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Introduction 

The starting point for our discussion is the statement that rapid 

technical and technological development gave the modern man immense 

power, which enables him to transform the world virtually to an unlim-

ited degree, including its destruction. Therefore, the reasons of escalating 

ecological (as well as social) crisis should be sought in the dominant so-

cio-economic model [1–5]. 

Conferences organized since 2005 by Professor Tadeusz Piecuch 

(Annual Set The Environmental Protection 2005–2014) focus on envi-

ronmental engineering, which creates technical devices for shaping and 

protecting the environment. I believe that the development of this science 

provides ever-improving tools for preventing the degradation of envi-

ronment and undoing harm done by people. However, it turns out that 

modern man does not always take advantage of these abilities appropri-

ately [6–10].  

In Poland, the beginnings of environmental engineering in its pre-

sent understanding can be traced back to the 1980s, while its predecessor 

– sanitary engineering – to the 19
th

 century. Some actions associated with 

the modern environmental engineering can already be found in the an-

cient times. Sanskrit – scripture of ancient Hindu – prescribes filtration of 

water through gravel and heating in the Sun’s rays in order to make it 

suitable for drinking. The Ancient Chinese added ash from dried leaves 
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to water and invented tea through experimentation. In our culture, a well-

known description is found in the Book of Exodus (march from the Red 

Sea to Mt. Sinai). It recounts the story of Moses leading Jews through 

a desert, who encountered springs of undrinkable water on his way. Mo-

ses cut the branches of a shrub and tossed them into water, thus purifying 

it. Recently conducted research showed that on Sinai desert, there is a 

shrub containing oxalic acid. The acid from the sap of cut branches 

caused precipitation of calcium and magnesium ions, resulting in partial 

desalination of water. Hence, Moses was the first person to employ water 

desalination for the purpose of consumption.  

By and large, up until the 15
th

 century epidemic outbreaks rav-

aged Europe, e.g. plague, which broke out in the 14
th

 century killed over 

30% of population.  

It is commonly assumed that the advances in health protection are 

due to the development in medicine. Few people realize that the greatest 

breakthrough in that field was made by sanitary engineers who intro-

duced covered sanitary sewers and supplied clean drinking water. 

Removal of pollutants and water supply is well-established from 

the technical point of view. Therefore, if so many people suffer from the 

shortage of clean water, it is not due to insufficient technical knowledge, 

but rather from the lack of adequate socio-economic solutions. 

In his book, Professor T. Piecuch, along with minister Gaw owski 

[11], showed that energy supply will be the main problem in the next 

several dozen years. On the one hand, modern world will not be able to 

function without sufficient supply of energy; on the other hand, all the 

major issues concerning both the natural and social environment occur 

during the gathering, processing and use of energy. 

Energy versus climatic changes 

One of the greatest dangers connected with the gathering and pro-

cessing of primal energy sources is the CO2 emission from the combus-

tion of fossil fuels and its impact on the climatic changes. The green-

house gases emitted to the atmosphere, mainly CO2 and CH4, as well as 

steam, retain heat radiated from the surface of Earth. This phenomenon is 

not negative on its own, as without it the average temperature on Earth 

would amount to –14.5 C°. 
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The problem is that the CO2 emission caused by the combustion 
of fossil fuels is constantly on the rise since the times of Industrial Revo-
lution. While the CO2 concentration equaled 278 ± 5 ppm in 1759 m, it 
reached 390 ± 0.1 ppm in 2011 [12]. 

IPCC reports [11,12] unequivocally indicate CO2 as the main factor 
of increasing temperature on Earth to the point of threatening the stability 
of planet’s ecosystem. It is worth noting that Lindzen, an outstanding 
American climatologist [13] does not question the impact of CO2 concen-
tration on the temperature increase; however, he points out that this influ-
ence is an order of magnitude lower than assumed. This statement is im-
portant because the preventive measures employed in order to mitigate the 
greenhouse effect, especially in the European Union, are relatively expen-
sive and may negatively impact the economy of member states, as they 
mainly focus on significant changes in energy policy.  

It should be noted that the global anthropogenic CO2 emission in 
2013 amounted to 9.5±0.8 billion tons of CO2 per year [12], whereas the 
combined breathing emission of people, animals and plants was many 
times greater and equalled 119±1 billion tons of CCO2/year in 2013. 
These values are significantly higher and therefore, focusing solely on 
the energy policy seems to be irrational, especially as some of the actions 
recommended in that field raise concerns. 

Characteristic of energy sources 

While the greenhouse effect is a commonly known phenomenon, 

fewer people realize that the main fossil fuels and non-renewable Earth 

resources are rapidly depleted, which constitutes greater danger for the 

existence of our civilization. A few examples include: with the current 

rate of consumption, the reserves of crude oil will suffice for 40–50 

years, natural gas: for 60–70 years, coal: 140–150 years, uranium: proba-

bly for 140–150 years. While analyzing the supply of primal energy 

source materials it must be stated that in Poland, it is impossible to cease 

using coal in the nearest 20–30 years without major social consequences. 

Nuclear power is an important source of primal energy in the 

world scale. With the current use of conventional reactors the known 

deposits of uranium will suffice for approximately 140 years. If the 

breeder reactors were used, availability of uranium for electric energy 

production would lengthen to hundreds of years. The problem is that 
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breeder reactors produce plutonium, which can easily be used in the con-

struction of an atomic bomb. That is why breeder reactors are used now-

adays only for military purposes.  
High hopes are put into the travelling-wave reactor developed by 

an American company TerraPower. In this type of reactor, breeding nu-
clear reaction is initiated in the core, then the energy-generating fission-
zone advances steadily through the core for as long as several dozen 
years. Such solution enables enclosing the fuel rods in a sealed reactor 
for the period of several dozen years, which significantly limits the avail-
ability of fission materials. TerraPower informed that the first reactor of 
this type, with the output of 100 MW will be launched in 2015. It seems 
that the developments in nuclear power may provide sufficient energy 
supply. A lot of attention is drawn into so called renewable energy 
sources, such as: solar energy (thermal, photovoltaic) [14,15], Earth in-
ternal energy (geothermal), falling water and tidal energy, energy from 
waste [16,16] and widely-advertised biomass energy. However, utilizing 
biomass as a source of energy becomes problematic due to environmental 
and social issues connected with its application. 

Consequences of bio-fuel application 

While discussing the environmental protection, we usually think 
about the natural environment and that is where the protective actions 
aim at. The human environment, with its important component – socio-
economic conditions – is usually forgotten about. The afore-mentioned 
bio-fuel utilization is an example of overlooking the socio-economic 
conditions. 

Focusing of energy policy only on counter-acting the CO2 emis-
sion threatens the sustainable development of the world. One of the most 
essential sustainable development paradigms is the intra-generational 
justice, which prescribes equal access to basic resources, including food, 
to all people. Despite appeals, almost 1 billion people in the world still 
suffer from starvation. It turns out that the directive signed by European 
Union in 2009, which enforces 10% share of biofuels in transportation by 
2020, might threaten the sustainable development paradigm of intra-
generational justice without having a significant effect on mitigating CO2 
emission, as the production of biofuels both increases prices of food and 
lowers its production.  
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Competition with food production industry 

The food demand will continue to increase for two reasons: grow-

ing human population and greater number of better-fed people. Mean-

while, 250 thousand people starve to death each day, while 780 million 

people in developing countries and 27 million people in developed coun-

tries are malnourished. With this status quo, devoting large areas of land 

for the biomass used in fuel production raises moral concerns. This is 

especially relevant in the context of biofuels from agriculture. According 

to the European Commission decision from 2009, as much as 10% of 

energy used in transportation should be obtained from biofuels made 

from food crops. In order to make biofuels a viable solution, European 

governments subsidize powerful industrial and agricultural lobbies. For 

instance, by 2020 each person in Great Britain will pay approximately 

£35 per year (£1-2 billion in total) for biofuel subsidies, while in Germa-

ny – roughly €30 (€1.4–2.2 billion in total). 

Also in the United States, the production of ethanol (mainly from 

corn) which is used as fuel additive developed rapidly thanks to subsi-

dies. In 2011, as much as 127 million tons of corn, i.e. 40% of annual 

production was devoted for bioethanol production. Allocating such 

a great amount of corn for ethanol production in 2007–2012 caused 

a 100% increase in the prices of corn. Large import of crops for biofuels 

by the European Union caused a dramatic 2.5-fold increase in the food 

price index. The increase in food prices is especially severely felt by poor 

people, who spend most of their income on this basic commodity.  

In the light of the above-mentioned statements, utilizing biomass 

from agricultural crops as a source of energy endangers the implementa-

tion of sustainable development, as it violates the intra-generational jus-

tice paradigm by limiting the access to food for the poor. 

Effect of biofuels on the greenhouse gases emission 

The promotion of biofuels is based on an erroneous assumption 

that their combustion releases equal amount of CO2 to the one absorbed 

earlier by plants. This oversimplification does not take into consideration 

the entire biofuel production cycle. The effects of land use and energy 

outlays for the cultivation and processing of biomass used in fuel produc-

tion are omitted in the calculations.   
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A lot of pressure put on the usage of biofuel in transportation, ex-

erted especially by the European Union policy, resulted in the deforesta-

tion of tropical forests and cultivation of biofuel plants – especially in the 

developing countries. According to the research conducted by Danielsen 

et al., the absorption of CO2 by tropical forests is much greater than the 

one of plants grown in their place. Consequently, the biofuel production 

decreases CO2 absorption on the lands of felled tropical forests. Trans-

forming tropical forests and moors for the cultivation of biofuel plants 

leads to an additional emission of 55 Mg CO2 annually per hectare for the 

period of 120 years. Therefore, the usage of agricultural biofuels usually 

does not mitigate CO2 emission.  

Moreover, in order to produce biofuel, e.g. corn bioethanol, it is 

necessary to provide power for the cultivation, fertilizer production, plant 

collection, as well as fuel processing through fermentation and distilla-

tion. By using the life cycle assessment technique, it was shown that the 

amount of the emitted CO2 per unit of energy obtained from corn ethanol 

is 60% greater in relation to the CO2 amount emitted in combustion of 

the equivalent petroleum-based fuels. Even in the case of sugar cane eth-

anol produced in Brazil, where the industry is most advanced and where 

the leftover biomass is entirely used, e.g. sugar cane stalks are burned for 

heat energy; it was not possible to decrease CO2 to a lower level than the 

one of oil-based liquid fuels. 

However, in the case of Brazil, the development in sugar cane 

ethanol helped to create approximately 700 thousand new jobs, which 

can be considered a positive effect increasing the social sustainability. It 

allowed Brazil to become independent from the liquid fuels import, and 

the price of ethanol is competitive to the one of petrol. In Brazil, it was 

possible to achieve sustainable access to liquid fuels in transportation; 

still, the emission of CO2 did not decrease. However, this case is excep-

tional.  

The full analysis of production cycle showed that cultivation of 

some plants for biofuel production, such as rape, requires application of 

large amount of fertilizers which increase the emission of another green-

house gas; namely, nitrous oxide, thus contributing to the greenhouse 

effect. In the case of rape, the nitrous oxide may increase the greenhouse 

effect by as much as 70%. 
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Assessment of biofuels in the aspect energy efficiency 

According to the research by Professor Piementel from Cornell 

University [18], the amount of energy consumed in bioethanol produc-

tion is greater than the one obtained by combustion in car engines.  

In the process of corn ethanol production, 29% more energy is 

consumed than obtained, in the case of grass ethanol – 45%, wood etha-

nol – 57%. 

The situation is similar in the case of biodiesel, which is produced 

from soybeans. Here, 27% more energy is consumed than generated, and 

when biodiesel is produced from sunflower seeds, this value increases up 

to 118%. The data presented above shows that in the United States (and 

probably other developed countries as well), utilizing plants in liquid fuel 

production is not sustainable, because – conversely – it increases both the 

consumption of fossil fuels and CO2 emission. 

Impact of biofuels on the environment 

The development of biofuel plant cultivation destroys habitats and 

biological diversity. 

More than half of land animal species live in tropical forests. The 

forests in south-eastern Asia, which provide habitats for a plethora of 

various organisms, are the most endangered by the biofuel plant planta-

tions. The tropical forests absorb roughly 46% of carbon dioxide found in 

the atmosphere. Their destruction may increase the carbon dioxide con-

centration by 25%. 

Hence, there is an internal contradiction in devoting tropical for-

ests for the cultivation of plants for so called low-carbon fuels. It is esti-

mated that the number of species living in the area decreases fivefold 

when forests are cut and turned into biofuel plantations. 

Production of liquid biofuels for the transportation also has a neg-

ative impact on the aquatic environment due to a high consumption of 

water both for watering plants and during processing to biofuels. Moreo-

ver, the processing involves production of large quantities of hazardous 

wastewater, e.g. production of 1 litre of ethanol is tantamount to 6–12 

litres of highly contaminated sewage. Meanwhile, water shortage is al-

ready negatively influencing food production. 
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Generally, approximately 2500 litres of water are used in order to 

obtain 1 litre of biofuel. Such amount of water is enough to produce food 

for one person. In order to irrigate 30,000,000 hectares of land for biofuel 

cultivation, roughly 180km
3
 of fresh water will need to be used. One 

must bear in mind that due to the growth of population to 8.3 billion in 

2030 (from 7.2 billion in 2012), food, water and energy demand will in-

crease by 35%, 40% and 50%, respectively. 

Large monocultures, which are usually employed in the case of 

biofuel plants, require wide application of herbicides and pesticides, 

which then infiltrate to ground waters – contaminating them. Soybean 

farming in Brazil is an example of a negative effect of pesticides. Along 

with herbicides, they are used on a large scale in the Pantanal wetland, 

which constitutes one of the most important habitats for hundreds of 

birds, mammals and reptiles. Another example includes 20,000 hectare 

sugar cane plantation, intended for ethanol production, which is located 

in the delta of Tana River in Kenia. With the planned water uptake of 

1680 m
3
 water/min, which equals 30% of river flow rate, it seriously 

threatens the local ecosystem which is a habitat to 345 species of water 

and marsh birds.  

Socio-economic conditions of the present crisis 

Advancements in the energy supply is commonly associated with 

the technical and technological development. Problems related with the 

utilization of biofuels indicate however that the increasing lack of bal-

ance in the development of the modern world is caused by the prevailing 

socioeconomic system which assumes unlimited domination of free mar-

ket that degrades human and his needs to the level of mere tools for its 

development. According to this widely-held doctrine, it is human who 

should serve economy, not the other way around, thus making it some 

kind of supreme entity. 

Evolution of socioeconomic environment in present times 

From a practical point of view the quality of life is determined by 
the availability of basic goods necessary for life, the quality of the natural 
environment, and human relationships determined by the sociopolitical 
system. The problem is that, since the times of President Ronald Reagan, 
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there has been a gradual deterioration of socioeconomic relations, whilst 
the difference in living standards and incomes has risen sharply. Un-
doubtedly, the rise of capitalism caused an accelerated development of 
production. Initially, an enormous diversity in society was observed. 
Employees, particularly manual workers were deprived of any rights, 
even the right to a guaranteed minimum living wage. In response to this, 
movements arose, calling for a fairer distribution of wealth. The encycli-
cal Rerum Novarum, issued by Pope Leo XIII was a notable voice, due to 
the importance of the institution. At the same time, socialist movements 
also arose calling for equality and social justice. Consequently, this led to 
the rise of trade unions in the first half of the nineteenth century which, 
with their increasing power, significantly influenced the transformation 
of the state’s role in the direction of a national welfare state, towards the 
end of the first half of the twentieth century. These changes –  because it 
is difficult to call them Reforms (as reforms have a positive connotation) 
–  whose creators were President Ronald Reagan and Prime Minister 
Margaret Thatcher, reduced the role of traditional unions, which led to 
a recurrence of unjustified inequalities and to a direct rise in large groups 
of people thrown onto the side-line. As intra-generational justice is one 
of the basic paradigms of sustainable development, it is worth looking at 
modern civilization of liberal capitalism from this viewpoint. This issue 
has been repeatedly raised in the journal entitled Problemy Eko-
rozwoju/Problems of Sustainable Development. 

The cause of this state of affairs was seen as the inadequate de-
velopment of social sciences and humanities [13–21]. 

In my assessment, today’s (rising inequalities) and future threats 
(the overexploitation of the rapidly depleting natural resources, progres-
sive degradation of the environment) indicate that modern civilization is 
developing in an unsustainable way. In the next section I will attempt to 
point out the causes. 

Causes of unsustainability  

The paradigm of modern liberal capitalism is the immense greed of 

the elite financial to accumulate wealth at all cost, through the principle of 

grow or die. Capital can be accumulated by using the Earth's resources and 

human labour. I have already mentioned the trade unions which, by the 

mid twentieth century, led to a balance in society between capital and the 



Where Is the World Heading?… 35
 

workers on the one hand, and also – through the strong role of the state – 

imposed the high standards of environmental protection on the other. This 

was possible because the power of the capital was offset by the power of 

the state where trade unions represented the workers [1–19]. 

The state began its withdrawal, from the time of Ronald Reagan 

and Margaret Thatcher, in line with the less state slogan, which was also 

propagated in Poland. The weakened trade unions were not able to op-

pose this trend in many countries. The withdrawal of the state and the 

rise of multinational corporations have meant the loss not only of the 

element protecting workers, but also of such issues as environmental pro-

tection, protection of working rights, the rationalised consumption of the 

Earth’s non-renewable resources.  

Basically, there is no sufficiently powerful partner who could play 

a regulatory role in relation to the international corporations, whose sole 

purpose is profit. That is why production is so easily transferred from 

countries with greater social and environmental safeguards to countries 

where these regulations are more liberal. Consequently, despite huge 

increases in productivity, poverty in the world has not been reduced, 

whilst the number of excluded people continues to grow. Thus, it follows 

that for a global economy there is also a need for a powerful transnational 

partner, who would have the instruments to control and enforce pro-

social and pro-environmental behaviours in accordance with the principle 

of sustainable development. Deregulation of the financial markets and 

large-scale privatisation of banks, as initiated by Ronald Reagan and 

Margaret Thatcher, is an even worse evil. This allowed for financial 

speculation and its detachment from production, unprecedented in human 

history. In the recent years, it was mainly the financial markets which 

caused the appropriation of most of the revenues as a result of specula-

tion – prof. Brunnhuber from Club of Rome showed that as much as 98% 

money translations are pure speculations. Yet, these missing vast sums 

have been transferred somewhere. It is even more outrageous that as a 

result of these massive transfers, no added value has been created as op-

posed to production processes.  

The deregulation of financial markets, allowing for speculation of 

money on an unprecedented scale in the history of mankind, is the main 

cause of inequalities. A new class has emerged, managing corporations 

and financial institutions on an international scale, with exorbitant in-
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comes, which through links with the political elite does not bear any re-

sponsibility. An example in Poland are the notorious pension funds 

(OFE), so eagerly introduced by the Jerzy Buzek’s government, whose 

boards receive generous rewards regardless of the results. Insomuch, 

voices are being heard, calling for a return of the welfare state [19–22], 

all the more, as the Scandinavian countries were not submissive to the 

Reagan-Thatcherite ideology and function quite satisfactorily as coun-

tries with a developed social policy. 

Is globalisation compatible with sustainable development? 

The creators of modern liberal capitalism extol globalisation, 

pointing out the positives arising from the creation of an international 

(borderless) market economy. Meanwhile, as demonstrated by 

Fotopolous [23], the opening and liberalisation of the markets was car-

ried out in the interests of the world's financial elite, who control the 

market economies. Its purpose was, and is, to minimize social control 

over the market, particularly of those who, like the trade unions, are try-

ing to safeguard workers’ interests and environmental protection. This in 

turn becomes an obstacle to increasing economic efficiency and in-

creased profits. Free movement of capital and goods across borders re-

quired the liberalisation of all the markets in order to minimise the role of 

the states, which are capable of effective control, protecting workers and 

the environment on their territory. However, on an international scale, 

corporations do not have a sufficiently powerful controller.  

Consequently, according to a report by the International Labour 

Organisation (ILO), globalisation repeatedly leads to fast growing ine-

qualities, creating a superrich elite, and side-lining increasingly larger 

groups of people.  

This phenomenon occurs particularly strongly after 1990. This 

way, socialist ideas created in the East, or the social democratic ideas 

created in the West (equality and social justice) are pushed out of the 

modern civilization. 

Conclusions 

Modern civilization is developing in an unbalanced way. Without 

proper control, free market and liberalisation associated with globalisa-
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tion lead to a fast, if not an exponential, rise in inequality. This is facili-

tated by the lack of sufficiently strong employee representation on an 

international forum, thus causing a direct increase in poverty. Simultane-

ously, the lack of proper control of international corporations causes an 

irrationally rapid depletion of Earth’s non-renewable resources and deg-

radation of the environment. 

The financial markets are a big threat to the world’s stability, 

where speculation leads to acquiring vast sums of money without creat-

ing any added value. The slogan less state only serves big international 

capital, leaving most citizens without adequate safeguards. It is essential 

to work on replacing the gross national product with a newly defined 

indicator, as a measure of development, which will determine the quality 

of life, taking into account the sustainability of the socioeconomic sys-

tem: permitting full compliance of environmental quality, and the degree 

of consumption of the Earth’s resources on the one hand, and the welfare 

of all citizens on the other. Just as in the nineteenth century, the spectre 

of unemployment is beginning to appear. This requires studies to be per-

formed on how to change the organisation of socioeconomic systems. An 

unemployment rate of 20–30% among young people is practically a hu-

manitarian disaster. It acts degradingly on people affected by it, even 

more so than living in a degraded environment.  
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Dok d zmierza wiat? 
Kryzys spo eczny stworzony przez promocj  biopaliw  

i wspó czesny liberalny kapitalizm 

Streszczenie 
Cz owiek wspó czesny dzi ki rozwojowi techniki i technologii jest 

zdolny praktycznie do dowolnego przekszta cania wiata, nie wy czaj c jego 

zag ady. Je li zatem obserwuje si  narastaj cy kryzys ekologiczny to jego przy-

czyny nale y doszukiwa  si  w dominuj cym obecnie modelu spo eczno-

ekonomicznym opartym na idei liberalnego kapitalizmu, w którym dominuj c  

pozycje zaj y mi dzynarodowe korporacje. Os abione przez Prezydenta 

R. Regana i premier M. Thatcher zwi zki zawodowe nie s  w stanie równowa-

y  si y tych korporacji. W konsekwencji w wi kszo ci krajów lawinowo rosn  

nierówno ci. Zachodz ce przemiany zosta y zilustrowane na przyk adzie zaopa-

trzenie w energie. Rozwój niekontrolowanego rynku biopaliw doprowadzi  do 

2,5-krotnego wzrostu cen ywno ci w sytuacji kiedy ponad 1 mld ludzi g oduje. 

Zak adane wielkoobszarowe plantacje ro lin przeznaczonych na biopaliwa, 

przyczyniaj  si  do powa nych negatywnych zmian w rodowisku w krajach 

rozwijaj cych si . Co gorsze ich stosowanie w wi kszo ci przypadków nie 

przyczynia si  do redukcji emisji CO2. 

 
S owa kluczowe:  
zrównowa ony rozwój, kryzys ekologiczny, kryzys spo eczny, polityka energe-

tyczna, efekt cieplarniany 

Keywords:  
sustainable development, ecological crisis, social crisis, energetical policy, 

greenhouse effect. 
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1. Introduction 

Particulate matter is a complex mixture of solid, liquid and gase-
ous particles which, due to high degree of dispersion, can linger suspend-
ed in atmosphere for a long time. Two main fractions of particulate mat-
ter are commonly distinguished: PM10 – with a diameter of particles less 
than10 µm, and PM 2.5 – with a diameter of particles less than 2.5 µm. 
The fractions differ not only in particle diameter, but also in the process 
of its origin, chemical composition and half life time. 

The concentrations of both fractions they are being closely moni-
tored in Poland as well in Europe due to negative health effects they may 
cause. The results of air quality monitoring serve as a basis for assessing 
air quality and spatial variability of air quality [22, 26, 28, 29]. Accord-
ing to recommendations of the Directive of the European Parliament and 
of the Council CAFÉ [8], the numerical methods for modelling of air 
pollution dispersion [17] are also used in order to research into the rea-
sons behind violation of admissible standards of particulate matter con-
centration, including identification of individual sources or sectors of 
emission responsible for excessive concentrations.  

Recent Report of the Inspection of Environment [26] indicates 
that excessive concentrations of PM10 are recorded in many regions of 
the country. It results from still high share of solid fuels in the structure 
of basic primary energy carriers in Poland, as well as the high share of 
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ground level emission. Because of better ventilation conditions in the 
northern and central part of Poland smog episodes are not problematic 
yet in the southern part of Poland, particularly in not-easily ventilated 
basins and well-developed river valleys, smog episodes occur with great-
er frequency [25].  

Apart from emission, air quality is additionally determined by 
meteorological factors [4, 7, 18, 27, 31]. The effect of weather can be 
seen in the formation of the dispersion of pollutants and in the rate of 
disposition. The level of pollutants dispersion depends on, among other 
things, the dynamics of air movement which is governed by anemometric 
conditions and thermal stratification within the atmospheric boundary 
layer. Concentration is also determined by the types of air mass [12] and 
type of circulation – as has been demonstrated in Ma opolska and Górny 

l sk [19, 20, 30]. Precipitation also plays a significant role in the shap-
ing of aerosanitary conditions. According to Czarnecka and Nidzgorska-
Lencewicz [5], in the period of 2005–2007, mean concentration of PM10 
particulate matter recorded in a series of hours and days with precipita-
tion were, depending on a season and day, by 10–35% smaller than con-
centrations recorded before the precipitation occurred. 

The research on the relationship between air quality and meteoro-
logical conditions makes use of various statistical methods such as: cor-
relation, regression, cluster analysis and principal components analysis 
[4, 6, 9, 11, 16, 23, 31, 33]. The aim of the present paper is to single out 
the set of meteorological elements which affect the variability of PM10 
concentration in the area of Tricity agglomeration in six winter seasons 
from 2004/2005 to 2009/2010, with the use of cluster analysis. 

Only PM10 fraction is taken into consideration in this paper as the 
obligatory monitoring of PM2.5 particulate matter, as regulated by the 
Directive 2008/50/WE [8] of 21 May 2008, was introduced in Poland as 
late as at the beginning of 2010.  

2. Materials and methods 

Maritime industry is the basis for development but also the main 
source of pollution in Tricity. The metropolitan area is polluted by ship-
building industry comprising seven shipyards, including the two largest 
located in Gda sk and Gdynia, as well as seaports with ongoing produc-
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tion and services business. Air quality is additionally greatly affected by 
electrochemical and petrochemical plants, as well as food industry. Addi-
tionally, as in every metropolitan area, road transport and power and heat 
facilities represent important sources of air pollution. 

The materials used in this study comprise measurements of im-
mission and basic meteorological elements including air temperature, 
relative humidity, atmospheric pressure as well as wind speed and direc-
tion recorded during the calendar winters (December–February) in the 
period of 2004/2005–2009/2010. Data was obtained from five automatic 
air quality measuring stations located in the Tricity agglomeration and 
was provided by the Agency of Regional Air Quality Monitoring in the 
Gda sk Metropolitan Area (ARMAAG). The locations of the measuring 
stations are shown in Fig. 5. Detailed information regarding the method-
ology of the measurements and elaboration of data is given at 
http://armaag.gda.pl/. The project of the ARMAAG monitoring network 
was developed under supervision of Jerzy Trapp, PhD. from the Univer-
sity of Gda sk and based on longstanding research on meteorological 
conditions, population density and data on emission from point and sur-
face sources. Monet software obtained by courtesy of the Politecnico di 
Milano and positively assessed by the Institute of Environmental Protec-
tion [34] was used in the project. All the stations located in five districts 
of Tricity are defined as urban background stations. However, two of 
them (Gda sk Wrzeszcz and Gdynia Pogórze) are located in residential 
areas, and the station in Gda sk Jasie  is located in the vicinity of scat-
tered, low-building housing developments next to the Tricity ring road. 
Sopot station is located in allotment area, and the station in Gdynia 

ródmie cie – on the harbour waterfront.  
The cluster analysis method was used to estimate the amount and 

variability of PM10 particulate matter immission with respect to mete-
orological conditions. Prior to the analysis, all baseline data was stand-
ardised according to the formula [21]:  

 (1) 

where: 
– non-standardised variable, 
– arithmetic mean, 
– standard deviation. 



Application of Cluster Analysis in Defining the Meteorological… 43
 

Such transformation allows for comparison of values of many vari-
ables, regardless of their original distribution and units of measurement. As 
a result of standardisation all variables were in the range of 0 to 1. 

Hierarchical clustering is used most commonly in studies on air 
quality [2, 6, 31, 33]. However, in this paper we use the k-means cluster-
ing (Euclidean distance), which belongs to a group of non-hierarchical 
cluster analysis methods. The mechanism implemented in STATISTICA 
software is based on the v-fold cross-validation, and allowed for identifi-
cation of the optimal number of segments which are combinations of 
immission and meteorological elements. However, wind directions based 
on octagonal compass rose constituted a qualitative change in this analy-
sis. K-mean clustering consisted in transferring the observations from 
one cluster to another in order to maximise the variations between indi-
vidual clusters and at the same time minimise the variations within the 
analysed clusters. The significance of differences between singled out 
clusters was calculated with the use of analysis of variance – Fisher’s 
test, at the level of p  0.05.  

The complex influence of meteorological conditions on the varia-
bility of particulate matter concentration in selected clusters was deter-
mined by linear multiple regression, using a stepwise procedure, at the 
significance level p  0.05. The contributions of individual weather ele-
ments in explaining the size of the concentrations were determined using 
the partial regression coefficients. All calculations were performed using 
the STATISTICA 10 software. 

3. Results and discussion 

The winter seasons in the years 2004–2010 were characterized by 
contrastive thermal conditions (Fig. 1). Only in two of the winter periods, 
namely in 2005/2006 and 2009/2010, mean temperature of the three win-
ter months (December–February) was below 0°C and amounted to -1.7 
and -2.5°C respectively. Moreover, it was well below the average. The 
temperature in the remaining winter seasons was above 0°C, and two 
winter seasons (2006/2007 and 2007/2008) were particular ly warm with 
mean temperature over 3°C. The variability of mean temperature record-
ed in Tricity metropolitan area during the three winter months amounted 
to approximately 2°C – Sopot being the warmest district and Gda sk 
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Jasie  the coldest. The distribution of PM10 concentration in the six ana-
lysed winter periods markedly indicates the influence of heating on the 
variability of pollutants concentration. In two cold winter periods mean 
concentrations of PM10 exceeded 40 g·m-3, whereas in the overly warm 
winter periods the concentration was two times lower (Fig. 1). 

 

 
Fig. 1. Average seasonal (December-February) the concentration of PM10 and 
the air temperature in the Tricity urban area 
Rys. 1. rednie sezonowe (grudzie –luty) st enia py u zawieszonego PM10 
oraz temperatury powietrza w Trójmie cie 

 
As shown in Fig. 2, in almost all winter seasons the daily limit of 

PM10 concentration was exceeded. Violation of air quality standards due 
to abnormal concentrations of PM10 is a problem not only in Poland. 
According to the Air Quality in Europe Report [10], Poland is located in 
a region where high concentrations of PM10 are recorded more often 
than in Western Europe.  

The highest number of the violations of the standard daily PM10 
concentrations were recorded in the two coldest winters, that is in the 
winter of 2005/2006 and 2009/2010. In the winter of 2005/2006 the 
standard PM10 concentration was exceeded in approximately 20–40% of 
cases, and in the winter of 2009/2010 in 20 to almost 50% of winter days, 
depending on the district of Tricity. In the winter of 2005/2006 the PM10 
concentrations standards were exceeded in all districts in January, where-
as in the winter of 2009/2010 in various months. Gdynia ródmie cie 
was the district in which PM10 concentrations standards were exceeded 
most often. In comparison with the other districts, the winter of 
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2008/2009 was marked with frequent violation of PM10 concentration 
standards and even in relatively warm seasons, namely 2006/2007 and 
2007/2008, the standards were violated on more than 20 days. The only 
instance when the PM10 concentration did not exceed the standard was 
in the winter of 2008/2009 in Gda sk Wrzeszcz district. 

 

 
Fig. 2. Number of days with violations of the acceptable mean daily particulate 
matter (PM10) concentration (50 µg· m-3) during December-February in years 
2004/05–2009/10 
Rys. 2. Liczba dni z ponadnormatywnymi dobowymi st eniami (50 µg·m-3) 
py u zawieszonego PM10 w okresie XII–II w latach 2004/05–2009/10 
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The factor which definitely contributes to the spatial variability of 
air quality is the wind which causes pollutants transport in the atmos-
phere. Directional compass roses presented in Fig. 3 show the wind field 
deformation caused by local factors such as the height of the buildings, 
distribution, exposure and distance between buildings, transport network 
or green areas [32]. Only in two districts of Tricity, i.e. Gdynia-

ródmie cie and Gda sk-Jasie , located respectively at the northernmost 
and south-westernmost outskirts of the agglomeration, W and SW winds 
prevailed. This is a characteristic feature of the open terrain of the entire 
region of Pomerania [1]. Due to the specific location of the station in 
Sopot, among low-building, densely developed, detached-house areas, on 
the west side of the city, and single health-resort buildings and sports 
facilities, to the east, the most frequently recorded winds were S-SW-SE. 
In Gda sk Wrzeszcz, SE winds were predominant, and N and SE winds 
were reported with a similar frequency in Gdynia Pogórze. On average, 
the winds reached higher speeds in the districts where west winds pre-
vailed. The coldest and the warmest parts of Tricity also exhibited con-
trasting wind speeds. By far the highest average winter wind speed, 
namely 3.3 m s-1, (with the lowest frequency of calms) was noted in 
Gda sk Jasie , while the lowest, i.e. 2.1 más-1, in Sopot. Calm weather 
usually occurred in Gdynia, with a frequency of 3.7% in both districts, 
while in the other parts of Tricity calms were recorded more than twice 
less often.  

The basic values classified according to the spatial clustering 
method included sets of hourly measurements of PM10 concentration and 
meteorological data with the qualitative variable of wind direction. The 
results of the adopted cluster analysis are presented in Tab. 1, 2, and Fig. 
4. The applied algorithm has identified, depending on the area, from 4 to 
8 optimal clusters. On average, individual clusters were characterized by 
different wind directions, occurring with greater and even dominating 
frequency in comparison to other wind directions recorded in a given 
district (Tab. 1). Variable wind directions occurring with greatest fre-
quency were characteristic for all identified clusters in Sopot and Gda sk 
Wrzeszcz districts. In the remaining three districts of Tricity the cases 
with the same and most frequent wind directions were included as parts 
of some clusters. In Gdynia Pogórze NE winds were included into two 
different clusters (2 and 6); in Gdynia ródmie cie SW winds were in-
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cluded into clusters 3 and 7, and in Gda sk Jasie  W winds to clusters 1 
and 4. In almost all identified clusters other wind directions were also 
observed apart from the main wind directions, yet in most districts the 
wind direction which was included into other clusters was N wind and 
additionally NW wind in Sopot and Gda sk Wrzeszcz. The greatest vari-
ation of wind direction in all clusters was observed in Gda sk Jasie . 
Winds from N-SE sectors and SW winds were included in every cluster 
in that district. In Gdynia Pogórze, each of the six clusters included addi-
tional E, SW and W winds. The only cluster which grouped conditions 
connected with S winds, was found in Gdynia ródmie cie. 

The characteristics of particulate matter concentrations and mete-
orological factors in selected clusters are shown in Table 2. The volume 
of the analyzed meteorological elements in particular clusters generally 
reflect their well-known role in the shaping of variability of PM10 con-
centrations. Clusters grouping the highest or elevated particulate matter 
concentrations in Tricity districts were characterized, in most cases, by 
the lowest air temperature and lower wind speed, the greatest share of 
calm – conditions characteristic for a high-pressure weather. Low air 
temperature contributes to the intensification of district heating based on 
the use of traditional energy carriers, and to an increase in the emission 
of the conventional fuels combustion products from local coal-burning 
heating plants and household furnaces. Moreover, calms, mild winds and 
frequent inversion layers characteristic for anticyclonic weather limit the 
vertical and horizontal air ventilation. The increase in pollution concen-
tration in high-pressure weather was demonstrated by Kukkonen et al. 
(2005), Czarnecka, Nidzgorska-Lencewicz [4], Juda-Rezler et al. [15] 
Unal et al. [31].  
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Fig. 3. Characteristics of anemometric conditions in the Tricity urban area 
during calendar winters (December-February). Years 2004/05–2009/10 
Rys. 3. Charakterystyka warunków anemometrycznych w aglomeracji 
trójmiejskiej w okresie kalendarzowej zimy (XII-II). Lata 2004/05–2009/10 
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Table 1. Frequency (%) of wind directions and calms in distinct clusters  
Tabela 1. Cz sto  wyst powania (%) kierunków wiatru i cisz atmosferycznych 
w wyró nionych skupieniach 

station cluster 
wind directions 

calm 
N NE E SE S SW W NW 

Gdynia Po-
górze  

1 á á 0.3 á á 2.3 1.4 10.8 á 
2 á 9.9 0.8 á á 3.3 2.4 á 2.6 
3 á á 0.7 17.3 á 0.1 0.3 á á 
4 19.0 á 1.0 á á 0.9 2.2 á 0.2 
5 á á 0.8 á 12.3 2.0 1.7 á 1.0 
6 á 5.1 0.1 á á 1.2 0.8 á á 

Gdynia 
ródmie cie 

1 0.2 á á á á á 23.1 á á 
2 0.2 6.0 á á á á á á á 
3 á á á á á 11.2 á á á 
4 0.1 á á á 14.9 á á á á 
5 á á 11.7 á á á á á á 
6 0.1 á á á á á á 8.0 á 
7 0.5 á á á á 8.1 

á 
á 0.2 

8 0.1 á á 15.5 á á á 0.1 

Sopot 

1 0.3 0.9 9.3 á á á á 0.4 á 
2 0.2 0.3 á á 16.9 á á 0.7 0.1 
3 0.4 0.6 á 22.5 á á á 0.6 1.2 
4 0.5 0.8 á á á á á 1.7 0.1 
5 1.3 2.5 á á á 24.3 á 3.0 á 

Gda sk 
Wrzeszcz 

1 0.5 á á 35.4 á á á 0.3 á 
2 1.2 á 3.5 á á á á 1.3 1.2 
3 0.1 á á á á 18.9 á 0.7 á 
4 0.8 4.5 á á á á á 2.4 0.1 
5 0.1 á á á á á 17.0 0.5 á 
6 0.6 á á á 9.6 á á 1.2 0.2 

Gda sk Ja-
sie  

1 0.6 1.1 2.6 3.5 á 2.0 10.8 á 0.7 
2 1.4 2.0 2.5 3.7 12.5 2.7 á á á 
3 1.6 1.2 2.6 5.6 á 4.6 á 9.0 0.4 
4 0.7 0.7 0.2 1.7 á 9.0 16.4 á á 

á not occur 
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Fig. 4. Mean standardized values of particulate matter PM10 concentrations and 
meteorological elements for each recognized cluster 
Rys. 4. rednie standaryzowane warto ci st e  PM10 i elementów 
meteorologicznych dla wydzielonych skupie  
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Table 2. Characteristics of particulate matter (PM10) concentrations and 
meteorological factors in distinct clusters 
Tabela 2. Charakterystyka st e  py u zawieszonego PM10 i elementów 
meteorologicznych w wyró nionych skupieniach 

station cluster 
PM10 AT RH PH WS cases 

[ gám-3] [°C] [%] [hPa] [más-1] [%] 

Gdynia 
Pogórze 

1 19.8 4.1 85.9 1016.9 2.6 14.8 

2 27.8 2.1 93.2 1016.0 1.5 18.8 

3 48.3 -0.1 87.2 1015.9 2.8 18.3 

4 23.6 2.0 86.8 1027.3 2.5 23.1 

5 34.6 -0.2 84.3 1014.6 1.8 17.8 

6 22.4 2.2 74.8 1013.9 3.7 7.3 

Gdynia 
ródmie cie 

1 42.3 1.8 81.9 1015.6 2.7 23.3 

2 43.0 -0.7 77.7 1018.5 3.0 6.2 

3 27.4 4.6 76.7 1007.2 3.7 11.2 

4 57.5 -0.4 77.6 1013.8 2.5 15.0 

5 59.9 -1.6 80.5 1017.1 2.7 11.7 

6 39.9 1.1 79.3 1014.6 2.6 8.1 

7 57.6 -0.1 80.8 1019.4 1.6 8.8 

8 67.6 -1.8 77.6 1015.1 2.3 15.7 

Sopot 

1 34.1 -1.9 86.7 1011.2 1.9 10.9 

2 30.3 2.0 85.7 1008.9 1.8 18.2 

3 42.9 -0.2 86.4 1008.7 1.6 25.2 

4 16.0 3.4 84.0 1014.5 1.8 14.6 

5 19.5 3.3 84.8 1010.4 2.8 31.0 

AT – air temperature; RH – relative humidity; PH – normalized pressure;  

WS – wind speed 
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Table 2. cont. 
Tabela 2. cd. 

station cluster 
PM10 AT RH PH WS cases 

[ gám-3] [°C] [%] [hPa] [más-1] [%] 

Gda sk 
Wrzeszcz 

1 44.1 -1.2 86.0 1014.7 2.4 36.1 

2 50.6 -1.4 88.7 1019.8 1.1 7.1 

3 20.6 3.4 83.6 1012.2 2.8 19.7 

4 22.2 -0.1 80.4 1021.3 1.5 7.9 

5 22.1 2.3 83.9 1016.0 2.3 17.6 

6 24.5 2.7 84.7 1011.2 1.8 11.5 

Gda sk 
Jasie  

1 43.1 -4.4 83.7 1026.4 1.9 21.4 

2 27.6 -2.3 82.1 1016.3 3.8 24.8 

3 29.9 0.2 88.7 1013.2 2.0 25.1 

4 15.6 3.4 84.9 1012.0 4.9 28.8 

AT – air temperature; RH – relative humidity; PH – normalized pressure;  
WS – wind speed 

 
The negative effect of winter weather conditions in high pressure 

systems was most prominent in Gda sk Jasie . The greatest concentrations 
of particulate matter, approximately 43 g·m-3, were recorded at the lowest 
air temperature that is -4.4°C, the lowest wind speed of 1.9 m·s-1 and high-
est pressure – over 1026 hPa (cluster 1). In the conditions of high, positive 
temperature over 3°C with twice as high wind speed and significantly low-
er pressure, PM10 concentration was almost 2.5 times lower (cluster 4). 
Also in Gda sk Wrzeszcz the highest concentration of particulate matter 
was connected with the lowest air temperature and the lowest wind speed 
accompanied by increased, yet not the highest, pressure (cluster 2). In the 
remaining districts of Tricity high concentrations were recorded either in 
connection with great decrease in air temperature (Gdynia ródmie cie – 
cluster 8) or with relatively low wind speed (Sopot – cluster 3), occurring 
both in conditions of elevated as well as decreased pressure. The results 
were inconsistent mainly regarding humidity accompanying low and high 
concentration of PM10. For example, in Gdynia Pogórze the highest con-
centration of particulate matter (cluster 3) occurred at relatively high rela-
tive humidity, approximately 87%, and was lower by almost a half at rela-
tive humidity approximately 75% (cluster 6.) 
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The results of the regression analysis indicate that winter mete-
orological conditions had a statistically significant influence on the vari-
ability of particular matter concentration – Tab. 3. The total coefficients 
of determination proved to be statistically significant, yet ranged widely 
from below 2 to about 36%, depending on the district and cluster. In gen-
eral, the accuracy of correlation was determined by the concentration of 
particulate matter in individual clusters. For every district of Tricity the 
weakest influence of meteorological conditions on immission was found 
in clusters grouping the average lowest concentrations of particulate mat-
ter. The strongest influence of weather on variability of greatest average 
particulate matter concentrations was found in Gdynia Pogórze and in 
both districts of Gda sk. In the most polluted district of Tricity, that is 
Gdynia ródmie cie, the extreme values of the coefficients of total de-
termination were calculated for cluster 7 involving the elevated, yet not 
the highest, hourly PM10 concentrations. The least variable values of the 
total determination coefficient was calculated for Gda sk Wrzeszcz de-
spite the fact that individual clusters grouped (individual) different (pre-
vailing) wind directions. 

Meteorological conditions which explain the variability of PM10 
concentrations usually included 3–4 elements (Tab. 3). However, the 
development of the variability of PM10 concentration – expressed as 
coefficients of partial determination (r2), was mainly due to air tempera-
ture and the wind speed. The positive influence of the meteorological 
elements on developing variability of immission was reflected by nega-
tive directional coefficients. The fundamental role of thermal and ane-
mometric conditions in providing explanation for the concentration and 
variability of pollutants was shown in numerous research [3, 13, 14, 24].  

Strong correlation between air temperature and particulate matter 
concentration in winter season in Tricity was found mainly in clusters 
grouping instances of high, yet not always highest, PM10 concentration. 
For example in Gdynia ródmie cie, the greatest values of the partial 
determination coefficient (25%), which reflect the significance of thermal 
conditions, were calculated for cluster 7. In this cluster, the average 
PM10 concentrations occurring mainly at SW winds was by 10 g·m-3 
lower than the highest concentration recorded in the same district – oc-
curring mainly at SE circulation and classified as cluster 8.  
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Table 3. Coefficients of total determination ( R2 ) and coefficients of partial 
determination (r2). in %. for the relationships between particulate matter(PM10) 
concentrations and meteorological elements in distinct clusters 
Tabela 3. Wspó czynniki determinacji zupe nej ( R2) oraz determinacji 
cz stkowej (r2). w %. dla zale no ci st e  py u zawieszonego PM10 od 
elementów meteorologicznych w wyró nionych skupieniach 

station cluster R2 
r2 

element of meteorology 
AT RH PH WS 

Gdynia  
Pogórze  

1 9.8 0.6 á 1.8 3.9 
2 8.4 0.6 1.1 á 7.1 
3 23.0 12.1 5.1 á 7.9 
4 7.8 3.2 á 2.6 6.0 
5 23.0 12.5 0.3 3.2 0.3 
6 14.6 á á 4.9 11.7 

Gdynia  
ródmie cie 

1 25.9 12.3 á 1.0 3.0 
2 11.8 á 1.9 1.1 6.1 
3 6.4 1.0 1.6 2.9 á 
4 17.4 10.2 á 0.5 1.4 
5 14.1 5.6 0.5 0.6 11.3 
6 14.9 2.1 1.0 1.9 3.2 
7 36.3 25.0 1.7 3.0 10.3 
8 16.2 8.3 á 0.3 9.8 

Sopot 

1 18.0 1.3 á 0.5 16.5 
2 28.3 14.3 á 2.9 1.4 
3 14.1 8.6 0.2 0.1 2.8 
4 1.6 á á 0.3 1.7 
5 15.8 8.4 0.1 0.7 3.0 

Gda sk 
Wrzeszcz 

1 16.9 11.8 0.3 á 4.3 
2 23.6 18.2 á á 10.8 
3 16.7 6.1 á 1.3 2.6 
4 22.9 10.0 6.1 1.1 4.2 
5 17.0 11.1 0.3 0.2 0.5 
6 19.9 8.5 á 0.3 4.6 

Gda sk Jasie

1 22.7 12.3 0.7 0.4 8.0 
2 15.1 6.5 0.4 á 9.3 
3 20.9 8.3 1.0 2.9 9.4 
4 4.4 1.3 0.9  á 2.9 
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· not significant at p 0,05; 0.2 – underlined value indicates a positive; AT – air 

temperature; RH – relative humidity; PH – normalized pressure; WS – wind 

speed 

 
Wind which is the main pollution transport agent in the lower part 

of the atmosphere, not only contributes to the dispersion of pollution, but 
also to its inflow from other emission sources which in urban areas are 
mostly local sources. The results of wind direction analysis at which the 
average highest one-hour concentrations of PM10 were recorded, are 
presented in Fig. 5. In the greatest part of Tricity, that is in the northern 
and central part of the agglomeration, the risk of occurrence of the high-
est PM10 concentrations was connected with SE winds. In Gda sk 
Wrzeszcz the increased concentrations of PM10 were recorded at E 
winds, whereas in Gda sk Jasie  at W winds. 

 

 

Fig. 5. Wind directions posing the greatest risk of high concentrations of 
particulate matter PM10 in Tricity urban area 
Rys. 5. Kierunki wiatru stwarzaj ce w okresie kalendarzowej zimy ryzyko 
wyst pienia w aglomeracji trójmiejskiej wysokich st e  py u zawieszonego 
PM10  
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The influence of wind speed on the variability of PM10 concen-
trations proved to be smaller than that of air temperature (Tab.3). Only in 
two districts (Gdynia Pogórze and Gda sk Wrzeszcz) the highest deter-
mination coefficients, thus the role of wind, were calculated for clusters 
grouping the highest PM10 concentrations. In other districts, the strong 
influence of wind was found in connection with much lower concentra-
tion of particulate matter. Wind served mostly as a ventilation factor in 
Tricity, and an increase in wind speed resulted in a decrease in particulate 
matter concentrations. The only case of negative effect of wind on par-
ticulate matter immission was found in Gdynia Pogórze, in cluster 6. De-
spite the fact that this cluster grouped concentrations recorded during 
meteorological conditions connected with NE circulation, that is the 
same as in the case of cluster 2, the increase in wind speed of this direc-
tion and also of SW and W winds was markedly correlated with an in-
crease of particulate matter concentration. NE winds which were record-
ed more often in cluster 2, similarly to SW and W winds, contributed to 
the dispersion of particulate matter pollution. The complex and opposite 
role of winds of the same direction in the northern part of Tricity ag-
glomeration can be attributed to the fact that it was found during different 
thermal and humidity conditions – positive at temperatures above 0°C 
(around 2°C) and high relative humidity but with low frequency of 
calms; and negative at temperatures below 0°C and low humidity 
(Tab. 2). 

The comparison of data shown in Tab. 3 and 1 indicates that in 
Tricity agglomeration none of the predominant (in a cluster) wind direc-
tion was characterized by the strongest relationship between particulate 
matter concentrations and air temperature, not to mention wind speed. In 
every district the highest share of the elements mentioned above in the 
variability of PM10 particulate matter concentration was connected with 
different wind direction. Moreover, even within individual districts the 
greatest values of determination coefficients for both elements were cal-
culated for different directions. Only in Gda sk Wrzeszcz the strongest 
influence, both of temperature as well as wind speed, was found during 
prevailing winds of the same direction, namely E winds (cluster 2). 

The share of relative humidity and atmospheric pressure in ex-
plaining the variability of particulate matter concentration proved to be 
incomparably lower, even statistically insignificant in some clusters, and 
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ambiguous as for its direction. In most clusters, concentrations of PM10 
showed a positive relationship with pressure, yet in some clusters the 
correlation was negative. The increase in relative humidity which is char-
acteristic for cyclonic weather contributed both to an increase as well as 
decrease in particulate matter concentration in clusters including instances 
recorded at positive and negative air temperature. Therefore, the not so 
strong correlation between particulate matter and this element is not sur-
prising. Relative humidity is not a coefficient which would characterize the 
concentration of water vapour in air well and definitely plays more im-
portant role in chemical changes of gaseous pollutants, mainly catalytic 
oxidation of sulfur dioxide. The correlation between immission of pollu-
tants and relative humidity was demonstrated by Elminir [9], Freitas et al. 
[11], Pires et al. [27], yet with different directions depending on the type of 
pollutant, climatic conditions, season and local topography.  

4. Conclusions 

During the calendar winter (December - February), the northern 
part of Tricity which borders the waterfront areas and administratively 
belongs to Gdynia ródmie cie, is the most strongly PM10 polluted area 
of the urban agglomeration. Mean seasonal concentrations are by approx-
imately 40% higher than in other districts and are marked by greatest 
variability. 

The cluster analysis adopted in this study showed that average 
highest or increased hourly concentration of PM10 was recorded in Trici-
ty on general during weather conditions of the lowest air temperature and 
smaller wind speed, as well as the greatest occurrence of atmospheric 
calms – that is in the conditions of anticyclonic weather. In much of the 
area of the agglomeration, in the districts Gdynia Pogórze and 

ródmie cie as well as in Sopot, the highest risk of high and excessive 
concentration of PM10 was connected with SE circulation. In the south-
ern districts, the greatest risk was connected with E wind (Gda sk 
Wrzeszcz) or W winds (Gda sk Jasie ), as is presented in Fig. 5. 

Main meteorological elements affecting the variability of PM10 
particulate matter concentration are air temperature, speed and direction 
of wind. The increase in air temperature and consequently lower emis-
sion, mostly connected with ineffective, scattered, local and individual 
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heating systems, markedly contribute to the decrease in particulate matter 
concentration. Though directions of wind reflect inflow emission which 
originated locally as well as that coming from the outside of the agglom-
eration, in all districts of Tricity the increase in wind speed results in de-
crease of PM10 concentrations.  

References 
1. Atlas of climatic resources and hazards in Pomerania pod red. C. Ko -

mi ski, B. Michalska. Szczecin 2004. 
2. Beaver S., Palazoglu A.: Cluster analysis of hourly wind measurements to 

reveal synoptic regimes affecting air quality. Journal of Applied 
Meteorology and Climatology. 45, 1710–1726 (2006). 

3. Cuhudaroglu B., Demirci E.: Influence of some meteorological factors on 

air pollution in Trabzon city. Energy and Buildings. 25, 179–184 (1997). 
4. Czarnecka M., Nidzgorska-Lencewicz J.: Impact of weather conditions 

on winter and summer air quality. International Agrophysics. 25(1), 7–12 
(2011). 

5. Czarnecka M., Nidzgorska-Lencewicz J.: The influence of precipitation 

conditions on the concentration of suspended particulates PM10. 
Meteorology and Climatology Research. red. J. Le ny. Acta Agrophysica. 
Rozprawy i Monografie. 184, 132–147 (2010). 

6. Darby L.S.: Cluster analysis of surface winds in Houston, Texas, and the 

impact of wind patterns on ozone. Journal of Applied Meteorology. 44, 
1788–1806 (2005). 

7. Demuzere M., Trigo R. M., Vila-Guerau de Arellano J., van Lipzig 
N.P.M.: The impact of weather and atmospheric circulation on O3 and 

PM10 levels at a rural mid-latitude site. Atmos. Chem. Phys. 9, 2695–
2714 (2009). 

8. Dyrektywa 2008/50/WE Parlamentu Europejskiego i Rady z dnia 21 maja 
2008 r. w sprawie jako ci powietrza i czystszego powietrza dla Europy. 

9. Elminir H.K.: Dependence of urban air pollutants on meteorology. 
Science of the Total Environment. 350, 225–237 (2005). 

10. European Environment Agency: Air quality in Europe. Report 2012. No 
4. 2012. 

11. Freitas M.C., Pacheco A.M.G., Verburg T.G., Wolterbeek H.T.: Effect 

of particulate matter, atmospheric gases, temperature, and humidity on 

respiratory and circulatory diseases’ trends in Lisbon, Portugal. Environ. 
Monit. Assess. 162, 113–121 (2010). 



Application of Cluster Analysis in Defining the Meteorological… 59
 

12. God owska J.: The particulate matter PM10 air pollution in Cracow. 

Wiadomo ci IMGW. XXVII(XLVIII), 1, 79–90 (2004). 
13. Grivas G., Chaloulakou A., Samara C., Spyrellis N.: Spatial and tem-

poral variation of PM10 mass concentrations within the greater area of 

Athens, Greece. Water, Air, and Soil Pollution. 158, 357–371 (2004). 
14. ça a Y., Sabah E.: Statistical analysis of air pollutants and meteorolo-

gical parameters in Afyon, Turkey. Environ. Model. Asses. 14, 259–266 
(2009). 

15. Juda-Rezler K., Reizer M., Oudinet J.P.: Determination and analysis of 

PM 10 source apportionment during episodes of air pollution in Central 

Eastern European urban areas: The case of wintertime 2006. Atmospheric 
Environment. 45(36), 6557–6566 (2011). 

16. Kalbarczyk R., Kalbarczyk E.: Assessment of the value of tropospheric 

ozone concentration depending on meteorological conditions as exempli-

fied by the Widuchowa station (North-West Poland). Ekologia (Bratislava). 
29(4), 398–411 (2010). 

17. Kryza M., Werner M., Dore A.J., B a  M., Sobik M.: Zastosowanie 

modelu FRAME do okre lania redniorocznych st e  PM10 i wtórnych 

aerozoli nieorganicznych w Polsce 2010. Ochrona powietrza w teorii i 
praktyce pod red. Jana Konieczy skiego, Instytut Podstaw In ynierii ro-
dowiska Polskiej Akademii Nauk w Zabrzu. 2, 33–50 (2010).  

18. Kukkonen J., Pohjola M., Sokhi R.S., Luhana L., Kitwiroon N., 
Fragkou L., Rantamäki M., Berge E., Ødegaard V., Slørdal L.H., 
Denby B., Finardi S.: Analysis and evaluation of selected local-scale 

PM10 air pollution episodes in four European cities: Helsinki, London, 

Milan and Oslo. Atmospheric Environment. 39, 2759–2773 (2005). 
19. Le niok M., Caputa Z.: The role of atmospheric circulation in air 

pollution distribution in Katowice Region (Southern Poland). Int. Journal 
of Environment and Waste Management. 4(1–2), 62–74 (2009). 

20. Le niok M., Ma arzewski ., Nied wied  T.: Classification of circula-

tion types for Southern Poland with an application to air pollution 

concentration in Upper Silesia. Physics and Chemistry of the Earth. 35(9–
12), 516–522 (2009). 

21. omnicki A.: Wprowadzenie do statystyki dla przyrodników. Wydaw-
nictwo Naukowe PWN, Warszawa 2005. 

22. Majewski G., Kleniewska M., Brandyk A.: Seasonal variation of parti-

culate matter mass concentration and content of metals. Polish J. of 
Environ. Stud. 20(2), 417–427 (2011). 



60 Ma gorzata Czarnecka, Jadwiga Nidzgorska-Lencewicz 
 

23. Nidzgorska-Lencewicz J., Czarnecka M.: Winter weather conditions vs. 

air quality in Tricity, Poland. Theoretical and Applied Climatology. 115, 
DOI 10.1007/s00704-014-1129-8 (2015).  

24. Ocak S., Turalioglu F.S.: Relationship Between Air Pollutants and Some 

Meteorological Parameters in Erzurum, Turkey. Dincer et al. (eds.), Global 
Warming, Green Energy and Technology. 485–499 (2010). 

25. O ródka L., Krajny E., Klejnowski K., Rogula-Koz owska W., B a-
szczyk J., Kobus D., Wypych A.: Indeks jako ci powietrza jako miara 

zanieczyszczenia powietrza w Polsce. Nauka Przyroda Technologie. 5(4), 
1–11 (2011). 

26. Pa stwowy Monitoring rodowiska (PM ), Inspekcja Ochrony rodo-
wiska: Ocena jako ci powietrza w strefach w Polsce za rok 2011. 
Warszawa 2011. 

27. Pires J. C. M., Martins F. G., Sousa S. I. V., Alvim-Ferraz M. C. M., 
Pereira M. C.: Prediction of the daily mean PM10 concentrations using 

linear models. American Journal of Environmental Sciences. 4(5), 445–
453 (2008). 

28. Podawca K., Rutkowska G.: Analiza przestrzennego rozk adu typów za-

nieczyszcze  powietrza w uk adzie dzielnic m. st. Warszawy. Rocznik 
Ochrona rodowiska (Annual Set the Environment Protection). 15, 2090–
2107 (2013). 

29. Sówka I., giewka A., Zwo dziak A., Skr towicz M., Nych A., 
Zwo dziak J.: Zastosowanie GIS do analizy przestrzennej st e  py u 

PM2.5 oraz PM10 na terenie województwa dolno l skiego. Rocznik 
Ochrona rodowiska (Annual Set the Environment Protection). 13, 1667–
1678 (2011). 

30. Tomaszewska A.: Analiza zale no ci wyst powania wysokich st e  

PM10 od typów cyrkulacji Lity skiego. Ochrona powietrza w teorii i 
praktyce pod red. Jana Konieczy skiego, Instytut Podstaw In ynierii 

rodowiska Polskiej Akademii Nauk w Zabrzu. 2, 375–388 (2010).  
31. Unal Y. S., Toros H., Deniz A., Incecik S.: Influence of meteorological 

factors and emission sources on spatial and temporal variations of PM10 

concentrations in Istanbul metropolitan area. Atmospheric Environment. 
45, 5504–5513 (2011). 

32. Xie X., Huang Z., Wang J.: Impact of building configuration on air 

quality in street canyon. Atmospheric Environment. 39, 4519–4530 (2005). 
33. Yoo H-J., Kim J., Yi S-M., Zoh K-D.: Analysis of black carbon, 

particulate matter, and gaseous pollutants in an industrial area in Korea. 
Atmospheric Environment. 45, 7698–7704 (2011). 

34. http://armaag.gda.pl/ 



Application of Cluster Analysis in Defining the Meteorological… 61
 

Zastosowanie analizy skupie  do wytypowania warunków 
meteorologicznych kszta tuj cych zmienno  st e  py u 

zawieszonego PM10 

Streszczenie 
W pracy wykorzystano godzinne wyniki pomiarów st e  py u zawie-

szonego PM10 oraz podstawowych elementów meteorologicznych rejestrowa-
nych automatycznie w pi ciu stacjach funkcjonuj cych w sieci pomiarowej 
Agencji Regionalnego Monitoringu Atmosfery Aglomeracji Gda skiej (AR-
MAAG). Opracowaniem obj to okres kalendarzowej zimy (grudzie –luty) w 
latach 2004/2005–2009/2010. Zmienno  st e  zanieczyszcze  w warunkach 
pogodowych opisanych temperatur  i wilgotno ci  wzgl dn  powietrza, ci nie-
niem atmosferycznym oraz pr dko ci  i kierunkiem wiatru, oceniono przy zasto-
sowaniu analizy skupie , w tym metody k- rednich, z grupy metod niehierar-
chicznych. Kompleksowy wp yw warunków meteorologicznych na zmienno  
imisji py u PM10 w wyodr bnionych segmentach okre lono metod  liniowej 
regresji wielokrotnej, przy zastosowaniu procedury krokowej post puj cej, na 
poziomie istotno ci p  0,05. Udzia  poszczególnych elementów pogody w 
kszta towaniu wielko ci st e  okre lono za pomoc  wspó czynników regresji 
cz stkowej. Zastosowany algorytm wyodr bni , w zale no ci od dzielnicy Trój-
miasta, od 4 do 8 optymalnych skupie  najwi cej – w Gdyni, odznaczaj cej si  
najwi ksz  imisj  py u zawieszonego. W wi kszo ci przypadków g ównym 
czynnikiem zró nicowania pomi dzy wyodr bnionymi skupieniami by  kierunek 
wiatru. W przewa aj cej cz ci aglomeracji trójmiejskiej, w Gdyni i w Sopocie, 
najwi ksz  imisj  py u zawieszonego PM10 notowano przy wiatrach SE, podczas 
gdy w cz ci po udniowej, w Gda sku, podwy szone st enia py u notowano 
przy wiatrach E we Wrzeszczu oraz W w Jasieniu. Skupienia grupuj ce najwi k-
sze st enie PM10 charakteryzowa y si  w wi kszo ci przypadków najni sz  
temperatur  powietrza i mniejsz  pr dko ci  wiatru, a ponadto cz sto wy szym 
ci nieniem i niekiedy nieco mniejsz  wilgotno ci  wzgl dn  powietrza, czyli 
warunkami panuj cymi przy pogodzie antycyklonalnej. Warunki meteorologicz-
ne mia y statystycznie istotny wp yw na st enia PM10 we wszystkich skupie-
niach, ale zasadnicz  rol  odgrywa y temperatura powietrza oraz pr dko  wiatru. 
Wiatr, niezale nie od kierunku, by  na ogó  efektywnym czynnikiem wentylacji 
przyczyniaj c si  przede wszystkim do zmniejszenia zapylenia powietrza.  

S owa kluczowe:  
analiza skupie , regresja, PM10, warunki meteorologiczne 

Keywords:  
cluster analysis, regression, PM10, meteorological conditions 
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1. Introduction 

Thermal processing is one of the methods of disposal of industrial 

waste. This process reduces volume and weight of those waste, and also 

allows to avoid their landfilling. However, by-products of thermal pro-

cessing are: volatile components (flue gas and fly ash) and solids (slag, 

ash also called furnace waste), which are a source of contamination of the 

environment [2,4,12,13]. 

During development of the project of thermal processing of par-

ticular waste, various aspects of efficiency of the process should be con-

sidered, which should meet, among others, technological and economic 

conditions [19,20]. The aim of waste utilisation is recovery of their usa-

ble energy, maximum possible reduction of harmful substances produced 

during this process and decrease of their volume. It is connected with the 

pre-selection of waste. 

Laboratory installation for thermal treatment of waste was de-

signed and made at the Department of Water and Sludge Technology and 

Waste Utilisation of Koszalin University of Technology. It was used for 

studies on incineration process of pre-selected industrial and municipal 

waste. Also studies on the process of co-incineration of sewage sludge in 

mixtures with different types of waste were conducted [5,11,18]. Studied 

waste also included waste from organic chemistry industry such as plas-

tics, rubber and petrochemical waste, which include paints and varnishes. 
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The paper presents the results of laboratory studies on the effi-

ciency of incineration of different compositions of mixtures of waste 

from organic chemistry industry in terms of percentage reduction of their 

weight. Studies were conducted using different percentages of each waste 

in mixtures with sewage sludge, as the possibility of co-incineration of 

sewage sludge and studied waste. 

2. Methodology of studies 

2.1. Materials 

The following materials were selected for the studies: 

 polymer waste 

 rubber waste (waste tires) – industrial waste, 

 paint waste – industrial waste, 

 plastic waste – industrial waste, municipal waste, 

 sewage sludge – municipal waste. 

 

Waste tires were used as rubber waste. During studies only an ex-

ternal layer of tires was used, which is made of natural or artificial vul-

canized caoutchouc – polymer (elastomer) [8,16]. In the case of paint 

waste, residues of oil-alkyd enamel, that is solvent alkyd-oil paint, one of 

the most common paints used for decoration and protection of surfaces, 

was used in the studies. Such waste may be classified as coating type 

polymers (polymer suspension). Plastomers, commonly recognized as 

representative sample of plastic materials in municipal waste, were plas-

tics during studies. Sewage sludge used in the studies was taken from 

"Jamno" Wastewater Treatment Plant, which is an object operated by the 

local water supply and sewage treatment company in Koszalin. Sewage 

sludge has been dried to a water content of about 10% because the hy-

drated sewage sludge was characterized by high value of this parameter 

(W
r
 = ~50%), which negatively affects the efficiency of combustion pro-

cess. 

Materials, before incineration were ground to particle diameter 

< 1,25 mm in order to unify their size.  

Technical analysis of the materials used for studies was conducted 

as a initial stage. It consisted of: determination of combustible parts  

(u,% – organic matter) and non-combustible (n,% – minerals and water). 
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The basic parameters characterizing solid fuels are: water content (W), ash 

content (A), volatiles content (V), and the heat of combustion (Qs). The 

sum combustible organic matter, ash and water content is 100% [10]. 

Analysis was performer according to following standards: PN-ISO 1213-

2:1999; PN-80/G-04511; PN-ISO 1171:2002; PN-80/G-04512; PN-G-

04516:1998; PN-ISO 1928:2002.  

Additionally, qualitative analysis of the studied materials was 

conducted using MiniPal PW4025 XRF spectrometer, which uses X-ray 

fluorescence for identification of elements. 

2.2. Study range 

Studies on the of effectiveness of weight reduction of waste mass 

in the process of their thermal processing were conducted on laboratory 

installation. The main element of that installation is a laboratory, single 

zone, tube furnace with horizontal heating system of a maximum contin-

uous operating temperature 1473K. The combustion process was carried 

out in atmospheric air, which was fed into the furnace using diaphragm 

pump, through a table rotameter, which measures the air flow intensity 

within the range of 0.5–8.5 dm
3
 · min

-1
. 

Process studies were conducted under following constant parame-

ters of incineration: 

T – temperature in the incineration zone of the furnace, °K – 1173.15 

(900°C), 

 – excess air coefficient – 1.1 (air flow rate 4 dm
3
 á min

-1
), 

m – index of the sample material mass in relation to the volume of the 

furnace chamber, kg · m
–3

 – 1.3 (sample mass – 0.03 g). 

 

Constants values of those parameters were determined on the base 

of previous studies of incineration process of various materials (munici-

pal waste, sewage sludge and dust coal), using the same installation and 

also analysis of the influence of changes of mentioned parameters on 

concentration of pollutants in flue gases [5,11,18]. 

Studies presented in this work were divided into 4 stages: 

I. Combustion of individual waste materials selected for the studies, as 

a comparative basis for the subsequent stages; 

II. Combustion of 1
st
 composition of waste – individual waste mixed with 

another, one type of waste; 
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III. Combustion of 2
nd

 composition of waste – individual waste mixed 

with other two types of waste, 

IV. Combustion of 3
rd

 composition of waste – individual waste mixed 

with other three types of waste. 

 

All compositions of waste selected for the given stages of studies 

are presented in the Table 1. Table 2 presents mass proportions of mix-

tures compositions of waste in each stage (at the constant sample mass – 

0.03 g). 
 

Table 1. Compositions of waste in individual stages of studies 

Tabela 1. Kompozycje odpadów w poszczególnych etapach bada  

Stage Studied waste Additional waste 

I 

paint – 

rubber – 

plastics – 

sewage sludge – 

II 

paint 

rubber 

sewage sludge 

plastics 

rubber 
sewage sludge 

plastics 

plastics sewage sludge 

III 

paint 

rubber sewage sludge 

rubber plastics 

sewage sludge plastics 

rubber 

paint sewage sludge 

paint plastics 

sewage sludge plastics 

plastics 

rubber sewage sludge 

rubber paint 

sewage sludge paint 

sewage sludge 

rubber paint 

rubber plastics 

paint plastics 
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Table 1. cont. 

Tabela 1. cd. 

Stage Studied waste Additional waste 

IV 

paint rubber 
sewage 

sludge 
plastics 

rubber paint 
sewage 

sludge 
plastics 

plastics paint rubber 
sewage 

sludge 

sewage sludge paint rubber plastics 

 
Table 2. Percentage and mass proportions of waste mixtures in individual 

stages of studies at fixed sample mass – 0.03 g 

Tabela 2. Procentowe i masowe proporcje mieszanin odpadów 

w poszczególnych etapach bada  przy za o eniu sta ej masy próby – 0,03 g 

Percentage and mass share in a sample 

Stage 
Studied  

waste 
Additional waste 

I  100%, 0.03 g – 

II 50%, 0.015 g 50%, 0.015 g 

III 50%, 0.015 g 25%, 0.0075 g 25%, 0.0075 g 

IV 50%, 0.015 g 16,7%, 0.005 g 16,7%, 0.005 g 16,7%, 0.005 g 

 

Output parameter in each stage of studies was a percentage index 

m, % – sample loss of mass during combustion process of the selected 

compositions of waste. This parameter was calculated using following 

formula m =  á 100%, where: 

m
0
, m – are, respectively, mass of the sample before and after incinera-

tion of waste. 

However, attention cannot be paid only on the effectiveness of 

thermal processing in terms of reduction of their volume, because in the 

case of such type of installation, emissions of environmentally harmful 

flue gases, which are produced during combustion of waste, must be also 

taken into account. 
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Therefore, during all stages of studies described in this paper, the 

stream of exhaust gases from the furnace reactor was subjected to the 

analysis with exhaust gas analyzer MADUR GA-21 plus. Following gas-

es were measured: 

cSO2 –concentration of sulfur oxide (IV), mg á m
–3

, 

cNOx –concentration of nitrogen oxides, mg á m
–3

, 

cCO –concentration of carbon oxide (II), mg á m
–3

. 

 

In order to facilitate orientation and ability to compare the results, 

all concentrations of pollutants in exhaust gas were converted to standard 

contractual conditions of combustion at 11% of O2 content in the ex-

haust. 

3. Description and analysis of results 

3.1. Technical analysis of the materials used for studies 

Results of full technical analysis are presented in Table 3. Ac-

cording to standards, values of parameters characterizing the materials 

are specified for the analytic state (a) when the moisture is in equilibrium 

with the ambient humidity. 

Analysis of the results in Table 3 shows much lower ash content 

A
a
 in waste plastic, as compared to other tested materials. It is connected 

with the content of mineral (non-combustible) substances in the fuel. 

Results of volatile V
a
 and combustible substances contents in the ana-

lyzed materials show that studied waste paints had the lowest values of 

those parameters, even in comparison with waste rubber and plastics, 

although they are also polymers. 

This comparative analysis is mainly connected with the content of 

organic matter in discussed materials, that is analysis of elementary ele-

ments, such as carbon, hydrogen, nitrogen and sulfur. On the basis of 

literature data concerning the qualitative analysis of fuels (waste fuels) 

[9,14,17], it may be concluded that the waste plastics, despite low content 

of nitrogen n
a
 and sulfur s

a
, contain significant amounts of elemental car-

bon c
a
, which causes much higher organic matter content, which are also 

volatile. This amount is comparable eg. with sewage sludge. Low content 

of organic elements in the waste paint clearly shows a much lower con-

tent of volatile substances in that material. 
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Table 3. Results of technical analysis of materials used in laboratory studies  

Tabela 3. Zestawienie zbiorcze wyników analizy technicznej materia ów 

wykorzystanych do bada  laboratoryjnych 

G
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m
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Q
sa , 

M
J 
á
 k

g
-1

 

Waste paints 

0.35–1.25 17.0 0.8 59.4 39.8 60.2 24.91 

Waste rubber 

0.35–1.25 56.2 6.2 16.2 77.6 22.4 31.84 

Waste plastics 

0.5–1.25 60.2 0.5 5.8 93.7 6.3 42.02 

Sewage sludge (dry) 

0.125–1.25 54.3 10.6 32.0 57.4 42.6 13.57 

 

On the other hand sewage sludge contains a much bigger amounts 

of volatile substances only due to a significant percentage of elementary 

elements: sulfur s
a
 and nitrogen n

a
 [21]. Energetic properties of waste 

(heat of combustion Qs) also result from the content of organic matter. 

The low content of the elemental carbon c
a
 in the sewage sludge [21] 

causes much lower calorific value, in comparison with waste polymer – 

Table 3. This is confirmed by Bie  and Wystalska [3]. According to their 

studies heat of combustion of the digested sludge, containing 50% of 

combustible parts, is about 11 MJ á kg
-1

. 

Analysis of water content in the waste polymer shows the compa-

rability of those materials, because most plastics are water resistant. This 

is the reason of low value of W
a
 in such waste. 
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3.2. Studies on reduction of waste mass 

Figures 1 and 2 show a graphical interpretation of average values 

of m parameter for each studied waste in certain compositions. Tables 4 

and 5, however, present basic descriptive statistics calculated for that 

parameter. 

Analysis of the results at first allows to observe that values of 

mass loss of waste samples vary considerably, although all studied waste, 

apart from sewage sludge, are by-products of organic chemistry industry. 

m parameter changes its value from 42% in the case of waste paint to 

observed 96% during incineration of waste plastic. 

 

 

Fig. 1. Values of m parameter during incineration of studied waste (stage I) 

Rys. 1. Warto ci parametru m w procesie spalania badanych odpadów  

(I etap bada ) 
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Table 4. Basic descriptive statistics calculated for m parameter after 

incineration of studied waste (stage I) 

Tabela 4. Podstawowe statystyki opisowe parametru m dot. procesu spalania 

badanych odpadów (I etap) 

N
 o

f 
v
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id
 

%
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f 
v
al

id
 

A
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M
ed
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n
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in
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u
m

 

M
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im
u
m

 

S
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n
d
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d

 

d
ev

ia
ti

o
n
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waste paint 25 100,0 42,3 42,6 41,0 43,0 0,8 

waste rubber 25 100,0 77,6 78,0 77,0 78,0 0,5 

sewage sludge 25 100,0 80,3 80,0 76,8 81,9 1,0 

waste plastics 25 100,0 95,2 96,0 94,0 96,3 0,9 

 

Due to the fact that waste plastics are characterized by the highest 

mass loss in the combustion process (which is directly related to the low 

value of the ash content index A
a
 – about 6% for waste plastics),their 

addition to studied compositions resulted in an increase of m index for 

all studied mixtures. Of course, the highest values of mass loss index 

were observed at the highest (50%) share of plastic waste in the mixture 

– the second stage of studies. In this case, addition of waste plastic to 

waste paint (very high residue after combustion of such waste) caused as 

much as approx. 60% increase in the value of m index, while the same 

addition to composition with rubber waste and sewage sludge caused 

much lower (approximately 20%) increase of the value of the m param-

eter, which in the case of incineration of only waste rubber and sewage 

sludge (I stage of the study) was similar and amounted to respectively 

78% and 80% – Figure 1. 
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Fig. 2. Variability of m parameter during incineration of studied waste 

compositions; pa – waste paint, r – waste rubber; pl – waste plastics,  

s – sewage sludge 

Rys. 2. Zmienno  parametru m w procesie spalania badanych kompozycji 

odpadów; pa – odpady farbiarskie, r – odpady gumowe, pl – odpady z tworzyw 

sztucznych, s – osady ciekowe 

 

The fact that a much lower value of mass loss of waste paint dur-

ing combustion process compared to other studied materials was also the 

cause of low values of that parameter in the cases when waste paint was 

added to mixture compositions. It may be evidently observed in Figure 2. 

The addition of 50% of paint waste to studied mixtures caused following 

m parameter values: about 55% of the mixture with waste rubber (30% 

drop) and more than 65% in the composition with waste plastic and sew-

age sludge (respectively 27% and 17% drop). 
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Table 5. Basic descriptive statistics calculated for m parameter after 

incineration of studied compositions of waste (stage II–IV) 

Tabela 5. Podstawowe statystyki opisowe parametru m dot. procesu spalania 

badanych kompozycji odpadów (etapy II–IV) 

Waste  

compositions

N
 o

f 
v
al

id
 

%
 o

f 
v
al

id
 

A
v

er
ag

e 

M
ed

ia
n

 

M
in

im
u
m

 

M
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im
u
m

 

S
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n
d
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d

 

d
ev
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o
n
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f+g 25 100.0 54.3 55.0 46.1 59.5 2.3 

f+o 25 100.0 67.1 67.0 65.0 68.1 1.0 

f+tsz 25 100.0 69.9 70.0 69.0 71.0 0.9 

g+f 25 100.0 54.3 55.0 46.1 59.5 2.3 

g+o 25 100.0 81.6 82.0 78.5 83.0 1.3 

g+tsz 25 100.0 89.9 90.0 89.0 91.0 0.9 

o+f 25 100.0 67.1 67.0 65.0 68.1 1.0 

o+g 25 100.0 79.3 79.0 78.0 81.0 1.0 

o+tsz 25 100.0 93.6 94.0 93.0 95.0 0.6 

tsz+f 25 100.0 69.9 70.0 69.0 71.0 0.9 

tsz+g 25 100.0 89.9 90.0 89.0 91.0 0.9 

tsz+o 25 100.0 93.6 94.0 93.0 95.0 0.6 

f+g_o 25 100.0 60.1 61.0 55.1 63.7 2.4 

f+g_tsz 25 100.0 64.4 65.0 62.0 66.0 1.3 

f+o_tsz 25 100.0 69.1 69.0 68.0 70.0 0.8 

g+f_o 25 100.0 68.9 69.6 64.5 72.1 2.4 

g+f_tsz 25 100.0 75.6 75.0 73.0 83.0 2.8 

g+o_tsz 25 100.0 86.4 86.0 85.0 88.0 1.2 

o+g_f 25 100.0 68.8 69.0 66.0 70.5 1.4 

o+g_tsz 25 100.0 84.3 85.0 83.0 85.2 0.8 

o+f_tsz 25 100.0 75.4 76.0 73.0 77.0 1.4 

tsz+g_o 25 100.0 88.4 89.0 87.0 89.0 0.9 

tsz+g_f 25 100.0 80.7 81.0 80.0 82.0 0.7 

tsz+o_f 25 100.0 82.6 82.0 82.0 84.0 0.7 

f+g_o_tsz 25 100.0 48.0 47.0 44.0 58.2 3.8 

g+f_o_tsz 25 100.0 59.7 60.0 56.0 64.1 2.8 

o+f_g_tsz 25 100.0 64.0 64.0 59.3 67.0 2.4 

tsz+f_g_o 25 100.0 78.9 78.0 75.0 84.1 3.1 
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Similar values were achieved for the decrease of efficiency of the 

combustion of mixtures, when waste paint was added in the III and IV 

stage of the study. Addition of those waste was respectively 25% and 

16%. For example, in such case a decrease of incineration efficiency was 

17% for 25% of waste paint added to the mixture with plastic waste and 

sewage sludge and mixtures with sewage sludge and waste rubber, and 

a 25% decrease of the m parameter when 16.7% of waste paint was 

added to composition with sewage sludge, waste rubber and waste plastic 

products. Considering the elemental analysis of waste paint (content of 

non-combustible parts was much higher than value of that parameter, for 

example in sewage sludge), such low mass loss during incineration pro-

cess of those waste is not surprising. 

Analyzing the results of the incineration process of compositions 

of selected waste with sewage sludge, slight changes of mass loss after 

the combustion process in the case of a mixture of waste rubber with 

sewage sludge should be noted. The average value of m parameter of 

those mixtures is about 80%, and only addition of waste plastics caused 

an increase in the combustion mass efficiency to approximately 86%. 

To sum up analysis of results of laboratory studies on the effec-

tiveness of waste disposal, it should be noted that the biggest reduction 

was found for thermal processing of plastic waste and its composition 

with sewage sludge and waste rubber. However the least preferred is ad-

dition of waste paint into mixtures of incinerated waste. 

3.3. Studies on changes of pollutants concentration in exhaust gases 

The results of the measurement of concentrations of selected ex-

haust gases produced during incineration of investigated waste composi-

tions are shown in Figures 3 and 4. 
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a) b) 

 

Fig. 3. Variability of the concentrations of selected exhaust gases produced 
during incineration of examined compositions: a) waste paint, b) waste rubber; 
additional waste: pa – waste paint, r – waste rubber, pl – waste plastic,  
s – sludge 
Rys. 3. Zmienno  st e  wybranych gazów spalinowych powsta ych 
w procesie spalania badanych kompozycji: a) odpadów farbiarskich, 
b) odpadów gumowych; dodatkowe odpady: pa – odpady farbiarskie,  
r – odpady gumowe, pl – odpady z tworzyw sztucznych, s – osady ciekowe 
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a) b)

 

Fig. 4. Variability of the concentrations of selected exhaust gases produced 
during incineration of examined compositions: a) sewage sludge, b) waste 
plastics; additional waste: pa – waste paint, r – waste rubber, pl – waste plastic,  
s – sludge 
Rys. 4. Zmienno  st e  wybranych gazów spalinowych powsta ych 
w procesie spalania badanych kompozycji: a) osadów ciekowych,  
b) odpadów z tworzyw sztucznych; dodatkowe odpady: pa – odpady farbiarskie, 
r – odpady gumowe, pl – odpady z tworzyw sztucznych, s – osady ciekowe 
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Analysis of the results shows that high temperature of incinera-

tion process of studied waste compositions and sufficient excess air dur-

ing the process resulted in minimal concentrations of carbon monoxide in 

all stages of research. In contrast, the negative effect of the thermal pro-

cessing of examined mixtures of waste are: high concentrations of sulfur 

dioxide in case of incineration of waste rubber (400 mg á m
-3

) and high 

concentrations of nitrogen oxides observed during sewage sludge incin-

eration (500 mg á m
-3

). Addition of those materials to mixtures with other 

waste caused a significant increase in the concentrations of SO2 and NOx. 

For example, the lowest value of cSO2 was observed in the case of incin-

eration of plastic waste only. Addition of 50% of waste rubber and sew-

age sludge mixture to the composition with waste plastic caused increase 

of SO2 concentration up to 280 mg á m
-3

. 

Of course such dependence is a result of significant content of 

fuel sulfur in the waste rubber and sewage sludge. This is confirmed by 

a qualitative analysis of the examined test materials which were per-

formed using MiniPal PW4025 XRF spectrometer. Sample spectra ob-

tained from XRF spectrograph with clearly labeled sulfur energy lines 

are shown in Figure 5. Spectra clearly show that rubber and sewage 

sludge contain significantly more elemental sulfur than waste plastics. 

Significant differences in concentrations of sulfur and nitrogen 

oxides during incineration process of selected materials, observed during 

experiments, are caused mainly by the type of combusted material. Pres-

ence of SO2 in the flue gases is almost entirely caused by oxidation of 

sulfur contained in fuel, admixtures and additives. Similar situation is in 

the case of NOx, but here we have additional source, along with nitrogen 

contained in the fuel, also the nitrogen from the air is oxidized. Incinera-

tion of waste plastic was associated with production of relatively low 

values of cNOx (mainly thermal oxides), as "pure" polymer does not con-

tain elemental nitrogen. Nevertheless, fuel NOx may be produced, due to 

application of antistatics to plastics. Those additional substances contain 

elemental nitrogen and are added in order to eliminate the phenomenon 

of electrification of surface of the plastic [22]. Chemicals which improve 

the properties of plastics usually significantly hinder their disposal and 

especially their thermal decomposition, causing an increase in the emis-

sion of harmful gases, eg. NOx. 
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a) b) 

  
c)  

Fig. 5. XRF Spectra of examined 

materials: a) waste rubber, b) sewage 

sludge, c) waste plastics 

Rys. 5. Spektrogramy XRF badanych 

materia ów: a) odpady gumowe,  

b) osady ciekowe, c) odpady z tworzyw 

sztucznych 
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Studies on literature results of elementary analysis of fuels clearly 

show, that sewage sludge is characterized by high content of fuel sulfur 

(approx. 1,4%) [1,3,5]. Authors of many publications [16,23] also indi-

cate that in the case of waste rubber high concentrations of sulfur and 

nitrogen as fuel elements are determined. Average content of elemental 

sulfur in rubber waste can be up to 1.5%. Rubber is a product of vulcani-

zation of natural or synthetic cautchuc with addition of 1–5% of sulfur to 

accelerators. It also contains plasticizers, fillers, pigments and other addi-

tives [8,23]. 

4. Conclusions 

The final analysis of all laboratory studies presented in this pa-

per has shown that waste plastics which have the biggest mass loss and 

lowest values of concentrations of exhaust gases produced during incin-

eration of those waste, are characterized by the highest degree of effi-

ciency of thermal decomposition process. But also other aspect must be 

taken into account – the fact that during the thermal treatment of such 

type of waste other toxic products (PCDDs, PCDFs, hydrogen cyanide, 

ammonia) may be produced [15,19,20,22]. Their analysis was not in-

cluded within the range of studies presented in this paper. Therefore, it 

is necessary to design waste incineration installations which will in-

clude complex nodes of flue gases treatment [6,7,10,25]. Such type of 

installations should be designed on the base of the morphology of mu-

nicipal waste, energy balance of incinerator feed, in order to make the 

process efficient and proper, not only for energetical, but also ecologi-

cal reasons [19]. This will require a certain composition of waste feed 

into the furnace of thermal waste processing plant. 

References 

1. Barz M.: Sewage sludge from wastewater treatment as energy source. 
International Journal of Renewable Energy. 4(1) (2009). 

2. Bieli ska E.J., Futa B., Baran S., Paw owski L.: Eco-energy anthro-
popressure in the agricultural landscape. Problemy Ekorozwoju – 
Problems of Sustainable Development. 9(2), 99–111 (2014). 

3. Bie  J.B., Wystalska K.: Przekszta canie osadów ciekowych w proce-
sach termicznych. Wydawnictwo Seidel-Przywecki. Warszawa 2009. 



Laboratory Studies on the Effectiveness of Thermal Treatment… 79
 

4. Czop M., Kajda-Szcze niak M.: Environemental impact of straw based 
fuel combustion. Archives of Environmental Protection. 39(4), 71–80 
(2013). 

5. D browski J., Piecuch T.: Badania laboratoryjne nad mo liwo ci  
wspó spalania osadów ciekowych wraz z odpadami gumowymi. In ynieria 
Ekologiczna. 25, 55–66 (2011). 

6. Gomez-Garcia M.A., Pitchon V., Kiennemann A.: Pollution by nitrogen 
oxides: an approach to NOx abatement by using sorbing catalytic 
materials. Environment International. 31, 445–467 (2005). 

7. Goo J.H., Irfan M.F., Kim S.D., Hong S.Ch.: Effects of NO2 and SO2 on 
selective catalytic reduction of nitrogen oxides by ammonia. Chemosphere. 
67, 718–723 (2007). 

8. Jasiewicz M.: Sposoby granulowania i recyklingu zu ytych opon. Kom-
pleksowe zarz dzanie gospodark  odpadami. Praca zbiorowa pod red. T. 
Marcinkowskiego. Wydawnictwo PZITS Oddz. Wielkopolski. Pozna  
2009. 

9. Kijo-Kleczkowska A., Otwinowski H., roda K.: Specificity combustion 
of sewage sludge. Archives of Waste Management Environmental 
Protection. 16(4), 93–102 (2014). 

10. Kordylewski W., Jakubiak M., Hardy T.: Pilot Plant Studies on NOx 
Removal Via NO Ozonation and Absorption. Archives of Environmental 
Protection. 39(3), 93–106 (2013). 

11. Lis J.: Badania efektywno ci spalania wybranych kompozycji mieszanin 
odpadów. Praca magisterska. Promotor: prof. dr hab. in . Tadeusz Piecuch. 
Politechnika Koszali ska. Koszalin 2013. 

12. Liu H.: Biofuel’s Sustainable Development under the Trilemma of Energy, 
Environment and Economy. Problemy Ekorozwoju – Problems of 
Sustainable Development. 10(1), 55–59 (2015). 

13. Lorenz U.: Skutki spalania w gla kamiennego dla rodowiska przyro-
dniczego i mo liwo ci ich ograniczenia. Mat. Szko y Eksploatacji Pod-
ziemnej. Sympozja i Konferencje nr 64. Wydawnictwo Instytutu GSMiE 
PAN. Kraków 2005. 

14. Marcisz M.: Zawarto  siarki ca kowitej w z o ach monokliny Zofiówki 
(SW cz  Górno l skiego Zag bia W glowego). Gospodarka Surowcami 
Mineralnymi – Mineral Resources Management. 29(3), 61–77 (2013). 

15. McKay G.: Dioxin characterisation, formation and minimisation during 
municipal solid waste (MSW) incineration: review. Chemical Engineering 
Journal. 86(3), 343–368 (2002). 

16. Mianowski A., Radko T., Koszorek A.: Wspó spalanie mia u w glowego 
i zu ytych opon. Zeszyty Naukowe Wydzia u Budownictwa i In ynierii 

rodowiska Politechniki Koszali skiej. Koszalin 2007. 



80 Janusz D browski, Tomasz D browski 
 

17. Misiak J.: Jako  w gla eksploatowanych pok adów w LW „Bogdanka” 
S.A. (Lubelskie Zag bie W glowe). Gospodarka Surowcami Mineralnymi  
– Mineral Resources Management. 28(4), 137–149 (2012). 

18. Piecuch T., D browski J., D browski T.: Laboratory Investigations on 
Possibility of Thermal Utilisation of Post-production Waste Polyester. 
Rocznik Ochrona rodowiska (Annual Set The Environment Protection). 
11, 87–101 (2009). 

19. Piecuch T., D browski J.: Projekt koncepcyjno-technologiczny Zak adu 
Termicznego Przekszta cania Odpadów Komunalnych dla Regionu 

rodkowopomorskiego. Rocznik Ochrona rodowiska (Annual Set The 
Environment Protection). 16, Monografia, 136 (2014). 

20. Piecuch T., D browski J.: Projekt koncepcyjny budowy Zak adu 
Termicznej Utylizacji Odpadów dla Gminy Po czyn-Zdrój. Rocznik Ochrona 

rodowiska (Annual Set The Environment Protection). 16, 196–222 (2014). 
21. Rajczyk R., Bie  J., Palka H., Pogodzi ski A., Smor g H.: Co-Com-

bustion of Municipal Sewage Sludge and Hard Coal on Fluidized Bed Boiler 
WF-6. Archives of Environmental Protection. 40(3), 101–113 (2014). 

22. Saechtling H.: Tworzywa sztuczne. Poradnik. Wydawnictwa Naukowo-
Techniczne. Warszawa 2007. 

23. Skalmowski K.: Poradnik gospodarowania odpadami. Wyd. Verlag-
Dashöfer, Warszawa, 2007. 

24. Sobiecki M.: Rozwój systemu gospodarki odpadami po oponach samo-
chodowych w Polsce. Kompleksowe zarz dzanie gospodark  odpadami. 
Praca zbiorowa pod red. T. Marcinkowskiego. Wydawnictwo PZITS Oddz. 
Wielkopolski. Pozna  2009. 

25. Wielgosi ski G.: Instalacje Termicznego Przekszta cania Odpadów 
Komunalnych w kontek cie RIPOK – wybór technologii i koncepcji Roz-
wi zania problemu. Wydawnictwo Nowa Energia. 1(37), 17–24 (2014). 

Laboratoryjne badania nad skuteczno ci   

termicznego przekszta cania wybranych kompozycji  

odpadów przemys u chemii organicznej 

Streszczenie 

W pracy przedstawiono wyniki bada  laboratoryjnych nad skuteczno-
ci  spalania ró nych kompozycji mieszanin odpadów przemys u chemii orga-

nicznej w aspekcie procentowej obni ki ich masy. Badania te przeprowadzono 
przy za o eniu ró nych procentowych udzia ów poszczególnych odpadów 
w mieszankach wraz z osadami ciekowymi jako mo liwo  wspó spalania ich 
z tymi odpadami. 
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Do bada  wyodr bniono nast puj ce materia y: 

 odpady polimerowe 

 odpady gumowe (zu yte opony) – odpadowe przemys owe. 

 odpady farbiarskie – odpady przemys owe, 

 odpady z tworzyw sztucznych – odpady przemys owe, komunalne, 

 osady ciekowe – odpady komunalne, 

 

Podsumowuj c analiz  wyników laboratoryjnych bada  nad efektywno-

ci  termicznego przekszta cania badanych odpadów, nale y stwierdzi , e naj-

wi ksz  skuteczno ci  zwi zan  z redukcj  pozosta o ci po tej utylizacji cha-

rakteryzowa o si  termiczne przekszta cenie odpadów z tworzyw sztucznych 

oraz ich kompozycji z osadami ciekowymi i odpadami gumowymi. Natomiast 

najmniej korzystny jest udzia  w spalanych mieszankach odpadów farbiarskich. 

W trakcie wszystkich etapów bada  opisanych w niniejszej pracy, rów-

nocze nie strumie  gazów spalinowych wydostaj cy si  z reaktora pieca, podda-

wany by  analizie za pomoc  analizatora spalin typu MADUR GA-21 plus. Mie-

rzonymi parametrami by y st enia tlenku siarki(IV), tlenków azotu i tlenku 

w gla(II). 

Ostateczna analiza wszystkich opisanych bada  pozwoli a stwierdzi , 

e odpady z tworzyw sztucznych posiadaj c najwi kszy masowy ubytek 

i najmniejsze warto ci st e  gazów spalinowych powsta ych w procesie spala-

nia tych odpadów, charakteryzuj  si  najwi kszym stopniem efektywno ci tego 

procesu. Ale dodatkowo nale y bra  pod uwag  to, e w czasie termicznego 

przekszta cania tego rodzaju odpadów powstaj  dodatkowe produkty toksyczne, 

zarówno gazowe, ciek e jak i sta e, których analizy nie za o ono w zakresie 

bada  niniejszej pracy. 

Dlatego niezb dne jest projektowanie instalacji termicznej utylizacji 

odpadów (wraz z kompleksowymi w z ami oczyszczania spalin). Tego rodzaju 

instalacje nale y projektowa  w oparciu o morfologie odpadów komunalnych 

oraz bilans energetyczny wsadu do pieca spalarni, tak aby proces ten by  efek-

tywny i w a ciwy, nie tylko ze wzgl dów energetycznych, ale i ekologicznych. 

B dzie to wymaga o okre lonej kompozycji wsadu do komory pieca zak adu 

termicznego przekszta cania odpadów. 

 

S owa kluczowe:  

odpady, osady ciekowe, termiczne przekszta canie, skuteczno  spalania 

Keywords:  

waste, sewage sludge, thermal processing, effectiveness of incineration 
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on Convective Heat Transfer in the Microchannel 
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1. Introduction 

In literature there are reported many experimental results revealed 
significantly lower value of heat transfer coefficients for fully developed 
laminar flow. Some of the authors are trying to explain this phenomenon 
due to scale, aspect ratio of micro channels in micro heat exchanger, 
roughness of the wall or axial heat conduction. The importance of axial 
heat conduction increases with increasing ratio of channel thickness to 
channel length, and wall to fluid thermal conductivity ratio. The fluid 
temperature along the channel length in uniformly heated channel did not 
increase linearly, according to many researchers. This evidence is due to 
axial conduction. Davis and Gill [2] numerically investigated the effect 
of axial heat conduction. According to survey of literature clearly exhibit 
the effect of axial conduction on heat transfer. Herwig and Hausner [3] 
compared their numerical simulation with experimental data of Tso and 
Mahulikar [6] for water flow in an aluminium plate with 25 circular mi-
crochannels. Experimental evidence as well as extensive numerical stud-
ies confirm this effect. 

Many authors present their results both on theoretical and experi-
mental investigation concerning usage of mini- and microchannel heat 
exchangers used in environmentally friendly distributed energy installa-
tions based on ORC ([1]). However, proper design of microchannel heat 
exchangers have to take into account many additional effects, for exam-
ple axial heat conduction in microchannel heat exchanger walls. 
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In the present work a new analytical model is developed based on 

the axial conduction effects on the local fluid temperature and on the 

local wall temperature. This model is compared with available similar 

theoretical models and experimental data for single-phase liquid flow. 

2. Theoretical Model 

Consider laminar developed flow in micro channel subjected to 

constant heat flux. In this work, the analysis is oriented at evaluating the 

local fluid and wall temperatures at any section of the channel in the fully 

developed flow region. The model is intended to determine heat transfer 

coefficient in the fully developed region taking into account conduction 

in the wall. The sketch of the problem is shown in Fig. 1. Fluid is flowing 

in the channel and the wall is subjected to constant heat flux on the out-

side surface. Additionally, in the model the following assumptions were 

made: steady state, fluid properties are constant, fluid flow is thermally 

and hydro dynamically fully developed. 

Fluid in the channel is warmed or cooled by convective heat flux 

qk which has lower value then heat flux q on the outside surface of the 

wall. This is the reason that that convective heat transfer coefficient on 

the inner surface of the wall is lower than heat transfer coefficient calcu-

lated on the basis of heat flux on outer surface of the wall. 

 

 

Fig. 1. The sketch of the problem of axial conduction in the wall 

Rys. 1. Przedstawienie zagadnienia wzd u nego przewodzenia ciep a w ciance 

 

Considering the energy balance for: 

1. the wall: 

 zzk AqUqqU +=  (1) 
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Rewriting in details (1) we have; 

 
2

2
( ) w

e w f z

d T
qU h U T T A

dz
λ= − −  (2) 

2. the fluid: 

 
( )p f e w fmc dT h U T T dz= −

  

or 

 ( )
f

p e w f

dT
mc h U T T

dz
= −  (3) 

Assuming that for constant heat fluxes: 

 
dz

dT

dz

dT
wf ≅  (4) 

we can obtain differential equation for the wall by introducing (3) 
and (4) to (2): 

 
2

2

dz

Td
A

dz

dT
cmqU w

zz
w

p λ−=  (5) 

Solving (5) with boundary conditions 0=
dz

dTw  for z=L we get: 

 ( )(1 )M l xw

p

dT qU
e

dz mc

− −= −  (6) 

where: 
zz

p

A

cm
M

λ
=  (7) 

Adiabatic boundary condition assumed for z=L is not exactly sat-
isfied in the reality, but it simplifies mathematical calculation. 

Introducing Reynolds Number 
µ

Gd h=Re  and Prandtl Number 

λ

ργpc
=Pr  we obtain dimensionless form of number M

+
: 

 
A

Ul
M

w

f

λ

λ

Pr

Re
=+  (8) 

In the case when we neglect axial conduction in (2) we have heat 
transfer from wall to the fluid only through convection: 
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 ( )
fz

wz fz p

dT
qU h U T T mc

dz
= − =  (9) 

where: h – nominal heat transfer coefficient for laminar developed heat 
transfer. 

Assuming for constant heat flux that: 

 
dz

dT

dz

dT
wzfz

≅  (10) 

Introducing (10) to (9), we obtain constant gradient of tempera-
ture distribution in the wall. 

 
p

wz

cm

qU

dz

dT
=  (11) 

Comparing (6) with (11) we can see that axial gradient tempera-
ture in the wall in case of taking into account axial conduction is less 
than in the case when we neglect axial conduction except of beginning 
conduction in the wall. Convective term in (2) is: 

 ( )
p f p w

con e w f

mc dT mc dT
q h T T

U dz U dz
= − = ≅  (12) 

Introducing (6) into (12) we get: 

 ))1(exp(1 ++ −−−= xM
q

qcon  (13) 

In the same relation are heat transfer coefficients. The ratio of the 
two heat transfer coefficients may be written as: 

 ))1(exp(1 ++ −−−= xM
h

he  (14) 

or 

 ))1(exp(1 ++ −−−= xM
Nu

Nue  (15) 

Relation (14) for M
+
=1 is shown in Fig. 2. 

Average value of equivalent heat transfer coefficient is: 

 
+

+

+
+

−−−==
1

0

))exp(1(
1

1
)(1

M
M

dx
h

xh

lh

h ee  (16) 

or  

 
1

1 (1 exp( )eNu
M

Nu M

+

+
= − − −  (17) 
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Dependence of 
h

he  against M
+
 is presented in Fig. 3 

 

Fig. 2. Local ratio 
h

he
 against reduced heated part’s length x+ 

Rys. 2. Lokalna iloraz 
h

he
 w zale no ci od zredukowanej d ugo ci x+ 

 

Fig. 3. Dependence of 
h

he
 

against M+ 

Rys. 3. Zale no  
h

he
 od M+ 
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3. Validation of the Model 

Lin and Kandlikar [4] compared their model with numerical simu-

lation of Maranzana et al [5] for water flow in a 100 µm channel formed 

by two 10 mm long and 500 µm thick silicon blocks. The channel was 

heated by 30 kW/m
2
 uniform heat flux on one wall and the other wall 

was applied an adiabatic boundary condition. Fig. 4 shows the numerical 

simulation results by Maranzana et al [5] and Lin and Kandlikar [5]. The 

present model, Eq. (17) is also plotted in Fig.4 for comparison with simu-

lation results. 

 

 

Fig. 4. Results of numerical simulations by Lin and Kandlikar [4]  

and Maranzana et al [5] with comparison to the present analytical model 

Rys. 4. Wyniki porównania numerycznych symulacji wg Lin i Kandlikar [4] 

oraz Maranzana et al [5] z prezentowanym modelem analitycznym 

4. Conclusions 

The effect of axial conduction is important, while reducing the 

experimental data. A new model is developed to account for this effect. 

The effect of axial heat conduction in the fluid is shown to be negligible 

for air and water flow in microchannels for conditions generally encoun-

tered in cooling electronic equipment. The paper presents that the new 

model results are in agreement with numerical simulations and experi-
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mental evidences. The model shows that the axial conduction effect in 

the wall are important for gas flow in any wall material and is negligible 

for water flow in metal tubes.  

Nomenclature 

A – channel wall cross-sectional area for axial conduction, m
2
 

cp – heat capacity, J/kgK 

dh – hydraulic diameter of the channel, m 

h – heat transfer coefficient, W/m
2
K 

L – length of the heated part, m 

M – nondimensional parameter 

m – mass flow rate, kg/s 

Nu – Nusselt number 

Pr – Prandtl number 

q – heat flux, W/m
2
 

Re – Reynolds number 

U – perimeter, m 

T – temperature, K 

x – distance from the entrance of the heated part, m 

z – axial coordinate, m 

Greek letters 

 – thermal conductivity, W/mK 

Subscripts 

conv – convection 

e – with conduction 

f – fluid 

w – wall 

z – conduction 

+ – dimensionless (reduced) 
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Wp yw pod u nego przewodzenia ciep a w ciance na 
konwekcyjn  wymian  ciep a w mikrokanale 

Streszczenie 
Opracowany zosta  nowy model umo liwiaj cy obliczenie wp ywu po-

d u nego przewodzenia ciep a w ciance kanalika na wymian  ciep a pomi dzy 

ciank  a przep ywaj cym czynnikiem w mikrokanale. Zbadany zosta  przypa-

dek ustalonej wymiany ciep a. Znaleziono bezwymiarowe kryterium umo li-

wiaj ce ocen  wa no ci wzd u nego przewodzenia ciep a w ciance. W publi-

kacji przedstawiono porównanie wyników modelu z wynikami przy zaniedba-

niu pod u nego przewodzenia ciep a oraz z wynikami innego modelu opraco-

wanego przez Kandlikara. Dodatkowo wykonano porównanie nowego modelu 

z wynikami eksperymentalnymi innych autorów. Osi gni to zadawalaj ce re-

zultaty. 

 

S owa kluczowe: 
pod u ne przewodzenie w ciance, konwekcyjna wymiana ciep a, mikrokana  

Keywords: 
axial conduction in the wall, convective heat transfer, microchannel 
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1. Introduction 

Metal cutting plays a very important role in mechanical manufac-

turing area, the nature of this process being concerned with many related 

subjects of technology and industry. Modern manufacturing cutting tech-

niques are rife with problems related to ensuring the quality of manufac-

tured products while minimising the cost of production and increasing 

process efficiency. In the 21
st
century, the production of new products 

must be subject to "eco-design production," which involves limiting neg-

ative impacts on the surrounding natural environment. The dominant 

components of this activity include the rational use of energy and envi-

ronmental protection [4–8]. In this regard, it is important to correctly 

design and realise technological processes. In cutting process mechanism 

of material separation is often very hard to accomplish in the production 

cycle due to the difficulties encountered in precision process parameter 

settings [1–3]. As a result, such defects can appear after processing 

in workpiece (e.g., deformation, twisting, bowing, and defects of the 

sheared edge such as burrs and slivers). The accumulation of burrs and 

slivers on the knife, die and the work piece’s sheared edge can result in 

an unacceptable surface finish and increases scrap (Fig. 1).  

 



Application of FEM and Vision-Based Methods… 91
 

 

 

Fig. 1. A typical defects of the workpiece’s sheared edge  

Rys. 1. Typowe defekty napotykane na powierzchni przeci cia wyrobu 

Finite element analysis (FEA) is a powerful and economical 

method that has been used widely for engineering design purpose [12–21, 

23]. Whilst significant progress has been made in enhanced understand-

ing of ductile fracture mechanisms in shearing process and developing 

advanced computational capabilities for detailed process simulation, ap-

plication of FEM and vision-based methods is challenging [10, 11, 22].  

A main difficulty in modelling of shearing process is that only a limited 

number of FEM models are currently capable of describing the complete 

shearing process, including the complete separation of the material parts 

through ductile fracturing. In experimental analysis a main problem is 

large and irregular deformations in tool - workpiece contact zone which 

is difficult to analysis [31]. For a long period of time, the method used 

for the analysis of displacements in contact zone was that of visioplastici-

ty. Vision-based methods are ideally suited to the task of non-

contact/non-intrusive deformation and strain measurement in cutting pro-

cess. Using this methods an analysis of state of material displacements 

and deformation at any moment of process can be possible. 

The present paper presents an application of FEM and vision-

based methods to analysis of cutting process in the aspect of scrap reduc-

tion. The proposed methodology enabling the realization of measure-

ments and calculations in a quick and precise manner for the shearing 

processes. This allows the analysis of the cutting process at any time dur-

ing the process. This makes it possible to observe the formation of sur-

face defects and then develop recommendations for their minimization. 

 

sliver

burrs
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2. Finite Element modeling  

The description of the nonlinearity of the material was conducted 

using an incremental model that takes into account the influence of the 

history of strains and strain rate. The object (the metal sheet that is being 

cut) is treated as a body in which elastic strains may occur (in the scope 

of reversible strains) together with viscous and plastic strains (in the 

scope of irreversible strains) with nonlinear strengthening. For the pur-

pose of constructing the material model, the following was used: Huber-

Mises-Hencky’s nonlinear plasticity condition, the associated flow law 

and combined strengthening (i.e., isotropic and kinematic). The state  

of the material after the aforementioned processing was taken into ac-

count by introducing the following initial states: displacement, stresses, 

strains and their rate. The states of strains and strain rate were described 

with nonlinear dependences and no linearization. In this description, ade-

quate measures were used for an increment of strains and for an incre-

ment of stresses (i.e., an increment of Green-Lagrange strain tensor and 

an increment of the second symmetric stress tensor of Pioli-Kirchhoff). 

The incremental contact model covered the contact forces, the contact 

rigidity, the contact boundary conditions and the friction coefficients in 

this area. The mathematical model was supplemented with incremental 

equations of the object’s motion and the uniqueness conditions. An in-

cremental function of the total energy of the system was introduced. 

From the stationary condition of this function, it is possible to derive a 

variational nonlinear equation to describe the motion and deformation of 

the object for a typical incremental step. This equation was untangled 

with spatial discretization using the finite element method, which result-

ed in discrete systems of equations for the motion and deformation of the 

object in the guillotining process.  

2.1. Basic relationships 

Components of the Green-Lagrange’s strain tensor increment, for 

a typical time step t, for the non-linear isotropic material with mixed 

hardening, were calculated from the formula [2, 24, 25]: 



Application of FEM and Vision-Based Methods… 93
 

⋅+⋅⋅⋅⋅+⋅⋅

⋅⋅⋅⋅⋅

−⋅⋅

−

=

T

2

Ykl

(E)

ijklij

ijeTY

kl

(E)

ijkl**ij

E
3

2
)(C

~
)(

3

2
S
~

CS
~

S
~

E)]([
3

2

D
S
~

1

1
 (1) 

Components of the Pioli-Kirchhoff’s stress tensor increment, for  

a typical time step t, for the non-linear material with mixed hardening, 

were calculated using the formula:  
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Where  is the load factor and is 1=  for loading and 0=  for 

unloading processes, mn
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elastic constitutive tensor components (E)C , ),(C
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is the 

temporary translation hardening parameter in time t. 
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is the accumulated material yield stress, which 

depends on the history of the viscoplastic strain and strain rate, (VP)

e
and 

(VP)
e  

are the cumulative effective viscoplastic strain and strain rate, re-

spectively, TE  - is the strain hardening modulus at time t, TE  - is the 

strain rate hardening modulus at time t [26, 27]. The instantaneous value 

of the yield stress Y  can be calculated from patterns present in the AN-

SYS program database, such as the Johnson-Cook material law [28] or 

Cowper–Symonds model [2].  

2.2. Application to the shearing processes  

A numerical example is shown for guillotining and shear-slitting 

processes. A three-dimensional finite element models were constructed 

using explicit finite element software package ANSYS/LS-DYNA.  
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During the first part of the guillotining process, the upper and low-

er knives indent the sheet, pulling down some surface material. This causes 

the sheet to bend over the cutting tools, creating the rollover of material. 

After some knives movement, shear deformation will take over from the 

indentation, forming the sheared edge of the product. This is generally 

a smooth surface, which shows some wear due to the contact with the cut-

ting tools. At some point in the shearing phase, ductile material failure will 

occur in the vicinity of the cutting edge of the tools. This fracture propa-

gates through the sheet in the direction of the opposite cutting tool, form-

ing the fractured zone of the product. In guillotining process is important 

to obtain products without twisting and bowing (Fig. 2). These defects give 

rise to waste after cutting. Analysis of the degree of deformation of the 

sheet during cutting is possible by measuring the displacements of the var-

ious areas of the sheet. Then it is possible to investigate the cause of the 

formation of twisting and bowing defects. Fig. 2 shows the contours of the 

equivalent stresses during guillotining. The greatest stresses occur in the 

cutting zone adjacent the cutting edges of tools. 

 

a) b) 

 

Fig. 2. Contours of the equivalent stress during guillotining of DC01 steel: 

a) 30% step time, b) 100% step time 

Rys. 2. Rozk ad napr e  zast pczych podczas ci cia na gilotynie stali DC01: 

a) 30% zaawansowania procesu, b) 100% zaawansowania procesu 

In shearing process in many cases a scrap formation is a result of 

fracture process because less steady and progresses in a nonuniform 

manner. A dramatic transition of the fracture mode from the “shear 

mode” to the “shear and tear mode” on cut surface can be observed  
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(Fig. 3). This result suggests that shearing under specific conditions is  

a three-dimensional rather than two-dimensional problem. The fracture 

process is unsteady and progressed in a nonuniform manner because of 

the stress and strain states created by the macroscopic cutting conditions.  

 

a) 

 

b) 

 

Fig. 3. Transition of the material fracture mode from the “shear” to the “shear 

and tear” mode during guillotining of aluminium alloy AA6111-T4:  

a) simulation, b) experiment 

Rys. 3. Zmiana charakteru p kania materia u podczas ci cia stopu aluminium 

AA6111-T4: a) symulacja, b) eksperyment  

In slitting processes as the sheet slits, it moves tangentially to the 

blade. This causes the area of contact with the knive blade on the sheet to 

be inclined to the horizontal at an angle. The normal compressive stress 

is thus split into two components in the direction of the axes Z and Y 

contributing to the two normal stresses. The shear stress shows high val-

ues in the region where the sheet is expected to slit and the values drop 

down as the knives moves away from the region (Fig. 4). The high shear 

stress is caused by the shearing action of the two blades on either side of 

the sheet. 

 

„shear” mode „shear and tear”

mode

„shear” mode

„shear and tear”

d

cut surface  

cut surface   



96 ukasz Bohdal 
 

 

 

Fig. 4. Values of the maximum shear stresses measured in shearing region 

during slitting 

Rys. 4. Warto ci maksymalnych napr e  cinaj cych mierzonych w strefie 

ci cia 

The quality of the edge produced from the slitting of the sheet 

would depend upon the damage caused to the edge and the extent of the 

damage around the edge (Fig. 5). Measure the degree of damage can be 

done by the stress and strains analysis in the cut surface. Figs. 5 and 6 

show the effective plastic strain distribution after process. The effective 

plastic strain is highest on the cut surface and decreases within the depth 

of the material and appear to stabilize at a depth of approximately 1.5 

mm (Fig. 6). Obtained results can be used in analysis of size of degraded 

area. 
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Fig. 5. The effective plastic strain distribution after process of slitting aluminum 

alloy AA6111-T4 (1.5 mm thick) 

Rys. 5. Rozk ad odkszta ce  zast pczych po procesie ci cia stopu aluminium 

AA6111-T4 o grubo ci 1,5 mm  

 

Fig. 6. Dependence of effective plastic strain on distance [mm] from the cut 

edge during slitting aluminum alloy AA6111-T4 (1.5 mm thick)  
Fig. 6. Zale no  odkszta ce  zast pczych od odleg o ci [mm] od kraw dzi 

ci cia stopu aluminium AA6111-T4 o grubo ci 1,5 mm 
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3. Vision-based measurement system  

Full field displacement measurement methods have gained signif-

icant attention the last two decades, due to the great impact of the evolu-

tion of the digital imaging [9, 29, 30]. Modern digital cameras provide 

a cost-effective and highly reliable tool for recording and processing the 

images of an experiment with a personal computer. Image-based dis-

placement and strain measurements are non-invasive. During the slitting 

process, a high-speed camera together with a computer controlled 

framegrabber can record a set of consecutive images of the sample sur-

face (Fig. 7). A zoom lens is mounted on the high speed camera to focus 

on the small deformation zone. The optically track surface markers on 

the specimen during deformation is used to calculate the displacements 

and strains (Fig. 8d).  

 

 

Fig. 7. Vison-based measurement system 
Fig. 7. System wizyjny do monitorowania procesu ci cia 
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Vison-based measurement system allow for observation of the 

process of formation of defects in the form of burrs and bendings of the 

cut edges. Figure 8 show moment of final separation of sheet and  

a process of burr formation on the cut surface during slitting aluminum 

alloy AA6111-T4. It was found that this is caused by too much clearance 

between the knives. An interesting phenomenon is observed at final stage 

of process. Rapid crack propagation occurred after crack initiation with 

the burr closely following the shape of the upper knive. Analysis of dis-

placements of markers allows to determine the deformation of the mate-

rial being cut. 

 

a)                                              b) 

   

c)                                                     d) 

   

Fig. 8. Moment of final separation of sheet during slitting  
Fig. 8. Moment ca kowitego rozdzielenia materia u podczas ci cia na no ycach 

kr kowych 

  

sheet  

upper knive  

lower knive  crack initiation   

crack path  

burr  



100 ukasz Bohdal 
 

4. Conclusions 

The paper presents the possibility of using FEM and vision-based 

techniques in the design of the cutting process. Using FEM and vision-

based techniques allow for a detailed analysis of the physical phenomena 

occurring during the cutting and making developing of recommendations 

on the selection process conditions in terms of energy and scrap minimi-

zation. Vision-based techniques are a valuable tool for the validation of 

numerical models. The results obtained can be a great significance to the 

control of the properties of materials sheared and offer a possibility of an 

effective interference with the designing of the technological process and 

an adaptation of the technological quality is the adequate functional re-

quirements and operating conditions. This will reduce energy consump-

tion and negative impact of this process on the natural environment. 
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Zastosowanie metody elementów sko czonych  
i technik wizyjnych do analizy procesów ci cia  

w aspekcie redukcji odpadu 

Streszczenie 

Wspó czesne techniki wytwarzania nie s  pozbawione problemów 

zwi zanych z zapewnieniem odpowiedniej jako ci wytwarzanych elementów 

przy jednoczesnej minimalizacji kosztów ich produkcji jak i wzro cie wydajno-

ci procesu. W pracy przedstawiono mo liwo ci zastosowania Metody Elemen-

tów Sko czonych i technik wizyjnych do analizy zjawisk fizycznych zachodz -

cych podczas procesów ci cia. Jednym z czynników ograniczaj cych prawi-

d owy przebieg procesu ci cia s  defekty na powierzchni przeci cia w postaci 

zadziorów i wiórów. Powoduje to niedok adne przyleganie blach, a w przypad-

ku konieczno ci sk adania ich w pakiecie stanowi przeszkod  w prawid owym 

montowaniu elementów ci tych w uk adach mechanicznych lub elektrycznych. 

Rozwi zanie tego problemu jest jednym z kluczowych zada  tej technologii, 

a jednym ze stosowanych sposobów jest analiza symulacyjna i do wiadczalna 

poszczególnych faz procesu ci cia.  Wyniki analiz mog  by  wykorzystane do 

projektowania procesu ci cia, a tak e by  podstaw  doboru parametrów procesu 

w aspekcie jako ci technologicznej wyrobu. Pozwoli to na podniesienie ich 

jako ci i zmniejszenie odpadów materia owych. Spowoduje to bezpo rednio 

zmniejszenie zu ycia energii i przyczyni si  do ograniczenia negatywnego 

wp ywu tego procesu na otaczaj ce rodowisko. 

 

S owa kluczowe: 
ci cie, stop aluminium, odpad, Metoda Elementów Sko czonych,  

techniki wizyjne 

Keywords:  
cutting, aluminum alloy, scrap, Finite Element Method, vision based solutions 
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1. Introduction 

Almost all the manufacturing processes connected with air pollu-

tion with the industrial dust. This pollution has a huge impact to the 

health of people working at the factories. That’s ways the air purification 

of the industrial gas is a very actual problems nowadays. It is highly im-

portant to specify properties of suspended solids, i.e. dust to be removed 

from air and fluids, in order to determine dust removal performance and 

state whether it is rational to use one or another type of a deduster.  

It is necessary to consider features of dust particles and their in-

teraction with fluids to develop a mathematical method supposed to eval-

uate dust collecting performance. Provided filters are used as dust collec-

tors geometric dimensions of a particle (diameter) can be essential when 

choosing an appropriate filter. When cyclones are used the following 

features are more often considered: density of particles, their geometric 

dimensions (diameter) and shapes.  

2. Literature background 

When a shape of an article differs from a spherical one an equiva-

lent diameter ekvd , which is determined by various researchers in different 

ways, is normally taken to carry out calculation. For instance, [11], take 

the distance between two the most remote particles for ekvd . In this case 

the value of the diameter is initially overestimated. Shilyaev offer to con-
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sider the equivalent diameter ekvd  equal to the diameter of a sphere, the 

mass equal to the mass of the given particle or the density equal to the 

material density [8].  

Use of an effective diameter as a basic feature of particles, in the 

case of the mathematical simulation of particles settling in a cyclone, is 

related to a possibility to apply the Stokes’ formula [1]. Whereas the fol-

lowing discrepancies and inaccuracy may arise: 

• When using the equivalent diameter of the particles their shapes, 

which affect hydraulic resistance, are not considered; 

• Use of the effective diameter with the aim to apply the Stokes’ formu-

la may only be essential in the case of small particles, which move-

ment is ensured by the Reynolds number Re<1. There is no point to 

use an effective diameter in the case of the large-size particles; 

• A possible interaction of particles with fluids is not taken into ac-

count; 

• the density of the material should be considered to take into account 

interaction of particles with fluids and determine their relaxation time. 

This may create tolerances due to the difference between the material 

density and the effective density of particles since the mass of fluid 

involved in movement should be also considered in the case of the 

particles with complicated shapes. 

3. Materials and methods  

When developing a mathematical model to compute the dust re-

moval performance a calculation practice applied in hydrology with re-

gard to particles settling is suggested to be used. It is also suggested to 

take a hydraulic size w – hydraulic size under action of the gravity force 

of each participle in quite large volumes of fluid at rest (gas) as a basic 

feature of a particle. This value ensures that different factors such as size 

and shape of particles, fluid (gas) viscosity, relative density of particles 

and others are considered integrally. Settling of particles under action of 

the gravity force is considered in hydrology. For this reason let us de-

nominate this value as a gravity settling wg. There is also such a name as 

an aerodynamic diameter in literature [2, 3, 10].  

When computing gravity clarifiers the following is assumed: the 

hydraulic size of a suspended particle in moving fluid in relation to the 
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volume of this fluid for both the fluid at rest and turbulent flow is equal 

to the gravity settling gw . The same assumption is used to compute per-

formance of cyclones.  

The value of the gravity settling can be determined in theoretical 

and empirical ways. 

In theory the gravity settling of particles can be obtained by mak-

ing difference between the gravity force and Archimedes’ buoyant force 

equal to the value of the force of any frontal resistance of a particle fall-

ing uniformly with the velocity w:  

4266

2233 dw
g

d
g

d
rfp

πρπ
ρ

π
ρ =⋅−⋅ ,  (1) 

where: ρ  – particie density; fρ  – fluid density; d – particle diameter; r  

– drag coefficient (resistance force); 
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ν
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In the case of small particles (Red<1) when the Stokes’ formula is 

true and has the following form: 
d

xc
Re

24
= , we can obtain:  
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In the case of large-size particles (Red>100) we may take 

47,0=rc  and obtain: 
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As to the model of a particle movement in a cyclone let’s intro-

duce the notion of a centrifugal hydraulic size cw , which is the velocity 

of the quasi-uniform motion of a particle in relation to the fluid volume 
moving this particle under action of the centrifugal force caused by its 
curvilinear motion path. Evidently, when it comes to the centrifugal field 
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we obtain an analogical ratio of the centrifugal hydraulic size cw , to the 

centrifugal acceleration 
2u

r
ε  on the grounds of the same assumptions. 

Let’s express the hydraulic size in terms of the gravity one with 
the help of the following ratio; consequently, we obtain the following for 
small particles: 

w
gr

u
wc

2

ε
= , 

for large-size particles: 

r

gu
wwc

2

ε
= . 

When conveying the gravity settling w into the centrifugal hy-
draulic size w  it is necessary to ensure that the numbers Red, to be 
determined for the values w and w , are related to the same field of 
resistance (quadratic and Stokes’ one). From the practical point of view it 
can be accepted that the boundary between these fields is equal to 
Red=10 [5, 9]. The median radial velocity of the particle motion towards 
a wall of the cyclone under action of the centrifugal force, which is en-
tered into the mathematical model, is considered to be equal to the value 
of the centrifugal settling velocity. 

There is a comprehensive way to determine the gravity settling of 
particles which is empirical measurement. 

In this case the velocity of falling particles of different types due 
to the gravity force should be measured, i.e. it is easier to state the time 
within which a certain particle (evolved from a source of pollution) due 
to its dead-weight can pass through a fixed distance vertically. This can 
be named as a basis of experimental arrangement. 

An initially motionless particle falls with acceleration until envi-
ronmental resistance put the gravity force in equilibrium – according to 
[7]. The time, within which the particle moves uniformly, is known as the 
relaxation time of the particle [5, 6]:  

g

w
ktr = ,  (5) 

where k=1 – for small particles when the Reynolds’ number Red is relat-
ed to the Stokes’ resistance for large-size particles, and k=1,8 when the 
Reynolds’ number Red is related to the quadratic resistance. 
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When carrying out experiments the distance lr, to be passed by 
the particle appears to be a more accessible way for the particle to move 
uniformly. This value can be named as the relaxation length. The mini-

mum value rl  is as follows: 

g

w
ktwl rr

2

=⋅= . (6) 

The top point of the basis should be lower by the value lr compar-
ing with the point at which the particles enter the area given; consequent-
ly, it is necessary to set the basis with the height 1–2 m. The length of the 
basis is to be determined in relation to the type of the dust so an accepta-
ble accuracy in measuring the time, within which the particle passes 
through the basis, is ensured. The required condition is that the particle 
must move from the top point of the basis up to the lowest one with the 
velocity equal to the gravity settling w . In relation to the type of dust it is 

necessary to identify fixation techniques of the particle passing through 
the top and the lowest points of the basis if there is the uniform motion of 
the particle. 

4. Experimental methods and results 

When carrying out the experiment the basis of 1,5m has been giv-
en. A stopwatch and camera shooting have been used to determine the 
time when the particle passes a certain distance moving uniformly. 
A subsequent computer processing has been executed. 

The particles of flour, powder and caster sugar have been taken as 
full-size particles. The results obtained for the hydraulic size are given in 
the Table 1. 

The research on solid particles recovery from air in welding in-
dustry is considered to be an up-to-date one. A part of these particles may 
continue moving at constant high temperature resulting in oxidation 
(combustion), another part represents the ‘cold’ metal dust. There is no 
point of measuring diameter or density for the particles under combus-
tion. It is impossible since the particle under combustion has a solid and 
fluid component, and the only way to identify the features of the particles 
is to measure the gravity settling. 

In this case as in the case of other dust types the most accurate find-

ings can be obtained by carrying out a full-scale experiment. Welding indus-

try has been used as a source of pollution; metal particles evolved while 
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electric welding have been taken as an alloy. As an outcome of this experi-

ment the gravity settling of the particles under combustion has been deter-

mined being nearly equal to 1–4 m/s, and, consequently, the relaxation 

length of the particles lr, approximately amounts to 0,5–1,5 m (fig. 1). 

The results of measuring the hydraulic size w for the metal parti-

cles evolved while welding have been obtained when carrying out the 

full-scale experiment, and are given in the Table 2 [2, 4, 9]. 

 
Table 1. Hydraulic size for model particles 
Tabela 1. Wymiar hydrauliczny modelowanych cz stek 

w, m/s 

meas 
powder 

particles 
meas 

flour 

particles 
meas 

semolina 

particles 

1 0.25 1 0.47 1 0.94 

2 0.13 2 0.64 2 1.64 

3 0.19 3 0.70 3 1.09 

4 0.14 4 0.29 4 0.99 

5 0.18 5 0.46 5 0.90 

6 0.17 6 0.70 6 1.16 

7 0.18 7 0.64 7 1.79 

8 0.14 8 0.39 8 0.94 

9 0.15 9 0.47 9 1.64 

wav 0.15 wav 0.51 wav 1.5 

 

Fig. 1. Measuring the hydraulic size of the 

dust particles evolved while welding 

Rys. 1. Pomiar hydraulicznego wymiaru 

cz stek py u podczas spawania 
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Table 2. Hydraulic size for nature particles 

Tabela 2. Wymiar hydrauliczny rzeczywistych cz stek 

meas w, m/s meas w, m/s meas w, m/s meas w, m/s 

1 6.25 1 4.38 1 4.00 1 3.83 

2 3.75 2 5.50 2 4.69 2 4.25 

3 6.00 3 4.00 3 5.00 3 5.00 

4 4.50 4 3.75 4 5.08 4 4.75 

5 3.50 5 4.25 5 4.64 5 4.25 

6 3.61 6 4.25 6 5.17 6 4.75 

7 5.42 7 4.00 7 4.06 7 3.50 

8 4.06 8 3.75 8 3.38 8 5.75 

9 3.75 9 4.00 9 3.45 9 4.25 

10 3.89 10 4.25 10 3.30 10 3.75 

wav 4.41 wav 4.21 wav 4.41 wav 4.57 

 

In this case fractional composition can be neglected since the par-

ticles act following no particular pattern.  

It should be considered that the features of particles may differ in 

the context of different industries in relation to individual special aspects 

of the welding machinery, technologies and materials. 

The experiments have proved this method to be quite simple. The 

findings have been obtained privately and given as an example. 

The methods used to measure and calculate the gravity settling w 

make it possible to eliminate the tolerances related to determination of 

the effective diameter and effective density when computing dust collect-

ing performance in a cyclone. This improves estimation accuracy with 

reference to the technical performance of the equipment. 

5. Conclusion 

The notion of the hydraulic size is widely used in hydrology what 

can be explained by a simplified expression for the hydraulic size of sus-

pended particles in various environments. For instance, in the case of 

sand pumps the water features are constant; the density and viscosity of 

water do not change (at the temperature of 200º ); the shape of suspend-

ed sand particles is close to spherical; the gravity settling for the sand 

particles in fluid only depends on the particle diameter. It would be suffi-
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cient to state the ratio of the hydraulic density to the diameter of the par-

ticles and enter the result data into the table sheet.  

The case of dust is more complicated. First and foremost, the 

gravity settling depends on the material density (from 500 kg/m
3
 (for 

wood) to 7000 kg/m
3
 (for metal)), and in the case of the «non-spherical» 

particles – on the effective density. Besides, the air viscosity may change 

to a large extent in relation to the temperature; and fractional composition 

of the dust is more varied. For this reason the hydraulic size should be 

determined empirically for each type of the particles. 

The method to determine the hydraulic size w described above 

can be feasible in working environment without using special equipment 

and well-trained specialists to carry out this experiment. 
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W a ciwo ci py ów wykorzystywane w obliczeniach 
sprawno ci odpylania w cyklonach 

Streszczenie 
Praca po wi cona zosta a badaniom w a ciwo ci cz stek py ów podle-

gaj cych usuwaniu w od rodkowych odpylaczach – cyklonach. Podczas 

oczyszczania powietrza wa ne znaczenie maja w a ciwo ci zawiesin, czyli py-

ów podlegaj cych usuwaniu ze strumienia gazowego. W celu opracowania 

modelów matematycznych do oceny efektywno ci odpylania nale y uwzgl d-

nia  charakterystyki cz stek py ów oraz ich wspó dzia anie ze strumieniem 

gazu. Je li do odpylania stosuje si  filtry, to g ównym wska nikiem do ich do-

bory s  geometryczna charakterystyka cz stki (srednica). W przypadku zasto-

sowania cyklonów najcz ciej wykorzystywane s  nast puj ce charakterystyki: 

g sto  substancji, wymiary geometryczne cz stek ( rednica). W literaturze 

jako g ówna charakterystyk  cz stek py ów najcz ciej stosuje si  ich rednic  

lub rednic  efektywn , w przypadku kszta tu nie sferycznego. To powoduje 

szereg niedok adno ci podczas oblicze  sprawno ci odpylania. Autorzy propo-

nuj  jako g ówna charakterystyk  cz stek py ów wprowadzan  do oblicze  

sprawno ci systemów odpylania, stosowa  ich hydrauliczny wymiar zamiast 

wymiaru geometrycznego, korzystaj c z do wiadczenia oblicze  osadzania si  

cz stek wykorzystywanych w hydrologii. Ta wielko  fizyczna w sposób zinte-

growany uwzgl dnia ró ne czynniki, takie jak wymiary i kszta t cz stek, lep-

ko  p ynu (gazu), wzgl dna g sto  i inne. Zaproponowano sposoby okre lenia 

wymiaru hydraulicznego dla cz stek py ów powstaj cych podczas spawania, 

jak pokazano na rysunku 1, a tak e dla innych rodzajów py ów. Wyniki bada  

przedstawiono w tabeli 1 i 2. Opracowano mo liwo  wykorzystania tej charak-

terystyki w obliczeniach sprawno ci odpylania w cyklonie.  

 

S owa kluczowe:  
cyklon, grawitacyjny wymiar hydrauliczny, od rodkowy wymiar hydrauliczny 

cz stek 

Keywords:  
cyclone, gravitation hydraulic size, centrifugal hydraulic size 
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1. Introduction 

In view of deepening problem of access to clean water and 

a steady increase of concentration of difficult to remove industrial pollu-

tants in natural waters, advanced oxidation methods (AOPs) gain increas-

ing importance. Their high effectiveness results from the generation of 

very reactive hydroxyl radicals (OH
•
), which non-selectively oxidize 

most organic contaminants to simple forms, easily degradable in biologi-

cal processes, or in case of full mineralization – to CO2, H2O and nitro-

gen and sulphur compounds. Heterogeneous photo-Fenton process is one 

of the AOPs methods. Catalysts used in this process, have active com-

pound of iron or other transition metal (Mn, Cu, Ni, Co), present in the 

form of metal organic complexes, its oxides or hydroxyoxides, immobi-

lized on a solid support. The most common supports are: pillared clays 

[5, 10], zeolites [1,4,8,13], ion exchange resins [9], active Al2O3 [7], 

granulated activated carbon [17] and multiwalled carbon nanotubes [16]. 

Heterogeneous catalysts are characterized by high catalytic activi-

ty, small amount of generated sludge (compared to homogeneous Fenton 

process), possibility of multiple use and extension of pH at which effec-

tive oxidation of pollutants takes place. 

Zeolites are particularly noteworthy of mentioned supports. They 

are aluminosilicates with a unique crystal structure with channels of di-

ameter slightly bigger than a water molecule. Cations present in those 

channels may be exchanged for other ions from the environment. In this 

way zeolites gain ion exchange and adsorption properties. In the process 



114 Renata widerska-D browska 
 

of oxidation adsorption of organic substances on the catalyst surface may 

increase the degree of their removal [3]. 

Activity of the catalyst is determined by a number of factors, 

which include modification method and type and form of active sub-

stance. Studies of Raji  et al. [12] have shown that microcrystals of 

Cu2O, ZnO and NiO with diameter of 2–5 nm were formed by dehydra-

tion in clinoptilolite (modified with ions of Cu, Zn or Ni using ion ex-

change method) heated at temperature of 550°C. Their size, much bigger 

than diameter of channels in clinoptilolite (approx. 0.4 nm) indicates sur-

face type of crystallization. Presumably during the dehydration metal 

ions migrate to the surface of zeolite, where they react with atmospheric 

oxygen. However, in the case of Mn-clinoptilolite formation of manga-

nese oxides crystals was not observed and clinoptilolite passed into an 

amorphous form [12]. 

It was also found that during photo-Fenton process crystalline 

iron (III) oxides on the surface of the catalyst elute into solution in small-

er degree than its amorphous form [2,11]. Martinez et al. explain high 

catalytic activity of Fe2O3 crystalline forms immobilized on SBA-15 syn-

thetic zeolite with high light absorption and high quantum efficiency in 

excitation of compounds and generation of radical forms which are re-

sponsible for the decomposition of organic matter [11]. 

Furthermore, in order to gain high activity of catalyst good dis-

persion of crystals of oxides of active metal is required [17]. Structure of 

zeolites favours that, where chambers and channels effectively prevent 

aggregation of nanoparticles [12]. 

Aim of this study was to evaluate the possibility of application of 

heterogeneous catalyst (clinoptilolite modified with Co ions) for oxida-

tion of organic pollutants in the process of photo-Fenton. Phenol was 

used as a model substance. It is one of the most commons anthropogenic 

pollutants. It is widely used in the industry, including synthesis of resins, 

dyes, pharmaceuticals and pesticides, and its annual world production is 

over 3 million tonnes [15]. 

The effect of dose of the catalyst on efficiency of phenol oxida-

tion and type of generated intermediate products of degradation was in-

vestigated. Efficiencies of photo-Fenton process carried out with hetero-

geneous catalyst, homogeneous catalyst and without catalyst were com-

pared in order to determine the mechanism of degradation of phenol. 
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2. Research methodology 

2.1. Preparation of catalyst 

The studies used Slovak natural zeolite containing more than 80% 

of clinoptilolite was used in the investigations. Zeolite of granulation of 

0.25–0.5 mm was transformed into the hydrogen form with 5% HCl, ac-

cording to methodology described in the work [14]. Next it was subjected 

to modification with Co(II) ions using ion exchange method. One cycle 

of modification was conducted using following procedure. Zeolite was 

added into a 0.05 M solution of Co(NO3)2 using ratio of 1:10 and stirred 

for 5 hours at temperature 50°C. Then decanted zeolite was rinsed with 

three portions of deionised water and dried at temperature of 105°C. 

Such cycle was repeated three times in order to increase cobalt content in 

the zeolite. Modified zeolite (Co-Clin) was calcined for 2 hours at 450°C. 

2.2. Photo-Fenton process 

The oxidation of phenol in the photo-Fenton process was carried 

out in the UV-reactor (Fig. 1) equipped with a 150W of power Heraeus 

TQ 150 Z1 lamp which is placed in glass tube and stopping radiation 

below 300 nm. A model solution of phenol (PhOH) with concentration of 

200 mg/l was fed into the reactor from bottom with peristaltic pump.  

 

 

Fig. 1. Scheme of laboratory set-up for phenol oxidation in photo-Fenton process 

Rys. 1. Schemat stanowiska badawczego do utleniania fenolu  

w procesie foto-Fentona 
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That provided proper aeration of solution and stirring of the cata-

lyst, dozed in the amount of 2 g/l or 5 g/l. After 15 minutes of UV lamp 

heating 30% H2O2 (dose of 1 g/l) was fed into the reactor, thereby initiat-

ing the process of oxidation (t = 0). The process was carried out for 4 

hours. During that time following solution parameters were monitored: 

pH, conductivity, oxygen and Co ions concentrations, content of total 

organic carbon (TOC) and inorganic carbon (IC), type and amount of 

intermediate oxidation products. 

2.3. Analytical determinations 

Examinations of elution of the zeolite were carried out for 24 

hours at three different pH of deionised water: 3, 6 and 9 (pH adjustment 

with 0.1 M NaOH or 0.1 M HNO3). Zeolite (1 g/100 ml) was stirred on 

a shaker, observing changes of pH, conductivity, turbidity and concentra-

tion of Co ions in solution after a certain period. 

Concentration of Co ions was determined with atomic absorption 

spectrometer Varian Spectr AA 20 plus.  

Microstructure of the zeolite surface and its qualitative composi-

tion was examined with a scanning electron microscope JSM 5500 LV, 

equipped with an adapter for EDS analysis. 

TOC and IC content in oxidized phenol solution was determined 

using Shimadzu TOC/VCPH. 

Concentrations of phenol and intermediate oxidation products 

(hydroquinone, pyrocatechol, o-quinone, glyoxylic acid and formic acid) 

were determined on a Varian liquid chromatograph (HPLC) using a RP 

18 column. 

3. Description and analysis of results 

3.1. Characteristics of Co-Clin catalyst 

Content of cobalt in clinoptilolite increased significantly in sub-

sequent cycles of modification, from 3.66 mg/g after first cycle to 

6.42 mg/g after the second and to 8.45 mg/g of dry zeolite after the third, 

which is 0.85% of zeolite weight. 

The modification process was carried in acidic solution – pH of 

approx. 4. At this pH 100% of Co occurs in the form of aquaions of 

Co(II), which facilitates exchange of Co(II) ions for ions from the zeolite 
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structure. Another factor increasing the degree of Co(II) ions exchange 

was higher temperature of modification (T = 50°C). Some of these ions 

which occupy spaces inside the zeolite, remain in the zeolite matrix dur-

ing elution conducted at room temperature. The reason for this is an in-

crease of the radius of ions Co at lower temperature. 

During calcinations of the zeolite at temperature of 450°C cobalt 

oxides (Co3O4) may arise from hydrated compounds of Co(II), forming 

more stable connections with the zeolite matrix than hydrated forms. 

Presence of oxides on the surface of the zeolite was confirmed by tests of 

its microstructure using SEM with an EDS analysis (Fig. 2). Crystallites 

are unevenly distributed on the surface of the zeolite – more of them are 

placed along the crystal structure, characterized by a higher content of Co 

(approx. 1.4% wt.) in comparison with the rest of the surface. 

 

 

Fig. 2. Qualitative characteristics of Co-Clin  

Rys. 2. Charakterystyka jako ciowa zeolitu Clin-Co 

 

Cobalt compounds may elute from the surface of the zeolite to the 

solution. This phenomenon is highly depends on the initial pH of the so-

lution. Examinations of elution have shown that the most intense leach-

ing of Co from the zeolite occurs in acidic solution (pHo = 3), gradually 

decreasing along with increasing pH (Fig. 3A). After 24 hours of shak-

ing, 3.72% of Co contained in the zeolite was eluted to the solution.  
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A) B) 

 

Fig. 3. Effect of initial pH of solution on: (A) % amount of eluted Co to solution, 

(B) solution turbidity after 2 and 24 hours of contact. Doze of Co-Clin 10 g/l 

Rys. 3. Wp yw pocz tkowego pH roztworu na: (A) % ilo  eluowanego  

Co do roztworu, (B) m tno  roztworu po 2 i 24 godzinach kontaktu.  

Dawka Clin-Co 10 g/l 

 

 

Fig. 4. Effect of initial pH of solution on pH change after 24 hours of contact. 

Doze of Co-Clin 10 g/l 

Rys. 4. Wp yw pocz tkowego pH roztworu na zmian  odczynu po 24 

godzinach kontaktu. Dawka Clin-Co 10 g/l 

 

At the same time for this pH the lowest turbidity was observed – 

soluble Co(II) aquaions were present in the solution. At higher pH hardly 

soluble cobalt compounds could form causing an increase of turbidity of 

the solution (Fig. 3B). For the initial pHo = 6 and pHo = 9 comparable 

turbidity values were obtained after 24 hours test of elution (29 and 
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27.1 NTU). This was caused by buffering properties of the zeolite, which 

kept relatively constant pH of the solution, regardless of its initial pH – 

Fig. 4. 

3.2. Oxidation of phenol in the photo-Fenton process 

During the photo-Fenton process catalysed with Co-Clin (dose of 

2 g/l), decrease of phenol and TOC concentrations are noted – Fig. 5. 

After 210 minutes of oxidation reaction, phenol concentration decreased 

from approx. 200 mg/l to 172 mg/l, that is from approx. 155 mg C/l to 

approx. 132 mg C/l. At the same time, a decrease of TOC from approx. 

155 mg C/l to approx. 143 mg C/l was observed. Conducted chemical 

analyses showed that oxidation of phenol caused decrease of its concen-

tration and only hydroquinone is formed as an intermediate product. Af-

ter 210 minutes of oxidation, its concentration was 1.12 mg/l. Concentra-

tions of simpler intermediates is on trace level. 

 

 

Fig. 5. Comparison of changes of phenol concentration and value of TOC 

in time, in the presence of Co-zeolite 2 g/l and H2O2 1 g/l 

Rys. 5. Porównanie zmiany st enia fenolu oraz warto ci wska nika TOC 

w czasie, w obecno ci Clin-Co 2g/l i H2O2 1g/l 

 

During oxidation of phenol pH of solution was changing. Studies 

have shown that with increasing contact time of Co-Clin with phenol 

aqueous solution from 0 to 240 minutes, pH decreases after the process – 

Fig. 6. Only after 60 minutes of contact of Co-Clin zeolite with solution 
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of phenol of an initial pH of approx. 5.4 its value decreases to approx. 

3.8. Extension of the contact time of the zeolite with solution does not 

result in a further significant decrease of pH. 

Examinations results shown in Fig. 6 prove that addition of active 

Co-Clin zeolite significantly decreases pH of the solution, while increas-

ing concentration of Co in the solution caused by ion exchange and, in 

smaller degree, by abrasion of the zeolite and migration of the suspension 

to the solution. After reaction time of 240 minutes, cobalt content in the 

solution is approx. 0.5 mg/l. 

 

 

Fig. 6. Change of solution pH and concentration of eluted Co during reaction of 

phenol oxidation in the presence of Co-Clin 2 g/l and H2O2 1 g/l 
Rys. 6. Zmiana odczynu roztworu oraz st enia eluowanego Co w czasie 

reakcji utleniania fenolu w obecno ci Clin-Co 2 g/l i H2O2 1 g/l 
 

Additional factor, in addition to migration of protons from the ze-

olite matrix, which contributes to the decrease of pH are reactions (1) and 

(2): 

Z-Co
2+

 + H2O = Z-CoOH
+
 + H

+
 (1) 

2Z-OH + Co
2+

 = (Z-O)2-Co + 2H
+
  (2) 

 

At pH<4 migration of cobalt compounds is the biggest. Then 

there are only the dissociated ions of Co (II) in the solution. 

Not enough confirmed investigations on UV-Fenton reaction with 

application of modified zeolite with cobalt ions are published, therefore, 
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evaluative studies on effect of a given dose of cobalt on the efficiency of 

phenol oxidation were conducted. Homogeneous catalyst was used – 

cobalt (II) nitrate at concentration of 1 mg/l, twice as big as maximum 

concentration of eluted Co. Within the whole range of duration the pho-

to-Fenton reaction, no intermediate oxidation products were formed and 

removal of TOC was comparable with the system without a catalyst, that 

is H2O2 + UV and did not exceed 4%. Therefore it may be concluded that 

the efficiency of phenol oxidation using Co-Clin zeolite is not affect by 

migration of cobalt compounds from the matrix into the solution. 

Low efficiency of the system: H2O2 + UV results from the type of 

radiation source, which intensity in the range of 200–300 nm is reduced, 

while after Herney-Ramirez et al. [6] photolysis of hydrogen peroxide 

occurs more effectively at shorter wavelengths and photocatalytic reac-

tions are promoted at wavelengths longer than 350 nm. 

 

 

Fig. 7. Comparison of efficiencies of phenol oxidation depending on the type 

and amount of catalyst added into the solution at a constant dose of H2O2 1 g/l 

Rys. 7. Porównanie efektywno ci utleniania fenolu w zale no ci od rodzaju i 

ilo ci wprowadzonego do roztworu katalizatora przy sta ej dawce H2O2 1 g/l 
 

Assessment of influence of catalyst dose allows to conclude that 

along with increasing doses of Co-Clin from 2 g/l to 5 g/l degree of re-

moval of TOC doubled. After 210 minutes of oxidation phenol concentra-

tion decreased by 18% to value of 164 mg/l. Products of phenol degrada-

tion with application of Co-Clin were: primarily hydroquinone (2 mg/l) 
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and in smaller amount resorcinol – 0.08 mg/l. This proves that phenol is 

oxidised in heterogeneous photo-Fenton process, although its effectiveness 

is low, which precludes the use of Co-Clin catalyst in technical scale. 

4. Conclusion 

Basing on the carried out investigations it may be concluded that 
the clinoptilolite modified with Co(II) ions is not very efficient, hetero-
geneous catalyst of photo-Fenton reaction. At higher examined dose of 
the zeolite 5 g/l, containing approx. 43 mg of Co, only 20% of TOC was 
removed. At the same time investigations have shown that concentration 
of phenol decreases as a result of oxidation, and is mainly hydroquinone 
is formed as an intermediate product. 

During oxidation along with decreasing pH of the solution, ions 
of Co(II) are eluted from the surface of the zeolite, which however do not 
affect significantly the efficiency of photo-Fenton process. Only 4% of 
TOC was removed applying homogeneous catalyst, and such reduction 
level is comparable with effect obtained in the system without catalyst: 
H2O2 + UV. 

Scientific work funded by Narodowe Centrum Nauki in 2010–2013  
as a research project No. N523 559 138. 
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Utlenianie fenolu w procesie foto-Fentona katalizowanym 
przez klinoptylolit modyfikowany Co 

Streszczenie 
W pracy przedstawiono wyniki bada  utleniania fenolu w procesie foto-

Fentona z zastosowaniem heterogenicznego katalizatora Co-Clin (naturalny 

klinoptylolit, modyfikowany jonami Co(II)). Analiza widm EDS mikroskopem 

skaningowym wykaza a, e modyfikacja ma charakter powierzchniowy i we-

wn trzkana owy, a krystality Co3O4 s  nierównomiernie rozproszone na po-

wierzchni zeolitu – wi cej jest ich wzd u  struktury krystalicznej i charaktery-

zuj  si  wi ksz  zawarto ci  Co (ok. 1,4% wag.).  

Przy wy szej z badanych, dawce zeolitu 5 g/l (zawieraj cej ok. 43 mg 

Co) po 4 godzinach procesu utleniania, usuni to zaledwie 20% TOC. Jednocze-

nie badania wykaza y, e w wyniku rozk adu zmniejsza si  st enie fenolu, 

a powstaje jako produkt po redni g ównie hydrochinon i w ladowej ilo ci rez-

orcyna. W badanym zakresie czasu trwania reakcji utleniania nie powstawa y 

kolejne jej produkty. 

Podczas reakcji utleniania, wraz z obni aniem si  pH roztworu, z po-

wierzchni zeolitu wymywane s  jony Co(II), które nie wp ywaj  jednak znacz co 

na efektywno  procesu foto-Fentona. Przy udziale homogenicznego katalizatora 

uzyskano zaledwie 4% usuni cie TOC, które by o porównywalne z efektem uzy-

skanym w uk adzie bez katalizatora: H2O2+UV. wiadczy to, e utlenianie fenolu 

zachodzi przede wszystkim w heterogenicznym procesie foto-Fentona, aczkol-

wiek jego niewielka efektywno  wyklucza zastosowanie katalizatora Co-Clin 

w skali technicznej do utleniania zanieczyszcze  przemys owych. 

 

S owa kluczowe:  

klinoptylolit modyfikowany jonami kobaltu, katalizator heterogeniczny,  

foto-Fenton, rozk ad fenolu 

Keywords:  
cobalt-clinoptilolite, heterogeneous catalyst, photo-Fenton, phenol degradation 
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Introduction 

Apart from chemical contaminants such as heavy metals or organ-

ic compounds, sewage sludge might also contain substantial amounts of 

bacteria, fungi, viruses and helminth eggs. The scientific literature has 

reported that sewage sludge is also characterized by high contamination 

with pathogenic microorganisms [6,7]. Microorganisms which are partic-

ularly dangerous to humans are often found in sewage sludge, including 

bacilli of typhoid fever (Salmonella) dysentery (Shigella), tetanus (Clos-

tridium tetani) gas gangrene (Clostridium perfringens) and bacilli that 

cause foodborne disease (Clostridium botulinum). Examinations of mi-

crobiological composition of sewage sludge reveal also tuberculosis bac-

terial species (Mycobacterium tuberculosis) and anthrax bacilli (Bacillus 

anthracis). These microorganisms cause serious diseases in both cattle 

and in humans [4]. The properties of sewage sludge (physical, chemical 

and biological) are significantly affected by the way it is processed 

[8,19,20,21]. The uncontrolled use of antibiotics in medical care of hu-

mans and animals also contributes to the threat connected with develop-

ment of new drug-resistant forms of microorganisms in sewage and sew-

age sludge. Despite numerous studies that have investigated the problems 

of the use of sewage sludge in nature and agriculture, no sufficient in-

formation has been provided to date about certain parasitic and pathogen-

ic forms that are resistant to the drugs used which can survive in sludge 

and soils fertilized with sludge and in the plants grown in these soils. The 

effects of introduction of sewage sludge to the soil might be observed 
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even many years after fertilization [14,15]. There are few reports on the 

presence of drug-resistant bacteria in sludge in the literature concerning 

sludge fertilization [9,10]. In both sludge and a conventional organic fer-

tilizer provided by manure, numerous pathogenic forms have been found 

while they acquired or developed resistance patterns with respect to 

a number of antibiotic available in health care [2]. This problem is con-

nected with excessive and often needless overuse of antibiotics in health 

prevention and health care. Antibiotics have also been popular in animal 

farming, not only for medical purposes, but often used with small doses 

for a longer period of time in order to increase animals' weight. One ex-

ample is the United States of America, where some 40% of the antibiot-

ics production is used for such purposes. In some countries, antibacterial 

drugs are used in farming and horticulture. It should also be noted that 

consumption of food that contains antibiotics with small contents pre-

pares bacteria (e.g. those contained in the intestinal flora) for develop-

ment of resistance patterns if the appropriate conditions occur [5]. These 

practices lead to selection of microflora that is resistant to antibiotics. 

Drug-resistant bacteria present in sludge accumulate in sewage sludge 

during processing and become a real threat to the environment. Few stud-

ies on the problems of drug-resistant bacteria in sewage and sewage 

sludge and the results obtained by the authors of the present paper point 

to the probability of a substantial survival of these particularly dangerous 

microorganisms in sewage sludge and in the soils fertilized with the 

sludge [10,14]. 

Experimental 

Sewage sludge from the wastewater treatment plant in Myszków, 

Poland, was used in the experiments. The sludge was sampled after 

biological processes of sewage treatment, without fermentation. Sta-

bilization occurred through anaerobic pathways. After dehydration (with 

addition of polyelectrolytes) in presses, part of the samples were 

subjected to liming and stored in a storage area for 6 months. Other 

samples were dried after liming in a solar dryer. After this process, 

sludge was also stored for the period of six months. One type of soil was 

fertilized. This was sandy soil and its characterization (similar to sewage 

sludge and manure) is provided in Tables 1 and 2. Properties of the 
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fertilized soil were consistent with the recommendations for the use of 

sewage sludge [17,18]. For comparison purposes, the authors used straw-

based cattle manure, which was also stored before the evaluation. The 

examinations were carried out under field experiment conditions (small 

beds with the surface area of 10 m
2
). The doses of fertilizers used were 10, 

20, 30 and 40 Mg d.m.·ha
-1

, added in spring to arable layer at the thickness 

of 30 cm. The duration of the experiment was one vegetation season. 

White mustard (Sinapis alba) was planted in the fertilized soils. In autumn, 

after harvest of the plants, biological analyses of the fertilized soils were 

carried out. The experiments were carried out with 3 repetitions. The 

results obtained are represented by the means from these repetitions. 

 
Table 1. Physical and chemical properties of soil, sewage sludge and manure 

used in the experiments 

Tabela 1. W a ciwo ci fizyczne i chemiczne gleby, osadów ciekowych 

i obornika stosowanych w badaniach 

Parameter Unit 
Soil 

Sewage Sludge 

Manure 
Myszków

 (after natural 

drying) 

Myszków 

(after solar drying)

Contents 
Organic sub-

stance 
[% d.m.] 

0.29 42.2 39.0 61.0 

Reaction 

(pHH2O) 
- 6.87 7.01 7.2 8.01 

Organic 

carbon [g·kg-1 d.m.]
13.40 218.4 215.0 246.6 

Total nitrogen 0.64 39.1 35.0 39.8 

Available P 

[mg·kg-1 

d.m.] 

34.0 616.70 601.0 470.0 

Available K 21.8 238.6 219.6 2260.0 

Available Mg 55.6 893.6 901.0 994.3 

Cr 10.4 17 19 2.1 

Zn 75.0 908 913 132 

Pb 17.8 21 23 7.3 

Cu 12.6 139 142 21 

Cd 0.4 2.1 2.3 1.2 

Ni 10.3 102.5 120.0 2.2 

Hg 0.003 1.6 1.82 0.11 
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The contents of 7 standard heavy metals (Cd, Cu, Ni, Pb, Zn, Hg, 

Cr) in the sewage sludge used for the experiments and in the manure did 

not exceed the permissible values that are a prerequisite for their use in 

nature. The contents of heavy metals found in the sewage sludge allowed 

even for their agricultural use and soil reclamation for agricultural pur-

poses. Furthermore, the contents of heavy metals in the soils used in the 

experiments did not exceed permissible values for the use in agriculture 

and for reclamation of soil [17,18]. 

Biological conditions of research materials used in the field 

experiments are presented in Table 2. 

 
Table 2. Biological properties of soil, sewage sludge and manure used in the 

experiments  

Tabela 2. W asno ci biologiczne gleby, osadów ciekowych i obornika 

stosowanych w badaniach 

Parameter Unit 
Soil 

Sewage Sludge 

Manure 
Myszków 

 (after natural 

drying) 

Myszków 

(after solar 

drying) 

Contents 

Escherichia coli 

Coliform 

index 

10-1 10-5 10-5 10-5 

Proteus vulgaris 10-2 10-5 10-4 10-5 

Clostridium per-

fringens 
n.s. 10-5 10-4 10-4 

Salmonella species 

bacteria 

[J
T

K
/g

 d
.m

.]
 

n.s. n.s. n.s. n.s. 

Total bacterial 

count 
5.2*105 21*109 31*108 29*1010 

Total fungi count 2.5*104 25*106 31*103 51*106 

Total actinobacte-

ria count 
1.4*103 43*106 49*106 55*106 

Total count of 

Fusarium fungi 

species  

n.s. 21*103 21*101 23*1010 

ATT index  n.s. n.s. n.s. n.s. 

n.s. – no presence was found 
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The sanitary state of the sewage sludge determined before the ex-

periments (Tab. 2) allowed for its use in agriculture. No Salmonella bac-

teria (detected on the medium SS) were isolated and no helminths' eggs 

(detected by Wasilkowa flotation method), which are the main sanitary 

indicator that determines possibility of the use of sewage sludge in na-

ture, were found in the sludge.  

Laboratory tests methodology 

The fertilized soils were evaluated with respect to bacterial count 

concerning the bacteria that exhibited resistance to first-line antibiotics. 

After obtaining the positive results of the first determinations, the authors 

analysed the resistance of conditional pathogens to the final antibiotic 

(vancomycin). 

Biological tests methodology 

Determination of total count of pathogenic bacteria resistant to first-line 

antibiotics 

Quantitative and qualitative analysis of individual groups of mi-

croorganisms was carried out using the Koch’s dish method in agar 

plates. In order to determine drug resistance of the microorganisms, the 

authors used blood agar plates and MacConkey agar plates. After 18-hour 

incubation at 37 degrees Celsius, the authors evaluated growth and isola-

tion of individual strains. Biochemical examinations aimed at identifica-

tion of individual bacteria species from the family Enterobacteriaceae, 

employed Enterotest and non-fermenting gram-negative bacilli test (Ne-

fermtest, Lachema). Simultaneous tests of drug resistance were also car-

ried out. Drug resistance tests used Mueller-Hinton plates.  

Furthermore, the plates with the following antibiotics were added: 

• ampicillin     10 mg, 

• gentamicin     10 mg, 

• amikacin     10 mg, 

• ceftazidime    30 mg,  

• amoxicillin with clavulanic acid  20/10 mg, 

• cefotaxime     30 mg. 
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The tests were carried out at the temperature of 37 degree Celsius 

for 18 hours. Antibiotics were chosen so that they were consistent with 

the basic antibiogram (first-line antibiotics) according to the recommen-

dations for test selection of the National Reference Centre for Microbial 

Drug Sensitivity [3].  

 

Determination of total vancomycin-resistant mesophilic bacteria count 

Determination was carried out using Koch's dish method with 

agar plate which was added the appropriate dose of the antibiotic (6mg/l 

according to the guidelines of KORLD) [3]. Then, the plates were inocu-

lated with the suspension of bacteria from dilutions while using spread 

plate method. Incubations were carried out for 24 hours at 37ûC. After 24 

hours, the authors enumerated the colonies that had grown and the results 

of the determination were given as vancomycin-resistant mesophilic 

(conditional pathogen) bacteria count per 1g of soil, mixtures of soil with 

sewage sludge and those with manure. The experiments were carried out 

with 3 repetitions. The results obtained are represented by the means 

from these repetitions. The results obtained were analysed statistically 

using the Kruskal-Wallis test.  

Results 

The results obtained for qualitative determinations and drug-

resistance (compared to first-line antibiotics) of conditionally pathogenic 

microorganisms in the sandy soils fertilized with sewage sludge and 

manure after a year from fertilizing under conditions of field experiment 

are presented in Tables 3–5. Figure 1–4 presents a comparison of mean 

susceptibility or resistance of pathogenic microorganisms to these drugs 

in the fertilized soils (collectively for all the doses). 

Figure 5 presents mean bacteria count for conditionally-patho-

genic vancomycin-resistant bacteria for all the doses determined in the 

soils fertilized with sewage sludge and manure. 
 

  



Drug-Resistant Bacteria in Soils Fertilized with Sewage Sludge 131
 

Table 3. Results obtained for determination of drug resistance of conditionally 
pathogenic microorganisms in sandy soils fertilizedwith sewage sludge from 
Myszkow wastewater treatment plant after natural drying  
Tabela 3. Wyniki lekooporno ci drobnoustrojów warunkowo 
chorobotwórczych w glebie piaszczystej nawo onej osadami ciekowymi 
z oczyszczalni cieków w Myszkowie po naturalnym suszeniu 

Fertilizer dose 
[Mg d.m.·ha-1] 

Type of isolated 
microorganisms 

Susceptibility of the microorganisms  
to the antibiotic used

A
m

ik
ac

in
 

A
m

o
x

ic
il

li
n

 

w
it

h
 c

la
v
u

la
n

ic
 

ac
id

 

C
ef

ta
zi

d
im

e 

C
ef

o
ta

x
im

e 

G
en

ta
m

ic
in

 

A
m

p
ic

il
li

n
 

10 

Enterobacter sp s r s s s r 

Photorhabdus 
luminescens

s s s s s r 

Escherichia coli s s S s s r 

Proteus vulgaris s s S s s ms 

20 

Enterobacter sp s r S s s r 

Photorhabdus 
luminescens

s s S s s r 

Escherichia coli s s S s s r 

Proteus vulgaris s s S s s ms 

Klebsiella oxytoca ms r S r s r 

30 

Enterobacter sp ms r S s s r 

Photorhabdus 
luminescens

s s S s s r 

Escherichia coli s ms S s s r 

Proteus vulgaris s s S s s r 

Klebsiella oxytoca ms r S r s r 

Enterobacter 
kobei

ms s S s s r 

40 

Enterobacter sp r r S s s r 

Photorhabdus 
luminescens

s s S s s r 

Escherichia coli s r S s s r 

Proteus vulgaris s s S s s r 

Klebsiella oxytoca r r S r s r 

Enterobacter 
kobei

r s S s s r 

s – susceptible, ms – medium susceptible, r – resistant 
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Table 4. Results obtained for determination of drug resistance of conditionally-

pathogenic microorganisms present in sandy soil fertilized with sewage sludge 

from Myszków wastewater treatment plant after solar drying  

Tabela 4. Wyniki lekooporno ci warunkowo chorobotwórczych 

mikroorganizmów obecnych w glebie piaszczystej nawo onej osadami 

ciekowymi z oczyszczalni cieków w Myszkowie po solarnym suszeniu 

Fertilizer dose 

[Mg d.m.·ha-1] 

Type of isola-

ted microorga-

nisms 

Susceptibility of the microorganisms to the antibiotic 

used 

A
m

ik
ac

in
 

A
m

o
x

ic
il

li
n

 w
it

h
 

cl
av

u
la

n
ic

 a
ci

d
 

C
ef

ta
zi

d
im

e 

C
ef

o
ta

x
im

e 

G
en

ta
m

ic
in

 

A
m

p
ic

il
li

n
 

10 
Alcaligenes 

faecalis 
s s S s s s 

20 

Alcaligenes 

faecalis 
s s S s s s 

Achromobacer 

piechandii 
s s S s s s 

30 

Alcaligenes 

faecalis 
s s S s s s 

Achromobacer 

piechandii 
s s S s s s 

Pseudomonas 

alcaligenes 
s s S s s r 

40 

Alcaligenes 

faecalis 
s s S s s s 

Achromobacer 

piechandii 
s s S s s ms 

Pseudomonas 

alcaligenes 
s s S s s r 

s – susceptible, ms – medium susceptible, r – resistant 
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Table 5. Results obtained for determination of drug resistance of conditionally-

pathogenic microorganisms in the sandy soil fertilized with manure  

Tabela 5. Wyniki lekooporno ci warunkowo-patogennych drobnoustrojów 

w piaszczystej glebie nawo onej obornikiem 

Fertilizer dose 

[Mg d.m.·ha-1] 

Type of isolated 

microorganisms 

Susceptibility of the microorganisms to the antibi-

otic used 

A
m

ik
ac

in
 

A
m

o
x

ic
il

li
n

 w
it

h
 

cl
av

u
la

n
ic

 a
ci

d
 

C
ef

ta
zi

d
im

e 

C
ef

o
ta

x
im

e 

G
en

ta
m

ic
in

 

A
m

p
ic

il
li

n
 

10 

Enterobacter sp s s S s s r 

Serratia fonticola s ms S ms s r 

Yersinia rodhei s r S ms s r 

20 

Enterobacter sp s s S s s r 

Serratia fonticola s ms S ms s r 

Yersinia rodhei s ms S ms s r 

Photorhabdus 

luminescens 
s r S r s r 

Enterobacter kobei s ms S s s r 

30 

Enterobacter sp s s S s s r 

Serratia fonticola s r S r s r 

Yersinia rodhei s r S r s r 

Photorhabdus 

luminescens 
s r S r s r 

Enterobacter kobei s ms S s s r 

Citrobacter brakii s r S ms s r 

40 

Enterobacter sp s r S s s r 

Serratia fonticola s r S r s r 

Yersinia rodhei s r S ms s r 

Photorhabdus 

luminescens 
s r S r s r 

Enterobacter kobei s r S r s r 

Citrobacter brakii s r S s s r 

s – susceptible, ms – medium susceptible, r – resistant 

 
Statistical analysis of the results obtained in the field experiment 

based on Kruskal-Wallis test revealed that the resistance to the antibiotics 

used differed between the samples. In the case of fertilization with the 
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sludge after natural drying, amikacin-resistance bacteria were found. 

They were not present after fertilization with manure and the sludge after 

solar drying. With regard to amoxicillin with clavulanic acid in the soil 

after the use of the solar-dried sludge, all the bacteria exhibited suscepti-

bility. After fertilization with manure and the sludge after natural drying, 

the cases of medium susceptibility and resistance to the drug were ob-

served. Susceptibility to cefotaxime was found in all the potentially path-

ogenic bacteria isolated from sandy soil fertilized with the sludge after 

solar drying. In the soils after fertilization with manure and the sludge 

after natural drying, the cases of medium susceptibility and resistance to 

the drug were observed. With regard to amipicilin, the most of the bacte-

ria in the soils fertilized with the sludge after solar drying were suscepti-

ble. Furthermore, fertilization of the soil with manure and the sludge after 

natural drying caused, in the most of the cases, the development of path-

ogenic forms of bacteria which were resistant to this antibiotic. In the 

case of ceftazidime and gentamicin, all the analyses revealed the sensibil-

ity of the isolated conditionally pathogen forms to these antibiotics. Fur-

thermore, it was found in the field experiment that the increase in the 

fertilizer dose contributed significantly to the increase in resistance of 

pathogenic forms in the soils studied.  

All the sludge and manure samples and the samples of soils ferti-

lized with them contained vancomycin-resistant microorganisms. Presence 

of insignificant number of bacteria that exhibited resistance to vancomycin 

was observed in the non-fertilized control soil. The most of these forms 

(22*10
4
) were found in manure and soils fertilized with manure. Sewage 

sludge after solar drying contained the more of vancomycin-resistant bac-

teria compared to the sludge after natural drying. 
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Fig. 1. Mean overall sensitivity to selected first-line antibiotics in drug-resistant 

conditionally-pathogenic to Amikacin microorganisms after fertilization of 

sandy soil with sewage sludge and manure [%] 

Rys. 1. rednia wra liwo  na wybrane antybiotyki pierwszego wyboru w ród 

lekoopornych warunkowo chorobotwórczych mikroorganizmów na Amikacyn  

po nawo eniu gleby piaszczystej osadami ciekowymi i obornikiem [%] 

 

 

Fig. 2. Mean overall sensitivity to selected first-line antibiotics in drug-resistant 

conditionally-pathogenic to Amoxicilin with clavulanic acid microorganisms 

after fertilization of sandy soil with sewage sludge and manure [%] 

Rys. 2. rednia wra liwo  na wybrane antybiotyki pierwszego wyboru w ród 

lekoopornych warunkowo chorobotwórczych mikroorganizmów na 

Amoksycylin  z kwasem klawulanowym po nawo eniu gleby piaszczystej 

osadami ciekowymi i obornikiem [%] 
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Fig. 3. Mean overall sensitivity to selected first-line antibiotics in drug-resistant 

conditionally-pathogenic to Cefotaxym microorganisms after fertilization of 

sandy soil with sewage sludge and manure [%] 

Rys. 3. rednia wra liwo  na wybrane antybiotyki pierwszego wyboru w ród 

lekoopornych warunkowo chorobotwórczych mikroorganizmów na Cefotaksym 

po nawo eniu gleby piaszczystej osadami ciekowymi i obornikiem [%] 

 

 

Fig. 4. Mean overall sensitivity to selected first-line antibiotics in drug-resistant 

conditionally-pathogenic to Ampicilin microorganisms after fertilization of 

sandy soil with sewage sludge and manure [%] 
Rys. 4. rednia wra liwo  na wybrane antybiotyki pierwszego wyboru w ród 

lekoopornych warunkowo chorobotwórczych mikroorganizmów na Ampicilin  

po nawo eniu gleby piaszczystej osadami ciekowymi i obornikiem [%] 
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Fig. 5. Mean total bacterial count of conditionally pathogenic vancomycin-

resistant bacteria in the soils fertilized with sewage sludge and manure 

Rys. 5. rednia ca kowita liczba warunkowo patogennych bakterii odpornych 

na wankomycyn  w glebach nawo onych osadami ciekowymi i obornikiem 

Discussion 

The attention should be paid to the risk of the use of sewage 

sludge in nature (and manure according to the available literature reports) 

which is caused by the presence of conditionally-pathogenic microorgan-

isms which are dangerous to both people and animals. They often acquire 

resistance to popular drugs [2]. The sewage might contain a variety of 

residual contents of drugs, which then accumulate in the products of 

treatment i.e. sewage sludge, causing development of resistance patterns 

during the contact with microorganisms [11]. Substantial concentrations 

of Tamiflu (Oseltamiwir) [16] which is used for fighting viral infections 

were found in the sludge. The residual parts of drugs contained in sewage 

sludge used for fertilization might be transported to the soil profile. They 

might also cause resistance to drugs in soil autochthonous and allochtho-

nous microorganisms. The study found that the use of sewage sludge and 

manure for fertilization of sandy soils caused development of condition-

ally-pathogenic microorganisms. A number of isolated microorganisms 

were characterized by drug resistance to first-line antibiotics. Some mi-

croorganism counts were similar to those isolated by Goyal and Adams 

[1]. The authors cited found in the sewage sludge stored in the Atlantic 
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Ocean, after 30 months from the drop to the water (which was one of the 

treatment methods): Enterobacter cloacea, Klebsiella pneumoniae, 

Citrobacter freundii, Proteus vulgaris, Aeromonas hydrophila, Esche-

richia coli, Enterobacter agglomerans. Escherichia coli turned out to be 

susceptible to all the antibiotics used, including ampicilin and gentami-

cin. Klebsiella pneumoniae exhibited resistance only with respect to am-

picilin. Citrobacter freundii showed resistance to ampicilin and cephalo-

sporins. Klebsiella oxytoca, apart from the resistance to the above two 

antibiotics, was also resistant to biseptol (sulfamethoxazol and trime-

thoprim). Proteus vulgaris was resistant to 6 of 13 antibiotics used, in-

cluding ampicilin, cephalosporins and chloramphenicol. The authors 

found much higher resistance of the isolated forms of pathogenic forms 

with respect to the basic antibiotics compared to the findings published 

by Goyal and Adams [1]. A particularly worrying phenomenon is long 

survival rate of potentially pathogenic forms with resistance to basic an-

tibiotics in the soils fertilized with sewage sludge and manure which was 

found by the authors of the study that was carried out for several years. 

One method of elimination or reduction in the content of these forms in 

organic fertilizers, mainly in the sewage sludge, might be provided by 

drying process, e.g. solar drying [12]. The field experiment demonstrated 

that this method of drying causes a significant decline in the content of 

drug-resistant pathogens in the sludge and the soil fertilized with the 

sludge. However, it is not always effective. This phenomenon was ob-

served through determination of the vancomycin-resistant bacteria count 

(fig.5). The number of forms which were resistant to this antibiotic was 

significantly higher in the sludge after solar drying and the soils fertilized 

with this sludge compared to the use of the sludge after natural drying. 

The study found that the increase in the dose of sewage sludge and ma-

nure caused an increase in drug-resistant bacterial count. Similar findings 

were presented by Sta czyk-Mazanek et al. [13] and Sta czyk-Mazanek 

[14] in studies on the resistant pathogenic forms in the soils fertilized 

with sewage sludge. The increase in the dose of sewage sludge in the 

present study caused an increase in resistance of individual isolated path-

ogenic microorganisms. Higher resistance to the antibiotics used was 

found in allochthonous soil bacteria. It was found under conditions of 

field experiment that the manure used in the study also caused develop-

ment of higher count of drug-resistant forms in the soils fertilized with 
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manure. 100% of the bacteria from the soils fertilized with manure and 

ca. 90% of conditional pathogens from soils fertilized with sewage 

sludge were resistant to ampicilin (fig. 4). The study demonstrated that, 

similar to sewage sludge, manure can also be the source of drug-resistant 

bacteria in soil. These observations were also made by Holzel et al [2]. 

Solar drying of the sludge reduced the number of resistant forms to 10% 

in the soils where this type of sludge was introduced. The process of so-

lar drying turned out to be an effective method that reduced the count of 

potential pathogens, including the forms resistant to first-line antibiotics 

in the sludge and then in the soil fertilized with them. However, this pro-

cess was less effective with respect to vancomycin-resistant bacteria. 

This drug is used during serious infections with gram-positive bacteria 

which are resistant to other anti-bacteria drugs and in the patients with 

hypersensitivity to penicilin and cephalosporins. It is used for treatment 

of bacterial diseases such as infective endocarditis, sepsis, osteomyelitis, 

central nervous system infections, lower respiratory tract infections 

(pneumonia), skin infections and soft tissue infections. 

Conclusions 

Fertilizing of sandy soils with municipal sewage sludge and with 

manure caused development of conditionally pathogenic microorganisms 

with acquired resistance to popular antibiotics. A number of isolated 

microorganisms (mostly from sewage sludge compared to manure) were 

characterized by considerable resistance to popular antibiotics i.e. first-

line antibiotics. The highest resistance in bacteria isolated from soils 

fertilized with sewage sludge and manure was found for ampicilin (ca. 

100% drug-resistant forms). The highest sensitivity of the most of 

conditional pathogens was found for ceftazidime. A very worrying 

finding is the presence of vancomycin-resistant microorganisms in both 

sewage sludge and manure (vancomycin is an antibiotic used for 

treatment of serious bacterial diseases. The contact with so contaminated 

soil after fertilization might represent the serious threat to the 

environment, including animals and humans. It seems essential to 

emphasize the effectiveness of stabilization and hygienization of sewage 

sludge in destruction of pathogenic microorganisms which might exhibit 

drug resistance. The process of solar drying of municipal sewage sludge 
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was not always effective method of its processing in terms of reduction 

in the count of potential pathogens, including drug-resistant forms. 
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Obecno  bakterii lekoopornych w glebach nawo onych 
osadami ciekowymi 

Streszczenie 
Oczyszczaniu cieków zawsze towarzyszy wydzielanie osadów cieko-

wych. Jedn  z metod utylizacji, wykorzystuj c  w asno ci nawozowe osadów 

jest ich przyrodnicze m.in. rolnicze u ytkowanie (je li tylko spe niaj  dopusz-

czalne normy). Wraz z wprowadzanymi osadami do gleb mog  si  te  prze-

mieszcza  metale ci kie, mikroorganizmy patogenne, powoduj c ska enie 

pod o y i pogorszenie si  warunków rozwojowych dla organizmów autochto-

nicznych. Szczególne niebezpiecze stwo zwi zane jest z wyst powaniem 

w osadach ciekowych drobnoustrojów lekoopornych. Problematyka ta nie jest 

jeszcze szczegó owo zbadana. 

Celem bada  autorek pracy by o okre lenie zmian jako ciowych  

i ilo ciowych drobnoustrojów lekoopornych w glebie piaszczystej nawo onej 

wybranymi osadami ciekowymi i obornikiem. Badania prowadzono w warun-

kach do wiadczenia polowego. Zastosowano nast puj ce dawki nawozów orga-

nicznych: 0, 10, 20, 30 i 40 Mgáha-1. Do zdegradowanej piaszczystej gleby 

wprowadzono osady po ró nych procesach suszenia (naturalnie i solarnie). Ba-

dano wp yw metod suszenia osadów ciekowych na obecno  mikroorgani-

zmów lekoopornych w nawo onej nimi glebie. Porównywano równie  ilo  

bakterii lekoopornych po zastosowaniu osadów i obornika. Badania prowadzo-

no przez jeden sezon wegetacyjny. 

 

S owa kluczowe:  
osady ciekowe, obornik, nawo enie, gleba, mikroorganizmy lekooporne,  

prze ywalno  

Keywords:  
sewage sludge, manure, fertilization, soil, drug-resistant microorganisms,  

bacteria survival 
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1. Introduction 

Tourism is one of the most dynamically developing sectors of 

economy, particularly in those states and regions which possess such 

values that are essential for its development. This concerns seaside areas 

among others, where almost 25 per cent of lodging facilities in Poland 

are concentrated. Tourism brings about notable economic benefits both to 

the local population and to local governments by supplying local budgets 

with incomes from taxes and local charges. The economic significance 

for the development of regions has on many occasions been the subject 

of research by various authors, who demonstrated a multifaceted favour-

able influence both on economic and social changes. However, tourism 

also means an exploitation of natural values. A high intensity of the tour-

ist movement exerts an influence on a degradation of these values, and 

thus it considerably lowers their original value. As a consequence, there 

arises a question about a sustainable development of those tourism desti-

nations where tourism constitutes an essential economic factor. The in-

tention to balance the dynamic development of lodging facilities and the 

infrastructure that accompanies local tourist product necessitates search 

for those solutions which will limit the negative external effects to the 

environment and will contribute to sustainable development. 
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As a result of the climate and energy package that was approved 

in March 2007 by the European Parliament and the leaders of the EU 

Member States, attention was paid to three main areas owing to which 

the idea of sustainable development can be pursued. In the package, three 

basic objectives were presented which refer to a reduction of the emis-

sion of greenhouse gases by at least 20% by the year 2020 in comparison 

with the base year 1990, an increase of the participation of energy from 

renewable resources in the consumption of final energy up to 20% by the 

year 2020, including a 10 per cent share of biofuels in the consumption 

of propellant fuels as compared with the fuel and energy demand fore-

cast. The approval of this policy makes the EU Member States undertake 

activities aimed an application of new solutions in the area of energy 

production and management. Renewable energy resources constitute one 

of those solutions with the aid of which two of the abovementioned goals 

can be realized. 

In connection with the above, the authors of this study accepted as 

their main objective an analysis of the possibilities to use solar power by 

those facilities that provide lodging services located in the seaside strip. 

A hypothesis was accepted according to which an application of zero-

emission solutions in the form of solar collectors especially in tourist 

facilities can be an important factor in the pursuit of the idea of the sus-

tainable development of tourism. An attempt was made to provide an-

swers to a number of questions concerning sustainable development in 

tourism, the intensity level of tourism movement in seaside communes, 

the emission of greenhouses gases by tourist facilities and also possibili-

ties to use such energy generating equipment as solar collectors. 

2. Idea of sustainable development in tourism 

2.1. Sustainable development 

The notion of sustainable tourism refers directly to the idea of 

eco-development or sustainable development. Sustainable development 

was defined for the first time in a declaration issued by the UN Conven-

tion in Stockholm in the year 1972, while the principles of sustainable 

development were formulated in the year 1987 by the World Commis-

sion on Environment and Development in the report entitled “Our Com-

mon Future”. In the year 1992 in Rio de Janeiro, during the “Environ-
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ment and Development” conference, the majority of the participating 

states signed a declaration which expressed an obligation to implement 

the rules of a new social and economic development [45]. 

Writers generally trace the origins of the term 'sustainable devel-

opment' back to a 1987 World Commission on Environment and Devel-

opment report entitled Our Common Future (also known as the Brundtland 

Report, after the chair of the group commissioned to prepare it), where the 

term was first used to bring together the apparently disparate concepts of 

economic development and environmental conservation [14]. 

The Brundtland Commission Report [44] stated that ’Sustainable 

development is development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs’. 

M.B. Ekinci stattes that Sustainable development can be defined as; ‘sus-

taining the existence of all living creatures together in harmony and 

without any threat to each other [12]. 

The concept of sustainable development is based on four basic 

principles, namely: 

 The principle of environmental sustainability, which provides devel-

opment to be compatible with the maintenance of vital ecological pro-

cesses, biological diversity and biological resources, 

 Principle of social sustainability, providing development be compati-

ble by traditional values of a community, while adding strengthening 

of their identity and providing cultural development to be compatible 

with the cultural values of human community, which also has an im-

pact on the strengthening of their identity, 

 The principle of sustainability – economic development to provide 

a cost effective and resource to be managed in a way they can use and 

future generations [1]. 

 

Sustainable development is determined by four major parameters, 

as follows: technology development, capital development (development 

of the banks), social development and protection of the natural environ-

ment. Of course, the issue is that all of those 4 parameters must develop 

in accordance with certain proportions because if one of them dominates 

over the others, it automatically delays and stops the development (in this 

case, the general value increase) of the other parameters [29]. 
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The problem of sustainable development translates into a widely 
understood tourism economy. According to B. Garrod and A. Fyall, the 
term 'sustainable tourism' is derived from the more general concept of 
'sustainable development', the former being a specific term used to de-
note the application of the latter to the particular context of tourism [14].  

Although definitions of both sustainable development and sus-
tainable tourism vary according to the different perspectives of the stake-
holders concerned there is now considered to be general agreement on 
the key principles of sustainable tourism [2]. 

2.2. Sustainable tourism 

The broad concepts of sustainability and sustainable development 
have been applied to specific sectors of the economy (e.g., tourism) [7]. 
According to J.M. Rempel, the concept of sustainable development, as 
applied to tourism, is about an evolving understanding of the complex 
and dynamic relationships between various parts of the social-ecological 
system [30].  

“Tourism should be developed in a way so that it benefits the lo-
cal communities, strengthens the local economy, employs the local work-
force, and wherever ecologically sustainable, uses local materials, local 
agricultural products, and traditional skills. Mechanisms, including poli-
cies and legislation should be introduced to ensure the flow of benefits to 
local communities” [16]. 

The problem of sustainable tourism became the subject of many 
discussions in the 1990s. Recently, scholars have placed greater focus on 
the contradictions between the three aspects of sustainable tourism: eco-
nomic, environmental, and social [34]. As with other subfields of the 
sustainable development literature, sustainable tourism is an area where 
the list of existing analyses is long and impressive [5].  

Environment-friendly rules including a definition of sustainable 
tourism were formulated in the year 1996 in the document entitled Agen-
da 21 for travel and tourism industries: towards environmentally friendly 
and sustainable development, which was jointly prepared by the World 
Council of Tourism and the Earth Council. In this document, the sustain-
able development of tourism is defined as “development which allows 
the pursuit of the needs of present-day tourists and tourist regions, and at 
the same time it protects and strengthens the possibilities of future con-
sumers and producers” [25].  
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The World Tourism Organisation defines sustainable tourism as 

“Tourism that takes full account of its current and future economic, so-

cial and environmental impacts, addressing the needs of visitors, the in-

dustry, the environment, and host communities [40]. This definition ad-

dresses the three main elements of Sustainability: Economic, Environ-

mental and Social. Thereby, ‘Sustainable tourism’ signifies a condition of 

tourism based on the principles of sustainable development, taking “full 

account of its current and future economic, social and environmental im-

pacts” [39]. Moreover, “Sustainable tourism development meets the 

needs of present tourists and host regions while protecting and enhancing 

opportunities for the future. It is envisaged as leading to management of 

all resources in such away that economic, social and esthetic needs can 

be fulfilled while maintaining cultural integrity, essential ecological pro-

cesses, biological diversity and life support systems” [5]. B. Bramwell 

and B. Lane say that sustainable tourism is a positive approach aimed at 

reducing the tensions caused by the complex interaction of the tourism 

industry; tourists, the environment, and the hosts catering for holiday-

makers [4]. A wide review of the definitions of sustainable tourism can 

be found among others in the study by H. Kiryluk, M. Borkowska-

Niszczota [21]. 

According to J. Swarbrooke, sustainable tourism means a maxi-

mization of the economic, social, and environmental benefits of tourism, 

with a simultaneous minimization of costs [35]. B. Bramwell and B. 

Lane state that sustainable tourism is a positive approach that aims to 

reduce the tensions between the different elements in a complex tourist 

system: the tourism industry, the tourists, the environment, and the desti-

nation [4]. 

A review of scientific literature serves to prove that the notion of 

sustainable tourism is not only essential but it is also compound. This is 

explained among others by B. Mc Kercher, according to whom: sustaina-

ble tourism depends on: (a) meeting the needs of the host population in 

terms of improved standards of living in the short and long term (b) satis-

fying the demands of increasing tourist numbers and continuing the at-

tract them to achieve this (c) safeguarding the environment to achieve the 

two foregoing aims [26]. 

It can be assumed that sustainable tourism is becoming a con-

scious and important element of present-day issues connected with tourist 
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travels. Generally speaking, this notion is connected with a number of 

more and more popular forms of tourist travels. This concerns the phe-

nomenon of the so-called nature-based tourism. Approximately 10–20% 

of all international travel is related to nature experiences globally [38]. 

According to R.J.G. Van den Born, R.H.J. Lenders, W.T. de Groot, and 

E. Huijsman, 70–90% of people in Western countries claim to value na-

ture-friendly practices [42]. A detailed analysis of the individual forms of 

sustainable tourism was carried out by F. Kilipiris, S. Zardava, who dis-

tinguished the following forms, i.e.: green tourism, alternetive tourism 

and responsible tourism [20]. The notion of ecotourism is related to the 

development of sustainable tourism, while ecotourism constitutes the 

“core” of sustainable tourism [45]. Ecotourism refers to the harmony of 

ecosystems and the cultural identity of residents. Through its activities, 

ecotourism provides funds for an effective protection of the values of the 

cultural and natural heritage. Ecotourism is a form of sustainable tourism, 

yet not every form of sustainable tourism is equivalent with ecotourism. 

This is the result of a wide context of sustainable tourism, which is not 

restricted to ecological objectives only but also includes the economic 

and social goals of those areas that host tourists, which correspond to the 

concept of sustainable development [27]. 

2.3. Indicators of sustainable tourism 

In view of the development of research into sustainable tourism, 

apart from strictly theoretical studies (including discussions concerning 

basic notions), the issue of proper indicators (meters) that depict the level 

of the development of sustainable tourism (the so-called sustainable tour-

ism indicators) began to draw more attention on the part of scientists. In 

recent years there has indeed been significant progress in the definition of 

indicators for the sustainable management of firms and tourism destina-

tions [10, 11, 23]. The indicators of sustainable tourism are variables that 

could be measured and monitored for detecting the changing status of 

a particular phenomenon, and represent tools for gathering new infor-

mation through which existing information can be filtered. This new 

body of compressed necessary information facilitates the identification of 

trends and threats and allows for undertaking the appropriate actions [1]. 

In spite of such a significant progress in the research into sustain-

able tourism, „(…) the method of delivering sustainable tourism is not 
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fully explored and although the concept has been widely endorsed, routes 

and directions for its practical application remain unclear” [31]. 

2.4. Negative influence of tourism on natural environment.  

Example of CO2 emissions 

The current development of tourism is a serious challenge for 

global climate change mitigation [9]. The tourism industry brings eco-

nomic benefits to the country, but there are usually energy consumption 

and carbon dioxide emission associated with it [8]. A tourist not only 

uses direct energy in the form of petrol, gas and coal, but he (she) also 

uses indirect energy embodied in consumer goods such as services, food 

and products [43]. 

However, it is also likely that tourism development might have 

indirect effects on climate change through economic growth and energy 

capacity expansion. For example, an increase of tourism activities creates 

increased demand for energy at various functions such as transportation, 

catering, accommodation, and the management of tourist attractions [24]. 

This problem is very important because as stated by J.W. Lee, 

T. Brahmasrene, there has not been a time series approach to analyze the 

relationship among tourism, CO2 emissions and economic growth for EU 

countries. This research questions whether tourism induces an increase in 

the CO2 emissions and economic growth of the region. The questions are 

vital to disentangle the effect of tourism on both environment and eco-

nomic growth in the region, where governments often make legislative 

responses to current environmental issues [22]. 

A study commissioned by the United Nations World Tourism Or-

ganization (UNWTO, 2008) estimated global tourism-related CO2 emis-

sions to be roughly 5% of total global emissions [40]. Most of these 

emissions are generated by the transport of tourists, in particular, air trav-

el. Thus, the contribution of the tourism sector to climate change is on 

a global level and is substantial [22]. D. Scott et al. (2010) reported that 

the tourism sector could become a leading global source of greenhouse 

gases in the future [33]. While 5% of global emissions may appear insig-

nificant when compared to other sectors such as agriculture, tourism is 

characterized by rapid growth. International tourist arrivals increased 

from 25 million in 1950 to 534 million in 1995, and 803 million in 2005. 

In the 2005–2007 period alone, international tourist arrivals grew by 100 
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million, reaching the 903 million mark. If this trend continues, tourism 

emissions will increase by over 150% by 2035 [UNWTO, 2008]. This 

growth in emissions must be considered in the context of emissions re-

duction targets as outlined by the IPCC (2008), which recommends to 

reduce global emissions by 50–80% by 2050 [33]. 

The problem of CO2 emission emphasized above obviously is not 

only aspect of the negative environmental impact of tourism. To a signif-

icantly greater extent, this sector causes a number of changes, including 

those in the context of the abuse of water resources or excessive waste 

emissions [8]. 

3. Methodology 

The research purpose accepted requires in the first order to have 

the intensity of the tourist movement examined. Seasonal tourist facilities 

located in those communes that border with the Baltic Sea were selected 

for purpose of the research. In the next order, an analysis was performed 

of the level of CO2 emissions and the consumption of energy and hot 

water. Those indices which are available in literature were used at this 

stage. Numerical data concerning the number of lodging places in the 

seaside communes were obtained from the Bank of Local Data of the 

Central Statistical Office. In order to determine the consumption of water 

in the lodging facilities, values were accepted that are compliant with the 

water consumption standard in Poland, the Ordinance by the Minister of 

Infrastructure of 14 January 2002 on the determination of average water 

consumption standards (Journal of Laws No. 8 Item 70); it was accepted 

that 90% of water consumed is hot water above 40
0
C. 

The assessment of the determinants of the use of solar energy in 

tourist facilities was performed based on the average values of daily radi-

ation in the individual months in the Middle and East Europe and the 

demand for hot water. 

4. Lodging facilities in seaside communes 

Seaside communes are the most counting tourist destinations in 

Poland. In the year 2012, the total number of lodging places in those 

communes was 168.6 thousand. This constitutes 25% of total lodging 

places in Poland. The communes possess 6.6 thousand of annual lodging 
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places, which constitutes 15% of total annual lodging places in Poland. In 

the year 2012, in the communes analyzed, over 14.5 million accommoda-

tions (23% on the national scale) were given. The seasonal nature of the 

tourist movement has an influence on the nature of lodging facilities, 

which in seaside communes function in the majority of cases in the 

summer period only. The total number of seasonal lodging places in 

these communes is ca. 90.1 thousand (cf. Table 1). 
 

Table 1. Characteristics of seasonal lodging facilities in coastal communes 

Tabela 1. Charakterystyka sezonowej bazy noclegowej gmin nadmorskich 

No. Type of lodging facilities 
Number of seasonal  

lodging places 

1. Hotels 331 

2. Boarding pensions 1192 

3. Other hotel facilities 1074 

4. Youth hostels 125 

5. School youth hostels 539 

6. Holiday centres  47794 

7. Summer camp centres 6916 

8. Training and holiday centres 4316 

9. Hotels 19 

10. Houses of creative work 135 

11. Complexes of tourist cottage houses 6600 

12. Campsites 10595 

13. Camping grounds 4256 

14. Spa works 778 

15. Remaining non-classified facilities 5477 

16.      Total 90147 

 

From among the tourist facilities analyzed, holiday centres (over 

47 thousand places) are characterized by the highest number of seasonal 

lodging places. Campsites possess a four times smaller number, i.e. over 

10 thousand places, and summer camp centres possess almost 7 

thousand. There is a low degree of the seasonal nature of accommodation 

in the case of hotels and spa works, which in the majority of cases 

function over the whole calendar year. 
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5. Assessment of CO2 emissions from tourist facilities 

The functioning of lodging facilities requires an involvement of 

considerable expenditures of energy (Fig. 1). The majority of this energy 

(61%) is used in the processes of heating, ventilation or air-conditioning. 

In the further order, energy is used in 21% to heat water and to operate 

lightning and electric devices (12%). The smallest amount of energy is 

consumed during the preparation of meals (6%). 

 

Fig. 1. Structure of energy consumption in hotels [28] 

Rys. 1. Struktura zu ycia energii w hotelach [28] 

 

Depending on the type of accommodation, different levels are ob-

served of the consumption of energy and CO2 emissions. The energy 

consumption values presented by Gössling were accepted for the needs 

of the analyzes [15]. It results from these that hotels and, in the further 

order, cottage houses require the highest amounts energy in order to 

function (cf. Table 2). 

The lowest demand occurs in the case of boarding pensions and 

camping grounds. The values provided here serve the purpose of the de-

termination of CO2
 
emissions from lodging facilities located in the sea-

side communes. 

The high consumption of energy occurs as a result of the provi-

sion of lodging and gastronomic services. It is estimated that those tour-

ists that visit developing countries consume daily eight times more water 

than local residents. In the case of hotels, there is a very high demand for 

61%
21%

12%

6% heating, ventilation,

air-conditioning

provision of hot water

lightning, electric

devices

meal preparation
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electricity, which in connection with a high consumption of water causes 

that hotels have the highest negative environmental impact in the group 

of commercial and service buildings (Table 3). 

 
Table 2. Assessment of average energy consumption and CO2 emissions by 

type of accommodation [15] 

Tabela 2. Ocena redniego zu ycia energii oraz emisji CO2 wed ug typu bazy 

noclegowej [15] 

No. 
Type of lodging  

facilities 

Consumption of energy 

for one visiting person 

per day [MJ] 

CO2 emissions for 

one visiting person 

[kg CO2] 

1. Hotels 130 20,6 

2. Camping grounds 50 7,9 

3. Boarding pensions 25 4 

4. 
Accommodation of-

fered without meals 
120 19 

5. Holiday centres  90 14,3 

6. Cottage houses 100 15,9 

7. Average 98 15,6 

 
Table 3. Estimated CO2 emissions from selected tourist facilities  

Tabela 3. Szacowana wielko  emisji CO2 przez wybrane obiekty turystyczne 

No. 
Type of lodging 

 facilities  

Number of ac-

commodations 

given within a 

year 

CO2 emissions 

per one visit-

ing person 

[kg/person] 

CO2 emis-

sions within 

a year 

[t/year] 

1. Hotel facilities 2339694 20,6 48198 

2. 
Camping grounds and 

camping sites 
343596 7,9 2714 

3. 
Complexes of tourist 

cottage houses 
236383 15,9 3758 

4. Other lodging facilities 8593619 15,6 134060 

5. Total 11513292 - 188731 

 

The analysis carried out has demonstrated that seaside tourist fa-

cilities contribute to CO2 emissions approximately on the level of 

188.7 thousand t/year, out of which hotel facilities emit the smallest 

amounts, i.e. 2.7 thousand t/year, and the complexes of tourist cottage 
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houses: 3.8 thousand t/year. Considering the seasonal nature of seaside 

accommodation, emissions take place mainly in summer months with an 

intensive tourist movement. 

6. Determinants of the use of solar energy  

in tourist facilities 

In the opinion of the Institute for Eco-development, the realiza-

tion of the guidelines of sustainable development can occur in three 

ways, i.e.: 

 through the greening of travel agencies and other institutions that pro-

vide tourist services, which in practice means a change of their image 

in such a way that they become an evidence of tourism being envi-

ronment friendly, 

 through the greening of the tourist product, which means control of 

the tourist movement in a given region in such a way so not to abuse 

natural environment values and resources, 

 through the greening of the creation process of the tourist product by 

orienting it onto sustainable development in the scope of all its seg-

ments and elements, starting from transport, accommodation, catering 

to various additional services [19]. 

 

In the last case, the methods can be used of the reduction of envi-

ronmental pollution, which is generated as a result of the creation and 

consumption of the tourist product. In a holistic model of sustainable 

tourism, on the level of tourist reception, environment friendly energy 

economy is mentioned [37]. This includes typical activities connected 

with the operation of the tourist movement, such as the provision of lodg-

ing, catering or transport services. Connections need to be considered of 

tourism with the other fields of the regional economy including farming, 

forestry, public utilities and communication, where solutions from the 

scope of renewable energy resources are also used. 

A renewable energy source is a source that utilizes the energy of 

wind, solar radiation, geothermal, marine waves, currents and outflows, 

river gradients and energy acquired from biomass, landfill biogas and 

also biogas generated in the processes of sewage discharge or purifica-

tion waste, or decomposition of plant and animal remnants stored 
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[41].The basic feature of renewable energy resources is that energy is 

acquired from natural and permanently repeated natural processes [13]. 

This is the primary difference in relation to traditional non-renewable 

energy sources in the form of fossil fuels, such as hard bituminous coal, 

brown coal or petroleum, which in the process of combustion provide 

large quantities of greenhouse gases that are released into the atmos-

phere. In sustainable development, particular attention is paid to the ac-

cumulation of pollutants, which are mainly generated in highly urbanized 

and industrialized areas. This also concerns those tourist regions which 

accept large numbers of visiting people over a short period of time, 

which involves a high energy demand. 

One of the possibilities in the area of renewable energy resources 

is the use of solar energy mainly by tourist facilities that provide their 

services in the summer season. According to Ta czuk and Zaj c, the an-

nual density of solar radiation in Poland on a horizontal surface fluctuates 

within the range of 950–1250 kWh/m
2
 (Table 4), while the average inso-

lation is 1.6 thousand of hours per year [36]. Moreover, in the calendar 

year, meteorological conditions are characterized by a very uneven annu-

al layout of insolation (Fig. 2). The highest insolation (80%) coincides 

with six months of the spring and summer season from the beginning of 

April to the end of September. The time of solar operation lengthens up 

to 16 hours/day in summer, while in winter it shortens to 8 hours/day. 

These conditions are favourable for the installation of solar systems in 

those seaside tourist facilities where the highest numbers of visitors are 

observed in summer months. 

Solar radiation is characterized by a spatial diversification. In this 

respect, it also diversifies Polish regions. Its highest values occur in the 

seaside strip and in the eastern part of Poland. When accepting the aver-

age annual density of solar radiation, 1.07 thousand kWh with no heat 

losses can be theoretically obtained from one square meter in the seaside 

strip. The average operational efficiency of flat solar collectors is an an-

nual average of 55 per cent (the maximum is ca. 80%), which to a certain 

extent will reduce this amount of energy to the level of 592 kWh. There-

fore, it can be accepted that 1 m² of a solar collector allows a saving of 

592 kWh of energy. Depending on the technology used, the installation 

of solar collectors involves savings. 
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Table 4. Potential useful energy of solar radiation in kWh/m2 per annum in 

selected regions in Poland [36] 

Tabela 4. Potencjalna energia u yteczna promieniowania s onecznego 

w kWh/m2/rok w wyró nionych rejonach Polski [36] 

No. Region 
Year 

(I–XII)

Summer 

half year 

Summer 

season 

Winter 

half year 

1. Seaside strip 1076 881 497 195 

2. Eastern part of Poland 1081 821 461 260 

3. Central part of Poland 985 785 449 200 

4. 

Western part of Poland 

with the upper drainage 

basin of the Odra River 

985 785 438 204 

5. Southern part of Poland 962 682 373 280 

6. 

South-west part of Po-

land including Sudety 

with Tuchowo 

950 712 393 238 

 

 

Fig. 2. Daily radiation in individual months in Central and Eastern Europe [18] 

Rys. 2. Promieniowanie dzienne w poszczególnych miesi cach w Europie 

rodkowo-Wschodniej [18] 

 

Due to the spatially and temporarily diversified level of solar radia-

tion, different productivity of liquid collectors (cf. Table 5) is obtained. 

The density of solar radiation on the surface of the collector is decisive for 

the possibility to heat water. For example, with the radiation density of 
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can be obtained. If we wish to obtain a higher temperature with the same 

radiation intensity, we will heat a smaller quantity of water. 
 

Table 5. Efficiency of liquid collectors according to the daily dose of solar 

radiation [6] 

Tabela 5. Wydajno  kolektorów cieczowych w zale no ci od dziennej dawki 

napromieniowania s onecznego [6] 

No. 

Temperature 

of heated 

water in oC 

Quantity of water in dm3 within a day from 10 m2 of 

collectors with daytime solar radiation dose being 

3,0 kWh/m2 4,5kWh/m2 6,0 kWh/m2 

1. 40 330 660 1020 

2. 50 150 340 550 

3. 60 60 170 330 

4. 70 20 80 190 

 

The determinants concerning the use of solar energy in tourist fa-

cilities can be referred to the intensity of radiation in the individual 

months and in connection with the seasonal nature of tourism. The 

abovementioned phenomena are coincident as regards values. The high-

est solar radiation occurs simultaneously with a high energy demand, 

which results from the tourist movement intensity. Taking into considera-

tion only the aspect of the reduction of CO2 emissions without an analy-

sis of the economic profitability of the investment, collectors can be used 

in seasonal tourist facilities to heat water. 

The seasonal nature of the tourist movement may result in a di-

versification of the costs of energy producing installations. With variable 

solar radiation, in order to obtain the same energy production effective-

ness in March as in June, July or August, the surface of collectors needs 

to be increased from 10 m
2
 to 30 m

2
. This involves a significant increase 

of the costs of the installation. Hence, the use of collectors in seasonal 

facilities will enable a decrease of the investment costs. 

To assess the quantity of water which is consumed in lodging fa-

cilities situated in the seaside communes, Polish water consumption 

standards were used [32]. According to these standards, the consumption 

of water for one lodging place in a hotel is an average of 150 dm
3
,
 
while 

for camping sites and complexes of cottage houses this is 100 dm
3
. 
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Table 6. Estimated area of solar collectors in relation to energy demand in 
summer months 
Tabela 6. Szacunkowa powierzchnia kolektorów s onecznych wzgl dem zapo-
trzebowania na energi  w miesi cach letnich 

No. Type of lodging facilities

Number of 
seasonal 
lodging 
places 

Consumption 
of hot watera

Surface of collec-
tors in m2 b 

dm3/one person 
per day

m3/day July August 

1. Hotels 331 150 45 50 66 

2. Boarding pensions 1192 150 161 179 239 

3. Other hotel facilities 1074 150 145 161 215 

4. Youth hostels 125 110 12 14 18 

5. School youth hostels 539 110 53 59 79 

6. Holiday centres 47794 150 6452 7161 9564 

7. Summer camp centres 6916 150 933 1036 1384 

8. 
Training and holiday 
centres 

4316 150 582 647 864 

9. Hostels 19 110 2 2 3 

10. Houses of creative work 135 150 18 20 27 

11. 
Complexes of tourist 
cottage houses 

6600 100 594 659 880 

12. Camping sites 10595 100 954 1058 1413 

13. Camping grounds 4256 33 126 140 187 

14. Spa works 778 150 105 117 156 
a Values were accepted in accordance with the Polish water consumption standards, the 
Ordinance by the Minister of Infrastructure of 14 January 2002 on the determination of 
average water consumption standards (Journal of Laws No. 8 Item 70); it was accepted 
that hot water above 400C constitutes 90% of water consumed. 
b Total daily radiation was accepted in July to be 5.3 kWh/m2 and in August on the level 
of 4.6 kWh/m2 [6] 
 

The highest daily consumption of water in seaside communes oc-
curs in holiday centres (6.4 thousand m

3
) in the further order in camping 

sites (954 m
3
), summer camp centres (954 m

3
) and also in the complexes 

of tourist cottage houses (594 m
3
) and training and holiday centres 

(582 m
3
); cf. Table 6. 
Assuming that the seaside tourist facilities analyzed function in 

summer months, i.e. in July and August (months with a great density of 
solar radiation) and are fully booked, the daily demand for hot water will 
be 10.2 thousand m

3
. The highest daily consumption of hot water will be 

in holiday centres (6.4 thousand m
3
), camping sites (954 m

3
) and summer 

camp centres (933 m
3
). 
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To heat this quantity of water (i.e. 10.2 thousand m
3
) in July, with 

the daily radiation of 5.3 kWh/m
2
, ca. 113 thousand m

2
 of collectors is 

needed; in March, with the solar radiation of 2.5 kWh/m
2
, the area of 

308.6 thousand m
2 

is required, that is almost three times as much. Tourist 
facilities have an opportunity to participate in sustainable development 
through the use of solar collectors, which will allow to acquire 21% of 
energy required for them to function, and to heat water. 

7. Summary 

1. The sustainable tourism is direct linked with the idea of eco-
development or sustainable development; hence, apart from economic 
and social issues, it is equally focused on the problems of environmen-
tal protection including the emission of greenhouse gases. Those liv-
ing services which are offered by lodging facilities require a high in-
volvement of energy; thus, search for innovative solutions oriented 
onto low emissions of greenhouse gases in connection with energy 
production is important. 

2. Accommodation facilities in Poland are characterized by a great con-
centration of lodging services. This particularly concerns the seaside 
strip, where 25% of lodging places are located on the national scale. 
Apart from this, seaside regions are mainly visited in summer months, 
i.e. in July and August. This causes a high intensity of the tourist 
movement and an energy demand over a relatively short period of time. 

3. The use of energy in tourist facilities is diversified in relation to the 
facility type and the type of the services provided. The highest con-
sumption of energy occurs in hotel facilities, while the smallest con-
sumption is in the case of camping sites and camping grounds. This 
translates into CO2 emissions related to the production of energy for 
the needs of tourists. It was estimated that the total CO2 emissions in 
lodging facilities in seaside communes within a year amount to 188.7 
thousand tones. 

4. Hot water is one of the main factors that determine energy demand in 
lodging facilities. Solar collectors can be used to heat this water. The 
analysis carried out has demonstrated that in the case of seasonal facili-
ties, the highest efficiency of the equipment and the greatest effectiveness 
of heat production is obtained in relation to the surface of collectors. 
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5. Investments connected with the installation of solar collectors may 
have a good impact on energy savings and they will contribute to re-
ductions of CO2 emissions in tourist regions. This constitutes an es-
sential contribution to the sustainable development of tourism and also 
to the sustainable development of the region. 

 
The analysis included in this article may constitute an introduc-

tion to wider research to take into consideration national and internation-
al aspects, for an example aspects all the Baltic countries. In the first 
case, research could cover comprehensive effects of the phenomenon 
analyzed, also in the context of the energy balance of Poland. 
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Rozwój zrównowa ony a turystyka. Przyk ad inwestycji 

zwi zanych z instalacj  kolektorów s onecznych  

w nadmorskich obiektach noclegowych 

Streszczenie 

Autorzy niniejszego opracowania przyj li za cel g ówny analiz  mo li-

wo ci wykorzystania energii s onecznej przez obiekty wiadcz ce us ugi nocle-

gowe zlokalizowane w pasie nadmorskim. Przyj to hipotez , która zak ada, i  

zastosowanie bezemisyjnych rozwi za  w postaci kolektorów s onecznych 

szczególnie w obiektach turystycznych mo e by  wa nym czynnikiem realizacji 

idei rozwoju zrównowa onego turystyki. Na potrzeby weryfikacji hipotezy 

podj to prób  odpowiedzi na szereg pyta  dotycz cych istoty zrównowa onego 

rozwoju w turystyce, poziomu nat enia ruchu turystycznego w gminach nadmor-

skich, emisji gazów cieplarnianych przez obiekty turystyczne, a tak e mo liwo ci 

wykorzystania urz dze  do produkcji energii takich, jak kolektory s oneczne. 

Przyj ty cel badawczy wymaga  w pierwszej kolejno ci zbadania nat -

enia ruchu turystycznego. Do bada  wybrano turystyczne obiekty sezonowe 

zlokalizowane w gminach granicz cych z Morzem Ba tyckim. W nast pnej 

kolejno ci wykonano analiz  wielko  emisji CO2 oraz zu ycia energii i ciep ej 

wody. Na tym etapie wykorzystano wska niki dost pne w literaturze. Dane 

liczbowe dotycz ce liczby miejsc noclegowych w gminach nadmorskich pozy-

skano z Banku Danych Lokalnych G ównego Urz du Statystycznego. Do okre-

lenia zu ycia wody w obiektach noclegowych przyj to warto ci zgodnie norm  

zu ycia wody w Polsce, Rozporz dzenie Ministra Infrastruktury z dnia 14 

stycznia 2002 r. w sprawie okre lenia przeci tnych norm zu ycia wody (Dz. U. 

Nr 8, poz. 70); przyj to, i  90% zu ytej wody, to woda ciep a powy ej 40°C. 

Ocen  uwarunkowa  wykorzystania energii s onecznej w obiektach tu-

rystycznych wykonano w oparciu o rednie warto ci promieniowania dziennego 

w poszczególnych miesi cach w Europie rodkowo-Wschodniej oraz zapotrze-

bowania na ciep  wod  u ytkow .  

Przeprowadzone badania pozwoli y na sformu owanie nast puj cych 

wniosków. 

1. Turystyka zrównowa ona nawi zuje bezpo rednio do idei ekorozwoju lub 

rozwoju zrównowa onego st d koncentruje si  równorz dnie obok spraw 

gospodarczych i spo ecznych równie  na problemach ochrony rodowiska, 

w tym emisji gazów cieplarnianych. Us ugi bytowe, które oferuj  obiekty 

noclegowe wymagaj  du ego zaanga owania energii st d wa nym jest po-

szukiwanie innowacyjnych rozwi za  ukierunkowanych na niskoemisyjno  

gazów cieplarnianych przy produkcji energii. 
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2. Baza noclegowa w Polsce charakteryzuje si  du  koncentracj  us ug nocle-

gowych, co szczególnie dotyczy pasa nadmorskiego, w którym zlokalizowa-

ne jest 25% miejsc noclegowych w skali kraju. Dodatkowo regiony nadmor-

skie s  g ównie odwiedzane w miesi cach letnich, tj. lipcu oraz sierpniu, co 

powoduje du e nat enie ruchu turystycznego i zapotrzebowania na energi  

w relatywnie krótkim czasie. 

3. Wykorzystanie energii w obiektach turystycznych jest zró nicowane ze 

wzgl du na typ obiektu i rodzaj wiadczonych us ug. Najwy sze zu ycie 

energii wyst puje w obiektach hotelarskich, natomiast najmniejsze w przy-

padku kempingów i pól namiotowych. Przek ada si  to na emisj  CO2,
 która 

powstaje przy produkcji energii na potrzeby obs ugi turystów. Oszacowano, 

i  czna emisja CO2 w obiektach noclegowych gmin nadmorskich w prze-

ci gu roku wynosi 188,7 tys. ton. 

4. Jednym z g ównych czynników determinuj cych zapotrzebowanie na ener-

gi  o obiektach noclegowych jest ciep a woda u ytkowa. Do podgrzewania 

tej wody mo na zastosowa  kolektory s oneczne. Przeprowadzona analiza 

wykaza a, i  w przypadku obiektów sezonowych uzyskuje si  najwy sz  

sprawno  urz dzenia i efektywno  produkcji ciep a w stosunku do po-

wierzchni kolektorów.  

5. Inwestycje zwi zane z instalacj  kolektorów s onecznych mog  wp yn  na 

oszcz dno ci energii oraz ogranicz  emisj  CO2 w regionach turystycznych, 

co stanowi istotny wk ad w rozwój zrównowa ony turystyki, jak równie  

rozwój zrównowa ony regionu. 

 

Zawarta w niniejszym artykule analiza mo e stanowi  wst p do szer-

szych bada , uwzgl dniaj cych aspekt krajowy oraz mi dzynarodowy, przyk a-

dowo odnosz cy si  do wszystkich krajów ba tyckich. W przypadku tego 

pierwszego, badania mog yby si  odnosi  do kompleksowych nast pstw anali-

zowanego zjawiska, m.in. w kontek cie bilansu energetycznego Polski. 

 

S owa kluczowe:  

turystyka, rozwój zrównowa ony, turystyka zrównowa ona, kolektory  

s oneczne 

Keywords:  

tourism, sustainable development, sustainable tourism, solar collectors 
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1. Introduction 

The consumption lifestyle and an increased demand on various 
colored textile, paper, cosmetic and food products contributes to creation 
of larger and larger amounts of wastewater containing dyes. Presently 
over 100,000 industry dyes are used and its annual production is estimat-
ed to be 7x105 Mg. Approximately 10–15% of dyes used in coloring pro-
cesses seeps into the natural environment becoming a serious threat for 
surface water, because even minor concentrations of dyes in water sup-
press oxygen diffusion, which blocks and prevents light from getting to 
autotrophs. Because of these, designing effective methods of dye contain-
ing wastewater treatment becomes an object of wide research. Such 
treatment, besides being efficient, should enable multiple reuse of treated 
water in technological processes [5,14,33]. 

Among the most popular processes of wastewater treatments are: 
adsorption, coagulation, oxidation, precipitation, ozonation, ultrafiltra-
tion, reversed osmosis and biological techniques [6,7,13,24]. Neverthe-
less, chemical methods of removing dyes from wastewater create sewage 
sludge, the disposal of which could be problematic. 
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Among the methods of water and wastewater treatment, adsorp-
tion is a highly efficient one, considering its high effectiveness at rela-
tively low costs. 

A sorbent commonly used to remove metal and metaloid ions, as 
well as organic pollutions (e.g. dyes), from water and wastewater is an 
activated carbon [3,27,30]. Its physical and chemical properties, includ-
ing specific surface area, porosity and high surface reactivity, make it 
a popular component of adsorption treatment methods. On the other 
hand, the high costs of its production and the necessity of its regeneration 
force a search for new, low cost, though equally effective sorption mate-
rials. Due to this fact, mineral and organogenic materials of both natural 
and waste origin, characterized by high sorption capacity and wide avail-
ability, become objects of numerous research studies in the recent years. 
Among such sorbents are clay and clay minerals (smectites, illites, ka-
olnites and bentonites clays), zeolites, biolites (peats, lignites), bio-
sorbents (composts, biomass) and waste materials (fly ashes) [1,8,15, 
18,22,25,29]. 

Smectites are part of phyllosilicates group of 2:1 ratio, which 
means that between two tetrahedral sheets there is an octahedral sheet. 
The tetrahedral sheets, built of T2O5 units, normally contain Si, Al or Fe 
as the central atom. Two types of octahedral sheets occur in smectites: 
the dioctahedral type, where two-third s of the octahedral sites are occu-
pied mainly by trivalent cations (Al3+ or Fe3+), and the trioctahedral type, 
with most of the sites occupied by divalent cations (Mg2+). The negative 
charge of the layers is balanced by hydrated exchangeable cations in the 
inter layers (mostly Ca2+, Mg2+, Na+) [34]. They are an important materi-
al for ceramic, rubber, paper, pharmaceutical, chemical and food indus-
tries. Sometimes they are used as components of mineral fertilizers and 
drilling fluids. They are also used as sealing layers, stockpiles, vertical 
clay barriers, ash stabilizers and rock mass sealers in coal mines [23]. 
Due to the high surface area and high cation exchange capacity (CEC) 
they can also be used as sorbents. The main centers of sorption in the 
smectite minerals are silanol groups (–Si–OH) and aluminol groups  
(–Al2–OH) created by breaking Si–O–Si and Al–O–Al bonds. In contrast, 
the interlayer cations, weakly bound to the mineral structure, are respon-
sible for the ion-exchange sorption. 
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Peat is an organogenic sedimentary rock and a product of the ear-
liest stage of plants coalification. It belongs to the rocks widespread in 
northern Europe (Scotland, Ireland, Sweden, Germany, Denmark, Po-
land, Finland, Iceland, and Russia), Asia (Siberia, Russia) and North 
America (Canada, USA). In Poland, about 70% of peatlands are located 
in the northern part of the country and the overwhelming number, i.e. 
95.5%, belong to the low type. Peats are used for fuel, fertilization (horti-
cultural and agricultural), medicine and sanitary purposes. They are used 
in the chemical and foundry industries as both an extender and insulating 
material. Due to its characteristics and availability they can also be used 
as an adsorbent to remove pollutants from water and wastewater 
[16,21,32]. The main centers of sorption in peats are –COOH and –OH 
fulvic and humic acids in which the H+ ions may be substituted by alka-
line earth metal ions, especially Ca2+. 

The aim of this study was to determine the sorption capacity of 
smectite clay (natural and thermally activated at 250°C) and the low-moor 
peat co-occurring with lignite of Belchatow mine field (Central Poland) for 
the cationic acid dye – Acid Green 16 (AG–16), as well as determining the 
effect of the clay thermal activation on its sorption capacity. In addition, 
the article presents the results concerning the applicability of three iso-
therm equations (e.g. Freundlich, Langmuir, and Dubinin-Radushkevich) 
to describe sorption as well as determine the rate of the sorption process 
and to estimate parameters in the kinetic equations. 

2. Research materials 

2.1. Acid Green dye 16 (AG–16) 

The dye Acid Green 16 (AG–16), belonging to the acid dyes, was 
used. It came from Zaklad Boruta–Zachem Kolor Sp. z o.o. – the biggest 
producer of dyes and pigments in Poland.  

AG-16 dye is used to color wool and fibers of animal origin, as 
well as paper and ink.  

Figure 1 shows the structural formula of the dye and its character-
istics, i.e. Colour Index – CI, CAS number, molecular weight – M, the 
cation diameter – dd, as well as the wavelength –  at which the meas-
urements of the concentration and pH were performed, in the water, 
1000 mg/dm3 dye concentration. 
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The dye belongs to the arylmethane group of acid dyes. In its 
structure one can notice a naphthalene ring, two aryl-amino-dimethyl 
groups, and two sulfonic groups (–SO3H). The molecule has a cationic 
structure and –SO3H groups can act as proton acceptors in a hydrogen 
bond. However, the dye is characterized by a lack of donor groups. Due 
to the small size of the dye particle (diameter of the cation dye – 
1.51 nm) and its relatively low molecular weight (539 g/mol) it shows 
a tendency to form bonds and interact with the surface of the adsorbent. 
Furthermore, it is not affected by steric effects, due to the lack of 
a branched structure of the molecule. 

 

 
Fig. 1. Characteristic of dye AG–16 
Rys. 1. Charakterystyka barwnika AG–16 

2.2. Sorbents and their physical and chemical properties 

Sorbents applied in these studies were lignite co-occurring rocks 
from "Belchatow" field mine: 

– smectite clay (BC) neogen age, 

– low-moor peat (BP) holocen age. 

 

In order to enhance the sorption capacity of smectite clay it was 

subjected to thermal activation at 250°C for 8 h (BC 250), which led to 

the removal of water from the structure of the smectite as a result of the 

dehydration process. 

The chemical composition of the studied sorbents and their physi-

cochemical properties, i.e. porosity (n), an average pore diameter (d) and 

their distribution, total (SSA H2O) and external (SSA N2) surface area, 

pH, and the point of zero charge (pHPZC), defined by pH at which the 
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charge of the particle is zero, as well as the cation exchange capacity 

(CEC) are all marked by methods described in other publications [22,35] 

and are shown in Tables 1–3. 

 
Table 1. Chemical composition of natural and temperature activation smectite 

clay and low–moor peat, (%) 

Tabela 1. Sk ad chemiczny termicznie i u smektytowego – naturalnego i 

aktywowanego termicznie oraz torfu, (%) 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O 

BC 55.81 15.25 6.45 2.82 1.74 0.042 0.57 
BC 250oC 56.65 16.57 7.65 3.23 2.32 1.11 1.32 
BP 8.26 2.32 2.31 4.57 0.33 0.067 0.213 

 
Table 2. Physicochemical properties of natural and temperature activation 

smectite clays and low–moor peat 

Tabela 2. W a ciwo ci fizykochemiczne i u smektytowego – naturalnego 

i aktywowanego termicznie oraz torfu 

Samples Porosity, n

Average 

pore 

diameter, 
d ( m) 

Surface area 

(m2/g)
pH pHPZC 

CEC 
(cmol+/

kg) 
SSA

(H2O)

SSA

(N2)

BC 0.0682 0.0186 141.8 41.38 7.85 7.40 82.39 
BC 250oC 0.1113 0.0322 150.2 70.94 7.83 7.20 80.40 
BP 0.5211 2.1503 218.9 11.38 5.62 5.77 125.0 

 

The main clay building mineral was Ca-smectite and apart from 

this the presence of quartz, calcite and kaolinite was also indicated. Its 

chemical composition reflected the mineral one. The high content of CaO 

was an effect of the occurrence of Ca-smectite, described by Kaczynski 

and Grabowska-Olszewska as Ca-beidellite [19]. Iron was bound in the 

structure of the smectite, substituting clay in the octahedral layer, or sili-

con in the tetrahedral layer and approx. 0.091% of it was present in 

a form of free anamorphic oxides. The low Na2O content was a result of 

the lack of feldspars in the examined clay [22]. 

Thermal activation of clay at 250
o
C and smectite dehydration did 

not cause significant changes in its chemical composition [35]. 
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Table 3. Distribution of pores in studied samples 
Tabela 3. Rozk ad porów w badanych próbkach 

Samples 
Distribution of pores(%)

Macropores
d > 30 m

Mesopores
30 m > d > 0,2 m

Micropores 
d < 0,2 m 

BC 11.45 12.43 76.12 
BC 250oC 12.11 15.23 72.66 
BP 35.65 62.37 1.98 

 
Low-moor peat was characterized by a high decomposition de-

gree (70%) and amorphous structure. Ash content was 20.88%. The dom-
inant mineral constituent in a peat sample was SiO2 (8.26%), coming 
mainly from the sand deposited by water and wind. CaO content amount-
ed 4.57%, it came from peat-forming plant incineration and was a result 
of the presence of calcite and gypsum minerals in the samples. MgO con-
tent was approximately one order lower (0.33%), similarly to K2O con-
tent (0.213%). Iron occurred mainly in the form of amorphous oxides 
(1.39%). Main functional groups of humic acids contained in the peat are 
carboxyl groups (–COOH) and hydroxyl phenols (–OH) respectively in 
the amount of 90.0 cmol+/kg and 115.3 cmol+/kg [22]. 

The examined smectite clay was characterized by a high total sur-
face area (141.83 m

2
/g), while the external surface area was 41.38 m

2
/g 

(Tab. 2). The porosity was 0.0682 and it was dominated by micropores of 
a diameter <2 m (Tab. 3). Cation exchange capacity (CEC) was 
82.39 cmol+/kg; exchangeable cations were dominated by Ca

2+
 

(72.5 cmol+/kg) and Mg
2+

 (8.56 cmol+/kg). 
As a result of clay thermal activated, an approximately 60% in-

crease in porosity to the value of 0.1113, an approximately 70% increase 
in size of the external surface to 70.94 m

2
/g and a slight increase in total 

surface area occurred. Thermal activated did not affect the pore distribu-
tion in the clay (Table 3). 

On the other hand, the studied peat was characterized by a high to-
tal surface area (218.98 m

2
/g) and a high porosity level of 0.5211, domi-

nated by mesopores and macropores (Table 3). Cation exchange capacity 
was 125 cmol+/kg; main exchangeable ions were Ca

2+
 (95.18 cmol+/kg), 

H
+
 (21.8 cmol+/kg) and Mg

2+
 (7.14 cmol+/kg). 

The pH of clay samples in water was weakly alkaline (pH 7.85 
and 7.83), while of peat – acidic (pH 5.62). 
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3. Methods 

3.1. Determination of sorbents' sorption capacity 

Sorption capacity of the studied sorbents for dye AG–16 as well as 

the percentage removal of dye in the aqueous solutions was determined 

in static contact mode of a solid and a solution phases using the "batch" 

method. The basic dye solution was prepared through dissolution of 

1000 mg of dye powder in 1 dm
3
 of distilled water; then the pH was 

measured. Next, through appropriate dilutions, the basic solution was turned 

into working solutions of the dye, which were used in laboratory studies; 

their concentrations were 1, 10, 25, 50, 100, 150, 250, 500, 750 mg/dm
3
. 

Tests were carried out with a ratio solid phase:solution 1:20 (1 g 

of sorbent + 20 ml of solution of dye AG–16, having the appropriate 

concentration in the concentration range 1–1000 mg/dm
3
) during 24 

hours contact. Next the liquid phase was separated from the solid one by 

centrifugation at 4000 rpm for 20 minutes. Then, using the UV-VIS spec-

troscopy (Varian Cary 50 Scan UV-VIS) both initial (C0) and equilibrium 

(Ceq) dye AG-16 concentrations in a solution were indicated. The wave-

length at which the absorbance of the dye was measured was 426 nm. 

Tests were carried out at room temperature of 25±2
o
C. 

In all the equilibrium solutions values of pH was measured and 

also, using flame photometry (photometer BWB-XP), the concentration 

of Ca
2+

 ions for dye concentrations C0 50 and 500 mg/dm
3
 was indicated 

and converted to load (mg/g). 

An adsorbed amount of dye (q) by the sorbents was calculated 

from the formula: 

( )
.eq0

m

V
C-Cq =  (mg/g) (1) 

and a percentage dye removal (R) from the formula: 

 

R= %100
C

CC

0

eq0
⋅

−
 (2) 

where: 

q – dye adsorbed per unit mass solid (mg/g), 

R – a percentage dye removal (%), 

C0 – initial concentration of a dye in a solution (mg/dm
3
), 



172 Joanna Kyzio -Komosi ska et al. 
 

Ceq – dye concentration in an equilibrium solution (mg/dm
3
), 

m – a sorbent mass (g), 

V – a solution volume (dm
3
). 

3.2. The equations of adsorption isotherms. 

In order to estimate the theoretical maximum sorption capacity of 

the sorbent and in order to determine the mechanism of the binding of the 

dye three 2-parameter isotherm equations were used: Freundlich, Langmuir 

and Dubinin-Radushkevich [11,20,25]. Constants in the equations were 

estimated by linear regression. Table 4 shows the formulas used in equa-

tions as well as their linear forms. 

 
Table 4. Sorption isotherms and their linear forms 

Tabela 4. Równania izoterm sorpcji i ich formy liniowe 

Isotherm Equation Linear form Plot 
No 

Eq. 

Freundlich 
n/1

eqF CKq ⋅=  Feq KlogClog
n

1
qlog +=  log q vs. log 

Ceq 
3 

Langmuir-1 

eqL

eqLL

CK1

CKq
q

+
=  

LLL

eqeq

qK

1

q

C

q

C
+=  Ceq/q vs. Ceq 4.1 

Langmuir-2 
LeqLL q

1

C

1
)

qK

1
(

q

1
+=  1/q vs. 1/Ceq 4.2 

Langmuir-3 
eqL

L
C

q
)

K

1
(-qq =  q vs. 1/Ceq 4.3 

Langmuir-4 qK-qK
C

q
LLL

eq

=  q/Ceq vs. q 4.4 

Dubinin-

Radushkevich
)-exp(qq 2.

D βε=
2

D -qln=qln  ln q vs. 
2 5 

where: KF – Freundlich isotherm constant (dm
3
/g) and it is an approxi-

mate indicator of adsorption capacity, 1/n – a function of the strength of 

adsorption in the adsorption process, qL – maximum monolayer coverage 

capacity (mg/g), KL – Langmuir isotherm constant related to the affinity 

of binding sited (dm
3
/mg), qD – the sorption capacity of studied materials 

(mol/g),  – the constant (mol
2
/J

2
),  – the Polanyi potential (J/mol) 
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which is equal to )
C

1
+RTln(1=

eq

, R – the gas constant (8.314 J/molK), 

T – absolute temperature (K). 

 

Furthermore, considering the isotherms course, they were classified 

to an appropriate type using the classification of Brauner and Giles [2,12]. 

According to Brauner [2] type I isotherm is characterized by monolayer 

filling of an adsorbent surface and describes a chemical adsorption and, 

rarely, a physical one; type II describes a physical adsorption with a multi-

layer filling of an adsorbent surface, the type III occurs when a heat of ad-

sorption is equal or less than the heat of condensation of a pure component. 

This describes the case when the interaction of adsorbate and adsorbent 

particles is much smaller than the intermolecular interactions of adsorbate 

molecules. Types IV and V correspond to curves II and III and differ from 

them in the fact that at a certain section they run parallel to the OX axis, 

because in the adsorbent pores, due to the pore diameter, only a limited 

number of adsorption layers is formed. Giles [12], on the other hand, dis-

tinguished four main groups of adsorption isotherms: S, L, H and C, differ-

ing in course in low concentrations, which is connected to the competitive 

nature of the interaction of both solute and solvent with the surface of an 

adsorbent. Type S isotherm shows that in low concentrations of an adsorb-

ate, a surface has a low affinity to it, which increases with an increase of its 

concentration in a solution. To this type belong isotherms, which strongly 

adsorb a solvent. For the L type (Langmuir) characteristic is a decreasing 

slope of an isotherm along with increasing concentrations of an adsorbate in 

a solution. In low concentrations of an adsorbate in a basic solution it indi-

cates a high affinity of an adsorbate and adsorbent sorption centers, which 

decreases along with an increase in solution concentration. To the H-type 

belong isotherms for systems with a strong interaction between an adsorb-

ate and an adsorbent. Type C is characteristic for isotherms of linear pro-

gress, which indicates a proportional distribution of a substance between a 

solid phase and a solution [31]. 

3.3. Kinetics of sorption process 

The rate of the sorption process is controlled by a mass transfer in 

a solution, adsorbate diffusion through a liquid layer surrounding a parti-
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cle, a process of adsorption equilibrium and diffusion within pores. Intra-

particle diffusion is a process significantly affecting the overall rate of an 

adsorption [28]. 

Kinetics studies were carried out at an initial dye concentration in 

the solution i.e. 250 mg/dm
3
. Measurements of the dye concentration in the 

solution were made after 2.5, 5, 15, 30, 60, 120, 300, 720, 1080 and 1440 

minutes. 

To interpret the results and to determine the relationship between an 

adsorbed amount of dye and reaction time, as well as to determine the ki-

netic constants, i.e. the amount of adsorbed dye per qt and the constant ad-

sorption rate k, the linear forms of kinetic equation of pseudo-first and 

pseudo-second order were used [26] (Table 5). 

 
Table 5. Kinetic equations of sorption process 

Tabela 5. Równa  kinetyczne opisuj ce proces sorpcji 

Equation Formula Linear form No eq. 

Pseudo-first order 

sorption 
( )t1e1

t qqk
dt

dq
−= ( ) ( ) tkqlnqqln 11et1e −=−  7 

Pseudo-second order 

sorption 
( )2

t2e2
t qqk

dt

dq
−=

e

2

e2 q

t

qk

1

q

t
+

⋅
= 8 

where: k1 – the rate constant of the pseudo-first-order sorption (min
-1

),  

qt – the amount of sorption at time (mg/g), qe – the amount of sorption at 

equilibrium (mg/g), k2 – rate constant of pseudo-second-order sorption 

(g/mg/min). 

 

On the other hand, to determine the role of diffusion within the par-

ticle during the sorption process the Boyle formula was used: 

21tKq /⋅=  (6) 

where: 

K – intraparticle diffusion rate constant (mg/kg
.
min). 
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4. Study results and discussion 

4.1. Sorption of AG–16 dye by natural and thermally modified clays 
and peat 

Experimental sorption isotherms of AG–16 dye on natural and 

temperature activated clays and peat were shown in the Figure 2, the per-

centage dye removal – in the Figure 3, while the pH in the equilibrium 

solutions – in the Figure 4. 

AG–16 dye was bound to the minerals building smectite clay in 

an amount from 0.016 to 12.070 mg/g, depending on the initial concen-

tration varying in the range 1–1000 mg/dm
3
 (Fig. 2). This indicates that 

the percentage dye removal from the solution was respectively between 

88.89 to 61.21% (Fig. 3). It was found that the percentage removal de-

creased along with increasing the initial concentration of the dye [17]. 

Sorption proceeded with minor changes of the pH in the range be-

tween 8.14–8.23 (Fig. 4). Despite the acidic condition of the dye solution 

(pH 5.67), after sorption in the equilibrium solutions their pH was similar 

to the pH of the clay, which proves the good buffer capacity of clay. 

As a result of the thermal activation, there occurred an increase in 

the sorption capacity of the clay in all concentrations to a value within 

the range of 0.017 to 13.10 mg/g. It means a maximum increase in the 

sorption capacity of 8%. The percentage dye removal was 90–66.43% 

(Fig. 3). The dye sorption on the grains of the natural and activated clay 

proceeded at similar pH (Fig. 4), because the thermal activation did not 

affect the chemical properties of the clay, including its buffer property. 

According to Giles classification, the experimental sorption iso-

therm of AG–16 dye on the natural clay belong to the S type, which 

means that in the low initial concentration of 250 mg/dm
3
 impact of dye 

molecules on the surface of the sorbent was much weaker than the inter-

action of water molecules with the surface. The affinity of the dye mole-

cules and the surface increased along with the increase in concentration 

of the solution. Thermal activation of the clay did not cause an alteration 

of the type of isotherm. 
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Fig. 2. Experimental sorption isotherms of dye AG–16 onto natural 

and temperature activation clays and peat 

Rys. 2. Do wiadczalne izotermy sorpcji barwnika AG–16 przez i  naturalny 

i aktywowany termicznie oraz torf 

 

Fig. 3. Percentage removal of AG–16 dye from solutions  

Rys. 3. Stopie  usuni cia AG–16 z roztworów wodnych 
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Fig. 4. Values of pH in equilibrium solution after sorption  

Rys. 4. pH w roztworach równowagowych po sorpcji  

According to Brauner classification, dye sorption isotherm of 

AG–16 belongs to a V-type. It depicts, on the one hand, stronger interac-

tions between the dye molecules themselves than between them and the 

surface of the sorbent. On the other hand, it is a result of a domination of 

micropores in the examined clay, limiting formation of multiple layers. 

Despite the increase in total porosity at the time of activation of clays, 

neither the percentage share of micropores in the total porosity nor the 

isotherm type changed. 

In contrast to the peat the AG–16 dye was bound to the amount of 

0.018 mg/g at the initial concentration of 1 mg/dm
3
 to 12.752 mg/g at the 

concentration of 1000 mg/dm
3
. The percentage removal of dye from the 

solution varied between 90 and 64.67%; it decreased along with an in-

creasing concentration of the dye in a solution. 

Sorption on the peat also proceeded with minor changes of pH 

and with higher values than the sorbent pH (between 6.23 and 6.59). 

Despite the similar maximum experimental sorption capacity of 

the peat in comparison to the activated clay, the course of the sorption of 

the AG–16 dye onto these materials varied significantly, especially at low 

concentrations. 

Considering the shape of the experimental sorption isotherm of 

the AG–16 dye on the studied peat, it was found that according to the 
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Giles classification it belonged to L type, which indicates that it is much 

stronger than the impact of the dye molecules on the surface than the one of 

the water in all concentrations. According to the Brauner classification the 

isotherm belongs to the I type, characteristic for the monolayer sorption. 

Thus, these results show that the clay, which is of an organic na-

ture, having higher surface area and porosity, is an effective sorbent for 

the removal of cationic dye in the whole initial concentration range. An-

other very important parameter, except porosity, determining the effec-

tiveness of the sorbent is a high contribution of macro and mesopores in 

pore distribution. 

Moreover the surface charge on the adsorbent and the solution pH 

play a significant role in influencing the capacity of an adsorbent for dye 

ions. As a result, peat was more effective in the adsorption of basic dyes 

than anionic dyes [32]. 

Giving the pH in the equilibrium solutions after sorption of the 

AG–16 dye on the examined sorbents, it was found that in all cases the 

pH was higher than the pH at which the surface of the colloidal particles 

of the sorbent is of zero charge (pHPZC), i.e. pH>pHPZC. 

The surface of clays and peat becomes negatively charged accord-

ing the mechanisms: 

–SiOH + –OH
-
  –SiO

-
 + H2O or 

R–COOH  R–COO
-
 + H

+
, respectively. 

It indicates that in all cases the sorption took place along with the 

negatively charged surface of the sorbent. It can therefore be concluded 

that one of the mechanisms binding the AG-16 dye of cationic nature by 

the natural and modified smectite clay and the peat are electrostatic inter-

actions. 

–SiO
-
 + dye

+
  –Si–O

-
dye

+
 or 

R–COO
-
 + dye

+
  R–COO

-
dye

+
. 

Fill et al [10] indicated that at the sorption of cationic dyes the pH 

value of the solution is an important parameter for the adsorption pro-

cesses, and the initial pH value of the solution has significant influence 

compared to the final pH. An increasing solution pH increases the num-

ber of hydroxyl groups thus, it increases the number of negatively 

charged sites and enlarges the attraction between cationic dye and adsor-

bent surface. 
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The results show that except the pH of the dye solutions, an im-

portant parameter for determining the pH of the equilibrium solution is 

the buffer capacity of the sorbent. In this study, despite the acidic dye 

AG–16 (pH 5.67), the pH of the equilibrium solutions clay-dye was > 8 

(Figure 4) due to the high buffering capacity of the clay. 

Another mechanism of dye binding on the tested sorbents could 

be ion exchange. Determined in equilibrium solutions ion load Ca
2+ 

for 

the clay-dye system were suitable for the concentration of the dye in so-

lution C0 50 and 500 mg/dm
3
 18 and 112 mg/kg which was 0.12 and 

0.77% of the exchangeable calcium and it indicates that in the process of 

sorption of the AG–16 dye on the grains of clay, this type of binding was 

unimportant. 

But for the peat-dye system calcium load indicated in the equilibri-

um solution were respectively 1550 and 1684 mg/kg which was 6.18 and 

8.40% of the exchangeable calcium. It indicates that the dye could be bound 

by ion exchange with exchangeable Ca
2+

 cations substituting H
+
 ions in the 

fulvic and humic acids of the peat. Moreover, the presence of sulfonic 

groups in the dye molecule suggests its potential binding with the peat via 

hydrogen bonding, where in the proton donors were H
+
 ions derived from 

the iron hydroxide FeO (OH), which pHPZC is set at pH 8.5–8.8 [4]. 

4.2. Freundlich, Langmuir and Dubinin–Radushkevich isotherm 
equations 

Estimated sorption parameters and corresponding values of the 

determination R
2
 coefficient of the linear forms of Freundlich, Langmuir 

and Dubinin-Radushkevich equations on natural and modified clay and 

peat are shown in table 6.  

Based on the estimated values of sorption (Tab. 6) and the value 

of determination coefficient indicating that the theoretical curve fit the 

experimental data, it was found that the process of sorption of the AG–16 

dye onto natural and modified clay may be, with high probability, de-

scribed by the Freundlich equation. The values of R
2
 coefficient were > 

0.92. An even better fitting of the Freundlich isotherm was obtained for 

the sorption of the AG–16 dye on peat where R
2
 was 0.9892. The estimat-

ed values of 1/n were less than 1, which indicates a favorable sorption 

process. 
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Table 6. Isotherm parameters for the sorption of AG–16 dye onto studied 

sorbents 

Tabela 6. Parametry w równaniach izoterm opisuj cych sorpcj  AG–16 

na badanych sorbentach 

Isotherm 
Sorption para-

meters
BC BC 250 BP 

Freundlich 
KF (dm3/g) 0.08115 0.09519 0.1475 
1/n [-] 0.7518 0.7943 0.8090 
R2 [-] 0.9299 0.9567 0.9892 

Langmuir-1 

qmax (mg/g) 12.07 13.10 12.75 
qL (mg/g) 19.23 66.66 16.92 
KL (dm3/mg) 0.000015 0.000688 0.00726 
R2 [-] 0.0000115 0.02818 0.9418 

Langmuir-2 

qmax (mg/g) 12.07 13.10 12.75 
qL (mg/g) 1.272 3.086 12.99 
KL  (dm3/mg) 0.1268 0.04696 0.0271 
R2 [-] 0.9972 0.9953 0.9998 

Langmuir-3 

qmax (mg/g) 12.07 13.10 12.75 
qL (mg/g) 45.67 53.89 12.18 
KL (dm3/mg) 0.0437 0.0400 0.0121 
R2 [-] 0.0966 0.1133 0.7557 

Langmuir-4 

qmax (mg/g) 12.07 13.10 12.75 
qL (mg/g) 16.07 18.40 14.77 
KL  (dm3/mg) 0.0042 0.0045 0.0092 
R2 [-] 0.0966 0.1133 0.7557 

Dubinin-

Radushkevich 

(mol2·kJ-2) 0.0102 0.0097 0.0059 
qD (mmol/g) 0.4779 0.5590 0.224 
R2 [-] 0.9648 0.9817 0,9978 
E (kJ/mol) 7.14 7.18 9.13 

 

In the case of the Langmuir isotherm, it was observed that coeffi-

cient of determination values for all the four linearized form of Langmuir 

isotherm equations were different (Tab. 6). Similar results were obtained 

by K. Vasanth Kumar and S. Sivanesan [20] in studies of sorption Bis-

marck brown onto rice husk particles. 

From the Table 6, based on R
2
 values, type 2 Langmuir isotherms 

showed the best Þt for AG–16 onto smectite clays and peat. Whereas 

type 1 of Langmuir isotherm shows a poor fit towards the experimental 
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data for clays and good – for peat. Types 3 and 4 forms have the same R
2
 

values and show a poor Þt towards the experimental data of the dye onto 

all studied sorbents. 

This indicates that the sorption of the AG–16 dye on natural and 

modified clay samples can only be thermally described by the type 2 of 

the Langmuir equation (eq. 4.2). R
2
 coefficient at 0.9972 indicates a very 

good fit of the theoretical curve to the experimental data. However, the 

estimated value of the qL constant indicates the maximum sorption capac-

ity approximately one order lower than the maximum experimental sorp-

tion. It suggests that it may not be appropriate to use this model in repre-

senting the equilibrium uptake of AG–16 onto smectite clay particles. 

In contrast, the value of determination R
2
 coefficient indicates 

a very good sorption fitting of the AG–16 dye on peat molecules through 

type 1 and 2 of Langmuir equation. The estimated at linear 4.1 and 4.2 

forms of the Langmuir equation, qL values were close to the maximum 

value of experimental sorption (Tab. 6). 

Moreover the value of determination coefficient (R
2
=0.9648–

0.9978) indicates that there is a strong positive relationship for the data 

and that sorption data of the AG–16 onto clays and peat follows the Du-

binin–Radushkevich isotherm. 

On the basis of the estimated value of the parameter  free energy 

(E) per molecule of the adsorbate was determined from the formula: 

212

1
E

/)( β
=  (9) 

The E value distinguishes physical adsorption (E<8 J/mol) from 

ion exchange (8<E<16 J/mol). 

The estimated values of the E parameter indicated that the sorp-

tion of the examined dye on the natural and modified clay is of a physical 

nature (E<8 kJ/mol) and the sorption on the peat – of the ion exchange 

nature (E>8 kJ/mol). These results confirmed the earlier theory of the ion 

exchange ability to participate in the binding of the dye on peat. 

4.3. Sorption kinetics 

The curves depicting the amount of dye adsorbed by clay and peat 
particles during time are shown in the Figure 5. While analyzing the 
amount of the AG–16 dye sorbed onto the natural clay and after thermal 
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activation in time it was found that after 5 minutes of contacting the solid 
phase: solution amount of dye adsorbed was approximately 50% of the 
amount adsorbed in the equilibrium conditions, and on peat – approxi-
mately 40%. After 1 hour the clay sorbed approx. 78%, and the peat ap-
prox. 70%, after 5 hours the clay – 90%, the peat 75%. 

 

 

Fig. 5. Amount of dye adsorbed by clay and peat during time 
Rys. 5. Adsorpcja barwnika przez i y i torf w czasie 

Parameters estimated from the pseudo-first and pseudo-second 
order equations are shown in Table 7. On the basis of kinetic parameters 
and coefficients of determination R

2
, it was found that the adsorption 

process occurred according to the pseudo-second order equation, as 
proved by the high values of the determination coefficient R

2
>0.99. In 

addition, the estimated values of the qe2 parameter were at the level of the 
values determined experimentally. Research conducted by Ho and 
McKay [16] also shows that the process of sorption of the cationic dyes 
is better described by the pseudo-second order equation. 

It was found that the rate constant k2 of sorption of the AG–16 dye 
on the activated clay was higher than on the natural one, which indicates 
that the thermal activated affected not only the increase in the sorption 
capacity of the clay, but also the rate of the sorption process. This is be-
cause increasing the external surface area of the clay particle exposes 
more active sites to AG–16 ions. Erdem et al [9] found that with the de-
crease of particle size of diatomite adsorbent from 300 to 60 m external 
surface area and the adsorption rate of dye increased.  
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Table 7. Kinetics parameter for sorption process of AG–16 dye onto studied 

sorbents 

Tabela 7. Warto ci parametrów w równaniach kinetycznych opisuj cych 

sorpcj  barwnika AG–16 

Sorbent BC BC 250 BP 
Sorption capacity q (mg/g) 2.826 3.266 3.866 

Pseudo-first order 

sorption 

qe1 (mg/g) 1.751 1.893 1.845 
k1 (1/min) 0.00315 0.00283 0.00209 
R2 [-] 0.9350 0.9026 0.6512 

Pseudo-second order 

sorption 

qe2 (mg/g) 2.778 3.058 3.704 
k2 (g/mg.min) 0.008608 0.009082 0.010049 
R2 [-] 0.9961 0.9962 0.9940 

Intraparticle diffusion
K (mg/g·min) 0.0773 0.1025 0.0918 
R2 [-] 0.9719 0.9571 0.7846 

 

Using Boyle model, a significant role of the of intraparticle diffu-

sion in the process of the AG–16 dye sorption on clay, and much less in 

the dye on peat sorption, was indicated. 

The kinetics of the sorption process of AG–16 dye onto peat was 

found to follow a pseudo-second order rate and equilibrium data agrees 

well with the Langmuir isotherm. The determination coefficient R
2
 for 

the pseudo–second order kinetic model are greater than the determination 

coefficient R
2
 for the intraparticle diffusion coefficients for the sorption 

of AG–16 onto peat. This strongly suggests an activated sorption mecha-

nism which could occur because of the chemical character of peat [15]. 

5. Summary 

The present study showed that low–moor peat was an effective ad-

sorbent for the removal of AG-16 from water and wastewater in a wide 

initial concentration and smectite clay – at a high initial concentration. As 

a result of thermal activation of the clay, the sorption capacity for the dye 

increased. The process of sorption proceeded with the negatively charged 

surface of the sorbents and indicated that one of the mechanisms of binding 

the cationic AG–16 dye were electrostatic interactions. In addition, the dye 

was also bound by peat as a result of ion exchange with exchangeable Ca
2+

 

ions. The results fitted the equilibrium data of Freundlich, Langmuir and 

Dubinin–Radushkevich isotherms for smectite clay – the dye system has 
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been best described by the Freudlich and Dubinin–Radushkevich isotherm 

model and the peat–dye system – by all of the isotherm models. The esti-

mation of the E parameter from the Dubinin-Radushkevich equation indi-

cated that the sorption test of the dye on the natural and modified clay is of 

a physical nature (E<8 kJ/mol) and the sorption on peat – of the nature of 

an ion exchange (E>8 kJ/mol). The sorption process of the AG–16 dye 

sorbents proceeded according to the equation of pseudo-second order and 

an important role of the intraparticle diffusion in the dye sorption on natural 

and modified clay molecules was observed. 
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Sorpcja barwnika Acid Green 16 z roztworów wodnych 
na torfach niskich i i ach smektytowych towarzysz cych 

z o om w gli brunatnych w polu Be chatów 

Abstrakt 
Celem bada  by o wyznaczenie pojemno ci sorpcyjnej i u smektytowego 

i torfu niskiego towarzysz cych pok adom z ó  w gli brunatnych w stosunku do 

barwnika Acid Green 16 (AG–16) oraz okre lenie mechanizmu jego wi zania. 

Wyniki wskaza y, e badany torf niski by  skutecznym sorbentem 

barwnika AG-16 w ca ym zakresie st e  pocz tkowych (1–1000 mg/dm3), 

natomiast i  smektytowy – jedynie z zakresie st e  wysokich (> 250 mg/dm3). 

W wyniku aktywacji termicznej i u nast pi  wzrost jego pojemno ci sorpcyjnej 

w stosunku do badanego barwnika. Proces sorpcji barwnika przebiega  przy 

ujemnie na adowanej powierzchni sorbentów i wskazywa , e jednym z mecha-

nizmów wi zania barwnika AG–16 by y oddzia ywania elektrostatyczne. Po-

nadto barwnik ten by  wi zany przez torf równie  w wyniku wymiany jonowej 

z jonami Ca2+
 wyst puj cymi w jego kompleksie sorpcyjnym. Stwierdzono, e 

sorpcj  barwnika AG-16 na i ach najlepiej opisuje izoterma Freundlicha i Dubi-

nina-Raduszkiewicza, a na torfie – wszystkie 3 izotermy. Sorpcja barwnika na 

i ach mia a charakter fizyczny a na torfie by a to chemisorpcja. Proces sorpcji 

przebiega  wed ug równania pseudo-drugiego rz du. Istotn  rol  dyfuzji we-

wn trz cz steczkowej stwierdzono jedynie dla sorpcji barwnika na cz stkach i u 

naturalnego i modyfikowanego. 

 

S owa kluczowe: 
sorpcja, barwniki, i y smektytowe, torf, izotermy sorpcji 

Keywords: 
sorption, dyes, smectite clay, peat, sorption isotherms 
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1. Introduction 

Continuously enlarging waste sand dumps in northern Poland 

(Fig. 1) cause more and more interest of various communities (entrepre-

neurs, ecologists and scientists). 

 

 

Fig. 1. Waste sand dump – northern Poland 

Rys. 1. Ha da piasku odpadowego – pó nocna cz  Polski 

 

The solution that would please them all is to use these dumps for 

industrial production. For a few decades there has been carried out re-

search on application of waste sand as a basic component of a concrete 

mix [15, 19]. Application of sand being a residue from aggregate hy-

droclasification is rather marginal and mainly involves production of 
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industrial floors. [13]. There has also been conducted continual research 

on how to use waste sand for statically or/and dynamically loaded struc-

ture elements [4, 5, 21, 22]. Equally relevant, or maybe the most im-

portant, is study on using waste sand for long-term loaded elements. Such 

loads reflect real conditions in which the elements work in a structure. 

Also particularly important is long-term research on structure elements in 

which are used atypical components of a concrete mix. This is why in 

this article the author presents study on fine aggregate concrete beams 

containing steel fibres, which are long-term loaded in conditions of con-

stant humidity and temperature.  

2. Used Materials and Mix Proportions 

Basic component of the fine aggregate concrete mix in the research 

programme was waste sand from aggregate mine located in S pólno 

Wielkie (region of west Pomerania). This sand does not meet the standards 

of norms EN 206-1 [7] and EN 12620 [10] in relation to aggregate for 

plain concretes. Figure 2 presents grading curve of harnessed waste sand in 

comparison with grading curves obtained by other researches. Sand used in 

this study (Fig. 2) has shown to have the best granulometric properties. 

Fineness modulus and median grain was the best from presented curves 

and respectively amounted to: 98.4 % and 0.57 mm. 

 

Fig. 2. Grading curve of harnessed waste sand 

Rys. 2. Krzywa uziarnienia zastosowanego piasku odpadowego 
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Another component of the concrete mix was the Portland cement 

CEM II/B-V 32.5 R, which after 28 days reached 40.8 MPa strength and 

met the requirements of EN 197-1 [6]. According to EN 1008 [9] the 

author used drinking water. In order to obtain required consistence in 

compliance with ACI [1] the author also applied superplasticizer FM 34. 

Last components of the concrete mix were hooked steel fibres character-

ized by diameter 0.55 and 0.8 mm or length 30 and 50 mm (accordingly 

to EN 14889-1 [11]). The fibres were protected against corrosion and 

were produced using cutting method (analyzed in [2]). Properties of used 

fibres are presented in paper [18]. Final composition of fine aggregate 

concrete mix containing steel fibres is presented in Table 1. 

 
Table 1. Mix proportions of one cubic meter 
Tabela 1. Proporcje sk adników mieszanki na 1 m3  

     Concrete

 

 Series 

Components 

Sand

[kg] 

Cement 

[kg] 

Water

[dm
3
] 

FM 34

[dm
3
] 

Steel fibres [kg] 

30/0.55 50/0.8 

B9 1835 374 150 3,47 – 33 

B10 1855 378 140 3,51 34 – 

 

Additionally, in some specimens the author used ribbed rein-

forcement steel bars (  8 and 10 mm) made from steel 34GS and smooth 

reinforcing steel bars (  4.5 mm) made from steel St3SX-b.  

3. Curing and Casting 

The specimens were produced in series (in autumn- winter season 

in a room of approximately 25°C temperature) maintaining equal techno-

logical regime. There were two series of specimens produced (B9 and 

B10), which differ in terms of used steel fibres. Each series of specimens 

consists of a beam (150×200×3300 mm), a cylinder (150×300 mm) and 

9 cubes (150×150×150 mm). In beam elements the author used longitu-

dinal reinforcement (in tension zone: 3#10 mm; in compression zone 

2#8 mm) and transverse reinforcement in the form of bars (diameter of 

4.5 mm), placed every 13 cm (Fig. 3). 
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Fig. 3. Beam geometry and location of reinforced steel bars 

Rys. 3. Geometria belek i rozmieszczenie pr tów zbrojeniowych 

 

For the first 24 hours (until the moment of demolding) and next 

six days the specimens ripen in the conditions of increased humidity, i.e. 

tightly covered with foil. After these seven days of growing, the speci-

mens were transported to an air-conditioned room, where they were kept 

until the end of the study. The conditions in the room were as follows: 

temperature of 20 ± 2°C; humidity at 50 ± 3%. Humidity and temperature 

measurement was taken using EBI-2 register, programmed to record eve-

ry 30 minutes.  

4. Methodology and Programme of Research  

The tests on small sized elements (cylinders and cubes) were con-

ducted in accordance with valid norms and recommendations. Concrete 

compression strength, concrete tension strength during splitting and 

modulus of elasticity were tested after 28 days of curing. The shrinkage 

phenomenon was recorded from the moment of demolding cylinders until 

the end of studies. Creep analysis started after 28 days from the moment 

of making the specimens (cylinders) and lasted for over a year. In Fig. 4 

there are presented small sized specimens from B9 series.  

 

   

Fig. 4. Small-sized specimen elements of B9 series 

Rys. 4. Drobnowymiarowe elementy próbne serii B9 

100 cm15 

2#8 3#10 φ 4.5 co 13 cm

100 cm

330 cm

100 cm 15

20 cm

15 cm 
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The work-stand, where long-term tests on beam elements were 

conducted, consisted of steel channel sections along with lever system 

attached (Fig. 5). Static scheme for the analyzed elements is a single- 

span beam loaded with two concentrated forces imposed in one third of 

a span between the axes of supports. There were situated two supports on 

a stand: a roller  support and a pinned support. The forces were imposed 

by a steel beam loaded with compound lever with disc weights. The 

weight of loads was chosen precisely so that during the study the bending 

moment for both beams would be on a level of 6 kN·m. 

 

 

Fig. 5. The work-stand for long term research (beams and cylinders) 

Rys. 5. Stanowiska do bada  d ugotrwa ych (belek i walców) 

Measurement of beam vertical displacement (deflection) was 

conducted on its lower surface in 5 places (in the span center of beams, in 

the place of application of concentrated forces and at the distance of 

100 mm from the axes of support) using dial gauges of a 500 and 

100 mm range and of 0.01 mm accuracy (Fig. 5). 

Crack widths measurement was done using a microscope of 

0.02 mm accuracy with 36- fold enlargement.  

Readings of long-term properties of researched elements were 

taken in the following days: 0 (day of loading) 3, 7, 14, 28, 56, 90, 120, 

150, 180, 210, 240, 270, 300, 330 and 365. 
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5. Results and Discussion 

The results of strength properties of composites in question were 

determined on cylinders and cubes specimens after 28 and 365 days of 

curing, and are presented in table 2. Comparing both analyzed specimens 

series, there is a significant difference in strength, what is most likely 

caused by the size of used steel fibres and their special distribution in the 

elements [14, 21]. Moreover, in series B10 larger amount of shorter fi-

bres was used, what certainly had an impact on the obtained values. 
 
Table 2. Strength properties of analyzed composites with fibres 
Tabela 2. Cechy wytrzyma o ciowe badanych fibrokompozytów  

     Concrete

 

 Series 

Certain material properties 

fcm,28

[MPa]

fc,cube,28

[MPa]

fct,sp,28 

[MPa]

Ecm,28

[GPa]

fcm,365

[MPa]

Ecm,365 

[GPa] 

B9 31.0 39.5 3.6 29.3 38.0 30.1 

B10 45.8 46.3 4.3 29.4 49.6 31.7 

 

The results of the rheological strains determined on cylindrical 

samples are presented in fig. 6 and 7.  

 

 

Fig. 6. Shrinkage strains measured and calculated in accordance with EC2 [8] 

Rys. 6. Odkszta cenia skurczowe pomierzone i obliczone wg EC2 [8] 
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Fig. 7. Creep strains reduced by the value of shrinkage strain, calculated in 

accordance with EC2 [8].  

Rys. 7. Odkszta cenia pe zania, skorygowane (pomniejszone) o warto  

odkszta ce  skurczowych oraz obliczone wg EC2 [8] 

Additionally, in these graphs the author presents curves calculated 

according to EC2 [8], with regard to the strength qualities of analyzed 

composites with fibres. Both shrinkage and creep strains defined by EC2 

[8] highly differ from values obtained from the tests. It confirms that add-

ing steel fibres to the concrete mix reduces the level of shrinkage and 

creep strains [13, 23]. These differences are also caused by maladjust-

ment of the normalization methodology to fine aggregate concrete con-

taining steel fibres. The values of creep coefficient for both composites, 

which were obtained from the study, amount to 1.19 and 1.31 (respec-

tively for B9 and B10 series). The average of these values is twice as low 

than calculated according to EC2 [8].  

The analysis of serviceability limit state (i.e. deflection and crack-

ing), induced by a long-term load, was conducted using beams measuring 

150×200×3300 mm. In fig. 8 and 9 there is presented an increase in the 

value of beam deflection (B9 and B10) from day “0” to day 365. Com-

paring the results obtained from the study it is clear that differences be-

tween beam deflections are yet visible on the day of the load and last 

until the day 365 (B9 – 5,27 mm, B10 – 4,21 mm). The relation between 

deflections results obtained from the study and calculated according to 

EC2 [8] has shown large differences. The deflection rate calculated ac-
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cording to EC2 is higher approximately by 35%. This could be caused by 

the fact that calculation method applied accordingly to EC2 [8] is not 

adopted to the analyzed fine aggregate concrete beams containing steel 

fibres [3, 23].  

 

 

 

 

Fig. 8. Deflection of B9 beam [mm] during the time of load  

Rys. 8. Ugi cie [mm] belki B9 w kolejnych dniach obci enia 

 

 

 

 

Fig. 9. Deflection of B10 beam [mm] during the time of load 

Rys. 9. Ugi cie [mm] belki B10 w kolejnych dniach obci enia 

FF

FF
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Cracking of beams was another analyzed serviceability limit state. 

Cracking moment of both beams (B9 and B10) was measured and was 

amounted respectively to 3,7 and 3,6 kN·m. The cracking was observed 

along the entire length of beam specimens, from both sides (Fig. 5). 

However, the analysis was limited to the area between forces (section 

loaded only with the bending moment – Fig. 10 and 11, left side “L” and 

right side “R” of the beams). 

 

 
 

 

Fig. 10. Cracks distribution for beam B9 in section between forces 

Rys. 10. Zarysowanie belki B9 na odcinku pomi dzy si ami 

 

 

 
 

 

Fig. 11. Cracks distribution for beam B10 in section between forces 

Rys. 11. Zarysowanie belki B10 na odcinku pomi dzy si ami 

 

L 

R 

R 

L 
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The level of stabilized cracking (lack of more cracks until the end 

of the study) was reached on the day of loading with the bending moment 

value on the level of 6 kN·m. Mean crack spacing was 83 and 102 mm, 

respectively for B9 and B10 beams. On the other hand the maximum 

crack width was 0.05 and 0.06 mm for B9 and B10 beams, which are the 

values allowed by EC2 [8].  

6. Conclusion 

Type of chosen aggregate is a very important component for well-
designed concrete. Quality and ingredients of this aggregate depend on 
many variables [12]. Unfortunately, in the Central Pomerania, the granu-
lometric composition of aggregate deposits, in about 70%, corresponds to 
sand [19]. This is why the attempts of using fine sand have been present 
since 1970’s [13, 15]. Using steel fibres in sand concretes allows to reduce 
enormous waste sand dumps. Fine aggregate concretes containing steel 
fibres, are characterized by limited shrinkage value, in relation to elements 
made from both fine aggregate concrete and plain concrete. Creep rate for 
analyzed fine aggregate concretes containing steel fibres is also lower than 
for plain concretes having similar strength parameters [3].  

Deflections of fine aggregate beams containing steel fibres ob-
tained from the research significantly differ from values determined by 
EC2 [8]. Experimental crack width values are on the maximum level of 
0.1 mm, what is acceptable under EC2 [8]. Analyzing these serviceability 
limit states of beams one should remember that the amount of of used 
fibres did not exceed 0.5%. This may indicate that such a small amount 
of fibres in fine aggregate concrete beams may cause real improvement 
of their functional properties [17, 22].  

Undoubtedly using composite materials in construction elements 
is becoming more and more popular [16, 17]. The idea of using steel fi-
bres in concrete mix based on waste aggregate seems to be a good idea 
[5] corresponding to the, so called, environmental sustainability. Lack of 
normalized methods enabling to analyze construction elements prepared 
from composite materials yet still remains a problem. Of course there 
exist studies on this matter [3, 20, 23] which, however, are not yet in-
cluded in EC2 [8]. It could probably change after Model Code 2010 [20] 
is taken into account. 
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Badania d ugotrwa e belek fibropiaskobetonowych  
na bazie kruszywa odpadowego 

Streszczenie 

W artykule opisano badania fibropiaskobetonów na bazie kruszywa od-

padowego. Jako zbrojenie rozproszone zastosowano dwa rodzaje w ókien sta-

lowych w ilo  nieprzekraczaj cej 0,5% obj to ciowo. W badaniach okre lono 

podstawowe w a ciwo ci zaproponowanych fibrobetonów takie jak: wytrzyma-

o  na ciskanie, rozci ganie przy roz upywaniu czy te  modu  spr ysto ci. 

Jednak g ówny nacisk badawczy po o ono na okre lenie stanów granicznych 

u ytkowalno ci badanych belek z uwzgl dnieniem cech relogicznych (tj. skur-

czu i pe zania) u ytych fibrokompozytów. 

S owa kluczowe: 
piasek odpadowy, w ókna 

Keywords: 
waste sand, fibres 
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Introduction  

Price rise for energy carriers inevitably brings about the price rise 

for heat energy and finally the price rise for stuffs, which makes it neces-

sary for a manufacturer to look for the new alternative sources and ways 

of saving traditional energy sources, effective use of secondary energy 

resources, including natural low temperature sources of heat. That is the 

reason why the use of energy saving technologies, heat pumps being one 

of them, acquires an ever increasing significance [2]. 

The use and manufacture of heat pumps (HP) in this country is 

being carried out with the great delay. The 90
s
 were characterized by the 

cut of demand for such innovative energy equipment as heat pumps. The 

reasons for that are well known. So a lot of machines and new develop-

ments which were already mastered proved to be out of usage. 

The recent years gave real economic impetus for energy saving, 

which is determined by the increase of price for energy carries as well as 

by the changes in relation of electricity tariffs and prices for different 

kinds of fuel. 

Heat pump units are effective in technological processes of pro-

cessing and storing food raw materials here law temperature heat sources 

and secondary heat resources are used. Of self – sustained meaning is the 

use of heat pumps in the systems of heating and air conditioning of the 

food stuffs enterprises premises [8]. 

In many cases the requirements of ecological cleanness for meth-

ods of getting heat energy step forward. 
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Traditional systems of heat supply by using boiler – houses oper-

ating on various kinds of natural fuel are characterized by considerable 

irreversible losses. By using high quality organic fuel (gas, oil, coal) the 

combustion temperature exceeds 1000°C, while the customer weds low 

temperature heat – 70°–130°C [1]. 

From the thermodynamic point of view the most rational fuel 

consumption is attained at thermoelectric plants where high temperature 

heat of combustion is maximally used for producing electrical energy, 

and for heat supply – the heat carrier with temperature necessary for 

heating production premises and residential houses. 

But the use of heat electric power plant (HEPP) may be irrational 

in many cases due to large losses at heat transfer for large distances or 

lack of need for such volumes of heat. For example, when the heat users 

are dispersed and at a large distance from each other or when the natural 

conditions do not allow it. In such areas the boiler – houses remain the 

main source of heat being the main reason of air pollution with sulfur 

oxides and other harmful substances for people. 

The world dynamics of rising prices for sources and energy itself 

is of stable character. Of considerable importance is the fact that Russia’s 

entering the WTO is followed by the price rise at the internal market 

which is connected will energy power engineering at the level of world 

prices. So saving of fuel and energy resources is an urgent task for Rus-

sia. It is even of greater importance for the Kaliningrad region due to its 

geographic separation from the vest of Russia, lack of necessary re-

sources, rise of electricity consumption and necessity to provide its ener-

gy self sufficiency [3]. 

Research 

The Kaliningrad state technical university has been carrying at re-

search for using heat pumps (HP) in technological processes of fish pro-

cessing for a number of years [9]. 

The research has been performed along the following lines: 

1. The use of heat pumps in the systems of preparing air in cold smok-

ing, drying and fish. 

2. The use of HP for heating water in the closed aquacultures systems 

(CAS). 



202 Alexandr Suslov, Jury Fatychov, Alexandr Ivanov 
 

3. The use of HP in the autoclave water preparation systems (sterilization 

and pasteurization of hermetically packed products). 

 

In the 90-s two experimental units for cold smoking of fish were 

made at two fish processing enterprises of the Kaliningrad region. The 

modernized unit H10- -1-03 produced 120 tons of products for the 

term of this unit was characterized by a better quality. The shore based 

fish processing complex in Pionersky town saw modernization of unit for 

continuous cold smoking of fish. For the term of one year it produced 

4640 tons of product marked by a better quality. The economic effect 

owing to modernizations amounted to more than 95000 USD [6, 7]. 

The use of HP in autoclave water preparation systems (steriliza-

tion and pasteurization) is associated with energy saving in these pro-

cesses. Thus documents regulating this process do not allow secondary 

use of water after autoclave. So, by using HP it is possible to return the 

warmth for heating water going into autoclave, which gives considerable 

economy of heat energy and cats environment pollution. 

Cutting volumes of commercial fisheries brought about intensive 

development of aquaculture in many countries which made it possible to 

meet the fish products demands of population. The leading countries in 

this field, such as China, India, Japan, Norway and Chili supply their 

products not only the internal market but are also active on the world 

market. Having a great potential, Russia lags behinds by aquaculture in-

dexes. In recent years the necessity of developing Russian enterprises 

that could have supplied the population with not expensive and fresh 

products has attained a State scale [10]. 

The overwhelming majority of methods used for running aquacul-

tures farms prove to be useful in social sphere, providing foodstuff prod-

ucts with little or no harm for environment. 

The closed water supply units (CWSU) prove to be the highest 

form of industrial fish culture, allowing to creating the optimal conditions 

for fish breeding all the year round both for supplying fish fry and com-

mercial fish. It is the CWSU that provide the highest output of fish prod-

ucts per the square unit. Expediency of large development of this trend of 

industrial fish culture is based on the economy of water taken from under 

earth and other sources (daily water feedings is 5…25 % of the total vol-

ume), ecological cleanness, because it gives an opportunity for full or 
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partial utilization of fish metabolism and organisms, residing in biofilters 

and avoiding their coming into open water systems. 

Within CWSU the block for thermal water preparation is not only 

one of the most important but also one of the most energy consuming 

ones. Taking into consideration variety of hydrobionts bred in industrial 

fish culture, it is necessary to point out a broad range of temperature 

modes for their optimal growth even within one life cycle. Thus low 

temperature is necessary for ripening and it is to rise gradually from fry 

to marketable fish. There are optimal temperature modes for growing 

marketable fish to facilitate their growth. This 14–18°C is optimal for 

trout, 23–28°C – for carp, 18–23°C – for sturgeon, 25–30°C – for sheat-

fish, 25–32°C – for tilaphia. So aquacultures farms with heat, but also to 

cool water supplied to system. And it is also to be taken into account that 

technology presumes 5–20% change of the whole water volume, circulat-

ing in CWSU. It is obvious that development of aquacultures farms using 

heat pumps for water preparation may facilitate appearance of new pos-

sibilities for rising effectiveness of fish culture from ripening roe to 

growing marketable fish. This will result in obtaining competitive prod-

uct in both internal and foreign market. Taking into account the high cost 

of breeding fish in CWSU at the present stage of aquacultures develop-

ment, it is used for breeding expensive fish species (eel, sturgeon) and 

fish capable of maximum gaining weight for the shortest period of time 

(tilaphia, sheat-fish) [4,5]. 

The use of plant for thermal water regulation of CWSU for fish 

culture makes it possible to solve this task but with taking into account 

large volumes of water for circulation and supply of fresh water. 

To investigate operation of cheat pump within the system of water 

preparation of CWSU n experimental unit was made. Its chart is present-

ed on fig.1; fish cultural part of CWSU is presented on fig.2. 

HP unit MSR-J072WLC was mounted and tested in the interna-

tional aquacultures center of the KSTU (Svetly). The Tests were carried 

out in summer and winter seasons. The technical water from well was 

used as a source of low-potential warmth. The change of water tempera-

ture was not large – 8°–10°C. 

 



 

Fig. 1. The chart of experimental HP unit for thermal preparation of water; 1 – HP unit, 2 – water pumps, 3 – filter,  

4 – thermometer, 5 – pressure-gauges, 6 – accumulator tank, 7 – valves, 8 – check valves 

Rys. 1. Plan eksperymentalnej instalacji pompy ciep a do przygotowania wody; 1 – pompa ciep a, 2 – pompy wody, 

3 – filtr, 4 – termometr, 5 – czujniki ci nienia, 6 – zbiornik akumulacyjny, 7 – zawory, 8 – zawory zwrotne 
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Fig. 2. Fish culture portion of closed water supply; 1 – water pump,  

2 – mechanical filter, 3 – biofilters, 4 – bactericidal lamp, 5 – oxygenator,  

6 – consumption tank, 7 – water pump, 8 – fish culture water bodies 

Rys. 2. Zamkni ty obieg zaopatrzenia w wod  w farmie rybnej; 1 – pompa 

wody, 2 – filtr mechaniczny, 3 – biofiltry, 4 – lampa bakteriobójcza,  

5 – natlenianie, 6 – zbiornik zasilaj cy, 7 – pompa wody, 8 – stawy rybne 

 

Fig. 3, 4 show the dependence graph of electric power used by 

heat pump engine and energy transformation ratio on time of operation in 

heating up mode of water for feeding the system. 

It is clear from graph (fig.3) that power used by 1 kWt at constant 

temperature and pressure in evaporator of HPU for 35 min of operation, 

which is accounted for by constantly increasing temperature and pressure 

in condensate of HPU, corresponding increase of pressure relation Pk/P0, 

decrease of feeding ratio of HP. 
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Fig. 3. Dependence of electric power used by HP engine on time 

Rys. 3. Zale no  zu ycia energii elektrycznej przez silnik  

pompy ciep a od czasu 

 

 

Fig. 4. Dependence of transformation energy ratio on time used by HP engine 

on time 

Rys. 4. Zale no  wspó czynnika przemiany energii od czasu pracy silnika 

pompy ciep a 
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At the same time the energy transformation ratio of HPU (fig.4) 

drops from 4.94 to 3.83, which is explained by the same reasons. The cost 

of water heating preparation after mounting a heat pump was cut by 3 

times compared to the electric heating system which was earlier operated. 

Considering prospects and possible field of use for heat pumps in 

fish culture it necessary to point out that because of the traditional struc-

ture and practice of designing heating and refrigeration systems for food 

production technological processes the use of heat pumps is unreasonably 

undervalued. Taking into account the present trend for sharp increase of 

investments for the production purposes the ample use of heat pumps on 

the food-staff enterprises seems quite expedient and promising. 

Conclusions 

An experimental heat pump unit for water thermal preparation in 

the CWSU was developed. Experimental data supporting its energy sav-

ing effectiveness were obtained. Effectiveness of using unit for thermal 

water regulation is confirmed by netting electrical energy consumption at 

condensing water, which is 3 times less than by conventional modes. 

Maintaining set water parameters in conditions of daily feeding 

20% water to CWSU from thermoregulation unit at the stage of keeping 

producers, 50% – at incubation and growing larval, 10–20% – at growing 

fry and marketable fish, made it possible: 

 to obtain high quality and timely spawn products, 

 to solve growth potential and health at all stage of biotechnical process, 

 to make effective use of advantages of polycyclic technologies of fish 

culture in CWSU. 
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Energooszcz dne technologie  

wykorzystuj ce pompy ciep a 

Streszczenie 

Wzrost cen no ników energii w sposób nieunikniony powoduje wzrost 

cen energii cieplnej i ostatecznie wzrost cen artyku ów spo ywczych. Powoduje 

to konieczno  poszukiwania przez producentów nowych, alternatywnych ró-

de  i sposobów oszcz dzania tradycyjnych róde  energii, efektywnego wyko-

rzystania zasobów energii wtórnej, w tym naturalnych, niskotemperaturowych 

róde  ciep a. To jest powód, dla którego stosowanie energooszcz dnych tech-

nologii, pompy ciep a s  jedn  z nich, nabiera coraz wi kszego znaczenia. 

W pracy przedstawiono eksperymentaln  instalacj  pompy ciep a do 

przygotowania cieplnej wody w zamkni tym obiegu zasilania w wod . Dane 

eksperymentalne pokazuj  skuteczno  w oszcz dzaniu energii. Wydajno  

przy zastosowaniu urz dzenia do regulacji temperatury ciep ej wody potwierdza 

zu ycie energii elektrycznej dla wody kondensacyjnej, która jest trzy razy 

mniejsza ni  w tradycyjnych rozwi zaniach. 

 

S owa kluczowe:  

pompa ciep a, oszcz dno  energii, akwakultura, eksperymentalna jednostka 

pompy ciep a 

Keywords:  

heat pump, energy saving, aquaculture, experimental heat pump unit 
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1. Introduction 

Spices and herbs have been used for thousands of years by many 

cultures to enhance the flavor and aroma of foods. Early cultures also 

recognized the value of using spices and herbs in preserving foods. The 

numerous experiments since the late 19
th

 century have documented the 

antimicrobial properties of some spices, herbs, and their components [59, 

69]. Many herbs and spice are known to exert antioxidant activity and are 

useful for preventing lipid oxidation in living organisms as well as in 

foods
 
[22]. 

The study of the effects which have natural chemicals compounds 

released from plants or microorganisms on the growth and spread of 

plants and microorganisms in natural communities is now engaged in 

a new field - chemical ecology. It oscillates around allelopathy issues, 

which so far have the greatest dealt with interaction between weeds, and 

various species of cereals. Currently, the literature reports, indicate the 

high bactericidal and fungistatic efficiency of extracts and essential oils 

prepared from different plant species [21, 39]. 

The family Lamiaceae consists of about 252 genera and more than 

6700 species [28]. Some of Lamiaceae species are frequently used in 

cooked dishes and are recognized as important preventive factor of many 

diseases [5, 13, 39]. Essential oils and extracts of these plants are known to 

possess antiseptic, antiinflammatory and antimicrobial activities [8, 9, 63]. 

Pogostemon cablin, Lavandula angustifolia, Melissa officinalis, and Salvia 

officinalis are underutilized species of Lamiaceae [30]. 
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Most of the Pinus species are trees or shrubs with specific mor-

phological characteristics of leaves (needles) rich in terpene aromatic 

essential oil. Pine needle essential oils are mainly used in folk medicine 

for the treatment of respiratory [18]. Up to now, there has been an in-

creased interest in studying chemical composition as well as biological 

activity of the essentials oils isolated from different pine species [41]. 

Plant extracts and essential oils are considered to be one of the po-

tential sources of substances with anticancer, antimicrobial and antioxidant 

properties, and source of free radical scavenging agents
 
[31, 38, 58]. 

The increasing recognition and importance of bacterial and fungal 

infections, the difficulties encountered in their treatment and the increase 

in resistance to antibacterial and antifungal agents have stimulated the 

search for therapeutic alternatives [50]. The essential oils (EO) and prod-

ucts of plant secondary metabolism have application in folk medicine, 

fragrance industries, food flavouring and preservation but only in recent 

years they have started to be recognized for their potential antimicrobial 

role [40]. Although numerous studies have documented the plant extracts 

antibacterial and anticandidal effect [9, 14, 24, 36, 49, 27]. There have 

been few comprehensive in vitro studies of the effects exerted by EO on 

filamentous fungi, probably due to the difficulties encountered in stand-

ardized susceptibility methods for these mycetes [27, 35, 37, 43, 61]. 

In many research centers are conducted intensive in vitro studies 

on the mechanism of action and safety of plant extracts and their individ-

ual components. The obtained results encourage to further investigations 

on the usefulness of the macerates, infusions, decoctions and plant oils in 

combating a particularly dangerous antibiotic-resistant microorganisms. 

The aim of this work was to evaluate the antimicrobial activity of 

extracts from 3 plant species, obtained by various methods, collected in 

Poland against Gram-positive and Gram-negative bacteria and fungi. 

Some spice plants previously examined for biological activity by other 

investigators were included in this study because different methods and 

microorganisms or strains were used in the study, which provided a com-

parison base. 
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2. Materials and methods 

2.1. Plant material 

Fresh, free from disease, leaves, flowers and young sprouts of 

three different plants Lavandula vera L. – flowers and leaves, Melissa 

officinalis L. – leaves, Pinus sylvestris L. – young sprouts were collected 

in July 2014 from the area of Koszalin and surrounding areas (Poland). 

The parts of plants were washed thoroughly 2–3 times with running wa-

ter and once with sterile distilled water and air-dried at room temperature 

on sterile blotter under shade for two weeks. 

2.2. Preparation of the plant extracts 

Used in in vitro investigations plant preparations were made in 

the form of aqueous extracts, as macerates, brews and decoctions. Mac-

erate, brew and decoction were prepared according to the recipe given by 

Sas-Piotrowska et al. (2005) [55]. Macerate (cold method) – 5 g of dried 

plant poured over 100 ml of cold water and left for 24 h at 20°C, then 

filtered; brew (hot method) – 5 g of dried plant poured of 250 ml of boil-

ing water and left covered for 30 minutes, after cooling the extract was 

filtered. The decoction was prepared according to the recipe given by 

Tyszy ska-Kownacka and Starek (1989) [68]. For this purpose, weighed 

8.75 g of each dried herbs and poured over 1 liter of distilled water. The 

suspension was mixed thoroughly, allowed to stand for 24 hours and then 

boiled for 15 minutes. Boiled extracts were sieved through a sieve lined 

with gauze to glass containers, and after cooling, used for the investiga-

tions.  

2.3. Essential oil isolation 

Essential oil isolation was made by hydrodestillationin all-glass 

Clevenger apparatus (Ph. Eur 7, 2.8.12.). For that purpose, 20 g of 

minced plants were distilled for 4 hours. For purification purpose, anhy-

drous sodium sulfate was added to the isolated essential oil to remove 

residual water. 

2.3. Test microorganisms 

The antibacterial activity of the plant extracts were tested in vitro 

against the Gram-positive bacteria: Bacillus subtilis, Listeria monocy-
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togenes, Micrococcus luteus, Staphylococcus aureus; and the Gram-

negative bacteria: Escherichia coli. The antifungal activity of plant ex-

tracts was studied against 12 different microorganisms, including: Alter-

naria alternata (Fr.) Keissler, Aspergillus glaucus (L.) Link, Aspergillus 

niger (Tiegh.), Botritis cinerea (Pers), Cladosporium herbarum (Pers.) 

Link ex Fr., Fusarium culmorum (Sacc.), Fusarium oxysporum 

(E.F.Sm.),W.C. Snyder & H.N.Hansen, Fusarium poae (Peck), Fusarium 

sambucinum (Fuckel f.6 Wollenweber), Fusarium solani (Mart.), Penicil-

lium chrysogenum (Thom), Sclerotinia sclerotiorum (de Bary). 

All microorganisms were obtained from the stock cultures of the 

Microbiology Laboratory (Division of Biological Agriculture Founda-

tions, Koszalin University of Technology). 

2.4. Preparation of Inoculum 

The inoculum was prepared according to methodology given by 

Mahesh and Satish (2008) [45]. The Gram-positive and Gram-negative 

bacteria were pre-cultured in nutrient broth overnight in a rotary shaker 

in 37°C, centrifuged at 10,000 rpm for 5 min, pellet was suspended in 

double distilled water and the cell density was standardized spectropho-

tometrically (A610 nm). The fungal inoculum was prepared from 5 day 

old culture grown on potato dextrose agar medium. The Petri dishes were 

flooded with 8 to 10 ml of distilled water and the conidia were scraped 

using sterile spatula. The spore density of each fungus was adjusted with 

spectrophotometer (A595 nm) to obtain a final concentration of approxi-

mately 10
5
 spores/ml. 

2.5. Antimicrobial screening 

The antibacterial activity of extracts was determined by diffusion 

method in Petri dishes (ø 10 cm) with a solid medium Müller - Hinton. 

Applied to a substrate prepared using a densitometer suspension of 0.5 

McFarland units in (10
6
jtk / ml), which was uniformly distributed on the 

surface, and after dried, placed a paper disk (ø 6 mm) soaked botanical 

extract. The measure of the extracts activity was the size of the zone of 

inhibition of growth colonies (in millimeters) after 24 hours of incubation 

in 37°C. The antifungal activity of extracts was determined by diffusion 

method in Petri dishes (ø 10 cm) with a solid medium PDA. On each 

substrate 4 drops of an aqueous suspension of spores and mycelial frag-
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ments was applied, next uniformly distributed on the surface, then they 

were dried and placed on a paper disk (ø 6 mm) soaked with botanical 

extract. The measure of the extracts activity was the size of the zone of 

inhibition of growth colonies (in millimeters) measured after 5 days in-

cubation in 22°C.  

The experiment was established in 6 replicates for each plant, 

method of extract preparation and the pathogen. Each repetition consisted 

of four Petri dishes. Results were analyzed using analysis of variance and 

correlation account. 

2.6. Statistical analyses 

The results were analyzed statistically by analysis of variance with 

a single classification (P = 95%), separately for each plant, method of 

preparation and specific pathogens. The results presented in tables 1–6, 

were calculated relative to the control sample (the paper discs treated 

with sterile water). The Fisher’s least significant difference (LSD0.05) was 

applied to test the differences between samples at 5% significance level. 

Additionally, a comparison of averages was made using the correlation 

coefficient (the limit value of r = 0.195 for  = 0.05 and r = 0.254 for  = 

0.01). Statistical analysis was performed using the programs ANW (Var-

iance Analysis of Experiments) and ANK (Correlation Analysis of Ex-

periments). 

3. Results and discussion 

Analysis of variance showed significant differences in the exam-

ined factors and their interaction. The reaction of the investigated bacteria 

on modified environment conditions, depended on the plant species from 

which the extract was prepared (Table 1) and the method of its preparation 

(Table 2). The growth of pathogens was most inhibited by extracts from 

Lavandula vera (mean value of inhibition zone ø 10.30 mm). The highest 

sensitivity to this extract showed Staphylococcus aureus (ø 12.08 mm). 

The most active extracts was applied to the bacterium Listeria monocyto-

genes (ø 12.08 mm). The highest antimicrobial activity was observed for 

oil from Lavandula vera. Among the bacteria the most resistant on the 

investigated species of plants was Escherichia coli (ø 8.22 mm). 
Generally, Gram-positive bacteria were more susceptible than 

Gram-negative bacteria. Listeria monocytogenes was the most sensitive, 
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while Escherichia coli was the most resistant strain (against all plant ex-
tracts). Our results are in good agreement with the finding of Cantore et 
al. (2004) [10].

. 
Antibacterial properties of plants extracts depend not 

only on its chemical characteristics, but also on type of bacteria. Gram-
negative bacteria are less susceptible because their membrane contains 
hydrophilic lipopolysaccharides (LPS), which create a barrier toward 
macromolecules and hydrophobic compounds [9, 33]. 
 
Table 1. Antibacterial activity of plant extracts (1.0 g Ml -1) in disc-diffusion 
method, inhibition zones (mm) 
Tabela 1. Aktywno  przeciwbakteryjna wyci gów ro linnych (1.0 g Ml -1) 
w metodzie dyfuzyjnej, strefa zahamowania wzrostu (mm) 

Bacteria Lavandula vera Melissa officinalis Pinus sylvestris 

Bacillus subtilis 6.75 10.08 8.28 

Eshcerichia coli 9.42 6.5 8.22 

Listeria monocytogenes 13.5 9.67 12.08 

Micrococcus luteus 9.75 10.25 10.5 

Staphylococcus aureus 12.08 9.50 10.19 

Mean value 10.30 9.20 10.07 

LSDplant = 0.1867 LSDbacteria =0.2410 LSDplant x LSDbacteria =0.4174 

The data show the diameter of inhibition zone growth in mm. The diameter of 
paper disc was 6 mm. LSD – the least significant difference. When significant 
(P < 0.05), the value of LSD is indicated. 
 

The growth of bacteria on the surface (Table 2) was the most lim-
ited by essential oils. Among the studied bacteria most sensitive to the 
applied extracts were: Listeria monocytogenes (ø 12,08 mm), Micrococ-
cus luteus (ø 10,5 mm) and Staphylococcus aureus (ø 10,19 mm). The 
highest resistance was observed for Escherichia coli (ø 8.22 mm). The 
weakest effect on the pathogens growth showed applied macerates  
(ø 6,60 mm), and bacteria resistant to its use were Bacillus subtilis and 
Listeria monocytogenes (ø 6,00 mm). 

Many researchers evaluated the antimicrobial activity of plant oils
 

[1, 15, 44, 60, 64]. Analyzing the average values of the zones of growth 
inhibition of bacteria and fungi by lavender oils, it was found that they 
differ in the various species. Draws attention to the fact that the Gram-
positive bacteria were more sensitive to applied lavender essential oils 
than Gram-negative bacteria. This is confirmed by the findings of other 
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authors
 
[1, 3, 6, 15, 16]. Staphylococcus aureus species is currently one 

of the major causes of nosocomial infections [23]. Recent studies show 
that bacteria do not yet have an adequate defense mechanism to tested 
oils. Other authors have shown inhibition zone for S. aureus in the range 
of 0,0-18,0 mm [19, 20, 25, 29, 51, 56, 64]. Serban (2011) and Cavanagh 
et al. (2002) investigations show that the antimicrobial properties depend 
on the composition of the oil, and also on the species or type of microor-
ganism [1, 11, 56]. 

 
Table 2. The reaction of bacteria depending on the method of a plant extract 
preparation (mean value of diameter inhibition zone growth in mm) 
Tabela 2. Reakcja bakterii w zale no ci od metody przygotowania ekstraktu 
ro linnego (warto  rednia rednicy zahamowania wzrostu w mm) 

Bacteria Macerate Brew Decoction Oil 
Mean 
value 

Bacillus subtilis 6.00 6.00 6.00 15.11 8.28 

Escherichia coli 6.67 6.78 7.78 11.68 8.22 

Listeria monocytogenes 6.00 15.78 7.44 19.11 12.08 

Micrococcus luteus 8.00 7.56 7.00 19.44 10.5 

Staphylococcus aureus 6.33 7.11 7.44 19.89 10.19 

LSDbacteria =0.2410 LSDpreparation =0.2155 
LSDbacteriax LSDpreparation 

=0.4820
LSDplantx LSDpreparation 

=0.3733 

The data show the diameter of inhibition zone growth in mm. The diameter of 
paper disc was 6 mm. LSD – the least significant difference. When significant 
(P < 0.05), the value of LSD is indicated 
 

Synthesis of the obtained results showed that the activity of the 
extracts dependent on the species of plants, a method of preparing plant 
extracts and the sensitivity of bacteria selected for the test (Table 3). 
It also showed significantly different response of tested pathogens to the 
applied extracts of various plant species. 

To evaluate the antimicrobial properties of essential oils against 
strains of bacteria oils of lavender and melissa was examined. Lavandula 
vera and Melissa officinalis belong to the family Lamiaceae, whose rep-
resentatives have a particularly valuable therapeutic properties. Lavender 
oil was the most active against bacteria, which is confirmed by obtained 
experimental results and it is also well know fact from the literature. 



 
 
 
 
 
Table 3. Variation and correlation coefficients for the reaction of tested bacteria on plant extracts and methods of 

their preparation  
Tabela 3. Wspó czynniki zmienno ci i korelacji dla reakcji badanych bakterii na wyci gi ro linne i sposoby ich 

przygotowania 

Bacteria  Range V % 

Correlation coefficient (r) 

B. subtilis E. coli 
L. monocytoge-

nes 
M. luteus S. aureus 

Bacillus subtilis 8.28 6 – 22.33 60.67 – – – – – 

Eshcerichia coli 8.22 6 –16.33 36.27 0.19 – – – – 

Listeria monocytogenes 12.08 6 – 21.67 56.75 0.56 0.41 – – – 

Micrococcus luteus 10.50 6 – 23.00 55.27 0.88** 0.57 0.65* – – 

Staphylococcus aureus 10.19 6 – 26.67 63.11 0.61* 0.84** 0.59** 0.84** – 

 – mean value of the diameter of inhibition zone growth in mm; V – coefficient of variation; 

**, * – significant compatibility of bacteria response on tested plant extracts  
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In the composition of this essential oil predominates compounds 

such as: pulegone – 40%, menthone – 13%, and menthol – 18%, respon-

sible for inhibiting the growth of reference strains of Staphylococcus au-

reus, Escherichia coli and Pseudomonas aeruginosa [4]. 
Lemon balm and raw material obtained from the essential oil are 

well known products with wide range of application, because of its valua-

ble antimicrobial activity [47]. Highest activity exhibit monoterpene alde-

hydes and ketones (neral/geranial, citronellal, menthone and isomenthone) 

and sesquiterpene hydrocarbons (E-caryophyllene) [47]. In the presented 

investigations, the highest antibacterial activity showed melissa oil against 

the strains of Microccocus luteus and Bacillus subtilis and antifungial - 

against the Sclerotinia sclerotiorum. Comparison of the antimicrobial ac-

tivity of the essential oil obtained from melissa and streptomycin against 

some human pathogenic bacteria, showed that Melissa officinalis has 

a strong antibacterial potential and can be used as a natural protective and 

fungicide [52]. Very strong protective activity of the essential oil in the 

process of lipid peroxidation, especially against hydroxyl radical [47], in-

dicates that it can be used not only as a aromatic factor aromatic, but also 

as a safe dietary antioxidant and antiseptic in health foods and pharmaceu-

ticals. The results of our investigations are reflected in the work of other 

authors, who confirms that apart from essential oil, also raw materials and 

extracts of rosemary acid (an important active ingredient Melissa offici-

nalis L ) exhibit antimicrobial properties
 
[48, 65, 67]. 

The reaction of tested fungi depended on the plant species from 

which the extract was prepared (Table 4) and the method of its prepara-

tion (Table 4). The growth of pathogens was the most strongly limited by 

extracts from Pinus sylvestris (ø 10,29 mm), and the greatest sensitivity 

to this extract was observed for fungus Scleroinia sclerotiorum  

(ø 26,33 mm). Simultaneously the use of the aqueous extracts (macerate, 

infusion, decoction and oils) from Lavandula vera not significantly in-

hibited the growth of microorganisms (ø 8,55 mm). The most resistant 

fungus on the investigated plant species turned out to be Aspergillus ni-

ger (ø 7,00 mm) and Fusarium sambucinum (ø 7,00 mm). 

Fungal growth on PDA medium (Table 4) was the most strongly 

limited by essentials oils (ø 13.83 mm). Among the analyzed fungi most 

sensitive to the applied extracts and essential oils have proven to be: 

Sclerotinia sclerotiorum (ø 17,56 mm) and Fusarium poae (ø 10,42 mm). 
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Additionally the weakest effect at the pathogens growth showed decoc-

tion (ø 7,20 mm), and fungus particularly resistant to the use of such kind 

of plant extract was Aspergillus niger, Botritis cinerea, Fusarium sam-

bucinum, Fusarium solani, Penicillum chrysogenum (ø 6,00 mm). 

 
Table 4. Antifungal activity of plant extracts (1.0 g Ml -1) in disc-diffusion 

method, inhibition zones (mm) 

Tabela 4. Aktywno  przeciwgrzybowa wyci gów ro linnych (1.0 g Ml -1) 

w metodzie dyfuzyjnej, strefa zahamowania (mm) 

Fungi Lavandula vera
Melissa 

officinalis 

Pinus 

sylvestris 

Alternaria alternata 12.92 9.25 8.67 

Aspergillus glaucus 6.68 6.00 9.08 

Aspergillus niger 6.68 6.00 8.33 

Botritis cinerea 6.75 8.92 9.50 

Cladosporium herbarum 7.42 11.75 7.00 

Fusarium culmorum 10.5 8.50 8.83 

Fusarium oxysporum 9.00 13.33 7.50 

Fusarium poae 7.25 10.83 13.17 

Fusarium sambucinum 6.58 6.00 8.42 

Fusarium solani 6.67 6.33 9.58 

Penicillium chrysogenum 11.17 8.08 7.17 

Sclerotinia sclerotiorum 11.00 15.33 26.33 

Mean value 8.55 9.19 10.29 
LSDplant = 0.1186 LSDfungi =0.2372 LSDplantxLSDfungi=0.4108 

The data show the diameter of inhibition zone growth in mm. The diameter of 

paper disc was 6 mm. LSD – the least significant difference. When significant 

(P < 0.05), the value of LSD is indicated. 

 

According to the findings of Sas-Piotrowska and Piotrowski 

(2003), the biological activity of plant extracts depends on several fac-

tors, and first of all on content of specific chemical compounds and on 

their ability to diffuse. Besides that, some those compounds may stimu-

late a pathogen development and increase a degree of contamination and 

the others can act as inhibition factors Differences between action of 

brew, macerate, decoction and oils probably resulting from possible loss-

es caused by evaporation of the solvent during preparation and the differ-

ence in the solubility of the extracted compounds [54]. 



 
 
Table 5. The reaction of fungi depending on the method of a plant extract preparation (mean value of diameter 

inhibition zone growth in mm) 

Tabela 5. Reakcja grzybów w zale no ci od metody przygotowania wyci gów ro linnych ( rednia warto  rednicy 

strefy zahamowania wzrost w mm) 

Fungi Macerate Brew Decoction Oil Mean value 

Alternaria alternata 9.56 11.78 6.56 13.22 10.28 

Aspergillus glaucus 6.00 6.00 6.33 10.67 7.25 

Aspergillus niger 6.00 6.00 6.00 10.00 7.00 

Botritis cinerea 8.89 7.00 6.00 11.68 8.39 

Cladosporium herbarum 9.67 10.44 7.33 7.44 8.72 

Fusarium culmorum 6.00 6.00 6.00 19.11 9.28 

Fusarium oxysporum 8.22 6.00 8.33 17.22 9.94 

Fusarium poae 7.44 7.67 8.56 18.00 10.42 

Fusarium sambucinum 6.00 6.33 6.00 9.67 7.00 

Fusarium solani 7.00 7.11 6.00 10.00 7.53 

Penicillium chrysogenum 8.78 6.00 6.00 14.44 8.81 

Sclerotinia sclerotiorum 14.22 18.11 13.33 24.56 17.56 

LSDfungi = 0.2372 LSDpreparation = 0.1369 LSDfungi x LSDpreparation = 

0.8215 

LSDplant x LSDpreparation = 

0.2372 

The data show the diameter of inhibition zone growth in mm. The diameter of paper disc was 6 mm. LSD – the least 

significant difference. When significant (P < 0.05), the value of LSD is indicated. 

 



 
 
Table 6. Variation and correlation coefficients for the reaction of tested fungi on plant extracts and methods of their 

preparation 

Tabela 6. Wspó czynniki zmienno ci i korelacji dla reakcji badanych grzybów na wyci gi ro linne i sposoby ich 

przygotowania 

Fungi  Range V % 
Correlation coefficient (r) 

Aa Ag An Bc Ch Fc Fo Fp Fsa Fso Pch Ss 

Aa 10.28 6-27.67 59.41 - - - - - - - - - - - - 

Ag 7.25 6-18.33 48.69 -0.12 - - - - - - - - - - - 

An 7.00 6-15.33 39.05 0.04 0.99** - - - - - - - - - - 

Bc 8.39 6-20.00 53.39 0.02 0.82** 0.82** - - - - - - - - - 

Ch 8.72 6-18.00 50.41 0.31 -0.20 -0.16 0.31 - - - - - - - - 

Fc 9.28 6-24.00 66.88 0.53 0.50 0.61* 0.39 -0.10 - - - - - - - 

Fo 9.95 6-21.67 55.27 0.28 0.16 0.25 0.24 -0.01 0.76** - - - - - - 

Fp 10.42 6-22.33 54.79 -0.22 0.64* 0.64* 0.42 -0.30 0.62* 0.57 - - - - - 

Fsa 7.00 6-14.67 35.93 0.03 0.98** 0.99** 0.80** -0.19 0.59* 0.22 0.635* - - - - 

Fso 7.53 6-16.33 38.47 -0.07 0.95** 0.95** 0.77** -0.19 0.44 0.06 0.605* 0.96* - - - 

Pch 8.81 6-26.67 70.50 0.84** 0.21 0.35 0.39 0.30 0.74** 0.53 0.026 0.32 0.16 - - 

Ss 17.56 6-28.00 57.03 0.26 0.14 0.20 0.03 0.01 0.41 0.20 0.528 0.24 0.28 0.18 - 

 – mean value of the diameter of inhibition zone growth in mm; V – coefficient of variation;  

**, * – significant compatibility of fungi response on tested plant extracts.  

Aa – Alternaria alternata, Ag – Aspergillus glaucus, An – Aspergillus niger, Bc – Botritis cinerea,  

Ch – Cladosporium herbarum, Fc – Fusarium culmorum, Fo – Fusarium oxysporum,  

Fp – Fusarium poae, Fsa – Fusarium sambucinum, Fso – Fusarium solani, Pch – Penicillium chrysogenum,  

Ss – Sclerotinia sclerotiorum 
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Synthesis of the obtained results (Table 6) showed that the activi-

ty of the extracts depended on the species of plants, a method of prepar-

ing plant extracts and the sensitivity of fungi selected for the test. It also 

showed significantly different response of tested pathogens to the applied 

extracts of various plant species. 

Some plant extract have demonstrated a broad range of natural 

fungicidal effects against post-harvest pathogens. The antifungal activi-

ties of essential oils could be applied in the vapor phase for food storage. 

However, more study is required for vapor-phase application because 

possible deterioration of the food material could still occur [57]. 

4. Summary  

The obtained results showed that the activity of extracts depend 

on the plant species, method of preparation and the sensitivity of bacteria 

and fungi selected for testing. 

The results of carried investigations showed that the antimicrobial 

activity of the plant extracts was more effective against bacteria than 

fungi, similar to the results of Avato et al. (1997) and Zavala et al. (1997) 

and Erturk (2006) [2, 22, 70]. 

The macerate, brew, decoction and essential oils were inhibitory 

to the growth of all the bacteria and fungi under test. It can be concluded 

that tested extracts were the source of active substances, which (in vary-

ing degree) inhibited the growth of selected strains of bacteria and fungi. 

Additionally in this study the strongest antibacterial and antifungal activi-

ty was manifested by the essential oils. The greatest impact on the anti-

microbial activity of extracts could have used raw material, the effective-

ness of process of plant extracts preparation, as well as the content the 

active ingredients characterized by antimicrobial activity against bacteria 

and fungi. 

All the tested essential oils showed the antibacterial and antifun-

gal activity. The highest antibacterial activity was observed with the es-

sential oils of Lavendula vera, with larger values of inhibition zone. Es-

sentials oil obtained from Melissa officinalis exhibited comparatively 

weaker antibacterial activity. It is generally accepted that essential oils 

having higher contents of oxygenated terpenes exhibit potent antibacteri-

al potential [32]. There is evidence in the literature that the essential oils 
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of some Lamiaceae plants possess considerable antibacterial activities [7, 

12, 17, 26, 34, 42, 46, 47, 53, 66]. However, carried studies have shown 

that oil of Lavandula vera, which most strongly inhibited the growth of 

bacteria, exhibited the lowest antifungal activity. Among all tested essen-

tials, oil obtained from Pinus sylvestris showed the highest antifungal 

activity. 

The most sensitive bacteria against tested plant extracts were Lis-

teria monocytogenes and Micrococcus luteus (Gram-positive bacteria were 

more susceptible than Gram-negative bacteria). The tested plant extracts 

also showed antifungal activity against a wide range of fungi. It strongly 

inhibited the growth of Sclerotinia sclerotiorum and Fusarium poae. 

In recent years, although technology and medicine have devel-

oped extensively, some countries have made it obligatory to use natural 

products for many different purposes due to decrease in natural richness 

and drawbacks. Like in many other countries, the plants known by people 

with health benefits are picked up and used for the treatment of various 

diseases. 

In summary, it can be concluded that the essential oils of different va-

rieties of plants have different spectrum of promising biological proper-

ties, which include antibacterial and antifungal properties. The current 

expansion of research on antimicrobial agents raises hopes that the well-

known essential oils, as well as those from new plant varieties may be-

come important class of therapeutically substances. 

Due to the apparent increasing resistance of many species of bacteria 

to antibiotics, the results of the study indicate that it is possible to use 

plant extracts including essential oils, both in the protection of crop and 

preservation of food products obtained therefrom. 
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Przeciwbakteryjna i przeciwgrzybowa aktywno  
wyci gów ro linnych 

Streszczenie 
W do wiadczeniach laboratoryjnych oceniono aktywno  przeciwdrob-

noustrojow  wodnych wyci gów ro linnych (wywar, napar, macerat) oraz olej-

ków eterycznych na zahamowanie wzrostu chorobotwórczych kolonii bakterii 

i grzybów. Do przygotowania ekstraktów i olejków wykorzystano ró ne cz ci 

nast puj cych ro lin: lawenda w skolistna (Lavandula vera L.), melisa lekarska 

(Melissa officinalis L.), sosna zwyczajna (Pinus sylvestris L.). Przeciwdrobnou-

strojowe w a ciwo ci wyci gów i olejków eterycznych testowano na bakte-

riach: Bacillus subtilis, Escherichia coli, Listeria monocytogenes, Micrococcus 

luteus, Staphylococcus aureus i grzybach: Alternaria alternata, Aspergillus 
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glaucus, Aspergillus niger, Botritis cinerea, Cladosporium herbarum, Fusarium 

culmorum, Fusarium oxysporum, Fusarium poae, Fusarium sambucinum, Fu-

sarium solani, Penicillium chrysogenum, Sclerotinia sclerotiorum. 

Analiza uzyskanych wyników wykaza a, e aktywno  wyci gów zale-

a a od gatunku ro liny, sposobu przygotowania wyci gów oraz wra liwo ci 

mikroorganizmów wybranych do bada . Wykazano istotnie ró n  reakcj  te-

stowanych patogenów na wyci gi z poszczególnych gatunków ro lin.  

Zarówno ekstrakty jak i olejki eteryczne by y ród em substancji aktyw-

nych, które w ró nym stopniu hamowa y wzrost i rozwój wybranych szczepów 

bakterii oraz grzybów. Na aktywno  przeciwdrobnoustrojow  ekstraktów i olej-

ków mog y wp ywa : u yty surowiec, efektywno  procesów otrzymania wyci -

gów, a tak e zawarto  sk adników aktywnych o dzia aniu antybakteryjnym 

i przeciwgrzybowym. Dzia anie hamuj ce wzrost drobnoustrojów przez ekstrakty 

ro linne zale a o od sposobu przygotowania wyci gów, który prawdopodobnie 

wp yn  na kszta towanie si  ró nych profili zwi zków chemicznych. 

Olejki eteryczne charakteryzowa a najwi ksza aktywno  przeciwdrob-

noustrojowa wobec wi kszo ci badanych mikroorganizmów, ani eli wodnych 

wyci gów ro linnych. Najwy sz  aktywno ci  przeciwbakteryjn , a najni sz  

przeciwgrzybow  wyró nia  si  olejek pozyskany z lawendy w skolistnej. Na-

tomiast najlepszymi w a ciwo ciami przeciwgrzybowymi charakteryzowa  si  

olejek uzyskany z sosny zwyczajnej.  

Spo ród badanych mikroorganizmów najwy sz  wra liwo  na zasto-

sowane ekstrakty ro linne wykaza y szczepy z rodzajów: Listeria monocytoge-

nes, Micrococcus luteus oraz Sclerotinia sclerotiorum, Fusarium poae.  

 

S owa kluczowe: 
aktywno  przeciwdrobnoustrojowa, wyci gi ro linne, olejki eteryczne,  

metoda dyfuzyjna 

Keywords: 
antimicrobial activity, plant extracts, essential oils, disc diffusion method 
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1. Introduction 

The European water policy was based on the principles of Inte-

grated Water Resources Management (IWRM), assuming e.g. that a hy-

drographic catchment constituted of the primary area for all planning and 

decision-making activities. In turn, the system of spatial planning in Eu-

rope was based on administrative boundaries, hindering a holistic ap-

proach to water resources management within the limits of catchments. 

Carter [1] indicated that frequently there is a lack of cooperation in terms 

of water resources management between communes or regions within 

one catchment. 

To change the water management towards a more integrated man-

agement system a comprehensive revision of water policy at all planning 

level is required. This is currently on-going in many countries, e.g. Po-

land, where among others the rules of Water Framework Directive 

(WFD) [4] and Floods Directive [5] were introduced into Polish law and 

implemented [12, 14, 17]. Conventional water management policy needs 

to be modified including through introducing integrated approaches, de-

veloping the laws, regulations and institutions, and also interventions 

across sectors and scales to manage water resources in a more economi-

cally productive, socially acceptable and environmentally sustainable 

fashion [8]. Hoff [9] as crucial measures mentioned: inclusion of the full 

water resource management (containing also green water) instead of only 
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blue water management, climate change mitigation measures in each 

region must take into account water resources availability, more sustain-

able trade strategy must be developed and implemented to reduce its neg-

ative impacts on water systems. 

Integrated Urban Water Management (IUWM), nested within the 

broader framework of Integrated Water Resouces Management (IWRM) 

is one of the potential solutions, but it can be achieved only with political 

will, governance and a good coherent water policy [2, 3]. 

This study focused on the water resources management problems 

of one CEE city region – Pozna  Metropolitan Area (PMA) (Poland). 

The objective of the study was to analyse the strategic and planning doc-

uments to verify their completeness in terms of the main problems of 

integrated urban water management in PMA. 

2. Methods 

Analyses were conducted on planning and strategic documents in 

spatial planning and water resources management at three planning lev-

els: local, regional and national, based on the Pozna  Metropolitan Area 

(PMA) (Poland). The study focused on local spatial development plans, 

which were local legal acts and determined land functions and land man-

agement. Based on the provisions of the acts the range of the biologically 

active area index was specified as indicated in individual documents. 

PMA is located in Odra river basin, in the water region of the 

Warta administered by the Regional Water Management Board (RZGW) 

in Pozna  (Fig. 1 and 2). (Only a small part of the Ko cian commune is 

located in the water region in the Central Odra administered by RZGW in 

Wroc aw). Delimitation of the PMA was performed by regional planning 

office Wielkopolskie Biuro Planowania Przestrzennego (WBPP). The 

final boundaries of the PMA take into account among others the water 

economic area of the Pozna  Warta Catchment. The delimited PMA 

comprises 45 communes together with Pozna . It includes 10 cities – 

centers of district and 15 other small towns . The PMA area (6.2 thou-

sand km
2
) accounts for approx. 21% area of the Wielkopolska province, 

while the PMA population (1.3 million) – 39% province population. 
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Fig. 1. Pozna  Metropolitan Area on the background of polish administrative 

division (województwa – provinces) and water regions (RZGW – Regional 

Water Management Boards) 

Rys. 1. Po o enie Pozna skiego Obszaru Metropolitalnego na tle podzia u 

administracyjnego na województwa i regionalne zarz dy gospodarki wodnej 

(RZGW) 

 

It needs to be stressed that currently the PMA is only the func-

tional area of Pozna  (area of a special spatial management policy) and 

not a metropolitan area. Thus, the boundaries of the metropolitan area 

should be first specified in the concept of national spatial management. 
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Fig. 2. Pozna  Metropolitan Area and Skórzynka catchment on the background 

of Warta cachment (Regional Water Management Board – RZGW Pozna ) 
Rys. 2. Po o enie Pozna skiego Obszaru Metropolitalnego i zlewni Skórzynki 

na tle zlewni bilansowych w zlewni Warty (RZGW Pozna ) 

 

The main issue was detailed analysis based on the Skorzynka riv-

er catchment covering about 10 km
2
. The Skórzynka catchment is located 

within the rural communes of Tarnowo Podgórne, Dopiewo, and the city 

of Pozna , covering 21% area of its recipient – the Junikowski Stream. 

The Junikowski Stream as an uniform water body is a part of the consoli-

dated surface water body No. W1007 – the Warta river from the Kopla to 

the Ró any Potok. The Junikowski Stream was defined as a strongly al-
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tered water body and it was threatened with failure to reach environmen-

tal objectives. Due to the strong morphological changes temporal deroga-

tions were forecasted due to a lack of technical facilities and dispropor-

tional costs connected with watercourse renaturation (a strongly urban-

ized area). In the past the Skórzynka channel in the non-urbanized area 

was artificially deepened and it constituted a part of the land improve-

ment system. At present the watercourse constitutes a recipient of rain-

water from the catchment area. 

The climate in PMA is characterized by variability of rainfall in 

time and space. Based on the climatic data provided by the climatic sta-

tion of Pozna  awica from 2000 to 2010, annual precipitation varied 

from 345 (2003) to 586 (2010) mm with an average value of 520 mm per 

year, which corresponds to the most arid regions of Europe. PMA is 

a region with the highest needs of developing water retention and the 

greatest need for irrigation. On the other hand, floodings are common 

natural disaster. The analysed area is found in the zone of lowest runoff 

in Poland. Mean unit surface flow for the Warta in Pozna  is 

4.1 dm
3
/s·km

2
, with extreme values of 0.5–33.1 dm

3
/s·km

2
. Low runoff 

values result both from low precipitation levels and low water retaining 

capacity of this area. It is also characterized by high values of flow irreg-

ularity rates, measured by the ratio of maximum to minimum flows. On 

average water stages and flows higher than the annual means are ob-

served from December to May. The local water resources of the Regional 

Water Management Board in Poznan per capita amount to 0.86 thousand 

m
3
 (Poland – 1.59) [7, 10, 16]. 

3. Results and discussion 

3.1. The issue of natural and administrative boundaries 

The primary problem in water resources management is connected 

with the natural catchment system, which is not the administrative divi-

sion. For the needs of management of integrated water resources of surface 

and underground waters in the catchment system in the Warta region 18 

balance catchments of. PMA were incorporated in catchments no.: 

• X – Pozna ska Zlewnia Warty (Pozna  Warta Catchment) (the Po-

zna  Region); 

• XI – We na (the W growiec and Gniezno Region); 
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• XII – Warta from Obrzycko to Note  (the Szamotu y Region); 

• XIII – Obra (the Grodzisk Wielkopolski, Nowy Tomy l and Ko cian 

Region); 

• IX – Warta from Prosna to Kana  Mosi ski (the roda Wielkopolska 

and rem Region); 

• VII – Warta from Ner to Prosna (the Wrze nia Region) (Fig. 2). 

 

PMA is located within 31 consolidated
1
 bodies of surface water, 

which are divided into 139 uniform bodies of surface water, defined in 

WFD (art. 2 item. 10) while only 7 consolidated bodies of surface water 

are found whole within the limits of PMA. The preliminary evaluation of 

anthropogenic impact for uniform water bodies, comprising pressures 

connected with water intakes, morphological as well as point and area, 

showed that catchments within PMA are threatened with failure to reach 

environmental objectives (mentioned in art. 4 of WFD), which resulted 

mostly from the threat to morphological and quality status, and partly the 

hydrological status. In the National water and environmental program 

[15] a vast majority – 121 (87%) – was considered as threatened uniform 

bodies of surface water. 

3.2. Cost of planned measures action to achieve environmental  
objectives of WFD 

In the National Water and Environmental Program [15] for each 

consolidated body of surface water there were planned measures to 

achieve environmental objective of WFD divided into 3 groups: part A 

(listed in Annex VI of WFD), part B (listed in Annex VI of WFD) and 

other supplementary activities. For each measure in the program the 

planned costs were also shown. 

As funds that is required to enhance the IWRM in the PMA (in 

the analyzed consolidated surface water bodies) approx. 200 million Euro 

were forecasted to cover actions of group A, while approx. 6 million Eu-

ro – for actions of group B. Moreover, approx. 40 million Euro were ex-

pected to cover costs of supplementary actions. Jointly forecasted costs 

of actions were almost 250 million Euro, accounting for 20 thousand 

                                                 
1 In Poland small bodies of surface water (called uniform) were combined to consolidat-

ed bodies of surface water to prepare specific action (measures) program for all of them. 
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Euro per 1 km
2
. High costs from group A were connected first of all to 

the investments indicated in the National Program of Municipal Sewage 

Treatment [11]. Similarly, a considerable part in outlays for primary ac-

tions of group B were connected to activities resulting from the need of 

regulating the sewage management system, e.g. the construction of the 

treatment sewerage system in the non-agglomeration area. In case of aux-

iliary actions the greatest costs were connected to the implementation of 

the afforestation program. 

The primary source of funding for actions aiming at improvement 

of water stages in the years 2007–2013 included: 

• Operation Program Infrastructure and Environment 2007–2013; 

• Development Program for Rural Areas 2007–2013; 

• Operation Program Sustainable Development for Fishery Sector and 

Coastal Fishing Areas 2007–2013; 

• Provincial Fund for Environmental Protection and Water Management 

in Pozna ; 

• Wielkopolska Regional Operation Program 2007–2013; 

• European Territorial Community (programs of transboundary, trans-

national and inter-regional cooperation) 2007–2013; 

• European Fishery Fund. 

 

In successive years a major source of funding will be provided for 

Poland in the new EU budget for the years 2014–2020. 

3.3. Significant water management problems 

The review of significant water management problems for the 

Warta region for balance catchments within PMA indicated: 

• excessive disposal of surface water resources (VII, IX, X, XIII); 

• shortages of available resources of underground and surface waters 

(VII, IX, X, XIII); 

• disadvantageous changes in the regime of surface waters (VII, X, XI, 

XII, XIII); 

• discharge of untreated and insufficiently treated municipal and indus-

trial sewage and cooling waste water (VII, X, XII, XIII); 

• insufficient sanitation of rural and recreation areas (VII, X, XIII); 

• pollutants from agricultural sources (VII, X, XIII); 
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• disturbed migration of salmon species (XI); 

• littering in river and stream channels (VII, IX, X, XI, XII, XIII); 

• discharge of pollutants from fish ponds, littering of rivers and streams 

(X, XI, XII, XIII); 

• threat to quality of underground waters not isolated by impermeable 

deposits (XII); 

• changes in natural hydromorphological conditions of surface waters 

by hydraulic engineering structures and regulation of rivers and 

streams (VII, X, XI, XII, XIII); 

• loss of natural retention of catchments caused e.g. by compact building 

development of town areas, changes in land use in river valleys, e.g. 

from agricultural and forest to built-up areas (VII, IX, X, XI, XIII); 

• mining land use (VII); 

• hazard to water-dependent ecosystems (VII, X, XIII); 

• flood control (VII, IX, X, XII, XIII); 

• drought prevention (VII, IX, X, XI). 

 

Moreover, PMA included particularly threatened areas, specified 

by the Pozna  RZGW Director, as identified by the Directive 

91/676/EEC of 12 December 1991 on water protection against pollution 

caused by agricultural nitrates [6] (the nitrate directive) (4 catchments in 

14 communes). 

The above mentioned 121 threatened uniform water bodies were 

subjected to derogation, i.e. in their area it is expected that deviations will 

be needed from the basic requirements of environmental objectives as a 

result of: 

• extension of deadlines to reach good water status to 2021 or 2027 (art. 

4 item. 4 Directive 2000/60/EC of the European Parliament and the 

Council of 23 October 2000 establishing a framework for Community 

action in the field of water policy – WFD) – in the case of a lack of 

technical facilities to implement actions, disproportional action im-

plementation costs or natural conditions preventing improvement of 

status in some waters; 

• specification of less strict objectives (art. 4 item 5 WFD) – in the case 

of a lack of technical facilities to implement actions, disproportional 

action implementation costs; 
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• failure to reach objectives due to the realization of new investments 
(art. 4 item 7 WFD) – in the case of new changes in physical charac-
teristics of uniform water bodies or new forms of sustainable econom-
ic activity. 

3.4. Analysis of planning and strategic documents 

In Polish spatial management the most important wee two rules: 
1. Spatial order, i.e. such space management, which forms a harmoni-

ous whole and within ordered relations takes into consideration all 
functional, socio-economic, environmental, cultural as well as compo-
sition and aesthetic conditions and requirements (art. 2.1. Act of 27 
March 2003 on spatial planning and land development (SPaLD Act) 
[20]. 

2. Sustainable development, i.e. such socio-economic development, in 
which a process of integration occurs between political, economic and 
social actions, with the maintenance of natural equilibrium and sus-
tainability of basic natural processes, in order to guarantee the poten-
tial to meet the basic needs of individual communities or citizens of 
both the present and future generations (art. 3 point 50 of the Act of 27 
April 2001 on the Environmental Protection Law (EPL Act) [19]. 

 
Unfortunately, Polish legal act did not contain a definition of 

IWRM or IUWM, contrary to the sustainable development principle, 
which was written even into the Constitution. 

Spatial planning comprises three levels: local (communes), re-
gional (provinces) and national. In contrast, planning water management 
in practice is executed at only two levels (Table 1.). The basic problem in 
the coordination of these two scales of action is connected with the 
boundaries of areas covered by planning. Poland is divided into 16 prov-
inces [Polish “województwo”] (i.e. administrative regions) and 7 water 
regions (Regional Water Management Boards) (Fig. 1). The foundation 
for spatial development is the administrative division, while water man-
agement is based on the division into areas of river basins, water regions 
and catchments. 

In planning water resources all activities are limited to the re-
quirements of WFD. On the other hand strategic documents are associat-
ed with European Union Strategy Europe 2020 and financial perspectives 
for 2014–2020. The last years in Poland new management system was 
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introduced. This implicates changes in strategic and planning document 
at regional level. One of crucial goals in new strategies is to provide spa-
tial order (Strategic area: Effective and efficient state). One of the major 
challenges in this broad task is to ensure proper water management as 
part of biodiversity, but also as the basis for regional and economic de-
velopment. Accordingly strategic documents sustainable water manage-
ment are also important for flood protection and have close links with the 
spatial policy and spatial order. In documents, there are also problems of 
water scarcity mentioned, water degradation, and availability of drinking 
water. It also highlights the need to introduce in water management plan-
ning documents: water retention programs, stormwater management in 
urban areas, the principle of recovery of the costs of water services in 
accordance with the polluter-pays principle and incentives for users to 
make use of water resources more efficient. Implementation of a new 
water pricing policies to support financing of water and taking into the 
account all the main sectors (municipal, industry, agriculture) is planned 
for 2012–2015. It is also assumed to reduce water consumption in the 
economy, rational management of agricultural production and fishing. It 
is important to continue to invest in water conservation, water and sew-
age. Actions will be taken to manage urban environment and adopt to 
climate change. All activities aimed at minimizing the risk of flooding 
will be included in the flood risk management plans. The plans place 
particular emphasis on prevention, protection and proper state security, 
including flood forecasts and early warning systems, and take into ac-
count the characteristics of the river basin or sub-basin. They may in-
clude measures for sustainable spatial development, for effective water 
retention and controlled flooding of certain areas (e.g. polders, dry reser-
voirs) in case of a flood. Infrastructure, warning and monitoring activities 
(development of small and large retention, proper maintenance of rivers, 
restoration of river channels and wetlands, effective flood warning sys-
tem) are also planned.  

The introduction of modern planning system based on GIS should 
resolve the issue of permits for construction in floodplains. Speed up deci-
sion-making process and reduce the administrative barriers in the field of 
risk management requires, inter alia, effective water management in river 
basin system. All planned actions should be integrated with spatial devel-
opment plans. Inclusion of planning documents at the all planning levels of 
areas at risk of flooding, according to flood hazard maps is organized for 
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2012–2020. In addition, it is assumed to introduce building standards for 
reducing losses associated with natural disasters (2012–2015). 

 
Table. 2. A comparison of levels of planning in spatial planning and water 

resources management 
Tabela. 2. Porównanie poziomów planowania w planowaniu przestrzennym  

i w planowaniu w gospodarowaniu wodami 

 
Spatial planning 

Planning in water resources 

management 
Strategic documents 

Name of document (individual responsible for development of a project) 

le
v

el
 o

f 
p

la
n

n
in

g
 

n
at

io
n
al

 

Concept for national spatial 

development (2030) 

(Minister of Regional Devel-

opment) 

National water and environ-

mental program, including 

the division into areas of 

river basins (President of the 

National Water Management 

Authority) 

Long-term national devel-

opment strategy (2030) 

(Minister of Administra-

tion and Digitization) 

Programs comprising national 

government tasks for the 

realization of public invest-

ments on the national scale 

(ministers and competent 

central government adminis-

trative bodies) 

Water resources management 

plan in the area of a river 

basin (President of the Na-

tional Water Management 

Authority) 

Mid-term national devel-

opment strategy (2020) 

(Minister of Regional 

Development) 

Flood risk management plan 

(President of the National 

Water Management  

Authority) 
9 Integrated development 

strategies, e.g. and Energy 

security and Environment 

(competent ministers, e.g. 

Minister of Economy) 

Drought prevention plan in 

the area of a river basin 

(President of the National 

Water Management  

Authority) 

re
g
io

n
al

 

Provincial spatial development

plans and Spatial development 

plans of the metropolitan area 

comprising its part (2020) 

(Speaker of the Provincial 

Parliament) 

Drought prevention plan in 

water regions (Directors of 

Regional Water Management 

Boards) 
Development strategy of 

the voivodship (2020) 

(Speaker of the Provincial 

Parliament) 
Water use conditions for 

waters of a water region 

(Directors of Regional Water 

Management Board) 

lo
ca

l 

Study on the conditions and 

directions of spatial develop-

ment (borough leader, mayor 

or president of a city) 

Water use conditions for 

waters of a catchment (Direc-

tors of Regional Water Man-

agement Board) 

Development strategy of 

the commune  

(borough leader, mayor or 

president of a city) 
Local spatial development 

plan (borough leader, mayor 

or president of a city) 
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Currently, the new rules of strategic management taking into ac-

count basic elements of IWRM must be implemented in planning docu-

ments at local and regional level. A change of legislation is also required. 

3.5. Role of local spatial development plans in IUWM 

Land function, allocation of public investments as well as types of 

management and conditions of land building development are specified 

in the local spatial development plan (local plan) (art. 4. of SPaLD Act), 

which is an act of local law. Moreover, local plans obligatorily specify 

e.g. principles of environmental protection, nature conservation and pro-

tection of cultural landscape, boundaries and types of land development 

or protected objects, specified on the basis of separate regulations, in-

cluding e.g. those at risk of floods. The draft of the local plan has to be 

agreed on with the provincial governor, the provincial management board 

and the board of the county in the field of respective central government 

and local government tasks and with other competent organs, among 

which the legislator did not directly mention the director of the Regional 

Water Management Board (art. 17. of SPaLD Act). 

This study analyzed 38 binding local plans, passed in the years 

1995–2012, with the total area of 165 ha. They covered varied areas 

ranging from 0.03 ha to 31.7 ha. The smallest plans with an area of up to 

1 ha predominated strongly (16 local plans), in extreme cases developed 

for one plot. Mean area of the analyzed plans was 4.3 ha. These numbers 

show that only in several percent of cases we may talk of the establish-

ment of spatial order for a certain greater functionally coherent area. 

Plans being a result of adaptation to wishes of individual investor pre-

dominate. 

In the analyzed local plans, the basic land use is single-family 

housing development, although in numerous cases also economic activi-

ty, first of all harmless services, is also admissible as a supplementary 

function. A detailed qualitative analysis of binding local plans was con-

ducted just for local plans concerning single-family housing development 

(a total of 25 plans). Analyzed plans concerned first of all previously 

agriculturally utilized areas. 

Among the investigated plans only 40% considered the index of 

minimum share of biologically active area. For housing development 

with admissible economic activity this index was as low as 20%. In the 
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case of one local plan from 2001 for housing development this index was 

only 25%. Most frequently for housing and service development this in-

dex ranges from 30 to 60%, which indicates very high variation and 

a lack of generally accepted guidelines.  

Based on the Skórzynka catchment, it may be stated that frequent-

ly there is no correlation of investment activity connected with housing 

development with the regulation of water and sewage management. As 

a consequence of insufficient technical infrastructure it reaches a thresh-

old value, which limits further development and causes financial losses 

of inhabitants as a result of flooding. According to the threshold theory 

proposed by Malisz [13], exceeding these thresholds is connected with 

considerable financial outlays. They may be avoided in the case of con-

sistent water resources management within a catchment, conducted 

across administrative divisions.  

4. Conclusion 

The result described in the paper demonstrate that the polish 

planning and strategic documents at national level take account of the 

main pillars of Integrated Water Resources Management. Although 

IWRM is not explicitly defined in these documents. Problems can arise 

in the implementation phase, e.g. by implementation of a new water pric-

ing policies. More and more noticeable is the lack of law on metropolitan 

areas (division of responsibilities and tasks). New rules of strategic man-

agement must be implemented now in planning documents at local and 

regional level. Especially at the local level, it may prove a barrier to the 

high costs of planned activities, and a low level of understanding of the 

integrated approach. It is particularly important to take account of flood 

risk map. 

Realization of water management within the boundaries of the 

catchment is possible only across administrative divisions. The required 

dialogue of communes located upstream and downstream of the water-

course is hindered by the differing interests of the central city (the core of 

the metropolitan area) and suburban communes (particularly rural and 

town and rural). 

This study is supported by Polish National Science Centre 

(2011/01/B/HS4/03298) core funds. 
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Problemy zintegrowanego zarz dzania zasobami wodnymi 
na terenach zurbanizowanych na przyk adzie 

Pozna skiego Obszaru Metropolitalnego 

Streszczenie 

Zintegrowane zarz dzanie zasobami wodnymi na terenach zurbanizo-
wanych (ang. IUWM – Integrated Urban Water Management) jest cz ci  euro-
pejskiej polityki wodnej opieraj cej si  na zasadach zintegrowanego zarz dza-
nia zasobami wodnymi (ang. IWRM – Integrated Water Resources Manage-
ment), która zak ada m. in., e zlewnia hydrograficzna stanowi podstawowy 
obszar wszelkich dzia a  planistycznych i decyzyjnych. Z kolei system plano-
wania przestrzennego w Europie opiera si  na granicach administracyjnych, co 
utrudnia holistyczne podej cie do zarz dzania zasobami wodnymi w granicach 
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zlewni. Zatem w celu realizacji IUWM niezb dna jest dobra wola polityczna, 
w a ciwe zarz dzanie i spójna polityka wodna. 

Niniejsza praca koncentruje si  na problemach zarz dzania zasobami 
wodnymi w Pozna skim Obszarze Metropolitalnym (POM), a jej g ównym celem 
jest analiza dokumentów planistycznych i strategicznych pod k tem ich podej cia 
do problemów IUWM oraz wskazanie potencjalnych rozwi za . Wed ug delimi-
tacji zaproponowanej przez Wielkopolskie Biuro Planowania Przestrzennego 
POM obejmuje 45 gmin wraz z Poznaniem. W jego sk ad wchodzi 15 miast po-
wiatowych i 15 pozosta ych miast. Powierzchnia POM stanowi ok. 21% po-
wierzchni województwa wielkopolskiego. Szczegó owe analizy dotyczy y zlewni 
Skórzynki zlokalizowanej na terenie miasta Poznania oraz gmin wiejskich Tar-
nowo Podgórne i Dopiewo. Zlewnia Skórzynki zajmuje 21% powierzchni swoje-
go recypienta – Potoku Junikowskiego. Potok Junikowski zosta  okre lony jako 
silnie zmieniona cz  wód i jest zagro ony nieosi gni ciem celów rodowisko-
wych. Ze wzgl du na silne zmiany morfologiczne przewiduje si  dla niego dero-
gacje czasowe z powodu braku mo liwo ci technicznych oraz dysproporcjonalne 
koszty zwi zane z renaturyzacj  cieku (obszar silnie zurbanizowany). 

W pracy wykorzystano dokumenty z trzech poziomów planowania (lo-
kalnego, regionalnego i krajowego), koncentruj c si  przede wszystkim na 
miejscowych planach zagospodarowania przestrzennego, które s  aktami prawa 
miejscowego i decyduj  o przeznaczeniu i sposobie zagospodarowania prze-
strzeni. W pracy przeanalizowano cznie 38 obowi zuj cych planów miejsco-
wych uchwalonych w latach 1995–2012 o cznej powierzchni 165 ha. W pla-
nach dominowa o przeznaczenie na budownictwo mieszkaniowe. Cz sto jednak 
dopuszczano jednocze nie jako funkcj  uzupe niaj c  nieuci liwe us ugi. Tyl-
ko 40% z analizowanych planów uwzgl dnia o wska nik powierzchni i biolo-
gicznie czynnej. 

Wykonane analizy potwierdzaj , e dokumenty planistyczne i strate-
giczne na poziomie krajowym uwzgl dniaj  zasady IWRM, pomimo braku 
jednoznacznej definicji tej polityki. Problemy mog  si  jednak pojawi  na eta-
pie implementacji. Jednym z nich jest brak ustawy metropolitalnej, która mo-
g aby z agodzi  konflikty pomi dzy gminami w strefie suburbanizacji a rdze-
niem o rodka metropolitalnego – g ównym o rodkiem miejskim.  

 
S owa kluczowe:  
zintegrowane zarz dzanie zasobami wodnymi na terenach zurbanizowanych, 
Pozna ski Obszar Metropolitalny, planowanie w gospodarowaniu wodami, 
planowanie przestrzenne 

Keywords:  
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Planning in water resources management, spatial planning 



 

MIDDLE POMERANIAN SCIENTIFIC SOCIETY OF THE ENVIRONMENT PROTECTION 

RODKOWO-POMORSKIE TOWARZYSTWO NAUKOWE OCHRONY RODOWISKA 

Annual Set The Environment Protection 
Rocznik Ochrona rodowiska

Volume/Tom 17. Year/Rok 2015 ISSN 1506-218X 246–255 

Alternative Fuel Production Based  
on Sewage Sludge Generated  

in the Municipal Wastewater Treatment 
 

Aneta Czechowska-Kosacka, Wojciech Cel, 

Justyna Kujawska, Katarzyna Wróbel 

Lublin University of Technology 

1. Introduction 

One of the most interesting types of waste which can be used in 
power industry in the most effective and environmentally friendly way is 
the sewage sludge produced in municipal wastewater treatment plants 
[9,10]. It is estimated that sewage sludge constitutes approximately 3% 
of the volume of all treated wastewater. Extension of sewerage networks 
and construction of new wastewater treatment plants resulted in a rapid 
increase in the sewage sludge volume and caused problems with its dis-
posal [3].  

The above-mentioned issues constitute a problem mainly in the 
EU Member States, including Poland, where sewerage networks have 
been considerably extended in the recent years. The EU Directives 
86/278/EEC [2] and 99/31/EC [1] significantly restrict the use of sewage 
sludge in agriculture and impose a ban on its storage. Therefore, seeking 
new solutions for safe sewage sludge disposal becomes a necessity. The 
main problems related to sewage sludge management include: high 
sludge humidity, odour emission, concentration of heavy metals and oth-
er potentially hazardous substances. These factors make the utilization of 
sewage sludge one of the most difficult processes of environment protec-
tion [5]. Even though the use of sewage sludge as an agricultural fertiliz-
er may have a beneficial effect on the environment, it may also negative-
ly influence people and soil productivity [5,7,11,13]. 
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Presently, the most common methods of sewage sludge disposal 

include the use for agricultural purposes and storage [4]. Sewage sludge 

is deposited in landfills designed exclusively for this purpose, in lagoons 

or together with municipal waste.  

Thermal methods of sewage sludge utilization have recently been 

drawing more and more attention [8]. In the field of sludge management 

this tendency, widespread in Europe, is governed by the following hier-

archy of priorities: avoidance, minimization, recycling and application of 

thermal methods with energy recovery.  

Thermal processes enable a significant sewage sludge mass and 

volume reduction. The content of heavy metals in sewage sludge prevents 

its use in agriculture. Additionally, the fact that there are no lands suitable 

for agricultural use situated in the vicinity of municipal wastewater treat-

ment plants encourages the development of thermal methods. The applica-

tion of thermal methods of sewage sludge utilization depends on the sludge 

properties: the heat of combustion (calorific value) and sludge composition 

(including the humidity level). The calorific value of crude sludge equals 

approximately 17 MJ/kg, of activated sludge – about 15 MJ/kg and of sta-

bilized sludge – roughly 11 MJ/kg. Thermal energy contained in sewage 

sludge can be recovered through the combustion process carried out in 

combustion plants designed for the treatment of municipal wastewater [6, 

16] or through the process of co-combustion with other energy carriers 

carried out e.g. in power plants, thermal power stations or municipal waste 

combustion facilities [12, 14, 15, 17]. 

The aim of this study was to determine the possibilities for the 

utilization of sewage sludge produced in mechanical-biological waste-

water treatment plant as an alternative fuel in clinker production. 

2. Methods 

Samples of sewage sludge produced in ”Hajdów“ Wastewater 

Treatment Plant were taken for testing. First, the tests on the hydration 

level of the mechanically dewatered sludge were carried out. Further on, 

the dry mass content was determined and the following values were cal-

culated: 

• energy required to heat a sample of sewage sludge from 20 to100°C, 

• the total energy required to dry 1 kg of sludge, 
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• the calorific values of wet and dry sludge calculated with the use of 

the following formulas. 

 
In the course of the experiment, the analysis of the cement kiln 

waste gases was carried out with the use of the oxides of nitrogen analyz-
er and gas chromatograph, as well as with the application of traditional 
methods (e.g.: SO2 – iodometric method, NO2 – measured spectropho-
tometrically). The analyses of the solid samples, e.g. the chemical compo-
sition of clinker and sludge were carried out by means of ASA and ICP 
methods after prior mineralization of the tested material in a CEM mi-
crowave oven.  

3. Results and discussion 

When it comes to the use of sewage sludge as a fuel in a cement 
burning kiln, the most significant – and in fact the decisive – factor is the 
energy balance of the mechanically dewatered sludge. There are no 
doubts that the attractiveness of sewage sludge as a fuel increases togeth-
er with its calorific value. From the point of view of environment protec-
tion the chemical composition of sludge is of great importance, especially 
when it comes to the components of the kiln waste gases (Table 1.) 

Mineral substances contained in sewage sludge should in the vast 
majority be bound up with clinker, thus undergoing the total and lasting 
immobilisation. The said components are: Ca, Fe, Si, K, P, A and heavy 
metals. During the combustion process sulphur can be released to the gas 
phase and emitted to the atmosphere together with the waste gases. Its 
content in sewage sludge (in dry mass) is rather significant and compara-
ble to that in the low quality hard coal. Therefore, the problem of sulphur 
liberation in the sludge combustion process must be taken very seriously.  

The dry mass content of organic substances varies within the 
range of 52.6–58.4%, ensuring a positive energy balance for the sludge.  
The value of the dried sludge combustion changes within the narrow 
range of 14.4–14.5 MJ/kg (Table 2). Thus, the dried sludge is a fuel 
comparable in thermal terms to wood whose calorific value varies within 
the range of 14–19 MJ/kg. It must be emphasised that the dried sludge 
combustion heat value is extremely stable which is definitely related to 
its virtually stable level of content of organic substances.  
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Table 1. Chemical composition of sewage sludge 

Tabela 1. Sk ad chemiczny osadów ciekowych 

Parameter Unit 
Average  

concentration 

Range 

(based on 10 tests) 

CaO 

Fe2O3 

SiO2 

S 

P2O5 

K2O 

Al2O3 

H2O 

Residue on  

ignition (600°C) 

g/kg d.m 

-   ”   - 

-   ”   - 

-   ”   - 

-   ”   - 

-   ”   - 

-   ”   - 

% 

% 

384 

188 

139 

19.4 

93 

18.3 

22.4 

77.0 

9.7 

299.0–412.0 

142.0–208.0 

102–156.0 

15.2–24.6 

46.0–157.0 

14.6–21.8 

16.8–28.4 

75.0–79.2 

8.63–11.4 

 
Table 2. Energy balance of sewage sludge 

Tabela 2. Bilans energetyczny osadów ciekowych 

Sample 

no. 

Dry mass 

content 
Cs

1) 
QH2O

2)
 WU

S
 
3)

 WU
M

 
4)

 

g/kg MJ/kg kJ/kg kJ/kg kJ/kg 

1 247.80 14.51 2023.86 3595.58 1571.72 

2 250.00 14.50 2018.43 3625.00 1606.57 

3 238.80 14.49 2046.18 3460.21 1414.03 

4 232.00 14.48 2063.02 3359.36 1296.34 

5 228.50 14.44 2017.71 3299.54 1227.83 

6 216.00 14.50 2102.68 3132.00 1029.32 

5 208.10 14.50 2122.24 3017.45 895.21 

8 221.34 14.52 2089.53 3214.77 1125.24 

9 227.63 14.43 2040.88 3285.11 1244.24 

10 237.60 14.39 2055.86 3419.06 1363.20 

11 243.00 14.43 2035.78 3506.49 1470.71 

12 246.00 14.57 2028.34 3584.22 1555.88 
1)

Cs – dried sludge combustion heat value 
2)

QH2O – energy needed for drying up 1 kg of wet sludge  
3)

WU
S
 – calorific value of the substance contained in 1 kg of wet sludge 

4)
WU

M
 – total net calorific value of 1 kg of wet sludge 
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The analysis of the amount of energy required for sewage sludge 

drying, that is the energy to be used for heating water from 20 up to 

100
o
C and for its vaporization, is proportional to the amount of water and 

varies within the range of 2018–2122 kJ/kg of wet sludge.  

The calculated wet sludge value varies within the range of 895–

1607 kJ/kg. Therefore, the dewatered sewage sludge can hardly be treat-

ed as an attractive fuel; however, the combination of its utilization with 

a possible application in the cement kiln burning process should be treat-

ed as economically justified. 

At present, when the number of wastewater treatment plants 

equipped with mechanical sludge dewatering stations is growing, sewage 

sludge is becoming an increasingly valuable alternative fuel.  

4. Utilization of sewage sludge in cement kilns 

Combustion of sewage sludge was carried out in one of the ce-

ment plants in Lubelskie Voivodship region. Sewage sludge was added to 

the clinker slurry in the proportion of 2%. The addition of such small 

amount of sludge resulted in a slight change of its chemical composition 

and, in particular, in a slight increase of the content of volatile substances 

with subsequent dilution of the mineral components of the cement slurry. 

The phenomenon described above is presented in Table 3.  

 
Table 3. Chemical composition of the Portland cement slurry with and without 

the addition of sewage sludge 

Tabela 3. Sk ad chemiczny szlamu portlandzkiego z dodatkiem i bez osadu 

ciekowego 

Parameter 
Without the addition  

of sewage sludge 

With 2% addition  

of sewage sludge 

Loss on ignition 36.4% 37.5% 

SiO2 13.7% 13.4% 

Al2O3 2.5% 2.5% 

Fe2O3 1.2% 1.2% 

CaO 45.2% 44.3% 
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The process of utilisation was carried out over the time of 8 

hours. During the experiment, the analysis of exhaust gases and dust 

emissions was carried out in the rotary kiln no. 3, while the cement sam-

ples used for the cement quality analysis were taken both from kiln no. 3 

and kiln no. 4. 

Measurements of dust emissions and of the composition of waste 

gases were carried out two days before the experiment, on the day of the 

experiment – in the eighth hour of the tests – and on the day following 

the completion of the experiment.  

In fact, no negative processes which would have led to increased 

emissions of gases and dust were observed. However, the tests revealed 

a reduction in the dust and sulphur emissions from kiln no. 3 fed with the 

clinker slurry containing sewage sludge in the proportion of 2%, while 

the level of nitrogen oxides emission remained unchanged. The results of 

the analysis were provided by the cement plant laboratory (Table 4). 

 
Table 4. Results of the measurements of dust emission (measurements taken 

behind the electro-filter) 

Tabela 4. Wyniki pomiarów emisji py owej (miejsce pomiaru za elektrofiltrem) 

 Before the 

experiment

During the 

experiment

After the 

experiment 

Chemical composi-

tion of exhaust  

gases 

CO2 % 12.6 13.5 12.6 

CO % 0.1 0.1 0.1 

O2 % 10.1 10.1 10.1 

N2 % 61.4 60.6 61.4 

H2O % 15.8 15.6 15.8 

Average emission of SO2 kg/h 8.0 10.6 7.9 

SO2 emission coefficient kg/t 0.4 0.6 0.4 

Average emission of NO2 kg/h 19.0 18.6 19.0 

NO2 emission coefficient kg/t 0,9 0.9 1.0 

 
Based on the results obtained it is not possible to state unequivo-

cally whether the observed reduction in dust and SO2 emission results 
directly from the fact that sewage sludge was added to the process. We 
need to consider further experiments enabling thorough understanding of 
the phenomenon to be carried out in future. The emission of organolepti-
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cally detectable odorous substances was undoubtedly the negative effect 
of the combustion of sewage sludge supplied to the kiln together with 
clinker slurry. In order to regulate the emission of such substances to the 
atmosphere, it is necessary to modernise the cycling of the cement kiln 
waste gases. 

The analysis of the chemical and phase composition of the Port-
land cement revealed slight fluctuations (Table 5). Therefore, it needs to 
be emphasised that the utilization of sewage sludge had absolutely no 
influence on the quality of the product obtained. 

 
Table 5. Chemical and phase composition of the Portland cement clinker (in%) 
Tabela 5. Sk ad chemiczny i fazowy klinkieru portlandzkiego w% wag. 

Compound 
Before 

the experiment
During 

the experiment
After  

the experiment 

Loss on ignition 0.3 0.3 0.34 

SiO2 22.1 21.7 22.0 

Al2O3 5.0 5.2 5.2 

Fe2O3 2.1 2.1 2.0 

CaO 65.8 66.4 67.6 

MgO 0.7 0.7 0.8 

SO3 0.4 0.4 0.4 

Free CaO 1.2 1.1 1.1 

C3S 61.0 60.2 60.7 

C2S 19.9 19.6 19.4 

C3A 9.2 9.6 10.0 

C4AF 6.1 6.2 6.2 

5. Conclusions  

The results of the tests performed made it possible to draw the 
following conclusions: 

• Combustion of sewage sludge in rotary cement kilns does not lead to 
increased dust, sulphur dioxide or nitrogen oxides’ emissions to the 
atmosphere. However, odorous substances (detectable) are emitted 
which requires adequate modernization of the cycling of the cement 
kiln waste gases to be carried out. 
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• The dry sludge combustion heat value varies within a narrow range of 
14.43–14.57 MJ/kg, which makes this type of waste a fuel comparable 
in energy terms to wood, the calorific value of which varies between 
14 and 19 MJ/kg. 

• The calorific value of wet sludge varies within the range of 895–

1607 kJ/kg, and therefore the mechanically dewatered sludge can 

hardly be regarded as an attractive fuel.  

• The stability of the sewage sludge combustion heat value is related to 

the stable content of organic substances.  

• Co-combustion of sewage sludge with clinker slurry seems to be 

a justified method of its utilization, especially because it does not in 

any way affect the quality of the product obtained.  
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Wytwarzanie alternatywnego paliwa z wykorzystaniem 
osadów ciekowych z miejskiej oczyszczalni cieków 

Streszczenie 
Problem osadów ciekowych, towarzyszy nieroz cznie procesom 

oczyszczania cieków i nigdy nie by  traktowany równorz dnie z ich oczysz-

czaniem. Jeszcze do niedawna przyjmowane by y proste rozwi zania przeróbki 

osadów polegaj ce na ods czaniu i suszeniu, które mia y wp yw na pó niejsze 

ich wykorzystanie. Ka da z metod zagospodarowania osadów ciekowych ma 

swoje zalety i wady. Najbardziej radykaln  metod  utylizacji osadów cieko-

wych jest ich spalanie. Podstaw  tego procesu jest maksymalne wykorzystanie 

ciep a spalania i zmniejszenie obj to ci osadu. Przy prawid owym doborze 

technologii osad mo e by  spalony bez znacznego dodatku paliwa. W piecach 

cementowych przy wysokiej temperaturze i du ej stabilno ci gwarantowany jest 
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ca kowity rozk ad substancji organicznej i uniemo liwia powstawanie wtórnych 

zanieczyszcze  charakteryzuj cych procesy spalania. W takich warunkach sub-

stancje organiczne przechodz ce przez stref  wysokich temperatur w piecu do 

wypalania klinkieru, ulegaj  pirolizie i spaleniu do prostych zwi zków nieorga-

nicznych. Powstaj ce popio y nie stanowi  wi kszego problemu, gdy  ulegaj  

wbudowaniu w klinkier. 

Spalanie osadów ciekowych w chwili obecnej ma najwi ksz  szans  

rozwoju, tym bardziej, e wraz ze wzrostem zu ycia energii przez przemys , 

rolnictwo i indywidualn  konsumpcj  ludno ci ro nie proporcjonalnie emisja 

gazów spalinowych, cieków i odpadów sta ych. Wymienione powy ej czynni-

ki, jak i szereg innych powoduj , e poszukuje si  alternatywnych róde  ener-

gii, ale równie  d y si  do wykorzystania materia ów odpadowych jako ród o 

dodatkowej energii. Powszechnie obowi zuj ca praktyka sk adowania odpadów 

w litosferze, nie tylko wi e si  z bezpowrotn  utrat  cennych terenów i energii 

zawartej w osadach ciekowych, lecz dodatkowo powstaj ce w wyniku tych 

procesów gazy i cieki mog  zanieczyszcza  rodowisko. 

Przeprowadzone badania mia y na celu rozeznanie mo liwo ci wyko-

rzystania osadów z mechaniczno-biologicznej oczyszczalni cieków jako paliwa 

do wypa u klinkieru. 

W wyniku przeprowadzonych bada  stwierdzono, e ciep o spalania 

wysuszonego osadu ciekowego zmienia si  w w skim zakresie 14,4–

14,5 MJ/kg, a wiec jest paliwem porównywalnym energetycznie z drewnem,. co 

zwi zane jest ze sta ym poziomem zawarto ci substancji organicznych. Warto  

opa owa mokrego osadu zmienia si  w zakresie 895–1607 kJ/kg, zatem trudno 

uzna  mechanicznie odwodnione osady ciekowe za atrakcyjne paliwo. Jednak 

po czenie utylizacji z ewentualnym wykorzystaniem osadu do opalania pieca 

cementowego zyskuje ekonomiczne uzasadnienie. Przeprowadzone badania 

w skali technicznej wykaza y, e dodanie osadów ciekowych do szlamu klin-

kierowego w ilo ci 2% powoduje niewielkie zmiany ich sk adu chemicznego, 

w szczególno ci zwi ksza nieznacznie ilo  substancji lotnych. Zaobserwowane 

wahania sk adu chemicznego i fazowego cementu portlandzkiego s  niewielkie 

i nale y stwierdzi , e utylizacja osadów ciekowych nie wp ywa w aden nega-

tywny sposób na jako  otrzymanego produktu. 
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1. Introduction 

Water conditions for a given area are the outcome of a number of 

various factors, either natural or related to the human impact on the natu-

ral environment [1,5,7,14,17]. Apart from the geological structure, these 

factors also include the surface morphology and the mining. The most 

important consequences of the open pit mining include the occupation 

and the transformation of land for the purpose of mining activities and 

the changes thus caused to the water conditions in the area adjacent to the 

pit in relation with its dewatering [13,15,16]. Open pit mining of calcare-

ous aggregates requires the rock mass to be drained before other activi-

ties can commence. This involves sweeping changes in the water condi-

tions in the area which is either directly used for exploitation, or only 

adjacent to it. These changes are concerned with the quality of both the 

surface and the groundwater, the water usage patterns and the transfor-

mation of the surface hydrographic network [3,9,10,23]. 

Drainage within the mine mainly shows through the formation of 

a depression cone and the change in the direction of the groundwater 

flow. This last phenomenon leads to a decreased flow in the surface wa-

tercourses. It also lowers the groundwater table and the humidity of soils, 

which ultimately translates to reduced yield of crop. Mine dewatering is 
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related to the lowering of the groundwater table below the mining level 

and to the drainage of the precipitation water from the excavation site 

and its forefield [6,19,20,21]. The overall inflow of water to all the mines 

in Poland is estimated at 3 million m
3
/day (24 hours), of which: 43% 

goes to the brown coal mining, 23% goes to the hard coal mining, 16% – 

rock raw material mining (including the Triassic limestone), 15% – zinc 

and lead ore mining and 3% – any others [4,11,24]. 

This paper analyses the impact of the rock (limestone) mining to 

the water conditions in the vicinity of mines. Our discussion is exempli-

fied by the mine in Tarnów Opolski. 

On the one hand the operation of this mine translates to the de-

pression in the surrounding area and the lowering of the groundwater 

table. On the other, however, the dumping of mine water supplements the 

scarce surface water resources in the drainage basin of the river Struga. 

This water shortage is caused by the slotted structure of soil (Triassic 

limestone) and the low level of precipitation in this part of Poland. The 

dumping of water from the mine conditions the ecological continuity of 

the Struga watercourse and enables the ecosystem to develop by ensuring 

a certain supply of water for various purposes, e.g. agriculture or fire-

fighting or other [2]. 

This paper is concerned with: 

• a characterisation of the mine and of the river Struga, 

• the measurements on the river Struga, 

• an analysis of the precipitation and a hydrological calculation of in-

flow of the surface water from the drainage basin and from the pipe-

lines that evacuate water from the mine, 

• the hydraulic calculations of the flow capacity of the river and an ini-

tial numerical simulation of the water levels. 

2. Characterisation of the Mine and of the River Struga 

The limestone plant and the Tarnów Opolski mine are located to 

the south of Tarnów Opolski, between the villages of Kosorowice and 

Kamie  Opolski and the town of Tarnów Opolski (Fig. 1). The surface in 

the area is slightly undulating, with slopes going down to the north and to 

the west. The elevation is in the range of 200 m ASL, with 185 m ASL in 

the mine and 173 m ASL in the region of Tarnów Opolski. 
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Fig. 1. Location of the research site and a schematic diagram of the system 

which evacuates water from the Tarnów Opolski mine to the river Struga:  

1– the mine, 2–the production plant, 3–connection between the old and the new 

pipeline, 4–mouth of the old pipeline to the Struga river, 5–mouth of the new 

pipeline to the Struga river 

Rys. 1. Lokalizacja obiektu badawczego i schemat systemu odprowadzaj cego 

wody kopalniane z kopalni Tarnów Opolski do rzeki Strugi: 1–kopalnia,  

2–zak ad produkcyjny, 3–po czenie starego i nowego ruroci gu, 4–wylot 

starego ruroci gu do rzeki Strugi, 5–wylot nowego ruroci gu do rzeki Strugi 

 

The mine is situated in the basin of the Struga which joins the Od-

ra on its right bank. The mine and the limestone plant are located in the 

communes of Tarnów Opolski (the Opolski district) and Gogolin (the 

Krapkowicki district). Geologically, the area under study consists of the 

Quaternary and Triassic formations made of shell limestone. The thick-

ness of the Quaternary layers varies from several dozen cm to about fif-

teen or so meters. The deposit of the Triassic limestone, which consists 

of the eastern and western field, is located almost entirely on the lands 

belonging to Kamie  l ski. Only about 3 ha belong to the commune of 

Tarnów Opolski. Currently, only the eastern field is used. The raw mate-

rial being mined is used for the production of lime. The mining is done in 

two open pits at two levels: level 1 at 167–170 m ASL and level 2 at 

155 m ASL. The second level is below the groundwater table and has to 

be continuously drained. Water from the mine is removed through pipe-

lines to the Struga, and from there to the Odra (Fig. 1, 2, 3). 

Originally, the existing old pipeline built in the 1970s had a ca-

pacity of about 8,000 m
3
/day. Water from the receiving pit is transported 

through pumps and two steel pipelines of 500 mm in diameter and 650 m 

in length each. Next, both these pipelines join to form a third one, which 
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is also made of steel, has a diameter of 800 mm and is 965 m long. There 

is a concrete collector in its final section having 1,000 mm in diameter 

with a mouth in the river channel of the Struga (Fig. 1). Currently both 

the mine water and the precipitation water flows through this pipeline. 

The second pipeline, which is a new one, receives water from the 

mine and also evacuates it to the Struga. The mouth of this pipeline is 

about 300 m down of the mouth of the old pipeline. It is located on the 

left bank of the Struga (Fig. 1). The new pipeline is to receive all the wa-

ter which is removed from the mine and helps to protect the inhabitants 

of the Kosorowice village from flooding during intensive rainfalls. This 

pipeline passes though the lands of the villages Tarnów and Kosorowice. 

According to the calculations carried out by the authors, the velocity of 

water "v" in the new pipeline depends on the volume of water discharged 

from the mine Qz and varies from v=1.35 m/s for the current discharge 

Qz=74,000 m
3
/day to v=2.55 m/s for the forecast discharge 

Qz=14,000 m
3
/day. 

3. Characterisation of the Areas Adjacent to the Mine and 
to the River Struga 

3.1. Adjacent Areas 

The Opolskie province is situated in the south-western part of the 

country. The area has a character of a compact basin with mountain 

fragments in it and is a lowland region with a poorly varied topographic 

profile. In the lowland band, the terrace-dune valleys, accumulation 

plains and old glacial denudation plains are dominant. The share of the 

cultivated land in the overall province surface is 62.7%, and that of the 

areas protected for their natural values is about 30% of the province. 

Soils 

The main factor which determines the spatial distribution and the 

quality of soils is the geological structure. The quality of soils, i.e. their 

production capacity is relatively high. This is proved by the existence of 

soils classified as very good and good (class I – III). Arable land consti-

tutes 43.2% of the overall surface of the Opolskie province. The share of 

soils of medium quality (class IV) stands at 33.5%. The soils of poor 

quality are 22.4% of the total. 
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Mineral raw materials 
The geological structure and the topographic profile are related to 

the type and availability of raw mineral materials. In the geological struc-
ture post-glacial forms prevail, which are the basis for the concrete-lime 
industry. The largest deposits are near Opole, Krapkowice and Strzelce 
Opolskie. Other raw materials include filling sands (13.9%), moulding 
sands (12.7%), natural aggregates (10.6%), silty raw materials (4.1%) 
and phyllite shales (100% of national resources). Other raw materials are 
of no importance for the industry. 

Climate 
The Opolskie province is one of the warmest regions in Poland. 

Most of the area belongs to the Lower Silesian Southern Climatic Re-
gion. According to the Romer's agricultural and climatic classification, 
the climate in the entire province is that of the submontage lowlands and 
valleys. One of the characteristic features of this climate is the low varia-
tion of temperature. The warmest town is Opole, with the average yearly 
temperature at 8.4

o
C and the coldest is Olesno with 7.7

o
C. The warmest 

month is July (av. temp. 18
o
C) and the coldest ones are January and Feb-

ruary with the temperatures averaging about -1.5
o
C. The vegetation sea-

son starts early and lasts 200–225 days. The long growing season and the 
mild winters create favourable conditions for the agriculture in this area. 

Precipitation 
The multiannual average yearly precipitation for the investigated 

area is around 650 mm. An analysis of precipitation in the flood year 
2010, during which intensive flooding took place in the village of Ko-
sorowice among others, revealed that: 

• over the period of 16–31 May the total precipitation amounted to only 
76.8 mm, 

• over the period of May–June–July the cumulative precipitation was 
414 mm, i.e. two-thirds of the average yearly total, 

• monthly precipitation totals were as follows: January 55.4 mm, Febru-
ary 24 mm, March 63.1 mm, April 51 mm, May 210 mm, June 
70 mm, July 134 mm, August 89.3 mm, September 106.9 mm. 

In the area under study, the amount of water from precipitation 
penetrating through infiltration to the water-bearing layers was 20% 
(115 mm/year) on the average. 
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3.2. The Struga River 

The Struga joins the Odra on its right bank at km 145.35 in the 

region of the villages Przywory and Grotowice (Fig. 2). The total surface 

area of its drainage basin is 41 km
2
. This basin includes several small 

watercourses and drainage ditches. The adjacent land consists of mead-

ows, pastures, forests and arable land. The river starts at the mouth of the 

old pipeline which evacuates water from the mine. Part of the drainage 

basin dried due to the cone of depression formed as a result of aggregate 

mining. In the 1980s, some river regulation works were carried out on the 

Struga. Its channel was considerably widened and deepened. These 

works changed the conditions of water infiltration from the river to the 

ground. Apart from it, the flow capacity of the channel increased consid-

erably. Measurements carried out by the authors in the drainage basin of 

the Struga prove that abundant rainfall has no influence on the increase 

of flow along the watercourse. The run-off of water at the start and at the 

end of the river remains the same and in some periods even decreases. 

This is caused by the specific geological structure of the river basin. 

A considerable increase in the run-off rate in the river over the last sever-

al years results from its widening and deepening and is also caused by the 

very good hydraulic conditions (systematic maintenance and strengthen-

ing of the river channel). 

 

 

Fig. 2. The channel of the River Struga at its confluence with the Odra (left) and 

below the mouth of the pipeline from the Tarnów Opolski mine (right) 

Rys. 2. Koryto rzeki Strugi przy uj ciu do rzeki Odry (strona lewa) i poni ej 

wylotu ruroci gu z kopalni Tarnów Opolski (strona prawa) 

 



262 Robert Kasperek, Miros aw Wiatkowski, Czes awa Rosik-Dulewska 
 

4. Water Conditions in the Facility – Research 
and Discussion 

4.1. Cone of Depression within the Mine 

In the Tarnów Opolski mine a constant drainage of water from the 

adjacent land can be observed. In natural conditions water was being 

received by the Struga River valley. Because of the dewatering of the 

mine a downflow of groundwater was forced from the main natural 

north-west (NW) direction to the south-east (SE) direction and to the 

centre of the excavation site. 

The range of the mine depression cone is delimited by the isoline 

of the lowering of the water table with respect to the average multiannual 

position. The dynamics and the development of the depression cone de-

pend on the discharge of the mine dewatering system, the geological 

structure, the hydrogeological conditions in the vicinity of the excavation 

site and the meteorological conditions (mainly the amount of precipita-

tion) [6,14,15,19]. 

The range of the depression cone is now as follows: 

• 4 km to the east (near Izbick), 

• 2.7 km to the north and to the west (near Tarnów Opolski and Ko-

sorowice), 

• 2 km to the south (near Kamie  l ski). 

 

The range of the depression cone visibly increases on the north-

eastern side. Due to the intensive and long-lasting rainfall in the period 

from May to July 2010 and because of the spring melt in March and 

April 2010, the inflow of underground water to the mine increased mark-

edly. As a result, the groundwater table rose in the mine and the intensity 

of pumping of water had to be increased too.  

The monitoring of groundwater levels near the mine confirms 

a highly dynamic nature of the changes in the water table. In May 2010 

the water table rose by 1.5 m within 15 days. A similar rise was ob-

served in August 2010: up to 162.62 m in the area of Kosorowice and up 

to 170.68 m in the area of Izbick. Compared to May, this means a rise by 

2.31 m and 3.29 m, respectively. 
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4.2. Mine Water Dumping into the Struga River 

Because of the scarce surface water supply in the drainage basin 

of the Struga, an analysis was carried out of the management of water 

being dumped from the Tarnów Opolski mine to the Struga. Dumping of 

water to this river is fundamental for: 

• its channel to be kept in an appropriate technical and natural condi-

tion. The most important role is to prevent the river from overgrowing 

due to the insufficient amount of water [8], 

• its ecological continuity to be maintained, 

• the various fire-fighting purposes, 

• the groundwater table to be kept at an appropriate level in the forested 

areas, green lands and arable land [8], 

• the irrigation and the supply of water to small reservoirs and fish 

ponds [22]. 

 

Calculations were carried out for the years 2010 and 2011. 2010 

was the so called "flood year", during which heavy rainfall occurred in 

the river basin of the upper and central Odra, as well as on its tributaries. 

In contrast, the 2011 was a year of a very limited precipitation and even 

drought in the area under study. During the heavy rains in June 2010, it 

was necessary to increase the pumping of water to prevent the mine from 

being flooded. The pumping of water increased from 3,000 m
3
/h to 4,200 

m
3
/h. Water from the mine was evacuated by the old concrete collector 

having 1,000 mm in diameter and passing through the village of Ko-

sorowice to the Struga. The existing section of this collector is 2997 m 

long and has a diameter of 1,000 mm. In the region of Kosorowice this 

collector is not entirely watertight, which is due to its age and wear and 

to the technical problems or damage (very deep ploughing, the use of the 

pipeline by the inhabitants of Kosorowice for irrigation during dry years 

etc.). Over the last years, a new pipeline was built to transport the mine 

water. This pipeline is also intended to evacuate the excess amounts of 

water during extreme (abnormal) rainfalls. 

The authors compared the mine water dumping to the Struga 

channel in selected research periods: in May 2010 and in November 

2011. During this time, the mine water dumping volumes in m
3
/day and 

the corresponding discharges on the river in m
3
/s were at a similar level: 
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• May 2010: 73,400 m
3
/day (0.850 m

3
/s) – 74,000 m

3
/day (0.856 m

3
/s), 

• November 2011: 65,250 m
3
/day (0.755 m

3
/s) – 74,400 m

3
/day 

(0.861 m
3
/s), 

• The average dumped volume stood at 73,755 m
3
/day (0.854 m

3
/s) and 

71,223 m
3
/day (0.824 m

3
/s) in May 2010 and November 2011, respec-

tively. 
 

Our hydrological calculation of the so called own flows resulting 
from the inflow of water from the drainage basin to the Struga river 
showed that: 

• the average multiannual discharge SQ took the following values: 
0.072 m

3
/s (km 8,354 of the Struga i.e. at the cross section at the 

mouth of the old pipeline); 0.156 m
3
/s (km 6.080 of the Struga); 0.191 

m
3
/s (km 0.0 of the Struga, i.e. at the cross section where the river 

joins the Odra), 

• the longest multiannual discharge (of the longest duration during the 
year) NTQ took the following values: 0.034 m

3
/s (km 8.354 of the 

Struga i.e. at the cross section at the mouth of the old pipeline); 
0.082 m

3
/s (km 6.080 of the Struga); 0.100 m

3
/s (km 0.0 of the Struga, 

i.e. at the cross section where the river joins the Odra). 
 

A comparison between the discharge on the Struga which is due 
to the mine water dumping Qz and the characteristic own discharges SQ 
and NTQ, which correspond to the water incoming from the drainage 
basin (Fig. 3), leads us to believe that: 

• if a SQ discharge occurs on the Struga, then the dumping Qz is 4–11 
times higher than SQ (depending on the location of the measurement 
cross section), 

• if a NTQ discharge occurs on the Struga, then the dumping Qz is 8–24 
times higher than SQ (depending on the location of the measurement 
cross section). 

 

An analysis carried out by the authors reveals that the own flows 
on the Struga resulting from the precipitation and the surface flow cannot 
meet all the needs (ecology, agriculture, irrigation, fishing etc.) of the 
area. Mine water dumping, however, enables an efficient water manage-
ment of the river and of the adjacent land. Thus it becomes a very im-
portant and positive element of the natural environment. 
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Fig. 3. Dumping from the mine and own flows on the Struga River in May 2010 

and November 2011, km 8.354 (upper) and km 0.0 (lower) 

Rys. 3. Zrzuty z kopalni  i przep ywy w asne rzeki Struga w maju 2010 roku 

i listopadzie 2011 roku, km 8.354 (góra) i km 0.0 (dó ) 
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4.3. Velocity and Flow Rate Measurements in the River Channel  
of the Struga 

The measurements of the velocity and volume of the water flow 

through the river basin of the Struga were carried out in October and No-

vember 2011 (Fig. 4). These measurements were performed using 

a handheld flow meter, the FLO–MATE 2000. Such a research allows the 

velocities and the flow/discharge values on the Struga to be determined 

realistically. Hence, it can be determined which part of the flow comes 

from the mine and which form the drainage basin. The obtained veloci-

ties and discharge values are also a basis for the development and the 

calibration of a numerical model allowing a simulation of the flow capac-

ities and the water levels in the watercourse and on the adjacent land. 

The measurements show that: 

• the water level in the river channel was approx. 0.40 m, 

• the total discharge on the Struga (about 50 m down the mouth of the 

old pipeline) was about 0.70 m
3
/s and coincided with the value of the 

mine water dumping, 

• the average velocity in the cross section was 0.40 m/s, 

• the pointwise velocities in the trapezoid cross section ranged from 

0.21 to 0.63 m/s. 
 

 

Fig. 4. Velocity and flow rate measurements on the Struga river 

Rys. 4. Pomiary pr dko ci i przep ywu wody w rzece Strudze 
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4.4. Hydrological Calculations of the Run-Off of Surface Water in 
the Drainage Basin of the River Struga 

Heavy rains and melting result in a surface flow and in the conse-

quent water erosion [18]. This erosion is particularly problematic in those 

areas where the slopes are of several % and more. Land adjacent to the 

Struga consists of dusty limestone soils which is highly susceptible to 

erosion. Among the many agricultural and technical actions aimed to 

prevent the erosion of soils and the loss of crop, the technical land im-

provement work is particularly noteworthy. The network of land im-

provement structures, both the basic ones and the very specific ones, is 

equally important and includes e.g. the so called absorptive ditches. 

These ditches collect the excess of water and prevent it from forming 

streams, prevent the surface flow and the washing out of soil and crop. 

The authors calculated and analysed the surface flow of water 

coming from precipitation for the investigated area during the flood peri-

od in May 2010. During this period the dumping of water from the Tar-

nów Opolski mine was in the range of 73,400 – 74,000 m
3
/day, similarly 

to November 2011, when the flow measurements on the Struga were car-

ried out. The maximum discharge WQ through the Struga took place in 

May 2010 and was calculated empirically based on the precipitation for-

mula: 

WQ = 0.278αIA=BA (m
3
/s)    (1) 

where: 0.278 – coefficient, α – coefficient of the run–off from the rainfall 

for the maximal flows equal to 0.65, I – intensity of rain (mm/h), A – 

surface area of the Struga discharge basin at a given cross section used 

for the measurements and calculations (km
2
). 

The calculation of the maximal discharge in the Struga corre-

sponding to the rainfall in May 2010 was carried out for two periods, at 

three research cross sections: 

• 16–18 May 2010, rainfall=59.9 mm, I=0.832 mm/h, 

• 21–22 May 2010, rainfall=55.3 mm, I=1.150 mm/h. 

• The cross section at km 8.354, at the mouth of the old pipeline from 

the mine, A=14.0 km
2
, 

• The cross section at km 7.820, at the mouth of the new pipeline from 

the mine, A=15.5 km
2
, 

• The cross section at km 6.080, A=33.1 km
2
. 
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Our calculations show that: 

• At the cross section at the mouth of the old pipeline (km 8.354) 

which evacuates water from the mine, the run-off corresponding to 

the rainfall on 21–22 May 2010 was at most 2.91 m
3
/s. The overall 

discharge through the Struga, i.e. the sum of the rainfall component, 

the mine water dumping component (74,000 m
3
/d = 0.86 m

3
/s) and 

the sewage dumping component from the sewage treatment plant in 

Kosorowice (102 m
3
/h = 0.028 m

3
/s) was 3.80 m

3
/s. This flow passes 

through the river channel of the Struga without breaking its banks. 

• At the cross section at the mouth of the new pipeline (km 7.820) 

which also evacuates water from the mine, the run-off corresponding 

to the rainfall on 21–22 May 2010 was at most 3.22 m
3
/s. The overall 

discharge through the Struga, i.e. the sum of the rainfall component, 

the mine water dumping component (74,000 m
3
/d = 0.86 m

3
/s) and 

the sewage dumping component from the sewage treatment plant in 

Kosorowice (102 m
3
/h = 0.028 m

3
/s) was 4.108 m

3
/s. This flow pass-

es through the river channel of the Struga without breaking its banks. 

• At the cross section at km 6.080 (near the gravel pit on the left bank 

of the Struga) the run–off on 21–22 May 2010 was at most 6.88 m
3
/s. 

The overall discharge through the Struga, i.e. the sum of the rainfall 

component, the Tarnów Opolski mine water dumping component 

(74,000 m
3
/d = 0.86 m

3
/s) and the sewage dumping component from 

the sewage treatment plant in Kosorowice (102 m
3
/h = 0.028 m

3
/s) 

was 7.77 m
3
/s. This flow passes through the river channel of the 

Struga without breaking its banks. 

 

Hydrological calculations of the maximal yearly discharges with 

given probabilities of occurrence of the average and low discharges were 

carried out at the cross sections of the Struga at km 8.354, km 6.080 and 

km 0.0. These hydrological calculations were performed using the formu-

la of Lambor for the maximal discharge and that of Iszkowski for the 

average and low discharge (Tab. 1). 

Initial numerical simulations of the flow capacity of the Struga 

river channel and of the water levels in the river were performed using 

the HEC–RAS software. This system was calibrated for the previously 

known hydraulic conditions in the Struga River channel [12]. Calcula-

tions were performed for four discharge values i.e. 4.60 m
3
/s, 6.00 m

3
/s, 



Investigations of Hydrological Regime Changes… 269
 

10.80 m
3
/s and 20.60 m

3
/s. These discharges are the sum of the Struga's 

own discharge (corresponding to the inflow from its drainage basin, with 

a given probability), the dumping of water from the mine and the sewage 

component from the sewage treatment plant in Kosorowice. Simulation 

of the water levels in the Struga shows that only the catastrophic flows 

(which have never occurred yet) with a discharge of about 20 m
3
/s could 

cause the water to break through the river banks. All other discharge val-

ues, i.e. 4.6 m/s, 6.0 and 10.8 m/s pass through the channel and do not 

cause any flooding of the adjacent land. 

 
Table 1. The likely and characteristic maximal discharges on the Struga River 

Tabela 1. Przep ywy maksymalne prawdopodobne oraz charakterystyczne 

w rzece Strudze 

Probable flows (m3/s) 

p (%) km 8.354 km 6.080 km 0.0 

1 5.60 9.30 11.37 

2 5.10 8.51 10.33 

3 4.79 7.98 9.75 

5 4.36 7.32 8.92 

10 3.81 6.36 7.75 

20 3.31 5.89 7.11 

25 3.16 4.50 6.70 

50 2.61 4.50 5.51 

100 2.10 3.64 4.46 

Characteristic flows (m3/s) 

SQ 0.072 0.156 0.191 

NQ 0.011 0.024 0.029 

SNQ 0.022 0.048 0.058 

NTQ 0.034 0.082 0.100 

SQ – average multiannual discharge, NQ – low multiannual discharge,  

SNQ – average low multiannual discharge, NTQ – longest multiannual dis-

charge (longest duration within the year). 

5. Conclusions 

The deep drainage of groundwater shapes the water environment 

not only in the vicinity of the Tarnów Opolski mine, but even at a consid-

erable distance from it. Dewatering of the Triassic limestone deposits re-

quired to ensure a safe operation of the mine, has a significant impact on 

both the groundwater and the surface water environment. Drainage within 
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the mine mainly shows through the formation of a depression cone and the 

change in the direction of the groundwater flow. The range of the mine 

depression cone varies from 2 km to the south to 4 km to the east. In 2010, 

after the heavy precipitation and floods on the tributaries of the Odra, 

groundwater levels rose in the mine surroundings by approx. 5 m. 

A comparison between the mine water dumping volumes and the 

own flows from the drainage basin of the Struga indicates that the dump-

ing is from several times to fifteen or so times higher than the natural 

flow through the river. 

It should also be noted that the dumping of water evacuated from 

the mine during its dewatering supplements the heavy surface water 

shortage in the basin of the Struga. This water scarcity is caused by the 

slotted structure of soil (the Triassic limestone) and the low level of pre-

cipitation in this part of Poland. The dumping of water from the mine 

conditions the ecological continuity of the Struga watercourse and ena-

bles the ecosystem to develop by ensuring a certain supply of water for 

various purposes – agriculture or fire-fighting, among other things. 

The water flow measurements on the Struga show that the volumes 

of water passing through the channel do not change or even decrease. This 

is due to the very specific geological structure of the terrain with numerous 

faults, cones and splits which often have considerable dimensions and 

make the surface waters to run-off and penetrate deeper into the ground. 

The authors' analysis shows that the flooding of Kosorowice in 2010 

was caused by the damage of the pipeline carrying the water from the mine. 

Calculations of the flow capacity of the Struga channel and com-

puter simulations of the water levels along the entire reach of this river 

indicate that for the maximal own flows with a 20% probability, the Tar-

nów Opolski mine water dumping at a rate of about 140,000 m
3
/day and 

the dumping of sewage from the treatment plant in Kosorowice, there 

will be no flooding of the adjacent land. The free surface of water will 

remain within the channel of the Struga. Our analysis also indicates that 

even flows of which the probability exceeds 20% will not break through 

the banks of the river. 

Lastly, the authors claim that the systematic maintenance works 

and the strengthening of the Struga River bed and banks enables flows 

and dumping with no adverse impact in the form of excessive rise in the 

groundwater level or flooding. 
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Badania zmian re imu hydrologicznego na obszarze 
przyleg ym do kopalni surowców skalnych 

Streszczenie 
Stosunki wodne okre lonego obszaru s  wypadkow  czynników pocho-

dzenia naturalnego oraz oddzia ywania cz owieka na rodowisko przyrodnicze 
[1,5,7,14,17]. Oprócz budowy geologicznej nale  do nich morfologia terenu 
oraz dzia alno  górnicza. Do najistotniejszych skutków eksploatacji, jakie po-
woduje górnictwo odkrywkowe mo na zaliczy  zajmowanie i przekszta canie 
terenów pod dzia alno  górnicz  oraz zmian  stosunków wodnych w rejonie 
funkcjonowania odkrywki, zwi zan  z jej odwodnieniem [13,15,16]. Drena  
w obr bie kopalni ujawnia si  g ównie w postaci leja depresji i zmianie kierun-
ku przep ywu wód podziemnych. W efekcie powoduje on zmniejszanie prze-
p ywu w ciekach powierzchniowych, obni anie poziomu wód gruntowych 
i zmniejszanie stanu uwilgotnienia i plonowania gleb [6,19,20,21]. 

Niniejsza praca jest po wi cona analizie wp ywu dzia alno ci górnictwa 
wapieni na kszta towanie si  stosunków wodnych terenów przyleg ych na przy-
k adzie kopalni Tarnów Opolski. Zakres pracy dotyczy charakterystyki kopalni 
i rzeki Strugi, pomiarów w rzece Strudze, analizy opadów i hydrologicznych 
oblicze  dop ywu wód powierzchniowych ze zlewni i z zrzutu wód kopalnia-
nych, hydraulicznych oblicze  przepustowo ci rzeki i wst pnych numerycznych 
symulacji po o enia zwierciad a wody. 

Z jednej strony dzia alno  tej kopalni powoduje depresj  terenów wo-
kó  oraz obni anie zwierciad a wód gruntowych. Natomiast z drugiej strony, 
zrzuty wód kopalnianych uzupe niaj  du e niedobory wód powierzchniowych 
w zlewni rzeki Strugi, spowodowane szczelinowat  budow  pod o a (wapienie 
triasowe) oraz ma  ilo ci  opadów w tym regionie Polski. Dzi ki zrzutom wo-
dy z kopalni mo liwa jest ci g o  ekologiczna cieku Struga, rozwój ekosyste-
mu oraz zapewnienie okre lonej ilo ci wody dla celów m.in. rolniczych, ho-
dowlanych (stawy rybne) i przeciwpo arowych [2]. 

Teren kopalni znajduje si  w zlewni rzeki Struga, która uchodzi do Od-
ry na jej prawym brzegu. Kopalnia i zak ady wapiennicze po o one s  na tere-
nie gminy Tarnów Opolski (powiat Opolski) i Gogolin (powiat Krapkowicki). 
Badany obszar pod wzgl dem geologicznym charakteryzuje si  utworami 
czwartorz dowymi i triasem z wapienia muszlowego. Wydobywany surowiec 
s u y do produkcji wapna. Wydobycie prowadzone jest metod  odkrywkow  na 
dwóch poziomach wydobywczych. Wody kopalniane odprowadzane s  do rzeki 
Strugi za pomoc  ruroci gów, a nast pnie do rzeki Odry (Fig.1, 2, 3). 

W wyniku odwodnienia kopalni sp yw wód podziemnych zosta  wymu-
szony z g ównego naturalnego kierunku pó nocno-zachodniego NW w kierunku 
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po udniowo–wschodnim SE, do centrum wyrobisk górniczych. Zasi g leja de-
presji wynosi obecnie: 4 km w kierunku wschodnim, 2,7 km w kierunku pó -
nocnym i zachodnim (okolice Tarnowa Opolskiego i Kosorowic), oraz 2 km 
w kierunku po udniowym (okolice Kamienia l skiego). 

Ze wzgl du na niewielkie zasoby wód powierzchniowych w zlewni 
rzeki Strugi przeanalizowano zrzuty wód kopalnianych oraz ich zagospodaro-
wanie w zlewni rzeki Strugi. Zasilanie rzeki tymi wodami ma szczególne zna-
czenie m.in. dla utrzymania jej koryta w odpowiednim stanie techniczno-
przyrodniczym oraz zasilania w wod  zbiorników ma ej retencji, stawów ryb-
nych oraz nawadniania [22]. 

Na podstawie analizy porównawczej zrzutów wód kopalnianych oraz 
w asnych przep ywów rzeki Strugi (Fig. 3) autorzy stwierdzaj , e: 

• w przypadku wyst pienia przep ywów rednich SQ, zrzuty Qz s  4–11 razy 
wy sze od SQ, 

• w przypadku wyst pienia przep ywów najd u ej trwaj cych NTQ, zrzuty Qz 
s  8–24 razy wy sze od NTQ (w zale no ci od po o enia przekroju pomia-
rowego). 

 
Nale y równie  zaznaczy , e zrzuty wód kopalnianych z jej odwod-

nienia uzupe niaj  du e niedobory wód powierzchniowych w zlewni rzeki Stru-
gi. Niedobory te s  spowodowane szczelinowat  budow  pod o a (wapienie 
triasowe) oraz nisk  ilo ci  opadów w tym regionie. Dzi ki zrzutom wody 
z kopalni mo liwa jest ci g o  ekologiczna cieku Struga, rozwój ekosystemu 
oraz zapewnienie okre lonej ilo ci wody dla celów np. rolniczych, gospodar-
czych i przeciwpo arowych. 

Pomiary przep ywu wody w Strudze wskazuj , e ilo  wody wraz z jej 
biegiem nie zmienia si , a nawet zmniejsza si . Spowodowane jest to specy-
ficzn  budow  geologiczn  tego terenu (liczne uskoki, leje i roz amy o znacz-
nych rozmiarach, powoduj ce odp yw wód powierzchniowych w g b pod o a). 

Obliczenia przepustowo ci koryta rzeki Strugi oraz symulacje kompute-
rowe po o enia zwierciad a wody wzd u  ca ego jej odcinka wskazuj  na to, e 
podczas maksymalnych przep ywów w asnych ze zlewni o prawdopodobie -
stwie 20% wraz z zrzutami z kopalni (rz du 140,000 m3/dob ) i z oczyszczalni 
Kosorowice, nie b dzie podtopie  terenów przyleg ych. Zwierciad o wody b -
dzie si  mie ci  w korycie Strugi. Analiza wykaza a równie , e przep ywy 
o prawdopodobie stwie wy szym od 20% b d  mie ci  si  w korycie rzeki. 

 
S owa kluczowe:  
zrzut wody z kopalni, rzeka, re im hydrologiczny 

Keywords:  
water dumping from the mine, river, hydrological regime 
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1. Introduction 

Seemingly inevitable energy crisis makes it a high priority for to-

day’s society to become independent of already exhausting fossil fuels. 

Most researched energy sources, regarded as possible alternatives for the 

currently leading one, are solar, wind, water and biofuels. The latter are 

produced from high calorific chemical compounds being natural metabo-

lites of living, usually autotrophic, organisms. Although there are many 

plants that can be used as the biofuel feedstock, it is aquatic organisms, 

mainly algae, to be the most relevant, since their cultivation involves 

practically no land requirements and relatively small agricultural input 

[1,18]. Moreover, their complex biological activity may present algae 

farming as a beneficial contribution to nutrient cycling and waste water 

treatment. The considerable potential of algal-based biofuels makes them 

a subject of thorough investigation. The greatest challenge is to optimize 

the conditions of algae cultivation.  

In the natural, as well as human-created media algae are exposed 

to a number of environmental factors. Variable chemical and physical 

conditions influence all the aspects of algal activity, including biomass 

increase rate and metabolism intensity, thus their efficiency as fuel feed-

stock. The most important factors are temperature, pH, light intensity, 

salinity, accessible biogenic elements concentrations and optical activity 

of the medium. Simultaneously, all of these conditions are constantly 
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altered by the culture itself, which in turn affects the quantitative and 

qualitative algae growth etc. Additionally, there is a strong interdepend-

ence between particular environmental factors. Therefore the develop-

ment of algal cultures must be ceaselessly monitored and their properties 

adjusted, which, combined with our still insufficient understanding of the 

occurring processes, proves to impede the introduction of algal-based 

fuels on the global scale [2].  

The crucial question concerns the actual impact of previously 

mentioned environmental conditions on the growth of algae. One of the 

most vital factors, at the same time one most difficult to control in large-

scale cultivation in open ponds, is temperature. Closely related with 

thermal energy, it determines the enzymatic activity, being the limiting 

factor for most biochemical processes in the cells. It also affects the 

physical and chemical properties of the medium, such as density and sol-

ubility of most substances, resulting in significant changes within the 

molecular structure of the algae [1,2]. Other energy-related factor is the 

culture illumination. It can be modified by either changing the light in-

tensity and spectral composition or the optical activity of the medium. 

The luminous energy regulates photosynthesis, directly leading to carbon 

incorporation and biomass increase rate. The metabolic activity of the 

algae depends also on nutrient availability. The most essential elements 

that must be supplied are carbon, nitrogen and phosphorus, in the desira-

ble proportions of approximately 100:6:1 [14]. Their accessibility can 

vary due to environmental factors such as acidity or salinity.  

In this project microalgae were grown on pre-treated reject water. 

This type of wastewater is formed while drainage the digested sewage 

sludge. As the nutrient concentration in this type of wastewater is com-

paratively high, effluent cannot be directly discharged, and is normally 

directed back into the raw sewage for removal of nitrogen and phospho-

rus. This results in wrong C:N ratio in influent and has a negative influ-

ence on microbial processes and structure of biocenoses in biological 

reactors [9]. From the perspective of microalgae cultivation, the reject 

water has several advantages: (1) the ratio between inorganically and 

organically bound nutrients is higher in the reject water than in raw sew-

age, (2) the nutrient concentration in the reject water is relatively con-

stant as compared to the changing nutrient concentrations in raw sewage, 

(3) compared to the turbid raw and treated sewage, the reject water is 
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relatively clear, permitting a higher degree of light availability for algal 

photosynthesis; and (4) in a working environment perspective, the reject 

water is safer and more hygienic, since the anaerobic digestion causes 

sanitation of the pathogens that are inevitably present in raw as well as 

treated sewage water [19]. Microalgae growing on this type of medium 

have a dual use – firstly, they purify wastewater from high load of nutri-

ents and heavy metals (on the way of sorption) and secondly, obtained 

biomass can be used as a biofuel, for example as a feedstock in fermenta-

tion chamber and in the production of biogas. 

Of all the factors which are growth-limiting for algae, a few can 

be controlled or adjusted. In order to ascertain their impact on algal bio-

mass increase rate and to analyse physicochemical parameters of a work-

ing algal culture, before transferring it to a larger bioreactor, a series of 

laboratory-scale experiments were conducted. The ultimate target was to 

intensify the culture growth and receive maximal biomass increase for 

biomass further usage as an energy source. 

2. Materials and methods 

2.1. Growth medium 

Algae biomass was suspended in pre-treated reject water, ob-

tained from the first stage of purification – SBR reactor (sequencing 

batch reactor). In this reactor a partial nitrification – anammox processes 

occurred. Loads of inorganic nitrogen and phosphorus were partially re-

moved, but still high. N-NH4 concentration in effluent from SBR reactor 

was on the level of 60–70 mg/l, N-NO2 on the level of 8–10 mg/l and  

N-NO3 on the level of 14–20 mg/l. Concentration of P-PO4 in growth 

medium was variable but also high, reached a level of 30–70 mg/l. Medi-

um was also characterized by pH on the level of 7.4–7.6, COD on the 

level of 80–180 mg/l and alkalinity on the level of 1.5–3.6 mM/l.  

Reject water derives from Gliwice WWTP, from wastewater 

treatment processes – precisely, they were formed during treatment of 

sewage sludge. Sludge in first stage was thickened with polymers and 

then stabilized by biological method – anaerobic digestion in mesophilic 

conditions. After this process sludge was dewatered by mechanical 

methods (with usage of filter presses and centrifuges). Reject water 
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formed in this processes were directed to the test system. Scheme of this 

system is illustrated at figure 1. 

 

 

Fig. 1. Test system for treating the reject water in Gliwice WWTP 
Rys. 1. Uk ad badawczy s u cy do podczyszczania wód osadowych 

w Centralnej Oczyszczalni cieków w Gliwicach 

2.2. Influence of microalgae suspension dilution  
on biomass production 

The tested property was relative biomass increase depending on 

the probe dilution. From a bioreactor 1.5 litres of Chlorella sp. culture 

were taken. The algae were centrifuged at 3500 rpm, after their sedimen-

tation the supernatant was drained off and the algae were suspended in 

1.5 litres of effluent from SBR reactor. 100 ml of the resultant suspension 

was filtered through a previously dried and weighed quality filter paper 

(medium pore size) and left to dry as a biomass reference. Determination 

of dry mass was carried out in accordance with PN-75 C-04616/01. 15 

flasks were prepared, 3 of every kind: 

• control samples with 100 ml of the suspension, 

• samples with 80 ml suspension, 20 ml medium (80%), 

• samples with 60 ml suspension, 40 ml medium (60%), 

• samples with 40 ml suspension, 60 ml medium (40%), 

• samples with 20 ml suspension, 80 ml medium (20%). 

 

Flasks were stoppered with cotton wool plugs and incubated on 

a rotary shaker at 150 rpm for 3 days in ambient temperature (25 ± 2°C). 

After the incubation period the samples were filtered, dried and weighed. 

The results were compared with the control samples and the reference. 

Based on obtained data growth rate of each culture was estimated accord-

ing to the equation: 

 (1) 
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In which: 

µ – growth rate [1/day], 

t – time of the experiment [day], 

Nt – biomass in day ‘t’ [g], 

N0 – biomass in day ‘0’ [g]. 

2.3. Influence of environmental factors on algae biomass production 

The next experiment tested the susceptibility of algae to different 

environmental factors (N:P ratio, carbonates concentration, optical densi-

ty of microalgae suspension, photosynthetically active radiation) meas-

ured by biomass increase rate. A Chlorella sp. suspension was prepared 

as previously described (100 ml was filtered, dried and weighed as a ref-

erence). The algae were placed in 15 flasks with 100 ml suspension each, 

3 flasks of following kinds: 

• control samples containing the prepared suspension; 

• samples with a different optical density of microalgae suspension, 

achieved through dilution of the culture (50 ml of the suspension, 

50 ml of pure medium) – without change in nutrients concentration; 

• samples with increased ammonium nitrogen concentration (0.0336 g 

(NH4)2SO4 added to each flask) – reached a value of 160 mg/l, total 

nitrogen ca. 190 mg/l and phosphates ca. 30 mg/l; 

• samples with increased concentration of carbonates (0.1 g Na2CO3 

added to each flask); 

• samples additionally exposed to light of a sodium lamp, surrounded 

with reflecting foil. 

 

The flasks were stoppered with cotton wool plugs and incubated 

on a rotary shaker at 150 rpm for 5 days at ambient temperature (25 ± 

2°C). After the incubation period the samples were filtered, dried and 

weighed. The results were compared with the control samples and the 

reference. Obtained data were used to calculate the growth rate as previ-

ously described. 
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3. Results and discussion 

3.1. The first batch test experiment – optical density of microalgae 
suspension influence 

Results of the experiment in which influence of suspension optical 
density on growth increase was tested are shown in table 1 and as a graph 
in figure 3. Figure 4 shows a value of growth rate of each culture obtained 
in this experiment. 

 
Table 1. Dry biomass obtained from the filtrate – experiment with different 
dilutions (optical density of algae suspension) 
Tabela 1. Ilo  suchej masy otrzymanej po przefiltrowaniu zawiesiny – 
eksperyment z ró nym rozcie czeniem próbki (ró n  zawarto ci  glonów 
w medium) 

 CONTROL 
SAMPLE [g]

20% [g] 40% [g] 60% [g] 80% [g] 

0 0.011 0.0022 0.0044 0.0066 0.0088 

1 0.0211 0.0055 0.0124 0.0196 0.0213 

2 0.0219 0.0058 0.0126 0.019 0.0206 

3 0.0218 0.0054 0.0125 0.0199 0.0211 

MEDIUM 0.0216 0.0056 0.0125 0.0195 0.021 

INCREASE 0.0106 0.0034 0.0081 0.0129 0.0122 

INCREASE [%] 96.36 153.03 184.09 195.45 138.64 

 
The first test, in which the influence of dilution was checked, gave 

interesting results. Dilution of algae suspension on the level of 40% and 
60% was related with the highest biomass increase (184.09% and 
195.45%, respectively). Biomass at start day for these dilutions was 
0.0044 g and 0.0066 g, after 3 days reached a value of 0.0125 g and 
0.0195 g. Growth rate of algae in these cultures was on the level of 

0.361 1/day⋅and 0.348 1/day. Dilution on the level of 80% (80 ml of con-
trol culture and 20 ml of growth medium) was too low and gave unsatis-
factory results (increase – 138.64%; growth rate – 0.290 1/day). The high-
est tested dilution (20% – 20 ml of control culture and 80 ml of medium) 
gave better results of increase than 80%, but was too high for quick period 
of retention time tested in experiment. Obtained growth rate was on the 
level of 0.311 1/day. For further tests 50% dilution of algae suspension 
was assumed. 
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Fig. 3. Results of batch test experiment with different dilutions 
Rys. 3. Wykres ilustruj cy wyniki eksperymentu z ró nym rozcie czeniem 

 

 

Fig. 4. Growth rate of Chlorella sp. depending on culture dilution 
Rys. 4. Szybko  wzrostu Chlorella sp. w zale no ci od rozcie czenia 

zawiesiny wyj ciowej 



282 Agata Kar o et al. 
 

3.2. The second batch test experiment – environmental  
factors influence 

Results of batch-test with different environmental conditions are 

shown in table 2 and illustrated as a graph in figure 5. Figure 6 shows 

growth rate of each algal culture obtained in this test. 

 
Table 2. Biomass obtained after drying the filtrate from flasks – batch test with 

influence of environmental factors 

Tabela 2. Ilo  suchej masy otrzymanej po przefiltrowaniu zawiesiny – 

eksperyment z ró nymi czynnikami rodowiskowymi 

 

CONTROL 

SAMPLE [g] 

DILUTION 

[g] 

(NH4)2SO4 

[g] 

Na2CO3 

[g] 

PAR 

[g] 

0 0.0314 0.0157 0.0314 

1 0.0523 0.0514 0.057 0.0678 0.0646 

2 0.0545 0.0509 0.0583 0.0677 0.072 

3 0.0573 0.0457 0.055 0.0649 0.0646 

MEDIUM 0.0547 0.0493 0.0568 0.0668 0.0671 

INCREASE 0.0233 0.0336 0.0254 0.0354 0.0357 

INCREASE 

[%] 
74.2 214.23 80.79 112.74 113.59 

 

Fig. 5. Results of batch test experiment with different environmental factors 
Rys. 5. Wykres ilustruj cy wyniki eksperymentu z ró nym czynnikami 

rodowiskowymi 
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Fig. 6. Growth rate of Chlorella sp. depending on influence of environmental 

factors 
Rys. 6. Szybko  wzrostu Chlorella sp. w zale no ci od badanego czynnika 

rodowiskowego 

Results of second batch-tests showed that reducing the concentra-

tion by half caused in more than a double increase (214.23%) of obtained 

dry biomass, in comparison with control samples. Growth rate was on the 

level of 0.229 1/day, and was the highest of other tested factors. Addition 

of sodium carbonate as a carbon dioxide source and lightening by PAR 

also resulted in higher biomass growth in comparison with control sam-

ples (increase on the level of 112.74% and 113.59% respectively). N/P 

ratio change from 3.5 to 6.5 had no significant impact on the amount of 

biomass, but this result must be subjected to further analysis. In this case 

biomass increase and growth rate was at similar level as in control cul-

tures (80.79%; 0.118 1/day). The highest growth increase was obtained 

for diluted samples. It showed that the optical density of algae suspension 

was a major factor which limited biomass increase in the test flasks.  

3.3. Discussion 

As literature sources and preliminary tests showed, microalgae are 

undemanding in their cultivation. These aquatic organisms only need the 

access to basic nutrients and sunlight (or artificial photosynthetically ac-

tive radiation – PAR) for growth and multiplication. Environmental con-

ditions, like pH or temperature are also very important (too low value of 
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these parameters can be growth limiting) but in general – microalgae 

cultivation is an uncomplicated and relatively cheap procedure. It is also 

a carbon-neutral process because for each kilogram of algal biomass pro-

duced, about 1.88 kilograms of CO2 are sequestrated from atmosphere 

[10]. Among the requirements for algal growth the most expensive are 

nutrients – if their production involves natural resource and energy utili-

zation. Optimization of this factor can mitigate biomass production costs 

and improve process economics [3]. For their cultivation different types 

of wastewater can be used – also reject water, which are difficult to treat 

[19]. Additionally – obtained biomass can be used as a bioenergy source, 

for the production of different biofuels, including biodiesel, bio-oil, bio-

gas and biohydrogen [5,7,12,15]. This is the reason why they are interest-

ing for researchers. The most important problem in applicable solutions 

is how to increase the growth and nutrients uptake in short period of 

time. In our experiment we have done a series of batch tests in laboratory 

conditions to check, which of the most important environmental factors 

can influence on the growth rate. Similar studies have been done by sev-

eral research groups interested in this topic. Blair et al. [3] analysed the 

impact of different light wavelength on the algal growth rate and volu-

metric biomass productivity. Their study shown that clear and blue light 

wavelengths had a positive impact on the growth rates, compared to the 

red and green light. Shriwastav et al. [17] studied adaptability of growth 

and nutrient uptake potential of Chlorella sorokiniana with variable nu-

trient loading. Researchers harvested algae in mineral, diluted BG11 me-

dia with different concentrations of nitrate (as NaNO3) and phosphate (as 

K2HPO4) to achieve required nutrient levels. Results shown the ability of 

C. sorokiniana to regulate its nutrient uptake in accordance with the 

available nutrients levels in the surrounding without any harmful effect 

on growth or productivity until either nutrient became rate limiting. 

These results indicate that the typical Redfield molar ratio of 16N:1P [16] 

in algae could be variable. Deviations of this ratio have been also report-

ed by Hullat et al. [8] and Klausmeier et al. [11]. Effect of algal density 

on growth and nutrient removal as other important parameter was inves-

tigated by Tam et al. [20]. High algal density lead to self-shading, reduc-

tion in photosynthetic efficiency and accumulation of auto-inhibitors 

[4,6], so there is a great need to indicate optimal level of this factor. Val-

ue of this parameter obtained in this study was similar to growth rates of 
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algae harvested in commercial Bristol medium (0.3664 1/day), however 

inoculum size was characterized as a number of cells of Chlorella vul-

garis, not as a dry weight [13]. 

3. Conclusion 

The experiment showed that among the studied factors (in the 

tested range) the most important for the algae growth intensification is 

the density of the culture suspension. Too high density results in poor 

access to sunlight and high competition. In effect low removal of nutri-

ents from reject water is bound to occur. Too low density may create 

a necessity to extend the hydraulic retention time in bioreactor and cause 

technological problems (very low flows). The best results of biomass 

increase of Chlorella sp. in pretreated reject water correspond with the 

0.045–0.067 g/l of microalgae suspended in the medium. Growth rates 

related with these values were on the level of 0.348 and 0.361 1/day, re-

spectively. 

The research leading to these results has received funding from  

the Polish-Norwegian Research Programme operated by the National 

Centre for Research and Development under the Norwegian Financial 

Mechanism 2009–2014 in the frame of Project Contract No BARITECH 

Pol-nor/197025/37/2013. 
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Okre lenie optymalnych warunków hodowlanych dla 
efektywnej produkcji biomasy glonowej 

Streszczenie 
Mikroglony s  niewielkimi organizmami wodnymi o bardzo du ym po-

tencjale w zakresie oczyszczania cieków. Ma to zwi zek z faktem, e s  ma o 

wymagaj ce w hodowli, a do wzrostu i rozmna ania mog  z powodzeniem wy-

korzystywa  zwi zki biogenne zawarte w ciekach. Dodatkowo, powstaj ca 

biomasa mo e pos u y  jako substrat energetyczny – mo e zosta  wykorzystana 

do produkcji biopaliw, takich jak biodiesel, bioetanol czy biobutanol lub jako 

wsad do komory fermentacji, czyli do produkcji biogazu. Ze wzgl du na rosn -

ce zainteresowanie pozyskiwaniem znacznych ilo ci biomasy glonów podj to 

prób  zoptymalizowania warunków hodowlanych pozwalaj cych na pozyskanie 

najwi kszej ilo ci surowca przetwórczego. W eksperymencie przeprowadzono 

w warunkach laboratoryjnych seri  analiz w zawiesinie, w których jako medium 

wzrostowe dla mikroglonów z rodzaju Chlorella wykorzystano wody z odwad-

niania przefermentowanych osadów ciekowych, pochodz ce z Centralnej 

Oczyszczalni cieków w Gliwicach. Wody osadowe charakteryzuj  si  wyso-

kim st eniem azotu nieorganicznego w postaci jonów amonowych, które 

z powodzeniem wykorzystywane s  przez mikroglony do wzrostu. Dodatkowo 

cieki takie, w porównaniu z surowymi ciekami komunalnymi, s  relatywnie 

klarowne, dzi ki czemu mo liwe jest przenikanie wiat a w g b medium ho-

dowlanego. W przeprowadzonym eksperymencie wody osadowe w pierwszym 

etapie poddane zosta y podczyszczaniu w reaktorze typu SBR, a nast pnie skie-

rowane jako dop yw do reaktora glonowego. Celem bada  by o okre lenie 

wp ywu podstawowych czynników rodowiskowych na tempo wzrostu glonów, 

a tym samym na przyrost biomasy. W pierwszym te cie analizowano wp yw 

g sto ci optycznej hodowli na szybko  przyrostu biomasy. Zawiesin  glonów 

jednokomórkowych rozcie czano medium wzrostowym odpowiednio w sto-

sunku 1:5, 2:5, 3:5 oraz 4:5 w odniesieniu do hodowli kontrolnych. Uzyskane 

wyniki pozwoli y okre li  optymaln  g sto  zawiesiny mikroglonów w reakto-
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rze (odpowiadaj c  najwi kszym przyrostom biomasy, a tym samym wysokie-

mu usuni ciu zwi zków biogennych). Pocz tkowe st enie zawiesiny mikro-

glonów na poziomie 0,045–0,067 g/l odpowiada o najwi kszym przyrostom 

biomasy w próbach (tempo wzrostu odpowiednio 0,348 i 0,361 1/dzie ). 

W drugiej serii testów analizowano dodatkowo wp yw takich czynników jak: 

stosunek N:P, dodatek w glanów jako ród a dwutlenku w gla oraz dodatkowe 

o wietlanie promieniowaniem aktywnym fotosyntetycznie (fal  wietln  o d u-

go ci w zakresie absorpcji chlorofilu a oraz b), w odniesieniu do próby kontrol-

nej, a tak e do uzyskanej wcze niej optymalnej g sto ci zawiesiny mikroglo-

nów. W eksperymencie wykazano równie , e wody osadowe, charakteryzuj ce 

si  wysokim adunkiem nieorganicznych zwi zków azotu i fosforu, a tak e 

obecno ci  metali ci kich mog  by  z powodzeniem wykorzystywane jako 

medium wzrostowe dla glonów z rodzaju Chlorella. 

 

S owa kluczowe: 
mikroglony, wody osadowe, przyrost biomasy 
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microalgae, reject water, growth rate 
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1. Introduction  

Nowadays, a detailed characterization of influent wastewater is 

one of the most relevant factor to efficient operation of wastewater treat-

ment plants (WWTPs). Moreover, in recent years, the increasing utiliza-

tion of plant simulation models such a ASMs (activated sludge models) 

developed by IWA (IAWQ Task Group on Mathematical Modelling for 

Design and Operation of Biological Wastewater Treatment Processes) 

required accurate and precise description of raw wastewater, especially 

organic matter presented in the inflow [1, 2]. Traditionally, those com-

pounds were characterized by COD (chemical oxygen demand), BOD 

(biological oxygen demand) and TOC (total organic carbon) parameters, 

but only division of COD into fractions with different microbiological 

properties gives more precise information on the biodegradation of the 

carbonaceous substrate [3, 4]. The total COD (CT) is divided into two 

main fractions: biodegradable (CS) and nonbiodegradable (inert) (CI). 

The biodegradable COD is further divided into readily biodegradable 

substrate (SS) and slowly biodegradable, particulate substrate (XS) [5–7]. 

The readily biodegradable substrate consists of simple soluble com-

pounds such as volatile fatty acid, alcohol etc. which can be easily ab-

sorbed by organisms and metabolized for energy and synthesis [8, 9]. 

The slowly biodegradable fraction is mainly composed of particulate, 



290 Aleksandra Szaja, José Alonso Aguilar, Grzegorz agód 
 

colloidal and complex organic molecules. In case of this fraction, many 

of these components could be absorbed and utilized only after the hy-

drolysis by extra cellular enzymes of bacteria [7, 10]. The nonbio-

degradable soluble substrate is transferred in the effluent without any 

significant modification. The particulate inert fraction (XI) is mostly accu-

mulated in the activated sludge and removed from the system with primary 

and secondary sludge [11].  

Several methods have been proposed for estimation COD frac-

tions, but only respirometric and physical-chemical techniques have most 

commonly been applied. The physic-chemical methods used processes 

such as filtration and flocculation to separate particulate fractions. The 

main disadvantage of this technique is that those processes couldn’t ef-

fectively divide the biodegradable substrates (SS and XS). On the other 

hand, the physic-chemical methods are relatively fast and facile [11, 12]. 

The respirometric measurement is based on analysis of the biological 

oxygen consumption rate (OUR) under well-defined experimental condi-

tions [5, 13]. This method demands special equipment and its more time 

consuming. Whereas this technique allows for obtaining more accurate 

data for research studies as well as for preparing wastewater treatment 

plant simulations [11, 14–16]. 

Furthermore, the chemical oxygen demand fractionation was 

not only used in the case of activated sludge models to increase the un-

derstanding of the effect of process changes or fluctuations on the treat-

ment process efficiency, but also for modeling of wastewater transfor-

mation and biodegradation during the transport in sewer systems. Cur-

rently, these processes are quite well recognized and mentioned as im-

portant factor influenced the operational parameters of WWTP. This is 

mainly due to the fact that in sewer conduits significant part of biode-

gradable substances could be removed from wastewater and buildup into 

sewer biofilm or suspended microorganism biomass [17, 18]. In that situ-

ation at the WWTP can appear problems with proper substrate equilibrium 

C/N/P demanded for biological treatment of wastewater from carbon and 

biogenic substances. On the other hand, models of sewage biodegradation 

can be used to predict discharge of pollutants load into the receiver – main-

ly river form storm water system or combined sewer system. In that situa-

tion mentioned models can be also applied for increase and optimize pro-

cesses of sewage biodegradation by provide proper dissolved oxygen con-
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centration e.g. by wastewater reaeration in conduits, appropriate time of 

flowing and proper condition for sediments transport etc [17–19].  

The main aim of this study is to determine COD fractions both in 

raw wastewater and in reject water obtained from municipal wastewater 

treatment plant in Malaga, Spain.  

2. Materials and methods 

Samples of wastewater and activated sludge were taken from mu-

nicipal wastewater treatment plant Guadalhorce (145 000 m
3
/d) in Mala-

ga, Spain. The wastewater was taken from four collectors, three of them 

(A, B, C) collected raw municipal wastewater from different district of 

the city. The last one (D), recycled wastewater produced during sewage 

sludge treatment (Fig.1). A detailed description of collectors is shown in 

Table 1. Moreover, it could be noted that the research was conducted 

during the summer with high temperatures and absence of rain. 

 

 

Fig. 1. Illustration of influent collectors to WWTP 

Rys. 1. Kolektory wprowadzaj ce cieki do oczyszczalni  

 

The experiment was carried out using a respirometer BM – T 

(Surcis). The equipment consisted of three main parts: batch reactor with 

the volume 1.0 dm
3 

(BM-T analyzer), thermostatic unit and computer. 

The respirometer was inoculated with activated sludge from one of the 

biological reactors. This sample was aerated over 24 hours before the 

measure to reach the endogenous respiration. For all measurements the 

temperature was maintained at 20.0 ± 0.1°C and pH was kept in the range 

7.0 and 8.0. For all batch tests, freshly collected samples (max 2 hours 

after collection) were used. Before the analysis (about 10 min) 10 ml 
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solution of allylthiourea (ATU) was added to respirometer’s chamber in 

order to eliminate oxygen consumption due to nitrification. The meas-

urement was conducted in accordance with the procedure given by 

Surcis.  

 
Table 1. The main characteristic of collectors 

Tabela 1. Podstawowe cechy kolektorów 

Collector 
Diameter 

[m] 

Flow 

[m
3
/d] 

Length 

[m] 
Collector type 

A 0.7 32000 3143 pressure 

B 1.1 82000 5641 pressure 

C 0.6 18000 10000 gravity 

D 0.5 7000 100 gravity 

 

The respirometer recorded directly two fractions: total biode-

gradable (CS) and readily biodegradable (SS) (mg
.
dm

-3
). The other frac-

tions were defined by following calculations: 
3[ ]S S SX C S mg dm

 (1) 

][ 3dmmgSSS STI  (2) 

][ 3dmmgSCX III  (3) 

where: 

SI soluble inert COD substrate (mg
.
dm

-3
), ST total soluble COD (mg

.
dm

-3
), 

XI particulate inert substrate (mg
.
dm

-3
), XS slowly biodegradable organic 

matter (mg
.
dm

-3
), CI total nonbiodegradable COD (mg

.
dm

-3
). 

 

In this study the percentage values of individual fractions were 

presented, therefore the obtained value of particulate fraction (mg
.
dm

-3
) 

was compared to the total concentration of COD (CT) (mg
.
dm

-3
). Present-

ed results are the average of five replicates.  

In order to estimate (ST) the total soluble COD, the samples of 

wastewaters were filtered through 0.45 m filter, then the chemical oxy-

gen demand was measured. All chemical oxygen demand (ST and CT) 

analyses were performed with Hach Lange UV-VIS DR 5000 using Hach 

analytical methods.  
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3. Results and discussion 

The results of presented study are shown in Figure 2. The readily 

biodegradable substrate (SS) differed from 19.9 to 56.5 % of the total 

COD (CT), the lowest share of this fraction was observed in collector D, 

which contributed wastewater from sewage sludge system. Estimations 

obtained for slowly biodegradable fraction of COD (XS) varied from 4.2 

to 16.6 %.  

 

a)     b) 

  
c)     d) 

  

Fig. 2. Average values of a) SS b) XS c) SI d) XI fractions with standard 

deviation from different collectors 

Rys. 2. rednie warto ci frakcji a) SS b) XS c) SI d) XI wraz z odchyleniem 

standardowym w poszczególnych kolektorach 

 
As in case of readily biodegradable organic fraction, the smallest 

value of total COD was obtained from collector D. The wastewater from 
collectors A, B and C was characterized by low concentration of inert 
fractions, form 0.9 to 12.4% for inert soluble substrate and from 21.6 to 
27.8% for inert suspended substrate. As shown in figure 2. c and d, the 
reject water had a significant share of non-biodegradable fractions, espe-
cially the particulate inert fraction, XI = 69% of total COD.  
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Table 2. The summary of COD fractions from various countries (raw wastewater) 
Tabela 2. Zestawienie frakcji ChZT z ró nych krajów ( cieki surowe) 

Country 
SS XS SI XI References 

% 

S. Africa 
20.00 62.00 5.00 13.00 [5] 

25.00 53.00 7.00 15.00 [31] 

Switzerland 10–20 53–60 7–11 7–15 [6] 

Spain 18.3 33.3 8.5 24.9 [32] 

Netherlands 41.50 32.70 4.70 16.60 [20] 

Germany 26.00 57.00 3.00 14.00 [33] 

Turkey 26.00 62.00 2.00 10.00 [14] 

Poland 
23–29 51–56 2–3 17–19 [34] 

21–40 34–51 4–7 21–28 [35] 

Denmark 35.0 35.0 5.0 10.0 [36] 

Italy 12.2–0.3 27.6–66.9 1.2–14.0 8.8–33.1 [21] 

Hungary 21.9 49.8 4.6 23.7 [11] 

 
The obtained results of COD fractioning from WWTP in Malaga 

were substantially different from those presented in literature (Table 2), 
particularly in case of readily biodegradable fraction in collectors A, B 
and C. Frequently, the percentage of this fraction is varied from 10 to 
20% of CT. However, in the study conducted by van Veldhuizen et al. 
[20] and Quevauviller et al. [21] similar data was observed.  

The high concentration of this fraction in municipal wastewater 
might have a beneficial influence on denitrification as well as the biolog-
ical phosphorus removal process [22, 23]. Hydrolyzed lipids, however, 
could cause the growth of filamentous bacteria [23, 24]. Moreover, in the 
study performed for pipelines A, B and C inert fractions of total COD (SI 
and XI) were comparable to the typical value provided by researches 
from different countries. 

The collector D was characterized by a significant share of non-
biodegradable fractions (more than 70% of CT). This pipeline contributes the 
reject water, which could be defined as a high-strength wastewater, pro-
duced during sewage sludge treatment. Because of high nitrogen and phos-
phorus load as well as a significant amount of nonbiodegradable organic 
load [25], those sidestreams have a major impact on WWTP performance 
[26, 27]. Generally, reject water is recycled to the head of the wastewater 
treatment plant without any pretreatment, which could cause several prob-
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lems in WWTP such a process upset, release of odors, violation of discharge 
limits and increased operational and maintenance costs [28, 29].  

The percentage share of particular fractions depends on various 

factors. According to Quevauviller et al., [21] the value of readily biode-

gradable COD (SS) as well as particulate inert COD (XI) is related to the 

capacity of wastewater treatment plant and share of industrial wastewater 

in the influent. In case of large WWTPs, the lower percentage of SS and 

a higher percentage of XI might be observed. This fact is associated with 

the retention time of wastewater in sewage systems. Usually the larger 

WWTPs have more complex sewer collection system with a longer reten-

tion time of wastewater, therefore the transformation and biodegradation 

process occur at bigger scale in pipelines. Besides, the higher share of 

inert substrate in total COD is generally linked with presence of industri-

al wastewater. Moreover, the type of sewer systems has significant influ-

ence on the value of particulate fractions [4]. The wastewater from com-

bined sewer has a more varied composition than in case of separate sys-

tems. Zhou et al. (2008) shown that the lower percentage of readily bio-

degradable fractions were caused by the dilution effect of stormwater 

runoff [29]. Moreover, in the study conducted by Zhou et al. proved the 

influence of industrial wastewater overflows on COD fractions. Addi-

tionally, the presence of accidental and infiltration water could provide 

a noticeable change of wastewater character. 

4. Summary and conclusions 

The division of COD into fractions with different microbiological 

properties is comprehensive tool for wastewater characterization. It could be 

applied to control and modeling of wastewater treatment plants and sewer 

systems functioning. Furthermore, it gives faster result about the presence of 

biodegradable substrate in raw wastewater in comparison to biological oxy-

gen demand (BOD). The COD fractionation could give much useful infor-

mation about the condition of sewer systems, particularly about contribution 

of infiltration water and industrial wastewater discharges. 
In this study the COD fractions in municipal wastewater from 

various collectors and in reject water were presented. In case of raw mu-
nicipal wastewater (collectors A, B and C) biodegradable fractions were 
dominated, from 47 to 57% for readily biodegradable fraction and from 
13 to 16% for slowly biodegradable fraction. The reject water from 
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MWWTP (collector D) was characterized by a significant share of non-
biodegradable fractions, the percentage of particulate inert fraction was 
69% and the percentage of inert soluble fraction ranged 6.7%.  
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Wyznaczenie frakcji ChZT w ciekach komunalnych  

 z wykorzystaniem metody respirometrycznej 

Streszczenie 

Jednym z wa niejszych problemów z punktu widzenia sterowania prac  

oczyszczalni cieków jest posiadanie kompletnych i dok adnych informacji na 

temat jako ci cieków. Do oceny parametrów jako ciowych cieków stosowane 

jest okre lanie udzia ów frakcyjnych chemicznego zapotrzebowania na tlen 

(ChZT) pod wzgl dem w a ciwo ci fizycznych oraz podatno ci na biodegrada-

cj . Informacja na temat udzia ów frakcyjnych ChZT mo e by  wykorzystywa-

na w modelowaniu pracy systemów oczyszczania cieków jak równie  mode-

lowania procesów transportu i biodegradacji zanieczyszcze  w systemach kana-

lizacyjnych. Opracowanie prezentuje wyniki bada  udzia ów frakcyjnych cie-

ków dop ywaj cych do miejskiej oczyszczalni cieków w Maladze (Hiszpania). 

cieki surowe dop ywa y do kolektora zbiorczego z ró nych dzielnic miasta 

kolektorami oznaczonymi jako A, B oraz C, natomiast kolektorem D doprowa-

dzane by y wody z gospodarki osadowej, zawracane na pocz tek procesu tech-

nologicznego oczyszczalni. Do wyznaczenia udzia ów frakcyjnych ChZT 

w analizowanych próbkach cieków wykorzystane zosta y metody respirome-

tryczne. W przypadku cieków surowych najwi kszy udzia  w ca kowitym 

ChZT mia a frakcja biodegradowalna, 47–57% przypada o na frakcje szybko 

ulegaj ce biodegradacji, natomiast 13 do 16% na frakcje wolno ulegaj ce bio-

degradacji. Odcieki z urz dze  gospodarki osadowej charakteryzowa y si  

znacznym udzia em frakcji nieulegaj cych biodegradacji, przy czym 69% przy-

pada o na frakcje w postaci zawiesiny, natomiast 6,7% w postaci rozpuszczonej. 
 

S owa kluczowe:  

frakcje ChZT, materia organiczna, modele symulacyjne 

Keywords:  

COD fractions, organic matter, wastewater plant simulation models  
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1. Introduction 

Combustion is a chemical process of great importance, as it pro-

vides man with energy that is necessary for carrying out everyday life 

activities, transport, heating houses, or generating electric power. The 

latest Energy Information Administration report says: The global con-

sumption of energy from fossil fuels will grow by 56% in 2040 [8]. So, 

fossil fuels are going to remain the predominant energy source, while the 

strong economic growth of developing countries will be a driving force 

for the increase in energy demand. The increase in energy generation 

from fossil fuels will increase the emission of CO2, among other gases. 

With the aim of reducing the emissions of greenhouse gases, which in-

clude e.g. N2O, CH4 and CO2, studies are being conducted, which are 

concerned with oxy-combustion – changing the fuel oxidizer from air to 

oxygen [11, 18] or oxygen carriers, such as Fe3O4, NiO [14]; the addition 

of CO2 to the flame [10]; the absorption of CO2 by, e.g., concrete aggre-

gate [15]. 

Flue gases from oxy-combustion contain chiefly CO2 and H2O. 

The capture of CO2 from flue gas in oxygen combustion is easier than in 

air combustion. It is essential to equip oxy-combustion boilers with an 

integrated system for the separation and transfer of CO2 to the place of its 

storage and isolation from the atmosphere. Flue gas carbon dioxide is 

partially reused as a coolant, as oxygen combustion considerably increas-

es the flame temperature. Flue gas recirculation allows the protection of 

both the burners, as well as the devices that monitor, e.g., the combustion 

chamber temperature (such as thermocouples). The addition of CO2 to 
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oxy-combustion makes it possible to achieve a volume of substrates, 

which is comparable to air combustion. This enables achangeover back to 

air combustion (flexi-burn) to be made in case of a failure of the oxygen 

generation plant. An additional justification for adding CO2 to methane 

(the main component of natural gas) is the fact of supplying gas turbines 

with a CH4-CO2 mixture. The CH4-CO2 mixture may originate from the 

anaerobic digestion of biomass or organic industrial wastes [7].  

Experimental tests and numerical studies have found that high 

CO2 concentration in oxy-combustion substrates favours incomplete 

combustion, that is the formation of CO [2–4, 6, 13]. Due to the slow CO 

combustion reaction, the concentrations of carbon monoxide in the re-

gion of the oxy-fuel burner are higher than the equilibrium values for the 

examined residence times [6]. Moreover, the CO increases exponentially 

with flame temperature and decreases with increasing pressure. Glarborg 

and Bentzen [6] interpreted the experimental results using a detailed 

mechanism of hydrocarbon oxidation. They have concluded that the high 

CO2 concentration around the burner prevents the complete oxidation of 

fuel at temperatures higher than 1200K, in spite of the presence excess of 

oxygen. According to reaction CO2 + H  CO + OH, high CO2 concen-

tration in the flame uses up the hydrogen radicals, thus disturbing the 

course of reaction H + O2  O + OH. Another effect of the above-

mentioned reaction is a change in the O/H radical proportion. 

Experiments and numerical computations carried out using three 

different combustion mechanisms have shown that the peak CO concen-

trations in the flame during methane combustion in air increase with in-

creasing CO2 addition to the air-fuel mixture [6].  

The addition of oxygen to combustion air contributes to a distinct 

shortening and a change in the shape of the flame [4]. Controlling the 

flame shape may prove useful for avoiding refractory material overheat-

ing in a specific location and changing the heat flux and temperature pro-

files in the combustion chamber.  
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2. Experimental section 

Experiments were carried out for the combustion of natural gas 

with the following composition: CH4=98%; C2H6=0.6%; C3H8=0.3%; 

N2=1%; CO2=0.1%. Combustion was conducted with a 5% excess oxy-

gen. The following oxy-combustion atmospheres were examined: 

23%O2/77%CO2, 25%O2/75%CO2; 27%O2/73%CO2; 29%O2/71%CO2. 

Oxygen and carbon dioxide from cylinders were passed to a gas mixer 

and then to a kinetic burner of a power of approx. 1kW. The burner be-

longs to a group of low-swirl burners, in which the degree of stream swirl 

is defined with the swirl number S<0.6. The stream of substrates (a natu-

ral gas/O2/CO2 mixture) passes through the openings in the central duct 

and the vanes surrounding it. Such a construction of the exchangeable 

radial swirler creates a low vortex flow with a stable flame. The swirler 

with 11 vanes and a vane inclination angle of 45
o
 was situated inside the 

burner (0.01m away from the outlet). A movable element of the measur-

ing position was the burner, whose distances from the flue gas sampling 

probe was varied in the range of 0.02 – 0.1 m with a step of 0.02 m. The 

inner diameter of the burner was 0.022 m, while the diameter of the flue 

gas sampling probe was 0.004 m. The ceramic probe was distinguished 

by high brittleness, therefore it remained in the same place throughout 

the experiment period. Flue gas sampling was done in the burner's axis. 

Inside the ceramic probe, a 0.0005 m-diameter PtRh10-Pt thermocouple 

is installed. The combustion chamber, in which measurements were tak-

en, is illustrated in Fig. 1a. The combustion chamber is composed of a  

= 60 quartz tube, a cylindrical resistance furnace and furnace lagging of 

0.05 m-thick ceramic fibres. All tests were started in a location between 

the burner and the resistance furnace, 0.1 m away from the burner, and a 

constant temperature of 1443K was maintained in that location. Photo-

graph 1b shows a flame with a length of approx. 0.13 m in the open space 

for the atmosphere 27%O2/73%CO2. Flue gas sampled from the flame 

was transferred to a cooler via the heating line, and then to an Horiba 

PG350 continuous duty analyzer. The measurement of CO in this device 

was done with a non- dispersion infrared absorption detector (NDIR). 

The uncertainty of measurement was about 1% of the magnitude of 

measured concentration.  
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a)  b)  

Fig. 1. A picture of the flame: a) in the combustion chamber;  

b) in the open space 

Rys. 1. Zdj cie p omienia: a) w komorze spalania; b) w przestrzeni otwartej  

For all conditions: fuel = 0.08 m
3
/h; oxygen = 0.168 m

3
/h; Toxidizer 

= 300K, oxygen = 1.05. The tests were started from a mixture containing 

29% O2, and then CO2 was added according to Table 1. The addition of 

CO2 resulted in an increase in combustible mixture volume with a drop in 

oxygen content. 
 

Table 1. Experimental conditions 

Tabela 1. Warunki eksperymentalne 

%O2/%CO2 CO2, m
3
/h 

Combustible 

Mixture, m
3
/h 

23/77 0.562 0.81 

25/75 0.504 0.75 

27/73 0.454 0.7 

29/71 0.411 0.657 

 

The flame with the addition of 29% O2 is less visible, as its colour 

becomes identical to that of the heated chamber lining. When the propor-

tion of O2 to CO2 has decreased, the flame becomes clearly shining. 
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3. Numerical approach 

The description of reactions occurring in the flame is extremely 

difficult and depends on numerous factors, such as temperature, pressure, 

burner type, fuel and oxidizing mixture compositions, etc. Depending the 

number of reagents and their stoichiometric coefficients, first-, second- 

and third-order reactions are distinguished.  

For the general notation of the reaction: 

  (1) 

whose order can be expressed as follows: 

  (2) 

the rate of production of the component Zi of reaction (1) is 

  (3) 

The reaction rate constant k for reaction of any order is defined using the 

modified Arrhenius equation:  

  (4) 

The resultant of the production rate is the sum for the reaction running to 

the left-hand and the right-hand direction, respectively: 

  (5) 

There are many detailed mechanism provided in the literature, 

which are intended for the analysis of the gaseous fuel combustion kinet-

ics. The most popular include: GRI-Mech [17] and those developed by 

Konnov [12] and Mendiara, Glarborg [16]. Mechanisms are created by 

combining experimental results and theoretical models defining parame-

ters in the modified reaction rate constant equation (4). The above-

mentioned reaction mechanisms [12, 16, 17] differ in the number of reac-

tions, chemical compounds and elements and the values of activation 

energy Ea and the constants A, . 
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In the present study, modelling of the natural gas combustion ki-

netics was performed within the Chemked II software program, version 

3.5.2 [9], using the combustion mechanism proposed by Mendiara, Glar-

borg [16]. The combustion mechanism includes 779 elementary reactions 

between 97 chemical compounds. The computations were conducted for 

a flame temperature of 1500K, at a constant pressure of p = 0.1 MPa. The 

ideal mixing of the combustion substrates in the burner was assumed for 

the computations. 

The adiabatic equilibrium flame temperatures during the combus-

tion of methane with the addition of O2 and CO2 were determined in the 

program FactSage™ [1]. Using the Equilib module operating based on 

the Gibbs free energy minimum principle, the state of thermodynamic 

equilibrium between reagents occurring in different states of aggregation 

was determined. As the criterion for the computations in the FactSage™ 

program, the equality of product and substrate enthalpies at a constant 

pressure was adopted. The computations were made for initial conditions 

consistent with the experiment, i.e. p = 0.1 MPa; T = 300K;  = 1.05. 

4. Computation and experiment results 

Table 2 summarizes real and adiabatic flame temperatures, de-

pending on the combustion atmosphere used. The real flame tempera-

tures in the examined system are equal to the temperature of flue gas tak-

en for the analysis of CO. The highest flame temperature of 1633K was 

noted at a distance of 0.06 m from the burner for the oxidizing atmos-

phere containing 29% O2. The decrease in the oxygen fraction of the mix 

was followed by a shift in the maximum burner flame temperature closer 

to the burner, i.e. to a distance of 0.04 m. The change in the location of 

the maximum temperature in the kinetic low-swirl flame used may be 

indicative of a shortening of the flame length with the decrement of oxy-

gen. The trend in flame length change is reverse to that for combustion in 

oxygen-enriched air [4]. From the computations made in the FactSage™ 

program it was found that the adiabatic flame temperature increased with 

increasing oxygen content of the oxidizing mixture from 1825K (for 

23%O2/77%CO2) to 2087K (for 29%O2/71%CO2). 
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Table 2. Temperatures for different combustion atmospheres 

Tabela 2. Temperatury dla ró nych atmosfer spalania 

O2/CO2  23%/77% 25%/75% 27%/73% 29%/71% 

Distance, m Temperature, K 

0.02 1275 1358 1463 1584 

0.04 1512 1543 1611 1598 

0.06 1486 1512 1580 1633 

0.08 1463 1497 1548 1573 

0.1 1443 1443 1443 1443 

Tadiabatic, K 1825 1922 2009 2087 

 

The experimentally determined variations in CO concentrations 

(in dry flue gas) in the flame are shown in Fig. 2. The following regulari-

ty can be observed. The increase in oxygen share in the oxy-combustion 

process results in a drop in CO already at a distance of 0.1 m from the 

burner, as marked by the broken line in Fig. 2. An opposite trend in CO 

concentration variations was found at a distance of 0.02 m. The farther 

away from the burner, the less CO in the burner region. The values of CO 

concentrations at particular distances from the burner oscillate within 

a certain concentration range. Allowing for this, two concentrations, 

a minimum and a maximum, are plotted at each measurement point in 

Figure 2. An example section of carbon monoxide variations in time, as 

recorded with the flue gas analyzer for the 27%O2/73% CO2 variant at 

a distance of 0.1 m from the burner outlet, is shown in Fig. 3. 
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Fig. 2. CO concentration in dry flue gas for the examined variants and varying 

distances from the burner 

Rys. 2. St enie CO w spalinach suchych dla rozpatrywanych wariantów 

i ró nych odleg o ci od palnika 

 

 

Fig. 3. Variations in CO concentration in time at a distance of 0.1 m from the 

burner outlet 

Rys. 3. Przebieg zamian st enia CO w czasie w odleg o ci 0.1 m od wylotu 

palnika 
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The next figure illustrates the peak CO molar fractions (as related 

to dry flue gas) in the flame at a temperature of 1500K, as computed in 

the Chemked II program, as a function of residence time. As can be seen 

in Figure 4, the peak CO molar fractions form slightly faster in the condi-

tions of a higher oxygen content of the oxidizing mixture. The maximum 

peak CO molar fraction value falls on the oxygen-richest atmosphere, as 

indicated in the magnified relevant fragment of the diagram. With the 

decrease in the oxygen share of the O2/CO2 mixture, the peak CO molar 

fractions decrease. The variations in CO molar fractions as a function of 

residence time, determined based on computations, are characterized by 

the same trend of changes as for the experiments. The farther away from 

the burner, and so the longer the residence time, the more the CO fraction 

grows with increasing CO2 addition. This effect is reflected in the litera-

ture [2, 4, 5]. Carbon monoxide forms very fast in the flame in the oxy-

combustion process, as indicated by its maximum concentrations in the 

vicinity of the burner. However, its oxidation to CO2 is much slower, 

which is due to the decrease in the CO molar fractions with increasing 

residence time. 

 

 

Fig. 4. The effect of residence time on the CO molar fraction for different 

combustion atmospheres 

Rys. 4. Wp yw czasu przebywania na udzia  molowy CO dla ró nych atmosfer 

spalania 
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The quantity of water formed in wet flue gas due to the change of 
combustion atmosphere is shown in Figure 5. The increase in the water 
molar fraction as a result of increasing the content of oxygen of the oxi-
dizing mixture can be explained by the specificity of the conducted tests. 
The volume flux of combusted natural gas and oxygen is constant, so the 
quantity of water formed is invariable too. As a result of the addition of 
CO2, the combustible mix volume is increased (according to Table 1), 
thus the H2O molar fraction of the flue gas decreases.  

 

 

Fig. 5. The effect of residence time on the H2O molar fraction for different 
combustion atmospheres 
Rys. 5. Wp yw czasu przebywania na udzia  molowy H2O dla ró nych atmosfer 
spalania 

Figure 6 displays the patterns of variations in CO2 molar fractions 
for the examined atmospheres as a function of time. In the early phase of 
the diagram (0–4 ms), the CO2 molar fraction of flame is commensurate 
with the content of CO2 of the combustible mixture. This is too short 
time for the natural gas to be completely oxidized with the formation of 
water. After approx. 5 ms, the largest quantity of CO2 (as related to dry 
flue gas) is for the combustible mixture 29%O2/71%CO2 with the small-
est flux of 0.657 m

3
/h. Noteworthy is the short time needed for attaining 

a high CO2 molar fraction of flame at a level of 0.95. In the natural gas 
combustion reaction, the quantities and types of free radicals formed in 
the flame are not without significance. 
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Variations in hydrogen radicals in the flame for the examined 

oxy-combustion atmospheres are illustrated in Fig. 7. It follows from the 

figure that the greater the CO2 fraction of the combustible mixture, the 

smaller the magnitude of peak H molar fractions. 
 

 

Fig. 6. The effect of residence time on the CO2 molar fraction for different 

combustion atmospheres 

Rys. 6. Wp yw czasu przebywania na udzia  molowy CO2 dla ró nych atmosfer 

spalania 

Based on the analysis of the reaction rate in accordance with Eq. 

(3) at a temperature of 1500K, five predominant reactions of CO for-

mation and consumption in the flame are listed.  

  (6) 

  (7) 

  (8) 

  (9) 

  (10) 

 
From among the above-mentioned reactions, reaction (6) contrib-

utes most to the formation of CO in the flame, which is confirmed in sci-
entific studies [5, 6, 19]. The clear effect of the natural gas oxy-
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combustion atmosphere on the rate of reaction (6) of CO formation and 
consumption in the flame is demonstrated in Fig. 8. The greater oxygen 
fraction of the combustible mixture increases the net CO formation rate 
according to Eq. (5). Favourable conditions for the formation of CO in 
the flame following reaction (6) proceeding to the left include the H free 
radical fraction, which increases with increasing oxygen content of the 
combustible mix, as suggested by Fig. 7. 

 

 

Fig. 7. The peak molar fractions of H radicals for different combustion 

atmospheres 

Rys. 7. Szczytowe udzia y molowe rodników H dla ró nych atmosfer spalania 

The change in the rate of reaction (6) due to the modification of 
the combustion atmosphere not only results in an increase in CO in the 
flame region, but also disturbs the proportions of free radicals in the 
flame. Though belonging to unstable intermediate products, H, OH or H 
radicals are responsible for the initiation, branching, propagation and 
termination of reaction chains. 
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Fig. 8. The rate of reaction (6) for different combustion atmospheres 

Rys. 8. Szybko  reakcji (6) dla ró nych atmosfer spalania 

5. Conclusions 

Computations and experiments concerning the oxy-combustion of 
natural gas preliminarily mixed with CO2 and 23–29 vol.% O2 have been 
carried out. The richer the atmosphere, 
1. the higher the magnitude of adiabatic flame temperature, 
2. the higher the peak CO molar fractions at a small distance from the 

burner, 
3. the smaller the CO molar fraction at greater distances from the burner, 
4. the more H radicals are formed, 
5. the lower the rate of the predominant CO formation reactions. 

 
Many reactions are responsible for the formation of CO in the 

flame, with the primary being: OH + CO  H + CO2. 
A reaction classified as second in terms of CO formation rate is: 

HCCO + O2  OH + CO + CO. 
Carbon monoxide forms very fast in the flame in the oxy-

combustion process, as indicated by its maximum concentrations in the 
vicinity of the burner. However, the oxidation of carbon monoxide to 
CO2 is much slower, which is due to the decrease in the CO molar frac-
tions with increasing residence time. The presence of CO2 in the combus-
tion substrates has an inhibiting effect on the fuel oxidation process. 
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List of symbols: 

A – pre-exponential factor, (cm
3
 mol

-1
)

m-1
s

-1 

C – concentration, mol cm
-3 

Ea – activation energy of a chemical reaction, J mol
-1

 

i – number of reactions, 

k – reaction rate coefficient, (cm
3
 mol

-1
)

m-1
s

-1 

mi – order of a reaction,- 

M – third body, - 

ri – rate of reaction, mol cm
-3 

s
-1

 

R – ideal gas constant, J mol
-1

 K
-1

 

S – swirl number, - 

T – temperature, K 

Zi – chemical symbol „i” 

Greek symbols: 

 – temperature exponent of the pre-exponential factor, - 

 – excess of oxygen, - 

 – the stoichiometric ratio of the substrate in the reaction, - 

 – the stoichiometric ratio of the reaction product, - 
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Powstawanie CO w kinetycznym  
p omieniu tlenowo-paliwowym 

Streszczenie 
W pracy przedstawiono wyniki bada  eksperymentalnych oraz numerycz-

nych dotycz cych tworzenia tlenku w gla (II) w kinetycznym p omieniu gazu 
ziemnego w warunkach oksy-spalania. W do wiadczeniach korzystano z palnika 
nisko-wirowego, w którym stopie  zawirowania strugi okre lony za pomoc  liczby 
wiru S < 0,6. Badano wp yw sk adu utleniacza zawieraj cego CO2 i 23–29% obj. 
O2 na zmiany st e  CO w p omieniu. Pobór spalin do analizy realizowano w osi 
palnika w odleg o ciach 0,02–0,1 m z krokiem 0,02 m. Pomiaru temperatury spalin 
zasysanych do analizy dokonano termopar  PtRh10-Pt. 

Analiz  reakcji w p omieniu o temperaturze 1500K przeprowadzono 
w programie Chemked II [7], po zaimplementowaniu mechanizmu spalania 
zaproponowanego przez Mendiara, Glarborg [14] zawieraj cego 779 reakcji 
zachodz cych pomi dzy 97 zwi zkami chemicznymi. W pakiecie FactSage™ 
[1] obliczono adiabatyczne równowagowe temperatury p omieni podczas spala-
nia gazu ziemnego z dodatkiem O2 i CO2.  

Na podstawie oblicze  w programie Chemked wytypowano dominuj ce 
reakcje odpowiedzialne za tworzenie CO w p omieniu. Najwi kszy wk ad w two-
rzenie CO ma reakcja: OH + CO  H + CO2, a jej szybko  jest uzale niona od 
udzia u CO2 w atmosferze utleniaj cej. Drug  reakcj  sklasyfikowan  wg szybko-
ci tworzenia CO jest: HCCO + O2  OH + CO + CO. 

Ponadto okre lono szczytowe st enia rodników H, bior ce udzia  
w reakcjach tworzenia CO przy wspó udziale CO2 oraz ich zmiany z zawarto-
ci  tlenu w mieszance palnej.  

Tlenek w gla w procesie oksy-spalania powstaje w p omieniu bardzo 
szybko, o czym wiadcz  szczytowe st enia CO wyst puj ce najbli ej palnika. 
Jednak jego utlenienie do CO2 jest znacznie wolniejsze co wynika ze spadku 
st enia CO z czasem rezydencji. Obecno  znacznych ilo ci CO2 w substratach 
spalania ma dzia anie hamuj ce proces utleniania gazu ziemnego. 
 
S owa kluczowe: 
oksy-spalanie, st enie CO w p omieniu, kinetyka spalania 

Keywords: 
oxy-combustion, flame CO concentration, combustion kinetics 
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1. Introduction 

Interest in water resource management issues, including water 

quality, in transboundary areas, is a relatively new phenomenon which has 

been gaining increased attention in recent years. Problems related to trans-

boundary waters led to the introduction, under the Water Framework Di-

rective (WFD), of a modern approach to water resource management 

based on the drainage basin model, in contrast to the administrative model 

used previously [16]. According to the WFD [6], Member States should 

strive to achieve the objective of at least good water status by defining and 

implementing the necessary measures through integrated action programs 

while taking into account the existing Community requirements. Moreo-

ver, within a river basin where use of water may have transboundary ef-

fects, the requirements for the achievement of the environmental objec-

tives, and in particular all programmes of measures, should be coordinated 

for the whole of the river basin district. This applies, in particular, to the 

assessment of the condition of surface waters [16].  

The situation becomes of particular relevance when a dam reser-

voir, which stores retention water for human consumption, is located on 

a transboundary river. In this case the water quality control in the drain-

age basin above the dam reservoir is crucial, especially in terms of inflow 
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of pollutants into these waters, both in the transboundary river upstream, 

and at points further down the course of the river. One of such trans-

boundary rivers is the Bóbr where, by the border with the Czech Repub-

lic, the Bukówka reservoir (km 271 + 540) is located. The Bukówka res-

ervoir is a multi-purpose facility. Its basic functions include flood con-

trol, water supply in low-water periods for the Marciszów Water Treat-

ment Plant and drinking water supply to the city of Wa brzych. Current-

ly, however, this function is not fulfilled and water from the reservoir is 

taken merely for consumption for the villagers of Bukówka and to ensure 

environmental flow in the riverbed of Bóbr below the reservoir. Accord-

ing to the literature, reconciling the functions of multi-purpose reservoirs, 

including drinking water reservoir, is often very difficult to achieve [10, 

30, 36]. 

The Bukówka reservoir is exposed to a number of problems, 

among which the main one is the deterioration of water quality and eu-

trophication. This is due to the fact that, while Bukówka potentially sup-

plies the population with drinking water and a protection zone of surface 

water intake is maintained on the reservoir, in the Polish part of the basin 

continuous monitoring of water quality does not exist.  

The aim of this study was to analyse the inflow of pollutants from 

the transboundary Bóbr River basin to the Bukówka reservoir in view of 

supplying drinking water for consumption and its retention in the reser-

voir. The water quality of five watercourses: the rivers Bóbr, Opawa, 

Z otna, Bachorzyna and Paprotki supplying the reservoir has been ana-

lysed. Testing also included both the retention water and the outflow wa-

ter. The causes of the variability of water quality, both spatial and in 

terms of time, were also identified. In addition, the study assessed the 

eutrophication of analysed waters, their vulnerability to nitrogen pollu-

tion from agricultural sources and the delivery of matter into the Buków-

ka reservoir.  

2. Characteristic of study area 

Bukówka reservoir (50°42'47'' 15°56'46''E) was established be-

tween 1978–1989, in the Bóbr river valley at 271.540km, in place of 

a dry storage reservoir dam that had existed since 1907. Administratively 

the reservoir is located between three towns Miszkowice, Bukówka and 
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Paprotki (Fig. 1). Almost all reservoir basin banks are natural, except for 

the side dam protecting the village of Miszkowice. The reservoir in-

cludes: an earthy front dam, a bottom vent, a transfer surface, and tap 

water outtake for the Wa brzych Water and Sewage Enterprise, which is 

not currently used, a hydroelectric power plant and the Miszkowice side 

dam. The administrator of the S up reservoir is Wroc aw Regional Water 

Management [11, 18]. 
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Fig. 1. Location of Bukówka reservoir on Bóbr river, including water sampling 

points for the physicochemical examinations 

Rys. 1. Lokalizacja zbiornika Bukówka na rzece Bóbr oraz punktów poboru 

próbek wody do bada  fizykochemicznych 

 
From the Bóbr river basin to the Bukówka reservoir dam is ap-

proximately 58.5 km
2
. The Bóbr river flows from the Lasocki Grzbiet 

located in the great Czech mountains. The river flows on the Czech side 
for about two kilometers, then for more than four kilometers on the 
Polish side and then flows into the Bukówka reservoir. There is also 
a visible basin gradient, mostly from west to east, and in the southern part 
of the catchment from south west to the north east. The Bukówka reser-
voir is a recipient of three rivers Z otna, Bachorzyna and Bóbr; it also 
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receives water from several smaller watercourses (Including Opawa and 
Paprotki) and pumped water from the Miszkowice polder. The basin is 
dominated by agricultural lands (52%) and forests (45%). Urban areas 
occupy only a few percent of the area (approx. 3%). 

Bukówka reservoir parameters: the operational fill level (NPP) – 
534.30 m (12.917 million m

3
, 167 ha), the maximum fill level (Max PP) 

– 536.40 meters above sea level (16.790 million m
3
, 199 ha). Capacity of 

this reservoir at absolute maximum fill level (537.10 meters above sea 
level) is 18.215 million m

3
, and the area of the floodplain 211 ha. The 

length of the reservoir is approx. 2.8 km and the largest width approx. 
1.4 km. Basic hydrological data of the Bóbr river in the reservoir section 
are: SNQ = 0,13 m

3
 · s

-1
, SSQ = 0,89 m

3
 · s

-1
, NNQ = 0,04 m

3
 · s

-1
, the 

flow is Q = 0.10 m
3
 · s

-1
, the harmless flow (the allowed discharge) Q = 

8.0 m
3
 · s

-1
 and the highest flow WWQ = 74,50 m

3
 · s

-1
 [18]. 

The Bukówka reservoir basin area is characterized by a cool cli-
mate with long winters and high precipitation. The basic data characteriz-
ing the climate: the average precipitation in the basin area is approx. 
800 mm, the average annual temperature approx. 5.5

o
C. 

3. Methods 

The study performed between November 2006 and December 
2007 involved water quality analysis of watercourses: Bóbr (post 
B_in_res), Opawa (post O_in_res), Z otna (post Z_in_res), Bachorzyna 
(post Ba_in_res) and Paprotki (post P_in_res). The aforementioned 
streams supply the Bukówka reservoir. In addition, the quality of the wa-
ter impounded in the reservoir at the Miszkowice dam (W1_res post), the 
water impounded in the reservoir at the face dam (post W2_res) and the 
outflow of water from the S up reservoir (post Out_res) were analyzed 
(Fig. 1). The location of each water sampling points, both in the catch-
ment and in the Bukówka reservoir itself was selected in such a way that 
on the basis of it one can determine the spatial water quality in the tribu-
taries, the reservoir and of the outflow, as well as whether the Bukówka 
reservoir affects the quality of the watercourses flowing through it. Sam-
ples were carried out on the following dates: 27.11.2006, 16.01.2007, 
26.03.2007, 16.04.2007, 29.05.2007, 10.09.2007, 22.10.2007, 19.11.2007 
and 10.12.2007. 
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Particular attention was paid to the important, from the point of 
view of the proper use of the reservoir, quality of water supplying the 
reservoir, primarily to the water quality of the Bóbr river, due to its dom-
inant role in supplying the Bukówka reservoir. In order to carry out the 
water quality characteristics of the Bóbr river flowing into the tank, in 
addition to our own studies of water quality, similar data was obtained 
from the Provincial Inspectorate of Environmental Protection in Wroc aw 
(RIEP) for the period 1993–2005 for the border point at km 269.6 [23] 
(Fig. 1) as well as the data from the Czech Republic concerning the eval-
uation of the quality of surface waters in the territorial scope of the Elbe's 
basin in 2012 [8, 9]. The evaluation was performed by analyzing the wa-
ter quality indicators such as: NO3

-
, NO2

-
, NH4

+
, PO4

3-
, BOD5, pH, elec-

trolytic conductivity, water temperature, and total suspended solids. In 
addition, at the position W2_res (at the dam) measurements of water 
transparency (Secchi depth) were performed. Water pH, electrolytic con-
ductivity and temperature were measured in situ, whereas other water 
quality analyses were made in a laboratory according to Polish standards. 
Water quality was rated in accordance with binding during led investi-
gates the Decree of the Ministry of Environment on the classification of 
surface water bodies [29]. An assessment of the eutrophication of the 
waters analyzed was presented, concerning whether the waters are vul-
nerable to pollution by nitrogen compounds from agricultural sources 
based on [27]. The appropriability of the tested water was determined by 
comparing the studied ratios with the values which should correspond to 
water destined for human consumption [26], existence of fish [28] and 
bath [25]. The paper also presents an evaluation of the Bukówka reser-
voir basin's delivery of substances into the reservoir. 

4. Results and Discussion 

4.1. Water quality 

The results of the water quality tests from the five watercourses 
flowing into the Bukówka drinking water reservoir from the trans-
boundary area, the quality of the retention water in the reservoir and that 
of the outflow from the reservoir are shown in Table 1. 
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Table 1. Characteristics of the quality of water flowing into the reservoir from 

the reservoir's basin, reservoir's water and the water outflow from the reservoir 

during the period November 2006–December 2007 

Tabela 1. Jako  wody dop ywaj cej do zbiornika zze zlewni, wody w zbiorniku 

i wody odp ywaj cej ze zbiornika w okresie listopad 2006–grudzie  2007 
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B_in_res Average 3.57 0.101 0.132 0.52 3.08 7.79 220 7.0 0.9 

B_in_res Max 5.30 0.320 0.380 1.10 10.00 8.40 714 21.0 80.0 

B_in_res Min 1.30 0.010 0.026 0.11 1.00 7.30 122 2.1 0.0 

O_in_res Average 7.74 0.075 0.226 0.48 3.55 7.83 210 6.8 9.8 

O_in_res Max 17.70 0.160 0.640 1.05 11.00 8.20 661 20.5 0.0 

O_in_res Min 1.30 0.010 0.050 0.04 1.00 7.35 113 2.1 9.0 

Z_in_res Average 4.22 0.025 0.064 0.32 2.01 7.9 155 7.3 1.0 

Z_in_res Max 17.70 0.100 0.260 0.85 7.00 8.5 603 19.5 20.0 

Z_in_res Min 0.88 0.003 0.020 0.02 1.00 7.3 86 2.2 0.0 

Ba_in_res Average 5.31 0.100 0.098 0.42 1.66 7.75 161 8.2 7.6 

Ba_in_res Max 17.70 0.239 0.140 1.05 4.00 9.20 639 22.5 60.0 

Ba_in_res Min 0.88 0.020 0.050 0.04 1.00 7.20 74 2.3 0.0 

P_in_res Average 4.38 0.192 0.203 0.47 1.83 7.57 126 6.6 8.0 

P_in_res Max 8.80 0.368 0.260 1.14 3.00 8.15 174 13.0 20.0 

P_in_res Min 1.30 0.100 0.150 0.20 1.00 7.00 89 2.2 0.0 

W1_res Average 2.98 0.081 0.075 0.42 3.33 7.76 159 8.4 0.3 

W1_res Max 13.30 0.446 0.130 1.28 8.00 8.60 486 21.5 0.0 

W1_res Min 0.88 0.003 0.050 0.05 1.00 7.00 96 2.0 0.0 

W2_res Average 1.70 0.112 0.137 0.22 4.03 7.93 157 8.2 2.0 

W2_res Max 4.40 0.532 0.365 0.95 7.00 8.70 490 22.0 0.0 

W2_res Min 0.88 0.010 0.026 0.02 1.00 6.78 102 1.8 0.0 

Out_res Average 2.93 0.105 0.110 0.25 2.46 7.92 155 7.6 5.1 

Out_res Max 13.30 0.558 0.280 0.88 6.00 8.60 506 18.5 40.0 

Out_res Min 0.88 0.003 0.026 0.02 1.00 7.20 97 1.9 6.0 
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The analysis of the flowing water data shows that the highest av-

erage values of nitrate and nitrite were observed at the Paprotki sampling 

post (P_in_res), ammonia at the Opawa post (O_in_res), phosphates, 

BZT5 and electrolytic conductivity at the Bóbr post (B_in_res), water pH 

at the Z otna post (Z_in_res) and water temperature and total suspended 

solids at the Bachorzyna post (Ba_in_res). In the water of the reservoir 

(W_res) during the period of the study the highest values were recorded 

for the following indicators: water pH and water temperature. The ana-

lyzed data also shows that at the outflow from the Bóbr reservoir 

(Out_res), in comparison with the Bóbr post (B_in_res), the highest val-

ues of average concentrations of nitrite, water pH, water temperature 

were recorded. 

Graphical comparison of the levels of nitrates, phosphates, am-

monia, BZT5, pH, conductivity, water temperature, and total suspended 

solids in the tested waters in Bukówka reservoir against the background 

of water quality classes by Decision of the Polish Minister for the Envi-

ronment of 9 November 2011 [29] is shown in Fig. 2–5. 

 

 

 

Fig. 2. Nitrates and phosphates concentration in the water from Bukówka 

reservoir in period 2006–2007 

Rys. 2. St enie azotanów i fosforanów w wodzie ze zbiornika Bukówka 

w latach 2006–2007 
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Fig. 3. Ammonia and BOD5 concentration in the water from Bukówka reservoir 

in period 2006–2007 

Rys. 3. St enie jonów amonowych i BZT5 w wodzie ze zbiornika Bukówka 

w latach 2006–2007 
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Fig. 4. pH and electrolytic conductivity in the water from Bukówka reservoir in 

period 2006–2007 

Rys. 4. pH i przewodno  wody ze zbiornika Bukówka w latach 2006–2007  
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Fig. 5. Water temperature and total suspended solids in the water from 

Bukówka reservoir in period 2006–2007 

Rys. 5. Temperatura i zawiesina ogólna w wodzie ze zbiornika Bukówka 

w latach 2006–2007 
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·dm
-3

), given in [27]. Moreover, according to the value of transparency 

given in [29] year, the Bukówka reservoir was also qualified as eu-

trophic, because the transparency by Schindler modulus (5.0 m
2
/m

3
) 

should be 1.7 meters. Nevertheless, it was found that the Bukówka reser-

voir's water is not vulnerable to pollution by nitrogen compounds from 

agricultural sources, as the nitrate concentration was lower than recom-

mended (50 mg NO3
-
·dm

-3
) in [27]. 

As is indicated by the above analysis, hydrochemical conditions 

in the Bukówka reservoir, in terms of functions performed by the tank, 

are unfavorable for it. This is confirmed by tests of the Bóbr river water 

quality presented in [17–18, 21–22]. They showed that the main sources 

of pollution of the Bóbr river are industrial and domestic waste water 

from urban centers and rural domestic waste water from community cen-

ters. The water quality of the Bóbr river in 2005 showed a considerable 

variability. At the border point an unsatisfactory state of the water was 

recorded. Water flowing into Poland from the Czech Republic was char-

acterized as a one of an unsatisfactory quality. The classification was 

decided by a large number of faecal coliform bacteria, very high phos-

phate and phosphorus concentrations, as well as increased color and phe-

nolic index.  

The evaluation of the consumption usefulness of the water out-

flow from the Bukówka reservoir showed that values of temperature, 

conductivity, nitrates and ammonia in any period did not exceed the limit 

of the A1 category domain, i.e. water requiring simple physical and 

chemical treatment [26]. Water pH values (May 2007) qualified the test-

ed water to the A2 category, i.e. water requiring a typical physical and 

chemical treatment. However, in the remaining months this indicator did 

not exceed the limit values of the A1 category. Limit values of the A3 

category, i.e. water requiring an efficient physical and chemical treatment 

were exceeded in terms of total suspended solids (September 2007), 

phosphate (December 2007) and BOD5 (April 2007) [26]. In view of the 

fact that the reservoir is under water intake protection „Bukówka”, ac-

cording to the permission OS-6210/8/97 and for the purposes of the 

planned water treatment plant and water transmission to Wa brzych [18], 

the research should be continued. At the time the research was based only 

on direct sampling of water from the reservoir destined for citizens of 

Bukówka village, which is located below the dam. 
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Examination of the Bukówka reservoir's water showed that indi-

cators such as water pH and ammonia nitrogen meet the requirements for 

inland waters which are the habitat of salmonids and cyprinids in their 

natural conditions [28]. In contrast, the water temperature meets the re-

quirements for inland waters which are cyprinids’ habitat only. The most 

unfavorable conditions for the existence of fish is caused by nitrites, 

which exceed the required [28] value of 0.01 mg NO2
-
·dm

-3
 for salmon-

ids and 0.03 mg NO2
-
·dm

-3
 for cyprinids, by the BOD5 value, which ex-

ceeds the required 3 mg O2 · dm
-3

 for salmonids and 6 mg O2·dm
-3

 for 

cyprinids and by the total suspended matter value, which exceeds the 

required on [28] average annual value by 25 mg·dm
-3

. 

In the case of the Bukówka reservoir a positive impact on the im-

provement of water quality in terms of selected indicators has been 

found. The results obtained indicate that the Bukówka reservoir reduced 

levels of nitrates, ammonia, phosphate, total suspended solids and con-

ductivity in water outflow from the reservoir in relation to the water 

flowing into the reservoir. However, in the water below the reservoir 

higher nitrites values, water pH and temperature were recorded. Another 

function which has been attributed to dam reservoirs is improvement of 

surface water quality. There is still no synonymous answer to the ques-

tion whether hydrotechnical construction deteriorates or improves the 

quality of water. Generally, it was observed that big reservoirs receiving 

waters of slight or average pollution level improve their quality [35].  

In order to complete the characteristics of the quality of the Bóbr 

river water flowing into the Bukówka reservoir, the results of the study of 

water quality of the Bóbr river obtained in year 2006–2007, at the posi-

tion (B_in_res), were compared with the results of the state monitoring 

for the period from 1993 to 2005, carried out by the Provincial Inspec-

torate of Environmental Protection in Wroc aw [23], at the border (km 

269.9). Table 2 shows this comparison. 

The water quality indicators of the Bóbr river show a lower value 

than the water quality test results obtained from PIEP Wroclaw. In the 

case of indicators such as BOD5 and conductivity, the situation was re-

versed. 

The water quality of the Bóbr river at the border showed a con-

siderable variability. An unsatisfactory state of waters was registered. 

Water flowing into Poland from the Czech Republic was characterized as 
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of an unsatisfactory quality. The classification was a result of a large 

number of faecal coliform bacteria, very high concentrations of phospho-

rus and increased color and phenolic index. Significant fluctuations in the 

concentrations of nutrients during every year of the examined period 

were observed Table 2 [23]. As it is stated by the authors of the report 

[23], high concentrations of biogenic compounds posed a threat of eu-

trophication to the Bukówka dam reservoir. Assessment of water quality 

of the Bóbr river, taking into account the parameters characterizing the 

process of eutrophication, revealed exceeding the annual average concen-

trations of phosphate and nitrate. Similar results, concerning the large 

pollution of the Bóbr river flowing from the Czech Republic, are present-

ed in the paper Vodohospodá ská bilance za rok 2011, období 2006 – 

2011 a výhledu k roku 2021 Zpráva o hodnocení jakosti povrchových 

vod pro území ve správ  Povodí Labe, státní podnik Odbor pé e o vodní 

zdroje [8, 9]. It recommended that the Bóbr river water flowing out from 

the Czech Republic was classified to class II of water quality, due to the 

high content of total phosphorus. 

 
Table 2. The results of the quality of river Bóbr water flowing into the reservoir 

at B_in_res post and the average annual values of selected water quality 

indicators from PIEP Wroc aw for the period 1993–2005 

Tabela 2. Wyniki jako ci wody rzeki Bóbr wp ywaj cej do zbiornika na 

posterunku B_in_res oraz rednio roczne warto ci wybranych wska ników 

jako ci wody na podstawie WIOS Wroc aw w latach 1993–2005 

Indicator 

WIOS investigations (1993–2005) Self investigations (2006–2007) 

Bóbr – border point, km 269.6 Bóbr (post B_in_res) 

Min. (Year) Max. (Year) Min. (Date) Max. (Date) 

Nitrates 

(mg NO3
-·dm-3) 

12 (1998) 

>50 (1993, 1994, 

1995, 1996, 

2000, 2004) 

1.30 (XI 2006) 
5.30 (XI 

2007) 

Phosphates 

(mg PO4
3-·dm-3) 

0,20 (1997) 

>2.00 (1993, 

1994, 2000, 

2003, 2004) 

0.11 (I 2007) 
1.10 (XII 

2007) 

BOD5 

(mg O2·dm-3) 

5,0 (1997, 

1999,2003) 
9.0 (1995) 

1.00 (XI 2006, 

I, IX, X 2007) 

10.00 (V 

2007) 

Electrolytic conduc-

tivity ( S·cm-1) 

200 (1997, 

1998, 1999) 
470 (1994) 122 (XII 2007) 714 (V 2007) 
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4.2. Bukówka reservoir's basin and the material supply  
to the reservoir 

Water reservoirs have a great ability to capture migrating matter 
from the basin [14]. Water qualities in the reservoirs as well as a content 
of the phosphorus compounds are both largely determined by an external 
input [2]. The rate of eutrophication of a natural reservoir depends on its 
basins' physiogeographical structure, which functions as a continuous 
supplier of various forms of matter (including biogenic) to the reservoir, 
as well as morphometric parameters of the reservoir and its hydrological 
regime [1, 31–33]. The physiogeographical structure of a basin can pro-
mote area flows or limit them. On the other hand, the physical structure 
of a reservoir may be more, as well as less favorable to the maintenance 
of an existing reservoir's water shield. Reservoir's susceptibility to eu-
trophication can be assessed based on the system proposed by Bajkie-
wicz-Grabowska [1]. Natural features of a basin's physiogeographical 
environment cause that a reservoir's direct basin may accelerate or sup-
press the delivery of matter (including biogenic) to the reservoir. 

The influence of a basin on the rate of matter supply to the reser-
voir is evaluated by bonitation of each of the aforementioned characteris-
tics on a scale of 0 to 3 points, where 0 means a very weak impact on the 
supply of matter and the impossibility of it reaching the reservoir, and 3 
means a high impact and rapid delivery of matter to the reservoir [1]. 
Characteristics that describe the degree of interaction basin and reservoir 
include Lake Ohle factor and the lake balance type. The degree of influ-
ence of the direct basin is described by: endorheicity of the area, an aver-
age decrease of the basin, a river network density, surface features and 
the way of the reservoir's exploitation. Table 3 presents an assessment of 
the Bukówka reservoir basin as a supplier of matter to the reservoir, ac-
cording to the Bajkiewicz-Grabowska criteria [1]. 

Final assessment – the average of grades obtained from the evalu-
ation of individual features is 1.33 and qualifies the Bukówka reservoir's 
basin as the second group of susceptibility: the basin is characterized by 
low susceptibility to launching cargo deposited in its area, and a small 
possibility of it reaching the reservoir. According to [34], the type of use 
of the basin areas of the reservoirs located in the basin of the Odra has a 
significant impact on the quality of water in these reservoirs. Currently, 
the supply of biogenic compounds from point and area sources (including 
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agriculture), causing an anthropogenic eutrophication of water, is a major 
threat on the way towards a good status of waters in Poland and around 
the world [12, 13, 15]. Water pollution is a common problem throughout 
the world. Of course, there are many research methods which may de-
termine different sources of water pollution, its scale and its impact on 
the environment [7]. Eutrophication is one of the most serious threats to 
the quality of inland waters. It is an important problem not only in Po-
land, but also in other countries of the European Community [3–5, 7, 19, 
24, 33, 36]. 

 
Table 3. The valuation of the Bukówka reservoir's basin – from which the 

matter flows into the body of water of the Bukówka reservoir 

Tabela 3. Ocena zlewni Bukówki – z której materia wp ywa do wód zbiornika 

Bukówka 

Characteristic of the Bukówka reservoir basin Criterion by [1] 
Amount of 

points 

Factor lake by Ohle 35.03 10–40 1 

Balance type of tank Flow Flow 3 

Potamology parameters 

– density of river network 

– average river basin slope

 

0.6 

11.5 

 

0.5–1.0 

10–20 

 

1 

2 

Geological structure of

river basin 

Slope and eluvium clay,  

Dusty clay, Peat soil 

Clay, 

Peat 0 

River basin use 
woodland 45%, arable land 

52%, built-up areas 3% 

Forest-agricultural, 

grassland-

agricultural 

1 

Mean value 1.33 

5. Conclusions 

1. The results of water quality testing in the period 2006–2007 show that 

due to the concentration of phosphates, BOD5 and total suspended sol-

ids, the water flowing into the Bukówka reservoir from the trans-

boundary drainage basin exceeds the limits of class II water quality 

indicators for water bodies in natural watercourses such a river. 

Meanwhile, the concentrations of N-NO3
-
 and the pH qualify this wa-

ter as class II (in terms of the classification of water bodies in natural 

watercourses, such as a river).  
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2. It was found that the tested water in the Bukówka reservoir basin is 

not vulnerable to nitrogen pollution from agricultural sources. The 

Bukówka reservoir is not very susceptible to the displacement of pol-

lutants deposited in its drainage basin; the likelihood of them getting 

into the reservoir is small. 

3. In terms of eutrophication, the hydrochemical conditions occurring in 

the Bukówka reservoir catchment are unfavourable to the functions 

performed by the reservoir. The main reason for this is the high con-

centration of phosphorus from domestic waste water of localities in 

the studied drainage basin. 

4. Evaluation of the suitability for consumption of outflow water from 

the Bukówka reservoir showed that the values for temperature, elec-

trolytic conductivity, nitrates and ammonia did not exceed the A1 cat-

egory limit values. The pH value qualified the tested water to the A2 

category. The A3 category limit was exceeded in terms of total sus-

pended solids and BOD5. 

5. Water from the Bukówka reservoir is not suitable as habitat for salm-

onids and cyprinids due to the presence of nitrites, BOD5 and total 

suspended solids. 

6. The Bukówka reservoir had a positive influence on the water quality 

of the river Bóbr and the other four tributaries: Opawa, Z otna, 

Bachorzyna and Paprotki. During the research, the highest values in 

the reservoir were observed for water pH and temperature. Compared 

with the water flowing into the reservoir, the outflow was character-

ized by higher average concentrations of nitrites and higher average 

water pH and temperature.  

7. Due to the transboundary nature of the Bóbr River where the Buków-

ka reservoir is located, it is important to limit the inflow of pollutants 

into it and monitor the cleanliness of water in the watercourses and in 

the reservoir. Comprehensive hydrological and water quality monitor-

ing in the reservoir catchment basin will help protect water in the 

catchment and will enable rational water management in the Polish 

and Czech part of the basin. The most important measures for water 

crossing the Polish-Czech border should relate to combating pollution 

and improving water quality.  
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Dop yw zanieczyszcze  do zbiornika wody pitnej Bukówka 
z obszaru transgranicznego zlewni rzeki Bóbr 

Streszczenie 
Obecnie istnieje zwi kszone zainteresowanie zarz dzaniem zasobami 

wodnymi, w tym jako ci  wody, na obszarach transgranicznych. Sytuacja na-

biera szczególnego znaczenia, gdy na rzece transgranicznej zlokalizowany jest 

zbiornik zaporowy, m.in. wykorzystuj cy retencjonowane wody do celów zao-

patrzenia w wod . Wówczas niezmiernie wa ne sa badania jako ci wód 

w zlewni powy ej zbiornika, przede wszystkim w aspekcie wprowadzania do 

tych wód zanieczyszcze , zarówno w górnym biegu rzeki transgranicznej, jak 

i w kolejnych punktach biegu rzeki.  

Praca przedstawia analiz  dop ywu zanieczyszcze  z obszaru transgra-
nicznego zlewni rzeki Bóbr do zbiornika wody Bukówka, w aspekcie jej reten-
cjonowania w zbiorniku. Przeanalizowano jako  wody pi ciu cieków zasilaj -
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cych zbiornik: rzeka Bóbr, Opawa, Z otna, Bachorzyna i Paprotki, jako  wody 
retencjonowanej w zbiorniku i odp ywaj cej ze zbiornika oraz rozpoznano 
przyczyny jej przestrzennego zró nicowania a tak e czasowej ich zmienno ci. 
W pracy ponadto przedstawiono ocen  eutrofizacji analizowanych wód, oce-
niono czy badane wody s  wra liwe na zanieczyszczenie zwi zkami azotu ze 
róde  rolniczych, do spo ycia oraz wykonano ocen  zlewni zbiornika Bukówka 

pod k tem dostawy materii do zbiornika. Ocen  jako ci wody w analizowanych 
ciekach i zbiorniku wykonano analizuj c takie wska niki jak: NO3

-, NO2
-, NH4

+, 
PO4

3-, BOD5, odczyn wody, przewodno  elektrolityczn , temperatur  wody 
i zawiesin  ogóln . Wyniki bada  w asnych jako ci wody rzeki Bóbr uzupe -
niono wynikami uzyskanymi z WIO  Wroc aw i z Czech.  

Wyniki przeprowadzonych w okresie 2006–2007 bada  jako ci wody 
na terenie polskiej cz ci zlewni zbiornika Bukówka wykaza y, e wody te ze 
wzgl du na st enia fosforanów, BZT5 i zawiesiny ogólnej przekroczy y warto-
ci graniczne wska ników jako ci wód odnosz ce si  do jednolitych cz ci wód 

powierzchniowych w ciekach naturalnych takich jak rzeka w a ciwe dla klasy 
II. Natomiast st enia N-NO3

- i odczyn zakwalifikowa y wody do II klasy jako-
ci wód, odnosz cych si  do jednolitych cz ci wód powierzchniowych w cie-

kach naturalnych, takich jak rzeka.  
W pracy stwierdzono, e badane wody z terenu zlewni zbiornika Bu-

kówka nie s  wra liwe na zanieczyszczenie zwi zkami azotu ze róde  rolni-
czych. Natomiast zlewnia zbiornika Bukówka charakteryzuje si  ma  podatno-
ci  na uruchomienie adunku zdeponowanego na jej obszarze i niewielk  mo -

liwo ci  dotarcia jej do zbiornika. 
Z punktu widzenia procesu eutrofizacji uwarunkowania hydrochemicz-

ne wyst puj ce w zlewni zbiornika Bukówka, w aspekcie realizowanych przez 
zbiornik funkcji, s  dla niego niekorzystne. G ówn  przyczyn  tego stanu s  
wysokie st enia fosforu pochodz cego ze cieków bytowych z miejscowo ci 
po o onych w badanej zlewni.  

Wody zbiornika Bukówka nie nadaj  si  do bytowania ryb ososiowa-
tych i karpiowatych. Natomiast ocena przydatno ci wody odp ywaj cej ze 
zbiornika Bukówka do spo ycia wykaza a, e warto ci: temperatury wody, 
przewodno ci elektrolitycznej, azotanów i amoniaku nie przekroczy y warto ci 
granicznych kategorii A1. Warto ci odczynu wody zakwalifikowa y badane 
wody do kategorii A2. Warto ci graniczne kategorii A3 przekroczone zosta y 
pod wzgl dem zawiesiny ogólnej i BZT5. 

W pracy wykazano, e zbiornik Bukówka wp ywa  korzystnie na zmia-
ny jako ci wody rzeki Bóbr i innych czterech dop ywów: Opawa, Z otna, Ba-
chorzyna i Paprotki. Woda odp ywaj ca ze zbiornika w porównaniu z wod  
dop ywaj c  do zbiornika charakteryzowa a si  wi kszymi warto ciami red-
nich st e  azotynów, odczynu wody i temperatury wody.  
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Ze wzgl du na transgraniczny charakter rzeki Bóbr, na której zlokali-

zowany jest zbiornik Bukówka, istotne jest ograniczenie dop ywu zanieczysz-

cze  do niej oraz monitorowanie stanu czysto ci wody w ciekach i zbiorniku. 

Kompleksowy monitoring hydrologiczny i jako ci wody w zlewni zbiornika 

b dzie pomocny do podejmowania dzia a  na rzecz ochrony wód w zlewni oraz 

umo liwi prowadzenie racjonalnej gospodarki wodnej na obszarze polskiej 

i czeskiej cz ci zlewni. Najwa niejsze dzia ania dla wód przekraczaj cych 

granic  polsko-czesk  powinny dotyczy  ochrony tych wód przed zanieczysz-

czeniami, poprawy stanu gospodarki wodno- ciekowej w zlewni oraz poprawy 

jako ci wody. 

 

S owa kluczowe:  
zbiornik wodny, rzeka, zlewnia, wody transgraniczne, jako  wód 
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1. Introduction 

Phosphorus and potassium compounds are considered important 

for plant growth. What is more, food production for a growing number of 

people depends on their availability. Phosphorus and potassium com-

pounds are delivered to soil as salts obtained from mineral deposits. The 

problem is that mineral resources are quickly exhausted and this threat-

ens the fundamental paradigm of sustainable development stating that 

providing the currently living generations with the essential livelihoods 

will not deprive future generations of the ability to satisfy their own 

needs [2,6–8,19,21,22]. This paradigm necessitates reducing the exploita-

tion of natural reserves of phosphorus and potassium. The search for oth-

er sources of these compounds draws attention to sewage sludge pro-

duced in sewage treatment plants. 

The sludge contains about 3.2% of phosphorus and 0.4% of po-

tassium. Their reimplementation into soil, after appropriate treatment, 

may significantly reduce the consumption of natural reserves of phospho-

rus and potassium. 

Sewage sludge contains multiple compounds having agriculture 

values, including organic matter, nitrogen, phosphorus and potassium 

compounds and, to a lesser extent, calcium, sulphur and magnesium 

compounds.  

Addition of sewage sludge to land increases organic matter in the 

soil. The organic matter improves the physical, chemical, biological and 

biochemical properties of soil. Sewage sludge contains high levels of 
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organic matter which is beneficial to the physical, chemical and biologi-

cal properties of soil. Organic matter improves the physical quality of 

soil and the root environment by increasing the soil water retentioncapac-

ity and improving soil aggregation and by reducing soil bulk density (see 

table 1). 

The improved physical properties of soil and high levels of organ-

ic matter can enhance biological properties in the soil, including im-

provement of enzymatic, microbial and earthworm activities. 

 
Table 1. Physical properties of soil improved by the use of sewage sludge [16] 
Tabela 1. Fizyczne w a ciwo ci gleby wzbogaconej osadami ciekowymi [16] 

 

Experimental 

period (a) 

Decrease in 

bulk density 

Increase in 

porosity 

Increase in 

water 

holding 

capacity 

Crop land  2~3 18 12.9 4.9 

Forest land 1 4.1 2.0~3.5 8~16 

Turfgrass 1 5.67~35.5 9.7~10.1 29~580 

On the other hand, sewage sludge also contains an array of unfa-

vourable substances, including (1) metallic pollutants, such as zinc, cop-

per, nickel, cadmium, lead, mercury, and chromium, (2) persistent organ-

ic pollutants, such as organochlorine pesticides and polychlorinated bi-

phenyls (PCBs), and (3) microorganism pollutants, such as pathogens 

[4,5,7]. Content of those pollutants requires careful treatment and dispos-

al of sewage sludge. 

Untreated sewage sludge also contains micro-organisms that pose 

health risks. Therefore, sewage sludge should be treated prior to use, in 

order to decrease the water content and to eliminate odours and disease-

causing agents. Typical sludge treatment includes thickening, dewatering, 

drying and stabilization (e.g. anaerobic digestion and alkaline stabiliza-

tion). In general, these unit operations take place on-site (at WWPTs) and 

require a large amount of energy, depending on the specific process used. 

After on-site treatment, sewage sludge is normally transported 

off-site for safe disposal or agricultural use. Currently, in majority of 

countries, land application and landfilling are the most often used sewage 
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sludge disposal methods, although there are some alternatives (e.g. incin-

eration and pyrolysis) that have been well developed [11–14]. Landfill 

disposal can be regarded as the least favourable, and the most unsustain-

able because of the following factors: 

 it commonly generates undesired emissions (e.g. leachate, landfill gas 

and odours) to water, air and soil,  

 valuable nutrient substances (e.g. compounds of N and P) contained in 

sludge are wasted and become pollutants, mostly presented in leach-

ate. 

 

For safe management of sewage sludge it is necessary to follow 

strict regulations. 

Therefore, regulations related to the land application of sewage 

sludge in EU. USA, China and Poland will be characterized.  

Typical composition of sewage sludge is presented in Table 2. 

 
Table 2. Typical chemical composition and properties of primary, activated and 

digested sludge [10] 

Tabela 2. Typowy sk ad chemiczny i w a ciwo ci osadów surowych, czynnych 

i przefermentowanych 

 
Primary sludge Digested sludge 

Activated 

sludge 

Range Typical Range Typical Range 

Total dry solids 

(TS), % 
2.0–8.0 5.0 6–12 10 0.83–1.16 

Volatile solids  

(% of TS) 
60–80 65 30–60 40 59–88 

Grease and fats  

(% of TS) 
     

Ether soluble 6–30  5–20 18  

Ether extract 7–35    5–12 

Protein (% of TS) 20–30 25 15–20 18  

Nitrogen (N, %  

of TS) 
1.5–4 2.5 1.6–6 3 2.4–5 
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Table 2. cont. 

Tabela 2. cd. 

 
Primary sludge Digested sludge 

Activated 

sludge 

Range Typical Range Typical Range 

Phosphorous  

(P2O5, % of TS) 
0.8–2.8 1.6 1.5–4 2.5 2.8–11 

Potash (K2O, % 

of TS) 
0–1 0.4 0–3 1 0.5–0.7 

Cellulose (% of 

TS) 
8–15 10 8–15 10  

Iron  

(not as sulphide) 
2–4 2.5 3–8 4  

Silica (SiO2, %  

of TS) 
15–20  10–20   

Alkalinity  

(kg/l as CaCO3) 
0.5–1.5 0.6 2.5–3.5  0.58–1.1 

Organic acids 

(kg/l as Hac) 
0.2–2 0.5 0–0.6 3 1.1–1.7 

Energy content 

(MJ/kg) 
23–29 25 9–14 12 19–23 

2. Criteria for the European Union  

As early as 1986, the Council of the European Union promulgated 

the Directive: “on the protection of the environment, and in particular of 

the soil, when sewage sludge is used in agriculture (86/278/EEC)” [1]. 

The aim of the Directive is to regulate the use of sewage sludge in agri-

culture in such a way as to prevent harmful effects on soil, vegetation, 

animals and people, while encouraging its proper use. To this end, it sets 

out the requirements regarding pollutant limits, operational standards, 

management practices, sampling and analysis methods, recordkeeping 

(e.g. the quantities and properties of sludge produced) and, periodical 

reporting. The Directive prohibits the use of untreated sludge on agricul-

tural land unless it is injected into the soil under specific conditions.  
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Directive sets limit values for seven heavy metals (cadmium, 

copper, nickel, lead, zinc, mercury and chromium), both in soil and in 

sludge itself. It describes limit values for concentrations of heavy metals 

in soil to which sludge is applied, concentrations of heavy metals in 

sludge, and the maximum annual quantities of such heavy metals which 

may be introduced into soil (Tables 3, 4 and 5).  
 

Table 3. Limit values for concentrations of heavy metals in soil [1] 

Tabela 3. Dopuszczalne st enia metali ci kich w glebie [1] 

Metals mg/kg of dry matter 

Cadmium 1 to 3 

Copper 50 to 140 

Nickel 30 to 75 

Lead 50 to 300 

Zinc 150 to 300 

Mercury 1 to 1.5 

Chromium – 

 

 
Table 4. Limit values for heavy-metal concentrations in sludge used in 

agriculture [1]  

Tabela 4. Dopuszczalne st enia metali ci kich w osadach ciekowych 

wykorzystywanych w rolnictwie [1] 

Metals mg/kg of dry matter 

Cadmium 20 to 40 

Copper 1 000 to 1 750 

Nickel 300 to 400 

Lead 750 to 1 200 

Zinc 2 500 to 4 000 

Mercury 16 to 25 

Chromium – 
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Table 5. Limit values for amounts of heavy metals which may be added 

annually to agricultural land, based on a 10-year average [1]  

Tabela 5. Dopuszczalne st enia metali ci kich, jakie mo na wprowadza  

w ci gu roku do gleby, w oparciu o 10-letni  redni  [1] 

Metals kg/ha/yr 

Cadmium 0.15 

Copper 12 

Nickel 3 

Lead 15 

Zinc 30 

Mercury 0.1 

Chromium – 

 

The current Sewage Sludge Directive addresses both pathogen re-

duction and the potential for accumulation of persistent pollutants in soils 

but sets no limits for organic contaminants. The Directive establishes 

limit values for seven heavy metals (cadmium, copper, nickel, lead, zinc, 

mercury and chromium), both in soil and in sludge itself. It specifies 

general land use, harvesting and grazing restrictions to provide protection 

against health risks from residual pathogens. The Directive requires all 

sludge to be treated before being applied to agricultural land, but allows 

the injection of untreated sludge into the soil under specific conditions. 

While it calls for the use of treated sludge, the Directive does not specify 

treatment processes. 

The Member States can apply stricter restrictions than those de-

termined in Directive 86/278/ EEC and this is observed in several cases. 

Specifically, 16 out of the 27 EU countries have set more rigorous na-

tional standards for heavy metals concentrations in sludge, whereas 10 

out of 27 countries have set stricter limit values for the concentrations of 

heavy metals in soil. There is a wide variation in national limit values for 

heavy metals, even between similar geographical areas, such as the Nor-

dic or Baltic countries. Nordic countries (Finland, Sweden, Denmark and 

Netherlands) have set the lowest limit values. On the other hand, except 

of France, Malta and Slovenia, Mediterranean countries have adopted the 

limit values proposed by the EU Directive. 
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Apart from heavy metals included in the EU Directive 86/278, 

several countries have set limit values for chromium as well as for other 

categories of pollutants commonly detected in sludge such as pathogens 

and organic micropollutants. Limit values for total chromium in sludge 

have been set by 19 out of the 27 countries, while different legislation on 

this matter is observed in different parts of Belgium. The limit values of 

total Cr range from 40 mg/kg dry matter (Slovenia) to 1750 mg/kg dry 

matter (Luxembourg).  

So far, except for Hungary which has set a limit value of 1 mg/kg 

for Cr(VI), no limit values have been set for this chromium species by 

other European countries, despite the fact that it is much more toxic than 

total chromium [18]. 

3. Criteria for the USA 

The US EPA introduced regulations in 1993 [9,17] that estab-
lished minimum standards that must be met if sludges are to be land-
applied. The regulations include concentration limits for nine metals and 
for pathogens, and requirements for the reduction of flies and rodents 
attraction. The regulations establish Class A sludges, which have been 
treated to total elimination of pathogens (disease-causing organisms), and 
Class B, in which pathogens have been reduced but are still present. Un-
der the federal 503 rules certain site restrictions apply to Class B use, but 
no individual site permits are required for its use. 

The federal regulations also establish standards for nine contami-
nants (see Table 6).  

The standards include the so-called ‘exceptional quality’ (EQ) 
sludges, which meet certain concentration limits (no more than X parts 
per million of any of the nine regulated contaminants) as well as patho-
gen and fly and rodent reduction. With regard to metal concentrations, 
sludges and sludge products that fail to meet one or more of those ‘EQ’ 
pollutant concentrations but which fall below a higher ceiling concentra-
tion may be applied, but the applicator is directed to keep track of the 
total amount of each metal applied and cease application when a regula-
tory cumulative pollutant loading limit is reached. Sludge products that 
fail to meet one or more of the ‘EQ’ pollutant concentrations but which 
fall below the ceiling concentration may still be as long as information on 
the acceptable annual pollutant loading rate (APLR) is reached. 
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Table 6. Pollutants limits for all land applied sewage sludge [9] 

Tabela 6. Limity zanieczyszcze  osadów ciekowych stosowanych na 

grunty[9] 
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Arsenic 75 41 41 2.0 

Cadmium 85 39 39 1.9 

Chromium 3,000 1,200 3,000 150 

Copper 4,300 1,500 1,500 75 

Lead 840 300 300 15 

Mercury 57 17 17 0.85 

Molybdenum
b

75 – – – 

Nickel 420 420 420 21 

Selenium 100 36 100 5.0 

Zinc 7,500 2,800 2,800 140 

Applies to: 

All biosolids 

that are land 

applied 

Bulk 

biosolids 

and bagged 

biosolids
c 

Bulk 

biosolids 

Bagged 

biosolids
c 

a Dry-weight basis 
b As a result of the February 25, 1994, Amendment to the rule limits for molyb-

denum were deleted from the Part 503 rule pending EPA reconsideration. 
c Bagged biosolids are sold or given away in a bag or other container. 
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4. Criteria for China 

In China, the first regulation (Control Standards for Pollutants in 

Sludges from Agricultural Use) regarding land application of sewage 

sludge was established in l984 by the Ministry of Urban-Rural Construc-

tion and Environmental Protection (MURCEP). The regulation set limits 

on ten pollutants for sewage sludge used in agriculture. The maximum 

allowable concentrations of pollutants in sludges that are applied to land 

are presented in Table 6.  

In addition, the regulation establishes other requirements: 

 annual loading rate of sludge application should not exceed 

30 ton/ha, 

 if the content of any inorganic chemical contained in sewage sludges 

is close to the limit value shown in Table 7, the waste cannot be ap-

plied to the same site for more than 20 years, 

 sewage sludges should not be used on sandy soil, land with high 

ground water level, or conservation area for water resources, 

 before land application, sludge must be composted or digested, 

 sludge should not be employed on vegetable field or grass lands used 

for grazing within 1 year of application, 

 when sewage sludge is applied to acid soil, the soil should be treated 

with lime, 

 sludge loading rate should be reduced if the content of more than one 

chemical in sludge reaches the limits, 

 if crop growth is affected negatively or harmful chemical content in 

crop excesses any standard, sludge application should be stopped. 

There have been no regulations for pathogen control for sludge land 

application. 
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Table 7. Control standards for pollutants in sludges used in agriculture [3] 

Tabela 7. Standardowe st enia zanieczyszcze  w osadach ciekowych 

stosowanych w rolnictwie [3] 

Parameters 
Limit values [mg·kg

-1
d.m.] 

pH < 6.5 pH > 6.5 

Cadmium 5 50 

Mercury 5 15 

Lead 300 1000 

Chromium 600 1000 

Boron 150 150 

Copper 250 500 

Zinc 500 1000 

Nickel 100 200 

Mineral oil 3000 3000 

Benzo[a]pyrene 3 3 

5. Criteria for Poland 

Sewage sludge produced in wastewater treatment plants requires 

neutralization not only for practical, but also legal reasons. If possible, 

processed sludge should return to the natural environment mainly due to 

the content of valuable fertilizing components such as nitrogen or phos-

phorus, responsible for biomass growth. Agricultural use is recommend-

ed for small and medium treatment plants. For large treatment plants, it is 

impossible to use sludge in agriculture, as it contains exceeded concen-

trations of heavy metals. 

In the Polish legal system, there is a range of regulations pertain-

ing to sludge management. The basic regulation concerning waste man-

agement is the Act on waste of 14
th

 December 2012 (Official Journal, Dz. 

U., 2013, item 21) and several regulations which determine the manage-

ment of sewage sludge in a detailed way. The most important ones in-

clude: Regulation of the Polish Minister of Environment of 27
th

 Septem-

ber 2001 on the Waste Catalogue (Official Journal, Dz.U., 2001, No. 

112, item 1206); in the case of thermal processing of waste – Regulation 

of the Polish Minister of Economy of 21
st
 March 2002 on conditions of 

thermal processing of waste (Official Journal, Dz.U., 2002, No. 37, item 
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339); and the Regulation of the Polish Minister of Economy of 8
th

 Janu-

ary 2013 on the criteria and procedures of waste approval for storage at 

a waste storage facility of particular type (Official Journal, Dz.U., 2013, 

item 38). 

One of the most important legal acts regulating sewage sludge 

management is the Regulation of the Polish Minister of Environment of 

13
th

 July 2010 on municipal sewage sludge (Official Journal, Dz.U., 

2010, No. 137, item 924). This act contains transposed legal regulations 

of the European Union. It specifies the conditions which are to be met 

while employing municipal sewage sludge in agriculture as well as land 

reclamation, including agricultural lands, lands for cultivation of plants 

used in compost production, feed production, and plants not intended for 

human consumption. Similarly, as in other countries, regulations found in 

this act set the limit values for concentrations of seven heavy metals 

found in sewage sludge (see Table 8). 

 
Table 8. Limit values for concentrations of heavy metals in municipal sewage 

sludge [15]  

Tabela 8. Warto ci graniczne st e  metali ci kich w komunalnych osadach 

ciekowych [15] 

Metals 

Heavy metal content [mg·kg
-1

d.m] 

in agriculture and the 

reclamation of lands for 

agricultural purposes 

in the reclamation of lands 

for non-agricultural 

purposes 

Cadmium 20 25 

Copper 1000 1200 

Nickel 300 400 

Lead 750 1000 

Zinc 2500 3500 

Mercury 16 20 

Chromium 500 1000 
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8. Conclusions 

Sewage sludge is a sustainable source of phosphorus and potassium 

compounds for the growth of biomass. Their application on cultivated land 

could be beneficial on condition that the level of pollution does not exceed 

the acceptable level, in particular with regard to heavy metals.  

Taking into account their possible negative impact on the environ-

ment, strict regulations on the content of pollutants in sewage sludge, es-

pecially heavy metals, have been established in all the discussed regions. 

Bearing in mind both the advantages of the use of sewage sludge 

to fertilize crops and the possible risks arising from contaminants, 

a number of countries introduced strict regulations governing the use of 

sewage sludge to fertilize soil.  

Taking into consideration the example of the European Union, the 

U.S., Poland and China, it can be concluded on the basis of analysis of 

legal regulations in this regard that the use of sewage sludge to fertilize 

crops is controlled in an appropriate way in both the developed as well as 

the developing countries. 
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Kryteria zrównowa onego usuwania osadów ciekowych 

Streszczenie 
Osady ciekowe s  stanowi  trwa e ród o zwi zków fosforu i potasu 

niezb dnych do wzrostu biomasy. Od ich dost pno ci dla ro lin zale y produk-

cja ywno ci dla stale wzrastaj cej liczby ludno ci. Do gleby dostarczane s  

zwi zki fosforu i potasu w postaci soli pozyskiwanych jako kopaliny. Problem 

jednak stanowi  szybko wyczerpuj ce si  zasoby minera ów, z których pozy-

skiwane s  wy ej wymienione pierwiastki do produkcji nawozów rolniczych. 

W przysz o ci ich brak mo e pogorszy  jako  gleb, co zmniejszy skal  pro-

dukcji rolnej. Oznacza to, e podstawowy paradygmat zrównowa onego rozwo-

ju mówi cy o konieczno ci post powania takiego, aby zapewni  niezb dne 

rodki do ycia obecnym pokoleniom, nie pozbawi przysz ych pokole  mo li-

wo ci zabezpieczenia ich potrzeb. Paradygmat ten nakazuje podj cie wszelkich 

dzia a  zd aj cych do ograniczania eksploatacji naturalnych ich zasobów. 

Poszukuj c innych róde  zwrócono uwag  na osady ciekowe pochodz ce 

z biologicznych oczyszczalni cieków. Osady te zawieraj  zwi zki fosforu 

i potasu, które po odpowiedniej obróbce mog  przyczyni  si  do spowolnienia 

zu ycia naturalnych rezerw fosforu i potasu. Zastosowanie osadów ciekowych 

na uprawianej ziemi, mo e by  korzystne pod warunkiem, e poziom zanie-

czyszcze  m.in. metalami ci kimi nie przekracza dopuszczalnego poziomu. 

Bior c pod uwag  ich mo liwy negatywny wp yw na rodowisko naturalne oraz 

surowe przepisy dotycz ce zawarto ci zanieczyszcze  w osadach, metale ci -

kie zosta y uwzgl dnione w prawodawstwie omawianych regionów.  

Bior c pod uwag  zalety wnikaj ce z wykorzystania osadów cieko-

wych do nawo enia upraw i mo liwych zagro e  wynikaj cych z obecno ci 

w osadach ciekowych niepo danych zanieczyszcze , wiele krajów wprowa-

dzi o surowe przepisy reguluj ce wykorzystanie osadów do nawo enia gleby. 

Bior c pod uwag  przyk ad Europejskiej, USA, Polski i Chin mo na stwierdzi  

na podstawie analizy regulacji prawnych w tym zakresie, e stosowanie osadów 

ciekowych do nawo enia gleb jest w pe ni kontrolowane zarówno w krajach 

rozwini tych jak równie  w krajach rozwijaj cych si . 

 

S owa kluczowe:  
zrównowa ony rozwój, fosfor, potas, osady ciekowe, uwarunkowania prawne 

Keywords:  
sustainable development, phosphorus, potassium, sewage sludge,  

legal conditions 
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1. Introduction 

Sewage sludge is a natural product obtained after sewage treat-

ment. The amount of sludge generated is about 1 to 3% of the volume of 

the supplied wastewater, but the outlays on processing the sludge amount 

to ca. 50% of the costs incurred on sewage and sludge treatment in the 

plant. 

Sewage sludge treatment consists in subjecting it to a variety of 

processing methods based on the processes of biological, physical and 

chemical nature which help obtain a product which is safe for environ-

ment and human health [12, 13, 18, 19]. 

Current facilities in treatment plants, with high-performance bio-

logical methods of sewage sludge treatment and removal of biogenic 

compounds supported with chemical methods, generate huge amounts of 

sewage sludge. Sewage sludge is a product that causes substantial envi-

ronmental nuisance due to unpleasant odour as a result of putrification 

and it represent a serious sanitary threat. The sludge which is generated 

should be processed and treated or be used in industry or agriculture. Due 

to sludge harmfulness to the environment, all the safety recommenda-

tions for sludge management should be respected. The main aim of an-

aerobic process of sludge stabilization is to reduce the sludge mass. Re-

duction of the amount of sludge minimizes its harmful effect on the envi-

ronment. Methane fermentation is very popular since it transforms 
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strongly hydrated and hydrophilic sewage sludge with unpleasant odour 

and high viscosity which is dangerous in bacteriological terms. The gen-

erated low-viscosity sludge is easily dewatered and it resembles soil [11]. 

Sewage sludge treatment using methane fermentation is advantageous in 

energetic terms since it does not necessitate the supply of high energy 

while a product of reactions that occur in the process is high-energy bio-

gas. One drawback of this process is low rate of degradation of organic 

compounds contained in the sludge [3, 23]. 

In the aspect of improving the effectiveness of anaerobic stabili-

zation, ultrasonic field disintegration represents a very good method. 

However, it necessitates choosing optimum value of wave frequency. 

Using ultrasound energy to decompose biomass involves application of 

low ranges of field frequencies. The choice of frequency depends on the 

medium exposed to the effect of ultrasound [5, 6, 8, 20]. 

Depending on the frequency and physical conditions of the medi-

um, high-intensity ultrasound might cause coagulation i.e. connecting 

small particles into bigger aggregates or dispersion, that is, fragmentation 

of bigger particles into smaller ones. Ultrasonic coagulation processes 

occur usually in suspensions of solid particles, liquid drops, gas bubbles 

in gaseous or liquid medium and they consist in creation of forces in the 

acoustic field that take them closer to each other and connect into bigger 

particles that fall down due to gravity forces [17]. 

It is generally accepted that the disintegrating effect is mainly 

caused by ultrasonic cavitation. Resonance vibrations of gas bubbles that 

represent cavitation nuclei and rapid formation and collapsing of vacuum 

bubbles is observed in the area of cavitation, accompanied by local in-

creases of temperature and pressure. The latter phenomenon is a source 

of impact waves that cause e.g. dispersion and homogenization of solids 

in the liquid [17]. Vibrations of media and particles accelerate defor-

mation of a double diffusion layer of colloidal particles, which is mani-

fested with changes in the potential of sonicated sludge particles and of-

fers opportunities for improving the effect of coagulation/flocculation of 

the sludge [10]. 

Ultrasound wave is produced as a result of rhythmic vibrations of 

the particles in the medium it travels through. The wave is characterized by 

acoustic wave intensity. Intensity is given by the following formula [9]: 
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 (1) 

where: 

P – power transferred through ultrasonic waves, W; 

A – surface of wave propagation, cm
2
. 

 

Basic parameters used in description of ultrasonic waves that are 

formed is wavelength and frequency. Wavelength depends on a medium 

the ultrasounds propagate in. The basic relationship that occurs between 

frequency and wavelength is [21]: 

 

 (2) 

where: 

 – velocity of wave propagation in a particular medium, m/s; 

f – ultrasonic wave vibration frequency, Hz. 

 

There are five options of using ultrasonic disintegration in a tech-

nological line of a wastewater treatment plant [20]. 

 disintegration of activated sludge in order to improve sedimentation 

properties during de-clearing in order to remove a fermentation scum, 

 disintegration of a partial stream of the thickened excess sludge in 

order to intensify methane fermentation, 

 disintegration of partial stream of the suspension in order to improve 

thickening of excess sludge, 

 disintegration of the recirculated sludge in order to utilize the potential 

of residue gas, 

 disintegration of partial stream after initial mechanical dewatering of 

the sludge in order to improve dehydration. 

 

Using ultrasonic field is a fast and convenient technology that 

does not generate contamination of the solid phase [4]. Ultrasonic disin-

tegration is based on the use of ultrasonic field with the frequency of 10–

50 kHz and ultrasonic field intensity of over 1 W/cm
2 
[2, 7, 24].  

After propagation through liquid and gaseous media, ultrasonic 

field creates both primary and secondary phenomena. The primary phe-

nomena include cavitation and radiation pressure while secondary phe-
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nomena are those with physicochemical nature, such as ultrasonic coagula-

tion, dispersion, electrokinetic phenomena, oxidation or reduction [1, 24]. 

The aim of this study was to evaluate the effect of excess sludge 

disintegration with ultrasonic field on hydrolysis that occurs during me-

thane fermentation of the sludge from the food industry. The rate of gen-

eration and value of volatile fatty acids, as well as the degree of sludge 

fermentation was determinate. 

2. Experimental Part 

2.1. Substrate 

The substrate for the experiments was excess sludge from the me-

chanical-chemical-biological wastewater treatment plant. This 

wastewater treatment plant purify wastewater from carbonated drinks 

factory "Jurajska” in Myszków, Poland, as well as from the mentioned 

city. The test excess sludge is produced by purification ca. 90% of tech-

nological wastewater and ca. 10% of domestic wastewater. Excess sludge 

was inoculated with fermented sludge with 10:1 ratio. The excess sludge 

was characterized by the following contents: dry mass 13.31–

18.08 g/dm
3
, dry organic matter 9.86–13.3 g/dm

3
 and dry mineral mass 

3.45–4.78 g/dm
3
. 

2.2. Methodology 

During the first stage of the research, in order to determine the 

best conditions of disintegration possible, the authors used ultrasonic 

disintegrator VCX-750. The disintegrator's operation consists in active 

effect of ultrasonic field on the sludge. The energy is produced by power 

converter which converts the electrical energy supplied into mechanical 

vibration energy. The mechanical vibration of the converter is transferred 

as a longitudinal wave to a working tip. The working tip was immersed 

into a vessel with the excess sludge studied at the depth of 3 cm from the 

vessel's bottom. The volume of the conditioned sample was 0.5 dm
3
 and 

the ultrasonic conditioning occurred in a no-flow system, with a single 

filling of the vessel.  

During sonication by means of disintegrator VC-750, the authors 

used vibration amplitudes of ultrasonic field of 15, 21, 31, 37 and 46 m 

and sonication time of ts = 30–360 s.  
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In the case of second stage of research the aim was to analyze the 

influence of ultrasonic disintegration of excess sludge on the anaerobic 

stabilization efficiency. The tests were carried out under mesophilic la-

boratory conditions in ten glass flasks that represented the models of 

fermentation chambers. Methane fermentation processes were carried out 

10 days. Every day of the process the sludge was collected for analysis 

from one of the flasks. The flasks were secured from air access with 

a rubber plug with liquid-column gauge. The plug prevented from the 

outflow of the biogas generated inside the flasks. The flasks with active 

volume of 0.5 dm
3
 were incubated in a laboratory thermostat at the tem-

perature of 37°C. In order to mix the whole volume of the sludge and 

prevent from formation of the areas overloaded with contaminants and to 

prevent from formation of the scum, the content of the flasks was mixed 

manually several times a day. The mixture procedure ensured mixing of 

the whole bacterial population in the fermented sludge used as an inocu-

lum with the excess sludge.  

Anaerobic stabilization was carried out for the following mix-

tures: 

 Mixture 1 – excess sludge, non-conditioned + fermented sludge; 

 Mixture 2 – excess sludge conditioned with ultrasonic field amplitude 

(A= 21 m and sonication time of 360 s, acoustic wave intensity 

1.02 W/cm
2
) + fermented sludge; 

 Mixture 3 – excess sludge conditioned with ultrasonic field (A= 

46 m and sonication time of 360 s, acoustic wave intensity 

2.09 W/cm
2
) + fermented sludge. 

 

The following physicochemical parameters were evaluated: 

 volatile fatty acids (VFAs) according to the standard PN-75/C-

04616/04 [14], 

 dry matter, dry organic matter, dry mineral matter by means of a direct 

weighing method according to the standard PN-EN-12879 [15], 

 chemical oxygen demand by means of a dichromate method based on 

HACH 2100N IS tests according to (ISO 7027) [16]. 
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3. Results and discussion 

An increase in concentration of organic substances contained in 

supernatant liquor conditioned with ultrasonic field (expressed in COD) 

was found after exposure of excess sludge to ultrasonic field disintegra-

tion. Based on changes in the content of COD and VFAs vs. time, the 

authors chose the most beneficial parameters of conditioning, pointing to 

the amplitude of ultrasonic field vibration of A= 46 m and sonication 

time of 360 s (acoustic wave intensity 2.09 W/cm
2
). Furthermore, the 

effect of disintegration with vibration amplitude of UD A=21 m (acoustic 

wave intensity 1.02 W/cm
2
) on methane fermentation was also measured 

for the most favourable sonication time of 360 s. A 3-time and 5-time in-

creases in COD and 2-time and 3-time increases in VFAs were observed 

respectively for the above indices compared to the initial values. 

Fig. 1–5 present changes in COD and VFAs, the indices deter-

mined in supernatant liquor depending on sonication time for individual 

amplitudes of ultrasonic field vibration. 

 

 

Fig. 1. Changes in COD and VFAs in supernatant liquor vs. sonication time for 

ultrasonic field vibration amplitude of A=15 m 

Rys. 1. Zmiany warto ci ChZT oraz LKT w cieczy nadosadowej, w zale no ci 

od czasu sonifikacji dla amplitudy drga  pola UD A=15 m 
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Fig. 2. Changes in COD and VFAs in supernatant liquor vs. sonication time for 

ultrasonic field vibration amplitude of A=21 m 

Rys. 2. Zmiany warto ci ChZT oraz LKT w cieczy nadosadowej, w zale no ci 

od czasu sonifikacji dla amplitudy drga  pola UD A=21 m 

 

 

Fig. 3. Changes in COD and VFAs in supernatant liquor vs. sonication time for 

ultrasonic field vibration amplitude of A=31 m 

Rys. 3. Zmiany warto ci ChZT oraz LKT w cieczy nadosadowej, w zale no ci 

od czasu sonifikacji dla amplitudy drga  pola UD A=31 m 
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Fig. 4. Changes in COD and VFAs in supernatant liquor vs. sonication time for 

ultrasonic field vibration amplitude of A=37 m 

Rys. 4. Zmiany warto ci ChZT oraz LKT w cieczy nadosadowej, w zale no ci 

od czasu sonifikacji dla amplitudy drga  pola UD A=37 m 

 

 

Fig. 5. Changes in COD and VFAs in supernatant liquor vs. sonication time for 

ultrasonic field vibration amplitude of A=46 m 

Rys. 5. Zmiany warto ci ChZT oraz LKT w cieczy nadosadowej, w zale no ci 

od czasu sonifikacji dla amplitudy drga  pola UD A=46 m 
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At the next stage of the experiments, the anaerobic stabilization 
was carried out for a mixture of non-conditioned sewage sludge and fer-
mented sludge used as an inoculum. At this stage of the study, the anaer-
obic stabilization was carried out for Mixture 1. 

Excess sewage sludge is difficult to be biochemically decom-
posed under anaerobic conditions. This is supported by the degree of 
sludge fermentation obtained on the tenth day of the stabilization process. 
Therefore, the results obtained in the study suggested that the effective-
ness of the process might be improved through subjecting the process of 
initial conditioning to the exposure to ultrasonic field. 

The degree of sludge fermentation during the process of methane 
fermentation of Mixture 1 carried out in fermentation flasks was ca. 17%. 
The initial value of VFA content in Mixture 1 (non-conditioned sludge) 
was 360 mg CH3COOH/dm

3
. The highest VFA content (805 mg 

CH3COOH/dm
3
) was found during anaerobic stabilization of Mixture 1, 

was found on the sixth day of the process. After this day, VFA was con-
stantly decreasing until the 10th day of the process. VFAs content rec-
orded on the last day was 102 mg CH3COOH/dm

3
.  

Changes in VFAs content on individual days of methane fermen-
tation of the non-conditioned sewage sludge is presented in Fig. 6. 

The process of methane fermentation was also carried out for the 
excess sludge disintegrated initially with ultrasonic field (Mixtures 2 and 

3) with amplitude of ultrasonic field vibration of 21 m and 46 m, re-
spectively, for sonication time of 360 s.  

The initial value of VFAs content for Mixture 2 was 411 mg 
CH3COOH/dm

3
. The highest VFAs content (737 mg CH3COOH/dm

3
) 

was found on the second day of the process. After this day, the value of 
VFAs generated showed a downward tendency until it reached the value 
of 257 mgCH3COOH/dm

3 
on the 10th day of the process. Changes in 

VFAs recorded during methane fermentation for Mixture 2 are presented 
in Fig. 7. 

With regard to Mixture 3, VFAs content on the day of initiation of 
of anaerobic stabilization was 943 mg CH3COOH/dm

3
. The highest 

VFAs content (1714 mg CH3COOH/dm
3
) was found on the second day 

of the process. Final VFAs content on the 10th day of the process was 
658 mg CH3COOH/dm

3
. Changes in VFAs observed during methane 

fermentation of the sludge disintegrated with ultrasonic field are present-
ed in Fig. 8. 
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Fig. 6. Changes in VFAs recorded during methane fermentation of 

unconditioned excess sludge (Mixture 1) 

Rys. 6. Zmiany warto ci lotnych kwasów t uszczowych odnotowane podczas 

procesu fermentacji metanowej niekondycjonowanych osadów nadmiernych 

(Mieszanina 1) 

 

 

Fig. 7. Changes in VFAs observed during methane fermentation for excess 

sludge conditioned with ultrasonic field (Mixture 2) 

Rys. 7. Zmiany warto ci lotnych kwasów t uszczowych zaobserwowane 

podczas procesu fermentacji metanowej osadów nadmiernych 

kondycjonowanych polem ultrad wi kowym (Mieszanina 2) 
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Fig. 8. Changes in VFAs observed during methane fermentation of the excess 

sludge conditioned with ultrasonic field (Mixture 3) 

Rys. 8. Zmiany warto ci lotnych kwasów t uszczowych zaobserwowane 

podczas procesu fermentacji metanowej osadów nadmiernych 

kondycjonowanych polem ultrad wi kowym (Mieszanina 3) 
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Fig. 9 presents changes in the content of dry organic matter of 

non-disintegrated sludge and the sludge disintegrated with ultrasound. 

 

 

Fig. 9. Changes in the content of dry organic matter recorded during 10-day 

anaerobic stabilization of non-disintegrated excess sludge (Mixture 1) and the 

sludge disintegrated with ultrasonic field (Mixtures 2 and 3) 

Rys. 9. Zmiany zawarto ci suchej masy organicznej odnotowane w czasie  

10-dobowej stabilizacji beztlenowej osadów nadmiernych niedezintegrowanych 

(Mieszanina 1) oraz dezintegrowanych polem ultrad wi kowym (Mieszanina 2, 3) 

4. Summary and conclusions 

Excess sludge treatment using popular methods based on selected 

processes supported with additional disintegrating effect represents 

promising (in terms of the obtained degree of mineralization and eco-

nomics of the process) practical solution. However, it should be stressed 

that the use of a disintegration method and the choice of the most favour-

able parameters depends on the character of the sludge that reaches 

treatment plant, sludge load and technical and economic aspects that 

condition modernization of the technological line. Obtaining the most 

effective solution possible in terms of optimum anaerobic stabilization 

necessitates compilation of current disintegration methods in considera-
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tion of the sludge modification using physical, chemical and biological 

processes. The analysis of the results of the present study leads to the 

following conclusions: 

1. Sonication improved fragmentation of organic substances solved in 

the sludge liquor, which translated into an increase in COD and VFAs 

values. The greatest effectiveness of sludge disintegration with ultra-

sonic field was found for exposure time of 360 s and field vibration 

amplitude of 46 m (acoustic wave intensity 2.09 W/cm
2
). 5-time and 

3-time increases in COD and VFAs with respect to initial value of the 

indices were observed for the above conditions of disintegration. 

2. Increased susceptibility to biodegradation of the conditioned sewage 

sludge caused a faster increase in VFAs content recorded on the follow-

ing days of the process. With regard to anaerobic stabilization of the 

non-conditioned sludge (Mixture 1), the highest value of VFAs was ob-

served on the sixth day of the process. The highest content in Mixture 2 

(ultrasonic field vibration amplitude: 21 m, sonication time: 360 s) and 

Mixture 3 (ultrasonic field vibration amplitude: 46 m, sonication time: 

360 s) was found on the second day of the process.  

3. Submission of sludge ultrasonic disintegration contributed to the in-

tensification of hydrolysis phase and the increase of efficiency of the 

next steps in the process of anaerobic digestion, especially methano-

genic phase. This creates a 12% increase in the degree of fermentation 

was observed in the Mixture 3 (sludge disintegrated with ultrasonic 

field) compared to the value obtained for anaerobic stabilization of 

Mixture 1 (unconditioned sludge) after exposure of the sludge to ultra-

sonic field. 
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Wp yw dezintegracji ultrad wi kowej na proces 

stabilizacji beztlenowej osadów nadmiernych 

pochodz cych z przemys u spo ywczego 

Abstract 

Przeróbka i unieszkodliwianie osadów ciekowych stanowi niezwykle 
aktualny problem technologiczny, co wi e si  z powstawaniem w ostatnich 
latach nowych obiektów oczyszczalni, modernizacj  ju  istniej cych, jak rów-
nie  z rozwojem wysokoefektywnych metod oczyszczania cieków. Przez lata 
wiod cym trendem w zagospodarowaniu osadów ciekowych w Polsce by o ich 
sk adowanie, jednak obowi zuj ce w Unii Europejskiej uwarunkowania prawne 
uniemo liwiaj  zastosowanie takiego rozwi zania w przysz o ci. Modernizacja 
ci gu technologicznego oczyszczalni cieków poprzez poprzedzenie wybranych 
procesów oczyszczania cieków oraz utylizacji osadów procesem dezintegracji 
o odpowiednio dobranych parametrach wi e si  ze wzrostem efektywno ci 
dzia ania obiektu, nie tylko pod wzgl dem technologicznym ale równie  eko-
nomicznym. 
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Dezintegracja osadów nadmiernych przed procesem stabilizacji beztle-

nowej wp ywa na zwi kszenie podatno ci osadów na biochemiczny rozk ad 

w warunkach beztlenowych, czego efektem jest przyspieszenie fazy hydroli-

tycznej procesu, warunkuj cej powstawanie w kolejnych etapach procesu lot-

nych kwasów t uszczowych. Warto  oraz tempo generowania LKT znajduje 

bezpo rednie odbicie w efektywno ci produkcji biogazu oraz uzyskanym stop-

niu mineralizacji osadów. Celem prowadzonych bada  by a ocena wp ywu dez-

integracji ultrad wi kowej osadów nadmiernych pochodz cych z przemys u 

spo ywczego na proces hydrolizy b d cy pierwszym etapem fermentacji meta-

nowej. W badaniach u yto dezintegrator ultrad wi kowy typu VC-750. Osady 

poddano modyfikacji polem ultrad wi kowym (UD) o amplitudzie drga  pola 

UD 15, 21, 31, 37, 46 m i czasie sonifikacji ts = 60–360 s. Nast pnie przepro-

wadzono procesy 10-dobowej fermentacji metanowej osadów, poprzedzone 

modyfikacj  osadów nadmiernych polem UD o wybranych, najkorzystniejszych 

parametrach dezintegracji. Najwi ksz  skuteczno  nad wi kawiania osadów 

odnotowano dla czasu ekspozycji równego 360 s oraz amplitudy drga  pola UD 

46 m, uzyskuj c ok. 5-kotny wzrost warto ci ChZT oraz ok. 3-krotny LKT 

w odniesieniu do warto ci pocz tkowych wska ników. 

 
S owa kluczowe:  

dezintegracja, pole ultrad wi kowe (UD), lotne kwasy t uszczowe (LKT), che-

miczne zapotrzebowanie na tlen (ChZT), fermentacja metanowa, stopie  prze-

fermentowania osadów 

Keywords:  

disintegration, ultrasonic field, volatile fatty acids (VFAs), chemical oxygen 

demand (COD), methane fermentation, degree of sludge fermentation 
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1. Introduction 

Upper Silesia is highly degraded due to the anthropogenic activi-

ty. On the one hand, the industrialization facilitated the economic devel-

opment of the Upper Silesian cities. On the other hand, it caused serious 

environmental pollution [3, 21]. Many highly urbanized and industrial-

ized cities in Upper Silesia do not possess data on the degradation level 

of the surface ground or dynamics of negative phenomena. Moreover, 

there is no assessment of the ground transformation under severe an-

thropopressure conditions. Determining the influence of changes in the 

environment resulting from its exploitation is still an important matter [6, 

7, 10, 16], particularly in degraded areas, such as those in Upper Silesia.  

Heavy metals are the main soil pollutants. They pass into 

groundwater and pollute the surrounding areas. Increased contents of 

heavy metals can adversely affect biological properties of soils. They 

may also contaminate ground and underground water and toxically influ-

ence the plants. Natural contents of heavy metals in soils do not usually 

pose a threat for plants, animals or humans. Unfortunately, the area of 

soils with the natural heavy metal contents gradually decreases due to the 

impact of human civilization and industrialization, which is confirmed by 
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many studies [36]. What is more, gaps in the knowledge of the natural 

heavy metal contents in soils usually result in oversimplifications in the 

assessments and interpretations of heavy metal pollution causes. Rock 

waste from hard coal mines is the main type of waste generated in Poland 

and stored in the dumps every year. Coal mine dumps ought to be per-

ceived as serious and long-term sources of groundwater pollutants. The 

pollution potential of low-buffered capacity and acidification of waste 

increases with time because of FeS2 decomposition [32]. 

Modern analytical methods, such as the EDXRF spectrometry and 

ICP-MS, enable simultaneous determinations of numerous analytes. They 

offer low limits of detection and high selectivity, which extends the re-

search area. On the other hand, the amount of the obtained multidimen-

sional data is massive. The information requires long-term analysis. Con-

sequently, a number of problems related to the visualization and correct 

interpretation of the results arise. Chemometrics concerns the extraction 

of relevant information from measurements and chemical experiments 

through the effective organization of the analytical processes [5, 31]. Its 

tasks include experiment optimization, correct calibration, quality control 

and final data analysis. Chemometrics requires a proper definition of the 

problem, a detailed experiment plan and its realization carried out in ac-

cordance with the principles of the chemical metrology. Under such cir-

cumstances, chemometric analysis of the obtained results offer correct 

assessments and valid conclusions. The X-ray fluorescence (XRF) is one 

of the most popular methods used to examine elemental compositions of 

soils. The XRF meets the requirements for modern laboratory techniques 

[23]. It enables quick determinations of qualitative compositions. On the 

other hand, establishing precise quantitative compositions involves pro-

cedures of matrix effect correction, which entails a large number of 

standards [39]. At present, the Energy Dispersive X-Ray Fluorescence 

(EDXRF) is one of the best techniques for qualitative and quantitative 

analysis of heavy metals. It enables reasearchers to investigate 

concentrations of main and trace elements present in soils [4, 12, 20, 38], 

bottom sediments [2, 8, 18], ashes [9] or minerals [11, 22]. The EDXRF 

is a relatively simple and inexpensive method in comparison with other 

techniques for quantitative and qualitative analysis of metals.  

At present, the inductively coupled plasma – mass spectrometry 

(ICP-MS) is the best method supporting researchers in quantitative analy-
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sis of metals and metalloids at the ppt/ppb concentration levels. It is an 

appropriate tool for analyzing elements in a broad range of concentrations. 

Importantly, it is commonly used for the environmental analysis [14, 30]. 

The researched site lies in the north of the Silesian Upland, name-

ly in the north-west part of the Bytom-Katowice Plateau. The morpholog-

ical diversification of the area around the coal waste Ha da Ruda is not 

high. Its ordinates range between +251 m and +280 m AMSL. The coal 

waste dump is the local uplift dominating the surroundings (+270 m – 

275 m AMSL). It lies in the catchment area of the Bytomka River, which 

is a tributary of the K odnica River, placed in the basin of the Oder. The 

Ha da Ruda is placed on the south bank of the Bytomka River, west of 

Ruda l ska. The coal waste dump covers approx. 396,137 m
2
. Its cubic 

capacity is 5,100,000 m
3
. It was opened in 1957 as a dump site of the 

Zabrze-Bielszowice coal mine, which is closed at present. The Ha da Ru-

da was planted with trees on its eastern side in the years 1963–1975. The 

northern slope was planted with trees from the Bytomka River side in the 

1990s. The western part was partially reclaimed. Grass and bushes were 

planted with fly ashes and humus. Unfortunately, the unfinished reclama-

tion resulted in the formation of extremely steep slopes. They are ex-

posed to severe water and wind erosion which is increased due to the lack 

of the plant cover. The discussed part of the coal waste dump has been 

active thermally, which poses a threat to plants, animals, local inhabitants 

and people located at the dump. The rails from Katowice to Gliwice run 

south of the Ha da Ruda. Low residential buildings and allotments are 

situated along the neighboring Szcz  Bo e Street. The area in which 

the coal waste dump is located is occupied by fields, fallow lands, mead-

ows, parks and gardens. The southern and eastern parts are partially cov-

ered with trees. The climatic conditions of Zabrze are influenced by the 

local climate of the western part of the Upper Silesian Industrial Region. 

They are also modified by the city impact itself. The thickest cloud cover 

is observed in January. The annual cloudiness percentage varies between 

0.6% and 2.9%. The average annual air temperature is +6.9°C. The aver-

age temperature values for January and July are -3.9°C and +17.5°C, 

respectively. The maximum precipitation is observed in July (87 mm), 

while the minimum is found for February (40 mm). The vegetation sea-

son lasts approx. 205 days. Zabrze is under the dominant influence of the 

southwest winds. 
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The aim of the following study was optimization and validation 

quantitative analysis metal(loid)s using EDXRF and ICP-MS technique to 

identify the pollutants occurring around the coal waste dump Ha da Ruda, 

which served as a storage site for waste from hard coal exploitation and 

processing. Its other purpose was to determine the way in which metals 

and metalloids moved in the surroundings of the dump site. The research 

was conducted to understand how the waste, stored over the years, influ-

enced the changes in salinity and metal/metalloid concentrations in the soil 

and groundwater depending on the distance from the coal waste dump. 

It was also performed to recognize the impact of the waste on the charac-

teristics of the soil and water environment. In the research process, total 

contents of metals and metalloids were determined in the soil samples with 

an EDXRF spectrometer. Groundwater samples were analyzed with an 

ICP-MS spectrometer. Additionally, the obtained results were analyzed 

chemometrically. The aim was to determine the correlations between the 

contents of particular elements, physicochemical conditions and the sam-

pling site and genetic soil horizon of a given sample. 

2. Materials and methods 

2.1. Sampling 

2.1.1. Soil samples 

The soil was sampled at transects located at the sites shown in 

Figure 1. The groundwater runoff direction was taken into account during 

the sampling. The sampling points were situated at different distances 

from the coal waste dump to determine the range of the waste impact on 

the variations in metal concentrations in the soil samples. Specific tran-

sects were given the Roman numerals, whereas the sampling points were 

marked with the Arabic ones. The boreholes with the mounted piezome-

ters were marked with the P8–P12 symbols. The soil pits were prepared 

at each sampling site. One was located on the groundwater runoff. The 

other one was placed on the groundwater inflow.  
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Fig. 1. Sampling sites at the Ha da Ruda: transects (I–VIII); sampling points  

(1–4); piezometers (P8–P12); arrows (groundwater runoff direction) 

Rys. 1. Rozmieszczenie punktów poboru Ha da Ruda, I–VII transekty,  

1–4 punkty poboru, P8–P12 piezometry, strza ki – kierunek sp ywu wód 

gruntowych 

The soil sampling was performed with the borehole technique. 

The boreholes were made with manual tools equipped with Edelman 

drills (Eijkelkamp). They were drilled until the bedrock or aquifers were 

reached. The drilling was also stopped at the depth of 4 m (depth possible 

to reach with the drill set). Agricultural maps and several soil pits were 

used to determine the soil type and structural group. The soil was sam-

pled at the sites where the owners had consented. The terrain could not 

be changed by agriculture and its morphology had to allow the drilling. 

Table 1 presents the distances of the sampling points from the coal waste 

dump and the borehole depth. The collected soil samples were averaged 

within the frame of a given genetic horizon in the field. The sample of 

a few kilograms was transported into the laboratory. 
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Table 1. Ha da Ruda sampling point locations and borehole depth 

Tabela 1. Ha da Ruda odleg o ci punktów poboru i g boko  odwiertu 

Transect 
number

Sampling point 
number

Distance from the coal 
waste dump [m]

Borehole 
depth [cm] 

I 

1 10 80 

2 91 110 

3 180 235 

II 

P8 3 720 

1 89 250 

2 255 300 

III 

1 9 300 

2 114 190 

3 207 105 

4 310 300 

IV 

1 4 315 

2 117 300 

3 260 210 

V 

P10 18 1050 

1 71 300 

2 105 210 

VI 

1 27 100 

2 63 290 

3 97 200 

VII 

1 6 200 

2 53 160 

3 112 200 

VIII 
1 11 210 

2 59 245 

2.1.2. Groundwater samples 

Groundwater was sampled between 2010 and 2012. To do that, the 
piezometer network, created specifically for the project, was used. The 
piezometers were installed on the groundwater inflow and runoff in the 
examined area (Figure 1). The groundwater was sampled from the pie-
zometers every month with the whistle, used to determine the water table 
level, and the Gigant water pump (max head: 20 m). The groundwater 
samples were always collected after the piezometers were emptied. After 
the piezometer was filled again, the water was collected into a 1-liter plas-
tic container without the air access (the container was completely filled). 
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2.2. Sample preparation 

The samples were dried in an electric dryer at 105°C for 90 

minutes. Afterwards, they were sieved through a 2 mm sieve to remove 

any big objects (leaves, sticks, stones, etc.) from the samples. The ob-

tained material was highly homogenous. It was dried again in the electric 

drier to obtain constant mass. The samples were ground in a vibratory 

grinder with the grinding vessel made of tungsten carbide (Testchem, 

Poland) for 2 minutes. For the analyses, carefully weighed amounts of 

standards or real samples (7.2 g) were mixed with the binder (0.8 g), i.e. 

synthetic wax (STW wax batch 64, PANalytical). Finally, the mixture 

was pressed with a manual hydraulic press (under the approx. 20 Mg 

pressure) for 2 minutes.  

The groundwater samples were acidified with the ultrapure con-

centrated HNO3 (Merck, Germany) and filtered through a 0.2 µm PES 

syringe filter immediately after they were transported into the laboratory. 

Afterwards, they were stored in a fridge at 2°C–5°C. Each sample was 

measured three times with the ICP-MS spectrometer.  

2.3. Apparatus 

Contents of the elements (Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Ni, 
Cu, Zn, As, Rb, Sr, Zr, Mo, Cd, Sb, Cs, Ba, Pb, Y, Nb, Sn, I, Bi) were 
determined in the soil using EDXRF spectrometer. A PANalytical Epsi-
lon 5 was used for the measurement. The Epsilon 5 was equipped with 
a water-cooled X-ray tube with a side window (gadolinium anode; work-
ing range: 25 kV–100 kV; 150 µm beryllium window), a system of 9 
secondary targets (Al, Ti, Fe, Ge, Zr, Mo, Ag, Ce2O3, Al2O3) and a 
Ge(Li) detector (resolution: 140 eV; energy range: 0.7 keV–100 keV; 
working surface: 30 mm

2
; 8 µm beryllium window). Due to the applica-

tion of the 3-D optical path in the Epsilon 5, the dispersed radiation from 
the X-ray tube did not reach the detector and did not disturb and/or falsi-
fy the results. Instead, it disappeared because of the polarization. It 
demonstrated itself through the very low background in the spectrum. 
Coupling the apparatus with advanced software helped to determine the 
intensity of peaks, even very low ones. Consequently, it was possible to 
determine element concentrations in the investigated sample at extremely 
low levels.Certified reference materials for soils were used to calibrate 
the spectrometer. 40 certified reference materials were used to create the 
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calibration lines and two others were later used to verify the calibration 
and to establish factors such as repeatability, intermediate precision or 
recovery. The groundwater analyses were performed with an ICP-MS 
Elan DRC-e 6100 spectrometer (Perkin-Elmer). It was equipped with a 
standard ICP quartz torch, cross nebulizer and nickel cones. Samples and 
standards were fed with a peristaltic pump. The spectrometer was opti-
mized to provide maximal intensity for 

24
Mg, 

115
In, 

238
U, and minimal 

values for CeO/Ce (below 3%) and Ba
2+/

Ba (below 3%).A special appli-
cation was prepared. It helped to measure the following isotopes: 

51
V, 

53
Cr, 

55
Mn, 

59
Co, 

60
Ni, 

65
Cu, 

66
Zn, 

75
As, 

85
Rb, 

88
Sr, 

107
Ag, 

114
Cd, 

138
Ba, 

205
Tl, 

208
Pb, 

238
U. A correction equation (Pb208=Pb208+Pb206+Pb207) 

was used to determine Pb quantitatively. The analyses were carried out 
with the method of the internal standard (10 µg/L solution of 

103
Rh) in-

troduced on-line with the peristaltic pump. All standards and solutions 
were prepared with the ultrapure deionized Milli-Q-Gradient water 
(Merck Millipore, Germany). A certified multi-element solution was 
used for calibration. It was prepared through diluting 10 mg/L of the cal-
ibration solution no. VI (Merck, Germany) and 1 g/L single element 
standards of Cd, Pb and Zn (Merck, Germany). A certified multi-element 
solution no. XXI (Merck, Germany) was applied to verify the calibration. 
All standards were prepared daily with the weight-to-weight dilution.  

pH and electric conductivity were measured immediately after the 
samples were transported into the laboratory. The measurements were 
made with the multifunction meter CX-401 (Elmetron, Poland) in accord-
ance with the standard [24, 25]. A soil suspension was prepared according 
to the Standard [26, 27] to determine soil pH and electric conductivity.  

3. Results and discussion 

3.1. Quality control  

The aim of the analytical method validation was to decide wheth-

er the analysis process was conducted in a reliable way and the obtained 

results were trustworthy. The following analysis stages were validated: 

examination of the method accuracy and precision, determination of the 

detection and quantification limits, determination of the analyte recovery.  

The standard definition for the detection limit in the XRF tech-

nique is that the net peak intensity should be three times higher than the 

standard deviation of the noise. In the research procedure, the number of 
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background counts was obtained through averaging background counts 

of 31 measurements of the control real sample. The quantification limits 

were determined as the product of a triple detection limit value (Table 2). 

The results from the background measurements obtained during the de-

termination of the detection limits were used to establish the EDXRF 

method repeatability. Long-term measurements of the real material sam-

ple were performed to determine the intermediate precision (reproduci-

bility) of the method. The measurements were made between December 

2011 and January 2013.  
 

Table 2. Validation parameters for the EDXRF methodology 

Tabela 2. Parametry walidacyjne dla metody EDXRF 

Analyte 

Limit of 

detection 

[mg/kg] 

Limit of 

quantifica-

tion 

[mg/kg] 

NIST 2709

Obtained 

average 

results 

[n=31] 

Recovery 

[%] 

Relative 

standard 

deviation of 

repeatability 

[%] 

Relative 

standard 

deviation of 

reproducibility 

[%] 

Al2O3 94.78 284.34 14.17% 14.01% 98.86 37.4 12.8 

SiO2 214.48 643.45 63.4% 56.1% 88.51 2.1 4.1 

K2O 8.63 25.89 2.45% 2.13% 87.15 2.4 12.4 

CaO 13.19 39.56 2.64% 2.11% 79.97 3.5 5 

TiO2 10.25 30.75 0.57% 0.52% 92.09 1.1 4.5 

V 6.01 18.02 112 mg/kg 99.4 mg/kg 88.74 3.4 15.6 

Cr 0.41 1.22 130 mg/kg 114 mg/kg 87.69 2.7 27.2 

Mn 5.31 15.94 538 mg/kg 534 mg/kg 99.26 2 4.6 

Fe2O3 4.63 13.9 5.00% 4.65% 93.01 0.5 8.6 

Ni 2.53 7.58 88 mg/kg 86 mg/kg 98.48 3.5 12.9 

Cu 0.71 2.14 34.6 mg/kg 32.5 mg/kg 93.88 7.6 10.6 

Zn 0.97 2.92 106 mg/kg 109 mg/kg 103.53 0.5 6.1 

As 1.02 3.06 17.7 mg/kg 18.5 mg/kg 104.29 5.8 33.5 

Rb 0.34 1.01 89.8 mg/kg 0.7 4.5 

Sr 0.73 2.18 231 mg/kg 214 mg/kg 92.65 1 4.6 

Zr 0.67 2 141 mg/kg 0.4 6.1 

Mo 0.55 1.64 1.92 mg/kg 13.8 20.2 

Cd 0.8 2.4 0.66 mg/kg 17.5 25.1 

Sb 0.76 2.29 7.03 mg/kg 17.5 29 

Cs 0.79 2.36 4.87 mg/kg 8 12.4 

Ba 0.96 2.87 916 mg/kg 0.3 3.5 

Pb 0.6 1.8 18.9 mg/kg 13.6 mg/kg 71.77 1.9 6.4 

Y 1.05 3.14 16.9 mg/kg 1.5 4.7 

Nb 0.89 2.68 10.3 mg/kg 2.5 4 

Sn 1.02 3.07 1.48 mg/kg 4.3 9.9 
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For the ICP-MS, the detection limit was the product of a triple 

standard deviation for the blank sample (n=31). The blank was an acidi-

fied water sample used afterwards to prepare calibration and dilutions of 

all solutions and real samples (Table 3). The quantification limits were 

also determined as the product of a triple detection limit value. Multiple 

measurements (n=31) of the standard solution no. XXI (Merck, Germa-

ny) were performed to determine the repeatability of the ICP-MS meth-

od. Long-term measurements of this solution were made to determine the 

intermediate precision (reproducibility) of the method. The measure-

ments were made between March 2011 and December 2012.  
 

Table 3. Validation parameters for the ICP-MS methodology 

Tabela 3. Parametry walidacyjne dla metody ICP-MS 

Analyte 

Limit of 

detection 

[µg/L] 

Limit of 

quantifi-

cation 

[µg/L] 

NIST 

1643-e 

[µg/L] 

Obtained 

average 

results 

[µg/L] 

n=31 

Recovery 

[%] 

Relative 

standard 

deviation of 

repeatability 

[%] 

Relative standard 

deviation of 

reproducibility 

[%] 

Co 0.002 0.006 27 30 110 2.6 4.6 

Ni 0.024 0.072 62 67 107 3.9 4.6 

Cu 0.064 0.192 23 22 96 3.5 5.8 

Zn 0.181 0.543 79 63 80 7.6 11.4 

Cd 0.04 0.12 6.6 6.4 97 5.3 11.8 

Pb 0.036 0.108 20 21 106 7.3 13.9 

As 0.096 0.288 60 53 88 3.8 5 

Cr 0.013 0.039 20 24 116 3.9 5.5 

Mn 0.033 0.099 39 42 108 6.3 10.4 

Ba 0.01 0.03 544 562 103 6.5 8.2 

Rb 0.003 0.009 14 15 105 1.9 3.1 

Sr 0.008 0.024 323 347 107 3.9 5.1 

Ag 0.002 0.006 1.1 1.0 95 3.2 6.9 

Tl 0.002 0.006 7.4 8.0 107 3.9 7.1 

V 0.09 0.27 38 42 111 3.2 3.8 

3.2. Metals and metalloids movements in groundwater 

Metal pollution is a problem present in many contaminated areas. 

Pb, Cr, As, Zn, Cd, Cu and Hg are the most popular metals in the 

postindustrial areas. The presence of metals in soils and groundwater can 

pose a considerable threat for human health and ecological systems. Sur-

face and underground water can be polluted with metals coming from 
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wastewater or discharges or through the direct contact with the polluted 

soil, slime, mine waste or debris [14]. The environmental impact of coal-

mining wastes is determined by the characteristics of the extracted rock 

material, which can vary significantly, both horizontally and vertically 

through the coal-bearing Carboniferous strata. Table 4 presents results of 

quantitative analysis of the rock material of Ha da Ruda dump using 

EDXRF techniques. Table 5 presents standard deviations as well as min-

imum, maximum and mean values of the analyte concentrations in 

groundwater sampled from the piezometer network built up around the 

Ha da Ruda. Table 5 shows also some of the guidelines concerning the 

content of metals and metalloids in the waters [28, 34, 35]. 

 
Table 4. Results of quantitative analysis of the rock material of Ha da Ruda 

dump using EDXRF techniques 

Tabela 4. Wyniki ilo ciowej analizy materia u skalnego zwa u Ha da Ruda 

z wykorzystaniem techniki EDXRF 

Analyte Value Unit 

V 136 mg/kg 

Cr 311 mg/kg 

Mn 720 mg/kg 

Fe2O3 4.6 % 

Co 25 mg/kg 

Ni 85 mg/kg 

Cu 86 mg/kg 

Zn 750 mg/kg 

As 8.1 mg/kg 

Mo 3.2 mg/kg 

Cd 14 mg/kg 

Sb 7.3 mg/kg 

Ba 647 mg/kg 

Pb 172 mg/kg 

 

Compared with the metals and metalloid guidelines in waters ex-

ceeding the highest content of toxic elements were found in water sam-

ples taken at runoff of the groundwater. Particularly elevated concentra-

tions were observed in the case of lead, arsenic, chromium and zinc. 
 



 
Table 5. International guidelines, standard deviations, minimum, maximum and mean contents of pH, conductivity 

the analyzed metals in water samples collected from piezometers no. P8–P9 (groundwater inflow) and P12 

(groundwater runoff) between 2010 and 2012. Water samples measured using ICP-MS technique.  

LOD – Limit of Detection 

Tabela 5. Mi dzynarodowe wytyczne, minimalne, maksymalne, rednie i odchylenie standardowe zawarto ci 

badanych metali/metaloidów w próbkach wód pobranych z piezometrów P8 i P9 (kierunek nap ywu wód 

gruntowych) oraz P12 (kierunek sp ywu wód gruntowych); próbki wód mierzono wykorzystuj c technik  ICP-MS. 

LOD – granica wykrywalno ci 

Analyte 

Piezometer P8 – Inflow Piezometer P9 – Inflow Piezometer P12 – Runoff International guidelines 

min. max. mean SD min. max. mean SD min. max. mean SD 

US EPA 

Drinking 

water 

EU 

Drinking 

water 

PL 

Ground 

water 

I class 

V [µg/L] 0.25 5.0 1.1 1.5 0.01 0.9 0.37 0.31 4.1 13 8.1 3.5   4 

Mn [µg/L] 7.2 479 221 182 198 662 363 152 1094 2337 1407 404 50 40 50 

Co [µg/L] 0.30 6.3 3.4 2.1 0.5 7.6 2.7 2.1 4.6 9.2 6.2 1.4  20 20 

Ni [µg/L] 3.9 10 5.5 2.0 4.3 13 10 2.5 14 22 17 2  20 5 

Cu [µg/L] 0.8 17 4.3 5.4 0.44 5.4 1.2 1.5 2.4 36 7.1 12 1300 2000 10 

Zn [µg/L] 6.9 30 18 7.8 3.7 46 15 12 14 236 50 76 5000  50 

As [µg/L] 0.39 3.5 1.6 1.0 0.6 3.0 1.6 1.0 7 15 10 2.6 6 5 10 

Rb [µg/L] 0.9 8.0 4.2 2.3 0.7 2.1 1.3 0.5 1.6 7.5 2.9 2.1    

Sr [µg/L] 116 573 182 147 148 221 188 26 1245 2144 1684 313    

Ag [µg/L] 0.02 0.8 0.25 0.26 0.01 0.09 0.05 0.03 0.01 1.5 0.42 0.5 100 50 1 

Cd [µg/L] 0.01 0.41 0.15 0.15 0.02 0.09 0.05 0.03 0.06 3.0 0.5 1.0 5 5 1 



 

 
Table 5. cont. 

Tabela 5. cd. 

Analyte 

Piezometer P8 – Inflow Piezometer P9 – Inflow Piezometer P12 – Runoff International guidelines 

min. max. mean SD min. max. mean SD min. max. mean SD 

US EPA 

Drinking 

water 

EU 

Drinking 

water 

PL 

Ground 

water 

I class 

Te [µg/L] 0.32 1.1 0.6 0.26 0.46 0.8 0.6 0.12 0.36 1.1 0.7 0.26    

Ba [µg/L] 26 84 47 19 40 73 53 11 35 79 53 15 2000  300 

Tl [µg/L] 0.01 0.04 0.02 0.01 0.01 0.03 0.02 0.01 0.03 0.13 0.08 0.05 2  1 

Pb [µg/L] 0.01 11 1.7 3.7 0.03 2.3 0.5 0.7 <LOD 132 17 47 15 10 10 

Fe [µg/L] 480 4970 2514 167 277 3126 1373 1033 1147 11559 5282 4311 300 200 200 

Cr [µg/L] 0.27 3.7 1.8 1.3 0.28 3.5 1.7 1.4 17 45 28 10 100 50 10 

Bi [µg/L] 0.01 5.7 1.0 1.9 0.00 0.9 0.25 0.32 0.01 0.7 0.22 0.25    

Ga [µg/L] 1.5 3.2 2.2 0.5 1.2 3 3 0.7 1 3 2 0.7    

Mo[µg/L] 0.04 0.5 0.32 0.14 0.03 0.30 0.18 0.09 0.24 0.7 0.5 0.15   3 

U [µg/L] 0.14 3.1 0.9 0.9 0.21 0.9 0.5 0.24 2.6 4.6 3.5 0.6 30  9 

pH 6.45 6.99 6.87 0.19 6.45 7.08 6.56 0.22 6.88 7.02 6.92 0.06    

cond. 

[µs/cm] 
325 458 414 56 482 565 519 35 5949 6218 6043 113 
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Long-term storage of coal mine waste involves the risk that the 
pollutants may penetrate groundwater. When taking into consideration 
the groundwater inflow direction, it is visible that metal/metalloid con-
centrations were higher in the samples collected from the piezometers 
located on the groundwater runoff (P10, P11, P12).  

Piezometers P10 and P11 during research were often dry. There-
fore, in our considerations were taken into account the groundwater re-
sults obtained from P12 piezometer. 

 

 

Fig. 2. Changes in concentrations of Mn, Cr, As and Zn in groundwater samples 
collected from the piezometers on the groundwater inflow (P8, P9) and runoff (P12) 
Rys. 2. Zmiany w st eniu Mn, Cr, As oraz Zn w próbkach wód gruntowych 
pobranych z piezometrów na nap ywie (P8 i P9) i sp ywie (P12) 

Figure 2 shows the changes in the concentrations of Mn, Cr, As 
and Zn in groundwater samples collected from the piezometers on the wa-
ter inflow and runoff. The parameters, together with the pH and electric 
conductivity values, show that the coal mine waste was the source of pol-
lutants penetrating the surrounding environment. Moreover, the Bytomka 
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River flows in the groundwater runoff direction along the Ha da Ruda. The 
Bytomka River water and bottom sediments were polluted with the 
groundwater. The pollution was transferred into the K odnica River and 
from there into the Oder [17].  

The electric conductivity of the groundwater samples collected on 
the water runoff (P12) was very high (approx. 6000 µS/cm). The data 
clearly shows that increased contents of chloride salts and sulfates were 
responsible for this situation (P8 on the groundwater inflow, [Cl

-
] = 

20 mg/L and [SO4
2-

] = 286 mg/L; P9 on the groundwater inflow, [Cl
-
] = 

39 mg/L and [SO4
2-

] = 72 mg/L; P12 on the groundwater runoff, [Cl
-
] = 

1,167 mg/L and [SO4
2-

] = 703 mg/L). The salts were leached from the 
coal waste dump. 

3.3. Metals and metalloids movements in the ground environment 

Chemical and physical properties of a matrix (such as coal mine 
waste) polluted with metals influence the metal mobility is soils and 
groundwater. Pollutants in the soil matrix occur in three forms, i.e. pollu-
tants solved in the soil moisture, pollutants adsorbed on the soil surface, 
and permanent soil pollutants. Chemical and physical soil properties in-
fluence the metal pollution form, its mobility and the selection of the area 
reclamation technology [17]. Table 8 presents international guidelines, 
maximum, minimum and mean metal/metalloid concentrations in the soil 
samples collected on the groundwater inflow and runoff. Around the 
Ha da Ruda, 24 boreholes were prepared in the network of 8 transects 
(Figure 1). The soil sampling points (boreholes) moved farther and far-
ther away from the coal waste dump at each transect. The results were 
analyzed in numerous ways. The changes in the concentrations of select-
ed metals and metalloids were investigated within each transect and ge-
netic horizon. Research on metals and metalloids concentration in soils 
from surrounding the pile area compared with the soil quality guidelines 
(Table 6) clearly indicate that the areas situated at the confluence of 
ground water are more polluted with metals and their number many times 
exceed those limits. Concentration of lead in the soil even exceeded 
2000 mg/kg. In the case of copper, manganese, chromium or zinc huge 
exceeded permissible levels were also observed.  

Additionally, chemometric analysis with the concept of dis(si-
milarity) [40] and principal component analysis (PCA) [1, 19, 37, 41] 
were carried out.  



 
Table 6. International guidelines, maximum, minimum and average contents and standard deviation of the measured 

elements in the soil samples in transects located on the groundwater inflow and runoff. Soil samples measured using 

EDXRF technique 

Tabela 6. Mi dzynarodowe wytyczne, maksymalne, minimalne, rednie i odchylenie standardowe mierzonych 

pierwiastków w próbkach gleb pobranych w transektach rozmieszczonych po stronie nap ywu i sp ywu wód 

gruntowych. Próbki gleb mierzono przy u yciu techniki EDXRF 

Analyte Unit 

Inflow – Transects 1. 2. 3. 7. 8 (n=58) Runoff – Transects 4. 5. 6 (n=58) International guidelines 

min. max. mean SD min. max. mean SD EPA EU 
PL 

A Class 

V mg/kg 21 115 54 22 20 292 66 51 90 50  

Cr mg/kg 23 287 102 61 5.1 1.207.60 170 219 70 40 50 

Mn mg/kg 130 671 283 112 1.0 2.675.90 330 447    

Fe2O3 % 1.1 4.3 2.5 0.8 0.33 13 3.2 2.3    

Co mg/kg <LOD 24 6.3 5.6 <LOD 46 10 9.2 20 20 20 

Ni mg/kg 7.5 79 24 16 0.71 159 29 30 40 40 35 

Cu mg/kg <LOD 85 19 20 <LOD 2.048.50 177 381 60 40 30 

Zn mg/kg 15 695 159 162 1 9.675.30 788 1.862.20 300 150 100 

As mg/kg 1.0 7.9 4.0 1.5 0.61 42 7.4 10 10 10 20 

Mo mg/kg 0.04 3 1.0 0.6 <LOD 10 1.8 1.9   10 

Cd mg/kg 0.37 13 1.4 2.1 0.24 59 4.9 11 1 1 1 

Sb mg/kg 0.31 6 1.0 0.9 0.31 698 91 174 1 1  

Ba mg/kg 107 584 295 110 5.8 1.057.40 305 215 200 300 200 

Pb mg/kg 5.6 164 38 43 1.4 2.185.00 161 382 45 40 50 

Sn mg/kg 1.4 6.6 3.0 1.0 1.6 292 34 62 5 1  

pH - 5.43 8.71 6.75 0.86 6.31 8.94 7.31 1.11    

cond. [µs/cm] 11 526 96 109 40 526 177 105    
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To perform the soil type imagining, agricultural maps were used 

and several reconnaissance soil pits were prepared. The soils of the cor-

responding type, structural group and thickness were compared. The ob-

tained data enabled specific comparisons within the entire transect. Table 

1 presents the distances of particular sampling points from the coal waste 

dump. Transects I, II, III were placed on the groundwater inflow whereas 

transects IV, V, VI were located on the groundwater runoff (Figure 1). 

Transects VII and VIII were selected due to their close location to the 

houses in Tr backa Street. Transect I was placed on the groundwater 

inflow. The metal/metalloid mobility along the transect depended on the 

metal/metalloid. The Cd concentration, similarly to Pb, was high in the 

upper soil layers. It could be the result of the winds blowing in this area 

(S-W). The concentrations of the above-mentioned metals were lower in 

the deeper genetic horizons. Within a profile, the concentrations de-

creased with the growing distance from the coal waste dump. The Cr 

concentration, dwindling with the growing distance from the coal waste 

dump, was the most visible example of the metal mobility.  

The Zn and Co concentrations decreased at the 100 m distance 

from the coal waste dump and then increased. Importantly, the large Zn 

content was found in the upper soil layer (0–30 cm). The increase in the 

Zn concentration could have been caused by the location of the rails 

close to Point 3 in Transect I.  

Transect II, lying close to Transect I, was also placed on the 

groundwater inflow. The concentrations of Cd, Zn, Cu and Pb decreased 

dramatically in the upper layer (0–30 cm) with the growing distance from 

the coal waste dump. The differences at deeper genetic horizons were 

slight. Such a situation seems to have been influenced by the deposition 

of the dust from the coal waste dump. Moreover, the water running off 

from the dump slope polluted the areas lying close to the coal waste 

dump to a larger extent. Similarly to Transect I, the Cr concentration was 

strongly correlated with the sampling point distance from the coal waste 

dump.  It was independent of the genetic horizon from which the sample 

had been collected. Interestingly, the Sb results indicate that its concen-

tration rose at a larger distance from the coal waste dump. It could be 

related to the material deposition in the form of dust from which the 

dump had been built. Moreover, the western part of the coal waste dump 

was not tree-covered and constituted a significant source of such pollu-
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tants. For Ni, the decrease in its concentration was observed in the deeper 

soil layers and with the growing distance from the waste dump. The up-

per soil layer became enriched with Ni when the distance rose. It could 

be related to the dusting from the coal waste dump and transporting the 

metals on the smallest particles.  

The Zn concentration decreased in Transect III when the distance 

from the coal waste dump rose. Its increased concentration was observed 

in the upper soil layer. The results indicate the profound influence of the 

waste from the dump on the Zn concentration in the soil surrounding the 

dump. The Ni, As, Cr and Cd concentrations decreased dramatically in 

the upper soil layers with the growing distance from the coal waste 

dump. When comparing metal concentrations in the soil samples collect-

ed at Transect IV, typical correlations between their decrease and the 

growing distance from the coal waste dump were observed. Transect V 

was located on the groundwater runoff in the north-west part of the Ha da 

Ruda, close to the Bytomka River. The Cd, Pb and As concentrations fell 

when the distance from the coal waste dump rose. There were large dif-

ferences in concentrations between various genetic horizons. The Cr and 

Ni concentrations decreased with the growing distance from the coal 

waste dump. Nevertheless, the differences observed between various 

genetic horizons were much slighter. Interestingly, V, Mn, Fe, Co and Ba 

constituted an element group of similar mobility. The concentration 

charts of these elements indicate similar concentrations at Points 1 and 3. 

They were higher at Point 2. It was probably related to the additional 

impact of the municipal pollution from Biskupice, one of Zabrze’s dis-

tricts. For Transect VI, concentrations of most elements decreased with 

the growing distance from the coal waste dump. The variations in the Cr, 

As, Ni, Pb, Cu and Zn concentrations revealed similarities. The Ha da 

Ruda is partially planted with trees and partially uncovered. When taking 

into account the direction of the dominant winds (S-W), the increase in 

metal concentrations in the upper soil layer of Transect VI (northern 

slope) was observed.  Most winds blew in this direction. They transport-

ed the waste material deposited at the coal waste dump in the form of 

dust (Figure 3). The process had a strong impact on the movement of 

pollutants.  
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Fig. 3. Impact of the dominant winds on the increase in the Cr, Zn, Cd and Pb 

concentrations in the upper soil layers of the areas surrounding the Ha da Ruda 

Rys. 3. Wp yw dominuj cych wiatrów na wzrost st enia Cr, Zn, Cd oraz Pb w 

wierzchnich warstwach gleby terenu otaczaj cego zwa  Ha da Ruda 

 

Figure 4 shows total concentrations of Mn, Zn, Pb and Cu in 2 

profiles of the polluted soil collected from the sampling points located at 

Transects II and VI. Significant differences in the Pb, Cu, Zn and Mn 

concentrations depended on the depth. It was particularly visible in the 

highest concentration of these metals observed in the upper soil layer 

collected at Point 1 of Transect VI (Figure 4A). These findings prove that 

the secondary deposition and runoff water were the main sources of the 

soil pollution. On the other hand, the differences in the concentrations of 

Pb, Zn, Mn and Cu in the soil profile were much lower at Point 1 of 

Transect II. They resulted from the location of Transect II on the 

groundwater inflow. The dominant winds influenced the secondary depo-

sition of the waste material (Figure 4B) to a lesser extent.  
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Fig. 4. Changes in total concentrations of Mn, Zn, Pb and Cu in the soil profiles 

collected at  A) Point 1, Transect VI (groundwater runoff) B) Point 1, Transect 

II (groundwater inflow) 

Rys. 4. Zmiany st enia ca kowitego Mn, Zn, Pb oraz Cu w profilach 

glebowych pobranych A) w Punkcie 1 Transekt VI (kierunek sp ywu wód 

gruntowych) B) w Punkcie 1 Transekt II (kierunek nap ywu wód gruntowych) 

 

Tr backa Street, where the houses are located, lies close to the 

Ha da Ruda. For that reason, soil samples from Transects VII and VIII 

were collected at this side of the coal waste dump. The soil in this area 

mainly contains loam and clay. This might have been one of the reasons 

for building houses there despite the close location of the coal waste 

dump. Metal concentrations in the upper soil layer collected at these tran-

sects were much higher than those observed at lower horizons. This was 

probably caused by the process of the upper layer enrichment with metals 

originating from the runoff water. Metal concentrations decreased when 

the distance from the waste dump rose. As the eastern part of the Ha da 

Ruda was planted with trees, no influence of the dust transportation was 

observed. The tree cover constituted an important barrier that isolated the 

houses in Tr backa Street from the Ha da Ruda.  

3.3. Chemometric analysis 

3.3.1. Preprocessing and dissimilarity analysis 

The measurement data concerning pH, electrical conductivity and 

contents of selected chemical substances in the soil samples collected at 

8 transects were organized in the matrix X of 114 objects (samples) and 
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17 parameters. The data preprocessing embraced it centering and stand-

ardization in accordance with the dependence: 

 

( )

j

jij

a,ij
s

xx
x

−
=  (1) 

where: 

jx  – arithmetic mean of the  j-th column;  

js  – standard deviation of the j-th parameter;   

ijx and 
a,ijx  – i-th value of the j parameter before and after autoscaling, 

respectively.  

 

After the preprocessing, the data underwent visualization through 

calculating the dissimilarity matrix D (dimensions: 114 x 114) with the 

Euclidean distance as the measure of dissimilarity [40]. The calculations 

were made according to the formula of Al-Kashi (Persian mathematician 

from the 15
th

 century), whose matrix form was [41]: 

 

( ) ( )( ) ( )TTTTT XXXX11XXD ⋅−⋅+⋅= 2diagdiag2
 (2) 

where: 

1
T
 – row vector of 114 elements equal to 1; 

1⋅diag – an operator extracting only the diagonal elements  

from the matrix represented as a column vector.  

 

To obtain matrix D, the root of the matrix D
2
 value, calculated 

according to the formula (2), had to be calculated.  

The determined dissimilarity matrix (Figure 5) helped to examine 

the data structure and observe the highest diversification of the objects in 

Transects IV and VI. The observation was corroborated when the average 

distance of a given object from other ones was determined (Figure 6).  
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Fig. 5. Dissimilarity matrix D calculated with the Euclidean distance 

Rys. 5. Macierz podobie stwa D obliczona z wykorzystaniem odleg o ci 

Euklidesa 

 

 

 

Fig. 6. Detection of distant objects with dissimilarity matrix D 

Rys. 6. Detekcja obiektów odleg ych z wykorzystaniem macierzy  

podobie stwa D 
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The most distinctive objects were: object 39 (Point 1, Transect 

IV, thickness: 45–70 cm), object 48 (Point 2, Transect IV, thickness: 45–

50 cm), object 38 (Point 1, Transect IV, thickness: 0–45 cm), object 47 

(Point 2, Transect IV, thickness: 0–45 cm) and object 54 (Point 3, Tran-

sect IV, thickness: 0–40 cm). It is probably related to the fact that the 

sampling points of Transect IV were placed in the inundation area of the 

Bytomka River. The river overflows the banks every year during the 

spring thaw and covers the upper soil layer with sediments and alluvia. 

Soil layers characteristic for such areas (silt, peat) were found at the 

depth of up to 4 m, which meant that the Bytomka River had been over-

flowing the banks at this area for many years.  

3.3.2. Principal component analysis 

Principal Component Analysis (PCA) [1, 19, 37, 41] allows in-

vestigating the correlations between the measured parameters (contents 

of selected chemical substances and physicochemical parameters) and 

specific objects (samples). The algorithm of the Singular Value Decom-

position (SVD) was used in the PCA. Firstly, the percentage of variance 

described by each principal component (PC) was calculated. The PC1, 

PC2 and PC3 accounted for 37.36%, 26.21% and 8.38% of variance, 

respectively. Further data analysis was performed for the first three com-

ponents, which explained over 70% of the data variance. The correlations 

between 114 objects are visualized in Figure 7, which presents the pro-

jection of the objects onto the planes of PC1, PC2 and PC1, PC3. 

The analysis of the PC1, PC2 (Figure 3a) and PC1, PC3 (Figure 

3b) projections demonstrate that objects belonging to Transects IV and 

VI largely contributed to the PC1 and PC2, which proves the conclusions 

drawn from the dissimilarity matrix analysis. The greatest contributions 

to the creation of the third principal component (PC3) are the objects 

belonging to Transect VI. The soil samples from Transects IV and VI 

were the source of the greatest variance in the analyzed data set. The lo-

cation in the inundation area of the Bytomka River was the main reason 

for the variety in Transect IV. On the other hand, the dominant direction 

of the blowing winds and municipal pollution were the sources of the 

largest variance in Transect VI. The correlations between the analyzed 

parameters are shown in the charts of loadings (Figure 8).  
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Fig. 7. Projection of objects onto the plane: a) PC1, PC2; b) PC1, PC3 

Rys. 7. Projekcja obiektów na p aszczyzn : a) PC1, PC2; b) PC1, PC3 

 

 

Fig. 8. Projection of charges onto the plane: a) PC1, PC2; b) PC1, PC3 

Rys. 8. Projekcja adunków na p aszczyzn : a) PC1, PC2; b) PC1, PC3 

The projection of loadings onto the PC1, PC2 plane indicated 

a strong positive correlation between the contents of elements and chem-

ical compounds within 3 groups. The first group was made by Ba, Mn, 

As, Pb, Zn and Cd. Co, Ni and Fe2O3 belonged to the second group. The 

third one contained Sn, Sb, Cr, Mo and V. Chart 4a also points to the lack 

of correlations between the elements from the first and third groups. The 
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projection of loadings onto the PC1, PC3 plane confirms most conclu-

sions from the Figure 4a analysis. An in-depth analysis of Figure 4 pro-

vides information on the parameters differentiating soil samples that be-

long to Transects IV and VI from other samples. The parameters includ-

ed the contents of Fe2O3, Sb, Sn, Cr, V and Mo.  

4. Conclusions 

The research conducted at the Ha da Ruda clearly demonstrates 

that even old and no longer used coal waste dumps still pose a threat to 

the environment. They influence increases in the contents of heavy 

metals accumulating in the surrounding water and soil environment. The 

Ha da Ruda is relatively old in comparison with other coal waste dumps 

in the Upper Silesia urban area. Nonetheless, large amounts of chlorides 

and sulfates are leached from it with runoff and groundwater. 

Consequently, the Ha da Ruda is still the source of metals and metalloids 

leached from the waste dump. The pollution of the soil environment with 

metals/metalloids leaching from the deposited waste is higher on the 

groundwater runoff and in the area influenced by the dominant winds.  

The chemometric analysis allowed to find transects with the 

largest degree of object diversification (Transects IV and VI). The 

findings were confirmed with the field research. The PCA corroborated 

the exitstence of a ceratin element group (Mn, As, Zn, Pb, Cd). The ele-

ments were characterized by the strong correlation between their contents 

in the soil samples. They were leached from the waste deposited at the 

coal waste dump (together with chlorides and sulfates) with groundwater.  

Using the coupled EDXRF and ICP-MS spectrometers turned out 

to be the best solution allowing for the measurements of water and soil 

samples at different concentration levels.  

The work is the result of a grant no. NN 523 42 15 37. 

Abbreviations used in text: 

EDXRF – Energy Dispersive X–Ray Fluorescence, 

ICP–MS – Inductively Coupled Plasma Mass Spectrometry, 

PCA – Principal Component Analysis, 

CA – Cluster Analysis, 

XRF – X-Ray Fluorescence, 

AMSL – Above Mean Sea Level, 
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cond. – Conductivity, 

LOD – Limit of Detection. 
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Badania nad przemieszczaniem si  metali i metaloidów 

w glebie i wodzie gruntowej terenów otaczaj cych zwa  

odpadów pogórniczych Ha da Ruda, Górny l sk, Polska 

Streszczenie 

Górny l sk to najbardziej przekszta cone w wyniku dzia alno ci cz o-

wieka terytorium Polski. Celem pracy by a optymalizacja i walidacja ilo cio-

wego oznaczania metali i metaloidów przy u yciu techniki EDXRF i ICP-MS 

do identyfikacji zanieczyszcze  na obszarach wokó  sk adowiska odpadów po-

górniczych, Ha da Ruda (Zabrze, Polska Po udniowa) oraz okre lenie sposobu, 

w jaki metale i niemetale przenosz  si  w glebach i wodach gruntowych na 

omawianym obszarze. St enia 27 metali i metaloidów oznaczano w próbkach 

gleb za pomoc  techniki EDXRF. Próbki wód gruntowych pobierano comie-

si cznie mi dzy 2010 i 2012 i analizowano technik  ICP-MS. Uzyskane wyniki 

bada  poddano analizie chemometrycznej, co pozwoli o na znalezienie transek-

tów z najwi kszym stopniem dywersyfikacji obiektu. Analiza PCA potwierdzi a 

istnienie pewnej grupy pierwiastków charakteryzuj cych si  siln  korelacj  

pomi dzy ich zawarto ci  w próbkach gleb. Ha da Ruda nadal jest ród em 

zanieczyszcze  w rodowisku wodnogruntowym, szczególnie na terenach le -

cych w kierunku sp ywu wód gruntowych oraz w obszarze pod wp ywem do-

minuj cych wiatrów po udniowo-zachodnich. W próbkach wód pobieranych na 

sp ywie wód gruntowych stwierdzono najwy sze st enia toksycznych metali 

przekraczaj ce dopuszczalne normy. Szczególnie podwy szone st enie obser-

wowano w przypadku o owiu, arsenu, chromu i cynku. Badania st enia metali 

i metaloidów w glebach z obszarów otaczaj cych teren zwa u, w porównaniu 

z wytycznymi jako ci gleb, jasno wskazuj , e tereny usytuowane na sp ywie 

wód gruntowych s  znacznie bardziej zanieczyszczone, a ich warto ci wielo-

krotnie przekraczaj  dopuszczalne normy. St enie o owiu w glebie przekracza-

o nawet 2000 mg/kg. Zaobserwowano równie  ogromne przekroczenia pozio-

mu dopuszczalnego st enia miedzi, manganu, chromu lub cynku. Maksymalne 

st enia Cu, Zn, Pb lub Cr w wierzchnich warstwach gleby przekracza y kilka 

tysi cy mg/kg. 

S owa kluczowe: 

ICP-MS, EDXRF, gleba, wody gruntowe, metale ci kie,  

analiza chemometryczna, PCA  

Keywords: 

ICP-MS, EDXRF, soil, groundwater, heavy metals,  

chemometric analysis, PCA 
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1. Introduction 

Natural lakes and artificial reservoirs seem to be ecosystems with 

very similar structure and similar mechanisms governing their physical, 

chemical and biochemical changes. However, this is only apparent simi-

larity [21]. Artificial reservoirs in comparison to natural lakes are charac-

terized by a much more frequent water exchange, large fluctuations in 

water level resulting from the variation of inflow and outflow, which is 

evident especially in mountainous catchment areas. Reservoirs created in 

the river valleys by the construction of a dam have also considerably 

larger catchment area than the lakes. This difference is disadvantageous 

to the anthropogenic water bodies. A large catchment area delivers to the 

reservoir greater quantities of pollution produced within its territory caus-

ing adverse effects in the ecosystem. A gradual development of undesira-

ble organisms characteristic of stagnant water is observed in the reser-

voirs, which utilize nutrients causing deterioration in water quality after 

a few years of exploitation [13]. 

Degradation of the reservoirs is often irreversible, therefore, the 

problem of their reclamation and restoration of appropriate parameters is 

very important [2, 13]. Deposition and settlement of mineral and organic 

matter proceeds much easier in artificial reservoirs than in natural lakes, 

also an artificial aging of the reservoirs is faster than lakes by about 

10,000 times [8]. Reclamation methods for the reservoirs vary depending 
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on the severity of the degradation. For the eutrophic water bodies follow-

ing methods were used: aeration or removal of hypolimnion as well as 

chemical inactivation of phosphates using Fe, Al, Ca or La salts [2]. If, 

however, the ecosystem has accumulated debris of various origins in 

amounts significantly reducing its volume, it is only possible to remove 

the backlog of bottom sediments through dredging. 

The purpose of this paper is the analysis of possible agricultural 

use of the bottom sediments that were dredged from a planned for recla-

mation eutrophic reservoir in Rzeszów, SE Poland. The reservoir’s deg-

radation strongly limits its agricultural and economic role. 

2. Study area 

A water reservoir in Rzeszów was built in 1974 by damming the 

Wislok river in 63+760 km of its course. The reservoir is supplied by two 

main tributaries: Wislok and Strug. Its main purpose was to allow for the 

proper operation of the water supply for the city of Rzeszów. Because of 

its the location on the outskirts of a large city it fulfills a vital role as 

a sports and recreation lagoon. Morphometric parameters of the reservoir 

at the time of flooding in 1974 and in 2014 were shown in Table 1. The 

total volume of the reservoir decreased by 0.7 million m
3
 of its capacity 

during last 40 years. Consequently, the reservoir has mostly silted up and 

gradually transformed into land especially in its upper zone. The attempts 

to rehabilitate the usability of the reservoir conducted in the years 1986–

87 and 1995–1997 consisted of deepening the reservoir next to the dam, 

and narrowing it by partial backfill on the right part of the bank just by 

the dam. In both cases, about 250 000–300 000 m
3
 of sediment was 

dredged. The objective of both operations was the increase in the flow 

rate, thereby reducing sedimentation. Unfortunately, restoration has not 

brought the expected results. Just after seven (7) years, the amount of 

sedimentation exceeded the amount formerly removed. 

The Rzeszów reservoir watershed covers an area of 2,025 km
2
. Its 

range encompasses a significant acreage of the Subcarpathian Province 

(Podkarpacie). The difference in water level between the main supply of 

the Wislok at the source and the mouth of the reservoir is 616 m. The 

Wislok flows through the foothill areas that are largely agricultural, 

though, the upper parts are forested, while the middle part is lined with 
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industrial centers (glassworks, tanneries, refineries). The catchment of 

a smaller tributary, the Strug, is vastly agricultural in nature which tradi-

tionally is comprised of fragmented farmland representing high popula-

tion density. The reservoir is under strong anthropopressure associated 

with local agriculture that causes a severe erosion of the land, as a result 

of depositing the rubble and diffuse pollution [15]. 

 

 

Fig. 1. Location of sampling stations 

Rys. 1. Lokalizacja stanowisk badawczych 

 

Table 1. Morphometric parameters of the Rzeszów reservoir 

Tabela 1. Parametry morfometryczne zbiornika Rzeszów 

Parameter 1974 2014 

Surface area; km
2
 0.68 0.68 

Total volume; 10
6
 m

3
 1.79 1.10 

Depth: max. (mean); m 6.2 (1.5) 4.9 (0.6) 

Length; km 6.7 6.7 

Hydraulic retention time; day 2 0.8 
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3. Methods 

Sediment samples were taken from the studied reservoir fifteen 

times (15) in the years 2009–2013, from three points located along the 

axis of the reservoir (Fig 1). A gravity sediment corer (KC Kajak of 

Denmark) was used in all cases. Sediment subsamples were dried and 

further measured for Loss-on-Ignition (LOI) at 550°C for four hours 

(4h), construed as organic matter content (OM). Another subsample was 

analyzed for determining total content of organic carbon (TOC) (after the 

removal of inorganic carbon with 1M HCl) and total nitrogen (TN) using 

a CN analyzer (CN Flash EA 1112, ThermoQuest). Total phosphorus 

(TP) was examined spectrophotometrically after microwave mineraliza-

tion in HNO3. Some of the heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) 

were determined with ICP technique (ICP-OES, Quantima GBC) after 

microwave mineralization. All parameters examined were expressed as 

% or mg/kg of sediment dry matter.  Moreover stable carbon (
13

C) and 

nitrogen (
15

N) isotopic compositions were analyzed using IRMS DEL-

TAPlus Finnigan coupled with CN analyzer. The stable isotopic compo-

sitions were expressed as “per mil”: 

R (‰) = [Ra/Rb(sample)/ Ra/Rb(standard) – 1] x 1000,  

where Ra/Rb are the 
13

C/
12

C or 
15

N/
14

N ratios relative to the isotopic PDB 

and AIR standards, respectively.  

Additionally, for a better interpretation, the paper quotes data 

from the report of the Regional Water Management Board in Kraków 

where concentrations of PAHs: benzo[a]anthracene (BaA), benzo[b] flu-

oranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 

benzo[ghi]perylene (BghiP), dibenzo[ah]antracene (DahA), indo[1,2,3-

cd]pyrene (IcdP), along with chosen congeners (28, 52, 101, 118, 138, 

153 and 180) of PCBs [19] are given. 

Obtained concentrations of the heavy metals were compared with 

most common sediment quality standards: geochemical background [7], 

threshold effect concentration (TEC) [17] and probable effect concentra-

tion (PEC) [17]. The last two data respectively represent the concentrations 

below which adverse effects are expected to occur rarely (TEC) and the 

concentration above which adverse effects are expected to occur frequently 

(PEC). For the organic compounds TEC and PEC values were also used. 
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4. Results and discussion 

4.1. Case specifications and boundary conditions 

Table 2 summarizes the content of TN, TP, OM, TOC, and the pH 

(KCl) in the tested samples. The noted values did not attest to statistically 

significant differences between stations, therefore all the data were aver-

aged. The analysis of the physical properties of the bottom sediments 

described in paper [19] indicate that approximately 60% of their dry mat-

ter composition constitute of particulate matter fractions (0.002–0.05), 

30% of sandy fractions (0.05–2.0) and only 10% of clay fractions 

(0.001–0.002). The main component is silica deposits 54–70% [19]. Ana-

lyzed LOI(OM) ranges from 6.5% to 11.6% and the highest value was 

noted in the area by the dam. The pH value (KCl) varies within the range 

of 7.04–7.42 indicating a slightly alkaline environment. The percentage 

of biogenic elements in bottom sediments of the reservoir is small and 

ranges between 0.12–0.37% of TN and 0.003–0.067% of TP. The 
15

N 

values in the sediments fall within the range -0.53 to 3.16‰, while the 
13

C values fall between -29.20 and -22.62‰. 

The values of TOC to TN ratio (TOC:TN) and of the isotopic 

composition of the organic carbon and total nitrogen are the main indica-

tors used in an effort of identifying the organic matter origin in the bot-

tom sediments of researched aquatic ecosystems. It is assumed that 

TOC:TN values in excess of 12:1 are of terrestrial matter in origin. The 

autochthonous matter is in turn characterized by TOC:TN values below 

8 [3,12,18]. The depletion of the 
12

C isotope from the organic carbon and 

higher values of the 
15

N are also characteristic for the autochthonous 

matter [3,18]. The top layer (0–5 cm) of the studied bottom sediments 

was characterized by TOC:TN values in the range of 6.6 – 16.1. The av-

erage values for this indicator were of about 11–12. Such results indicate 

that the organic matter deposited in the studied sediments is of mixed 

origin. The reference values obtained from the literature for planktonic 

and terrigenous matter indicator, were of 6.8 and 17.1 respectively [14]. 

The obtained values for the 
15

N differ, but did not display any clear 

trends nor did not allow for drawing any definite conclusions. The 
13

C 

values suggest that the top surface layer of the sediment was poorer in the 
12

C, this in turn indicates a greater role of autochthonic organic matter. 

This conclusion is consistent with the findings for TOC:TN values. 
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In turn, a higher values of the 
13

C observed in sediments suggest 

 agreater participation of autochthonous organic matter. This is in line 

with the research results obtained by Tomaszek et al. [22], for the bottom 

sediments in Poland’s largest dam reservoir. The top- and the lower parts 

of the sediments profiles were depleted of the 
12

C isotope in the summer, 

indicating the influence of phytoplankthonic organic matter [11,18]. 

A high proportion of an autochthonous OM in sediments can be surpris-

ing after comparing it with low content of TOC, TP and TN. However, 

the reservoir is loaded with significant amount of TP and TN, and the 

retention of these elements are 7% and 22% of load respectively [16]. 

This effect is reduced by a significant denitrification and mineralization 

of the OM sediment regarding emissions of CO2 and CH4 into the atmos-

phere [9, 10]. Moreover, low concentrations of biogenic compounds may 

result from leaching during high water season (mostly in spring), when 

the hydraulic retention time in the reservoir is only few hours. 

Table 2. Characteristic values of the parameters studied in the sediment. 

Abbreviations as in the text 

Tabela 2. Warto ci charakterystyczne st e  badanych wska ników.  

Skróty jak w tek cie 

Parameter 
LOI(OM) TN TOC TP pH(KCl) δ

13C δ
15N 

% of dry matter – ‰ 

Mean 8.6 0.21 2.31 0.031 – -26.56 1.75 

Maximum 11.6 0.37 4.39 0.067 7.42 -22.62 3.16 

Minimum 6.5 0.12 1.61 0.003 7.04 -29.20 -0.53 

Std. dev. 1.2 0.06 0.67 0.002 0.12 1.72 1.07 

4.2. Heavy metals in the sediment 

An important indicator of reservoirs pollution is concentration of 

heavy metals in bottom sediments [24]. In water, compounds of those 

elements remain in a dissolved form for a very short time and quickly 

precipitate into the sediments. The accumulation of the metals in the de-

posits is a permanent phenomenon, especially in the case of clay frac-

tions with a high sorption capacity [23]. Table 3 lists the concentrations 

of metals. On the basis of calculated values of arithmetic means of ob-
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served metals concentrations, it can be concluded that the Rzeszów res-

ervoir sediments were contaminated with zinc (Zn) (103.9 mg/kg), cop-

per (Cu) (32.7 mg/kg), lead (Pb) (53.5 mg/kg), nickel (Ni) (35.6 mg/kg), 

chromium (Cr) (56.3 mg/kg) and cadmium (Cd) (2.5 mg/kg). 

Table 3. Concentrations of selected heavy metals in studied sediments. 

Abbreviations as in the text 

Tabela 3. St enia wybranych metali ci kich w badanych osadach.  

Skróty jak w tek cie 

Concentrations, 

mg/kg of dry matter Cd Cr Cu Ni Pb Zn 

Mean 2.5 56.3 32.7 35.6 53.5 103.9 

Maximum 3.1 67.7 38.6 42.9 63.9 133.6 

Minimum 2.1 46.9 24.4 28.5 37.8 79.6 

Std. dev. 0.2 5.9 4.1 4.2 7.2 15.4 

Geochemical 

background 
0.5 6.0 7.0 5.0 15.0 73.0 

TEC 0.6 37.3 35.7 18.0 35.0 123 

PEC 5.0 111.0 149.0 48.6 128 459 

 

It should be acknowledged that the studied sediments are 

moderately polluted with the heavy metals. Average concentrations of all 

metals exceeded the geochemical baseline and the TEC level, moreover 

only Cu and Zn minimum values were detected below the TEC. The PEC 

value has not been exceeded in none of the samples analyzed. Despite 

noted levels of the analyzed metals, there is a risk tied to leaching of the 

heavy metals into uncontaminated sediments which in turn may pose a 

threat to the agricultural soils [1]. 

4.3. Organic compounds 

Analysis of the obtained results, in terms of selected compounds 

content from the PAHs and PCBs group, showed that within PAHs 

benzo[k]fluoranthene was dominant-reaching an average of 0.1 mg/kg. 

This value is more than 10-fold higher compared to the dibenzo[a,h] 
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anthracene for which the lowest concentration was observed in studied 

sediment (Table 4). However, the greatest impact on the quality of the 

bottom sediments is connected with the presence of benzo[a]pyrene, 

mainly due to its high toxicity. In addition, an identifying of BaP in any 

one element of the environment proves its participation in the overall 

ecosystem. 

 

Table 4. Characteristic values of the organic compounds studied in the 

sediment. Data from [19]. Abbreviations as in the text 

Tabela 4. Charakterystyczne warto ci st e  zanieczyszcze  organicznych w 

badanych osadach. Dane opracowane na podstawie [19]. Skróty jak w tek cie  

Concentrations 

mg/kg  

of dry matter 

Mean Max. Min. 
Std. 

dev. 
TEC PEC 

BaP 0.0894 0.1436 0.0605 0.0256 0.1500 1.5200 

BaA 0.0801 0.1382 0.0558 0.0277 – – 

BbF 0.0906 0.1540 0.0573 0.0191 – – 

BkF 0.1000 0.1639 0.0675 0.0275 – – 

BghiP 0.0543 0.0908 0.0348 0.0120 – – 

DahA 0.0097 0.0150 0.0060 0.0022 – – 

IcdP 0.0676 0.1101 0.0424 0.0164 – – 

PCBs 0.0012 0.0028 0.0005 0.0005 0.0590 0.6760 

 

In obtained samples concentrations of BaP were within 0.0605–

0.1436 mg/kg and did not exceed the threshold values of PEC 

(1.52 mg/kg). However, at all studied sites higher amounts of TEC were 

found with respect to the bottom level of contaminants (0.15 mg/kg). In 

the same year, an average concentration of the BaP noted for 150 Polish 

lakes was 3.5-fold higher (0,315 mg/kg) in comparison with sediment 

cored from the Rzeszów reservoir [6]. A similar range of values was 

characterized by benzo[b]fluoranthene (0.0573÷0.1540 mg/kg) and 

benzo[a]anthracene (0.0584÷0.1328 mg/kg). In turn, a slightly lower 

concentrations were reported for benzo[ghi]perylene at the levels of 

0.0348 to 0.0908 mg/kg and indo[1,2,3-c,d]pyrene in the range 0.0424–

0.1101 mg/kg. 
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An important part of the growing problem of the sediments en-

richment with organic compounds is an observation of changes within 

the time context. In 2004 content of BaP in sediments of the Warta river 

was of ca. 0.02 mg/kg, and in 2005 it already increased to almost 

0.4 mg/kg [5]. In the bottom sediment of the Besko reservoir, located in 

the top section of the Wislok river about 40 km above the Rzeszów 

reservoir, 0.549 mg/kg of BaP was detected in 2012, which accounted for 

almost 400 % of the maximum value in the Rzeszów reservoir in 2009 

[6]. There is a risk that during high water or flood those deposits will be 

washed away and transported down the river [4,6]. In addition, conducted 

correlation analysis has shown that the increase in the concentration of 

BaP is accompanied by an increase in concentration of other studied 

PAHs, which confirms the relationship between BaP and other PAHs 

noted in sediments. The highest correlation coefficient was observed for 

benzo[a]anthracene (r = 0.992), the lowest for benzo[b]fluoranthene (r = 

0.814, Fig. 2). As reported in the literature, there is a correlation between 

all 4–6 ring group of PAHs (except for perylene – dominates in the 

uncontaminated sediments located far from developed areas), which 

points to a common source of origin, which are combustion processes 

[5,6]. The degree of contamination of the Rzeszów reservoir bottom 

sediments with PAHs was relatively low, it does not exceed the values 

specified by the regulations. The largest was for BaP and accounted for 

14% of the allowed amount, whereas all compounds except for 

dibenzo[a,h]anthracene were characterized by a high variability of 

concentrations (Table 4).  

The studied sediments of the Rzeszów reservoir were also 

uncontaminated with the PCBs. Their concentration was in the range 

from 0.0005 mg/kg to 0.0028 mg/kg, which did not exceed the values of 

TEC (0.059 mg/kg). Despite that, the literature suggests that the content 

of polychlorinated biphenyls in organisms living in the aquatic ecosystem 

is much higher than its concentration in sediments [20]. 
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Fig. 2. Relationships between concentrations of benzo[a]pyrene and 

benzo[a]anthracene (A) and benzo[b]fluoranthene (B) 

Rys. 2. Zale no  pomi dzy st eniem benzo[a]pirenu i benzo[a]antracenu (A) 

oraz benzo[b]fluorantenu (B) 

5. Conclusions 

The origin of the Rzeszów reservoir bottom sediments is mixed. 

The unexpectedly high proportion of the autochthonous material is the 

result of an eutrophic processes. Despite this fact the sediments are 

relatively poor in nutrients and characterized by slightly elevated 

concentrations of the heavy metals. Hazardous organic compounds of 

anthropogenic origin remain in the studied sediments at low 

concentrations. The characteristics of researched sediments indicate that 

they are not suitable for agricultural use due to contamination and lack of 

fertility. However, they can be used for non-agricultural land 

reclamation. Remediation of the dredged material could possibly result in 
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the removal of these metals, but due to the significant amounts of 

dredged materials the process may prove to be an unprofitable operation.  
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Ocena mo liwo ci rolniczego wykorzystania osadów 
dennych z eutroficznego zbiornika zaporowego Rzeszów 

Streszczenie 
Zbiornik zaporowy Rzeszów na rzece Wis ok w po udniowo-wscho-

dniej Polsce, zosta  zbudowany w 1973 roku. W trakcie jego eksploatacji, nie-

które strefy zbiornika zosta y zamulone i zal dowione, przez co jego po-

wierzchnia i g boko  istotnie si  zmniejszy y. Pomimo kilkukrotnych rekul-

tywacji, zbiornik jest nadal silnie zamulony i jego funkcje u ytkowe s  mocno 

ograniczone.  

Celem pracy jest analiza zanieczyszcze  i mo liwo  wykorzystania 

rolniczego urobku wydobytego ze zbiornika. W pracy dokonano analizy ilo-

ciowej zarówno substancji potencjalnie toksycznych jak i biogennych 

w próbkach osadów pobranych w ci gu ostatnich pi ciu lat ze stanowisk zloka-

lizowanych wzd u  osi zbiornika. Ponadto, zosta o oszacowane pochodzenie 

materii organicznej zawartej w tych osadach. W tym celu wykorzystano analizy 

zawarto ci stabilnych izotopów N i C jak równie  stosunków elementarnych 

tych pierwiastków.  

Krzemionka by a dominuj cym sk adnikiem osadu (oko o 67% suchej 

masy osadu), za  materia organiczna (OM) stanowi a oko o 10% s.m.o. St e-

nia zwi zków biogennych: OWO, azotu ogólnego i fosforu ogólnego wynosi y 

rednio odpowiednio 2,31%, 0,21% i 0,031% s.m.o. Pochodzenie osadów den-

nych zbiornika Rzeszów jest mieszane. Niespodziewanie wysoki udzia  materii 

autochtonicznej mo e by  wynikiem intensywnej eutrofizacji wód zbiornika. 

Zawarto ci WWA by y stosunkowo niskie. Najwy sze zauwa one st enie 

wynosi o 0,164 ppm w przypadku benzo(k)fluorantenu. Zawarto  ben-

zo(a)pirenu by a ni sza od 0,14 ppm. Poziomy st e  wybranych kongenerów 

PCB mie ci y si  w przedziale od 0,0006 do 0,003 ppm i by y poni ej warto ci 
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normatywnych. Badane osady by y umiarkowanie zanieczyszczone metalami 

ci kimi (Cu, Cd, Cr, Zn, Ni, Pb). rednie st enia wszystkich metali przekra-

cza y sporadycznie t o geochemiczne i poziom TEC, ale warto  PEC nie zosta-

a przekroczona w adnej z analizowanych próbek.  

Charakter badanych osadów wskazuje, e nie s  one odpowiednie do 

stosowania w rolnictwie ze wzgl du na zanieczyszczenie i brak yzno ci. Jed-

nak mog  one by  wykorzystywane do rekultywacji gruntów nierolniczych. 

Istniej  metody umo liwiaj ce usuni cie z wydobytego materia u z tych zanie-

czyszcze , g ównie metali ci kich, ale z uwagi na znaczne ilo ci urobku proces 

mo e okaza  si  nieop acalny. 

 

S owa kluczowe: 
zbiornik zaporowy, osady denne, stabilne izotopy 
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reservoirs, bottom sediment, stable isotope 
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1. Introduction 

Nowadays people spend almost 90% of their time indoors, where 

the air creates a unique microclimate, with a composition different from 

the outdoor air and increased level of pollutants [15,21]. Indoor air pollu-

tants may be found in the form of gas molecules, aerosols and suspended 

particles. Particulate matter is one of major interests of researchers and 

analysts, however, so far measurements were conducted mainly on the 

basis of particle size. Less attention was paid to the chemical composi-

tion of particles. Only information about SVOC sorbed on particles or 

alkali metals in ambient aerosols have been published [5,10,20,25,26,28]. 

Human activities increase concentrations of different elements 

and compounds in the atmosphere [9,23], for example heavy metals (Ba, 

Cu, Pb, Cr, Cd, Zn, Fe, Sn) [27], so as a result of atmospheric deposition 

one gram of dust may contain 700 million particles of different compo-

nents including heavy metals. Heavy metals can impair important bio-

chemical processes posing a threat to plant growth and animal life 

[13,17,22,29]. The exposure of these elements may have various health 

consequences depending on the exposure time. 

However research on the heavy metals levels in the environment 

was focused on soil, sludge, food or roadside dust [7,19,24]. There is 

a limited number of data about heavy metals concentration in indoor dust 

and lack of information about heavy metals levels in relation to particle 

size distribution.  
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House dust is a highly heterogeneous mixture of aerosol particles 

settled on the surfaces. It consists of mineral and biological material, 

therefore it may contains organic and inorganic carbon, alkaline ele-

ments, heavy metals and complicated substances, including persistent 

organic pollutants. 

Its precise composition in any particular building, or even room, 

will depend on a large number of factors including the location and con-

struction of the building, the use of the room, types of decorating and 

furnishing materials used, heating and ventilation systems, how well and 

often the area is cleaned and even the time of year [8,10]. 

Health hazards of dust, which stem purely from its physical na-

ture, especially from the presence of very small particle sizes, have been 

well recognized and documented for many years. However, the signifi-

cance of dusts as accumulation of chemicals in a house, a potential 

source of chemical exposure, require further examination. Regular dis-

posal of house dusts collected in vacuum cleaners undoubtedly act also as 

a potential source of more pervasive contamination, as in the case of out-

door dusts flow (especially roadside dusts) to sewers and storm-drains, 

which can lead to substantial secondary inputs to rivers [11].  

The objective of this study is to assess the level of Sn, Pb, Cr, Zn, 

Cd (tin, lead, chromium, zinc, cadmium) in house dusts. Those heavy 

metals have high toxicity, which during life accumulate in the human 

body. Over the past decades, there has been increasing concern about 

exposure of people, especially of vulnerable groups such as children [17]. 

The reason is their behavior increasing indirect ingestion by way of hand-

to-mouth activities, touching and mouthing of various dust-contaminated 

objects. Moreover, lower body-weight of children would result ingestion 

of greater amounts of dust compared to adults [6]. Moreover, children are 

less tolerant to most of the contaminates [1].  

2. Material and Methods 

The settled dust collected during the heating season in 5 apart-

ments in Lublin (Fig. 1), Poland, was the object of the research. These 

apartments are located in the city center, along major thoroughfares as 

well as near to industrial area. The apartments are different in terms of 

the age of construction and indoor equipment (Table 1). 
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Fig. 1. Map showing the location of Lublin 

Rys. 1. Mapa obrazuj ca lokalizacj  Lublina 

Table 1. Description of the apartments 

Tabela 1. Opis mieszka  

Code Description of the apartment 
Area 

[m2] 
Ventilation 

Number 

of persons 
Animals 

A1 

three-room apartment on the 4th 

floor; block of flat built of con-

crete slabs in the city center built 

in 80’s; furnished with a leather 

sofa 

60  natural  4 
no  

animals 

A2 
two-room apartment on the 2nd 

floor, block of flat built in 70’s 

 

50  natural  2 cat 

A3 
apartment on the 2nd floor of a 

pre-war building  
59  natural  3 

no 

 animals 

A4 
two-storey detached house built 

in 70’s, near the industrial site 

(new windows)  

150  natural  
4  

(one smok-

ing person) 
cat 

A5 
one-room apartment located on 

the 1st floor in block built in 80’s 
25  natural  2 

no  

animals 

In the research, the presence of heavy metals like tin, lead, chro-

mium, zinc and cadmium was analyzed. The dust samples used in the 

study were taken from vacuum bags used in those particular apartments. 

Vacuum cleaners were with HEPA filters. In each apartment were car-

pets. The owners were asked to vacuuming at least once a week. The 

resulting material was sieved into different ranges of particle size (< 20, 

20–25, 25–50, 50–100, 100–125 microns) using vibratory (GmbH & 
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Co.KG. Han) and pneumatic (HOKOSAWA ALPINE AG 200 LS) sieve 

shakers. The first process that dust samples were subjected to is the pro-

cess of mineralization. This process was performed with the use of mi-

crowave digestion system Multiwave 3000 Microwave Anton Paar Com-

pany. In each range of particle size approximately 0.3 g of dust were 

measured and then introduced to a reaction flask. Then, 6 cm
3
 of 65% 

HNO3, 1 cm
3
 of 30% HCl, 0.5 cm

3
 49% HF and 1 cm

3
 of 30% H2O2 were 

added to the dust samples. The process was conducted at the temperature 

of 160°C and a pressure of about 2x10
6
 Pa. After 55 minutes, 3 cm

3
 of 

H3BO3 were added to the samples and mineralization process was con-

tinued in microwave mineralizer for 50 minutes. After mineralization, the 

samples were analyzed with the use of chemical technique ICP-OES 

3000 conducted on sequential spectrometer ISA JobinYvon– JY 238 

ULTRACE. 

3. Results and discussion 

The average concentrations of Sn, Pb, Cr, Zn, Cd in the indoor 

dust samples are summarized in Table 1. For all investigated metals the 

smallest range of particle size (<20 µm) achieved the highest average 

concentration. The concentrations of heavy metals in indoor dust from 

homes ranged from 3.5 to 27.26 mg/kg dust for Sn, from 17.21 to 

113.40 mg/kg dust for Pb, from 30.76 to 172.82 mg/kg dust for Cr, from 

198.30 to 1782.93 mg/kg dust for Zn, from 0.52 to 13.41 mg/kg dust for 

Cd. Sn, Pb, Cd obtained maximum concentration value for range of par-

ticle size lower than 20 µm, while Cr and Zn for 125–100 µm. When it 

comes to the minimum value, Sn, Cr, Zn, Cd reached it for range of 125–

100 µm and Pb for 50–25 µm.  

Figure 2 shows the measured concentration of Sn in different 

ranges of particle size. The highest concentration was achieved in apart-

ment A4, while the lowest in A5.  

When it comes to Pb, in the past it was a universal pollutant in an 

urban environment due to automobile emission [4]. Despite the gradual 

shift from leaded to unleaded petrol used as fuel for automobile, it still 

remains a major pollutant in some urban areas. Currently, additional re-

search should be conducted to establish the source of this metal. The 

highest concentration of Pb were observed in apartments A1 and A4 
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(Fig. 3). In the case of the apartments A1 and A2, there was an upward 

trend with decreasing particle size distribution of the settled dust. 

It is believed that car components, tires abrasion, lubricants, cor-

rosion of cars, engine wear, thrust bearing, brushing, bearing metals and 

brake dust constitute the source of Cr in dust [2–4]. The highest concen-

tration of Cr (Fig. 4) was noted in the apartment A1, which is located in 

the central part of the city. This component may have got into the apart-

ment probably through an opened window or gravity ventilation system. 

Additional research should be conducted to establish the source of this 

element. The apartments A2, A3 and A5 reached the maximum concen-

tration value for range lower than 20 µm. 

In the case of Sn and Pb, the apartments with the highest number 

of residents (A1 and A4) obtained higher concentrations of those heavy 

metals. While recognizing the fact that the movement of occupant’s in 

and out from building also contributed the heavy metals concentration in 

the building, its contribution was less obvious from the contribution from 

ambient sources [15]. Further studies are planned to analyze the sources 

of these metals. 

 

 

Fig. 2. Concentration of tin with respect to particle size range  

Rys. 2. St enie cyny w zale no ci od zakresu wielko ci cz stek  
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Table 2. Descriptive statistics of indoor dust heavy metal concentration  

Tabela 2. Zestawienie st enia metali ci kich w kurzu domowym 
 125–100 µm 100–50 µm 50–25 µm 25–20 µm <20 µm 

Sn 

Min. [mg/kg dust] 3.50 4.39 5.27 5.74 7.08 
Max. [mg/kg dust] 15.08 24.99 24.98 26.64 27.26 
Average [mg/kg dust] 8.45 11.01 12.18 14.47 15.80 
Median 7.07 6.54 7.63 10.48 12.31 
Standard deviation 4.34 7.62 7.28 7.47 7.18 

Pb 

Min. [mg/kg dust] 18.50 20.51 17.21 21.35 29.97 
Max. [mg/kg dust] 80.51 100.79 96.28 93.69 113.40 
Average [mg/kg dust] 40.14 43.43 47.55 56.93 68.43 
Median 39.55 29.22 36.21 50.74 65.38 
Standard deviation 21.95 30.11 29.65 30.54 33.19 

Cr 

Min. [mg/kg dust] 30.76 32.27 42.44 47.40 57.27 
Max. [mg/kg dust] 172.82 114.17 92.93 80.21 133.40 
Average [mg/kg dust] 65.08 67.67 61.49 69.08 84.40 
Median 34.79 59.42 57.12 70.27 74.33 
Standard deviation 54.38 27.00 17.72 11.62 27.53 

Zn 

Min. [mg/kg dust] 198.30 296.72 434.68 425.09 502.41 
Max. [mg/kg dust] 1782.93 1518.13 1137.00 1239.09 1380.40 
Average [mg/kg dust] 721.71 676.30 621.22 694.12 819.12 
Median 588.88 522.41 482.87 574.80 689.64 
Standard deviation 555.04 430.63 264.62 289.96 300.17 

Cd 

Min. [mg/kg dust] 0.52 0.59 0.53 0.73 0.88 
Max. [mg/kg dust] 7.38 9.05 9.67 12.30 13.41 
Average [mg/kg dust] 2.59 2.81 3.29 4.23 5.10 
Median 1.25 1.40 2.03 3.14 4.17 
Standard deviation 2.59 3.15 3.32 4.17 4.47 

 

 

Fig. 3. Concentration of lead with respect to particle size range 

Rys. 3. St enie o owiu w zale no ci od zakresu wielko ci cz stek 
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Fig. 4. Concentration of chromium with respect to particle size range 

Rys. 4. St enie chromu w zale no ci od zakresu wielko ci cz stek 

 

 

Fig. 5. Concentration of zinc with respect to particle size range 

Rys. 5. St enie cynku w zale no ci od zakresu wielko ci cz stek 

Zinc is the fourth most common metal in use, as zinc oxide is 

widely used as a white pigment in paints. Zinc chloride is often added to 

lumber as a fire retardant and can be used as a wood preservative. Also 

zinc could be used as a vulcanization agent in tires. Moreover rubber 

carpets were identified as a significant source of zinc [13]. Figure 5 

shows the concentration of Zn in different ranges of particle size. 

The highest concentration was achieved in apartment A4, while the low-
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est in A3. Probably the results were caused by the location of the apart-

ments and varieties of furniture. 

 

 
Fig. 6. Concentration of cadmium in different ranges of particle size 

Rys. 6. St enie kadmu dla ró nych zakresów wielko ci cz stek 

In the case of Cd ambient is not only likely source of cadmium in 

indoor air. Indoor sources, such a smoking and the agents used to color 

carpets and furniture, could result in increased cadmium in house dust. 

Figure 6 shows the concentration of Cd in different ranges of particle 

size. The highest concentration was achieved in apartment A4, while the 

lowest in A5. Similar like in the case of Zn results could be caused by the 

location of the apartments and varieties of furniture. Further studies are 

planned to analyze the sources of these metals. 

4. Summary 

Distribution of Sn average concentration in samples was charac-

terized by an upward trend with decreasing particle size distribution of 

the settled dust.  

The concentration of chromium in the tested material is higher in 

smaller ranges of particle size (except for the apartment A1).  

Results reveal that the average concentration of all investigated 

metals in the dust samples was found  in order Zn > Cr > Pb > Sn > Cd. 

Monitoring plan is necessary to evaluate the evolution of metal 

concentration in dust in order to develop the proper measures for reduc-

ing the risk of inhalation. 
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Further studies are planned to analyze a larger number of apart-

ments and sources of heavy metals in indoor dust. 
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Wybrane metale ci kie w wysedymentowanym  

kurzu domowym z mieszka  zlokalizowanych  

w Lublinie, Polska 

Streszczenie 

Kurz domowy nie jest jednorodn  substancj  pod wzgl dem fizycznym 

czy chemicznym, ale stanowi bardzo niejednorodn  mieszanin  cz stek orga-

nicznych, nieorganicznych i substancji chemicznych. Jego sk ad w budynku, 

czy nawet w pokoju b dzie zale e  od wielu czynników, mi dzy innymi od 

lokalizacji obiektu, jego konstrukcji, rodzaju wykorzystania, umeblowania, 

materia ów u ytych do wyko czenia lub dekoracji, systemu ogrzewania i wen-

tylacji, jak równie  od cz stotliwo ci sprz tania czy pory roku. 
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Celem tych bada  jest okre lenie st enia Sn, Pb, Cr, Zn, Cd (cyny, 

o owiu, chromu, cynku, kadmu) w kurzu domowym. Wybrane do bada  metale 

ci kie maj  wysoko  toksyczno . D ugotrwa a ekspozycja powoduje ich 

kumulacj  w organizmie. W ci gu ostatnich dziesi cioleci wzros o zaintereso-

wanie zwi zane z nara eniem ludzi na substancje zawarte w kurzu domowym, 

zw aszcza w ród grup szczególnie nara onych takich jak dzieci. Powodem jest 

ich zachowanie i odruchy zwi zane z poznawaniem otoczenia (dotykanie 

przedmiotów, branie ich do ust). Dlatego w stosunku do swojej niskiej wagi 

cia a dzieci spo ywaj  wi ksze ilo ci py ów ni  osoby doros e. Ponadto gorzej 

toleruj  wi kszo  zanieczyszcze . 

Przedmiotem bada  by  wysedymentowany kurz domowy zbierany 

w sezonie grzewczym z 5 mieszka  zlokalizowanych w Lublinie. Próbki pobie-

rano z worków odkurzaczy. Uzyskany materia  przesiewano do ró nych zakre-

sów wielko ci cz stek (< 20, 20–25, 25–50, 50–100, 100–125 mikrometrów) za 

pomoc  przesiewacza wibracyjnego i pneumatycznego. 

W przypadku wszystkich badanych metali najmniejszy zakres wielko ci 

cz stek (< 20 mikrometrów) osi gn  najwi ksze rednie st enia. St enie 

metali ci kich w kurzu domowym waha o si  od 3,5 do 27,26 mg/kg kurzu dla 

Sn, od 17,21 do 113,40 mg/kg kurzu dla Pb, od 30,76 do 172,82 mg/kg kurzu na 

Cr, od 198,30 do 1782,93 mg/kg kurzu dla Zn, od 0,52 do 13,41 mg/kg kurzu 

dla Cd. Sn, Pb, Cd uzyska o maksymaln  warto  st enia dla zakresu wielko-

ci cz stek poni ej 20 mikrometrów, a Cr i Zn dla 125-100 mikrometrów. Je li 

chodzi o warto ci minimalne Sn, Cr, Zn, Cd osi gn y j  dla zakresu 125–100 

mikrometrów a Pb dla 50–25 mikrometrów. Wyniki pokazuj , e rednie st e-

nie wszystkich badanych metali w kurzu wyst pi o w kolejno ci Zn > Cr > Pb > 

Sn > Cd. 

Koniecznym staje si  opracowanie sposobu monitorowania i oceny 

zmian st enia metali w kurzu w celu opracowania odpowiednich rodków 

zmniejszaj cych ryzyko nara enia. 
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1. Introduction 

The purpose of soil fertilization is the provision of nutrients es-

sential to plants in order for them to develop normally, fruit optimally 

and improve biological and chemical as well as physical characteristics 

of the soil in a range that is desirable for plants. A shortage of nutrients in 

soil might lead to the loss of crops. Over-fertilization might also lead to 

a reduction of crops, a decrease in their value, a rise in production costs 

and pollution of the environment. In Poland nearly 2,000,000 Mg of min-

eral fertilizers are used every year, though the most essential for soil fer-

tility is natural fertilization [21]. 

Due to the fact that natural fertilizers gradually release nutrients 

to soil solution, they become a valuable source of organic matter and 

elements important for cultivation. They also improve the structure of the 

soil. Among the organic fertilizers most commonly used are: manure, 

slurry, green manure, post-fermentation waste and compost. Biodegrada-

ble wastes might be disposed through various methods, though they 

might be rarely used in an unprocessed form [13]. In case of natural ferti-

lizers/recycled materials exploitation the only threat to cultivation is the 

possibility of bringing large quantities of heavy metals and organic com-

pounds to the soil, which then might be absorbed by plants [10, 22]. 

A significant simplification of fertilizers usage in private gardens and 
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potted cultivation is possible through the application of fertilizers in the 

form of tablets. However, to make fertilization complete, one should also 

provide easily absorbed elements through the application of organic-

mineral fertilizer. "A fertilizer" in which mineral material (A) has been 

mixed with organic coffee spent grounds (CSG) might make a crucial 

contribution to a sustainable fertilization, which might be performed even 

by unqualified individuals. Ashes formed during burning of biomass 

might be used as a source of mineral elements. Such ashes form not only 

in biomass power plants, but also in numerous private households. Bio-

mass is becoming more and more popular source of energy, which is 

connected with the formation of large quantities of ashes. Polish energy 

policy for the subsequent years assumes a constant rise in renewable en-

ergy, which is going to simultaneously cause a rise in the forming of ash, 

including ash formed as a result of straw burning. The Polish agricultural 

sector produces approximately 200–300 million Mg of biomass, includ-

ing 25 million Mg of straw [6, 16]. Around 740 thousand Mg of ash, 

ready to be used in fertilizer production, might be formed after its incin-

eration. The properties of the ash, if well examined, allow to use it in 

industry or agriculture. 

Similar attempts were made towards furnace ashes [1, 24, 25]. 

Usage of ash fertilizers has been known for many years, though nowa-

days ash from the incineration of plants fertilized with sewage sludge 

should be subject to detailed supervision [4]. The essence of a balanced 

organic-mineral fertilization is the possibility of usage of multi-

component, long-acting fertilizer, which could be applied in the moment 

of sowing, planting or replanting. Research on the impact of natural 

waste fertilizers (sewage sludge, food industry wastes) on soil and crops 

quality has been carried out for years, also in the case of granulated ferti-

lizers, but we wish to emphasize that tests of our unique fertilizer were 

taken in Poland for the first time [3, 17, 23, 24]. 

2. The legal basis 

Polish law defines fertilizers in the Act of 10 July 2007 about fer-

tilizers and fertilization (Reg. 2007 no. 147 item 1033) as mineral, natu-

ral, organic, mineral and organic-mineral fertilizers meant to provide 

nutrients to plants or increase the fertility of soils and fish ponds. Basic 
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parameters (including content of heavy metals) setting the quality of fer-

tilizers are included in the decree of the Minister of Agriculture and Ru-

ral Development of 21 December 2009 about the execution of some regu-

lations of the act regarding fertilizers and fertilization (Reg. 2009 no. 224 

item 1804). In case of tablet fertilizers, which are the subject of this pa-

per, containment norms of elements and pollutions for organic fertilizers 

are to be applied. The definition of a biomass is included in the decree of 

the Minister of Environment of 20 December 2005 about emission stand-

ards (Reg. 2005 no 260 item 2181). According to the decree a biomass is 

a product entirely or partially consisting of plants, coming from agricul-

ture or forestry, which are burned in order to recover energy within them. 

The term 'biomass' refers also to agricultural, forestry or food industry 

plant waste. According to this definition coffee spent grounds (CSG) are 

considered as a biomass. 

3. Materials and methods 

The research was carried out using coffee spent grounds, formed 

after the preparation of coffee (under pressure of 15 atmospheres), dried 

in the sun and then dried to a constant mass at a temperature of 105°C.  

Gelatin, available in the retail trade, was used as a binder. The binding 

gelatin solution was prepared through the soaking of a weighed amount 

of gelatin in cold deionized water. Thus the obtained gel was then put 

into boiling deionized water. The final volume of the binding solution 

was 180 cm
3
, which means that it was 2.8 times more concentrated than a 

typical food gelatin solution. The mineral supplement was made of ash 

formed during the incineration of oak's biomass, while magnesium sul-

fate in a line of an anti-needle-browning fertilizer. The oak wood in the 

form of woodchips was incinerated with bark. In order to obtain ash the 

biomass was incinerated at a temperature of 600°C for 3 hours in the 

muffle furnace and then finished at the same temperature for 1 hour [27]. 

The ash (A), which had been formed that way, was sieved through 

a 2 mm sieve and then dried to a constant mass. Capsules were made 

from cellulose sheets and collagen stick, available in the retail trade in 

the form of orange-yellow pearls. 
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3.1. Types of fertilizer tablets 

After initial experiments concerning the optimal composition of 

specific types of fertilizers, the proper mass proportions were set and 3 

series of fertilizer tablets were made (Table 1), including: acid organic 

fertilizer (K0), neutral mineral-organic fertilizer (K10) and acid organic 

anti-needle-browning fertilizer (K12). 

 
Table 1. Mass proportion of components in fertilizer tablets  
Tabela 1. Proporcje masowe sk adników w tabletkach nawozowych 

 
Coffee spent 

grounds (CSG)

Biomass ash 

(A) 

Magnesium 

sulphate 

(MS) 

Gelatine 

K0 10 0 0 1 

K10 9 1 0 1 

K12 9 0.1 0.9 1 

3.2. Method of making fertilizer tablets 

CSG dried to a constant mass were mixed with ash A and magne-

sium sulfate MS. Later hot gelatin solution was added and all ingredients 

were mixed together. Then the obtained hot substance was put into the 

plastic matrix. The matrix was cooled and kept at a temperature of 10°C 

for 6 hours and then dried for 24 hours at a temperature of 105°C. Con-

sequently the obtained tablets were then removed from the matrix and 

covered with a double sheet of cellulose, dampened and dried at a tem-

perature of 105°C for 2 hours. The tablets were then covered with a hot 

collagen stick solution and dried at room temperature for 24 hours. 

The tablets’ density, the content of organic substance by weight 

method and the content of organic carbon by non-dispersive infrared 

(NDIR) method, after sample mineralization at a temperature of 1200°C, 

were determined. The content of phosphorus and Kjeldahl nitrogen was 

determined after mineralization by sulfuric acid. The content of sodium, 

potassium and calcium was determined with mineral solutions by FES 

method with BWB XP apparatus. The content of magnesium and heavy 

metals like zinc, copper, lead, nickel, chromium and cadmium were de-

termined by atomic absorption spectroscopy (AAS) method with iCE 
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Thermo 3500 apparatus after microwave mineralization with aqua regia 

in Mars-X apparatus. 

In order to determine the initial release of nutrients, a water ex-

traction was performed, according to the PN-Z-15009 norm. In the ex-

tracts pH, EC, content of organic carbon and nitrogen were determined 

by NDIR method, after sample mineralization at a temperature of 850°C. 

The content of phosphate and nitrate ions was determined by titration, 

while phosphate and calcium ions content were determined in mineral 

solutions by FES method with BWB XP apparatus. 

The pot research was carried out during a period of 2 months on 

the area exposed to the sun, but protected from the wind. The pot’s ca-

pacity was 2.75 dm
3
. They were filled with ready-made garden substrate 

available in the retail trade. Two fertilizer tablets were put in to each pot, 

7.6-8.2 g each. Doses of fertilizer (N/P2O5/K2O/CaO) per hectare were: 

139/34/24/5, 169/47/62/76 and 168/33/55/28 kg respectively for K0, K10 

and K12. In the control group no fertilization was applied. The experi-

ment was repeated three times for every fertilizer serie. The plant chosen 

for testing was cucumber. Four seeds were planted in every pot. During 

the experiment an even humidity was ensured through watering with rain 

water, if needed. After 60 days the above ground parts of the plants were 

harvested and dried to a constant mass. 

4. Results and discussion 

All the tablets, before being covered with cellulose and collagen, 

were characterized by a dark brown-black color and despite the identical 

way of production and same size of matrices, different types of tablets 

differed in both size and mass (Table 2). 

Tablets K10 were the smallest, which was caused by the highest 

share of ash in their content, which, due to its binding properties, enabled 

the highest density of CSG. The highest mass was a characteristic for 

K12 line of tablets due to magnesium sulfate, the lowest – K0, which was 

a line without any additives. This also caused the highest share of imple-

mented material in reference to the overall mass of a tablet, which was 

76.6 and 68.7 respectively for K12 and K0. 
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Table 2. Basic characteristics of investigated fertilizer tablets and comparison 

with data obtained for composts and law requirements for organic fertilizers  
Tabela 2. Charakterystyka badanych OPK, tabletek nawozowych K0, K10 

I K12 oraz porównanie do danych uzyskanych dla kompostów i wymaga  

prawnych dla nawozów organicznych 

 CSG K0 K10 K12 

Composts 

made of 

sewage 

sludge [5] 

Composts 

[7] 

Reg. 

2009 

no.224 

item 

1804 

Dimensions 

(xyz) [mm] 
– 25x25x19 20x20x15 23x23x18 – – 

Mass of 

fertilizer [g] 
– 5.33(0.13) 5.76(0.15) 6.28(0.54) – – 

Mass of 

tablet [g] 
– 7.76(0.12) 7.67(0.25) 8.19(0.17) – – 

Organic 

substances 

[%] 

98.4 98.5 92.3 95.6 – 7.5–67.0 30 

TOC [%] 34.1 33.6 32.2 32.5 43.2–72.41 3.1–25.8 

NKiejd. [%] 0.72 1.75 2.16 2.01 1.16–2.741 0.52–2.90 0.3 

C/N 47.4 19.2 14.9 16.2 19.6–42.7  

CaO 

 [g/kg dw] 
0.57(0.12) 0.61(0.03) 9.69(0.18) 2.58(0.32) 10.6–58.7 16–92 

MgO  

[g/kg dw] 
4.85(0.59) 5.07(0.43) 6.57(0.02) 156(21.4) 1.8–11.5 – 

Na2O  

[g/kg dw] 
1.30(0.16) 1.32(0.26) 1.76(0.09) 1.56(0.03) – – 

K2O  

[g/kg dw] 
3.05(0.18) 3.00(0.21) 7.97(0.01) 3.29(0.10) – 3.2–7.8 2.0 

P2O5  

[g/kg dw] 
4.54(0.81) 4.35(1.0) 6.03(0.70) 3.97(1.13) 24.1–55.8 7.6–16.0 2.0 

1 – data concerns TC and TN parameters. 

SD value in brackets 



428 Tomasz Ciesielczuk, Czes awa Rosik-Dulewska, Elwira Wi niewska 
 

 

The content of organic matter in the examined tablets was high 

(above 90%), which is particularly crucial in the case of fertilizing sand 

soils, and have a limited time of holding water. The content of fat in the 

implemented fertilizer might strengthen water retention in the soil, which 

was confirmed during the field research using sewage from olive oil mill 

[3]. Poor substrates used in gardening do not only allow us to lower costs, 

but also limit the consumption of nonrenewable peat resources. Gelatin, 

used in the process of tablets creation, plays a crucial role not only as 

a binder for CSG and A, but also as a source of organic matter and nitro-

gen in a form that is possible for plants to absorb. It is important that the 

tablets’ covers consist mainly of collagen, which is rich in organic carbon 

(37.1%) and, while swelling, slowly melts into the soil. The organic sub-

stance, being slowly mineralized, simultaneously releases elements into 

the soil, thus preventing over-fertilization and significantly prolonging the 

fertilizer's uptime. Due to this fact the assumed fertilizer's uptime exceeds 

6 months. Another asset of the examined tablets is also the fact that in 

a case of drought the collagen covering hardens and consequently does not 

release the elements from the tablets filling. An important asset is also high 

(above 30%) content of organic carbon – a value comparable with the one 

in manure and higher than noted in composts [20]. 

The content of Kjeldahl nitrogen is similar in all 3 lines of tablets 

(lowest in K0) and is comparable with good quality compost. Examina-

tion of the nitrogen content in the tablets’ filling indicated the highest 

amount of this element in K10 line (1.45% of the filling), with lower 

amounts in K12 and K0 (respectively 0.84% and 0.74% of the filling). 

The nitrogen content is high and it fulfills the demands of the Decree of 

the Minister of Agriculture and Rural Development about the execution 

of some regulations of the act regarding fertilizers and fertilization (Reg. 

2009 no. 224 item 1804). An occurrence of this element in organic form 

ensures a balanced and slow release of it into the soil, which not only has 

a positive effect on long-range fertilization by preventing leaf chlorosis, 

but also prevents the leaching of the element into the groundwater. 

The content of calcium (Table 2) is, as planned, highest in the line 

K10 and lowest in the line K0, intended for acidophilic plants, in case of 

which an excess of this element could have a negative effect by rising the 

pH of the substrate. The main calcium source in the fertilizer is the bio-

mass ash, which mixed with CSG and bound with gelatin is relatively 
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resistant to quick leaching, having a positive effect on the pH of the soil 

and contributing to the reduction of the availability of heavy metals for 

the plants, as well as the interchangeable aluminum activity [8, 12]. In 

the K10 line, designed as a neutral fertilizer proper for most plants, the 

content of calcium is relatively high; lower though than in composts and 

organic fertilizers (manure). Stabilization of pH is an important element 

of farming due to the fact of its’ limited ability to absorb heavy metals. 

The source of magnesium in the analyzed samples is magnesium 

sulfate (K12 line), as well as both the biomass ash and collagen covering. 

Content of MgO exceeding over 15% is favorable here, due to the fact of 

the crucial role of these elements in building chlorophyl, as well as its 

vulnerability to leaching. In both K0 and K10 lines the magnesium con-

tent is much lower and does not exceed 1%. Yet even in the case of ferti-

lizer K12 the complex structure of the tablets ensures its slow release into 

the soil, which prevents losses caused by leaching. 

The content of potassium is high in all types of tablets. Although 

the highest amount of this element (nearly 8 g K2O/kg) was found in K10 

line, no differences were noted between series K0 and K12. It shows 

a high share of organic potassium, which is favorable due to its slow re-

lease during mineralization of the tablets’ organic matter. In all the series 

the content of potassium fulfills the regulations for organic fertilizers. 

The content of phosphorus is interesting. The carried out tests of 

the tablets filling, as well as the finished product in covering, show that 

the main source of this element in all three lines is the filling material. 

Regardless of the line, the content of phosphorus in the finished product 

is 60.3% (0.45) in relation to the content of this element in the filling. 

The content of phosphorus is similar in K0 and K12 lines and about 40% 

higher in K10, which indicates the presence of mineral phosphorus. 

Phosphorus from the biomass ash is characterized by a limited solubility, 

which limits its absorption, though the presence of an organic phosphorus 

shall, to a large extent reduce shortages of this element [9]. The content 

of phosphorus in the tablets fulfills the regulations of the Decree Reg. 

2009 no. 224 item 1804. 

The heavy metals content in the examined types of fertilizers is 

presented in the Table 3. An addition of a biomass ash stabilizes the pH 

of a given fertilizer and also serves as a source of elements crucial to 

plants’ metabolism [15]. The results show that the ash is a donor of those 
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elements, though designated numbers are low and thus even in the line 

with the highest share of the biomass ash there is no risk of soil and plant 

pollution with toxic metals (Pb, Ni, Cr, Cd). It is possible then to use 

tablets in the farming of vegetables for direct use. 

 
Table 3. Heavy metals content in biomass ash, investigated fertilizer tablets, 

composts and maximum levels for organic fertilizers [mg/kg dw]  
Tabela 3. Zawarto  metali ci kich w popiele z biomasy, badanych tabletkach 

nawozowych, kompostach oraz dopuszczalne poziomy dla nawozów 

organicznych [mg/kg sm] 

A K0 K10 K12 
Composts 

[7] 

Reg. 

2009 no. 

224 item 

1804 

Zn 609(117)* 25.3(1.79) 53.0(2.86) 25.9(2.65) 277-1756 – 

Cu 121(9.6) 7.84(1.05) 14.6(0.71) 7.08(0.03) 36.3-283 – 

Ni 19.0(4.4) 0.31(0.11) 1.06(0.07) 0.45(0.24) 11.3-217 60 

Pb 23.0(2.3) <0.03 1.63(0.23) <0.03 24.6-545 140 

Cd 1.72(0.48) 0.07(0.04) 0.15(0.04) 0.04(0.02) <0.5-4.28 5 

Cr 20.5(4.7) <0.03 <0.03 <0.03 22.4-79.8 100 

Mn 2481(403) 11.7(0.31) 281(31.2) 39.4(1.31) –  

Fe 1217(328) 30.3(0.02) 130(7.3) 40.4(1.02) –  

* SD value in brackets 

 

Regulations of the Decree of the Minister of Agriculture and Ru-

ral Development regarding the execution of some regulations of the act 

regarding fertilizers and fertilization (Reg. 2009 no. 224 item 1804) set 

a maximum content of nickel, cadmium, chromium, lead and mercury in 

organic fertilizers. The noted concentrations are 33–85 times lower than 

the norms in the Decree. Organic fertilizers (e.g. manure) might contain 

higher amounts of those elements, which is potentially dangerous for 

cultivated plants [26]. It confirms the validity of the usage of fertilizer 

tablets analyzed herein, which are based on materials nearly entirely free 

of metal pollutions. It is assumed that a number of bio-available metals in 

the examined fertilizers will not exceed 40–50% of their overall content, 

which in future should be confirmed or negated through specialist re-

search [22, 24]. From the perspective of plants metabolism content of 

iron is particularly important. Its shortage (besides lack of magnesium 

and nitrogen) is the main reason for chlorosis. 
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The results of the leaching test provide only initial information 

about the number of elements released to the aqueous solution during the 

first 24 hours (Table 4). The shaking caused a partial disintegration of K0 

line tablets and, to a smaller extent, K12 line of tablets. It depicts a strong 

binding of K10 tablets’ filling, including ash with CaO. It was indicated 

that although the supplementation of the biomass ash provides water-

soluble elements, they are released gradually into the soil due to the slow 

decomposition of the fertilizer tablet observed during the experiment. 

The final content of elements released into the soil (in the moment of 

making an extraction) will depend also on the precision of the covering 

creation, as well as on the time required for the mineralization of organic 

compounds in the examined tablets; in the case of gardening fertilizer 

tablets, both mineral and organic. 

 
Table 4. Characteristic of water extract of investigated fertilizer tablets  
Tabela 4. Charakterystyka wyci gu wodnego z badanych tabletek nawozowych 

 K0 K10 K12 

Reaction (pH) 5.39 6.91 5.65 

EC [mS/cm] 1.21 1.20 3.29 

NKiejd [mg/dm
3
] 874.0 615.2 617.7 

NO3
-
 [mg/dm

3
] 24.9 8.55 22.9 

PO4
-3

 [mg/dm
3
] 54.3 20.7 36.0 

K
+
 [mg/dm

3
] 230 378 252 

Ca
2+

 [mg/dm
3
] 44.1 63.2 113.5 

Na
+ 

[mg/dm
3
] 192 116 132 

TOC [g/dm
3
] 4.408 2.970 2.985 

 

Crucial parameters (applied also to rare and valuable plants) are: 

pH and electrolytic conductivity. The series of initial experiments ena-

bled to optimize an amount of biomass ash, which opened the possibility 

of producing tablets of adequately low pH (proper for acidophilic plants) 

in case of K0 line, as well as of neutral pH in case of K10 line (a univer-

sal fertilizer for most plants). K12 line has acidic pH and the supplement 

of magnesium sulfate fills in the lack of magnesium ions, thus preventing 

needle chlorosis (Table 1). According to Arvidsson, Lundkvist [2], Park 
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et all [19] a tree ash alkalizes a soil, enlarges cation-exchange capacity 

and maximum level of alkaline cations, although a significant rise of pH 

might cause iron to move to its +3 form, which might cause a lack of this 

element [2, 19]. 

Soil salinity caused by an overdose of mineral fertilizers results in 

deteriorated growth and even in the death of plants [18]. The essence of 

the proposed "fertilizer" is then a slow release of minerals within it, in 

order to limit leaching of elements and enable plants to absorb them. 

Electrolytic conductivity of K0 and K10 fertilizer lines is similar, alt-

hough probably it is a result of a lack of decomposition of the tablets. It 

is supposed that after decomposition of K10 tablets, the amount of ions 

released to the solution should rise. The test confirmed the stability of the 

examined tablets. In case of K12 line, as an effect of magnesium sulfate 

supplement, the electrolytic conductivity is too high, i.e. 3,29 mS/cm, 

which, in the case of an overdose, might cause harmful soil salinity. It is 

especially important in the case of plants of limited demand for fertilizers 

and it also happens while applying commercial, long-lasting fertilizers 

[11]. A strong rise of conductivity was noted also after modifying ash-

sewage sludge granules (coal ash + municipal sewage sediments) with 

potassium salts (KCl and K2SO4). The noted conductivity was 44 mS/cm 

[23]. the small amount of nitrate ions released into the solution is particu-

larly important in the analyzed fertilizers. NO3
-
 ion is not subject to ex-

changeable sorption in the soil and thus it is vulnerable to leaching [28]. 

Nitrogen in the analyzed fertilizer tablets is almost entirely organic, 

which limits its losses and positively influences its slow release, replac-

ing the partition of a basic dose of a traditional fertilizer (manure, slurry) 

on a few portions, which always makes additional courses of a spreader 

necessary. Such courses are not always possible due to environmental 

conditions, e.g. ground humidity or a rise of production costs [14]. An 

additional asset is the possibility to apply the fertilizer in the moment of 

planting, because of the delayed release of compounds, which enables the 

regeneration of the root system. 

The high content of calcium in the solution of K12 line tablets is 

interesting. Despite the lower content of this element in the tablets concen-

tration of Ca
2+ 

ions, in the solution was nearly two times higher. This can 

be explained by the higher stability of K10 tablets and, in consequence, 
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lower release of calcium during shaking. The content of calcium might 

also have an influence on the relatively high crops in the pot experiment. 

The initial pot research showed the stability of the fertilizer tab-

lets during the period of two months. While analyzing roots, many 

healthy, small roots were noted to overgrow the fertilizer tablets. The 

applied fertilization on the level of the maximum allowed dose of nitro-

gen (170 kg N/ha) did not show an ecotoxic influence [28]. The obtained 

biomass of cucumber shoots was higher than in the control group: 1.6, 

2.6 i 2.4x respectively for the lines K0, K10 and K12. Although in the 

case of K10 line crop mass was the highest (an average 5.4 g dw/shoot), 

the more balanced results were attained due to the slightly lower mass of 

the K12 line. Standard deviation value was 0.61 for K12 and 1.74 for 

K10. It shows a cucumber's invulnerability to low pH and salinity higher 

than in K0 and K10, characteristic for K12 fertilizer. 

5. Conclusion 

1. Fertilizer tablets, very popular in both professional and amateur gar-

dening, are usually products of a big gardening company, character-

ized by a relatively high price. An important alternative for them 

would be the possibility of producing them on one's own or in small, 

family companies operating in a local market. 

2. In the process of tablet production the main component of the fertiliz-

er might be cumbersome and easily rotting coffee spent ground. Pro-

duction of fertilizer tablets from CSG, biomass ash and magnesium 

sulfate not only allows it to lower the mass of produced wastes, but 

might also contribute to improving the productivity of soils. 

3. These fertilizers, rich in nitrogen, potassium, calcium and organic sub-

stance, decompose slowly, which is essential from the point of view of 

nutrients’ availability (usually in the organic form). 

4. Slow decomposition of tablets prolongs the time of the fertilizer's in-

fluence, which gradually releases elements, according to the rules of 

constant and balanced development. 

5. The low content of heavy metals proves the high quality of the ana-

lyzed fertilizers, which enables them to be used in the cultivation of 

edible plants. These fertilizers used in professional or amateur garden-

ing, might significantly lower cultivation costs, due to the possibility 
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of fertilization only once a season - in the moment of planting or sow-

ing. It is particularly important in the case of plants cultivated in con-

tainers, in which fertilization is time-consuming and the possibility of 

using a poor mineral substrate might contribute to lowering produc-

tion costs and minimizing the environmental pressure through limita-

tion of peat exploitation - the material which is now commonly used 

in the production of gardening subtracts. 
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Mo liwo ci zastosowania odpadów poekstrakcyjnych kawy 
jako wolno dzia aj cego nawozu organiczno-mineralnego 

Streszczenie 
Biodegradowalna frakcja odpadów po wydzieleniu jej ze strumienia od-

padów komunalnych mo e stanowi  wa ne ród o materii organicznej, która 

zawracana do u ytkowania mog aby stanowi  cenny nawóz rolniczy. W szcze-

gólno ci materia organiczna zawarta w odpadach przemys u spo ywczego oraz 

powstaj ca w gospodarstwach domowych mo e s u y  do wytwarzania nawo-

zu. W niniejszej pracy przedstawiono wyniki bada  zastosowania nawozu wy-

konanego z odpadów poekstrakcyjnych kawy (CSG) modyfikowanych dodat-

kiem popio u z termicznego przekszta cania biomasy (A) lub siarczanem ma-

gnezu (MS), jako wolnodzia aj cego nawozu organicznego (organiczno-

mineralnego) konfekcjonowanego w postaci tabletek. Nawóz taki mo e by  
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zastosowany w momencie sadzenia ro lin, poniewa  uwalnianie sk adników 

w nim zawartych nast puje dopiero po pe nym uwilgotnieniu tabletki nawozo-

wej. Dzi ki otoczce kolagenowej, uwalnianie sk adników pokarmowych do 

gleby nast puje powoli, co zmniejsza ryzyko przenawo enia lub utraty sk adni-

ków w drodze wymywania ich w g b profilu gleby. Tabletkowane nawozy 

wykonane z mieszaniny CSG oraz A wpisuj  si  w realizacj  zasad dobrej prak-

tyki rolniczej oraz zrównowa onego rozwoju, a tematyka tak unikalnie skon-

struowanego nawozu jest podejmowana po raz pierwszy. 
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1. Introduction 

Nowadays, a lot of attention is paid to the rationalization of ener-

gy consumption [1, 3, 10, 11, 13], which is caused, among others, by the 

deficit of non-renewable raw materials and particularly energy carriers 

[19, 20]. 

Therefore the development of new energy sources (especially re-

newable ones) creates new technical, economic and ecological challenges 

[2, 7, 12, 16, 17, 22]. Modern heat sources, such as condensing boiler or 

heat pumps are used more and more often, because of their high energy 

efficiency. Such a heat source mostly used low temperature radiant floor 

as heat emitter in the heated room, which is supplied by low-temperature 

(tz<55°C) heating medium. Taking this into account, it may be stated that 

a lot of research is made to optimize such system [5, 8, 9, 14, 15, 18, 23] 

during the dimensioning and exploitation phase.  

However, there is very few research [4, 6, 21] focusing on the 

regulation of radiant floor heating system, and the possibilities of achiev-

ing energy savings. Moreover, there is still a lack of experimental and 

numerical research presenting the evaluation of circular frequency supply 

of massive radiant floor heating system.  

Hence, this paper presents experimental research on circular fre-

quency supply of massive radiant floor heating system. 
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2. Materials and methods 

Experimental research on radiant floor heating system in the func-

tion of the circular frequency supply was made in the laboratory room 

(on a semi-technical scale) at the Faculty of Environmental Engineering 

of the Lublin University of Technology. 

The analyzed radiant floor with the area equal to 2.43 m
2
 (1.56 m 

x 1.56 m) consisted of the following layers (layers counted from below): 

 styrofoam (thickness equal s = 0.06 m, and conductivities  

 = 0.045 Wm
-1

K
-1

), 

 pipes (PE-RT/Al/PE-RT) with 16 x 2.0 diameter, and  high heat con-

duction coefficient  = 0.40 Wm
-1

K
-1

, pipes were arranged with the 

spacing amounting to 0.15 m, 

 concrete with the plasticizer (s = 0.065 m,  = 1.2 Wm
-1

K
-1

), 

 ceramic tiles (s = 0.01 m,  = 1.05 Wm
-1

K
-1

). 

 

For the purpose of isolating the radiant floor from the environ-

ment, it was placed in the climatic chamber (1.56 x 1.56 x 2.21 m) the 

walls of which were insulated with the 10 cm thick styrofoam. From the 

inside, the walls of the chamber were painted black and characterized 

with the constant and well-known emissiveness equal to  = 0.95. The 

climatic chamber was situated in the laboratory room in which the indoor 

temperature was maintained at the constant of 20°C.  

In order to evaluate the characteristic thermal parameters of ana-

lyzed radiant heating system by circular frequency supply, the following 

values were measured:  

 the temperature of heating medium on supply (tz) and on return (tp),  

 the flow of heating medium in the system (V), 

 the indoor air temperature in the climatic chamber at 110 cm (ta1.1), 

 temperatures of black globe in the climatic chamber at 110 cm (tg1.1), 

 the temperature of the surface of radiant floor (ts1-ts9), which was 

measured by the use of nine sensors situated in the representative area 

for this radiant floor (Fig. 1),  

 heat flux densities (Wm
-2

), which is emitted from radiant surface.  

 

All temperature sensors were characterized with accuracy to 0.1K. 
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The system works with a special computer program for monitor-

ing, archiving and data visualization. All parameters are being recorded 

every 5 minutes. 

 

 

Fig. 1. Schema of location of sensors on radiant floor surface 

Rys. 1. Schemat usytuowania czujników na powierzchni grzejnika 

pod ogowego 

Research methodology consisted in circular frequency supplying 

of the analyzed radiant floor with heating medium, the temperature of 

which on supply was equal to 45°C and the flow of the heating medium 

was amounted to of 2.2 dm
3
 per minute. 

Experimental research was made for seven cases of the circular 

frequency supply, which differed in the relation of the period of supply to 

the period of pause and the length of the given period (Table 1). 

 
Table 1. The characteristic of the analyzed cycles in the circular frequency supply 

Tabela 1. Charakterystyka analizowanych cykli ogrzewania pulsacyjnego 

ON/OFF 
Time 

15 min 30 min 60 min 

1/1 15/15 30/30 60/60 

1/2 15/30 30/60 – 

1/3 15/60 30/90 – 
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On the basis of archived measurement, the operative temperature 

in the exploratory chamber was calculated at 1.1 m using Equation 1.  

2

1.11.1 mra
o

tt
t (

o
C) (1) 

where: 

ta1.1 – indoor air temperature at 1.1 m,  

tmr1.1 – the average radiation temperature at 1.1 m, which was calculated 

by use of Equation 2. 

273104.0273
25.0

1.1

25.0

1.1

84

1.1 agaggmr tttttt  (
o
C) (2) 

where:  

tg – black globe temperature at 1.1 m. 

 

In order to evaluate the energy efficiency of each kind of the 

regulation, the heat flux densities were specified: the one supplied to 

heating system (Equation 3) and the one emitted from the radiant surface 

(qe), which is the average value from two sensors of heat flux density 

(qe1, qe2 see Figure 1). 

F

tcm
q w

s
 (W m

-2
) (3) 

where: 

m  – mass flow of heating medium (kg s-1), 

cw – specific heat of heating medium in the given temperature (Jkg-1K-1), 

t – the average difference of the temperature of heating medium on supply and 

return from the radiant floor (K), 

F – the radiant floor area, F = 2.43 m2. 

3. Results and discussion  

On the basis of experimental research, a considerable decrease of 

operative temperature was observed for the ON/OFF cycle of 30/90 min, 

15/60 min and 60/60 min, while in cycle 30/60 min, 15/30 min, 

30/30 min and 15/15 min, the operative temperature fluctuated only to 

a limited degree, which can be observed in Figure 2 and Figure 3. 
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Fig. 2. Operative temperature in the climatic chamber for the analyzed circular 

frequency supply 

Rys. 2. Temperatura operatywna w komorze klimatycznej dla analizowanych 

opcji zasilania pulsacyjnego  

 

 

Fig. 3. Fluctuations of operative temperature depending on the cycle of circular 

frequency supply 

Rys. 3. Wahania temperatury operatywnej w zale no ci od zastosowanego 

cyklu zasilania pulsacyjnego 
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Drawing on the data presented in Figure 3 it can be stated that 

greatest oscillations of operative temperature (1.8°C) were observed in 

the cycle in which heating was turned off for the longest time 

(30/90 min). The operative temperature drops considerably due to the 

long period of pause and when the heating installation is switched back 

on, it does not return to its previous state. However, for short operation 

and pause times, such as 15/15 min, the operative temperature is practi-

cally on the constant level (0.2°C fluctuations).  

While analyzing the heat flux density delivered to the system, it 

was noticed that the first phase of heating was followed by a significant 

increase of this value, which then decreased in time (Figure 4). This is 

connected with greater energy input, which is required to return to the 

previous state.  

 

Fig. 4. Densities of heat flux delivered to heating system (qs) 

Rys. 4. G sto ci strumienia ciep a dostarczanego do uk adu (qs) 

In the case of heat flux emitted from the radiant floor, it decreases 

temporarily after the pause period, due to the lengthened reaction time of 

system. Then, it gradually increases (Figure 5). Nevertheless, the heat 

emitted from the surface in cycles with short period of warming com-

pared to pauses, maintains the general downward trend, because the sys-

tem cools itself too much during the long period of pause, while the in-

stallation works too short to return to its previous state. 
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Fig. 5. Densities of heat flux emitted from the radiant floor surface (qe) 

Rys. 5. G sto ci strumienia ciep a przejmowanego z powierzchni grzejnika (qe) 

Therefore, the greatest consumption of the delivered heat was no-

ticed in the cycles which were characterized by the equal durations of 

heating and pause phases. The greater the disproportion between the 

working and pause period, the less heat was emitted from the radiant sur-

face to the room (Figure 6). 

Moreover, for each circular frequency supply cycle, the amount 

of delivered and emitted energy for 6 hours of work (Figure 7) was calcu-

lated based on received data from three measuring-series. Depending on 

the ON/OFF cycle, the energy delivered to the system ranges from 0.2 to 

0.6 kWh, while the energy emitted from the radiant floor equals between 

0.6 and 0.8 kWh. 

Hence, in every ON/OFF cycle, the quantity of the energy emitted 

from the radiant surface exceeds the value of the energy delivered to the 

heating system. 

Therefore, the relation of the emitted energy to the delivered one 

equals over 100% in every investigated case (Figure 8), which enables 

energy savings while maintaining the thermal comfort in heated rooms.  
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Fig. 6. The relation between the density of heat flux emitted to the room (qe) 

to the delivered one (qs) for analysed ON/OFF cycles  

Rys. 6. Stosunek g sto ci strumienia ciep a przejmowanego (qe) 

do dostarczanego (qs) dla analizowanych cykli w cz/wy cz 

 

Fig. 7. The energy delivered to the system and emitted from the surface during 

6 hours of radiant heating work for the analyzed ON/OFF cycles  

Rys. 7. Energia dostarczana i przejmowana w czasie 6 h pracy instalacji 

ogrzewania pod ogowego dla analizowanych cykli ON/OFF 
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Fig. 8. The relation of the emitted energy (Ee) to delivered energy (Es) in three 

measuring series for the analyzed ON/OFF cycles  

Rys. 8. Stosunek energii przejmowanej (Ee) do dostarczanej (Es)  

w trzech seriach pomiarowych dla analizowanych cykli w cz/wy cz 

4. Conclusions 

Experimental research done on the laboratory stand allowed for 

the evaluation of circular frequency supply of radiant floor heating sys-

tem in the aspect of the energy saving and maintenance of the thermal 

comfort. 

It was noticed that the greatest fluctuations of operative tempera-

ture appeared in the cycle with the longest pause phase.  The operative 

temperature considerably drops due to the long period of pause.  

However, in the case of short work and pause periods, such as 

15/15 min, the operative temperature is practically on the constant level 

(oscillations within 0.2°C).  

Additionally, it was noticed that in every ON/OFF cycle, the 

quantity of the energy emitted from the radiant floor is higher that the 

value of the energy delivered to the system, which enables energy saving. 

However, changes of thermal comfort parameters in heated rooms which 

can appear at longer periods of pause should be taken into account. 
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Ocena zasilania pulsacyjnego systemu ogrzewania 

pod ogowego na podstawie bada  eksperymentalnych 

Streszczenie 

Badania eksperymentalne ogrzewania pod ogowego w funkcji zasilania 

pulsacyjnego przeprowadzono w warunkach laboratoryjnych w skali pó tech-

nicznej. Analizowany grzejnik pod ogowy mia  powierzchni  równ  2,43 m2 

i wymiary 1,56 m x 1,56 m. W celu odizolowania grzejnika od otoczenia, 

umieszczono go w komorze badawczej o wymiarach 1,56 x1,56 x 2,21 m, któ-

rej ciany by y zaizolowane styropianem o grubo ci 10 cm. Ponadto ciany 

komory od wewn trz by y pomalowane na kolor czarny i charakteryzowa y si  

sta  i znan  emisyjno ci  równ   = 0,95. Komora badawcza by a umieszczona 

w pomieszczeniu laboratorium, w którym temperatura powietrza wewn trznego 

by a utrzymywana na sta ym poziomie równym 20°C.  

Badania polega y na zasilaniu analizowanego uk adu czynnikiem 

grzewczym o temperaturze równej 45°C i przep ywie obj to ciowym na pozio-

mie 2,2 dm3/min. Badania eksperymentalne wykonano dla siedmiu przypadków 

zasilania pulsacyjnego, które ró ni y si  mi dzy sob  stosunkiem okresu zasila-

nia uk adu do okresu przerwy w zasilaniu, jak i d ugo ci  danego okresu. Na 

podstawie archiwizowanych pomiarów wyznaczono charakterystyczne parame-

try pracy uk adu, co pozwoli o na ocen  zu ycia energii przez uk ad oraz para-

metrów komfortu cieplnego w pomieszczeniach ogrzewanych.  

Zauwa ono, e dla krótkich czasów pracy i postoju, takich jak 15/15 

min, temperatura operatywna jest praktycznie na sta ym poziomie (wahania 

w granicach 0,2°C). 

Poza tym najwi ksze wykorzystanie ciep a dostarczanego zauwa ono 

przy cyklach, które charakteryzowa y si  takim samym czasem trwania fazy 

grzania, jak i postoju. 

 

S owa kluczowe: 

ogrzewanie pod ogowe, regulacja, efektywno  energetyczna 

Keywords: 

radiant floor heating, regulation, energy efficiency 
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1. Introduction 

Implementation of new technologies in sewage treatment involves 

generation of even greater volumes of sewage sludge which, in the raw 

form, is considered as a dangerous substance. According to the standards 

used in Poland, sewage sludge should be subjected to treatment and then 

properly managed [1, 5, 11]. 

The volume of sludge is reduced using the process of thickening 

and dewatering [9, 10]. In order to intensify this process, sludge is sub-

jected to different methods of conditioning (physical, chemical) [2, 4, 7]. 

One of the methods which have been researched extensively in different 

technological processes of environmental engineering is exposure to the 

ultrasonic field [6, 8, 13, 15]. Sonication causes dispersion of the parti-

cles in the sludge flocs, which affects their properties during thickening 

and dewatering. Effectiveness of using the ultrasonic field depends on the 

amplitude used, time of exposure and volume of the samples subjected to 

modification [3, 14,16].  

Disintegration of sewage sludge is carried out using ultrasonic 

processes. Previous studies have demonstrated the improvement in the 

effects of dewatering, thus reducing the costs of final sludge manage-

ment. The ultrasonic field does not case a secondary pollution to the en-

vironment [12, 17].  

The paper presents the results obtained for thickening and de-

watering of sewage sludge expressed by capillary suction time (CST), 
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subjected to the effect of ultrasonic processors with varied power, ampli-

tudes and volume of the samples sonicated. 

2. Experimental methodology 

The study examined excess sewage sludge collected from a me-

chanical and biological wastewater treatment plant. Non-conditioned 

sewage sludge and the sludge conditioned with the ultrasonic field was 

analysed. In order to determine the effect of power of ultrasonic proces-

sors on thickening and dewatering, the study used three ultrasound disin-

tegrators: VCX 1500 (power 1500 W, frequency 20 kHz, amplitude 

100%, corresponding to the wavelength of 39.42 m), VC 750 (power 

750 W, frequency 20 kHz, amplitude 100% corresponding to the wave-

length of 61 m) and UD 20 (power 180 W, frequency 22 ± 1,65 kHz, 

amplitude 100%, corresponding to the wavelength of 16 m). Sewage 

sludge used in the study was conditioned with the amplitudes of 0%, 

60%, 80% during sonication for 0, 2, 4, 6, 8, 10 minutes with volumes of 

sonicated samples of 0.25 L, 0.5 L, 1 L. The effect of the parameters of 

sonication adopted on changes in thickening and dewatering was present-

ed by means of the values obtained after 120 minutes of thickening in 

Imhoff cones and values of capillary suction time determined by means 

of the set for CST measurements.  

3. Results and discussion 

3.1. Thickening 

Sewage sludge exposed to the ultrasonic field showed improved 

effectiveness of thickening. This relationship was found for the sludge 

subjected to the three ultrasonic processors with different powers. Effec-

tiveness of sedimentation was higher for longer times of exposure. The 

improvement in thickening was reported after 30 minutes of sedimenta-

tion. The sludge was thickened the most noticeably at the amplitude of 

60% and sonication time of 10 minutes where, after 120 minutes, the 

volume of sludge was 620 ml (processor 1500 W) (Table 1). Similar rela-

tionships were observed in other disintegrators used in the study. In the 

processors with power 750 W and 180 W, the sludge after 10 minutes of 

sonication and amplitude of 60% were thickened more effectively for 
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each of the samples studied. Improved thickening of sludge with time 

was observed in all the cases.  
 

Table 1. Thickening of sewage sludge subjected to the effect of different 

amplitudes and times of exposure to the ultrasonic field 

Tabela 1. Zag szczanie osadów ciekowych poddanych dzia aniu ró nym 

amplitudom i czasom dzia ania pola ultrad wi kowego 

Thickening of the sewage sludge, ml 

Thickening time, 

min 
0 5 10 15 20 25 30 45 60 90 120 

Non-conditioning 

sludge 
1000 990 990 990 990 980 980 970 960 950 940 

U
lt

ra
so

n
ic

 d
is

in
te

-

g
ra

to
r 

1
5

0
0
W

 

Amplitude 

60%,5 min 
1000 1000 1000 1000 1000 1000 1000 990 990 990 990 

Amplitude 

80%,5 min 
1000 1000 1000 1000 1000 1000 1000 990 990 990 980 

Amplitude 

60%,10 min 
1000 990 980 980 960 960 970 750 700 670 620 

Amplitude 

80%,10 min 
1000 990 980 970 960 950 940 810 790 770 720 

U
lt

ra
so

n
ic

 d
is

in
te

-

g
ra

to
r 

7
5

0
W

 

Amplitude 

60%,5 min 
1000 1000 1000 990 990 990 990 990 990 990 990 

Amplitude 

80%,5 min 
1000 1000 1000 990 990 990 990 990 990 990 990 

Amplitude 

60%,10 min 
1000 980 960 940 920 900 880 820 800 700 650 

Amplitude 

80%,10 min 
1000 980 970 960 950 930 910 860 800 680 630 

U
lt

ra
so

n
ic

 d
is

in
te

-

g
ra

to
r 

1
8

0
W

 

Amplitude 

60%,5 min 
1000 990 980 970 970 970 960 950 930 890 850 

Amplitude 

80%,5 min 
1000 990 990 990 990 980 980 970 960 940 910 

Amplitude 

60%,10 min 
1000 980 980 980 980 970 970 950 940 920 880 

Amplitude 

80%,10 min 
1000 980 980 980 980 980 970 960 960 950 920 

 

Analysis of the results of examination of the effect of the ultra-
sonic field at different volumes of samples showed that the best effects of 
thickening were recorded for the sample with volume of 500 ml. This 
relationship was observed for processors with power of 1500 and 750 W 
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(Table 2). Sewage sludge subjected to 10 minutes of exposure to the ul-
trasonic field and then thickened by 120 minutes had the volume of 
620 ml (for the processor of 1500 W) and 650 ml (for the processor of 
750 W). An insignificant reduction in the volume of the sample subjected 
to disintegration was observed in the case of the processor with power of 
180 W (volume of the sludge of 250 ml, time of sedimentation 120 
minutes, volume of the sludge 990 ml). The best thickening was found 
for the sludge with volume of 1000 ml, which, after 120 minutes of sed-
imentation, reached the value of 790 ml. 

 
Table 2. Thickening of sewage sludge subjected to the effect of ultrasonic field 
with different power and for different volumes of the samples 
Tabela 2. Zag szczanie osadów ciekowych poddanych dzia aniu procesorom 
ultrad wi kowym o ró nej mocy przy ró nych obj to ciach próbek 

Thickening of the sewage sludge, Amplitude of vibration 60%, Time 10 min 

Thickening time, 
min 

0 5 10 15 20 25 30 45 60 90 120 

Non-conditioning 
sludge 

1000 990 990 990 990 980 980 970 960 950 940 

Ultrasonic 
disintegrator 

1500 W,  

250 
ml 

1000 990 980 980 970 970 970 980 980 980 980 

500 
ml 

1000 990 980 980 960 960 970 750 700 670 620 

1000 
ml

1000 990 980 980 970 970 970 970 970 970 970 

Ultrasonic 
disintegrator 

750 W 

250 
ml 

1000 1000 1000 1000 1000 1000 1000 1000 1000 990 990 

500 
ml 

1000 980 960 940 920 900 880 820 800 700 650 

1000 
ml

1000 1000 1000 1000 1000 1000 1000 1000 1000 995 995 

Ultrasonic 
disintegrator 

180 W 

250 
ml 

1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 

500 
ml 

1000 980 980 980 980 970 970 950 940 920 880 

1000 
ml

1000 980 980 980 960 960 950 930 900 790 790 

3.2. Capillary suction time 

The exposure to the ultrasonic field caused an increase in capil-
lary suction time with respect to the non-conditioned sludge (Fig. 1, 2). 
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For the time of exposure to the ultrasonic field of 5 minutes, CST levels 
increased with higher ultrasound wavelengths. Capillary suction times for 
the processor 750 W were 500.4 s (amplitude 60%) and 1702.2 s (ampli-
tude 80%), respectively, whereas for the processor 180 W, these values 
were 686.3 s (amplitude 60%) and 894.4 s (amplitude 80%), respectively. 
The highest CST times were found for the sludge conditioned with the 
processor with the highest power (1500 W; 3463 s; amplitude 60%) and 
2774 s (amplitude 80%).  

After extension of the time of exposure to the ultrasonic field to 

10 minutes, higher values of CST were also recorded with respect to the 

non-conditioned sludge. However, longer time of exposure yielded shorter 

CST times in the sludge compared to the levels obtained for 5 minutes.  

In all the disintegrators used, an increase in capillary suction time 

was recorded in the sludge for higher times of exposure to the ultra-

sounds (Fig. 3). After 8th minute of exposure, a decline in the value of 

the parameter discussed was observed. Lower values were found in all 

the ultrasonic processors used. 

 

 

Fig. 1. Capillary suction time in sewage sludge exposed to the ultrasonic field 

with different power (5 minutes) 

Rys. 1. Czas ssania kapilarnego osadów ciekowych poddanych dzia aniu 

procesorom ultrad wi kowym o ró nej mocy (UD 5 min) 
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Fig. 2. Capillary suction time in sewage sludge exposed to the ultrasonic field 

with different power (10 minutes) 

Rys. 2. Czas ssania kapilarnego osadów ciekowych poddanych dzia aniu 

procesorom ultrad wi kowym o ró nej mocy (UD 10 min) 

 

Fig. 3. Capillary suction time in sewage sludge subjected to different times of 

exposure to the ultrasonic field 

Rys. 3. Czas ssania kapilarnego osadów ciekowych poddanych ró nym czasom 

dzia ania pola ultrad wi kowego 
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Changes in the capillary suction times were also observed for ex-

posure of the sludge with different volumes. Sewage sludge conditioned 

at the lower volume of the sample (250 ml) had the highest values of 

CST. For the time of exposure of 5 minutes with the processor 1500 W, 

the highest values of CST were found for the volume of 500 ml 

(3463 sec), whereas the lowest level (1785 sec) was observed for the vol-

ume of 1000 ml (Fig. 4). In two processors (750W and 180W), the high-

est CST value was recorded for the volume of 250 ml, which was respec-

tively 2105 s and 1094 s. High CST was found in all the processors used 

for the exposure time of 10 minutes and volume of the sample of 250 ml. 

The highest value 2962 s was found for the processor 1500 W with the 

volume of the sample of 1000 ml (Fig. 5). In the case of two other pro-

cessors, the value of CST for this volume of the sample was much lower 

(below 1000 s). The lowest value of CST was observed for the sludge 

sonicated with processor 180 W at the volume of 1000 ml. 

 

 

Fig. 4. Capillary suction time for sewage sludge subjected to 5-minute exposure 

to the ultrasonic field for different volumes of the samples 

Rys. 4. Czas ssania kapilarnego osadów ciekowych poddanych 5 minutowemu 

dzia aniu polem ultrad wi kowym przy ró nych obj to ciach prób 
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Fig. 5. Capillary suction time for sewage sludge subjected to 10-minute 

exposure to the ultrasonic field for different volumes of the samples 

Rys. 5. Czas ssania kapilarnego osadów ciekowych poddanych 10 minutowemu 

dzia aniu polem ultrad wi kowym przy ró nych obj to ciach prób 

4. Summary and conclusions 

The parameters of the ultrasonic field had a positive effect on thick-

ening of the sewage sludge samples studied. The dispersive influence of 

the exposure to the ultrasonic field caused an increase in sedimentation 

capability in the sewage sludge studied. The ultrasonic field caused 

fragmentation of the structure of the sludge, thus causing better compres-

sion of the particles and improved release of the free water. The noticea-

ble effect of the factor discussed on sedimentation capability was ob-

served after 10 minutes of sonication. The best results of sedimentation 

were recorded for the volume of 500 ml. 

The use of three ultrasonic processors showed higher CST times 

in the sewage sludge studied proportionally to the increase in wavelength 

and processor power. The process of disintegration caused dispersion of 

sewage flocs by clogging the pores in the filtration paper. This also re-

sulted in prolonged capillary suction times and, consequently, reduction 

of the dewatering capability. CST increased until the 8th minute of 

sludge sonication, and then, for each of the processor used, a decline in 
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the value of the parameter studied was observed. The highest values of 

capillary suction time were found for the VCX 1500 processor, whereas 

the lowest values were observed for the processor with the lowest power 

(UD 20). 

The analysis of the results obtained in this study leads to the fol-

lowing conclusions: 

 With longer times of exposure to the ultrasonic field, sewage sludge 

was thickened more effectively, which was caused by the dispersion 

of flocs in the sewage sludge studied. Lower amplitude and shorter 

duration of exposure to the ultrasonic field had more beneficial effect 

on sedimentation in the sewage sludge studied; 

 For the parameters of the sonication process assumed, capillary suc-

tion time was extended in proportion to the increase in sonication 

time, ultrasound processor wavelength and processor power; 

 Reduction in the volume of the samples conditioned caused an in-

crease in capillary suction time in the sludge. Dispersion of particles 

caused clogging of the pores in the filtration paper, and, consequently, 

longer CST values. 
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Procesory ultrad wi kowe  
a odwadnianie osadów ciekowych 

Abstract 
W Polsce najcz stszym sposobem ko cowego zagospodarowania osa-

dów ciekowych jest ich sk adowanie. Ze wzgl du na sk ad i w a ciwo ci osa-

dów cz sto s  one traktowane jako odpad, a nie surowiec. Osady ciekowe pod-

dawane unieszkodliwianiu poddawane s  ró nym procesom technologicznym, 

gdzie jednym z nich jest zmniejszenie obj to ci. Odwadnianie to podstawowy 

proces zmniejszania obj to ci osadów. W celu zwi kszenia zdolno ci osadów 

do oddawania wody stosuj  si  ró ne procesy wspomagaj ce. Jedn  z metod 

jest wykorzystanie dzia ania pola ultrad wi kowego. Sonifikacja osadów cie-

kowych zmienia struktur  oraz w a ciwo ci osadów, powoduj c zak ócenia 

równowagi uk adu oraz wywo uj  dyspersj  cz stek, co sprzyja zwi kszeniu 

zdolno ci do zag szczania i odwadniania.  

W artykule przedstawiono wyniki bada  dotycz ce zastosowania dezin-

tegratorów ultrad wi kowych o ró nej mocy (1500W, 750W, 180W) na zmian  

stopnia zag szczania i odwadniania osadów ciekowych. W badaniach wyko-

rzystano ró ne d ugo ci fal dezintegratorów UD (60, 80%), czasy ekspozycji 

z przedzia u od 2 do 10 sekund oraz ró ne obj to ci prób poddane dzia aniu 

pola ultrad wi kowego. 

Przy za o onych parametrach prowadzenia bada  dezintegruj ce dzia-

anie pola UD spowodowa o znaczn  popraw  zag szczania osadów cieko-

wych w odniesieniu do osadów niekondycjonowanych. Du a moc procesorów 

ultrad wi kowych powodowa a rozdrobnienie k aczków osadowych zatykaj c 

przegrod  filtracyjn , co odnotowano w warto ciach czasu ssania kapilarnego 

(CSK) oraz oporu w a ciwego osadów.  

 

S owa kluczowe:  
osady ciekowe, dezintegracja ultrad wi kowa, zag szczanie, odwadnianie 

Keywords:  
sewage sludge, ultrasonic disintegration, thickening, dewatering  
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1. Wst p 

Gwarancj  odtwarzalno ci populacji ludzkiej jest zagwarantowanie 

odpowiedniej ilo ci po ywienia, czystego rodowiska oraz energii. Od 

zarania dziejów energi  czerpano ze róde  naturalnych, tzw. energi  

pierwotn , któr  uzyskiwano przez konwersj  energii chemicznej, zawar-

tej w paliwach kopalnych na drodze spalania. Podstawy wspó czesnej 

energetyki konwencjonalnej oparte s  na spalaniu paliw sta ych (w gla 

kamiennego i brunatnego), paliw ciek ych (g ównie ropy naftowej) i pa-

liw gazowych (gaz ziemny i jego pochodne). Kurcz ce si  zasoby energii 

pierwotnej i degradacja rodowiska naturalnego w skali lokalnej,  

a przede wszystkim globalnej, spowodowa y i wymusi y oddzia ywania 

spo ecze stw w skali mi dzynarodowej.  

Raport Klubu Rzymskiego sta  si  podstaw  Deklaracji Konferen-

cji Narodów Zjednoczonych w sprawie ochrony rodowiska cz owieka 

przyj tej w Sztokholmie 16 czerwca 1972 roku [1]. To tam w a nie 

sformu owano po raz pierwszy za o enia, opisuj ce zrównowa ony roz-

wój spo ecze stw w kontek cie politycznym, ekologicznym, ekonomicz-

nym i spo ecznym. Ide  zrównowa onego rozwoju uj to nazw  „samo-

podtrzymuj cego si  rozwoju populacji ludzkiej w skali globalnej”.  

W krótkim streszczeniu mo na t  ide  okre li  s owami: „ yj racjonal-

nie, daj y  innym w tym i w nast pnych pokoleniach”. Jak prorocze by y 
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te zapisy wiadcz  fakty, zwi zane z potwierdzeniem istnienia dziury 

ozonowej oraz destrukcyjnym efektem cieplarnianym. 

W 1985 r. podpisano Konwencj  Wiede sk  o Ochronie Warstwy 

Ozonowej (Polska ratyfikowa a postanowienia tej konwencji w roku 

1992 [2]). Na wiatowym Szczycie Ekologicznym „Ziemia 2000” w Rio 

de Janeiro w 1992 r. kraje - sygnatariusze podpisa y zobowi zanie do 

redukcji w perspektywie do 2050 roku emisji dwutlenku w gla o po ow , 

w odniesieniu do stanu z 1987 roku [3]. Prekursorskie zmiany w prawo-

dawstwie mi dzynarodowym wywo a y lawin  porozumie  lokalnych  

i wiatowych w zakresie szeroko rozumianej ochrony rodowiska. Po 

wej ciu Polski do Unii Europejskiej prawodawstwo krajowe musia o 

implementowa  dyrektywy, normy i inne obowi zuj ce przepisy okre-

lone przez kraje cz onkowskie. Szczególnie wa ny by  tzw. pakiet kli-

matyczny 3 x 20, zobowi zuj cy kraje UE do zmniejszenia do 2020 roku 

emisji CO2 o 20%, zwi kszenia o 20% produkcji energii elektrycznej 

oraz zwi kszenie o 20% udzia u energii ze róde  odnawialnych (OZE)  

w bilansie energetycznym kraju. 

Wobec takich radykalnych wyzwa  konieczne by o i jest poszuki-

wanie metod pozyskiwania energii w ramach proekologicznej energetyki 

niekonwencjonalnej. Pod t  nazw  nale y rozumie  pozyskiwanie energii 

ze róde  przyjaznych otaczaj cemu rodowisku. Zgodnie z harmono-

gramem wzrostu udzia u energii ze róde  odnawialnych (OZE), przyj -

tym w krajach Unii Europejskiej, tempo tego wzrostu nie jest jednak za-

dowalaj ce. Szczególnie wida  to na przyk adzie Polski, gdzie dopiero  

w marcu 2015 r. dosz o do uchwalenia przez Sejm RP Ustawy o Odna-

wialnych ród ach Energii (w innych krajach Unii Europejskiej zrobiono 

to znacznie wcze niej). Poza tym obecnie przepisy polskie nie kwalifiku-

j  np. pompy ciep a (w tym Ustawa Prawo Energetyczne [4]) do odna-

wialnych róde . Wed ug Ustawy [4]: „odnawialnym ród em energii jest 

ród o wykorzystuj ce w procesie przetwarzania energi  wiatru, promie-

niowania s onecznego, aerotermaln , hydrotermaln , geotermaln , fal 

pr dów i p ywów morskich, spadku rzek oraz energi  pozyskiwan   

z biomasy, biogazu”.  

Brak w a ciwego usankcjonowania prawnego przys uguj cego 

pompie ciep a, w której wykorzystuje si  rzeczywi cie energi  z niskopo-

tencjalnych róde  rodowiska (powietrze, woda, grunt itp.) utrudnia  

w znacz cy sposób rozpowszechnienie tej formy pozyskiwania energii 
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oraz ogranicza lub uniemo liwia pomoc finansow  dla u ytkowników, 

którzy podejmuj  takie przedsi wzi cia (w wielu krajach Unii Europej-

skiej wspomaganie takich inwestycji jest norm ).  

W opracowaniu przedstawiono wybrane problemy techniczno-

prawne i ekologiczne zwi zane z wprowadzeniem inwestycji energetycz-

nych pod nazw  „pompa ciep a” do obszaru energetyki niekonwencjo-

nalnej.  

2. Transformacja przep ywu energii w pompie ciep a 

Samorzutny przep yw ciep a mo e nast powa  tylko ze ród a  

o temperaturze wy szej do ród a o temperaturze ni szej. Je eli chcemy 

zrealizowa  przep yw w kierunku odwrotnym, wówczas zgodnie z II 

zasad  termodynamiki, nale y doprowadzi  do uk adu energi  nap dow  

z otoczenia (rys. 1). 

 

Rys. 1. Zasada transportu energii w pompie ciep a 

Fig.1. Energy transport rule in the heat pump 

Z rys. 1 wynika, e transport strumienia ciep a w ilo ci OQ  ze ró-

d a dolnego o temperaturze To do górnego o temperaturze Tk > To mo li-

wy jest, je eli z otoczenia doprowadzi si  strumie  energii nap dowej 

NE . Wtedy, zgodnie z równaniem bilansu energetycznego (I zasada ter-

modynamiki) do ród a górnego dostarczony zostanie strumie  energii  

w ilo ci kQ : 
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.Nok EQQ +=  (1) 

Je eli chcemy uzyska  efekt u yteczny w sposób ci g y, wówczas 

stosuje si  obieg lewobie ny. W przypadku, gdy efektem u ytecznym 

uzyskiwanym z obiegu lewobie nego jest strumie  ciep a odprowa-

dzany do ród a górnego o temperaturze Tk strumienia, wtedy mamy do 

czynienia z pomp  ciep a. Gdy efektem tym jest strumie  ciep a  

„podnoszony” ze ród a dolnego o temperaturze To  – jest to urz dzenie 

ch odnicze. W sensie zasady dzia ania nie ma wi c ró nicy mi dzy urz -

dzeniem ch odniczym i pomp  ciep a. W przypadku jednoczesnego wy-

korzystania dwóch efektów cieplnych, tzn. 
o

Q
.

 i 
k

Q
.

 urz dzenie nazywa-

ne jest ch odniczo-grzejnym.  

Strumie  energii nap dowej NE  mo e by  doprowadzany ró nymi 

sposobami i st d uzyskuje si  ró ne nazwy pomp ciep a. W przypadku, 

gdy NE  doprowadza si  w postaci strumienia pracy mechanicznej 

PWE N ==  (P – moc) mamy spr arkow  pomp  ciep a; gdy NN QE =  

jest to sorpcyjna pompa ciep a ( NQ - strumie  ciep a nap dowego); gdy 

kN EE =   - strumieniowa pompa ciep a ( kE – strumie  energii kinetycz-

nej).  

Ograniczaj c zakres opracowania do pomp ciep a spr arkowych 

trzeba wskaza , e w zale no ci od rodzaju czynnika roboczego wyró -

nia si  pompy ciep a spr arkowe: gazowe – je eli czynnik w obiegu (np. 

powietrze nie podlega przemianom fazowym) lub parowe – gdy czynni-

kiem jest p yn, który podlega w obiegu przemianom. Spr arkowe paro-

we pompy ciep a s  najbardziej rozpowszechnione w ró nych obszarach 

zastosowa  i s u  przede wszystkim, jako urz dzenia grzejne w instala-

cjach centralnego ogrzewania, ciep ej wody u ytkowej, klimatyzacji itp.  

3. Zasada dzia ania spr arkowej pompy ciep a 

Przy zastosowaniu czynnika ch odniczego jednosk adnikowego 

stosuje si  zwykle obieg zbli ony do obiegu Lindego (rys. 2) z zaworem 

rozpr nym, natomiast w przypadku czynnika dwusk adnikowego obie-

giem wzorcowym jest obieg Lorenza.  
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Rys. 2. Schemat ideowy uk adu ch odniczego spr arkowego (a) 

oraz interpretacja przemian termodynamicznych (b) w obiegu Lindego suchym, 

bez doch odzenia – w uk adzie wspó rz dnych lgp – h [5]; P – parownik,  

SPR – spr arka, SKR – skraplacz, ZR – zawór rozpr ny 

Fig. 2. Schematic diagram of compressor refrigeration system (a) 

and interpretation of thermodynamic transformation (b) in dry Linde circuit,  

without sub cooling, in a coordinate system of lgp-h [5], P – evaporator,  

SPR – compressor, SKR – condenser, ZR – expansion valve  

Rys. 2 przedstawia schemat ideowy oraz interpretacj  przemian  

w obiegu lewobie nym parowej spr arkowej pompy ciep a z czynnikiem 

jednosk adnikowym w uk adzie wspó rz dnych lgp-h (p – ci nienie,  

h – entalpia w a ciwa) [1]. W przedstawionym na rys. 2b) uk adzie wspó -

rz dnych lgp-h mamy do czynienia z obiegiem Lindego suchym, bez do-

ch odzenia. Jest to obieg lewobie ny, w którym znajduje si  1 kg czynnika 

ch odniczego. Ten typ obiegu porównawczego sk ada si  z kolejno nast -

puj cych po sobie przemian termodynamicznych: 1→ 2 – izentropowe 

spr anie (s = const; s – entropia w a ciwa), 2→ 3 izobaryczny proces 

skraplania (na cz ci przemiany 2”→ 3 jest przemian  izobaryczno-

izotermiczn ), 3→ 4 izentalpowa przemiana (h3=h4) d awienia izentalpo-

wego w zaworze rozpr nym ZR, 4→ 1 jest izobaryczno-izotermiczn  

przemian  wrzenia czynnika ch odniczego w parowniku P.  

W odniesieniu do 1 kg czynnika wyró nia si  charakterystyczne 

wielko ci obiegu Lindego (rys. 2): 

- jednostkowa masowa wydajno  ch odnicza:  

,4hhqo −=  (2)  
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- jednostkowa wydajno  cieplna skraplania: 

,32 hhqk −=  (3) 

- jednostkowa praca nap dowa (praca techniczna) doprowadzania do  

1 kg czynnika spr anego w spr arce SPR:  

.12 hhwt −=  (4) 

Je eli uwzgl dni si , e masowe nat enie czynnika ch odniczego  

w obiegu wynosi  i pomno y si  wielko ci jednostkowe podane 

wzorami (2)–(4), wtedy otrzymamy: 

,
..

oo
qmQ ⋅=      ,

..

kk
qmQ ⋅=     ,

.

twmP ⋅=  (5) 

gdzie: 

o
Q

.

 – strumie  ciep a „podnoszony” z dolnego ród a obiegu (tzw. wy-

dajno  ch odnicza parownika),  

k
Q

.

 – strumie  ciep a odprowadzany do ród a górnego o temperaturze 

kT , (wydajno  cieplna skraplacza – efekt u yteczny pompy ciep a), 

kT  – temperatura skraplania, 

P – teoretyczna moc nap dowa ( PE d =
.

, moc doprowadzana do nap du 

spr arki SPR). 

 

W rzeczywistych spr arkowych, parowych pompach ciep a rea-

lizowane s  obiegi przegrzane. W pompach o ma ej i redniej wydajno ci 

montowane s , jako zawory rozpr ne ZR (rys. 2), termostatyczne zawo-

ry rozpr ne (oznaczone symbolem TZR), które powoduj  e stan 1 pary 

zasysanej przez spr ark  SPR le y w obszarze pary przegrzanej. Oprócz 

tego, ciecz czynnika opuszczaj ca skraplacz jest doch odzona przed za-

worem rozpr nym. Dla celów porównawczych b dzie w dalszej cz ci 

artyku u wykorzystany obieg z rysunku 2. 
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4. Aspekty techniczno-prawne oceny efektywno ci obiegów 
spr arkowych, parowych pomp ciep a 

Miar  efektywno ci obiegu pompy ciep a jest stosunek efektu 

u ytecznego  do nak adu – mocy nap dowej P, zwany wspó czynni-

kiem wydajno ci cieplnej obiegu pompy i oznaczany symbolem εpc [5] 

lub COP (ang. coefficient of performance) [6]: 

,
t

kk
pc

w

q

P

Q
COP ===ε  (6) 

gdzie wt jest jednostkow  prac  techniczn  spr ania w przemianie 1 2. 

 

Efektywno  pompy ciep a pracuj cej wg obiegu Lindego (lub 

obiegu przegrzanego) mo e by  porównywana z efektami, które uzyska-

oby si , gdyby pompa ciep a pracowa a wed ug odwracalnego, lewo-

bie nego obiegu Carnota (rys. 3). 

 

 

Rys. 3. Lewobie ny odwracalny obieg Carnota  

Fig. 3. Reversible Carnot left – racing circle 

Wspó czynnik wydajno ci cieplnej obiegu porównawczego Car-

nota jest opisany zale no ci : 

,
ok

k
Cpc

TT

T
COP

C −
==ε  (7) 
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gdzie:  

To – temperatura parowania [K], 

Tk – temperatura skraplania czynnika ch odniczego [K].  

 

W przypadku obiegu Carnota warto  wspó czynnika COPC nie 

zale y od rodzaju czynnika ch odniczego, ale od warto ci temperatury 

bezwzgl dnej róde  ciep a górnego Tk i dolnego To. 

Na rysunku 4 przedstawiono zale no  wspó czynnika wydajno-

ci cieplnej 
Cpcε  obiegu Carnota, w zale no ci od temperatury parowania 

to dla sta ego poziomu temperatury skraplania tk [
o
C]. 

 

 

Rys. 4. Wykres zale no ci wspó czynnika )( opc tf
C

=ε  obiegu Carnota dla 

sta ego poziomu temperatury skraplania tk 

Fig. 4. Coefficient )( opc tf
C

=ε dependence of Carnot circuit for constant level 

of condensation temperature tk 

Ocen  jako ci energetycznej obiegu realizowanego w spr arko-

wej parowej pompie ciep a dokonuje si  stosuj c poj cie stopnia dosko-

na o ci (odwracalno ci) obiegu [6], zwanego te  sprawno ci  egzerge-

tyczn  ηb pompy ciep a [1, 7]:  

.
Cpc

pc

b
COP

COP

C

==
ε

ε
η  (8) 
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Dla rzeczywistych, spr arkowych pomp ciep a o ma ej wydajno-

ci i wyposa onych w ch odnicze agregaty hermetyczne mo na obliczy  

wspó czynnik wydajno ci cieplnej  ze wzoru [6]: 

( )[ ] ,11 smpcirzpc COP
rz

ηηεηε ⋅⋅−⋅+==  (9) 

gdzie:  

εpc – wspó czynnik wydajno ci pompy ciep a pracuj cej obiegu teore-

tycznym (np. Lindego lub przegrzanego),  

ηi – sprawno  wewn trzna spr arki,  

ηm – sprawno  mechaniczna spr arki,  

η  – sprawno  silnika elektrycznego. 

 

Dyrektyw  2009/28/WE [7] wprowadzono do oceny pomp ciep a 

poj cie sezonowego wspó czynnika efektywno ci energetycznej pompy 

ciep a spr arkowej SPF (ang. Seasonal Performance Factor) opisanego 

wzorem: 

,
elE

Q
SPF =  (10) 

gdzie:  

Q – ilo  ciep a uzyskanego w sezonie grzewczym za pomoc  pompy 

ciep a [kWh], 

Eel – ilo  energii elektrycznej zu ytej do nap du pompy [kWh]. 

 

Wg [8] wspó czynnik SPF okre la stosunek ilo ci ciep a przeka-

zanego przez pomp  ciep a do instalacji grzewczej, do ilo ci dostarczonej 

do niej energii elektrycznej. Jako okres porównawczy przyjmuje si  je-

den rok. Mo na zdefiniowa  kilka rodzajów wspó czynnika SPF, tzn.: 

ród a, systemu, instalacji itp. W dyrektywie unijnej podano metodyk  

obliczenia SPF z zale no ci [9]: 

,
1

15,1,
η

⋅=SPF  (11) 

gdzie η – rednia w Unii Europejskiej sprawno  energetycznej konwer-

sji energii pierwotnej na energi  elektryczn  okre lona jako stosunek 

mi dzy ca kowit  produkcj  energii elektrycznej brutto i pierwotnym 
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zu yciem energii dla celów produkcji energii elektrycznej. Proponuje si  

[9] stosowa  jako standardowe, minimalne warto ci SPF: 

- pompy powietrze – powietrze  – 3,0, 

- pompy solanka – woda – 3,7, 

- pompy woda – woda  – 4,0. 

 

W pracy [10] podano, e decyzj  Komisji Europejskiej 

z 1.03.2013 r. nr 2013/114/UE (C(2013), 1083) przedstawiono wytyczne 

dla pa stw Unii Europejskiej dotycz ce szacowania ilo ci energii odna-

wialnej pochodz cej z ró nych typów pomp ciep a. Okazuje si , e mi-

nimalna warto  SPF dla spr arkowych pomp ciep a zasilanych energi  

elektryczn  powinna wynosi  co najmniej 2,5 (η = 0,455 do wzoru (11)). 

Je eli wspó czynnik SPF ≥ 2,5, wówczas energia mo e by  uznana, jako 

odnawialna w rozumieniu Dyrektywy 2009/28/WE. Mo na si  spodzie-

wa , e pompy ciep a dost pne na polskim rynku (w tym z dolnym ró-

d em – powietrzem) b d  mog y by  traktowane jako OZE. Dla pomp 

ciep a absorpcyjnych SPF ≥ 1,15. Autor pracy [10] podaje szczegó owe 

wyja nienia na temat metodyki szacowania wspó czynnika SPF.  

Przedstawione powy ej aspekty mo na uzna  jako techniczno-

prawne i wynikaj ce z dostosowania prawodawstwa polskiego do unij-

nego, co w przypadku spr arkowych pomp ciep a jest szczególnie wi-

doczne i wa ne, bowiem przek adaj  si  one na rozliczenia finansowania 

inwestycji energetycznych.  

5. Wybrane aspekty techniczno-ekologiczne oceny 
spr arkowych pomp ciep a 

Pompy ciep a wymieniane s  przez Komisj  Europejsk  ECCP  

w grupie produktów posiadaj cych du y potencja  wp ywu na efekt cie-

plarniany, przy czym oprócz pomp ciep a wyró nia si : urz dzenia go-

spodarstwa domowego, systemy o nap dzie elektrycznym i systemy 

HVAC (ogrzewanie, wentylacja i klimatyzacja) [11, 12]. Rozporz dzenie 

Ministra Gospodarki i Pracy z 20 maja 2005 r. [13] okre la, e w odnie-

sieniu do pomp ciep a trzeba bra  pod uwag  nast puj ce kryteria: 

1. wska nik efektywno ci obiegu COP, 

2. wska nik efektywno ci energetycznej SPF (EER), 

3. rodzaj czynnika ch odniczego, 
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4. rodzaj czynnika po rednicz cego, 

5. ha as, 

6. rodzaj substancji negatywnie oddzia uj cej na rodowisko, 

7. kompletna dokumentacja instalacji i uprawniony jej eksploatator. 

Omówienie wszystkich uwarunkowa , które maj  wp yw na efek-

tywno  spr arkowej pompy ciep a (opisan  wspó czynnikami COP  

i SPF) przekracza ramy niniejszego opracowania. Dlatego rozwa ania 

ograniczono do wybranego aspektu techniczno-ekologicznego, dotycz -

cego wp ywu rodzaju czynnika ch odniczego na efektywno  energe-

tyczn  obiegu spr arkowej pompy ciep a. 

5.1. Wp yw rodzaju czynnika ch odniczego 

Przenoszenie strumienia energii (ciep a) oQ  z poziomu dolnego 

ród a ciep a na poziom ród a górnego jest mo liwe w spr arkowych, 

parowych pompach ciep a, bowiem wykorzystuje si  czynnik ch odni-

czy po rednicz cy w wymianie ciep a mi dzy ród ami. W pracy [5] 

podano kryteria idealnego czynnika ch odniczego charakteryzuj cego 

si  takimi w a ciwo ciami, jak: odpowiednio niska normalna tempera-

tura wrzenia, ma a warto  obj to ci w a ciwej i lepko ci, ma a masa 

cz steczkowa, nietoksyczno , niepalno , ekologiczno  itp. Oczywi-

cie bierze si  pod uwag  czynniki, które posiadaj  najlepsze w a ciwo-

ci termodynamiczne i ekologiczne oraz maj  niewielki stopie  odchy-

lenia od czynnika modelowego. 

Z punktu widzenia w a ciwo ci termodynamicznych najlepszymi 

czynnikami w zastosowaniu do urz dze  ch odniczych i pomp ciep a 

spr arkowych by y czynniki chlorowcopochodne, jednorodne z grupy 

HFC (chlorofluorow glowodory), zwane freonami, w tym freon R12 oraz 

z grupy HCFC (wodorochlorofluorow glowodory), w tym freon R22 

[14]. O ile w a ciwo ci termodynamiczne tych czynników spe nia y  

w wi kszo ci kryteria czynnika idealnego, to jednak ze wzgl du na de-

strukcyjny wp yw na rodowisko zosta y one, na mocy postanowie  

Konwencji Wiede skiej i Protoko u Montrealskiego (w pierwszej kolej-

no ci freon R12) wycofane z zastosowa .  

Do oceny destrukcyjnego wp ywu na warstw  ozonow  oraz efektu 

cieplarnianego wprowadzono kilka wska ników ekologicznych, w ród 

których najwa niejsze to: 
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-  GWP (Global Warming Potential) – globalny potencja  efektu cie-

plarnianego; czynnikiem odniesienia jest CO2, dla którego GWP = 1, 

-  ODP (Ozone Depletion Potential) – potencja  niszczenia ozonu; czyn-

nikiem odniesienia jest freon R11, dla którego ODP = 1, 

-  HGWP (Halocarbon Global Warming) – potencja  zdolno ci to two-

rzenia efektu cieplarnianego; czynnikiem odniesienia jest freon R11, 

dla którego HGWP = 1. 

 

Oprócz tego stosuje si  te  inne wska niki oceny ekologicznej,  

w tym TEWI (Total Equivalent Warming Impact) – ca kowity wska nik 

efektu cieplarnianego. Wska nik TEWI ujmuje nie tylko bezpo redni 

wp yw danej substancji na tworzenie efektu cieplarnianego, ale równie  

wp yw po redni, przez okre lenie zu ycia energii niezb dnej do nap du 

urz dzenia ch odniczego w okresie jego eksploatacji. 

Wyeliminowanie w pierwszej kolejno ci z zastosowania w ch od-

nictwie czynnika – freonu R12, a z dniem 1.01.2010 r. tak e czynnika 

R22, spowodowa o konieczno  znalezienia ich substytutów. W zasadzie 

problem ten trwa do dnia dzisiejszego, bowiem nie wskazano dotychczas 

jednoznacznie ich proekologicznych zamienników. Zast pienie freonu 

R12 czynnikiem ch odniczym R134a z grupy HFC (hydrofluorow glo-

wodory), pozwoli o na funkcjonowanie tego czynnika przez wiele lat  

w urz dzeniach ch odniczych i pompach ciep a o ma ej i redniej wydaj-

no ci. Zak óceniem tego stanu rzeczy by a Dyrektywa Parlamentu Euro-

pejskiego i Rady nr 2006/40/EC z 17 maja 2006 r. [15]. Na mocy tej dy-

rektywy musz  by  wyeliminowane z samochodowych instalacji klima-

tyzacyjnych czynniki, dla których wska nik GWP > 150. Aktualnie sto-

sowany czynnik ch odniczy R134a cechuje warto  GWP = 1300 [14], co 

spowoduje jego wycofanie z tych instalacji od dnia 1 stycznia 2017 r. 

(uprzednio termin ten by  ustalony na 1.01.2013 r.). Problem ogranicze-

nia warto ci GWP czynników ch odniczych znalaz  te  odzwierciedlenie 

w polskiej normie PN-EN 378-1÷3 [16]. Do poszukiwania substytutów 

wycofanych freonów do czy  zatem nast pny problem, dotycz cy wska-

zania zamienników czynnika R134a (HFC134a). 

W zakresie stosowania dopuszczonych do eksploatacji czynników 

ch odniczych w spr arkowych, parowych urz dzeniach ch odniczych  

i pompach ciep a mo na w obecnym stanie wymieni  nast puj ce: 

R407C, R404A, R410A, R1234yf, R1234ze(E) oraz R717(NH3), 
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R744(CO2), a tak e R290 (propan) i R600 (butan). W tabeli 1 przedsta-

wiono warto ci wska ników destrukcji ekologicznej ODP i GWP niektó-

rych wybranych czynników ch odniczych.  

Zauwa a si , e stosowane obecnie w instalacjach ch odniczych  

i pompach ciep a czynniki, b d ce mieszaninami zeotropowymi (R404A, 

R407C, R410A), wyró niaj  si  wska nikiem GWP przewy szaj cym 

nie tylko GWP = 150, ale tak e warto  GWP = 1300, jak dla czynnika 

R134a. Mo na si  spodziewa , w jakim kierunku pójd  przysz e oddzia-

ywania proekologiczne instytucji mi dzynarodowych. Pole zastosowa-

nia czynników R290 (propan) i R600a (izobutan), z uwagi na ich w a-

ciwo ci wybuchowe, jest mocno ograniczone. Podobnie jest z czynni-

kiem R744 (CO2), który cechuje bardzo wysoka warto  ci nienia w in-

stalacji. 

 
Tabela 1. Warto ci wska ników destrukcji ekologicznej wybranych czynników 

ch odniczych do zastosowa  w spr arkowych pompach ciep a  

Table 1. Values of indicators ecological destruction of the selected refrigerants 

to the use in compressor heat pumps [14, 17] 

Czynnik ch odniczy 
Wska nik 

ODP GWP 

R12 1 10600 

R22 0,055 1810 

R134a 0 1300 

R404A 0 3260 

R407C 0 1530 

R410A 0 1730 

R1234yf 0 4 

R1234ze(E)  0 4 

R290 (propan) 0 0 

R600a (izobutan) 0 3 

R717 (NH3) 0 <1 

R744 (CO2) 0 1 

 

Nowymi interesuj cymi czynnikami ch odniczymi, lansowanymi 

przez ich producentów (w tym Honeywell, Du Point, Solway) s : 

R1234yf (HFO – 1234yf) oraz R1234ze(E) (HFO–1234ze(E)), gdzie 

R1234yf b dzie prawdopodobnie zamiennikiem czynnika R134a w sa-
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mochodowych instalacjach klimatyzacyjnych od 2017 roku. W odniesie-

niu do wymienionych czynników stosowane s  ró ne, symboliczne ich 

oznaczenia. Na przyk ad czynnik R1234yf oznacza si , jako HFO-1234yf 

(gdzie: HFO hydro-fluoro-olefin, 1234 – oznacza kolejno: 1 – jedno wi -

zanie podwójne w strukturze cz stki, 2 – dwa atomy w gla, 3 – trzy ato-

my wodoru, 4 – cztery atomy fluoru, yf – okre la, e jest to izomer).  

W tablicy 2 porównano charakterystyczne w a ciwo ci nowych czynni-

ków R1234yf (C3H2F4) i R1234ze(E), z ju  stosowanym czynnikiem 

R134a (CH2FCF3).  

Na podstawie ró nych róde  literatury [14, 17, 19, 20] wykonano 

porównawcze zestawienie wykresu obiegu suchego Lindego we wspó -

rz dnych lp – h dla czynników ch odniczych: R134a, R404A, R407C, 

R410A, R1234yf. Zauwa a si , e dla poszczególnych czynników krzy-

we graniczne (lewa - dla x = 0 i prawa - dla x = 1) maj  ró n  rozpi to . 

 
Tabela 2. Porównanie charakterystycznych w a ciwo ci czynników R1234yf 

i R1234ze(E) i czynników ju  stosowanych w pompach ciep a [14, 18, 19] 

Table 2. Comparison of the characteristic properties for R1234yf and 

R1234ze(E) refrigerant used heat pumps [14, 18, 19] 

Wyszczególnienie R134a R404A R407C R1234yf R1234ze(E) 

Wzgl dna masa  

cz steczkowa M, 

[kg/kmol] 

102,02 97,6 86,2 114,04 114,04 

Normalna temperatu-

ra wrzenia przy  

ci nieniu 1,013 bar, 

[oC] 

-26 -46,2 -43,6 -29 -19 

Temperatura  

krytyczna tkr, [
oC] 

101 72 86,7 94,7 109,4 

Ci nienie w punkcie 

krytycznym pkr, [bar] 
40,6 37,3 46,0 33,82 36,32 
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Rys. 5. Porównanie obiegu suchego Lindego w uk adzie wspó rz dnych lgp – h 

dla analizowanych czynników ch odniczych 

Fig.5. Comparison of dry Linde circuit in coordinate system lgp-h for analyzed 

refrigerants  

Tabela 3. Warto  jednostkowego ciep a skraplania r w temperaturze nasycenia 

tk = 40oC (temperatura skraplania) dla analizowanych czynników ch odniczych  

Table 3. The unit value of the condensation heat r in a saturation temperature tk 

= 40oC (condensation temperature) for analyzed refrigerants 

Czynnik R134a R404A R407C R410A R1234yf 

r, [kJ/kg] 162,9 123,3 168,3 164,4 130 

 

Dla czynnika R134a rozchylenie krzywych granicznych jest 

wi ksze, ni  dla R1234yf. Ma to oczywi cie wp yw na warto  jednost-

kowego ciep a skraplania r [kJ/kg] – tabela 3. 

W ostatnich latach nast puje wzrost zainteresowania nowymi 

czynnikami z grupy HFO-1234, co potwierdza znaczna liczba prac opu-

blikowanych w czasopismach o zasi gu wiatowym i referatów na konfe-

rencjach mi dzynarodowych [21–24]. Mimo tego istniej  du e trudno ci 

uzyskania dobrze sprawdzonych i udokumentowanych danych, dotycz -

cych w a ciwo ci termodynamicznych i cieplno-fizycznych czynników 

z grupy HFO-1234.  
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5.1. Analiza przydatno ci nowych czynników ch odniczych do zasto-
sowa  w spr arkowych pompach ciep a 

Z tabeli 1 wynika, e nowe czynniki ch odnicze z grupy HFO-

1234: R1234ye(E), R1234yf, R1234ze(E),R1234ze(Z) [22], a w szcze-

gólno ci R1234yf, odznaczaj  si  wyj tkowo ma  warto ci  wska nika 

GWP = 3–4, co predysponuje do ich proekologicznej eksploatacji. Do-

tychczas, niektórzy autorzy wykonywali analizy, maj ce na celu okre le-

nie  przydatno ci nowego czynnika R1234yf do zastosowania w instala-

cjach ch odniczych, obs uguj cych samochodowe uk ady klimatyzacyjne. 

Z ich punktu widzenia brano pod uwag , przede wszystkim, wp yw na 

wydajno  ch odnicz  parownika tej instalacji. 

W niniejszym opracowaniu podj to prób  oceny przydatno ci 

czynnika R1234yf w spr arkowych, parowych pompach ciep a. Autorzy 

wykonali analiz  porównawcz  oceny efektywno ci obiegu Lindego su-

chego (rys. 2) z zastosowaniem czynników ch odniczych: R134a, R407C, 

R407C i R1234yf. Obieg Lindego suchy ró ni si  od obiegu Carnota 

tym, e przemian  rozpr ania izentropowego czynnika w obiegu Carno-

ta zast piono nieodwracaln  przemian  d awienia izentalpowego w za-

worze rozpr nym. Ocena dotyczy wi c, w pierwszym przybli eniu, 

okre lenia wp ywu stopnia nieodwracalno ci d awienia w zaworze na 

efektywno  tego obiegu (pracuj cego zamiennie z ró nymi czynnika-

mi). W budowie porównawczego obiegu suchego Lindego (rys. 2) za o-

ono: 

• sta y poziom temperatury parowania to = 0°C, 

• temperatur  skraplania tk, w zakresie (tk = 20–40°C) umo liwiaj cym 

realizacj  obiegu w spr arkowej pompie ciep a.  

 

Rysunek 6 prezentuje porównawcze zestawienie wyników obli-

cze  wspó czynnika wydajno ci cieplnej COP pompy ciep a pracuj cej  

w obiegu suchym Lindego z ró nymi czynnikami ch odniczymi. Z ry-

sunku 6 wynika, e dla wszystkich czynników ch odniczych warto  

wspó czynnika COP obiegu pompy ciep a zmniejsza si  ze wzrostem 

temperatury tk (górnego ród a ciep a obiegu). Warto ci wspó czynnika 

COP dla pompy ciep a pracuj cej z czynnikiem R1234yf s  w podanym 

zakresie warto ci tk, wyra nie wi ksze, ni  dla czynnika R134a. Mo e to 
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wiadczy , e czynnik R1234yf mo e by , z punktu widzenia termody-

namicznego, brany pod uwag  jako substytut czynnika R134a.  

Teoretyczne, obliczeniowe warto ci wspó czynnika wydajno ci 

COP pompy ciep a podane na rysunku 6 s  relatywnie wysokie, co jest 

wystarczaj ce dla celów porównawczych, jednak w warunkach rzeczy-

wistych pracy pompy nale y mie  na uwadze du y spadek tych warto ci.  

Warto  wspó czynnika COP nie ma rozstrzygaj cego wp ywu na 

dobór czynnika ch odniczego do instalacji pompy ciep a, chocia  stanowi 

bardzo istotn  informacj  dotycz c  wp ywu w a ciwo ci na charaktery-

styki energetyczne pompy ciep a.  

 

 

Rys. 6. Porównawcze zestawienie wyników oblicze  wspó czynnika 

wydajno ci COP pompy ciep a pracuj cej  wed ug suchego obiegu Lindego  

w zale no ci od temperatury skraplania tk (przy to = 0oC) z czynnikami 

ch odniczymi: R134a, R1234yf, R1234ze, R404A, R407C i R410A  

Fig. 6. Comparison of heat pump coefficient COP calculation results with is 

working as a dry left – racing Linde circle in dependence on condensation 

temperature tk (when to = 0oC) with refrigerants: R134a, R1234yf, R1234ze, 

R404A, R407C i R410A 

Wykonuj c obliczenia do wykresów z rysunku 6 zwrócono uwag  

na elementy sk adowe wielko ci wspó czynnika COP, tzn. na warto ci 
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jednostkowej pracy nap dowej (praca techniczna wt  odniesiona do 1 kg 

czynnika) oraz jednostkowej ilo ci ciep a qk odprowadzanego przez 1 kg 

czynnika ze skraplacza. Wobec powy szego pokazano na rysunku 7 za-

le no  stosunku jednostkowych  prac nap dowych obiegu z czynnikami 

R1234yf i 134a, )(/ 134,1234, kaRtyfRt tfww =  dla obu porównywanych czyn-

ników. Na na rys. 8 podano zale no  stosunku jednostkowego ciep a 

skraplania aRkyfRk qq 134,1234, / , od temperatury skraplania tk. 

 

 

Rys. 7. Porównanie zale no ci )(/ 134,1234, kaRtyfRt tfww =  czynników 

ch odniczych R134a i R1234yf 

Fig. 7. Dependence of )(/ 134,1234, kaRtyfRt tfww = for R134a and R1234yf  

refrigerants 

Wykonuj c obliczenia do wykresów z rys. 6 zwrócono uwag  na 

elementy sk adowe wielko ci wspó czynnika COP, tzn. na warto ci jed-

nostkowej pracy nap dowej (praca techniczna wt  odniesiona do 1 kg 

czynnika) oraz jednostkowej ilo ci ciep a qk odprowadzanego przez 1 kg 

czynnika ze skraplacza. Wobec powy szego pokazano na rysumku 7 

zale no  stosunku jednostkowych  prac nap dowych obiegu z czynni-

kami R1234yf i 134a, )(/ 134,1234, kaRtyfRt tfww =  dla obu porównywanych 

czynników. Na rysunku 8 podano zale no  stosunku jednostkowego 

ciep a skraplania aRkyfRk qq 134,1234, / , od temperatury skraplania tk. 
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W zakresie temperatury skraplania tk = 20–40°C mo na z prze-

biegów obu wykresów (rys. 7 i 8) okre li  nast puj ce wnioski: pompa 

ciep a pracuj ca z nowym czynnikiem ch odniczym R1234yf wymaga 

zmniejszonej mocy nap dowej, w odniesieniu do czynnika R134a, przy 

czym ilo  ciep a odprowadzana do górnego ród a stanowi 77–78% tej 

ilo ci, któr  odprowadza aby pompa z czynnikiem R134a. Wprawdzie 

wspó czynnik COP pompy ciep a wskazuje na lepsz  efektywno  ener-

getyczn  pompy z nowym czynnikiem, jednak ilo ciowo ciep o skrapla-

nia jest bezpo rednim efektem u ytecznym jej pracy. Problem ten wy-

maga dok adniejszych bada  w oparciu o wyniki eksperymentalne, co 

wskaza oby mo liwo  oceny egzergetycznej w odniesieniu do warun-

ków rzeczywistych. Dla urz dzenia ch odniczego pracuj cego zamiennie 

z czynnikami R134a i R1234yf przedstawiono rozszerzon  wersj  anali-

zy egzergetycznej obiegu lewobie nego przegrzanego z doch odzeniem 

w pracy autorów [18]. 

 

 

Rys. 8. Porównanie zale no ci )(/ 134,1234, kaRkyfRk tfqq =  czynników 

ch odniczych R134a i R1234yf 

Fig. 8. Dependence of )(/ 134,1234, kaRkyfRk tfqq =  R124a and R1234yf for 

refrigerants 
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W pracy [24] wykazano, e stosuj c czynnik R1234yf w uk adach 

klimatyzacji samochodowej trzeba mie  na uwadze mniejsz  o 8–10% wy-

dajno  ch odnicz  parownika w stosunku do czynnika R134a oraz wzrost 

mocy nap dowej silnika spalinowego pojazdu samochodowego  

o oko o 5,4%. Potwierdzaj  to równie  badania przedstawione w pracy [25]. 

Wzrastaj ca liczba publikacji po wi conych wynikom bada  

czynników ch odniczych alternatywnych dla R134a dotyczy równie  

wyników bada  wymiany ciep a podczas przemian fazowych wrzenia 

i skraplania. W pracy [26] podano, e warto  wspó czynnika przejmo-

wania ciep a podczas skraplania czynnika R1234yf jest mniejsza o oko o 

15–30% w porównaniu z R134a. Ma to oczywi cie wp yw na wielko  

powierzchni wymiany ciep a skraplacza, co jest istotnym problemem  

w pompie ciep a, poniewa  ciep o wyprowadzone ze skraplacza stanowi 

efekt u yteczny pracy tej pompy. Dla przemiany fazowej realizowanej  

w parowniku zauwa ono [25], e warto  wspó czynnika przejmowania 

ciep a w procesie wrzenia jest najwi ksza dla R290 i CO2, natomiast dla 

R1234yf i R134a warto ci s  porównywalne, przy czym w przypadku 

czynnika R1234yf opory przep ywu s  mniejsze. 

Przedstawiona wst pna analiza mo liwo ci zastosowania czynni-

ka ch odniczego R1234yf, jako alternatywnego w spr arkowych pom-

pach ciep a o ma ej wydajno ci wykaza a, e pod wzgl dem termodyna-

micznym u ycie tego zamiennika wobec czynnika R134a jest na razie 

problematyczne. Poza tym w a ciwo ci fizyczne i ekologiczne nowego 

czynnika ch odniczego budz  w tpliwo ci i czynnik jest obecnie nazy-

wany kontrowersyjnym [24]. Fluorowany w glowodór R1234yf (C3H2F4) 

wykazuje bowiem w a ciwo ci palne (temperatura zap onu 405
o
C).

 

W procesie palenia tego czynnika wydziela si  kwas trójfluorowy oraz 

fluorek wodoru, szczególnie truj ce i szkodliwe dla ludzi i zwierz t,  

a w przypadku fluorku wodoru uaktywniaj  si  oddzia ywania korozyjne. 

Poza tym, wed ug doniesie  [24] w produkcji czynnika R1234yf wyko-

rzystuje si  zwi zki HCFC, które jako destrukcyjne ekologicznie zosta y 

ju  wycofane z zastosowa . Dlatego czynnik R1234yf wzbudza wiele 

emocji i kontrowersji, zw aszcza przez niektóre koncerny samochodowe, 

gdy  od 2017 roku jest proponowanym substytutem czynnika R134a. 

Nie budz  wi c zdziwienia poszukiwania innych, ni  R1234yf, 

zamienników czynnika R134a. Pomimo bardzo wysokich warto ci ci nie-

nia w instalacjach z czynnikiem CO2 (R744) oraz konieczno ci stosowania 
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obiegów nadkrytycznych (wobec niskiego po o enia punktu krytycznego 

przy +31,05
o
C) dwutlenek w gla jest proponowany przez wielu autorów, 

jako bardzo dobry, ekologiczny czynnik, alternatywny wobec R134a. Po-

dobne argumenty s  przedstawiane dla naturalnych czynników ch odni-

czych R290 (propan) i R600a (izobutan). Du a liczba publikacji dotyczy 

szerszego zastosowania propanu R290 w pompach ciep a. 

Pompy ciep a s  szczególnym typem urz dzenia energetycznego, 

którego efektem jest doprowadzanie ciep a grzewczego, przy czym wpro-

wadzenie do ich eksploatacji wymaga zainwestowania znacznych rodków 

finansowych. Równie  z tego powodu niepewno , jak  wykazuje nowy 

czynnik R1234yf (obecnie kilkana cie razy dro szy od R134a) ogranicza 

zastosowanie go w pompach ciep a. Je eli czynnik ten zostanie zaakcep-

towany przez producentów spr arkowych pomp ciep a mo na przypusz-

cza , e b dzie brany pod uwag  dla ma ych wydajno ci cieplnych. 

6. Podsumowanie 

W zako czeniu rozwa a  na temat wybranych aspektów prawno-

technicznych i ekologicznych stosowania spr arkowych pomp ciep a, 

zw aszcza w warunkach mo liwo ci wycofywania z eksploatacji czynni-

ka ch odniczego R134a mo na sformu owa  nast puj ce wnioski: 

1. Pompy ciep a zalicza si  do grupy niekonwencjonalnych urz dze  

energetycznych, których funkcjonowanie jest aktywnie zwi zane  

z odnawialnymi ród ami energii (OZE). 

2. Pompy ciep a nie s  w polskim prawodawstwie w sposób bezpo redni 

zaliczane do OZE. Procedury stosowane w Unii Europejskiej i kolejne 

decyzje Parlamentu Europejskiego i Rady Europy zmierzaj  do zreali-

zowania postulatu w czenia tych urz dze  do tej grupy. Oczekiwane 

s  ustawowe orzeczenia w tej sprawie. 

3. Pompy ciep a odznaczaj  si  relatywnie niskimi kosztami eksploata-

cji, jednak wymagaj  uruchomienia du ych, pocz tkowych nak adów 

inwestycyjnych. 

4. Istotnym problemem w pracy spr arkowych pomp ciep a jest w a-

ciwy dobór czynnika ch odniczego. Konieczno  wycofania od 2017 

roku z przyczyn ekologicznych, czynnika R134a stosowanego aktual-

nie w pompach ciep a o redniej i ma ej wydajno ci, stwarza potrzeb  

wprowadzenia jego proekologicznego substytutu. 
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5. W ród czynników ch odniczych jednorodnych i jednosk adnikowych 

proponowanych jako substytuty R134a wymienia si : NH3 (R718), 

CO2 (R744), propan (R290) i izobutan (R600a). Obecnie w pompach 

ciep a o redniej i du ej wydajno ci s  stosowane mieszaniny azeotro-

powe: R404A, R407C i R410A. 

6. W opracowaniu rozwa ono mo liwo  zastosowania czynnika ch od-

niczego R1234yf (z grupy tzw. fluorowanych w glowodorów) propo-

nowanego, jako substytut czynnika R134a w klimatyzacji samocho-

dowej od 2017 roku, w obiegach spr arkowych pomp ciep a o ma ej 

wydajno ci. 

7. Zastosowanie zamienników czynnika R134a w pompach ciep a 

w postaci czynnika R1234yf jest mo liwe, jednak nale y si  liczy  

z mniejsz  wydajno ci  górnego ród a ciep a i konieczno ci  zwi k-

szenia pola powierzchni skraplacza. Ka d  decyzj  o wprowadzeniu 

tego substytutu nale y przeanalizowa  pod k tem szkodliwych w a-

ciwo ci palnych i truj cych. 

8. Aktualnie brak jest jednoznacznych decyzji proponowanego substytu-

tu R134a; oprócz R1234yf wymienia si : R744, R290 i R600a. Bez-

wzgl dn  konieczno ci  jest wykonanie wielu bada  eksperymental-

nych pozwalaj cych na okre lenie rzeczywistych warto ci wspó czyn-

nika COP i przeprowadzenie analizy egzegetycznej dla warunków 

rzeczywistych pracy pompy. 

 

Prac  wykonano w ramach grantu NCBiR nr ID 246502 
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Selected Aspects of Legal, Technical and Ecological  
Use of Compression Heat Pumps 

Abstract 

Destructive impact of chlorofluorocarbons refrigerants (CFCs),  especial-

ly R12 and R22, on the environment (creation of the ozone hole and the green-

house effect) led to their withdrawal from use in refrigeration and heat pumps. 

Due to the high global warming potential (GWP=1300) also widely used R134a 

refrigerant will be withdrawn from use from 2017. Ongoing search for envi-

ronmentally friendly alternatives refrigerants among which are listed the refrig-

erants from the R1234 group – especially R1234yf.  In previous publications of 

various authors, was analyzed the use of this refrigerant in refrigeration. The 

authors have made an attempt on the possibility of the application of this refrig-

erant in the compressor, steam heat pumps. Made comparative calculations in-

dicate that implementation of  this substitute is possible in a limited scope re-

sulting from the reduction of the heating capacity outputted to the upper source. 
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pompy ciep a, czynniki ch odnicze, R1234yf, R1234ze, COP, GWP, ODP 
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Studium nad czeniem mikro kanalikowych 
wymienników ciep a w wymiennik integralny 

 

Oktawia Kaczmarczyk, Jaros aw Mikielewicz 

Instytut Maszyn Przep ywowych PAN 

1. Wst p 

W pracy przyj to now  koncepcj  realizacji wymienników ciep a 

przy pomocy sieci wymienników elementarnych, tworz cych zespolony 

wymiennik, zamiast projektowania typoszeregu wymienników. Pozwala 

to na wi ksz  swobod  w doborze sieci wymienników, w konsekwencji 

czego, zb dne staje si  projektowanie konkretnego pojedynczego wy-

miennika. Zespolony wymiennik ciep a to wymiennik sk adaj cy si  

z elementarnych wymienników ciep a o jednakowej konstrukcji i wielko-

ci. czenie wymienników w sieci mo e by  równoleg e lub szeregowe. 

Im mniejsze elementy w sieci i wi ksza ich liczba, to tym wi ksza z o o-

no  struktury sieci, jak równie  wi ksza mo liwo  uzyskania integral-

nego wymiennika ekwiwalentnego, indywidualnie zaprojektowanego. 

Konfiguracja sieci mo e by  optymalizowana, np. przy pomocy zasady 

„drzewa” Bejan’a. 

Projektowanie sieci wymienników to nowy kierunek rozwoju ar-

chitektury wymienników ciep a, dzi ki któremu mo na osi gn  jedno-

cze nie dwa cele: (i) minimalny opór hydrauliczny (lub moc pompowa-

nia) oraz (ii) minimalny opór cieplny przepon rekuperatora. Optymaliza-

cja przep ywu w sieci wymienników przy pomocy zasady strukturalnej 

„drzewa” [1, 10] reprezentuje nowy trend w optymalizacji i miniaturyza-

cji urz dzenia do przenoszenia ciep a [1, 5–7, 9, 10]. Optymalne „drze-

wa” obiecuj  lepsze wykorzystanie dost pnej przestrzeni: wy sze g sto-

ci strumieni ciep a. 
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Poprawa ogólnych parametrów termodynamicznych systemu 

oznacza spadek nieodwracalno ci (lub generacji entropii, niszczenia eg-

zergii), która charakteryzuje wszystkie sk adniki procesów w uk adzie 

termodynamicznym. Entropia generowana przez ka dy element uk adu 

jest proporcjonalna do oporu przep ywu czynnika i wymienianego ciep a. 

Innymi s owy, ca y proces optymalizacji termodynamicznej sieci wy-

mienników opiera si  na zminimalizowaniu wszystkich oporów strumie-

nia ciep a i oporów przep ywowych. 

To prawo opiera si  na wspólnej (uniwersalnej) zasadzie zaob-

serwowanej przez Bejan’a, która mówi, e je li system przep ywowy (np. 

dorzecze rzeki, naczynie krwiono ne) obdarzony jest wystarczaj c  swo-

bod  zmiany jego konfiguracji, to ów system tworzy konfiguracj , która 

daje coraz to lepszy dost p do tras przep ywu pr dów oraz najmniejsze 

opory przep ywu. Jest to zgodne z Drug  Zasad  Termodynamiki. Strza -

ka czasu wi e si  tu z sekwencj  konfiguracji przep ywu uk adu. Po-

wy sza zasada by a sformu owana po raz pierwszy w formie ksi kowej 

przez Bejan’a (1997). Stanowi ona nowe rozszerzenie fizyki: termody-

namiki przep ywu systemów z konfiguracjami (Bejan i Lorente 2004, 

2005). Aby zada  sobie pytanie, dlaczego zasada wy ej sformu owana 

jest prawem fizyki, nale a oby zapyta , dlaczego ta zasada jest inna ni  

(tj., w odró nieniu od, lub uzupe nieniem) pozosta e zasady termodyna-

miki. My l c termodynamicznie, rozwa my uk ad, który pocz tkowo jest 

w stanie wewn trznej nierównowagi (np. istniej  regiony wy szego 

i ni szego ci nienia lub temperatury, oddzielone przegrodami, które na-

gle zostaj  przerwane), zgodnie z pierwsz  i drug  zasad  opisuj c  ten-

dencj  uk adu do osi gni cia równowagi w dostatecznie d ugim czasie. 

Je li wystarczy czasu, uk ad przechodzi do stanu równowagi (nie ma 

wówczas wewn trznych przep ywów, osi ga maksimum entropii przy 

zachowaniu sta ej energii, itp.). Pierwsza i druga zasada termodynamiki 

mówi  o „czarnej skrzynce”. Nic nie mówi  o konfiguracjach przep ywu, 

jakie przechodzi uk ad. Zasada strukturalna Bejan’a opiera si  na zasa-

dach fenomenologicznych obserwacji (uniwersalnych). Je li system jest 

obdarzony swobod  zmiany jego konfiguracji, to system tworzy konfigu-

racje, które stanowi  coraz lepszy dost p do tras przep ywu dla pr dów 

i strumieni. Obserwacji tego rodzaju s  miliardy, i one oznaczaj  jedno: 

strza ka czasu wi e si  z sekwencj  konfiguracji strumieni. Istniej ce 

konfiguracje s  zast powane przez atwiejsze przep ywowo konfiguracje. 
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Zasada ta b dzie wykorzystywana do projektowania optymalnych 

sieci wymienników tworz cych zintegrowany wymiennik ciep a w uk a-

dzie termodynamicznym. 

2. Sformu owanie problemu i zasady tworzenia sieci 
wymienników 

G ównym problemem jest odpowied  na pytanie, ile trzeba po -

czy  wymienników elementarnych w sie , aby uzyska  zintegrowany wy-

miennik ciep a o za o onych charakterystykach cieplno-przep ywowych.  

czenie elementarnych wymienników wymieniaj cych ciep o 

mi dzy czynnikiem gor cym i zimnym mo e by  szeregowe lub równo-

leg e z uwagi na ka dy z czynników.  

Za ó my, e ka dy elementarny wymiennik ciep a jest identyczny 

pod wzgl dem konstrukcyjnym i znane s  jego charakterystyki geome-

tryczne i cieplno-przep ywowe. 

Przyjmuj c dodatkowo, e w asno ci termodynamiczne nie zale  

od temperatury i ci nienia, mamy: 

1. Przy po czeniu szeregowym strumieni poszczególnych czynników 

nat enie przep ywu czynnika jest sta e, a zmiany temperatury, zgod-

nie z bilansem energii, s  sum  spadków temperatury na poszczegól-

nych wymiennikach elementarnych. Ca kowity spadek ci nienia na 

strumieniu czynnika jest sum  spadków ci nienia na poszczególnych 

wymiennikach elementarnych. Mo na to zapisa  jako: 

(1) 

 (2) 

 (3) 

2. Przy czeniu równoleg ym poszczególnych strumieni czynników na-

t enie przep ywu czynnika jest sum  nat e  przep ywu w wymien-

nikach elementarnych, a zmiany temperatury, zgodnie z bilansem 

energii, s  sta e na poszczególnych wymiennikach elementarnych. 

Ca kowity spadek ci nienia jest równy spadkowi ci nienia na poszcze-

gólnych wymiennikach elementarnych. Mo na to zapisa  jako: 

 (4) 

 
(5) 
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(6) 

zak adaj c, e straty ci nienia nie s  istotne przy przep ywie czynnika 

roboczego przez sie  wymienników. 

Jak wynika z powy szych rozwa a , istniej  dwie sieci po cze  

strumieni. Sie  strumienia gor cego i sie  strumienia ogrzewanego –

zimnego. Wobec tego dwa elementarne wymienniki ciep a o znanej kon-

strukcji i charakterystykach cieplno-przep ywowych mo na po czy  na 

trzy sposoby: szeregowo-szeregowy, równoleg o-szeregowy i równole-

g o-równoleg y (rysunek 1) Ka dy z elementarnych wymienników mo e 

pracowa  jako wspó pr dowy albo przeciwpr dowy wymiennik. 

 

 

Rys. 1. Po czenia dwóch elementarnych wymienników ciep a: a) szeregowo-

szeregowe, b) równoleg o-szeregowe, c) równoleg o-równoleg e 

Fig. 1. Outline of two primary micro channel heat exhangers connection:  

a) serial-serial, b) paralel-serial, c) paralel-parallel 

 

W przypadku a) mamy do czynienia z klasycznym wymiennikiem 

podzielonym na sekcje i jego sposób oblicze  nie odbiega od konwen-

cjonalnego. W przypadkach b) i c), wymienniki elementarne, sk adaj ce 

si  na sie , s  obliczane zgodnie z opisanymi w niniejszej pracy zasada-

mi. Do tak po czonych wymienników mo na do czy  kolejny wymien-

nik, który b dzie z zespo em dwóch wymienników po czony na sposób 

a, b lub c. Zespo y elementarnych wymienników tworz  wówczas jed-

nostkowy wymiennik ciep a. 
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Zast pienie wymiennika sieci  wymienników mo e by  realizo-

wane przez sie  jednostkowych wymienników ciep a odpowiadaj cych 

schematowi a, b lub c. Jednostkowe wymienniki ciep a zbudowane 

z elementarnych wymienników pozwalaj  na realizacj  okre lonego, 

wynikaj cego z bilansu ciep a, stosunku nat e  przep ywu czynnika 

gor cego do zimnego oraz odpowiedniego stosunku zmian temperatury 

czynników. 

Aby uzyska  wymian  ciep a przy ca kowitych nat eniach prze-

p ywu czynników oraz po dan  ró nic  temperatur pomi dzy wyj ciem 

a wej ciem czynników z zespolonego wymiennika ciep a, nale y po -

czy  równolegle  kolumn jednostkowych wymienników posiadaj cych 

 jednostkowych wymienników w kolumnie, rysunek 2. 

 

 

Rys. 2. Schemat zespolonego wymiennika ciep a zbudowanego 

z jednostkowych wymienników ciep a 

Fig. 2. Scheme of the integral micro channel heat exchanger made of unitary 

micro channel heat exchangers 

 

Ostatecznie, otrzymamy jako zintegrowany wymiennik, wymien-

nik o  wymiennikach jednostkowych, w którym ka dy jednostkowy 

wymiennik posiada  wymienników elementarnych, gdzie  jest 

stosunkiem nat e  przep ywu czynnika gor cego do zimnego. Opraco-

wana metoda projektowania wymienników ma charakter hierarchiczny, 

o trzech poziomach : wymienniki elementarne, wymienniki jednostkowe, 

wymiennik integralny. 
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W przedstawionym powy ej schemacie po cze  jednostkowych 

wymienników ciep a kolumny wymienników s  niezale ne, gdy  pracuj  

równolegle. Mo na sobie wyobrazi  bardziej z o on  sie , w której 

czynniki przep ywaj ce przez elementarne wymienniki ciep a tworz  

dwa „drzewa”. Wówczas, tak  sie  nale a oby zoptymalizowa  zgodnie 

z zasad  Bejan’a. 

Przyjmuj c, e przep yw czynników w elementarnych wymienni-

kach jest laminarny, to ka de rozdzielenie przep ywu na przep ywy rów-

noleg e powoduje redukcj  tarciowego spadku ci nienia o po ow , przy 

zachowaniu w ka dym z wymienników sk adowych tego samego wspó -

czynnika przejmowania ciep a, co jest charakterystyczne dla ruchu lami-

narnego. Ilustruje to rysunek 3. Rozwini ty przep yw laminarny daje tym 

wy sze wspó czynniki przejmowania ciep a im mniejsza jest rednica 

hydrauliczna kana u. St d te  jako elementarne wymienniki ciep a mog  

by  zastosowane mikro-wymienniki opracowane w IMP PAN [5,6]. Pod-

czas rozga ziania si  przep ywu na dwa identyczne strumienie, otrzymu-

je si  dwa razy mniejsze spadki ci nienia. To stwierdzenie jest s uszne 

dla przep ywu laminarnego. Maj c na wzgl dzie (7) oraz równanie ci -

g o ci, otrzymano ostatecznie (8) (rysunek 3). 

 
(7) 

gdzie  – dla przep ywu laminarnego. 

 
 (8) 

 

 

Rys. 3. Rozp yw laminarny czynnika na dwa równoleg e kana y 

Fig. 3. Laminar spread of the refrigerant flow onto two parallel channels 
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W celu redukcji tarciowego spadku ci nienia w integralnym wy-

mienniku, mo na zastosowa  sieci w postaci drzew, jak na rysunku 4. 

 

 

Rys. 4. Fragment sieci wymienników realizuj cych rozp yw przep ywu 

laminarnego; a). bez kolektora, b). z kolektorem 

Fig. 4. Fragment of the micro channel heat exchangers grid realizing spread 

of the laminar flow ; a) without a collector, b) with the collector 

 

W celu dalszej intensyfikacji wymiany ciep a mo na zastosowa  

sie  wymienników elementarnych, w których wykorzystywany jest lami-

narny rozbieg termiczny. W tym przypadku kana y wymiennika ciep a 

powinny by  krótsze od d ugo ci rozbiegu termicznego, okre lonego 

zale no ci  [3]: 

 (9) 

gdzie: 

 d ugo  rozbiegu termicznego 

 pr dko  p ynu 

lepko  

 rdenica  

 

Efektywno  rozwi zania sieciowego w porównaniu z projekto-

waniem bezpo rednim wymiennika ciep a mo na okre li  jako stosunek 

powierzchni zintegrowanego wymiennika do powierzchni wymiennika 

specjalnie do tego celu zaprojektowanego: 

 (10) 
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3. Przyk ad obliczeniowy 

W niniejszej pracy, dotycz cej czenia mikrowymienników, jako 

najbardziej podstawowy komponent, wybrano pojedyncz  par  p yt 

z mikrokanalikami. Na rysunku 5 przedstawiono schemat takiej p yty. 

Wykonana jest ona z blachy o grubo ci 0.3 [ mm], na której znajduj  si  

dwa rz dy po 67 kanalików o d ugo ci 17 [mm] i przekroju poprzecznym 

(0.3x0.1) [mm]. Te dwa rz dy kanalików po czone s  szeregowo, co 

powoduje spadek ci nienia dwa razy wi kszy ni  dla pojedynczego kana-

lika (zaniedbano niewielkie opory przep ywu w kolektorach zbiorczych). 

Podstawowym elementem jest w tym przypadku para p yt. Przez jedn  

z nich przep ywa czynnik grzewczy (w tym przypadku woda grzej ca), 

a przez drug  p yt  czynnik roboczy (w tym przypadku R134a). Obliczo-

no wymagan  liczb  takich par p yt, pogrupowanych w tzw. wymienniki 

elementarne, z których jeden, wg za o e , ma przenosi  moc ciepln  

10 kW. Z kolei, para takich wymienników elementarnych sk ada si  na 

wymiennik jednostkowy, co opisano w podpunktach 3.2 i 3.3. 

Czynnik roboczy wybrano na podstawie analizy pracy [2], w któ-

rej to przedstawiono porównanie kilku proekologicznych p ynów robo-

czych. Zgodnie z tym, co podaje autor, R134a charakteryzuje si  najwy -

szymi warto ciami wspó czynnika przejmowania ciep a. 

 

 

Rys. 5. Schemat pojedynczej p ytki 

Fig. 5. Scheme of the single plate with micro channels 
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3.1. Model odniesienia – po czenie równoleg o (woda) – równoleg e 
(R134a) 

czenie mikrowymienników jest z o onym i nietrywialnym za-

gadnieniem, które dotychczas by o rozwa ane w literaturze w sposób 

ogólny, a nie tak, jak to poczyniono w niniejszej pracy. Przeanalizowano 

zatem model odniesienia, zilustrowany na rysunku 6. Poni ej przedsta-

wiono dane wej ciowe, które pos u y y do oblicze : 

1. Zestaw mikrowymienników ma pos u y  do tego, aby podgrza  czyn-

nik R134a od temperatury ] do ] 

przy u yciu medium grzewczego w postaci wody o temperaturze wlo-

towej i wylotowej równej odpowiednio ] i ].  

2. Dysponowana ca kowita moc cieplna niesiona przez strumie  gor cej 

wody wynosi . 

3. Przyj to, i  wymiennik elementarny ma realizowa  wymian  ciep a 

mi dzy czynnikiem grzej cym i ogrzewanym na poziomie 

, przy za o onych temperaturach podanych w punkcie 1. 

4. Zadano ci nienie wody w kanalikach o warto ci oraz 

ci nienie czynnika R134a wynosz ce  

5. Mikrokanaliki wymiennika, o prostok tnym przekroju poprzecznym, 

maj  d ugo  , przy czym powierzchnia przekroju 

poprzecznego ma wymiar: 

 . Wymiennik elementarny sk ada si  z p ytek 

o 134 kanalikach.  

 

Rys. 6. Schemat po czenia równoleg o-równoleg ego dwóch p ytek  

z mikro kana ami 

Fig. 6. Scheme of the parallel-parallel connection of two plates with micro channels 
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Maj c dane powy sze, dokonano nast puj cych oblicze : 

1. Okre lono warto  wydatku masowego wody oraz czynnika R134a 

w pojedynczym wymienniku elementarnym.  

Z bilansu energii wynika, e: 

 (11) 

   

oraz, e masowe nat enie czynnika roboczego R134a wynosi: 

 

 

2.  Z uwagi na fakt, i  opór cieplny cianek jest zaniedbywalnie ma y, 

wzór na wspó czynnik przenikania ciep a sprowadza si  do postaci: 

Warto ci wspó czynników przejmowania ciep a dla 

obu mediów wyliczono korzystaj c z poni szego wzoru: 

 (12) 

Warto  Liczby Nusselt’a dla stosunku  wynosi 

 [7], przy w pe ni rozwini tym przep ywie laminarnym. 

Z kolei rednica hydrauliczna, dana wzorem: 

 (13) 

 

ma warto   Dodatkowo, przy u yciu programu 

EES, wyliczono warto ci wspó czynników przewodzenia ciep a dla obu 

p ynów, dla redniej temperatury ka dego z nich, tj. 

 oraz  

Zgodnie z powy szym, otrzymano:  

, ,  

natomiast .  

3. Maj c dane cztery temperatury, tj. temperatury wody i czynnika 

R134a na wlocie i wylocie z wymiennika jednostkowego, obliczono 
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4. Korzystaj c ze wzoru Peclet’a, wyznaczono ca kowit  powierzchni  

wymiany ciep a w wymienniku elementarnym: 

 (14) 

   

5. Powierzchnia pojedynczego kanalika wynosi: 

 (15) 

 

6. Liczba kanalików w jednym wymienniku elementarnym, przez które 

przep ywa woda i czynnik R134a, odpowiednio: 

 oraz   

7. Liczba p ytek w wymienniku elementarnym po stronie czynnika 

R134a i wody, pami taj c, e , gdzie: 

, 

,  – jest to ilo  p y-

tek mikro kana owego wymiennika realizuj ca wymian  ciep a na po-

ziomie . Natomiast, chc c wykorzysta  

 nale y u y  wymienników 

elementarnych, tj. ca kowita liczba p ytek 

  

3.2. Przyk ad po czenia równoleg o (woda) – szeregowego (R134a)  

Rysunek 7 przedstawia schemat ogólny po czenia szeregowo-

równoleg ego dwóch mikrowymienników sk adaj cych si  na wymiennik 

jednostkowy.  

Na rysunku 8 przedstawiono schemat ilustruj cy po czenie rów-

noleg o (woda grzej ca) – szeregowe (R134a), którego analiz  opisano 

poni ej. Celem zilustrowania omawianego zagadnienia czenia mikro 

kana owych wymienników w sieci, przedstawiono stosowne przyk ady, 

maj ce na celu wskazanie praktycznych zastosowa  owej teorii. Pisz c 

ogólnie, problem sprowadza si  do zagospodarowania ciep a, którego 

no nikiem jest woda o temperaturze wlotowej i wylotowej równej odpo-

wiednio , oraz mocy cieplnej 
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Ogrzewanym medium, o ca kowitym masowym 

nat eniu przep ywu , jest czynnik roboczy 

R134a. Temperatura ko cowa tego czynnika wynosi

  

  

Rys. 7. Schemat ogólny po czenia szeregowo-równoleg ego dwóch 

mikrowymienników 

Fig. 7. General scheme of the serial-parallel combination of two plates 

with micro channels 

 

Rys. 8. Równoleg o (woda) – szeregowe (R134a) po czenie dwóch 

wymienników elementarnych, sk adaj cych si  na wymiennik jednostkowy 
Fig. 8. Parallel (heating water) – serial (R134a) connection of two primary 

micro channel heat exchangers, which make up the unitary heat exchanger 
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W tym miejscu nale y sprecyzowa  poczynione za o enia, dla ana-

lizowanego uk adu, przedstawionego na rysunku 8, które s  nast puj ce: 

i) Oba wymienniki elementarne 1 i 2 po czone s  ze sob  w taki spo-

sób, e woda przep ywa przez nie równolegle, a czynnik R134a 

szeregowo. 

ii)  Rozp yw wody na dwa równoleg e strumienie ma charakter nierów-

nomierny  

iii) Wiadomym jest, i  przy przep ywie szeregowym, przez wymienniki 

elementarne, czynnika R134a, jego wydatek b dzie taki sam, wobec 

czego: . 

iv) Ca kowita moc cieplna wymiennika jednostkowego,  jest sum  

mocy cieplnych wymienników elementarnych, tj.: . 

v) W rozpatrywanym przypadku nie uwzgl dnia si  strat ciep a do oto-

czenia, wobec czego mo na zapisa , e dysponowany strumie  cie-

p a niesiony przez czynnik ogrzewaj cy zostanie w pe ni przekazany 

czynnikowi ogrzewanemu. Tak wi c, w przypadku obu wymienni-

ków elementarnych 1 i 2, bilans ciep a przedstawia si  nast puj co:  

 (16) 

 (17) 

 (18) 

 (19) 

 

Z powy szych równa  wynika nast puj ca zale no : 

 

 

vi) Ponadto przyj to, i  w kanalikach wymiennika wyst puje przep yw 

laminarny p ynu, a co za tym idzie, liczba Nusselt’a ma nast puj c  

sta  warto : gdzie:  

wspó czynnik przejmowania ciep a 

grubo  cianki kanalika 

wspó czynnik przewodzenia ciep a cianki kanalika 

Maj c na wzgl dzie powy sze, otrzymano wyra enie na  : 
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.Oczywi cie, wi c 

wspó czynnik przenikania ciep a  dla wymien-

ników elementarnych. Zatem, z równania Peclet’a, mo na wyznaczy  

warto  nast puj c  zale no  : 

 (20) 

 (21) 

 

Wobec tego, stosunek strumieni ciep a przekazanych czynnikowi 

roboczemu, odpowiednio w drugim i pierwszym wymienniku, odpowia-

da ilorazowi: 

 (22) 

 

Zgodnie z powy szym, mo liwym staje si  wyliczenie strumienia 

ciep a, jaki przekazany zostanie czynnikowi ogrzewanemu w wymienni-

ku elementarnym numer 2. 

vii) Przyj to moc wymiennika elementarnego numer 1 na poziomie 

. 

viii) Za o ono, i  w celu okre lenia optymalnego rozwi zania nale y 

przyj , i  przyrost temperatury czynnika po przep yni ciu przez oba 

wymienniki elementarne jest taki sam. 

3.2.1. Zestawienie oblicze  oraz wyników dla obu wymienników elemen-

tarnych sk adaj cych si  na wymiennik jednostkowy 

Wiadomo, i : 

 

 

 

Ponadto, ró nica entalpii wody wyliczona zosta a dla danych 

temperatur, oraz ci nienia 
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Z danych wej ciowych wiadomo, jaki jest spadek temperatury 

wody w wymienniku elementarnym: 

. 

 

Nieznana temperatura R134a na wylocie z wymiennika 1 i wlocie 

do wymiennika 2 obliczona zosta a zgodnie z poni sz  formu , przy 

czym, przyj to , wobec czego mo na obliczy  nie-

znan  warto  temperatury, , czynnika na wyj ciu z wymiennika 1 

i wej ciu do wymiennika 2 : 

 

 

 

Wobec powy szego, przyrost temperatury czynnika w wymienni-

ku elementarnym wynosi: 

. 

Masowe nat enie czynnika R134a wyliczone zosta o nast puj co: 

 

 

Moc cieplna drugiego wymiennika elementarnego wynosi:  

 

 

 

 

z kolei jego powierzchnia ma warto : 

 

Natomiast wydatek wody w drugim wymienniku elementarnym 

jest równy: 
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, co jest równowa ne:

 

. 

Z powy szej analizy wynika, i  po czenie obu wymienników 

elementarnych 1 i 2 w taki sposób, e woda przep ywa przez nie równo-

legle, a czynnik R134a szeregowo nie jest najlepszym, poniewa , z uwa-

gi na nisk  ró nic  logarytmiczn  temperatur w wymienniku 2 musia by 

on mie  powierzchni : 

 

Warto wspomnie , i  wymiennik elementarny numer 1 mia by 

znacznie mniejsz  powierzchni , wobec czego, nale y poszukiwa  lep-

szych rozwi za . Dla porównania, przedstawiono wyliczon  powierzch-

ni  wymiennika numer 1: 

 

Dla porz dku doda  nale y, i  stosunek powierzchni obu wy-

mienników przedstawia si  nast puj co: 

 

Przy takim po czeniu oba wymienniki elementarne realizuj  

wymian  energii na sposób ciep a na poziomie : 

 

Ca kowity strumie  masowy czynnika R134a wyliczono zgodnie 

z poni szym równaniem, maj c dany ca kowity strumie  ciep a oraz ró -

nic  entalpii czynnika na wylocie/wlocie z sieci 

ków:  

Ilo  wymienników jednostkowych n potrzebnych do zagospoda-

rowania . 
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Obliczono zast pcz  powierzchni  wymiennika jednostkowego 

zgodnie z poni sz  formu : 

, 

gdzie  jest logarytmiczn  ró nic  temperatur ca ego wymiennika 

jednostkowego, który realizuje podgrzew R134a z temperatury  

do temperatury  i och odzenie wody z  do . 

 

Zatem, ca kowita zast pcza powierzchnia zestawu mikrowymien-

ników wyniesie: 

 

 

3.3. Przyk ad po czenia równoleg o (R134a) – szeregowego (woda)  

W tym przypadku, gdy woda przep ywa szeregowo, nie mo na 

wyliczy  jej temperatury na wyj ciu z pierwszego wymiennika elemen-

tarnego w taki sposób, w jaki obliczono, w poprzednim przyk adzie tem-

peratur  czynnika R134a z uwagi na fakt, i  tak obliczona warto  tem-

peratury by aby o  ni sza ni  temperatura czynnika na wlocie do 

drugiego wymiennika elementarnego, co wyra nie wida  na rysunku 9. 

Chc c jednak zachowa  pewne warunki, umo liwiaj ce porówna-

nie obu mieszanych typów po czenia wymienników elementarnych 

w jednostkowy, utrzymano t  sam  ró nic  temperatury mi dzy wod  

a czynnikiem, na wlocie do drugiego wymiennika elementarnego, której 

warto  wynosi  
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Rys. 9. Schemat po czenia równoleg o (R134a) – szeregowego (woda) 

Fig. 9. Scheme of the parallel (R134a)-serial (water) connection of two plates 

with micro channnels 

 

W pierwszej kolejno ci wyliczono ró nice logarytmiczne tempe-

ratur. 

 

 

 

Tak, jak w poprzednim przypadku, tak i w tym, za o ono, i  

 Ponadto, z równa  bilansu, zapisanych dla wymienników 

po czonych szeregowo (woda) – równolegle (czynnik), otrzymano ko-

lejn  zale no : 

 

 

Po podzieleniu stronami : 

 

Z powy szego wynika, i  moc wymiennika elementarnego numer 

2 winna wynosi : 
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Z kolei wydatki czynnika, przep ywaj cego przez wymienniki 

elementarne, wyliczone zosta y w nast puj cy sposób: 

 

 

Natomiast, masowe nat enie wody przep ywaj cej szeregowo 

przez wymienniki elementarne okre la równo : 

 

Powierzchnie obu wymienników elementarnych zosta y wyliczo-

ne wed ug danych formu : 

 

 

 

Z przeprowadzonej analizy wynika, i  przy niniejszym po czeniu 

wymienników, ich ca kowita moc b dzie wynosi a: 

 

, wi c   

Zatem ca kowita powierzchnia wymienników b dzie mia a warto :  

 

 

Obliczono warto  liczby Reynolds’a, aby udowodni , e przep yw 

czynnika w mikro kana owym wymienniku ma charakter laminarny.  
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gdzie: 

wspó czynnik Poiseuille’a, który, dla stosunku 3, wynosi 

17.09 [7] 

g sto  strumienia masy 

 

Przez wymiennik jednostkowy, sk adaj cy si  z dwóch wymien-

ników elementarnych, po czonych ze sob  szeregowo (woda) – równo-

legle (R134a), przep ywa czynnik roboczy o wydatku masowym :

.  

Dla porz dku obliczono strumie  masowy wody zasilaj cej wy-

miennik. Doda  nale y, i  ró nica entalpi zosta a obliczona dla temperatur 

dla czynnika R134a oraz dla wody. 

  

Ca kowite nat enie przep ywu czynnika R134a wynosi 

. Wobec tego, chc c wykorzysta  ca y masowy strumie  

czynnika nale y równolegle po czy  ze sob  wymienniki jednostkowe, 

których ilo  wyniesie: . 

4. Podsumowanie 

Przeprowadzone obliczenia mia y na celu wykazanie tego, jakie 

jest optymalne po czenie dwóch mikrowymienników elementarnych 

w taki sposób, a eby powsta y w ten sposób mikro kana owy wymiennik 

jednostkowy jak najlepiej realizowa  podgrzew czynnika roboczego 

R134a. Przeanalizowano trzy ró ne typy po cze  mikrowymienników 

elementarnych, tj. równoleg o – równoleg e, równoleg o (woda) – szere-

gowe (R134a) oraz równoleg o (R134a) – szeregowe (woda). Nale y 

podkre li , i  najbardziej podstawowym komponentem by a para p ytek, 

której rysunek pogl dowy przedstawia rys. 5. Z owych p ytek tworzono 
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wymienniki elementarne, a z nich z kolei wymienniki jednostkowe. Do-

datkowym za o eniem by o, i  jeden z elementarnych wymienników ma 

realizowa  wymian  ciep a na poziomie 10 [kW].Bior c pod uwag  dwa 

ostatnie opisane modele, mo na by pokusi  si  o stwierdzenie, i  projekt 

po czenia dwóch wymienników elementarnych w sposób szeregowo 

(woda)- równoleg y (R134a), wydaje si  by  lepszy pod wzgl dem mocy 

cieplnej. Aczkolwiek, nale y zwróci  uwag  na wyliczone warto ci po-

wierzchni zast pczych, gdy  s  one stosunkowo niewielkie. Dlatego w a-

nie najbardziej korzystne po czenie dwóch mikrowymienników ele-

mentarnych b dzie realizowa  model równoleg o (woda grzej ca)-

równoleg y(R134a). 

Koniecznie doda  nale y, e w mikrowymienniku elementarnym 

przep yw czynnika roboczego ma charakter laminarny, o czym wiadczy 

wyliczona niska warto  liczby Reynolds’a,  Zatem, 

w przypadku po czenia równoleg o-równoleg ego, chc c wykorzysta  

 nale y u y  wymien-

ników elementarnych, tj. ca kowita liczba p ytek 

. 
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Studies on the Micro Heat Exchangers Coupling  
into Integral Heat Exchanger 

Abstract 
As it is commonly known, heat exchangers are widely used in power 

generators equipment. The biggest disadvantage of conventional heat exchang-

ers is that, in case of the energy load variation, it must be replaced by the one of 

different size.  

The aim of this work is to specify a method of combining micro channel 

heat exchangers into a grid, realising different powers. It was ment to specify 

the most accurate micro channel heat exchangers connection, in order to in-

crease the intensity of the heat exchange process. Studied problem was about 

heating the ORC working medium (R134a) using waste heat (hot water).  

In this paper, there has been studied the fenomenon of the heat ex-

change process in the micro channel heat exchanger grid, which will be further 

called the integral heat exchanger. There have been studied three cases of micro 

channel heat exchangers connections, such as: parallel-parallel, parallel (heating 

water)-serial (R134a) and parallel (R134a) – serial (heating water). On the basis 

of the results of the analytical analysis it has been stated, that the serial (heating 

water)-parallel (R134a 7) micro channel heat exchangers combination is the 

most suitable for the most intensive heat exchange.  

 

S owa kluczowe:  
mikro kanalikowy wymiennik ciep a, sie  wymienników, ORC 

Keywords:  
micro channel heat exchanger, heat exchangers grid, ORC 
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Piaski odpadowe jako warto ciowe kruszywo 
do wytwarzania fibrokompozytów 

 

Wies awa G odkowska, Joanna Laskowska-Bury 

Politechnika Koszali ska 

1. Wst p 

Stawiane obecnie wymagania dotycz ce spe nienia stanu granicz-

nego no no ci i u ytkowalno ci nowoczesnych konstrukcji z betonu 

spowodowa y konieczno  poszukiwania rozwi za  dotycz cych polep-

szenia w a ciwo ci mechaniczno-fizycznych betonu zwyk ego. Jednym 

ze sposobów jest stosowanie dodatku w postaci w ókien. Kompozyty 

mineralne z w óknami rozproszonymi, ogólnie nazywane fibrokompozy-

tami, staj  si  coraz popularniejsze zarówno w kraju, jak i na wiecie. 

W ókna stalowe pe ni  rol  wzmocnienia i w znacz cy sposób poprawia-

j  niektóre w a ciwo ci kompozytu [1,12,18]. Fibrokompozyty stanowi  

wi c pewn  alternatyw  dla betonu zwyk ego, gdy  cechuje je, mi dzy 

innymi, wi ksza wytrzyma o  na rozci ganie i cinanie, wytrzyma o  

zm czeniowa i udarno  oraz wi ksza odporno  na cieranie. W ókna 

zapobiegaj  propagacji rys i sprawiaj , e materia  staje si  bardziej jed-

norodny [3,4,19]. Zanika kruchy charakter betonu zwyk ego, co bezpo-

rednio wp ywa na bezpiecze stwo u ytkowania konstrukcji [24]. Dzi ki 

tym w a ciwo ciom fibrokompozyty znajduj  zastosowanie w wytwarza-

niu ró nych elementów konstrukcyjnych, takich jak: p yty stropowe, bel-

ki, pow oki, posadzki przemys owe, a nawet nawierzchnie mostów, tune-

li, czy te  elementy do wzmocnie  wyrobisk kopalnianych [5,6,21]. 

Prowadzone w Katedrze Konstrukcji Betonowych i Technologii 

Betonu badania [8,9,12–17] zwi zane z drobnokruszywowym kompozy-

tem, wykonanym na bazie piasków odpadowych, z dodatkiem w ókien 

stalowych dowodz , e istnieje mo liwo  cz ciowego zast pienia be-
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tonu zwyk ego i wykonywania niektórych elementów konstrukcyjnych 

z fibrokompozytu. Kompozyt drobnokruszywowy, charakteryzuj cy si  

lepszymi w a ciwo ci ni  beton zwyk y (np. wi ksz  wytrzyma o ci  na 

rozci ganie, ciskanie, cinanie, wi ksz  odporno ci  na cieranie i ob-

ci enia dynamiczne), jest doskona ym rozwi zaniem dla regionów, 

w których brakuje naturalnych z ó  kruszywa grubego, niezb dnego do 

produkcji betonu zwyk ego. 

Takim regionem bez w tpienia jest Pomorze. Szacuje si , e oko-

o 90% z ó  kruszyw grubych znajduje si  w regionie po udniowym Pol-

ski, 6% w regionie rodkowymi tylko 4% w regionie pó nocnym [20]. 

W zwi zku z powy szym region Pomorza bogaty jest w piaski odpado-

we, które s  wynikiem hydroklasyfikacji, technologii pozyskiwania kru-

szywa grubego opartej na jego wyp ukiwaniu ze z ó .  

 

 

Rys. 1. Widok ha d piasków odpadowych na Pomorzu (gm. Bia ogard) 

Fig. 1. Waste sand heaps in Pomerania (Bia ograd) 

 

 Powsta e w ten sposób wyrobiska (rysunek 1) powinny by  pod-

dane kosztownej rekultywacji. Alternatywnym rozwi zaniem tego pro-

blemu mo e by  mo liwo  wykorzystania piasku odpadowego, jako 

pe nowarto ciowego surowca budowlanego [16, 25]. Cz ciowe zast -

pienie betonu zwyk ego kompozytem drobnoziarnistym ze zbrojeniem 

rozproszonym mo e przyczyni  si  do znacznego ograniczenia dalszej 
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degradacji rodowiska. Pozwoli to na zrównowa one wykorzystanie re-

gionalnych surowców. Dzia ania te przyczyni  si  równie  do stopnio-

wego zmniejszania ha d piasku.  

2. Cel i znaczenie bada  do wiadczalnych 

 Celem przeprowadzonych bada  do wiadczalnych by o okre le-

nie wp ywu dodatku w ókien stalowych na wybrane w a ciwo ci mecha-

niczno–fizyczne kompozytu wykonanego na bazie lokalnego kruszywa 

odpadowego. Kolejnym zadaniem by o wskazanie takiej zawarto ci w ó-

kien stalowych, przy której kompozyt drobnokruszywowy wykazuje naj-

lepsze w a ciwo ci u ytkowe. 

 Opracowanie fibrokompozytu drobnokruszywowego, którego 

w a ciwo ci spe niaj  wymagania stawiane materia om konstrukcyjnym 

oraz który by by w wybranych zastosowaniach alternatyw  dla betonu 

zwyk ego, daje mo liwo  zagospodarowania zalegaj cych w rejonie 

Pomorza ha d. Mo liwo  wykorzystania piasku odpadowego jest ko-

rzystnym, przede wszystkim pod wzgl dem ekonomicznym oraz ekolo-

gicznym, rozwi zaniem problemu rekultywacji wyrobisk. 

3. Wykonanie i piel gnacja elementów próbnych 

 Do bada  u yto mieszank  kompozytu wykonan  na bazie piasku 

odpadowego z Kopalni Kruszyw Naturalnych w Lepinie, cementu port-

landzkiego CEM II/AV 42,5R, wody z wodoci gu miejskiego, plastyfi-

katora BETONCRETE 406 FM, py ów krzemionkowych oraz w ókien 

stalowych EKOMET 50x0,8 mm, o kszta cie haczykowatym i smuk o ci 

równej  = 62,5. 

 Matryc  kompozytu zaprojektowano metod  do wiadczalno-

analityczn . Zastosowanie domieszki uplastyczniaj cej oraz dodatku py u 

krzemionkowego pozwoli o na uzyskanie stosunku w/c=0,38. 

 Jako zmienn  sk adow  fibrokompozytu przyj to zawarto  w ó-

kien stalowych, które dozowano co 0,5%, do 2,5% w stosunku do obj to-

ci kompozytu. W ókna w mieszance rozmieszczone by y w sposób 

przypadkowy. 
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Tabela 1. Charakterystyka techniczna w ókien stalowych u ytych w badaniach [7] 

Table 1. Technical characteristics of steel fibre and fibre-composite [7] 

Cecha Warto  

Grupa konstrukcyjna [-] I 

Wytrzyma o  na rozci ganie [MPa] 1200 

Kszta t w ókien: odkszta cone haczykowate – 

Konsystencja (Ve-Be) przy zawarto ci w ókien 12-14 kg/m3 [s] 4 

Wp yw na wytrzyma o  betonu (12-14 kg/m3)  

przy CMOD*= 0,5 mm [MPa] 
1,5 

Wp yw na wytrzyma o  betonu (12-14 kg/m3)  

przy CMOD*= 3,5 mm [MPa] 
1,0 

*- rozwarcie naci tej szczeliny wg metody przedstawionej w PN-EN 14651 

 

 W badaniach wytrzyma o ci na ciskanie, wytrzyma o ci na roz-

ci ganie przy roz upywaniu, mrozoodporno ci, g sto ci oraz dynamicz-

nego modu u spr ysto ci wykorzystano próbki sze cienne o boku 

150 mm. Próbki cylindryczne o wymiarach 150x300 mm u yto przy 

okre laniu statycznego modu u spr ysto ci. Badanie odporno ci na cie-

ranie wykonano na próbkach sze ciennych o boku 71 mm, a badanie 

resztkowej (rezydualnej) wytrzyma o ci na zginanie na belkach o wymia-

rach 150x150x700 mm, których po ówki, uzyskane po badaniu wytrzy-

ma o ci, wykorzystano do okre lenia wytrzyma o ci na cinanie. Skurcz 

okre lono na próbkach o wymiarach 40x40x500 mm. Wszystkie elemen-

ty próbne wykonano zgodnie z zaleceniami normy PN-EN 12390-2. 

Ka dorazowo, przed rozpocz ciem formowania próbek, okre lano g -

sto  oraz konsystencj  mieszanki betonowej metod  Ve-be. 

 Po zaformowaniu, próbki przez 24 godziny przechowywano 

w formach w warunkach laboratoryjnych przy redniej dobowej tempera-

turze (20±2)°C i wilgotno ci wzgl dnej powietrza (50±5)%. Po up ywie 

doby rozformowane próbki przez kolejne 27 dni poddawano piel gnacji 

w temperaturze (20±2)°C i wilgotno ci wzgl dnej ok. 100%. Nast pnie 

elementy próbne pozostawiono przez 2 dni w pomieszczeniu o redniej 

dobowej temperaturze (20±2)°C i wilgotno ci wzgl dnej (50±5)%. Ba-

dania wykonywano po 30 dniach od momentu zaformowania próbek.  

 Niezb dn  liczb  próbek do okre lenia redniej warto ci staty-

stycznej badanej cechy wyznaczono na podstawie analizy statystycznej 
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wyników bada  wst pnych za pomoc  rozk adu t-Studenta, przy toleran-

cji υ=10% i poziomie istotno ci α=0,05. Liczba próbek zawiera a si  

w przedziale od 6 przy okre laniu cieralno ci do 16 przy badaniu g sto-

ci i dynamicznego modulu spr ysto ci, dla ka dego rodzaju kompozy-

tu. Dla fibrokompozytu o wybranej, z uwagi na najlepsze w a ciwo ci 

mechaniczno-fizyczne i konsystencj , zawarto ci w ókien stalowych 

przeprowadzono badania ka dej z cech na 20 próbkach.  

4. Metodyka bada  

 Badanie g sto ci nasypowej oraz jamisto ci kruszywa odpadowe-

go przeprowadzono zgodnie z norm  PN-EN 1097-3. Sk ad ziarnowy 

okre lono wed ug PN-EN 933-1. Badania cementu przeprowadzono po 2, 

14 i 28 dniach dojrzewania zgodnie z PN-EN 196-1. 

 Z uwagi na brak szczegó owych wytycznych dotycz cych bada  

kompozytów ze zbrojeniem rozproszonym, metodyka wi kszo ci bada  

oparta zosta a o normy dotycz ce bada  betonu zwyk ego. Wytrzyma o  

na ciskanie (fc) okre lono wed ug PN-EN 12390-3, natomiast na rozci -

ganie przy roz upywaniu (fct) przy wykorzystaniu metodyki przedstawio-

nej w PN-EN 12390-6. Statyczny modu  spr ysto ci (Ec) wyznaczo-

no (rysunek 2) zgodnie z PN-EN 12390-13 oraz instrukcj  ITB 194/98, 

wed ug której wykonano równie  pomiar skurczu fibrokompozytu. 

 

 

Rys. 2. Ogólny widok stanowiska do badania modu u spr ysto ci 

Fig. 2. Overall view of the position to study the elasticity module 
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 G sto  pozorn  ( ) oznaczono wed ug zalece  PN-EN 12390-7, 

a dynamiczny modu  spr ysto ci (Ed) zdefiniowany zosta  na podstawie 

analizy pr dko ci przebiegu fali ultrad wi kowej [23]. Badanie resztko-

wej wytrzyma o ci na zginanie (fRj) wykonano w badaniu trzy punkto-

wego zginania wg PN-EN 14651 (rysunek 3). 

 Po okre leniu resztkowej wytrzyma o ci na zginanie po ówki be-

lek wykorzystano do okre lenia wytrzyma o ci na cinanie ( ) wed ug 

normy JCI Standards for Test Methods of Fiber Reinforced Concrete.  

 

 

Rys. 3. Ogólny widok stanowiska do badania wytrzyma o ci resztkowej 
Fig. 3. Overall view of the position of the residual strength test 

 

 Mrozoodporno  fibrokompozytu oznaczono zgodnie z PN-

88/06250, przyjmuj c w badaniu 50 cykli zamra ania-odmra ania. Bada-

nie przeprowadzono wg zasad metody zwyk ej, która stwarza mo liwo  

okre lenia jednocze nie wewn trznego zniszczenia materia u, charakte-

ryzowanego poprzez wytrzyma o  na ciskanie, jak i zewn trznego, 

okre lonego wizualnie oraz ubytkiem masy. Do okre lenia odporno ci na 

cieranie (A) fibrokompozytu wykorzystano zasady przedstawione 

w PN-EN 13892-3. 

5. Wyniki bada  i ich analiza 

 W celu sprawdzenia czy wyniki poszczególnych serii próbek na-

le  do jednej populacji wykorzystano rozk ad t-Studenta. Do odrzucenia 

wyników obarczonych systematycznym b dem grubym pos u ono si  
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testem Dixona [26]. Przeprowadzona analiza statystyczna wykaza a, e 

przyj ta liczba próbek, u ytych w badaniach, by a wystarczaj ca. Warto-

ci wska ników zmienno ci badanych w a ciwo ci, zawieraj ce si  

w przedziale od 3% w przypadku badania wytrzyma o ci na ciskanie 

do 8% dla wytrzyma o ci na rozci ganie, wskazuj  na bardzo dobr  ja-

ko  zaprojektowanego kompozytu drobnokruszywowego na bazie pia-

sków odpadowych. U yte kruszywo odpadowe, jak wykaza a analiza 

wyników bada , spe nia wymagania stawiane kruszywom mineralnym 

do betonu zwyk ego (tabela 2). 

 
Tabela 2. Podstawowe w a ciwo ci kruszywa u ytego do bada  

Table 2. The basic properties of aggregates used for the test 

W a ciwo  

Warto ci 

uzyskane 

z bada  

Warto ci 

zalecane 

G sto  nasypowa w stanie lu nym, [kg/m3] 1634 – 

G sto  nasypowa w stanie zag szczonym, [kg/m3] 1802 ≤ 1850 

G sto  ziarn, [kg/m3] 2632 1800–3000 

Zawarto  py ów mineralnych, [%] 1,3 – 

Jamisto  w stanie lu nym, [%] 38 – 

Jamisto  w stanie zag szczonym, [%] 32 20–28 

Ziarno mediana, [mm] 0,46 0,4–0,7 

Wska nik uziarnienia wg Kuczy skiego 5,55 – 

Zawarto  cia  obcych, [%] brak 0,5 

 

 Krzywa uziarnienia kruszywa odpadowego zawiera si  w prze-

dziale krzywych dla piasku uszlachetnionego wg PN-86/B-06712 (rysu-

nek 4). 

 U yty w badaniach cement portlandzki popio owy o wysokiej 

wczesnej wytrzyma o ci CEM II/A-V 42,5R spe nia wymagania normy 

PN-EN 197-1. Uzyskane wytrzyma o ci na ciskanie cementu charakte-

ryzowa y si  ma ym wska nikiem zmienno ci oraz du ym wspó czynni-

kiem jednorodno ci, co wskazuje na wysok  jako  u ytego materia u. 
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Rys. 4. Krzywa uziarnienia kruszywa u ytego w badaniach 

Fig. 4. Aggregate grading curve used in the study 

 Przeprowadzone badania fibrokompozytu wykaza y korzystny 

wp yw dodatku w ókien stalowych na jego w a ciwo ci mechaniczno-

fizyczne (tabela 3). 

 Na rysunku 5 przedstawiono wybrane wyniki bada .  

 
Tabela 3. W a ciwo ci fibrokompozytu przy ró nej zawarto ci w ókien 

stalowych 

Table 3. The properties of fine aggregate composite with a different content 

of the steel fibers 

W a ciwo  / posta  funkcji, 

wspó czynnik korelacji 

Zawarto  w ókien w kompozycie [%] 

0 0,5 1,0 1,5 2,0 2,5 

G sto  pozorna [g/cm3] 

2,1 2,2 2,3 2,3 2,3 2,3  

  

Wytrzyma o  na ciskanie [MPa] 

44 51,8 61,4 61,6 61,3 61,9   
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Tabela 3. cd. 

Table 3. cont. 

W a ciwo  / posta  funkcji, 

wspó czynnik korelacji 

Zawarto  w ókien w kompozycie [%] 

0 0,5 1,0 1,5 2,0 2,5 

Wytrzyma o  na rozci ganie przy 

roz upywaniu [MPa] 
3,3 5,5 7,7 8,3 8,8 9,2 

 

  

cieralno  [mm] 

2,6 2,5 2,1 2,0 2,5 2,4  

  

Dynamiczny modu  spr ysto ci 

[GPa] 
41,5 43,7 45,8 46,3 46 45,5 

 

  

Statyczny modu  spr ysto ci [GPa] 

32,9 33,3 34,5 34,7 34,0 33,9  

  

Skurcz [mm/m] 

0,9 0,87 0,85 0,83 0,8 0,78  

  

Konsystencja Ve-Be [s] 

4,2 6,4 9,5 14,3 21,5 32,2   
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a) b) 

 
c) d) 

 

e) f) 

 

Rys. 5. Zale no ci wybranych cech kompozytu drobnokruszywowego 

od zawarto ci w ókien stalowych 

Fig. 5. Depending on the specific characteristics of fine aggregate composite 

of content of steel fibres 
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 Przeprowadzona analiza uzyskanych wyników bada  wykaza a, 

e wraz ze wzrostem ilo ci w ókien w kompozycie nast puje ci g y przy-

rost warto ci wytrzyma o ci na ciskanie (rysunek 5a) i rozci ganie (ry-

sunek 5c). Wzrost ten nie jest jednak proporcjonalny do obj to ci u yte-

go zbrojenia rozproszonego. Analiza wyników bada  wykaza a, e za-

warto  w ókien w kompozycie powy ej 1,5% dla ciskania i 2% dla 

rozci gania przy roz upywaniu nie powoduje ju  znacz cego przyrostu 

warto ci tych wytrzyma o ci. Ponadto wraz ze wzrostem ilo ci w ókien 

w kompozycie znacznie pogarsza si  urabialno  mieszanki. Zbyt du a 

ilo  w ókien stalowych powoduje tak e pogorszenie jego odporno ci na 

cieranie (rysunek 5d). Badania dowodz , e fibrokompozyt na bazie 

piasków odpadowych wykazuje najmniejsz  cieralno  przy zawarto ci 

w ókien stalowych w przedziale od 1% do 1,5%, przy czym maksimum 

osi ga przy zawarto ci w ókien równej 1,3%. Pogorszenie tej w a ciwo-

ci ma zwi zek ze zwi kszaj c  si  wraz ze wzrostem zawarto ci w ó-

kien porowato ci  matrycy, wynikaj c  ze zdolno ci w ókien do jej na-

powietrzania [2]. Wp ywa to równie  na g sto  pozorn  fibrokompozytu 

(rysunek 5b). Wzrasta ona wraz z dodatkiem w ókien stalowych, jednak 

po przekroczeniu obj to ci w ókien w mieszance kompozytu równej 

1,5%, obserwuje si  bardzo powolny wzrost jego g sto ci.  

 Z analizy krzywej regresji dynamicznego modu u spr ysto ci 

(rysunek 5e) wynika, e korzystny wp yw dodatku w ókien stalowych ma 

miejsce przy ich zawarto ci w kompozycie drobnokruszywowym 

do 1,7%. Po przekroczeniu tej warto ci nast puje znaczne napowietrze-

nie mieszanki spowodowane zawarto ci  w ókien i warto  dynamiczne-

go modu u spr ysto ci ulega pogorszeniu. 

 Ponadto stwierdzono, e skurcz kompozytu drobnokruszywowego 

o zawarto ci w ókien od 0,5% do 2,5% (rysunek 6) okre lony w warun-

kach sta ej wilgotno ci wzgl dnej powietrza (50±5)% i temperaturze 

(20±2)°C jest prawie dwukrotnie wi kszy ni  skurcz betonu zwyk ego 

[23]. Stabilizacja odkszta ce  skurczowych fibrokompozytu nast pi a po 

600 dniach od chwili rozpocz cia bada . Wi kszy w porównaniu do be-

tonu zwyk ego skurcz fibrokompozytu wynika z zastosowania, jako wy-

pe niacza, kruszywa drobnego [10,23]. 
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Rys. 6. Zale no  skurczu kompozytu drobnokruszywowego od zawarto ci 

w ókien stalowych 

Fig. 6. Shrinkage dependence of fine aggregate composite of content  

of steel fibres 

 

 Przeprowadzone badania dowodz , e zwi kszenie ilo ci zbroje-

nia rozproszonego w kompozycie ponad warto  1,5% mo e mie  nega-

tywny wp yw na niektóre jego w a ciwo ci (dynamiczny modu  spr y-

sto ci, cieralno , konsystencja). W a ciwym jest wi c okre lenie takiej 

zawarto ci w ókien stalowych w kompozycie, która pozwoli na uzyska-

nie materia u o w a ciwo ciach mechaniczno-fizycznych odpowiadaj -

cych w a ciwo ciom betonu zwyk ego, przy jednoczesnym zachowaniu 

odpowiedniej konsystencji mieszanki (por. rysunek 5f). 

 Analizuj c krzywe regresji (por. tabela 3) wyznaczono tak  za-

warto  w ókien stalowych w kompozycie drobnokruszywowym, przy 

której spe nione s  wymagania stawiane betonowi zwyk emu.  

 W zwi zku z tym, i  warto ci wytrzyma o ci na ciskanie oraz 

rozci ganie przy roz upywaniu utrzymuj  ci g  tendencj  wzrostow  

w zakresie przyj tych procentowych zawarto ci w ókien stalowych, do 

wyznaczenia poszukiwanej wielko ci pos u ono si  funkcjami regresji 

cech, które ulega y pogorszeniu wraz ze wzrostem ilo ci w ókien. Takimi 

cechami s : cieralno , dynamiczny modu  spr ysto ci i konsystencja. 

Wyznaczono wi c maksymaln  zawarto  dodatku w ókien stalowych 

(ekstrema funkcji regresji przedstawionych w tabeli 3), po przekroczeniu 
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których nast powa  spadek warto ci rozwa anych cech. Ustalono, e pod 

wzgl dem najkorzystniejszych w a ciwo ci oraz ekonomicznym, mak-

symalna zawarto  w ókien stalowych w drobnokruszywowym kompo-

zycie na bazie piasków odpadowych wynosi 1,2%. Dla fibrokompozytu 

o zawarto ci w ókien 1,2% wykonano seri  kolejnych bada  (tabela 4). 

 
Tabela 4. W a ciwo ci kompozytu drobnokruszywowego przy zawarto ci 

w ókien stalowych 1,2%. 

Table 4. Features of fine aggregate composite with a 1,2% content  

of the steel fibers 

Parametry 

analizy 

statystycznej 

Badana cecha 

  

[MPa] 

 

[MPa] 

 

[GPa] [MPa] 

 

[MPa] 

 

[cm3/50

cm2] 

Warto  

rednia 
67 

(20÷58) 
7,3 

(1,6÷4,1)

36,7 
(27÷37)

65,9 12,9 
9,0 

(≤12,2) 

Warto   

minimalna 
63,1 5,9 32,7 56,1 10,9 7,1 

Odchylenie 

standardowe 
2,2 0,6 2,8 4,5 1,1 0,6 

Wska nik 

zmienno ci [%] 
3 8 8 7 8 7 

Wspó czynnik 

jednorodno ci [-] 
0,94 0,81 0,90 0,85 0,85 0,84 

Przedzia  

ufno ci 

65,9

68,0 

7,0 

7,6 

35,3 

38,1 

63,9 

67,8 

12,3 

13,5 

8,7 

9,3 
W nawiasach podano w a ciwo ci betonu zwyk ego wg: PN-EN 1992-1-1:2008 oraz 

PN-83/B06256. Oznaczenia cech wyja niono w tek cie (por. pkt. 4). 

 

 Przeprowadzone badania (tabela 4), wykaza y wzrost wytrzyma-

o ci na ciskanie fibrokompozytu o zawarto ci w ókien 1,2% o ok. 50% 

oraz wytrzyma o  na rozci ganie przy roz upywaniu o ok. 120% w sto-

sunku do kompozytu bez w ókien. 

 Wyniki badania odporno ci na dzia anie mrozu pozwalaj  okre-

li  stopie  mrozoodporno ci kompozytu drobnokruszywowego na po-

ziomie F50. Próbki nie wykazywa y p kni , a redni ubytek masy pró-

bek wyniós  0,22%. Nie nast pi  równie  spadek wytrzyma o ci na ci-

skanie w stosunku do próbek niezamra anych. Analizy dowodz , e przy 
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zawarto ci w ókien w ilo ci 1,2% badany fibrokompozyt wykazuje rów-

nie  wi ksz , w porównaniu do betonu zwyk ego, odporno  na cieral-

nie, spe niaj c wymagania normy PN-83/B-06256 „Beton odporny na 

cieranie”. 

 Wyniki bada  resztkowej wytrzyma o ci na zginanie wyra nie 

wskazuj  na ci gliwy charakter materia u. Poniewa  w ókna w du ym 

stopniu hamuj  powstawanie i rozwój zarysowa  w betonie ich dodatek 

pozwala uzyska  du y wzrost wytrzyma o ci na rozci ganie. Zastosowa-

nie zbrojenia rozproszonego powoduje, e kompozyt nie ulega nag emu 

zniszczeniu, jak ma to miejsce w przypadku betonu zwyk ego. Wykresy 

zale no ci si y obci aj cej od szeroko ci rozwarcia rysy CMOD przed-

stawiono na rysunku 7, na którym B1/9 do B9/9 oznaczaj  numery bada-

nych belek. Analizuj c kszta t wykresu pokazanego na rysunku 7 mo na 

stwierdzi , e belki o zawarto ci w ókien 1,2% wykazuj  cech  pcs [22], 

tj. powolny spadek si y niszcz cej wraz ze wzrostem warto ci CMOD po 

pojawieniu si  rysy. 

 

 

Rys. 7. Zale no  si y obci aj cej od szeroko ci rozwarcia rysy 

Fig. 7. Depending of the loading force of CMOD 

 

 Po pojawieniu si  pierwszej rysy obserwowano spadek si y nisz-

cz cej, a nast pnie jej wzrost. Mo na zauwa y , e po osi gni ciu mak-

symalnej si y rozci gaj cej i powstaniu rys badana próbka zachowuje 

zdolno  przenoszenia obci enia rozci gaj cego. Zdolno  ta zmniejsza 

si  wraz ze wzrostem szeroko ci rozwarcia rys. rednie warto ci reszt-

kowej wytrzyma o ci przy zginaniu i towarzysz ce im szeroko ci roz-

warcia rysy przedstawiono w tabeli 5. 
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Tabela 5. rednie warto ci wytrzyma o ci resztkowej w zale no ci od 

szeroko ci rozwarcia rysy  

Table 5. Average values of residual strength depending on the width  

of the opening cracks 

Szeroko  

rozwarcia rysy 

CMOD  [mm] 

0,5 1,5 2,5 3,5 
fR3k / 

fR1k 

Klasyfikacja 

wed ug 

Model Code 

2010 [22] 

Wytrzyma o  na 

zginanie [MPa] 

fR1k fR2k fR3k fR4k 
0,8 8b 

8,38 8,18 7,36 6,37 

Wytrzyma o ci resztkowe fR,1, fR,2, fR,3 i fR,4 oznaczaj  warto ci napr e  roz-

ci gaj cych w przekroju dla danych szeroko ci rozwarcia rysy CMOD, rów-

nych odpowiednio: 0,5, 1,5, 2,5, 3,5 mm.

 

 Klasyfikacja 8b wg [22] definiuje badany materia , jako fibro-

kompozyt o bardzo wysokiej warto ci fR1 (zakres od 1–8), litera „b” 

oznacza, e badany fibrokompozyt wykonany na bazie piasków odpado-

wych charakteryzuje cech  pcs , któr  wyznaczono z zale no ci fR3/fR1 

(wg [22] „a” i „b” – pcs, „d” i „e” – psh). Warto ci wytrzyma o ci poda-

ne w tabeli mog  pos u y  do projektowania elementów konstrukcyjnych 

na zginanie oraz cinanie, wykonanych z fibrokompozytu na bazie pia-

sków odpadowych. 

 Dodatek w ókien stalowych nieznacznie, co potwierdza literatu-

ra [11], wp ywa jedynie na przyrost statycznego modu u spr ysto ci, 

jego warto  wzrasta o ok. 2 MPa w stosunku do kompozytu bez w ó-

kien. Brak znacz cego wp ywu dodatku w ókien na t  cech  mo e by  

spowodowany dobr  wytrzyma o ci  na ciskanie betonu, przypadko-

wym u o eniem w ókien stalowych oraz stosunkowo ma  powierzchni  

w ókien w porównaniu z przekrojem betonowym.  

 W celu dalszej identyfikacji w a ciwo ci fibrokompozytu wyko-

nanego na bazie piasków odpadowych, jako materia u konstrukcyjnego, 

prowadzone s  badania w a ciwo ci reologicznych: pe zanie. Zaplano-

wano tak e wykonanie bada  pe nowymiarowych elementów konstruk-

cyjnych, p yty i belki (w trakcie bada ). 
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6. Podsumowanie 

 Wyniki przeprowadzonych bada  dowodz , e w a ciwo ci me-

chaniczno-fizyczne drobnokruszywowego kompozytu wykonanego na 

bazie piasków odpadowych ze zbrojeniem rozproszonym w ilo ci 1,2% 

odpowiadaj  wymaganiom stawianym materia om konstrukcyjnym. Pro-

ponowany fibrokompozyt dzi ki swoim w a ciwo ciom mo e, w niektó-

rych przypadkach, stanowi  alternatyw  dla betonu zwyk ego. Przepro-

wadzone studia literaturowe i otrzymane wyniki bada  pozwalaj  stwier-

dzi , e istnieje mo liwo  u ycia tego materia u do wykonywania ele-

mentów konstrukcyjnych takich, jak: p yty stropowe, belki, posadzki 

przemys owe czy pow oki, a tym samym stwarza perspektyw  na wyko-

rzystanie kruszywa odpadowego. 

 Mo liwo  wykorzystania piasków odpadowych jako pe nowarto-

ciowego kruszywa do wytwarzania materia u konstrukcyjnego w skali 

przemys owej rozwi za aby, w du ej mierze, problem zagospodarowania 

ha d zalegaj cych w rejonie Pomorza Zachodniego. 

 Du e zasoby kruszyw drobnych, wyst puj ce w postaci odpadów 

poprodukcyjnych, mog yby sta  si  bogactwem dla tego Regionu, a tym 

samym podstawowym sk adnikiem materia ów przeznaczonych do wy-

twarzania elementów konstrukcyjnych. 
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Waste Sands as a Valuable Aggregates  
to Produce Fibre-composites 

Abstract 
In the paper an issue of waste sand utilization was raised. The heaps of 

waste sand located in Polish region Pomerania are by-product obtained during 

the process called hydroclassification of all-in-aggregate for concrete produc-

tion. One of examples how to resolve the waste sand utilization problem could 

be its application for the production of steel fiber reinforced mineral compo-

sites. The authors introduced their tests results physical-mechanical properties 

of fibrous composites made on the basis of waste sands with different amounts 

of steel fibers. Steel fiber content is from 0 to 2.5% relative to the volume of the 

composite. The fibers in the mixture were arranged at random. Based on these 

results proposed composite of the best properties, which meets the requirements 

for construction materials. It was specified the exact composition of the material 

of this composite. For the selected composite steel fibre content of 1.2% of tests 

taken basic properties: compressive strength, tensile strength, residual strength, 

modulus of elasticity, shear strength, resistance to frost, resistance to abrasion. 

Tests were performed on samples having a side of 150 cubic mm and cylindri-

cal with the dimensions 150x300 mm. 

Carried out research, literature studies and analysis of the obtained results 

allow to conclude that this material can be used for the performance of structural 

elements and thus creates a perspective on the use of waste aggregates. 

In view of the above, the large resources of small aggregates present in 

the form of waste could become a wealth for the region of Pomerania. Sands 
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waste could become a basic component of materials intended for the manufac-

ture of certain structural elements. 

The use of waste to produce aggregate composites constructional on 

a wider scale, and partial replacement of concrete simple-it such material can 

significantly reduce further degradation of the environment. 
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Analiza specjacyjna w badaniach rodowiska 
 

Jerzy Siepak 

Pa stwowa Wy sza Szko a Zawodowa, Gniezno 

Wst p 

Ekoanalityka jako interdyscyplinarna nauka wskazuje na cis e 

powi zanie osi gni  nauk podstawowych z praktycznymi zastosowa-

niami. Wspó czesna analityka próbek rodowiskowych dostarcza wa -

nych wyników na bardzo niskim poziomie st e  przy jednocze nie nie-

wielkiej masie próbki, szczególnie w ostatnich dwudziestu latach. Spe-

cjalistyczna aparatura zosta a rozbudowana o wiele nowych instrumen-

talnych rozwi za  przy wsparciu coraz lepszych programów komputero-

wych. Badaj c stan rodowiska i okre laj c poziom analitów dostarcza-

my istotnie wa nych o praktycznym znaczeniu danych, niezb dnych 

w wielu rozwijaj cych si  dziedzinach oraz w globalnym monitoringu 

rodowiska. Perspektywy rozwoju in ynierii ochrony rodowiska s  uza-

le nione od dobrej ekoanalityki w laboratoriach wyposa onych w naj-

nowsz  aparatur  laboratoryjn . ledzenie procesów technologicznych 

uzdatniania wody, oczyszczania cieków, remediacji gruntów, rekulty-

wacji jezior, recyklingu i utylizacji odpadów to g ówne problemy wspar-

te i rozwijane poprzez nowoczesn  analityk , a obecnie o techniki czo-

ne [1]. Wspó czesne technologie wymagaj  cz sto oznacze  sk adników 

ladowych. Granic , od której mo na mówi  o analizie ladów jest st e-

nie 100 ppm. Zaproponowana obecnie przez IUPAC granica za kilka lat 

ponownie ulegnie przesuni ciu. Nauka i technika wymusza na bie co 

rozwój metod i technik analitycznych przeznaczonych do oznaczania 

ma ych i bardzo ma ych zawarto ci analitu. Najczystszy materia  techno-

logiczny otrzymany przez cz owieka okre la si  zapisem 11N, 10
-9

% 
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czyli ppt. Podobna czysto  jest niezb dna w biotechnologii, in ynierii 

genetycznej, in ynierii rodowiska i w ochronie rodowiska.  

Specjacja 

Zjawisko wyst powania ró nych fizycznych i chemicznych form 

tego samego pierwiastka zosta o opisane terminem specjacja. S owo to 

zosta o zapo yczone z nauk biologicznych z aci skiego s owa species – 

gatunek, ewolucja gatunku. Specjacja okre la wyst powanie pierwiastka 

w ró nych, wyra nie zdefiniowanych formach chemicznych i ma wyra -

ny sens jako ciowy. Ewaluacja terminu specjacja zosta a przedstawiona 

w artykule przegl dowym w Ekologii i In ynierii Ekologicznej [2]. Spe-

cjacja chemiczna – termin, który pojawi  si  w literaturze w 1993 roku 

i by  wpierw okre lany jako „przemieszczanie i przekszta canie si  form 

pierwiastka w rodowisku” [3]. W tym samym roku pojawi  si  termin 

„szeroki zakres zwi zków lub form chemicznych lub pierwiastków, 

uk adów, w jakich wyst powa , lub ró nych grup atomów obecnych 

w ró nym rodowisku” [3]. Dojlido [3] okre li  termin specjacji „wyst -

powaniem substancji w ró nych postaciach jako uwodnione wolne jony, 

jako kompleksy i pary jonowe, jako zwi zki organiczne i inne”, a w 1997 

[3] jako „wyst powanie substancji w ró nych postaciach (formach)”. 

Równie  Hulanicki w 1998 [3] specjacj  okre li  „wyst powaniem zró -

nicowanych chemicznych, a tak e fizycznych form danego pierwiastka”, 

lub „wszystkie fizyczne i chemiczne formy wyst powania pierwiastka 

w danej matrycy rodowiska” [3]. Termin ten by  równie  okre lany na-

st puj co „ wyszczególnienie rodzaju wi za  w danym zwi zku che-

micznym oraz okre lenie stopnia utlenienia jonów metali” [3]. Namie-

nik, ukasiak i Jamrógiewicz [4] wprowadzili poj cie „proces identyfi-

kacji ró nych form chemicznych i fizycznych w jakich dany pierwiastek 

wyst puje w badanej próbce”. Mi dzynarodowa Unia Chemii Czystej 

i Stosowanej IUPAC [5] definiuje specjacj  jako proces maj cy dostar-

czy  dowodów na fakt istnienia postaci atomowych i molekularnych ana-

litów. W odniesieniu do rodowisku Caroli zdefiniowa  specjacj  jako 

identyfikacje i weryfikacj  ró norodnych form analitu pod wzgl dem 

ryzyka dotycz cego zdrowia ludzi i kondycji rodowiska [17, 19]. G ów-

ne obszary bada  analizie specjacyjnej przedstawiono na rys. 1.  



528 Jerzy Siepak 
 

 

Rys. 1. Obszary bada  w analizie specjacyjnej 

Fig. 1. Research areas in speciation analysis 

Analiza specjacyjna 

Wiedza o ca kowitym st eniu analitu w badanej próbce sta a si  

obecnie niewystarczaj ca. Powsta y realne analityczno-instrumentalne 

przy wsparciu komputerowym mo liwo ci oznaczania form (fizycznych 

i chemicznych) tego samego pierwiastka (lub zwi zku chemicznego) 

w tej samej próbce w warunkach ustalonej – naturalnej równowagi. Ana-

liza specjacyjna ma sens ilo ciowy. Ka da z form oznaczonego analitu 

ma inne w a ciwo ci bio(geo)chemiczne, a tym samym toksykologiczne. 

Badania biochemiczne, toksykologiczne, farmaceutyczne, kliniczne, hy-

drobiologiczne, hydrogeologiczne, hydrochemiczne i w in ynierii ochro-

ny rodowiska rozwin y intensywnie analiz  specjacyjn  tak próbek 

rodowiskowych, jak i technologicznych i biologicznych. Szereg proce-

sów badawczych jak: kumulacja, migracja, biodost pno , biomagnifika-

cja, toksyczno , rozpuszczalno  i sorpcja mo e by  opisana analiz  

korelacyjna, wykorzystuj c oznaczone formy analitów. 
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Analiza specjacyjna to analiza konkretnych form chemicznych, 

a rozwini te w literaturze poj cie „to proces identyfikacji i oznaczania 

róznych form chemicznych i fizycznych, w jakich dany pierwiastek wy-

st puje w badanej próbce” [1–5].  

Namie nik okre la kilka typów analizy specjacyjnej – fizycznej 

i chemicznej. Specjacja fizyczna uwzgl dnia wyst powanie wolnego 

analitu i analit w postaci zwi zanej. Frakcj  zwi zan  z zawiesin  od 

frakcji rozpuszczonej oddzielono na s czku 0,45 m. W ten sposób mo -

na wykaza , e na zawiesinie sorbuje si  oko o 80% oznaczanego anali-

tu, a tylko 20% rozpuszcza si  i przechodzi do wody jako rozpuszczalni-

ka naturalnego, wzgl dem którego mo na okre li  wymywanie zanie-

czyszcze  z próbek rodowiskowych. W ten sposób okre lono poziom 

zagro enia zwi zkami organicznymi: wielopier cieniowymi w glowodo-

rami aromatycznymi (WWA), polichlorowanymi bifenylami (PCB) 

i dioksynami (PCDD i PCDF). 

Specjacja fizyczna analizy wody rzecznej wskazuje, e wod  jako 

medium nale y rozpatrywa  jako rozpuszczalnik i zawiesin  rzeczn . 

Jest to uk ad dwufazowy, na co nie zwraca uwagi Rozporz dzenie Mini-

stra Ochrony rodowiska, Zasobów Naturalnych i Le nictwa w sprawie 

klasyfikacji wód oraz warunków, jakim powinny odpowiada  cieki 

wprowadzane do wód lub do ziemi z dnia 5. listopada 1991 roku Dz. U. 

Nr 116 z 16. grudnia 1991 roku. 

W my l polskich przepisów nale y pobra  wod  z rzeki i wykona  

analiz  wody. W przypadku zawiesiny w wodzie ods czy  na s czku bibu-

owym i odrzuci . W my l przepisów niemieckich nale y wod  z rzeki 

przes czy  przez s czek 0,45 m i wykona  analiz  np. metali w wodzie 

i osobno w zawiesinie. Przepisy niemieckie LAWA 1998 [6] okre laj  

dopuszczalne st enia metali w wodzie (faza podstawowa) i osobno 

w zawiesinie. Dlatego trudno jest porównywa  powy sze wyniki. 

Rozwini cie analizy specjacyjnej tylko na typ fizyczny powoduje, 

e w polskich przepisach prawnych konieczna jest nowelizacja na wzór 

Unii Europejskiej. Wod  rzeczn  nale y traktowa  jako uk ad trójfazo-

wy: woda – zawiesina – osad denny z odr bnymi przepisami kwalifika-

cyjnymi stanu czysto ci tych trzech odr bnych faz (rys. 2). Natomiast 

specjacja chemiczna [4] wyró nia cztery typy analizy: specjacja przesie-

wowa, specjacja grupowa, specjacja dystrybucyjna i specjacja indywidu-

alna. Typ specjacji przesiewowej okre la tylko jeden analit najbardziej 
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niebezpieczny w badanej matrycy. Takim przyk adem jest oznaczanie tri 

bu tyl o-cyny w wodzie morskiej lub w tkankach lub oznaczanie mety-

lort ci w tkankach.  

 

 

Rys. 2. G ówne procesy i mechanizmy reakcji wzajemnego oddzia ywania 

mi dzy rozpuszczonymi i sta ymi formami metali w wodach 

Fig. 2. Main processes and reaction mechanisms concerning interaction 

between melted and liquid forms of metals in water 

 

Typ specjacji dystrybucyjnej wi e si  z próbkami biologicznymi 

w p ynach fizjologicznych i w surowicy krwi. Ostatni typ specjacji to spe-

cjacja indywidualna. Jest to najtrudniejsza analiza specjacyjna, bowiem 

polega na identyfikacji i oznaczeniu w próbce wszystkich indywiduów 

chemicznych, które zawieraj  w swoim sk adzie dany pierwiastek [1]. 

W tym przypadku obecnie obserwowany jest szeroki zakres zastosowa  

nie tylko w okre laniu stanu rodowiska, lecz równie  w szerokich bada-

niach jako ci ywno ci, ekotoksykologii i in ynierii ochrony rodowiska.  

Wraz z rozwojem tych dziedzin naukowych mamy coraz wi cej 

informacji odno nie wyst powania i roli arsenu, antymonu i selenu 

w ekosystemach. Zainteresowanie oznaczeniami tych pierwiastków wy-

nika z kilku przyczyn. Pierwiastki te rzadko osi gaj  w (nawet zanie-
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czyszczonym) rodowisku st enia toksyczne, jednak e niewielka roz-

pi to  dawki przyjmowanej przez organizmy (cz sto koniecznej dla ich 

prawid owego funkcjonowania) i dawki toksycznej przy powszechno ci 

ich wyst powania wymaga kontroli. Zawarto  zwi zków arsenu, anty-

monu i selenu w rodowisku mo e stanowi  element monitoringu roz-

przestrzeniania si  zanieczyszcze , informowa  o nasileniu procesów 

antropopresyjnych. Wreszcie istotnym staje si  okre lanie poziomu natu-

ralnego – t a hydrogeochemicznego, b d  przy niemo no ci wykluczenia 

zmian antropopresyjnych, poziomu odniesienia dla czasu wykonania 

analizy. Istotno ci nabiera tu rozró nienie form wyst powania pierwiast-

ków w rodowisku – analiza specjacyjna gdy  przyk adowo zwi zki nie-

organiczne selenu s  kilkaset razy bardziej toksyczne od form metylowa-

nych, podobnie dla arsenu, zwi zki zawieraj ce antymon (III) s  bardziej 

toksyczne od zawieraj cych antymon (V). Oznaczenia takie rozszerzaj c 

wiedz  o rodowisku naturalnym stanowi  cz sto punkt odniesienia przy 

okre laniu tendencji zachodz cych w ekosystemach i ich dynamiki, co za 

tym idzie stanowi c podstaw  do dalszych dzia a  w zakresie czy ochro-

ny rodowiska czy in ynierii ekologicznej. 

Ogólny schemat analizy specjacyjnej As, Sb i Se w wodach 

przedstawiono w odr bnej monografii Niedzielskiego [7]. 

Ekstrakcja sekwencyjna 

W pracach nad specjacj  metali ci kich w osadach dennych ba-

dacze cz sto pos uguj  si  podzia em zaproponowanym przez Tessiera 

i wspó pracowników, którzy wyró nili i zdefiniowali pi  frakcji [8]. 

Frakcja I. Metale wymienialne. 

S  to metale zaadsorbowane na powierzchni cia  sta ych, które 

w wyniku zmian sk adu jonowego wody, w wyniku przesuni cia równo-

wagi w uk adzie sorpcja-desorpcja mog  przej  do toni wodnej. 

Frakcja II. Metale zwi zane z w glanami. 

Frakcja ta obejmuje metale wyst puj ce w formie w glanów, lub 

wspó str cone z w glanami. W wyniku spadku warto ci pH wody w stre-

fie przydennej mo e nast pi  zachwianie równowagi w glanowej  

i w konsekwencji ponowne przej cie metali do toni wodnej. 

Frakcja III. Metale zwi zane z uwodnionymi tlenkami elaza 

i manganu. 
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S  to metale zaadsorbowane na rozwini tej powierzchni wytr ca-

j cych si  uwodnionych tlenków elaza i manganu. W warunkach bez-

tlenowych (redukuj cych), w wyniku redukcji elaza i manganu, mo e 

nast pi  rozpuszczenie osadu i zawrócenie metali do toni. 

Frakcja ta obejmuje metale wyst puj ce w formie w glanów, lub 

wspó str cone z w glanami. W wyniku spadku warto ci pH wody w stre-

fie przydennej mo e nast pi  zachwianie równowagi w glanowej  

i w konsekwencji ponowne przej cie metali do toni wodnej. 

Frakcja IV. Metale zwi zane z materi  organiczn . 

S  to metale zaadsorbowane na powierzchni materii organicznej 

lub metale zwi zane z t  materi  (wbudowane). S  one chwilowo unieru-

chomione, jednak w wyniku naturalnie post puj cej mineralizacji osa-

dów czasem musz  one przej  do jednej z pozosta ych frakcji lub za-

wróci  do toni wodnej. 

Frakcja V. Metale pozosta e, trwale zwi zane z minera ami. 

Frakcja ta obejmuje metale wbudowane w sie  krystaliczn  mine-

ra ów, zarówno wtórnych jak i pierwotnych. S  trwale unieruchomione 

i w warunkach naturalnych, w przewidywalnym czasie nie przejd  do 

toni wodnej, nie stanowi  wi c realnego zagro enia dla ekosystemu. 

Pierwszym problemem, jaki napotyka badacz zajmuj cy si  anali-

z  specjacyjn  osadów dennych na zawarto  metali ci kich, jest wy-

pracowanie techniki pobierania próbek i ich wst pnej obróbki [9]. W tym 

pierwszym etapie nale y uwzgl dni  lokalizacj  miejsc pobierania repre-

zentatywnych próbek, sam  technik  pobierania, sposób oddzielenia inte-

resuj cej nas warstwy osadu, przechowywanie próbek, suszenie, roz-

drabnianie i przesiewanie. Poszczególne czynno ci musz  by  tak wyko-

nywane, by z jednej strony nie dopu ci  do zanieczyszczenia próbek 

oznaczanymi metalami, z drugiej za  maksymalnie zabezpieczy  je przed 

wszelkimi niepo danymi procesami mog cymi spowodowa  zmian  

form wyst powania pierwiastków. Zanieczyszczenie próbek metalami 

mo e nast pi  w czasie ich pobierania, rozdrabniania i przesiewania. 

Czynno ci te nale y wi c wykonywa  przy u yciu sprz tu nie zawieraj -

cego cz ci metalowych. Przy zachowaniu du ej ostro no ci kontamina-

cje próbek mo na ograniczy  praktycznie do zera. Znacznie trudniejszym 

zadaniem jest przechowywanie i suszenie próbek w ten sposób, aby nie 

dopu ci  do zmiany formy wyst powania metali. Nale y d y  do jak 

najkrótszego przechowywania próbek w stanie wilgotnym. W czasie tym 
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powinny by  one silnie wych odzone lub zamro one, co znacznie hamuje 

zachodz ce w nich procesy biologiczne. Odwodnienie próbki nast puje 

przez odwirowanie, suszenie w suszarce b d  pod lampami promienni-

kowymi lub, co wydaje si  by  najbardziej korzystne dla poprawno ci 

analizy specjacyjnej, poprzez liofilizacj . Pomimo stosowania skompli-

kowanych cz sto zabiegów, jak np. realizowanie wszystkich wyliczo-

nych czynno ci w atmosferze gazu oboj tnego, nigdy nie mamy ca kowi-

tej pewno ci, czy sk ad próbki w pe ni odpowiada rzeczywistemu sk a-

dowi osadu, zalegaj cego w warunkach naturalnych dno zbiornika.  

Nast pnym etapem jest rozró nienie i ilo ciowe wyodr bnienie 

form wyst powania metali w badanym osadzie. Jedn  z podstawowych 

technik rozdzielania poszczególnych, wymienionych wcze niej frakcji, 

jest metoda ekstrakcji sekwencyjnej [10]. Polega ona na wielokrotnym 

ekstrahowaniu wcze niej przygotowanej próbki osadu coraz to innymi, 

specyficznymi dla danej frakcji ekstrahentami. W celu uzyskania porów-

nywalnych, nadaj cych si  do interpretacji wyników, nale y w badaniach 

stosowa  ujednolicon  procedur . Dla celów monitoringowych koniecz-

nym staje si  wi c opracowanie metod standardowych. Umo liwi o by to 

równie  przygotowanie materia ów referencyjnych, tak istotnych przy 

ocenie poprawno ci wykonywania tej skomplikowanej, wieloetapowej 

analizy [16]. 

Ostatnim etapem jest ilo ciowe oznaczenie w otrzymanych eks-

traktach zawarto ci metali. Wykorzystuje si  do tego celu ró ne, po-

wszechnie dost pne techniki instrumentalne [11]. Tak wi c stosuje si  

spektrofotometry absorpcji atomowej, zarówno z atomizacj  w p omieniu 

jak i elektrotermiczn , ICP, metody polarograficzne, wolt amperome-

tryczne i potencjometryczne. Przy doborze odpowiedniej techniki anali-

tycznej nale y bra  pod uwag  zarówno wp yw substancji przeszkadza-

j cych, ekstrahowanych z osadu, jak i oznaczalno  metody. Jest to 

szczególnie istotne przy analizie próbek osadów dennych z obszarów 

niezanieczyszczonych, w których metale wyst puj  w bardzo ma ych, 

cz sto ladowych ilo ciach [12]. 
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Rys. 3. Schemat frakcjonowania metali z osadów dennych wed ug Tessiera 

Fig. 3. Fractionation scheme for metals from sediments according to Tessier 
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Materia y referencyjne 

Istnieje wiele materia ów referencyjnych do oznaczania ca kowi-

tej zawarto ci pierwiastków w wodach naturalnych. Jednak e tylko kilka 

jest przydatnych do analizy specjacyjnej. Wymieni  tu mo na wod  

rzeczn  o certyfikowanej zawarto ci ró nych nieorganicznych i orga-

nicznych zwi zków arsenu i liofilizowany roztwór wodny do oznaczania 

Cr(III) i Cr(VI). Szereg materia ów jest na etapie bada , które nie tylko 

wymagaj  perfekcyjnej techniki analitycznej, ale s  te  pracoch onne 

i wymagaj  zaanga owania wielu laborantów analitycznych. W stadium 

opracowania s  materia y do bada  specjacji selenu i oznaczania trimety-

loo owiu w wodach. Trudno ci wyst puj  te  z doborem warunków prze-

chowywania, gdy  np. trwa o  certyfikowanych materia ów do oznacza-

nia selenu, przechowywanych w naczyniach polietylenowych jest zadawa-

laj ca w odró nieniu od naczy  polipropylenowych. Aby zapewni  trwa-

o  obu stopni utlenienie chromu w liofilizowanym roztworze, powinien 

by  on przechowywany pod ochronn  atmosfer  azotu w ciemno ci. 

Certyfikowane materia y odniesienia do analizy specjacyjnej osa-

dów morskich z oznaczaniem konkretnych indywiduów zosta y opraco-

wane do oznaczania zwi zków alkilocyny i metylort ci. Poniewa  celem 

oznaczania jest zdefiniowany zwi zek, takie materia y mog  by  stoso-

wane równie  do kontroli jako ci nowo opracowanych metod analitycz-

nych. Natomiast materia y s u ce do badania specjacji operacyjnej mu-

sz  by  zaopatrzone w bardzo ci le zdefiniowan  procedur  analityczn , 

a wykorzystanie ich do kontroli innych procedur, wobec umowno ci ce-

lu, na ogó  nie ma sensu. Takimi materia ami s : gleba wapienna (CRM 

600), gleby ze szlamem ciekowym (CRM 483 i CRM 484) w których 

certyfikowane s  zawarto ci kadmu, chromu, miedzi, niklu o owiu i cyn-

ku [3, 13–14]. 

Techniki czone  

Selektywne oznaczenia specjacyjnych form pierwiastków mo li-

we s  do przeprowadzenia na przyk ad poprzez wst pna separacj  form 

specjacyjnych, a nast pnie ich oznaczenia ilo ciowe z wykorzystaniem 

metod stosowanych w oznaczeniach ca kowitej zawarto ci oznaczanego 

pierwiastka. Separacja form specjacyjnych mo e by  prowadzona z wy-

korzystaniem odpowiednich, zwykle czasoch onnych i trudnych do za-
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stosowa  rutynowych technik czy procedur, które zwykle prowadz  jed-

nak do uzyskiwania przybli onych wyników oznacze . Ponadto manual-

ne procedury separacyjne stwarzaj  du e mo liwo ci wyst pienia b dów 

ju  na tym etapie analizy. St d zainteresowanie technikami cz cymi 

procedury separacji form specjacyjnych i nast pnie ilo ciowego ozna-

czania okre lanymi jako techniki czone [18]. W swej zasadniczej for-

mie idea tych technik oparta jest na zastosowaniu do rozdzia u form spe-

cjacyjnych jednej z metod chromatograficznych: chromatografii gazowej 

(GC) czy wysokosprawnej chromatografii cieczowej (HPLC), lub te  

innych technik separacyjnych jak na przyk ad elektroforeza kapilarna 

(CE), jako detektory stosowane s  natomiast g ównie metody spektrome-

tryczne znane jako samodzielne metody oznaczania ca kowitej zawarto-

ci pierwiastków: absorpcyjna spektrometria atomowa (AAS), atomowa 

spektrometria fluorescencyjna (AFS), mikrofalowo wzbudzana plazma 

z detekcja emisyjn  (MIP-AES), indukcyjnie wzbudzona plazma z detek-

cj  emisyjn  (ICP-AES) czy te  detekcj  masow  (ICP-MS). Techniki 

czone stanowi  wi c rozwini cie znanych metod chromatograficznych, 

w których „klasyczne” detektory chromatografii gazowej: wychwytu 

elektronów (ECD), termo przewodnictwa (TCD), p omieniowo joniza-

cyjny (FID), fotojonizacyjny (PID), spektrometria mas (MS), czy chro-

matografii cieczowej: spektrofotometryczne (UV-Vis, IR, UV) czy fluo-

rymetryczny (RF), (te ostatnie b d ce równie  samodzielnymi metodami 

analitycznymi) nieselektywne w stosunku do zwi zków ró nych metali 

i metaloidów, a zwykle charakteryzuj ce si  niewystarczaj cymi grani-

cami wykrywalno ci, zast pione zosta y metodami selektywnego ozna-

czania pierwiastków oferuj cymi odpowiednio niskie granice wykrywal-

no ci. Ponadto metody plazmowe (MIP-AES, ICP-AES, ICP-MS) umo -

liwiaj  oznaczenia wielu pierwiastków jednocze nie. Dlatego techniki 

czone staj  si  najlepszymi narz dziami analizy specjacyjnej które mi-

mo wysokich kosztów zakupu i eksploatacji urz dze , staj  si  coraz 

cz ciej spotykanymi w laboratoriach analitycznych, a w niektórych kon-

figuracjach (np. GC-MIP-AES, HPLC-ICP-MS) dost pnymi komercyjnie 

[7, 15]. Najcz ciej spotykany uk ad technik czonych zawarto na rys. 4.  
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Rys. 4. Najcz ciej stosowane techniki czone 

Fig. 4. The most frequently used combined methods 

 

Praca powy sza b dzie prezentowana w odr bnym multimedial-

nym wydaniu. 
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1. Wst p 

Chemia sanitarna jest cz ci  szeroko poj tej chemii rodowiska. 

Zakres tematyki chemii sanitarnej obejmuje analizy jako ciowe wody 

i cieków [5, 7, 11, 16, 18].  

W ramach analiz wód badaniami obejmowane s  wody podziem-

ne i powierzchniowe, b d ce ród em zaopatrzenia w wod  gospodarki 

narodowej czyli ludno ci, przemys u i rolnictwa. Wody podziemne i po-

wierzchniowe charakteryzuj  si  zmiennymi w a ciwo ciami jako cio-

wymi. Sk ad wód podziemnych jest odmienny od sk adu wód po-

wierzchniowych. Chemia sanitarna maj ca podstawy w chemii ogólnej 

i analitycznej pozwala na dostarczenie informacji o jako ci tych wód [22, 

27, 34, 36]. Ma to decyduj ce znaczenie w projektowaniu i prowadzeniu 

procesów uzdatniania wody. Uwzgl dniaj c zró nicowane wymagania 

odno nie sk adu jako ciowego wody przeznaczonej do wykorzystania, 

zakres wykonywanych analiz jest niejednolity. Wynika to tak e z wyma-

ga  okre lonych odpowiednimi aktami prawnymi dotycz cymi wody do 

spo ycia, wody przeznaczonej do celów przemys owych, w tym do ce-

lów energetycznych, ch odniczych, przemys u spo ywczego, farmaceu-

tycznego i innych [22, 40, 41]. W odniesieniu do wód powierzchniowych 

i podziemnych nale y wspomnie  tak e o zakresie ich monitoringu oraz 

o substancjach priorytetowych dla rodowiska wodnego [33, 39]. Zakres 

analiz dla tych wód jest ci gle poszerzany i realizowany w ramach Pro-

gramów Monitoringu rodowiska. Aktualny program zosta  opracowany 

na lata 2013–2015 i obecnie jest w trakcie realizacji [55]. Nale y doda , 
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e lista substancji priorytetowych dla rodowiska wodnego jest ci gle 

uaktualniana, tak e w przepisach Unii Europejskiej. W 2013 roku przyj -

to do realizacji Dyrektyw  polegaj c  na wprowadzeniu obowi zku ana-

lizy nowych jedenastu zwi zków g ównych z uwzgl dnieniem niektórych 

ich izomerów. Dla kolejnych jedenastu wyznaczono mniejsze dopusz-

czalne st enia. Zmienione rodowiskowe normy jako ci dla obecnych 

substancji priorytetowych powinny zosta  po raz pierwszy uwzgl dnione 

w planach gospodarowania wodami w dorzeczach na lata 2015–2021. 

Nowo zidentyfikowane substancje priorytetowe oraz ich rodowiskowe 

normy jako ci powinny zosta  uwzgl dnione przy tworzeniu dodatko-

wych programów monitorowania, które maj  zosta  przedstawione do 

ko ca 2018 r. W celu poprawy stanu chemicznego wód powierzchnio-

wych, zmienione rodowiskowe normy jako ci dla obecnych substancji 

priorytetowych powinny zosta  osi gni te do ko ca 2021 r., natomiast 

rodowiskowe normy jako ci dla nowo zidentyfikowanych substancji 

powinny zosta  osi gni te do ko ca 2027 r. [9]. 

W ramach bada  dotycz cych cieków, zakres analiz dostosowa-

ny jest do ich rodzaju. Wynika to z odmiennej charakterystyki jako cio-

wej cieków bytowo-gospodarczych, opadowych i przemys owych, 

a tak e ich mieszanin o zró nicowanych udzia ach, które cz sto wprowa-

dzane s  do miejskich oczyszczalni jako komunalne [35, 38]. Podobnie 

jak w przypadku wód uzdatnianych do konkretnych celów, tak e w przy-

padku cieków sk ad jako ciowy decyduje o wyborze metody i urz dze  

do ich oczyszczania. Analizy chemiczne s  wykonywane na ka dym eta-

pie oczyszczania, natomiast najistotniejsze z punktu widzenia ochrony 

rodowiska s  badania cieków oczyszczonych. Zakres tych analiz jest 

odpowiedni do wymaga  jakie wynikaj  z przepisów prawnych dotycz -

cych warunków wprowadzania cieków do odbiorników powierzchnio-

wych, ziemi czy kanalizacji. W aktualnie obowi zuj cym rozporz dzeniu 

dotycz cym cieków oczyszczonych wymienia si  pi  podstawowych 

wska ników dla cieków bytowych - gospodarczych, szesna cie – dla 

cieków przemys owych szczególnie szkodliwych dla rodowiska wod-

nego oraz 59 – dla pozosta ych zanieczyszcze . Dla 75 wska ników po-

dano metodyki referencyjne do ich oznaczania z odniesieniem do zbioru 

Polskich Norm [38].  
Równie  odno nie wprowadzania cieków do kanalizacji opraco-

wane s  i obowi zuj  odpowiednie przepisy prawne okre laj ce warunki 
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jakim powinny odpowiada  cieki wprowadzane do sieci [31, 46]. Wa-
runki te obejmuj  dopuszczalne st enia trzynastu substancji uznanych 
za szczególnie szkodliwe dla rodowiska wodnego oraz 49 innych 
zwi zków ( m.in. rt , kadm, zwi zki organiczne oznaczane jako AOX, 
BTX, VOX, WWA czy surfaktanty). Analizy chemiczne wykonywane s  
tak e w odniesieniu do wód opadowych. Badania jako ciowe wód opa-
dowych pozwalaj  na ocen  przydatno ci tych wód do celów przemy-
s owych oraz gospodarczych. Badania te s  wykonywane najcz ciej 
w zak adach przemys owych w celu oceny mo liwo ci wykorzystania ich 
do celów ch odniczych lub innych przemys owych. Obowi zek wyko-
nywania analiz chemicznych cieków wynika tak e z konieczno ci za-
chowania warunków odprowadzania cieków do rodowiska, okre lo-
nych w pozwoleniach wodnoprawnych, które wymagane s  przy szcze-
gólnym korzystaniu ze rodowiska i wprowadzaniu do kanalizacji sub-
stancji pochodzenia przemys owego [37, 47].  

Analizy chemiczne s  niezb dne tak e w przypadku osadów cie-
kowych przeznaczonych do przyrodniczego wykorzystania (rolniczego 
i poza rolniczego). W tym przypadku wymagania prawne dotycz  sied-
miu metali ci kich oraz organizmów patogennych [35]. W przypadku 
jednak wykorzystania rolniczego osadów do nawo enia przepisy polskie 
s  niewystarczaj ce wobec faktu, e w osadach ciekowych zidentyfiko-
wano mikrozanieczyszczenia organiczne. S  to grupy zwi zków haloge-
noorganicznych, do których nale : polichlorowane dibenzodioksyny/ 
dibenzofurany (PCDD/, PCDF), polichlorowane bifenyle (PCB), wielo-
pier cieniowe w glowodory aromatyczne (WWA), adsorbowalne na w -
glu aktywnym halogenki organiczne (AOX) oraz etyloheksyloftalany 
(DEHP), nonylofenole i ich etoksylaty (NPE) czy te  rodki powierzch-
niowo czynne (liniowe alkilowe benzosulfoniany-LAS). Identyfikacja 
tych zwi zków w osadach jest wa na, gdy  wymienia si  je w propozycji 
zmian Dyrektywy osadowej Unii Europejskiej z podaniem dopuszczal-
nych st e  w osadach ciekowych przeznaczonych do rolniczego wyko-
rzystania [14].  

Na obecnym etapie rozwoju technik analitycznych, w chemii sa-
nitarnej wykorzystywane s  nie tylko metody badawcze, które s  znane 
od dawna lecz tak e inne, oparte na nowoczesnych technikach analitycz-
nych (instrumentalnych). Metody znane od wielu lat s  ci gle udoskona-
lane, a nowe wykorzystuj  najnowsze osi gni cia nauki. Powszechnie 
stosowane s  metody badawcze zaliczane do optycznych, elektroanali-
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tycznych, chromatograficznych oraz spektroskopowe, spektrometryczne 
i termometryczne. Do metod optycznych zalicza si  spektrofotometri  
absorpcyjn  w zakresie nadfioletu i wiat a widzialnego, spektrofotome-
tri  w podczerwieni, spektroskopi  ramanowsk , metody fluorescencyj-
ne, spektraln  analiz  emisyjn  oraz absorpcyjn  spektrometri  atomow . 
W ród metod elektroanalitycznych wymienia si  potencjometri  i kulo-
metri  (wraz z miareczkowaniem), polarografi , konduktometri  oraz 
amperometri  i woltamperometri . Natomiast metody chromatograficzne 
to: chromatografia gazowa, wysokoci nieniowa cieczowa i cienkowar-
stwowa. Ponadto w analizach chemicznych wykorzystywane s  tak e 
takie metody, jak spektroskopia rezonansu j drowego i elektronowa, 
spektrometria mas czy promieniowania rentgenowskiego. W wielu pro-
cedurach badawczych wykorzystywane s  techniki sprz one, pozwala-
j ce na uzyskanie wiarygodnych wyników w przypadku z o onych ma-
tryc rodowiskowych. Przyk adem jest po czenie chromatografii gazo-
wej ze spektrometrem mas GC-MS oraz kwadrupolowym GC-MS/MS, 
chromatografu cieczowego z detektorem fluorescencyjnym HPLC-Flu 
i inne [17, 23, 26, 43]. 

Wybór metodyki oznaczania powinien g ównie uwzgl dnia  kry-
teria zapewniaj ce dok adno  wyników, istniej ce mo liwo ci aparatu-
rowe oraz ekonomiczne. W przypadku analiz wód oraz cieków metody-
ki referencyjne s  okre lone w odpowiednich przepisach prawnych oraz 
w zbiorze Polskich Norm [38]. Nie zawsze jednak procedury obowi zu-
j ce i okre lone w tych dokumentach s  wystarczaj ce do oznaczania 
szerokiej gamy zwi zków chemicznych, wyst puj cych w wodach lub 
ciekach.  

Przegl d przepisów prawnych dotycz cych warunków jakie po-
winna spe nia : woda kierowana do uzdatniania z przeznaczeniem do 
spo ycia, woda wprowadzana do sieci wodoci gowej, woda do celów 
przemys owych oraz cieki bytowe, przemys owe odprowadzane do od-
biorników, pozwala uzasadni  stwierdzenie, e zakres wymaganych ana-
liz chemicznych jest szeroki. Obejmuje bowiem zwi zki nieorganiczne 
i organiczne oraz grupy zwi zków okre lane wska nikami ogólnymi, 
a tendencja zmian w przepisach prawnych polega m.in. na poszerzaniu 
list analizowanych substancji. Nale y jednak zaznaczy , e w praktyce 
in ynierskiej nie wszystkie zwi zki i substancje analizowane s  z jedna-
kow  cz stotliwo ci . Wynika to z zakresu obowi zuj cych analiz w od-
niesieniu do ró nych mediów, a tak e z dost pno ci aparatury badawczej.  
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Mo liwo ci analityczne w chemii sanitarnej zapewniaj  oznacza-

nie ilo ciowe ró nych zwi zków, tak e wyst puj cych w ilo ciach la-

dowych. A doskonalenie procedur i nowoczesne instrumentarium umo -

liwia oznaczanie coraz szerszej grupy zwi zków z wi ksz  dok adno ci  

i precyzj . Wiarygodno  wyników analiz chemicznych ma tak e wymiar 

ekonomiczny, gdy  jest istotna z punktu widzenia obci enia przedsi -

biorstw karami za przekroczenie warunków wprowadzania cieków do 

wód lub do ziemi [29, 30].  

2. Powi zania chemii sanitarnej z innymi  
dyscyplinami naukowymi 

W wykazie obszarów wiedzy, dziedzin nauki i dyscyplin, jaki 

znajduje si  w Rozporz dzeniu Ministra Nauki i Szkolnictwa Wy szego, 

chemia sanitarna nie jest wymieniana jako oddzielna dyscyplina. W ob-

szarze nauk cis ych wyszczególnia si  dziedzin  nauk chemicznych 

i dyscyplin  pod ogóln  nazw  „chemia”. Ze wzgl du na tematyk , opi-

san  w pkt. 2.1 dotycz c  analiz wód i cieków, chemia sanitarna jest 

ci le zwi zana z ochron  rodowiska pozostaj c  w tej samej dziedzinie 

i obszarze wiedzy. Dyscyplina pod nazwa „ochrona rodowiska” znajdu-

je si  tak e w dziedzinie nauk biologicznych w obszarze nauk przyrodni-

czych. Natomiast dyscyplina „ochrona i kszta towanie rodowiska” znaj-

duje si  w dziedzinie nauk rolniczych w obszarze nauk rolniczych, le-

nych i weterynaryjnych. Ze wzgl du na aplikacyjny charakter chemii 

sanitarnej mo na stwierdzi , e jest ona tak e ci le zwi zana z dyscypli-

n  pod nazw  „in ynieria rodowiska”, któr  umieszczono w wykazie 

w dziedzinie i obszarze wiedzy w ród nauk technicznych [32]. 
Metodyka bada  analitycznych stosowana jest w laboratoriach In-

spektoratów Ochrony rodowiska w placówkach badawczych i nauko-
wych oraz uczelniach wy szych i zak adach przemys owych. Cz  
z tych laboratoriów, po spe nieniu odpowiednich wymaga  akredytacyj-
nych, posiada certyfikaty na wykonywanie konkretnych oznacze  w wo-
dzie i w ciekach (laboratoria akredytowane). W przypadku bada  anali-
tycznych, jakie s  wykonywane dla wody i cieków, niezwykle wa na 
jest obróbka statystyczna wyników oraz walidacja procedur analitycz-
nych. Obróbka statystyczna wyników wymaga znajomo ci testów staty-
stycznych, warunków ich stosowania oraz umiej tno ci ich interpretacji 
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i weryfikacji. Walidacja procedur analitycznych jest niezb dna nie tylko 
w przypadku opracowywania nowej metody lecz jest dokonywana tak e 
przy rozszerzeniu zakresu stosowania opracowanej wcze niej metody, 
wykorzystywaniu innej aparatury lub w przypadku, gdy stosowana meto-
da nie zapewnia otrzymania wiarygodnych wyników [20]. Laboratoria 
w Inspektoratach Ochrony rodowiska s  stosunkowo dobrze wyposa o-
ne w aparatur  analityczn , cz sto posiadaj  odpowiednie certyfikaty, co 
gwarantuje otrzymywanie wiarygodnych wyników. W laboratoriach tych 
wykonywane s  analizy kontrolne dla zak adów przemys owych emituj -
cych cieki oraz badania monitoringowe. Laboratoria zak adowe nato-
miast wykonuj  oznaczenia ci le zwi zane z profilem produkcji, najcz -
ciej zaw aj c zakres analiz do wska ników wyznaczonych w pozwole-

niach wodnoprawnych. Zatem wykorzystanie niektórych metodyk ba-
dawczych chemii sanitarnej dotyczy tak e zak adów przemys owych .  

W praktyce in ynierskiej instrumenty i wyniki analiz prowadzone 
w ramach chemii sanitarnej wykorzystywane s  przy projektowaniu sieci 
wodoci gowych oraz kanalizacyjnych. Dotyczy to zw aszcza instalacji 
transportuj cych cieki przemys owe lub inne, zawieraj cych szczególnie 
toksyczne czy te  agresywne zanieczyszczenia. Tym samym istotny jest 
dobór rodzaju materia ów z których wykonywane s  sieci i instalacje.  

Wyniki analiz jako ciowych wody i cieków wykorzystywane s  
odpowiednio w projektowaniu procesów jednostkowych uzdatniania wo-
dy oraz oczyszczania cieków. Potwierdza to cis y zwi zek chemii sani-
tarnej z in ynieri  rodowiska. Analizy chemiczne s  wykonywane nie 
tylko na etapie projektowania lecz tak e podczas eksploatacji stacji 
uzdatniania wody i oczyszczalni cieków. Badania chemiczne pozwalaj  
okre li  efektywno  poszczególnych procesów jednostkowych w usu-
waniu zanieczyszcze  wody oraz cieków [8, 54]. Wyniki analiz che-
micznych umo liwiaj  tak e bie ce sterowanie procesami technologicz-
nymi w celu uzyskania mo liwie najlepszych efektów w usuwaniu zanie-
czyszcze  w istniej cych uk adach technologicznych. Obróbka staty-
styczna wyników analiz chemicznych jako ci wody ujmowanej lub/i 
oczyszczanej oraz cieków wskazuje kierunki modernizacji i wymiany 
urz dze  lub zmiany technologii. Analizy chemiczne wykonywane s  tak e 
w zak adach przeróbki osadów ciekowych, kompostowniach, biogazow-
niach i spalarniach odpadów. Dlatego w aspekcie przyrodniczego i prze-
mys owego wykorzystania ustabilizowanych biologicznie materia ów wy-
st puj  istotne powi zania chemii sanitarnej z rolnictwem i energetyk .  
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Jak wykazano, badania b d ce w obszarze chemii sanitarnej po-

zwalaj  na ocen  stanu rodowiska, zatem mo na stwierdzi , e tematyka 

ta zwi zana jest z ochron  zdrowia cz owieka. W literaturze naukowej 

wykazano, e wiele zanieczyszcze  wyst puj cych w rodowisku wod-

nym posiada dzia anie toksyczne na organizmy. Zwi zki te lub substan-

cje wyst puj  w niewielkich ilo ciach, zatem ich wykrycie jest analitycz-

nie trudne ale niezwykle istotne. Z punktu widzenia zdrowia cz owieka 

nale y jeszcze wspomnie , e mimo niskich st e  zwi zki te ulegaj  

kumulacji w organizmie, przemianom metabolicznym, a w konsekwencji 

mog  inicjowa  zmiany o charakterze rakotwórczym, mutagennym i tera-

togennym. Przyk adem s  niektóre z po cze  organicznych zaliczanych 

do PCDD, PCDF, PCB, WWA, substancje aktywne stosowane jako 

sk adniki pestycydów czy insektycydów oraz inne halogenowe pochodne 

organiczne [6, 13, 15,19, 21, 50, 44]. 

Chemia sanitarna dostarczaj c informacji o stanie rodowiska ma 

podstawowe znaczenie tak e w opracowaniu przepisów prawnych doty-

cz cych zagadnie  gospodarki wodno- ciekowej, a tak e przepisów zwi -

zanych z ochron  zdrowia. Do tego celu badania kontrolne sk adników 

rodowiska prowadzone s  w warunkach laboratoryjnych i terenowych. 

Uwa a si  jednak, e z punktu widzenia ochrony zdrowia szczególnie 

wa ne s  badania prowadzone w warunkach terenowych [16, 28, 48]. 

3. Aktualny stan rozwoju chemii sanitarnej w Polsce 

3.1. Syntetyczny przegl d problemowy osi gni  naukowych  
w latach 1990–2012 

Na podstawie informacji uzyskanych z uczelni krajowych mo na 

stwierdzi , e w latach 1990–2012 prowadzone badania skupia y si  wo-

kó  nast puj cych problemów i zagadnie : 

• oznaczanie sk adników wód i ocena stanu jako ci wód powierzchnio-

wych i podziemnych oraz identyfikacja róde  zanieczyszcze , 

• badania migracji zanieczyszcze  w rodowisku wodnym i gruntowo-

wodnym, 

• badania przemian zanieczyszcze  organicznych i nieorganicznych 

w procesach technologicznych, 

• uzdatnianie wody i oczyszczanie cieków, a tak e przeróbka odpa-

dów, w tym tak e osadów ciekowych.  
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Nawi zuj c do danych, które znajduj  si  w za czniku do niniej-
szej monografii, w Politechnice Bia ostockiej g ównie oceniano jako  
wód podziemnych i powierzchniowych z uwzgl dnieniem zbiorników 
retencyjnych. Ponadto w obszarze bada  by o usuwanie zwi zków po-
wierzchniowo czynnych z wody i ze cieków. Szeroko zakrojone badania, 
m.in. w Politechnice Koszali skiej, dotyczy y te  transformacji zanie-
czyszcze  organicznych i nieorganicznych w rodowisku, jak i podczas 
procesów technologicznych stosowanych do oczyszczania cieków i prze-
róbki odpadów. Spo ród sk adników nieorganicznych analizowano metale 
ci kie w odciekach sk adowiskowych, osadach ciekowych i kompostach. 
Procesy technologiczne b d ce w obszarze bada  to procesy fizyczne takie 
jak adsoprcja metali ci kich z odcieków sk adowiskowych, podci nie-
niowe odwadnianie i spalanie oraz biochemiczne takie jak fermentacja 
metanowa czy kompostowanie. Ponadto prowadzono badania biologiczne-
go przetwarzania odpadów organicznych z uwzgl dnieniem odzysku ener-
gii. W odniesieniu do zanieczyszcze  organicznych okre lano migracj  
fenolu i chlorofenoli w strefie saturacji. Badania prowadzone w Politech-
nice Krakowskiej skupia y si  wokó  oznaczania substancji priorytetowych 
dla rodowiska wodnego oraz procesu koagulacji stosowanego w uzdat-
nianiu wód. W Politechnice Pozna skiej badania z zakresu chemii sanitar-
nej dotyczy y g ownie chemicznych i biologicznych podstaw in ynierii 
rodowiska. Zakres bada  prowadzony w Politechnice l skiej by  tak e 

stosunkowo szeroki. W obszarze bada  by a ocena stanu jako ci wód po-
wierzchniowych z uwzgl dnieniem metali ci kich oraz identyfikacja ob-
szarowych róde  zanieczyszcze . Badania technologiczne polega y na 
separacji mikrozanieczyszcze  w procesach membranowych, w tym tak e 
na membranach enzymatycznych. Ponadto prowadzono badania usuwania 
prekursorów ubocznych produktów dezynfekcji z wody. W Politechnice 

wi tokrzyskiej natomiast prowadzono badania migracji substancji ropo-
pochodnych oraz metali ci kich w wodzie i w osadach ciekowych. 
W Uniwersytecie Zielonogórskim badaniami obj to zbiorniki acidotro-
ficzne z okre leniem ich pochodzenia i rozwoju. Chemizm wód podziem-
nych oraz wp yw procesów geogenicznych i czynników antropogennych 
na ich jako  badano w Uniwersytecie Rolniczym w Krakowie. W obsza-
rze bada  by y tak e wody powierzchniowe, gdzie okre lano zale no  
jako ci od warunków hydrogeologicznych i budowy geologicznej oraz 
warunki retencji zbiornikowej. W Uniwersytecie Techniczno-Przyrodni-
czym w Bydgoszczy g ównym tematem bada  by y analizy spektrome-
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tryczne wody do spo ycia, wód powierzchniowych, podziemnych i ch o-
dz cych. W Zachodniopomorskim Uniwersytecie Technologicznym nato-
miast tematyka bada  zwi zana by a z oczyszczaniem cieków przemy-
s owych oraz przeróbk  osadów ciekowych wydzielonych ze cieków 
przemys owych.  

3.2. Wp yw chemii sanitarnej na rozwój i post p  
naukowo-techniczny w wodoci gach i kanalizacji 

Stan rozwoju chemii sanitarnej determinuje rozwój innych obsza-
rów wiedzy, o których pisano wy ej. Doskonalenie technik analitycznych 
pozwala na poszerzanie i uszczegó owienie informacji dotycz cych jako-
ci wód i cieków. Jak wiadomo sieci wodoci gowe i kanalizacyjne znaj-

duj  si  na drodze obiegu wody od miejsca poboru (wody powierzch-
niowe, wody podziemne), poprzez instalacje oczyszczania i jej wykorzy-
stanie, a nast pnie oczyszczanie i odprowadzanie cieków do odbiornika. 
Obieg ten zamyka si , gdy  najcz ciej odbiornikiem cieków oczysz-
czonych s  wody powierzchniowe.  

4. wiatowe tendencje rozwoju metod analitycznych 

Chemia sanitarna wprawdzie nie jest oddzieln  dyscyplin  nau-
kow  w wietle prawa, aczkolwiek odgrywa bardzo wa n  rol  interdy-
scyplinarn , gdy  pozwala na pozyskiwanie informacji niezb dnych dla 
rozwoju innych dyscyplin naukowych i innych obszarów wiedzy. Pod-
stawowym kierunkiem rozwoju chemii sanitarnej s  dzia ania zmierzaj -
ce do uzyskania wyczerpuj cych i wiarygodnych informacji analitycz-
nych. Te dzia ania prowadzone s  w obszarach [20]:  

• doskonalenia technik analitycznych, 

• opracowania nowych metod oznaczania pierwiastków i zwi zków 
chemicznych w próbkach rodowiskowych, w tym tak e dotychczas 
nie analizowanych, 

• szerszej identyfikacji zwi zków nowo powstaj cych „emerging orga-
nic contaminants”, 

• opracowania procedur przygotowania i oznaczania analitów w prób-
kach rodowiskowych, pozwalaj cych na oznaczanie substancji, w tym 
tak e takich, które wyst puj  w ilo ciach ladowych (<0,01%), mikro-
ladowych (<10

-4
 %), ultra ladowych (<10

-6 
%) oraz submikro lado-

wych (<10
-8 

%), 
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• minimalizacji strat analitów, aparatury oraz czasoch onno ci analiz,  

• obróbki statystycznej wyników analiz  

 

Doskonalenie technik analitycznych polega na automatyzacji i -

czeniu ró nych metod pozwalaj cych na równoczesne oznaczanie kilku 

analitów. W ród nich wymienia si  po czenia technik chromatograficz-

nych z ekstrakcj  p ynem w stanie nadkrytycznym, ekstrakcj  z desorp-

cj  termiczn  czy ekstrakcj  membranow , w tym tak e z wykorzysta-

niem membran ciek ych [10, 26, 49]. Wykorzystanie zautomatyzowa-

nych urz dze  pomiarowo-kontrolnych jest szczególnie wa ne w bada-

niach in situ, gdy  pozwala na uzyskanie informacji o stanie rodowiska, 

migracjach zanieczyszcze  oraz umo liwia bie c  kontrol  zmian jako-

ciowych. Nowe metody natomiast polegaj  na wykorzystywaniu bie -

cych osi gni  fizyki, biochemii i in ynierii genetycznej, a tak e ekotok-

sykologii i biooanalityki.  

Pozwala to na oznaczanie coraz wi kszej ilo ci sk adników nawet 

w bardzo ma ych st eniach oraz identyfikacj  nowych. Nale y zazna-

czy , e w rodowisku wodnym w sposób ci g y zachodz  przemiany 

biotyczne oraz abiotyczne. W wyniku przemian biochemicznych powsta-

j  metabolity oraz inne zwi zki, których identyfikacja nierzadko jest po-

wierzchowna. Ponadto w rodowisku wodnym oraz w ciekach coraz 

cz ciej identyfikuje si  pozosta o ci substancji chemicznych, które 

okre lane s  „emerging contaminats”. Do tej grupy zanieczyszcze  zali-

cza si  pozosta o ci farmaceutyków, rodków kosmetycznych (personal 

care products), surfaktantów, konserwantów i zwi zków zabezpieczaj -

cych przed zap onem (flame retardants) oraz innych chloro- i bromoor-

ganicznych. Ponadto szerok  i dotychczas s abo przebadan  grup  

zwi zków stanowi  zwi zki chemiczne zaburzaj ce dzia anie uk adu 

endokrynologicznego EDC (Endorcine Disrupting Compounds). Do tej 

grupy zalicza si  dioksyny PCDD, furany PCDF, polichlorowane bifeny-

le PCB, DDT, ftalany DEHP i alkilofenole. Oprócz wymienionych ozna-

cza si  tak e hormony pochodzenia naturalnego i syntetyczne, które s  

m.in. sk adnikami farmaceutyków. Grupy te wzajemnie si  przenikaj , 

a dzia anie poszczególnych zwi zków, jak i ich mieszanin, na organizmy 

w wi kszo ci przypadków jest toksyczne. G ównym ród em tych zwi z-

ków s  cieki oraz sp ywy powierzchniowe. Spo ród cieków szczegól-

nie obci one s  cieki przemys owe z produkcji tworzyw sztucznych, 
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kosmetyków, farmaceutyków, przeróbki paliw i innych, a te  szpitalne 

i z gospodarstw hodowlanych. Równocze nie wysokie st enia ww. za-

nieczyszcze  obserwuje si  w ciekach bytowo-gospodarczych. Uwzgl d-

niaj c fakt, e cieki wprowadzane do kanalizacji i oczyszczalni cieków 

miejskich s  mieszanin  o ró nym sk adzie oraz, e w klasycznych proce-

sach oczyszczania, zanieczyszczenia nie s  usuwane w wystarczaj cym 

stopniu, mo na stwierdzi , e cieki komunalne s  g ównym no nikiem 

tych zwi zków, obecnych w rodowisku wodnym [1–4, 45].  

W opracowywaniu nowych procedur oznaczania znanych zwi z-

ków chemicznych dzia ania te prowadzone s  dwutorowo: w kierunku 

oznaczania analitów wyst puj cych w ilo ciach submikro ladowych oraz 

w kierunku rozdzielania i izolowania poszczególnych analitów. Do 

zwi zków wyst puj cych w ma ych st eniach w wodach, których iden-

tyfikacja wymaga wyodr bniania poszczególnych zwi zków zalicza si : 

WWA, dioksyny, furany, lub/i inne w glowodory, a te  chlorowcopo-

chodne organiczne. W tych przypadkach wa nym etapem analizy jest 

przygotowanie próbek przy zachowaniu warunków ograniczaj cych stra-

ty analitów. Elementem potwierdzaj cym prawid owo  analizy jest wy-

znaczenie stopnia odzysku, stosowanie materia ów certyfikowanych lub 

wzorców znakowanych izotopowo [12, 24, 51–53]. Wa nym obecnie 

zagadnieniem jest obecnie identyfikacja poszczególnych zwi zków orga-

nicznych, które zwykle oznaczane s  poprzez wska niki ogólne, np. 

ChZT, OWO, BZT5, AOX. Mimo tego, e w zbiorze procedur analitycz-

nych znajduje si  3500 metodyk oznaczania 4000 analitów w rodowisku 

wodnym (wody powierzchniowe, wody do spo ycia, cieki) to mo na 

stwierdzi , e lista ta nie wyczerpuje sk adników, które w tym rodowi-

sku wyst puj .  

W 1998r opracowano i opublikowano koncepcj  rozwoju wspó -

czesnej chemii w nawi zaniu do zasad zrównowa onego rozwoju. Auto-

rami tej koncepcji po nazw  „Zielona chemia” s  naukowcy z Amery-

ka skiego Towarzystwa Chemików. G ówne zasady tej koncepcji pole-

gaj  na minimalizacji: 

• zu ycia odczynników, w tym tak e rezygnacji z odczynników tok-

sycznych,  

• ilo ci usuwanych odpadów powstaj cych w czasie analiz chemicz-

nych, 

• zu ycia energii, nak adu pracy i czasu trwania analiz.  
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Ograniczanie zu ycia odczynników w analizach chemicznych po-

lega na wykorzystaniu tzw. technik bezpo rednich czyli z pomini ciem 

wst pnego przygotowania próbki. Szersze zastosowanie dotyczy tu me-

tod elektrochemicznych (jonoselektywne elektrody), spektroskopii ab-

sorpcji atomowej z termicznym wzbudzeniem w p omieniu grafitowym 

(GFAAS) lub ze wzbudzeniem w indukowanej pla mie (AES-ICP) oraz 

techniki analizy powierzchni takie, jak SEM, SIMS, ISS, XPS/ESCA, 

a tak e fluorescencja promieniowania rentgenowskiego. W kierunku mi-

nimalizacji ilo ci lub ca kowitej eliminacji odczynników rozwijaj  si  

techniki bezrozpuszczalnikowe. Przyk adem tych rozwi za  jest np. eks-

trakcja p ynem w stanie nadkrytycznym SFE, ekstrakcja membranowa 

czy ekstrakcja SPE z desorpcj  termiczn . Du e znaczenie w kontek cie 

ochrony rodowiska ma minimalizacja ilo ci produktów odpadowych. 

Mo na to osi gn  poprzez zmniejszenie ilo ci odczynników lub/i po-

przez zmniejszenie wielko ci próbek przeznaczanych do analizy. Wi e 

si  to z zastosowaniem detektorów o wi kszej wykrywalno ci. Ponadto 

du e znaczenie ma analiza in situ oraz tzw. suche techniki. Rozwój tych 

technik polega na zastosowaniu mikrosystemów ca kowitej analizy che-

micznej (µ-TCAS, µ-TAS), wykorzystaniu technologii chipów i mikro-

chipów, immunoanaliza (immunoassays IMA, radioimmunoanaliza RIA, 

immunoanaliza enzymatyczna EIA). Z kolei minimalizacj  zu ycia ener-

gii i czasu analizy zapewnia automatyzacja i techniki sprz one, polega-

j ce na czeniu etapu wst pnego z aparatem pomiarowym. Przyk adem 

mog  by  ekstraktory kompatybilne z uk adami chromatograficznymi 

i odpowiednimi detektorami [25].  

Wa nym zagadnieniem wspó czesnej analityki chemicznej jest 

zastosowanie specjacji w analizach rodowiska oraz w badaniach moni-

toringowych. Dotychczas badania te skupia y si  g ównie na specjacji 

metali ci kich, natomiast obecnie analiz  obejmuje si  tak e inne pier-

wiastki i zwi zki chemiczne. Wykazano bowiem, e ogólna zawarto  

ró nych zwi zków nie daje wyczerpuj cych informacji o stanie zanie-

czyszczenia rodowiska, gdy  niezwykle istotna jest forma w jakiej wy-

st puj  te sk adniki. Wyodr bnienie form biodost pnych, zwi zanych 

z materi  organiczn  trwale i form mobilnych, a tak e zwi zków wyst -

puj cych w formie zaadsorbowanej, rozpuszczonej czy gazowej, pozwala 

na dok adniejsza ocen  i kontrol  stanu rodowiska wodnego. W ród 

kierunków rozwoju chemii sanitarnej nale y wspomnie  tak e o wpro-
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wadzeniu metod biologicznych do analiz rodowiskowych. W bioanali-

tyce wykorzystuje si  materia  biologiczny do analiz chemicznych. Za-

stosowanie maj  tutaj immunosorbenty, biokatalizatory oraz biokolumny. 

Ponadto wprowadzane s  biotesty i bioczujniki (enzymatyczne, bakteryj-

ne, tkankowe). Przyk adem mo e by  zastosowanie ma y, jako bioindy-

katora, w stacjach uzdatniania wody, co pozwala na wczesn  informacj  

dotycz c  zmiany sk adu jako ciowego wody. Korzystaj c z ró norod-

nych metod obróbki statystycznej wyników analiz chemicznych, mo na 

prognozowa  zmiany jako ci wody ujmowanej ze róde  naturalnych, 

monitorowa  kinetyk  przemian biochemicznych poszczególnych 

wska ników zanieczyszcze  w trakcie procesu oczyszczania wód i cie-

ków oraz modyfikowa  istniej ce uk ady technologiczne.  

5. Perspektywa rozwoju naukowego chemii sanitarnej  
w Polsce 

W zakresie rozwoju wymienionych wy ej dyscyplin naukowych, 

poziom rozwoju chemii sanitarnej ma kluczowe znaczenie. Dla rozwoju 

bada  naukowych konieczne jest sta e podnoszenie jako ci pracy i precy-

zji bada  w laboratoriach analitycznych, w tym tak e dzia a  zmierzaj -

cych do uzyskiwania akredytacji i certyfikacji. Na podstawie dost pnych 

informacji poni ej wymieniono priorytetowe zagadnienia w tym zakresie 

[1, 5, 12, 13, 43]: 

• dalsze doskonalenie procedur badawczych z uwzgl dnieniem walida-

cji (precyzja, dok adno , granica wykrywalno ci, granica oznaczal-

no ci, niepewno  pomiarów), 

• projektowanie i budowa nowych urz dze  pomiarowo-kontrolnych, 

• automatyzacja aparatury badawczej oraz uk adów sprz onych,  

• oznaczanie sk adników na poziomie ladowym, oznaczanie mikroza-
nieczyszcze , produktów przemian metabolicznych, produktów po-
rednich powstaj cych w procesach uzdatniania wody oraz podczas 

oczyszczania cieków, 

• oznaczanie sk adników nowopowstaj cych „emerging contaminants”, 

• minimalizacja zu ycia reagentów chemicznych i technik bezrozpusz-
czalnikowych, 

• minimalizacja kosztów i energii oraz usuwanych materia ów odpado-
wych, 
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• rozszerzenie zakresu analiz specjacyjnych i zastosowanie ich 
w analizach rodowiska wodnego oraz monitoringu, 

• rozwój metod biologicznych w analityce: bioanalityka, bioczujniki 
i biotesty, 

• analizy ci g e w monitoringu rodowiska, 

• podniesienie jako ci wyników analiz chemicznych, 

• obróbka statystyczna wyników analiz chemicznych pozwalaj ca na 
prognozowanie zmian jako ci rodowiska wodnego, 

• wprowadzenie obowi zku kontroli sk adników toksycznych w wodach 
i ciekach oraz osadach ciekowych. 

 
Najwa niejsze zadanie jakie stawia si  przed chemi  sanitarn  to 

uzyskanie wiarygodnych informacji odno nie stanu jako ciowego wód 
i cieków oraz okre lenie tendencji zmian zachodz cych w rodowisku. 
Informacje te s  wykorzystywane w planowaniu przedsi wzi  w zakre-
sie gospodarki wodno- ciekowej w regionach. Przedsi wzi cia te, to nie 
tylko infrastruktura wodoci gowo-kanalizacyjna lecz tak e lokalizacja 
przedsi biorstw przemys owych i ocena ich oddzia ywania na rodowi-
sko. W a ciwe i oparte na wiarygodnych analizach projektowanie przed-
si wzi  z zakresu gospodarki wodno- ciekowej pozwala na zachowanie 
zasad zrównowa onego rozwoju. W zakresie analiz rodowiskowych 
wa ne jest rozszerzenie metodyk oznaczanych sk adników, wprowadze-
nie nowych przepisów prawnych i obowi zku kontroli tych sk adników 
w rodowisku. Konieczno  rozszerzenia zakresu bada  monitoringo-
wych wynika tak e ze zobowi za  mi dzynarodowych w zakresie sieci 
europejskich. Zatem doskonalenie technik analitycznych i ich wdra anie 
do systemu kontroli rodowiska jest obecnie niezb dne i wa ne w rozwo-
ju gospodarczym kraju.  

6. Podsumowanie 

Chemia sanitarna jest elementem chemii rodowiska opartym na 

podstawach chemii ogólnej, organicznej i instrumentalnej. Mimo, e nie 

stanowi oddzielnej dyscypliny nauki, jest nieoceniona w dostarczaniu 

informacji do rozwoju innych dziedzin i obszarów wiedzy, takich jak 

in ynieria, ochrona i kszta towanie rodowiska, b d cych w obszarach 

nauk technicznych, przyrodniczych i rolniczych. Badania realizowane 

w ramach chemii sanitarnej prowadzone s  w dwóch kierunkach. Pierw-
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szym jest ocena jako ciowa wód powierzchniowych i podziemnych, b -

d cych ród em zaopatrzenia w wod  ludno ci, przemys u i rolnictwa, 

monitorowanie rodowiska wody oraz procesów jej uzdatniania. Drugi 

kierunek to charakterystyka cieków wprowadzanych do kanalizacji, 

oczyszczalni cieków oraz cieków oczyszczonych wprowadzanych do 

odbiorników. Rozwój chemii sanitarnej polega na rozwoju technik anali-

tycznych i procedur pozwalaj cych na identyfikacj  nowych zwi zków 

oraz oznaczanie jako ciowo-ilo ciowe coraz wi kszej ilo ci zanieczysz-

cze  wyst puj cych w rodowisku wodnym, w tym mikrozanieczyszcze  

wyst puj cych w ilo ciach submikro ladowych. Dotyczy to g ównie mi-

krozanieczyszcze  organicznych, które wykazuj  dzia anie rakotwórcze, 

mutagenne i teratogenne na organizmy. Umo liwia to odpowiednie pro-

jektowanie procesów jednostkowych w oczyszczaniu wody i cieków. 

Dlatego rozwój chemii sanitarnej w kierunku zapewnienia wiarygodnych 

wyników jest jednym z czynników rozwoju in ynierii rodowiska. Po-

nadto jest wskazaniem i podstaw  do opracowania nowych przepisów 

prawnych uwzgl dniaj cych coraz to nowe identyfikowane zwi zki che-

miczne. Tendencje rozwoju chemii sanitarnej na wiecie wskazuj  na 

ci g e doskonalenie technik analitycznych oraz urz dze  pomiarowo-

kontrolnych, opracowanie nowych procedur analitycznych oraz rozwija-

nie ju  istniej cych. 
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Interdisciplinary Character of Sanitary Chemistry 

Abstract 
Sanitary chemistry is a component of environmental chemistry, based 

on the issues of general, organic and instrumental chemistry. The level of chem-

istry development is important for the development of other scientific disci-

plines such as: environmental engineering or planning, design and protection of 

the environment. These disciplines are mentioned in the areas of technical, natu-

ral and agricultural sciences. As part of the sanitary chemistry research in two 

directions: the study of water and wastewater quality are conducted. The studies 

include an assessment of water quality of surface- and groundwater, which are 

the source of water supply for: population, industry and agriculture, water 

treatment processes and water monitoring. The wastewater research are con-

cerning the wastewater introduced into the sewage system, wastewater treat-

ment plants and to the receivers. The development of sanitary chemistry in-

volves the development of analytical techniques and procedures in order to de-

termine a greater number of pollutants in water and wastewater and enhancing 
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the accuracy of compounds which has been already designated. Therefore, in 

framework of sanitary chemistry development following actions are performed: 

• improvement of research procedures including the validation,  

• design and construction of new measuring and control devices, 

• automation of test equipment, including the coupled systems, 

• determination of trace-level components: micro-pollutants, metabolic prod-

ucts, intermediate products, water and wastewater treatment, 

• determination of "emerging contaminants", 

• development of solvent-free techniques, 

• minimization of cost, energy and the waste materials emission, 

• the extension the scope of speciation analysis and their applications, 

• development of biological methods in chemical analysis, 

• introduction the continuous analysis into monitoring, 

• improvement of the quality of chemical analysis results, statistical pro-

cessing of chemical analysis, which allows on forecasting changes in water 

quality. 

 

Trends in the sanitary chemistry development in the world indicate a con-

tinuous improvement of analytical techniques and measurement and control ap-

pliances, the elaboration of new analytical procedures and develop existing ones. 
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badawczych, monitoring rodowiska, mikrozanieczyszczenia, emerging conta-
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search procedure, environmental monitoring, micropollutants, emerging con-
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1. Wst p  

Sk ad chemiczny wody pochodz cej z roztopionego niegu jest 

cennym ród em informacji o zanieczyszczeniu atmosfery oraz o ilo ci 

i jako ci zanieczyszcze  wprowadzanych do wód i gleby w wyniku top-

nienia niegu. W czasie d ugiego zalegania pokrywy nie nej mo e nast -

pi  kumulacja zanieczyszcze  wnoszonych przez kolejne opady atmosfe-

ryczne. Do g ównych wska ników zanieczyszczenia cieków opadowych 

pochodz cych z terenów zurbanizowanych nale : pH, zawiesiny ogólne, 

chemiczne zapotrzebowanie na tlen, chlorki, substancje ropopochodne, 

substancje ekstrahuj ce si  eterem naftowym. Natomiast normatywnymi 

wska nikami zanieczyszcze  tych cieków zgodnie z obowi zuj cymi 

przepisami s  jedynie zawiesiny ogólne i w glowodory ropopochodne 

[22]. Bardzo wa nym wska nikiem s  zawiesiny ogólne, poniewa  na ich 

powierzchni adsorbuj  si  inne zanieczyszczenia b d ce powa nym ró-

d em zagro e  rodowiska wodnego i glebowego [17]. W zawiesinie ku-

muluje si  wi kszo  zanieczyszcze  o czym wiadcz  wysokie warto ci 

ich wska ników: ChZT – 83–92%, BZT5 – 90–95%. Badania wskazuj , e 

97–99% o owiu, 65–80%, azotu ogólnego i 82–99%, w glowodorów jest 

zwi zana z zawiesin  [3]. 

Niebezpiecznym dla rodowiska, a najmniej rozpoznanym wska-

nikiem s  metale ci kie poniewa  przedostanie si  ich do wód czy gleb 

jest szczególnie gro ne ze wzgl du na ich trwa o  oraz zdolno  do kumu-

lowania w organizmach ywych, nawet gdy s  wprowadzane w niewielkich 

ilo ciach i okresowo. W literaturze krajowej i zagranicznej publikowane s  
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wyniki bada  sk adu fizyczno-chemicznego opadów oraz sp ywów wód 

opadowych i roztopowych [7,9,23,27]. Nale y zwróci  uwag  na fakt, e 

tylko w nielicznych krajowych publikacjach mo na znale  zakresy zawar-

to ci metali ci kich w ciekach roztopowych, a podawane warto ci dotycz  

przede wszystkim bada  zagranicznych [11,24].  

W niniejszej pracy przedstawiono wyniki bada  zanieczyszczenia 

niegu pobranego z poboczy dróg, parkingów na tle obszarów poza od-

dzia ywaniem transportu. Porównano stopie  zanieczyszczenia cieków 

z roztopionego niegu ze ciekami deszczowymi sp ywaj cymi z analo-

gicznych powierzchni. Nale y podkre li , e konieczno  bada  wp ywu 

wód opadowych i roztopowych sp ywaj cych z dróg na jako  wód po-

wierzchniowych i podziemnych wynika mi dzy innymi z Rozporz dze-

nia Rady Ministrów z 9.11.2004 r. w sprawie okre lenia rodzajów przed-

si wzi  mog cych znacz co oddzia ywa  na rodowisko oraz szczegó-

owych uwarunkowa  zwi zanych z kwalifikowaniem przedsi wzi cia 

do sporz dzenia raportu oddzia ywania na rodowisko (Dz.U. nr 257, 

poz. 2573). 

2. ród a zanieczyszcze  wyst puj cych w niegu  

Zanieczyszczenia zawarte w niegu pochodz  zarówno ze róde  

antropogenicznych, jak równie  naturalnych. Rozwój przemys u, komu-

nikacji i rolnictwa przyczynia si  do zanieczyszczenia wszystkich ele-

mentów rodowiska, w tym tak e atmosfery. Opady atmosferyczne sor-

buj  z atmosfery zawarte w niej cz stki sta e, ciek e i gazowe, takie jak 

py y, dymy, substancje chemiczne [3,20,13].  

Opady ulegaj  zanieczyszczeniu ju  w czasie trwania opadu 

w wyniku kontaktu z mniej lub bardziej zanieczyszczonym powietrzem 

atmosferycznym. Szczególnie emisje szkodliwych substancji z ró nych 

ga zi przemys u oraz transportu przyczyniaj  si  do zanieczyszczenia 

atmosfery a tym samym pokrywy niegowej. Badania wskazuj , e naj-

wi ksze ilo ci substancji zanieczyszczaj cych atmosfer  powstaje 

w wyniku spalania paliw kopalnych skutkiem czego jest emisja do po-

wietrza olbrzymich ilo ci gazów spalinowych (CO, CO2, SO2, SO3, NOx 

i inne) oraz py ów, popio ów, sadz. ród em tych zanieczyszcze  jest 

przede wszystkim przemys , komunikacja, gospodarstwa domowe. 
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Wskutek spalania paliw w silnikach pojazdów do powietrza tra-
fiaj : tlenki azotu, tlenek w gla, w glowodory, w tym wielopier cienio-
we w glowodory aromatyczne oraz cz stki sta e i metale ci kie. We-
d ug danych G ównego Urz du Statystycznego [14] w naszym kraju 
transport drogowy odpowiedzialny jest za ponad 33% ca kowitej emisji 
tlenków azotu, przesz o 23% emisji tlenku w gla oraz powy ej 20% za-
nieczyszcze  py owych. Emisja substancji szkodliwych zawartych 
w spalinach jest powa nym zagro eniem dla rodowiska, trudnym cz sto 
do jednoznacznej oceny pod wzgl dem ekologicznym i ekonomicznym 
[5]. W miastach, szczególnie o scentralizowanym systemie ciep ownic-
twa, udzia  transportu drogowego w ca kowitej emisji tych zanieczysz-
cze  jest znacznie wi kszy, dochodz c w dzielnicach centralnych nawet 
do 90%. Bezpo rednim ród em zanieczyszcze  pochodz cych z trans-
portu drogowego s  m.in.: 

• gazy spalinowe zawieraj ce Pb, Zn, Fe, Cu, Cd, Ni, tlenki w gla, tlen-
ki azotu, dwutlenek siarki, w glowodory itp., 

• materia y p dne, oleje, smary, py y, sadza, materia y sypkie, 

• produkty zu ywaj cych si  nawierzchni drogowych, opon zawieraj ce 
min. Cr, Cu, Ni, Pb, Zn, Fe, Cd, 

• rodki u ywane do zimowego utrzymania dróg.  
 
Wody roztopowe sp ywaj ce z dróg obci one s  znacznymi st -

eniami zawiesin ogólnych, ChZT, ekstraktu eterowego, metali ci kich, 
substancji ropopochodnych, a w okresie roztopów – chlorków. 

Do uwolnienia zanieczyszcze  z pokrywy nie nej i ich wprowa-
dzania do gleby, wód powierzchniowych i podziemnych dochodzi dopie-
ro w czasie odwil y. W naszych warunkach klimatycznych na ogó , 
w krótkim czasie (kilku dni), du y adunek zanieczyszcze  nagromadzo-
ny w wodach roztopowych trafia do wód i gleb. Szczególnie podczas 
wiosennych roztopów, zachodzi najbardziej wydajne odprowadzanie 
zanieczyszcze , co mo e prowadzi  do niekorzystnych zmian ekosyste-
mów l dowych i wodnych. Nasilenie i szkodliwo  tego zjawiska zale y 
przede wszystkim od nast puj cych czynników: ilo ci cyklów topnienia 
i zamarzania oraz szybko ci topnienia [1] zmienno ci st enia jonów 
w profilu pokrywy nie nej [6]. Dlatego te  znajomo  sk adu chemicz-
nego niegu mo e by  podstaw  do uzyskania cennych informacji na 
temat poziomu zanieczyszcze  atmosfery, oraz stanowi  podstaw  do 
oceny zagro e  zanieczyszczenia gleb i wód.  
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3. Materia  i metodyka bada  

3.1. Materia  bada   

Przedmiotem bada  by y próbki niegu pobierane w latach 2009, 

2010 i 2011 z parkingów, pasów dróg, obszaru zieleni dzielnicy miesz-

kaniowej i ogródków dzia kowych Cz stochowy. Pobór próbek niegu 

odbywa  si  w okresie 8 do 16 lutego 2009, od 18 do 24 lutego 2010 i od 

16 do 26 lutego 2011. Temperatura w okresie pobierania próbek wynosi-

a od -1 do -10°C. Grubo  warstwy niegu w czasie poboru próbek 

w roku 2009 wynosi a od 7 do 13 cm, w 2010 od 24 do 36 cm, a w 2011 

od 5 do 12 cm. Do pobrania próbek u yto metalowej rury w ten sposób, 

e w rodku zostawa  profil niegu z ca ej grubo ci warstwy. W celu uzy-

skania reprezentatywnej próbki niegu z ka dego punktu pobierano trzy 

próbki i przesypywano do jednej butelki. Próbki z obszarów s siaduj -

cych bezpo rednio z drogami pobierano w odleg o ci od 2 do 5 m od 

kraw dzi jezdni z nienaruszonego przez ruch pojazdów czy urz dzenia 

od nie aj ce profilu w celu wykluczenia pobierania b ota po niegowego. 

Ogó em w latach 2009–2011 pobrano 120 próbek. Nast pnie próbki 

przewieziono do laboratorium i przechowywano w temperaturze 4 st. do 

czasu wykonania analiz.  

 
Tabela 1. Charakterystyka miejsc poboru próbek 

Table 1. Characteristics of sample collection places 

Nr stanowiska 

poboru próbek 

niegu 

Ilo  próbek 

Opis miejsca 
2009 2010 2011 

1 8 7 4 
parking osiedlowy (dzielnica 

Raków Zachód) 

2 6 6 5 parking marketu Auchan 

3 7 6 5 
pobocze drogi osiedlowej 

 (ul. Orkana) 

4 5 6 5 
pobocze ulicy w centrum miasta 

(ul. Brze nicka) 

5 6 6 4 
pobocze drogi szybkiego ruchu 

(trasa A1) 

6 7 5 5 
osiedle mieszk. – obszar zieleni 

(Raków Zachód) 

7 6 5 6 teren ogródków dzia kowych  



564 Ewa Ociepa, Maciej Mrowiec, Iwona Deska, Ewa Okoniewska 
 

3.2. Metody bada  

Zawiesiny ogólne oznaczano metod  wagow  PN-EN 872:2007. 

Oznaczenie pH cieków wykonano metod  potencjometryczn  

PN-EN ISO 1-0523:2012. 

Metale ci kie oznaczono metod  ICP-AES w spektrometrze pla-

zmowym Thermo Scientific IRIS Interpid II XSP. 

Do oznaczenia ChZT zastosowano metod  dwuchromianow  

z wykorzystaniem spektrofotometru HACH DR/4000V, PN-ISO 

15705:2005. 

4. Wyniki bada  i ich dyskusja 

4.1. Zawiesiny ogólne i ChZT 

W tabeli 2 przedstawiono rednie zawarto ci zawiesin i ChZT pró-

bek cieków pochodz cych z roztopionego niegu w latach 2009–2011. 

 
Tabela 2. Parametry wód z roztopionego niegu – warto ci rednie 

Table 2. Parameters of meltwaters – medium values 

Nr stanowiska

ChZT 

mg O2/dm
3
 

Zawiesiny ogólne 

mg/dm
3
 

2009 2010 2011 2009 2010 2011 

1 97 82 112 181 210 200 

2 320 305 359 995 865 780 

3 95 105 100 237 167 230 

4 110 187 155 490 665 500 

5 430 405 355 650 720 690 

6 73 86 80 126 98 110 

7 69 80 85 98 100 90 

 

Nale y podkre li , e dane przedstawione w tabeli 2 s  warto-

ciami rednimi dla danego punktu pomiarowego w okre lonym roku. 

Najwy sze ilo ci zawiesin stwierdzono w próbkach cieków z roztopio-

nego niegu pochodz cego z terenu parkingu marketu Auchan. Zawar-

to  zawiesin w tych próbkach mie ci a si  w szerokim zakresie od 502 

do 1325 mg/dm
3
 przy rednich dla poszczególnych lat przedstawionych 

w tabeli 2. Wyniki bada  autorów niniejszego artyku u wskazuj  na ni -
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sze zawarto ci zawiesin w ciekach deszczowych sp ywaj cych z ulic 

Cz stochowy w porównaniu do ich ilo ci w próbkach cieków z topnie-

j cego niegu. Wcze niejsze badania jednej z autorek artyku u wskazuj , 

ze w pierwszej najbardziej zanieczyszczonej fazie deszczu sp ywaj cej 

z ulic o du ym nat eniu ruchu zawarto  zawiesin ogólnych wynosi a 

do 860 mg/dm
3
, a z parkingu marketu Auchan ok. 420 mg/dm

3
 [15]. Po-

twierdzaj  t  prawid owo  badania ze zlewni Kielc, w których rednia 

zawarto  zawiesin ogólnych w ciekach deszczowych mie ci a si  

w przedziale od 106 g/m
3
 do 630 g/m

3
, a w ciekach roztopowych od 

1224 g/m
3
 do 5514 g/dm

3
[2].  

Warto ci ChZT waha y si  równie  w szerokim zakresie od 46,0–

120,0 mg O2/dm
3
 (osiedle mieszk. – obszar zieleni) do 89–825,0 mg 

O2/dm
3 

(pobocze drogi szybkiego ruchu), rednie warto ci przedstawiono 

w tabeli 2. Dla cieków deszczowych sp ywaj cych z poboczy ruchli-

wych dróg wska nik ChZT wynosi  max. ok. 200 mg O2/dm
3 

[15]. 

Analiza wyników przedstawionych w tabeli 2 wskazuje na wyso-

kie zró nicowanie zanieczyszczenia próbek niegowych zwi zane 

z miejscem ich poboru. Du e wahania zanieczyszcze  w zale no ci od 

punktu poboru stwierdzili tak e inni autorzy [2]. Wy sze zanieczyszcze-

nie wody z topniej cego niegu w porównaniu z wodami deszczowymi 

sp ywaj cymi z tych samych zlewni wi e si  przede wszystkim 

z d ugim okresem zalegania niegu i stopniowej kumulacji kolejnych 

partii zanieczyszcze  oraz stosowanymi rodkami zabezpieczenia dróg 

przed go oledzi  (piasek, sól). 

4.2. Odczyn  

W warunkach naturalnych pH opadu atmosferycznego wynosi 

5,65. Lekko kwasowy odczyn spowodowany jest obecno ci  w powie-

trzu CO2. Istotnym jest fakt by nie by y to zbyt niskie warto ci pH. Opad, 

którego warto  pH jest ni sza od 5,6 przyj to okre la  mianem kwa ne-

go opadu atmosferycznego. Zmierzone pH próbek cieków z roztopione-

go niegu w latach 2009–2011 kszta towa o si  na poziomie 4,75–6,50. 

Natomiast pH badanych próbek cieków deszczowych z ró nych zlewni 

miasta Cz stochowy by o nieco wy sze i kszta towa o si  na poziomie 

5,60– 6,90 [15]. 

W latach 2009–2010 a  dla ok.55%, a w roku 2011 dla 44% pró-

bek niegu stwierdzono warto  pH < 5,6 co wiadczy o ich kwa nym 
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charakterze (rys.1). Nale y podkre li , e w roku 2009 dla ok. 20%, 

w roku 2010 dla 14%, a w roku 2011 dla ok. 18% próbek niegu stwier-

dzono warto  pH < 5,0. Silnie kwa nego charakteru próbek niegu (pH 

< 4,0) nie zaobserwowano. 

 

 

Rys. 1. Procentowy udzia  próbek niegu o pH < 5,6 

Fig. 1. Percentage share of snow samples with pH < 5,6 

 

Analiza powy szych wyników pozwala stwierdzi , e zdecydo-

wana wi kszo  próbek charakteryzowa a si  naturalnym lub lekkim 

zakwaszeniem. Warto  pH by a zwi zana z miejscem oraz czasem po-

boru próbki. Kwa ny odczyn wyra nie dominowa  w próbkach z obszaru 

parkingów i dróg o du ym nat eniu ruchu. Spowodowane by o to naj-

prawdopodobniej wzrostem zawarto ci kwa nych tlenków pochodz cych 

z procesów transportu i spalania. Ró nice pH dla badanych zlewni i lat 

mo na uzna  za rednie `(max. 1,75 jednostki). Przeprowadzone w latach 

2003–2004 badania pH niegu z terenu Gda ska i Sopotu wskazywa y na 

szerszy zakres pH – od silnie kwa nego do oboj tnego (od ok. 4,0 do 

powy ej 7,0, przy rednim w granicach 5,6–6,2). Autorzy to wyja niali 

z jednej strony nasilon  emisj  kwa nych tlenków z drugiej za  zró ni-

cowan  cyrkulacj  powietrza i zmienn  zawarto ci  substancji zoboj t-
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niaj cych kwa ne tlenki [19]. Podobnie badania pokrywy nie nej wyspy 

Wolin prowadzone w 2010 roku wskazywa y na du y zakres zmienno ci 

pH wynosz cy od 2,44 do 6,95. rednie pH niegu by o niskie i wynosi o 

3,67 pH [25]. 

Równie  badania pokrywy nie nej obszaru Sudetów Zachodnich 

– stacje pomiarowe Orle, Kamiennik, Szrenica prowadzone w latach 

2008–2012 wskazuj  na szerok  rozpi to  warto ci pH od 3,56 do 7,2 

i kilkunastoprocentowy udzia  próbek o pH<5,0. Silnie kwa ne opady 

o pH<4,0 stwierdzono tylko na stacji Orle i stanowi y one 1,45% bada-

nych próbek niegowych [4]. Tak wi c wyniki bada  ró nych autorów 

dotycz ce odczynu opadów atmosferycznych s  nadal zró nicowane, co 

wskazuje na konieczno  dalszych dzia a  zmierzaj cych do ogranicze-

nia kwa nych emisji do atmosfery. Nale y jednak podkre li , e cz  

autorów na podstawie bada  pH prób niegowych, deszczowych czy gle-

bowych w bezpo rednim s siedztwie dróg stwierdza alkalizacj  rodowi-

ska w wyniku stosowania rodków do zimowego utrzymania dróg 

(chlorki sodu i wapnia) [26].  

4.3. Metale ci kie 

Woda z roztopionego niegu mo e zawiera  toksycznie oddzia u-

j ce na rodowisko metale jak o ów, kadm, cynk, mied  czy nikiel, po-

chodz ce z produktów spalania, zu ycia pojazdów, katalizatorów, mate-

ria ów ciernych w ok adzinach hamulcowych oraz niespalonych dodat-

ków do paliwa. Metale ci kie z tych róde  ulegaj  przemieszczaniu 

w rodowisku i z zanieczyszczonymi wodami roztopowymi czy desz-

czowymi migruj  do wód powierzchniowych, podziemnych, gleby i bez-

po rednio lub poprzez ro liny dostaj  si  do organizmów zwierz t 

i cz owieka. Charakterystyczn  cech  metali ci kich jest, w przeciwie -

stwie do substancji organicznych, brak mo liwo ci rozk adu [ 12,16,17]. 

Metale ci kie w badanych próbkach niegu wyst powa y 

w niewielkich st eniach. Stwierdzone minimalne i maksymalne zawar-

to ci Cd, Pb, Zn, Cu i Ni dla poszczególnych miejsc poboru w latach 

2009–2011 przedstawiono w tabeli 3, a rednie zawarto ci na rysunkach 

2–5.  
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Tabela 3. Zawarto ci minimalne i maksymalne metali ci kich w ciekach 

z roztopionego niegu w latach 2009–2011, mg/dm3 

Table 3. Minimum and maximum heavy metal concentrations in meltwater 

in years 2009–2011, mg/dm3 

Nr  

stanowiska
kadm o ów cynk mied  nikiel 

1 0,00–0,08 0,02–0,09 0,08–0,20 0,10–0,23 0,06–0,12 

2 0,03–0,10 0,09–0,38 0,10–1,90 0,40–0,67 0,10–0,35 

3 0,01–0,06 0,02–0,07 0,06–1,30 0,12–0,32 0,20–0,30 

4 0,03–0,08 0,06–0,20 0,30–0,90 0,15–0,35 0,04–0,26 

5 0,02–0,09 0,04–0,09 0,20–1,40 0,11–0,40 0,12–0,34 

6 0,00–0,01 0,01–0,06 0,00–0,03 0,08–0,12 0,07–0,14 

7 0,00–0,03 0,00–0,04 0,00–0,02 0,02–0,07 0,00–0,03 

 

Niskie st enie metali ci kich w próbkach cieków z roztopio-

nego niegu mo e wynika  z faktu, i  pierwiastki te zasorbowane s  

przede wszystkim na powierzchni cz stek sta ych, a zawarto  metali 

okre lano po ods czeniu zawiesiny. Usuni cie ich, zatem przyczyni o si  

do spadku st enia metali w próbkach cieków. Nale y jednak podkre-

li , e nieg z obszarów nara onych na bezpo rednie oddzia ywanie 

transportu zawiera  na ogó  kilka a nawet kilkana cie razy wi cej bada-

nych metali w porównaniu z obszarami oddalonymi od ruchliwych dróg 

czy parkingów. Na tej podstawie mo na stwierdzi , e g ównym ród em 

metali ci kich w analizowanej zlewni by  ruch komunikacyjny, nato-

miast w mniejszym stopniu zanieczyszczenie atmosfery pochodz ce 

z innych róde . Wed ug Reinosdotter i Viklander zawarto  metali ci -

kich w wodach roztopowych jest zale na przede wszystkim od nat enia 

ruchu i zastosowanych rodków do zimowego utrzymania dróg. 

W przypadku dróg o du ym nat eniu zawarto  o owiu mie ci a si  

w zakresie 0,08–0,12 mg/dm
3
, a dla dróg o ma ym nat eniu ruchu do 

0,03 mg/dm
3
. Ponadto autorzy stwierdzaj  wysok  ujemn  korelacj  

mi dzy ilo ci  zawiesin, a st eniem rozpuszczonych metali ci kich 

w przypadku u ywania NaCl jako substancji rozmra aj cej. Badania 

wskazuj , e podwy szony poziom st e  metali rozci ga si  na odle-

g o  do oko o 50–100 m od dróg o du ym nat eniu ruchu (autostrad) 
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[21]. Podwy szone st enia s  stwierdzane w powietrzu, ciekach desz-

czowych i roztopowych, a tak e w glebie i ro linach znajduj cych si  

w tej strefie. Badania B ka i in. wskazuj  na zdecydowanie wy sze za-

warto ci o owiu w ciekach roztopowych (do 1,405 mg/dm
3
) 

w porównaniu ze ciekami deszczowymi, natomiast wy sze zawarto ci 

kadmu (do 0,09 mg/dm
3
) w ciekach deszczowych [2]. Autorzy niniej-

szego artyku u stwierdzili ni sze zawarto ci badanych metali w ciekach 

deszczowych sp ywaj cych z ulic Cz stochowy w porównaniu do ilo ci 

w ciekach z topniej cego niegu. Przegl d wyników bada  wskazuje na 

bardzo wysokie zró nicowanie zawarto ci Cd, Zn, Pb, Ni i Cu w cie-

kach opadowych w zale no ci od czasu trwania deszczu i miejsca poboru 

próbki. Najbardziej zanieczyszczonymi s  na ogó  cieki sp ywaj ce 

z ulic, parkingów i dachów budynków [8,9,15]. Równie  zawarto ci me-

tali ci kich w ciekach roztopowych wskazywa y na du  zmienno  

w zale no ci od roku i miejsca poboru próbek. wiadcz  o tym graniczne 

zawarto ci metali ci kich przedstawione w tabeli 3 oraz rednie zawar-

to ci Zn, Cu, Pb i Cd przedstawione na rysunkach 2–5. Jest to zwi zane 

przede wszystkim ze stanem zanieczyszczenia atmosfery oraz czasem 

zalegania pokrywy nie nej [18]. 

 

 

Rys. 2. rednia zawarto  cynku w ciekach z roztopionego niegu 

Fig. 2. Average concentration of Zinc in meltwater 
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Rys. 3. rednia zawarto  miedzi w ciekach z roztopionego niegu 

Fig. 3. Average concentration of Copper in meltwater 

  

 

Rys. 4. rednia zawarto  o owiu w ciekach z roztopionego niegu  

Fig. 4. Average concentration of Lead in meltwater  
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Rys. 5. rednia zawarto  kadmu w ciekach z roztopionego niegu  

Fig. 5. Average concentration of Cadmium in meltwater  

5. Wnioski 

Na podstawie przeprowadzonych bada  oraz analizy danych lite-

raturowych stwierdza si  wysokie zró nicowanie st enia zanieczysz-

cze  w pokrywie nie nej zwi zane przede wszystkim z miejscem pobo-

ru próbki, d ugo ci  zalegania pokrywy nie nej, temperatur  zewn trz-

n , z okresem wykonywanych bada , kierunkiem wiatrów, natomiast w 

przypadku dróg z panuj cym nat eniem ruchu oraz z rodzajem substan-

cji rozmra aj cych, a tak e ze sposobem pobierania próbek, który nie jest 

ujednolicony. St enia zanieczyszcze  w pokrywie niegowej obszarów 

bezpo rednio przylegaj cych do dróg i parkingów z uwagi na wysokie 

st enia i du  zmienno  powinny by  monitorowane. Na podstawie 

przeprowadzonych bada  sformu owano nast puj ce wnioski szczegó o-

we:  

1. Zawarto  zawiesin w próbkach niegu z poboczy tras komunikacyjnych 

i parkingów by a wysoka i mie ci a w szerokim zakresie od 165 do 

1325 mg/dm
3
, warto ci ChZT wynosi y od 55,0 do 825,0 mg O2/dm

3
. 

2. Warto  pH niegu kszta towa a si  na poziomie 4,75–6,50. W latach 

2009–2010 a  dla ok. 55%, a w roku 2011 dla 44% próbek niegu 
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stwierdzono warto  pH < 5,6 co wiadczy o ich kwa nym charakte-

rze. Kwa ny odczyn wyra nie dominowa  w próbkach z obszaru par-

kingów i dróg o du ym nat eniu ruchu.  

3. rednia zawarto  metali ci kich w próbkach cieków roztopowych 

by a na ogó  niska, co mog o wynika  z faktu, e badania st enia me-

tali wykonywano w ciekach roztopowych po ods czeniu zawiesiny. 

Nale y jednak podkre li , e próbki niegu z obszarów nara onych na 

bezpo rednie oddzia ywanie transportu zawiera y kilka, a nawet kil-

kana cie razy wi cej metali w porównaniu z obszarami oddalonymi 

od ruchliwych dróg czy parkingów.  

4. W oparciu o wyniki bada  mo na stwierdzi , e g ównym ród em 

zanieczyszcze  pokrywy nie nej analizowanych zlewni by  ruch po-

jazdów, w znacznie mniejszym stopniu zanieczyszczenie atmosfery 

pochodz ce z innych róde  emisji. nieg z terenu ogródków dzia ko-

wych i obszaru zieleni osiedla mieszkaniowego zawiera  znacznie 

mniejsz  ilo  zanieczyszcze  w porównaniu z poboczami tras komu-

nikacyjnych i parkingami. 

5. Nale y zwróci  uwag  na konieczno  ujednolicenia procedury pobo-

ru próbek niegu. Metody poboru próbek niegowych przedstawiane 

w publikacjach s  zró nicowane co wp ywa na wyniki bada  i cz sto 

uniemo liwia ich porównanie. 

 

Praca zosta a przygotowana w ramach BS_PB- 401-306-11 
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Snow Cover as a Medium for Deposition of Pollution 

Abstract 
The paper presents the results of snow contamination collected from 

roadsides and parks of Czestochowa in these areas which are out of the impact 

of a transport. The study was conducted within 2009–2011, in which 120 sam-

ples were tested in general. In snowmelt and rain waters that are brought to the 

sewer or land there are the following pollutants such as: suspended solids, hy-

drocarbons, heavy metals, biogenic compounds, and even bacteriological con-
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tamination. The scope of the research included: pH, total suspended solids, 

COD and heavy metals in waste water coming into the sewer.  

On the basis of the survey and analysis of the literature data it is possi-

ble to admit the high variation in pollutant concentrations in snow cover, mainly 

related to the place of sampling. It should also be noted that the other factors, 

such as: the length of snow cover, the outside temperature, the duration of test 

runs, the direction of the winds, in the case of the particular type of a substance 

thawing roads, have affected the results of measurements substantially as evi-

denced by their differentiation to the point for further measurements.  

The samples of snow from the sides of roads and parking areas have 

been characterized by a high content of suspended solids falling within the 

broad range from 165 to 1325 mg/dm3, COD values ranged from 89.0 to 

825.0 mg O2/dm3. The pH of the snow stood at the level of 4.75–6.50. The 

analysis of the results has shown that the vast majority of the samples has been 

characterized by a natural or light acidity. The pH value was associated with a 

place and time of sampling. Most of the snow samples, collected from roadsides 

with heavy traffic and parking spaces, pointed to their acidic or slightly acidic 

character. The average content of heavy metals: Cd, Pb, Zn, Cu and Ni within 

the snow was generally low, which could be due to the fact that the tests were 

performed within metals concentration in water after the filtration of a suspen-

sion. It should be pointed out, however, that the snow from these areas that are 

exposed to the direct impact of transport, contained more metals for several 

times, compared with the periphery of busy roads or parking lots. On this basis 

it can be concluded that the main source of pollution of snow cover was, as 

analyzed, the catchment traffic, much less air pollution from the other sources. 

Therefore, the concentration of pollutants in snow cover areas directly adjacent 

to roads and parking spaces, due to the high concentration of pollutions, ought 

to be monitored. It should be paid attention to the need to standardize the proce-

dures within sampling the snow. 

 

S owa kluczowe:  
ród a zanieczyszcze  niegu, zanieczyszczenie cieków deszczowych, metale 

ci kie, zawiesiny ogólne  

Keywords:  
snow contamination sources, runoff contamination, heavy metals,  

total suspended solids 

 



 

MIDDLE POMERANIAN SCIENTIFIC SOCIETY OF THE ENVIRONMENT PROTECTION 

RODKOWO-POMORSKIE TOWARZYSTWO NAUKOWE OCHRONY RODOWISKA 

Annual Set The Environment Protection 
Rocznik Ochrona rodowiska

Volume/Tom 17. Year/Rok 2015 ISSN 1506-218X 576–584 

Badania do wiadczalne  
a dok adno  opracowanego modelu 
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Politechnika Koszali ska 

1. Wst p  

Do  cz sto z powodu obszernego zakresu bada  eksperymental-

nych, bez pogorszenia wiarygodno ci zak adanych przez nas za o e  ba-

dawczych poszukuje si  drogi, która skróci aby nasz czas pracy i zmniej-

szy a liczb  pomiarów. Znanym sposobem na to jest metoda planowania 

eksperymentów. Drugim takim rozwi zaniem okazuje si  opracowanie 

teoretycznego modelu fizyko-matematycznego. Tak  te  drog  wykorzy-

stuje w swojej pracy badawczej zespó  autorów.  

W ramach prowadzonych prac do wiadczalnych zespó  autorów 

zajmowa  si  w g ównej mierze modernizacj  kot ów przemys owych 

i grzewczych w celu poprawy wska ników ich pracy pod wzgl dem 

sprawno ci, jak i ekologiczno ci. Realizuj c kolejny etap takich bada  

opracowane zosta y zasady polioptymalizacji procesu spalania paliwa we-

d ug energo-ekologicznego kryterium [4]. 

W tym celu zaprojektowany zosta  i wykonany mikroprocesoro-

wy system automatycznego sterowania jako ci  spalania paliwa [3]. Na 

bazie tego systemu zbudowano stanowisko eksperymentalne do bada  

jako ci spalania paliwa zgodnie z za o eniami powy szego kryterium. 

Badania wykonywano na rzeczywistych obiektach firmy URAN SPB 

oraz TERA, wyposa onych w kot y parowe o wydajno ciach od 6 do 

25 t/h. W celu skrócenia drogi poszukiwania wieloczynnikowego opti-

mum jako ci spalania paliwa oraz definitywnego zmniejszenia liczby 

eksperymentów zaproponowany zosta  nowy model fizyko-matematycz-

ny [5].  
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2. Cele bada  

Celem opracowania modelu fizyko-matematycznego by o uzy-

skanie sposobu okre lenia przedzia u, w którym oczekuje si  optymal-

nych warto ci nast puj cych wska ników sprawno ci i ekologiczno ci 

spalania paliwa: 

• temperatury spalin wzd u  traktu spalinowego tsp;  

• sprawno ci kot a (lub agregatu kot owego) netto ηn; 

• st enia tlenku w gla CO i tlenków azotu NOx w spalinach; 

• mocy zu ywanej przez silnik wentylatora nadmuchowego, w postaci 

nat enia pr du Iw oraz wspó czynnika mocy cos w; 

• mocy zu ywanej przez silnik wentylatora wyci gowego (Iwy, cos wy). 

 

Model powinien zapewni  wykonywanie swych zada  w zakresie 

mo liwych zmian nast puj cych czynników wp ywu [5]: 

• zu ycia paliwa Bg; 

• wspó czynnika nadmiaru powietrza w palenisku p; 

• zmiany wspó czynnika nadmiaru powietrza na skutek nieszczelno ci 

i; 

• temperatury powietrza tp i paliwa tg; 

• warto ci opa owej paliwa Qd; 

• stopnia zanieczyszczenia ekranowych powierzchni kot a; 

• sprawno ci cieplnej konwekcyjnych powierzchni kot a. 

 

Najwi kszy problem w trakcie opracowywania modelu stanowi o 

okre lenie zmian st enia  i NO2 w zale no ci od czynników wp ywu. 

Analiza literatury naukowo-technicznej w tym zakresie [1, 7–9] wiadczy 

o skrajnie skomplikowanym charakterze zagadnienia opracowania uni-

wersalnego modelu fizyko-matematycznego zmiany st enia  i NO2 

z uwzgl dnieniem kinetyki po rednich i ko cowych produktów reakcji 

spalania. Wi kszo  uzyskanych w ten sposób metod posiada ograniczo-

n  dok adno , w zwi zku z czym nie mo e by  stosowana do rozwi za-

nia zdefiniowanego zagadnienia.  

Opracowanie modelu matematycznego polega o na analizie zmian 

czynników wp ywu na warto ci wska ników okre laj cych jako  spala-

nia paliwa oraz wska ników pracy palników; aproksymacji danych do-

wiadczalnych i ustaleniu stopnia adekwatno ci uzyskanych modeli. 
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Za pomoc  opracowanego modelu fizyko-matematycznego zosta y 

nast pnie wykonane obszerne badania w zakresie sprawno ci i ekologicz-

no ci spalania paliwa w wybranym rodzaju techniki cieplnej: ustalenie 

wp ywu typu palników i ich usytuowania na froncie kot a, mocy kot a, 

jego stanu technicznego oraz trybu spalania paliwa. Za pomoc  stworzo-

nego modelu dokonywano oceny optymalno ci spalania z punktu widzenia 

zarówno sprawno ci jak i ekologiczno ci dokonywanej na podstawie opra-

cowanego przez autorów kryterium energo-ekologicznego. Podstawowymi 

czynnikami okre laj cymi warto  kryterium by  zredukowany wska nik 

toksyczno ci oraz bilansowa sprawno  zespo u kot owego. 

Wykorzystanie modelu pozwoli o znacznie zmniejszy  liczb  

wymaganych zmian trybu pracy kot ów i prowadzonych pomiarów na 

rzeczywistych obiektach przemys owo-grzewczych.  

3. Wyniki bada  

Podczas prac do wiadczalnych zbadano wp yw ilo ciowych i ja-

ko ciowych wska ników dostarczania powietrza do strefy spalania, 

a tak e mocy kot a na emisj  CO i NOx [2]. Wa ne znaczenie mia  tak e 

rodzaj palników. Dlatego badania prowadzone by y na jednakowych ko-

t ach parowych typu DKVR-20-13 wyposa onych w ró ne palniki na-

dmuchowe: GMGB-5,6, GMGm-5 oraz GMG-7.  

Uzyskane wyniki bada  do wiadczalnych na bie co zestawiano 

z opracowanym wcze niej modelem matematycznym w celu okre lenia 

stopnia adekwatno ci uzyskanych wyników. 

 Wed ug [6] wiarygodno  modelu matematycznego sprawdza si  

na podstawie kryteriów zgodno ci. Jako takie kryterium autorzy wybrali 

kryterium korelacji Pearsona, a w a ciwie jego kwadrat – r
2 

(tzw. wspó -

czynnik determinacji). Za wiarygodn  zale no  aproksymuj c , która 

opisywa a dane do wiadczalne, przyjmowano funkcj  posiadaj c  r
2
 po-

wy ej 0,95. Ogólny widok funkcji aproksymuj cych dane pomiarów st -

enia  i NO2 w zale no ci od αp i g, dla palników typu GMGm-5, 

GMGB-5,6, GMG-7, podano we wzorach (1) i (2), natomiast odpowied-

nie wspó czynniki aproksymacji podano w tabeli 1 i 2. 

2
CO

1

p g

p g g

a b c B

d e B f B

+ ⋅ α + ⋅
=

+ ⋅ α + ⋅ + ⋅
 (1) 
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2 2
NO

1

p g

p p g

a b c B

d e f B

+ ⋅ α + ⋅
=

+ ⋅ α + ⋅ α + ⋅
 (2) 

 

Tabela 1. Wspó czynniki aproksymacji zale no ci  = f(αp, Bg) 

Table 1. Approximation coefficients in dependence of  = f(αp, Bg) 

Wspó czynniki do 

okre lania  
3×GMGB-5,6 3×GMGm-5 2×GMG-7 

a −161,49 −285,39 −273,77 

b 144,44 228,71 207,88 

c 0,007700 0,023335 0,026841 

d −1 −0,9571 −0,81543 

e −8,3⋅10−6 1,018⋅10−5 −0,00019 

f 3,89⋅10−9 −1,049⋅10−8 5⋅10−8 

Wspó czynnik determinacji 0,998 0,991 0,988 

 

Tabela 2. Wspó czynniki aproksymacji zale no ci N 2 = f(αp, Bg) 

Table 2. Approximation coefficients in dependence of N 2 = f(αp, Bg) 

Wspó czynniki do 

okre lania NO2 
3×GMGB-5,6 3×GMGm-5 2×GMG-7 

a 19,274 −26,6 −19,31 

b −17,725 24,5 16,66 

c 0,00712 0,00183 0,00406 

d 1,61 −1,75 −1,69 

e 0,659 0,8 0,741 

f 5,522⋅10−6 −1,233⋅10−5 −3,760⋅10−7 

Wspó czynnik determinacji 0,989 0,987 0,968 

 

Zale no ci zmiany Iw, Iwy, cos w, cos wy, aproksymuj ce do-

wiadczalne dane dla wentylatora nadmuchowego BDN-11,2 i wentyla-

tora wyci gowego DN-13,5, przedstawiono w postaci funkcji wielomia-

nowej trzeciego rz du we wzorach (3)–(6), natomiast odpowiednie wiel-

ko ci wspó czynników wielomianu podano w tabeli 3. 

2 3

w p p pI a b V c V d V= + ⋅ + ⋅ + ⋅  (3) 

2 3cos w p p pa b V c V d Vϕ = + ⋅ + ⋅ + ⋅   (4) 

2 3

wy g g gI a b V c V d V= + ⋅ + ⋅ + ⋅  (5) 
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2 3cos wy g g ga b V c V d Vϕ = + ⋅ + ⋅ + ⋅  (6) 

gdzie: 

,w wyI I  – pr d zu ywany na nap d wentylatora nadmuchowego i wyci -

gowego [A];  

cos ,cosw wyϕ ϕ  – wspó czynnik mocy wentylatora nadmuchowego i wy-

ci gowego [j. u.];  

pα  – wspó czynnik nadmiaru powietrza w palenisku [j. u.];  

gB  – zu ycie gazu [m
3
/h];  

pV  – zu ycie powietrza, [m
3
];  

gV – strumie  obj to ci gazów spalinowych [m
3
/m

3
]; 

a, b, c, d, e, f – wspó czynniki modelu matematycznego [j. u.]. 

 
Tabela 3. Wspó czynniki wielomianów przy okre laniu Iw, Iwy, cos w, cos wy  

Tabela 3. Polynomial coefficients in defining Iw, Iwy, cos w, cos wy 

Wspó czynniki Iw Iwy os w cos wy 

a −12,2 9,2 0,056 0,083 

b 0,0116 0,074 0,00017 1,32⋅10-4 

c 10−6 −6,332⋅10−7
−1,484⋅10−8 1,249⋅10−8 

d 2,9⋅10−11 1,887⋅10−11 4,29⋅10−13 3,962⋅10−13 

Wspó czynnik determinacji 0,987 0,991 0,963 0,949 

 

Aproksymuj c zale no ci do okre lania Iw, Iwy, cos w, cos wy po-

kazano, e wraz ze wzrostem mocy i zwi kszeniem obj to ci gazów spa-

linowych zwi ksza si  ich temperatura, a zatem temperatura tg po rednio 

uwzgl dniana jest przy okre laniu strat energii na nadmuch i wyci g spa-

lin. Uwzgl dniaj c, e palniki i krótkie odcinki przewodów mo na uj-

mowa  jako opory miejscowe, ogólne zale no ci przep ywu gazu g 

i powietrza Vp przez kontrolne odcinki od spadku ci nie  powietrza 
p

p p palP P P∆ = −  i gazu g

g g palP P P∆ = − mi dzy kontrolnym punktem a pale-

niskiem b d  mia y posta : 

0,5

p p pV A= ⋅ ∆  (7) 

0,5

g p gB A P= ⋅ ∆  (8) 
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gdzie:  

p
 – ci nienie powietrza w punkcie kontrolnym [Pa];  

g
 – ci nienie gazu w punkcie kontrolnym [Pa];  

, p g

pal palP P  – ci nienie odpowiednio powietrza i gazu w palenisku [Pa]; 

, p g∆ ∆  – spadek ci nienia odpowiednio powietrza i gazu [Pa];  

pA  – wspó czynnik przep ywu palnika [j. u.]. 

 

Dla badanych rodzajów palników typu GMG i GMGm aproksy-

macja do wiadczalnych danych wed ug wzoru (7) nie da a pozytywnych 

wyników, co spowodowane by o dwupotokowym schematem ruchu po-

wietrza w palniku. Dlatego te  pomiar ci nienia powietrza wykonywano 

za wentylatorem. Otrzymane wspó czynniki aproksymacji dla wariantów 

wyposa enia kot ów w palniki 2×GMG-7, 3×GMGm-5, 3×GMGB-5,6 

podano w tabeli 4. 
 

Tabela 4. Warto  wspó czynnika Ap w zale no ciach (7) i (8)  

Table 4. Value of coefficient Ap in equations (7) and (8) 

Warto  wspó czynnika 3×GMGB-5,6 3×GMGm-5 2×GMG-7 

pA  we wzorze (8) 88,365 119,14 121,08 

Wspó czynnik determinacji 0,987 0,991 0,988 

pA  we wzorze (7) 2213,02 2007,31 1991,65 

Wspó czynnik determinacji 0,975 0,991 0,937 

4. Wykorzystanie wyników 

Uzyskane wyniki bada  dla palników typu GMGB-5,6 oraz 

GMGm-5 dla dwóch ró nych obci e  kot a wraz z wykorzystaniem 

opracowanego modelu przedstawiono na poni szych wykresach. Punkty 

na poszczególnych wykresach obrazuj  wyniki uzyskane w trakcie bada  

do wiadczalnych, natomiast linie przerywane to krzywe uzyskane po-

przez aproksymacj  danych do wiadczalnych za pomoc  opracowanego 

modelu matematycznego. 
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Rys. 1. Zale no  st enia CO w spalinach od rodzaju palnika, wspó czynnika 

nadmiaru powietrza i obci enia kot a: 1 i 2 – palnik GMGB-5,6: 1 – obci enie 

100%; 2 – 87%; 3 i 4 – palnik GMGm-5: 3 – 110%; 4 – 100% 

Fig. 1. CO emission in exhaust fumes in dependence of burner type, surplus air 

coefficient and boiler’s load: 1 and 2 – burner GMGB-5,6: 1 – load 100%;  

2 – 87%; 3 and 4 – burner GMGm-5: 3 – 110%; 4 – 100%  

 

 

Rys. 2. Zale no  st enia NOx w spalinach od rodzaju palnika, wspó czynnika 

nadmiaru powietrza i obci enia kot a: 1 i 2 – palnik GMGB-5,6: 1 – obci enie 

100%; 2 – 87%; 3 i 4 – palnik GMGm-5: 3 – 110%; 4 – 100% 

Fig. 2. NOx emission in exhaust fumes in dependence of burner type, surplus air 

coefficient and boiler’s load: 1 and 2 – burner GMGB-5,6: 1 – load 100%;  

2 – 87%; 3 and 4 – burner GMGm-5: 3 – 110%; 4 – 100% 
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5. Wnioski 

Celem bada  do wiadczalnych wykonywanych za pomoc  mode-
lu matematycznego by o ustalenie charakteru wp ywu nieregulowanych 
czynników na optymalne warto ci ci nienia powietrza przed palnikiem, 
st enia tlenu oraz tlenku w gla. Aproksymacj  do wiadczalnych danych 
CO i NOx w funkcji f( p, Bg) w postaci zale no ci algebraicznych doko-
nano za pomoc  pakietu programów stosowanych „Table Curie-3D”. 
Zale no ci aproksymuj ce wyprowadzono dla warunków odpowiadaj -
cych warunkom eksperymentów. W celu uwzgl dnienia wp ywu ze-
wn trznych czynników na otrzymane warto ci wprowadzono poprawki 
na nast puj ce warto ci: 

• zmian  wspó czynnika nadmiaru powietrza na skutek zasysania przez 
nieszczelno ci do paleniska; 

• zmian  przep ywu powietrza lub gazu w przypadku zmiany ich tem-
peratury. 
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Experimental Research Vs. Accuracy  
of the Elaborated Model 

Abstract 
For an extensive range of experimental studies one is constantly looking 

for the way which would shorten our worktime as well as decrease the amount 

of measurements and at the same time not worsen the credibility of set research 

assumptions. One way is the method of planning experiments or elaborating a 

theoretical physico-mathematical model. The authors’ team decided to elaborate 

a new physico-mathematical model, as a work line, which determined the range 

of optimal values for efficiency and ecology ratio of fuel combustion.  

While conducting the experimental research the authors’ team dealt 

mainly with the modernization of industrial boilers and heaters to improve their 

operation ratio in respect of efficiency and ecology. Thanks to the created mod-

el the assessment of combustion optimality was performed from the viewpoint 

of both efficiency and ecology made on the basis of energo-ecological criteria 

elaborated by the authors. 

The use of model allowed the authors to considerably decrease the 

amount of required work mode change of boilers and conducted measurements 

on real industrial-heating objects. The studies were performed on the real ob-

jects of URAN SPB and TERA companies. During the experimental works one 

examined the influence of quantitive and qualitive ratio of distributing the air 

into combustion zone as well as boiler power on the emission of CO and NOx. 

The studies were conducted on identical steam boilers DKVR-20-13 equipped 

with various fan burners: GMGB-5,6, GMGm-5 and GMG-7. The achieved 

results of experimental research were set with the previously elaborated mathe-

matical model in order to determine the adequacy rate of achieved results (fig. 

1–2). The credible approximating dependence that determined the experimental 

data was made up by the function including the determination coefficient above 

0.95. The values of approximating factors for the particular measurements were 

set in the table (1–4). 
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Zrównowa one gospodarowanie ciekami  
na przyk adzie obszarów wiejskich 

 

Hanna Obarska-Pempkowiak, Katarzyna Ko ecka,  

Magdalena Gajewska, Ewa Wojciechowska, Arkadiusz Ostojski 
Politechnika Gda ska 

1. Wst p 

Znaczny dop yw adunku zwi zków azotu i fosforu za po rednic-

twem rzek m.in. z Polski przyczynia sie do eutrofizacji wód Morza Ba -

tyckiego. Szacuje si , e ok. 75% ogólnego adunku azotu i a  95–99% 

ogólnego adunku fosforu jest doprowadzane do Ba tyku w odp ywie 

rzecznym. Pozosta o  pochodzi z atmosfery. Oko o 25% adunku azotu 

pochodzi z depozycji atmosferycznej, która jest drugim istotnym ród em 

zanieczyszczenia Ba tyku. D ugi czas wymiany wód Ba tyku wynosz cy 

od 25–30 lat powoduje, e tylko bezpo rednie dzia ania w jego zlewni 

mog  przyczyni  sie do poprawy jako ci jego wód [8, 11, 12, 23]. 

W ród dziewi ciu pa stw usytuowanych w rejonie Morza Ba tyc-

kiego, Polska odprowadza najwi kszy adunek zwi zków azotu i fosforu. 

Podejmowane dzia ania w ostatnich latach znacznie ograniczy y jego 

dop yw. W okresie ostatnich 20 lat adunek azotu ogólnego odprowadza-

ny z terytorium naszego kraju do wód Morza Ba tyckiego uleg  obni e-

niu o ok. 43,0%, a adunek fosforu o ok. 62% [9]. Pomimo to odprowa-

dzane adunki zwi zków biogennych z obszaru Polski wci  s  zbyt wy-

sokie. Aktualnie odprowadzany adunek rzekami sp ywaj cymi z teryto-

rium Polski wynosi odpowiednio: 120 tys. ton Nog/rok i 5 tys. ton Pog/rok, 

co stanowi 20% ogólnego adunku odprowadzanego do Ba tyku. Nato-

miast adunek odprowadzany ze ciekami oczyszczonymi z komunalnych 

oczyszczalni cieków jest prawie 10-krotnie ni szy [8].  
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Zanieczyszczenie wód powierzchniowych jest wywo ane przede 

wszystkim nieuporz dkowan  gospodark  ciekowo-osadow  obszarów 

wiejskich. Wg GUS [10] w 2012 roku odsetek osób korzystaj cych 

z sieci wodoci gowej wynosi  76,2%, natomiast do sieci kanalizacyjnej 

pod czonych by o zaledwie 29,4% ludno ci obszarów wiejskich. 

W wielu miejscach budowa sieci kanalizacyjnej jest nieuzasadniona pod 

wzgl dem ekonomicznym i rodowiskowym.  

Realizacja Krajowego Programu Zagospodarowania ciekami 

spowodowa a szereg dzia a  zwi zanych z budow  i modernizacj  do-

tychczasowych obiektów oczyszczania cieków. Pomimo, e liczba 

oczyszczalni cieków stale ro nie, wci  bardzo du o gospodarstw nie 

ma mo liwo ci pod czenia do komunalnych oczyszczalni. Jednym z ele-

mentów, który móg by uporz dkowa  gospodark  komunaln , szczegól-

nie na terenach niezurbanizowanych, jest zastosowanie przydomowych 

oczyszczalni cieków (PO ), np. z wykorzystaniem technologii hydrofi-

towej. Nowe rozwi zania wykorzystuj ce t  technologi  umo liwiaj  

zagospodarowanie cieków, co wynika nie tylko z mo liwo ci ich 

oczyszczania, ale równie  zagospodarowania osadów ciekowych w wa-

runkach lokalnych.  

W pracy podano charakterystyk  sanitacji obszarów wiejskich 

w Polsce na tle krajów Europy rodkowej i Wschodniej oraz najnowsze 

przyk ady zagospodarowania cieków i osadów w systemach wykorzy-

stuj cych technologie hydrofitowe. 

2. Gospodarka wodno- ciekowa obszarów wiejskich  

W krajach Europy rodkowej i Wschodniej prawie 30% populacji 

(odpowiednio 42 mln ludno ci) zamieszkuje miejscowo ci, gdzie liczba 

mieszka ców jest poni ej 2000. Zaledwie ok. 9,0% ludno ci tych tere-

nów jest pod czonych do komunalnych oczyszczalni cieków.  

Pomimo, e w Polsce liczba komunalnych oczyszczalni cieków 

wynosi 3157 i jest najwy sza na obszarze rodkowo-Wschodniej Euro-

py, to jednak tylko 64,0% ludno ci odprowadza do nich cieki. Szacuje 

si , e a  7,64 mln osób nie ma mo liwo ci pod czenia si  do komunal-

nych oczyszczalni cieków (rys. 1). 

W Polsce na jeden kilometr sieci kanalizacyjnej przypada 400 

mieszka ców miast, a jedynie 74 mieszka ców wsi [2]. Przyjmuje si , e 
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budowa kanalizacji jest technicznie i ekonomicznie uzasadniona, gdy na 

1 km jej d ugo ci przypada mniej ni  120 osób, a na terenach obj tych 

szczególn  ochron  prawn  mniej ni  90 osób [25]. Dlatego dla wielu 

rejonów wiejskich rozbudowa sieci kanalizacyjnej jest ekonomicznie 

i technicznie nieuzasadniona. 

 

 

Rys. 1. Ludno  bez mo liwo ci pod czenia do komunalnej oczyszczalni 

cieków, opracowane na podstawie [13] 

Fig. 1. The population without the possibility of connecting to municipal 

wastewater treatment plant, on the basis of [13] 

 

W przypadku braku mo liwo ci pod czenia si  do sieci komu-

nalnych konieczne jest stosowanie kanalizacji bezodp ywowej, np. zbior-

ników bezodp ywowych, tzw. szamb lub przydomowych oczyszczalni 

cieków. 

Liczba zbiorników bezodp ywowych, które s  przeznaczone do 

gromadzenia nieczysto ci ciek ych uleg a zmniejszeniu w ostatnich la-

tach, ze wzgl du na wysokie koszty eksploatacji. W 2012 roku ich liczba 

wynosi a 2 318 tys. (podczas gdy w 2009 roku – 2 433 tys.) [10]. Wg 

Kundziewicza i Mi aszewskiego [17] ca kowity koszt budowy i eksploat-

acji zbiorników bezodp ywowych jest niemal 2-krotnie wy szy ni  

w przypadku PO .  

W ostatnich latach w Polsce odnotowano znaczny wzrost liczby 

nowych PO  z 62 000 w roku 2009 do 126 164 w roku 2012 [10]. Szacu-
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je si , e zrównowa enie gospodarki ciekowo-osadowej b dzie zwi za-

ne z budow  kolejnych 700 tys. obiektów obs uguj cych ok. 3,8 mln 

mieszka ców [21]. 

Dotychczas wykazano, e usuwanie zanieczyszcze  ze cieków 

na obszarach wra liwych na eutrofizacj  wymaga stosowania Hybrydo-

wych Systemów Hydrofitowych (HSH) z o onych ze z ó  z pionowym 

i poziomym przep ywem cieków [21]. 

Badania przeprowadzone przez zespó  pracowników z Politechni-

ki Gda skie [6, 21, 22] w ramach projektu norweskiego NORWET wy-

kaza y, e obiekty te charakteryzuj  si  wysok  efektywno ci  usuwania 

zanieczyszcze , pod warunkiem prawid owego eksploatowania i funk-

cjonowania m.in. osadników gnilnych oraz przestrzegania zalecanych 

obci e  hydraulicznych oraz adunków materii organicznej i zwi zków 

azotu.  

Przydomowe oczyszczalnie cieków definiowane s  zazwyczaj 

jako obiekty obs uguj ce do 50 mieszka ców. Ich maksymalna przepu-

stowo  w Polsce wynosi 5 m
3
/d wg Prawa Wodnego [27] i 7,5 m

3
/d wg 

Prawa Budowlanego [28]. Oczyszczalnie lokalne przeznaczone s  do 

oczyszczania cieków pochodz cych od 50 do 2000 mieszka ców. Wg 

Rozporz dzenia Ministra rodowiska z dn. 24 lipca 2006 [26] cieki od-

prowadzane, do wód p yn cych, z tych obiektów powinny spe nia  na-

st puj ce warunki: BZT5 ≤ 40 mgO2/dm
3
, ChZT ≤ 150 mgO2/dm

3
, za-

wiesina ogólna ≤ 50 mg/dm
3
. Dodatkowo, gdy cieki odprowadzane s  

do wód stoj cych lub na obszarach szczególnie wra liwych na eutrofiza-

cj  (obecnie ca y obszar Polski) nale y zapewni  st enie Nog ≤ 

30 mg/dm
3
 oraz Pog ≤ 5,0 mg/dm

3
. W tych warunkach HSH, ze wzgl du 

na prost  budow  i eksploatacj , zapewniaj  skuteczne usuwanie zwi z-

ków biogennych i stanowi  konkurencje dla systemów konwencjonalnych.  

Odpowiednio skonstruowane i eksploatowane systemy hydrofi-

towe s  równie  wykorzystywana do odwadnia i stabilizacji osadów 

ciekowych pochodz cych zarówno z konwencjonalnych oczyszczalni 

cieków, jak równie  z PO . Metoda ta polega na stosowaniu wielowar-

stwowych zalewów osadów ciekowych (o niskiej zawarto ci suchej ma-

sy 0,5–1%) najcz ciej w specjalnie zbudowanych obiektach naziemnych 

lub podziemnych zasiedlonych trzcin  (Phragmites australis) [16, 18]. 
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3. Metodyka bada  

W ramach bada  monitorowano w województwie pomorskim 
prac  lokalnych systemów hydrofitowych przeznaczonych do biologicz-
nego oczyszczania cieków (pochodz cych od 15 do 750 mieszka ców) 
po wst pnym mechanicznym ich oczyszczaniu w osadnikach gnilnych. 
Obiekty znajdowa y si  w Dar lubiu k. Pucka, w Wieszynie, Wiklinie 
i Sarbsku k. S upska oraz w Schodnie k. Ko cierzyny [6].  

Analizowano równie  9 hybrydowych przydomowych oczysz-
czalni cieków (PO ) wybudowanych w 2009 roku na terenie gminy 
St yca w ramach projektu NORWET. Obiekty te pracowa y w trzech 
konfiguracjach. 

Przeprowadzono równie  badania jako ci osadów ciekowych 
stabilizowanych w systemach hydrofitowych pracuj cych w warunkach 
lokalnych. Stabilizacji poddawano osady ciekowe pochodz ce z kon-
wencjonalnych oczyszczalni cieków, zlokalizowanych w Helsinge, 
Rudkobing, Nakskov, Vallo k. Kopenhagi (w poszczególnych obiektach 
znajdowa o si  8–10 kwater, które zasilano osadami pochodz cymi od 
9 000 do 40 000 OLM (Obliczeniowa Liczba Mieszka ców), czas eks-
ploatacji wynosi  od 7–15 lat) oraz z oczyszczalni cieków zlokalizowa-
nej w Gniewinie w woj. pomorskim (w obiekcie znajduje si  6 kwater 
zasilanych osadami pochodz cymi od 24 000 mieszka ców; czas eksplo-
atacji 2 lata) [1,5,16]. 

W analizowanych oczyszczalniach pobierano próbki cieków do-
prowadzanych i odprowadzanych z uwzgl dnieniem czasu zatrzymania 
cieków w monitorowanych obiektach bada  [5, 6]. W pobranych prób-

kach wykonywano pomiary st e  zawiesiny ogólnej, materii organicz-
nej (BZT5 i ChZT) oraz azotu ogólnego i fosforu ogólnego. Zastosowane 
procedury bada  s  zgodne z Polskimi Normami i zaleceniami podanymi 
w Rozporz dzeniu Ministra rodowiska z dnia 24 lipca 2006 [26]. 

W celu okre lenia wspó zale no ci liniowej zmiennych zastoso-
wano wspó czynnik korelacji Pearsona (r) przy za o eniu, e dla | r | < 
0,2 wyst puje brak zwi zku liniowego, dla warto ci 0,2–0,4 istnieje s aba 
zale no  (w tych badaniach traktowana jako nieistotna zale no ), dla 
warto ci 0,4–0,7 wyst puje umiarkowana zale no , natomiast dla war-
to ci z zakresu 0,7–0,9 zale no  jest silna, a dla | r | > 0,9 bardzo silna. 

W osadach ciekowych stabilizowanych metod  hydrofitow  wy-
konano oznaczenie zawarto ci suchej masy i materii organicznej oraz 
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st e  azotu ogólnego i fosforu ogólnego. Wszystkie oznaczenia wyko-
nano zgodnie z obowi zuj cymi Polskimi Normami [17]. 

4. Wyniki bada  i ich omówienie 

4.1. Lokalne oczyszczalnie hydrofitowe  

Na rysunku 2 przedstawiono charakterystyk  jako ci cieków do-

prowadzanych do analizowanych HSH. Jako  cieków odprowadzanych 

do rodowiska przedstawiono na rysunku 3 z podaniem dystrybuanty roz-

k adu Weibulla dla poszczególnych st e  analizowanych zanieczyszcze . 

Jako  cieków doprowadzanych do analizowanych obiektów ró -

ni a si  znacznie. Obiekt w Wieszynie zasilany by  ciekami o najwy -

szych st eniach zanieczyszcze . Wysokie st enie zawiesiny ogólnej oraz 

materii organicznej w ciekach doprowadzanych do pierwszego z o a 

w tym obiekcie potwierdza niew a ciw  eksploatacj  osadnika gnilnego. 

Natomiast cieki doprowadzane do oczyszczalni w Schodnie charaktery-

zowa y si  du  zmienno ci . Bardzo wysokie st enia materii organicznej 

doprowadzane do obiektów w Dar lubiu i Schodnie by y spowodowane 

dop ywem gnojowicy z obszarów przylegaj cych do oczyszczalne. St e-

nia zanieczyszcze  w ciekach doprowadzanych by y bardzo wysokie, co 

mo e wskazywa  na nieefektywn  prac  osadników wst pnych w tych 

obiektach. W konsekwencji analizowane obiekty zasilane by y ciekami 

o wy szych adunkach zanieczyszcze  ni  te, które zosta y przyj te 

w projektach budowlanych. Przek ada o si  to na ich ni sz  efektywno  

usuwania charakterystycznych zanieczyszcze  (rys. 3).  

Zaledwie 40% analizowanych próbek (co dopowiada 153 dobom 

w roku kalendarzowym) spe nia o wymogi, co do warto ci st enia za-

wiesiny ogólnej w oczyszczonych ciekach (rys. 3a). Podczas prowadzo-

nego monitoringu stwierdzono, e wi kszo  z ó  hydrofitowych pracu-

j cych w pierwszym stopniu analizowanych HSH uleg a kolmatacji 

wskutek doprowadzania zbyt du ych st e  materii organicznej w posta-

ci zawiesinowej lub /i nieprawid owo zaprojektowanego systemu roz-

prowadzania cieków. W konsekwencji tworzy y si  uprzywilejowane 

strefy przep ywu cieków np. doprowadzane cieki p yn y po po-

wierzchni, co spowodowa o zmniejszenie skuteczno ci usuwania zawie-

siny ogólnej. Dla materii organicznej (BZT5 i ChZT) oraz azotu ogólnego 

wska niki niezawodno ci zmienia y si  od 60 do 80 % (rys. 3 b-d). Za-
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obserwowano bardzo dobr  niezawodno  pracy analizowanych HSH dla 

azotu ogólnego i ChZT (303 i 292 dni w roku, odpowiednio) i nieco ni -

sz  dla BZT5 wynosz c  219 dni w roku.  

 

 

Rys. 2. rednie warto ci st e  charakterystycznych zanieczyszcze  w ciekach 

doprowadzanych do analizowanych obiektów a) BZT, ChZT i zawiesina 

ogólna, b) Pog, Nog i N-NH4
+ 

Fig. 2. Average values of specific pollutant concentrations in wastewater 

supplied to the analyzed objects a) BOD, COD and total suspended solids, 

b) Pog, Nog and N-NH4
+ 
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Rys. 3. Dystrybuanta empiryczna rozk adu st e  zanieczyszcze  w ciekach 
oczyszczonych w analizowanych HSH dla: (a) zawiesiny og., (b) BZT5,  
(c) ChZT, (d) Nog  
Fig. 3. The empirical distribution function of pollutant concentrations in treated 
wastewater in analyzed objects for: (a) suspended solids, (B) BOD5, (c) COD, 
(d) Ntot 

 
Dotychczas oczyszczalnie hydrofitowe by y stosowane w drugim 

stopniu oczyszczania cieków do 2000 mieszka ców. Ostatnio budowane 
s  te  obiekty oczyszczaj ce cieki bytowe, pochodz ce nawet od 3500 
mieszka ców. Odpowiedni dobór technologii, uwzgl dniaj cy zastoso-
wanie wielostopniowych z ó  ze zmiennym poziomym i pionowym 
przep ywem cieków, pozwoli  na zmniejszenie jednostkowej po-
wierzchni nawet do 1,7 m

2
/OLM. Jest to znacznie mniejsza powierzchnia 

w porównaniu do dotychczas zalecanych 5 m
2
/OLM [7].  
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4.2. Przydomowe oczyszczalnie hydrofitowe 

Najbardziej popularnymi, dotychczas wykorzystywanymi urz -

dzeniami PO  s  drena e rozs czaj ce i filtry piaskowe. Mniej popularne 

s  z o a biologiczne i reaktory z osadem czynnym. Zasadnicz  wad  dre-

na u rozs czaj cego jest du e zapotrzebowanie na powierzchni , wyno-

sz ce od 20 do 60 m
2
/M, brak mo liwo ci kontrolowania jako ci oczysz-

czonych cieków oraz zagro enie zanieczyszczenia wód podziemnych. 

W przypadku filtrów piaskowych konieczne jest stosowanie drogiego, 

p ukanego i sortowanego piasku do wype nienia z o a, a przy nieko-

rzystnym nachyleniu terenu konieczno  u ycia pompy. Cz sto równie  

wyst puje problem z przykrymi zapachami. Reaktory z osadem czynnym 

mog  zapewni  skuteczne usuwanie materii organicznej oraz zwi zków 

azotu i fosforu. Jednak koszt budowy oraz oczyszczania cieków jest 

wy szy, a ich eksploatacja wymaga fachowej obs ugi oraz zabezpiecze-

nia serwisu urz dze . Z o a biologiczne mog  by  umieszczone w zbior-

niku o konstrukcji podobnej do osadnika gnilnego. Obiekty te potrzebuj  

jednak d ugiego czasu rozruchu i s  energoch onne [3, 21, 24].  

Stosunkowo now  metod  wykorzystywan  w PO  s  wielostop-

niowe systemy hydrofitowe. Zasadnicz  zalet  tej technologii jest prosta 

budowa, atwa eksploatacja oraz naturalny wygl d. Dodatkowo wg Kun-

dziewicza i Mi aszewskiego [15] koszty eksploatacji tego typu oczysz-

czani s  najni sze w porównaniu z innymi urz dzeniami stosowanymi 

w PO .  

W Polsce pierwsze przydomowe oczyszczalnie cieków wykorzy-

stuj ce metod  hydrofitow  pojawia y sie w latach dziewi dziesi tych 

ubieg ego wieku. By y to obiekty z poziomym przep ywem. Dopiero 

w roku 2004 w Polsce zacz to stosowa  hydrofitowe oczyszczalnie jed-

nostopniowe z pionowym przep ywem cieków. Po pilotowych obiektach 

wybudowanych w rejonie Gda ska i Wroc awia [20], wdra anie tego 

typu obiektów rozpocz to na Podlasiu. Obecnie funkcjonuje tam ponad 

60 takich oczyszczalni. 

W ramach projektu "Innowacyjne rozwi zanie gospodarki cie-

kowo-osadowej dla terenów niezurbanizowanych" w lipcu 2009 wybu-

dowano na terenie gm. St yca na Kaszubach dziewi  oczyszczalni hy-

drofitowych. Zastosowano 3 konfiguracje urz dze : 
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• I konfiguracja – osadnik wst pny o przed u onym czasie zatrzymania 

(5–6 dni), nast pnie z o e typu VF i staw, 

• II konfiguracja – osadnik wst pny, nast pnie 2 sekwencyjnie pracuj -

ce z o a typu VF I i VF II oraz staw, 

• III konfiguracja – osadnik wst pny, prefiltr wype niony materia em 

pollytag, nast pnie z o e typu HF i staw [21]. 

W ka dej konfiguracji wybudowano 3 obiekty. 

 

Badania obiektów hydrofitowych podzielono na dwa okresy ba-

dawcze. Pierwszy okres stanowi y lata 2010–2011 (prowadzone zarówno 

w okresie wegetacyjnym, jak i pozawegetacyjnym). Drugi okres odnosi  

sie do bada  prowadzonych w latach 2012–2013 (uwzgl dniaj cych je-

dynie okres pozawegetacyjny). Uzyskane wyniki skuteczno ci usuwania 

zanieczyszcze  w wy ej wymienionych obiektach podano w tabeli 1. 

 
Tabela 1. rednia skuteczno *) usuwania zanieczyszcze  w hydrofitowych 

PO  w gm. St yca na Kaszubach, %  

Table 1. The average efficiency*) of pollutants removal in hydrophite on-site 

WWTP in St yca in Kashubian region,% 

Konfigu-

racja 
Ob.

Parametr 

I okres bada  II okres bada  

Zaw. 

og 
ChZT Nog Pog 

Zaw. 

og 
ChZT Nog Pog 

I 

1 68,2 84,1 70,6 68,2 93,5 91,5 82,3 21,2 

2 65,4 60,0 55,9 65,4 90,7 91,2 78,5 40,0 

3 29,1 53,1 55,6 29,1 82,0 86,3 75,0 5,6 

II 

1 67,8 68,6 75,9 67,8 79,9 81,5 73,8 1,9 

2 61,4 83,1 79,0 61,4 86,8 84,7 73,5 21,6 

3 64,0 78,6 54,3 64,0 91,3 76,5 77,8 13,7 

III 

1 57,6 79,9 49,7 57,6 83,7 85,5 63,6 30,1 

2 54,7 82,4 69,9 54,7 81,2 85,8 64,7 26,2 

3 50,0 83,3 55,8 50,0 87,0 85,9 68,8 37,4 
*) Skuteczno  policzono jako (Co–Ck)/Ck⋅100%, gdzie Co – st enie na dop ywie,  

Co – st enie na odp ywie  

 



Zrównowa one gospodarowanie ciekami na przyk adzie… 595
 

We wszystkich konfiguracjach stwierdzono najni sz  skuteczno  

usuwania zwi zków fosforu. Natomiast skuteczno  usuwania zawiesiny 

ogólnej i materii organicznej (wyra onej w ChZT) by a wysoka i wynosi-

a ok. 90,0%. Stwierdzono równie  wysok  redni  skuteczno  usuwa-

nia azotu ogólnego powy ej 60,0%. 

Najwy sz  skuteczno  oczyszczania zapewnia y obiekty pracu-

j ce w konfiguracji II. Dzia anie obiektów pracuj cych w konfiguracjach 

I i III by o równie  efektywne.  

Uzyskane wyniki porównano z efektywno ci  usuwania zanie-

czyszcze  w obiektach hydrofitowych analizowanych w literaturze (tabe-

la 2). 

Na podstawie analizy dotychczas funkcjonuj cych obiektów 

stwierdzono, e najni sz  skuteczno ci  usuwania materii organicznej 

charakteryzowa y si  obiekty z przep ywem poziomym typu HF. rednio 

skuteczno  usuwania BZT5 wynosi a od 45,8% do 78,7%. Skuteczno  

usuwania Nog by a jeszcze ni sza i wynosi a od 24,2% do 44,7%. G ówn  

przyczyn  s abej efektywno ci usuwania zanieczyszcze  by a niew a ci-

wa eksploatacja osadników gnilnych oraz dop yw do z ó  cieków zawie-

raj cych zawiesiny i t uszcze. Powodowa o to w niektórych przypadkach 

zmian  charakteru dzia ania obiektów z obiektów z przep ywem podpo-

wierzchniowym na obiekty z przep ywem powierzchniowym (typu SF – 

surface flow).  

Znacznie wy sz  skuteczno  usuwania zanieczyszcze  uzyskano 

w obiektach hydrofitowych z przep ywem pionowym. rednia efektyw-

no  usuwania zawiesiny ogólnej wynosi a 86,0%, BZT5 – 96,0%, 

a ChZT – 88,0%. Skuteczno  usuwania zwi zków biogennych w obiek-

tach tego typu by a znacznie ni sza i wynosi a rednio 58,0% dla Nog 

i 31,0% dla Pog.  

Najwy sz  efektywno  usuwania zwi zków fosforu i azotu uzy-

skano w obiektach hybrydowych. Natomiast usuwanie materii organicz-

nej oraz zawiesiny w tych obiektach by o na poziomie efektywno ci uzy-

skanej w obiektach z przep ywem pionowym. 

Obiekty hydrofitowe z przep ywem pionowym (VF) oraz obiekty 

hybrydowe (bez wzgl du na zastosowan  konfiguracje charakteryzowa y 

sie bardzo wysok  skuteczno ci  usuwania zawiesiny ogólnej i materii 

organicznej (tabela 1 i 2). Znacznie ni sza skuteczno  usuwania materii 

organicznej wyst powa a w obiektach z przep ywem poziomym (HF). 
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Tabela 2. rednia skuteczno ci usuwania zanieczyszcze  w obiektach 

hydrofitowych stanowi cych PO   

Table 2. The average removal efficiency in hydrophite objects as on-site 

WWTPs 

Obiekt 
Konfi-

guracja

Parametr 

ród o Zaw. 

og. 
BZT5 ChZT Nog Pog 

Wawrów, 

gm. Santok 
HF b.d. 66,8 b.d. 38,5 b.d. 

Obarska-Pempkowiak 

i in. [19] 

Gralewo, 

gm. Santok 
HF b.d. 64,2 b.d. 30,8 b.d.

Obarska-Pempkowiak 

i in. [19] 

Ma yszyn, 

gm. Mirzec 
HF b.d. 45,8 b.d. 44,7 b.d.

Obarska-Pempkowiak 

i in. [19] 

Rokitno, 

gm. Rokitno 
HF b.d. 78,7 b.d. 24,2 b.d.

Obarska-Pempkowiak 

i in. [19] 

Jami kowski, 

gm. Soko y 
VF 88,1 98,1 88,9 41,9 61,5

Gajewska i Obarska-

Pempkowiak [4] 

Stypó kowski, 

gm. Soko y 
VF 84,3 94,9 86,8 13,4 54,1

Gajewska i Obarska-

Pempkowiak [4] 

D browica  

(uk ad I), 

gm. Jastków 

HF-VF 83,0 93,0 88,0 48,0 77,0 Jó wiakowski [14] 

D browicy 

(uk ad II), 

gm. Jastków 

VF-HF 88,0 94,0 91,0 61,0 84,0 Jó wiakowski [14] 

 Janowo,  

gm. Janowa 
VF-HF 89,0 96,0 94,0 66,0 95,0 Jó wiakowski [14]  

b.d* – brak danych 

 

Obiekty, w których zastosowano wi cej ni  jedno z o e hydrofi-

towe, charakteryzowa y si  zdecydowanie wi ksz  skuteczno ci  usuwa-

nia zwi zków biogennych. Najwy sz  skuteczno  usuwania zwi zków 

azotu i fosforu uzyskano przy konfiguracji z ó  VF-HF (tabela 1 i 2).  

4.3. Stabilizacja osadów ciekowych w warunkach wiejskich 

Osady ciekowe stanowi  bardzo k opotliwy produkt uboczny 

procesu oczyszczania cieków. Powstaj  one zarówno w komunalnych 

oczyszczalniach cieków, jak i PO . Wytwarzane osady s  przyczyn  

pojawiania sie kolejnych problemów. Po pierwsze, ze wzgl du na sanita-
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cj  obszarów wiejskich i budow  wielu PO  wzrasta ilo  produkowa-

nych osadów. Po drugie brak wystarczaj cej wiedzy oraz odpowiednich 

warunków i rodków ich zagospodarowania zw aszcza wtedy, gdy cen-

tralne komunalne oczyszczalnie cieków s  znacznie oddalone od gospo-

darstw wiejskich.  

Rozwi zaniem problemów osadów ciekowych zarówno w PO , 

jak i ma ych oraz rednich oczyszczalniach cieków mog aby by  techno-

logia hydrofitowa do odwadniania i stabilizacji osadów ciekowych. 

Efektywno  dzia ania tych systemów jest porównywalna z efek-

tami uzyskiwanymi w urz dzeniach mechanicznych np. prasach ci nie-

niowych (gdzie zawarto  suchej masy w odwadnianych osadach mo e 

wynosi  nawet 40%) [15, 16, 18]. Dodatkowo koszt unieszkodliwiania 

osadów w systemach hydrofitowych jest stosunkowo niski i stanowi za-

ledwie 5–10% kosztów powszechnie stosowanych rozwi za  [15]. 

W odró nieniu od tradycyjnych poletek ociekowych w systemach hydro-

fitowych nast puje znaczna intensyfikacja wielu procesów biochemicz-

nych, które powoduj  nie tylko bardziej intensywne odwadnianie osa-

dów, lecz równie  w wyniku post puj cej stabilizacji istnieje mo liwo  

przekszta cenia pozosta ej materii w substancj  humusow  lub kompost.  

W Polsce dotychczas wybudowano i eksploatowani kilka obiektów 

pilotowych opisanych przez Ko eck  i Obarsk -Pempkowiak [16] oraz 

Zwar  i Obarsk -Pempkowiak [26]. Jednym z pierwszych obiektów wdro-

onych w pe nej skali jest obiekt trzcinowy w Gniewinie. Porównanie ja-

ko ci osadów ciekowych stabilizowanych w obiekcie trzcinowym 

w Polsce w ci gu 1 roku eksploatacji oraz czterech du skich obiektów 

trzcinowych eksploatowanych w okresie od 7 do 15 lat podano w tabeli 3.  

Na podstawie podanych wyników bada  stwierdzono, e obiekt 

trzcinowy w Gniewinie charakteryzowa  si  najni sz  zawarto ci  suchej 

masy, a tak e najwy sz  zawarto ci  materii organicznej. W obiektach 

z Danii warto ci tych parametrów by y bardziej do siebie zbli one. 

Znaczne ró nice w zawarto ci suchej masy i materii organicznej pomi -

dzy omawianymi obiektami wynika y przede wszystkim z czasu eksploa-

tacji. Wysoka zawarto  materii organicznej w osadach ciekowych 

wiadczy o tym, e osady te nie zosta y jeszcze ustabilizowane. Do-

wiadczenia z eksploatacji obiektów du skich wykaza y, e konieczne 

jest d ugookresowe zatrzymanie osadów w obiektach, aby umo liwi  

pe n  stabilizacj . 
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Tabela 3. Jako  osadów ciekowych odwadnianych i stabilizowanych 

w obiektach trzcinowych 

Table 3. The quality of sewage sludge dewatered and stabilized in reed bed 

systems 

Parametr 
Obiekty du skie 

Obiekt 

polski 

Helsinge Rudkobing Nakskov Vallo Gniewino 

Sucha masa, 

% 
20,7±2,6 29,3±3,5 23,6 ±2,9 26,1±2,7 11,8±2,4 

Materia or-

ganiczna, 

% s.m. 

41,1±2,9 42,0±2,3 44,1±2,0 46,0±4,3 57,1±11,5 

Azot ogólny, 

%s.m 
2,0±0,1 1,9±0,2 2,4±0,3 2,2±0,3 4,9±1,0 

Fosfor ogól-

ny, %s.m. 
3,8±0,2 4,7±0,1 4,1±0,4 4,2 ±0,6 4,1±0,8 

 

St enie fosforu ogólnego by o we wszystkich obiektach na po-

równywalnym poziomie i by o znacznie powy ej rednich warto ci 

w porównaniu do osadach ciekowych odwadnianych w urz dzeniach 

mechanicznych. Wg Bienia [1] warto ci zmieniaj  si  od 0 do 1,5% s.m. 

St enie azotu ogólnego w osadach z obiektu trzcinowego w Gniewinie 

by o dwukrotnie wy sze ni  dla osadów stabilizowanych z Danii. Uzy-

skane warto ci by y porównywalne z warto ciami azotu ogólnego poda-

wanymi przez Bienia [1] (wynosz cymi od 1,5 do 5,0% s.m.). Stosunko-

wo wysokie st enia azotu w Gniewinie by y spowodowane wysokim 

st eniem zwi zków azotu w oczyszczanych ciekach, co potwierdza 

dop yw nawozów organicznych w sp ywach powierzchniowych ze zlew-

ni o charakterze rolniczym. 

Uzyskane rezultaty potwierdzaj , e analizowana metoda uniesz-

kodliwiania i potencjalnego zagospodarowania osadów ciekowych 

w warunkach lokalnych stanowi alternatyw  dla metod stosowanych 

w oczyszczalniach cieków. W przypadku braku komunalnych oczysz-

czalni cieków w warunkach wiejskich mo e znacznie obni y  koszty 

zwi zane z transportem osadów. 
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5. Wnioski  

Na podstawie przeprowadzonych bada  odnosz cych si  do naj-

nowszych zastosowa  zagospodarowania cieków i osadów w systemach 

hydrofitowych sformu owano nast puj ce wnioski: 

1. Metoda hydrofitowa stanowi dobry przyk ad in ynierii ekologicznej, 

a jej zastosowanie w gospodarce komunalnej umo liwia zrównowa-

one gospodarowanie ciekami. 

2. Lokalne systemy hydrofitowe mo na stosowa  w biologicznym stop-

niu oczyszczania cieków do 3500 mieszka ców. Przy prawid owej 

pracy osadników wst pnych obiekty te charakteryzuj  si  du  sku-

teczno ci  usuwania zanieczyszcze . Analizowane obiekty charakte-

ryzowa y sie wysokimi wska nikami niezawodno ci dla azotu ogól-

nego i ChZT. 

3. Obiekty hydrofitowe dobrze sprawdzaj  si  jako przydomowe oczysz-

czalnie cieków. Najwi ksz  skuteczno ci  usuwania zanieczyszcze  

charakteryzowa y si  obiekty hybrydowe. 

4. Odpowiednio skonstruowane systemy trzcinowe zapewniaj  skutecz-

ne odwadnianie i stabilizacj  osadów ciekowych. Przeprowadzone 

badania wykaza y, e ustabilizowane osady stanowi  bezpieczny pro-

dukt pod wzgl dem sanitarnym i chemicznym, a tym samym stanowi  

potencjalny nawóz organiczny, bogaty w zwi zki azotu i fosforu, na-

daj cy si  do rolniczego wykorzystania. 
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Sustainable Sewage Management in Rural Areas 

Abstract 
The Baltic Sea is highly susceptible to eutrophication. Among the nine 

countries located in the Baltic Sea catchment area Poland discharges the biggest 
load of nitrogen and phosphorus. Although in recent years this load has been 
significantly reduced, however it is still too high. No sustainable municipal 
management results in the decreasing water quality of the Baltic Sea contrib-
uting to the sea eutrophication. 

The implementation of the National Programme for Development of 
Sewage caused a number of activities related to the construction and moderniza-
tion of existing wastewater treatment plants.  
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Although the number of wastewater treatment plants has been constant-

ly increasing, still a number of households do not have the possibility to connect 

to the municipal wastewater treatment plant, mainly for economic reasons. Alt-

hough in Poland there is 3157 municipal wastewater treatment plants (the most 

in Central and Eastern Europe), only 64% of the population is connected to 

them. It is estimated that 7.64 million people do not have the possibility of con-

nection to municipal wastewater treatment plants. 

One of the solutions to wastewater management, especially in non-

urbanized areas, are on-site wastewater treatment plants, for example treatment 

wetland systems. These technologies provide a sustainable solution of sewage 

and sludge management, since they can be used not only for treatment of 

wastewater, but also for dewatering and stabilization of produced sewage sludge 

The article presents the results of research on local constructed wetlands 

for biological wastewater treatment (from 15 to 750 inhabitants) located in 

Dar lubie, Wieszyno, Wiklino, Sarbsk and Schodno as well as individual treat-

ment wetlands representing 9 on-site wastewater treatment plants built in three 

different configurations in the municipality of St yca. There are also results of 

research from sludge treatment reed beds used for dewatering and stabilization 

of sewage sludge from municipal wastewater treatment plants located in Den-

mark (Helsinge, Rudkobing, Nakskov, Vallo) and in Poland (Gniewino). 

Based on studies related to the latest examples of wastewater and sew-

age sludge management using treatment wetlands it has been shown that this 

method is a good example of ecological engineering. Local treatment wetland 

systems can be used as the second stage of wastewater treatment up to 3500 

residents. With proper operation of primary tanks, these systems are character-

ized by high treatment efficiency. Treatment wetland systems can work as on-

site wastewater treatment plants. The highest efficiency of pollutant removal 

was observed in the hybrid systems. Another facilities, constructed as reed beds 

or basins, are applied to effective dewatering and stabilization of sewage sludge. 

These facilities offer a sustainable solution of sludge management in local con-

ditions. 
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1. Wst p 

Monitorowanie wydzielaj cych si  substancji odorowych na tere-

nie oczyszczalni cieków, a szczególnie ich sk adu i propagacji w terenie, 

wymaga przeprowadzenia mudnych operacji. Wykorzystuje si  przy 

tym okre lone procedury, uwzgl dniaj ce wszystkie czynniki wp ywaj -

ce na analiz , w tym pobieranie, utrwalanie i przygotowywanie próbek 

do bada  oraz przeprowadzenie oznacze . Nie wszystkie rodzaje tych 

substancji nale  do toksycznych. Tym niemniej ich obecno  w powie-

trzu bywa uci liwa dla ludzi. W przesz o ci zazwyczaj pomijano takie 

oddzia ywania. Rozpatrywano szczegó owo jedynie obecno  niektórych 

gazów, powstaj cych w znacz cych st eniach takich jak: metan, tlenki 

w gla, siarkowodór i amoniak. Obok wymienionych istnieje ca a grupa 

zwi zków chemicznych, których obecno  w powietrzu decyduje o jego 

charakterystyce i uci liwo ci [1–3]. 

Odory towarzysz  g ównie procesom przebiegaj cym w pocz -

tkowej fazie oczyszczania cieków. Wra enia zapachowe powodowane 

s  obecno ci  szeregu odorantów, wydzielaj cych si  podczas rozk adu 

substancji organicznej. W pierwszej fazie nale y liczy  si  z zapachami 

gnilnymi, b d cymi rezultatem procesów zachodz cych w warunkach 

przemian tlenowo-beztlenowych. Wzrost temperatury w fazie termofilnej 

powoduje równie  szybki rozk ad substancji organicznych m.in. do 

ditlenku w gla i wody. Deficyt tlenowy prowadzi wówczas do powsta-

wania kolejnej grupy substancji zapachowych, w tym siarkowodoru 

i Amoniaku oraz zwi zków organicznych zawieraj cych azot i siark . Po 
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zako czeniu rozk adu substancji organicznych nat enie emisji odorów 

maleje niemal do zera. Z wcze niejszych bada , prowadzonych na tere-

nie pa stw Unii Europejskiej wynika, e w gazach odlotowych z oczysz-

czalni cieków mo e znajdowa  si  oko o 460 substancji identyfikowal-

nych. Uwa a si , e oko o 100 substancji z tej grupy jest silnie zapacho-

wych [1]. W ciekach poddawanych procesowi oczyszczania wyró niono 

wówczas nast puj ce grupy organicznych substancji zapachowych: 

 kwasy t uszczowe: propionowy, mas owy, walerianowy, 

 alkohole: amylowy, 

 aldehydy i ketony: 3-hydroksy-2-butanon (acetoina), 2,3-butanodion 

(biocetyl), aldehyd krotonowy, aldehyd walerianowy, aldehyd mas o-

wy, aceton, 

 zwi zki azotu: pirydyna, 

 zwi zki siarki: metantiol (merkaptan metylowy), butantiol, sulfid die-

tylowy, oraz 

 nieorganiczne: amoniak, siarkowodór. 

 

Szczegó owe badania tych zwi zków prowadzono w niektórych 

krajach europejskich, stosuj c techniki sprz one, b d ce po czeniem 

chromotografii gazowej i olfaktometrii. Metody te, aczkolwiek zaliczane 

do bardzo kosztownych, daj  mo liwo  okre lenia niektórych cech za-

pachu charakterystycznego dla zwi zku rejestrowanego przez odpowied-

ni detektor. W rezultacie mo na otrzyma  tzw. osmogram, czyli pik w -

chowy odpowiadaj cy intensywno ci wra enia w chowego, a rodzaj 

zapachu podawany jest w formie opisowej. Na tej drodze zidentyfikowa-

no, mi dzy innymi, HDMF (4,5-dimetylo-3-hydroksy-2(5H)-furanon), 

jeden z ca ej gamy zwi zków, tworz cy charakterystyczny zapach jako 

rezultat rozk adu zwi zków organicznych obecnych w ciekach komu-

nalnych oraz powstaj cych osadach ciekowych [5,6]. 

Prowadzenie bada  koncentracji odorantów w rodowisku, jedy-

nie przy pomocy sensorów elektronicznych, bywa zazwyczaj niewystar-

czaj ce. Pope niane tu b dy oznacze  wynikaj  g ównie z ci g ych 

zmian st enia odorantów w atmosferze, zmian kierunków wiatru, tem-

peratury otoczenia, intensywno ci opadów, stanu równowagi atmosfery 

oraz topografii terenu. Jak dotychczas brak jest wyczerpuj cych aktów 

prawnych z tego zakresu. Stwarza to mo liwo  dowolnej interpretacji 

wra e  zapachowych. Uwa a si , e w tego typu badaniach winny by  
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stosowane techniki sprz one, wykorzystuj ce nowoczesne urz dzenia 

elektroniczne (sensory elektroniczne) i tzw. badania eksperckie, bazuj ce 

na zespole osób charakteryzuj cych si  zbli onym progiem w chowej 

wyczuwalno ci, rozumianym jako st enie progowe, przy którym zapach 

wyczuwa 50% reprezentatywnej populacji grupy ludzi. Za najwa niejsze 

w tym zakresie uwa a si  techniki pomiarowe pozwalaj ce oznacza  

st enie odorantów w rodowisku oraz okre li  zale no ci intensywno ci 

zapachu od tych st e . 

Problemy emisji odorantów w Polsce nie s  administracyjnie ure-

gulowane, poniewa  brak jest rozporz dze  wykonawczych do odpowied-

nich zapisów prawa. Istnieje jedynie norma okre laj ca metod  pomiaru, 

jednak jej stosowanie zgodnie z polskim prawem jest dobrowolne [7–9]. 

W niniejszym opracowaniu uwzgl dniono wyniki bada  prowadzonych na 

terenie oczyszczalni cieków oraz wokó  tego obiektu. Badania te wyko-

nano tzw. metod  eksperck , która pozwala na praktyczn  ocen  uci li-

wo ci odorantów i wp yw tych substancji na otoczenie [1]. 

2. Badania substancji odorowych w powietrzu  

metod  eksperck  

Badania zawarto ci odorantów na terenie i w otoczeniu oczysz-

czalni mechaniczno-biologicznej wykonano w latach 2013–2014. Pomia-

ry odorantów w tym terenie prowadzono rednio 3 razy w ci gu miesi ca 

i ka dorazowo w 10. charakterystycznych punktach, uwzgl dniaj cych 

podstawowe procesy technologiczne oraz rodowiskowe (rys. 1). Oceny 

uci liwo ci zapachowej dokonywa a 4-osobowa grupa ekspercka 

o odpowiednim do wiadczeniu i o sprawdzonej wra liwo ci sensorycz-

nej [1,4,7]. W rezultacie wykonano 7200 serii bada . Korzystano przy 

tym z normy: ISO 5492, ISO 8589, ISO 1622 oraz wytycznych norm 

holenderskich i niemieckich. Zespó  oceniaj cy intensywno  zapachow  

wokó  obiektów oczyszczalni oraz rozprzestrzenianie si  ich w atmosfe-

rze, zgodnie z Grup  Robocz  WG2 z Komisji Jako ci Powietrza Euro-

pejskiego Komitetu Normalizacyjnego, pracowa  na podstawie okre lo-

nej i ma o zmiennej wra liwo ci na zapach tzw. europejskiego wzorca – 

n-butanolu „Air quality – determination of odour concentration by dyna-

mic olfactometr”, Pr EN, CEN TC264 (WG 2/N222/e-1998). 
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Rys. 1. Mapa oczyszczalni cieków z zaznaczonymi punktami pomiarowymi 

oraz wyznaczonymi strefami uci liwo ci zapachowej 

Fig. 1. The map of sewage treatment plant with marked measuring points and 

appointed areas of smell onerousness 

 

Poszczególne parametry pomiaru intensywno ci zapachowej odo-

rantów w czasie oraz ich intensywno , oceniane przez 4. ekspertów 

(A,B,C,D) wg nast puj cej skali zapachowej: 0 – niewyczuwalny,  

1 – s aby, 2 – wyra ny, 3 – mocny. 
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Tabela 1. Przyk adowe oceny pomiarów eksperckich intensywno ci 

zapachowej odorantów wykonane w punkcie nr 2 w maju 2014 r. 

Table 1. Sample marks of expert measurement of odorant smell intensity done 

in point number 2 in May 2014 

Intensywno  

zapachu 
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 

A 

1 minuta x x x x 

2 minuta x x x x 

3 minuta x x x x 

4 minuta x x x x 

5 minuta x x x x 

sekunda minuty 15 30 45 60 

 
Intensywno  

zapachu 
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 

B 

1 minuta x x x x 

2 minuta x x x x 

3 minuta x x x x 

4 minuta x x x x 

5 minuta x x x x 

sekunda minuty 15 30 45 60 

 
Intensywno  

zapachu 
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 

C 

1 minuta x x x x 

2 minuta x x x x 

3 minuta x x x x 

4 minuta x x x x 

5 minuta x x x x 

sekunda minuty 15 30 45 60 

 
Intensywno  

zapachu 
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 

D 

1 minuta x x x x 

2 minuta x x x x 

3 minuta x x x x 

4 minuta x x x x 

5 minuta x x x x 

sekunda minuty 15 30 45 60 
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Opracowane wyniki tych bada  zestawiono w tabeli 2. Na pod-

stawie indywidualnych ocen intensywno ci zapachów zespo u eksperc-

kiego opracowano zbiorcze karty wyników bada  charakteryzuj ce zapa-

chow  jako  powietrza na ocenianym obszarze kontrolnym w okresie 5-

minutowym. 

 
Tabela 2. rednia intensywno  maksymalna uci liwo ci zapachowej 

rejestrowana w czasie pi ciominutowego okresu kontroli Ip/5
maks oraz podstawowe 

parametry statystyczne 

Table 2. Average max intensity of smell noxiousness registered in 5 minute 

period of control Ip/5
maksand basic statistic parameters 

Miesi c 

i rok 

pomiaru 

Punkty pomiarowe 

1 2 3 4 5 6 7 8 9 10 

lip-13 0,75 1,00 0,75 0,75 0,75 0,50 1,00 0,00 0,00 0,00 

sie-13 0,75 0,00 0,00 0,00 0,00 0,75 0,50 0,50 0,00 0,25 

wrz-13 0,75 0,75 0,75 0,00 0,75 0,00 1,00 0,00 0,00 0,50 

pa -13 0,75 0,75 0,00 0,00 1,00 1,00 1,00 0,00 0,00 0,75 

lis-13 1,00 0,75 1,00 0,75 0,75 0,75 0,75 0,50 0,50 0,50 

gru-13 0,75 0,75 1,00 0,75 0,75 0,75 0,00 0,00 0,00 0,00 

sty-14 1,00 1,00 1,00 0,75 0,75 1,00 1,00 0,00 1,00 0,00 

lut-14 1,75 1,50 1,00 0,75 1,75 1,00 1,75 0,75 0,75 0,75 

mar-14 1,50 2,00 1,00 0,00 2,75 0,00 0,00 0,00 0,00 0,00 

kwi-14 1,00 1,00 1,25 1,75 1,50 1,00 1,00 0,75 1,00 0,75 

maj-14 0,75 1,00 0,75 1,00 1,00 0,75 0,75 0,75 0,00 0,00 

cze-14 1,25 1,25 0,75 0,00 1,25 1,50 1,00 1,50 1,25 1,50 

Podstawowe parametry statystyczne 

Max 1,75 2,00 1,25 1,75 2,75 1,50 1,75 1,50 1,25 1,50 

Min 0,75 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Mediana 0,88 1,00 0,88 0,75 0,88 0,75 1,00 0,25 0,00 0,38 

rednia 1,00 0,98 0,77 0,54 1,08 0,75 0,81 0,40 0,38 0,42 

Liczba 

pom. 
12 12 12 12 12 12 12 12 12 12 

 

Tabela 2 stanowi przyk adow  kart , któr  wype nia zespó  eks-

pertów. Ze wzgl du na sk ad zespo u eksperckiego wyniki bada  

uwzgl dnia y: 4 osoby x 5 minut x 4 oceny, co odpowiada 80. jednost-
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kowym ocenom zapachu x 90 serii bada . W rezultacie uzyskano 7200 

serii bada . Przyk adowe wyniki pomiarów uci liwo ci zapachowej 

w 2014 roku, w skali 4-stopniowej, w punkcie 4 ilustruje tabela 3. 

 
Tabela 3. Przyk adowe wyniki pomiarów uci liwo ci zapachowej w formie 

graficznej (pkt. 2, maj 2014) 

Table 3. Sample results of smell noxiousness in graphical form  

(point 2, May 2014) 

 
 

W prowadzonych badaniach uwzgl dniono: 

 po o enie obszaru kontrolnego, 

 dat  wykonania bada , 

 warunki meteorologiczne danego obszaru, 

 kierunki wiatru, 

 warunki rodowiskowe ocenianego terenu. 

 

Graficzn  stron  wyników bada  stanowi  histogramy zbiorcze 

(rys. 2–11), na których naniesiono poziom uci liwo ci zapachowej obli-

czony wzgl dem warto ci maksymalnej Ip/5 
maks

. 

 

15 30 45 60 15 30 45 60 15 30 45 60 15 30 45 60 15 30 45 60

C %UZmax= 100x(1x42+0x38)/(3x80) = 17,5 %

D

5

oceniaj cy

A Ip/5
max = (1x4)/4 = 1,0

B I5= (1x42+0x38)/80 = 0,5

4

sekundy

minuty 1 2 3

punkt pomiarowy: nr 2

In
te

n
s
y
w

n
o

3

2

1

Data: maj 2014



610 Kazimierz Szyma ski, Beata Janowska, Jacek Piekarski 
 

 

 

 

Rys. 2–11. Histogramy pomiarów intensywno ci maksymalnej chwilowej Ip/5
max 

odorantów w punktach: od 1 do 10 

Fig. 2–11. Histograms of measurements of instantaneous max intensity Ip/5
max  

of odorants in points: from 1 to 10 
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Zbiorcze wyniki bada  redniej intensywno ci emisji zapacho-

wych na terenie oczyszczalni cieków zestawiono w tabeli 4. 

 
Tabela 4. Zbiorcze wyniki bada  redniej intensywno ci emisji zapachowych 

na terenie oczyszczalni cieków 

Table 4. Bulk experiments results of average intensity of smell emission in area 

of sewage treatment plant 

Data badania 
Intensywno  zapachowa 

Ip/5 
maks I5 %UZmaks [%] 

Lipiec, 2013 0,0–1,00 0,0–0,4 0,0–13,0 

Sierpie , 2913 0,0–0,75 0,0–0,3 0,0–10,0 

Wrzesie , 2013 0,0–1,00 0,0–0,5 0,0–15,0 

Pa dziernik, 2013 0,0–1,00 0,0–0,4 0,0–14,0 

Listopad, 2013 0,0–1,00 0,0–0,5 2,5–16,0 

Grudzie , 2013 0,0–1,00 0,0–0,5 0,0–16,0 

Stycze , 2014 0,0–1,00 0,0–0,6 0,0–21,0 

Luty, 2014 0,0–1,75 0,2–1,0 7,0–35,0 

Marzec, 2014 0,0–2,75 0,2–1,2 0,0–41,0 

Kwiecie , 2014 0,75–1,75 0,2–0,7 0,54–24,0 

Maj, 2014 0,0–1,00 0,0–0,4 0,0–17,5 

Czerwiec, 2014 0,0–1,50 0,0–0,8 0,0–27,0 

3. Analiza wyników bada  eksperckich 

Badania stopnia uci liwo ci odorowej analizowanej oczyszczalni 

cieków, prowadzone w okresie 12. miesi cy i wp yw tego obiektu na oto-

czenie, uwzgl dniaj ce propagacj  substancji odorowych w powietrzu, 

wskazuj  na potrzeb  precyzyjnego okre lenia zasi gu obszaru ograniczo-

nego u ytkowania tego terenu. Obserwacje (badania) prowadzone przez 4-

osobowy zespó  ekspercki wykaza y, e zarówno w czasie, jak i w terenie 

b d cym w bezpo rednim otoczeniu oczyszczalni cieków, zmienia si  

koncentracja substancji odorowych (rys. 2–11). Oceny tej dokonano we-

d ug opisanej wcze niej 4-stopniowej skali. 

Je eli uwzgl dnimy parametr intensywno ci maksymalnej chwilo-

wej Ip/5
maks 

to tak zwany kumulowany procent obserwacji w skali zapa-

chowej w punkcie 1 (rys. 2), stanowi od 50,0 do 75% obserwacji i dotyczy 

intensywno ci zapachowej poni ej progu wyczuwalno ci zespo u eksperc-

kiego. W granicach od 75,0 do 83,0% obserwacji ocenia si  jako inten-

sywno  zapachow  s ab , natomiast powy ej 83,0% obserwacji inten-
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sywno  t  mo na oceni  jako wyra n . W punkcie 2 (rys. 3) intensyw-

no  zapachow  kumulowan , stanowi c  41,7% obserwacji ocenia si  

jako niewyczuwaln , od 41,7 do 83,0% jako s ab , natomiast powy ej 

83% jako wyra n . W kolejnym punkcie 3. (rys. 4), kumulowana inten-

sywno  zapachowa, stanowi ca 50,0% obserwacji mo e by  zaliczona do 

niewyczuwalnych, od 50,0 do 91,7% obserwacji jako s aba, natomiast po-

wy ej 91,7% jako wyra na. W punkcie 4. (rys. 5), kumulowana intensyw-

no  zapachowa jako niewyczuwalna stanowi 83% obserwacji, od 83,0 do 

91,7% obserwacji jako s aba oraz powy ej 91,7% jako wyra na. W kolej-

nym punkcie 5. (rys. 6) stwierdzono 67% obserwacji jako niewyczuwaln  

intensywno  zapachow , od 67,0 do 91,7% jako s ab , natomiast powy ej 

91,7% jako wyra n . W punkcie 6. (rys. 7) mo na mówi  o dwóch pro-

gach intensywno ci maksymalnej chwilowej. Pierwszy próg stanowi 

91,7% obserwacji, w których intensywno  zapachowa jest na poziomie 

niewyczuwalnym oraz powy ej 91,7% obserwacji jako intensywno  za-

pachow  wyra n . Identyczne zjawisko obserwowano w punktach 7. 

(rys. 8), 8. (rys. 9) i 9. (rys. 10). W punkcie 10. (rys. 11) stwierdzono 3 

progi intensywno ci zapachowej. Pierwszy dotyczy  67% obserwacji 

i zosta  przez ekspertów zaliczony do intensywno ci niewyczuwalnej. 

Drugi próg odpowiada  91,7% obserwacji i zosta  zaliczony do intensyw-

no ci jako slaby, natomiast trzeci próg stanowi cy powy ej 91,7%j obser-

wacji zespó  ekspertów uzna  jako intensywno  zapachow  wyra n . Ze-

spó  ten w adnym z analizowanych przypadków nie zidentyfikowa , 

w okresie prowadzonych obserwacji intensywno  zapachow  odorantów 

jako mocn , dla której intensywno  maksymalna chwilowa Ip/5
maks

 by aby 

wy sza od 2,0, zgodnie z tab. 3. 

Zbiorcze wyniki bada  redniej intensywno ci emisji zapachowych 

na terenie oczyszczalni cieków w poszczególnych miesi cach 2013 

i 2014 roku (tab. 4) mog  by  pomocne do wyznaczenia strefy ochronnej 

wokó  danego obiektu. Jak mo na zauwa y , wyniki te precyzuj  stopie  

zanieczyszczenia powietrza zwi zkami odorantów. Badania eksperckie 

prowadzone w 10. charakterystycznych punktach obserwacyjnych (na te-

renie obiektu, w jego pobli u oraz w pobli u zabudowy mieszkalnej) 

(rys. 1) wykaza y, e wysokie st enie odorantów, najcz ciej obserwowa-

no w punktach 1–5, znacz ce w punktach 6–8 oraz sporadyczne 

w punktach 9–10. W okresie badawczym 2013/14 roku zdecydowanie 

najbardziej odczuwaln  obecno  odorantów zanotowano w listopadzie 
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i grudniu 2013 roku oraz w pierwszej po owie 2014 roku. Najwy sze st -

enia substancji odorowych odnotowano w miesi cach: lutym, marcu, 

kwietniu i czerwcu 2014 roku, co by o wynikiem awarii niektórych uk a-

dów technologicznych i ich usytuowania na terenie oczyszczalni oraz 

zmian pogodowych. Wyra ne odczucia zapachowe stwierdzono te  

w miesi cach jesiennych 2013 roku. By y one odczuwalne szczególnie 

w bliskiej odleg o ci od stacji wirówek oraz w pobli u punktu zlewnego 

cieków oraz krat, natomiast nieco s abiej w bezpo redniej blisko ci su-

szarni osadów ciekowych. 

4. Podsumowanie 

Z przeprowadzonych bada  eksperckich wynika, e kumulacja 

substancji odorowych jest najwy sza na terenie obiektów oczyszczalni 

cieków w pobli u sekcji odwadniania osadów ciekowych. W znacznie 

mniejszym stopniu zapachy te koncentrowa y si  przy bramie wjazdowej 

na teren oczyszczalni oraz w pobli u budynków biurowych. Bardzo inten-

sywne wra enie zapachowe obserwowano w strefie dop ywu cieków su-

rowych oraz punktu zlewnego. Szczególne uci liwo ci odorowe emito-

wane z terenu oczyszczalni obserwuje si  w odleg o ci oko o 300 m. 

W mniejszym stopniu uci liwo ci te wyst powa y w odleg o ci oko o 

500–600 m od g ównych róde  emisji. Sporadyczne zanieczyszczenia 

powietrza substancjami odorowymi wyst puj  równie  w odleg o ci 

900 m w terenie zagospodarowanym rolniczo i w pobli u istniej cej zabu-

dowy mieszkalnej. Tym samym strefa uci liwo ci dla badanej oczysz-

czalni powinna wynosi  900 m (rys. 1).  

Jak wynika z prowadzonych bada  oraz konsultacji spo ecznych, 

wszelkie uci liwo ci zwi zane z eksploatacj  oczyszczalni zale  od 

sk adu odorantów w otoczeniu tego obiektu, ich intensywno ci i cz sto ci 

wyst powania w skali roku. Wymienione czynniki silnie koreluj  z kie-

runkami i si  wiatru (bardzo cz sto zmiennymi w obszarze bada ), tempe-

ratur  oraz czynnikami geomorfologicznymi. Bardzo korzystn  rol  pe ni 

tu zadrzewienie terenu. Badania intensywno ci zapachowej odorantów 

z wykorzystaniem metody eksperckiej winny by  uzupe niane o badania 

olfaktometryczne. 
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Symbolika oznacze  

Ip/5
maks – poziom uci liwo ci zapachowej, obliczony wzgl dem warto ci 

maksymalnej, 

I5 – intensywno  rednia uci liwo ci zapachowej odniesiona do 5. min. 

okresu kontroli, 

%UZmaks – intensywno  maksymalna chwilowa (poziom uci liwo ci 

zapachowej obliczony wzgl dem warto ci maksymalnej UZmaks). 
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Methodological Aspects of Odorous Substances 

Measurement in the Vicinity of a Sewage Treatment Plant 

Abstract 

Problems of emission of odorants in Poland are not regulated adminis-

tratively, because there are no regulations to appropriate law records. Still, there 

is a norm that defines method of measurement, however using it according to 

polish law is voluntary.  

The present study is based on the results of measurements carried out at 

a sewage treatment plant and around that object. Studies were performed using 

so called expert method that allows practical assessment of nuisance and impact 

of odorous substances on the environment. 

Measurements of odorants contents at mechanical-biological sewage 

treatment plant and in its vicinity were carried out in the years 2013–2014. 

Measurements of odorants were taken on average 3 times per month and each 

time in 10 characteristic points, taking into account the basic technological and 

environmental processes (Fig. 1). Assessment of odour nuisance was made by 

group of 4 experts with relevant experience and proven sensory sensitivity. In-

dividual parameters of odour intensity measurements in time were rated by 4 

experts (A, B, C, D) according to the following odour scale: 0 – imperceptible, 

1 – weak, 2 – distinct, 3 – strong. 

Particular odorous nuisance emitted from the area of sewage treatment 

was observed at a distance of about 300 m. Nuisance observed at the distance of 

approximately 500–600 meters from the main sources of emissions was much 

smaller. Sporadic air pollution with odorous substances are also found in the dis-

tance of 900 m in developed agriculturally area and near existing residential de-

velopment. Thus, nuisance zone of examined sewage treatment plant should be 

900 m (Fig. 1). Results of this study and public consultation prove that all nui-

sance related to the operation of sewage treatment plant depend on composition of 

odorants in vicinity of the plant, their intensity and frequency of appearing during 

year. Those factors strongly correlate with directions and wind speed (very varia-

ble in the studied area), temperature and geomorphological factors. Very benefi-

cial has here tree coverage of the area. Research odour intensity with the use of 

expert method should be supplemented with olfactometric measurements. 

 

S owa kluczowe: 

odory, metoda ekspercka, uci liwo  oczyszczalni cieków 

Keywords: 

odours, expert metod, niusance of sewage treatment plant 
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Politechnika wi tokrzyska 

1. Wst p 

Jednym z kluczowych zada  stoj cych przed in ynieri  rodowi-
ska jest szeroko rozumiana ochrona rodowiska, a w tym ograniczanie 
emisji zanieczyszcze  oraz ich usuwanie/unieszkodliwianie i ogranicza-
nie ich rozprzestrzeniania. Jest to szczególnie wa ne w odniesieniu do 
zanieczyszcze  organicznych takich jak: w glowodory alifatyczne i aro-
matyczne, fenole i ich pochodne, chlorowcopochodne, w tym pestycydy, 
wielopier cieniowe w glowodory aromatyczne (WWA), aldehydy, keto-
ny, kwasy, detergenty, t uszcze, barwniki itp. Zwi zki te charakteryzuj  
si  wysok  toksyczno ci , trwa o ci  w rodowisku, zdolno ci  do prze-
mieszczania si  a jednocze nie ulegaj cych biokumulacji w organizmach 
ywych. Zgodnie z danymi Chemical Abstract System (CAS) z 2013 r. 

liczba zwi zków chemicznych dost pnych w obrocie handlowym wynosi 
68 852 967 z czego wi kszo  stanowi  zwi zki organiczne wykorzy-
stywane powszechnie do produkcji tworzyw sztucznych, materia ów, 
farb, lakierów, rozpuszczalników, smarów, leków, kosmetyków i wielu 
innych wyrobów [18]. 

ród em obecno ci zanieczyszcze  organicznych w rodowisku s  
cieki zarówno komunalne jak i przemys owe praktycznie ze wszystkich 

ga zi przemys u. Zgodnie z danymi GUS [66] w Polsce powstaje rocznie 
oko o 8945,3 hm

3
 cieków z czego 7698,7 hm

3
 to odp ywy z zak adów. 

Przepustowo  1132 oczyszczalni cieków przemys owych wynosi 
5919,7 dm

3
/d. Przedstawione dane wskazuj  na skal  problemu, jaki sta-
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nowi  cieki przemys owe o z o onym i zró nicowanym sk adzie che-
micznym zawieraj ce g ównie trudno rozk adalne zwi zki organiczne. 

Coraz wy sze wymagania stawiane ciekom oczyszczonym od-
prowadzanym do wód lub do ziemi [68] wymuszaj  ci g e udoskonalania 
procesu ich oczyszczania. Z uwagi na znaczn  ilo  zwi zków organicz-
nych o zró nicowanych w a ciwo ciach fizykochemicznych do ich usu-
wania ze cieków konieczne jest stosowanie, a cz sto nawet czenie, 
wielu metod takich jak biodegradacja, koagulacja, filtracja, sorpcja, utle-
nianie, wymiana jonowa jak równie  technologie membranowe [7,40,69]. 
Stosowane obecnie metody oczyszczania cieków maj  swoje zalety jak 
równie  liczne ograniczenia, zarówno w odniesieniu do skuteczno ci 
usuwania poszczególnych grup zanieczyszcze  jak i kosztów inwesty-
cyjnych i eksploatacyjnych.  

Przyk adem cieków, których oczyszczanie wci  nastr cza wiele 
problemów, s  cieki pochodz ce z przemys u w ókienniczo-tekstylnego, 
farbiarskiego i poligraficznego, zawieraj ce w swoim sk adzie barwniki, 
fenole, wielopier cieniowe w glowodory aromatyczne, detergenty, kwa-
sy nieorganiczne, silne utleniacze stosowane jako rodki wybielaj ce, 
a tak e kleje oraz alkalia [12]. Dane literaturowe jak i wdro one rozwi -
zania [12,13,16,29,31,36,41,57,60,63,75,81] wskazuj , e w odniesieniu 
do tych cieków coraz wi ksza uwag  zwraca si  na mo liwo  wyko-
rzystania do usuwania zwi zków organicznych procesu sorpcji jak rów-
nie  pog bionego utleniania AOP (Advanced Oxidation Processes). Ta-
kie post powanie jest zgodne z Dyrektyw  IPPC ( Integrated Pollution 
Prevention and Control) [57] maj c  na celu zintegrowane zapobieganie 
i ograniczanie emisji zanieczyszcze  z przemys u, gdzie wymagane jest 
stosowanie Najlepszych Dost pnych Technik BAT (Best Available 
Techniques). Zalecane minimalne wymagania dotycz ce BAT opisane 
w Dokumentach Referencyjnych BAT BREFs (BAT Reference Notes) 
dotycz ce oczyszczania cieków obejmuj : 

• okre lanie charakterystyki ró nych strumieni cieków powstaj cych 
w danym procesie, 

• poddawanie zanieczyszczonych strumieni cieków najbardziej od-
powiedniemu dla nich procesowi oczyszczania, 

• zapobieganie przedostawaniu si  do systemów biologicznego 
oczyszczania cieków takich sk adników cieków, które mog yby 
zak óci  prawid owe funkcjonowanie tych systemów, 
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• usuwanie ze strumienia cieków frakcji nie ulegaj cej biodegradacji, 
przy u yciu odpowiednich metod przed poddaniem (lub zamiast 
poddania) ich ostatecznemu oczyszczaniu biologicznemu, 

• rozdzielanie cieków u ród a wed ug rodzaju i ilo ci zawartych 
w nich zanieczyszcze , przed zmieszaniem z innymi strumieniami 
cieków. 

 
W odniesieniu do cieków w ókienniczych, farbiarskich, poligra-

ficznych, o z o onym sk adzie chemicznym, w celu zapewnienia sku-
tecznego ich oczyszczania proponuje si  procesy zintegrowane. Polega to 
na czeniu oczyszczania biologicznego, fizycznego i chemicznego 
z oczyszczaniem trzeciego stopnia, polegaj cym np. na adsorpcji na w -
glu aktywnym, który jest nast pnie spalany lub na oczyszczaniu przy 
u yciu wolnych rodników (OH

• , O2
•-, CO2

•-) [57].  

2. Budowa i w a ciwo ci sorpcyjne w gli aktywnych 

Spo ród dost pnych sorbentów najwi ksze znaczenie i zastoso-
wanie ma w giel aktywny. Wykorzystanie sorpcyjnych w a ciwo ci w -
gla aktywnego si ga czasów prehistorycznych. Ju  staro ytni hindusi 
filtrowali wod  przez w giel drzewny, a Hipokrates i Pliniusz Starszy 
opisali pierwsze zastosowania do celów medycznych. Na pocz tku XIX 
wieku odbarwiaj ce w a ciwo ci w gli aktywnych zosta y wykorzystane 
w przemy le cukrowniczym w Anglii. Na pocz tku XX wieku zacz to 
produkowa  w gle aktywne na skal  przemys ow  z wykorzystaniem 
aktywacji parowej i chemicznej, a od 1929 roku datuje si  ich wykorzy-
stanie w procesie oczyszczania wody pitnej. Podczas pierwszej wojny 
wiatowej w Rosji zastosowano granulowane w gle aktywne w sprz cie 

ochrony dróg oddechowych. W gle te otrzymywano na bazie skorup 
orzecha kokosowego drog  aktywacji parowej. Przemys owa produkcja 
granulowanych w gli aktywnych, g ównie na bazie skorup orzecha w o-
skiego, rozwin a si  po II wojnie wiatowej. W gle te charakteryzowa y 
si  rozwini t  struktur  porowat  i dobrymi w a ciwo ciami mechanicz-
nymi, co sprawi o, e obszar ich zastosowania by  coraz szerszy 
[2,16,17,36].  

Szerokie i wci  rosn ce wykorzystanie w gli aktywnych poci ga 
za sob  coraz wi ksz  ich produkcj . Zgodnie z danymi Roskill Reports 

[67] wiatowe zu ycie w gli aktywnych w 2007r. wynios o ok. 650 tys. 
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ton, a przewiduje si  e w 2015 r. b dzie wynosi o 1,36 Mt, co wynika 
z rosn cego wykorzystania w gli aktywnych w procesach oczyszczania 
wody, cieków i gazów jak równie  jako katalizatorów i no ników kata-
lizatorów. 

Obecnie w gle aktywne otrzymywane s  w procesie termicznego 
i/lub chemicznego rozk adu substancji zawieraj cych znaczne ilo ci w -
gla pierwiastkowego. Na skal  przemys ow  sorbenty te s  otrzymywane 
na drodze karbonizacji i aktywacji w gla kamiennego, brunatnego, torfu, 
pó koks lub koksu, ale równie  z pestek moreli i upin migda owych, 
skorup kokosa w oskiego jak równie  upin orzecha [16,17]. W zale no-
ci od w a ciwo ci surowca wyj ciowego zmienia si  technologia pro-

dukcji w gla aktywnego, jego w a ciwo ci, pojemno  sorpcyjna, a tym 
samym zastosowanie i cena.  

Struktura porowata w gli aktywnych decyduj ca o w a ciwo-
ciach sorpcyjnych, ukszta towana jest przez system wzajemnie powi -

zanych porów. W zale no ci od wielko ci promienia pory te dziel  si  na 
[2,17,28,74]: 
• mikropory – na które przypada zasadnicza cz  powierzchni w a-

ciwej w gli i dlatego odgrywaj  one podstawow  rol  w procesie 
sorpcji, w czasie którego zape niaj  si  obj to ciowo,  

• mezopory – w których zachodzi kondensacja kapilarna par adsorbo-
wanych substancji, a przy ni szych ci nieniach adsorpcja mono- i po-
limolekularna, 

• makropory – które w procesach adsorpcji i katalizy pe ni  rol  „arte-
rii transportowych”. 

 
Istotn  zalet  w gli aktywnych jako sorbentów jest to, e mo na 

w do  szerokim zakresie modyfikowa  ich struktur  poprzez dobór od-
powiednich surowców, lepiszczy, parametrów karbonizacji i aktywacji.  

Budowa chemiczna powierzchni w gli aktywnych ukszta towana 
jest zasadniczo przez dwa rodzaje grup funkcyjnych [2,15,17,24]: 
• grupy o charakterze kwasowym, takie jak karboksylowe, fenolowe, 

karbonylowe, laktonowe, bezwodnikowe, 
• grupy funkcyjne o charakterze zasadowym. 

 
Obecno  powierzchniowych grup funkcyjnych decyduje przede 

wszystkim o jonowymiennych w a ciwo ciach w gli aktywnych, ale ma 



620 Lidia D bek 
 

równie  wp yw na ich w a ciwo ci adsorpcyjne, elektrochemiczne, kata-
lityczne, utleniaj co-redukuj ce oraz hydrofobowo-hydrofilowe. Adsor-
benty w glowe s  ze swej natury adsorbentami o stosunkowo du ej hy-
drofobowo ci, a poddane procesowi utleniania znacznie poprawiaj  swo-
je zdolno ci adsorpcyjne wzgl dem polarnych adsorbatów takich jak: 
alkohole, kwasy organiczne, estry, aminy oraz wzgl dem wody [15,17, 
36,37,47,48]. 

Budowa chemiczna powierzchni w gli ma istotne znaczenie przy 
ich zastosowaniu jako sorbentów, do poch aniania zwi zków organicz-
nych zawieraj cych wi zania nienasycone, jak i kationów metali z roz-
tworów wodnych oraz katalizatorów i no ników katalizatorów. Wynika 
to z faktu, e oddzia ywanie wi za  wielokrotnych, jak i kationów metali 
z powierzchni  w gla aktywnego to suma oddzia ywa  z elektronami  

w gla oraz z grupami funkcyjnymi o silnych w a ciwo ciach donorowo-
akceptorowych [2,37,48]. Oddzia ywania te prowadz  do wzrostu dono-
rowych w a ciwo ci kationu metalu. Im mocniejsze jest to oddzia ywa-
nie, tym silniej wi zane s  substancje.  

Jednym z najwa niejszych obszarów wykorzystania w gli aktyw-
nych, gdzie zu ywa si  ponad 23% produkcji, jest oczyszczanie wód 
i cieków [2,16,26,59]. Zagadnienia dotycz ce zastosowania w gli aktyw-
nych do usuwania zanieczyszcze  organicznych (wielopier cieniowych 
w glowodorów aromatycznych, chlorowcopochodnych organicznych, 
pestycydów, detergentów, kwasów humusowych, fenoli i chlorofenoli, 
ropopochodnych) jak równie  nieorganicznych np. jonów metali, cyjan-
ków, azotanów by y i nadal s  przedmiotem du ego zainteresowania bada-
czy, czego efektem jest niezwykle bogata w tym zakresie literatura [15–17, 
26–28,36,37,40,42,47,48,50–53,55,58,59,67,69,71,74,77–79]. 

3. Sorpcja fenoli na w glach aktywnych 

W ród licznych bada  po wi conych tematyce sorpcji substancji 
organicznych na w glach aktywnych wiele uwagi po wi ca si  sorpcji 
fenoli i chlorofenoli. Wynika to z faktu, e fenol i jego pochodne takie 
jak metylofenole, chlorofenole i dimetylofenole stanowi  znacz c  grup  
zanieczyszcze , które niezmiennie obecne s  w ciekach pochodz cych 
z przemys u chemicznego, produkcji tworzyw sztucznych, barwników 
i farb oraz z koksowni i przemys u petrochemicznego. Niektóre z tych 
zwi zków pochodz  równie  ze róde  naturalnych w efekcie beztleno-
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wego rozk adu materii organicznej i s  uwalniane do wód powierzchnio-
wych i podziemnych. Jednak g ównym ród em tych zwi zków w ro-
dowisku s  dzia ania antropogeniczne. 

Liczne badania sorpcji fenoli i ich pochodnych na w glach ak-
tywnych pozwoli y na wyja nienie mechanizmu sorpcji tych substancji 
i znalezienie zale no ci pomi dzy wielko ci  sorpcji a struktur  porowa-
t  i chemizmem powierzchni w gli [42,52,53,55,58,71,77–79]. W bada-
niach Moreno-Castilla [58] wykazano, e zdolno  adsorpcyjna w gla 
aktywnego zale y od wielko ci powierzchni w a ciwej, porowato ci w -
gla, rozpuszczalno ci zwi zków fenolu i hydrofobowo ci podstawników. 
Stwierdzono, e relatywne powinowactwo fenoli wobec powierzchni 
w gla zwi zane jest z tworzeniem oddzia ywa  mi dzy elektronami typu 
π w cz steczce adsorbatu oraz na powierzchni sorbentu oraz donorowo-
akceptorowych kompleksów pomi dzy miejscami zasadowymi na po-
wierzchni w gla, a pier cieniem organicznym. Magne i Walker [55] ana-
lizuj c mechanizm sorpcji fenoli na w glach aktywnych zwrócili uwag , 
e sorpcja fenoli obejmuje zarówno sorpcj  fizyczn  jak i chemisorpcj . 

Ta ostatnia ro nie wraz z czasem i temperatur  adsorpcji, co wskazuje, e 
cz  fizycznie zaadsorbowanego fenolu ulega a nast pnie chemisorpcji 
przy czym chemisorpcja by a hamowana obecno ci  tlenowych grup 
powierzchniowych. Wyniki te znalaz y potwierdzenie w pracach opisa-
nych w przegl dowej publikacji Bansal i Goyal [2] oraz w badaniach 
Lorenc-Grabowskiej i in. [50,51], Terzyka i Rychlickiego [77–79], Made-
y i in. [52,53], Ksyci skiej-R bi  i in. [42], jak równie  w pracach 

wspó autorskich wi tkowskiego [27,44,45,71]. Z bada  tych wynika, e 
zarówno w a ciwo ci chemiczne adsorbowanego zwi zku jak i rodzaj 
chemicznych ugrupowa  powierzchniowych w gla aktywnego jest czyn-
nikiem determinuj cym zdolno ci adsorpcyjne z roztworów wzgl dem 
fenoli. Adsorpcja fenoli i ich pochodnych jest zale na nie tylko od wiel-
ko ci powierzchni i mikroporowatej struktury w gli aktywnych, ale rów-
nie  od obecno ci tlenowych grup funkcyjnych na powierzchni w gli 
oraz warto ci pH zawiesiny w giel-roztwór. Z faktu, e adsorpcja fenoli 
na w glu jest cz ciowo nieodwracalna i wymaga wysokiej energii, wy-
nika, e maj  miejsce silne oddzia ywania donorowo-akceptorowe z tle-
nowymi grupami powierzchniowymi o charakterze z zasadowym (po-
wierzchnia w gla dzia a jako donor elektronów, a pier cie  aromatyczny 
substancji sorbowanej jako akceptor). Obecno  silnie elektronoakcepto-



622 Lidia D bek 
 

rowej grupy nitrowej w fenolu zwi ksza donorowo-akceptorowe interak-
cje pier cienia z powierzchni  w gla. Adsorpcja ta wzrasta wraz z obni-
eniem kwasowo ci powierzchni. Negatywny wp yw powierzchniowych 

grup tlenowych zosta  przypisany os abieniu -elektronowych wi za  
warstw grafitowych jako efekt obni enia si  przyci gania van der Wallsa. 
Jednocze nie kwasowe grupy funkcyjne, które s  obj to ciowo du e, 
blokuj  wej cie do w skich mikroporów, co powoduje w rezultacie spa-
dek adsorpcji. Ponadto dooko a polarnych, kwa nych grup powierzch-
niowych gromadz  si  cz steczki wody równie  redukuj ce zdolno  
adsorpcyjn  w gli.  

Wp yw chemizmu powierzchni w gla aktywnego na jego zdolno-
ci sorpcyjne wzgl dem pochodnych fenolu by  przedmiotem bada  

prowadzonych przez Biniaka i in. [14]. Analizowano wp yw dzia ania 
ozonu na w a ciwo ci fizykochemiczne w gla aktywnego F-300 wie e-
go i poddanego chemicznej modyfikacji oraz na zmian  zdolno ci sorp-
cyjnych wzgl dem p-chlorofenolu. W celu wyeliminowania wp ywu sub-
stancji mineralnych na zdolno ci sorpcyjne jak i podatno  na utlenianie, 
w giel ten zosta  wst pnie poddany dzia aniu st onych kwasów HF 
i HCl. Stwierdzono, e efektem utlenienia powierzchni w gla aktywnego 
zarówno ozonem jak i nadtlenkiem wodoru jest zasadniczo zmiana cha-
rakteru chemicznego powierzchni w gla wyra ona wzrostem kwasowo-
ci, przy niewielkich zmianach struktury porowatej.  

Przedstawione na rysunku 1 izotermy sorpcji p-chlorofenolu na 
w glu aktywnym F-300 po jego wst pnym p ukaniu wod  destylowan  
F-WW oraz po utlenieniu: gazowym O3 (F-OG), O3 rozpuszczonym 
w wodzie (F-OW) oraz nadtlenkiem wodoru (F-HP) wskazuj , e utle-
nienie powierzchni w gla aktywnego skutkuje niewielkim obni eniem 
zdolno ci sorpcyjnych. 

Pojemno  sorpcyjna w gla F-WW wzgl dem p-chlorofenolu 
kszta tuje si  na poziomie ok. 3 mmol/g i praktycznie nie ulega zmianie 
gdy w giel ten pozostawa  w kontakcie z ozonem rozpuszczonym w roz-
tworze wodnym. Niewielkie zmniejszenie pojemno ci sorpcyjnej do po-
ziomu ok. 2,9 mmol/g obserwuje si  w efekcie dzia ania nadtlenku wo-
doru na powierzchni  w gla F-WW. Najwi ksze zmiany skutkuj ce 
zmniejszeniem si  pojemno ci sorpcyjnej wzgl dem p-chlorofenolu ob-
serwuje si  w przypadku dzia ania ozonem w fazie gazowej na w giel 
aktywny F-WW. Sorpcja tego zwi zku na w glu aktywnym F-OG wyno-
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si ok. 2,2 mmol/g, co oznacza, e jest o oko o 30% ni sza ni  w gla wyj-
ciowego podczas gdy zmniejszenie si  powierzchni w a ciwej jak i ob-

j to ci mikroporów nie przekracza 3%. Potwierdza to wcze niejsze spo-
strze enia, e obok struktury porowatej w gla aktywnego, na wielko  
sorpcji p-chlorofenolu istotny wp yw maj  chemiczne w a ciwo ci tak 
adsorbentu jak i adsorbatu przek adaj ce si  na oddzia ywania dyspersyj-
ne oraz donorowo-akceptorowe.  
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Rys. 1. Izotermy sorpcji p-chlorofenolu na w glu aktywnym F-300 po jego 
wst pnym p ukaniu wod  destylowan  F-WW oraz po utlenieniu: gazowym  
O3 (F-OG), O3 rozpuszczonym w wodzie (F-OW) oraz nadtlenkiem wodoru  
(F-HP). Oznaczenie osi: a – wielko  sorpcji, mmol g-1; ceq – st enie 
równowagowe, mmol dm-3 [14] 
Fig. 1. The sorption isotherms of p-chlorophenol on activated carbon F-300 
after its initial flushing with distilled water F-WW and after oxidation: with 
gaseous O3 (F-OG), with O3 in aqueous solution(F-OW) and with hydrogen 
peroxide (F-HP). Axis labels: a - sorption, mmol g-1, ceq – equilibrium 
concentration, mmol dm-3 [14] 
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Badania wp ywu chemizmu powierzchni wynikaj ce z wp ywu 
obecno ci metali takich jak Cu (II) i Fe (II) na powierzchni w gla aktyw-
nego na skuteczno  sorpcji fenolu przedstawiono w pracy [20]. Badano 
sorpcj  fenolu (Ph) na wie ym w glu aktywnym F-300 (F-300-Ph), na 
w glu aktywnym F-300 z zaadsorbowanymi wcze niej jonami Fe(II) 
i Cu(II) (F-300-Cu-Ph, F-300-Fe-Ph) oraz sorpcj  jonów metali Cu(II) 
i Fe(II) na w glu z zaadsorbowanym wcze niej fenolem (F-300-Ph-Cu, 
F-300-Ph-Fe) jak równie  równoczesn  sorpcj  fenolu i jonów metali (F-
300-(Cu/Ph), F-300-(Fe/Ph)). W giel aktywny F-300, powszechnie sto-
sowany jako sorbent zanieczyszcze  organicznych i nieorganicznych, 
charakteryzuje si  rozwini t  struktur  porowat  (powierzchnia w a ciwa 
965 m2/g, obj to  porów 0,87 cm3/g) i umiarkowan  kwasowo ci  po-
wierzchni (0,57mmol/g).Wyznaczona zdolno  sorpcyjna wie ego w -
gla F-300 wzgl dem fenolu wynosi 180 mg/g, wzgl dem jonów Cu(II) 
wynosi 12 mg/g i jonów Fe(II) i wynosi 5,5 mg/g (tabela 1). Jednocze-
nie stwierdzono, e zaadsorbowane wcze niej jony Cu(II) nie wp ywaj  

na zmniejszenie sorpcji fenolu, a wp yw jonów Fe(II) by  bardzo ma y. 
Wyniki te wskazuj , e jony metali sorbuj  si  na innych centrach ak-
tywnych ni  fenol, ale równie  aktywnie uczestnicz  w tym procesie. Jest 
to zgodne z danymi literaturowymi [2,47] wskazuj cymi, e sorpcja me-
tali zachodzi na kwasowych grupach tlenowych na powierzchni w gla 
aktywnego natomiast sorpcji fenolu sprzyja obecno  grup funkcyjnych 
o charakterze zasadowym. Jednocze nie obecno  metali zapewnia wy-
sok  zdolno  sorpcyjn  w gla aktywnego wzgl dem fenolu dzi ki inte-
rakcji donorowo-akceptorowej metal – elektrony  pier cieni aromatycz-
nych, pomimo tego, e cz  powierzchni w gla aktywnego jest ju  zaj -
ta. Natomiast sorpcja jonów metali na w glu aktywnym z zaadsorbowa-
nym fenolem jest mniejsza i wynosi dla Cu(II) 8 mg/g, a dla Fe(II) 
5 mg/g. To wskazuje, e zaadsorbowane cz steczki fenolu z uwagi na 
swoj  wielko  zas aniaj  centra aktywne zdolne do sorpcji jonów metali 
albo zmieniaj  charakter chemiczny powierzchni w gla aktywnego. 
Sorpcja z mieszaniny jon metalu-fenol (F-300-(Cu/Ph) i F-300-(Fe/Ph)) 
jest zdecydowanie mniejsza i wynosi dla Fe(II) 6 mg/g, dla Cu(II) 
4 mg/g, a dla fenolu 110 mg/g. Fakt ten mo na wyja ni  wynikiem kon-
kurencji w obszarze dyfuzyjnym jak i wyst powaniem oddzia ywa  do-
norowo-akceptorowych fenol-jon metalu w roztworze. 
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Tabela 1. Ocena zdolno ci sorpcyjnej wie ego w gla aktywnego F-300 
wzgl dem wybranych jonów metali i fenolu z roztworu wodnego w zale no ci 
od kolejno ci sorbowanych substancji [20] 
Table 1. The assessment of sorption properties of activated carbon F-300 in 
relation to selected metal ions and phenol from the aqueous solution depending 
on the order of the absorbed substances [20] 

Symbol próbki w gla 
aktywnego F-300 – sk adnik 
sorbowany jako pierwszy – 

sk adnik sorbowany jako drugi, 
(sorpcja z mieszaniny) 

Zdolno  sorpcyjna 
w gla wzgl dem 

wybranego jonu, mg/g 

Zdolno  sorpcyjna 
w gla wzgl dem 

fenolu, mg/g 

F-300 – 180 
F-300-Cu-Ph 12,0 180 
F-300-Fe-Ph 5,5 170 
F-300-Ph-Cu 8,0 180 
F-300-Ph-Fe 5,0 180 
F-300-(Cu/Ph) 4,0 110 
F-300-(Fe/Ph) 6,0 110 

 
Wysoka zdolno  sorpcyjna w gli aktywnych wzgl dem fenoli 

i ich pochodnych oraz wyja niony mechanizm sorpcji wskazuje na mo -
liwo  wykorzystania tych sorbentów w procesach oczyszczania wód 
i cieków. Nale y równie  zauwa y , e zastosowanie tych sorbentów 
jest kosztowne zarówno z uwagi na cen  w gli aktywnych, koszty insta-
lacji jak i koszty eksploatacji z uwzgl dnieniem problemu unieszkodli-
wiania zu ytych w gli. Ponadto nale y uwzgl dni  fakt, e w ciekach 
przemys owych wyst puje mieszanina ró nych zwi zków organicznych 
a tym samym skuteczno  sorpcji wybranych substancji mo e by  ogra-
niczona z uwagi i mo liwo  wyst powania sorpcji konkurencyjnej oraz 
obecno  zawiesin. Z tego te  wzgl du analizuje si  inne metody usuwa-
nia zwi zków organicznych z wód i cieków, w tym utlenianie zwi zków 
organicznych w szczególno ci z wykorzystaniem tzw. pog bionego 
utleniania (AOP). 

4. Zaawansowane utlenianie zwi zków organicznych 

Dane literaturowe [3–6,12,13,29,31,32,41,49,57,60,63,75,76,81, 
82] wskazuj , e najbardziej rokuj c  metod  usuwania substancji orga-
nicznych, w szczególno ci trudno biodegradowalnych, jest ich chemiczna 
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degradacja z wykorzystaniem metod okre lanych wspólnym terminem 
Advanced Oxidation Processes (AOP) oznaczaj cym pog bione lub za-
awansowane utlenianie. Metody te obejmuj :  

• termoliz  zanieczyszcze  w wodzie nadkrytycznej, 
• utlenianie nadtlenkiem wodoru H2O2 oraz H2O2/UV, 
• utlenianie odczynnikiem Fentona Fe2+/H2O2 oraz Fe2+/H2O2/UV, 
• ozonoliz  w uk adach O3/UV, O3/H2O2, O3/UV/H2O2, 
• utlenianie fotokatalityczne TiO2/UV. 

Wspóln  cech  tych metod jest utlenianie praktycznie wszystkich 
zwi zków organicznych do CO2, H2O i zwi zków nieorganicznych za 
pomoc  generowanego w roztworze rodnika hydroksylowego OH• o wy-
sokim potencjale utleniaj cym wynosz cym 2,8V. Mechanizm tworzenia 
rodników hydroksylowych i utleniania zwi zków organicznych w roz-
tworze wodnym jak i zaadsorbowanych na w glach aktywnych, na przy-
k adzie reakcji Fentona mo na przedstawi  nast puj co [5]:  

Fe2+ + H2O2  Fe3+ + OH- + OH• 
Fe3+ + H2O2  Fe2+ + H+ + HO2

• 
Fe3+ + HO2

•  Fe2+ + H+ + O2 
OH• + H2O2  H2O + HO2 
OH• + Fe2+  Fe3++ OH- 

OH•+ RH  produkty przej ciowe utlenienia  CO2 + H2O 
 
Nale y podkre li , e rodniki hydroksylowe mog  by  równie  

generowane w obecno ci innych kationów metali (Mn+), a sam proces 
przebiega podobnie jak w reakcji Fentona: 

Men+ + H2O2  Men + 1 + OH- + OH• 

W przypadku reakcji foto-Fentona pod wp ywem promieniowania 
UV zachodzi reakcja: 

H2O2 + hv  2OH• 

i jednocze nie nast puje fotoredukcja jonów Fe3+ do Fe2+ z utworzeniem 
rodników OH•  

Fe3+ + H2O + hv  Fe2+ + OH• + H+ 
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Powstaj ce w ten sposób jony Fe2+ mog  w dalszym ci gu reago-
wa  z H2O2, generuj c nowe rodniki OH• czego skutkiem mo e by  
zwi kszenie efektywno ci procesu degradacji zanieczyszcze . 

O skuteczno ci utleniania zwi zków organicznych w warunkach 
reakcji Fentona decyduje dawka nadtlenku wodoru i jonów elaza(II) 
oraz ich wzajemny stosunek, odczyn, czas reakcji oraz rodzaj utlenianej 
substancji. Zarówno nadmiar nadtlenku wodoru jak i jonów elaza(II) 
skutkuje wygaszaniem rodników, a tym samym obni eniem wydajno ci 
reakcji utleniania. Optymalny zakres pH dla reakcji Fentona wynosi od 3 
do 5 [3–6,32,49,76,82]. Wzrost pH uk adu reakcyjnego powoduje szybki 
rozk ad H2O2, przypuszczalnie na k aczkach powsta ego wodorotlenku 
elaza(III), a tym samym zmniejsza si  ilo  powstaj cych rodników 

hydroksylowych. Natomiast gdy warto  pH roztworu jest mniejsza od 
3 jony wodorowe niszcz  rodniki OH• zgodnie z reakcj : 

OH• + H+ + e-  H2O 

Optymalny zakres temperatury powstawania rodników hydroksy-
lowych zawiera si  w granicach od 293 do 313K. W temperaturze powy-
ej 313K obserwuje si  szybki rozk ad nadtlenku wodoru na tlen i wod , 

co jest niekorzystne z punktu widzenia efektywno ci utleniania zwi z-
ków organicznych. 

Wykazano, e spo ród wymienionych czynników destrukcji za-
nieczyszcze  organicznych w ciekach, najskuteczniejszym jest odczyn-
nik Fentona [3–6,12,29,31,32,41,49,63,76,82]. W optymalnych warun-
kach odczynnik Fentona utlenia wiele z o onych zwi zków organicznych 
z efektywno ci  przekraczaj c  90%. Na uwag  zas uguje prostota pro-
wadzenia reakcji Fentona w porównaniu do innych metod generowania 
wysokoreaktywnych rodników hydroksylowych, nie wymagaj ca stoso-
wania specjalistycznego oprzyrz dowania (np. lamp UV, generatorów 
ozonu). Ponadto, produktami ko cowymi samej reakcji Fentona s  woda, 
tlen i wodorotlenek elaza, które nie obci aj  rodowiska wodnego roz-
puszczonymi zanieczyszczeniami. Zachodz ca jednocze nie z procesami 
utleniania koagulacja zanieczyszcze  dodatkowo zwi ksza efektywno  
usuwania zanieczyszcze . Natomiast jedn  z wad utleniania zwi zków 
organicznych z wykorzystaniem reakcji Fentona jest konieczno  ko -
cowej korekty odczynu cieków.  
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Wzrost skuteczno ci oczyszczania cieków metodami AOP mo -
na uzyska  przez sekwencyjne po czenie procesów fizycznych, che-
micznych i biologicznych. W a ciwe rozwi zanie projektowe powinno 

czy  najkorzystniejsze ekonomicznie procesy oczyszczania oraz za-
pewni  wysok  skuteczno  degradacji zanieczyszcze . Nale y równie  
zwraca  uwag  na powstawanie toksycznych, po rednich produktów 
rozk adu oraz zmian  charakteru zanieczyszcze  w trakcie procesu utle-
niania. Przyk adowy schemat strategii wyboru najlepszej technologii 
oczyszczania cieków przemys owych z uwzgl dnieniem metod AOP 
przedstawili Oller Malato i Sánchez-Pérez (rysunek 2) [60]. 

5. Utlenianie fenoli z wykorzystaniem AOP 

Jak wykazano w pracach [8,25,39,43,46,56,62,65,70,75] fenole 
i ich pochodne atwo i gwa townie ulegaj  utlenianiu zarówno przez ozon 
jak i w warunkach reakcji Fentona. Utlenianie fenolu przebiega wielo-
stopniowo z powstawaniem produktów po rednich kolejno utlenianych 
(chinony, difenole, kwas mukonowy, kwas glioksalowy, kwas szczawio-
wy, kwas mrówkowy, glioksal) o coraz mniej z o onych cz steczkach. 
Szybko  rozk adu fenolu ro nie ze spadkiem warto ci pH i wzrostem 
st enia czynników utleniaj cych. Jednak nale y zwróci  uwag , e po-
rednie produkty utleniania mog  wykazywa  wi ksz  toksyczno  ni  

zwi zek wyj ciowy. Przyk adowo nadtlenek wodoru w obecno ci pro-
mieniowania UV wykorzystano do degradacji zwi zków fenolowych 
obecnych w ciekach z t oczenia oliwy [9,10], uzyskuj c prawie 90% 
redukcj  zanieczyszcze  organicznych przy ca kowitym ich odbarwieniu.  

W pracy [64] analizowano kinetyk  rozk adu p-chlorofenolu pod 
wp ywem czynników utleniaj cych z wykorzystaniem H2O2, H2O2/UV, 
Fe2+/H2O2, Fe2+/H2O2/UV. Przedstawione na rysunku 3 wyniki wskazuj , 
e nadtlenek wodoru jest zbyt s abym czynnikiem utleniaj cym aby spo-

wodowa  rozk ad p-chlorofenolu i tym samym doprowadzi  do usuni cia 
z roztworu. Natomiast w obecno ci rodników hydroksylowych OH•, któ-
re generowane s  z nadtlenku wodoru w obecno ci promieniowania UV, 
jak równie  w rodowisku reakcji Fentona i foto-Fentona obserwuje si  
praktycznie natychmiastowy rozk ad p-chlorofenolu. W przyj tych wa-
runkach w ci gu pierwszych pi ciu minut reakcji nast puje utlenienie 
ok. 90% p-chlorofenolu obecnego w roztworze. Skutkiem utlenienia 
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tego zwi zku jest wzrost kwasowo ci roztworu (pH ok. 3,2), co jest 
zgodne z danymi literaturowymi [39,46]. Wykazano bowiem, e utlenie-
nie p-chlorofenolu przebiega poprzez rozerwanie pier cienia aromatycz-
nego, utlenienie grupy hydroksylowej do karboksylowej, a nast pnie 
dalsz  mineralizacj  do produktów ko cowych CO2 i HCl.  

 

 
Rys. 2. Strategia wyboru najlepszej technologii oczyszczania przemys owych 
cieków bio- lub niebiodegradowalnych [60] 

Fig. 2. The selection strategy of the best technology for the treatment of bio- 
and nonbiodegradable industrial sewage [60] 
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Rys. 3. Porównanie szybko ci rozk adu p-chlorofenolu pod wp yw czynników 
utleniaj cych:  

 – H2O2,  – H2O2/UV,  – Fe2+/H2O2,  – Fe2+/H2O2/UV [64]  
Fig. 3. The comparison of decomposition velocity of p-chlorophenol under the 
impact of oxidants:  

 – H2O2,  – H2O2/UV,  – Fe2+/H2O2,  – Fe2+/H2O2/UV [64] 

6. Wykorzystanie sorpcji i utleniania do usuwania 
pochodnych fenoli 

Zarówno sorpcja jak i utlenienie metodami AOP zwi zków orga-
nicznych, w tym fenoli, obok istotnych zalet (wysoka wydajno  
i skuteczno ) maj  równie  wady. Do wad tych zaliczy  nale y np.: pro-
blem unieszkodliwiania zu ytych sorbentów czy te  znaczne zu ycie utle-
niaczy i zwi kszenie ilo ci cieków. W celu wykorzystania zalet tak sorp-
cji jak i zaawansowanego utleniania, a ograniczenia ich wad, rozwa a si  
mo liwo  po czenia obu tych procesów. W tym przypadku usuwanie 
zanieczyszcze  realizowane jest jako proces dwu- lub jednoetapowy. 
W pierwszym przypadku usuwanie zwi zków organicznych obejmuje 
sorpcj , a nast pnie utlenianie zaadsorbowanych substancji, z wykorzysta-
niem AOP, skutkuj ce równoczesn  regeneracj  w gla aktywnego. Nato-
miast w drugim przypadku mówi si  o symultanicznym procesie sorpcji 
i utlenienia zwi zków organicznych. W tak realizowanym procesie, jak 
wykazano w pracach Toledo [80] i Huanga [31,32], w giel aktywny rów-
nocze nie pe ni funkcj  sorbenta zwi zków organicznych jak i katalizatora 
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tworzenia rodników hydroksylowych odpowiedzialnych za utlenianie sub-
stancji organicznych zarówno roztworze jak i zaadsorbowanych na w glu 
aktywnym. Proces ten przebiega zgodnie z reakcjami [80]: 

AC  OH + H2O2  AC  OOH + H2O 
AC  OOH + H2O2  AC  OH + H2O + O2 

AC + H2O2  AC+ + OH- + OH• 
AC+ + H2O2  AC + HO2

• + H+ 
HO• + RH  produkty utlenienia (CO

2 + H2
O + …..) 

W obecno ci w gla aktywnego, w rodowisku nadtlenku wodoru, 
ulegaj  utlenieniu zwi zki organiczne, które nie s  utleniane przez sam 
nadtlenek wodoru. To wskazuje na istotn  rol  w gla aktywnego w gene-
rowaniu rodników hydroksylowych odpowiedzialnych za utlenianie 
zwi zków organicznych. 

Przydatno  symultanicznego procesu sorpcji i utlenienia 
w oczyszczaniu cieków farbiarskich wykazano w pracy Santosa i in. 
[72]. Badano kinetyk  odbarwiania roztworów ró nych barwników kwa-
sowych, zasadowych i reaktywnych, przy zastosowaniu trzech ró nych 
procesów: adsorpcji na w glu aktywnym, niekatalitycznego utleniania 
H2O2 i utlenianiu z H2O2 w obecno ci w gla aktywnego. Wykazano, e 
zarówno utlenianie H2O2 jak i sorpcja na w glu aktywnym s  ma o sku-
tecznymi metodami usuwania barwników z roztworu wodnego. Nato-
miast w przypadku po czenia sorpcji i utlenienia obserwuje si  syner-
giczny efekt skutkuj cy wzrostem efektywno ci odbarwiania roztworu. 
Wykazano, e chemizm powierzchni w gla aktywnego ma znaczenie na 
przebieg tego procesu. Sorpcja barwnika wzrasta wraz z zasadowo ci  
w gla aktywnego, natomiast odczyn roztworu nie ma zasadniczo wp ywu 
na kinetyk  tego procesu.  

W badaniach Ince i in. [35] wykazano, e je li sorpcja fenolu 
i utlenianie z wykorzystaniem H2O2/UV przebiega równocze nie, to sku-
teczno  usuwania wynosi 87,5%. Natomiast gdy w giel by  najpierw 
nasycany, a nast pnie poddawany regeneracji, uzyskano 92,5% redukcj  
zanieczyszcze .  

Jans i Hoigne [38] zaobserwowali, e rozk ad ozonu na rodniki 
HO• w obecno ci w gla aktywnego jest poprzedzany przez adsorpcj  ozo-
nu na w glu aktywnym. Ze wzgl du na elektrofilowe w a ciwo ci cz -
steczki ozonu mog  mie  wi ksze powinowactwo w stosunku do w gli 
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zasadowych, które s  charakteryzowane przez obecno  zdelokalizowa-
nych elektronów  na p aszczyznach podstawowych. Stwierdzono, e ist-
nieje zwi zek pomi dzy zasadowo ci  w gla i jego katalityczn  rol  
w procesie rozk adu ozonu na rodniki hydroksylowe.  

Wyja nienie zwi zku mi dzy w a ciwo ciami w gli aktywnych, 
a skuteczno ci  ich dzia ania w symultanicznym procesie sorpcji i utlenia-
nia przedstawiono w pracy [64]. Oceny zdolno ci katalitycznych w gli 
aktywnych w stosunku do rozk adu nadtlenku wodoru dokonano poprzez 
analogi  do procesu dechloracji tj. reakcji w gla aktywnego z wolnym 
chlorem lub kwasem chlorowym (I) (HClO) w roztworze wodnym. Re-
akcja pomi dzy tymi utleniaczami, a w glem aktywnym opisana jest 
równaniem podanym przez Magee [54]: 

C• + HOCl  CO• + H+ + Cl- 

gdzie C• oznacza centra aktywne na powierzchni w gla aktywnego, od-
powiedzialne za rozk ad, czyli centra katalityczne, a efektem ko cowym 
jest utworzenie utlenionych obszarów CO•. W efekcie reakcji C• z utle-
niaczem prawdopodobnie jako produkt po redni powstaje CHOCl• ulega-
j cy rozk adowi zgodnie z równaniem: 

CHOCl•  CO• + H+ + Cl 

Do oceny zdolno ci katalitycznych w gli aktywnych w reakcji 
dechloracji, wykorzystywana jest liczba dechloracji oznaczaj ca wysoko-
ci warstwy w gla aktywnego w kolumnie o rednicy 40 mm wystarcza-

j cej do obni enia st enia wolnego chloru o po ow  z roztworu o st e-
niu 5 mg/L. Im mniejsza grubo  warstwy w gla aktywnego, tym lepsze 
zdolno ci do dechloracji posiada dany w giel aktywny.  

Zak adaj c analogiczny przebieg reakcji rozk adu nadtlenku wo-
doru na powierzchni w gla aktywnego z utworzeniem rodników hydrok-
sylowych zgodnie z równaniami:  

AC• + H2O2  AC+ + OH- + OH• 
AC+ + H2O  AC + HO• + H+ 

przyj to, e liczba dechloracji mo e by  z powodzeniem wykorzystana 
do oceny przydatno ci w gli aktywnych do usuwania zanieczyszcze  
organicznych poprzez ich symultaniczn  sorpcj  i utlenienie. Wykazano, 
e za przebieg reakcji rozk adu nadtlenku wodoru z utworzeniem rodni-



Zastosowanie sorpcji i zaawansowanego utleniania do usuwania fenoli… 633
 

ków hydroksylowych odpowiedzialne s  centra zasadowe (najprawdopo-
dobniej centra zasadowe Lewis`a). Natomiast centra kwasowe (grupy 
kwasowe) odpowiedzialne za przy czanie elektronów redukuj  zdolno-
ci katalityczne w gli aktywnych.  

W oparciu o wyniki bada , prowadzone z wykorzystaniem w gli 
aktywnych o zró nicowanych zdolno ciach sorpcyjnych, przedstawione 
w pracach [21,22,64] wykazano, e im lepszy sorbent i bardziej zasadowy 
w giel, a jednocze nie charakteryzuj cy si  mniejsz  liczb  dechloracji 
i wi ksz  liczb  jodow , tym efektywniej przebiega usuwanie zanieczysz-
cze  organicznych z roztworu wodnego w symultanicznym procesie sorp-
cji i utleniania. Z uwagi na to, e zarówno sorpcyjne jak i katalityczne w a-
ciwo ci w gli aktywnych s  wa ne mo na wnioskowa , e procesy sorp-

cji i utleniania zachodz  równocze nie, a substancja musi by  zaadsorbo-
wana aby by a utleniona. Spo ród badanych w gli aktywnych najlepsze 
zdolno ci sorpcyjne w stosunku do fenoli i ich pochodnych oraz w a ciwo-
ci katalityczne posiada  w giel aktywny WDex o najwi kszej zasadowo-
ci i najlepszej zdolno ci do dechloracji. Stwierdzono równie , e efektem 

kontaktu utleniacza z w glem aktywnym jest zarówno zmiana struktury 
porowatej (w szczególno ci zmniejszenie powierzchni w a ciwej) jak 
i chemizmu powierzchni (wzrost kwasowo ci) pod wp ywem rodników 
hydroksylowych. Na skutek utlenienia w gle aktywne zmieniaj  zarówno 
swoje zdolno ci sorpcyjne wzgl dem poszczególnych zwi zków organicz-
nych, jak i katalityczne, co nie jest korzystne z punktu widzenia mo liwo-
ci ich wykorzystania w symultanicznym procesie usuwania zwi zków 

organicznych drog  sorpcji i/lub utleniania. 
Szczegó owe badania dotycz ce usuwania p–chlorofenolu z roz-

tworu w obecno ci w gla aktywnego WDex oraz nadtlenku wodoru opi-
sano w pracy [19]. Skuteczno  procesu oceniano na podstawie zmian 
st enia p-chlorofenolu jak i ilo ci jonów chlorkowych, których obec-
no  w roztworze wskazuje na jego utlenienie (WDex + H2O2/Cl-1, 
WDex + H2O2/Cl-2). Analizuj c otrzymane wyniki bada , przedstawione 
na rysunku 3, stwierdzono, e w uk adzie reakcyjnym w giel aktywny-
nadtlenek wodoru WDex/H2O2-1 w czasie trwania reakcji wynosz cym 
10 min obserwuje si  31% ubytek p-chlorofenolu (72 mg/g). Z tej ilo ci 
utlenieniu ulega 83% (na co wskazuje ilo  pojawiaj cych si  w roztwo-
rze jonów chlorkowych) a pozosta a cz  (17%) usuni tego p-chlorofe-
nolu pozosta a zaadsorbowana na w glu aktywnym. Wyd u enie czasu 
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reakcji do 30 min skutkuje usuni ciem 91 mg/g p-chlorofenolu z czego 
76% uleg o utlenieniu a reszta zosta a zaadsorbowana na w glu. 

 
Rys. 4. Porównanie ilo ci usuni tego z roztworu p-chlorofenolu na 1 g w gla 
aktywnego WDex w obecno ci nadtlenku wodoru w dwóch kolejnych cyklach 
WDex/H2O2 -1 i WD extra/H2O2-2 z ilo ci  utlenionego p-chlorofenolu 
oszacowanego na podstawie st enia jonów Cl- w roztworze WD 
extra/H2O2/Cl-1 i WDex/H2O2/Cl-2 [19]  
Fig. 4. The comparison of the amount of p-chlorophenol removed from the 
solution for 1 g of activated carbon WDex in the presence of hydrogen peroxide 
at two consecutive stages WDex/H2O2 -1 and WD extra/H2O2-2 with the 
amount of oxidised p-chlorophenol determined from the concentration of Cl- 
ions in the solution WD extra/H2O2/Cl-1 and WDex/H2O2/Cl-2 [19] 

Wykorzystuj c pozosta y po pierwszym etapie bada  w giel ak-
tywny ponownie do usuwania kolejnej porcji p-chlorofenolu z roztworu 
w obecno ci H2O2 (wyniki oznaczone jako WDex/H2O2-2 i WDex/H2O2/ 
Cl-2 na rysunku 4) stwierdzono zdecydowanie ni sz  skuteczno  tego 
procesu. Ilo  usuni tego p-chlorofenolu jest ok. 35% ni sza ni  
w pierwszym cyklu, co mo na wyja ni  cz ciowym zablokowaniem 
powierzchni w gla zaadsorbowanym i nieutlenionym p-chlorofenolem. 
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Analiza przebiegu reakcji wskazuje, e w powtórnym symultanicznym 
procesie udzia  usuwania p-chlorofenolu z roztworu poprzez sorpcj  jest 
wi kszy i po 120 minutach wynosi 57%. Uzyskane wyniki wskazuj , e 
w zadanych warunkach zachodzi zarówno sorpcja jak i utlenianie sub-
stancji ale ilo  utleniacza by a zbyt ma a aby utleni  ca o  adsorbatu. 
Przeprowadzone badania uzupe niaj ce, w których w celu utlenienia za-
adsorbowanego p-chlorofenolu wykorzystano reagent Fentona wykaza y, 
e i w tym przypadku nie uzyskuje si  ca kowitej regeneracji w gla ak-

tywnego. Niemniej jednak nale y podkre li , e niezale nie od zastoso-
wanego czynnika utleniaj cego mo liwe by o ponowne wykorzystanie 
w gla aktywnego, a ilo  skutecznie usuni tego z roztworu p-chlorofe-
nolu by a wi ksza ni  w przypadku gdyby prowadzono tylko sorpcj  czy 
te  tylko utlenianie jako procesy jednostkowe. 

7. Wykorzystanie AOP do utleniania zaadsorbowanych 
zwi zków organicznych 

Przydatno  procesu utleniania zwi zków organicznych z wyko-
rzystaniem rodników hydroksylowych powstaj cych na powierzchni w -
gla aktywnego potwierdzaj  badania regeneracji zu ytych w gli aktyw-
nych nasyconych zwi zkami organicznymi. Jedn  z pierwszy prac by y 
badania Shende i Mahajani [73], którzy z powodzeniem wykorzystali 
mokre utlenianie powietrzem do regeneracji w gla aktywnego nasycone-
go barwnikami. W pracach Toledo i in. [80] oraz Hulinga i in. [33,34] 
wykorzystano odczynnik Fentona do regeneracji w gli aktywnych nasy-
conych zwi zkami organicznymi z grupy chloroorganicznych i eterów. 
Badania Toledo i in. [80] obejmowa y regeneracj  w gla aktywnego na-
syconego chlorobenzenem. W pracy zaobserwowano, e reagent Fentona 
by  bardzo wydajny w utlenianiu zaadsorbowanych na powierzchni w -
gla aktywnego zwi zków organicznych. W warunkach reakcji tzn. przy 
stosunku molowym zwi zek organiczny/H2O2/Fe wynosz cy 1/25/0.6, 
w temperaturze pokojowej, zaobserwowano po 2 godz. reakcji konwersj  
100% tetra-chloroetylenu, 99% chloroformu, 99% 1,2-dichloropropanu, 
90 % chlorobenzenu. Badania mechanizmu rozk adu zaadsorbowanych 
substancji jednoznacznie wskazuj  e w giel aktywny promuje dekom-
pozycj  H2O2 poprzez formowanie rodników OH• w s siedztwie zaad-
sorbowanych zwi zków organicznych powoduj c ich mineralizacj . 
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Interesuj ce badania dotycz ce regeneracji w gla aktywnego na-
syconego eterem tert-butylometylowym MTBE zosta y przedstawione 
przez Hulinga i in. [33]. Stwierdzono, e wydajno  regeneracji w przy-
padku w gla aktywnego nasyconego eterem MTBE (0,21 mg/g)wynosi a 
91%. Co wi cej stwierdzono, e zwi kszona po regeneracji ilo  elaza 
poprawia zdolno ci sorpcyjne w gla. Jednocze nie zaobserwowano, e 
w uk adzie reakcyjnym nie pojawi y si  produkty uboczne utleniania 
MTBE odczynnikiem Fentona (tert-butyloaceton i aceton) jakie wyst pu-
j  w przypadku gdy reakcja ta zachodzi w roztworze wodnym bez udzia-
u w gla aktywnego.  

Przedstawione przez Georgia i Kopinke [30] wyniki bada  nad 
wp ywem nadtlenku wodoru na w a ciwo ci w gla aktywnego oraz wy-
dajno  regeneracji w gli nasyconych trichloroetylenem (TCE), eterem 
metylo-tertbutylowym (MTBE) oraz 2,4,5-trichlorofenolem (TCP) wska-
zuj , e rozk ad H2O2 w obecno ci/na powierzchni w gla aktywnego 
zachodzi zgodnie z kinetyk  reakcji I rz du. Zmniejszenie szybko ci roz-
k adu H2O2 w przypadku w gli nasyconych zosta a przypisana zmniej-
szeniu si  ilo ci miejsc aktywnych na powierzchni w gla niezb dnych do 
tego procesu. Wykazano, e miejscami tymi mog  by  zarówno po-
wierzchniowe grupy funkcyjne jak i obecno  metali/heteroatomów. 

Badania dotycz ce usuwania fenolu zaadsorbowanego na w glu 
aktywnym z wykorzystaniem zaawansowanego utleniania by y prowa-
dzone przez Álvareza i in. [1]. Wykazano, e efektem dzia ania ozonu 
jest regeneracja w gli aktywnych nasyconych fenolem przy czym o sku-
teczno ci regeneracji decyduj  w a ciwo ci w gla aktywnego, co po-
twierdza ich katalityczn  rol  w tym procesie. 

W badaniach [23,24] po wi conych poszukiwaniu skutecznej me-
tody usuwania zwi zków organicznych z powierzchni zu ytego katalizato-
ra Pallad/w giel aktywny (Pd/AC) zaproponowano utlenienie zanieczysz-
cze  organicznych wykorzystuj c metody pog bionego utleniania. Wyka-
zano, e skuteczn  metod  regeneracji katalizatora jest utlenianie zaadsor-
bowanych zwi zków organicznych za pomoc  mieszaniny O3/H2O2 i na-
st pnie redukcji zwi zków palladu 9g ównie tlenków) do wolnego Pd za 
pomoc  wodoru. Na przyk adzie testowej reakcji redukcji kwasu cynamo-
nowego wykazano, e katalityczna aktywno  zregenerowanego kataliza-
tora jest porównywalna do aktywno ci katalizatora wie ego i mo e by  
on z powodzeniem stosowany w reakcjach uwodornienia. 
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8. Podsumowanie 

Coraz wy sze wymagania stawiane oczyszczonym ciekom 
przemys owym wymuszaj  stosowania coraz skuteczniejszych metod 
oczyszczania. Zró nicowany i zmieniaj cy si  sk ad tych cieków, 
wprowadzanie wci  nowych substancji sprawia, e konwencjonalne 
metody oczyszczania nie s  wystarczaj co skuteczne i poszukuje si  
wci  nowych rozwi za . Ze wzgl dów ekonomicznych powinny to by  
rozwi zania proste, nie wymagaj ce rozbudowanych instalacji, zapewnia-
j ce odpowiedni stopie  redukcji zanieczyszcze  w krótkim czasie, a jed-
nocze nie tanie. W ród szeregu rozwi za  coraz wi cej uwagi po wi ca 
si  wykorzystaniu do tego celu zarówno sorpcji, jak i metod pog bione-
go utleniania (AOP). Zainteresowanie tymi metodami wynika z ich wy-
sokiej skuteczno ci usuwania zwi zków organicznych z roztworów wod-
nych. Cech  charakterystyczn  metod AOP jest generowanie w rodowi-
sku reakcji wysoce reaktywnych rodników hydroksylowych OH* reagu-
j cych praktycznie ze wszystkimi zwi zkami organicznymi powoduj c 
ich rozk ad na prostsze cz steczki lub prowadz c do ca kowitego utlenie-
nia. Natomiast sorpcja, szczególnie sorpcja na w glach aktywnych, jest 
jedn  z najskuteczniejszych metod usuwania zwi zków organicznych 
poprzez ich fizykochemiczne oddzia ywanie z powierzchni  sorbentu, co 
jest wynikiem rozbudowanej struktury porowatej oraz w a ciwo ci che-
micznych powierzchni.  

Jak wykazano, na przyk adzie fenoli zarówno zaawansowane 
utlenianie zwi zków organicznych, szczególnie z wykorzystaniem rea-
genta Fentona, jak i usuwanie tych substancji drog  sorpcji na w glach 
aktywnych jest dobrze rozpoznane, opisane w literaturze i znajduje za-
stosowanie na skal  przemys ow . Niemniej jednak metody te maj  rów-
nie  swoje ograniczenia. Powa n  wad  metod AOP jest stosowanie 
znacznych ilo ci utleniaczy jak i mo liwo  powstawania produktów 
po rednich utlenienia, co w konsekwencji prowadzi do zwi kszenia ilo ci 
cieków oraz dodatkowych kosztów. Natomiast zastosowanie w gli ak-

tywnych napotyka na du e trudno ci z uwagi na ich cen , koszty instala-
cji jak i koszty eksploatacji z uwzgl dnieniem unieszkodliwiania zu y-
tych w gli.  

Korzystn  alternatyw  dla regeneracji zu ytych w gli aktywnych 
wykorzystywanych jako sorbenty zanieczyszcze  organicznych z roz-
tworów wodnych poprzez utlenianie zaadsorbowanych substancji jest 
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bezpo rednie utlenianie substancji organicznych z wykorzystaniem AOP 
w obecno ci w gli aktywnych. W tym przypadku równocze nie zachodzi 
proces sorpcji-utleniania-regeneracji w gla aktywnego, przy czym w giel 
aktywny pe ni w tym procesie zarówno rol  sorbentu jak i katalizatora 
reakcji rozk adu nadtlenku wodoru z utworzeniem rodników hydroksy-
lowych OH•. Wykazano, e usuwanie zwi zków organicznych z roztwo-
rów wodnych z wykorzystaniem w gli aktywnych oraz czynników utle-
niaj cych zaliczanych do AOP jest procesem skuteczniejszym, ni  gdyby 
procesy utleniania i sorpcji realizowane by y oddzielnie. O przydatno ci 
w gli aktywnych do usuwania zwi zków organicznych w symultanicz-
nym procesie decyduj  zarówno ich w a ciwo ci sorpcyjne jak i katali-
tyczne. W gle aktywne powinny mie  charakter zasadowy, du  po-
wierzchni  w a ciw  i obj to  porów oraz liczb  jodow , a tak e wyso-
k  zdolno  dechloracji.  
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Application of Sorption and Advanced Oxidation Processes 
for Removal of Phenols from Aqueous Solutions 

Abstract 
The removal of organic contaminants such as aliphatic and aromatic hy-

drocarbons, phenols and related compounds, halogenated compounds, polycyclic 
aromatic hydrocarbons, aldehydes, ketones, acids, detergents, fats, dyes etc. from 
water and sewage is still an interesting and significant problem in environmental 
engineering. Both household and industrial waste is a source of organic contami-
nants in the environment. Higher and higher requirements regarding treated waste 
that is directed to water or the ground require constant development of the waste 
treatment process. The literature data and implemented solutions indicate that 
more and more attention is now paid to the use of sorption and advanced oxida-
tion processes for the removal of organic compounds. 

The highest significance and application among available sorbents has 
activated carbon. The sorption properties of activated carbon are dependent on 
its porous structure, produced by the system of interconnected macro-, meso- 
and micropores as well as the chemical composition of the surface resulting 
from the presence of oxygen functional groups. Activated carbon is especially 
useful as sorbents of phenol and chlorophenol. It has been shown that the ad-
sorption ability of activated carbon depends on the specific surface area, porosi-
ty and surface chemical composition. High affinity of phenol to the surface of 
activated carbon is related to the creation of donor-acceptor complexes between 
alkaline locations on the sorbent’s surface and the aromatic ring. Oxidation of 
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activated carbon’s surface leading to increased acidity lowers the sorption ca-
pacity of activated carbon. While the presence of metals increases the sorption 
capacity of activated carbon in relation to phenol due to the donor-acceptor 
interaction of metal-electrons of  aromatic ring in the phenol particle.  

Another method of successful oxidation of phenols is their oxidation 
especially with the AOP methods (Advanced Oxidation Processe)s. A character-
istic feature of these methods is oxidation of generally all organic compounds to 
CO2, H2O and inorganic compounds with the use of the hydroxyl radical OH* 
(generated in the solution) of extremely high oxidising potential of 2,8 V. Phe-
nols and the related compounds quite easily undergo oxidation, especially with 
Fenton and photo-Fenton reactions  

Both sorption and oxidation of organic compounds (including phenols) 
with AOP methods have advantages (high output and efficiency) and disad-
vantages (treatment of used sorbents, significant use of oxidants and increased 
sewage volume). In order to focus on the advantages of sorption and advanced 
oxidation while limiting their disadvantageous effect a combination of these 
two processes is considered. In this case the removal of contaminants is ar-
ranged as a two- or one-stage process. In the first one the removal of organic 
compounds covers sorption and then oxidation of the adsorbed substances with 
the use of AOP, which leads to a simultaneous regeneration of activated carbon. 
While in the latter case simultaneous sorption and oxidation of organic com-
pounds is considered. In these both cases activated carbon acts as a sorbent of 
organic compounds and catalyst in the production of hydroxyl radicals OH* 

which are responsible for oxidation of organic compounds both in the solution 
and adsorbed on the activated carbon. It has been proven that in the presence of 
activated carbon in the environment of hydrogen peroxide, oxidation occurs of 
such organic compounds that do not undergo oxidation with the same oxidant in 
the aqueous solution. The applicability of activated carbon for the simultaneous 
removal of organic compounds is dependent on both their sorption and catalytic 
properties. Activated carbon should be alkaline, have high specific volume, 
pores’ volume, iodine number and significant dechlorination ability.  

The applicability of oxidation of organic compounds with the use of 
hydroxyl radicals created on the surface of activated carbon for regeneration of 
the used sorbents has also been proven. 

 
S owa kluczowe: 
fenol, chlorofenol, w giel aktywny, utlenianie, rodnik hydroksylowy 

Keywords: 
phenol, chlorophenol, activated carbon, oxidation, hydroxyl radicals  
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1. Wst p 

Eksploatacja obiektów zwi zanych z gospodark  ciekow  wi e 
si  z emisj  uci liwych zapachowo odorów. Dotyczy to przede wszyst-
kim wi kszo ci oczyszczalni cieków, punktów zlewnych cieków do-
wo onych, jak i sanitarnych instalacji kanalizacyjnych [4]. 

Odoranty dop ywaj  do oczyszczalni wraz ze ciekami, jak 
i powstaj  wtórnie na jej terenie podczas procesów oczyszczania cieków 
i przeróbki osadów ciekowych. Badania wykaza y, e emisja odorantów 
nast puje na ka dym etapie oczyszczania cieków, tj. w miejscu dop ywu 
cieków do oczyszczalni, na kratach, w przepompowniach cieków su-

rowych, w piaskownikach, odt uszczaczach, osadnikach wst pnych i ko-
morach osadu czynnego, z o ach biologicznych, a tak e w miejscach 
turbulentnego przep ywu cieków i sk adowania biomasy. Takimi miej-
scami s  min. sk adowiska skratek, piasku, t uszczu, stacje odwadniania, 
suszenia i gromadzenia osadów [4].  

Odory pochodzenia ciekowego zawieraj  liczne gazy nieorga-
niczne, jak: siarkowodór (H2S), amoniak (NH3), dwutlenek w gla (CO2), 
azot (N), wodór (H), tlen (O2) oraz opary substancji organicznych, które 
powstaj  w procesach mikrobiologicznych: aldehydy, kwasy organiczne, 
ketony itp. Najbardziej uci liwym dla otoczenia odorem jest siarkowo-
dór [4]. 

Nieprzyjemne zapachy stwarzaj  nie tylko poczucie dyskomfortu, 
lecz tak e mog  by  przyczyn  negatywnych objawów psychosomatycz-
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nych, takich jak rozdra nienie, bóle g owy, nudno ci, trudno ci z koncen-
tracj , utrat  aknienia, trudno ci z zasypianiem i szereg innych nieko-
rzystnych objawów [5, 17]. 

Brak w Polsce unormowa  prawnych, dotycz cych jako ci po-
wietrza oraz oddzia ywania uci liwych zapachowo substancji, przyczy-
nia si  do podejmowania bada  nad odorami w zespo ach badawczych 
ro nych instytucji, min. w Politechnice Szczeci skiej, Politechnice Lu-
belskiej, Politechnice ódzkiej, Politechnice Wroc awskiej, Politechnice 
Warszawskiej, Uniwersytecie Warmi sko-Mazurskim w Olsztynie, 
a tak e Politechnice Koszali skiej [2, 3, 6–13, 15, 16, 18, 19]. 

W Katedrze Techniki Wodno-Mu owej i Utylizacji Odpadów Po-
litechniki Koszali skiej od kilku lat prowadzone s  badania nad masko-
waniem nieprzyjemnych zapachów, czyli zast powaniem zapachu niepo-

danego przyjemniejszym. Jako rodki maskuj ce wykorzystywane s  
naturalne olejki eteryczne, pozyskiwane ze wie ych surowców ro lin-
nych w procesie destylacji par  wodn . 

Najwa niejszym celem prowadzonych bada  by o znalezienie op-
tymalnych warunków prowadzenia procesu odwadniania komunalnych 
osadów ciekowych na wirówce dekantacyjnej ALFA LAVAL, typ AL-
DEC 30, zainstalowanej na terenie oczyszczalni cieków w Tychowie, 
a tak e zmniejszenie uci liwo ci pracy obs ugi tej wirówki poprzez za-
stosowanie do procesu odwadniania olejku eterycznego z pomara czy 
jako cz ciowego substytutu flokulantów.  

2. Metodyka bada  

2.1. Odwadnianie komunalnych osadów ciekowych 

Proces odwadniania komunalnych osadów ciekowych badano na 
wirówce dekantacyjnej ALFA LAVAL, typ ALDEC 30 na terenie 
Oczyszczalni cieków w Tychowie. 

Parametrami sta ymi procesu odwadniania by y: 

• pr dko  wirowania n [obr/min] – n = 2400 obr/min, 

• dawka C [dm
3
/m

3
] – C = 76,3 dm

3
/m

3
. 

 
Parametr zmienny niezale ny procesu odwadniania: 

• x1– udzia  olejku eterycznego z pomara czy w mieszaninie z flokulan-
tem ZETAG® 9048FS dla dawki C = 76,3 dm

3
/m

3
 UO/F [%] – przyj -
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to: UO/F1 = [0%/100%], UO/F2 = [25%/75%], UO/F3 = [50%/50%], UO/F4 
= [75%/25%]. 

 

Parametry zmienne zale ne (wynikowe) procesu odwadniania: 

• y1 – zawarto  wody w osadzie W [%], 

• y2 – zawarto  suchej masy w odcieku  [mg/dm
3
], 

• y3 – st enie zapachu olejku eterycznego z pomara czy w odwirowa-

nym osadzie cod [ouE/m
3
]. 

 

Bezpo rednio po pobraniu próbek w czasie do 1h od chwili po-

brania, oznaczano parametry fizyczne osadu, tworz cego nadaw  do pro-

cesu odwadniania, tj.: pH [-], temperatur  [
o
C], barw , struktur , zapach, 

zawarto  wody WN [%] i zawarto  suchej masy N [mg/dm
3
]. Próbki 

by y przechowywane w lodówce w temperaturze 4
o
C. Próbki pobrano 

z wylotu osadu na wirówce dekantacyjnej ALFA LAVAL, typ ALDEC 

30, b d cej w asno ci  Oczyszczalni cieków w Tychowie. 

2.2. Charakterystyka osadu ciekowego 

Do bada  u yto ciek zawiesinowy o nast puj cej charakterystyce: 

• pH: 7,3, 

• temperatura: 20°C, 

• barwa: czarna, 

• struktura osadu: jednolita, trudno opadaj cy, zawiesinowy, 

• zapach: gnilny, 

• zawarto  wody WN: 97,89%, 

• zawarto  suchej masy N: 21023,60 mg/dm
3
. 

2.3. Charakterystyka polimeru kationowego ZETAG® 9048FS 

Proces odwadniania w przemys owej wirówce dekantacyjnej AL-

FA LAVAL, typ ALDEC 30 na terenie Oczyszczalni cieków w Tycho-

wie wspomagany by  poprzez dawkowanie polimeru kationowego 

o nazwie handlowej ZETAG® 9048FS o st eniu rzeczywistym roztwo-

ru 0,48%. 

W tabeli 1 przedstawiono informacje na temat podstawowych 

w a ciwo ci fizycznych i chemicznych flokulanta ZETAG® 9048FS 
u ytego do bada . 
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Tabela 1. Charakterystyka flokulanta ZETAG® 9048FS [1] 

Table 1. Characteristics of ZETAG® 9048FS flocculant [1] 

Stan skupienia/forma emulsja 

Kolor kremowy, prawie bia y 

Zapach 
charakterystyczny dla oleju  

mineralnego 

Warto  pH ok. 4 

Temperatura zap onu > 93
o
C 

G sto  ok. 1,0 g/cm
3
 (20

o
C) 

Rozpuszczalno  w wodzie rozpuszczalny 

Lepko  dynamiczna ok. 1.500 mPa.s 

Niebezpiecze stwo eksplozji produkt nie jest wybuchowy 

Mieszalno  z wod  miesza si  

2.4. Charakterystyka olejku eterycznego z pomara czy 

Do bada  procesu mechanicznego odwadniania komunalnych 

osadów ciekowych w skali przemys owej wykorzystano naturalny ole-

jek eteryczny z pomara czy, który zakupiono w Fabryce Substancji Za-

pachowych „POLLENA-AROMA” Sp. z o.o. 

Informacje na temat podstawowych w a ciwo ci fizyczno-

chemicznych olejku eterycznego z pomara czy zastosowanego do bada  

przedstawiono w tabeli 2. 

 
Tabela 2. Charakterystyka olejku eterycznego z pomara czy [20] 

Table 2. Characteristics of orange essential oil [20] 

Wygl d  Ciecz 

Barwa ó ta do czerwono ó tej 

Zapach Pomara czowy 

G sto  d20
20

 0,844 g/cm
3
 

Wspó czynnik za amania wiat a nD
20

 1,4730 

Skr calno  D
20

 + 96,4
o
 

Liczba kwasowa - 

Liczba estrowa - 

Rozpuszczalno  w etanolu - 

Zawarto  zwi zków karbonylowych 1,2% 
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2.5. Pomiar st enia zapachowego olejku eterycznego 
w odwodnionym osadzie  

Bezpo rednio po poborze próbki by y przewo one do laborato-

rium, gdzie dokonywano oznaczenia st e  zapachowych. Pomiar wyko-

nywany by  metod  olfaktometrii dynamicznej zgodnie z wytycznymi 

opisanymi w PN-EN 13725:2007 [14] przy u yciu czterostanowiskowe-

go olfaktometru T08 (rysunek 1) wraz z niezb dnym oprzyrz dowaniem. 

Zespó  pomiarowy sk ada  si  z operatora oraz czterech probantów, wy-

selekcjonowanych zgodnie z wytycznymi zawartymi w normie, przy 

u yciu n-butanolu jako substancji odniesienia. Zgodnie z norm  badania 

by y prowadzone w wyciszonym i odizolowanym pomieszczeniu 

o stabilnych warunkach temperaturowych i o wietleniowych. 

 

 

Rys. 1. Olfaktometr T08 

Fig. 1. Olfactometer T08 
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Podczas pomiaru próbka gazu z odwirowanego osadu pod czana 

by a do olfaktometru, a zadaniem probantów by o sygnalizowanie, czy 

wyczuwaj  zapach w prezentowanym strumieniu gazów. Gazy rozcie -

czane by y bezwonnym powietrzem w sposób dynamiczny. Pocz tkowe 

rozcie czenie zosta o dobrane tak, aby nie by o mo liwe stwierdzenie 

obecno ci zapachu. Prezentowane rozcie czenia by y malej ce. W ród 

prezentowanych prób znajdowa y si  tzw. „ lepe próbki” lub „zerowe pró-

by”, w których zamiast zapachu by o prezentowane czyste, bezwonne po-

wietrze. Olfaktometr by  po czony z komputerem z zainstalowanym spe-

cjalnym oprogramowaniem. Jeden pomiar sk ada  si  z czterech serii po-

miarowych. Zebrane w komputerze wyniki zosta y obliczone jako wynik 

pomiaru zespo owego (Zite,pan) – rednia geometryczna ze wszystkich po-

miarów indywidualnych. By a to jednocze nie warto  st enia odorów 

w danej próbce (cod) wyra ona w europejskich jednostkach zapachowych 

w metrze sze ciennym (ouE/m
3
) zgodnie z PN-EN 13725:2007 [14]. 

3. Opis i analiza wyników bada  

W tabeli 3 przedstawiono wyniki bada  wp ywu udzia u olejku 

eterycznego z pomara czy w mieszaninie z flokulantem ZETAG® 

9048FS UO/F [%] dla dawki C = 76,3 dm
3
/m

3
 na zawarto  wody 

w osadzie W [%] i zawarto  suchej masy w odcieku  [mg/dm
3
]: 

• Udzia  UO/F1 – 0% olejku z pomara czy (0 dm
3
) + 100% flokulanta 

ZETAG® 9048FS (76,3 dm
3
)/m

3
, 

• Udzia  UO/F2 – 25% olejku z pomara czy (19,1 dm
3
) + 75% flokulanta 

ZETAG® 9048FS (57,2 dm
3
)/m

3
, 

• Udzia  UO/F3 – 50% olejku z pomara czy (38,15 dm
3
) + 50% floku-

lanta ZETAG® 9048FS (38,15 dm
3
)/m

3
, 

• Udzia  UO/F4 – 75% olejku z pomara czy (57,2 dm
3
) + 25% flokulanta 

ZETAG® 9048FS (19,1 dm
3
)/m

3
. 
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Tabela 3. Wyniki bada  wp ywu udzia u olejku eterycznego z pomara czy 

w mieszaninie z flokulantem ZETAG® 9048FS UO/F [%] dla dawki  

C = 76,3 dm3/m3 na zawarto  wody w osadzie W [%] i zawarto  suchej masy 

w odcieku  [mg/dm3]  

Table 3. Results of tests on influence of orange essential oil in mixture with 

ZETAG® 9048FS flocculant UO/F [%] in dose C = 229 dm3/3 m3 on water 

content in sediments W [%] and solids concentration in effluent  [mg/dm3]  

Udzia   

UO/F [%] 

Zawarto  wody  

w osadzie  

W [%] 

Zawarto   

suchej masy  

w odcieku  [mg/dm
3
] 

UO/F1 80,07 3741,54 

UO/F2 81,14 9203,12 

UO/F3 81,62 10176,60 

UO/F4 82,27 17412,68 

 

 
Rys. 2. Wp yw udzia u olejku eterycznego z pomara czy w mieszaninie 

z flokulantem ZETAG® 9048FS UO/F [%] dla dawki C = 76,3 dm3/m3 

na zawarto  wody w osadzie W [%]  

Fig. 2. Influence of orange essential oil in mixture with ZETAG® 9048FS 

flocculant UO/F [%] in dose C = 229 dm3/3 m3 on water on water content in 

sediments W [%] 
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Rys. 3. Wp yw udzia u olejku eterycznego z pomara czy w mieszaninie 

z flokulantem ZETAG® 9048FS UO/F [%] dla dawki C = 76,3 dm3/m3 

na zawarto  suchej masy w odcieku  [mg/dm3]  

Rys. 3. Influence of orange essential oil share in the mixture with ZETAG® 

9048FS flocculant UO/F [%] for dose C = 229 dm3/3 m3 on solids concentration 

in effluent  [mg/dm3]  

 

W tabelach 4 i 5 przedstawiono wyniki bada  wp ywu udzia u 

olejku eterycznego z pomara czy w mieszaninie z flokulantem ZETAG® 

9048FS UO/F [%] dla dawki C = 76,3 dm
3
/m

3
 na st enie zapachu olejku 

w odwirowanym osadzie cod [ouE/m
3
]. 

Ogólnie st enie nieprzyjemnego zapachu osadu ciekowego wy-

nosi cod = 11794 [ouE/m
3
]. 

 

 

 

 

 

 



Tabela 4. Dane do obliczania wyniku pomiaru st enia zapachowego (metoda tak/nie) 

Table 4. Data for calculation of result of odour concentration measurement (method yes/no) 

Nr 
dawki 

Nr 
próbki 

Nr 
serii 

Ztak1 Ztak2 Ztak3 Ztak4 ZITE1 ZITE2 ZITE3 ZITE4 ITE,pan Z1 Z2 Z3 Z4 

UO/F1 

1 

1 16384 32768 32768 2048 23170 46341 46341 2896 

11094 

2,1 4,2 4,2 -3,8

2 16384 16384 2048 16384 23170 23170 2896 23170 2,1 2,1 -3,8 2,1

3 8192 8192 2048 4096 11585 11585 2896 5793 1,0 1,0 -3,8 -1,9

4 16384 8192 4096 2048 23170 11585 5793 2896 2,1 1,0 -1,9 -3,8

2 

1 16384 16384 8192 4096 23170 23170 11585 5793 

13193 

1,8 1,8 -1,1 -2,3

2 16384 8192 16384 8192 23170 11585 23170 11585 1,8 -1,1 1,8 -1,1

3 8192 16384 16384 4096 11585 23170 23170 5793 -1,1 1,8 1,8 -2,3

4 8192 8192 8192 4096 11585 11585 11585 5793 -1,1 -1,1 -1,1 -2,3

3 

1 4096 16384 16384 8192 5793 23170 23170 11585 

11094 

-1,9 2,1 2,1 1,0

2 16384 16384 2048 4096 23170 23170 2896 5793 2,1 2,1 -3,8 -1,9

3 8192 8192 8192 8192 11585 11585 11585 11585 1,0 1,0 1,0 1,0

4 8192 16384 8192 2048 11585 23170 11585 2896 1,0 2,1 1,0 -3,8

UO/F2 

1 

1 2048 4096 1024 2048 2896 5793 1448 2896 

3298 

-1,1 1,8 -2,3 -1,1

2 2048 8192 512 2048 2896 11585 724 2896 -1,1 3,5 -4,6 -1,1

3 4096 4096 1024 4096 5793 5793 1448 5793 1,8 1,8 -2,3 1,8

4 4096 4096 1024 2048 5793 5793 1448 2896 1,8 1,8 -2,3 -1,1 

2 

1 4096 8192 4096 4096 5793 11585 5793 5793 

5312 

1,1 2,2 1,1 1,1 

2 4096 8192 4096 4096 5793 11585 5793 5793 1,1 2,2 1,1 1,1 

3 4096 8192 1024 1024 5793 11585 1448 1448 1,1 2,2 -3,7 -3,7 

4 4096 8192 4096 1024 5793 11585 5793 1448 1,1 2,2 1,1 -3,7 

3 

1 4096 4096 2048 2048 5793 5793 2896 2896 

4277 

1,4 1,4 -1,5 -1,5 

2 4096 4096 4096 2048 5793 5793 5793 2896 1,4 1,4 1,4 -1,5 

3 2048 8192 4096 2048 2896 11585 5793 2896 -1,5 2,7 1,4 -1,5 

4 4096 4096 1024 2048 5793 5793 1448 2896 1,4 1,4 -3,0 -1,5 
 



Tabela 4. cd. 

Table 4. cont. 

Nr 
dawki 

Nr 
próbki 

Nr 
serii 

Ztak1 Ztak2 Ztak3 Ztak4 ZITE1 ZITE2 ZITE3 ZITE4 ITE,pan Z1 Z2 Z3 Z4 

UO/F3 

1 

1 2048 4096 2048 2048 2896 5793 2896 2896 

6049 

-2,1 -1,0 -2,1 -2,1

2 4096 16384 4096 2048 5793 23170 5793 2896 -1,0 3,8 -1,0 -2,1

3 8192 16384 4096 1024 11585 23170 5793 1448 1,9 3,8 -1,0 -4,2

4 8192 16384 4096 2048 11585 23170 5793 2896 1,9 3,8 -1,0 -2,1

2 

1 4096 8192 1024 1024 5793 11585 1448 1448 

4871 

1,2 2,4 -3,4 -3,4

2 4096 16384 2048 2048 5793 23170 2896 2896 1,2 4,8 -1,7 -1,7

3 4096 4096 2048 2048 5793 5793 2896 2896 1,2 1,2 -1,7 -1,7

4 2048 4096 4096 16384 2896 5793 5793 23170 -1,7 1,2 1,2 4,8

3 

1 2048 8192 2048 4096 2896 11585 2896 5793 

4871 

-1,7 2,4 -1,7 1,2

2 2048 8192 2048 4096 2896 11585 2896 5793 -1,7 2,4 -1,7 1,2

3 8192 8192 1024 4096 11585 11585 1448 5793 2,4 2,4 -3,4 1,2

4 4096 8192 1024 8192 5793 11585 1448 11585 1,2 2,4 -3,4 2,4

UO/F4 

1 

1 4096 8192 8192 8192 5793 11585 11585 11585 

6597 

-1,1 1,8 1,8 1,8

2 2048 16384 2048 8192 2896 23170 2896 11585 -2,3 3,5 -2,3 1,8

3 2048 8192 2048 4096 2896 11585 2896 5793 -2,3 1,8 -2,3 -1,1

4 2048 8192 4096 4096 2896 11585 5793 5793 -2,3 1,8 -1,1 -1,1 

2 

1 1024 8192 2048 4096 1448 11585 2896 5793 

5312 

-3,7 2,2 -1,8 1,1 

2 4096 4096 2048 8192 5793 5793 2896 11585 1,1 1,1 -1,8 2,2 

3 2048 8192 2048 8192 2896 11585 2896 11585 -1,8 2,2 -1,8 2,2 

4 4096 16384 4096 1024 5793 23170 5793 1448 1,1 4,4 1,1 -3,7 

3 

1 2048 8192 4096 2048 2896 11585 5793 2896 

6889 

-2,4 1,7 -1,2 -2,4 

2 4096 8192 8192 16384 5793 11585 11585 23170 -1,2 1,7 1,7 3,4 

3 2048 8192 4096 8192 2896 11585 5793 11585 -2,4 1,7 -1,2 1,7 

4 4096 8192 2048 4096 5793 11585 2896 5793 -1,2 1,7 -2,4 -1,2 
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Ztak1, Ztak2, Ztak3, Ztak4 – stopie  rozcie czenia na progu wyczuwalno ci 50% [-];  

ZITE1, ZITE2, ZITE3, ZITE4 – ocena progu indywidualnego, wyra ona jako stopie  rozcie -

czenia [-]; ITE,pan – rednia geometryczna ocen progu indywidualnego ZITE dla wszyst-

kich uprawnionych cz onków zespo u po powtórnej weryfikacji [-];  

Z1, Z2, Z3, Z4 – parametr weryfikacji zespo u [-] 

 

Na podstawie warto ci stopnia rozcie czenia do progu zespo owe-

go ITE,pan wyznaczono st enia zapachowe w badanych próbkach: 

• Udzia  UO/F1, próbka nr 1: ITE,pan = 11094,  

st d cod = 11094 · 1 ouE/m
3
 = 11094 ouE/m

3
, 

• Udzia  UO/F1, próbka nr 2: ITE,pan = 13193,  

st d cod = 13193 · 1 ouE/m
3
 = 13193 ouE/m

3
, 

• Udzia  UO/F1, próbka nr 3: ITE,pan = 11094,  

st d cod = 11094 · 1 ouE/m
3
 = 11094 ouE/m

3
, 

• Udzia  UO/F2, próbka nr 1: ITE,pan = 3298,  

st d cod = 3298 · 1 ouE/m
3
 = 3298 ouE/m

3
, 

• Udzia  UO/F2, próbka nr 2: ITE,pan = 5312,  

st d cod = 5312 · 1 ouE/m
3
 = 5312 ouE/m

3
, 

• Udzia  UO/F2, próbka nr 3: ITE,pan = 4277,  

st d cod = 4277 · 1 ouE/m
3
 = 4277 ouE/m

3
, 

• Udzia  UO/F3, próbka nr 1: ITE,pan = 6049,  

st d cod = 6049 · 1 ouE/m
3
 = 6049 ouE/m

3
, 

• Udzia  UO/F3, próbka nr 2: ITE,pan = 4871,  

st d cod = 4871 · 1 ouE/m
3
 = 4871 ouE/m

3
, 

• Udzia  UO/F3, próbka nr 3: ITE,pan = 4871,  

st d cod = 4871 · 1 ouE/m
3
 = 4871 ouE/m

3
, 

• Udzia  UO/F4, próbka nr 1: ITE,pan = 6597,  

st d cod = 6597 · 1 ouE/m
3
 = 6597 ouE/m

3
, 

• Udzia  UO/F4, próbka nr 2: ITE,pan = 5312,  

st d cod = 5312 · 1 ouE/m
3
 = 5312 ouE/m

3
, 

• Udzia  UO/F4, próbka nr 3: ITE,pan = 6889,  

st d cod = 6889 · 1 ouE/m
3
 = 6889 ouE/m

3
. 
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Tabela 5. Wyniki bada  wp ywu udzia u olejku eterycznego z pomara czy 

w mieszaninie z flokulantem ZETAG® 9048FS UO/F [%] dla dawki  

C = 76,3 dm3/m3 na st enie zapachu olejku w osadzie cod [ouE/m3] 

Table 5. Results of tests on influence of orange essential oil in mixture with 

ZETAG® 9048FS flocculant UO/F [%] in dose C = 229 dm3/3 m3 on odour 

concentration in sediments cod [ouE/m3] 

Udzia   

UO/F [%] 

Warto  rednia st enia zapachu olejku 

w osadzie cod [ouE/m
3
] 

UO/F2 4296 

UO/F3 5264 

UO/F4 6266 

 

 
Rys. 4. Wp yw udzia u olejku eterycznego z pomara czy w mieszaninie 

z flokulantem ZETAG® 9048FS UO/F [%] dla dawki C = 76,3 dm3/m3 na 

st enie zapachu olejku w osadzie cod [ouE/m3] 

Fig. 4. Influence of orange essential oil share in mixture with ZETAG® 9048FS 

flocculant UO/F [%] in dose C = 229 dm3/3 m3 on odour concentration in 

sediments cod [ouE/m3] 

 
W oczyszczalni cieków w Tychowie badano zawarto  wody 

w osadzie po procesie wirowania w zale no ci od udzia u olejku eterycz-
nego z pomara czy w mieszaninie z flokulantem ZETAG® 9048FS dla 
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dawki C = 76,3 dm
3
/m

3
, przy sta ej pr dko ci wirowania 2400 obr/min. 

Wyniki bada  przedstawiono w tabeli 3 i na rysunku 2. Analiza wyników 
bada  pozwala stwierdzi , e zwi kszanie udzia u olejku eterycznego 
z pomara czy w mieszaninie z flokulantem ZETAG® 9048FS dla dawki 
C = 76,3 dm

3
/m

3
 powoduje wzrost zawarto ci wody w osadzie o 2,2%. 

Najni sz  zawarto  wody w osadzie uzyskano przy udziale UO/F1 (0% 
olejku z pomara czy (0 dm

3
) + 100% flokulanta ZETAG® 9048FS 

(76,3 dm
3
)), tj. 80,07%. Natomiast najwy sz  zawarto  wody w osadzie 

odnotowano przy udziale UO/F4 (75% olejku z pomara czy (57,2 dm
3
) + 

25% flokulanta ZETAG® 9048FS (19,1 dm
3
)), tj. 82,27%. 25 % udzia  

olejku eterycznego z pomara czy w mieszaninie z flokulantem ZETAG® 
9048FS dla dawki C = 76,3 dm

3
/m

3
 spowodowa  wzrost zawarto ci wody 

w osadzie o 1,07%. Wzrost zawarto ci wody mo na t umaczy  tym, e 
olejek z pomara czy ma gorsze w a ciwo ci flokuluj ce w porównaniu 
do flokulanta ZETAG® 9048FS, czyli nie czy tak dobrze wszystkich 
drobnych cz stek koloidalnych zawiesiny w wi ksze aglomeraty, które 
znacznie lepiej podlegaj  oddzia ywaniu si y od rodkowej, przyspiesza-
j c w ten sposób sedymentacj . 

Kolejnym parametrem wynikowym jaki badano po procesie od-
wadniania w zale no ci od udzia u olejku eterycznego z pomara czy 
w mieszaninie z flokulantem ZETAG® 9048FS dla dawki C = 
76,3 dm

3
/m

3
, przy sta ej pr dko ci wirowania 2400 obr/min by a zawar-

to  suchej masy w odcieku. Wyniki bada  przedstawiono w tabeli 3 i na 
rysunku 3. Obserwacja wyników bada  pozwala stwierdzi , e zwi k-
szanie udzia u olejku eterycznego z pomara czy w mieszaninie 
z flokulantem ZETAG® 9048FS dla dawki C = 76,3 dm

3
/m

3
 powoduje 

równie  wzrost zawarto ci suchej masy w odcieku o 13671,14 mg/dm
3
. 

Najni sz  warto  zawarto ci suchej masy w odcieku uzyskano przy 
udziale UO/F1 (0% olejku z pomara czy (0 dm

3
) + 100% flokulanta ZE-

TAG® 9048FS (76,3 dm
3
)), tj. 3741,54 mg/dm

3
. Natomiast najwy sz  

warto  zawarto ci suchej masy w odcieku odnotowano przy udziale 
UO/F4 (75% olejku z pomara czy (57,2 dm

3
) + 25% flokulanta ZETAG® 

9048FS (19,1 dm
3
)), tj. 17412,68 mg/dm

3
. 25 % udzia  olejku eteryczne-

go z pomara czy w mieszaninie z flokulantem ZETAG® 9048FS dla 
dawki C = 76,3 dm

3
/m

3
 spowodowa  wzrost zawarto ci suchej masy 

w odcieku o 5461,58 mg/dm
3
. Wzrost zawarto ci suchej masy w odcieku 

mo na t umaczy  tym, e olejek w porównaniu do flokulanta nie czy 
tak dobrze wszystkich drobnych cz stek koloidalnych zawiesiny w wi k-
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sze aglomeraty, które w ten sposób szybciej ulegaj  procesowi sedymen-
tacji. Cz  drobnych cz stek osadu przenika do odcieku wraz z olej-
kiem, poniewa  g sto  olejku jest mniejsza od g sto ci wody i wyp ywa 
on na powierzchni  odcieku. 

Ostatnim parametrem wynikowym jaki badano po procesie od-
wadniania w zale no ci od udzia u olejku eterycznego z pomara czy 
w mieszaninie z flokulantem ZETAG® 9048FS dla dawki C = 
76,3 dm

3
/m

3
, przy sta ej pr dko ci wirowania 2400 obr/min by o st enie 

zapachu olejku eterycznego z pomara czy w osadzie. Wyniki bada  
przedstawiono w tabelach 4, 5 i na rysunku 4. Analiza wyników bada  
pozwala stwierdzi , e zwi kszanie udzia u olejku eterycznego 
z pomara czy w mieszaninie z flokulantem ZETAG® 9048FS dla dawki 
C = 76,3 dm

3
/m

3
 powoduje wzrost st enia zapachu olejku w osadzie 

o 1970 ouE/m
3
. Najni sz  warto  st enia zapachu olejku w osadzie 

uzyskano przy udziale UO/F2 (25% olejku z pomara czy (19,1 dm
3
) + 

75% flokulanta ZETAG® 9048FS (57,2 dm
3
)), tj. 4296 ouE/m

3
. Nato-

miast najwy sz  warto  st enia zapachu olejku w osadzie odnotowano 
przy udziale UO/F4 (75% olejku z pomara czy (57,2 dm

3
) + 25% flokulan-

ta ZETAG® 9048FS (19,1 dm
3
)), tj. 6266 ouE/m

3
. 25 % wzrost udzia u 

olejku eterycznego z pomara czy w mieszaninie z flokulantem ZETAG® 
9048FS dla dawki C = 76,3 dm

3
/m

3
 spowodowa  wzrost st enia zapachu 

olejku w osadzie o 968 ouE/m
3
. Najwi kszy wzrost st enia zapachu 

olejku w osadzie odnotowano przy udziale UO/F4 (75% olejku 
z pomara czy (57,2 dm

3
) + 25% flokulanta ZETAG® 9048FS 

(19,1 dm
3
)). Wzrost st enia zapachu olejku w osadzie mo na t umaczy  

tym, e wraz ze zwi kszaniem udzia u olejku eterycznego z pomara czy 
w mieszaninie z flokulantem ZETAG® 9048FS dla dawki C = 
76,3 dm

3
/m

3
 zwi ksza si  jego obj to  w odwodnionym osadzie, a tym 

samym wzrasta czas skutecznej neutralizacji nieprzyjemnych zapachów 
w odwirowanym osadzie. 

3. Wnioski 

Na podstawie przeprowadzonych bada  i ich analizy mo na wy-
ci gn  nast puj ce wnioski: 
1. Olejek eteryczny z pomara czy stanowi skuteczny, dobry flokulant, 

który mo na stosowa  jako wspomaganie w procesie sedymentacji 
od rodkowej. 
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2. Dzia anie olejku eterycznego z pomara czy jest niewiele mniej sku-
teczne, a wi c nieco gorsze dla jako ci odwadniania osadów 
w wirówce dekantacyjnej ni  flokulanta ZETAG® 9048FS.  

3. Nieco gorsza jako  odwadniania osadu (nieco wy sza zawarto  
wody w osadzie) oraz wy sza zawarto  suchej masy w odcieku, jak 
to stwierdzono w wyniku bada  – jest od strony technologicznej do 
przyj cia; osad utrzymuje nadal konsystencj  transportabiln , 
a odciek jest zawracany do obiegu oczyszczalni. 

4. W rezultacie przeprowadzonych bada  maj c na uwadze zarówno 
dobre jako ciowo odwadnianie osadów z równoczesnym, cz cio-
wym, ale wyra nym i odczuwalnym obni eniem uci liwo ci odo-
rów wydzielaj cych si  z osadów, przyjmuje si  i zaleca do aplikacji 
dawkowanie równoczesne obydwu odczynników, tj. flokulanta ZE-
TAG® 9048FS 50% oraz olejku eterycznego z pomara czy tak e 
50% udzia u obj to ciowego. 

5. Dozowanie olejku eterycznego z pomara czy ma t  wa n  zalet , e 
zmniejsza w pewnym stopniu ogromn  uci liwo  zapachow  od-
wodnionych osadów. 

6. Oczywi cie ewentualne zastosowanie olejku eterycznego zwi kszy 
koszt zastosowania cznie obydwu flokulantów, ale musimy si  li-
czy  z tym, e ochrona rodowiska, tu powietrza, po prostu kosztuje. 

7. Celowe jest prowadzenie dalszych bada  nad zastosowaniem olej-
ków z innych ro lin jako flokulantów w szeroko rozumianych proce-
sach techniki wodno-mu owej, a tak e prowadzenia prac nad eko-
nomiczn  produkcj  olejków z odpadów z uwzgl dnieniem logistyki 
ich wydzielania na etapie selekcji odpadów, b d  te  ich pozyskiwa-
nia z zak adów przetwórstwa owocowego.  
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Reduction of Odorous Noxiousness  
of Sewage Treatment Plant in Tychowo  

Abstract 

The most important aim of the study was to find the optimum condi-

tions of the process of dewatering of sewage sludge using decanter centrifuge, 

and also reduce noxiousness of the centrifuge service, by applying orange es-

sential oil as a partial substitute of flocculants. 

The tests were performed at sewage treatment plant in Tychowo where 

dewatering process of sewage sludge is carried using decanter centrifuge ALFA 

LAVAL, type ALDEC with application of different proportions of orange es-

sential oil mixed with ZETAG® 9048FS flocculant for dose C = 76.3 dm3/m3. 

Water content in the sediment, dry matter content in effluent and concentration 

of orange essential oil odour in dewatered sediments were assessed. 

Conducted tests proved that orange essentials oil is a efficient, good floc-

culant, which may be used as an addition do centrifugal sedimentation process. 

Addition of orange essential oil has a substantial advantage: it causes the de-

crease of odorous noxiousness of dewatered sediments.  

The experiments were conducted on-site in the sewage treatment plant 

in the centrifuge station. Analysis of odorous noxiousness was conducted in the 

laboratory using samples collected on-site. Odorous noxiousness was assessed 

by determination of oudour concentration. Measurements were made using 

method of dynamic olfactometry according to standard PN-EN 13725:2007 [14] 

on four station olfactometer T08 (figure 1) equipped with all necessary appa-

ratus. One measurement consisted of four series. Computer software colleted all 

the measurements results and calculated result of the measurement team  

(Zite, pan) –geometric mean of all individual measurements. This value is at the 
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same time the concentration of odour in the sample (cod), expressed in european 

odorous units per cubic meter (ouE/m3) in accordance with PN-EN 13725:2007 [14]. 

As a result of conducted tests, taking into account good quality of de-

watering of sludge with simultaneous, partial, but clear and noticeable reduction 

of noxious odours emitted from the sediments, both reagents are recommended 

for dosage that is ZETAG® 9048FS flocculant and orange essential oil, both 

50% of the dose volume. 

It is advisable to conduct further research on the use of essential oils 

from other plants as flocculants in the broadly defined processes of water and 

sludge technology, as well as conducting works on the economic production of 

essential oils form waste materials, also including the logistics of their separa-

tion at the selection of waste stage, or their acquisition from fruit processing 

plants. 

 

S owa kluczowe:  
odory, zapach, olejki eteryczne, flokulant, osady ciekowe, odwadnianie  

Keywords:  
odours, scent, essential oils, flocculant, sewage sludge, dewatering 
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1. Wst p 

Usuwanie naturalnych substancji organicznych z wody (ang. na-
tural organic matter – NOM) jest jedn  z najwa niejszych operacji 
w technologii oczyszczania wody, m. in. ze wzgl du na konieczno  
zmniejszenia ryzyka powstawania podczas chlorowania ubocznych pro-
duktów dezynfekcji [6, 11, 13]. Obni enie zawarto ci tych zwi zków do 
wymaganego poziomu wi e si  z konieczno ci  prowadzenia szczegó-
owych bada  nad nimi i opracowywaniem nowych, efektywnych technik 

ich usuwania. Naturalne substancje organiczne stanowi  niejednorodn  
mieszanin  sk adników o bardzo zró nicowanych w a ciwo ciach. Mo -
na je podzieli  na 3 frakcje: hydrofobow , hydrofilow  oraz transfilow  
[16]. Okre lenie wielko ci i masy cz steczkowej substancji organicznych 
jest niezwykle skomplikowane, co wynika ze z o ono ci sk adu che-
micznego i rozbudowanej struktury przestrzennej cz stek tych substancji. 
Chemiczna struktura naturalnych zwi zków organicznych do tej pory nie 
zosta a jeszcze dok adnie okre lona [10]. 

Ze wzgl du na z o ono  naturalnych substancji organicznych, 
istotnym zagadnieniem jest rozdzielenie tych sk adników na poszczegól-
ne frakcje, które nast pnie mo na podda  szczegó owym analizom. Roz-
dzia u NOM mo na dokona  zarówno metodami chemicznymi (str ca-
nie, ekstrakcja, chromatografia adsorpcyjna) jak i fizycznymi (elektrofo-
reza, filtracja membranowa, chromatografia wykluczaj ca SEC, ultrawi-
rowanie) [2]. Obecnie powszechnie stosowan  metod  rozdzia u zwi z-
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ków organicznych jest metoda opracowana przez Leenheera i Huffmana 

[8] oraz Malcolma i MacCarthyego [9], wykorzystuj ca zjawisko adsorp-
cji poszczególnych frakcji NOM na niejonowych makroporowatych y-
wicach syntetycznych. Poprzez korekt  odczynu wody wp ywa si  na 
rozpuszczalno  lub hydrofobowo  poszczególnych frakcji NOM, co 
pozwala na preferencyjn  ich adsorpcj  na ywicach polimerowych o ró -

nych w a ciwo ciach. Metoda ta by a wielokrotnie modyfikowana przez 
szereg badaczy. Obecnie najcz ciej stosuje si  procedur  opracowan  
przez Chow i in. [3], wykorzystuj c  ywice typu XAD. W procedurze 
tej wykorzystuje si  zjawisko adsorpcji fizycznej (si y van der Wallsa, 
oddzia ywania dipolowe) oraz chemicznej (poprzez wi zania jonowe) 
poszczególnych frakcji NOM na odpowiednich materia ach sorpcyjnych. 
Zazwyczaj do tego celu stosuje si  adsorbenty polimerowe Supelite 
DAX-8, Amberlite XAD-4 oraz silnie zasadow  ywic  anionowymien-
n  Amberlite IRA-958 lub inne o analogicznych w a ciwo ciach. Ich 
zastosowanie do izolacji naturalnych substancji organicznych by o tak e 
przedmiotem bada  polskich naukowców [5, 12]. 

U ycie makroporowatych sorbentów DAX-8 i XAD-4 pozwala 
rozseparowa  NOM na frakcje hydrofobow  i hydrofilow , za  u ycie 
w dalszym etapie ywicy anionowymiennej pozwala dokona  dalszego 
rozdzia u na sk adniki o charakterze kwasowym, zasadowym i obo-
j tnym. 

Dzi ki zastosowaniu tego typu ywic mo na frakcjonowa  NOM 
na 4 grupy substancji [3]: 

 kwasy silnie hydrofobowe (ang. very hydrophobic acids, VHA) – ad-
sorbowane przez ywic  DAX-8, 

 kwasy s abo hydrofobowe (ang. slightly hydrophobic acids, SHA) – 
adsorbowane przez ywic  XAD-4, 

 substancje hydrofilowe obdarzone adunkiem (ang. hydrophilic char-
ged, CHA) – wi zane przez ywic  IRA-958, 

 substancje hydrofilowe oboj tne (ang. hydrophilic neutral, NEU) – 
niesorbowane przez adn  z u ytych ywic. 

 
Stosowana procedura frakcjonowania polega na przepuszczaniu 

próbki wody przez szeregowo po czone kolumny wype nione ró nymi 
ywicami (rys. 1) [15]. Frakcja VHA adsorbowana jest przez ywic  

DAX-8, frakcja SHA – przez ywic  XAD-4, frakcja CHA – przez ywic  
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IRA-958, za  frakcja NEU nie jest sorbowana przez adn  z u ytych y-
wic. Próbk  wody o obj to ci 500 cm

3
, po filtracji przez membran  

o rednicy porów 0,45 µm i zakwaszeniu przy u yciu HCl do pH 2, nale y 
przepuszcza  przez kolumn  wype nion  ywic  DAX-8. 30 cm

3
 przes -

czu jest odrzucane, a kolejne 100 cm
3
 próby pobierane w celu oznaczenia 

st enia rozpuszczonego w gla organicznego (RWO). Pozosta a ilo  wo-
dy przepuszczana jest przez kolumn  z ywic  XAD-4. Analogicznie jak 
wcze niej, 30 cm

3
 przes czu jest odrzucane i nast pnie 100 cm

3
 filtratu jest 

pobierane w celu oznaczenia st enia RWO. Do przes czu z kolumny za-
wieraj cej ywic  XAD-4, przed filtracj  przez z o e zawieraj ce ywic  
IRA-958, dodawany jest roztwór NaOH, w celu podniesienia warto ci 
odczynu do pH 8. 30 cm

3
 filtratu z trzeciej kolumny jest odrzucane 

i nast pnie pobierana jest próba w celu oznaczenie st enia RWO. Zawar-
to  poszczególnych frakcji NOM wyznacza si  z zale no ci: 

VHA = RWOsurowe – RWOfiltrat DAX-8 (1) 
SHA = RWOfiltrat DAX-8 – RWOfiltrat XAD-4 (2) 
CHA= RWOfiltrat XAD-4 – RWOfiltrat IRA-985 (3) 
NEU = RWOfiltrat IRA-985 (4) 
 

D
A

X
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X
A

D
-4

IR
A
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5
8

V = 500 cm3 V 360 cm3 V 230 cm3

 

Rys. 1. Schemat uk adu do frakcjonowania NOM 

Fig. 1. NOM fractionation set-up 
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Z punktu widzenia wiarygodno ci uzyskanych efektów frakcjono-

wania na sorbentach bardzo istotnym zagadnieniem jest tak e skuteczno  

ich regeneracji przed kolejnym u yciem. Regeneracj  ywic, maj ce na celu 

zdesorbowanie zatrzymanych cz steczek NOM, jedynie przy u yciu 0,1 n 

NaOH nie gwarantuje 100% regeneracji, gdy  neutralne hydrofobowe ma-

krocz steczki, niezale nie od odczynu, pozostaj  niepolarne i nie b d  wy-

mywane. Uwa a si , e przywrócenie pierwotnej zdolno ci sorpcyjnej ywic 

mo liwe jest jedynie poprzez ekstrakcj  metod  Soxhleta [7]. Problematyk  

regeneracji niejonowych sorbentów opisali m.in. Anielak i wsp. [1]. 

Wobec powy szych ogranicze  nale y stwierdzi , e o przydat-

no ci stosowanych ywic do przeprowadzenia procedury frakcjonowania 

NOM decyduje tak e mo liwy do osi gni cia stopie  ich regeneracji [4]. 

W zwi zku z tym przeprowadzono badania maj ce na celu ocen  sku-

teczno ci regeneracji ywic typu Supelite DAX-8, Amberlite XAD-4 

oraz Amberlite IRA-958 oraz porównanie uzyskanych skuteczno ci pod 

k tem sposobu prowadzenia procesu regeneracji. 

2. Materia y i metody badawcze 

Do przeprowadzenia bada  nad regeneracj  ywic wykorzysty-

wanych do frakcjonowania naturalnych substancji organicznych u yto 3 

ró nych sorbentów: Supelite DAX-8 (Supelco), Amberlite XAD-4 oraz 

Amberlite IRA-958 (Rohm&Haas). W tabelach 1 i 2 przedstawiono po-

dan  przez producentów charakterystyk  zastosowanych w badaniach 

ywic. 

 
Tabela 1. Charakterystyka ywic Amberlite [17, 18] 

Table 1. Properties of Amberlite polymeric resins [17, 18] 

Nazwa ywicy Amberlite XAD-4 Amberlite IRA-958 

Posta  fizyczna 
bia e, pó przezroczyste 

ziarna 
bia e, nieprzezroczyste, 

sferyczne ziarna 

Typ 
makroporowata, polisty-

renowa, niepolarna

makroporowata, poliakry-

lowa, silnie zasadowa 
Higroskopijno , % 54–60 66–72

Rozmiar cz stek, m 490–690 630–850 
Porowato , cm3/cm3  0,5  0,5

Powierzchnia w a ciwa, 

m2/g 
725 brak danych 
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Tabela 2. Charakterystyka adsorbentu polimerowego Supelite DAX-8 [19] 

Table 2. Properties of Supelite DAX-8 polymeric adsorbent [19] 

Nazwa ywicy Supelite DAX-8

Posta  fizyczna bia e, pó przezroczyste ziarna 
Typ makroporowata, poliakrylowa 

redni rozmiar porów, nm 22,5

Przybli ona obj to  porów, cm3/g 0,79

Powierzchnia w a ciwa, m2/g 160

 

Procedura frakcjonowania NOM realizowana by a w 3 szklanych 

kolumnach laboratoryjnych o wysoko ci 20 cm i rednicy wewn trznej 

13 mm, zawieraj cych po 15 cm
3
 odpowiedniej ywicy. Zakres przepro-

wadzonych bada  obejmowa  przygotowanie ywicy do pracy poprzez 

regeneracj  wst pn , wysycanie z o a sorpcyjnego naturalnymi substan-

cjami organicznymi oraz w a ciw  regeneracj  z o a. 

Procedura przygotowania adsorbentów polimerowych Supelite 

DAX-8, Amberlite XAD-4 oraz Amberlite IRA-958 obejmowa a wst p-

ne oczyszczanie wie ych ywic, polegaj ce na mieszaniu przez godzin  

z metanolem klasy HPLC, nast pnie przez godzin  z acetonitrylem oraz 

w ko cowym etapie przez taki sam czas z wod  redestylowan  [3]. Naj-

drobniejsze ziarna ywic usuwano przez dekantacj . 

Do wysycenia ywic wykorzystano wod  z Odry oraz roztwór 

modelowy powsta y po zmieszaniu wody wodoci gowej (po dechloracji 

– barbota  powietrzem) i wody zawieraj cej naturalne substancje orga-

niczne, któr  pobrano ze strumienia wyp ywaj cego z Wielkiego Torfo-

wiska Batorowskiego w Górach Sto owych. Zawarto  zwi zków orga-

nicznych we wszystkich roztworach okre lono poprzez pomiar intensyw-

no ci barwy (absorbancja przy d ugo ci fali 350 nm), absorbancji UV 

przy d ugo ci fali 254 nm oraz st enia rozpuszczonego w gla organicz-

nego (RWO). Pomiary spektrofotometryczne wykonano przy u yciu 

spektrofotometru HITACHI U-1900, za  st enie RWO oznaczano przy 

u yciu analizatora HACH IL550 TOC-TN. Temperatura wszystkich roz-

tworów badawczych wynosi a 20°C. Charakterystyk  badanych roztwo-

rów zawieraj cych NOM przedstawiono w tabeli 3.  

Ka d  z badanych ywic wysycano 3-krotnie: wie , po jedno-

krotnej regeneracji i po dwukrotnej regeneracji. Podczas wysycania mie-

rzono barw , absorbancj  UV przy d ugo ci fali 254 nm i st enie RWO, 
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sporz dzaj c na podstawie wyników izoplany. Procedura wysycania y-

wic trwa a a  do momentu stwierdzenia w odcieku takich samych para-

metrów jako ciowych jak w roztworze zasilaj cym. 

 
Tabela 3. W a ciwo ci badanych roztworów 

Table 3. Properties of examined solutions 

Typ roztworu 
Absorbancja 

UV, cm-1
Barwa, 

g Pt/m3 
RWO, 

g C/m3 
Przewodno , 

µS/cm 
Woda z Odry 0,131 21,2 4,8 1540 
Roztwór modelowy 0,211 32,7 6,6 645 

 

Proces regeneracji ywic typu Supelite DAX-8, Amberlite XAD-4 

oraz Amberlite IRA-958 prowadzono w uk adzie przep ywowym dwoma 

metodami. Pierwsza z nich by a zgodna z procedur  przygotowania ywic 

opracowan  przez Chow i in. [3] i polega a na mieszaniu ywicy z metano-

lem klasy HPLC, nast pnie acetonitrylem i wod  destylowan , ka de 

przez 1 h. Na zako czenie usuwano najdrobniejsze ziarna ywicy przez 

dekantacj . Natomiast w drugiej metodzie, podczas regeneracji ywice 

by y przemywane kolejno: wod  redestylowan , 0,1 n NaOH, 0,1 n HCl, 

0,1 n NaOH. Reagenty te u yto w celu desorpcji z ywic kwasów orga-

nicznych (NaOH) i zwi zków organicznych hydrofobowych o charakterze 

zasadowym (HCl) oraz ponownie wod  redestylowan  aby wyp uka  po-

zosta o ci NaOH przed dalsz  regeneracj . Ten etap regeneracji zbli ony 

by  do procedury u ytej przez Smith’a i Alqabany [14]. Nast pnym eta-

pem by o przemywanie ywic kolejno: metanolem, acetonitrylem, ponow-

ne metanolem w celu wymycia substancji organicznych oboj tnych hydro-

fobowych, a na zako czenie wod  redestylowan  aby pozby  si  resztek 

zastosowanych wcze niej reagentów. Doboru roztworów wykorzystanych 

w drugiej metodzie dokonano w oparciu o zalecenia producentów ywic 

oraz charakter zwi zków obecnych w roztworach badawczych. Strumie  

przep ywu czynników regeneruj cych przez z o e wynosi  6 cm
3
/min (tj. 

0,4 obj to ci z o a na minut ) przez taki sam czas dla ka dego 

z roztworów regeneruj cych, przy czym sprawdzono 4 ró ne czasy: 1 h 

(metoda 1 h), 2 h (metoda 2 h), 3 h (metoda 3 h) i 4 h (metoda 4 h).  

Skuteczno  procesu regeneracji okre lono na podstawie porów-

nania izoplan otrzymanych podczas wysycania z izoplan  wyznaczon  

dla wie ej ywicy. 
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3. Wyniki i ich omówienie 

Wst pne badania, maj ce na celu okre lenie przebiegu procesu 

sorpcji w warunkach przep ywowych, przedstawiono na rysunku 2. Wy-

konane badania wykaza y, e w ka dym przypadku w pocz tkowych 

minutach prowadzenia procesu warto ci intensywno ci barwy, absorban-

cji UV i st enia RWO w odcieku utrzymywa y si  na sta ym poziomie, 

nast pnie ros y a  do osi gni cia warto ci takich jak w wodzie surowej. 

Wa nym jest fakt, e adna z ywic nie sorbowa a zanieczyszcze  

w 100%. Ponadto, dla wszystkich testowanych ywic oraz dla obu bada-

nych roztworów zaobserwowano, e frakcje NOM, odpowiedzialne za 

barw  i absorbancj  UV by y w równym stopniu zatrzymywane przez 

ywice, natomiast stopie  zmniejszenia zawarto ci rozpuszczonego w -

gla organicznego by  zauwa alnie mniejszy. Przyk adowo, dla wody 

z Odry, odpowiednio dla wie ych ywic DAX-8, XAD-4 i IRA-958 

uzyskano w pierwszych minutach procesu obni enie barwy o 69%, 81%, 

88%, absorbancji o 70%, 80%, 87% i st enia RWO o 58%, 72%, 80%. 

W trakcie przepuszczania pierwszych 40 obj to ci z o a (600 cm
3
) st e-

nie RWO po ka dej z kolumn by o stabilne co pozwoli o okre li  ilo  

substancji organicznych zatrzymywanych przez ka d  z ywic: DAX-8 

by a odpowiedzialna za obni enie RWO o 58%, XAD-4 o 15%, IRA-958 

o 9%, za  pozosta e 20% RWO nie zosta o zasorbowane przez adn  

z ywic. Natomiast dla roztworu modelowego, obni enie wska ników po 

kolejnych kolumnach adsorbentów polimerowych (DAX-8, XAD-4, 

IRA-958) wynosi o: 74%, 77%, 82% (barwa), 65%, 73%, 88% (absor-

bancja) oraz 52%, 67%, 77% (RWO). Z pierwszych 600 cm
3
 roztworu 

modelowego, ywica DAX-8 usun a 55% RWO, XAD-4: 8%, IRA-958: 

10%. Pozosta e 26% RWO nie adsorbowa a adna ywica. Ca kowit  

pojemno  sorpcyjn  okre lono z ró nicy pomi dzy ilo ci  naturalnych 

substancji organicznych w wodzie surowej (mierzonej jako rozpuszczony 

w giel organiczny), a ilo ci  tych zwi zków nie zasorbowanych przez 

ywic  (tabela 4). Badania nie wykaza y znacz cego wp ywu typu roz-

tworu na tak obliczon  pojemno  sorpcyjn  ywic. 
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Rys. 2. Izoplany sorpcji naturalnych substancji organicznych na ywicach typu 

DAX-8, XAD-4 i IRA-958 ( wie e ywice, c – zawarto  zanieczyszcze  

w odcieku, c0 – zawarto  zanieczyszcze  w roztworze badawczym) 

Fig. 2. Breakthrough curves of natural organic matter adsorption using DAX-8, 

XAD-4 and IRA-958 resins (raw resins, c – effluent contaminants content,  

c0 – raw water contaminants content) 

 
Tabela 4. Ca kowita pojemno  sorpcyjna ywic w zale no ci od typu roztworu 

Table 4. Resin sorption capacity depending on solution type 

ywica  
Pojemno  sorpcyjna, mg C / cm3

Woda z Odry Roztwór modelowy

DAX-8 0,297 0,305

XAD-4 0,024 0,027

IRA-958 0,044 0,046
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Przeprowadzone badania nad skuteczno ci  regeneracji ywic jo-

nowymiennych, celem przywrócenia z o u jego pierwotnej zdolno ci 

sorpcyjnej, pozwoli y na porównanie dwóch metod regeneracji. Analiza 

uzyskanych wyników (rys. 3) pozwoli a stwierdzi , e metoda regenera-

cji zgodna z procedur  przygotowania ywic opracowan  przez Chow 

i in. [3] nie pozwala a przywróci  ywicom ich pierwotnej zdolno ci 

sorpcyjnej. atwo mo na by o zauwa y , e ka da kolejna regeneracja 

powodowa a obni enie ca kowitej pojemno ci sorpcyjnej badanych y-

wic w stosunku do odpowiednich frakcji naturalnych substancji orga-

nicznych. Zastosowanie drugiej metody regeneracji (przemywanie ywic 

kolejno wod  redestylowan , 0,1 n NaOH, 0,1 n HCl, 0,1 n NaOH, wod  

redestylowan , metanolem, acetonitrylem, metanolem, wod  redestylo-

wan ) pozwoli o na pe n  regeneracj  badanych ywic (rys. 4). Przywró-

cenie ich pierwotnej zdolno ci sorpcyjnej osi gni to zarówno podczas 

pierwszej jak drugiej regeneracji. Uzyskane po procesie regeneracji izo-

plany wiadcz  o tym, e podczas czyszczenia ywic nie zmieni y si  ich 

w a ciwo ci. Wyparty adsorbat z ziaren ywicy by  systematycznie usu-

wany z kolumny, dzi ki czemu ziarna ywicy mia y ci g y kontakt 

z czystym roztworem regeneracyjnym. 

Zbadano równie  wp yw czasu kontaktu ywic z poszczególnymi 

reagentami stosowanymi do ich regeneracji na jej skuteczno  przy za-

stosowaniu metody pozwalaj cej na przywrócenie ca kowitej pojemno ci 

sorpcyjnej badanych ywic. Analizowany czas kontaktu z ka dym z rea-

gentów wynosi  1, 2, 3 i 4 h. Przedstawione na rysunku 5 wyniki bada  

jednoznacznie pokazuj , e skuteczno  ros a wraz z wyd u aniem czasu 

regeneracji przy u yciu poszczególnych reagentów. Prowadzenie regene-

racji metod  1h (przep ukiwanie ywicy przez 1 h przy u yciu kolejnych 

reagentów) skutkowa o uzyskaniem, przyk adowo dla roztworu modelo-

wego i ywicy DAX-8, pojemno ci sorpcyjnej ywicy 0,245 mg C/cm
3
 

dla jednokrotnej regeneracji i 0,230 mg/cm
3
 dla dwukrotnej regeneracji, 

za  zastosowanie metody 2h pozwoli o na uzyskanie pojemno ci, odpo-

wiednio 0,297 mg C/cm
3
 i 0,267 mg C/cm

3
. 

Zauwa ono tak e, i  optymalny czas trwania poszczególnych eta-

pów regeneracji dla badanych ywic wynosi 3h, za  dalsze jego wyd u-

anie nie powodowa o wzrostu skuteczno ci odzyskiwania w a ciwo ci 

sorpcyjnych ywic. Efekt ten zaobserwowano dla ka dej z testowanych 

ywic oraz dla obu badanych roztworów. W przypadku ywicy IRA-958 
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stwierdzono, e niemal ca kowit  pierwotn  zdolno  sorpcyjn  uzyska-

no ju  przy zastosowaniu metody 2h, co mog o wynika  z charakteru tej 

ywicy. 

 

 

 

 

Rys. 3. Izoplany sorpcji naturalnych substancji organicznych z wody z Odry na 

ywicy typu IRA-958 regenerowanej metod  Chow i in. [3] (c – zawarto  

zanieczyszcze  w odcieku, c0 – zawarto  zanieczyszcze  w roztworze 

badawczym) 

Fig. 3. Breakthrough curves of natural organic matter adsorption from Odra 

river water with the use of IRA-958 resin regenerated using Chow et al. method 

[3] (c – effluent contaminants content, c0 – raw water contaminants content) 



674 Agnieszka Urbanowska, Ma gorzata Kabsch-Korbutowicz 
 

 

 

 

Rys. 4. Izoplany sorpcji naturalnych substancji organicznych z wody z Odry na 

ywicy typu IRA-958 (3 h kontaktu ywicy z ka dym z reagentów)  

(c – zawarto  zanieczyszcze  w odcieku, c0 – zawarto  zanieczyszcze  

w roztworze badawczym) 

Fig. 4. Breakthrough curves of natural organic matter adsorption from Odra 

river water with the use of IRA-958 (3 h contact time with each of reagents)  

(c – effluent contaminants content, c0 – raw water contaminants content) 
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Rys. 5. Wp yw metody regeneracji ywicy na pojemno  ywicy mierzonej 

jako ilo  zaadsorbowanego RWO 

Fig. 5. Influence of applied regeneration method on resin capacity measured as 

an amount of adsorbed dissolved organic carbon 
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4. Wnioski 

Przeprowadzone badania nad ocen  skuteczno ci regeneracji ma-
kroporowatych ywic typu DAX-8, XAD-4 oraz IRA-958, wykorzysta-
nych do frakcjonowania naturalnych substancji organicznych, pozwoli y 
na sformu owanie nast puj cych wniosków: 

 metoda opracowana przez Chow i in. [3] nie pozwala a na ca kowite 
przywrócenie ywicom ich pierwotnej zdolno ci sorpcyjnej, 

 zastosowanie opracowanej przez autorki metody regeneracji, tj. prze-
mywanie ywic kolejno wod  redestylowan , 0,1 n NaOH, 0,1 n HCl, 
0,1 n NaOH, wod  redestylowan , metanolem, acetonitrylem, metano-
lem, wod  redestylowan , pozwoli o na ca kowit  regeneracj  bada-
nych ywic, zarówno podczas pierwszej jak i drugiej ich regeneracji, 

 skuteczno  regeneracji ywic zaproponowan  metod  ro nie wraz 
z wyd u aniem czasu ich kontaktu z czynnikami regeneruj cymi, 

 optymalny czas kontaktu badanych ywic z poszczególnymi czynni-
kami regeneruj cymi wynosi  3 h, za  dalsze jego wyd u anie nie po-
wodowa o wzrostu skuteczno ci regeneracji.  
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Regeneration of XAD Resins Used for Natural Organic 

Matter Fractionation 

Abstract 

Natural organic matter (NOM) removal plays important role in water 

treatment due to their ability to form disinfection by-products. Due to NOM 

complexity, it is crucial to separate it into fractions and then subject them to the 

detailed analysis. Organic contaminants are heterogeneous mixture of various 

organic compounds of diverse properties and could be divided into 3 fractions: 

hydrophobic, hydrophilic and transphilic. Currently, the common NOM frac-

tionation method was proposed by Chow et al. This method employs XAD res-

ins to fractionate NOM. One of decisive factors, when it comes to their usabil-

ity, is the possibility to regenerate it. In this connection evaluation of XAD resin 

regeneration methods efficiency was performed. Supelite DAX-8, Amberlite 

XAD-4 and Amberlite IRA-958 nonionic macroporous resins were used in the 

experiments. Experiments included resin preparation by initial regeneration, 

resin saturation with NOM and final resin regeneration. Experiments were car-

ried out on the model solution and surface water taken from Odra River (Po-

land). Regeneration was conducted in a column system with the use of two 

methods. The first one was in accordance with Chow et al. procedure. The sec-

ond one comprised of successive resin rinsing with redistilled water, 

0.1 n NaOH, 0.1 n HCl, 0.1 n NaOH, redistilled water, methanol, acetonitrile, 

methanol and redistilled water. Preliminary research that were conducted in 

order to evaluate sorption performance in column system revealed that in all 

cases same schema could be observed: in few initial minutes, UV 254 nm ab-

sorbance, colour and dissolved organic carbon concentration in column effluent 

was constant, then started rising until reaching feed solution values. It is notice-

able that none of the resins adsorbed all contaminants at any time. Subsequent 

experiments has shown that developed by Chow et al. method of saturated res-

ins regeneration was not able to restore their initial sorptive capacity. Regenera-

tion procedure developed by paper authors allowed full regeneration of NOM 
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saturated resin, even after second saturation-regeneration cycle. Influence of 

regeneration time on resin sorption capacity restoration efficiency was also ob-

served: longer regeneration resulted in better results. The best effects of resin 

regeneration was observed for 3 h contact time with each regenerant solution. 

 

S owa kluczowe:  

naturalne substancje organiczne, ywice typu XAD, regeneracja 
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natural organic matter, XAD resins, regeneration 
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Politechnika Koszali ska 

1. Wst p  

Na terenach bez kanalizacji zbiorczej zagospodarowanie cieków 

bytowo-gospodarczych odbywa si  poprzez gromadzenie cieków 

w zbiornikach bezodp ywowych i ich wywóz do punktu zlewnego lub 

poprzez unieszkodliwianie cieków w przydomowych oczyszczalniach. 

W ostatnich latach w Polsce nast pi  znacz cy wzrost liczby tego typu 

obiektów [8], jednak wci  jest ona niewystarczaj ca, szczególnie 

z uwagi na zagro enia, wynikaj ce z eksploatacji tzw. szamb, wci  po-

wszechnie stosowanych na terenach nieskanalizowanych [7].  

Zarówno system kanalizacji bezodp ywowej, jak i przydomowe 

oczyszczalnie cieków s  kapita och onne – w pierwszym przypadku nale-

y uwzgl dni  wysokie op aty, zwi zane z cyklicznym odbiorem cieków, 

podczas gdy koszty inwestycyjne s  niskie. U ytkowanie oczyszczalni 

wi e si  z wi kszymi nak adami inwestycyjnymi, jednak ni sze s  koszty 

eksploatacji. 

Producenci i dystrybutorzy urz dze  i systemów do oczyszczania 

niewielkich ilo ci cieków oferuj  wiele rozwi za  technologicznych. 

Wybór optymalnego uk adu w konkretnym przypadku nie jest spraw  

atw . Jednym z podstawowych kryteriów przydatno ci danego systemu 

s  aspekty ekonomiczne. W pracy porównano pod k tem ekonomicznym 

trzy wybrane uk ady oczyszczalni przydomowych. Analizowane systemy 

s  oferowane przez firm  HABA i charakteryzuj  si  odmiennymi roz-

wi zaniami technologicznymi. S  to: uk ad z drena em rozs czaj cym, 

oczyszczalnia biologiczna SBR oraz oczyszczalnia hydrobotaniczna.  
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2. Procedury okre lania kosztów funkcjonowania 
oczyszczalni 

2.1. Metody oceny inwestycji 

Podstaw  przeprowadzenia porównawczej analizy ekonomicznej 

poszczególnych systemów oczyszczania cieków jest przyj cie jednako-

wych metod pomiaru sk adników kosztów inwestycyjnych i eksploata-

cyjnych. Dokonanie oceny inwestycji wi e si  z oszacowaniem korzy-

ci, wynikaj cych z przeprowadzonych prac, a w przypadku rozpatrywa-

nia kilku wariantów – z wyborem tego najbardziej op acalnego. Istniej  

ró ne metody oceny inwestycji w zale no ci od autora, jednak ogólnie 

mo na je podzieli  na metody statyczne i dynamiczne. Podstawowa kla-

syfikacja zosta a przedstawiona na rysunku 1. 

Metody statyczne oceny inwestycji polegaj  na statystycznym 

opracowaniu danych, dotycz cych poszczególnych kosztów, a nast pnie 

na porównaniu ich w czasie. Zaliczane s  do metod niedyskontowych, 

nieuwzgl dniaj cych szeregu czynników (np. inflacji). Ponadto nie 

uwzgl dniaj  ca ego okresu trwania projektu, obejmuj c w sk  jego 

cz . Praktyczne wykorzystanie metod statycznych ogranicza si  do 

inwestycji, w których nak ady i efekty s  niewielkie, b d  ma miejsce 

podczas wyboru inwestycji, nie wymagaj cych z o onych oblicze .  

 

 

Rys. 1. Podzia  metod oceny inwestycji. Oprac. w asne na podstawie [5,6,9] 

Fig. 1. Methods assessment of the investment. Own calculations based on [5, 6,9] 
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Metody dynamiczne, bardziej z o one ni  statyczne, s  dok ad-
niejsze i umo liwiaj  uwzgl dnienie wi kszej liczby czynników (np. 
zmienno ci warto ci pieni dza w czasie). Ponadto – w odró nieniu od 
metod statycznych – obejmuj  ca y okres inwestycji.  

Budow  przydomowej oczyszczalni cieków nale y zaliczy  do 
przedsi wzi , nie generuj cych wp ywów z inwestycji. St d w celu do-
konania oceny tego typu przedsi wzi cia nale y zastosowa  tak  metod , 
w której efektów inwestycji nie da si  zmierzy . Za efekt, uzyskiwany 
w tego typu przedsi wzi ciach, mo e zosta  uznana ilo  oczyszczonych 
cieków w skali czasu. Z drugiej strony jako efekt mo na przyj  tzw. stra-

ty uniknione, mo liwe do oszacowania w sytuacji braku inwestycji. M.in. 
autorzy [6] podkre laj , e podstaw  prawid owego porównania poszcze-
gólnych rozwi za  indywidualnych systemów oczyszczania cieków jest 
doprowadzenie nak adów inwestycyjnych oraz eksploatacyjnych do kosz-
tów jednostkowych. Podzielenie rocznych kosztów oczyszczania przez 
ilo  oczyszczonych cieków umo liwia uzyskanie jednakowej podstawy 
do porówna . Wed ug autorów [6] najlepsz  metod  jest analiza efektyw-
no ci kosztowej, b d ca modyfikacj  metody CBA, czyli analizy kosztów 
i efektów. Uzasadniaj c prezentowane powy ej stanowisko autorzy zwra-
caj  uwag  na fakt, e w jednostkach pieni nych mierzone s  jedynie 
koszty, natomiast ocenie warto ciuj cej nie podlegaj  efekty. Metoda za-
k ada ocen  inwestycji w sposób uproszczony, uwzgl dniaj c zarówno 
poniesione nak ady inwestycyjne, jak i koszty eksploatacji. 

Inne stanowisko, w kwestii wyboru najlepszej metody oceny 
technologii oczyszczalni przydomowej z ekonomicznego punktu widze-
nia, reprezentuj  autorzy [2]. Korzystaj  oni przede wszystkim z metody 
NPV, przyporz dkowanej do metod dynamicznych (wg klasyfikacji na 
rysunku 1). 

Okre lenie warto ci bie cej netto polega na obliczeniu zdyskon-
towanych przep ywów gotówki w kolejnych latach inwestycji. Wed ug 
autorki [1] dyskontowanie przep ywów pieni nych sprowadza si  do 
okre lenia ró nicy pomi dzy wp ywami i wydatkami pieni nymi, po-
niesionymi na nak ady inwestycyjne, sprowadzonymi do wspólnego 
mianownika, co pozwala na precyzyjne i czytelne porównania. 

Pierwszymi czynno ciami, zmierzaj cymi do okre lenia NPV, s : 
ustalenie nak adów inwestycyjnych oraz rocznych ca kowitych kosztów 
eksploatacyjnych, które b d  dyskontowane na dzie  przeprowadzania 
analizy. Warto  bie ca netto okre lana jest wzorem: 
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 (1) 

gdzie: 

I – nak ady inwestycyjne [z ], 

a – wspó czynnik dyskontuj cy, 

Ke – roczne koszty eksploatacji [z /rok]. 

 

Niezb dne jest tak e okre lenie warto ci wspó czynnika dyskon-

tuj cego, umo liwiaj cego przeliczenie warto ci rocznych kosztów eks-

ploatacyjnych do warto ci na dzie  inwestycji. Wspó czynnik dyskontu-

j cy obliczony jest z zale no ci: 

 (2) 

gdzie:  

n – liczba lat eksploatacji oczyszczalni cieków [lata], 

p – stopa dyskontowa, 

t – liczba okresów. 

 

Po obliczeniu przep ywów pieni nych, w przypadku rozpatry-

wania kilku wariantów indywidualnych systemów oczyszczania cieków, 

za najkorzystniejsz  nale y uzna  inwestycj , dla której warto  NPV 

jest najni sza – zgodnie z sugesti  autora [2]. 

2.2. Okre lenie nak adów inwestycyjnych 

Nak ady inwestycyjne w przypadku oczyszczalni przydomowej 

uzale nione s  przede wszystkim od przyj tej technologii oczyszczania, 

szczególnie na etapie biologicznym. Uk ady mniej z o one, takie jak dre-

na  rozs czaj cy czy oczyszczalnia hydrobotaniczna, cechuj  si  ni -

szymi kosztami inwestycyjnymi ni  np. uk ad z biocenoz  zawieszon  

lub osiad  czy system hybrydowy. Najbardziej kapita och onne rozwi -

zania oczyszczania cieków zwi zane s  z biologicznymi systemami 

oczyszczania, do których zalicza si  z o a biologiczne oraz komory osa-

du czynnego. Zwi kszone nak ady inwestycyjne wi  si  m.in. z dodat-

kowymi elementami instalacji, w tym aparatur  utrzymuj c  optymalne 

warunki dla mikroorganizmów w strefie biologicznej. Wa nym aspektem 

dotycz cym niezb dnych nak adów inwestycyjnych jest charakterystyka 

ilo ciowo-jako ciowa cieków oraz warunki terenowe w miejscu lokali-
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zacji oczyszczalni. Istotne s : dost pna powierzchnia, warunki gruntowo-

wodne oraz uk ad przestrzenny, decyduj cy m.in. o zastosowaniu naj-

dro szych tu pomp, podnosz cych cieki na wi ksz  wysoko . Przyk ad 

szczegó owej analizy kosztów inwestycyjnych dla oczyszczalni hydrobo-

tanicznej przedstawiono w pracy [13]. Autorka w swoim opracowaniu 

wykaza a tak e, e przy budowie systemu oczyszczania cieków dla ca ej 

wsi, ni sze nak ady inwestycyjne b d  poniesione przy budowie indywi-

dualnych systemów oczyszczania cieków w porównaniu z systemami 

zbiorowymi. 

2.3. Koszty eksploatacyjne 

Do podstawowych kosztów eksploatacyjnych nale  okresowe 

przegl dy instalacji, wykonywane przez wyspecjalizowane firmy. Cz -

stotliwo  przegl dów jest uzale niona od rodzaju instalacji, jednak za-

sadniczo przyjmuje si  je przeprowadza  raz w roku [3]. Obok przegl -

dów technicznych, z u ytkowaniem oczyszczalni wi e si  równie  okre-

sowe usuwanie osadów i ko ucha, zebranych w wyniku sedymentacji 

oraz flotacji zanieczyszcze  w osadniku gnilnym. Ilo  osadów oraz cz -

stotliwo  ich usuwania uzale niona jest od przyj tej pojemno ci cz ci 

fermentacyjnej osadnika gnilnego, parametrów ilo ciowych i jako cio-

wych dop ywaj cych cieków, a tak e od przyj tej technologii oczysz-

czania w kolejnym etapie (uwzgl dnienie osadów nadmiernych, kiero-

wanych do osadnika z cz ci biologicznej). Koszty, zwi zane z pobiera-

niem oraz transportem osadów, uzale nione s  przede wszystkim od 

uwarunkowa  lokalnych. Wywóz osadów, najcz ciej raz na rok lub raz 

na dwa lata, powinien by  wykonywany przez s u by asenizacyjne, które 

przetransportuj  osady np. do oczyszczalni cieków. Koszty eksploata-

cyjne to tak e usuwanie zanieczyszcze  z filtrów doczyszczaj cych 

osadników wst pnych oraz przep ukiwanie instalacji czyst  wod . Te 

ostatnie czynno ci cz sto nie s  uwzgl dniane w kalkulacji kosztów, 

gdy  eksploatator mo e je wykona  samodzielnie (zwykle co 2–3 mie-

si ce) [10]. Do podstawowych kosztów eksploatacyjnych nale  tak e 

koszty energii elektrycznej, uzale nione od wielko ci oczyszczalni, za-

stosowanej technologii oraz warunków terenowych. Zu ycie energii ge-

nerowane b dzie g ównie przez pompy oraz systemy napowietrzania 

cieków. Obok wy ej wymienionych, do kosztów eksploatacyjnych zali-

cza si  równie  koszty, zwi zane z badaniami jako ci oraz ilo ci kon-
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kretnych zanieczyszcze  w ciekach, odprowadzanych z oczyszczalni do 

odbiornika. Cz stotliwo  poboru próbek, zakres bada  oraz dopuszczal-

ne warto ci wska ników zanieczyszcze  w ciekach, odprowadzanych do 

wód i do ziemi, okre la Rozporz dzenie Ministra rodowiska [12]. Ba-

dania s  przeprowadzane przez wyspecjalizowane laboratoria. Ich koszt 

uzale niony jest od przyj tego zakresu bada  oraz jednostki, w której s  

one wykonywane i waha si  od 200 do 300 z otych rocznie. W przy-

padku zastosowania oczyszczalni hydrofitowych mo e wyst pi  ko-

nieczno  wymiany ro linno ci wskutek jej zniszczenia (np. w wyniku 

suszy, mrozów lub chorób ro lin). Praktycznie do wymiany ro linno ci 

dochodzi jednak bardzo rzadko. Podobnie jak w przypadku oczyszczalni 

ro linnych, przy niew a ciwej eksploatacji z ó  biologicznych oraz ko-

mór osadu czynnego mo e doj  do zniszczenia zasiedlaj cej je bioceno-

zy. W takim przypadku konieczne jest odbudowanie osadu czynnego czy 

te  kolonii bakterii na z o u biologicznym poprzez specjalne startery. 

Powtórne szczepienie bakterii jest incydentalne i nie mo na go zaliczy  

do typowych kosztów eksploatacyjnych. Do innych kosztów tzw. incy-

dentalnych mo na zaliczy  koszty napraw urz dze  oraz wymiany zbior-

ników (np. nieszczelnych). Najcz ciej awariom ulegaj  pompy, wyma-

gaj ce okresowych przegl dów i doboru, w a ciwego dla ilo ci pompo-

wanych cieków. W przypadku drena y rozs czaj cych nale y uwzgl d-

ni  koszty okresowego (co 5 lat) czyszczenia uk adu z uwagi na jego 

kolmatacj , a w d u szym okresie eksploatacji (od 10 do 15 lat) nawet 

jego wymiany. 

Analiza ekonomiczna oczyszczalni przydomowych powinna 

uwzgl dnia  amortyzacj , tj. zu ywanie si  danego rodka trwa ego pod-

czas jego normalnej eksploatacji. W przypadku PO  tak  eksploatacj  

jest oczyszczanie cieków wraz z ich odprowadzeniem do odbiornika. 

Wed ug rozporz dzenia [11] przydomowe oczyszczalnie cieków sklasy-

fikowane s  w grupie 2, obejmuj cej „obiekty in ynierii l dowej 

i wodnej”. Roczny procent amortyzacji takich obiektów to 10%, przy 

czym podstaw  amortyzacji jest warto  ca ej oczyszczalni przydomo-

wej, podwy szona o warto  urz dze , nie mog cych dzia a  samodziel-

nie. Ponadto nale y uwzgl dni  wszystkie dodatkowe koszty, poniesione 

do dnia rozpocz cia u ytkowania instalacji.  
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3. Porównanie wybranych rozwi za  oczyszczalni 
przydomowych pod wzgl dem ekonomicznym  

Ocenie ekonomicznej poddano trzy systemy oczyszczania cie-

ków, oferowane przez firm  HABA, charakteryzuj ce si  odmiennymi 

rozwi zaniami technologicznymi. 

System typu DT sk ada si  z osadnika gnilnego oraz uk adu dre-

na owego, rozprowadzaj cego cieki do gruntu za pomoc  tuneli. Tunele 

zbudowane s  z pó kolistych kszta tek na wspornikach, w których u o o-

ne s  dreny. Otwory, umieszczone po bokach tuneli umo liwiaj  odp yw 

cieków i dalsz  ich infiltracj  do gruntu. 

Oczyszczalnia z reaktorem sekwencyjnym typu SBR – Primo 

charakteryzuje si  24 godzinnym cyklem pracy. Uk ad wyposa ony zo-

sta  w przepompowni  cieków, umo liwiaj c  podniesienie cieków 

w przypadku znacznego obni enia terenu. cieki oczyszczone, 

w zale no ci od warunków lokalnych, mog  zosta  odprowadzone do 

gruntu lub do cieku wodnego. 

System typu ORS to oczyszczalnia hydrobotaniczna z re cyrku-

lacj . W pierwszym etapie oczyszczania cieki trafiaj  do osadnika gnil-

nego, wyposa onego w filtr doczyszczaj cy. Drugi etap realizowany jest 

w filtrze piaskowo-ro linnym z matami rozs czaj cymi, wyposa onymi 

w drena  umo liwiaj cy recyrkulacj  cieków. Filtr zasypany jest kor , 

na której sadzi si  ro linno  hydrofiln . Ostatnim elementem instalacji 

jest staw (odprowadzenie cieków oczyszczonych). Dzi ki recyrkulacji 

mo liwe jest podwójne oczyszczenie cieków na drugim stopniu oczysz-

czania. 

Ceny porównywanych oczyszczalni przyj to w oparciu o dane ka-

talogowe firmy HABA, znajduj ce si  na stronie internetowej (rok 2014) 

[4]. Zamieszczone w pracy obliczenia zosta y dokonane na podstawie 

opracowania [6]. Za o ono, e z oczyszczalni korzysta  b dzie 5 osób, 

generuj cych cznie 0,75 [m
3
] cieków na dob  (przyj to redni  dobo-

w  ilo  cieków na osob  równ  0,15 [m
3
]). Przyj to stop  dyskontow  

r = 5% w skali roku. 

Niezb dne nak ady inwestycyjne dla poszczególnych typów 

oczyszczalni zestawiono w tabeli 1. 
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Tabela 1. Nak ady inwestycyjne dla wybranych oczyszczalni. Opracowanie 

w asne na podstawie cen producenta na rok 2014 [4]; data dost pu: 10.02.2014 

Table 1. Investment costs of selected wastewater treatment plants. Own 

calculations based on producer prices for the year 2014 [4]; access date: 

10/02/2014 

Typ oczyszczalni DT ORS SBR-PRIMO 

Nak ady inwestycyjne [z ] 4300,00 6150,00 8610,00 

 

Wielko  kosztów eksploatacyjnych dla ka dego z analizowanych 

rozwi za  technologicznych przedstawiono w tabeli 2. 

 
Tabela 2. Koszty eksploatacyjne dla wybranych rozwi za  technologicznych. 

Opracowanie w asne na podstawie cenników producentów, firm us ugowych 

oraz dostawcy energii elektrycznej 

Table 2. Operating costs for different wastewater treatment plants. Own study 

based on producer, service companies and electricity supplier tariff 

Lp. 
Rodzaj kosztów  

eksploatacyjnych 

Typ oczyszczalni  

DT ORS 
SBR- 

PRIMO 

1 Okresowa konserwacja uk adu 492,00 492,00 492,00 

2 Badania jako ci oczyszczania 250,00 250,00 250,00 

3 Wywóz osadu 140,00 140,00 140,00 

4 Biopreparaty 136,00 56,00 56,00 

5 Dosadzanie ro linno ci - 150,00 - 

6 Czyszczenie stawu - 100,00 - 

7 Energia elektryczna - 17,00 17,00 

Suma 1018,00 1205,00 955,00 
 

Koszty energii elektrycznej przyj to w oparciu o cennik operatora 

Energa obrót – 0,61 [z /kWh] oraz o zu ycie pr du dla analizowanych 

rozwi za , okre lone przez producenta na poziomie 0,1 [kWh/m
3
] (wg 

autora mog  by  zani one – praca pomp). Przy Qd r=0,75 [m
3
/d] roczne 

koszty energii elektrycznej zosta y obliczone wg wzoru: 

 (3) 
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Sumaryczne koszty oczyszczania cieków 

Dla okre lenia sumarycznych kosztów oczyszczania cieków zo-

sta y obliczone:  

• wspó czynnik stopy zwrotu z inwestycji  (dla 25 lat eksploatacji): 

 (4) 

• roczne koszty oczyszczania: 

– dla systemu HABA typu DT z drena em tunelowym: 

 (5) 

– dla systemu HABA typu ORS (o. gruntowo-ro linna): 

 (6) 

– dla systemu typu SBR-PRIMO: 

 (7) 

 

• no nik kosztów: 

 (8) 

• jednostkowe koszty oczyszczania: 

– dla systemu z drena em tunelowym: 

 (9) 

– dla oczyszczalni gruntowo-ro linnej: 

 (10) 

– dla oczyszczalni SBR-PRIMO: 

 (11) 
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Zestawienie zbiorcze wszystkich kosztów, zwi zanych z zakupem 

i eksploatacj  ka dej z analizowanych oczyszczalni, w tym warto ci 

rocznych kosztów oczyszczania cieków, stanowi tabela 3.  

 
Tabela 3. Koszty roczne wybranych systemów. ród o: opracowanie w asne 

Table 3. Annual costs of selected systems. Source: own study 

Lp. 
Sk adniki kosztów 

[z ] 

Rodzaj oczyszczalni 

DT ORS 
SBR-

PRIMO 

1 Nak ady inwestycyjne 4300,00 6150,00 8610,00 

2 Roczne koszty eksploatacyjne 1018,00 1205,00 955,00 

3 Roczne koszty oczyszczania 1323,30 1641,65 1566,31 

4 Koszt oczyszczania 1 m
3
 cieków 4,83 6,00 5,72 

4. Podsumowanie i wnioski 

Uk ady technologiczne oczyszczalni przydomowych wymagaj  

ró nych nak adów inwestycyjnych. Dane liczbowe, zawarte w tabeli 1, 

wskazuj , e spo ród analizowanych rozwi za  najbardziej kapita o-

ch onna jest oczyszczalnia biologiczna typu SBR-PRIMO. W jej przy-

padku na realizacj  inwestycji nale y przeznaczy  8610,00 z . Znacz cy 

wp yw na wielko  tych kosztów maj  niezb dne w uk adzie technolo-

gicznym dodatkowe urz dzenia, m.in. dmuchawy i pompy. Najmniej-

szych nak adów finansowych na zakup (4300,00 z ) wymaga uk ad 

z drena em tunelowym. Nak ady inwestycyjne s  dla tego uk adu dwu-

krotnie ni sze ni  dla oczyszczalni typu SBR. Decyduj cy jest w tym 

przypadku brak dodatkowych urz dze , m.in. pompowni czy systemu 

napowietrzania cieków. Zakup trzeciego z analizowanych rozwi za , tj. 

oczyszczalni gruntowo-ro linnej, wi e si  z poniesieniem nak adów 

inwestycyjnych w wysoko ci 6150,00 z . Koszty te s  prawie 1500 z  

ni sze ni  w przypadku oczyszczalni SBR, jednak zdecydowanie wy sze 

(o 1850 z ) od najta szego uk adu z drena em tunelowym.  

Porównuj c koszty, zwi zane z u ytkowaniem poszczególnych 

systemów oczyszczania cieków (tabela 2), nale y zauwa y , e najni -

szymi kosztami eksploatacyjnymi (955,00 [z /rok]) charakteryzuje si  

oczyszczalnia SBR. Jednocze nie jest to rozwi zanie, wymagaj ce naj-

wy szych nak adów inwestycyjnych. W przypadku oczyszczalni 
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z drena em tunelowym zale no  jest inna – uk ad wymaga najni szych 

nak adów inwestycyjnych, jednak koszty eksploatacyjne s  relatywnie 

wysokie. Jednak najwy szych kosztów eksploatacyjnych wymaga 

oczyszczalnia gruntowo-ro linna, co jest przede wszystkim zwi zane ze 

specyfik  tego rozwi zania. Podczas u ytkowania systemu nale y 

uwzgl dni  dodatkowe czynno ci zwi kszaj ce koszty, np. gdy wyst pi 

konieczno  dosadzania ro lin czy czyszczenia stawu.. 

Istotne dla oceny ekonomicznej oczyszczalni przydomowych jest 

porównanie kosztów oczyszczania cieków dla poszczególnych uk adów 

technologicznych. Przeprowadzone obliczenia wykaza y, e najni szymi 

rocznymi kosztami oczyszczania 1m
3
 cieków charakteryzuje si  oczysz-

czalnia z drena em tunelowym HABA typu DT. Spo ród trzech uj tych 

w pracy systemów najwy sze koszty oczyszczania cieków generuje 

oczyszczalnia gruntowo-ro linna HABA typu ORS. Koszty te s  ponad 

25% wy sze ni  koszty, obliczone dla oczyszczalni tunelowej. 
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Analysis of Operating Costs of Domestic Sewage 
Treatment Plants 

Abstract 
The economics aspects of the operation of household wastewater treat-

ment plants are discussed in the paper. Three selected individual wastewater 

treatment systems offered by HABA are presented, such as (1) system with 

drainage tunnel (HABA DT), (2) treatment plant of SBR type (HABA SBR 

PRIMO) and (3) constructed wetland wastewater treatment plant (HABA ORS). 

In the work the analytical procedures for determining the costs are presented. 

Next, a comparative economics analysis of these systems is carried out. The 

level of annual costs as well as unit costs of wastewater disposal and treatment 

are determined for these systems. The annual unit cost in presented small sew-

age treatment facilities ranged from 4.83 to 6.00 z  per m3. The calculations 

showed that the lowest annual cost of wastewater treatment is characterized by 

a system with drainage tunnel. Of the three systems included in the work of the 

highest costs of wastewater treatment plant generates system HABA ORS. 
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1. Wst p 

O ów jest jednym z bardziej toksycznych metali, co wi e si  

z jego kumulowaniem w organizmach ywych [19]. W przypadku wody 

do spo ycia dopuszczalne jego st enie wynosi 0,01 mg/dm
3
 (Dz.U. nr 

72 poz. 466). Znajduje si  w bardzo wielu produktach codziennego u yt-

ku np.: akumulatorach kwasowo-o owianych, farbach, olejach, nawozach 

fosforowych, elektronice. Jest emitowany do rodowiska równie  ze 

ciekami. Jego dopuszczalna zawarto  w ciekach wprowadzanych do 

wód lub ziemi wynosi 0,1 mg/dm
3
 dla cieków z przemys u ciep owni-

czego i 0,5 mg/dm
3
 dla cieków z pozosta ych ga zi przemys u (Dz. U. 

nr 27 poz. 169). Mo e by  usuwany z wody i cieków przez chemiczne 

str canie, elektrochemiczn  redukcj , wymian  jonow , biosorpcj , elek-

trofiltarcj , procesy membranowe oraz adsorpcj  [9, 23]. Wybór metody 

usuwania jonów o owiu zale y od wielu czynników (st enia, formy, 

obecno ci innych zanieczyszcze , pH, zastosowania wody po usuni ciu 

jonów o owiu), jednak adsorpcja na w glu aktywnym jest procesem co-

raz szerzej stosowanym. Coraz cz ciej poszukiwane s  tanie (cz sto 

odpadowe) surowce do produkcji sorbentów w glowych skutecznych 

w adsorpcyjnym usuwaniu Pb(II), np. upiny orzecha kokosowego [11, 

22], trociny [5], wyt oczki trzciny cukrowej [27], pestki owoców [17], 

upiny orzechów [3, 26]. Istotnym z punktu zastosowania w gli aktyw-

nych w stacjach uzdatniania wody jest ich przebadanie równie  pod 
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wzgl dem adsorpcji jonów metali ci kich. Dlatego te  komercyjne w -

gle aktywne analizowane s  równie  pod k tem adsorpcji potencjalnych 

zanieczyszcze  m.in. metali ci kich. Przeprowadzane s  równie  ró ne-

go rodzaju modyfikacje zwi kszaj ce skuteczno  usuwania jonów meta-

li ci kich w tym o owiu [1, 2, 15, 18, 20, 25]. 

Skuteczna adsorpcja jonów metali ci kich, w tym o owiu zale y 

od wielko ci powierzchni w a ciwej, od struktury porowatej, a przede 

wszystkim od chemicznej budowy powierzchni w gla aktywnego i obec-

no ci innych zanieczyszcze  [7, 8, 10, 21, 24]. Równie wa ne s  warunki 

prowadzenia procesu adsorpcji np. warto  pH lub/i temperatura roztwo-

ru w jakim ten proces zachodzi.  

Celem niniejszej pracy by a ocena wp ywu wysokotemperaturo-

wej modyfikacji w gla aktywnego, prowadzonego w piecu obrotowym 

oraz na stanowisku SEOW (Stanowisko elektrycznego ogrzewania w -

gla), w którym wykorzystano podgrzewanie w gla podczas przep ywu 

pr du przez z o e w glowe. Przenalizowano równie  stopie  dopasowa-

nia ró nych form izotermy Langmuira i izotermy Freundlicha do uzyska-

nych wyników. Innym analizowanym zagadnieniem by a ocena wp ywu 

warto ci pH roztworu i jego temperatury na skuteczno  adsorpcji jonów 

Pb(II). 

2. Materia  i metodyka bada  

2.1. Materia  bada   

Do bada  wykorzystano w giel aktywny ROW 08 Supra. Charak-
terystyk  podstawowych w a ciwo ci, fizycznych, chemicznych w tym 
adsorpcyjnych wyj ciowego w gla aktywnego zamieszczono w tabeli 1. 
Grupy funkcyjne oznaczono i zinterpretowano, stosuj c metodyk  Bo-
hema [6]. Przed modyfikacj  w giel przemywano kilkakrotnie wod  de-
stylowan  i suszono w temperaturze 140ºC. 

W giel aktywny by  modyfikowany w piecu obrotowym i stano-
wisku do elektrycznego ogrzewania w gla aktywnego [14]. Modyfikacj  
w piecu obrotowym prowadzono w ci gu 1 godziny w temperaturze 
400ºC i 800ºC, przy sta ym przep yw pary wodnej, dwutlenku w gla 
i powietrza. Wyj ciowy w giel aktywny oznaczono jako R0, a zmodyfi-
kowany odpowiednio: R/400/CO2, gdzie liczba 400 oznacza a temperatu-
r  modyfikacji w °C, CO2, H2O lub AIR okre laj  gazy u yte do modyfi-
kacji (odpowiednio dwutlenek w gla, par  wodn , powietrze).  
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Tabela 1. W a ciwo ci fizyczne i chemiczne w gla aktywnego R0  
(PN-83/C-97555)  
Table 1. Physical and chemical properties of activated carbons R0  
(PN-83/C-97555) 

Wska nik Warto  
Promie  

kapilar, nm

Obj to  
kapilar, 
cm

3
/g 

Masa nasypowa, g/dm
3

417 <1,5 0,250 

Nasi kliwo  wodna, cm
3
/g 0,97 1,5–15 0,240 

Powierzchnia w a ciwa, m
2
/g 890 15–150 0,309 

pH wyci gu wodnego 8,6 150–1500 0,3197 

W asno  adsorpcyjne wobec: 
- b kitu metylenowego, LM 
- jodu, LI, mg/g 
- fenolu

*
, mg/g

 
34 

760 
53,8

1500–7500 0,017 

0–7500 1,134 

*Badania sorpcji fenolu prowadzono z roztworu o obj to ci 0,25 dm3 o st eniu 
250 mg/dm3 z dodatkiem 1 g w gla aktywnego 

 
Druga cz  próbki w gla zosta a zmodyfikowana na stanowisku 

SEOW. W tym wypadku próbki w gla ogrzewa si  do 400°C ± 20ºC. 
Schemat tego stanowiska oraz szczegó owe sposoby modyfikacji zosta y 
przedstawione w pracy [14]. W odniesieniu do wyników poprzednich 
bada  dotycz cych Cr(III), stwierdzono, e w giel aktywny uzyskany 
z kolejnych wysoko ci reaktora ró ni  si  w a ciwo ciami adsorpcyjny-
mi. Dlatego do badania adsorpcji Pb(II) w giel aktywny pobieranego 
tylko z tych cz ci reaktora, które wykaza y najwy sze w a ciwo ci ad-
sorpcyjne wobec Cr (III). Modyfikacja w gla aktywnego na stanowisku 
SEOW polega a na ogrzewaniu z o a w glowego podczas przep ywu 
pr du, a nast pnie ch odzeniu z o a powietrzem lub ditlenkiem w gla. 

W gle modyfikowane na tym stanowisku oznaczono wed ug na-
st puj cego kodu: R/400E+80/80AIRd – gdzie R oznacza wyj ciowy w -
giel aktywny ROW 08 Supra, 400E – ogrzewanie w gla na stanowisku 
SEOW do temperatury 400°C, +80 – przep yw gazu podczas nagrzewania 
przez reaktor z w glem aktywnym w dm

3
/h, 80AIR (CO2) – ilo  gazu 

(powietrza lub ditlenku w gla) przep ywaj cego podczas ch odzenia z o a 
w dm

3
/h, miejsce poboru próbki w gla: d – z dolnej cz ci reaktora,  – ze 

rodkowej cz ci reaktora, g – z górnej cz ci reaktora. 
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2.2. Pomiary w a ciwo ci adsorpcyjnych 

Adsorpcj  jonów o owiu prowadzono w warunkach statycznych 

z roztworów Pb(NO3)2 o st eniu Pb(II): 20, 50, 70, 90, 100, 150, 200, 

250, 300, 350, 400, 450, 500 mmol/m
3
. Przedstawione wyniki bada  s  

redni  z trzech pomiarów. Adsorpcj  prowadzono z roztworu o obj to-

ci 0,25 dm
3
, do którego dodawano 1 g w gla aktywnego. W celu ustale-

nia czasu niezb dnego do osi gni cia równowagi adsorpcji oceniono dwa 

sposoby kontaktu roztworów z w glem aktywnym (rysunek 1). W pierw-

szym (zale no  A) roztwór z w glem aktywnym mieszano przez 4 go-

dziny. Pomiary st e  wykonywano z cz stotliwo ci  30 min. W drugim 

przypadku (zale no  B) roztwór z w glem aktywnym mieszano przez 2 

godziny i pozostawiono na 2, 4, 6, 22, 46 i 70 h. Na rysunku 1 nie przed-

stawiono st e  po up ywie 48 i 72 godzin z powodu niewielkich ró nic 

w warto ciach uzyskanych st e . Po 24 godzinach i 72 godzinach ró ni-

ce w st eniach by y mniejsze od 1%. Równowag  adsorpcji osi gni to 

po 3 h mieszania, ale taki sam efekt obserwowano po 2 h mieszania 

i 22 h kontaktu statycznego. W badaniach u yto drugiego sposobu (czyli 

2 h mieszania i 22 h kontaktu statycznego). Po tym okresie czasu mie-

rzono st enie ko cowe. 

 

 

Rys. 1. Wp yw czasu kontaktu na adsorpcj  Pb (II): A – mieszanie  

B – mieszanie 2 h i pozostawienie na 2, 4, 6 lub 22 h 

Fig. 1. Effect of contact time on adsorption of Pb(II): A – stirred,  

B – stirred 2 h and left for 2, 4, 6 or 22 h 
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Badania wp ywu temperatury na efektywno  adsorpcji prowa-

dzono z u yciem a ni wodnej z mechanicznym wytrz saniem. Pomiary 

prowadzono w temperaturze 20, 30 i 40±2°C.  

Pomiary st e  o owiu wykonano na atomowym spektrometrze 

emisyjnym z plazm  wzbudzon  indukcyjnie (ICP). 

2.3. Modele opisu sorpcji w warunkach statycznych 

Do opisu wyników bada  w warunkach statycznych wykorzysta-

no równania izoterm Freundlicha (1) i Langmuira (2): 

n

1

eF CKQ ⋅=   (1) 

eL

eLm,

CK1

CKQ
Q

⋅+

⋅⋅
=   (2) 

gdzie:  

Q – pojemno  adsorpcyjna, 

KF i n – sta e równania Freundlicha, 

Ce – st enie równowagowe, 

Qm i KL – sta e równania Langmuira. 

 

Z postaci liniowych izoterm Freundlicha (3) oblicza si  sta e 

równania. 

eF Clog
n

1
KlogQlog +=   (3) 

Sta e Langmuira wyznaczono z kilku liniowych form równa   

(4–8) [12]. 

Langmuir-forma 1 – sta e Qm i KL obliczono z zale no ci 
Q

1
 od 

eC

1
  

memL Q

1

C

1

QK

1

Q

1
+

⋅
=   (4) 

Langmuir-forma 2 – sta e Qm i KL obliczono z zale no ci 
Q

Ce  od Ce 

mL

e

m

e

QK

1
C

Q

1

Q

C

⋅
+⋅=   (5) 
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Langmuir-forma 3 – sta e Qm i KL obliczono z zale no ci Q od 
eC

Q
  

m

eL

Q
C

Q

K

1
Q +

−
=  (6) 

Langmuir-forma 4 – sta e Qm i KL obliczono z zale no ci 
eC

Q
 od Q  

( ) mLL

e

QKQK
C

Q
⋅+−=  (7) 

Langmuir-forma 5 – sta e Qm i KL obliczono z zale no ci 
eC

1
 od 

Q

1
  

( ) LmL

e

K
Q

1
QK

C

1
−⋅=   (8) 

Sta e izoterm oraz warto ci R
2
 obliczono z u yciem programu 

Statistica IV. 

3. Wyniki bada  i ich dyskusja 

3.1. Wp yw pH i temperatury na adsorpcj  o owiu(II) 

W pierwszym etapie bada  oceniono wp yw pH roztworu na wyni-

ki adsorpcji. Analizowano adsorpcj  z roztworów o pH 2, 4 i 6 (rysunek 

2). Warto  pH roztworu z jednej strony mo e mie  wp yw na form  jonu 

o owiu z drugiej na dysocjacj  grup funkcyjnych na powierzchni w gla 

aktywnego. W takich warunkach (pH od 2 do 6) o ów wyst puje jako jon 

Pb
2+

 [4]. Grupy funkcyjne obecne na powierzchni w gli aktywnych s  

najistotniejsze przy usuwaniu jonów metali ci kich w tym o owiu [21, 

24]. W badaniach potwierdzono bardzo istotny wp yw pH na wyniki ad-

sorpcji. Najkorzystniej adsorpcja zachodzi a przy pH = 6, a bardzo niskie 

pojemno ci adsorpcyjne otrzymano wówczas gdy pH roztworu wynosi o 

2. Tak niskie warto ci adsorpcji o owiu z silnie kwa nych roztworów mo-

g  by  wynikiem konkurencyjno ci jonów Pb
2+

 i H
+
. W dalszych bada-

niach adsorpcj  prowadzono z roztworów o pH = 6. 
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Rys. 2. Wp yw pH roztworu na adsorpcj  Pb(II) na w glu aktywnym R0  

(temp. 20°C) 

Fig. 2. Effect of pH on the Pb(II) adsorption capacity on the activated carbon 

R0 (temp. 20°C)  

Przeanalizowano równie  wp yw temperatury roztworu na wiel-

ko  adsorpcji jonów o owiu (rysunek 3). Adsorpcj  prowadzono dla roz-

tworów o temperaturze 20, 30 i 40°C. Im wy sza temperatura roztworu 

tym adsorpcja Pb(II) by a wi ksza, chocia  uzyskane ró nice nie s  du e. 
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Rys. 3. Wp yw temperatury roztworu na adsorpcj  Pb(II) na w glu aktywnym 

R0 (pH 6): a) 20°C, b) 30°C, c) 40°C 

Fig. 3. Effect of temperature on the adsorption of Pb(II) on the activated carbon 

R0 (pH 6): a) 20°C, b) 30°C, c) 40°C 
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3.2. Wp yw modyfikacji w gla aktywnego na adsorpcj  o owiu(II) 

W giel R0 modyfikowano w piecu obrotowym lub na stanowisku 

SEOW. Izotermy adsorpcji Pb(II) przedstawiono na rysunku 4. Zmodyfi-

kowane w gle aktywne w wi kszo ci przypadków lepiej adsorbuj  jony 

o owiu ni  wyj ciowy R0. Wyra nie wi ksz  pojemno ci  charakteryzu-

j  si  w gle modyfikowane na SEOW. O ów by  adsorbowany najsku-

teczniej na w glu R/400E/80AIRgd . By  to w giel modyfikowany na 

stanowisku SEOW w najprostszym uk adzie: gaz modyfikuj cy – powie-

trze, jeden cykl nagrzewanie-ch odzenie, niewielki przep yw powietrza 

tylko w fazie ch odzenia – 40 dm
3
/h. Uzyskana maksymalna pojemno  

adsorpcyjna przekracza 90 mmol/kg podczas gdy dla wyj ciowego R0 

wynosi 51 mmol/kg. Pozosta e w gle modyfikowane na SEOW równie  

charakteryzowa y si  znacznie wi ksz  pojemno ci  adsorpcyjn  ni  

w giel wyj ciowy. W przypadku w gli aktywnych modyfikowanych 

w piecu obrotowym wi ksz  adsorpcj  jonów o owiu otrzymano tylko 

dla w gli R/400/H2O, R/800/CO2, R/800/H2O.  

Bior c pod uwag  pojemno  adsorpcyjn  badanych w gli zosta-

y uszeregowane w nast puj cy sposób:  

R/400E/40AIRg d > R/400E+80/80CO2d   R/400E/80CO2d  > 

R/800/CO2 > R/400E+40/40AIRg   R/400E/40CO2d  > 

R/400E+40/40CO2d  > R/400/H2O > R/800/H2O > R0 > 

R/400/AIR > R/400/CO2 

Mechanizmy wi zania jonów Pb(II) na powierzchni w gli aktyw-

nych wi zane s  z obecno ci  ugrupowa  tlenowych. Wed ug Rao i in. 

(2008) wi zanie Pb(II) na polarnych funkcyjnych grupach (C=O, S=O, –

OH) na powierzchni w gli aktywnych odbywa si  zgodnie z dwoma me-

chanizmami [21]: 

Pb
2+

 + 2P
–
 ⇔ PbP2  (9) 

lub 

Pb
2+

 + 2HP
–
 ⇔ PbP2 + 2H

+
   (10) 

gdzie: 

P
–
 i HP

–
 to polarne grupy funkcyjne na powierzchni w gla [21].  
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wi tkowski i in. przebadali adsorpcj  o owiu na zasadowych 

oraz kwasowych w glach aktywnych i zaproponowali nast puj cy sche-

mat adsorpcji [25]: 

- na amfoterycznych i zasadowych w glach aktywnych: 

C: +Pb
2+

 → C : Pb
2+

 (Cπ-kation interakcje)  (11) 

- dodatkowo na zasadowych w glach aktywnych: 

C–OH + Pb
2+

 + 3H2O → COPbOH + 2H3O
+  

(12) 

C –O
-*

 + Pb
2+

 + 2H2O → C–O–PbOH + H3O
+
  (13) 

N: + Pb
2+

 + 2H2O → N-Pb(H)
+ 

+ H3O
+
  (14) 

- na utlenionym „kwa nym” w glu aktywnym: 

C–COOH + Pb
2+

 + H2O → C–O–COOPb
+
 + H3O

+  
(15) 

( C–COOH)2 + Pb
2+

 + 2H2O → ( C–COO)2Pb + 2H3O
+
  (16) 

C–OH + Pb
2+

 + H2O → C–OPb
+
 + H3O

+
  (17) 

Obok wymiany jonowej i kompleksowania o ów mo e by  usu-

wany na w glach w wyniku depozycji tlenków i wodorotlenków. 
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Rys. 4. Izotermy adsorpcji Pb(II) na modyfikowanych w glach z grupy R0 

W gle modyfikowane w piecu obrotowym, b) w gle modyfikowane na SEOW 

Fig. 4. Adsorption isotherms for Pb(II) on modified activated groups of R0, 

carbons modified in rotary furnace, b) carbons modified in SEOW 
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W zwi zku z przedstawionymi mechanizmami adsorpcji jonów 
o owiu przebadano liczba grup funkcyjnych metod  Bohema (tabela 2). 
Mo na zauwa y , e ró norodno  mechanizmów odpowiedzialnych za 
adsorpcj  o owiu nie pozwala na jednoznaczne okre lenie grup funkcyj-
nych, które maj  determinuj cy wp yw na skuteczno  adsorpcji jonów 
o owiu. W giel aktywny adsorbuj cy najwi cej jonów o owiu charakte-
ryzuje si  du  (ale nie najwi ksz ) liczb  grup kwasowych, a jedn  
z ni szych grup zasadowych. Uszeregowanie w gli aktywnych ze wzgl -
du na ilo  grup zasadowych lub kwasowych nie pokrywa si  z uszere-
gowaniem ze wzgl du na pojemno ci adsorpcyjne w odniesieniu do jo-
nów o owiu. Przedstawione ró norodne mechanizmy adsorpcji o owiu 
powoduj  brak mo liwo ci oceny w gli aktywnych tylko na podstawie 
np. liczba grup funkcyjnych.  

Tabela 2. Liczba grup funkcyjnych na wyj ciowym i utlenionych w glach 
aktywnych oznaczanych metod  Bohema 
Table 2. The number of surface functional groups in initial R0 and modified 
activated carbon determined by means of the Boehm method 

W giel 

Grupy funkcyjne, mmol/g

pK pK pK pK B A 

<
6

,3
7

 

6
,3

7
–

1
0

,7
5

 

1
0

,7
5
–

1
5

,7
4

 

1
5

,7
4
–

2
0

,5
8

 

za
sa

d
o
w

e 

k
w

as
o

w
e 

R0 0,063 0,12 0,409 0,021 0,434 0,592 

R/400E/40AIRg d 0,190 0,084 0,341 0,068 0,356 0,615 

R/400E+/40AIRg  0,156 0,098 0,330 0,000 0,366 0,584 

R/400E/80CO2g d 0,135 0,146 0,288 0,029 0,332 0,569 

R/400E+80/80CO2d 0,097 0,130 0,287 0,008 0,480 0,514 

R/400/40CO2d 0,168 0,028 0,358 0,000 0,330 0,554 

R/400E+40/40CO2d 0,134 0,146 0,307 0,006 0,407 0,586 

R/400/CO2 0,128 0,030 0,369 0,081 0,394 0,527 

R/400/AIR 0,238 0,114 0,393 0,000 0,563 0,745 

R/400/H2O 0,213 0,075 0,392 0,000 0,351 0,680 

R/800/CO2 0,056 0,000 0,150 0,108 0,442 0,206 

R/800/H2O 0,000 0,042 0,228 0,006 0,448 0,270 
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Modyfikacja w gli aktywnych na stanowisku SEOW jest nie tyl-
ko bardziej skuteczna, ale równie  kilkakrotnie mniej energoch onna 
w porównaniu z wysokotemperaturow  modyfikacj  w piecu obrotowym 
[14]. Inn  zalet  jest brak istotnej zmiany wielko ci powierzchni w a ci-
wej w wyniku takiej modyfikacji, co jest korzystne poniewa  cz sto 
oprócz jonów np. metale ci kie w roztworach znajduj  si  równie  nie-
zdysocjowane zwi zki organiczne (tabela 3). 
 
Tabela 3. Powierzchnia w a ciwa wyj ciowego i modyfikowanego w gla 
aktywnego R0  
Table 3. The surface area of initial R0 and modified activated carbon 

P
ar

am
et

r 

R
0
 

R
/4

0
0
E

I/
4
0
A

IR
d

g
 

R
/4

0
0
E

I+
4
0
/4

0
A

IR
d

g
 

R
/4

0
0
E

I/
4
0
C

O
2
d

 

R
/4

0
0
E

I+
4
0
/4

0
C

O
2
d

 

R
/4

0
0
E

I/
8
0
C

O
2
d

g
 

R
/4

0
0
E

I+
8
0
/8

0
C

O
2
d

 

Powierzchnia w a ciwa 
SBET, m

2
/g 

890 905 915 914 907 902 938 

3.3. Izotermy adsorpcji 

Otrzymane wyniki adsorpcji o owiu na wyj ciowym i utlenionych 
w glu aktywnych opisano równaniami izotermy Freundlicha i Langmui-
ra. Sta e izoterm Frendlicha i Langmuira mo na uzyska  z prostolinio-
wych postaci równa . W przypadku izotermy Langmuira istnieje 5 ró -
nych prostoliniowych postaci (4–8). Sta e otrzymane z tych zale no ci 
ró ni  si  mi dzy sob . Równie  wspó czynniki korelacji nie s  jedna-
kowe. Najlepsze dopasowanie wyników (najwy szy R

2
) otrzymano dla 

prostoliniowej postaci I, II i V izotermy Langmuira. Najwy sze warto ci 
wspó czynnika Qm, a najni sze KL otrzymano dla zale no ci II i IV tej 
izotermy. Porównano dopasowanie izotermy Freundlicha i Langmuira do 
uzyskanych wyników pomiarowych i stwierdzono, e izoterma Langmui-
ra lepiej je opisuje, szczególnie gdy do wyznaczenia sta ych wykorzystu-
je si  prostoliniow  form  I (zale no  1/Q od 1/Ce), II (zale no  Ce/Q 
od Ce) lub IV (zale no  Q/Ce od Q). 
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Tabela 4. Parametry równa  izoterm Langmuira i Freundlicha dla 

modyfikowanych w gli aktywnych w piecu obrotowym 

Table 4. Coefficients equations of Freundlich and Langmuir for the carbons 

modified in rotary furnace 

Parametr 

W giel aktywny 
R

 

R
/4

0
0
/H

2
O

 

R
/8

0
0
/H

2
O

 

R
/4

0
0
/C

O
2
 

R
/8

0
0
/C

O
2
 

 R
/4

0
0
/A

IR
 

Izoterma Langmuira 

Forma I 
KL, m

3
/mmol 

Qm, mmol/kg 

R 

 

0,0438

53,76 

0,992 

 

0,0338

76,92 

0,987 

 

0,0352

69,44 

0,991 

 

0,0748

30,86 

0,998 

 

93,46 

0,0378 

0,989 

 

0,0519 

45,45 

0,984 

Forma II 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0400

56,5 

0,998 

 

0,0297

82,64 

0,993 

 

0,0266

79,37 

0,995 

 

0,0372

38,02 

0,998 

 

105,26 

0,03 

0,994 

 

0,0380 

51,28 

0,998 

Forma III 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0421

55,46 

0,922 

 

0,0341

77,99 

0,885 

 

0,0329

73,12 

0,905 

 

0,0577

34,27 

0,901 

 

0,0367 

96,28 

0,905 

 

0,0464 

48,1 

0,930 

Forma IV 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0388

57,37 

0,922 

 

0,0302

82,85 

0,885 

 

0,0298

76,80 

0,905 

 

0,0519

35,38 

0,901 

 

0,0332 

101,54 

0,905 

 

0,0431 

49,57 

0,930 

Forma V 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0427

54,69 

0,992 

 

0,0317

80,96 

0,987 

 

0,034 

71,18 

0,991 

 

0,0732

31,13 

0,988 

 

0,0359 

97,31 

0,989 

 

0,0521 

45,18 

0,995 

Izoterma Freundlicha 

KF, mmol/kg 

1/n 

R
2 

4,99 

0,46 

0,917 

4,72 

0,56 

0,946 

4,50 

0,55 

0,925 

4,54 

0,38 

0,948 

5,37 

0,60 

0,965 

4,85 

0,44 

0,880 
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Tabela 5. Parametry równa  izoterm Langmuira i Freundlicha dla w gli 

modyfikowanych na stanowisku SEOW 

Table 5. Coefficients equations of Freundlich and Langmuir for the carbons 

modified carbons modified in SEOW 

Parametr 

W giel aktywny 

R
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Izoterma Langmuira 

Forma I 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0496 

90,91 

0,999 

 

0,0454 

81,30 

0,997 

 

0,0489 

85,4700

0,968 

 

0,0524 

78,125 

0,998 

 

0,0535 

74,07 

0,995 

 

0,0471 

67,11 

0,994 

Forma II 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0361 

109,89 

0,995 

 

0,0327 

99,01 

0,996 

 

0,0349 

104,17 

0,997 

 

0,0330 

103,09 

0,996 

 

0,0317 

99,01 

0,996 

 

0,0289 

86,95 

0,994 

Forma III 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0420 

102,14 

0,962 

 

0,0366 

94,05 

0,945 

 

0,0400 

97,67 

0,970 

 

0,0389 

95,68 

0,957 

 

0,0383 

92,44 

0,937 

 

0,0367 

78,61 

0,908 

Forma IV 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0404 

104,28 

0,962 

 

0,0346 

97,05 

0,945 

 

0,0389 

99,23 

0,970 

 

0,0372 

97,90 

0,957 

 

0,0359 

95,64 

0,937 

 

0,0333 

82,47 

0,908 

Forma V 
KL, m

3
/mmol 

Qm, mmol/kg 

R
2
 

 

0,0486 

92,52 

0,999 

 

0,0459 

80,37 

0,998 

 

0,0486 

85,96 

0,997 

 

0,0507 

80,44 

0,998 

 

0,0525 

75,02 

0,995 

 

0,0463 

67,91 

0,994 
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Tabela 5. cd. 

Table 5. cont. 

Parametr 

W giel aktywny 

R
/4

0
0
E

/4
0
A

IR
g

d
 

R
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0
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+
4
0
/A

IR
g

 

R
/4

0
0
E

/8
0
C

O
2
g

d
 

R
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0
E

+
8
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0
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R
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0
0
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0
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R
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0
0
E

+
4
0
/4

0
C

O
2
d

 

Izoterma Freundlicha 

 
KF, mmol/kg 

1/n 

R
2
 

 

6,24 

0,60 

0,970 

 

5,49 

0,59 

0,963 

 

5,97 

0,59 

0,968 

 

5,73 

0,60 

0,972 

 

5,59 

0,58 

0,964 

 

4,95 

0,56 

0,968 

4. Podsumowanie 

Uzyskane wyniki bada  potwierdzi y istotny wp yw warunków 

prowadzenia procesu (temperatury i pH roztworu) na adsorpcj  jonów 

o owiu na w glu aktywnym ROW 08 Supra. W przypadku adsorpcji 

z roztworów o pH 2, 4 i 6 najwy sze pojemno ci uzyskano dla pH 6 (po-

nad 50 mmol/kg), a bardzo niskie gdy pH wynosi o 2 (oko o 

10 mmol/kg). Przebadano adsorpcj  z roztworu o temperaturze 20, 30 

i 40°C i stwierdzono, e im wy sza temperatura tym wi ksza skutecz-

no  adsorpcji. 

Przedstawiona w pracy modyfikacja w gli aktywnych mo e mie  

wp yw na adsorpcj  Pb (II). Obie metody modyfikacji w gla podane 

w pracy (sposób konwencjonalny w piecu obrotowym i przy u yciu elek-

trycznego ogrzewania w gla na stanowisku SEOW) maj  pozytywny 

wp yw na wielko  adsorpcji Pb (II). Spo ród wielu sposobów modyfi-

kacji najkorzystniejsza ze wzgl du na adsorpcj  jonów Pb(II) jest mody-

fikacja podczas elektrycznego ogrzewania w gla do 400
o
C i ch odzeniu 

powietrzem w ilo ci 40 dm
3
/h (R/400E/40AIRg d). Wszystkie otrzymane 

sorbenty w wyniku modyfikacji na stanowisku SEOW charakteryzowa y 
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si  zwi kszon  adsorpcj  Pb(II). W przypadku modyfikacji w piecu ob-

rotowym wy sze pojemno ci adsorpcyjne uzyskano tylko dla niektórych 

w gli aktywnych (modyfikowanych w 800
o
C). 

Praca zosta a przygotowana w ramach Bada  statutowych 

BS_PB- 401-301-12. 
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Adsorption of Lead on ROW 08 Supra  
Modified Activated Carbon 

Abstract 
The presented work is aimed at comparing two types of gaseous 

modification: conventional with the use of external source of energy (heat) and 
originally developed method with Joule heat generated during the flow of 
electrical current through a carbon bed. Conventional modification of ROW 08 
Supra activated carbon was conducted in a rotary furnace in the atmosphere of 
(1) steam and carbon dioxide at temperature of 400 and 800°C and (2) air at the 
temperature of 400°C. The modification of activated carbon in the electric 
heating experimental system (referred to as SEOW) occurred in the process of 
heating of activated carbon during the flow of electric current through the 
carbon bed up to 400°C, followed by cooling down with the air or carbon 
dioxide. Both methods for modification of activated carbons allowed for 
increasing adsorption capacity towards ions Pb(II). The advantage of heating 
the activated carbon with the electric heating experimental system (SEOW) 
required far less energy than in case of conventional method (up to many fold). 

In case of modified carbon ROW 08 Supra, the increased adsorption 
efficiency was obtained for coals modified at 800°C and the carbon modified at 
400°C with the participation of water vapor. As a result of modification of the 
SEOW carbons for all analyzed activated carbons, the adsorption percentage 
increased. Among all the modified activated carbon, the highest adsorption 
capacity has been given to carbon modified to SEOW through heating it to 
400°C and air cooling as well.  

The results are described by the means of Freundlich and Langmuir 
isotherm. In order to determine the coefficients of Langmuir isotherm, five 
different rectilinear forms were used. Among the analyzed issues the best fit to 
the experimental results obtained for the I Langmuir isotherms (the highest 
values of the coefficients R2).  
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The impact of pH and temperature on the effectiveness within the 

adsorption solution of Pb (II) was also analyzed. The most effective adsorption 

of lead from solutions of pH 2, 4, and 6 occurred at the highest pH, but the 

differences between the adsorption solution at pH 6 and pH 8 has been low. 

Within the adsorption from solutions having a pH of 2 a very little adsorption of 

lead was observed. Furthermore the size of adsorption of solutions at 20, 30 and 

40°C was analyzed as well. What has been found is that through increasing the 

temperature the efficiency of the adsorption process within Pb (II) is raised.  

 

S owa kluczowe:  
adsorpcja, o ów, izoterma Langmuira 

Keywords: 
adsorption, lead, Langmuir isotherm 
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Problem z Ziemi  polega  

na tym, e jaki  czas temu  

przestano j  produkowa  

Mark Twain 

1. Wst p 

Odkrycie oraz poznanie w a ciwo ci promieniotwórczo ci w la-

tach trzydziestych XX w. umo liwi o wykorzystanie jej mi dzy innymi 

w medycynie. Funkcjonowanie w ochronie zdrowia podmiotów medycy-

ny nuklearnej powoduje „korzystanie ze rodowiska”, które oprócz obo-

wi zków prawnych, zwi zane jest z konieczno ci  ponoszenia okre lo-

nych kosztów ochrony rodowiska. Warunkiem cz onkostwa w Unii Eu-

ropejskiej – UE by o dostosowanie polskiego systemu prawnego do ob-

owi zuj cego prawa unijnego we wszystkich dziedzinach – acquis com-

munataire, b d cych fundamentem zrównowa onego rozwoju, opieraj -

cym si  na: 

• dzia aniach zapobiegawczych, 

• likwidacji powsta ych szkód w rodowisku, zw aszcza u róde  ich 

powstawania oraz 

• zasadzie pokrywania kosztów szkód przez sprawc . 
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Akcesja do UE wzmog a zainteresowanie si  problematyk  sze-

roko rozumianego bezpiecze stwa [21] podmiotów medycyny nuklearnej 

oraz wp ywu na rodowisko. Umiej tno  skutecznego procesu progno-

zowania, projektów wiadczonych us ug zdrowotnych, daje kadrze me-

dycznej mo liwo  dokonywania racjonalnych wyborów procesów dia-

gnostyczno-terapeutycznych. Natomiast, podstaw  procesu ochrony ra-

diologicznej w diagnostyce aparaturowe i rodowiska naturalnego 

w wiadczeniu us ug zdrowotnych, jest post powanie zgodne z aktualn  

wiedz  oraz budow  kompleksowych systemów bezpiecze stwa poprzez: 

• uzasadnienie nara enia – prognozowana korzy  zdrowotna powinna 

by  wi ksza ni  ewentualne skutki uboczne,  

• optymalizacj  procesu wykorzystania w a ciwo ci izotopów promie-

niotwórczych oraz 

• limitowanie dawek indywidualnych. 

 

Szpital jako miejsce diagnostyki oraz leczenia, jest równie  miej-

scem powstawania ró nych zagro e .  

Celem artyku u jest identyfikacja róde  zagro e  i czynników 

determinuj cych bezpiecze stwo stanowisk pracy w podmiotach medy-

cyny nuklearnej. Od sposobu w jaki zostanie przeprowadzona ocena, 

zale y skuteczno  funkcjonuj cego w szpitalach publicznych (podmio-

tach medycyny nuklearnej) systemu zarz dzania ochron  rodowiska, 

a w szczególno ci ochrona ycia i zdrowia pracowników – life and health 

of wolkers. 

Badaniom poddano prób  8 975 (7,33% ogó u lekarzy), z 104 

(20,43% ogó u szpitali publicznych) wybranych z bazy adresowej RE-

GON
1
, funkcjonuj cych w trzech, losowo wybranych województwach 

warmi sko-mazurskim, pomorskim oraz wielkopolskim (18,75% ogó u 

województw), oznaczonych w dalszych rozwa aniach, analogicznie, jako 

A, B, oraz C, w okresie od stycznia 2007r. do grudnia 2011r. (w przyj -

tych cyklach rocznych), za pomoc  autorskiego kwestionariusza. Na 250 

ankiet wys anych, otrzymano zwrotnie 203 poprawnie wype nionych 

ankiet. Bior c pod uwag  relatywnie wysok  zwrotno  na poziomie 

81,20% oraz to, e struktura zarówno zbiorowo ci respondentów, jak 

i podmiotów publicznych jest zbli ona, mo na stwierdzi , i  uzyskane 

                                                 
1 509 szpitali publicznych bez MON oraz MSW: Stan na dzie  31.12.2007r. 
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wyniki badania ankietowego s  reprezentatywne dla ca ej populacji szpi-

tali publicznych w Polsce, przynajmniej w zakresie ujawnionym w reje-

strze REGON. Populacja badanych jest zgodnie z za o eniami procedury 

badawczej – podobna, aczkolwiek odnotowano tylko niewielkie ró nice 

w liczebno ci szpitali publicznych, b d cych wynikiem przemian 

w ochronie zdrowia. 

2. Identyfikacja ryzyka w procesie wiadczenia us ug  
z zakresu medycyny nuklearnej 

Identyfikacja zagro e  – identification of risks mo e odbywa  si  

na podstawie istotnych informacji zgromadzonych w procesie wywiadu 

rodowiskowego. O ryzyku w procesie diagnostyczno-terapeutycznym 

mówimy wówczas, kiedy jednoznacznie mo na okre li  istniej ce zagro-

enia oraz oszacowa  prawdopodobie stwo wyst pienia. W przeciwnym 

wypadku – kiedy jeden lub oba z ww. elementów s  nieznane – mamy do 

czynienia z niepewno ci  [14]. Poj cie ryzyka jest wykorzystywane 

w analizie sytuacji decyzyjnych, których przysz y rezultat nie jest znany, 

lecz istniej  przes anki do przewidywania mo liwych i prawdopodob-

nych stanów rzeczy [19]. Takie podej cie wydaje si  mie  równie  zasto-

sowanie do analizy sytuacji decyzyjnych w procesie wiadczenia us ug 

z zakresu diagnostyki radiologicznej. Wykorzystuj c dost pne dane, do-

wiadczenie oraz wiedz  uczestników zespo u diagnostyczno-terapeu-

tycznego, mo na przewidywa  pewne stany rzeczy i korzystaj c z tej 

wiedzy kszta towa  rzeczywisto  w sposób pozwalaj cy na redukcj  

ryzyka w ró nych jego aspektach. Aby jednak ogranicza  ryzyko [13], 

nale y je najpierw zdefiniowa  – ustali  czym jest, jakie s  jego ród a 

zarówno dla samego prosumenta jak i rodowiska naturalnego, w których 

elementach systemu mo e si  pojawi  i zak óci  jego funkcjonowanie. 

Ocena ryzyka w procesie wiadczenia us ug z zakresu medycyny nukle-

arnej przebiega w nast puj cych etapach:  

• identyfikacja zagro enia,  

• korzy  zdrowotna-skutki uboczne, 

• ocena nara enia oraz  

• charakterystyka wyst puj cego ryzyka.  
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Pierwszym etapem w ocenie ryzyka jest identyfikacja zagro e , 

która pozwoli okre li  kategorie ryzyka. Analizuj c te kwesti , nale y 

bra  pod uwag  istot  systemu szpitalnego, w tym przypadku pracowni 

medycyny nuklearnej, zadania jakie ma realizowa  oraz wyst puj ce 

w nim ograniczenia. Ryzyko procesu wiadczenia us ug diagnostyczno-

terapeutycznych z punktu widzenia istotnych zagro e , nale y rozpatry-

wane jako ryzyko:  

• ludzkie, rozumiane jako utrata zdrowia – cierpienie fizyczne oraz psy-

chiczne spowodowane przez istotne zdarzenia wyst puj ce w procesie 

wiadczenia us ug diagnostyczno-terapeutycznych,  

• rodowiskowe, rozumiane jako presja systemu oddzia ów medycyny 

nuklearnej na rodowisko naturalne – emisje zwi zane np. z procesa-

mi unieszkodliwiania odpadów radioaktywnych lub niekontrowan  

emisj  odpadów do rodowiska oraz  

• finansowe, rozumiane jako zmiana kosztów funkcjonowania systemu, 

czyli koszty gromadzenia odpadów, transportu oraz unieszkodliwiania 

ponadto, koszty spraw odszkodowawczych.  

 

Wiedza o ryzyku wyst puj cym w procesach wiadczenia us ug 

z zakresu medycyny nuklearnej, pozwala na odpowiednie kszta towanie 

systemu, tak aby poziom bezpiecze stwa osi gn  akceptowalny poziom. 

W niniejszych rozwa aniach przyj to, e wiedza w po czeniu ze staty-

stykami dotycz cymi jako ci funkcjonowania pracowni radiologicznych, 

jest kluczem do redukcji ryzyka decyzyjnego, we wszystkich jego aspek-

tach – rodowiskowym, ludzkim oraz ekonomicznym.  

3. Zarz dzanie ryzykiem medycznym w radiologii istot  
audytu klinicznego wiadczonych us ug 

Medyczna koncepcja ryzyka ukierunkowana jest na pierwotne 

i wtórne czynniki utrzymania ludzkiego ycia. O czynniku wyzwalaj -

cym ryzyko mo na mówi  wtedy, kiedy istnieje zwi zek mi dzy przy-

czyn  i skutkiem oraz kiedy ten zwi zek przyczynowy jest dostatecznie 

silny. Usuni cie przyczyny mo e spowodowa  niewyst pienie choroby 

lub z agodzenie jej przebiegu. Ustawa [17] definiuje ryzyko radiacyjne 

jako prawdopodobie stwo wyst pienia okre lonego szkodliwego efektu 

zdrowotnego w wyniku nara enia na promieniowanie jonizuj ce. Imple-
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mentacja istotnych elementów analizy ryzyka w audycie klinicznym [6] 

w ramach procedur radiologicznych przyczyni  si  mo e do wzrostu ja-

ko ci wiadczonych us ug, bezpiecze stwa pacjentów oraz redukcji od-

padów niebezpiecznych do rodowiska. 

Zarz dzanie ryzkiem oraz zapewnianie istotnej jako ci procesu 

wiadczonych us ug w pracowniach medycyny nuklearnej obejmuje ry-

zyko wyst puj ce na wszystkich etapach decyzyjnych, pocz wszy od 

momentu planowania, poprzez realizacj  poszczególnych subprocesów, 

a  do zako czenia wykonania us ugi. Agencja Atomistyki [15] zdefinio-

wa a nast puj ce rodzaje skutków pojawiaj cych si  b dów w realizacji 

procedur radioterapeutycznych: 

• incydent: niezamierzone wydarzenie inicjuj ce prekursory wypadków 

radiacyjnych i zagro e  – ród o szkodliwych konsekwencji punktu 

widzenia ochrony rodowiska lub bezpiecze stwa uczestników zda-

rzenia, 

• zagro enie: zdarzenie, które mo e nast pi  w wyniku sekwencji rze-

czywistych zdarze , ale nie dosz o do skutku ze wzgl du na panuj ce 

w tym czasie warunki, 

• wypadek radiacyjny: awarie urz dze  lub inne nieszcz liwe wyda-

rzenia, których nast pstwa s  istotne z punktu widzenia ochrony ro-

dowiska lub bezpiecze stwa i skutków zdrowotnych dla pacjenta. 

 

Jako uzupe nienie powy szej stratyfikacji nale y równie  przyto-

czy  definicje medycznego wypadku radiologicznego [18] dla wszyst-

kich rodzajów ekspozycji medycznej: 

• medycznym wypadkiem radiologicznym w radioterapii jest w szcze-

gólno ci niezamierzona ró nica mi dzy ca kowit  przepisan  dawk  

promieniowania jonizuj cego a dawk  rzeczywi cie zaaplikowan  

w trakcie ca ego cyklu radioterapii, zwi kszaj ca ryzyko powik a  

u pacjenta, z utrat  ycia w cznie, lub spadku wyleczalno ci. 

• wypadkiem w radioterapii jest równie  napromienienie niew a ciwego 

pacjenta, a tak e b dna anatomicznie lokalizacja obszaru napromie-

nienia oraz niew a ciwy rozk ad dawki, w tym przy u yciu nieprawi-

d owego typu wi zki lub energii wi zki oraz niew a ciwego produktu 

radiofarmaceutycznego, a tak e niew a ciwe frakcjonowanie, je eli 

prowadz  one do nieosi gni cia za o onych efektów terapeutycznych 

lub odleg ych w czasie ci kich nast pstw zdrowotnych. 
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Podstawow  form  zabezpieczenia przed pojawianiem si  niekon-

trolowanych zdarze  radiacyjnych w procesie wiadczenia us ug radiolo-

gicznych, jest stworzenie oraz regularne aktualizowanie mi dzynarodo-

wych wytycznych opartych na zasadach „medycyny opartej na faktach” – 

evidence based medicine – EBM wraz z wymaganiami dla sprz tu oraz 

kontroli dozymetrycznej. Standardy post powania, wytyczne oraz procesy 

nadzoru i kontroli powinny by  weryfikowane przez niezale ne profesjo-

nalne, multidyscyplinarne zespo y partycypuj ce w tych procedurach [10].  

4. Instrumenty procesu redukcji ryzyka zagro e  
rodowiskowych 

System zarz dzania rodowiskowego zgodnego z norm  ISO 
14001:2005, to istotna cz  kompleksowego systemu zarz dzania, obej-
muj ca struktur  organizacyjno-funkcjonaln , odpowiedzialno , zasady 
post powania, procedury, procesy wdra ania i utrzymywania polityki ro-
dowiskowej oraz zarz dzania pracowniami radiologicznymi, obejmuj ce 
szeroko rozumian  ochron  rodowiska z równoczesnym zachowaniem 
jako ci i ekonomiki procesu wiadczenia us ug z zakresu medycyny nu-
klearnej. Idea zarz dzania rodowiskowego bardziej motywuje ca o  per-
sonelu ni  komercyjne aspekty zwi zane z systemami zapewnienia jako ci 
[8]. Wymaga to jednak od kadry postawy dowodz cej, e dba o  o ro-
dowisko jest cz ci  strategii oraz ocen  oddzia ywa  na obecny i przysz y 
stan rodowiska naturalnego. Ponadto, bie ce analizy cyklu ycia proce-
sów (diagnostyczno-terapeutycznych) pozwalaj  na uzyskanie istotnych 
informacji na temat róde  najwi kszych zagro e  rodowiskowych [1] 
oraz mo liwo ci wdro enia dzia a  naprawczo-zapobiegawczych – reduk-
cji ryzyka decyzyjnego w procesie wiadczenia us ug. Celem wdro enia 
kompleksowego systemu ochrony rodowiska opartego na normach ISO 
serii 14000, jest zapewnienie bezpiecznego stosowania róde  promienio-
twórczych przy jak najmniejszym i mo liwym do zaakceptowania pozio-
mie ryzyka dla pacjentów oraz rodowiska naturalnego. 

Natomiast implementacja zasad kultury ochrony radiologicznej to 
nie tylko poprawa bezpiecze stwa personelu szpitalnego, ale równie  
poprawa poczucia bezpiecze stwa pacjentów: Kultura ochrony radiolo-
gicznej to sposób, w jaki ochrona radiologiczna jest regulowana, zarz -
dzana, wykonywana, kultywowana i postrzegana w miejscach pracy, me-
dycynie i yciu codziennym i odzwierciedla nastawienie, wierzenia, zro-
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zumienie, cele i warto ci wspólne, uznawane przez pracowników, leka-
rzy, inspektorów i ogó  spo ecze stwa, w odniesieniu do ochrony radio-
logicznej [9].  

Do kultury ochrony radiologicznej odnosz  si  tak e ogólne zasa-
dy kultury bezpiecze stwa, czyli zasady Deminga, wed ug których: w a-
ciwi ludzie, wykonuj  w a ciwe rzeczy we w a ciwym czasie z w a ci-

wym nastawieniem i po uzasadnionych kosztach. Wizualizacj  definicji 
kultury bezpiecze stwa jest: „Sposób, w jaki post pujemy, kiedy nikt nie 
patrzy”. Natomiast Mi dzynarodowe Stowarzyszenie Ochrony Radiolo-
gicznej – International Radiation Protection Associacion – IRPA sformu-
owa o istotne zadania kszta tuj ce rozwój kultury ochrony radiologicz-

nej poprzez: 

• przejrzysto  istotnych zasad ochrony radiologicznej, 

• rozpowszechnianie wiedzy na temat ryzyka zwi zanego z ochron  
radiologiczn , 

• rozbudzenie poczucia odpowiedzialno ci w ród kadry zarz dzaj cej 
oraz medycznej za pacjenta oraz rodowisko naturalne,  

• zapewnienie jako ci oraz skuteczno ci ochrony radiologicznej, 

• wdro enia dzia a  na rzecz zwi kszenia poczucia procesu bezpiecze -
stwa prosumentów jak równie  rodowiska naturalnego. 

 
W niniejszych rozwa aniach przyj to, e wiedza na temat ochro-

ny rodowiska naturalnego oraz ochrony radiologicznej – wiadomo  
spo eczna, ewoluuje w czasie, podobnie jak inne zjawiska kulturowe. 
Podsumowuj c, kultura ochrony radiologicznej to ogó  wiedzy naukowej, 
technicznej, etycznej oraz zachowa  zgodnych z regu ami ograniczonego 
zaufania.  

Integracja programów ochrony rodowiska jako narz dzi proeko-
logicznej polityki oddzia ów medycyny nuklearnej pozwala na opraco-
wywane metod redukcji ilo ci oraz szkodliwo ci odpadów, kosztów in-
westycyjnych oraz eksploatacji systemu. 

5. Ubezpieczenie ekologiczne jako istotny instrument 
finansowy ochrony rodowiska naturalnego 

Pog biaj ca si  degradacja rodowiska naturalnego, spowodowa-
nego dzia alno ci  cz owieka wywo uje zauwa alne zmiany klimatyczne. 
Przeciwdzia anie procesowi destrukcji nast puje poprzez stosowanie ró -
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nego rodzaju instrumentów prawno-finansowych m.in. ubezpiecze  ekolo-
gicznych, których istotnym celem jest ochrona rodowiska naturalnego. 
W latach 80–90 ubieg ego wieku wprowadzono prawno-instytucjonalne 
rozwi zania okre laj ce formy oraz zakres odpowiedzialno ci cywilnej za 
straty oraz szkody rodowiskowe zawarte m.in. w ustawie: 

• japo skiej z 1988r. o kompensacji szkód zdrowotnych, 

• ameryka skiej z 1988 wprowadzaj cej system ubezpiecze  obowi z-
kowych, 

• niemieckiej ustawie z 1991 o odpowiedzialno ci cywilnej za oddzia-
ywania rodowiskowe (pe ny zakres szkód rodowiskowych b d -

cych wynikiem oddzia ywa  produkcyjnych) oraz regulacjach  

• prawnych Hiszpanii i Holandii precyzuj cych szczegó owo odpowie-
dzialno  cywiln  w dziedzinie gospodarowania materia ami niebez-
piecznymi oraz wszelkiego rodzaju odpadami [18]. 

 
Kwerenda literatury przedmiotu pozwoli a na przyj cie okre lenia, 

e odpowiedzialno  ekologiczna pracowni medycyny nuklearnej to rów-
nie  przeciwdzia anie tzw. ryzyku publicznemu – public hazard poprzez 
instrumenty ekonomiczne, które obliguj  do skutecznego wykorzystywa-
nia posiadanych zasobów poprzez uiszczanie dodatkowych op at za: 

• emisj  zanieczyszcze  do rodowiska – protokó  z Kioto (kraje cz on-
kowskie UE od 2012r. uiszczaj  kary za przekroczenie dopuszczal-
nych limitów np. CO2), 

• dokonywanie istotnych zmian w rodowisku naturalnym oraz 

• przekraczanie wymaga  ochrony rodowiska oraz 

• subwencje dla przedsi wzi  proekologicznych ponadto 

• ekologiczne op aty produktowe, jak równie  

• ubezpieczenia ekologiczne [22]. 
 
Ubezpieczenia ekologiczne s  istotnym instrumentem ekono-

miczno-finansowym, w przypadku zawierania kompleksowej umowy 
ubezpieczenia typu all risks jednoznacznie okre laj cych przedmiot 
ubezpieczenia. Natomiast w polskim systemie ubezpiecze  wy cza si  
szkody powsta e wskutek [12] oddzia ywania: 

• energii j drowej, promieni laserowych, promieniowania jonizuj cego, 
pola magnetycznego oraz elektromagnetycznego i ska enia radioak-
tywnego oraz 
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• powsta e wskutek powolnego dzia ania czynnika termicznego, che-

micznego, biologicznego i 

• wskutek oddzia ywania azbestu, formaldehydu lub dioksyn. 

 

Przeprowadzone autorskie badania
2
, analiza danych

3
 oraz aktów 

prawnych pozwala na przyj cie stwierdzenia, e w Polsce nie podejmuje 

si  kompleksowego rozwi zania problemu ubezpiecze  ekologicznych, 

natomiast: 

• proces zarz dzania ryzykiem ekologicznym nie jest traktowany jako 

jeden z elementów kompleksowego zarz dzania szpitalami publicz-

nymi – pracowniami medycyny nuklearnej – 38,3%, a 

• wykup polisy, to zdaniem kadry zarz dzaj cej szpitalami publicznymi 

– pracowni medycyny nuklearnej zb dny wydatek – 63,7%. 

 

W niniejszych rozwa aniach przyj to równie , e wyodr bnienie 

ubezpiecze  ekologicznych (w formie jednolitego aktu prawnego) mo e 

stanowi  podstaw  nie tylko spo ecznej odpowiedzialno ci pracowni 

medycyny nuklearnej, ale równie  co jest istotne – prawnej. Ponadto, 

kadra ca ego szpitala publicznego powinna kszta towa  standardy oraz 

budowa  goodwill a cucha proekologicznych warto ci wiadczonych 

us ug radiologicznych, uzupe niaj c go o edukacj  etyczn  oraz obywa-

telsk  [7] w zakresie ochrony rodowiska naturalnego. 

6. Rekomendacje i wnioski 

Poprawa jako ci, bezpiecze stwa procesu wiadczonych us ug 

z zakresu medycyny nuklearnej nale y prowadzi  w oparciu o monitoro-

wanie oraz dokonywanie pomiaru funkcjonowania m.in.: 

• wska ników jako ci,  

                                                 
2 Badania przeprowadzono na terenie województwa warmi sko-mazurskiego, pomor-

skiego oraz wielkopolskiego. Tematyka bada  obejmowa a spo eczno-ekonomiczne 

czynniki funkcjonowania 104 (20,43%) ogó u szpitali publicznych. Uzyskano równie  

istotne wypowiedzi w zakresie ochrony rodowiska naturalnego od 8975 cz onków 

kadry medycznej (7,33% ogó u zatrudnionych lekarzy) w okresie od stycznia 2007 do 

grudnia 2011roku. 
3 Dane KNUiFE za 2007r.: na OC 500mln PLN – 12% rynku ubezpiecze  dla firm, 

przeliczaj c to na zawarte umowy – 400 tys. (9%), gdzie np. OC pojazdów 25% rynku 

w uj ciu warto ciowym i oko o 28,6% w uj ciu zawartych umów. 
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• wyników audytów wewn trznych i zewn trznych – podstawa dzia a  

naprawczo-zapobiegawczych.  

 

Podmioty medycyny nuklearnej w swojej polityce rodowiskowej 

deklaruj  wiadczenie us ug radiologicznych, d c do zapewnienia wy-

sokiej jako ci, przy jednoczesnym cis ym respektowaniu zasad ochrony 

rodowiska. Powy sze dzia ania s  podejmowane poprzez: 

• przestrzeganie obowi zuj cych wymaga  prawnych w zakresie ochrony 

rodowiska, 

• wykorzystywanie wszelkich mo liwo ci korzystnego oddzia ywania na 

rodowisko, 

• zapobieganie zanieczyszczeniom, 

• zarz dzanie wytwarzanymi odpadami poprzez ograniczanie ich ilo ci, 

bezpieczne dla rodowiska ich magazynowanie oraz unieszkodliwianie 

oraz 

• zmniejszanie zu ycia no ników energii i 

• zach canie dostawców oraz podwykonawców do dzia a  zgodnych 

z wymogami ochrony rodowiska opartych na normach ISO serii 

14000a, 

• umiej tno  przewidywania jest istotnym elementem sukcesu uczestni-

ków interdyscyplinarnego zespo u diagnostyczno-terapeutycznego oraz 

zapewnienia zrównowa onego w oparciu o normy ISO 26000:2010 [2] 

porz dkuj ce obszar zrównowa onego rozwoju pracowni medycyny 

nuklearnej.  

 

W ramach procedur radiologicznych realizowane s  zadania z za-

kresu diagnostyki obrazowej i radiologii zabiegowej, szacowane s  czyn-

niki ryzyka zwi zane ze skutkami u ycia promieniowania jonizuj cego 

w stosunku do uzyskanych efektów diagnostyczno-terapeutycznych za-

równo dla pacjenta jak i rodowiska naturalnego. Ryzyko b du w reali-

zacji procedur radioterapeutycznych skutkuje efektami postradiacyjnymi, 

wp ywaj cymi w istotny sposób na jako  ycia i powoduj cymi zgon 

pacjenta jak równie  ska enie rodowiska naturalnego. W wyniku anali-

zy zdarze  oraz czynników stworzono mapy ryzyka, na podstawie któ-

rych WHO, opracowa a profil ryzyka dla ka dego etapu procedury radio-

terapeutycznej [16]: 
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• W pracowniach medycyny nuklearnej, bezpiecze stwo personelu sta-
nowi priorytetow  kwesti , niezb dna jest identyfikacja istotnych 
czynników zagro e  wyst puj cych na danym stanowisku pracy oraz 
konieczno  propagowania wiedzy na temat ryzyka zwi zanego z wy-
konywanymi procedurami oraz implementacj  istotnych dzia a  kory-
guj co-zapobiegawczych.  

• Wdro ony system zarz dzania rodowiskowego zgodny z norm  ISO 
14001:2005 jest strategicznym narz dziem w procesie redukcji wp y-
wu pracowni diagnostyczno-terapeutycznych na rodowisko. Ze 
wzgl du na istniej cy stan rodowiska oraz ograniczone zasoby natu-
ralne, konieczne wydaje si  dokonywanie ekologicznej analizy cyklu 
ycia procesów wiadczenia us ug z zakresu medycyny nuklearnej, co 

umo liwi sterowanie dzia aniami rodowiskowymi oraz kontrolowa-
nie funkcjonowania oddzia ów diagnostyki radiologicznej w obszarze 
ochrony rodowiska. 

 
W zwi zku z powy szym, celowe wydaje si  prowadzenie dal-

szych, interdyscyplinarnych bada  pozwalaj cych na szersze okre lenie 
skali zagro e  zwi zanych nie tylko z ochron  rodowiska, ale równie  
personelu w miejscu pracy poprzez powo anie zespo ów interdyscyplinar-
nych, których zadaniem by oby wypracowanie standardów oraz procedur 
przeciwdzia aj cych wyst powaniu negatywnych czynników psychofi-
zycznych na stanowiskach pracy w oddzia ach medycyny nuklearnej. 

7. Podsumowanie 

Ochrona rodowiska naturalnego w szpitalnych oddzia ach dia-
gnostyczno-terapeutycznych to ca okszta t dzia a  prowadz cych do za-
pobiegania nara aniu na promieniowanie jonizuj ce personelu oraz pa-
cjentów m.in. poprzez:  

• licencjonowanie oraz nadzór dzia alno ci medycznej zwi zanej z na-
ra eniem na promieniowanie jonizuj ce i  

• ograniczaniu nara enia na to promieniowanie.  
 
Wynika to m.in. z w a ciwo ci poszczególnych w a ciwo ci sub-

stancji promieniotwórczych, gdzie podczas procesu diagnostyczno-
terapeutycznego dochodzi do uszkodzenia DNA obecnego w czynnikach 
chorobotwórczych. Reakcja organizmu pacjentów uwarunkowana jest 
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przenikalno ci  promieniowania oraz cech osobniczych, takich jak np.: 
wiek, p e , wra liwo  osobnicza, równowaga hormonalna i inne [11].  

Post p technologiczny w zakresie aparatury diagnostyczno-

terapeutycznej sprawi , i  ryzyko ska enia rodowiska jest skutecznie 

redukowane poprzez wdra anie rekomendacji Mi dzynarodowej Komisji 

Ochrony Radiologicznej – International Commmission of Radiological 

Protection – ICRP oraz wytycznych MAEA. Istotnym czynnikiem zagro-

enia jest równie  promieniowanie rozproszone, zwi kszaj ce ryzyko 

uszkadzania tkanek zdrowych osób przemywaj cych w zasi gu dzia ania 

np. powstawania za my [4]. Metody oraz techniki ochrony radiologicz-

nej stosowanej aparatury diagnostyczno-terapeutycznej ró ni  si  w za-

le no ci od rodzaju oraz róde  [20] promieniowania, oparte s  m.in. na:  

• wykorzystywaniu nowoczesnych rozwi za  konstrukcyjnych w dzie-

dzinie radiologii,  

• skutecznym korzystaniu ze rodków indywidualnej ochrony osobistej,  

• ustaleniu oraz przestrzeganiu indywidualnych dawek dla personelu, 

• wymaganiach aktualnie obowi zuj cych przepisów oraz wyznaczaniu 

osoby odpowiedzialnej za audyt radiologiczny podmiotów. 

 

Na podstawie analizy uzyskanych odpowiedzi stwierdzono rów-

nie , e do podstawowych celów realizowanych przez badane oddzia y 

medycyny nuklearnej nale y równie : 

• ograniczenie zu ycia zasobów naturalnych – w a ciwe, odpowiedzial-

ne sk adniki – responsible ingredients w procesie wiadczenia us ug 

z zakresu diagnostyki obrazowej, 

• zmniejszenie emisji zanieczyszcze  do powietrza, jako wynik moder-

nizacji instalacji, 

• ograniczenie ilo ci odpadów poprzez wprowadzenie np. cyfrowej ob-

róbki obrazów. 

 
Natomiast skuteczno  realizowania celów oraz zada  rodowi-

skowych jest relatywnie niska. Poddano analizie 65 zaplanowanych ce-
lów w okresie 2007–2010 – 70% zrealizowano, co wiadczy o braku sku-
tecznego zarz dzania w zakresie ochrony rodowiska oraz niezrozumie-
niu wymaga  normy ISO 14001 (pomimo posiadania certyfikatu); 21% 
celów nie zosta o zrealizowanych ze wzgl du na brak rodków finanso-
wych, a 9% niezrealizowanych celów zosta o okre lonych jako trudne do 
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realizacji. Stwierdzono równie , e cele bardzo cz sto s  mylone z zada-
niami (co równie  wiadczy o braku zrozumienia normy) oraz e oddzia-
y diagnostyczno-terapeutyczne – szpitale publiczne, cho  deklaruj  brak 
rodków finansowych, nie wykazuj  jednocze nie potrzeby pozyskiwania 
rodków na realizacj  celów oraz zada  z zewn trznych róde  finanso-

wania np. poprzez uczestnictwo w PPP [3].  
Wyniki bada  wskazuj , e najni sze efekty rodowiskowe 

(mniejsze od planowanych) uzyskano w zakresie redukcji odpadów nie-
bezpiecznych, oraz ilo ci odprowadzanych cieków, najlepsze natomiast 
w obni aniu emisji zanieczyszcze  do powietrza. Zmniejszenie zu ycia 
energii, wody i ciep a w ci gu roku by o wi ksze od planowanego. 
W zale no ci od szpitala publicznego, op aty rodowiskowe zmniejszy y 
si  o 4,6%, a op aty eksploatacyjne zmala y o 6,8% natomiast 31% zade-
klarowa o, ze wdro enie systemu zarz dzania rodowiskowego zwi k-
szy o ich obci enie finansowe do 18%, co jest spowodowane g ównie 
kosztami realizacji zada  rodowiskowych i op atami za audyty nadzoru. 
Badanie ankietowe wykaza o, e: 

• 89% szpitali publicznych poza systemem zarz dzania rodowiskowe-
go ma wdro one równie  inne systemy (najcz ciej zarz dzania jako-
ci  wed ug ISO 9001:2008), 

• 14% nie przestrzega obowi zku zg oszenia si  w odpowiednim termi-
nie do jednostki certyfikuj cej w celu przeprowadzenia audytu kon-
trolnego, potwierdzaj cego poprawne funkcjonowanie systemu i zgo-
dno  z wymaganiami (17,4 % podmiotów, które wdro y y system 
przed 2003 r., nie ma przeprowadzonego audytu nadzoru), 

• oddzia y medycyny nuklearnej deklaruj , e nieuzyskanie zamierzo-
nych efektów rodowiskowych zwi zane jest przede wszystkim z bra-
kiem rodków finansowych, ale jednocze nie tylko 29,7 % z nich wy-
st pi o o rodki finansowe do instytucji zewn trznych (wi kszo  je 
otrzyma a – by y to g ównie dotacje). 

 
Podsumowuj c badania, stwierdzono, e systemy zarz dzania ro-

dowiskowego wdro one w szpitalach publicznych s  ma o efektywne oraz 
wymagaj  podj cia dzia a  koryguj cych. Bardzo niepokoj cy jest brak 
troski o utrzymanie certyfikatu (brak audytów nadzoru), jak równie  niska 
aktywno , je eli chodzi o pozyskiwanie rodków finansowych. Przyk ad 
29,7% szpitali, które zdecydowa y si  na poszukiwanie finansowania ze-
wn trznego wskazuje relatywnie wysok  skuteczno  takich dzia a . 
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Analiza uzyskanych wyników wykaza a, e jednym z istotnych 

problemów zwi zanych z wyst powaniem czynników szkodliwych 

w pracowniach diagnostyczno-terapeutycznych – rodowisku pracy jest 

nie tylko brak nale ytej uwagi, jak  szpitalna kadra zarz dzaj ca zwraca 

na ocen  ska enia radiologicznego oraz zasady doboru indywidualnych 

rodków ochrony radiologicznej, ale tak e niska wiadomo  personelu 

odno nie zagro e  wyst puj cych w miejscu pracy. Ma to szczególne 

znaczenie ze wzgl du na fakt, i  coraz powszechniej pojawiaj  si  zagro-

enia nowe, poza biologicznymi, chemicznymi i fizycznymi.  

Natomiast brak standardów radiologicznych spójnych ze standar-

dami ska e  substancjami chemicznymi, prowadzi do istotnego spadku 

zaufania prosumentów.  

Ponadto, przeprowadzone badania wskazuj  równie , e zdanie to 

podziela wi kszo  przedstawicieli rodowiska medycznego. Stwierdzaj  

oni tak e, e stan dostosowania podmiotów ochrony zdrowia do wyma-

ga  dyrektyw UE wdra anych do polskiego prawa jest na ogó  relatyw-

nie wysoki. 
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Management Instruments in Environmental Protection 

Abstract 
The article presents the instruments for the assessment of environmental 

protection – the risk of nuclear medicine in the entities. Streamlining of pro-

cesses in health care entities is the determinant of the concept of process man-

agement. It is based on the implementation of significant changes in the course 

of diagnostic and therapeutic processes, which result in their efficiency is raised 

(a measure of the cost and time), flexibility (the ability to process an adequate 

response of the body of the patient). Analyses show that the implementation of 

a comprehensive process approach to risk management and environmental pro-

tection can bring many tangible benefits to operators of nuclear medicine. 

Where the process of elimination of risk is not possible, they should be restrict-

ed, and the risk of residual control. Development of systems for environmental 

protection and risk assessment is never ending – is doomed to evolution. Factor 

causing this situation is the fact that they reflect the diagnostic and therapeutic 

subprocesses managing the process of providing medical services, they are also 

an expression of the attitude of the medical community conditioned the current 

state of knowledge. 
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oczyszczalni cieków 
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Politechnika Bia ostocka 

1. Wst p 

Wed ug danych G ównego Urz du Statystycznego w 2013 roku 

z sieci wodoci gowej korzysta o 76,6% ludno ci wsi, a z sieci kanalizacyj-

nej zaledwie 30,9% [5]. Niski stopie  skanalizowania terenów niezurbani-

zowanych, przy jednocze nie wysokim stopniu zwodoci gowania, stwarza 

istotne zagro enie dla rodowiska, a tak e pogarsza warunki yciowe ludno-

ci [22]. Stwarza równie  bariery w rozwoju tych terenów [13].  

Przyjmuje si , e budowa sieci kanalizacyjnej jest uzasadniona fi-

nansowo i technicznie, gdy  na 1 km jej d ugo ci przypada nie mniej ni  120 

osób, a w szczególnych okoliczno ciach nie mniej ni  90 [17]. W pozosta-

ych przypadkach nale y stosowa  kanalizacj  bezodp ywow  lub oczysz-

cza  cieki w miejscu ich powstania za pomoc  przydomowych oczysz-

czalni cieków. Sposób odprowadzania i oczyszczania cieków zale y od 

struktury zabudowy i mo e by  ró ny w poszczególnych cz ciach miej-

scowo ci b d  gminy [1].  

Wed ug wielu autorów [6, 8, 11], rednioroczne koszty ponoszone 

przez u ytkowników przydomowych oczyszczalni cieków s  ni sze 

w porównaniu z kosztami gromadzenia nieczysto ci ciek ych w szczelnych 

zbiornikach bezodp ywowych i ich okresowego wywo enia do zbiorczych 

oczyszczalni cieków. W wi kszo ci opracowa  brakuje jednak informacji 

na temat struktury nak adów inwestycyjnych ponoszonych na budow  

poszczególnych rodzajów przydomowych oczyszczalni cieków, a tak e 
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rodzaju kosztów eksploatacji uj tych w kalkulacji. Pomijane s  tak e wa-

runki gruntowo-wodne, znacznie wp ywaj ce na wielko  nak adów inwe-

stycyjnych. W efekcie potencjalni u ytkownicy, kieruj cy si  przy doborze 

oczyszczalni zwykle kryterium ekonomicznym, nie znaj  wielko ci ca -

kowitych kosztów ani warunków, jakie musz  by  spe nione w celu uzy-

skania wymaganej efektywno ci technologicznej [19]. 

Celem artyku u jest ocena efektywno ci kosztowej ró nych roz-

wi za  technologicznych przydomowej oczyszczalni cieków zaprojek-

towanej dla czteroosobowego gospodarstwa domowego, po o onego na 

gruncie o dobrej przepuszczalno ci i wodach gruntowych na najmniejszej 

g boko ci 3,5 m p.p.t. Analizie poddano koszty budowy i eksploatacji 

siedmiu nast puj cych wariantów technologicznych przydomowej 

oczyszczalni cieków: drena owej, z tunelami rozs czaj cymi, z pakie-

tami rozs czaj cymi, hydrofitowej, z komor  osadu czynnego, ze z o em 

biologicznym oraz oczyszczalni hybrydowej. Uwzgl dniono wszystkie 

mo liwe sposoby odprowadzania cieków oczyszczonych, czyli drena  

rozs czaj cy, tunele rozs czaj ce i pakiety rozs czaj ce, studni  ch onn  

i oczko wodne. Obliczone koszty zestawiono tak e z kosztami budowy 

i eksploatacji szczelnego zbiornika bezodp ywowego. 

Za wska nik b d cy miar  ca kowitego kosztu ponoszonego 

przez u ytkownika przyj to rednioroczny koszt oczyszczania cieków. 

Zale y on od wielko ci nak adów inwestycyjnych i kosztów eksploatacji 

oczyszczalni, a tak e zak adanego okresu jej eksploatacji i stopy dyskon-

towej, uwzgl dnianych w warto ci wspó czynnika odzysku kapita u. 

Zgodnie z za o eniami analizy efektywno ci kosztowej, przeprowadzono 

j  przy za o eniu jednakowego we wszystkich przypadkach efektu u yt-

kowego, za który przyj to ilo  oczyszczonych cieków. W analizie tej 

pomija si  kryteria jako ci cieków oczyszczonych, a tak e pozosta e 

efekty inwestycji [12].  

2. Materia y i metody 

2.1. Charakterystyka gospodarstwa domowego 

Gospodarstwo domowe, dla którego jest projektowana przydo-

mowa oczyszczalnia cieków, znajduje si  na terenie gminy Augustów 

w województwie podlaskim. Dzia ka o powierzchni 800 m
2
 jest po o ona 

na obrze ach miasta bez dost pu do sieci kanalizacyjnej, a cieki s  tym-
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czasowo gromadzone w zbiorniku bezodp ywowym i wywo one do 

zbiorczej oczyszczalni. Plan zagospodarowania przestrzennego dopusz-

cza na tym terenie budow  przydomowych oczyszczalni cieków. Prace 

hydrogeologiczne wykaza y, i  na dzia ce wyst puj  grunty niespoiste 

(piaski rednioziarniste), charakteryzuj ce si  dobr  przepuszczalno ci , 

a maksymalny poziom wód gruntowych wynosi 3,5 m p.p.t. 

Z posadowionego na dzia ce podpiwniczonego budynku miesz-

kalnego kanalizacja wewn trzna jest wyprowadzona na g boko ci 0,8 m 

p.p.t. W budynku na sta e mieszkaj  4 osoby, a rednie roczne zu ycie 

wody wynosi Qr = 90 m
3
. Zak adaj c 5% wska nik bezzwrotnego zu y-

cia wody, redniodobow  ilo  powstaj cych cieków szacuje si  na  

Qd r=0,25 m
3
/d, a maksymaln  Qdmax = 0,50 m

3
/d (przyjmuj c wska nik 

nierównomierno ci dobowej Nd = 2,00). 

2.2. Charakterystyka poszczególnych wariantów technologicznych 
oczyszczalni 

Poni ej opisano sposób wykonania poszczególnych wariantów 

technologicznych przydomowej oczyszczalni cieków. W celu uzyskania 

porównywalnych wyników przyj to nast puj ce za o enia: 

− zastosowanie przepompowni wst pnej; 

− wykorzystanie dwukomorowego osadnika gnilnego o pojemno ci 

2 m
3
,
 
wyposa onego w kosz filtracyjny, z wyj tkiem oczyszczalni 

kontenerowych (z komor  osadu czynnego, ze z o em biologicznym 

i hybrydowej), wyposa onych fabrycznie w osadnik gnilny;  

− przykrycie dna wykopu pod osadnik, przepompownie i oczyszczalnie 

kontenerowe 10 cm warstw  piasku stabilizowanego cementem, w ce-

lu zabezpieczenia przed wyporem przy okresowo podwy szonym po-

ziomie wód gruntowych; 

− po czenie urz dze  rurami PVC Ø110;  

− wentylacja przez obej cie z wywiewk  wyprowadzon  0,6 m ponad 

górn  kraw d  okien i drzwi zewn trznych. 

 

W kalkulacji kosztów natomiast za o ono: 

− uwzgl dnienie cen katalogowych polskich producentów, których pro-

dukty maj  wymagane atesty i dopuszczenia;  
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− uwzgl dnienie realnych lokalnych stawek robocizny (pracownicy: 

15 z /h, koparka: 120 z /h) i godzinowego wymiaru prac ustalonego 

z firm  wykonawcz ;  

− przyj cie kosztu transportu kruszywa z najbli szej wirowni oddalonej 

o 30 km (stawka transportu: 4 z /km – droga liczona w obie strony); 

− transport w asny pozosta ych materia ów i urz dze ; 

− przyj cie kosztu pracy wykwalifikowanego personelu do okresowej 

obs ugi i kontroli pracy oczyszczalni znajduj cych si  na terenie gmi-

ny (30 z /h); 

− uwzgl dnienie maksymalnej stawki za wywóz osadów z przydomowej 

oczyszczalni cieków okre lonej w uchwale Rady Gminy Augustów 

(49 z /m
3
 brutto), a w przypadku nieczysto ci ciek ych redniej ceny 

oferowanej przez podmioty wiadcz ce us ugi w zakresie opró niania 

zbiorników bezodp ywowych na terenie gminy (20 z /m
3
 brutto). 

Oczyszczalnia z drena em rozs czaj cym 

Oczyszczalnia z drena em rozs czaj cym, dzi ki stosunkowo ni-

skim kosztom budowy i eksploatacji, jest w wielu gminach w Polsce do-

minuj cym rozwi zaniem [7]. Ze wzgl du na ograniczon  mo liwo  

poboru próbek cieków oczyszczonych, w wielu pa stwach europejskich 

jego stosowanie zosta o zabronione. Budowa oczyszczalni z drena em 

rozs czaj cym jest mo liwa tylko na gruntach o bardzo dobrej, dobrej 

i redniej przepuszczalno ci. Zabronione jest jej stosowanie na gruntach 

nieprzepuszczalnych. Ponadto wymagane jest zachowanie odleg o ci 

min. 1,5 m od najwy szego u ytkowego poziomu wód gruntowych. 

W innym przypadku konieczna jest budowa kopca filtracyjnego. 

W kalkulacji kosztów przyj to, e oczyszczalnia sk ada si  

z przepompowi wst pnej, osadnika gnilnego, przepompowni w a ciwej 

i drena u rozs czaj cego w uk adzie otwartym. Drena  tworz  3 ci gi 

o d ugo ci 13 m ka dy, u o one w rozstawie 1,5 m. Rury drena owe s  

u o one ze spadkiem 1% w wykopie o szeroko ci 50 cm i g boko ci 

1 m, wype nionym 35 cm warstw  kruszywa o granulacji 16–32 mm 

przykryt  geow óknin , a nast pnie gruntem rodzimym. Ci gi drena owe 

s  zako czone wentylacj  w postaci rur PVC z wywiewk  usytuowan  

0,5 m n.p.t. 
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W tabeli 1 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni z drena em rozs czaj cym. W kosztach robocizny 

uwzgl dniono 30 roboczogodzin, a w kosztach sprz tu 10 godzin pracy 

koparki, a tak e koszt transportu 12 ton kruszywa. W kosztach eksploat-

acji uwzgl dniono koszty: energii elektrycznej pobieranej przez pompy 

w przepompowniach, wywozu osadów z osadnika gnilnego (1 na rok) 

i zakupu biopreparatów. Za o ono, e okresowe przegl dy i czyszczenie 

kosza filtracyjnego osadnika gnilnego b d  wykonywane przez u ytkow-

nika oczyszczalni.  

 
Tabela 1. Koszty budowy i eksploatacji oczyszczalni z drena em 

rozs czaj cym (poziom cen z 2014 r.) 

Table 1. Investment and operating costs of drainage treatment plant  

(2014 price level) 

Oczyszczalnia z drena em rozs czaj cym 

1. nak ady inwestycyjne 8 547 z  

a) materia y 6 657 z  78% 

b) robocizna    450 z  5% 

c) sprz t 1 200 z  14% 

d) transport    240 z  3% 

2. roczne koszty eksploatacji    340 z  

ród o: opracowanie w asne 

Oczyszczalnia z tunelami rozs czaj cymi 

W kalkulacji kosztów za o ono zastosowanie tuneli rozs czaj -

cych zamiast tradycyjnego drena u, zachowuj c opisany powy ej osad-

nik i przepompownie. Sposób ich monta u, a tak e wymagania co do 

przepuszczalno ci gruntu i odleg o ci od poziomu wód gruntowych po-

zostaj  niezmienne. Dwa ci gi tuneli o d ugo ci 11 m ka dy s  u o one 

w rozst pie 1,5 m ze spadkiem 1%, w wykopie o g boko ci 1 m i szero-

ko ci 1,4 m, pokrytym 10 cm warstw  podsypki ze wiru p ukanego. 

Tunele s  przykryte geow óknin  i przysypane warstw  gruntu rodzime-

go. W odró nieniu od tradycyjnego drena u, tunele zaprojektowano 

w uk adzie zamkni tym, tj. ci gi po czono studzienk  zamykaj c  

z wentylacj  w postaci rur PVC z wywiewk  usytuowan  0,5 m n.p.t.  
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W tabeli 2 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni z tunelami rozs czaj cymi. W porównaniu z oczyszczal-

ni  z tradycyjnym drena em rozs czaj cym, zastosowanie tuneli pod-

wy sza koszty materia ów, ale obni a koszty transportu kruszywa. Pozo-

sta e sk adowe kosztów budowy i eksploatacji s  takie same. 

 
Tabela 2. Koszty budowy i eksploatacji oczyszczalni z tunelami 

rozs czaj cymi (poziom cen z 2014 r.) 

Table 2. Investment and operating costs of drainage – tunnels treatment plant 

(2014 price level) 

Oczyszczalnia z tunelami rozs czaj cymi 

1. nak ady inwestycyjne 10 606 z  

a) materia y   8 836 z  84% 

b) robocizna      450 z  4% 

c) sprz t   1 200 z  11% 

d) transport      120 z  1% 

2. roczne koszty eksploatacji      340 z  

ród o: opracowanie w asne 

Oczyszczalnia z pakietami rozs czaj cymi 

W kalkulacji kosztów za o ono zastosowanie pakietów rozs cza-

j cych, zamiast tradycyjnego drena u lub tuneli, zachowuj c opisany 

powy ej osadnik i przepompownie. Sposób ich monta u, a tak e wyma-

gania co do przepuszczalno ci gruntu i poziomu wód pozostaj  nie-

zmienne. Zastosowano 4 pakiety rozs czaj ce u o one w jednym ci gu, 

ze spadkiem 1% w wykopie o szeroko ci 40 cm i g boko ci 1 m. Na 

pakietach s  u o one g ówne rury drena owe PVC Ø110, do których 

pod czono rury boczne. Na ko cu ci gu zosta a zastosowana wentylacja 

w postaci rur PVC Ø110, zako czona wywiewk  usytuowan  0,5 m n.p.t.  

W tabeli 3 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni z pakietami rozs czaj cymi. W porównaniu z poprzed-

nimi oczyszczalniami drena owymi, zmianie ulega koszt materia ów. 

Pozosta e sk adowe kosztów budowy i eksploatacji s  takie same, przy 

czym nie wyst puj  tu koszty transportu wiru. 
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Tabela 3. Koszty budowy i eksploatacji oczyszczalni z pakietami 

rozs czaj cymi (poziom cen z 2014 r.) 

Table 3. Investment and operating costs of drainage panels treatment plant 

(2014 price level) 

Oczyszczalnia z pakietami rozs czaj cymi 

1. nak ady inwestycyjne 7 834 z  

a) materia y 6 184 z  79% 

b) robocizna    450 z  6% 

c) sprz t 1 200 z  15% 

2. roczne koszty eksploatacji    340 z  

ród o: opracowanie w asne 

Oczyszczalnia hydrofitowa 

Zastosowanie z ó  hydrofitowych w Polsce jest coraz bardziej 

powszechne ze wzgl du na ich du  odporno  na nierównomierno  

dop ywu cieków i temperatur , a tak e prost  obs ug  [16]. Oprócz 

oczyszczania cieków bytowych i komunalnych, z o a te znajduj  rów-

nie  zastosowanie, m. in. do odwadniania osadów ciekowych [14], 

oczyszczania odcieków ze sk adowisk odpadów [23], czy te  zmniejsza-

nia obci enia oczyszczalni poprzez podczyszczanie nieczysto ci cie-

k ych [20] lub oczyszczanie odcieków z przeróbki osadów [3]. W z o-

ach o pionowym podpowierzchniowym przep ywie (VF-CW), wysokie 

efekty oczyszczania utrzymuj  si  przez wiele lat [21].  

W odró nieniu od oczyszczalni drena owych, oczyszczalnia hy-

drofitowa mo e by  stosowana na ka dym gruncie i niezale nie od po-

ziomu wód gruntowych, przy czym oba czynniki wp ywaj  na wybór 

sposobu odprowadzania cieków oczyszczonych, a tak e g boko  po-

sadowienia oczyszczalni. W kalkulacji kosztów przyj to, e oczyszczal-

nia sk ada si  przepompowni wst pnej, osadnika gnilnego, przepompow-

ni w a ciwej i z o a hydrofitowego o powierzchni 12 m
2
. Cz ciowo za-

g bione z o e uszczelniono foli  basenow  i foli  kube kow . Zgodnie 

z zaleceniami [4, 2] wype niono je wy cznie materia em mineralnym: na 

dnie zastosowano kamienie o granulacji 60–100 mm (grubo  warstwy 

15 cm), nast pnie wir p ukany 12,5-25 mm (grubo  warstwy 30 cm) 

i piasek 0,1–2 mm (grubo  warstwy 15 cm). Drena  rozs czaj cy z rur 

PVC Ø110, po czony ze studzienk  rozdzielcz , sk ada si  z dwóch 
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ci gów o d ugo ci 3,5 m ka dy. Drena  zbieraj cy, u o ony w warstwie 

kamieni, sk ada si  równie  z dwóch ci gów o d ugo ci 3,5 m ka dy, 

cz cych si  w studzience zbieraj cej. Wentylacj  obu drena y zapew-

niaj  pionowe rury PVC Ø110 mm zako czone wywiewk . Zgodnie 

z zaleceniami [2] z o e zasadzono zakupionymi sadzonkami trzciny po-

spolitej (Phragmites australis).  

W tabeli 4 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni hydrofitowej. W kosztach robocizny uwzgl dniono 40 

roboczogodzin, w kosztach sprz tu 16 godzin pracy koparki, a tak e 

koszt transportu 14 ton kruszywa. W kosztach eksploatacji uwzgl dniono 

koszty: energii elektrycznej pobieranej przez pompy w przepompow-

niach oraz wywozu osadów z osadnika gnilnego (1 na rok). Za o ono, e 

okresowe przegl dy i czyszczenie kosza filtracyjnego osadnika gnilnego 

b d  wykonywane przez u ytkownika oczyszczalni.  

 
Tabela 4. Koszty budowy i eksploatacji oczyszczalni hydrofitowej  

(poziom cen z 2014 r.) 

Table 4. Investment and operating costs of constructed wetlands  

(2014 price level) 

Oczyszczalnia hydrofitowa 
1. nak ady inwestycyjne 8 964 z   

a) materia y 6 084 z   68% 

b) robocizna    600 z  7% 

c) sprz t 1 920 z  21% 

d) transport    360 z  4% 

2. roczne koszty eksploatacji    103 z  

ród o: opracowanie w asne 

Oczyszczalnia ze z o em biologicznym 

Oczyszczalnie ze z o em biologicznym przez wiele lat by y 

w Polsce powszechnie stosowane do oczyszczania ma ych ilo ci cieków 

na terenach wiejskich. W latach dziewi dziesi tych XX wieku, podwy -

szenie wymaga  prawnych w zakresie usuwania zwi zków biogennych 

spowodowa o wyparcie tej technologii przez urz dzenia osadu czynnego. 

Zmiana przepisów i udoskonalenie technologii z ó  biologicznych spra-

wi o, e s  one obecnie znów ch tnie stosowane zarówno w ma ych 
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zbiorczych, jak te  przydomowych oczyszczalniach cieków [9]. Ich za-

let  jest niewielkie zapotrzebowanie terenu, odporno  na nierównomier-

no  obci e  hydraulicznego i adunkiem zanieczyszcze , a tak e ni sze 

w porównaniu do technologii osadu czynnego zu ycie energii. Oczysz-

czalnie te mog  by  stosowane niezale nie od rodzaju gruntu i poziomu 

wód gruntowych, przy czym oba te czynniki wp ywaj  na wybór sposobu 

odprowadzania cieków oczyszczonych. W kalkulacji kosztów za o ono, 

e oczyszczalnia sk ada si  z czterokomorowego z o a biologicznego 

z wydzielonym osadnikiem wst pnym, przed którym zamontowano 

przepompowni  wst pn .  

W tabeli 5 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni ze z o em biologicznym. W kosztach robocizny 

uwzgl dniono 20 roboczogodzin, a w kosztach sprz tu 8 godzin pracy 

koparki. W kosztach eksploatacji uwzgl dniono koszty: energii elek-

trycznej pobieranej przez pomp  w przepompowni oraz przez z o e bio-

logiczne, wywozu osadów z osadnika gnilnego (1 na rok) oraz okresowej 

zewn trznej obs ugi oczyszczalni (przyj to 1h/miesi c).  

 
Tabela 5. Koszty budowy i eksploatacji oczyszczalni ze z o em biologicznym 

(poziom cen z 2014 r.) 

Table 5. Investment and operating costs of biological filter treatment plant 

(2014 price level) 

Oczyszczalnia ze z o em biologicznym 
1. nak ady inwestycyjne 11 484 z  

a) materia y 10 224 z  89% 

b) robocizna      300 z    3% 

c) sprz t      960 z    8% 

2. roczne koszty eksploatacji      561 z  

ród o: opracowanie w asne 

Oczyszczalnia z komor  osadu czynnego 

Efektywna technologicznie i kosztowo w du ych oczyszczalniach 

metoda osadu czynnego, przeniesiona na grunt przydomowych oczysz-

czalni cieków nie zawsze daje oczekiwane efekty [10]. Obs uga oczysz-

czalni z komor  osadu czynnego wymaga fachowej wiedzy, a zatem ko-

nieczne jest zatrudnienie dochodz cej obs ugi do okresowego nadzoru jej 
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pracy. Podobnie jak oczyszczania ze z o em biologicznym, oczyszczal-

nia z komor  osadu czynnego zajmuje ma o miejsca. Mo e by  stosowa-

na na ka dym gruncie i niezale nie od poziomu wód gruntowych, przy 

czym oba czynniki wp ywaj  na wybór sposobu odprowadzania cieków 

oczyszczonych. W kalkulacji kosztów przyj to zastosowanie reaktora 

kompaktowego, sk adaj cego si  z osadnika wst pnego, komory osadu 

czynnego i osadnika wtórnego. Przed oczyszczalni  znajduje si  prze-

pompownia wst pna.  
W tabeli 6 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni z komor  osadu czynnego. W kosztach robocizny 

uwzgl dniono 20 roboczogodzin, a w kosztach sprz tu 8 godzin pracy 

koparki. W kosztach eksploatacji uwzgl dniono koszty: energii elek-

trycznej pobieranej przez reaktor i przepompowni , wywozu osadów 

ciekowych (2 razy w roku), biopreparatów oraz okresowej zewn trznej 

obs ugi oczyszczalni (przyj to 2h/miesi c).  

 
Tabela 6. Koszty budowy i eksploatacji oczyszczalni z komor  osadu czynnego 

(poziom cen z 2014 r.) 

Table 6. Investment and operating costs of activated sludge treatment plant 

(2014 price level) 

Oczyszczalnia z komor  osadu czynnego 
1. nak ady inwestycyjne 11 676 z   

a) materia y 10 416 z   89% 

b) robocizna      300 z  3% 

c) sprz t   960 z  8% 

2. roczne koszty eksploatacji      1 123 z  

ród o: opracowanie w asne 

Oczyszczalnia hybrydowa 

Oczyszczalnia hybrydowa stanowi po czenie technologii osadu 

czynnego i z ó  biologicznych. czy wysok  efektywno  osadu czyn-

nego, z wi ksz  odporno ci  z ó  biologicznych na zmieniaj ce si  ob-

ci enie hydrauliczne i obci enie adunkiem zanieczyszcze  [15]. Wa-

runkiem pe nego wykorzystania mo liwo ci tej oczyszczalni jest zapew-

nienie okresowego nadzoru wyspecjalizowanej obs ugi, przy czym za-

kres jej prac jest mniejszy ni  w przypadku oczyszczalni z komor  osadu 
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czynnego. Podobnie jak trzy poprzednie oczyszczalnie, mo e by  ona 

stosowana na ka dym gruncie i niezale nie od poziomu wód grunto-

wych, przy czym oba czynniki wp ywaj  na wybór sposobu odprowa-

dzania cieków oczyszczonych. W kalkulacji kosztów za o ono zastoso-

wanie kompaktowej oczyszczalni, poprzedzonej przepompowni  wst p-

n . Oczyszczalnia sk ada si  z dwukomorowego osadnika gnilnego 

o pojemno ci 2,5 m
3
, wyposa onego w filtr szczelinowy, a tak e bioreak-

tora o pojemno ci 2,5 m
3
 z przegrod  dziel c  zbiornik na dwie strefy: 

osad czynny i z o e biologiczne.  

W tabeli 7 zestawiono informacje o kosztach budowy i eksploata-

cji oczyszczalni hybrydowej. W kosztach robocizny uwzgl dniono 20 

roboczogodzin, a w kosztach sprz tu 8 godzin pracy koparki. W kosztach 

eksploatacji uwzgl dniono koszty: energii elektrycznej pobieranej przez 

przepompowni  oraz oczyszczalni , wywozu osadów ciekowych i obu-

mar ej b ony biologicznej (2 razy na rok) oraz okresowej zewn trznej 

obs ugi oczyszczalni (przyj to 1 h/miesi c). 

 
Tabela 7. Koszty budowy i eksploatacji oczyszczalni hybrydowej  

(poziom cen z 2014 r.) 

Table 7. Investment and operating costs of hybrid treatment plant  

(2014 price level) 

Oczyszczalnia hybrydowa 
1. nak ady inwestycyjne 14 607 z  

a) materia y 13 347 z   91% 

b) robocizna      300 z  2% 

c) sprz t      960 z  7% 

2. roczne koszty eksploatacji      809 z  

ród o: opracowanie w asne 

2.3. Sposoby odprowadzania cieków oczyszczonych 

cieki oczyszczone mog  by  odprowadzane do wód, gruntu 

i atmosfery. Najcz ciej ich odbiornikiem jest grunt, do którego s  od-

prowadzane za pomoc  drena u, pakietów i tuneli rozs czaj cych lub 

studni ch onnej. Stosuj c oczko wodne zasiedlone ro linno ci  wodn  

i wodnolubn , cieki oczyszczone s  odprowadzane do atmosfery przez 

odparowanie i ewapotranspiracj . Mo na je tak e wykorzysta  do pod-
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lewania trawników. W okresie niskich temperatur, oczko wodne mo e 

zamarzn , dlatego warto za nim przewidzie  odcinek drena u. 

Wybieraj c sposób odprowadzania cieków oczyszczonych, nale-

y uwzgl dni  konieczno  zachowania odleg o ci minimum 1,5 m od 

najwy szego u ytkowego poziomu wód gruntowych, a tak e przepusz-

czalno  gruntu. Na gruntach nieprzepuszczalnych jedyn  mo liwo  

odprowadzania cieków oczyszczonych stanowi odparowanie w oczku 

wodnym. 

W kalkulacji kosztów przyj to sposób monta u drena u rozs cza-

j cego, tuneli i pakietów rozs czaj cych zgodny ze wcze niejszym opi-

sem, przy czym ich d ugo  jest o po ow  mniejsza ni  w przypadku, gdy 

s  one stosowane jako urz dzenie do biologicznego oczyszczania cie-

ków (czyli: 2 ci gi drena u po 10 m, ci g tuneli o d ugo ci 11 m, 2 pakie-

ty). We wszystkich przypadkach w kosztach robocizny uwzgl dniono 10 

roboczogodzin, w kosztach sprz tu 5 godzin pracy koparki. W przypadku 

drena u i tuneli rozs czaj cych uwzgl dniono dodatkowo koszt transport 

kruszywa. 

W kalkulacji studni ch onnej za o ono zastosowanie studni 

w kszta cie dzwonu o rednicy u podstawy d=1,3 m, z nadstawk  i po-

kryw . Umieszczono j  w poszerzonym wykopie o szeroko ci 1,7 m, 

pokrytym 1 m warstw  wiru p ukanego o granulacji 16-32 mm. Zapew-

niono równie  jej wentylacj  poprzez rury PVC Ø110 zako czone wy-

wiewk  po o on  0,5 m n.p.t. W kosztach robocizny uwzgl dniono 

8 roboczogodzin, w kosztach sprz tu 3 godziny pracy koparki, a w kosz-

tach transportu koszt transportu 4 ton kruszywa. 

W przypadku oczka wodnego za o ono, e jego g boko  wy-

nosi 0,7 m, a powierzchnia 6 m
2
. Jego dno jest uszczelnione geomem-

bran  1 mm, a boki obsadzone ro linno ci  wodnolubn . W kosztach 

robocizny uwzgl dniono 8 roboczogodzin, w kosztach sprz tu 3 godzi-

ny pracy koparki. 

W tabeli 8 zestawiono informacje o kosztach budowy poszcze-

gólnych rozwi za . Do tych kosztów nale y doliczy  koszt prac hydro-

geologicznych, poprzedzaj cych decyzj  o wyborze sposobu odprowa-

dzenia cieków oczyszczonych, si gaj cy 300–500 z . 
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Tabela 8. Koszty budowy systemu odprowadzania cieków oczyszczonych 

(poziom cen z 2014 r.) 

Table 8. Costs for construction of a system for discharge of treated sewage 

(2014 price level) 

1. Drena  rozs czaj cy 

nak ady inwestycyjne 1486 z  

a) materia y 616 z  42% 

b) robocizna 150 z  10% 

c) sprz t 600 z  40% 

d) transport 120 z  8% 

2. Tunele rozs czaj ce 

nak ady inwestycyjne 2467 z  

a) materia y 1597 z  65% 

b) robocizna 150 z  6% 

c) sprz t 600 z  24% 

d) transport 120 z  5% 

3. Pakiety rozs czaj ce 

nak ady inwestycyjne 1139 z  

a) materia y 389 z  34% 

b) robocizna 150 z  13% 

c) sprz t 600 z  53% 

4. Studnia ch onna 

nak ady inwestycyjne 1954 z  

a) materia y 1354 z  69% 

b) robocizna 120 z  6% 

c) sprz t 360 z  19% 

d) transport 120 z  6% 

5. Oczko wodne 

nak ady inwestycyjne 955 z  

a) materia y 475 z  50% 

b) robocizna 120 z  12% 

c) sprz t 360 z  38% 

ród o: opracowanie w asne 
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2.4. Zbiornik bezodp ywowy 

Alternatyw  do budowy przydomowej oczyszczalni cieków jest 

gromadzenie nieczysto ci ciek ych w zbiorniku bezodp ywowym i ich 

okresowe wywo enie do zbiorczej oczyszczalni cieków w Augustowie. 

W kalkulacji kosztów za o ono zastosowanie dwukomorowego zbiornika 

bezodp ywowego o pojemno ci 8 m
3
, opró nianego ze redni  cz stotli-

wo ci  raz w miesi cu. Zbiornik zamontowano na podsypce z piasku 

stabilizowanego cementem, a jego wentylacj  zapewnia obej cie z wy-

wiewk  wyprowadzon  0,6 m ponad górn  kraw d  okien i drzwi. 

W tabeli 9 zestawiono informacje o kosztach budowy i eksploata-

cji tego zbiornika. W kosztach robocizny uwzgl dniono 15 roboczogo-

dzin, a w kosztach sprz tu 5 godzin pracy koparki. W kosztach eksploat-

acji uwzgl dniono koszty okresowego wywozu nieczysto ci ciek ych do 

zbiorczej oczyszczalni cieków (20 z /m
3
 brutto).  

 
Tabela 9. Koszty budowy i eksploatacji zbiornika bezodp ywowego (poziom 

cen z 2014 r.) 

Table 9. Investment and operating costs of a holding tank (2014 price level) 

Zbiornik bezodp ywowy 

1. nak ady inwestycyjne 7 948 z  

d) materia y 7 123 z  90% 

e) robocizna    225 z  3% 

f) sprz t    600 z  7% 

2. roczne koszty eksploatacji  1 920 z  

ród o: opracowanie w asne 

2.5. Metodyka wyznaczania ca kowitego redniorocznego kosztu 
oczyszczania cieków 

Ca kowity rednioroczny koszt oczyszczania cieków jest obli-

czany ze wzoru [12]:  

er KIK += α  (1) 

gdzie: 

Kr – ca kowity rednioroczny koszt oczyszczania cieków [z /rok], 

I – nak ady inwestycyjne [z ], 
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 – wspó czynnik zwrotu kapita u [rok
-1

], 

Ke – koszty eksploatacji (bez amortyzacji) [z /rok]. 

 

Jak zatem wynika ze wzoru (1) ca kowity rednioroczny koszt 

oczyszczania cieków (Kr) zale y od nak adów inwestycyjnych (I), kosz-

tów eksploatacji (Ke), a tak e opisanego równaniem (2) wspó czynnika 

zwrotu kapita u: 

1)1(

)1(

−+

+
=

n

n

r

rr
α  (2) 

gdzie: 

 – wspó czynnik zwrotu kapita u [rok
-1

], 

r – stopa dyskontowa [rok
-1

], 

n – kalkulacyjny okres eksploatacji [lata]. 

 

Za o ony okres eksploatacji wszystkich oczyszczalni wynosi n = 

20 lat. Stop  dyskontow  przyj to na poziomie r = 5%. W nak adach 

inwestycyjnych uwzgl dniono sum  kosztów ponoszonych na budow  

urz dze  do oczyszczania cieków, a tak e systemu odprowadzania cie-

ków oczyszczonych. Podane koszty eksploatacji dotycz  ca ego uk adu. 

3. Wyniki i dyskusja 

W tabeli 10 zestawiono wyniki oblicze  wielko ci nak adów in-

westycyjnych, rocznych kosztów eksploatacji i ca kowitego redniorocz-

nego kosztu oczyszczania w poszczególnych wariantach oczyszczalni, 

uwzgl dniaj c ró ne sposoby odprowadzania cieków oczyszczonych. 

rednioroczny koszt gromadzenia nieczysto ci ciek ych w szczel-

nym zbiorniku bezodp ywowym i ich wywo enia do zbiorczej oczysz-

czalni cieków w Augustowie wynosi 2 556 z /rok. rednioroczny koszt 

oczyszczania cieków w oczyszczalni przydomowej, zale nie od zasto-

sowanej technologii i sposobu odprowadzania cieków oczyszczonych, 

waha si  od 896 z /rok do 2 255 z /rok i wynosi rednio 1 627 z /rok. Jest 

tym samym niemal dwukrotnie ni szy od kosztów budowy i eksploatacji 

szczelnego zbiornika bezodp ywowego. Nale y jednak przy tym zazna-

czy , i  relacja tych kosztów w istotny sposób zale y od ceny wywozu 

nieczysto ci ciek ych, które s  w skali kraju bardzo zró nicowane. 
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Tabela 10. Zestawienie nak adów inwestycyjnych, kosztów eksploatacji 

i ca kowitych redniorocznych kosztów oczyszczania cieków w zale no ci 

od technologii i sposobu odprowadzania cieków oczyszczonych (poziom cen 

z 2014 r.) 
Table 10. Comparison of investment, operating and total annual costs of 

sewage treatment depending on the technology and system of treated sewage 

discharge (2014 price level) 

Wariant technologiczny  

oczyszczalni 

Uk ad odprowadzaj cy cieki oczyszczone 

d
re

n
a

  

ro
zs

cz
aj

cy
 

tu
n
el

e 
 

ro
zs

cz
aj

ce
 

p
ak

ie
ty

  

ro
zs

cz
aj

ce
 

st
u

d
n

ia
  

ch
o
n

n
a 

o
cz

k
o

  

w
o
d
n

e 

Nak ady inwestycyjne [z ] 1 486 2 467 1 139 1 954 955 

z drena em  

rozs czaj cym 
8 547 – – – – – 

z tunelami  

rozs czaj cymi 
10 606 – – – – – 

z pakietami  

rozs czaj cymi 
7 834 – – – – – 

hydrofitowa 8 964 10 450 11 431 10 103 10 918 9 919 

ze z o em biologicznym 11 484 12 970 13 951 12 623 13 438 12 439 

z komor  osadu  

czynnego 
11 676 13 162 14 143 12 815 13 630 12 631 

hybrydowa 14 607 16 093 17 074 15 746 16 561 15 562 

Zbiornik bezodp ywowy 7 948 

Roczne koszty eksploatacji [z /rok] 

z drena em  

rozs czaj cym 
340 – – – – – 

z tunelami  

rozs czaj cymi 
340 – – – – – 

z pakietami  

rozs czaj cymi 
340 – – – – – 

hydrofitowa – 103 103 103 103 103 

ze z o em biologicznym – 561 561 561 561 561 

z komor  osadu  

czynnego – 
1 123 1 123 1 123 1 123 1 123 

hybrydowa – 809 809 809 809 809 

Zbiornik bezodp ywowy 1 920 
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Tabela 10. cd. 
Table 10. cont. 

Wariant technologiczny  
oczyszczalni 

Uk ad odprowadzaj cy cieki oczyszczone 

d
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Ca kowity rednioroczny koszt oczyszczania cieków [z /rok] 

z drena em  
rozs czaj cym 

1 023 – – – – – 

z tunelami  
rozs czaj cymi

1 188 – – – – – 

z pakietami  
rozs czaj cymi 

966 – – – – – 

hydrofitowa – 939 1 017 911 976 896 

ze z o em biologicznym – 1 599 1 677 1 571 1 636 1 556 

z komor  osadu  
czynnego –

2 176 2 255 2 149 2 214 2 134 

hybrydowa – 2 096 2 175 2 069 2 134 2 054 

Zbiornik bezodp ywowy 2 556

Jednostkowy rednioroczny koszt oczyszczania cieków [z /m3/rok] 

z drena em  
rozs czaj cym 

11 – – – – – 

z tunelami  
rozs czaj cymi 

13 – – – – – 

z pakietami  
rozs czaj cymi

11 – – – – – 

hydrofitowa – 10 11 10 11 10 

ze z o em biologicznym – 18 18 17 18 17 

z komor  osadu  
czynnego – 

24 25 24 24 23 

hybrydowa – 23 24 23 23 23 

Zbiornik bezodp ywowy 28 

ród o: opracowanie w asne 
 

Spo ród analizowanych rozwi za  technologicznych oczyszczalni 
cieków, najni szych nak adów inwestycyjnych wymaga oczyszczalnia 

z pakietami lub drena em rozs czaj cym. Najta szy sposób odprowa-
dzania cieków oczyszczonych stanowi oczko wodne, a najdro szy tune-
le rozs czaj ce. Najni szymi kosztami eksploatacji charakteryzuje si  
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oczyszczalnia hydrofitowa, a najwy szymi zbiornik bezodp ywowy, 
oczyszczalnia z komor  osadu czynnego i oczyszczalnia hybrydowa. 
Stosunkowo wysokie s  tak e koszty eksploatacji oczyszczalni drena o-
wych i ze z o em biologicznym. Najni szym redniorocznym kosztem 
charakteryzuje si  oczyszczalnia hydrofitowa z odprowadzaniem cie-
ków oczyszczonych do oczka wodnego, a najwy szym oczyszczalnia 
hybrydowa z odprowadzaniem cieków oczyszczonych do gruntu za po-
moc  tuneli rozs czaj cych. Wnioski z analizy przeprowadzonej przez 
innych autorów s  podobne [8, 11, 18]. W pracy otrzymano jednak wy -
sze rednioroczne koszty oczyszczania cieków we wszystkich oczysz-
czalniach, co wynika z uwzgl dniania, zwykle pomijanych sk adowych 
kosztów, takich jak zakup kruszywa, praca ludzi i sprz tu przy budowie 
oczyszczalni czy te  koszt okresowych przegl dów przeprowadzanych 
przez wykwalifikowan  obs ug . S  to koszty bez których nie da si  
osi gn  wymaganych efektów w zakresie jako ci cieków oczyszczo-
nych odprowadzanych do odbiornika. 

4. Wnioski 

Z przeprowadzonej analizy efektywno ci kosztowej ró nych roz-

wi za  technologicznych przydomowych oczyszczalni cieków mo na 

wyci gn  nast puj ce wnioski:  

1. Ca kowity rednioroczny koszt oczyszczania cieków w obiektach 

przydomowych jest rednio niemal dwukrotnie ni szy od kosztu po-

noszonego w przypadku budowy i eksploatacji szczelnego zbiornika 

bezodp ywowego, przy czym relacja ta w du ej mierze zale y od 

zró nicowanych w skali kraju kosztów opró niania zbiorników bez-

odp ywowych. 

2. Najwy szy udzia  w nak adach inwestycyjnych, ponoszonych na bu-

dow  przydomowych oczyszczalni cieków stanowi  materia y ( red-

nio 83%) i koszty wynaj cia sprz tu ( rednio 12%). W przypadku sys-

temu odprowadzania cieków oczyszczonych koszty te stanowi  od-

powiednio rednio 52% i 35%. 

3. Spo ród analizowanych rozwi za  technologicznych, najni szych 

nak adów inwestycyjnych wymaga oczyszczalnia drena owa z pakie-

tami lub drena em rozs czaj cym. Najni sze koszty eksploatacji wy-

st puj  w przypadku oczyszczalni hydrofitowej. Najbardziej efektyw-

nym pod wzgl dem ekonomicznym rozwi zaniem, charakteryzuj cym 
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si  najni szym ca kowitym redniorocznym kosztem oczyszczania 

cieków, jest oczyszczalnia hydrofitowa z odprowadzeniem cieków 

oczyszczonych do oczka wodnego. Wnioski z analizy mog  si  ró ni  

w przypadku przyj cia innych zestawie  materia owych, w tym mode-

li oczyszczalni kontenerowych, a tak e stawek pracy ludzi i kosztów 

wynaj cia sprz tu. 
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Cost-effectiveness Analysis of Different Technological 
Variants of Single-house Sewage Treatment Plants 

Abstract 
The cost-effectiveness of a range of variants of single-house sewage 

treatment plants is analyzed in the article. They include plants with drainage 
pipe, with package drainage, with tunnel drainage, constructed wetlands, acti-
vated sludge chamber, biological filter and a hybrid plant. The analysis focuses 
on different ways of discharging treated wastewater, i.e. drainage pipe, package 
drainage, tunnel drainage, pond and soakaway. Selection of the most financially 
efficient system was made on the basis of the minimal rate of the average annu-
al treatment cost. The total cost was compared with the construction costs as 
well as the operating costs of a holding tank. 

The analysis shows that, on the average, the total average annual cost of 
single-house sewage treatment facilities is almost 2-times lower than the cost 
incurred on the construction and operations of a holding tank. This ratio, how-
ever, depends largely on different prices for emptying a tank. Materials (avg. 
83%) and equipment rental (avg. 12%) constitute the greatest share of the in-
vestment costs incurred on the construction of sewage treatment plants. 

Among the analyzed sewage treatment plant technologies the lowest in-
vestment outlays are required for drainage pipes and packages as well as con-
structed wetlands. The lowest treated sewage discharge costs are generated by 
ponds, whereas the highest by tunnel drainage. The lowest operation costs are 
generated by constructed wetlands, whereas the highest by holding tank, activated 
sludge chambers and hybrid plants. The most cost effective, characterized by the 
lowest average total annual cost, is constructed wetland with discharge by a pond. 
The greatest average annual cost of wastewater treatment is generated by hybrid 
plants with treated wastewater discharged into the ground by drainage tunnels. 

The conclusions of analysis carried out by other authors are similar to 
those presented in this paper. However, the presented research shows that the 
average annual outlays for wastewater treatment for all plants are greater. This 
is because additional cost factors, such as the purchase of gravel, human costs, 
equipment expenditures or maintenance of periodic inspections carried out by 
qualified personnel, were taken into account. These are costs without which it is 
impossible to achieve the required quality of treated sewage. 
 

S owa kluczowe: 
efektywno  kosztowa, przydomowe oczyszczalnie cieków,  
warianty technologiczne 

Keywords: 
cost effectiveness, single-house sewage treatment plants, technological variants 
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Politechnika Koszali ska 

1. Wst p 

Zrównowa ony rozwój stanowi dzi  cel priorytetowy polityki 

Unii Europejskiej, wynikaj cy z obj tego przez ni  nast puj cego celu 

strategicznego: „sta  si  najbardziej konkurencyjn  i dynamiczn , opart  

na wiedzy gospodark  wiata, zdoln  do zrównowa onego rozwoju go-

spodarczego, zapewniaj cego wi cej lepszych miejsc pracy oraz wi ksz  

spójno  socjaln ” [2]. Pojawiaj ce si  tu poj cie zrównowa onego roz-

woju oznacza konsekwencje we wszelkich obszarach aktywno ci pa -

stwa i na wszystkich szczeblach administracji. Przedsi wzi cia podej-

mowane przez samorz dy powinny mie  zatem ów walor przewodni: by  

spójne z wytycznymi zrównowa onego rozwoju. Oznacza to jednak ró -

norodno  aspektów, które warto by przedstawi . 

2. Wytyczne zrównowa onego rozwoju 

Cytuj c za L. Paw owskim powszechnie uznawan  definicj  

zrównowa onego rozwoju, pochodz c  z raportu ONZ „Nasza Wspólna 

Przysz o ” stworzonego w 1978 roku przez tzw. Komisj  Brundtland, 

„zrównowa ony rozwój Ziemi to rozwój, który zaspokaja podstawowe 

potrzeby wszystkich ludzi oraz zachowuje, chroni i przywraca zdrowie 

i integralno  ekosystemu Ziemi, bez zagro enia mo liwo ci zaspokoje-

nia potrzeb przysz ych pokole  i bez przekraczania d ugookresowych 

granic pojemno ci ekosystemu Ziemi” [6]. W literaturze istnieje wiele 

modyfikacji przytoczonej definicji, mno cych si  wraz z upowszech-
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nianiem tej idei[8]. Wszystkie one jednak opieraj  si  na godzeniu intere-

sów trzech obszarów, tj. ekonomii, spo ecze stwa i rodowiska.  

Skutki, jakie maj  nie  dzia ania prowadzone zgodnie z t  kon-

cepcj  znalaz y te  swój wyraz w Strategii Zrównowa onego Rozwoju 

dla Unii Europejskiej. „Rozwój zrównowa ony oferuje Unii Europejskiej 

pozytywn , d ugoterminow  wizj  spo ecze stwa, które jest zamo niej-

sze i bardziej sprawiedliwe i które obiecuje czystsze, bezpieczniejsze 

i zdrowsze rodowisko”[2]. Odwo ania do zrównowa onego rozwoju s  

równie  podstaw  wytycznych Narodowych Strategicznych Ram Odnie-

sienia, wyznaczaj cych ramy realizacji za o e  polityki unijnej w Polsce 

[5]. Odwo ania do tej koncepcji znale  te  mo na w rdzennie polskich 

aktach prawnych, pocz wszy od najwa niejszego z nich – Konstytucji 

RP, która w art. 5 stanowi: „Rzeczpospolita Polska […] zapewnia ochro-

n  rodowiska, kieruj c si  zasad  zrównowa onego rozwoju”[3].  

Skutkiem dzia a  zgodnych z koncepcj  rozwoju zrównowa one-

go jest tzw. dobrostan obywateli, osi gni ty bez umniejszania szans na 

rozwój przysz ych pokole  [7]. St d inicjatywy podejmowane na ró nych 

szczeblach administracji pa stwa, jak równie  te, b d ce w gestii innych 

podmiotów (organizacji non-profit, przedsi biorstw, instytucji ochrony 

zdrowia, kultury, sportu, edukacji, pomocy spo ecznej itd.), uwzgl dniaj  

owe za o enia w swoich dzia aniach, zw aszcza, je li rodki na ich reali-

zacj  pochodz  z unijnego bud etu. W dokumencie wiod cym, unijnej 

strategii wzrostu na lata 2010–2020, pod nazw  Europa 2020, za o ono 

bowiem 3 priorytety rozwoju, obejmuj ce szeroki kontekst spo eczno-

rodowiskowo-ekonomiczny [10]. Pierwszy z nich, rozwój inteligentny, 

to dzia ania ukierunkowane na osi ganie lepszych wyników w: 

• innowacji – poprawa warunków finansowania bada  i innowacji, 

• edukacji – poprawa wyników systemów kszta cenia i atrakcyjno ci 

szkolnictwa wy szego, 

• spo ecze stwie cyfrowym – upowszechnianie szybkiego interentu. 

 

Drugi, rozwój zrównowa ony zak ada dzia ania w obszarach: 

• klimat, energia i mobilno  – zmniejszenie udzia u emisji w gla, 

wi ksze wykorzystanie odnawialnych róde  energii, modernizacj  

transportu, propagowanie efektywno ci energetycznej, 

• konkurencyjno  – poprawa otoczenia biznesu i warunków dla roz-

woju przedsi biorczo ci i konkurencyjno ci przedsi biorstw. 
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Rozwój sprzyjaj cy w czeniu spo ecznemu, to natomiast: 

• zatrudnienie i umiej tno ci – zwi kszanie mobilno ci si y roboczej, 

podnoszenie kwalifikacji zawodowych, a w efekcie podniesienie sto-

py zatrudnienia w Europie, 

• walka z ubóstwem – zapewnienie spójno ci spo ecznej i terytorialnej, 

tak, aby upowszechni  korzy ci p yn ce ze wzrostu gospodarczego 

i zatrudnienia.  

 

Zgodnie z tymi wytycznymi, odwo ania do koncepcji zrównowa-

onego rozwoju znale  mo na w ka dym dokumencie, okre laj cym za-

sady korzystania z unijnego wsparcia. S  to zarówno wytyczne do wdra-

ania programów pomocowych na szczeblu krajowym, jak te  instrumenty 

wdra ania tzw. wspólnotowego programu lizbo skiego. Przyk adem jest 

7 Program Ramowy w zakresie bada  i rozwoju technologicznego (7PR). 

Równie  jego priorytety odwo uj  si  do synergicznego wsparcia europej-

skiej dzia alno ci badawczej przy za o eniu pozytywnego wp ywu na roz-

wój spo eczny, kulturalny i gospodarczy pa stw Unii [1]. 

3. CIVITAS RENAISSANCE – za o enia projektu 

Jednym z projektów realizowanych w ród Programów Ramo-

wych jest inicjatywa CIVITAS zainaugurowana na pocz tku 2002 roku 

w ramach 5PR jako CIVITAS I. cznie, w dotychczasowych 4 edycjach 

programu zaplanowano do realizacji pi tna cie niezale nych projektów, 

w które zaanga owa o si  69 miast z 22 krajów Europy. Wszystkie pro-

jekty maj  w asne priorytety i przewidziane do realizacji dzia ania. S  

one jednak spójne z nadrz dnym celem postawionym przed ca ym pro-

gramem, którym jest czysty, efektywny energetycznie, harmonijny 

i zrównowa ony transport miejski [4]. 

Miasto Szczecinek uczestniczy o w CIVITAS w komponencie 

RENAISSANCE, realizowanym od wrze nia 2008 roku do ko ca 2012 

roku. G ówne za o enia RENAISSANCE skupiaj  si  na zmniejszeniu 

uci liwo ci ruchu drogowego w aglomeracjach miejskich poprzez za-

stosowanie nowoczesnych rozwi za  technologicznych oraz realizowa-

nie dzia a  zmierzaj cych do ochrony rodowiska naturalnego. W ra-

mach projektu w Szczecinku wdra ane by o 10 dzia a : 
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1.6. Flota minibusów (zakup ekologicznych minibusów i budowa myjni 

ekologicznej), 

2.3. Rozwój transportu wodnego (uruchomienie rejsów tramwajem wod-

nym, budowa przybrze nej infrastruktury), 

2.4. Modernizacja przystanków autobusowych, 

3.6. Strategia rozwoju zrównowa onego transportu, 

4.6. Promocja transportu publicznego i rowerowego (szereg imprez orga-

nizowanych z inicjatywy CIVITAS lub przy jego wspó udziale), 

5.5. Podniesienie poziomu bezpiecze stwa pieszych i ruchu ulicznego, 

6.6. System wypo yczalni rowerów i riksz, 

6.7. Rozbudowa tras rowerowych, 

8.5. Monitoring ruchu drogowego, 

8.6. Rozwój monitoringu ruchu na przej ciach w pobli u szkó . 

 

Celem wymienionych dzia a  by o podniesienie wiadomo ci 

ekologicznej mieszka ców Szczecinka, wzrost atrakcyjno ci transportu 

miejskiego i poszerzenie oferty alternatywnych sposobów przemieszcza-

nia si . Mia o to prowadzi  do zmiany zachowa  komunikacyjnych u yt-

kowników dróg i bardziej intensywnego wykorzystania ekologicznych 

rodków transportu. Dzia ania mia y by  przy tym korzystne dla rodo-

wiska naturalnego oraz efektywne kosztowo. Mimo nacisku na rezultaty 

z obszaru ochrony rodowiska, zak adany wk ad projektu mia  by  wi c, 

zgodnie z zasad  zrównowa onego rozwoju, odczuwalny we wszystkich 

trzech obszarach, a zatem równie  spo ecznym i ekonomicznym.  

4. CIVITAS RENAISSANCE – aspekty rodowiskowe, 
spo eczne i ekonomiczne 

Zgodnie z celem projektu, dzia ania podj te w ramach CIVITAS 

mia y prowadzi  do korzystnych zmian w obszarze ochrony rodowiska 

naturalnego. Wiele z przyj tych mierników realizacji celów dotyczy o 

wi c wykazania ograniczenia negatywnego wp ywu na rodowisko, jak 

równie  zmian w wiadomo ci mieszka ców w kierunku zachowa  pro-

ekologicznych. W zwi zku z tym podejmowano szereg bada , maj cych 
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dostarczy  informacji na ten temat.
1
 Pomiary obejmowa y badanie czyn-

ników wskazuj cych na kondycj  rodowiska naturalnego, ale te  bada-

nia opinii publicznej oraz mierniki ekonomiczne dotycz ce rentowno ci 

podejmowanych przedsi wzi . Nale a y do nich, mi dzy innymi: 

• poziom emisji zanieczyszcze  powietrznych w mie cie i nad wod  

oraz st enie py ów w powietrzu; 

• pomiary nat enia ha asu (efektem prac by a mapa ha asu dla miasta 

Szczecinka, b d ca podstaw  konstruowania strategii zrównowa o-

nego transportu w mie cie, której cel okre lono jako „budowa zrów-

nowa onego, dost pnego i zintegrowanego transportu”[9]. Jej efek-

tem docelowym ma by  „odci enie” obszarów miasta o najinten-

sywniejszym ruchu ulicznym i, co za tym idzie, najwy szym pozio-

mie ha asu); 

• ocena jako ci infrastruktury transportowej miasta; 

• monitoring pr dko ci i zbieranie danych o liczbie wypadków i kolizji 

drogowych; 

• badania ankietowe opinii publicznej dotycz ce wiadomo ci ekolo-

gicznej i poziomu akceptacji podejmowanych dzia a ; 

• zbieranie informacji o kosztach inwestycyjnych oraz eksploatacyj-

nych taboru ró nych ga zi transportu miejskiego; 

• liczenie rowerów na cie kach i przed szko ami. 

 

Osi gni te efekty wiadcz  o powodzeniu projektu, zw aszcza 

w jego obszarze rodowiskowym. Zanotowano spadek emisji zanie-

czyszcze  do atmosfery, wynikaj cy z u ytkowania nowych, ekologicz-

nych minibusów, w miejsce dotychczasowego taboru konwencjonalnego 

(rysunek 1 i 2). Z czasem mo na spodziewa  si  te  dalszego ogranicza-

nia zanieczyszcze , czego podstaw  jest planowane stopniowe wycofy-

wanie przestarza ych rodków komunikacji z u ytkowania. 

                                                 
1 Badania, których wyniki prezentowane s  w niniejszym artykule, zosta y wykonane 

przez zespó  ewaluacyjny projektu CIVITAS RENAISSANCE, kierowany przez prof. T. 

Heese, sk adaj cy si  z pracowników Politechniki Koszali skiej, a w ród nich autorki 

niniejszego artyku u.  
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 emisja CO2 dotychczasowego taboru  emisja CO2 nowych minibusów 

Rys. 1. Emisja CO2 2008–2012 ( rednio w kwartale) 

Fig. 1. CO2 emissions 2008–2012 (in average by quarter) 

 

Aspekty spo eczne projektu nale y rozpatrywa  w dwojakim sen-

sie. Podstawowy kontekst wynikaj cy z jego celów i za o e  dotyczy 

zmiany zachowa  transportowych mieszka ców Szczecinka. Tu na zna-

cz ce wyniki trzeba zapewne poczeka  nieco d u ej, bowiem zmiany 

w wiadomo ci i utartych schematach post powania s  procesem d ugo-

trwa ym. Jednak ju  na koniec projektu zaobserwowano w a ciwe ten-

dencje w zachowaniach mieszka ców. W ci gu czterech lat jego trwania 

spad o u ytkowanie samochodu prywatnego na rzecz autobusów miej-

skich i rowerów (rysunek 3). 

 
 emisja NOx dotychczasowego taboru  emisja NOx nowych minibusów 

Rys. 2. Emisja NOx 2008–2012 ( rednio w kwartale) 

Fig. 2. NOx emissions 2008–2012 (in average by quarter) 
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 przed projektem  na koniec projektu 

Rys. 3. Wykorzystanie rodków transportu 

Fig. 3. The use of means of transport 

 

Zanotowano te  znaczny wzrost liczby rowerów na cie kach (ry-

sunek 4). Za tak du y wzrost popularno ci jazdy rowerem odpowiada, 

w przekonaniu badaczy, nie tyle prowadzona akcja edukuj ca (dzia anie 

4.6.), co raczej istotne zwi kszenie d ugo ci tras rowerowych w mie cie 

(dzia anie 6.7.), cznie o ponad 6 km. Nie bez znaczenia jest te  uru-

chomiona wypo yczalnia rowerów i riksz (dzia anie 6.6.), oddaj ca do 

dyspozycji u ytkowników 50 sztuk rowerów w 5-ciu punktach wypo y-

cze . Zaobserwowano te  zmian  w wykorzystaniu roweru. W dalszym 

ci gu podstawowym celem jego u ytkowania jest rekreacja, jednak pro-

porcje te, w trakcie trwania projektu, stopniowo zmienia y si  na korzy  

dojazdów do pracy/szko y oraz po zakupy (rysunek 5). 

 

 

Rys. 4. Ilo  rowerów na cie kach w latach 2010–2012 (w miesi cu) 

Fig. 4. Number of bikes on the bike paths in the years 2010–2012 (per month) 
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 zakupy  dojazdy do pracy/szko y   rekreacja i inne 

Rys. 5. Procentowe u ycie rowerów dla ró nych aktywno ci (w latach) 

Fig. 5. Proportional bike use for different activities (in years) 

 

Drugim, wa nym aspektem spo ecznym zrównowa onego rozwo-

ju, wynikaj cym z projektu, jest jako  ycia mieszka ców Szczecinka. 

Poza oczywistymi korzy ciami, wynikaj cymi z ograniczania emitowa-

nych do atmosfery zanieczyszcze , projekt przynosi te  korzystne efekty, 

niejako uboczne, zwi zane ze wzrostem atrakcyjno ci miasta (dla tury-

stów i mieszka ców). Podj te w ramach CIVITAS inicjatywy korzystnie 

wp yn y na estetyk  miasta (dzia ania 2.3., 2.4) , wzbogaci y jego infra-

struktur  (dzia ania 1.6, 2.3, 6.6, 6.7), podnios y odczuwany poziom bez-

piecze stwa mieszka ców (dzia ania 2.4, 8.5, 8.6), dostarczy y wydarze  

pozwalaj cych atrakcyjnie sp dzi  czas w mie cie (dzia anie 4.6).  

Powy sze rezultaty mia y te  skutek po redni: zaobserwowano 

dynamiczny rozwój rynku us ug turystycznych w Szczecinku (rysunek 

6). Zapewne nie jest to jedynie efekt dzia a  samego projektu, jednak 

trudno nie zauwa y , e ów rozwój zbiega si  w czasie z okresem jego 

realizacji. Ponadto, wzrost atrakcyjno ci miasta przek ada si  na wzrost 

zainteresowania nim w ród turystów, a zatem i o ywienie gospodarcze 

w tej bran y. 

Najmniej korzystnie wypadaj  w projekcie wska niki ekono-

miczne. Podj cie nowych dzia a  wi za o si  bowiem, tak e z podniesie-

niem kosztów eksploatacji. Wzrost kosztów operacyjnych taboru Komu-

nikacji Miejskiej w Szczecinku mia  zwi zek z zakupem nowych minibu-

sów (rysunek 7) i uruchomieniem tramwaju wodnego. Pami ta  jednak 

nale y, e równocze nie przynios o to dodatkowe dochody (rysunek 8), 

wynikaj ce z wi kszej liczby pasa erów (por. rysunek 3). Wzrost kosz-

tów nie wynika ponadto, li tylko ze zwi kszenia liczebno ci rodków 

komunikacji. Jest te  rezultatem starzenia si  posiadanych autobusów 
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i st d rosn cych kosztów ich utrzymania (np. usuwanie awarii), co od-

zwierciedla rysunek 7.  

 

 
 obiekty noclegowe  punkty gastronomiczne 

Rys. 6. Liczba obiektów noclegowych i gastronomicznych w Szczecinku 

Fig. 6. Number of hotels and restaurants in Szczecinek 

 

Kolejna inwestycja – uruchomienie rejsów tramwajem wodnym, 

do ko ca projektu nie osi gn a rentowno ci, czego jedn  z przyczyn by  

ich sezonowy (z uwagi na klimat) charakter. Ponadto, tramwaj wodny, 

w zamiarze autorów projektu, mia  pe ni  funkcj  alternatywnego rodka 

transportu, tymczasem, dla u ytkowników pozosta  raczej atrakcj  tury-

styczn , z której korzystanie zdeterminowane by o nie tylko dogodn  

por  roku ale i adn  pogod . Z faktu traktowania go jako atrakcji wyni-

ka a te  sporadyczno  u ytkowania tego rodka transportu. 

 

 
 dotychczasowy tabor  nowe minibusy 

Rys. 7. Koszty operacyjne taboru Komunikacji Miejskiej w Szczecinku ( rednio 

w kwartale) 

Fig. 7. Operating costs of Komunikacja Miejska Szczecinek (in average by 

quarter) 
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 dotychczasowy tabor  nowe minibusy 

Rys. 8. Przychody taboru Komunikacji Miejskiej w Szczecinku (w kwartale) 

Fig. 8. Revenues of Komunikacja Miejska Szczecinek (by quarter) 

 

Równie  wypo yczalnia rowerów i riksz przynios a nie w pe ni 

zadowalaj ce rezultaty. Po pocz tkowym (w 2009 roku), du ym zainte-

resowaniu wypo yczeniami i niewielkim wzro cie jeszcze w nast pnym 

roku, ju  w 2011 liczba ta spad a. Analizuj c problem, mo na wskaza  

na dwie g ówne przyczyny takiego stanu. Zapewne przyczyn  pocz tko-

wej du ej popularno ci wypo yczalni, a nast pnie jej spadku by o zainte-

resowanie nowo ci , które z czasem, gdy wypo yczalnia spowszednia a, 

os ab o. Drugi powód natomiast, dotycz cy tylko riksz, to fakt, e, do 

ko ca trwania projektu zarz dca wypo yczalni – Szczecinecka Lokalna 

Organizacja Turystyczna boryka a si  z problemem organizacyjnym udo-

st pniania riksz u ytkownikom (sposób zatrudniania kierowców riksz, 

sposób naliczania i kasowania op at itd.). Skutkiem tych problemów by a 

czasowa niedost pno  riksz w wypo yczalni. Z drugi jednak strony, 

bardzo du e zainteresowanie rowerami w wypo yczalni przeros o ich 

poda  i sta o si  dla w adz miasta podstaw  decyzji o ich dokupieniu.
2
 

5. Podsumowanie 

Mimo, e nie wszystkie dzia ania szczecineckiego CIVITASu 
uwie czone zosta y zadowalaj cymi rezultatami, sam projekt oceniono 
jako sukces w adz miasta i partnerów uczestnicz cych w jego realizacji. 
Dodatkowym, nieanalizowanym, ale nie daj cym si  przeceni  efektem 

                                                 
2 Z przyczyn obiektywnych, nie mo na w tym opracowaniu zaprezentowa  wszystkich 

danych, zebranych w toku trwania projektu oraz analiz i wyników przeprowadzonych 

bada . St d te  intencj  autorki by o wskazanie kluczowych osi gni  projektu, istot-

nych przy tym z uwagi na poruszan  w artykule tematyk . 
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projektu jest przy tym upowszechnienie wizerunku Szczecinka w Polsce, 
ale przede wszystkim, w ród krajów uczestnicz cych w CIVITAS. Sta  
si  te , w jakim  sensie, wytyczn  dla dalszego rozwoju Szczecinka 
i kontynuacji jego osi gni . 

Mimo zako czenia dzia a , wp yw dokona  CIVITAS RENAIS-
SANCE na miasto trwa nadal. Wyra a si  on w zachowaniach mieszka -
ców i roli, jak  odegra  w popularyzacji ekologicznych rodków trans-
portu, w decyzjach w adz o dalszych kierunkach rozwoju Szczecinka, 
w nieocenionym wr cz rozg osie, jaki przyniós  miastu w Polsce i poza 
jej granicami, we wzro cie zadowolenia mieszka ców z miejsca, w któ-
rym yj . Jego rezultaty (zw aszcza te mi kkie) wykraczaj  daleko poza 
za o one cele projektu, oscyluj ce, wydawa oby si , wy cznie wokó  
zagadnie  z zakresu ochrony rodowiska, daj c tym samym dowód 
zrównowa onego rozwoju obszaru jego wdra ania. 
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CIVITAS RENAISSANCE Project in Szczecinek  
in the Context of Sustainable Development 

Abstract 
Sustainable development is now a primary objective of the European 

Union's policies. Its rules, which require consistency of three areas: economy, 

society and the environment are the basis of EU guidelines for the use of aid 

programs. One of them is the CIVITAS program, along with the component 

RENAISSANCE, in which participated town Szczecinek. The program was im-

plemented in 10 measures, including the purchase of eco minibuses and intro-

duction of ecological car wash, launch of waterbus cruises, the construction of 

waterside infrastructure, modernization of public bus stops, launch of bike and 

rickshaws rental, expansion of bike paths, improvement of pedestrians and traf-

fic safety, promotion of environmentally friendly transport behaviour and the 

creation of sustainable transport development strategy. 

The project had the positive results in all three areas of sustainable de-

velopment (but not every activity reached an expected level). As the result of 

the environment protection action the noise map was produced, which formed 

the basis for constructing a sustainable transport strategy for the town. Another 

effect of the implemented environmental program is decreased pollution emis-

sion resulting from the use of new minibuses and eco car wash. Further reduc-

tion of emissions is expected in the future on account of changes in residents 

transport habits – by moving away from car use to public transport and bicycles. 

It is also the social effect of the project. Already towards the end of the project, 

reduced use of private cars in favor of more environment friendly transport in-

cluding significant increase in the number of bikes on the bike paths, was no-

ticed. There was also recorded a change in the use of bicycles - increased role of 

cycling in commuting to work, school and when shopping. The second effect of 

the project is improvement of life quality in Szczecinek. These is due to reduced 

pollution levels and also rise in the attractiveness of the town, which is a conse-

quence of the enhanced esthetic of the town, upgraded infrastructure, improved 

residents perception of security and boosted public entertainment offers provid-

ing options for attractive outings. 

The economic indicators have the lowest grades in the project. The rea-

son for the above is fact that undertaken developments required an increase in 

operating costs like expansion of the minibuses fleet or launching the waterbus 

cruises. However, at the same time owing to greater numbers of passengers 

additional revenues were recorded. As yet, waterbus has not reached break-even 

due to its seasonality and approach to it as a tourist attraction rather than means 
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of transport. Also, bicycles and rickshaws rental outcome was not fully satisfac-

tory. After the initial high interest, in the third year of the project decline was 

noted. However, one of the reasons for decline is the management problems 

within Rental Company. 

The results of the project have also additional effects: publicity of 

Szczecinek in Poland and Europe and the impact on local government decisions 

regarding the further development directions of the town. It goes far beyond the 

project's goals concerning environmental protection, thereby proving sustaina-

ble development of implementation area. 

 

S owa kluczowe: 
zrównowa ony rozwój, transport w miastach, CIVITAS 

Keywords: 
sustainable development, transport in cities, CIVITAS 
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1. Wst p 

Planowanie przestrzenne mo e by  rozpatrywane jako jeden z in-
strumentów ochrony rodowiska, zw aszcza w wietle intensywnego 
rozwoju infrastrukturalnego i spo eczno-gospodarczego. Racjonalne za-
gospodarowanie przestrzeni jest niezb dne dla zapewnienia w a ciwej 
dynamiki rozwoju w kontek cie potrzeb cz owieka i potrzeb rodowiska 
naturalnego. Coraz cz ciej zauwa a si , e racjonalne dla rozwoju ko-
rzystnych zale no ci w uk adzie cz owiek – rodowisko jest przeznacza-
nie specjalnych terenów dla potrzeb przyrody. Doskona ym przyk adem 
takich dzia a  jest powi kszanie area u kompleksów le nych – zalesienie 
ponad 600 tys. ha, (Programu Zwi kszania Lesisto ci Powiatu Pozna -
skiego, 2007). Mimo podejmowania korzystnych dzia a  w uj ciu pla-
nowania przestrzennego, negatywnym i cz sto pomijanym skutkiem dy-
namicznego rozwoju jest post puj ca fragmentacja rodowiska natural-
nego. Izolacja obszarów cennych przyrodniczo uruchamia procesy sta-
nowi ce powa ne zagro enie dla ró norodno ci biologicznej i stabilno ci 
ekosystemów. Istotn  kwesti  jest nie tylko tworzenie dokumentów pla-
nistycznych wskazuj cych przestrzenne rozmieszczenie obszarów cen-
nych przyrodniczo i preferowanych pod zalesienia, ale tak e zadbanie 
o niepogarszanie stanu siedlisk przyrodniczych oraz stworzenie realnych 
mo liwo ci utrzymania integralno ci i powi za  mi dzy poszczególnymi 
fragmentami tych siedlisk. Doskona ym instrumentem, po danym 
z punktu widzenia w a ciwego kszta towania przestrzeni i krajobrazu, 
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zapewniaj cego przep yw materii organicznej i nieorganicznej mi dzy 
ró nymi biotopami, rozmieszczonymi najcz ciej w sposób mozaikowy 
po ród o rodków bytno ci cz owieka jest koncepcja sieci korytarzy eko-
logicznych. Korytarze ekologiczne s  to struktury przestrzenne, które 
umo liwiaj  rozprzestrzenianie si  gatunków pomi dzy obszarami w -
z owymi oraz terenami do nich przylegaj cymi [3]. Po czenia mi dzy 
w z ami przyrodniczymi powinny by  wdro one w procesy planowania 
przestrzennego z uwzgl dnieniem ich ochrony prawnej i administracyjnej 
co umo liwi zachowanie czno ci ekologicznej mi dzy siedliskami 
w skali regionu, kraju i Europy [7].  

2. Cel i zakres pracy  

Stworzenie przestrzennego modelu korytarzy ekologicznych  

z uwzgl dnieniem istniej cych i projektowanych obszarów le nych by o 

cz ci  autorskiego projektu koncepcji zalesie  dla gminy Tarnowo Pod-

górne przedstawionej w pracy Zydronia i Bobera [10].  

Celem pracy by o opracowanie propozycji utworzenia sieci kory-

tarzy wraz ze wskazaniem lokalizacji w z ów poprzez rozpoznanie ist-

niej cych oraz projektowanych w wietle koncepcji zalesie  i uwarun-

kowa  rodowiskowych w gminie Tarnowo Podgórne. 

Badaniami obj to obszar gminy Tarnowo Podgórne z uwzgl d-

nieniem przyleg ych kompleksów le nych. 

3. Metodyka i materia  badawczy 

Podczas prac wykorzystano materia y ród owe pozyskane z Wy-

dzia u Zagospodarowania Przestrzennego gminy Tarnowo Podgórne oraz 

Regionalnej Dyrekcji Lasów Pa stwowych w Poznaniu [A2, A5]. 

Analiza zaprojektowanej w systemie informacji przestrzennej 

(SIP) programu ArcGIS (pakiet ArcView SU 9.3, nr lic. 418533504) 

koncepcji zalesie , przedstawionej w postaci warstw obszarów o zdefi-

niowanych atrybutach rodowiskowych (uwarunkowaniach przyrodni-

czych) oraz rekomendowanych do zalesie  na podstawie wytycznych 

w zgromadzonych dokumentach [A1, A4, A6, A7] pozwoli a na wyzna-

czenie sieci w z ów i korytarzy ekologicznych poprzez zastosowanie 

wskaza  praktycznych [5] oraz metody ilo ciowej i jako ciowej sieci 

po cze  ekologicznych. Prace pozwoli y na okre lenie stopnia funkcjo-
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nalno ci struktury powi za  oraz stabilno ci ekologicznej wybranego 

fragmentu krajobrazu, w tym wypadku obszaru gminy Tarnowo Podgórne. 

Dla oceny modelu sieci wykorzystano podstawowe wska niki 

stosowane w metodzie oceny stabilno ci fragmentu krajobrazu wed ug 

kryterium sieci po cze .  

Wska nik  – przyjmuj cy warto  z przedzia u (0,1), okre laj cy 

stosunek mi dzy rzeczywist  a maksymalnie mo liw  liczb  p tli w mo-

delu sieci po cze . Wska nik  – przyjmuj cy warto  z przedzia u 

(0,3), okre laj cy stopie  rozcz onkowania w z ów w modelu oraz ilo  

p tli w badanym obszarze. Wska nik  – przyjmuj cy warto  z prze-

dzia u (0,1), okre laj cy stosunek liczby ci gów ekologicznych do mak-

symalnej ich liczby, która mog a by wyst pi  w uk adzie o tej samej licz-

bie w z ów ekologicznych. 

Na podstawie opracowanej koncepcji oraz uwarunkowa  przy-

rodniczych gminy wykonany zosta  schematyczny rysunek przedstawia-

j cy rozmieszczenie kompleksów okre lonych mianem le nych w z ów 

ekologicznych oraz wyznaczenie mo liwych po cze  mi dzy nimi pod 

postaci  le nych korytarzy ekologicznych. 

Na podstawie zgromadzonych informacji w programie graficz-

nym GIMP (GIMP 2.Ink) opracowany zosta  graficzny schemat modelu 

w z ów ekologicznych wraz z sieci  po cze  korytarzy ekologicznych. 

4. Charakterystyka obszaru bada  

Gmina Tarnowo Podgórne zlokalizowana jest w rodkowej cz ci 
województwa wielkopolskiego, a jej obszar zajmuje powierzchni  
101,4 km

2
. Gmina graniczy od wschodu z miastem Poznaniem oraz 

z gminami Dopiewo, Rokietnica, Buk i Ka mierz. Wraz z innymi gmi-
nami powiatu pozna skiego gmina Tarnowo Podgórne tworzy obszar 
metropolitarny miasta Poznania, co przejawia si  w modelu zagospoda-
rowania przestrzeni i jego funkcjach [10]. 

Lasy w obszarze gminy stanowi  powierzchni  oko o 792,2 ha 
(7,8% powierzchni gminy). Zalesienia uj te w projektowanej koncepcji 
stanowi  powierzchni  oko o 2 324, 9 ha (22,9% pow. gminy). Dobór 
obszarów wskazanych do zalesienia jest efektem zestawienia uwarunko-
wa  przyrodniczych takich jak: wyst powanie gleb najs abszych, warun-
ki hydrograficzne, wyst powanie obszarów przyrodniczo cennych, dole-
sie  istniej cych kompleksów, z wytycznymi zawartymi w odpowiednich 
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dokumentach. Zgodnie z wytycznymi w sprawie ustalenia granicy rolno 
le nej 19,03% ca o ci koncepcji (ok. 442,43 ha) to kompleksy le ne za-
planowane w celu utworzenia stabilnej sieci po cze  ekologicznych  
w strukturze lasów gminy [10]. 

Lasy istniej ce oraz projektowane obejmuj  cznie obszar ok. 

3117 ha co stanowi wzrost lesisto ci do poziomu 30,7% powierzchni 

gminy (rys. 1).  

 

 

Rys. 1. Koncepcja zalesie  dla gminy Tarnowo Podgórne wraz z istniej cym 

uk adem przestrzennym 
Fig. 1. The concept of Tarnowo Podgorne afforestation together with  

the existing spatial layout 

5. Wyniki bada  

5.1. Problematyka fragmentacji rodowiska le nego na terenie gminy 
Tarnowo Podgórne 

Istotnym aspektem dla zapewnienia prawid owego funkcjonowa-

nia z o onego ekosystemu le nego jest zapewnienie odpowiednich dla 

niego warunków przestrzennych. Najcz ciej w uj ciu planowania prze-
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strzennego przejawem tego jest wzgl dna ochrona kompleksów istniej -

cych oraz sporadyczne dolesienia izolowanych area ów. Niestety pomi-

jane s  aspekty czno ci ekologicznej [6].  

 

 

Rys. 2. Schematyczny model wp ywu fragmentacji rodowiska na zanikanie 

I zmniejszenie ró norodno ci genetycznej w ród modelowej populacji zwierz t 

le nych 
Fig. 2. A schematic model of the impact of habitat fragmentation  

on the disappearance and reduction of genetic diversity among populations  

of the model forest animals 

 

Spo ród zagro e  spowodowanych dzia alno ci  ludzk  najgro -

niejsze dla wyst powania i liczebno ci zwierz t jest zabudowa i fragmen-

tacja siedlisk [9]. Fragmentacja i izolacja rodowisk le nych ma nie tylko 

niekorzystny wp yw na liczebno  ale tak e na ró norodno  genetyczn  

i zdolno ci przystosowawcze populacji ro lin, zwierz t i grzybów co 

przek ada si  bezpo rednio na spadek ró norodno ci biologicznej i mo -

liwo ci przetrwania gatunku w obr bie biotopu le nego. Przyk ad popu-

lacji gatunku zwierz t le nych, dla których pojawiaj ce si  w przestrzeni 

niekorzystne czynniki fragmentacji i skutecznej izolacji ukazuje mecha-

nizm stopniowego zanikania gatunku na danym obszarze w kontek cie 

spadku ró norodno ci genetycznej. Brak wymiany genów mi dzy osob-
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nikami tego samego gatunku w odizolowanych p atach le nych przyczy-

nia si  wraz z czynnikami losowymi, takimi jak choroby czy odstrza  do 

os abienia i zanikania populacji. Nawet w przypadku wyst pienia zjawi-

ska rekolonizacji – ponownego zasiedlania izolowanych kompleksów 

przez przedstawicieli populacji, które przetrwa y zmiany przestrzenne – 

ogólny poziom zmienno ci genetycznej mo e okaza  si  w przysz o ci 

zbyt niski dla zapewnienia przetrwania na danym obszarze (rys. 2) [6].  

W gminie Tarnowo Podgórne najwi ksze kompleksy le ne po o-

one s  w cz ci po udniowo-zachodniej (ok. 630 ha) i po udniowo-

wschodniej (ok. 126,6 ha). Pozosta e obszary le ne wyst puj  pod posta-

ci  ma ych, rozrzuconych mozaikowo p atów w ca ej gminie ( cznie 

oko o 39,5 ha). Cz  centralna oraz pó nocna odznaczaj  si  zerow  

lesisto ci  [10].  

Dodatkowym zagro eniem sprzyjaj cym fragmentacji rodowiska 

le nego jest wyst powanie du ych stref funkcjonalno-przestrzennych 

przeznaczonych pod terenoch onne inwestycje przemys owe i gospodarcze 

– strefa B, J oraz zwarte kompleksy ró nego rodzaju zabudowy mieszka-

niowej w strefach I, F, C, stanowi cych du e utrudnienie dla przep ywu 

informacji genetycznej miedzy izolowanymi p atami lasu (rys. 1). 

Szczególnie niesprzyjaj cy jest uk ad komunikacyjny w gminie – 

strefa A. Dwa du e szlaki komunikacyjne dziel  jej obszar na cztery cz -

ci – ze wschodu na zachód jest to droga krajowa nr 92: Terespol – War-

szawa – wiecko oraz Zachodnia Obwodnica Poznania: Z otkowo – au-

tostrada A2, przecinaj ca gmin  z pó nocy na po udnie. Oba szlaki sta-

nowi  powa ne ograniczenie w funkcjonowaniu projektowanych koryta-

rzy ekologicznych. Drogi o dwóch pasach ruchu w ka dym z kierunków, 

odizolowane barierkami i ekranami akustycznymi w niektórych miej-

scach stanowi  barier  zaporow  dla wi kszo ci gatunków zwierz t, dla 

pozosta ych s  zagro eniem sprzyjaj cym wzrostowi miertelno ci 

w wyniku kolizji z pojazdami [8]. Obecny uk ad lasów sprzyja wyst po-

waniu negatywnych reperkusji dla populacji le nych w izolowanych en-

klawach zwi zanych bezpo rednio z fragmentacj  rodowiska przyrodni-

czego (rys. 1). 
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5.2. Analiza przestrzenna projektowanej sieci korytarzy  
ekologicznych 

Dla zachowania ci gów ekologicznych umo liwiaj cych migracj  

zwierz t, ochrony istniej cych obszarów cennych przyrodniczo, wpro-

wadza si  obszary zapewniaj ce czno  poprzez przestrzenne i pasmo-

we korytarze ekologiczne na zasadzie hierarchicznej o znaczeniu krajo-

wym (k), regionalnym (r), i lokalnym (l), [2]. Korytarze ekologiczne jako 

trasy przemieszczania materii, energii oraz informacji biologicznej mi -

dzy w z ami ekologicznymi s  istotnym elementem opracowanej kon-

cepcji. Najwa niejszym zagro eniem dla funkcjonowania korytarzy eko-

logicznych jest przerywanie ich ci g o ci przez infrastruktur  liniow  

(drogi i linie kolejowe) oraz wylesienie powierzchni i rozwój obszarów 

zabudowanych, a przede wszystkim chaotyczna zabudowa terenów wiej-

skich [3]. Uj cie uk adu p atów i korytarzy ekologicznych pod wzgl dem 

krajobrazowym jest istotne dla zapewnienia prawid owego funkcjonowa-

nia rodowiska przyrodniczego w aspekcie stosunków wodnych, klima-

tycznych i geodynamicznych [1]. Uk ad przestrzenny zalesie  istniej -

cych oraz projektowanych tworzy w obszarze gminy sie  korytarzy eko-

logicznych. Dla prawid owego funkcjonowania sieci ci gów ekologicz-

nych istnieje konieczno  zlikwidowania najpowa niejszych barier an-

tropogenicznych. Najbardziej znacz cymi ogranicznikami w ci g o ci 

sieci korytarzy ekologicznych s  du e ci gi komunikacyjne przebiegaj -

ce w obr bie istniej cych lasów i projektowanych zalesie . W projekto-

wanym uk adzie korytarzy ekologicznych wskazano miejsca nieci g o ci, 

spowodowane przebiegiem najwi kszych szlaków drogowych, w obr bie 

których powinna powsta  stosowna infrastruktura przej  dla zwierz t, 

zgodna z w a ciwymi wytycznymi, umo liwiaj ca dro no  sieci powi -

za  ekologicznych w obszarze gminy (rys. 3).  

Zgodnie z metod  ilo ciowej i jako ciowej oceny sieci po cze  

ekologicznych okre laj cej stopie  funkcjonalno ci struktury powi za  

oraz stabilno  ekologiczn  badanego obszaru obliczono [4], e wspó -

czynnik  okre laj cy kryterium stosunku okre lonych w modelu p tli 

wynikaj cych z po cze  do ich maksymalnej mo liwej ilo ci we wska-

zanym uk adzie obliczony wed ug wzoru: 

 (1) 
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gdzie:  

V – 21 (liczba w z ów), 

E – 37 (liczba po cze ), 

 

jest równy warto ci liczbowej 0,46, co oznacza, e zaprojektowane po -

czenia realizuj  niemal po ow  wszystkich mo liwo ci. Im warto  

wspó czynnika wi ksza tym wi cej jest cie ek mi dzy p atami. 

 

 

Rys. 3. Schemat struktury sieci korytarzy ekologicznych w wietle opracowanej 

koncepcji zalesie  
Fig. 3. Schematic structure of the network of ecological corridors in the light 

of the concept developed afforestation 

 

Trzeci brany pod uwag  wska nik , okre laj cy stosunek liczby 

ci gów ekologicznych do maksymalnej ich liczby, która mog a by wy-

st pi  w uk adzie o tej samej liczbie w z ów, obliczony wed ug wzoru: 

 (2) 

gdzie:  

V – 21 (liczba w z ów), 

E – 37 (liczba po cze ) 
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wyra ony wielko ci  na poziomie warto ci liczbowej 0,65 oznacza, e 
w planowanej sieci korytarzy ekologicznych wykorzystana zosta a ponad 
po owa wszystkich mo liwo ci po cze  mi dzy w z ami. Im wi ksza 
warto  wska nika tym d ugo  poszczególnych po cze  mi dzy p ato-
wych jest krótsza.  

6. Podsumowanie 

Dla zapewnienia prawid owego funkcjonowania przestrzeni 
w uk adzie rodowisko – cz owiek istnieje potrzeba, oprócz zabezpiecze-
nia area ów ekosystemów zbli onych do naturalnych, konieczno  
uwzgl dnienia czno ci biologicznej mi dzy kompleksami le nymi. Do-
skona ym instrumentem dla tych celów jest wdra anie w koncepcjach za-
gospodarowania przestrzennego korytarzy ekologicznych, które zapewnia-
j  mo liwo  migracji zwierzyny i wymian  genów pomi dzy populacja-
mi. Prawid owo funkcjonuj ca sie  powi za  ekologicznych przeciwdzia a 
zmniejszeniu ró norodno ci genetycznej w ród metapopulacji poszczegól-
nych gatunków le nych a co za tym idzie przeciwdzia a obni eniu ró no-
rodno ci biologicznej i stabilizuje ekosystemy le ne. Wprowadzenie kory-
tarzy ekologicznych wp ywa te  korzystnie na ró norodno  krajobrazu. 
Analiza zaprojektowanej struktury korytarzy ekologicznych w kontek cie 
metody ilo ciowej i jako ciowej fragmentu krajobrazu wskazuje, e 
wszystkie badane wska niki mieszcz  si  w wyznaczonych w metodzie 
przedzia ach, a ich interpretacja dowodzi jednoznacznie, e zaprojektowa-
na sie  korytarzy ekologicznych b dzie spe nia  swoje funkcje przyrodni-
cze i krajobrazowe w sposób wystarczaj cy oraz stabilny.  

Najwa niejszym ograniczeniem w funkcjonowaniu projektowa-
nych korytarzy ekologicznych w gminie Tarnowo Podgórne jest przery-
wanie ich ci g o ci przez infrastruktur  liniow  (drogi i linie kolejowe) 
oraz wylesienie powierzchni i rozwój obszarów zabudowanych, a przede 
wszystkim chaotyczna zabudowa terenów wiejskich. 
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Concept of Ecological Corridors in the Light  
of Afforestation Planned  

for the Tarnowo Podgorne Municipality 

Abstract 
An important element to be taken into account when designing the af-

forestation of Tarnowo Podgorne municipality was to create a model of ecolog-

ical corridors, taking into account existing and planned natural forest areas. 

Analysis of the concept of afforestation and conditions allowed to determine the 

existing network nodes and corridors through the use of quantitative and quali-

tative methods of organic interconnection network and determine the degree of 

functional chain structure and ecological stability in the community. For the 

evaluation of the network model used in the basic indicators used in the method 

of assessing the stability of part of the landscape in order of network connec-

tions. Designed structure of ecological corridors indicates that all test indicators 

are within the ranges set by the method, and their interpretation proves une-

quivocally that the designed network will fulfill their natural functions. The 

proposed concept is characterized by the attention to the behavior of spatial 

order with regard to the functionality of other forms of land use space. Although 

the community is not in any formal way affiliated with the Nature 2000 network 

the structure of ecological corridors is the result of the development of the con-

cept shows a high degree of functionality and stability as part of the assessment 

of the stability of the landscape in order of network connections. 
 

S owa kluczowe:  
planowanie przestrzenne, obszary ochrony przyrody, gmina 

Keywords:  
spatial planning, nature conservation areas, commune 
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1. Wst p 

Kraje Unii Europejskiej od lat d  do przekszta cenia gospodarki 
unijnej w najbardziej konkurencyjn , opart  na zasobach wiedzy, gospo-
dark  na wiecie [4,5,9,10,12]. Podkre la si , e dalszy rozwój spo eczno-
gospodarczy krajów europejskich (ale i nie tylko) mo e by  uzyskany 
przez przysz e pokolenia tylko wtedy, gdy zostanie zachowana koherencja 
pomi dzy trzema sk adowymi rozwoju tj. rodowiskiem naturalnym, spo-
ecze stwem i gospodark  [6]. To „ewolucyjne” podej cie do czynnika 
rodowiskowego w procesach gospodarowania wynika z faktu, e global-

ny rynek wykorzystuje globalne rodowisko naturalne i rozwój zrównowa-
ony jest warunkiem niezb dnym nowego paradygmatu w ekonomii [11].  

Poszukuj ca nowoczesnych czynników wzrostu gospodarczego, 
Europa, stymuluj cych jej konkurencyjno  i innowacyjno , aktualnie 
wykorzystuje koncepcj  rozwoju, pozwalaj cego odblokowa  jej potencja  
rozwojowy. Kluczowym czynnikiem sprawczym rozwoju spo eczno-
gospodarczego w tym modelu gospodarki s  czynniki zwi zane z zasobem 
wiedzy, w ród których w szczególno ci wymienia si  inwestycje w inno-
wacje, rozwój zasobów ludzkich i wysokie technologie, nak ady na sfer  
badawczo-rozwojow  oraz wspó prac  gospodarki z o rodkami naukowo-
badawczymi [3,1,2,7]. Obok inteligentnego wzrostu (ang. smart growth), 
opartego na wiedzy i innowacjach oraz dzia a  sprzyjaj cych w czeniu 
spo ecznemu (ang. inclusive growth), model ten promuje wzrost zrówno-
wa ony (ang. sustainable growth), czyli zak ada transformacj  w kierunku 
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gospodarki niskoemisyjnej oraz efektywne korzystanie z zasobów natural-
nych, promuje efektywno  energetyczn  i wykorzystanie odnawialnych 
róde  energii [13].  

Powy sze priorytety rozwojowe stworzy y podstaw  do podj tej 

w niniejszym artykule typologii i klasyfikacji krajów europejskich w opar-

ciu o syntetyczny wska nik zrównowa onego rozwoju oszacowany na 

podstawie wybranych cech opisuj cych zmiany w filarach: rodowisko-

gospodarka –spo ecze stwo. Filary te stanowi  ramy programu reform dla 

krajów europejskich – Strategia Europa 2020 [14]. W artykule podj to 

prób  uzyskania odpowiedzi na pytanie o kierunki zmian w poziomie 

zrównowa onego rozwoju w krajach europejskich zachodz cych na prze-

strzeni lat 2004–2012, a tak e zidentyfikowania czynników determinuj -

cych uzyskiwany przez poszczególne kraje poziom zrównowa onego roz-

woju. Do weryfikacji przyj to za o enie a zmniejszaj cym si  dystansie 

rozwojowym pomi dzy krajami UE oraz o czynnikach ekonomicznych, 

jako silnie determinuj cych poziom zrównowa onego rozwoju.  

2. Metoda i zakres danych 

W badaniach mi dzynarodowych stosowane s  ró ne wska niki 

i mierniki wykorzystywane do pomiaru i oceny zró nicowania w rozwoju 

spo eczno-gospodarczego krajów. Najbardziej popularne, aczkolwiek 

niedoskona e w swojej konstrukcji to PKB, a tak e wykorzystywany do 

oceny rozwoju spo ecznego HDI. W niniejszym artykule podj to prób  

stworzenia systetycznego wska nika, który bazuje na wska nikach 

(cechach) aktualnie wytypowanych przez Komisj  Europejsk  do oceny 

zrównowa onego rozwoju krajów UE, uj tych w programie Strategia 

Europa 2020. Uwzgl dnia on w swojej konstrukcji trzy filary: gospodark , 

spo ecze stwo oraz czynnik, cz sto pomijany w innych analizach 

porównawczych, mianowicie czynnik rodowiskowy.  

W celu okre lenia poziomu rozwoju osi gni tego przez kraje UE 

w ramach strategii Europa 2020
1
 zastosowano porz dkowanie liniowe 

w oparciu o metod  sum standaryzowanych warto ci oraz w efekcie przy-

porz dkowano ka demu z krajów wzgl dny wska nik poziomu rozwoju 

                                                 
1 Badaniem obj to 29 krajów europejskich, wybór pa stw do analizy uwarunkowany 

by  dost pno ci  danych. Spo ród analizowanych 29 krajów europejskich Norwegia nie 

jest cz onkiem UE.  Chorwacja w momencie zbierania danych nie by a cz onkiem UE. 
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opisuj cy czny stopie  realizacji za o e  strategii Europa. Polega ona na 

sumowaniu zestandaryzowanych uprzednio warto ci uwzgl dnionych 

cech, w ród których cechy b d ce destymulantami przekszta cono, mno-

c ich warto ci przez -1. Zmienn  syntetyczn  opisuj c  ogólny poziom 

zaawansowania krajów w realizacji za o e  strategii Europa 2020 prze-

kszta cono wg nast puj cej formu y [8]: 

k

j i

ij

k

j ij

i

z

z
W

1

1

max

  (1) 

gdzie: 

i

ijijij xxz min  oraz  xij oznacza warto  cechy j dla kraju o numerze i. 

 

Otrzymano w ten sposób wska nik wzgl dnego poziomu rozwo-

ju. Przyjmuje on warto ci z przedzia u <0,1>, przy czym wi ksza war-

to  oznacza obiekt lepszy pod wzgl dem kryterium ogólnego. 

Klasyfikacji krajów dokonano w oparciu o hierarchiczn  procedu-

r  aglomeracyjn  Warda opisan  za pomoc  nast puj cego schematu [8]: 

1. Ka dy obiekt traktuje si  jako grup  jednoelementow . 

2. W macierzy odleg o ci wyszukuje si  odleg o ci minimalnej. 

3. Najbli sze obiekty czy si  w jedn  grup  dwuelementow . 

4. Wyznacza si  odleg o ci nowo utworzonej grupy od wszystkich pozo-

sta ych grup. 

5. Powtarza si  kroki 2–5 a  do momentu, gdy wszystkie obiekty utwo-

rz  jedn  grup . 

 

W metodzie Warda, b d cej jednym z wariantów metody hierar-

chicznego grupowania, odleg o  mi dzy grupami obiektów wyznacza 

si  wg nast puj cego wzoru [8]: 
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min , 

dij – odleg o ci euklidesowe mi dzy klasyfikowanymi obiektami, 
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dip – odleg o ci mi dzy jedn  z dwóch grup czonych na danym etapie 

procedury zawieraj c  Np elementów a pozosta ymi grupami (nie czo-

nymi na danym etapie), których liczba wynosi Ni. 

Diq – odleg o ci mi dzy drug  z grup czonych na danym etapie proce-

dury licz c  Nq elementów a pozosta ymi Ni grupami. 

Nr – liczba elementów w nowo utworzonej grupie. 

 
Tabela 1. Charakterystyki wyj ciowe przyj te do badania  

(dane za 2004 i 2012) [15] 

Table 1. Output characteristics adopted for testing (2004; 2012) [15] 

Kraj 

X1 X2 X3 X4 X5 

Destymulanta Stymulanta  Stymulanta Destymulanta Stymulanta 

2012 2004 2012 2004 2012 2004 2012 2004 2012 2004 

Belgia 12 13,1 67,2 65,6 2,24 1,86 21,6 21,6 4,1 1,9 

Bu garia 12,5 21,4 63 60,1 0,64 0,49 49,3 61,3 13,8 9,2 

Czechy 5,5 6,3 71,5 70,1 1,88 1,2 15,4 19,6 9,4 6 

Dania 9,1 8,8 75,4 77,6 2,99 2,48 19 16,5 23,1 14,9 

Niemcy 10,6 12,1 76,7 68,8 2,92 2,5 19,6 18,4 12,3 5,2 

Estonia 10,5 13,1 72,1 70,6 2,18 0,85 23,4 26,3 25,9 18,4 

Irlandia 9,7 13,1 63,7 71,5 1,72 1,23 29,4 24,8 6,7 2,4 

Grecja 11,4 14,7 55,3 64 0,69 0,55 34,6 30,9 11,6 7,1 

Hiszpania  24,9 32 59,3 65,2 1,3 1,06 28,2 25 15,1 8,3 

Francja 11,6 12,1 69,3 69,5 2,26 2,16 19,1 19,8 11,5 9,3 

Chorwacja 4,2 5,4 55,4 59,6 0,75 1,05 32,3 30,7 15,7 15,2 

W ochy 17,6 22,9 61 61,5 1,27 1,09 29,9 26,4 11,5 5,1 

Cypr 11,4 20,6 70,2 74,9 0,47 0,37 27,1 25,3 5,4 2,7 

otwa 10,6 14,7 68,1 69,3 0,66 0,42 36,2 46,3 33,1 32,8 

Litwa 6,5 10,5 68,5 69 0,9 0,75 32,5 41 20,3 17,3 

Luxemburg 8,1 12,7 71,4 67,7 1,51 1,63 18,4 16,1 2,9 0,9 

W gry 11,5 12,6 62,1 62,1 1,3 0,88 32,4 32,1 9,1 4,4 

Malta 22,6 42,1 63,1 57,9 0,84 0,51 22,2 20,2 0,4 0 

Holandia 8,8 14,1 77,2 74,9 2,16 1,93 15 16,7 4,3 1,8 

Austria 7,6 9,5 75,6 70,8 2,84 2,24 18,5 17,5 30,9 22,8 

Polska 5,7 5,6 64,7 57,3 0,9 0,56 26,7 45,3 10,4 7 

Portugalia 20,8 39,4 66,5 72,6 1,5 0,74 25,3 27,5 24,9 19,3 

Rumunia 17,4 22,4 63,8 63,5 0,42 0,39 41,7 45,9 21,4 17 

S owenia 4,4 4,3 68,3 70,4 2,8 1,39 19,6 18,5 18,8 16,1 

S owacja 5,3 6,8 65,1 63,7 0,82 0,51 20,5 32 9,7 6,7 

Finlandia 8,9 10 74 72,2 3,55 3,45 17,2 17,2 31,8 29 

Szwecja 7,5 9,2 79,4 77,4 3,41 3,58 18,2 16,9 46,8 38,7 

Wlk.  

Brytania 
13,6 12,1 74,2 75 1,72 1,67 24,1 24,8 3,8 1,2 

Norwegia 14,8 4,7 79,9 78,2 1,66 1,57 13,8 15,8 65 58,6 
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Do oszacowania syntetycznego wska nika rozwoju Europa 2020 
przyj to dane roczne pozyskane z Eurostatu opisane dla takich obszarów 
definiuj cych g ówne za o enia dla tej strategii. S  to nast puj ce cechy:  

 X1 zatrudnienie – wska nik zatrudnienia osób w przedziale wieko-
wym 20–64 lata, 

 X2 sfera badawczo-rozwojowa – wska nik opisany jako wielko  na-
k adów na B+R jako % PKB, 

 X3 edukacja – wska nik opisany jako udzia  osób w wieku 18–24 lata 
przedwcze nie ko cz cych nauk , 

 X4 ubóstwo i wykluczenie spo eczne – wska nik okre laj cy udzia  
osób zagro onych ubóstwem lub wykluczeniem spo ecznym, 

 X5 emisja CO2 – udzia  energii ze róde  odnawialnych w ko cowym 
zu yciu energii brutto.  

 
Zakres czasowy badania obj  dwa momenty czasowe: rok 2004 

i 2012.  

3. Rezultaty bada  

Uzyskana hierarchia pozwoli a pogrupowa  kraje na pi  ró nych 
klas, wzgl dnie homogenicznych wewn trznie, pod wzgl dem poziomu 
syntetycznego wska nika rozwoju spo eczno-gospodarczego Europa 
2020. Wyniki typologii wskazuj , e zarówno w 2012 jak i 2004 najwy -
szym poziomem rozwoju cechowa y si  kraje skandynawskie (tj. Szwe-
cja, Norwegia, Finlandia) uzyskuj ce najwy sze warto ci wska nika. 
Najgorzej w ocenie wypad y Bu garia i Rumunia, stosunkowo najm od-
sze pa stwa w strukturach unijnych, a tak e Malta oraz kraje po udnia 
Europy: Hiszpania, Grecja, W ochy (por. tabela 2). 

Oceniaj c pozycj  Bu garii i Rumunii w uzyskanej typologii na-
le y podkre li , e pomimo faktu, i  w klasyfikacji kraje te wydaj  si  
by  podobne pod wzgl dem poziomu rozwoju, to jednak sytuacja tych 
gospodarek jest zdecydowanie odmienna. Przede wszystkim Bu garia 
pozostaj c na ostatnim miejscu i tak poprawi a wynik wska nika rozwoju 
o prawie 34 p.p. w stosunku do 2004 r. Ta pozytywna zmiana widoczna 
jest w samej tylko warto ci wska nika syntetycznego. Potwierdzaj  to 
tak e warto ci cech cz stkowych przyj te do badania. Jednak o tak ni-
skiej pozycji tego kraju zadecydowa  móg  czynnik zwi zany ze sfer  
spo eczn . Bu garia nadal notuje jeden z najwy szych w Europie wska -
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ników zagro enia ubóstwem (tabela 1). Ponadto nie bez znaczenia wyda-
je si  by  niski udzia  wydatków na B+R (liczony jako % od PKB). Na-
le y tak e podkre li , e i Bu garia i Rumunia notuj  najni szy wska nik 
PKB (w 2012 roku odpowiednio 47 i 49 proc. redniej unijnej, a w 2004 
by o to zaledwie odpowiednio 32 i 33 proc. redniej unijnej), co bezpo-
rednio wp ywa na wielko  kwot przekazywanych na powy szy cel.  

Oceniaj c sytuacj  Rumunii, zaobserwowano wyra ne zahamo-
wanie procesu rozwojowego w tym kraju. Czynnikiem sprawczym tej 
sytuacji móg  by , podobnie jak w przypadku Bu garii, jeden z najni -
szych nak adów na sfer  B+R oraz najwi ksze w Europie zagro enie 
ubóstwem i towarzysz cy biedzie wysoki udzia  osób nie kontynuuj -
cych nauki. 

Odmienn  specyfik  charakteryzuje si  Malta. O ile w sferze spo-
ecznej i ekonomicznej sytuacja tego kraju nie odbiega znacz co od in-

nych krajów sklasyfikowanych w tej samej grupie, to jednak brak w 2004 
r., a pó niej w 2012 r. ladowy udzia  wykorzystania energii niekonwen-
cjonalnej móg  przyczyni  si  do stosunkowo niskiej oceny Malty na tle 
innych krajów. W kraju tym nast pi  tak e przyrost wska nika osób za-
gro onych ubóstwem (por. tabela 1).  

Ciekawie przedstawiaj  si  wyniki dla Polski, dla której szacowa-
na warto  wska nika rozwoju mia a najwi kszy przyrost (o prawie 48%) 
w stosunku do pozosta ych analizowanych krajów. Z pewno ci  na wy-
nik ten wp yw mia o ograniczenie liczby osób zagro onych ubóstwem 
o ok. 50% (by  to obok Rumunii i Bu garii jeden z najwy szych wska -
ników w 2004 r.). Poprawa warunków ycia z pewno ci  by a konse-
kwencj  dynamicznego rozwoju Polski w tym okresie. Ponadto Polska 
mo e pochwali  si  jednym z najni szym wska ników osób przedwcze-
nie ko cz cych nauk , na co wp yw mo e mie  obowi zek szkolny 

i bezp atne studia. Nie mo na tutaj jednak mówi  o prostej zale no ci 
z jako ci  nauczania, co pozostaje poza obszarem monitoringu strategii.  

Przypatruj c si  bli ej sytuacji krajów, które osi gn y w 2012 
roku gorsze wyniki w stosunku do 2004 r., mo na uzna , e nie bez 
wp ywu pozostawa a ogólna niespokojna sytuacja gospodarcza na wia-
towych rynkach. Spo ród 29 analizowanych krajów a  w 16 zanotowano 
ni szy ni  w 2004 roku wska nik rozwoju spo eczno-gospodarczego. 
Ponadto w trzynastu krajach nast pi  spadek zatrudnienia, wi c nie jest 
zaskoczeniem, e jednocze nie w czternastu krajach wzrós  udzia  osób 
yj cych na granicy ubóstwa socjalnego, jako bezpo redni efekt utraty 
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dochodów i konieczno ci ograniczenia wydatków na bie c  konsump-
cj . Analizuj c tak e dynamik  PKB stwierdzono, i  wi kszo  krajów 
zanotowa a wyhamowanie wzrostu gospodarczego utrzymuj ce si  tak e 
w 2012 r. (por. rysunek 1). Co prawda nie by  to jednoroczny epizod, 
spowolnienie gospodarcze a nawet kryzys odczuwalne by y na wiato-
wych rynkach pocz wszy od 2007 r. 

Zebrany materia  pozwoli  na podj cie próby oceny zbadania za-
le no ci pomi dzy badanymi cechami. Badania wykaza y, e wyst puje 
stosunkowo silna dodatnia zale no  pomi dzy wska nikiem zatrudnie-
nia a wydatkami na B+R (r = 0,679). Równie silna, ale ujemna zale no  
wyst puje pomi dzy zagro eniem socjalnym a zatrudnieniem (r = -0,676) 
i sfer  B+R (r = -0,687)

2
.  

Wykorzystanie energii niekonwencjonalnej w ocenie poziomu 
rozwoju oceni  nale y za element istotny. Czynnik rodowiskowy wyka-
zuje najwi ksz  wspó zale no  ze wska nikiem zatrudnienia (r = 0,445), 
tak e stwierdzono dodatni  zale no , ale o mniejszej sile wyst puj c  
wzgl dem nak adów na sfer  B+R. Ujemn  wspó zale no  zaobserwo-
wano w korelacji z liczb  osób przedwcze nie ko cz cych nauk  oraz 
liczb  osób zagro onych ubóstwem. Wszystkie te zale no ci oceni  nale y 
za prawid owe

3
. Cztery kraje o najwy szym poziomie rozwoju jednocze-

nie posiadaj  najwy szych udzia  wykorzystania energii niekonwencjo-
nalnej, przy czym Norwegia dwukrotnie wi cej ni  Finlandia i Austria. 

Maj c na uwadze powy sze wspó zale no ci okre laj ce si  
i kierunek pomi dzy badanymi cechami nale y uzna  aktualne starania 
rz dów pa stw UE do zwi kszenia wydatków na sfer  B+R za jak naj-
bardziej uzasadnione. Pierwszych siedem pa stw cechuj cych si  naj-
wy szym wska nikiem rozwoju jednocze nie ponosi najwi ksze nak ady 
na sfer  badawczo-rozwojow . W ród pa stw, które wydaj  najmniej na 
nauk  i badania jest Polska. Poza naszym krajem mniej ni  1 proc. PKB 
na te cele przeznaczaj : Litwa, Malta, S owacja, Chorwacja, Grecja, o-
twa, Bu garia, Cypr i Rumunia. Jest to zdecydowanie nadal zbyt ma o by 
zwi kszy  innowacyjno  tych gospodarek. Obecnie kraje kojarzone 
z przewag  technologiczn  maj  nak ady znacznie wy sze ni  nasz cel 
krajowy na 2020 rok. Dla przyk adu: Korea Po udniowa w 2010 r. mia a 

                                                 
2 Pozosta e wspó zale no ci pomi dzy badanymi cechami wykazuj  mniejsz  si  
3 Uzyskane wyniki korelacji wykazuj  podobn , ale jednak wi ksz  wspó zale no  

w 2012 roku ani eli w 2004.  
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nak ady równe 3,74% PKB, USA 2,88% PKB, Niemcy 2,82% PKB, Fin-
landia 3,87% PKB, Wielka Brytania 1,77% PKB. Najwi cej w nauk  
i innowacje inwestuj  tak e Szwecja (ok. 3,5% PKB), a tak e Dania, 
Austria i S owenia (ok. 3% PKB). 

Przechodz c do typologii krajów dokonanej w 2004 roku w opar-

ciu o szacowany syntetyczny wska nik rozwoju, wytypowano pi  klas: 

pierwsza i druga to zbiory trzyelementowe, o najwy szym i wysokim 

poziomie rozwoju. Dominuj  tutaj kraje skandynawskie (Szwecja, Nor-

wegia, Finlandia) a tak e Dania, Austria i S owenia. Grupowanie to w a-

ciwie obejmuje pa stwa podobne i ze wzgl du na lokalizacj  jak i po-

ziom ycia, poza S oweni , która jest stosunkowo m odym cz onkiem 

struktur unijnych. Norwegia pozostaje poza strukturami UE. Najliczniej-

sze klasy za  to trzecia (9 krajów) i czwarta (10 krajów), obejmuj ca kra-

je o rednim poziomie rozwoju. Skrajn  pi t  grup  tworz  cztery kraje 

cechuj ce si  najni szym w badanym roku poziomem rozwoju, w tym 

dwa (Polska i Malta), formalnie zosta y cz onkami UE w 2004, a dwa 

kolejne (Rumunia i Bu garia) uzyska y cz onkostwo dopiero trzy lata 

pó niej (por. tabela 2).  

Typologia krajów przeprowadzona dla 2012 roku pozwoli a wy-

odr bni , podobnie jak dla 2004 roku, pi  grup krajów, zró nicowanych 

wzgl dem siebie, ale stosunkowo jednorodnych (podobnych wewn trz-

nie). Ponadto otrzymane grupy krajów s  bardziej wyrównane liczebnie 

w stosunku do poprzedniego okresu. Kolejno  pa stw w pierwszej dzie-

si tce w a ciwie pozostaje w uk adzie bardzo podobnym jak w 2004 ro-

ku. Dominuj cy udzia  maj  kraje skandynawskie i Europy zachodniej. 

Równie , analogicznie jak w 2004 r., w pi tej i czwartej grupie zaszere-

gowania dominuj  kraje Europy rodkowo-wschodniej i po udniowej, 

czyli cechuj ce si  najni szym poziomem rozwoju zrównowa onego 

(por. tabela 2). 

Oceniaj c poziom rozwoju w oparciu o oszacowany syntetyczny 

wska nik rozwoju zaobserwowano, e ogólnie, pozytywne zmiany 

w poziomie rozwoju zasz y w trzynastu krajach (czyli mniej ni  po owie 

badanych obiektów). Widoczne jest tak e mniejsze zró nicowanie w 

poziomie rozwoju badanych krajów w roku w 2012 stosunku do 2004 

roku. Ró nica pomi dzy wska nikiem szacowanym dla najbardziej i naj-

s abiej rozwini tego kraju (Szwecji i Bu garii) w 2012 r. wynios a 0,63, 

podczas gdy w 2004 r. ró nica ta wynios a 0,71. 
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Tabela 2. Wska nik rozwoju spo eczno-gospodarczego strategia Europa 2020. 

Hierarchia krajów [opracowanie w asne] 

Table 2. Indicator of socio-economic development strategy Europe 2020. 

Hierarchy of countries [own elaboration] 

Lp. 2012 
Warto  

wska nika 
Grupy4 Lp 2004 

Warto  

wska nika 
Grupy5 

1 Sweden 0,86560321

1 

1 Sweden 0,88499 

1 2 Norway 0,79451098 2 Norway 0,881349 

3 Finland 0,77149134 3 Finland 0,789791 

4 Austria 0,74602278 4 Denmark 0,734996 

2 5 Denmark 0,70756639

2 

5 Austria 0,685056 

6 Slovenia 0,66945385 6 Slovenia 0,629934 

7 Germany 0,65707477 7 Netherlands 0,600001 

3 8 Netherlands 0,63537409 8 Germany 0,596985 

9 Czech Republic 0,6242235 9 France 0,59279 

10 Estonia 0,60822651

3 

10 Czech Republic 0,561631 

 

11 France 0,55530778 11 United Kingdom 0,557664 

12 Luxembourg 0,53703875 12 Luxembourg 0,527686 

13 Belgium 0,49308999 13 Estonia 0,526713 

14 Slovakia 0,48987955 14 Ireland 0,501432 

15 United Kingdom 0,48611895

4 

15 Belgium 0,499912 

16 Lithuania 0,47437728 16 Croatia 0,453243 

4 

17 Poland 0,45273604 17 Lithuania 0,45059 

18 Latvia 0,44232861 18 Latvia 0,447386 

19 Ireland 0,4225344 19 Cyprus 0,439295 

20 Portugal 0,41477249 20 Slovakia 0,410853 

21 Cyprus 0,39589661 21 Portugal 0,394133 

22 Croatia 0,3737549 22 Greece 0,379778 

23 Hungary 0,36064732

5 

23 Hungary 0,378074 

24 Italy 0,31576551 24 Italy 0,358159 

25 Greece 0,2722931 25 Spain 0,357871 

26 Malta 0,26669934 26 Poland 0,306499 

5 
27 Spain 0,25762276 27 Romania 0,295349 

28 Romania 0,25670339 28 Malta 0,198762 

29 Bulgaria 0,23701852 29 Bulgaria 0,177762 

 

Kraje sklasyfikowane w pierwszej, drugiej oraz grupie trzeciej pod 

wzgl dem osi gni tego poziomu rozwoju (poza Estoni , S owenia i S o-

wacj , Czechami) wypracowuj  jednocze nie PKB na poziomie wy szym 

ni  rednia unijna. Ciekawymi przypadkami, niedaj cymi si  opisa  sza-

blonem, s  kraje: Estonia, S owenia, Czechy, S owacja, które na tle krajów 

                                                 
4 Rozpi to  klas 0,125717, przedzia y o równej rozpi to ci 
5 Rozpi to  klas 0,141446, przedzia y o równej rozpi to ci  
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Europy rodkowo-wschodniej osi gaj  zdecydowanie wy sze wyniki, jed-

nocze nie wypracowuj c swój PKB na poziomie ni szym ni  rednia unij-

na. Podj ta próba stwierdzenia zale no ci statystycznie istotnej pomi dzy 

uzyskanym poziomem wska nika rozwoju a wielko ci  PKB wykaza a, i  

pomi dzy badanymi cechami zachodzi dodatnia korelacja o rednim nat -

eniu (r = 0,55 w 2012 r. i r = 0,49 w 2004 r.), zatem mo na przyj  za 

s uszne twierdzenie, e im kraj wypracowuje wi kszy PKB (tutaj mierzony 

jako % redniej unijnej dla 28 krajów) tym wy szy uzyskuje wska nik 

rozwoju (por. rysunek 1). 

 

Rys. 1. Dynamika PKB (%) w 2004 i 2012 r. [opracowanie w asne na 

podstawie 15] 

Fig. 1. GDP growth rate (%) in 2004 and 2012 [own elaboration based on 15] 

Oceniaj c dynamik  zmian w poziomie wska nika rozwoju, które 
zasz y w 2012 roku w stosunku do 2004, najwi ksze pozytywne zmiany 
zaobserwowano w Polsce, na Malcie, S owacji, w Bu garii i Estonii (ry-
sunek 2). Przygl daj c si  bardziej szczegó owo sytuacji w tych krajach 
zaobserwowano bardzo wyra ne zmiany w kszta towaniu si  poszcze-
gólnych cech przyj tych do badania i tak np. w przypadku Polski na po-
st p ten wp yn  móg  wzrost wska nika wykorzystania energii odna-
wialnej (prawie o 49%), wska nika zatrudnienia (o 13%) i znacz cy spa-
dek ubóstwa (o prawie 42%). Malta zanotowa a popraw  g ównie w sfe-
rze edukacji ograniczaj c liczb  osób przedwcze nie ko cz cych nauk  
prawie o 46%, tak e zmiany zasz y na rynku pracy, gdzie zanotowano 
wzrost zatrudnienia o 9% oraz w sferze wykorzystania energii niekon-
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wencjonalnej. Bu garia zanotowa a zmiany porównywalne do Malty. 
Nast pi a redukcja ubóstwa o 19,5% oraz liczby osób ko cz cych 
przedwcze nie edukacj  o prawie 40%. Estonia i S owacja zainwestowa-
y g ównie w sfer  B+R (odpowiednio 156% i 60%)oraz wykorzystanie 

energii niekonwencjonalnej (odpowiednio o 41% i 45%). 
Najbardziej dramatyczny spadek w poziomie rozwoju zaobser-

wowano g ównie w Grecji i Hiszpanii (po 28%), a tak e w Chorwacji, 

Irlandii, Rumunii oraz Wielkiej Brytanii. Polska wyra nie poprawi a 

efektywno  w realizacji celów rozwojowych, co znalaz o swoje pozy-

tywne konsekwencje w przesuni ciu z klasy pi tej do klasy czwartej oraz 

wyra nej poprawie warto ci wska nika rozwoju w 2012 r. o prawie 48%. 

 

Rys. 2. Zmiany w poziomie wska nika zrównowa onego strategia Europa 2020 

(2004 = 100%) [opracowanie w asne] 

Fig. 2. Changes of sustainable development indicator Europe 2020  

(2004 = 100%) [own elaboration] 

5. Grupowanie pa stw metod  Warda  

Zastosowanie metody Warda, opisanej powy ej procedury, po-

zwoli o na dokonanie pogrupowania krajów podobnych pod wzgl dem 

analizowanych cech, co umo liwi o podj cie próby okre lenia podsta-

wowych w asno ci (tych grup) krajów w kontek cie czynników determi-

nuj cych ich zrównowa ony rozwój. Poni sze wykresy ilustruj  wza-

jemne absolutne odleg o ci poszczególnych krajów lub ich podgrup na-

zywane odleg o ciami wi za  oraz odleg o ci wzgl dne stanowi ce pro-

cent odleg o ci maksymalnej. W klasyfikacji krajów wykonanej na pod-
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stawie danych dotycz cych 2004 roku maksymalna odleg o  wi za  

wynios a 16,99. W 2012 roku na skutek zró nicowanego tempa rozwoju 

poszczególnych krajów pod wzgl dem analizowanych kryteriów mak-

symalna odleg o  wi za  wzros a do 20,05 (por. rysunek 3). 

 

Rys. 3. Efekty grupowania krajów metod  Warda [opracowanie w asne] 

Fig. 3. The effects of grouping countries by Ward [own elaboration] 
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W efekcie zastosowania metody Warda mo na otrzyma  kilka 

klasyfikacji ró nych pod wzgl dem ilo ci otrzymanych grup oraz stopnia 

ich jednorodno ci. Oczywi cie wi ksza liczba skupie  oznacza jednocze-

nie mniejsze odleg o ci wewn trz tych skupie . Dla 2004 roku odcina-

j c „ga zie drzewa” na poziomie 3,73 (22% odleg o ci maksymalnej) 

otrzymujemy 5 skupie , natomiast dla 2012 roku odcinaj c ga zie na 

relatywnie podobnym poziomie 4,77 (24% maksymalnej odleg o ci) 

otrzymana liczba skupie  wynosi 6. 

W grupowaniu przeprowadzonym dla 2004 roku o relatywnie du-

ej liczbie 9 skupie  odleg o  wi za  nie przekroczy a wielko ci 2,41 

(nieco ponad 14% odleg o ci maksymalnej). W podobnym grupowaniu 

dla 2012 roku maksymalna odleg o  wewn trz skupie  wynios a troch  

wi cej ni  w 2004 roku, gdy  nieca e 2,44, co stanowi o jednak mniejszy 

odsetek odleg o ci maksymalnej wynosz cy 12,2%. Na skutek tego gru-

powania otrzymano jednocze nie mniejsz  o jedno liczb  skupie . Mimo 

wzrostu odleg o ci maksymalnej mi dzy skupieniami w 2012 roku nie-

które kraje „przybli y y si  do siebie”, dzi ki czemu mo na by o wyod-

r bni  8 grup. 

 
Tabela 3. Klasyfikacja krajów – efekty grupowania 2004 i 2012  

[opracowanie w asne] 

Table 3. Classification of countries 2004 and 2012 [own elaboration] 

Grupa Kraje 2004 Grupa Kraje 2012 

1 Portugal 1 Portugalia, Malta, W ochy, Hiszpania 

2 Malta, Italy, Spain 2 Chorwacja, Grecja 

3 Poland, Croatia, Slovakia, Hungary, Greece 3 otwa, Litwa 

4 
Latvia, Lithuania, Estonia, Romania,  

Bulgaria 
4 Slovakia, Poland, Cyprus, Hungary, Ireland 

5 Norway 5 Romania, Bulgaria 

6 Sweden, Finland 6 Norway 

7 Cyprus, Netherlands, United Kindom, Ireland 7 
Slovenia, Estonia, Sweden, Finland,  

Austria, Denmark 

8 
Austria, Denmark, Slovenia,  

Czech Republic 
8 

Netherlands, Germany, Luxembourg, Czech 

Republic, United Kindom, France, Belgium 

9 France, Germany, Luxembourg, Belgium  

 

rednie poziomy badanych cech zaprezentowano równie  na wy-

kresie, jednak w celu zachowania przejrzysto ci wykresu oraz ilustracji 

wzgl dnych relacji rednich poziomów badanych zmiennych w wyod-

r bnionych grupach, zastosowano tutaj rednie warto ci zmiennych stan-

daryzowanych.  
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a. 2004 

 

b. 2012 
Rys. 4. Warto ci rednie poszczególnych wska ników [opracowanie w asne] 

Fig. 4. The average values of each indicator for groups of countries  

[own elaboration] 

W 2004 roku grupami cechuj cymi si  najlepsz  sytuacj  pod 

wzgl dem badanych cech by y grupa 5 i 6, przy czym „grupa pi ta” sta-

nowi a specyficzn  grup  jednoelementow  zawieraj c  tylko Norwegi . 

W Norwegii zaobserowano najwy szy redni poziom energii odnawial-

nej, najwy sze zatrudnienie, najni szy odsetek osób przedwcze nie ko -

cz cych nauk  oraz jednocze nie najmniejsze zagro enie ubóstwem. 
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Jedynie pod wzgl den nak adów na badania i rozwój kraj ten uplasowa  

si  na jednej ze rodkowych pozycji. Natomiast grupa 6 (Szwecja i Fin-

landia) odznacza a si  rednio najwy ymi nak adami na badania i rozwój, 

bardzo wysokimi poziomami energii odnawialnej oraz zatrudnienia 

(drugimi po Norwegii), bardzo niskim (drugim po Norwegii) poziomem 

zagro enia ubóstwa, oraz jednym z ni szych w Europie udzia e osób 

przedwcze nie ko cz cych nauk . 

Portugalia stanowi ca jednoelementow  grup  o numerze 1 

wyró nia a si  w 2004 roku najwy szym udzia em osób przedwcze nie 

ko cz cych nauk  i jednym z najni szych poziomów nak adów na bada-

nia i rozwój, przy do  wysokim poziomie zatrudnienia. W grupie dru-

giej równie  odnotowano bardzo wysoki odsetek osób przedwcze nie 

ko cz cych nauk , przy jednocze nie bardzo niskim poziomie zatrudnie-

nia, oraz relatywnie niskim (podobnie jak w Portugalii) poziomie 

nak adów na badania i rozwój. W tej grupie, troch  inaczej ni  w Por-

tugalii, rednio na bardzo niskim poziomie utrzymywa  si  odsetek 

energii odnawialnej. Natomiast nieco ni ej od Portugalii kszta towa  si  

tam redni poziom zagro enia ubóstwem. 

Najwy szym poziomem zagro enia ubóstwem odznacza a si  

w 2004 roku grupa 4 ( otwa, Litwa, Estonia, Rumunia, Bu garia). Jedno-

cze nie rednio najmni sze w tych krajach by y wydatki na badania 

i rozwój przy do  zadawalaj cym poziomie odsetka energii odnawialnej. 

Na drugim miejscu pod wzgl dem poziomu zagro enia ubóstwem 

uplasowa a si  grupa 3, do której obok Chorwacji, S owacji, W gier 

i Grecji zaklasyfikowa a si  równie  Polska. W tej grupie podobnie jak 

w grupie 2 jest wyj tkowo niski poziom zatrudnienia oraz bardzo niski 

poziom nak adów na badania i rozwój. Jedynym pozytywnym aspe-

ktem/zjawiskiem w tejgrupie by  jeden z ni szych odsetków przed-

wcze nie ko cz cych nauk . 

Grupa 7 (Cypr, Holandia, Wlk. Brytania i Irlandia) podobnie jak 

grupa 2 i 9 (Francja, Niemcy, Luxemburg i Belgia) cechuj  si  stosun-

kowo jednym z najni szych poziomów wykorzystania energii odnawial-

nej. W grupie 8 (Holandia, Niemcy, Luxemburg, Czechy, Wlk. Brytania, 

Francja, Belgia) wyst puje stosunkowo najni sze zagro enie ubóstwem 

oraz najmniejszy udzia  osób przedwcze nie ko cz cych edukacj . 

Natomiast zatrudnienie kszta tuje si  na poziomie ni szym, a wydatki na 

sfer  B+R na poziomie wyzszym ni  pa stw w grupie 7.  
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Efekty grupowania dla 2012 r. kszta tuj  si  nieco odmiennie ni  

w 2004 r., zarówno co do liczebno ci poszczególnych grup jak i klasy-

fikacji pa stw w poszczególnych grupach. Generalnie otrzymano 8 grup. 

Wyodr bniono dwa skupienia wyró niaj ce si  lepszym ni  rednim 

poziomem zatrudnienia i udzia em energii odnawialnej. Norwegia (grupa 

6) stanowi ca jednoelementowy zbiór wyró nia a si  spo ród wszystkich 

analizowanych grup najwy szym udzia em energii odnawialnej, 

najni szym udzia em osób zagro onych obóstwem, najwy szym zatru-

dnieniem i nieco wy szym ni  srednio udzia em osób ko cz cych przed-

wcze nie nauk . Podobnie jak w grupowaniu z 2004 r. sytuacja pa stw 

tej grupy by a najkorzystniejsza. Grupa 7 (S owenia, Estonia, Szwecja, 

Finlandia, Austria, Dania), to grupa o relatywnie korzystnej sytaucji 

wzgl dem pozosta ych sze ciu grup. W stosunku do grupy 6 cechuje si  

lepsz  sytuacj  w sferze edukacji i zdecydowanie wy szymi nak adami 

na sfer  badawczo-rozwojow .  

Najgorsza sytuacja pod wzgl dem badanych cech wyst powa a 

w grupie drugiej (Chorwacja, Grecja) i pi tej (Rumunia, Bu garia).  

Ciekawe wnioski nasuwaj  si  na podstawie analizy wi za  na 

poziomie odleg o ci 10. Na jej podstawie wy oniono dwie wyra nie zró -

nicowane pod wzgl dem poziomu zrównowa onego rozwoju grupy 

pa stw dla obu momentów czasowych. Mo na zaobserowa  charakte-

rystyczny podzia  na dwa skupiska krajów „biedniejszych i bogatszych”. 

W grupie krajów bogatszych skupiaj cej 14 pa stw (za wyj tkiem 

Czech, Estonii i S owenii oraz Norwegii) s  to kraje tworz ce rdze  UE, 

uzyskuj ce PKB p.c. powy ej redniej unijnej. Drugie skupienie licz ce 

15 pa stw to zdecydowanie ubo sze kraje europejskie, g ównie s  to 

nowi cz onkowie UE oraz cztery pa stwa po udnia Europy (Grecja, 

W ochy, Hiszpania, Portugalia), b d ce w strukturach unijnych ju  od lat 

80. (a W ochy od 1952 r.), ale borykaj ce si  w ostatnich latach 

z powa nymi problemami gospodarczymi (g ównie rosn cym zad u e-

niem, brakiem stabilno ci finansów publicznych). Wyra nie zarysowuje 

si  tutaj podzia  pa stw w oparciu o kryterium historyczno-polityczno-

geograficzne dla pa stw by ego bloku wschodniego, a tak e podzia  na 

linii kryterium bogata pó noc – biedne po udnie, maj cy tak e swoje 

wyja nienie w teoriach ekonomicznych. Opisywany efekt by  zauwa-

alny w obu badanych momentach czasowych (w 2004 i 2012 r.).  
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Podejmuj c prób  zweryfikowania si  czynników determinuj -

cych poziom systetycznego wska nika rozwoju zastosowano równanie 

regresji. Okaza o si , e w 2012 r. najsilniej determinuj cym czynnikiem 

by a cecha zwi zana z aktywno ci  rynku pracy, w 75% obja niaj ca 

poziom wska nika rozwoju. Równie silnie opisuj c  wska nik rozowju 

okaza a si  by  cecha, informuj ca o wysoko ci nak adów na sfer  

badawczo-rozwojow  (R
2
 = 71%). Liczba osób zagro onych ubóstwem 

w 61% wyja nia a poziom wska nika rozwoju. Pozosta e cechy: liczba 

osób przedwcze nie ko cz cych nauk  oraz element rodowiskowy 

wydaj  si  mie  s absz  moc wyja niaj c  (odpowiednio R
2
 = 25 i R

2
 

=32%)
6
.  

5. Podsumowanie 

Przeprowadzona hierarchia i klasyfikacja pa stw krajów europej-

skich pod wzgl dem osi gni tego wska nika zrównowa onego rozwoju 

pozwala przyj  kilka wniosków. 

Bazuj c na trzech filarach (sferze spo ecznej, gospodarczej i ro-

dowiskowej), stwierdza si , e dystans rozwojowy pomi dzy krajami 

europejskimi zmniejsza si . Badanie przeprowadzono w dwunastoletnim 

interwale czasowym, co w kontek cie uzyskanych wyników potwierdza, 

e proces wyrównywania dysproporcji rozwojowych jest procesem 

wieloletnim i powolnym. Na dzie  dzisiejszy silne zró nicowanie 

przestrzenne krajów Europy pod wzgl dem rozwoju nadal si  utrzymuje, 

pomimo niekwestionowanych zmian zachodz cych w s abiej rozwini tych 

krajach europejskich.  
Przeprowadzone analizy pozwalaj  na wyodr bnienie trzech grup 

pa stw (zarówno w uzyskanej hierarchii jak i metod  grupowania): kraje 
skandynawskie oraz kraje tzw. rdzenia UE, charakteryzuj ce si  naj-
wy szym poziomem ycia i najlepsz  sytuacj  gospodarcz . Zmiany 
zachodz ce w tych krajach jednak cechuj  si  stosunkowo nisk  dyna-
mik , co jest cech  charaketrystyczn  dla dojrza ych gospodarek. Druga 
grupa krajów to kraje by ego „bloku wschodniego” z rozszerzenia UE 
w 2004 (poza Malt ), znajduj ce si  aktualnie na drodze doganiania 
bogatszych s siadów. Charakteryzuj  si  stosunkowo wysok  dynamik  

                                                 
6 Podj ta próba oceny czynników determinuj cych wska nik rozwoju w 2004 r. 

wskazuje podobn  prawid owo , o nieco ni szej sile wyja niaj cej badanych cech. 
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zmian, g ównie w sferze spo ecznej. Zmiany te oceni  nale y pozytywnie. 
Trzecia grupa to kraje b d ce w strukturach UE od lat, kraje po udniowej 
Europy (g ównie Hiszpania, Grecja, W ochy), w których progresu nie 
zaobserwowano lub by  on znikomy. Zwa ywszy na wyniki analizy 
statystycznej wskazuj cej, e cechy sk adowe komponentu gospodarczego 
(g ównie zatrudnienie i nak ady na sfer  badawczo-rozwojow ) najsilniej 
determinuj  poziom wska nika rozwoju, mo na domniemywa , e ze 
wzgl du na malej c  w badanym okresie aktywno  rynku pracy, b d cej 
efektem kryzysu gospodarczego, w tych krajach zmiany rozwojowe by y 
s abo zauwa alne lub nie zasz y w ogóle.  

Nale y podkre li , i  wy onione grupy s  niejednorodne wewn -
trznie, co oznacza, e wykazuj  zró nicowanie w przyj tych do badania 
cechach w obszarze rodowisko-gospodarka-spo ecze stwo. Cechuj  si  
tak e zró nicowanym tempem zmian w badanym okresie (2004 i 2012), 
oraz ró nym poziomem syntetycznego wska nika rozwoju.  

Analizuj c zmiany w poziomie rozwoju krajów europejskich 
w dwóch momentach czasowych (2004 i 2012 r.) zaobserwowano wido-
czny proces odrabiania zaleg o ci rozwojowych przez kraje Europy 
rodkowo-wschodniej, w ród których liderem jest Polska. Zmiany zacho-

dz ce w tym kraju s  najbardziej dynamiczne. Równie dynamiczne, 
pozytywnie oceniane zmiany zaobserwoano w Czechach, Estonii i S o-
wenii, które to kraje znajduj  si  na wy szym ni  Polska poziomie 
rozwoju. Tak e w krajach o najni szym poziomie rozwoju tj. Bu garia 
i Malta zachodz  równie bardzo dynamiczne, korzystne zmiany, przede 
wszystkim sferze socjalnej, jednak nie zmienia to faktu, i  poziom 
rozwoju w tych krajach na tle innych krajów europejskich jest stosun-
kowo niski. 

Podj ta próba zidentyfikowania g ównej cechy (z obszaru: rodo-
wisko, gospodarka, spo ecze stwo) determinuj cej poziom syntetyczne-
go wska nika rozwoju nie pozwoli a wskaza  spo ród badanych cech 
jednej, szczególnie silnej determinanty. A  trzy z pi ciu cech poddanych 
weryfikacji (dwie z filaru gospodarka i jedna z filaru spo ecze stwo) 
porównywalnie silnie wyja niaj  warto  wska nika. Mniejsze znaczenie 
okaza  si  mie  komponent rodowiskowy. 

Podsumowuj c rozwa ania o poziomie spójno ci rozwoju zrówno-
wa onego krajów eropejskich, stwierdzi  nale y, i  jest on jeszcze wysoce 
niezadowalaj cy, szczególnie z punktu widzenia s abiej rozwini tych 
gospodarek (g ównie najm odszych cz onków UE). 
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EU Countries Socio-Economic Development  

in the Context of Europe 2020 Strategy 

Abstract  

This article discusses important and current issues of sustainable devel-

opment of the EU countries in the context of the Europe 2020 strategy (a strate-

gy for smart, sustainable and inclusive growth).  

The main objective of this article is to prepare hierarchy and classifica-

tion of the EU countries (including Norway and Croatia), showing the degree of 

core indicators implemented as described in the framework of the Europe 2020 

strategy. Authors attempt to isolate groups of the EU countries which present 

similar development levels on the basis of accepted development indicators. It 

was attempts to determine: 

 the level of sustainable development EU countries (based on synthetic indi-

cator), 

 trends in changing of sustainable development level EU countries, 

 the main factors determining the level of sustainable development level EU 

countries. 

 

Based on estimated indicators following assumptions were verified: the 

development distance between EU countries has steadily decreased and 

the economical factors are the most strongly determining factors of sustainable 

development. 

Selected methods of multivariable objects hierarchy and classification 

have been used in the study. In order to measure the level of sustainable devel-

opment of the EU countries, linear ordering has been applied based on the 

standardized sums method. As a result, a relative level indicator of development 

has been assigned to each country.  

The classification of the EU countries has been made mainly according 

to the Ward hierarchical agglomeration procedure. Thus, groups of countries 

appeared have been similar in terms of analyzed characteristics. It allowed an 

attempt to determine basic features of these countries’ groups in terms of factors 

determining their development.  

Analysis will be carried out in spatial and time dimension as a part of 

the research. The subject of spatial analysis will be the EU countries, in particu-

lar their socio-economic development indicators as described in the Europe 

2020 strategy framework. The time range of the study includes 2004 and 2012. 

Eurostat has been the main data source.  
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Based on the obtained results, it has turned out that the development 

distance between European countries has been reduced. Analyzing changes of 

the level of the European countries development in 2004 and 2012 has showed 

visible process of catching-up development by countries in Central and Eastern 

Europe (with the leading position of Poland). 

Strong spatial differentiation of the European countries in terms of so-

cio-economic development persists still. Analyzes have allowed to distinguish 

three groups of countries (both in the resulting hierarchy and grouping method): 

the Scandinavian countries and the countries of the so-called "the core of the 

EU", characterized by the highest level of life and the best economic situation. 

The second group of countries, called "Eastern bloc" of the enlargement of the 

EU in 2004 (except Malta), that are currently on the way of approximating their 

richer neighbours. They characterized by relatively high growth, mainly in the 

social sphere. The third group consists of countries that are in the structures of 

the EU for years, the countries of southern Europe (mainly Spain, Greece and 

Italy), in which the progress has not been observed or has been negligible.  

As many as three out of five features under examination (two of econ-

omy pillar and one of the society pillar) comparatively strongly explain the level 

of sustainable development indicator. It was proven that an environmental com-

ponent was of less importance. 

 

S owa kluczowe: 

zrównowa ony rozwój, hierarchia, klasyfikacja, Unia Europejska,  

strategia Europa 2020 

Keywords: 

sustainable development, hierarchy, classification, EU countries,  

Europe 2020 strategy 
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i Górnictwa Skalnego w Warszawie 

1. Wst p 

W 2008 r. Komitet ds. Kopalin Krytycznych dla Gospodarki Sta-

nów Zjednoczonych przedstawi  definicj  surowców krytycznych, która 

zosta a równie  przyj ta przez kraje Unii Europejskiej. Wg tej definicji 

surowce krytyczne to „kopaliny/surowce nara one na ryzyko zachwiania 

lub przerwania p ynno ci poda y i dostaw, dla których deficyt ten mo e 

mie  powa ne skutki ekonomiczne dla ca ej gospodarki”. 

Pierwszy kompleksowy raport i wst pna lista tych surowców zo-

sta a opublikowana w 2010 r. w opracowaniu pt.: „Critical raw materials 

for the EU – Report of the Ad-hoc Working Group on defining critical 

raw materials. EU Commissision Enterprise and Industry” [8].  

W dokumencie tym przeprowadzono m. in. analiz  krytyczno ci, 

opieraj c si  na trzech grupach kryteriów, tj.: 

• gospodarczo-ekonomiczne skutki ograniczenia poda y, 

• ryzyko ograniczenia (zachwiania lub przerwania) poda y, 

• „ryzyko rodowiskowe”, zwi zane z ograniczeniami mo liwo ci pro-

dukcji w poszczególnych krajach, wynikaj ce z wymogów prawnych 

w zakresie ochrony rodowiska naturalnego (utrzymanie standardów 

jako ci rodowiska, minimalizacja zagro e ). 
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Ocen  t  przeprowadzono dla 41 wytypowanych surowców mine-

ralnych, uwzgl dniaj c 10-letni horyzont czasowy, czyli: 

• metalicznych: aluminium, antymon, beryl, chrom, cynk, gal, german, 

ind, kobalt, lit, magnez metaliczny, mangan, molibden, nikiel, niob, 

pierwiastki ziem rzadkich, platynowce, ren, rudy miedzi, rudy elaza, 

srebro, tantal, tellur, tytan, wanad, wolfram, 

• niemetalicznych: baryt, bentonit, boksyty, borany, diatomit, fluoryt, 

gips, gliny ceramiczne wraz z kaolinem, grafit, magnezyt, perlit, pia-

ski kwarcowe, surowce skaleniowe, talk, wapienie. 

 

Wed ug Raportu Zespo u popyt na te minera y i metale b dzie 

rós  ze wzgl du na wzrost gospodarczy krajów rozwijaj cych si , a tak e 

pojawienie si  nowych innowacyjnych technologii. Surowce te wykorzy-

stywane s  na przyk ad do produkcji: kolektorów s onecznych, samocho-

dów elektrycznych, telefonów komórkowych, produkcji telewizorów 

LCD itd. 

W wyniku przeprowadzonej analizy podzielono surowce wst pnie 

na trzy grupy o ró nym stopniu krytyczno ci. Za najbardziej krytyczne, 

dla gospodarki Unii Europejskiej, uznano 14 surowców o wa nym zna-

czeniu ekonomicznym, tj.: antymon, beryl, kobalt, fluoryt, gal, german, 

grafit, ind, magnez metaliczny, niob, platynowce, pierwiastki ziem rzad-

kich, tantal i wolfram), charakteryzuj ce si  przede wszystkim wysokim 

ryzykiem niedoboru lub braku poda y, które wynikaj  z ograniczonej 

ilo ci róde  ich pozyskiwania i poda y. Wi kszo  spo ród zaliczonych 

do tej grupy surowców jest niezb dna dla rozwoju nowych technologii 

[8,14,15].  

Przedstawiona lista surowców krytycznych jest propozycj , która 

mo e ulec modyfikacji w wyniku dalszych prac Grupy ds. Poda y Su-

rowców Mineralnych. 

Pozosta e spo ród 41 analizowanych surowców wykazuj  w mniej-

szym stopniu znamiona niedoboru lub deficytu poda y. 

Grupa ds. Poda y Surowców Mineralnych, w dalszych swych 

pracach przyjmie d u sz  perspektyw  czasow , rz du 20 lat, obejmuj c  

pe ny cykl inwestycyjny, od poszukiwania z o a, poprzez jego rozpozna-

nie do udost pnienia i uzyskania pierwszej produkcji surowca. Ponadto 

zasób surowców krytycznych w krajach europejskich zmniejsza si . 

Przez wiele lat zaprzestano poszukiwania nowych z ó  i dodatkowo ma-
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leje mo liwo  dost pno ci terenu, zwi zana z rozwojem budownictwa 

oraz wymaganiami ochrony przyrody i krajobrazu. Wysokie ryzyko nie-

doboru lub braku poda y surowców krytycznych wynika równie  z ogra-

niczonej ilo ci róde  ich pochodzenia i poda y, zdominowanej przez: 

• Chiny – pierwszego wiatowego producenta: antymonu, berylu, fluo-

rytu, pierwiastków ziem rzadkich, galu, germanu, indu, magnezu me-

talicznego, grafitu, 

• Rosj  – tradycyjnego wiatowego lidera w produkcji platynowców, 

• Brazyli  – g ównego producenta i dostaw  niobu i tantalu, 

• Kongo – wiod cego wiatowego dostawc  surowców kobaltu 

[7,13,14]. 

 

Kompleksowa ocena potencja u surowcowego krajów Unii Euro-

pejskiej oraz identyfikacja tzw. surowców krytycznych, (niezb dnych dla 

jej harmonijnego i zrównowa onego rozwoju gospodarczego oraz post -

pu technologicznego) jest jednym z priorytetów polityki surowcowej 

Unii Europejskiej [14,15]. 

2. Technologie pozyskiwania surowców krytycznych 

W wyniku analizy technologii, sporz dzonej na podstawie dost p-

nej literatury [1,4–6,11–13], stwierdzono, e najbardziej powszechn  me-

tod  pozyskiwania surowców krytycznych jest przeróbka polimetalicz-

nych rud, które s  no nikami wielu metali. Proces przeróbki rud znalaz  

zastosowanie w odniesieniu do nast puj cych surowców: beryl, kobalt, 

wolfram oraz fluoryt.  

Rudy poddaje si  przeróbce w celu: polepszenia sk adu chemicz-

nego, a tak e ujednolicenia koncentratów pod wzgl dem w a ciwo ci 

chemicznych oraz fizyko-chemicznych. 

Poniewa  wydobywane rudy najcz ciej nie nadaj  si  do bezpo-

redniego wykorzystania, istotnym procesem jest wielostopniowe wzbo-

gacanie rud. Wzbogacanie rud metali podzieli  mo na na: wzbogacanie 

mechaniczne oraz chemiczne. 

W tabeli 1 przedstawiono zestawienie technologii chemicznej 

przeróbki i wzbogacania surowców krytycznych. 
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Tabela 1. Zestawienie technologii chemicznej przeróbki i wzbogacania 

surowców krytycznych  

[ ród o: opracowanie w asne na podstawie [1,4–6,11–13]] 

Table 1. Summary of chemical processing technology and enrichment of 

critical raw materials [source: own calculations based on [1,4–6,11–13]]  

Surowiec Technologia 

beryl 
− Flotacja kolektywna rud berylu w rodowisku kwa nym, 

− flotacja selektywna rud berylu w rodowisku kwa nym. 

kobalt 

− Flotacja selektywna rud Cu-Co, 

− flotacja kolektywno-selektywna rud Cu-Co, 

− flotacja kolektywno-selektywna rud Cu-Co-Fe, 

− wzbogacanie mieszanych siarczkowych i utlenionych rud 

Cu-Co, 

− wzbogacanie rud polimetalicznych, 

− wzbogacanie rud As-Co-Ni-Bi, 

− wzbogacanie rud As-Co-Ag. 

wolfram 

− Stadialne rozdrabnianie i wzbogacanie grubowpry ni tej 

rudy hübnerytowej i redniowpry ni tej rudy scheelitowej, 

− wzbogacanie rud wolframu w cieczach ci kich, 

− wzbogacanie rud wolframu w osadzarkach, 

− wzbogacanie rud wolframu na sto ach koncentracyjnych, 

− wzbogacanie grawitacyjne rud wolframu z zastosowaniem 

wzbogacalników zwojowych, 

− wzbogacanie grawitacyjne rud wolframu z zastosowaniem 

automatycznych sto ów koncentracyjnych i flotograwitacji, 

− flotacja szlamów rudy hübnerytowej, 

− wzbogacanie flotograwitacyjne koncentratu siarczkowo-

kasyterytowo-scheelitowego. 

fluoryt 

− Przeróbka kwarcowych rud fluorytowych, 

− przeróbka kwarcowych rud fluorytu zawieraj cych galen , 

− przeróbka grubo wpry ni tych w glanowych rud fluorytu 

zawieraj cych galen  i sfaleryt, 

− przeróbka drobno wpry ni tych w glanowych rud fluorytu 

zawieraj cych galen  i sfaleryt, 

− przeróbka rud barytowo-fluorytowych. 
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Surowiec Technologia 

magnez 

− Elektrolityczna produkcja magnezu metalicznego, 

− produkcja magnezu metod  elektrolizy, 

− proces kalcynowania zawiesinowo-gazowego dolomitu 

i magnezytu jako proces obróbki wst pnej przy produkcji 

magnezu metalicznego, 

− produkcja magnezu pierwotnego z zastosowaniem procesu 

odwadniania. 

antymon 

− Metoda hydrometalurgicznego wydzielania z ota i antymo-

nu ( ugowanie alkalicznego siarczku), 

− technologia przetwarzania koncentratów z otono nego 

siarczku antymonu. 

german 

− Technologia otrzymywania metalicznego germanu, 

− technologia otrzymywania germanu metod  topienia sfe-

rycznego. 

gal 
− Otrzymywanie galu na drodze elektrolizy lub redukcji tlenku 

galu(III). 

ind 

− W procesie flotacji siarczkowych rud cynku i o owiu ind 

przechodzi do koncentratu, nast pnie koncentrat przerabia 

si  pirometalurgicznie. W otrzymanym pyle znajduje si  

ind, do 70% cynku i 20% o owiu (w postaci zwi zków), 

− proces wydzielania indu z py ów – pra enie sulfatyzuj ce i 

ugowanie spieku wod , 

− pozosta e technologie chemicznej przeróbki i wzbogacania 

indu tj.: wymiana jonowa, ekstrakcja mieszanin  kwasów 

alkilofosforowych, elektroliza chlorku lub siarczanu(VI) 

indu(III), redukcja tlenku indu(III) wodorem lub cementa-

cja za pomoc  cynku lub glinu, rafinowanie. 

niob  

i tantal 

− Przeróbka koncentratów niobowo-tantalowych (spie-

kanie z sod  albo z wodorotlenkiem sodu oraz spiekanie 

z pota em lub z wodorotlenkiem potasu), 

− metody rozdzia u niobu od tantalu: frakcjonowana kry-

stalizacja zwi zków kompleksowych, takich jak K2TaF7 

i K2NbOFs * H2O, frakcjonowana destylacja chlorków albo 

fluorków, selektywna ekstrakcja fluorków niobu i tantalu 

trójbenzyloamin  albo kupferonem w chloroformie, selek-

tywna redukcja chlorków niobu i tantalu za pomoc  wodo-

ru, selektywna wymiana na wymieniaczach jonowych. 
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Surowiec Technologia 

platynowce 

− Metoda hydrometalurgiczna przerabiania koncentratu 

lub szlamu z elektrolizy niklu, 

− przeróbka koncentratu, uzyskiwanego jako szlam anodowy 

przy elektrorafinacji surowego niklu otrzymanego z rud 

kanadyjskich. 

pierwiastki 

ziem  

rzadkich 

− Otrzymywanie skandu z odpadów powstaj cych przy prze-

róbce wolframitów, 

− przeróbka koncentratu monacytowego metod  kwa n , 

− przeróbka koncentratu monacytowego metod  alkaliczn , 

− otrzymywanie lantanowców z fosfogipsów, 

− otrzymywanie lantanowców z luminoforów. 

3. Wyst powanie, produkcja i zapotrzebowanie na surowce 
krytyczne 

Na podstawie analizy literaturowej poni ej przedstawiono infor-

macje dotycz ce ród a wyst powania, produkcji oraz zapotrzebowania 

krajowego na surowce krytyczne [2,3,7,10]. 

3.1. Beryl 

 ród a wyst powania – na Dolnym l sku (g ównie w pegmatytach 

i granitach). Podwy szone zawarto ci berylu stwierdzono w popio-

ach z w gli kamiennych GZW (97 tys. Mg berylu), 

 produkcja – w Polsce nie pozyskuje si  rud berylu oraz nie produku-

je si  berylu metalicznego lub jego zwi zków oraz stopów, 

 zapotrzebowanie krajowe – pokrywane by o do 2003 r. importem 

znacznych ilo ci berylu (2,2 Mg0 w postaci metalu i proszku, g ów-

nie z Chin i krajów Unii Europejskiej. Dane o obrotach surowcami 

berylu w latach 2008-2009 obroty nie by y wykazywane w statysty-

kach GUS. Obecnie importowane s  zmienne ilo ci wyrobów z be-

rylu (USA, Kazachstan i kraje Unii Europejskiej). 

3.2. Kobalt 

 ród a wyst powania – z o a rud kobaltu nie wyst puj  samodziel-

ne. Jego obecno  stwierdzono w z o ach rud miedzi na Monoklinie 

Przedsudeckiej (zasoby szacunkowe 120,6 tys. Mg kobaltu, w tym 
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w z o ach eksploatowanych 96,1 tys. Mg oraz w pok adach w gla 

kamiennego w GZW (zasoby szacunkowe 400 tys. Mg). redni  

zawarto  kobaltu w z o u rud miedzi szacuje si  na ok. 60 ppm. 

Najwy sze koncentracje tego pierwiastka wyst puj  w rudzie up-

kowej ( r. 460 ppm, maksymalnie do 3300 ppm kobaltu) oraz stro-

powej partii rudy piaskowej z o a Lubin - Ma omice ( r. 350 ppm). 

Potencjalnym ród em odzysku kobaltu w postaci proszku s  odpady 

po przeróbce z omu kobaltono nych stopów, stali szlachetnych oraz 

narz dzi do skrawania wykonanych z w glików spiekanych, 

 produkcja – W 2009 r., wraz z urobkiem rud miedzi w kopalniach 

KGHM „Polska Mied ” S.A., wydobyto 1750 Mg kobaltu. Najwi k-

sze ilo ci tego metalu zawiera a ruda eksploatowana w kopalni Lu-

bin–Ma omice (82–250 g kobaltu na ka dy Mg urobku). W procesie 

wzbogacania od l30 do 930 ppm kobaltu przechodzi do koncentra-

tów miedzi. W toku ich przeróbki metalurgicznej oko o 80% kobaltu 

jest tracone w u lach konwertorowych, które zawieraj  1–2% ko-

baltu, 

 zapotrzebowanie krajowe –w ca o ci pokrywane jest importem jego 

surowców. Saldo obrotów surowcami kobaltu w Polsce jest ujemne. 

3.3. Wolfram 

 ród a wyst powania – w 2008 r. udokumentowano z o e rud mo-

libdenu z wolframem i miedzi  typu porfirowego Myszków, którego 

zasoby wynosz  550,8 mln Mg rudy zawieraj cej 238 tys. Mg wol-

framu. Z o e ma form  sztokwerku zawieraj cego okruszcowanie 

siarczkowo-tlenkowe, zwi zane z waryscyjskim magmatyzmem 

granitoidowym. 

 produkcja – w Polsce nie wydobywa si  rud wolframu oraz nie pro-

dukuje surowców wolframu, 

 zapotrzebowanie krajowe –pokrywane jest w ca o ci importem jego 

surowców. 

3.4. Fluoryt 

 ród a wyst powania – w Polsce nie rozpoznano z ó  fluorytu 

o znaczeniu ekonomicznym. Jego wyst powanie udokumentowano 

natomiast w g bszych partiach z o a barytu Stanis awów. Zasoby, 

wg stanu na 31 grudnia 2009 r., okre lono na 542 tys. Mg, 
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 produkcja – fluoryt nigdy nie by  w Polsce produkowany. Niewiel-

kie ilo ci kryolitu syntetycznego ok. l–2 tys. Mg/rok, s  uzyskiwane 

w trakcie produkcji kwasu fosforowego(V) z fosforytów przez Za-

k ady Chemiczne „Siarkopol” Tarnobrzeg Sp. z o.o. Inne zwi zki 

fluoru produkowane s  przez krajowy przemys  chemiczny, 

 zapotrzebowanie krajowe – w Polsce pokrywane jest importem, któ-

ry ostatnio osi ga poziom 9,1–9,7 tys. Mg/rok. Na rynku krajowym 

dominuj  fluoryty metalurgiczne i ceramiczne (Meksyk), pozosta e 

fluoryty chemiczne pochodz  z Niemiec i Czech. 

3.5. Magnez 

 ród a wyst powania – potencjalnym ród em do produkcji magnezu 

metalicznego s  z o a dolomitów – nie s  one jednak obecnie wyko-

rzystywane, 

 produkcja – w Polsce produkcja magnezu metalicznego z dolomitów 

nie zosta a podj ta, pomimo opracowania i wdro enia w skali 

wier technicznej w latach 50-tych w Zak adach Metalurgicznych 

„Trzebinia” metody pozyskiwania tlenku magnezu i magnezu, 

 zapotrzebowanie krajowe – pokrywane jest w ca o ci importem, 

którego poziom po wzro cie w 2007 r. do poziomu 5,4 tys. Mg, w 

latach 2008 i 2009 zosta  ograniczony o 30%. Import magnezu od-

bywa si  g ównie z Chin (50–85%), Austrii, Czech, Holandii, Nie-

miec oraz W gier i Rosji. 

3.6. Antymon 

 ród a wyst powania – w Polsce nie rozpoznano z ó  rud antymonu 

a tak e innych rud antymono nych, 

 produkcja – w Polsce nie produkuje si  pó produktów antymonu, 

 zapotrzebowanie krajowe – pokrywane jest w ca o ci importem 

g ównie z Chin. W latach 2006–2007 import antymonu nieobrobio-

nego wynosi  ponad 140 Mg/rok, a w latach 2008–2009 spad  do 

poziomu ok. 60 Mg/rok. Natomiast w przypadku tlenków antymonu 

wynosi  on w latach 2006–2007 ok. 1350 Mg/rok, by w nast pnych 

latach ustabilizowa  si  na poziomie ok. 1000 Mg/rok. 
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3.7. Grafit 

 ród a wyst powania – grafit tworzy nagromadzenia w postaci up-

ków grafitowych w okolicach Stronia l skiego. Natomiast wk adki 

ska  grafitowych spotykane s  ko o Strzelina, Dzier oniowa, Wa -

brzycha i Bystrzycy K odzkiej. Grafit wyst puje w wielu ró nych 

ska ach metamorficznych (m.in. w upkach krystalicznych Tatr Za-

chodnich), 

 produkcja – z uwagi na niewielkie z o a grafitu, brak w Polsce wy-

dobycia grafitu naturalnego. Szeroko natomiast stosowane s  substy-

tuty grafitu. Wyroby z w gli uszlachetnionych, produktów grafity-

zowanych i grafitu syntetycznego produkowane w Polsce g ównie 

przez SGL Carbon Polska S.A. (Nowy S cz i Racibórz). Zak ad 

w Raciborzu, wytwarza szerokie spektrum wyrobów z grafitu i w -

gla, m.in. wy o enia grafitowe do wielkich pieców, pieców elek-

trycznych i elektrolizerów glinu oraz katod grafitowych, natomiast 

zak ad w Nowym S czu specjalizuje si  g ównie w produkcji elek-

trod grafitowych. Elektrody w glowe oraz bloki katodowe trafiaj  

do hut w Czechach, S owacji, Niemczech, Norwegii i Turcji, pod-

czas gdy grafity specjalne u ytkowane s  np. do produkcji baterii 

zasilaj cych m.in. laptopy, a grafitowe lizgi stosowane s  w nap -

dach lokomotyw i tramwajów. Produkcja grafitu syntetycznego wy-

nosi a w 2005 r. ok. 50 tys. Mg, w 2008 ok. 66 tys. Mg, by spa  do 

poziomu ok. 53 tys. Mg w 2009 r. W latach 2007–2008 wed ug da-

nych GUS produkcja elektrod w glowych i pozosta ych wyrobów 

z grafitu wynosi a ok. 70–80 tys. Mg, by spa  do poziomu 50 tys. 

Mg w 2009 r. z uwagi na kryzys w sektorze hutniczym, 

 zapotrzebowanie krajowe – naturalny pokrywane jest w ca o ci im-

portem, którego poziom waha  si  w ostatnich latach w przedziale 

3–6 tys. Mg/rok. 

3.8. German 

 ród a wyst powania – german nie tworzy samodzielnych z ó . Wy-

st puje tak e w ilo ciach ladowych w rudach Zn-Pb z ó  l sko-

krakowskich. Potencjalne zasoby w z o ach wynosz  40 Mg. Nie s  

one jednak obecnie wykorzystywane, 
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 produkcja – pomimo pozyskiwania i przetwarzania w latach ubie-

g ych germanono nych rud Zn-Pb nie podj to produkcji germanu 

w Polsce, 

 zapotrzebowanie krajowe – pokrywane jest w ca o ci nieregularnym 

importem germanu (nieobrobionego, odpadów i z omu, proszków) 

oraz ci g ym importem tlenków germanu w ilo ci od 17–34 Mg/rok 

(Francja, Wielka Brytania, Holandia, Chiny, Kanada, USA i Japo-

nia). Notowany jest równie  import zmiennych ilo ci wyrobów 

z germanu. 

3.9. Gal 

 ród a wyst powania – potencjalne zasoby galu w nie zagospodaro-

wanych dotychczas z o ach rud cynkowo-o owiowych l sko-

krakowskich zosta y okre lone na ok. 120 Mg. Gal sporadycznie 

tworzy w asne fazy mineralne, brak samodzielnych z ó . Znaczenie 

praktyczne maj  domieszki galu jako sk adnika rozproszonego w 

z o ach innych kopalin. Ponad 90% pierwotnego galu pozyskuje si  

w z o onych procesach elektrolitycznych, z tzw. czerwonych szla-

mów powstaj cych w trakcie przerobu boksytów metod  Bayer’a na 

alumin , a reszt  otrzymuje si  metodami chemicznymi z py ów 

hutnictwa cynku, 

 produkcja – pomimo pozyskiwania i przetwarzania w latach ubie-

g ych galono nych rud cynkowo-o owiowych nie podj to produkcji 

galu w Polsce, 

 zapotrzebowanie krajowe – pokrywane jest importem, g ównie wy-

robów elektronicznych i innych z jego udzia em. Import galu do 

2007 r., w formie nie obrobionej, by  sporadyczny, w 2008 r. wzrós  

do 57 kg, a w 2009 spad  o po ow . G ównymi dostawcami s  na-

st puj ce kraje: S owacja, Niemcy, USA, Francja, i Szwecja. W la-

tach 2008–2009 by  odnotowany reeksport do Bia orusi. 

3.10. Ind 

 ród a wyst powania – z o a rud cynkowo-o owiowych l sko-

krakowskich nie s  indono ne. ród em indu s  rudy cynku, cyny, 

o owiu, wolframu, elaza oraz piryty. Ind najcz ciej jest pozyski-

wany sposobami hydrometalurgicznymi z wypa ków po pra eniu 

siarczkowych rud cynku w postaci silnie zanieczyszczonego indu 
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czarnego. Wymaga to nast pnie oczyszczenia elektrochemicznego, 

destylacji pró niowej oraz rafinacji strefowej do indu metalicznego 

o czysto ci min. 99,97%, 

 produkcja – ind w Polsce nie jest produkowany, podobnie jak su-

rowce indono ne, 

 zapotrzebowanie krajowe – jest pokrywane regularnym importem. 

G ównymi dostawcami s : Stany Zjednoczone; inni dostawcy to: 

Chiny, Belgia, Niemcy, Szwajcaria, Japonia i Wielka Brytania. 

3.11. Niob 

 ród a wyst powania – brak jest z ó  kopalin niobu i realnych per-

spektyw na ich odkrycie, 

 produkcja – surowce niobu nie s  produkowane w Polsce, 

 zapotrzebowanie krajowe – obroty niobem i renem s  ujmowane 

w statystykach cznie, jednak nale y s dzi , e g ówna cz  obro-

tów przypada na niob. Najwa niejszym surowcem niobu sprowa-

dzanym do Polski jest elazoniob. Wielko  importu jest zmienna 

i zale y od zapotrzebowania przemys u stalowniczego. 

3.12. Tantal 

 ród a wyst powania – nie rozpoznano z ó  kopalin tantalu i brak 

perspektyw na ich odkrycie. Podstawowymi ród ami tantalu s  jego 

rudy oraz rudy tantalowo-niobowe, rudy niobu, rudy cyny, który 

wraz z niobem stanowi domieszk , a tak e u le tantalono ne hut-

nictwa cyny. Koncentraty tantalitowe (60% tlenku tantalu(V) i tlen-

ku niobu(V)) wymagaj  skomplikowanej wst pnej obróbki che-

micznej oraz metalurgicznej celem otrzymania metalicznego tantalu. 

Bezpo rednio uzyskuje si  go z u li tantalono nych (zawieraj  12–

15% tlenku tantalu(V)) powsta ych po przerobie hutniczym kasyte-

rytu. Syntetyczny koncentrat tantalitu, zawiera 50% tlenku tanta-

lu(V) i jest pozyskiwany z u li odpadowych hutnictwa cyny, 

 produkcja – odzysk tantalu z surowców wtórnych okresowo jest 

prowadzony w by ym zak adzie Unitra-Cemat w Skawinie. 

W 2006 r., najwi kszy producent tantalu – Australia, znacznie ogra-

niczy  produkcj , co doprowadzi o do spadku wielko ci produkcji 

o ponad 30%. Natomiast w latach 2007–2008 poda  wiatowa wzro-
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s a niemal o 32%. Kryzys finansowy w 2009 r. doprowadzi  do 39% 

spadku produkcji wiatowej surowców tantalu, 

 zapotrzebowanie krajowe – dostawy tantalu nieobrobionego i wyro-

bów z tantalu (sztaby, pr ty, kszta towniki, druty, blachy, ta my i fo-

lie) pochodzi y z Niemiec i Austrii oraz z Chin, USA i krajów UE. 

Notuje si  równie  reeksport odpadów, z omu i wyrobów z tantalu 

do Wielkiej Brytanii, Niemiec i Rosji. 

3.13. Platynowce 

 ród a wyst powania – ród em pierwotnym platynowców s  z o a 

rud miedzi na Monoklinie Przedsudeckiej. Platyna i pallad wyst pu-

j  przewa nie w sp gu upka miedziono nego. Platynowce tworz  

minera y w asne, a tak e domieszki w minera ach z ota i w zwi z-

kach niemetalicznych. ród ami wtórnymi s  g ównie siatki katali-

tyczno-wychwytuj ce, a tak e z om i odpady platynowców z innych 

zak adów produkuj cych wyroby z ich udzia em lub ich zwi zki, 

 produkcja – w cyklu technologicznym produkcji KGHM „Polska 

Mied " S A. platynowce wyst puj ce g ównie w rudzie upkowej 

przechodz  kolejno do koncentratów rud miedzi, miedzi anodowej 

oraz szlamów anodowych po rafinacji miedzi, które s  w ca o ci 

przetwarzane w HM G ogów. W stosowanej tu technologii Boliden 

Kaldo prowadzi si  procesy: elektrorafinacja srebra, ugowanie 

i str canie z ota oraz wydzielenie selenu. Otrzymywany jest szlam 

platynowo-palladowy zawieraj cy 22–36% Pt i 12–22% Pd. Produk-

cja tego szlamu w ostatnich latach ustabilizowa a si  na poziomu 90–

100 kg/rok. Szlamy te sprzedawane s  g ównie do Mennicy Pa -

stwowej S.A. w Warszawie, gdzie nast puje rafinacja platynowców. 

Mniejsze ilo ci s  u ytkowane tak e przez POCH SA. w Gliwicach. 

Sporadycznie cz  produkcji kierowana jest na eksport. Platyna od-

zyskiwana jest równie  z roztworów odpadowych Wydzia u Metali 

Szlachetnych w Legnickim Oddziale Instytutu Metali Nie elaznych, 

a produktem ko cowym jest koncentrat platyny zawieraj cy ok. 

30% tego pierwiastka. 

Platynowce rafinowane s  wytwarzane g ównie przez firm  Men-

nica-Metale Szlachetne Sp. z o.o. zarówno ze wspomnianych szla-

mów platynowo-palladowych, jak i ze z omów i odpadów platy-

nowców (szczególnie siatki katalityczne i siatki katalityczno-
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wychwytuj ce z zak adów azotowych). Produkcja platyny ze szla-

mów szacowana jest na 25–30 kg/rok, a palladu na poziomie 15–

20 kg/rok. Znacznie wi ksza jest produkcja platyny, palladu, rodu 

i innych platynowców ze z omów. czna krajowa produkcja platy-

nowców (surowych i proszków) wynios a w 2007 r. 465 kg, 

w 2008 r. 381 kg, a w 2009 – 95 kg (dane za poprzednie lata nie s  

dost pne), w tym wi kszo  ze róde  wtórnych, 

 zapotrzebowanie krajowe – na najwy szym i stosunkowo stabilnym 

poziomie kilkuset-kilku tysi cy kilogramów na rok kszta tuj  si  ob-

roty pó produktami platynowymi: sztabami, pr tami i drutem platy-

nowym. Obroty by y bardzo zmienne, niekiedy przekraczaj c 

100 kg/rok lub nawet 1000 kg/rok. Oficjalne obroty platynowcami, 

surowymi i ich pó produktami prowadzone s  z krajami Europy Za-

chodniej i rodkowej oraz USA. Wobec znacznych waha  w pozio-

mie obrotów poszczególnymi platynowcami wa ne s  tak e salda ich 

obrotów. czne saldo obrotów platynowcami w formie surowej lub 

pó produktów, tradycyjnie jest ujemne na poziomie kilku-kilkunastu 

milionów PLN/rok, cho  wyj tkowo w latach 2005–2006 by o ono 

dodatnie, a w 2009 r. dodatnie w zakresie obrotów pó produktami. 

Warto ci jednostkowe obrotów poszczególnymi platynowcami 

w formie surowej lub pó produktów wahaj  si  w bardzo szerokim 

zakresie, co wynika ze zró nicowanej jako ci towaru w obr bie 

danej pozycji.  

3.14. Pierwiastki ziem rzadkich 

 ród a wyst powania – z o a pierwiastków ziem rzadkich znajduj  

si  na Dolnym l sku w okolicach Szklarskiej Por by (do 0,5%) 

i Bogatyni (1,55% jako tlenki), i maj  znaczenie mineralogiczne. 

Wa ne gospodarczo s  natomiast ród a wtórne, tzn. odpadowe fos-

fogipsy, importowane koncentraty apatytowe (0,8–1,0% tlenków 

pierwiastków ziem rzadkich) ze z ó  masywu Chibi skiego w Rosji 

do produkcji kwasu fosforowego(V). Dobrze rozpoznane jest sk a-

dowisko fosfogipsów przy ZCh Wizów, które zawiera 8,28 tys. Mg 

pierwiastków ziem rzadkich w suchym fosfogipsie, 
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 produkcja – pomimo, e badania nad pozyskiwaniem pierwiastków 

ziem rzadkich ze zwa owiska w Wizowie potwierdzaj  mo liwo  

ich produkcji nie zosta a jednak ona podj ta ze wzgl dów ekono-

micznych. 

 zapotrzebowanie krajowe – zaspokajane jest importem, g ównie 

z Chin, krajów Europy Zachodniej, USA, a w latach 2007–2008 

z Estonii. W okresie 2005–2009 w strukturze importu dominowa y 

zwi zki metali ziem rzadkich i ceru. 

4. Podsumowanie i wnioski 

Mo liwo ci pozyskania surowców mineralnych zaliczanych do 

krytycznych s  w Polsce niewielkie m. in. z nast puj cych powodów: 

brak z ó  o znaczeniu ekonomicznym (beryl, magnez, niob, kobalt i an-

tymon, wolfram), brak perspektyw na odkrycie z ó  niobu, tantalu i fluo-

rytu czy wspó wyst powanie surowców z innymi metalami (niob, platy-

na, gal, ind, german). Natomiast z o a pierwiastków ziem rzadkich znaj-

duj ce si  w okolicach Szklarskiej Por by i Bogatyni maj  znaczenie 

tylko mineralogiczne [2,3,5–7]. 

W Polsce beryl wyst puje na Dolnym l sku, g ównie w pegma-

tytach i granitach. Natomiast potencjalnym ród em do produkcji magne-

zu metalicznego s  z o a dolomitów, które obecnie nie s  wykorzysty-

wane. Na Dolnym l sku znajduj  si  tak e z o a pierwiastków ziem 

rzadkich ale maj  one tylko znaczenie mineralogiczne. W Polsce brak 

jest z ó  kopalin niobu i realnych perspektyw na ich odkrycie. Surowce 

niobu nie s  produkowane w Polsce. W Polsce nie rozpoznano tak e z ó  

kopalin tantalu i nie ma perspektyw na ich odkrycie. Udokumentowano 

z o e rud molibdenu z wolframem i miedzi  typu porfirowego w okoli-

cach Myszkowa, którego zasoby wynosz  550,8 mln Mg rudy zawieraj -

cej 238 tys. Mg wolframu. Jednak w Polsce nie wydobywa si  rud wol-

framu i nie produkuje surowców wolframu. 

ród em pierwotnym platynowców s  z o a rud miedzi, zawiera-

j ce równie  kobalt. Z o a te znajduj  si  w Monoklinie Przedsudeckiej. 

Platynowce tworz  minera y w asne, a tak e domieszki w minera ach 

z ota i w zwi zkach niemetalicznych. W Polsce nie wyst puj  samo-

dzielne z o a rud kobaltu. W Polsce brakuje samodzielnych z ó  galu. 

Potencjalne jego zasoby w nie zagospodarowanych dotychczas z o ach 
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rud cynkowo-o owiowych l sko-krakowskich zosta y okre lone na ok. 

120 Mg. Gal sporadycznie tworzy w asne fazy mineralne. Gal jest sk ad-

nikiem rozproszonym w z o ach innych kopalin. Pomimo pozyskiwania 

i przetwarzania galono nych rud cynkowo-o owiowych nie podj to do tej 

pory produkcji galu w Polsce. Natomiast ród em indu s  rudy cynku, 

cyny, o owiu, wolframu, elaza oraz piryty. Ind i surowce indono ne 

w Polsce nie s  produkowane. German wyst puje tylko w ilo ciach la-

dowych w rudach Zn-Pb z ó  l sko-krakowskich. Jego potencjalne za-

soby w z o ach udokumentowanych okre lono na poziomie 40 Mg, które 

nie s  one obecnie wykorzystywane. Pomimo pozyskiwania i przetwa-

rzania germanono nych rud Zn-Pb nie podj to produkcji germanu w Pol-

sce. W Polsce nie rozpoznano z ó  rud Sb i jego rud antymono nych. Nie 

produkuje si  równie  surowców antymonu.  

W Polsce nie rozpoznano z ó  fluorytu o znaczeniu ekonomicz-

nym. Jego wyst powanie udokumentowano natomiast w g bszych par-

tiach z o a barytu Stanis awów. Do tej pory fluoryt nigdy nie by  w Pol-

sce produkowany. Natomiast inne zwi zki fluoru produkowane s  przez 

przemys  chemiczny w Polsce [2,3,5–7]. 

Niektóre z surowców krytycznych mo na pozyska  ze róde  

wtórnych. I tak, przyk adowo szacuje si , e w popio ach z w gli ka-

miennych znajduje si  97 tys. Mg berylu jednak nie ma odpowiedniej 

technologii jego odzysku. Wa ne gospodarczo s  ród a wtórne pier-

wiastków ziem rzadkich. S  to odpadowe fosfogipsy pozosta e po prze-

robie s abo wzbogaconych, importowanych koncentratów apatytowych 

ze z ó  masywu Chibi skiego w Rosji. Zawieraj  one 0,8–1,0% tlenków 

pierwiastków ziem rzadkich. Fosfogipsy te znajduj  zastosowanie w pro-

dukcji kwasu fosforowego(V). Przy Zak adach Chemicznych Wizów 

znajduje si  zwa owisko fosfogipsów, b d cego ród em pierwiastków 

ziem rzadkich. Pomimo, prowadzonych bada  nad pozyskiwaniem tych 

pierwiastków ze zwa owiska ich produkcji jednak nie zosta a ona podj -

ta. ród ami wtórnymi platynowców s  g ównie siatki katalityczne, 

a tak e z om i odpady platynowców, z innych zak adów produkuj cych 

wyroby z ich udzia em lub ich zwi zki. Zaobserwowano obroty z omem 

magnezu. Regularnie sprowadzane s  równie  du e ilo ci magnezu 

w postaci proszków, opi ków, wiórów i granulek. Natomiast statystycz-

nie nieuchwytne s  obroty indem w masowo sprowadzanych wyrobach 

z przemys u elektronicznego. 
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Potencjalnym ród em odzysku kobaltu w postaci proszku s  od-

pady po przeróbce z omu kobaltono nych stopów, stali szlachetnych oraz 

narz dzi do skrawania wykonanych z w glików spiekanych. Ponad 90% 

pierwotnego galu pozyskuje si  w z o onych procesach elektrolitycz-

nych, z tzw. czerwonych szlamów powstaj cych w trakcie przerobu bok-

sytów metod  Bayer’a na alumin , a reszt  otrzymuje si  metodami che-

micznymi z py ów hutnictwa cynku. Coraz wi ksze znaczenie, jako ró-

d o indu, zyskuj  surowce wtórne, g ównie zu yte monitory, zawieraj ce 

tlenek indocyny [3,5–7]. 

W 2012 r. odnotowano wzrost zapotrzebowania na antymon i ko-

balt. Zapotrzebowanie na te surowce wyra ono wielko ci  zu ycia rze-

czywistego lub pozornego w porównaniu do wielko ci z lat 2008–2011. 

I tak, np.: dla antymonu zapotrzebowanie w Polsce wynosi +15%, a dla 

kobaltu +10% [1]. 

Zapotrzebowanie krajowe antymonu pokrywane jest w ca o ci 

importem tlenków, antymonu nieobrobionego i proszków g ównie 

z Chin. W latach 2006–2007 import antymonu nieobrobionego wynosi  

ponad 140 Mg/rok, natomiast w latach 2008–2012 waha  si  w przedziale 

48-70 Mg/rok. Natomiast w przypadku tlenków antymonu wynosi  on 

w latach 2006–2007 ok. 1350 Mg/rok, a w latach 2008–2012 ustabilizo-

wa  si  na poziomie ok. 1000 Mg/rok z nieznacznym spadkiem w 2012 r. 

do warto ci ok. 900 Mg/rok. 

Wielko  importu kobaltu i jego surowców w ca o ci jest pokry-

wana importem, co przestawiono w tabeli 2. 

 
Tabela 2. Struktura importu kobaltu  w latach 2005–2012 

Table 2. Structure of imports of cobalt in the years 2005–2012 

Wyszczególnienie 
Struktura importu kobaltu w latach 2005–2012 [Mg] 

2005 2006 2007 2008 2009 2010 2011 2012 

surowce metaliczne 

kobaltu 
25 40 57 39 39 34 33 33 

tlenki i wodorotlenki 

kobaltu 
134 62 18 37 14 18 110 15 
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Zapotrzebowanie na kobalt i jego surowce jest pokrywane dosta-

wami z Belgii, Chin,. Finlandii, Francji, Holandii, Kanady, Niemiec, 

USA i Wielkiej Brytanii. 

W 2012 r. zanotowano natomiast spadek zapotrzebowania na na-

st puj ce surowce: magnez (-10%), german (-26%), pierwiastki ziem 

rzadkich (-28%), ind, tantal i wolfram (-86%) oraz niob (-100%). Brak 

danych nt. zapotrzebowania na beryl i platynowce [3]. 

Zapotrzebowanie krajowe na magnez metaliczny pokrywane jest 

w ca o ci importem. Wielko  importu magnezu metalicznego w latach 

2010–2012 ustabilizowa a si  na poziomie ok. 5 tys. Mg po 30% ograni-

czeniu go w latach 2008–2009. W latach 2010–2012 import surowców 

magnezu pochodzi  g ównie z Chin (50–85%), Austrii, Czech, Holandii, 

Niemiec oraz W gier i waha  si  w granicach 4,8–5,7 tys. Mg. W 2012 r. 

najwi ksze dostawy surowców magnezu w ilo ci 3,3 tys. Mg pochodzi y 

z Chin. 

Zapotrzebowanie na german pokrywane jest w ca o ci nieregular-

nym jego importem (g ównie germanu nieobrobionego, odpadów i z o-

mu, proszków) wahaj cym si  w granicach kilku do kilkunastu kilogra-

mów rocznie oraz ci g ym importem tlenków germanu w ilo ci od 17–

34 Mg/rok. Kierunki importu tlenków germanu to g ównie Francja, 

Wielka Brytania, Holandia oraz Chiny, Kanada, USA i Japonia.  

Zapotrzebowanie na surowce pierwiastków ziem rzadkich zaspo-

kajane jest importem. G ówne kierunki importu to: Chiny, kraje Europy 

Zachodniej, USA, a w latach 2007–2008 z Estonii. W okresie 2005–2012 

w strukturze importu dominowa y zwi zki metali ziem rzadkich i ceru. 

Wielko  importu tych surowców jest zmienna zw aszcza dla zwi zków 

metali ziem rzadkich oprócz ceru, co przedstawiono w tabeli 3. 

W latach 2005–2012 krajowe zapotrzebowanie na ind jest pokry-

wane regularnym importem z USA, Chin, Belgii, Niemiec, Szwajcarii, 

Japonii i Wielkiej Brytanii. W latach 2005–2008 import indu wzrós   

z 13 kg do 77 kg, nast pnie nast pi  w 2009 r. spadek importu indu do 

48 kg. W 2010 r. warto  importu indu osi gn a warto  a  20 Mg, 

a potem osi gn a w 2012 r. poziom 9 kg. 
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Tabela 3. Struktura importu pierwiastków ziem rzadkich w latach 2005–2012 

Table 3. Structure of imports of rare earths in the years 2005–2012 

Rok 

Struktura importu pierwiastków ziem rzadkich w latach  

2005–2012 [Mg] 

2005 2006 2007 2008 2009 2010 2011 2012 

Metale ziem  

rzadkich, skand  

i itr ( cznie) 

6,0 6,8 0,9 0,6 2,4 7,9 0,0 1,7 

Zwi zki metali 

ziem rzadkich 

(oprócz ceru) 

39,0 29,9 62,7 57,6 15,6 47,5 21,0 12,4 

Zwi zki ceru 79,3 94,1 84,8 147,8 41,0 135,4 85,5 64,9 

 

Zapotrzebowanie na wolfram pokrywane jest w ca o ci importem 

proszku i metalu wolframu oraz elazowolframu m.in. z: Chin, Niemiec, 

Wielkiej Brytanii oraz Rosji. 

Na rysunku 1. przestawiono struktur  importu w latach 2005–

2012 proszku i metalu wolframu oraz elazowolframu. 

 

 
Rys. 1. Struktura importu pierwiastków produktów wolframu  

w latach 2005–2012 

Fig. 1. Structure of imports of products of tungsten in the years 2005–2012 
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Najwa niejszym surowcem niobu sprowadzanym do Polski jest 

elazoniob. Wielko  importu jest zmienna i zale y od zapotrzebowania 

przemys u stalowniczego. W latach 2005–2012 kszta towa a si  na po-

ziomie od 104 Mg w 2005 r. do 397 Mg w 2010 r. poprzez 377 Mg  

w 2007 r. i 379 Mg w 2012 r. elazoniob by  importowany z Brazylii, 

Holandii. 

Zapotrzebowanie krajowe berylu pokrywane by o do 2003 r. im-

portem ok. 2,2 Mg/rok berylu w postaci metalu i proszku, g ównie z Chin 

i krajów Unii Europejskiej. W latach 2005–2009 dane obrotach berylu 

nie by y wykazywane w statystykach GUS. W 2010 r. reeksportowano 

wyroby z berylu, przekraczaj cy sze ciokrotnie wielko  jego importu. 

Jedynym dostawc  berylu do Polski w latach 2010–2011 by  Kazachstan, 

a w przypadku wyrobów z berylu g ównymi dostawcami w ostatnich 

latach by y kraje UE, USA i Kazachstan. Reeksport w 2010 r. by  kiero-

wany do Belgii i Szwajcarii. 

Import tantalu jest niewielki, wg danych GUS, w 2006 r. wyniós  

tylko 2 kg, w 2007 r. – 173 kg, a w 2008 r. – 18 kg. W latach nast pnych 

nie odnotowano importu tantalu. Import tantalu nieobrobionego i wyro-

bów z tantalu (sztaby, pr ty, kszta towniki, druty, blachy, ta my i folie) 

pochodzi  z Niemiec i Austrii oraz z Chin, USA i krajów UE. Odbywa  

si  równie  reeksport odpadów, z omu i wyrobów z tantalu do Wielkiej 

Brytanii, Niemiec i Rosji. 

Import platynowców do Polski w latach 2005–2012 by  bardzo 

zmienny, co przedstawiono w tabeli 3. G ównymi kierunkami importu 

by y Niemcy, S owacja, USA i Wielka Brytania. 

 
Tabela 4. Struktura importu platynowców w latach 2005–2012 

Table 4. Structure of imports of platinum group metals in the years 2005–2012 

Wyszczególnienie 

Struktura importu platynowców w latach  

2005–2012 [kg] 

2005 2006 2007 2008 2009 2010 2011 2012 

platynowce- 

surowe i proszki 
2 7 102 126 45 37 41 675 

platynowce-

pó produkty 
3378 1045 559 668 4770 2590 2092 618 
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Z powy szych rozwa a  mo na wyci gn  wniosek, e zapotrze-

bowanie na surowce krytyczne jest pokrywane g ównie importem. Na 

przestrzeni analizowanego okresu czasowego, w latach 2005–2012, 

zmienno  importu dotyczy a m.in. platynowców, antymonu, magnezu, 

germanu, pierwiastków ziem rzadkich, indu czy niobu. 

Prognozy gospodarcze na najbli sze lata wskazuj  na to, e zwi -

zany z rozwojem nowych technologii wzrost zapotrzebowania na te su-

rowce, b dzie pokrywany importem gotowych wyrobów z berylu, galu, 

indu, germanu, niobu, tantalu i wolframu (Chiny oraz kraje Unii Europej-

skiej o wi kszym potencjale przemys owym) [2,8,4,14].  
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Analysis of the Possibility of Obtaining Critical Minerals 

Abstract 
In 2008 Committee on Critical Mineral Impacts of the U.S. Economy, 

presented a definition of critical raw materials, which was also adopted by the 

countries of the European Union. According to this definition the critical raw 

materials are “minerals / materials exposed to the risk of disrupting or interrup-

tion of the supply, for which this deficit can have serious economic conse-

quences for the entire economy”.  

The most critical to the economy of the European Union were consid-

ered 14 raw materials of significant economic importance, (i.e.: antimony, be-

ryllium, cobalt, fluorspar, gallium, germanium, graphite, indium, magnesium 

metal, niobium, platinum group metals, rare earths, tantalum and tungsten) 

characterized primarily by a high risk of shortage or lack of supply, which result 

from a limited number of sources of their acquisition. Most materials belonging 

to this group are essential for the development of new technologies. The above 

list of 14 critical raw materials is a proposal that can be modified as a result of 

the reduction of critical raw materials resources in European countries. 

As a result of the literature analysis of identified technology it was 

found that the most recognizable way to enrich the individual raw materials is 

processing their ores, which are the carriers of many metals. 

The ore is processed in order to improve the chemical composition, 

standardization of the ore in terms of chemical and physico-chemical properties, 

providing adequate size pieces of the ore. 
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Since the mined ore is usually not suitable for direct processing, multi-

stage process of the ore enrichment is important. The enrichment of metal ores 

can be divided into: mechanical and chemical enrichment. The process of ore 

processing was applied to the following materials: beryllium, cobalt, tungsten 

and fluorite. 

A comprehensive assessment of mineral potential of the European Un-

ion countries and the identification of the so-called critical raw materials neces-

sary for its harmonious and sustainable economic development and technologi-

cal progress, is one of the priorities of the EU's raw materials policy. 

 

S owa kluczowe: 
surowce krytyczne, raport Komitetu UE, technologie pozyskiwania, produkcja, 

zapotrzebowanie 

Keywords: 
critical raw materials, EU Committee report, technology acquisition,  

production, demand 
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1. Wst p – informacja literaturowa 

cieki zaolejone jako cieki poprodukcyjne pochodz  z ró nych 

przemys ów (bran ) i to determinuje ich charakter. Zatem, mog  to by  

po prostu cieki miejskie, w których znajduj  si  substancje t uszczowe 

[25], cieki zawieraj ce zu yte oleje smarowe, paliwa oraz oleje nap -

dowe [3,9,11,12,14–16,34], cieki zawieraj ce oleje ch odz co-smaruj ce 

[42], cieki z przemys u spo ywczego [32]. 

Zaolejone cieki zawieraj  cz sto tak e inne zanieczyszczenia 

z grupy zwi zków chemii nieorganicznej oraz zanieczyszczenia sta e, 

które wp ywaj  na ostateczny efekt oczyszczania. Do procesów, które s  

stosowane najcz ciej dla oczyszczania cieków zaolejonych nale  m.in. 

biodegradacja, oczyszczanie mechaniczne polegaj ce na zastosowaniu 

oddzielaczy tzw. lamelowych lub wype nie  kolumnowych, procesy mi-

krofiltracji na membranach [1,6,10,13,21,23], oczyszczanie cieków na 

z o ach hydrofitowych [2,5,7,17,27–31], oczyszczanie cieków metod  

osadu czynnego [8,18,20,22,24,25], w procesach filtracji grawitacyjnej, 

w tym biofiltracji [31], w procesie sorpcji [26,36], w procesie koagulacji 

[19], w procesie termokatalitycznego unieszkodliwiania cieków zawie-

raj cych oleje i detergenty [14], w procesach destabilizacji emulsji ole-

jowych, metodami chemicznymi [33,37,38], oraz metod  flotacji [32,39]. 
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W niniejszej publikacji przedstawione s  badania rozpoznawcze 
mo liwo ci podczyszczania cieków b d cych no nikiem g ównie ben-
zyny i oleju nap dowego a wi c takich, które powstaj  w ka dym zak a-
dzie us ugowym naprawy samochodów oraz na stacjach benzynowych. 
Jest to ogromna ilo  punktów us ugowych, które co prawda w roboczym 
odniesieniu do jednej doby, nie produkuj  du ych ilo ci cieków a wr cz 
odwrotnie ilo ci niewielkie, to jednak w skali kraju jest to ilo  ogromna, 
która najcz ciej odprowadzana jest do kanalizacji – niekoniecznie spe -
niaj ca warunki dla takich zrzutów, które to wytycza dana oczyszczalnia 
cieków miejsko-gminna odbieraj ca te cieki olejowo-benzynowe. 

Na ka dej stacji benzynowej i w ka dym zak adzie naprawczym 
samochodów znajduje si  na wyposa eniu spr arka, a wi c jest dost p 
do strugi spr onego powietrza. 

Dlatego te  autorzy podj li rozwa ania nad koncepcj  zastosowa-
nia procesu flotacji, celem podczyszczenia cieków olejowo-benzyno-
wych, jako ma a instalacja podczyszczania cieków, która mog aby by  
zainstalowana w oddzielnym pomieszczeniu warsztatu samochodowego 
lub te  stacji benzynowej. Niniejsza praca zawiera wst pne testy o cha-
rakterze pilota owo-rozpoznawczym. 

Badania laboratoryjne procesów flotacji przeprowadzono w dwóch 
niezale nych grupach bada  tj. na ciekach modelowych a potem na cie-
kach rzeczywistych. 

2. Badania w asne – laboratoryjne 

2.1. Badania procesu flotacji na cieku modelowym  

Badania procesu flotacji wykonano na flotowniku mechanicznym 
typu MECHANOBR. 

W pierwszej serii bada  spreparowano roztwór modelowy na ba-
zie czystej wody tak, e w ka dym dm

3
 takiego roztworu znajdowa o si  

1 cm
3
/dm

3
 benzyny oraz 1 cm

3
/dm

3
 detergentu. Stosowanym w bada-

niach detergentem by  p yn o nazwie handlowej LUDWIK GRUPA IN-
CO, w którego sk ad wchodz : 5–15% – rodki anionowe powierzchnio-
wo-czynne/anionic surfactants, 5% – amfoteryczne rodki powierzch-
niowo czynne/amphoteric surfactants, konserwant/preservative (Met-
hylchloroisothiazolinone, Methilisothiazolinone, 2-Bromo-2- Nitropro-
pane-1,3-Diol), barwnik/dye (CI 9140, CI 42080), kompozycja zapacho-
wa/perfume. 



816 Tadeusz Piecuch i in. 
 

Warto ci  zawsze sta  by  czas flotacji t = 3 min, natomiast warto-

ci  zmienn , tzw. niezale n , by a ilo  wprowadzanego oleju nap dowe-

go do 1 dm
3
 takiego cieku, odpowiednio: 1,0 cm

3
/dm

3
, 2,0 cm

3
/dm

3
 oraz 

3,0 cm
3
/dm

3
 – tabela 1. 

Tak spreparowane 3 ró ne cieki odpowiada y tzw. wska nikowi 

ekstraktu eterowego, który charakteryzowa  roztwór przeznaczony do 

flotacji. 

W tabeli 1 podano rezultat flotacji wszystkich trzech cieków mo-

delowych, natomiast w tabeli 2 podano warto  wska nika substancji roz-

puszczonych SR, zarówno przed flotacj , jako parametr zmienny niezale -

ny oraz po procesie flotacji, jako parametr zmienny zale ny (wynikowy). 

Rezultaty bada  zawarte w tabeli 1 i 2 przedstawiono graficznie 

w formie wykresów na rysunku 1 oraz na rysunku 2. 

 
Tabela 1. Wp yw st enia oleju dodawanego do cieku modelowego na warto  

wska nika EE oznaczon  przed i po procesie flotacji 

Table 1. Influence of concentration of oil added to model wastewater on EE 

value determined before and after the flotation process 

St enie oleju  

dodawanego  

Vol [cm
3
/dm

3
] 

Ekstrakt eterowy EE [mg/dm
3
] 

przed flotacj   po flotacji 

1,0 696 367 

2,0 945 589 

3,0 1481 862 
 
Tabela 2. Wp yw st enia oleju dodawanego do cieku modelowego na ilo  

substancji rozpuszczonych SR przed i po procesie flotacji 

Table 2. Influence of concentration of oil added to model wastewater on 

amount of dissolved substances before and after the flotation process 

St enie oleju  

dodawanego  

Vol [cm
3
/dm

3
] 

Ilo  substancji rozpuszczonych SR [mg/dm
3
] 

przed flotacj  po flotacji 

1,0 285 280 

2,0 269 246 

3,0 237 229 
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Rys. 1. Wp yw ilo ci oleju dodawanego do cieku modelowego Vol [cm3/dm3] 

na warto  wska nika EE [mg/dm3]; warto ci sta e – dawka benzyny  

Vb = 1 cm3/dm3, dawka detergentu Vd = 1 cm3/dm3, czas flotacji t = 3 min 

Fig. 1. Influence of amount of oil added to model wastewater Vol [cm3/dm3] on 

EE value [mg/dm3]; constants – gasoline dose Vb = 1 cm3/dm3, detergent dose 

Vd = 1 cm3/dm3, flotation time t = 3 min 

 

W drugiej serii bada  na ciekach modelowych zmienn  nieza-

le n , zadawan  by  czas flotacji zmieniany w granicach odpowiednio 

1,0 min, nast pnie 3,0 min oraz 5,0 min oraz zmiennej dawce benzyny tj. 

0,5 cm
3
/dm

3
, 1,0 cm

3
/dm

3
 oraz 1,5 cm

3
/dm

3
 w cieku preparowanym. 

Zawsze sta a by a dawka detergentu 1 cm
3
/dm

3
, dawka oleju nap dowe-

go 2 cm
3
/dm

3
. Tak e zawsze sta a by a temperatura cieku modelowego 

równa 20ºC. 
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Rys. 2. Wp yw ilo ci oleju dodawanego do cieku modelowego Vol [cm3/dm3] 

na warto  wska nika SR [mg/dm3]; warto ci sta e – dawka benzyny  

Vb = 1 cm3/dm3, dawka detergentu Vd = 1 cm3/dm3, czas flotacji t = 3 min 

Fig. 2. Influence of amount of oil added to model wastewater Vol [cm3/dm3] on 

value of DS [mg/dm3]; constants – gasoline dose Vb = 1 cm3/dm3, detergent 

dose Vd = 1 cm3/dm3, flotation time t = 3 min 

 

Zmienn  wynikow  przeprowadzonych bada  tzw. zmienn  za-

le n  by  wska nik ekstraktu eterowego EE po procesie flotacji a wyniki 

bada  przedstawiono w tabeli 3 oraz podobnie wska nik substancji roz-

puszczonych SR, których wyniki bada  przedstawiono w tabeli 4. Rezul-

taty tych bada  przedstawiono tak e graficznie na wykresach – rysunek 3 

oraz rysunek 4. 
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Tabela 3. Wyniki bada  procesu flotacji zaolejonych cieków modelowych; 

wp yw czasu flotacji t [min] na warto  wska nika EE [mg/dm3] 

Table 3. Results of oily model wastewater flotation process; effect of flotation 

time t [min] on EE value [mg/dm3] 

Czas flotacji 

t [min] 

Ekstrakt eterowy EE [mg/dm
3
]  

przy dawce benzyny Vb [cm
3
/dm

3
] 

0,5 1,0 1,5 

0 845 947 981 

1,0 630 727 858 

3,0 521 589 613 

5,0 473 508 587 

 
Tabela 4. Wyniki bada  procesu flotacji zaolejonych cieków modelowych; 

wp yw czasu flotacji t [min] na warto  wska nika SR [mg/dm3] 

Table 4. Results of oily model wastewater flotation process; effect of flotation 

time t [min] on SR value [mg/dm3] 

Czas flotacji 

t [min] 

Substancje rozpuszczone SR [mg/dm
3
]  

przy dawce benzyny Vb [cm
3
/dm

3
] 

0,5 1,0 1,5 

0,0 255 263 295 

1,0 248 255 288 

3,0 240 246 272 

5,0 237 243 262 
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Rys. 3. Wp yw czasu flotacji t [min] na warto  wska nika EE [mg/dm3]; 

warto ci sta e – dawka oleju nap dowego Vol = 2 cm3/dm3, dawka detergentu  

Vd = 1 cm3/dm3, temperatura cieków 20ºC 

Fig. 3. Effect of flotation time t [min] on EE value [mg/dm3]; constants – Diesel 

fuel dose Vol = 2 cm3/dm3, dose of detergent Vd = 1 cm3/dm3, waste water 

temperature 20°C 
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Rys. 4. Wp yw czasu flotacji t [min] na warto  wska nika SR [mg/dm3]; 

warto ci sta e – dawka oleju nap dowego Vol = 2 cm3/dm3, dawka detergentu  

Vd = 1 cm3/dm3, temperatura cieków 20ºC 

Fig. 4. Effect of flotation time t [min] on SR value [mg/dm3]; constants – Diesel 

fuel dose Vol = 2 cm3/dm3, dose of detergent Vd = 1 cm3/dm3, waste water 

temperature 20°C 

2.2. Opis i analiza wyników bada  na ciekach modelowych 

Analiza wyników bada  zawarta w tabeli 1 wskazuje, e wska -

nik ekstraktu eterowego EE w cieku po procesie flotacji obni a si  od-

powiednio przy zawarto ci oleju w cieku zadanym do flotacji w zakresie 

1–3 cm
3
/dm

3
 – w przedziale oko o 365–860 mg/dm

3
. Jest to obni enie 

znacz ce, aczkolwiek niewystarczaj ce, aby uzna  go za skuteczne. Wa-

runki zrzutu do kanalizacji, jak wiadomo okre la przedsi biorstwo wodo-

ci gów i kanalizacji (miejskie, gminne), które cz sto s  ró ne dla 

oczyszczalni cieków komunalnych, które s  tym przedsi biorstwom 

podleg e. Natomiast warunki odprowadzania cieków do wód lub do 

ziemi i w sprawie substancji szczególnie niebezpiecznych dla rodowiska 
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okre la Rozporz dzenie Ministra rodowiska z dnia 24 lipca 2006 roku 

Dziennik Ustaw 06.137.981. Odno ne Rozporz dzenie ustala dopusz-

czaln  warto  dla zrzutu ekstraktu eterowego do 50 mg/dm
3 

a dla zawie-

siny ogólnej 35 mg/dm
3
. 

Wyniki bada  przedstawione na rysunku 1, wskazuj , i  im wi -

cej oleju nap dowego znajduje si  w cieku nadanym do flotacji, tym 

efekt odolejania jest wi kszy. Efekt okre lono na podstawie warto ci 

wska nika EE po procesie wobec jego warto ci przed procesem flotacji. 

Skuteczno  flotacji w odolejaniu badanych cieków modelowych wobec 

wska nika substancji rozpuszczonych SR pokazano w tabeli 2, gdzie 

wyniki bada  wskazuj , i  otrzymano obni enie warto ci tego wska nika 

stosunkowo niewielkie i mie ci si  ono w granicach od oko o 5 mg/dm
3
 

do oko o 24 mg/dm
3
. Rezultaty bada  zawarte w tabeli 2 oraz przedsta-

wione graficznie na wykresie – rysunek 2, wskazuj , e wraz ze wzro-

stem ilo ci oleju nap dowego tworz cego ciek modelowy, wska nik 

substancji rozpuszczonych maleje i ta tendencja zachowana jest równie  

po procesie flotacji.  

Wyniki bada  procesu flotacji modelowych cieków zaolejonych, 

przy zmiennej dawce benzyny (tabela 3), wskazuj , e wska nik EE 

wzrasta wraz z czasem flotacji gdy w cieku jest wi cej benzyny.  

Przy zawarto ci benzyny ok. 0,5–1,5 cm
3
/dm

3
, warto  tego 

wska nika EE, zale nie od czasu flotacji, wzrasta od 115 mg/dm
3
 do 

136 mg /dm
3
. Wa nym parametrem jest czas flotacji. Nie powinien by  

on zbyt krótki. Niski czas flotacji powoduje wyra ny efekt podniesienia 

warto ci wska nika ekstraktu eterowego wobec tej warto ci w cieku 

nadanym. Na rysunku 3 wida , e czas równy 3 min. mo na przyj  jako 

prawie optymalny. 

Analiza wyników bada  procesu flotacji cieków zaolejonych pod 

k tem oceny warto ci wska nika substancji rozpuszczonych SR przed-

stawiona w tabeli 4 wskazuje, e im wi cej benzyny znajduje si  w cie-

kach preparowanych, tym warto  wska nika substancji rozpuszczonych 

SR ro nie i to w przedziale zmian czasu flotacji od 1,0 do 5,0 min. o war-

to  przeci tnie ok. 25–30 mg/dm
3
, jako przedzia  przeci tny tych ró nic. 

2.3. Badania procesu flotacji na ciekach rzeczywistych 

Charakterystyk  technologiczn  cieku surowego, a wi c rzeczy-

wistego, pobranego bezpo rednio z Zak adu X, przedstawia tabela 5. 
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W tabeli tej, obok wska ników okre lanych dla cieków modelowych tj. 

ekstraktu eterowego EE, oraz wska nika substancji rozpuszczonych SR, 

oznaczono tak e takie parametry, jak wska nik zawiesiny ogólnej ZO 

[mg/dm
3
], chemiczne zapotrzebowanie tlenu ChZT [mg/dm

3
] a tak e 

ogólny w giel organiczny OWO [mg/dm
3
]. 

 
Tabela 5. Zestawienie wyników bada  podczyszczania cieków rzeczywistych 

Table 5. Results of real treat wastewater pre-treatment 

Parametr 

Rodzaj cieków 
Etap oczyszczania w procesach 

sedymentacji i sorpcji 

surowe 
po  

flotacji 

dawka koagulanta 

Al(SO4)3 18H2O 

K [mg/dm
3
] 

po 

sorpcji 

0,5 1,0 

pH [bzw] 8,0 8,0 7,5 7,5 6,0 

SR [mg/dm
3
] 1426 1246 1074 1026 404 

ZO [mg/dm
3
] 592 388 304 280 0 

ChZT [mg/dm
3
] 449 166 106 102 29 

OWO [mg/dm
3
] 526 408 357 334 55 

EE [mg/dm
3
] 420 162 134 117 13 

 

Powy sze wska niki oznaczono tak e po procesie flotacji i poka-

zano je w tabeli 5. Proces flotacji trwa  10 min. Zatem, w przypadku flo-

tacji cieku surowego, ten czas flotacji jest wyra nie wi kszy ni  w pro-

cesie flotacji cieków modelowych. 

Przeprowadzono bowiem najpierw badania wp ywu czasu flotacji 

na efekt ko cowy oczyszczania a wyniki bada  w odniesieniu do warto ci 

wska nika ekstraktu eterowego przedstawiono w tabeli 6, w której uj to 

tak e wyznaczony paralelnie wska nik substancji rozpuszczonych SR. 

Analiza wyników bada  cieków surowych wskaza a, e efekty 

ich podczyszczania wy cznie w procesie flotacji nie s  zadawalaj ce. 

Zatem dodatkowo przeprowadzono badania procesu koagulacji siarcza-

nem glinu Al2(SO4)3 18H2O a potem po procesie sedymentacji zdekan-

towany cieki doczyszczano w procesie sorpcji na w glu aktywnym 

w kolumnie o wysoko ci 1 m. Temperatura podczyszczanego cieku wy-

nosi a 20°C. 
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2.4. Opis i analiza wyników bada  na ciekach rzeczywistych 

Wyniki bada  jako ciowych, cieków rzeczywistych w odniesie-
niu do spreparowanych cieków modelowych wobec wska nika ekstraktu 
eterowego pokazuj , e warto  tego parametru w ciekach modelowych 
by a wy sza. W zale no ci od badanego cieku warto  ta waha a si  
w granicach od oko o 487 do oko o a  1481 mg/dm

3
, gdy tymczasem 

pobrane i poddane badaniom podczyszczania cieki rzeczywiste mia y 
warto  wska nika ekstraktu eterowego EE = 420 mg/dm

3
. 

Nale y te  zwróci  uwag , e cieki modelowe, a wi c te prepa-
rowane nie zawiera y zawiesiny ogólnej a w cieku rzeczywistym 
wska nik ten mia  warto  592 mg/dm

3
. 

Analiza wyników wskazuje, e proces flotacji poprawi  warto  
wska nika ekstraktu eterowego o 258 mg/dm

3
; zauwa my jednak wyd u-

ony czas flotacji, a wi c wy szy ni  czas 3 min., który by  prawie opty-
malny dla cieków modelowych. Pokazuje to warto  ekstraktu eterowe-
go zapisana dla ró nych czasów flotacji w tabeli 6. 

 
Tabela 6. Wyniki bada  wp ywu czasu flotacji cieku rzeczywistego na warto  
wska nika ekstraktu eterowego EE [mg/dm3] oraz wska nika substancji 
rozpuszczonych SR [mg/dm3] 
Table 6. Effect of time of flotation of real wastewater on EE value [mg/dm3] 
and SR value [mg/dm3] 

Czas flotacji 
t [min] 

Ekstrakt eterowy  
EE [mg/dm

3
] 

Substancje rozpuszczone 
SR [mg/dm

3
] 

0 420 1426

1 350 1401 

3 278 1377

5 234 1343

10 162 1246

 
Oznaczenie wska nika substancji rozpuszczonych SR wskazuje 

na obni enie jego warto ci o oko o 220 mg/dm
3
, ale po czasie flotacji a  

10 min. 
Bior c pod uwag  powy sz  analiz , podczyszczone cieki rze-

czywiste w procesie flotacji, poddano nast pnie procesowi koagulacji 
siarczanem glinu przy dwóch jego ró nych dawkach tj. 0,5 mg/dm

3
 oraz 

1,0 mg/dm
3
.  
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Analiza wyników zawartych w tabeli 5 wskazuje, ze wzrost daw-

ki flokulanta powoduje po procesie sedymentacji niewielk  popraw  

warto ci g ównych wska ników zanieczyszcze  w cieku poflotacyjnym.  

Dlatego te  zdecydowano si  przeprowadzi  jeszcze proces sorp-

cji na w glu aktywnym, aby cieki doczy ci  do parametrów, które po-

zwalaj  na odprowadzanie cieków do kanalizacji a wi c w konsekwencji 

do oczyszczalni miejskiej cieków komunalnych. Wyniki bada  po pro-

cesie sorpcji pokazano w tabeli 5. Analiza wyników wskazuje na bardzo 

dobry efekt oczyszczania. Warto  ekstraktu eterowego EE wynios a 

tylko 13 mg/dm
3
 a warto  przyk adowo wska nika zawiesiny ogólnej 

ZO by a równa zero. 

3. Propozycja ma ej instalacji podczyszczania cieków na 
zapleczach samochodowych warsztatów mechanicznych  

W zwi zku z powy sz  analiz  wyników bada  mo na rozwa y , 

nak adem niewielkich rodków finansowych budow  ma ych instalacji 

podczyszczania cieków pochodz cych z warsztatów samochodowych lub 

stacji benzynowych. Przyk adowy schemat pokazano na rysunku 5. Stacj  

nale y wyposa y  w pojemnik, w którym gromadzone s  pop uczyny 

o wielko ci dobranej zale nie od intensywno ci mycia i sp ukiwania posa-

dzek. Ten zbiornik powinien mie  charakter mieszalnika; w ze  I. 

Zbiornik powinien by  ulokowany podpoziomowo i mie  pojem-

no  robocz  równ  przynajmniej obj to ci cieków z pojedynczego my-

cia i sp ukiwania posadzki. Nast pnie z w z a I, raz na dob , ciek by by 

podawany do flotownika (w ze  II) z którego otrzymujemy dwa produk-

ty; produkt flotuj cy (oko o 5–10% obj to ci cieków nadanych, które 

musia yby by  magazynowane w oddzielnym zbiorniku i odbierane przez 

oczyszczalnie cieków przemys owych specjalnym beczkowozem aseni-

zacyjnym). Wyflotowane oleje stanowi  tak e apolarne odczynniki flota-

cyjne, stosowane do flotacji w gla [40,41]. Natomiast cieki nieflotuj ce 

by yby podawane do procesu sedymentacji grawitacyjnej wspomaganej 

koagulacj , po którym to procesie znowu otrzymuje si  2 produkty.  
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Rys. 5. Schemat blokowy technologiczny kieszonkowej instalacji 

podczyszczania cieków ze stacji us ug samochodowych i stacji benzynowej; 

VN – procentowa obj to  cieków nadanych, Vp – procentowa obj to  

wydzielonych cieków przemys owych, Vkan – procentowa obj to  cieków do 

kanalizacji 

Fig. 5. Block diagram of small installation for pre-treatment of wastewater 

from car service station and gas station; VN – percentage volume of wastewater, 

Vp –percentage volume of industrial wastewater, Vkan – percentage volume of 

wastewater piped to sewage system 

 
Powy sza propozycja i wyniki bada  maj  charakter wst pny 

i ewentualna mo liwo  kontynuacji tego typu prac pod k tem wdro e-

W I
Bufor
Mieszanie

W II Flotacja

W III
Bufor
Mieszanie

W IV

Sedymentacja
grawitacyjna
Koagulacja

W V Sorpcja

zaolejony 
ciek nadany 

V  = 100%
N

produkt
- flotuj cyciek 

produkt
- flotuj cyciek nie

osad ciek
zdekantowany

do kanalizacji

V  = 93-94%kan

V  = 6-7%
p

okresowy odbiór
beczkowozem

asenizacyjnym
przez oczyszczalnie
cieków przemys owych
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nia, musia aby przede wszystkim znale  akceptacje w a cicieli warszta-
tów samochodowych lub stacji benzynowych i to w takim odniesieniu, 
aby od razu zdecydowano si  zbudowa  tak  instalacj  i prac  jej zopty-
malizowa  w trakcie prowadzonych na niej bada . W ramach tych bada  
nale a oby okre li  ywotno  danej kolumny sorpcyjnej, charakter 
stopniowej utraty jej pojemno ci sorpcyjnej oraz ilo  wymian tej ko-
lumny w okre lonym interwale czasu. Dlatego te  proces atwej flotacji 
cieków zaolejonych, przy bezproblemowej dost pno ci do spr onego 

powietrza a tak e towarzysz cy mu proces sedymentacji grawitacyjnej 
wspomaganej koagulacj  ewidentnie wyd u y czas pracy takiej kolumny. 
Zu yty w giel aktywny, mo na spali  w mieszance w piecach MEC lub 
w spalarni odpadów. Wydaje si  jednak, e takie ewentualne kontynuo-
wanie bada  aplikacyjnych, musia oby by  poparte pewnym interwen-
cjonizmem w zakresie ogólnych wytycznych dotycz cych odprowadza-
nia cieków przez wszystkie stacje benzynowe i wszystkie warsztaty sa-
mochodowe a wi c po prostu powinny to regulowa  okre lone przepisy 
zmuszaj ce do wdra ania nowych rozwi za . Bez tego typu wytycznych, 
poza pojedynczymi przypadkami ewentualne wdro enia nie b d  mia y 
miejsca, gdy  jest to zawsze jednak pewien wysi ek dla inwestora oraz 
pewien k opot najpierw z zainwestowaniem, budow  a potem eksploata-
cj  takiej instalacji – ale próbowa  nale y. 

4. Podsumowanie – wnioski  

Z przeprowadzonych bada  rozpoznawczych oraz analizy wyni-
ków tych bada  nasuwaj  si  pewne ogólne wnioski. 
1. cieki b d ce wynikiem prac us ugowych samochodowych warsztatów 

mechanicznych a tak e stacji benzynowych s  zanieczyszczone zwi z-
kami ropopochodnymi i chocia  pojedynczy zak ad odprowadza nie-
wiele cieków do kanalizacji, to jednak suma tych cieków w skali kra-
ju, ka dego dnia jest ogromna – a przecie  s  to zwi zki kancerogenne. 

2. Proponowana do wdro enia, ma a instalacja cieków zaolejonych, 
poprawi na pewno jako  cieków codziennie wprowadzanych do ka-
nalizacji. 

3. Proces flotacji stanowi cy pierwszy w ze  tej propozycji technolo-
gicznej instalacji nie podczyszcza cieków w sposób bardzo dobry, ale 
wystarczaj co zauwa alny, a przez to pozwala wyd u y  ywotno  
dzia ania wa nego w z a tej instalacji, tj. w z a sorpcji. 
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4. Badania powinny by  kontynuowane na ma ej do wiadczalnej instala-

cji zamontowanej w konkretnym zak adzie samochodowym lub stacji 

benzynowej. 

Wykaz symboliki  

ChZT – chemiczne zapotrzebowanie tlenu, mg/dm
3
, 

EE – ekstrakt eterowy, mg/dm
3
, 

K – dawka koagulanta, mg/dm
3
, 

OWO – w giel organiczny, mg/dm
3
, 

pH – wska nik st enia jonów wodorowych, bzw, 

SR – substancje rozpuszczone, mg/dm
3
, 

t – czas trwania procesu, min, 

Vol – obj to  wska nikowa oleju w cieku preparowanym, cm
3
/dm

3
, 

Vb – obj to  wska nikowa benzyny w cieku preparowanym, cm
3
/dm

3
, 

Vd – obj to  wska nikowa detergentu w cieku preparowanym, cm
3
/dm

3
, 

ZO – zawiesina ogólna, mg/dm
3
. 

List of symbols 

ChZT – chemical oxygen demand, mg/dm
3
, 

EE – ether extract, mg/dm
3
, 

K – coagulant dose, mg/dm
3
, 

OWO – total organic carbon, mg/dm
3
, 

pH – concentration of hydrogen ions, -, 

SR – dissolved substances, mg/dm
3
, 

t – process duration of the, min, 

Vol – volume of oil in the model wastewater, cm
3
/dm

3
, 

Vb –volume of gasoline in the model wastewater, cm
3
/dm

3
, 

Vd – volume of Diesel fuel in the model wastewater, cm
3
/dm

3
, 

ZO – total suspended solids, mg/dm
3
. 
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Treatment of Wastewater from Car Service Station 

Abstract 
The paper presents exploratory examinations on possibility of pre-

treatment of wastewater containing gasoline and diesel fuel, that is wastewater 

“produced” in each car service and repair workshop and in gas station. It is 

a vast number of service points, which, though daily produce small amounts of 

wastewater but in the scale of the whole country amount of wastewater is sub-

stantial. Such wastewater is usually piped off into the sewage system. Often oily 

wastewater does not meet requirements set by local companies which own the 

municipal sewage treatment plants. 

Therefore, authors made have undertaken considerations on the concept 
of use the flotation process for pre-treatment of wastewater containing oil and 
gasoline, as a small wastewater treatment plant that could be installed in a sepa-
rate room of garage or gas station. Example diagram is shown in Figure 5. 

This paper presents preliminary testing of a pilot-distinctive nature. La-
boratory tests of flotation process were carried out in two independent study 
groups, ie. one with use of model wastewater and second with the use of real 
wastewater. 

Conducted examinations and analysis of the results allow to draw cer-
tain conclusions: 
1. Wastewater from car service stations, mechanical garages and also gas sta-

tions are contaminated with oil derived compound, and although individual 
garage produces small amounts of wastewater, the sum of all wastewater in 
the scale of the whole country each day is substantial. 

2. Proposed small installation for pre-treatment of oily wastewater, when im-
plemented In the car service station or gas station will improve quality of 
wastewater daily inputted to sewage system. 

3. The flotation process which is the first node of proposed technological instal-
lation does not treat wastewater sufficiently, but noticeably, and thus it al-
lows to extend the life of an important node of the installation, that is sorp-
tion process. 

4. Research should be continued on a small experimental plant installed in the 

car or gas station. 

 

S owa kluczowe: 
flotacja, cieki zaolejone, podczyszczanie 

Keywords: 
Flotation, oily wastewater, pre-treatment 
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1. Wst p 

Wzrastaj ce stale wymagania dotycz ce ochrony rodowiska 

przyrodniczego zach caj  do poszukiwa  nowych efektywnych i ekono-

micznie atrakcyjnych technologii oczyszczania cieków, gazów i reme-

diacji gruntów. Coraz cz ciej, odmiennie ni  w przesz o ci, w celu efek-

tywnego usuwania zanieczyszcze  stosowane s  technologie hybrydowe, 

cz ce procesy biologiczne, chemiczne i fizyczne. W niniejszym prze-

gl dzie omówione b d  zarówno wybrane nowoczesne technologie in y-

nierii rodowiska, jak i narz dzia badawcze pozwalaj ce na sterowanie 

wybranymi procesami biologicznymi, które s  zazwyczaj zasadniczym 

etapem wielu technologii rodowiskowych. 

2. Tlenowe granule drobnoustrojów 

W konwencjonalnych systemach oczyszczania cieków komory 

osadu czynnego s  zespolone z osadnikami wtórnymi. Wad  tej metody 

jest miedzy innymi ograniczone obci enie komór napowietrzania adun-

kiem zanieczyszcze . Bardzo wysokie obci enie powoduje natomiast 

nadmiern  poda  substratu, intensyfikuj c syntez  biomasy, jednocze nie 

ograniczaj c ilo  utlenionych substancji. W konsekwencji stopie  

oczyszczenia cieków jest niewystarczaj cy oraz zwi ksza si  ilo  od-

prowadzanego osadu nadmiernego. Dostrzegaj c wa no  i z o ono  

tego problemu opracowywano systemy o zwi kszonej retencji biomasy. 

Ju  w latach 90-tych podano pierwsze rozwi zania, gdzie biomasa im-
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mobilizowana by a w postaci biofilmu na specjalnych no nikach [19]. 

W tym czasie pr nie rozwin y si  równie  technologie beztlenowego 

oczyszczania cieków w reaktorach UASB, gdzie mikroorganizmy 

utrzymywane s  w dolnej cz ci reaktora w postaci zawieszonej warstwy 

o specyficznej, granulkowatej strukturze. Po analizie procesów zacho-

dz cych w reaktorach UASB podj to prób  opracowania technologii 

otrzymywania granulowanych form drobnoustrojów w warunkach aero-

bowych, która zako czy a si  pozytywnie [38]. 

Tlenowe granule o kompaktowej i g stej strukturze, du ej bioró -

norodno ci oraz o doskona ych w a ciwo ciach sedymentacyjnych wyko-

rzystuje si  do oczyszczania cieków zarówno o niskim, jak i wysokim 

obci eniu adunkiem zanieczyszcze , do usuwania zwi zków azotu 

i fosforu, a tak e toksycznych substancji. Ze wzgl du na sukces jaki od-

nios a technologia granulowanego osadu w skali laboratoryjnej, spraw-

dzono jej wydajno  w skali pilotowej. Pierwsza stacja pilotowa uru-

chomiana zosta a we wrze niu 2003 roku w holenderskiej oczyszczalni 

cieków w Ede, a w roku 2008 powsta y pierwsze oczyszczalnie cieków 

komunalnych w Portugalii (Freilas) i Po udniowej Afryce (Gansbaai) 

[65] Do wiadczenia z pracy stacji pilotowych wykaza y, e biologiczny 

rozruch reaktorów z granulowan  biomas  wymaga czasu od oko o 270 

do nawet 400 dób, czyli znacznie d u ej ni  w skali laboratoryjnej, gdzie 

czas formowania dojrza ych granul wynosi oko o 60 dób [31]. 

Procesowi biogranulacji sprzyja obecno  polimerów zewn trz-

komórkowych (EPS), które s  substancjami syntetyzowanymi, wydziela-

nymi i akumulowanymi na zewn trz komórki. Kompozycja polimerów 

zewn trzkomórkowych jest zmienna i zale y od rodzaju mikroorgani-

zmów, a najogólniej podzieli  je mo na na: polisacharydy, bia ka, DNA 

i produkty lizy komórek bakteryjnych [63]. EPS odgrywaj  wa n  rol  

w procesie biogranulacji, poniewa  pozwalaj  utrzymywa  trójwymia-

row  i zintegrowan  struktur  granul osadu czynnego. 

EPS wyst puj  w ró nych formach bioagregatów, takich jak 

k aczki osadu czynnego, biofilmy, granule tlenowe i beztlenowe. Jednak-

e ich st enie w granulach osadu czynnego jest o wiele wi ksze ni  

w konwencjonalnym osadzie czynnym [60].  

W literaturze mo na spotka  ró ne, sprzeczne informacje doty-

cz ce kompozycji EPS w biogranulach. Rezultaty niektórych bada  

wskazuj , e najwa niejszym komponentem granul s  bia ka, a stosunek 
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proteiny/polisacharydy (PN/PS) jest relatywnie sta y podczas formowa-

nia granul osadu czynnego[44]. Inni badacze natomiast podaj , e naj-

wi ksz  ilo  stanowi  polisacharydy, które uczestnicz  w usieciowaniu 

polisacharydów i powoduj  uformowanie trójwymiarowej sieci [37]. 

Równie  obecno  niektórych kationów wyra nie sprzyja powstawaniu 

granul [26]. 

Najwa niejsz  rol  w formowaniu granul osadu czynnego odgry-

wa frakcja mocno zwi zanych polimerów zewn trzkomórkowych [25]. 

Rysunek 1 przedstawia wyniki zmiany zawarto ci poszczególnych kom-

ponentów polimerów zewn trzkomórkowych tej e frakcji wraz z czasem 

biogranulacji. Obserwowano, e zawarto  bia ek i w mniejszym stopniu 

polisacharydów wzrasta a  do momentu uformowania pierwszych granul 

o rednicy 0.4–2mm oraz g stej i kompaktowej strukturze. Od 16 doby 

obserwuje si , e zawarto  EPS spada, a od dnia 23 utrzymuje si  na 

sta ym poziomie. 

Zgodnie z Li et al. [29] w momencie uformowania granul, ustala 

si  równowaga pomi dzy procesami akumulacji a metabolizmem, czego 

rezultatem jest sta a zawarto  EPS w dojrza ych granulach.  

 

 

Rys. 1. Zmiany frakcji mocno zwi zanych EPS w czasie formowania  

tlenowych granul [25] 

Fig. 1. Changes of the fractions of tightly bound EPS during the formation  

of aerobic granules [25] 
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Uwzgl dniaj c aktualny stan wiedzy dotycz cy wykorzystania 

tlenowych granul mikroorganizmów, mo na stwierdzi , e: 

• Zalet  procesów wykorzystuj cych granulowany osad jest przede 

wszystkim zmniejszenie wymiarów reaktorów, w których prowadzone 

s  procesy. Dodatkowo zwi ksza si  czas retencji biomasy w uk adzie 

oraz stopie  koncentracji biomasy, a poprzez to nast puje poprawa 

efektów oczyszczania cieków 

• Formowanie granul osadu czynnego ci le wi e si  z produkcj  EPS. 

Mikroorganizmy produkuj  i akumuluj  EPS, a  do momentu ufor-

mowania stabilnych, g stych granul.  

• Bakterie znajduj ce si  w wewn trznej strefie dojrza ych granul zu-

ywaj  polimery zewn trzkomórkowe jako dodatkowe ród o w gla, 

co pozwala im prze y  i zachowa  aktywno . 

• Polisacharydy s  komponentem, który stabilizuje struktur  granul. 

Mikroorganizmy nie zu ywaj  tych strukturalnych polisacharydów 

w swoich procesach metabolicznych.  

 Bia ka s  dominuj c  frakcj  polimerów zewn trzkomórkowych.  

3. Proces cz ciowej nitryfikacji i Anammox  

Procesy biologiczne, w których nast puje usuwanie nieorganicz-

nych zwi zków azotowych podczas oczyszczania cieków zarówno ko-

munalnych, jak i przemys owych, do niedawna sprowadza y si  prak-

tycznie do nitryfikacji i denitryfikacji. Procesy usuwania azotu s  jedny-

mi z najbardziej kosztownych w oczyszczaniu cieków. Koszty te wyni-

kaj  ze znacznego zapotrzebowania na energi  (napowietrzanie) 

w procesie nitryfikacji. Energia przeznaczona na napowietrzenie 

w procesie osadu czynnego stanowi 60–70% ca kowitego zu ycia energii 

w oczyszczalni, co stanowi nawet 30% udzia  w ca kowitych kosztach 

eksploatacji oczyszczalni cieków. W przypadku cieków zawieraj cych 

wysokie st enia zwi zków azotowych ww. metody mog  by  zak ócone 

poprzez hamowanie nitryfikacji wolnym amoniakiem oraz nieodpowied-

ni stosunek w gla organicznego do azotu, co w znacznym stopniu ogra-

nicza biologiczn  denitryfikacj . Aby proces oczyszczania by  najefek-

tywniejszy, a jednocze nie niedrogi, poszukuje si  alternatywnych metod 

oczyszczania cieków. Tak  alternatyw  mo e by  po czenie procesu 

cz ciowej skróconej nitryfikacji oraz odkrytego w latach 90-tych ubie-
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g ego wieku, a przewidywany ju  od lat 70-tych [1], proces beztlenowe-

go utleniania amoniaku, czyli Anammox (ang. Anaerobic Ammonium 

Oxidation). Usuwanie azotu w procesie cz ciowej nitryfika-

cji/Anammox pozwala zmniejszy  koszty napowietrzania a co za tym 

idzie zu ycie energii o ponad 60%, ponadto nie ma te  potrzeby zapew-

nienia w gla organicznego, a dodatkowo zmniejsza si  emisj  CO2 o ok. 

90% co ma du e znaczenie bior c pod uwag  fakt, e dwutlenek w gla 

jest jednym z g ównych gazów cieplarnianych. Warto te  zaznaczy , e 

w przeciwie stwie do nitryfikacji/denitryfikacji w procesie Anammox 

emisja tlenków azotu jest na bardzo niskim poziomie. Ze wzgl du na 

brak konieczno ci dozowania zewn trznego ród a w gla, proces charak-

teryzuje si  ma  szybko ci  wzrostu biomasy (0,08 zamiast prawie 

1 gsmo/gN) co wp ywa na relatywnie ma  produkcj  osadu, a tym samym 

powoduje zmniejszenie kosztów eksploatacyjnych [7, 40]. Proces cz -

ciowej nitryfikacji/Anammox mo e by  realizowany w dwóch osobnych 

reaktorach [22, 66] lub w jednym reaktorze [2, 5], w którym proces cz -

ciowej nitryfikacji i Anammox przebiegaj  symultanicznie. 

Sam proces Anammox polega na utlenianiu azotu amonowego do 

azotu gazowego z wykorzystaniem azotynów jako ostatniego akceptora 

elektronów. Opieraj c si  na bilansie masowym, w pomiarach do wiad-

czalnych, Strous i inni [58]zaproponowali nast puj ce równanie ste-

chiometryczne procesu: 

+⋅→⋅+⋅+⋅+
+−−+

2324 02,113.0066,032,1 NHHCONONH

OHNOCHNO 215,05.023 03,2066,026,0 ⋅+⋅+⋅+
−  

(1) 

G ównym produktem beztlenowego usuwania azotu amonowego 

jest azot gazowy, jednak oko o 10% azotu w dop ywie jest przekszta cana 

do azotanów. Ogólny bilans azotu pokazuje stosunek molowy równy 

1:1,32:0,26 dla przemian amoniaku, azotanów (III) i (V). Przypuszcza si , 

e cz  azotanów (III) jest utleniana do azotanów (V) w celu uwolnienia 

elektronów, które nast pnie s  wykorzystywane do wi zania CO2 [58]. 

Bakterie Anammox w systemach oczyszczalnia cieków pozosta-

j  aktywne w szerokim zakresie temperatur (pomi dzy 10 a 43°C), 

z warto ci  optymaln  na poziomie 37°C. Najnowsze doniesienia wska-

zuj , e proces Anammox mo e by  z powodzeniem zastosowany 

w uk adach pracuj cych w temperaturze poni ej 20°C [4]. Bior c pod 

uwag  koszty zwi zane z konieczno ci  utrzymania wysokiej temperatu-
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ry w reaktorze, zasadne jest prowadzenie procesu w temperaturach 

znacznie ni szych ni  warto ci zbli one do optimum dla bakterii Anam-

mox. Kolejnym parametrem maj cym wp yw na przebieg procesu jest 

warto  pH. Strous [58] wykaza , e zakres pH dla procesu Anammox 

zawiera si  w przedziale 6,7–8,3, z warto ci  optymaln , wynosz c  8. 

Dodatkowo Egli i wspó pracownicy [12] obserwowali aktywno  bakterii 

Anammox przy pH w zakresie 8,5–9,0. Proces Anammox jest hamowany 

przez obecno  tlenu. Jest to jednak inhibicja odwracalna, co pokaza y 

badania z przerywanym napowietrzaniem, dzi ki czemu mo liwe jest 

prowadzenie procesów cz ciowej nitryfikacji i Anammox w jednym reak-

torze. Bakterie Anammox charakteryzuj  si  bardzo wysokim powinowac-

twem do substratów, amoniaku i azotanów (III), dla których sta a powino-

wactwa KS jest poni ej 5 µM. Proces jest jednak hamowany przez azot 

azotanowy (III), chocia  w literaturze nie ma zgodno ci co do st e  po-

woduj cych inhibicj  procesu. Najcz ciej podaje si  e st enia przekra-

czaj ce 10 mM (140 mg/dm
3
) powoduj  inhibicj  procesu. Kiedy st enie 

azotu azotanowego (III) przekracza 5 mM (70 mg/dm
3
) przez d u szy 

okres (12 h) aktywno  procesu Anammox ca kowicie zanika. Jednak e 

jego aktywno  mo e zosta  przywrócona poprzez dodawanie niewielkich 

ilo ci (ok. 50 M) hydrazyny, która jest produktem po rednim reakcji 

Anammox. Jednak ostatnie badania pokazuj , e proces ten jest bardziej 

odporny na st enia azotu azotanowego (III) ni  przypuszczano i st enie 

powoduj ce spadek szybko ci procesu o po ow  (IC50) wynosi nawet po-

nad 350 mg/dm
3
 [6]. Dodatkowo, najnowsze badania wskazuj , e zak ó-

cenia w prawid owym przebiegu tego procesu mog  by  wynikiem wyso-

kiego st enie wolnego amoniaku, a prawdopodobne jest te , e wolny 

amoniak mo e wzmaga  inhibicj  powodowan  azotanami (III) [3, 21]. 

4. Zaawansowane procesy utleniania  
w oczyszczaniu cieków  

Termin zaawansowane procesy utleniania (ang. advanced oxida-

tion processes, AOPs) obejmuje wszystkie procesy utleniania chemicz-

nego, których mechanizm bazuje na reakcji z rodnikami hydroksylowymi 

(HO
•
). Rodniki HO

•
, ze wzgl du na swój wysoki potencja  utleniaj cy 

(E
O
=2,7 V, pH=7,0) i nieselektywno  reagowania ze zwi zkami orga-

nicznymi i nieorganicznymi, przyczyniaj  si  do rozk adu (ca kowitego 
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lub cz ciowego) wi kszo ci zidentyfikowanych zanieczyszcze  antro-

pogenicznych. Na podstawie danych literaturowych mo na przyj , e 

w rodowisku wodnym, warto ci sta ych szybko ci reakcji zwi zków 

organicznych i nieorganicznych z rodnikami hydroksylowymi mieszcz  

si  w przedziale 10
7
–10

10
 l/mol·s

 
[68]. 

Nie ma jednoznacznej klasyfikacji procesów zaliczanych do AOPs, 

jednak e mo na je podzieli  na dwie zasadnicze grupy, tj. chemiczne 

i fotochemiczne. W chemicznych wolne rodniki generowane s  w wyniku 

przemian zwi zków utleniaj cych, zachodz cych w ci le okre lonych 

warunkach. W procesach fotochemicznych, rodniki hydroksylowe powsta-

j  na skutek przemian okre lonych substancji, przy czym przemiany te 

indukowane s  promieniowaniem fotochemicznym [13, 51, 73]. 

Zaawansowane procesy utleniania stosowane s  ju  nie tylko 

w skali laboratoryjnej, jak mia o to miejsce na pocz tku lat 90. ubieg ego 

wieku, ale coraz cz ciej wykorzystywane s  w skali pilota owej [61], 

a nawet w skali technicznej [28]. W technologii oczyszczania cieków, 

procesy AOPs mog  by  skojarzone w technikami biologicznymi i mog  

by  one umiejscowione, tu  po osadnikach wst pnych (jako tzw. utlenia-

nie wst pne) albo na ko cu biologicznego stopnia oczyszczania cieków, 

czyli po osadnikach wtórnych (tzw. doczyszczanie cieków lub utlenianie 

ko cowe) [42]. 

W przypadku czenia technik AOPs z biologicznym oczyszcza-

niem cieków (tzw. systemy hybrydowe), ich znaczenie w procesie 

oczyszczania cieków ma cis y zwi zek z miejscem ich stosowania. 

I tak, celem utleniania wst pnego jest przede wszystkim cz ciowe utle-

nienie substancji biologicznie nierozk adalnych (lub trudno rozk adal-

nych) i doprowadzenie ich do postaci, w której b d  mog y by  ju  dalej 

roz o one w procesach biologicznego oczyszczania cieków. Natomiast 

celem doczyszczania cieków jest usuni cie mikrozanieczyszcze  antro-

pogenicznych, które nie s  ca kowicie usuwane w procesach biologicz-

nego oczyszczania cieków i mog  wraz ze ciekami oczyszczonymi 

przedostawa  si  do wód powierzchniowych, stanowi c zagro enie dla 

organizmów tam bytuj cych (tzw. detoksykacja cieków). Zaawansowa-

ne procesy utleniania maj  tak e znaczenie w instalacjach do oczyszcza-

nia cieków przemys owych. Jednak e wskazane jest, aby w przypadku 

stosowania tego typu rozwi za , ChZT cieków nie przekracza o warto-

ci 5,0 g/l. Wynika to z tego, e wy sze st enie ChZT powoduje wzrost 
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kosztów zakupu reagentów niezb dnych do wygenerowania odpowied-

niej ilo ci rodników hydroksylowych. Ponadto koszty energii elektrycz-

nej s  zbyt wysokie [52]. 
Nale y wspomnie , e procesy AOPs by y skutecznie wykorzy-

stywane do oczyszczania cieków z przemys u tekstylnego [27], celulo-
zowo-papierniczego [72], koksowniczego [59] czy winiarsko-gorzelni-
czego [67]. W przypadku (oczyszczonych) cieków bytowo-gospodar-
czych, zastosowanie technik bazuj cych na zaawansowanych procesach 
utleniania, pozwoli y na skuteczne usuni cie wybranych zanieczyszcze  
antropogenicznych [14,15,17,24,70] Tak e w przypadku degradacji wy-
branych substancji zaliczanych do grupy biomimetyków hormonalnych, 
procesy AOPs wymieniane s  jako potencjalne narz dzie, które mo e 
s u y  do eliminacji tego typu zanieczyszcze  ze rodowiska wodnego 
[11,16,45]. 

Pomimo faktu, e zaawansowane procesy utleniania w sposób za-
dawalaj cy pozwalaj  na degradacj  trudno rozk adalnych zanieczysz-
cze  antropogenicznych w rodowisku wodnym, trzeba pami ta  o tym, 
e s  to technologie wymagaj ce stosunkowo wysokich nak adów finan-

sowych. Dlatego ich stosowalno  nale y rozpatrywa  indywidualnie, 
w zale no ci od wymaganego efektu ko cowego (zwi kszenie biodo-
st pno ci cieków, detoksykacja, itd.). Mimo okre lonych mankamentów 
tych procesów, przede wszystkim z wysokich kosztów inwestycyjnych 
i eksploatacyjnych, coraz liczniejsze s  publikacje potwierdzaj ce ró ne 
mo liwo ci zastosowania AOPs. Zatem nale y uzna , e procesy te po-
siadaj  stosunkowo dobre perspektywy znacznie szerszego ni  do tej 
pory, wykorzystania w skali technicznej.  

5. Wykorzystanie grzybów w usuwaniu barwników 

Grzyby stanowi  istotny element ekosystemów l dowych, a tak e 
i wodnych. posiadaj  one specyficzne cechy, których pozbawione s  inne 
mikroorganizmy. Mi dzy innymi s  nielicznymi organizmami skutecznie 
degraduj cymi substancje lignino-celulozowych w rodowisku. Zw asz-
cza ta grupa cieszy si  ogromnym zainteresowaniem badaczy, ze wzgl -
du na swój system enzymatyczny. Grzyby te charakteryzuj  si  ma a 
specyficzno ci  enzymatyczn  (system zwi zany z produkcj  enzymów 
zaliczanych do lakaz i peroksydaz), dzi ki któremu mog  degradowa  
ró norodne ksenobiotyki takie jak: WWA, pestycydy, czy barwniki syn-
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tetyczne. Obecnie zwraca si  du a uwag  na barwniki, poniewa  s  one 
odporne na biodegradacj  w konwencjonalnych systemach oczyszczania 
cieków opartych o metod  osadu czynnego. W tym przypadku ró no-

rodne grzyby mog  zosta  wykorzystane w dwojaki sposób – jako mate-
ria  adsorpcyjny, jak równie  do enzymatycznej biotransformacji sub-
stancji aromatycznych. Podkre la si , e pomimo tego, i  proces adsorp-
cji jest szybki i wydajny, to w a nie proces biotransformacji ma w tym 
przypadku szczególnie du y dzia  w usuwaniu barwy [10,30]. Biosorpcja 
natomiast dotyczy g ównie grzybów nieligninolitycznych, jak Aspergillus 
niger [18].  

Grzyby mog  zosta  wykorzystane zarówno do usuwania poje-

dynczych barwników [48], jak równie  ich mieszanin [49,50]. Na rysun-

ku 2 przedstawiono efektywno  dekoloryzacji mieszaniny zieleni bry-

lantowej i b kitu Evansa (w stosunku 1:1) w zale no ci od st enia 

sk adników w mieszaninie. Jak wskazuj  badania, zarówno szczepy zali-

czane do grzybów zgnilizny drewna (BWPH i MB – Pleurotus ostreatus; 

RWP17 – Polyporus picipes), jak i inne gatunki (DCa – Gloeophyllum 

odoratum; G1 – Fusarium oxysporum) maj  zdolno  usuwania barwni-

ków z roztworów wodnych, a efektywno  procesu zale y od rodzaju 

szczepu i st enia substancji barwnych. Przyk adowo, gdy st enie 

barwników by o w zakresie 0,02–1,2 g/l, efektywno  usuni cia przekra-

cza a 50% w ci gu 7 dni [31].  

Na efektywno  dekoloryzacji wp ywaj  równie  warunki ho-

dowli. Wstrz sanie prób pozwala na lepsze natlenienie, a tak e zwi k-

szenie powierzchni kontaktu barwników z biomas . Jak wskazuj  wyniki 

przedstawione w tabeli 1 wytrz sanie pozwoli o na zwi kszenie efek-

tywno ci dekoloryzacji w przypadku wszystkich badanych szczepów 

w zakresie od 12% (szczep MB) do ponad 27% (szczep G1). Prócz 

znacznego usuni cia barwy (90% w ci gu 96h w przypadku szczepu 

MB), korzystnym efektem procesu by o równie  zmniejszenie zoo- i fito-

toksyczno ci prób. Badania toksyczno ci wykaza y, e próby po dekolo-

ryzacji zaklasyfikowano jako toksyczne wobec Daphnia magna (III klasa 

toksyczno ci), a tak e jako nietoksyczne (I klasa toksyczno ci) wobec 

Lemna minor (dekoloryzacja z udzia em szczepów BWPH, RWP17, G1 

i MB hodowane w warunkach wytrz sania, w których dekoloryzacja by a 

wy sza). Zatem w procesie uzyskano spadek zootoksyczno ci i fitotok-

syczno ci odpowiednio o 2 i 3 klasy.  
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Rys. 2. Efektywno  dekoloryzacji ró nych st e  mieszaniny barwników przez 

wybrane szczepy grzybów [49] 

Fig. 2. Effectiveness of decolorization od different concentrations of the dyes 

mixture by selected fungal strains [49] 

 

 
Tabela 1. Wyniki 96-h dekoloryzacji mieszaniny barwników (0.08g/l) 

w próbach wstrz sanych i statycznych oraz testów zoo- i fitotoksyczno ci [50] 

Table 1. Results of 96-h decolourization of the dyes mixture (0.08 g/l)  

and zoo- and phytotoxicity tests [50] 

Szczep Próba BWPH RWP17 G1 DCa MB 
Kon-

trole 

% usuni -

cie mie-

szaniny 

po 96h 

wytrz sana 83.58 87.13 79.20 84.67 90.13 

 
statyczna 67.50 71.00 51.93 65.61 78.00 

Klasa 

zootoksy-

czno ci 

wytrz sana III III III III III 

V 
statyczna III III III III III 

Klasa 

fitotoksy-

czno ci 

wytrz sana I I I III I 

IV 
statyczna I I III III II 
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6. Hydrofitowe metody oczyszczania cieków 

Oczyszczalnie hydrofitowe s  to systemy in ynierskie, których 
zasada dzia ania opiera si  na imitacji i intensyfikacji procesów usuwania 
zanieczyszcze  zachodz cych w naturalnych mokrad ach. W ci gu ostat-
nich trzech dekad stosowanie oczyszczalni hydrofitowych znacznie si  
upowszechni o. Uk ady te uznawane s  obecnie za alternatyw  wobec 
bardziej zaawansowanych technicznie rozwi za  w oczyszczaniu cie-
ków zw aszcza w ma ych jednostkach osadniczych [71]. Perspektywicz-
ne kierunki prac badawczych i rozwojowych dotycz cych oczyszczalni 
hydrofitowych mo na podzieli  w zale no ci od: rodzaju oczyszczanych 
cieków, rodzaju zanieczyszcze , sposobu intensyfikacji procesów 

oczyszczania cieków, miejsca zastosowania i aspektów dodatkowych. 
W pocz tkowych etapach rozwoju oczyszczalnie hydrofitowe by y sto-
sowane przede wszystkim do oczyszczania cieków bytowo-gospodar-
czych, co nadal jest najcz stszym zastosowaniem tych uk adów [71]. 
Zastosowanie i badania dotycz ce oczyszczalni hydrofitowych obejmuj  
jednak równie  oczyszczanie innych rodzajów cieków np. galwanizer-
skich [54], z produkcji wina, z produkcji sera, sp ywów powierzchnio-
wych z terenów lotnisk oraz odcieków sk adowiskowych [36]. Badania 
i wykorzystanie oczyszczalni hydrofitowych koncentrowa y si  pierwot-
nie na usuwaniu zwi zków organicznych, azotu i fosforu, jednak obecnie 
coraz wi ksz  uwag  po wi ca si  innym rodzajom zanieczyszcze . Naj-
nowsze doniesienia skupiaj  w coraz wi kszym stopniu na usuwaniu 
takich zanieczyszcze  jak: pierwiastki (zw aszcza metale, ale równie  
antymon, selen, bor) [55, 56], nanocz stki metali [33], cyjanki [55] 
i mikrozanieczyszczenia organiczne (np. farmaceutyki i inhibitory koro-
zji) [9, 36]. Jak wspomniano powy ej, jednym z aktualnych kierunków 
badawczych jest badanie mo liwo ci zintensyfikowania procesów odpo-
wiedzialnych za usuwanie zwi zków organicznych, azotu i fosforu, jak 
równie  innych zanieczyszcze .  

Do najcz ciej badanych i stosowanych metod zwi kszania efek-
tywno ci usuwania zanieczyszcze  w oczyszczalniach hydrofitowych na-
le y recyrkulacja cieków. Prowadzi to do zwi kszenia usuni cie azotu 
ca kowitego, ale wymaga wi kszych nak adów energetycznych. Mo na tez 
stosowa  napowietrzanie z o a i zasilanie szar owe w celu zwi kszenia 
efektywno ci nitryfikacji. Inne mo liwo ci to zastosowanie d d ownic, 
nadtlenku wodoru [41] lub zmiennego kierunku przep ywu cieków w celu 
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ograniczenia kolmatacji z o a, czy bioaugmentacja (zw aszcza w przy-
padku usuwania zanieczyszcze  refrakcyjnych). Ciekawym rozwi zaniem 
jest wprowadzanie w gla organicznego (jako wype nienia z o a lub sub-
stancji dodawanej do cieków surowych) w celu intensyfikacji denitryfika-
cji lub usuwanie metali poprzez sprz enie procesu redukcja siarczanów 
i wytr canie ich w postaci siarczków) [57]. Równie  zastosowanie denitry-
fikacji autotroficznej, ograniczenie mo liwo ci zamarzania z o a, zasto-
sowanie materia ów o zwi kszonej pojemno ci sorpcyjnej wzgl dem fos-
foru [46] s  mo liwymi do zastosowania sposobami modyfikacji procesu 
[71]. Ponadto do intensyfikacji usuwania zanieczyszcze  ze cieków 
(g ównie azotu i fosforu) proponuje si  uk ady hybrydowe, czyli po cze-
nie ró nych typów oczyszczalni hydrofitowych. Spo ród tych rozwi za  
najbardziej popularnym uk adem jest po czenie z o a o przep ywie pio-
nowym i poziomym, co umo liwia prowadzenie nitryfikacji i denitryfika-
cji cieków [69]. W praktyce istnieje jednak wiele konfiguracji uk adów 
hybrydowych, co uwarunkowane jest rodzajem cieków, wymaganiami 
dotycz cymi jako ci cieków oczyszczonych i innymi czynnikami (np. 
warunki klimatyczne). Jednym z ciekawszych rozwi za  (równie  pod 
wzgl dem estetycznym) jest po czenie oczyszczania ze z o em (o prze-
p ywie pionowym lub poziomym) ze zbiornikiem z wysp  p ywaj c . 
Umo liwia to pobieranie substancji biogennych przez akumulacj  w bio-
masie ro linnej. W szerszym znaczeniu, uk ady hybrydowe mog  stanowi  
po czenie oczyszczalni hydrofitowej z innymi technologiami oczyszcza-
nia cieków (np. z osadem czynnym) lub z takimi naturalnymi procesami 
jak np. fotodegradacja. Nale y wspomnie , e oczyszczalnie hydrofitowe 
oprócz zalet (efektywne usuwanie zanieczyszcze ) i znanych wad (np. 
zwi kszone zapotrzebowanie powierzchni) mog  równie  zosta  w czone 
w przestrze  miejsk . W zakresie tych zastosowa  oczyszczalni hydrofi-
towych mo na wymieni  takie rozwi zania jak zielone dachy, zielone 
ciany czy ogrody deszczowe [32]. 

7. Fitoremediacja gruntów wspomagana  
mikoryzacj  ro lin 

Fitoremediacja to technologia w której wykorzystuje si  naturalne 
zdolno ci ro lin do pobierania i gromadzenia zanieczyszcze  lub do ich 
biodegradacji. Jest to metoda tania, ale do  d ugotrwa a o efektywno ci 
zale nej od wielu czynników [43]. Mo na przyspieszy  jej przebieg 
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przez wykorzystanie mikoryzy czyli zjawiska symbiozy pomi dzy ywymi 
komórkami korzeni ro lin a niepatogenicznymi wysoko wyspecjali-
zowanymi grzybami zasiedlaj cymi gleb . Grzyby mikoryzowe mog  by  
wykorzystywane w procesie fitodegradacji, gdy  produkuj  one enzymy 
uczestnicz ce we wst pnych i po rednich etapach rozk adu ksenobio-
tyków. Wp ywa to korzystnie na dalszy rozk ad zanieczyszcze  przez inne 
organizmy ryzosfery. Grzyby mikoryzowe mo na wykorzysta  np. do in-
tensyfikacji procesów fitoremediacji gruntów zanieczyszczonych substan-
cjami ropopochodnymi [35] 

Samoistna kolonizacja pod o a zanieczyszczonego wysokimi st e-

niami w glowodorów jest procesem d ugotrwa ym. Czas ten mo na skróci  

przez wprowadzenie propagul grzybów mikoryzowych w formie inokulum. 

Grzyby stosowane do iniekcji powinny by  izolowane z zanieczyszczonych 

gleb, gdy  s  ju  zaadaptowane do tego rodzaju zanieczyszcze , co gwaran-

tuje ich przetrwanie i dalszy rozwój. Stopie  rozk adu w glowodorów 

w gruncie zale y od rodzaju zastosowanej modyfikacji. Wykazano, i  naj-

lepsze rezultaty uzyskuje si  w procesie bioremediacji prowadzonej z wyko-

rzystaniem ro lin jednoli ciennych oraz inokulantów grzybów mikoryzo-

wych otrzymanych z gleb zanieczyszczonych.W badaniach stwierdzono, e 

symbioza grzybów mikoryzowych z ro linami jednoli ciennymi powoduje 

zwi kszenie stopnia usuni cia w glowodorów cztero-, pi cio- i sze-

ciopier cieniowych rednio o 15% w porównaniu z konwencjonalnymi 

metodami [35]. 

Generalnie mo na potwierdzi  zwi kszenie skuteczno ci oraz 

szybko ci procesu bioremediacji gruntów zanieczyszczonych produktami 

ropopochodnymi dzi ki uprawie ro lin o rozbudowanych systemach ko-

rzeniowych sprzyjaj cych rozwojowi mikroorganizmów ryzosferowych. 

W celu oceny jako ci gruntów poddawanych oczyszczaniu z substancji 

ropopochodnych – oprócz analiz fizykochemicznych – wskazane s  tak e 

badania ekotoksykologiczne uwzgl dniaj ce wp yw zanieczyszcze  oraz 

ich metabolitów na organizmy wska nikowe. 

8. Techniki biologii molekularnej w in ynierii rodowiska 

Bardzo wa nym aspektem zagadnie  zwi zanych z in ynieri  

i ochron  rodowiska jest mo liwo  analizowania sk adu jako ciowego 

i ilo ciowego zbiorowisk bakteryjnych, odpowiedzianych za procesy 

biotechnologiczne, takie jak bioremediacj  gruntów [64], oczyszczanie 
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cieków [34], czy kompostowanie. Ze wzgl du na fakt, e wyhodowanie 

wi kszo ci mikroorganizmów wyst puj cych w rodowisku nie jest mo -

liwe w laboratorium metodami klasycznej mikrobiologii, z pomoc  przy-

chodz  tu techniki biologii molekularnej.  

Metody te mo na podzieli  na dwie g ówne grupy: po rednie – 

oparte na a cuchowej reakcji polimerazy (PCR; ang. Polymerase Chain 

Reaction) i bezpo rednie, w których amplifikacja metod  PCR nie jest 

konieczna (nale  tu m.in. metody hybrydyzacyjne i cytometria przep y-

wowa) [23,77].  

Technika PCR to reakcja enzymatyczna in vitro, na laduj ca re-

plikacj  DNA w komórce. Pozwala ona powieli  w znacznej liczbie kopii 

ci le okre lony fragment materia u genetycznego. Tak precyzyjny za-

kres amplifikacji jest mo liwy dzi ki zastosowaniu wysoce specyficz-

nych starterów reakcji, flankuj cych okre lony region materia u gene-

tycznego, który zostanie poddany kopiowaniu. Schemat reakcji przed-

stawiono na rysunku 3.  

 

 

Rys. 3. Schemat reakcji PCR [74] 

Fig. 3. PCR scheme [74] 

 

Podstawowa reakcja PCR zosta a wielokrotnie modyfikowana. 

W ród wa niejszych modyfikacji z punktu widzenia monitoringu biocenoz 

bakteryjnych mo na wymieni  reakcj  PCR w czasie rzeczywistym (ang. 

Real Time PCR), która umo liwia ilo ciow  analiz  poszczególnych grup 

mikroorganizmów w próbce rodowiskowej. Metoda ta jest cz sto wyko-

rzystywana w badaniach bakterii glebowych [20], czy osadu czynnego [8]. 

Drug  z wa nych odmian PCR jest po czenie tej reakcji z odwrotn  tran-

skrypcj  (RT-PCR; ang. reverse transcriptase PCR), w której w a ciwa 
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reakcja amplifikacji PCR poprzedzona jest syntez  cDNA (ang. complimen-

tary DNA) na matrycy ca kowitego RNA bakteryjnego izolowanego 

z próbki rodowiskowej. RT-PCR jest stosowana do bada  aktywno ci mi-

krobiocenoz w glebie, wodzie czy osadzie czynnym [53].  

PCR nieodzownie czy si  z u yciem technik elektroforetycz-

nych, z których na szczególn  uwag  zas uguje elektroforeza w gradien-

cie czynnika denaturuj cego (DGGE; ang. Denaturing Gradient Gel Elec-

trophoresis). Amplifikacja PCR prowadzona jest na ca kowitym DNA 

wyizolowanym z próbki rodowiskowej i pozwala na uzyskanie ampli-

konów o takiej samej d ugo ci, ale ró nej sekwencji DNA (czyli frag-

mentów o innej temperaturze topnienia). Elektroforeza w gradiencie 

czynnika denaturuj cego – mocznika, powoduje, e amplikony PCR roz-

dzielaj  si  w elu przy ró nej warto ci st enia denaturanta tzn. im wy -

sza temperatura topnienia fragmentu, tym produkt PCR przesunie si  na 

wi ksz  odleg o  w elu denaturuj cym[40,76]. W efekcie uzyskuje si  

tzw. fingerprint, czyli wzór pr kowy, obrazuj cy z o ono  strukturaln  

zbiorowiska bakteryjnego (rysunek 4).  

 

Rys. 4. Schemat elektroforezy w gradiencie denaturacji DGGE [74] 

Fig. 4. Denaturing gradient gel electrophoresis (DGGE) scheme [74] 

 
W ród metod hybrydyzacyjnych najwi ksza popularno ci  

w badaniach mikrobiocenoz cieszy si  hybrydyzacja fluorescencyjna in 
situ (FISH; ang. Fluorescent in situ Hybridisation) [75]. Technika ta opiera 
si  na zasadzie komplementarno ci kwasów nukleinowych. Krótkie frag-
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menty DNA (tzw. sondy oligonukleotydowe) s  znakowane barwnikiem 
fluorescencyjnym i poddawane hybrydyzacji z badan  próbk  rodowi-
skow . Preparaty po hybrydyzacji s  obserwowane w mikroskopie fluore-
scencyjnym lub konfokalnym, gdzie istnieje mo liwo  okre lenia liczeb-
no ci poszczególnych grup bakteryjnych w materiale w stosunku do ca -
kowitej liczby bakterii w próbce. Mo na to osi gn  poprzez zastosowanie 
ró nych barwników fluorescencyjnych [62]. 

9. Podsumowanie 

Post p w in ynierii rodowiska obejmuj cy wszystkie jej obszary 
pocz wszy od uzdatniania wody, poprzez oczyszczanie cieków, remediacj  
gruntów, zagospodarowanie odpadów, a  do oczyszczania zanieczyszczo-
nych gazów, nast puje zazwyczaj w sposób wybiórczy i skokowy. S  takie 
obszary, gdzie stosowane technologie s  do  niezmienne, ale widoczny jest 
znaczny rozwój rozwi za  technicznych, a z tym wi e si  istotne zwi k-
szenie ich efektywno ci. Taka sytuacja wydaje si  wyst powa  w uzdatnia-
niu wód i oczyszczaniu gazów. Natomiast w oczyszczaniu cieków czy re-
mediacji gruntów (rekultywacji gleb), obserwuje si  intensywny rozwój 
nieznanych do niedawna technologii, a dotyczy to w szczególno ci proce-
sów biologicznych. Zwi zane to jest w du ym stopniu z rozwojem biologii, 
a w szczególno ci biologii molekularnej, co pozwala na nieosi galne do-
tychczas precyzyjne rozpoznanie i identyfikacj  aktywnych populacji mi-
kroorganizmów. Poniewa  obserwowany post p nast puje, jak ju  wzmian-
kowano, w sposób skokowy, mo na wi c oczekiwa , e tak e w innych 
obszarach in ynierii rodowiska takich jak np. in ynieria rodowiska we-
wn trznego, nast pi podobny progres. 
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Novel Methods and Technologies  
in Environmental Engineering 

Abstract 
The novel technologies used in environmental engineering were discussed 

in this paper – the formation of aerobic granules, the Anammox process, the ad-

vanced oxidation processes, the use of fungi for dyes decolorization, constructed 

wetlands, the soil phytoremediation supported by rhizosphere microorganisms and 

the use of molecular biology technique in environmental engineering. 

The structure of granular sludge is influenced by EPS production. The 

average diameter and density of biogranules increase due to EPS production. 

Although polysaccharides are essential, proteins were found to be the predomi-

nant component of aerobic granular sludge. Compared to loosely bound EPS 

(LB-EPS), tightly bound EPS (TB-EPS) showed more significant correlations 

with granules formation. This investigation will contribute towards a better 

understanding of the behavior and composition of EPS in sequencing batch 

reactors. 

The traditional nitrification and denitrification processes proceed well 

with typical municipal wastewater. Nevertheless, there are also nitrogen-rich 

wastewater streams like landfill leachate or reject waters from dewatering of di-

gested sludge, for which traditional nitrification/denitrification can be generally 

ineffective due to free ammonia inhibition of nitrification and unfavorable biode-
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gradable carbon content for denitrification. Because of high requirements for 

oxygen and the necessity for addition of external carbon source, treating such 

nitrogen-rich streams with nitrification/denitrification would become expensive 

and unsustainable. The least resources consuming pathway for the conversion of 

ammonium to nitrogen gas is a combination of partial nitrification and the 

Anammox process. The main advantages of this process compared to the conven-

tional nitrification/denitrification are: low sludge production, decrease of the aera-

tion costs by almost 60% (only half of the ammonia is oxidized to nitrite in the 

nitritation process without further oxidation to nitrate), and no need for external 

organic carbon source addition (Anammox process). Furthermore, anammox 

bacteria oxidize ammonium under anoxic conditions with nitrite as the electron 

acceptor, and converse energy for CO2 fixation. Additionally, the biomass yield 

of the Anammox process is very low (0.08 kg VSS kg NH4-N
-1 in comparison to 

1 kg VSS kg NH4-N
-1 in conventional nitrification/denitrification process) conse-

quently, little sludge is produced. The low sludge production is another factor that 

contributes to the substantially lower operation costs compared to conventional 

denitrification systems. 

Advanced oxidation processes (AOPs) are oxidative methods which are 

based on the generation of the hydroxyl radicals, which are very reactive and 

less selective than other oxidants. In the wastewater treatment technology, 

AOPs can be used in a combination with conventional biological techniques (so 

called hybrid processes), as pre- and post- treatment processes. The advanced 

oxidation processes have been used in order to increase the biodegradability and 

also detoxification of the wastewater.  

The ability of fungi to degrade lignin-cellulose debris is well known. In 

addition to these natural molecules they may also degrade synthetic compounds, 

including synthetic dyes. High effectiveness of Evans blue and brilliant green 

mixture removal by all tested strains was demonstrated. The process was the 

most effective and fast in shaken conditions. Finally strain MB removed 90% of 

tested mixture in shaken samples after 96h. It was the best result reached among 

all the strains used in the experiment. High removal efficiency was accompa-

nied by a decrease of toxicity (from V class to III class in test with D. magna 

and from IV class even to non-toxic in test with L. minor). The highest decrease 

of phytotoxicity was noticed in samples with shaken biomass in which the effect 

of dyes mixture elimination was the best. The research indicates very high po-

tential of tested strains for decolorization and detoxification of dyes mixture.  

Constructed wetlands are man-made system mimicking the process oc-

curring in natural wetlands. These systems are considered to be an alternative to 

more technically advanced waste water treatment technologies. The develop-

ment of constructed wetlands is envisaged to pursue the following directions 
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grouped according to: the type of the waste water to be treated, target contami-

nants, treatment intensification methods, ancillary benefits and the locality. 

Mycorrhiza fungi can be used for phytoremediation proccess. They 

support plant growth by lowering the stress caused by the lack of phosphorus 

and water. They produce enzymes participating in several stages of xenobiotics 

decomposition, which is helpful in their further biodegradation performed by 

the other rhisospherical organisms. The natural colonisation of PAHs contami-

nated soil is a long-term process. It could be shortend by adding fungal propa-

gules as an inoculum to the soil. Fungi used for the injections should be isolated 

from PAHs contaminated soil. That guarantees their survival and development 

in the contaminated environment. The level of PAHs elimination from soil de-

pends on a type of bioremediation modification used. It was shown that the best 

results are obtained with monocotylous plants combined with bacterial and fun-

gal biopreparations obtained from contaminated soil. The symbiosis of mycor-

rhiza fungi with monocotylous plants caused ca. 40% increase of 3, 4, 5 and 

30% of 6-ring hydrocarbons removal from soil in comparison with the conven-

tional methods. 

Important aspect of environmental protection and engineering is the 

possibility for qualitative and quantitative monitoring of complex microbial 

communities, responsible for biotechnological processes, such as: soil bioreme-

diation, wastewater treatment or composting.  

Due to the fact that most of the environmental bacteria cannot be grown 

in the laboratory conditions molecular techniques are widely used in environ-

mental engineering. Among these methods the Polymerase Chain Reaction 

(PCR)-based and hybridization-based (such as Fluorescent in situ Hybridiza-

tion; FISH) techniques are known to be the most useful.  
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