
 

POLITECHNIKA KOSZALIŃSKA 

WYDZIAŁ INŻYNIERII LĄDOWEJ, ŚRODOWISKA I GEODEZJI 

 

 

           

 

 

 

ROZPRAWA DOKTORSKA nt. 

 

 

Hybrydowe metody eliminowania mikrozanieczyszczeń organicznych 

z wody i ścieków  

 

 

 

 

mgr inż. Lucyna Lewandowska 

 

 

 

Promotor: Dr hab. Paweł K. Zarzycki 

 

 

 

 

 

 

Koszalin 2022



 2 

 

KOSZALIN UNIVERSITY OF TECHNOLOGY 

FACULITY OF CIVIL ENGINEERING, ENVIRONMENTAL AND GEODETIC SCIENCE 

 

 

           

 

 

 

PhD THESIS 

 

 

Hybrid methods enabling elimination of organic micropollutants  

in water and sewage 

 

 

 

 

MSc Lucyna Lewandowska 

 

 

 

PhD Supervisor: Paweł K. Zarzycki, PhD, DSc 

 

 

 

 

 

 

Koszalin 2022 



 3 

 

PhD THESIS CONTENTS 

1. INTRODUCTION ......................................................................................................... 5 

1.1. Key problems overview ......................................................................................... 5 

1.2. Short outline of micropollutant occurrence during wastewater treatment  

processes .................................................................................................................... 6 

1.3. Colorants as target micropollutants ...................................................................... 8 

1.4. Potential active additives for water and sewage purification from micropollutants

 ................................................................................................................................... 14 

1.4.1. Carbon-based nanomaterials ....................................................................... 15 

1.4.2. Biopolymers and various organic nanostructures ......................................... 16 

1.4.3. Inorganic nanostructures .............................................................................. 19 

1.4.4. Activated sludge and duckweed ................................................................... 19 

1.5. Technological processes in sewage water treatment (Jamno Treatment Plant) . 20 

1.6. Hybrid methods approach for micropollutant removal from water and during 

wastewater technological processes ......................................................................... 21 

2. MAIN AIMS OF PhD THESIS .................................................................................... 24 

3. EXPERIMENTAL PART ............................................................................................ 25 

3.1. General chemicals and reagents ........................................................................ 25 

3.1.1. Organic solvents........................................................................................... 25 

3.1.2. Internal/external standards ........................................................................... 25 

3.1.3. Studied dyes (target chemicals) ................................................................... 25 

3.1.4. Inclusion chemicals, biopolymers and nanoparticles .................................... 25 

3.1.5. Biological materials ...................................................................................... 26 

3.1.6. Remaining chemicals and materials ............................................................. 26 

3.1.7. Equipment and research facility ................................................................... 27 

3.2. Separation protocols ........................................................................................... 28 

3.2.1. Electroplanar separation .............................................................................. 28 

3.2.2. Micro-thin-layer chromatography (micro-TLC) process ................................ 29 

3.3. Biological tests .................................................................................................... 30 

3.3.1. Biodegradation test in conical glass (24 h) ................................................... 30 

3.3.2 Biological experiment in Dewar chambers (16 days test) .............................. 30 

3.4. Synthesis protocols ............................................................................................. 31 



 4 

3.4.1. Graphene oxide ............................................................................................ 31 

3.4.2. Egyptian Blue pigment ................................................................................. 31 

3.5. Data acquisition, post-processing and computations .......................................... 31 

4. RESULTS AND DISCUSSION .................................................................................. 33 

4.1. Graphene oxide synthesis and physicochemical characterization ...................... 33 

4.2. Synthesis and analysis of Egyptian Blue particles .............................................. 36 

4.3. Optimization of electroplanar chromatography ................................................... 36 

4.4. Interaction studies between graphene oxide nanoparticles and target dyes 

involving electroplanar chromatography .................................................................... 42 

4.4.1. Electromigration experiments ....................................................................... 42 

4.4.2. Adsorption experiments based on results from electromigration studies ...... 45 

4.5. Application of a hybrid system for elimination studies of selected dyes (24 h and 

16 days multivariate statistical experiments) in the presence of inorganic and organic 

additives and duckweed plant .................................................................................... 46 

4.5.1. General problem overview and experiment concepts................................... 46 

4.5.2. Multivariate data analysis and discussion of experiment results .................. 51 

5. CONCLUSIONS ........................................................................................................ 54 

6.TABLES...................................................................................................................... 58 

7. FIGURES .................................................................................................................. 86 

8. LITERATURE .......................................................................................................... 140 

(a) References citied ................................................................................................ 140 

(b) PhD Thesis ......................................................................................................... 174 

(c) Directives and regulations .................................................................................. 174 

(d) WWW sources .................................................................................................... 175 

9. LIST OF THE OWN PAPERS ................................................................................. 176 

A. List of research papers and book chapters .................................................... 176 

B. Research communications published as conference abstracts ........................... 177 

10. ABBREVIATIONS ................................................................................................. 179 

11. ABSTRACT ........................................................................................................... 181 

12. STRESZCZENIE ................................................................................................... 183 

13. SUPPLEMENTS LIST ........................................................................................... 185 



 5 

1. INTRODUCTION 

1.1. Key problems overview 

 

The rapid development of industrial zones, the extensive production of 

pharmaceuticals, cosmetics, chemicals, fuels and fertilizers, as well as food and other 

related products has resulted in massive releases of toxic micro-pollutants into the air, 

water and soil. Access to safe drinking water and wastewater treatment is now 

considered to be a global problem. Based on recent research the main issue is the 

presence of micropollutants in water and water related media. 

There are many micropollutants that can be present, generated in and carried by 

aquatic ecosystems. The key problem is that they form a highly heterogeneous mixture 

and exist in various concentrations, usually ranging from pg to ng per liter. They may be 

chemically resistant, but even under certain conditions (e.g. UV radiation and/or high 

temperatures) bioactive decomposition products may be formed. Additionally, the 

problem is that the micropollutants can present a wide range of polarities. This can 

significantly reduce the adsorption capacity of the materials, which are commonly 

applied for removal of these chemicals during wastewater treatment processes         

[Atta-ur-Rahman 2016], [Grumezescu 2017], [Grumezescu 2018], [Zarzycki 2020]. 

 It has been well documented that micropollutants have a strong negative impact 

on animal and human populations. This is the main reason why authorities from many 

countries around the world are trying to deal with this problem. In the European Union, a 

number of regulations concerning this problem have been introduced. Notably, on 

October 23, 2000, Directive 2000/60 EC was implemented and then updated by Directive 

2014/101 / EU on October 30, 2014, establishing a framework for Community action in 

the field of water policy. This was issued in order to create a program for the protection of 

inland surface waters, transitional, coastal and underground waters, including procedures 

for dealing with water pollution disclosed in Art. 16 of Directive 2000/60 / EC WFD. 

Moreover, this regulation sets forth a list of priority substances, which was finally adopted 

by Decision 2455/2001 /EC. Finally, this list included 33 priority substances or groups of 

substances (PS). Among the PS substances, priority hazardous substances were also 

identified, mainly those which are toxic, persistent and bioaccumulative (Directive 

2000/60 / EC 2000, Joint Implementation Strategy WFD 2000/60 / EC 2009) (Table 1), 
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[EU 2013]. It should be highlighted that commonly used wastewater treatment methods 

involving coagulation, flocculation, precipitation, adsorption, ion exchange, electrodialysis 

membrane separation, and aerobic, anaerobic oxidation methods are not really effective 

for micropollutant elimination [Świderska 2018]. This is caused by the fact that such 

chemicals are not primary targets of these processes. Moreover, elimination processes of 

the main elements like carbon, nitrogen or phosphorus often results in undesirable 

synthesis of micropollutants and their uncontrolled release to the environment [Ślączka 

2013], [Kaleniecka 2018], [Jain 2021]. Therefore, quantification of such chemicals, 

optimalization of wastewater treatment, as well as research into new active materials or 

nanomaterials enabling effective elimination of micropollutants are the priority of modern 

environmental engineering. The evidence that this problem is critical is presented in 

Figure 1, where a rapid increase in the number of publications focusing on sewage 

micropollutants during last 10 years has been recorded. 

 

1.2. Short outline of micropollutant occurrence during wastewater 
treatment  processes 

 

Micropollutants can be present in the environment in two forms: (i) free and (ii) 

physically adsorbed or chemically conjugated. It is considered that the active molecules 

should be free. For example, estrogens are biologically active as endocrine disrupting 

compounds, while conjugated estrogens (sulfates, glucuronides or hemisuccinates) are 

reported as non-active [Lamparczyk 1992]. For that reason, micropollutants which are 

present in sewage can be transformed during wastewater treatment, via simple 

deconjugation reactions, into free active molecules. It should be noted that this process 

can be performed without complicated synthesis of the given micropollutants. In general, 

wastewater treatment involves both simple and complex processes. Frequently applied 

physicochemical methods often involve active chemicals including chlorine compounds, 

ammonia, permanganate, alum, sodium hydroxide, hydrochloric acid, ozone and iron 

salts, coagulation and filtration aids, ion exchange resins and regenerators. They may be 

effective at removing the main pollutants but are energy and operation intensive. These 

methods are usually combined with mechanical waste processing and require advanced 

engineering knowledge and infrastructure. Unfortunately, in terms of micropollutants, 

conventional techniques are not efficient enough to completely remove low (but still 
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dangerous) levels of organic toxins and heavy metals from raw contaminated wastewater. 

However, they may reduce the levels of various pollutants to some extent [Yamamura 

2011], [Rajasulochana 2016], [Zinicovskaia 2016], [Kumar 2021]. This is a difficult 

issue because micropollutants belong to different chemical classes and form highly non-

homogeneous groups of low molecular mass compounds including persistent 

metalorganic chemicals (Table 1). The conventional approach for the removal of 

micropollutants from wastewater involve a number of diverse processes including: 

photocatalytic degradation, biological oxidation, ion exchange, flocculation/coagulation, 

precipitation, adsorption and/or membrane filtration.  

However, to increase the selectivity and efficiency of micropollutant removal, 

researchers still seek new nanomaterials, particularly, based on waste organic materials. 

As active, inexpensive and environmentally friendly adsorbents the compounds extracted 

from orange expeller, fungi or green algae are frequently studied. Most recently, there 

has been an increasing interest in the application of newly discovered carbon 

nanomaterials, including graphene and derivatives like graphene oxide or carbon 

nanotubes for micropollutant removal from wastewater [Chatzimitakos 2017], 

[Kumawat 2017], [Vanni 2017], [Piaskowski 2018].  

Over the last decade, there has been a growing interest in the development of 

inexpensive hybrid technologies that combine nanoparticles, generated from processed 

waste materials. They have been utilised by many research teams to act as selective 

media for removing micropollutants from wastewater [Ren 2018], [Amri 2020], [Manoj 

2020]. This is a complex task and many different approaches have been proposed and 

explored as is visible in the graphs presented (Figure 2). Recently, the determination of 

various micropollutants in complex matrices have been significantly improved. This is 

mainly because of the development and miniaturization of mass spectrometry detection 

technology and the discovery of a number of effective and selective pre-purification or 

separation nanomaterials. These tools can be used in miniaturized and automatic 

quantification systems. As a consequence of effective micropollutant quantification, 

researchers may seek smart elimination processes of such chemicals during wastewater 

treatment. From principles, these processes must be effective but in addition selective, 

inexpensive and consume low amounts of energy. Nowadays, nanotechnology is being 

researched as a promising technology and has shown remarkable achievements in 

various fields, including wastewater treatment [Ślączka 2017], [Świderska 2018], 
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[Zarzycki 2022]. Nanostructures offer new opportunities to create more effective 

catalysts and redox active media for wastewater treatment due to their small size, large 

surface area and ease of functionalization, as well as exceptional control over 

microstructure shape. Nano objects can be created by simple chemical reactions 

involving various physicochemical interactions and/or be derived from larger natural 

objects such as cell structures (cellulose, cyclodextrins), bacteria (microbial cellulose), 

fungi (chitosan) as well as tissues (pyrolytic carbon, graphene oxide, carbon nanotubes, 

sporopollenin) [Kiziltas 2015], [Nazerah 2016], [Mitura 2018], [Peña-Gonzalez 2018].  

It was found that some nanomaterials may effectively interact with given low molecular 

mass compounds. Recently, there has been increasing research into the application of 

such systems to remove a number of pollutants from wastewater, such as heavy metals, 

organic and inorganic solvents, biological dyes and toxins, and pathogen causing 

diseases such as cholera and typhoid as well as Covid-19 viruses [Kumar 2014], [Aydin 

2021], [El-Said 2021], [Zhang 2021]. It should be noted that nanomaterials can act as 

part of sensing devices enabling detection of the above-mentioned molecules and 

biological structures in wastewater [Lu 2021], [Srivastava 2021], [Vashisht 2021]. 

   

1.3. Colorants as target micropollutants 

 

Colorants are common chemicals in a number of global industries which produce 

textiles, food products, cosmetics and pharmaceuticals as well as printer inks, leather 

and plastics. Currently, the textile industry is considered to be the main consumer of 

colorants. The amount of dye chemicals used in this industry is difficult to estimate but 

ranges from between 1 × 10 5 and 3 × 10 5 tons. It should be noted that the total annual 

consumption of colorants may be around 7 × 10 5 tons, globally [Kant 2012], 

[Kuppusamy 2017]. Based on these data it can be expected that synthetic colorants 

may be parent compounds for a number of bioactive micropollutants, particularly those 

which consist of aromatic rings. From principles, colorants are relatively easy to detect. 

Unfortunately, they are difficult to eliminate from wastewater and/or surface water due to 

the fact that they often contain chemical structures with aromatic rings. The relatively 

high stability of the selected dyes, together with their toxic, mutagenic and carcinogenic 

nature raises health and environmental concerns.  
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Based on their chemical structure, particularly the presence of chromophores 

and/or auxochromic groups, synthetic dyes can be classified into several categories. The 

most common are azo, anthraquinone, sulfur, indigo, triphenylmethyl and phthalocyanine 

derivatives. Auxochrome structures may increase the intensity of the colors. Increasing 

their solubility in water can be easily performed by the incorporation of acid groups into 

the colorant structure, e.g. a sulfone group (-SO3H) or a carboxyl group (-COOH) can be 

added. Such modified chemicals are usually used in sodium salt form.  

Nowadays, due to the wide range of colors and shades available, the azo dyes are 

the most commonly used commercial colorants. These colorants are also non-expensive 

for production and have high water or moisture resistance [Siti Zuraida 2013]. It should 

be mentioned that these chemicals may be easily transformed into highly toxic 

decomposition molecules because the parent structures consist of aromatic rings as well 

as different reactive ligands including nitrates and sulphates and also heavy metals like 

lead, cadmium or mercury. They are frequently applied as textile colorants, which then 

are processed by wastewater treatment plants and may be released to water 

environments as toxic pollutants or micropollutants [Raducan 2008]. Dyeing processes 

may include harmful additives, which also can be released into wastewater. The list of 

potential toxic chemicals includes microplastics, organic acids, soaps, hydrocarbon 

softeners and other surfactants. In addition, auxiliary agents based on formaldehyde 

acting as dye fixers or chlorine-containing stain removers increase the pollution problems 

associated with the colorants industry. This is because chlorine may react with the 

organic sewage matrix and generate additional toxic products [Kant 2012], [Buntić 

2017], [Dil 2017], [Vashisht 2021].  

One of the main problems for the human population is that such pollutants can be 

back transferred from surface waters to food [Rybczyńska 2016]. In addition, drinking 

polluted water may result in long term accumulation of micropollutants in the body. Non-

polar chemicals may be permanently adsorbed within fat tissues like central nervous 

systems and these deposits may lead to severe disease [Li 2017], [Melo 2017]. 

Interestingly, dye pollutants may be fairly stable during wastewater treatment and this 

may result in low biodegradability of colorants and their degradation products [Janović 

2017], [Manavi 2017], [Rajasimman 2017].  

Generally, elimination of dyes from wastewater may be carried out using two 

different approaches [Kant 2012]. The first method is based on biodegradation where 
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colorants are transferred to biomass that is acting in a different form e.g. in the solid or 

sediment phase. The second method involves different types of mineralization 

[Hamdaoui 2008], [Asfaram 2017], [Kuppusamy 2017], [Rajasimman 2017]. It is clear 

that efficient elimination of dye micropollutants must be processed by hybrid methods, 

combining a number of physicochemical processes and interactions like: adsorption, 

coagulation, flocculation, supramolecular host-guest interactions, ion exchange, 

electrochemical oxidation, ozonation, ion exchange as well as sonication, photocatalysis, 

irradiation and membrane processes [Zarzycki 2009], [Kant 2012], [Asfaram 2017], 

[Kuppusamy 2017], [Piaskowski 2018], [Rajasimman 2017], [Kaleniecka 2019].  

The problem is that hybrid systems may involve expensive reagents or generate new 

hazardous micropollutants [Kuppusamy 2017]. Very efficient oxidation technologies can 

be non-selective and generate reactive hydroxyl radicals. The consequence of this is the 

production of toxic low-molecular mass compounds containing chlorine. These methods 

are considered to be expensive because they involve complicated protocols and 

equipment [Buntić 2017]. Non-destructive processes during wastewater treatment such 

as coagulation, flocculation, membrane colorant removal protocols can further be divided 

into separation and adsorption processes, while destructive processes include 

biodegradation and oxidation [Piaskowski 2018].  

In this PhD thesis as the target micropollutants, four synthetic dyes were 

investigated, namely: Brilliant Blue, Ponceau 4R, Sunset Yellow and Malachite Green 

(Table 2, Figure 3). Selection of these chemicals was based on different criteria: (i) 

overall toxicity, (ii) food and general industry usage (e.g. as textile colorants), (iii) water 

solubility, which is important in terms of the pollution impact on surface waterecosystems, 

(iv) possible molecular interactions with various adsorbents and nanoparticles due to the 

presence of differently charged ligands and ion behavior in an electric field, (v) complex 

supramolecular formation between host and guest molecules in the presence of 

macrocycles (e.g. cyclodextrins), (vi) detection possibility on planar analytical systems 

using simple RGB data acquisition. The general characteristics of these substances are 

described below. 

Sunset Yellow FCF (E110) (Table 2, Figure 3) is considered to be a common synthetic 

food dye within the azo compounds group. This substance enhances or gives the final 

color of soft drinks, candies and snacks. Elimination of wastewater pollution by E110 is 

problematic because of the high molecular stability of this chemical and its ability to form 
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toxic intermediates. Due to the high visible light adsorption of Sunset Yellow molecules, 

even a low amount of this substance may block visible light within the water column from 

0 to 15 m, approximately. Therefore, this micropollutant may have significant effect on 

surface water ecosystems [Yagub 2014]. According to EFSA (European Food Safety 

Authority) data, E110 may be acceptable as a food additive with a limited daily intake that 

is equal to 1 mg/kg bodyweight [Ismail 2016]. A number of researchers highlight several 

adverse health effects (including allergies, attention deficit, and hyperactivity), which are 

associated with this most commonly used synthetic colorant [Amchova 2015], [Ismail 

2016]. These observations justify the necessity of extensive research focusing on 

developing new methods for the efficient and selective removal of E110 from sewage as 

well as surface water ecosystems. So far, traditional methods applied for the removal of 

Sunset Yellow include: adsorption, precipitation, oxidation and ion exchange as well as 

electrochemical and photocatalytic protocols [Ghaedi 2012], [Rajamanickam 2014], 

[Ahmad 2015], [Rajamanickam 2015], [Aliabadi 2018], [Ahmad 2019]. Within these 

methods adsorption-based removal protocols are most commonly applied using 

molecular sieves, activated carbons and various polymeric matrices with active ligands 

(polypyrrole, polyaniline) [Roosta 2015], [Xu 2017], [Aliabadi 2018]. Most recently, new 

protocols based on magneto and graphene materials formed as nanocomposites have 

also been proposed [Yakout 2018], [Mirzajani 2019], [Coros 2020]. 

Malachite Green (MG) (di[4-dimethylamino-phenyl]phenyl cation) (Table 2, Figure 3) is 

a widely used cationic dye that belongs to triphenylmethane group. It is an important 

water-soluble dye [Khan 2013], [Wang 2015]. Due to its relative high stability and vibrant 

color this synthetic dye is commonly used for dyeing silk, cotton, jute, and paper, wool 

and leather products [Ngah 2010]. Interestingly, Malachite Green can be applied as an 

effective fungicide, frequently used in the aquaculture industry [Roosta 2014]. MG is 

extensively used in the fish farming industry to treat various infections caused by 

parasites, both fungal and bacterial. There are some studies documenting that Malachite 

Green may be mutagenic and carcinogenic as well as affecting the nervous system and 

brain in humans since it may enter the food chain [Shirmardi 2013]. Therefore, the use 

of MG as a veterinary drug in aquaculture has been restricted in many countries including 

the USA, Canada, the UK and the EU. Importantly, in the USA this dye has been banned 

for food-related applications since 1983. Considering the fact that MG is still used in the 

textile industry, this compound is reported to be an important pollutant of wastewater.               
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It is notable that MG may be present in various dissolved dyestuffs and other products, 

for example, dispersing agents, salts, emulsifiers or leveling agents. MG removal from 

effluent is an expensive process and is considered to be a major problem for the textile 

industry. The removal process resulting mainly from MG fading can be catalyzed by small 

concentrations of cationic surfactants. This reaction has been successfully applied for 

MG removal from wastewaters [Raducan 2008]. MG level can be also decreased by 

contact with a Fe3O4/CD/GO (Fe3O4 /cyclodextrin/graphene oxide) composite containing 

macrocycles and graphene oxide molecules. These new hybrid nanomaterials have been 

found to be very promising structures for dye removal from polluted water [Wang 2015]. 

An additional problem is that there are a number of forms and metabolites of MG that 

may be adsorbed by tissues and cells. For example, animals may metabolize malachite 

green into a leuco form, which is strongly non-polar (log P = 5.7). The consequence of 

this is that this metabolite is strongly retained in, for example, catfish muscles where it 

may be active for a long period of time (HL = 10 days). In comparison, for the parent dye 

the HL value = 2.8 days. This clearly indicates why MG must be efficiently removed from 

the waste and water environments [Veterinary Residues Committee 2012]. 

Ponceau 4R (P4R), Acid red (AR18), is a 1-(4-sulfo-1-napthylazo)-2-napthol-6,8-

disulfonic acid, trisodium salt (Table 2, Figure 3). This synthetic azo colorant is primary 

applied for the dyeing of food and textile products [Koupaie 2012]. The major 

environmental problem reported with this chemical is the high loss of the colorant during 

the industrial dyeing process. It may be expected that 10 – 50% of P4R can remain in the 

effluent after dyeing processes [Khandegar 2013]. Similar, to Malachite Green, Ponceau 

4R is highly soluble in polar solvents, particularly in water. The consequence of this is a 

serious impact on hydrobiontes even at a low concentration. This is possible due to the 

high visible light absorption of P4R molecules decreasing the photosynthesis rate of 

plants, as well as generation of several intermediate products that can be either toxic, 

carcinogenic, or mutagenic to aquatic life [Khandegar 2013], [Azarian 2014], [Lu 2019], 

[Wang 2019]. Therefore, the treatment of effluents containing P4R is important to reduce 

the toxic impact of this chemical on aquatic life forms [Amri 2020]. Ponceau 4R is 

commonly used in Europe, Asia and Australia, however, it is not accepted for human 

consumption within the USA. In Europe, the acceptable daily intake of P4R is 0.7 mg/kg, 

whilst the WHO/FAO (World Health Organization/Food and Agriculture Organization) ADI 

(Acceptable Daily Intake) recommendation is 4 mg/kg [Abbey 2013]. It should be noted 



 13 

that azo dyes, including P4R still have broad industry application due to the variety of 

their chemical structures and simple production [Gupta 2008]. Generally, P4R, as other 

azo dyes, is resistant to biodegradation because it consists of complex aromatic 

structures. Therefore, after improper discharge, they may persist in the water 

environment for a long time [Irikura 2016], [Li 2016]. There have been many attempts to 

eliminate azo dye chemical pollution, including Ponceau 4R, from wastewater using 

physiochemical methods namely: reverse osmosis, coagulation and flocculation, ultra-

filtration, ion exchange, adsorption and membrane processes and advanced oxidation 

processes (AOPs) [Mozia 2005]. It has been found that common physiochemical 

methods seem to be ineffective, expensive and may result in the production of a large 

volume of sludge causing a number of secondary problems like biomass treatment and 

disposal [Malakootian 2013]. For that reason, there are a lot of studies involving 

complementary wastewater treatment based on alternatives such as electrochemistry 

[Movahedian 2006], [Arqiani 2013], [Zhang 2013], [Yousefi 2018]. 

Brilliant Blue (BB), (asethyl - [4 - [[4 - [ethyl -[(3 - sulfophenyl) methyl] amino] phenyl] - 

(2 - sulfophenyl) methylidene] - 1 - cyclohexa - 2, 5 - dienylidene] - [(3 -sulfophenyl) 

methyl] azanium) (Table 2, Figure 3) is a frequently applied water soluble dye used in 

the food and drug industries. BB has various staining applications, for example, as an 

additive to inks, paints and textile/leather products [Sabnis 2010]. Recently, this 

chemical has been considered to be a toxic substance due to some concerns related to 

its effects on carcinogenicity and reproductive and neurological disorders. Therefore, 

application of this dye was restricted in several countries. Following health studies, the 

European Union Scientific Committee for Food (SCF) decreased the acceptable daily 

intake (ADI) of BB from 12.5 mg/kg/day in 1975 to 6 mg/kg/day in 1990 [Borzelleca 

1990], [Aguilar 2010]. BB additive is a typical example where other ingredients present 

in the final product (like beverages) may significantly participate in degradation process 

by e.g. adduct formation [Eskilsson 2002], [Gottlieb 2003], [Gosetti 2006]. This 

phenomenon strongly affects the elimination of colorant molecules from waste. In such 

cases, quantification of trace amounts of Brilliant Blue seems to be essential. There are a 

number of protocols which have been devised for such purpose based on simple 

spectrophotometry [Capitán-Vallvey 1996], separation science involving liquid column 

chromatography [Minotti 2007], [Alves 2008], capillary electrophoresis [Huang 2005], 

[Fraige 2009] and paper chromatography [Sumiko Tsuji 2001] as well as different 
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methods using electrospray mass spectrometry [Ma 2006], [Tsai 2015], cloud point 

extraction [Pourreza 2011], cathodic stripping voltammetry [Florian 2002] and two 

phase interaction systems [Shiri 2012]. Recently, more advanced methods for BB 

determination have been developed, the results of which can be also used as the starting 

point for elimination studies of dye pollution from waste and surface water ecosystems. 

For example, methodology based on nanomagnetic molecularly imprinted polymers 

(MMIP) can be efficiently used for BB and different kinds of dye extraction from water 

media [Parisi 2010], [Okutucu 2010], [Marcinkowska 2013], [Mirzajani 2016], [Lee 

2016]. In such technology, a given template from the polymeric matrix gives specific 

recognition sites enabling target compound elimination [Arabzadeh 2016]. This protocol 

is frequently combined with solid-phase extraction (SPE) allowing fast pre-purification, 

concentration and separation of target molecules [Arabzadeh 2010], [Panjali 2015], 

[Arabzadeh 2018]. 

 

1.4. Potential active additives for water and sewage purification from 
micropollutants 

 

Elimination of micropollutants from sewage is a complex task. As mentioned 

above, there is a growing interest in finding new nanomaterials that can be applied in 

environmental engineering specifically for improving elimination of micropollutants from 

sewage (Figure 2). There are different classes and forms of nanomaterials like metal, 

organic and carbon-based nanoparticles, macrocyclic inclusion compounds, zeolites, 

self-assembled monolayers on mesoporous supports or hybrid polymers/biopolymers. 

All of them are characterized by a high surface to volume ratio [Baruah 2019]. Usually, 

the native forms are chemically active, which enable functionalization of such structures 

with various destination ligands. They can easily be adapted for sorption, chemical 

transformation matrices and therefore can be used in technological sewage treatment 

processes [Nedyalkova 2017], [Baruah 2019], [Jain 2021]. However, there is also the 

problem of unknown toxicity of nanomaterials and their disintegration products, 

especially in the case of uncontrolled emission to the aquatic ecosystems and 

environment. Below, there is a list and short characteristic of the selected adsorbents 

and nanomaterials that were of interest in terms of the experimental work presented in 

this PhD thesis. 
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1.4.1. Carbon-based nanomaterials 

Pure carbon and carbon-related nanomaterials may be considered the most 

versatile particles that are presently studied in physics, chemistry, and bioengineering. 

Extensive research focusing on classic and new carbon particles is being carried out 

worldwide, and a number of new commercial products have been successfully 

implemented in different industries and technology areas, including electronic, 

medicine/pharmacy, cosmetic, food and agriculture, wastewater treatment or 

environmental protection and civil engineering [Grumezescu 2017]. From principles, 

carbon nanoparticles are easy to functionalize with various organic ligands and 

therefore, there are a virtually unlimited number of derivatives available which can be 

adapted to the given applications [Sun 2017]. Particularly, carbon nanoparticles based 

on fullerenes, nanotubes, graphene, as well as nanodiamonds or carbon dots (CDs) are 

presently of great interest due to their relatively low toxicity, biocompatibility, easy 

synthesis, and unique physicochemical properties [Grumezescu 2018a], [Neethirajan 

2018], [Zarzycki 2020b], [Kalniecka 2020b]. 

Activated carbon (AC). In particular, this material is a common adsorption base that is 

very efficient but predominantly non selective. AC are produced in several forms 

(powder, granules) that are available with various pore sizes [Gopinathan 2017], 

[Ferreira 2017]. In general, AC surface area varies from 500-2000 m2 /g and it can 

easily be modified by attachment of different functional groups. This may increase 

selectivity for interaction with micropollutants [Świderska 2018]. One of disadvantage 

of AC is that such material is relatively expensive in terms of overall production cost in 

comparison with other adsorbents [Raval 2017]. Therefore, there is increasing research 

focusing on non-expensive precursors, mainly waste materials like extravagant pods, 

coconut stalks, or guava seeds [Vargas 2011], [Ozdemir 2014], [Pezoti 2016]. This 

material is commonly applied in wastewater treatment technologies in different modes 

and spatial forms or as support for different active molecules (Figure 4), [Biswas 2016], 

[Chang 2016], [Maddigpu 2018], [Świderska 2018], [Zarzycki 2021].  

Graphene oxide (GO) is one of the most commonly investigated carbon-based 

nanomaterials derived from graphene, which presents as an ordered honeycomb 

network structure. GO can be described as a highly oxidative form of a graphene 

monolayer. The chemical structure of this substance depends greatly on the synthesis 
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protocol [Le 2019]. Generally, GO may consist of a variety of oxygen containing ligands, 

including hydroxyl, carboxyl, carbonyl, and epoxy groups. These functional groups are 

attached to both the sides of the basal plane (e.g., hydroxyl and epoxy groups) or on the 

GO particle edges (e.g., carboxyl and carbonyl groups) [Nazerah 2016]. The 

consequence of the presence of functional groups in the GO structure is that such 

particles are relatively polar and can easily be dispersed in water, forming fairly stable 

suspensions. This property of GO is critical for a number of industrial applications. 

Graphene oxide is especially attractive to researchers because of its low production 

costs and unique physicochemical properties, enabling various applications. It should 

be noted that GO can be simply synthesized using chemical exfoliation of graphite. This 

approach is attractive because it does not involve complex equipment or metallic 

catalysts and therefore, no further complex purification steps are needed. There are a 

number of approaches for the synthesis of GO that have been described in literature, 

mainly based on the Hummers and Offeman protocol (Figure 5), [Hummers 1958], 

[Zarzycki 2020b], [Coros 2020]. 

1.4.2. Biopolymers and various organic nanostructures 

Nowadays, natural polymers like cellulose-based structures play an important 

role in green analytical chemistry. Cellulose is complex at any scale and contains both 

crystal and amorphic conglomerates. Many physicochemical properties have been 

discovered in the structure of these materials made of nanofibers and nanocrystals 

[French 2014], [Mu 2015], [Usov 2015]. Due to such properties and general trends, 

they find application in planar and column chromatography and in analytical and 

preparative applications [Okamoto 1984], [Astec Cellulose DMP Efficient 2010]. 

Cellulose-containing materials, such as printing papers or filter papers, are widely 

researched as active carriers for sensors, flexible electronics and microfluidic devices 

(paper microfluidic devices; PAD) [Kurra 2013], [Lisowski 2013], [Lin 2014]. 

Polysaccharides such as cyclodextrins, nanomagnetic polymers, covalent organic 

polymers, extracellular polymeric substances, etc. are commonly used polymeric 

adsorbents [Reddy 2013], [Alaba 2018]. Nanocelluloses, which are derived from 

cellulose, are non-toxic, ubiquitous, have excellent adsorption properties and their 

surfaces can be easily modified. All this makes them suitable for waste water 

remediation [Abdi 2020]. The enormous potential of lignin-derived nanomaterials for 

water and wastewater treatment has recently been discovered. They have been found 
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to be effective in catalytic degradation of dyes and the removal of nitroarenes and heavy 

metals [Chen 2019]. 

Cellulose, this biopolymer is based on glucose monomers. Cellulose is complex at any 

scale: it contains both crystalline and amorphous zones. It is classified as an 

unbranched biopolymer composed of 3,000 - 14,000 D-glucose molecules, which are 

linked by β-1,4-glycosidic bonds. Cellulose crystalline regions contain molecular chains 

that are arranged in a highly ordered structure forming large agglomerates. These 

structures are stabilized by a complex network of hydrogen bonds [Habibi 2010], 

[Gong 2018]. Changes in the three-dimensional structure of cellulose result in different 

physicochemical properties of this polymer and therefore this topic is studied 

extensively. In general, a number of cellulose polymorphs including cellulose I, cellulose 

II, cellulose III and cellulose IV have been identified [Morán 2008], [Gong 2010], [Yue 

2012], [Jin 2016]. It should be highlighted that, due to its particular 3D structure this 

biopolymer may adsorb water molecules as well as non-polar target chemicals from the 

water phase. Native cellulose and its derivatives are commonly used in separation 

science mainly due to the fact that this material may work both in normal phase and 

reversed phase mode [Zarzycki 2022]. 

Cyclodextrins (CDs, cyclic oligosaccharides) belong to group of macrocyclic 

compounds forming donut-like shaped molecules. Native cyclodextrins (alpha, beta and 

gamma possessing 6,7 and 8 glucose units) can easily be manufactured using green 

chemistry biosynthesis. They are virtually non-toxic for the environment, animals and 

humans. The solubility of CDs is strongly affected by temperature and by the presence 

of organic co-solvents [Zarzycki 2016], [Kaleniecka 2020a]. The main interest in these 

molecules is due to their inclusion properties, enabling the creation of highly selective 

host-guest complexes in water solutions. These properties were discovered at the 

beginning of the 1950s and since then have been extensively investigated worldwide 

[Cramer 1954], [Connors 1987], [Lehn 1995]. The internal cavity of cyclodextrin is 

chiral, therefore, these molecules can selectively interact with chiral guest molecules 

and recognize enantiomers. This was extensively applied in separation science for the 

effective fractionation of racemic mixtures [Zarzycki 2016]. Currently, these materials 

are being extensively used in food, cosmetics and drugs products, mainly to enhance 

active component stability. There is also an interest in the synthesis of cyclodextrins 

containing polymers that may work as adsorption matrices for the isolation of 
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micropollutants from sewage. Most recently cyclodextrins have been used as active 

chemicals enabling the elimination of bisphenols from water samples [Ohta 2017], 

[Grumezescu 2018b], [Kaleniecka 2019]. 

Pine pollen (PP). This biomaterial is produced by plants in the form of durable 

microcapsules. Pine pollen structure is multicompartmental (Figure 6B) and its wall 

membranes contain highly resistant polymers, particularly sporopollenin, cellulose and 

other polysaccharides. Pollen can be locally present in the natural environment in large 

quantities (Figure 6A). These biological structures have a number of unique properties 

primarily enabling them to protect and deliver a wide range of biocomponents to 

destination plant organs. Pine pollen contains up to 25% by mass of wall membranes 

forming empty spaces, which allow them to be easily transported by wind, water, insects 

or birds. Pollen size may range from 5 to 250 μm (e.g. Myosotis L. and Cucurbita L. 

respectively) [Punt 1999], [Punt 2007]. Pollen membranes consist of unique 

biopolymers called sporopollenins. These materials are considered to be one of the 

most resistant natural biomaterials in nature and its residues can be present in 

sedimentary rocks from 500 million years ago [Feagri 1964], [Brooks 1978a], 

[Mackenzie 2014]. Currently, properties of this biomaterial are being widely studied. 

Pollen can be used as natural microcapsulation particles also after the isolation of clean 

sporopollenin exine capsules [Mackenzie 2014], [Li 2016a], [Prabhakar 2017]. In the 

experimental part of this PhD thesis, PP was used as a reaction mixture additive for 

testing biodegradation of the given dyes. Under such conditions, multiple mechanisms 

can be expected in the reaction mixture including physical and chemical adsorption as 

well as PP biomass effect on activated sludge microorganisms [Zarzycki 2021]. 

Dandelion Pappus (DP). This biomaterial forms feather-like microstructures enabling 

dandelion seed transportation over large distances using wind as a dispersal method 

(Figure 7A). This material is characterized by a complex surface structure visible under 

both an optical microscope and SEM imaging (Figure 7B). Pappus filaments are formed 

from cellulose but also contain a number of different organic substances e.g., waxes. 

They may change pappus surface polarity and protect it from moistening. Recently,  

a dandelion plant was used as a useful matrix in determination of trace element 

pollution in various ecosystems [Bijelić 2018]. Dandelion pappus biomass is present in 

large amounts in the environment, can be detected in sediments, and this material may 

affect benthic biota [Laima 2002], [Tauber 2005]. Most recently, a number of new 
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applications of such biomaterial were reported, including new supercapacitors or as an 

extraction matrix for micropollutant analysis [Virtanem 2017], [Zarzycki 2022].  

1.4.3. Inorganic nanostructures 

Egyptian blue (EB). This blue pigment was probably discovered in ancient 

Egypt in the third millennium BC. The original protocol for the preparation of this 

chemical is unknown. One potential preparation protocol was described by Vitruvius in 

De Architectura in the 1st century BC. Interestingly, the chemical composition of this 

dye has been found to be similar on various archeological artifacts, which have been 

located in various parts of the Roman Empire [Ullrich1987], [Riederer 1997], 

[Delamare 1998 a, b]. Generally, EB can be obtained by heating a mixture of silica 

sand, limestone sand, copper minerals or bronze fragments and flux compounds like 

natron or plantash. In Vitruvius’ recipe, calcium carbonate was not mentioned, probably 

because the sand used in Pozzuoli area had the appropriate limestone content. 

Recently, it has been discovered that EB synthesis temperature must be within the 

range 850 - 950°C. Temperatures exceeding 1000°C result in EB decomposition or the 

production of a green colored substance [FitzHugh 1997/2012], [Bianchetti 2000], 

[Baraldi 2001], [Mozzocchini 2004], [Errington 2016], [Panagopoulou 2016]. More 

recently, it has been discovered that this ancient mineral pigment can be considered a 

complex nanomaterial and may spontaneously delaminate in water, resulting in the 

formation of various nanoparticles. Moreover, it may act as an efficient fluorophore, 

transferring visible light into near infrared wavelengths which has number of applications 

in civil engineering and forensic studies [Binet 2021], [Berdahl 2018], [Errington 

2016]. This material can be relatively easy to produce in different forms in laboratory 

conditions (Figure 8), [Zarzycki 2021]. 

1.4.4. Activated sludge and duckweed 

Activated sludge (AS) can be considered a strongly non-homogeneous 

biomass that is dispersed in the water phase. It consists of various microorganisms 

including aerobic and anaerobic bacteria, fungi, protozoa and algae. Suspended 

microbes form flocks that may work as small bioreactors that spontaneously perform        

a number of complex biochemical processes. As a result of such activity, various 

organic pollutants can be removed from wastewater. Therefore, AS is one of the more 

important components of biological purification in the technological processes                
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of wastewater treatment (Figure 9), [Verlicchi 2012], [Jain 2021]. 

Duckweed (Lemna minor L.; common duckweed), (Figure 10) belongs to the subfamily 

Lemnoideae of the Araceae family. It is a cosmopolitan freshwater aquatic plant that 

floats on the water surface. Typically, this tiny organism consists of one to four leaves 

with one root hanging in the surface water space. This plant may generate a high 

volume of biomass because duckweed reproduction is mainly vegetative: its leaves may 

quickly divide and form separate individuals [Appenroth 2013]. Duckweed biomass is 

commonly used as an animal food and also for bioremediation, enabling nutrient 

removal from wastewater. It has been demonstrated that duckweed biomass may 

effectively remove a number of heavy metals from the water phase including lead, zinc, 

copper and arsenic [Goswami 2014], [Sasmaz 2015]. However, it has been found that 

higher heavy metal concentrations may significantly reduce the biomass growth rate 

[Rahmani 1999]. Interestingly, duckweed organisms are fairly temperature tolerant, 

therefore, they have great potential for economic use in different climate zones, 

especially in wastewater treatment plants, for both municipal and industrial wastewater 

treatment [Rahmani 1999]. In some cases, duckweed biomass from wastewater plant 

has been used as a compost material, a soil additive and also a protein source for 

livestock [Skilicorn 1993]. It should be mentioned that such material should be tested 

for heavy metal content before any agricultural applications [Hillman 1978], [Skilicorn 

1993], [Huang 2004], [Baby 2010]. There is also an issue with accumulation or 

removal of organic micropollutants, such as pharmaceuticals, from wastewater by 

duckweed biomass [Iatrou 2017], [Gatidou 2017]. Recent studies indicate that this 

organism may increase the removal rate of bisphenol micropollutants [Kaleniecka 

2019]. 

 

1.5. Technological processes in sewage water treatment (Jamno 

Treatment Plant) 

 

The “Jamno” Municipal Wastewater Treatment Plant (JMWTP) is located in the 

Koszalin area. This semi-automated industrial facility was launched in 1995. JMWTP 

can be considered a typical example of a sewage treatment plant based on both 

mechanical and biological technological processes involving chemical support for 
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wastewater treatment (Figure 11), [Kozak 2007], [Uchwała Rady Miejskiej                   

w Koszalinie 2020]. Wastewater is supplied to this system through a sewage collector 

from the Koszalin city. The treatment plant also collects large sewage volumes from 

neighboring areas including Świeszyno and Sianów. The facility consists of several 

complementary parts: 

 

1) mechanical, which includes: mechanical grates, a sand trap with sand outflow and 

preliminary sedimentation tanks, 

2) biological; this part consists of several bioreactors including dephosphating, 

denitrification and nitrification chambers as well as secondary sedimentation tanks 

with recirculation pumping stations and a blower station, 

3) a treatment facility dedicated to sewage sludge, which includes: thickeners,                

a fermentation chamber and sludge centrifuges as well as a chemical reactor, 

mobile pumping station and leachate pumping station. 

4) a sludge storage hall and thermal treatment of sewage sludge, including a sludge 

dryer as well as air deodorization stations after the deep drainage process. 

 

The estimated capacity of JMWTP is around 36 x 103 m3 per day. In the years 2000 -

2002, the second stage of this facility was improved enabling biological sewage 

treatment. This resulted in a high degree of nutrient reduction in the treated wastewater. 

Biological reactors are equipped with control and measurement equipment, which 

allows continuous monitoring and automation of the treatment process. It should be 

highlighted that JMWTP generates sludge in the form of pellets, which are characterized 

by high dry matter and carbon content. 

 

1.6. Hybrid methods approach for micropollutant removal from water 
and during wastewater technological processes 

 

As described above, micropollutant removal from the water phase is complexand 

cannot be efficiently completed using classic wastewater treatment processes.                

In the case of the given target components, there are a number of classical and hybrid 

approaches proposed as listed and described in Table 3. Unfortunately, these 

processes have been found to be ineffective for micropollutants that are characterized 
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by a wide range of polarities and molecular masses [Popowicz 2015], [Baptisstella 

2018], [Bridle 2022]. Therefore, alternative hybrid methods have been extensively 

developed, combining various complementary purification protocols and a number of 

bio- and nano-materials. This is, in fact, the present priority of research focusing on 

micropollutant removal conducted in European Union countries. As a possible solution 

to this problem, a hybrid approach combining microfluidic nano-devices with 

supramolecular chemistry processes (e.g. host-guest interactions) can be proposed.  

In this case, the selectivity of a given purification system may be accurately tuned by the 

application of different host molecules, for example macrocyclic oligosaccharides 

including cyclodextrins, and its efficiency increased by a high area (volume) of active 

channels within microfluidic devices. These devices can be arranged in the form of large 

arrays and therefore, dedicated to work on a large scale.  

It is worth noting that in nature, a similar concept was successfully implemented 

by several filtrating organisms like sponges and ascidians, which are composed of large 

3D structures (Figure 12). These organisms may effectively filtrate extremely large 

volumes of water using simple, multiplied and low-rate flow channel systems adsorbing 

small particles and water-soluble nutrients.  

A similar concept based on complex biostructures (blood circulation in lungs) was 

part of a grant application proposal entitled: Antibiotic and Endocrine Disruptor Removal 

From Wastewater By Absorption In Microfluidics Systems (ARAMIS). The project was 

prepared for Horizon 2020 FETOPEN-2018-2020 (Novel ideas for radically new 

technologies) in cooperation with Eden Microfluidics (France), Lappeenrannan-Lahden 

Teknillinen Yliopitsto LUT (Finland), Black Hole Lab (France), Sumy State University 

(Ukraine). The main goal of the ARAMIS project was the removal and recycling of a 

number of bioactive micropollutants including, antibiotics and steroidal hormones using 

new hybrid microfluidics, biopolymers and host-guest complexes involving cyclodextrins. 

The core part of this approach was based on Eden Microfluidics devices (Figure 13), 

[www 5] and the implementation of several selective supramolecular chemistry 

processes for the efficient extraction of target micropollutants from sewage. Eden 

Microfluidics has developed a new microfluidic design for high - volume applications 

[www 6], by taking inspiration from natural processes like blood circulation in the lungs. 

They patented a similar structure based on high-density microchannels placed inside in 

a 12-cm CD-like microfluidic cartridge. This structure has been demonstrated to deliver 
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flow rates of 15 L/day driven by low pressure (1 bar only). The large-scale purification 

platform may be highly modular and consists of a stack of cartridges, bonded together 

and providing for large volumes of water and sewage processing. The microdevice for 

the ARAMIS project was designed for the selective adsorption of given micropollutants 

by the application of hybrid cyclodextrins and chitosan biopolymers received from waste 

sources.  

To the best of my knowledge, the method mentioned above or similar 

approaches can be a promising solution for the efficient purification of wastewater from 

different micropollutants. At this stage of my research, screening of new selective 

nanomaterials should be performed. 
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2. MAIN AIMS OF PhD THESIS 

 
The aims and main protocol steps of this PhD thesis which focus on the investigation 

of hybrid methods enabling the elimination of given organic dyes acting as organic 
micropollutants from water phase are as follows:  
 

[1] Synthesis and characterization of various nanomaterials including graphene oxide 

nanoparticles and Egyptian Blue dye for the elimination of target micropollutants 

from different matrices. This step was necessary to obtain the proper quality of 

nanomaterials for artificial colorants elimination research. 

 

[2] Elaboration of new simple analytical protocols based on direct colorimetry and/or 

microplanar chromatographic separation for the fast estimation and quantification of 

target chemicals during elimination studies. 

 

[3] Investigation of molecular interactions between inorganic adsorbents and various 

biopolymers (cellulose in different forms, potato starch, nutrient agar, TLC cellulose, 

TLC polyamide, TLC silica gel 60 W, HPTLC silica gel RP-18W), nanoparticle 

additives (graphene oxide) and selected charged organic dyes ions using 

electroplanar separation protocols. Results of these studies enable the rapid and 

preliminary selection of further active matrices in ion form for elimination. 

 

[4] Study of hybrid systems involving given biopolymers, nanomaterials and living 

organisms (β-cyclodextrin, pine pollen, dandelion pappus, microcrystalline cellulose, 

activated carbon, graphene oxide, Egyptian Blue, activated sludge and duckweed) 

based on different experimental setups (24 hours, 16 days) to study the elimination 

of selected dyes (Brilliant Blue, Sunset Yellow, Malachite Green, Ponceau 4R) from 

the water phase. This part of the PhD thesis was designed as a multiparameter 

experiment requiring the application of multivariate statistical calculations for data 

mining. 

 

[5] Results of the main research enabled additional studies focusing on the application 

of coated cellulose with graphene oxide as an efficient adsorbent for analytical 

applications of micropollutants. 
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3. EXPERIMENTAL PART 

3.1. General chemicals and reagents 

3.1.1. Organic solvents  

Acetone, Sigma Aldrich 99.9% HPLC, Steinheim, Germany 

Methanol: LiChrosolv 99.8% for LC, Merck, Darmstadt, Germany 

Acetonitrile (LiChrosolv; 99.9%) Merck, Darmstadt, Germany 

n-Hexane Fluka Chemika 95%, Buchs, Switzerland 

Etanol 99.8%, bezwodny cz.d.a., Eurochem BGD, Tarnów, Poland 

Ethanol 95% spożywczy rektyfikowany (Spirytus Kaliski, 95%), Kalisz, Poland 

Binary organic/water chromatographic mobile phases were prepared using freshly 

distilled water. 

3.1.2. Internal/external standards 

Methyl Red, ACS reagent crystalline, Sigma Aldrich, Saint Louis, USA 

7,8 Dimethoxyflavone, Sigma Aldrich, Saint Louis, USA 

Chlorophyll standard from spinach, Sigma Aldrich, Saint Louis, USA 

 

3.1.3. Studied dyes (target chemicals) 

Sunset Yellow FCF, P.P.H. „Standard” sp. z o o., Lublin, Poland 

Ponceu 4R, P.P.H. „ Standard” sp. z o.o, Lublin, Poland 

Brilliant Blue, Roha Europe, Valencia,Spain 

Malachite Green oxalate salt, Sigma Aldrich, Saint Louis, USA 

 

3.1.4. Inclusion chemicals, biopolymers and nanoparticles 

β-Cyclodextrin, 2127, K19365427/450/100g, Merck, Darmstadt, Germany 

Cellulose microcrystalline, ~50 µm, Avicel, Sigma-Aldrich,  Saint Louis , USA 

Activated carbon Norit SA SUPER 94 001-6, Amersfoort, Netherlands 

Egyptian Blue 1.1.1. and 1.1.1a. synthesized in TUK (Technical Universisty of Koszalin) 

laboratory  
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Graphene oxide, Lyophylized, previously synthesized in TUK laboratory using  

a modified Hummer’s method. 

 

3.1.5. Biological materials 

 Pine pollen was collected from pine trees in the Koszalin (Poland) area in May 

2017. This material was air dried, sieved and stored in a sealed glass container until the 

experiment was performed.  

 Dandelion pappus was collected in the Koszalin (Poland) area in May 2020, air 

dried and stored in a glass container. For the purpose of these experiments the pappus 

feathers were separated from the dandelion seeds. 

 Activated sludge samples were collected from the Jamno Wastewater 

Treatment Plant (located within the Koszalin city area, Poland) and biomass samples 

were acquired from the activated sludge pumping station. In particular, excessively 

concentrated sludge was collected from the bottom of the secondary settling tank. This 

material was additionally centrifuged (using an MPW 350, Warszawa, Poland) for 

10min. at 700rpm and appropriate volumes of this stock biomass was mixed with the 

remaining sample components for the 24 hours biodegradation experiment.  

 Duckweed biomass was collected in 2012 by PKZ (surface water ecosystem, 

Koszalin; N 54o 11.579' E016o 11.021'); This biomaterial was stored in a small aquarium 

(28 L; 20-26oC; 14/24 h photoperiod; light source: 25 W incandescent light bulb). This 

container was regularly refilled with tap water and contained two to five small fish 

(Ancistrus dolichopterus) fed with common fish food.  

 

3.1.6. Remaining chemicals and materials 

Silicon dioxide, Brenntag, Essen, Germany 

Sodium hydrogen carbonate, pure p.a., Chempur, Piekary Śląskie, Poland 

Calcium carbonate, pure p.a., Chempur, Piekary Śląskie, Poland 

Copper oxide, pure p.a., Chempur, Piekary Śląskie, Poland 

Boric acid, cz.d.a., POCh, Gliwice, Poland 

Paraffin wax, Chempur, Piekary Śląskie, Poland 

Sulphuric acid (VI) 95% POCh Gliwice, Poland 

Orthophosphoric acid 85%, Chempur, Piekary Śląskie, Poland 
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Potassium permanganate, POCh Gliwice, Poland 

Hydrogen peroxide 30%, POCh Gliwice, Poland 

Hydrochloric acid, 35 - 38%, POCh Gliwice, Poland 

Formic Acid 85%, cz.d.a., Chempur, Piekary Śląskie, Poland 

Filtrating paper, Polska Grupa Laboratoryjna Sp. z o.o., PGL, Warszawa, Poland 

Office paper POL Jet 80, Sp.z o.o., Kwidzyn, Poland 

Whatman chromatography paper, GE Healthcare UK Limited, Little Chalfont, UK, China 

Thin Japanese paper for aircraft paper models, Distributed by www.modele.sklep. pl 

Warszawa, Poland 

Thick Japanese paper for aircraft paper models, Distributed by www.modele.sklep. pl 

Warszawa, Poland 

TLC cellulose without fluorescence indicator, glass-based pre-coated plates, Merck, 

Darmstadt, Germany 

Potato starch (potato flour), Kupiec, Sp. z o.o., Krzymów, Poland 

Nutrient agar, 451 and 1003 μm, Merck, Darmstadt, Germany 

TLC polyamide 11 F254, glass-based pre-coated plates, Merck, Darmstadt, Germany 

TLC silica gel 60 W F254 S, glass-based pre-coated plates, Merck, Darmstadt, 

Germany 

TLC silica gel 60 RP-18 F254S, Merck, Darmstadt, Germany 

HPTLC silica gel RP-18W, glass-based pre-coated plates, Merck, Darmstadt, Germany 

TLC aluminum oxide 60 F254 type E, glass-based plates, Merck, Darmstadt, Germany 

 

3.1.7. Equipment and research facility 

Electron microscope SEM; JSM-5500LV, JEOL, Tokyo, Japan 

Optical microscope Motic BA310 LED; equipped with a Moticam 3, 3.0 MP USB digital 

camera Group, Ltd., Xiamen, China 

Canon EOS 1100D SLR Digital camera 

Photo aquisition system consisting of a ring of 12 LED lamps (JDR, SMDHLCW-250; 

3.5W; 6400 K; 250 Lumens, Sanico Electronics, Warszawa, Poland); Designed and 

manufactured by P.K.Z. 

Scanner Microtek ScanMaker 4800 / MRS-1200T48U, Microtek International, Inc., USA 

Zeta Potential Analyzer, ZetaPALS Brookhaven Instruments Corporation, Holtsville, NY, 

USA 
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Oven N 61/H 20 kW, Nabertherm GmbH, Lilienthal/Bremen, Germany 

Oven Ecocell, BMT, Brno-Zábrdovice, Czech Republic 

Retsch Ball Mill S100, Haan, Germany 

Centrifuge MPW-350, MPW Med Instruments, Warszawa, Poland 

Centrifuge MPW-53, MPW Med Instruments, Warszawa, Poland. 

Ultrasonic washer Sonic - 1, Polsonic Sp. Zo.o., Warszawa, Poland 

Magnetic stirrer MR – Hei - End, Heidolph, Schwabach, Germany 

Refrigerated Vapor Traps RVT 4104, Thermo Electron Corporation, Asheville, NC, USA 

Oil vacuum pump VLP80, Thermo Milford,  MA, USA 

Thermogravimetric analyzer NETZSCH TG 209F3, Selb, Germany 

pH- meter Handylab pH11 Schott, SI Analytics GmbH, Mainz, Germany 

High voltage power supply EV232 (0 – 3000 V, 0 – 150 mA, 0 – 150 W; Consort, 

Belgium 

Multimeters for current MT-1210 Pro’sKit, Prokit’s IndustriesCo. Ltd., China 

Multimeters for data acquisition Appa 207, Appa TechnologyCorp., Taiwan 

Radwag WAS 100/X, Radom, Poland 

Laboratory shaker Laboshake Gerhardt GmbH 500, Königswinter, Germany 

Thermostat Huber CC®-K6, Offenburg, Germany 

Thermostat Julabo FP 51, Julabo Labortechnik GmbH, Seelbach, Germany 

Temperature controlled micro-TLC chamber according to design provided by PKZ 

[Zarzycki 2008] 

Horizontal electrophoresis chamber, Enduro E1010-10 Horizontal Gel Box, Labnet 

International, Inc. Completion, Warszawa, Poland 

Dewar chambers (200 mL, approximately; 10 units), home-made open-air,  invented 

and manufactured by PKZ  

 

3.2. Separation protocols 

3.2.1. Electroplanar separation 

 Electroseparation experiments were conducted using a commercially available 

horizontal electrophoresis chamber (Enduro E1010-10 Horizontal Gel Box). Active 

layers were positioned inside an electrophoresis chamber using a homemade plastic 

support (Figure 14). The electroplanar separation system consisted of a separation 
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chamber unit connected to an adjustable power supply and two additional digital 

multimeters to monitor voltage and current. Dye samples were manually transferred to 

the separation layer (using a Hamilton syringe; 2.5 μL of methanolic solution containing 

1.25 μg dye mass). In the case of 0.5 mm and 1.0 mm agar layers, 2.5 μL of dye 

sample was mixed with 5 μL or 10 μL, respectively, of running electrolyte. After 

electrophoretic separation, the wet strips were covered with a thin transparent film (top 

clear film) and immediately scanned.  

This equipment was used in two modes, as a separation unit using commercially 

available layers or as a testing device for the electromigration of dyes in the presence of 

thin- layers modified with graphene oxide.  

GO barriers were generated from raw (water suspended nanoparticles, directly 

after synthesis) and lyophilized graphene oxide (dry material reconstituted in distilled 

water). These nanoparticles were applied horizontally or along the edge of the 

stationary phase (parallel to the mobile phase development). As stationary phases, 

cellulose strips and commercially available glass based cellulose TLC plates were used. 

 

3.2.2. Micro-thin-layer chromatography (micro-TLC) process 

 Micro-plate development was performed under temperature-controlled conditions 

using a removable unit working inside a liquid circulating metal oven designed and 

constructed by PKZ (Figure 15), [Zarzycki 2008]. The general protocol scheme for 

qualitative and quantitative measurements is presented in Figure 16. The developed 

chromatograms were acquired directly after the separation process and the plates were 

dried at room temperature using the photo acquisition system described in Chapter 3.5.  

For the determination of analytes, the reaction mixture or a properly prepared extract (2 

x 1 µL sample) were directly loaded. The mobile phase development distance was 45 

mm. For Brilliant Blue samples, the developing distance was shortened to 40 mm due to 

the migration of the target component close to the front of the mobile phase. This made 

it possible to quantify BB using the peak baseline reference. Additionally, external 

standards were simultaneously chromatographed: Methyl Red (100 ng/point); and 7.8 

DMF (1000 ng/point) on a TLC plate. All chromatographic runs included 100% methanol 

as the mobile phase and HPTLC glass coated plates 60RP18WF254S, as the stationary 

phase. BB quantification was carried out at a temperature of 20°C [Suszyński 2015], 

[Ślączka 2017], [Włodarczyk 2014]. 
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3.3. Biological tests 

 

 Experimental work using hybrid methods for micropollutant elimination was 

performed using two separate tests. General protocol sequences of 24 hours (A) and 16 

days (B) tests are summarized in Figure 17.  

 

3.3.1. Biodegradation test in conical glass (24 h) 

 This biodegradation test was performed using conical glass flasks (250 mL 

Erlenmeyer flasks) attached to a laboratory shaker with a shaking speed set at 150 rpm. 

The reaction mixtures consisted of freshly collected and concentrated activated sludge 

(concentration 1,5 g/L) as well as given additives including GO, activated carbon, 

cellulose, beta-cyclodextrin, pine pollen, dandelion pappus and two types of Egyptian 

Blue. Detailed experimental data are presented in Figure 18. After test completion all 

samples were filtrated through a cellulose filter (diameter 125 mm, hard type) and 

stored in a fridge at 5°C for further target component quantification. 

 

3.3.2 Biological experiment in Dewar chambers (16 days test) 

 This biodegradation test was performed within thermostatic cylindrical glass 

containers (internal diameter = 40 mm, h = 230 mm) open to the air which were 

connected to an external circulating thermostat (Figure 19 and Figure 20). The detailed 

protocol for this test was described in the scheme presented within Figure 17B. The 

Dewar chambers were illuminated with LED fluorescent lamps (LED Tube-SWS061W, 

diameter 0.26 mm, length 0.6 m, TempColor 2800 - 3000 K) with the photoperiod set as 

10 h/24h. Reactors were filled with 200 mL of Brilliant Blue (BB) solution (deionized 

water; 5 mg/L), duckweed biomass (0.03g, approximately) and 200 mg/L of each of the 

following additives respectively: graphene oxide, activated carbon, β-cyclodextrin, 

cellulose, dandelion pappus, pollen, Egyptian Blue type 1.1.1. and Egyptian Blue type 

1.1.1a. 
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3.4. Synthesis protocols 

3.4.1. Graphene oxide 

 This nanomaterial was prepared according to Hummers methodology [Hummers 

1958] slightly modified according to the equipment available at the Technical University 

of Koszalin (TUK) laboratory [Zarzycki 2020]. The detailed protocol for GO synthesis 

and analysis are included in Chapter 4.1. 

 

3.4.2. Egyptian Blue pigment 

 Synthesis of Egyptian blue was performed according to the Bologna method 

[Mazzocchin 2004]. The heating process was performed under specific conditions, 

which were found to be critical for final products Detailed protocol and obtained EB form 

analysis are included in Chapter 4.2. 

 

3.5. Data acquisition, post-processing and computations 

  

An optical microscope view of the cellulose layers (for electrophoretic 

separations) was acquired using a Motic BA310 LED optical microscope equipped with 

a digital camera under side light visualization mode. Digital photos were acquired with 

Motic Image Plus 2.0 (Motic China Group Co., Ltd., 2007). Additionally, the dye pattern 

resulting from the electrophoresis experiments was acquired with an office scanner 

using MicroScan Wizard 5, version 5.812. Quantitative electromigration data, including 

point shifts and point cross-section profiles that were necessary to calculate the 

Resolution Ratio (Rs) values, were extracted from raw digital images using ImageJ 

software (v. 1.48 Wayne Rasband, National Institutes of Health, USA; [www 7].  

For the electropherogram images presented in this PhD thesis, a global manual 

balance filter was applied to increase the contrast for the visual evaluation of the spots. 

It should be highlighted that all retention parameters were measured based on raw, 

unprocessed pictures. 

 Quantitative data from micro-TLC plates was extracted from raw digital images 

(acquired by a Canon EOS 1100D SLR digital camera and home lighting equipped with 

both UV and visible light sources) using ImageJ software, version 1.48 Wayne Rasband, 
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National Institutes of Health, USA; [www 7]. The digital SLR camera was fitted  

with a Tamron 55 - 200 lens and a HAMA filter (UV 390/52 mm). Pictures were taken 

from a distance of 94.5 cm with the following setting (F16; 1/4s). The acquisition system 

included a ring of 12 LED lamps. Two glass plates coated with carbon black and 

magnesium oxide were used as black and white patterns. The picture acquisition 

system described above was designed and constructed by PKZ. 

 The quantitative data of the tested samples were analyzed using the PCA 

procedure via the XLSTAT XLSTAT-Pro/3DPlot statistical-visualization package 

(version 2008.2.01) provided by Addinsoft (Paris, France) and plotted with Microsoft 

Excel 2002. The adequacy of multivariate calculations for experimental data was 

assessed by performing the Bartlett sphericity test.  
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4. RESULTS AND DISCUSSION 

 

 The key part of the experimental work presented in this PhD dissertation was the 

proposal and testing of given nanomaterials as active substances enabling elimination 

of organic micropollutants from the water phase. Nanomaterials, even if they are 

available on the market are usually expensive (e.g. the cost of 1g of graphene oxide 

from the supplier, Sigma Aldrich, was about 200 Euro, in 2020). Moreover, due to 

nanoparticle stability problems, they must be extensively characterized before 

application as active substances. Therefore, in this work, detailed synthesis protocols 

and the results of product physicochemical analysis/characterization concerning 

graphene oxide and Egyptian Blue substances were described. 

 

4.1. Graphene oxide synthesis and physicochemical characterization 

Graphene oxide nanoparticles were prepared according to the Hummers protocol 

[Hummers 1958]. This was justified by the high cost of GO material available on the 

market, as well as the uncertain composition and stability of given GO standards during 

storage time [Chowdhury 2013, Yeh 2015, Wang 2020]. In practice, graphene oxide 

can be relatively easily and inexpensively prepared by chemical exfoliation of raw 

graphite. This approach is attractive because it does not involve complex equipment or 

metal catalysts. For this reason, no further complex purification steps are needed. There 

are a number of approaches in the literature to describe the synthesis of GO, mainly 

based on the Hummers and Offeman protocols [Hummers 1958].  

Based on the literature search, the synthesis of graphene oxide was started 

using high-purity graphite powder. The synthesis protocol was combined in accordance 

with the studies published by: [Hummers 1958], [Marcano 2010], [Panwar 2015], 

[Yuan 2017], [Zaaba 2017], [Saleem 2018]. Moreover, due to GO particle spatial 

variability, a number of various GO forms are possible. Therefore, the self-synthesis 

step allows for the production of one large batch of GO nanoparticles under controlled 

and reproducible conditions for further studies. In addition, the described process 

enables the acquisition of different forms of dry GO by modification by, for example, the 

drying process. This step has been found to be critical for GO nanoparticle form. 
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The synthesis procedure presented in this PhD manuscript was slightly modified 

according to the equipment available at the TUK laboratory [Zarzycki 2020]. All the key 

steps applied for GO preparation are summarized in Figure 21. The pictures included in 

this figure clearly show that this approach involved the most basic laboratory equipment 

possible. The reaction mixture changed color as bulk graphite material (Figure 21 B, 

step 1) was transformed into brown graphene oxide particles (Figure 21 B, step 8). 

Then, the water suspension of synthesized GO material (raw graphene oxide) was 

separated into two parts, which were dried using different methods namely using an air 

circulating oven (60ºC, 18 hours) and the lyophilisation procedure. In the lyophylisation 

procedure, the sample was frozen at a temperature of minus 100ºC and then the water 

was removed at room temperature inside a low-pressure chamber for 18 hours. All the 

details of the lyophilisation process and the equipment that was used for the 

dehydration of the raw GO water suspension are included in Figure 22. Using the 

above drying protocols, two different forms of graphene oxide were obtained. These 

materials are presented in the large scale and the magnified optical microscopy pictures 

presented in Figure 23. As can be seen, the water suspension sample which was dried 

under air circulating oven conditions, has resulted in a dark/brown solid material, whilst 

the lyophilized sample of GO was transformed into a light sponge-like substance. This 

material was very light with an estimated apparent density equal to 14 - 22 mg/mL.  

A detailed view of the lyophilized GO under an optical microscope has been 

documented in Figure 24. It has been found that the lyophilized form of GO can easily 

be re-suspended in tap water. This material is fairly polar and can be spontaneously 

wetted and partially dispersed in tap or distilled water at room temperature, similar to 

polar starch particles (Figure 25).  

 Measured values of particle size and zeta potential parameters of lyophilized GO 

material reconstituted in water, as well as for active carbon particles (Norit SA Super) at 

a concentration of 0.2 mg/mL, are presented in Table 5. Taking into account data 

reported by [Krishnamoorthy 2013], the observed value of zeta potential at a level of –

20,6 mV for my graphene oxide particles (dispersed in a water environment 

characterized by a pH close to 3), confirms the possibility of the existence of a stable 

GO suspension. This is probably due to the presence of ionized carboxylic groups on 

the GO surface, resulting in electrostatic repulsive forces between individual particles 

which enabled the formation of a stable suspension. On the contrary, activated carbon 
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particles cannot form a stable suspension in water (the measured zeta potential value 

for these particles was around -13,3 mV).  

 Both forms of graphene oxide (after direct air drying and lyophilization) were 

inspected by scanning electron microscopy (SEM; (Figure 26A) and analyzed using 

energy X-ray dispersive spectroscopy (EDS; Figure 26 B, C). These measurements 

were also performed for different carbon particles, which were used as the reference 

materials, namely graphite (from which the GO was produced) and activated carbon 

(Norit SA Super). Additionally, Norit SA Super was used as an additive for 

micropollutant degradation studies. SEM data presented within Figure 26A clearly 

indicate that the surface of both air-dried and lyophilized GO samples have a similar 

pattern, however, lyophilized graphene oxide is much more porous and contains large 

scale structures.  

EDS measurements have revealed that the graphite sample consists of pure 

carbon, whilst Norit SA Super contains several metal impurities. These elements were 

probably included in the vegetable raw material used for Norit SA Super production 

[Świderska 2018]. Both graphene oxide samples consisted of carbon and oxygen 

elements, however, in slightly different quantities. This may be a reason for the 

difference in the content of oxygen ligands for both materials. The recorded presence of 

sulfur atoms can be explained as an impurity that remained after GO synthesis where 

sulfuric acid was used as the reagent. 

 It has been observed that graphene oxide samples were unstable during storage 

time. Particularly, at room temperature and over a few months, both liquid and solid 

materials changed color from light to dark brown. This problem has been extensively 

investigated in separate studies and presented in graphical form within Figure 4 [S1] 

included in the reference [Piaskowski 2020]. Experimental data using the synthesized 

GO samples above in different forms have revealed that the 2D/G peak intensity ratio 

was less than 1, which suggest a multi-layered graphene structure of synthesized 

materials [Shen 2013], [Khan 2017]. GO samples may contain carbon atoms with 

different hybridization and/or partial exfoliation because of ID/G ratio values close to 0.8. 

Importantly, the observed decrease in ID/G value for samples measured during storage 

time may suggest reorganization of the GO layers. In addition, similar spectra shapes of 

2D peaks of both air dried and lyophilized samples indicate that the number of layers in 

both materials are similar despite the different macroscopic views of these samples. 
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4.2. Synthesis and analysis of Egyptian Blue particles 

 

Synthesis of Egyptian blue was performed according to the Bologna method 

[Mazzocchin 2004], (Figure 27 A). In particular, this nanomaterial was prepared using 

sequential heating involving a ceramic oven (Figure 27 B). Reagent powder was placed 

inside the cold oven in normal air environment and the temperature was raised to 

860°C. The heating time was 4 h and then the material was cooled inside the oven to 

room temperature (taking 19 h) (Figure 27 C). The overall heating time was 24 h 

(including 1h for temperature stabilization starting from room temperature to 860°C). 

Then, the cold sinter was ground in a ball mill (Figure 27 D) and the heating process 

was repeated using an oven temperature of 950oC. Pigment dye samples (labeled as 

EB type 1.1.1. and EB type 1.1.1a.) were obtained using different spatial arrangements 

of the raw pigment produced at 860°C that was then re-heated at 950°C. It should be 

noted that EB 1.1.1. material was re-heated at 950°C directly on a fireclay brick base 

(Figure 8 B) whilst EB 1.1.1a. material was placed within a porcelain steamer  

(ID =  9 cm, approximately; Figure 8 C). After the heating and re-heating stages, all 

sintered materials were ground using a ball mill set at 450 rpm, for 2 x 15 min with 

rotation changes using two types of grinding balls (10 mm, 30 mm).  

Results of physicochemical analysis using SEM, EDS, and FTIR presented in 

Figure 28 confirm identity of synthesized dye and commercially available Egyptian Blue 

samples. 

 

 

 

 

4.3. Optimization of electroplanar chromatography 

This part of the experimental work was necessary to establish proper 

electroseparation conditions for further interaction studies involving various dyes and 

graphene oxide nanoparticles. The proposed research involves a number of protocols 

concerning the selection of potential stationary phases and electrolytes that may work 

with the selected power source, voltage range and chamber/electroplanar layer spatial 

arrangement. For this step, a simple planar electrophoresis/ chromatography system for 
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the fast screening of different natural polymers applied as stationary phases enabling 

efficient separation of low molecular mass compounds, particularly dyes, was 

extensively investigated [Lewandowska 2017]. This simple system was found to be 

very useful for the fast evaluation of separation efficiency and 

chromatographic/electrophoretic properties of stationary phases, particularly cellulose-

based strips and/or classical glass-based thin-layer chromatographic plates. The 

separation equipment utilized a simple open-air electrophoresis box with a homemade 

support for the positioning of active separation layers and electrode connection strips.  

 Electrophoresis involving cellulose layers was extensively developed in the 

1950s and 1960s [Kunkel 1951], [Martin 1954], [Brown 1955], [Wunderly 1961]. 

Recently, there has been an increasing interest in the application of cellulose-based 

materials in analytical chemistry since a number of discoveries concerning cellulose 

physicochemical properties, their chirality, and also their relationship to nanofibers and 

nanocrystal structures were reported [Usov 2015], [French 2014], [Mu 2015]. Due to 

such properties and general trends in the application of natural polymers for green 

analytical chemistry protocols, cellulose-based stationary phases are still manufactured, 

for planar and column chromatography and for both analytical and preparative 

applications [Okamoto 1984], [Astec Cellulose 2010]. Cellulose-containing materials 

like printing or filtrating papers have been extensively investigated as the active 

supports for sensors, flexible electronics, and microfluidic devices (paper-based 

microfluidic devices; PADs) [Lisowski 2013], [Lin 2014], [Kurra 2013]. 

 The main goal of this research was to test a planar electrochromatographic 

system, which is as simple as possible and can be used as a fast separation tool for the 

analysis of colorants and their interactions with GO nanoparticles. The system 

investigated work under open-air conditions and involved a number of natural polymers 

(cellulose, starch, agar) and common TLC stationary phases (silica, octadecylsilica, 

polyamide, aluminum oxide). In particular, the initial data set generated, concerned 

critical parameters including active layer type, geometry, applied voltage, electrolyte 

composition, and pH. This may help the further design of hybrid separation devices 

involving natural polymeric layers. 

As the first optimization step, pure cellulose layers (chromatographic and 

cellulose filtrating papers) and cellulose-based materials (office and various papers) as 

active stationary phases for electroplanar chromatography were tested. Moreover, 
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commercially available TLC plates were investigated including cellulose pre-coated 

plates and other TLC or HPTLC plates, as well as nutrient agar layers on glass support 

as the reference stationary phases. Detailed data of the active layers that were tested 

for separation of selected dyes (Methyl Red, Ponceau 4R) are listed in Table 6.  

In addition, two biopolymeric layers based on potato starch and nutrient agar were 

manufactured according to the protocol visualized in Figure 29.  

Electroseparation experiments were conducted using a commercially available 

electrophoresis box, however, the active layers were placed on the top of a homemade 

plastic support. This was prepared to secure the proper electric current flow through the 

active layer, particularly for flexible cellulose strips (Figure 14). Experiments were 

performed under two strip arrangement modes: using 20 cm long active material 

(filtrating paper, office paper, and chromatographic paper (Figure 14 A) or 10 cm long 

active material placed on the glass support and connected to the anode/cathode jars 

with 6 cm long filtrating paper strips (Figure 14 A). In both systems, the effective length 

of the conducting layer from anode to cathode jar was 18 cm. Dye samples were 

introduced in the center of the active layer strip, and electroseparation conditions 

(current and voltage) were monitored using appropriate digital multimeters. Preliminary 

studies concerning the linearity of current versus the applied voltage (potential 

difference ΔV ranging from 100 V to 1000 V) were performed using a filtrating paper 

strip with a cross-section area = 2 mm2 (20 mm × 0.1 mm). This strip was pre-soaked 

with working electrolyte as a conductive layer. This experiment revealed that, for typical 

electrolytes and buffers based on boric or formic acids, non-linear Ohm’s Law plots 

were observed, starting from a potential difference of approximately 500 V (Figure 30). 

This can be explained by ohmic heating (Joule heating), as relatively high electric power 

was generated. For the electrolytes studied, the maximal values of power (ΔV = 1000 V) 

were ~0.43 W, 0.71 W, 1.67 W, and 2.24 W for electrolyte numbers I, II, III, and IV, 

respectively. Therefore, for further separation studies, a 500 V electric potential was 

applied along the strips, to avoid electrolyte heating and evaporation. Under such 

conditions, significantly lower power loss values were recorded: ~0.11 W, 0.16 W, 0.35 

W, and 0.45 W for electrolyte numbers I, II, III, and IV, respectively.  

As can be seen from the data presented within Figure 31, under these conditions 

(ΔV = 500 V), baseline separation of the dye pair on filtrating paper was observed using 

an electrolyte composed of 100 mM boric acid. Considering the low current value 
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observed on the Ohm’s Law plot, this liquid was selected as the final running electrolyte 

for testing dye separation on different layers. Similar power loss values for a potential 

difference of 180 V had been reported previously for a system consisting of a 2 cm × 17 

cm cellulose strip and a sodium bicarbonate water solution at a concentration of 35.7 

mM (3 g/L and pH 9.1) applied as the working electrolyte [Hyde 2015]. 

 According to the data presented in Table 6, the investigated layers were 

characterized by different densities, internal structures and their thickness values, 

varied from 19 μm to 1003 μm, for layer No.4 (thick Japanese paper) and layer No.13 

(nutrient agar layer). The stationary phase layers were also characterized by different 

degrees of electrolyte soaking due to the different cellulose or stationary phase particle 

size, shape, and overall density. Figure 32 contains optical microscope pictures of the 

cellulose layers investigated. As can be seen, these materials are composed of long 

cellulose fibers (No.1 – 5; different papers) and cellulose microcrystalline powder (No.6; 

TLC pre - coated plate). Layer No.2 (office paper) combines cellulose fibers and 

additional components used for improving office paper characteristics for printing, while 

layers No.4 and No.5 (Japanese papers) present as a very low-density net of pure 

cellulose fibers. Therefore, the question was how the composition of the strip material 

may affect the electric current for the electric potential investigated (ΔV = 500 V).    

According to the graphs presented in (Figure 33), there is generally an increase in 

current value in relation to the increase in layer thickness. The relatively low value of the 

determination coefficient and slope coefficient of the calculated linear regression 

equation may indicate that the electric current can be limited by overall conductivity of 

the connection strips (filtrating paper; 2 mm2 cross-section area) in comparison to 

nutrient agar layers No.12 and No.13, characterized by 9 mm2 and 20 mm2 cross-

section areas respectively. The observed electric current variation can be also affected 

by whole stationary phase density and the electrolyte/stationary phase ratio, which was 

not fully controlled in such experiments. This is because only simple capillary force pre-

soaking of active layers was performed.  

The data presented in Figure 34 summarize the results of dye electroseparation 

on all the active layers studied. It should be noted that, for this part of the experiment, 

the electroseparation run time was increased to 20 min, in comparison to the data 

presented in Figure 31. This was changed to achieve a sufficient dye migration 

distance for resolution parameter (Rs) calculation. It has been observed that there was 
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no electrophoretic shift of the tested dyes on polyamide TLC plate (No.8) and RP-18W 

coated HPTLC plate (No.10). In such case, both dyes were strongly adsorbed within the 

application point area. Similar behavior is observed for thin Japanese paper (No.4); 

however, in such case, a small shift of methyl red to the negatively charged electrode 

(cathode) was registered, probably due to the existing electroosmotic flow. Short 

migration of the dye to the positively charged electrode (anode), still without significant 

spot separation, was observed on various layers, especially: office paper (No.2), thick 

Japanese paper (No.5), and nutrient agar (1mm layer; No.13). Measurable separation 

was recorded on chromatographic paper (No.3), silica gel TLC (No.9), and aluminum 

oxide (No.11) TLC plates. In such cases, the methyl red spot remained within the 

application point area and ponceau 4R shifted to the anode. This resulted in the 

separation factor values Rs = 0.54,0.61 and 0.78 (No.3, 11, and 9, respectively). 

Baseline spot separation was obtained on strips consisted of filtrating paper (No.1; Rs = 

1.07) and nutrient agar (0.5 mm layer; No.12; Rs = 1.08), where both dyes moved to the 

anode from the application point. The best separation under the selected analytical 

conditions was observed for the starch layer on filtrating paper support (No.7; Rs = 2.26) 

and cellulose pre-coated TLC plate (No.6; Rs = 2.89). In both cases, almost no shift for 

Methyl Red was observed, while Ponceau 4R dye moved strongly to the positively 

charged electrode.  

The investigations conducted have revealed substantial differences between the 

electrophoretic migrations of target dyes within cellulose type layers and also in 

comparison with the remaining stationary phases studied. On all stationary phases 

investigated, Ponceau 4R dye migrated faster to the positively charged electrode in 

comparison to Methyl Red for which no shift or slow migration to the anode was 

observed. This is in agreement with the chemical structure of the dyes investigated: 

Methyl Red contains less electrically charged functional groups than Ponceau 4R dye 

(one carboxylic and three sulfonic acid groups, respectively), which may result in 

multiple charged ions and stronger Ponceau 4R acceleration to the anode direction. 

Typically, electroseparation in the liquid phase is based on differences in the 

electrophoretic acceleration depending on the average charge of the analyte and its 

molecular weight and size. Due to the pKa values of Methyl Red (pKa = 5.1) [The Merck 

Index 1976] and Ponceau 4R (pKa = 11.19) [Perez-Urquiza 2001], these molecules 

cannot be fully dissociated under the applied electrolyte conditions (pH = 4.3). 
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Nevertheless, it has been reported that the addition of organic liquids (e.g. alcohols) to 

the working electrolyte may significantly change the pKa values of dyes [Srour 2008].  

It should be noted that Methyl Red color may change from red at pH below 4.2, 

to yellow above pH = 6.2, and orange between these two pH values [The Merck Index 

1976]. According to the observed color changes of Methyl Red spots on the wet 

electrophoretic strips, from orange (e.g. cellulose plate No.1) to yellow (e.g. neutral 

aluminum oxide TLC type E – neutral or nutrient agar No.12), it can be hypothesized 

that the stationary phase may also significantly change the local pH of the running 

electrolyte. This may result in, for example, high electrophoretic mobility of Ponceau 4R 

on starch (No.7) and the microcrystalline cellulose pre-coated TLC plate (No.6). 

Therefore, this effect can improve or degrade dye separation on a selected stationary 

phase. On the other hand, the significant difference in the migration and separation of 

dyes on 0.5 mm and 1 mm agar layers is probably due to the high resistance of the 

connection strips (cross-section area 2 mm2) resulting in similar electric current flow for 

both thin and thick agar layers (with 9 mm2 and 20 mm2 cross-section areas, 

respectively). In such case, a small dye shift can be observed for thick agar layers. 
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4.4. Interaction studies between graphene oxide nanoparticles and 

target dyes involving electroplanar chromatography 

4.4.1. Electromigration experiments 

In this part of the research, the electroseparation equipment described above was 

used to test the viability of graphene oxide materials as a stationary phase component. 

This concept was based on the consideration of the physicochemical properties of GO. 

The high polarity of these nanoparticles and fairly complex surface composition 

containing oxygen functional groups enable dispersion in water or water-based 

electrolytes. This structure and physicochemical property suggest normal phase (NP) 

retention/electromigration mechanism. These ligands should interact with target 

analytes and therefore, affect their retention/electromigration behavior. The result of this 

experiment gives the possibility of understanding the basic interaction mechanisms 

between target analytes and the active matrix as well as the fast selection of separation 

conditions for micropollutants that may be isolated by graphene oxide matrices. This 

experiment proposal could result in an initial data set enabling the design of further 

technological processes of micropollutant purification involving GO nanoparticles 

[Zarzycki 2020a]. 

The first approach to this problem was simply to cover the cellulose strips with a raw 

graphene oxide suspension in water and to dry off the resulting layer at a temperature 

of 60ºC for 24 hours (Figure 35). The graphene oxide sample for this experiment was 

the same as obtained in step 9 of the preparation protocol of GO described within 

Figure 21. As can be seen from the photos presented in Figure 36A, the surfaces of 

cellulose fibers are homogeneously covered by a thin layer of GO particles. More 

importantly, this carbon material does not fill the space between individual cellulose 

fibers. The same structure of the GO layer on cellulose fibers was observed under SEM 

imaging (Figure 36B). Based on this observation, it can be assumed that the movement 

of electrolyte and target analytes through a GO covered cellulose strip should be 

possible, similar to the original cellulose material. Results of the electromigration 

experiment using cellulose coated with GO are presented in Figure 37. As a target 

analyte, sunset yellow was applied. This colorant was found to have relatively high 

electroplanar migration measured under the plain cellulose stationary phase and boric 

acid electrolyte conditions that were tested in Chapter 4.3.1. The Sunset Yellow spot 
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was also characterized by no-tailing, which is an important feature due to the relatively 

low separation efficiency of the electrochromatographic system investigated (Figure 37 

1A, 1B). Interestingly, electromigration of the tested dye from start line was not 

observed in the case of GO covered cellulose strips (Figure 37 2A, 2B).  

To investigate this unexpected behavior of the analyte, different cellulose strip 

arrangements were prepared: (i) with a thin horizontal barrier of graphene oxide (Figure 

37 3A, 3B) and (ii) a reference strip with a horizontally positioned wall containing plain 

carbon in the form of graphene powder (Figure 37 4A, 4B). This experiment clearly 

demonstrates that GO nanoparticles may act as an efficient barrier for sunset yellow 

electromigration. Under such conditions, the dye molecules tested cannot penetrate the 

barrier as it is visible to the graphite wall, but concentrates in front of the GO wall.  

 In subsequent experiments, commercially available TLC plates coated with 

cellulose stationary phase were tested. This surface was manually coated with a 

suspension of raw GO (as described above) and lyophilized GO reconstituted in distilled 

water. Cross-sections of the cellulose-coated chromatographic plates presented in 

Figure 38 clearly indicate that carbon materials may penetrate the 100 μm thick 

stationary phase, however, there are some areas that carbon particles did not 

penetrate. Interestingly, even such a non-homogenous barrier was able to significantly 

change the migration distance of the dyes tested through the plate. This is 

demonstrated on electrochromatographic plate scans obtained using two testing dyes: 

Sunset Yellow and Ponceau 4R (Figure 39). As can be seen, there is a slightly different 

migration effect observed for the barriers generated from raw and lyophilized GO. 

Notably, the target analytes may form dense spots close to the GO barrier, indicating 

that separation efficiency can be significantly improved in such conditions. 

 The electropherograms in Figure 40 clearly indicate that graphene oxide may 

work as an efficient barrier for different testing dye sets: Brilliant Blue and Ponceau 4R. 

In such case, the resolution of this process is deteriorating: Rs value decreases in 

comparison to the experiment without the GO barrier (graphs A1 and A2 in Figure 40). 

However, it should be noted that overall separation efficiency increases since both 

spots located close to the barrier are narrow (graphs B1 and B2 in Figure 40), 

indicating that separation performance increased. In this case, the selectivity parameter 

(α) value is still relatively high and was estimated as 2.21. The presented phenomenon 

can be applied for the efficient two-dimensional analysis of various target compounds by 
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forming different barriers as visualized in Figure 41. In this case, the electromigration 

direction of Ponceau 4R was modified by the repulsion effect from the horizontal wall 

printed parallel to the electromigration flow direction. This spatial arrangement was 

proposed by Prof. Jorge Pereira during experiment consultations based on cooperation 

with the University of Coimbra through the Erasmus program. It is hoped that such 

phenomenon, which to my knowledge had not been described previously, can be used 

for the design of selective barriers/membranes for the removal of micropollutants from 

wastewater or in portable microfluidic devices for the analysis of low molecular mass 

compounds using a thin-layer analytical approach. 
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4.4.2. Adsorption experiments based on results from electromigration 

studies 

The unexpected phenomenon of dye immobilization on various cellulose stationary 

phases modified with graphene oxide reported in the experiments described above, 

resulted in the elaboration of an additional experimental setup concerning the 

adsorption of low-molecular mass compounds. This experiment is not directly 

associated with the main goals of this PhD thesis, but seems to be a good example of a 

side effect of the research conducted. In particular, cellulose strips coated with GO 

nanoparticles created according to the protocol visualized in Figure 35 were folded and 

placed in the extraction devices presented in Figure 42. This experiment was an 

extension of different investigations described in detail in the PhD project of Fenert 

[Fenert 2021], where raw cellulose, cellulose modified with n-alkanes and dandelion 

pappus were tested for analytical applications. These biopolymers were tested as 

adsorption matrices enabling the selective extraction of micropollutants and biomarkers, 

mainly chlorophylls, in surface water from lakes and the Baltic Sea. As an extension of 

this experiment, cellulose strips covered with GO were tested. This was performed 

during a research trip on the Baltic Sea in 2020 [S2], [S3]. Results of studies 

concerning raw cellulose, cellulose modified with n-alkanes and dandelion pappus were 

described in the PhD thesis [Fenert 2021]. Data obtained from cellulose modified with 

GO were presented in book chapter [Zarzycki 2022]. Particularly, it has been revealed 

that cellulose modified with graphene oxide may adsorb different chlorophyll molecules 

in comparison with plain cellulose and dandelion pappus biomaterial. This can be 

clearly seen from the microchromatograms presented in Figure 43. The selectivity of 

cellulose with GO and dandelion pappus against chlorophyll dyes is also different. 

Additionally, dandelion pappus seems to be more effective in terms of the quantity of 

chlorophylls adsorbed (higher peaks on microchromatograms).  

Therefore, for further analytical studies, dandelion pappus coated with graphene 

oxide should be tested. Moreover, both cellulose and dandelion pappus coated with GO 

biomatrices may be also considered for future research concerning the application of 

such biomaterials for the purification of micropollutants from sewage and during the 

technological processes of water purification.  
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4.5. Application of a hybrid system for elimination studies of selected 

dyes (24 h and 16 days multivariate statistical experiments) in the 

presence of inorganic and organic additives and duckweed plant  

4.5.1. General problem overview and experiment concepts 

 In this part, examination of various solid materials that may interact with selected 

low - molecular mass compounds and enable elimination of such molecules from liquid 

phase has been proposed. In particular, three different dyes were initially selected 

(Malachite Green, Brilliant Blue and Ponceau 4R) as micropollutants and their solutions 

combined with selected solids were tested. The testing protocol applied was described 

in Figures 18 and adapted for the reported study according to literature data 

[Piaskowski 2020]. This simple and low-chemical consumption protocol enabled fast 

estimation of the quantity change of target components during the duration of the 

experiment.  

 As the first screening approach, samples after a 24 h adsorption period were 

photographed. As can be seen from the photographs presented in Figure 44, the 

selected proposed biomaterial (dandelion pappus) can be effective and selective for the 

adsorption of Malachite Green dye in comparison to Ponceau 4R and Brilliant Blue. The 

next photographs of experiments performed may also result in qualitative and/or semi-

quantitative information about dye levels in solution since the target chemicals are 

colored and may be easy photographed. The results of these investigations are 

included in Figures 45 - 47 for Malachite Green, Brilliant Blue and Ponceau 4R, 

respectively. The digital data related to the densitograms presented in the above-

mentioned figures are listed in Tables 7 - 9, where data from the raw RGB and the 

extracted red channel were presented. There are several important observations that 

are clearly visible from such data:  

 

[i] in all cases activated carbon eliminates the entire quantity of all dyes investigated 

from solution (up to the detection limit of the pictures acquired),  

 

[ii] the selected additives can act selectively for the elimination of selected dyes from 

solution,  
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[iii] with the exception of activated carbon and graphene oxide, Brilliant Blue seems to 

be resistant to elimination under experimental conditions,  

 

[iv] the cellulose material that was used for solution filtration after the test may affect 

quantification results (by simply acting as an adsorbent), this is strongly visible for 

Malachite Green Figure 45 - vials No.1 and No.2,  

 

[v] there are significant differences in interactions between Malachite green and 

Ponceau 4R in the case of vials from No.5 to No.10. These contain 

cellulose/biopolymer materials and Egyptian Blue additives. Confirmation of the 

strong interaction/adsorption of these dyes by biopolymers was presented in Figure 

44, where dandelion pappus samples were colored by dyes from solution. 

 

Considering the experimental data described above, it is clear to see that Brilliant 

Blue is the dye which is the most resistant to removal from the water phase in 

comparison to the remaining colorants. As mentioned in Chapter 1.3, it has been 

documented that this chemical is difficult to eliminate from the water environment. 

Based on these reasons, the main focus of the next piece of research was Brilliant Blue. 

In particular, the intention was to find new conditions for the elimination of such a 

resistant micropollutant. This may give ideas for future research involving hybrid 

elimination methods of resistant micropollutants.  

In the case of the full quantitative analysis of Brilliant Blue that was performed 

using separation science protocol (micro-TLC), there is an additional problem related to 

the high polarity of this chemical. In particular, this analyte is strongly adsorbed by the 

chromatographic stationary phase (in planar chromatography, the analyte spot is 

adsorbed on the plate start line) or migrates with the solvent front, depending on the 

mobile phase/stationary phase properties (reversed or normal phase systems). It has 

been found that BB migration between these states (on the start line or close to the 

mobile phase front) results in broad and tailing spots that are inconvenient for 

quantitative analysis. For quantification purposes, the micro-plate mobile/stationary 

phase system where BB can migrate with the mobile phase front (the analyte is not 

retarded by the stationary phase) was selected. This is due to the presence of solid 

nanoparticle additives in raw samples that are also difficult to remove by centrifugation. 
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Such effect was obtained using 100% methanol as the mobile phase, which additionally 

simplified the proposed quantification system. The total migration distance of the 

analyte (BB) was 40 mm. The device and sample arrangement picture, as well as all 

key quantification steps, are visualized in Figure 48. According to this protocol, basic 

validation data for Methyl Red (applied as retention standard; n = 20) measured as peak 

intensity (PI; peak heights of green channel; 8 Bits resolution) and peak area (PA; 

number of pixels above baseline) resulted in an average PI = 185 ± 37 (relative 

standard deviation RSD = 5.07%) and a PA = 3946 ± 772 (relative standard deviation 

RSD = 5.11%). It should be noted that, using the proposed microanalytical device setup, 

up to five BB samples can be analyzed together with three points for the calibration line 

and one lane for the retention control standard (Methyl Red).  

 The quantitative experimental work proposed in this chapter involved a number 

of various nanomaterials/biopolymers, which were used in two different experimental 

modes involving real activated sludge microorganisms (24 h experiment; partial results 

based on the semi-quantitative approach were described above) and duckweed plant 

(16-day experiment). Detailed protocols concerning both experiments are described in 

Figures 17 - 20. A general view of the target component (Brilliant Blue) and additives 

investigated are present in Figure 49. Selection of these materials was proposed due 

to: (i) the expected different mechanisms that may occur during interaction with BB and 

active biomass (activated sludge and duckweed) and (ii) the presence of large 

quantities of the selected biomaterials in various ecosystems (pine tree pollen, 

duckweed plant or dandelion pappus biomass (Figure 6, Figure 10, and Figure 7, 

respectively). 

 Physicochemical analysis revealed that Brilliant Blue molecules are negatively 

charged (Zeta potential around -2 mV) in water solutions at pH = 5 - 6. Generally, the 

adsorption process occurs as a result of electrostatic attraction of ligands or the 

interaction of intermolecular forces between the non-polar fragments of dye and the 

adsorbent. This process depends on the nature of the adsorbent surface and can be 

characterized e.g. by electrokinetic potential [Świderska 2004]. The following possible 

mechanisms which can increase BB elimination from the water phase, mainly involving 

biodegradation, adsorption, or inclusion complexes formation include: 
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(a) activated carbon (AC)- Norit SA Super is a common adsorption base that is very 

efficient but predominantly not selective. The AC selected in this experiment is 

characterized by a particle size of 15 µm (D50) and high surface area. This material is 

produced by steam activation resulting in a total surface area of 1150 m2/g (BET). It 

has been found that the surface charge of activated carbon may be negative in a 

wide range of pH values ranging from 3.5 to 9.5. This allows for the efficient 

electrostatic attraction of target molecules that particularly consist of cationic ligands; 

however, different molecules can also be efficiently adsorbed on AC due to e.g., 

dispersion forces [Biswas 2016], [ Chang 2016], [Maddigpu 2018], [Świderska 

2018]. 

 

(b) lyophilized graphene oxide (GO) may form individual nanoparticles and their 

conglomerates in water solution but is chemically and structurally non-homogenic. 

The physicochemical properties of GO may vary depending on the synthesis type 

and the drying methodology of the raw product. as well as storage time and 

conditions (temperature, oxygen contents, UV - Vis light exposition) [Zarzycki 

2020b]. It has been documented that GO additive may significantly change the 

biological activity of activated sludge microorganisms [Piaskowski 2020]. Graphene 

oxide seems to be a promising material to develop new hybrid nanocomposites from, 

involving natural polysaccharides for the removal of dyes from wastewater [Saya 

2021]. In this experiment, both direct interaction of BB with GO and the effects of 

GO on activated sludge microorganisms can be expected. 

 

(c) β-cyclodextrin (CD) belongs to a chemical group called macrocyclic 

oligosaccharides. In polar solutions like water, this molecule may form stable 

inclusion complexes (host-guest interactions) and therefore native or derivatized 

cyclodextrins have a number of practical applications in pharmacy, food chemistry, 

and analytical chemistry. They may act as selective removal agents for 

micropollutants from wastewater [Crini 2005], [Armin 2014]. 

 

(d) raw dandelion pappus (DP); this organic structure is based on a cellulose 

biopolymer. This structure contains a number of different organic substances 

changing pappus surface polarity, e.g., waxes. In this PhD project, a dandelion 
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pappus was used as a reaction mixture additive for dye elimination studies. In this 

case, direct adsorption of the target dye on pappus biomass, and its direct effect on 

the growth of activated sludge microorganisms can be expected. This may be due 

to an increase in the adsorption capacity, particularly the adsorption of small 

microorganism particles on the pappus lamels from the reaction mixture.  

 

(e) microcrystalline cellulose (MC); this biopolymer, based on glucose monomers, is 

complex at any scale. It contains both crystalline and amorphous zones and may 

adsorb both polar as well as non-polar target chemicals from the water phase. It is 

commonly used in separation science due to the fact that it may work both in normal 

phase and reversed phase mode [Włodarczyk 2017], [Grumezescu 2016]. In the 

proposed experiment MC should act similarly to the DP modifier. 

 

(f) raw pine pollen (PP); This multicompartment biological microstructure can be locally 

present in the natural environment in large quantities. Pollen wall membranes 

contain highly resistant polymers like sporopollenin. Pollen can also be used as 

natural microcapsulation particles after isolation of clean sporopollenin exine 

capsules [Li 2016a], [Prabhakar 2017]. In this experiment, multiple mechanisms 

can be expected in the presence of pollen in the reaction mixture, including physical 

and chemical adsorption as well as having an effect on activated sludge 

microorganisms. This material is a most complex additive as can be seen from the 

thermogravimetric analysis (TGA) graphs presented in Figure 50. 

 

(g) Egyptian Blue mineral pigments (EB 1.1.1. and EB 1.1.1a.). This material can be 

relatively easily produced in different forms in the laboratory as described in Chapter 

4.2. In the case of this experiment, interaction of EB nanoparticles containing copper 

ions with both Brilliant Blue and activated sludge microorganisms may be expected 

[FitzHugh 1997/2012], [Bianchetti 2000], [Mozzocchini 2004], [Errington 2016], 

[Panagopoulou 2016]. 
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4.5.2. Multivariate data analysis and discussion of experiment results  

The data shows (Table 10) that the additives differ with regard to geometry, 

particle size and physicochemical properties which are collectively presented as their 

Zeta potential. The Zeta potential for each of these additives gives us a negative 

surface charge. In addition, some of them may have specific chemical and 

physicochemical structures notably activated carbon, cyclodextrin and graphene oxide. 

Each additive was the subject of experiments to evaluate their efficacy in promoting the 

removal of Brilliant Blue (BB) from water, the additives were utilized directly or indirectly 

in the experiments, the duration of which were either 24 hours or 16 days. The results of 

these experiments were analyzed using various chemometric exploratory tools, namely 

FA, PCA and AHC computations. 

The results of the quantitative analysis are shown in Tables 11 and 12. The 

active carbon additive totally removed BB in the relatively short time of two hours 

confirming previous experiments [Świderska 2018], so results for this additive were not 

further evaluated. Factor score plots to show the principal component analysis are given 

in Figure 51, this data gave the results of the 16-hour procedures using parallel reaction 

mixtures with and without activated sludge organisms. They show that there is no 

discrimination between the types of additions to activated sludge (objects 1-7) and non-

activated sludge (objects 8-14). In addition, all objects populate the F1/F2 factor space 

with random distribution suggesting that the experiment time needs to be prolonged in 

order to register real concentration changes. However, when the procedure was 

repeated using a 24-hour jar test using wastewater instead of BB molecules, significant 

changes were observed in the physicochemical properties of both the activated sludge 

and the processed wastewater. These results show that carbon-based materials, in 

particular various forms of graphene oxide, may greatly enhance the processing of 

wastewater in the presence of activated sludge micro-organisms. The results also show 

that Brilliant Blue molecules are highly resistant to short term biodegradation in the 

presence of the additives selected. From this it may be posited that an electrostatic 

interaction between ligands and the adsorbent surface may result in the effective 

adsorption of BB molecules. 

 

It should be noted that under similar experimental setup (24 hours test) where 

wastewater instead of Brilliant Blue additive was exposed to carbon materials, major 
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changes were observed in given physicochemical parameters (SSV30, SVI, CST, pH, 

conductivity and total nitrogen concentration) of both: activated sludge and processed 

wastewater [Piaskowski 2020]. Current experiment confirmed that GO may change 

wastewater purification, especially, if activated sludge microorganisms are presented. 

However, Brilliant Blue dye is resistant for fast biodegradation, in spite of various 

additives, which were present in reaction mixture. Therefore it may be concluded that 

effective elimination of BB from water phase can be related to electrostatic interaction 

between active chemical centers (ligands) and the adsorbent surface. 

According to their Zeta Potential, the additives presented in Table 10 have a 

negatively charged surface in water solutions. In the case where the two surfaces, the 

adsorbate and the adsorbent, have uniform charges, multivalent cation bridging may an 

explanation for the adsorption process [Świderska 2004]. Conversely a BB molecule 

may be either neutral or may dissociate to mono- or bi- valent anions dependent on the 

pH of the mixture. These experiments were carried out in mixtures ranging from pH 

neutral to pH3 (graphene oxide additive). In these circumstances BB was not able to be 

adsorbed onto the additives used but the situation is more complex because it did 

adsorb well onto negatively-charged activated carbon. 

The factor scores plot derived from PCA analysis of the data matrix produced 

from the 16-day experiment is presented in Figure 52. These calculations show that 

there is one dominating factor (F1) driving the experiment and this factor accounts for 

74% of total variability. This was further confirmed by Factor Analysis (FA) calculations, 

notably the Scree Plot analysis (eigenvalues for F1 = 4.241 for F2 = 0.455; cumulative: 

F1 = 70.7 and F1 + F2 = 78.3 – the relevant graphs are presented in (S4)). So, by 

studying the object grouping along the F1 axis, it is apparent that sample 4 (containing 

β-cyclodextrin additive) is separated from the other objects. Referring to the quantitative 

data presented in Table 12, it can be seen that a systematic reduction in the 

concentration of BB was registered in this mixture. Data analysis, completed using 

Agglomerative Hierarchical Clustering (AHC), presented in the form of a dendogram, 

also evidenced the same clustering effect, i.e. that the β-CD reaction mixture clusters 

separately. By analyzing the PCA and AHC graphs and considering the possible 

mechanisms of BB interactions with the selected additives, it indicates that inclusion 

complex formation may provide an alternative method of BB micropollutant removal 

from the water phase.  
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Furthermore, graphene oxide, microcrystalline cellulose, duckweed, pine pollen, 

and a particular form of Egyptian Blue pigment (EB 1.1.1.) additives appear to have an 

effect on the elimination of BB removal according to the multivariate analysis results 

from PCA and AHC object grouping. However, further long-term experiments need to be 

performed involving wider ranges of BB concentration and the selected additives as well 

as temperature and pH. Additionally, a range of different target dyes should be 

processed as references in future studies. 
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5. CONCLUSIONS 

 This PhD manuscript contains new concepts focusing on experimental protocols 

and proposes new materials for hybrid methods allowing for the elimination of low-

molecular-mass organic micropollutants from the water phase. In particular, the 

experimental work conducted was preceded by extensive literature research resulting in 

general procedures for nanomaterial synthesis and analysis, as well as experimental 

setups for micropollutant elimination studies based on multivariate analysis.  

 Elimination of organic micropollutants from the water phase and sewage is one of 

the more challenging problems of modern environmental engineering. Literature 

research focusing on this issue was summarized and discussed in the introduction to 

this PhD dissertation. It has been well documented that micropollutants have a strong 

negative impact on animal and human populations. This is the main reason why 

authorities from many countries around the world are trying to deal with this problem.  

Of note, the European Union has introduced a number of regulations in attempts to 

address this problem e.g. Directive 2000/60 EC. Based on such regulations, a number 

of micropollutants were indicated for permanent monitoring.  

The data presented clearly indicate that there is no one efficient solution for 

micropollutant removal. This is because of the great diversity of target molecules in 

terms of their polarity and chemical structure, as well as their wide range of 

concentrations in the water phase. In addition, the parent molecules may transform into 

more toxic derivatives during the purification processes. It should be noted that classic 

technological processes for sewage purification may even generate a number of 

micropollutants, which can then be released to surface water ecosystems. For these 

reasons, the hybrid approach is indicated as a possible solution for micropollutant 

removal, especially using microfluidic technologies.  

There are number of active materials that may be used concurrently during 

technological processes in treatment plants. They may work in complex ways using 

different phenomena e.g. oxidation, inclusion, adsorption or biodegradation.  

In recent years, two main approaches for active materials have been highlighted: the 

use of recycled biomaterials (e.g. fruit peels) and the application of nanocomposites 

involving e.g. carbon nanoparticles or supramolecular complexes involving macrocyclic 

compounds.  
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 Colorants are common chemicals in a number of global industries which produce 

textiles, food products, cosmetics and pharmaceuticals as well as printer inks, leather 

and plastics. These substances can act as micropollutants or may generate toxic 

derivatives. Therefore, organic dyes namely Brilliant Blue, Malachite Green, Sunset 

Yellow and Ponceau 4R, were the target substances selected in this PhD thesis and 

extensive literature research on these colorants was performed.  

 The key part of the experimental work presented in this PhD dissertation was the 

proposal and testing of several nanomaterials/biopolymers as active substances 

enabling the elimination of organic micropollutants from the water phase. As new 

materials, pine pollen and dandelion pappus, biological structures containing 

biopolymers (cellulose, sporopollenin) were tested. As a reference, activated carbon 

was investigated as well as other different materials including β-cyclodextrin and 

microcrystalline cellulose. Moreover, graphene oxide and Egyptian Blue were produced. 

Successful synthesis and physicochemical characterization of Graphene Oxide and 

Egyptian Blue nanomaterials were performed. Graphene Oxide synthesis involved 

Hummers methodology adapted to the equipment available at TUK. Physicochemical 

analysis (SEM, EDS, Raman spectra) of the GO nanoparticles obtained, confirmed the 

high purity of such material but also the possible deterioration of its structure during 

storage. Moreover, the proposed drying step involving lyophilisation resulted in the 

creation of a specific form of GO that can easily be dispersed in the water phase, which 

property, to the best of the Author’s knowledge, had not been described before. 

Egyptian Blue pigment was produced using Bologna methodology and this material was 

found to be identical to commercially available EB standard in respect of visual 

inspection, SEM, EDS and FTIR spectra. Testing of the above listed and additional 

nanomaterials, as well as biopolymers, was conducted by a number of experimental 

protocols including separation science technology and biological experiments also 

involving duckweed water organisms.  

 Separation science protocols were used for the fast screening and investigation 

of interactions between nanoparticles and target micropollutants. It has been 

demonstrated that the proposed electroplanar separation system can be used for the 

selection of active layer materials. Experimental data has revealed substantial 

differences between the electrophoretic migration of target dyes (in ion form) within 

cellulose type layers and also in comparison to the remaining stationary phases studied. 
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The obtained results, especially the recorded values of physicochemical parameters 

(the observed electric currents, migration distances, peak resolution for different 

electrolytes, layer type, and thickness), create a data set platform that may help in the 

further design of simple separation devices involving various active layers, particularly, 

modified with various nanoparticles. It is hoped that the described analytical protocol 

can be implemented for microfluidic paper based analytical devices (μPADs) enabling 

fast and non-expensive separation of complex samples and the generation of data for 

interactions of micropollutants with various adsorbents. This will also enable the 

selection of initial conditions for micropollutant removal experiments in the presence of 

graphene oxide nanoparticles. The experiments and data included in Chapter 4.4 have 

revealed that graphene oxide may generate a selective barrier, decreasing the 

migration of selected organic dyes in the water phase. The observed phenomena of 

decreased migration of dyes and the concentration of spots in the presence of a GO 

barrier may be predominantly caused by electrostatic interactions between polar dyes, 

consisting of negatively charged ligands, and negatively charged functional groups at 

the surface of GO particles. It is hoped that the described phenomena can be 

implemented for various microextraction bars and microfluidic paper-based analytical 

devices (μPADs), as well as being used for designing new filtrating materials that can 

be used for wastewater treatment and the purification of low-molecular mass 

micropollutants. This was proved by the application of GO coating to cellulose strips, 

which were used as selective adsorption matrices for chlorophyll and micropollutant 

extraction from surface water ecosystems. Such experiments were conducted during a 

research expedition on the Baltic Sea. The phenomenon described concerning the 

scientific experiments surrounding separation had, to the Author’s knowledge, not been 

described in literature before.  

 Testing of a number of active materials including active carbon, lyophilized 

graphene oxide, β-cyclodextrin, raw dandelion pappus, microcrystalline cellulose, raw 

pine pollen, Egyptian Blue mineral pigment (1.1.1. and 1.1.1a.) was the main part of this 

PhD thesis. These materials were investigated as hybrid matrices for the potential 

elimination of the selected dye micropollutants via different and complementary 

mechanisms (adsorption, inclusion, biosorption, catalysis). Using these active additives, 

two experiments were proposed and performed as multivariate procedures in different 

modes (24 hours and 16 days). It should be noted that the experiment based  
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on a 16 days period involved duckweed organisms. From these experiments, 

quantitative data were generated using an optimized microfluidic device, namely  

a micro-TLC system, and the results were discussed using a multivariate statistic 

approach. The proposed quantification approach enabled direct determination of the 

target component without sample pre-treatment like pre-concentration or pre-purification. 

Within a single analytical run calibration line, retention standard spots (Methyl Red) and 

multiple samples were analyzed simultaneously. Noteworthily, target colorant pre-

selection was performed using the simple colorimetric test that was described  

in Chapter 4.5.1. Based on these results, Brilliant Blue as the most stable molecule was 

selected for further research. Due to the multivariate nature of the proposed 

experiments, quantitative data were explored with chemometric tools including AHC 

(agglomerative hierarchical clustering), PCA (principal component analysis), and FA 

(factor analysis). Experimental data and multivariate calculations revealed that BB is 

strongly resistant to biodegradation. However, inclusion complexes formed with  

β - cyclodextrin may induce degradation of this dye in the presence of duckweed. 

Careful analysis of both PCA and AHC graphs, and consideration of the possible 

mechanisms of Brilliant Blue interactions with the given additives, may strongly indicate 

that inclusion complex formations can be an alternative way to remove BB molecules 

acting as micropollutants from the water phase. Moreover, multivariate data analysis 

resulting from PCA and AHC object grouping may suggest a potential effect of the given 

additive on BB elimination, particularly graphene oxide, microcrystalline cellulose, 

duckweed, pine pollen and Egyptian Blue pigment.  

However, this must be confirmed by performing different long-term experiments 

involving a wide concentration range of BB, and the given additives, as well as different 

temperatures and pH. Moreover, to explain the potential mechanisms of BB elimination, 

a number of different target dyes should be processed as references. It is hoped that 

the results of the experimental work performed can be used in the design of future 

experiments for the fast screening of different additives and the improvement of 

technological processes, focusing on the purification of sewage and water from 

micropollutant.
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6.TABLES 

Table 1. Environmental Quality Standards (EQS) (in µg/L) for priority substances and certain other pollutants established on 

Annex I and II of Directive 2008/105/EC and that replaced Annex X of Water Frame Work Directive. 

No Name of substances CAS Number AA-EQS  

inland  

surface  

waters 

AA-EQS  

other  

surface  

waters 

MAC-EQS  

inland  

surface  

waters 

MAC-EQS  

other  

surface  

waters 

1 Alachlor 15972-60-8 0.3 0.3 0.7 0.7 

2 Antrachene 120-12-7 0.1 0.1 0.4 0.4 

3 Atrazine 1912-24-9 0.6 0.6 2.0 2.0 

4 Benzene 71-43-2 10 8 50 50 

5 Brominated diphenylether 32534-81-9 0.0005 0.0002 na na 

6 Cadmium and its compounds 7440-43-9 ≤ 0.08  

0.08  

 

0.09  

 

0.15  

 

0.25 

0.2 ≤ 0.45  

0.45  

 

0.6  

 

0.9  

 

1.5 

≤ 0.45  

0.45  

 

0.6  

 

0.9  

 

1.5 
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6a Carbon tetracloride 56-23-5 12 12 na na 

7 C10-C13-chloroalkanes 85535-84-8 0.4 0.4 1.4 1.4 

8 Chlorfenvinphos 470-90-6 0.1 0.1 0.3 0.3 

9 Chlorpyriphos-ethyl 2921-88-2 0.03 0.03 0.1 0.1 

9a Cyclodiene pesticides:  

Aldrin  

 

Dieldrin  

 

Endrin  

 

Isodrin 

 

309-00-2  

 

60-57-1  

 

72-20-8  

 

465-73-6 

0.01 Ʃ= 0.005 na na 

9b Total DDT/p,p-DDT 50-29-3 0.025/0.01 0.025/0.01 na na 

10 1,2-dichloroetane 107-06-2 10 10 na na 

11 Dichloromethane 75-09-2 20 20 na na 

12 DEHP 117-81-7 1.3 1.3 na na 

13 Diuron 330-54-1 0.2 0.2 1.8 1.8 

14 Endosulfan 115-29-7 0.005 0.0005 0.01 0.004 

15 Fluoranthene 206-44-0 0.1 0.1 1 1 

16 Hexachlorobenzene 118-74-1 0.01 0.01 0.05 0.05 

17 Hexachlorobutadiene 87-68-3 0.1 0.1 0.6 0.6 
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18 Hexachlorocyclohexane 608-73-1 0.02 0.002 0.04 0.02 

19 Isoproturon 34123-59-6 0.3 0.3 1.0 1.0 

20 Lead and its compounds 7439-97-6 7.2 7.2 na na 

21 Mercury and its compounds 7439-97-6 0.05 0.05 0.07 0.07 

22 Naphtalene 91-20-3 2.4 1.2 na na 

23 Nickel and its compounds 7440-02-0 20 20 na na 

24 4-Nonylphenol 104-40-5 0.3 0.3 2.0 2.0 

25 Octylphenol 140-66-9 0.1 0.01 na na 

26 Pentachlorobenzene 608-93-5 0.007 0.0007 na na 

27 Pentachlorophenol 87-86-5 0.4 0.4 1 1 

28 PAH:  

Benzo(a)pyrene  

 

Benzo(b)fluorantene  

 

Benzo(k)fluorantene  

 

Benzo(g,h,i)perylene  

 

Indeno(1,2,3-cd)pyrene 

 

50-32-8  

 

205-99-2  

 

207-08-9  

 

191-24-2  

 

193-39-5 

 

 

0.05  

 

0.03  

 

0.002 

 

0.05  

 

Ʃ= 0.03  

 

Ʃ= 0.002 

 

0.1  

 

na  

 

na  

 

na  

 

na 

 

0.1  

 

na  

 

na  

 

na  

 

na 
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29 Simazine 122-34-9 1 1 4 4 

29

a 

Tetrachloroethylene 127-18-4 10 10 na na 

29

b 

Trichloroethylene 79-01-6 10 10 na na 

30 Tributhyl cations 36643-28-4 0.0002 0.0002 0.0015 0.0015 

31 Trichlorobenzenes 12002-48-1 0.4 0.4 na na 

32 Trichloromethane 67-66-3 2.5 2.5 na na 

33 Trifluralin 1582-09-8 0.03 0.03 na na 

na: not applicable 
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Table 2. Basic characteristic of colorants studied. 

 

No Names of colorant Category 

and CAS  

Summary formula 

and molar mass 

Characterization of the substance Informations source 

 

 

 

 1 

 

Brilliant Blue 

E133; 

Acid Blue 9;  

Brilliant Blue 

FCF 

FD&C Blue No. 1 

 

Azo dyes 

 

3844-45-9 

 

C37H34N2Na2O9S3 

 

792,84 g/mol 

 

Synthetic organic compound used primarily as a blue colorant for processed 

foods, medications, dietary supplements, and cosmetics. Both the 

diammonium and disodium salts of are used. The disodium salt is used in 

foods, while the diammonium salt has limited usage in drugs and cosmetics. 

It is classified as a triarylmethane dye. It is soluble in water and glycerol, with 

a maximum absorption at about 628 nanometers. It is one of the oldest FDA-

approved color additives and is generally considered nontoxic and safe. Has 

been used in foods in the US since 1929. 

 

[www 1] 

[www 2] 

[www 3] 

 

[Arabzadeh 2018] 

 

 

 

 2 

Ponceau 4 R 

E 124; Cochineal 

Red A; Acid Red 

18; 

BrillianScarlet 

4R; New Coccine 

Brilliant Scarlet 

3R 

 

2611-82-7 

 

 Azo dye 

 

C20H11N2Na3O10S3 

 

604.46 g x mol -1 

Strawberry red powder, used in a variety of food products; it is stable to light, 

heat and acid but fades in the presence of ascorbic acid. It is used in Europe, 

Asia and Australia, but has not been approved for human consumption by 

the United States Food and Drug 

 

 

 

[Amri 2020] 

 

 

 

3 

Sunset Yellow 

E 110; Orange 

Yellow S; Sun 

Set Yellow FCF; 

 

2783-94-0 

 

 Azo dye 

 

C16H10N2Na2O7S2 

 

452.36 g·mol−1 

Orange or yellow-orange powder is used in food, cosmetics and medicines; 

acceptable Daily Intake (ADI) 1.0 mg / kg (European Food Safety Authority); 

In Norway, Finland and Sweden was banned or restricted (around 2000) as a 

food additive 

  

[Peña-Gonzalez  

2018] 

[Coros 2020] 
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4 

Malachite Green 

Aniline green; 

Basic green 4; 

Diamond green 

B; Victoria green 

B China Gree 

Malachite green 

chloride 

 

 

569-64-2  

 

Triarylmet

hane dye 

 

C23H25ClN2 

 

364.911 g/mol 

Used as a green colored dye, as a counter dye in histology and for its 

antifungal properties in aquaculture. It acts as a fluorochrome, histological 

dye, antifungal and antibacterial drug, has carcinogenic and teratogenic 

properties. Key component in a fluorescence microscopy. Toxic and 

irritating: serious injury or death may result from inhalation, ingestion, or skin 

contact with the material. 

 

 

[www 4] 

[Raducan 2008] 
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Table 3. Typical processes applied for removal of dyes from water/wastewater. 

 

A  Adsorption process 

   

S. 

No. 

Target 

compound 
Experiment setup 

Quantification 

protocols 
Complementary data Reference 

1. 

 

Ponceau 4R 

(azo dye) 

 

 

The insoluble polyamidoamine-cyclodextrin 

crosslinked copolymer (PAMAM-CD). Batch 

method: 50 mL aqueous solution  of  dye (130-

350mg/L, pH5) with 50 mg PAMAM-CD was 

shaken (60 rpm) up to 12 h at set temperature 

(15-35ºC). Effect of  pH  in range 2-7 on the 

adsorption of dye was also determined. 

 

Separation of dye by 

centrifugation and 

spectrophotometric 

analysis at 508 +/- 2 nm 

 

 

The process was fast and spontaneous. 

Maximum adsorption capacity ( 254.3 

mg/g) was achieved  at the initial 

concentration of dye 340 mg/L. 

temperature 15 ºC and at pH below 5. 

The PAMAM-CD was easily recovered by 

2 M HCl as washing solvent. 

 

 

[Li  2012] 

2. 

Malachite Green 

(cationic dye) 

 

The magnetic β-cyclodextrin-graphene oxide 

nanocomposites. Batch method: 20 mL aqueous 

solution of dye (5-800 mg/L) with 5 mg adsorbent 

was shaken for 2 h at a variable temperature (25-

45 ºC) and pH of solution (4-9). 

 

Separation of dye by 

centrifugation and 

spectrophotometric 

analysis of dye 

concentration at 618 nm. 

 

The adsorbent can effectively remove 

dyes from wastewater- the maximum 

adsorption capacity was 990.10 mg/g at 

45ºC and pH 7. It can be repeatedly used 

thanks to its stability (after five cycles, the 

adsorption capacity only decreased by 

20%) and magnetism 9ease of 

separation). 

 

 

[Wang 2015] 
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3. 

Brilliant Blue 

(triphenylmetha

ne dye) 

 

 

Metal hydroxide sludge (in natura and calcined) 

from galvanic bath. The metal hydroxide sludge 

(LG-IN) was oven-dried at 110°C for 12 hours, 

ground and sieved until obtaining fine particles 

(<0.18 mm). The heat treatment of the samples 

was performed in an oven for 4 hours at 

temperatures of 

250°C (LG-250), 400°C (LG-400) and 900°C (LG-

900). This analysis consisted in investigating the 

initial pH of the solution of NB 180 dye with a 

concentration of 20 mg.L−1 at a range of 4–8, 

using a dosage of 5 g.L−1 (0.25 g / 50 mL). 

After three hours of stirring at 200 rpm and at a 

temperature of 25°C 

Separation of dye by 

centrifugation and 

spectrophotometric 

analysis of BB 

concentration at 635 nm 

 

 

 

 

 

For the conditions of 5 g./L and pH of 4, 

the sludge in natura (LG-IN) reached 

equilibrium after 60 min, removing 78% of 

dye, while the calcined sample at a 

temperature of 250°C (LG-250) removed 

100% of dye in solution in 30 min. The 

presence of (Ca2+) ions in solution and 

metal oxides/hydroxides are the main 

factors responsible for the removal of 

colour. The parameters of the kinetics, 

equilibrium and intraparticle diffusion 

models demonstrated a better 

performance of the sample LG-250 (qe = 

4.09 mg.g−1), when compared to the 

sample LGIN (qe = 2.76 mg.g−1). These 

results demonstrated that metal 

hydroxide sludge can be reused and 

applied in dye removal processes for the 

treatment of textile effluent. 

 

 

 

[Baptisstella 

2018] 
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4. 

Sunset Yellow 

(azo dyes) 

 

 

 

Thermally reduced graphene oxide (TRGO) under 

argon. Adsorption was performed at room 

temperature in a 

total volume of 3 mL buffer (pH = 2 –HCl/KCl; pH 

= 4.2 – acetate; pH = 6 -phosphate; pH = 9 – 

Borax; pH = 10.7 - carbonate) containing 

predetermined amounts of Sunset yellow (10, 20, 

30, 40, 50, 75 and 100 mg/L – for the 

thermodynamic investigations) and a known 

amount of thermally reduced graphene oxide (0.1; 

0.2; 0.3; 0.4; 0.5; 0.75 and 1 mg/mL– for 

determining the influence of the initial adsorbent 

concentration), and left to stir for the specific 

amount of time. 

 

 

The samples were filtered 

over Glass fiber syringe 

filters and the UV–Vis 

spectra were measured in 

order to obtain the 

absorbance at 470 nm. 

The structural characterization of TRGO 

before and after SY dye adsorption 

demonstrate a favorable adsorption with 

structural changes in the FT-IR, XRD and 

XPS spectra and in the 

thermogravimetric analysis and BET 

surface area. The quantitative 

assessment of both thermodynamic and 

kinetic parameters also proves the 

efficiency of SY dye adsorption.. 

(Coros  

2020) 
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B Biodegradation and /or biosorption processes 

S. No. 
Target 

compound 
Experiment setup 

Quantification 

protocols 
Complementary data Reference 

5. 

Brilliant Blue 

(triphenylmethane 

dye) 

Powdered grape seeds (PGS). Experimental steps: 

the effect of initial pH was studied (from 1.0 to 8.0) 

initial dye concentration of 50 mg/L, contact time of 

1 h, volume of solution of 25 mL, PGS dosage of 

2.00 g/L and temperature of 25°C. The effect of 

PGS dosage (from 0.25 to 5.00 g /L) was 

investigated under the same conditions, using the 

optimum pH. Kinetic experiments were performed 

using the optimum pH and PGS. The initial dye 

concentration was 50 mg/L, at 25°C with contact 

time from 0 to 120 min and the volume of solution 

25 mL. Isotherm curves were constructed at 25, 35, 

45 and 55°C, using the optimum pH and PGS. The 

initial dye concentration ranged from 25 to 300 mg/L 

and the volume of solution was 25 mL, with the 

aliquots stirred until the equilibrium (maximum 6 h). 

The biosorption experiments were realized in batch 

mode at 200 rpm using a thermostated agitator. 

Centrifugation after the 

process at 4000 rpm for 

20 min. and absorption 

maximum for dye was 

408 nm. 

 

At pH values lower than 6.85 the biosorbent is 

positively charged, while at pH values higher than 6.85, 

PGS is negatively charged. The material 

characterization revealed that PGS has potential 

features for biosorption, like functional groups on the 

surface, cavities and protuberances. The biosorption of 

BB was favored at pH of 1.0 and biosorbent dosage of 

0.50 g/L, where the dye removal percentage was higher 

than 80%. The maximum biosorption capacities were 

599.5 mg/g for BB at 328 K. 

 

 

 

(Vanni 2017) 
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6. 
Malachite Green 

 

Simultaneous biosorption on fungus biosorbent 

Yarrowia lipolytica ISF7 isolated from wastewater. 

Conditions of the process: mixing 0.04 g of biomass 

with solution containing 5-25 mg/L of dyes. Shaking 

rate of 160 rpm, temperature (15-35ºC) and contact 

times (0-24 h). 

Centrifugation at 3000 

rpm for 10 min and 

analysis of the 

supernatant by 

UV/Visible 

Spectrophotometer, 

580 nm 

The maximum biosorption efficiency (>99% for both 

dyes) at pH 7.0, T= 28ºC, 24h mixing and initial dyes 

concentrations-20 mg/L 

[Asfaram 

2017] 

7. Ponceau 4R 

Bio-Reduced Graphene Oxide (BRGO)-mediated 

bio-decolorization of P4R by Shevanella algae. Bio-

decolorization system was 135 mL serum bottles 

containing 50 mL BRGO dispersion, bottles were 

sealed with rubber stoppers, and the gas 

headspace was flushed for 10 min with nitrogen 

gas. In an anaerobic chamber were added  cells 

(0.025 g/ L) and P4R (1 mM). The serum bottles 

were incubated at 30 °C in a dark, shaker with 150 

rpm. 

The concentrations of 

dye  was determined 

spectrophotometrically 

at  corresponding 

maximum visible 

absorption wavelength 

(506 nm) 

 

 This experiment was confirmed that oxygen-containing 

functional groups of GO were partly removed, and GO 

was reduced to BRGO by S. algae. The electrical 

conductivity of RGO was found to be approximately 3 

orders of magnitude higher than that of GO. Thus, it is 

possible for BRGO to be used as a mediator for 

transferring electrons from cells to azo dyes. 1 mM P4R 

could be decolorized by S. algae (0.025 g/L) in 10 h in 

the presence of 0.075 g/L BRGO, while the complete 

bio-decolorization of P4R needed 18 h without BRGO. 

BRGO could be used as a scaffold for bacterial 

attachment, which is beneficial for transferring electrons 

from cells to BRGO with the increase of BRGO 

concentration from 10 to 0.075 g/L, the decolorization 

efficiencies of P4R rose from 61 to 98 %, while P4R 

removal in the system without BRGO only reached 54 

% in 10 h. This indicates that P4R bio-decolorization 

could be enhanced in a dose-dependent manner of 

BRGO. 

 

[Zhang 

2014] 
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8. 
Sunset Yellow 

 

Microbial fuel cells (MFCs). Mixed cultures from 

different sources were first enriched and acclimated 

to cultures with an appropriate concentration under 

the toxicity threshold of model dye to isolate a 

promising azo dye decolorizer. After 6 h of 

secondary culture, model dyes were added to reach 

100 mg/L for study. Only the microbial source which 

showed the most promising dye decolorization 

capability was taken for further acclimation.After 

decolorization of the azo dye, 1% v/v of the bacterial 

culture broth was inoculated into 100 mL of fresh 

medium as a secondary culture,  then incubated for 

6 h at 30 ◦C, 125 rpm. Afterwards, the azo dye 

sample was added until the concentration of the dye 

is 100 mg/L and the decolorization took place in 

static condition.  This process was done repetitively 

until the maximum decolorization rate was reached. 

Cell growth and dye 

decolorization were 

monitored using 

UV/Vissible 

Spectrophotometer,  

474 nm. 

The most appropriate decolorizer exhibited the extent of 

decolorization for Sunset Yellow FCF 93 %  in 3 h 

respectively. 

[Tacas  

2021] 
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C Coagulation, filtration, membrane separation and other processes 

 

S. No. Target compound Experiment setup 
Quantification 

protocols 
Complementary data 

Refere

nce 

9. 

Ponceau 4R (azo 

dye) 

 

Electrocoagulation process (EC) against waste 

aluminium cans electrode. Batch monopolar 

experiments were carried out in a 1.1 L rectangular 

reactor,two pieces of flat waste aluminium cans (WAC) 

andcommercial aluminium  (COM) plates were used as 

electrodes, the electrodes were connected to a DC 

Power supply (Dazheng PS-305D, 0–5 A, 0–30 V). All 

EC experiment was operated at the best-operating 

conditions (current density of 25 mA/cm2, pH of 3, initial 

concentration of P4R 100 mg/L, electrode distance of 

0.5 cm, NaCl concentration of 2 g/L and reaction time of 

25 min).The water solution (800 mL) was fed into the 

cell and  was continuously stirred at 250 rpm.  

The concentration 

of P4R dye 

solution was 

determined using 

a double beam 

UV-visible 

spectrophotomete

r at a wavelength 

of 507 nm. 

 The dye removal efficiency and changes in the solution pH 

with time as well as the quality of the treated water using WAC 

and COM electrodes via EC process were studied. The WAC 

electrode demonstrated better performance than COM 

electrode as it could decolorize the AR18 dye faster with 100% 

removal efficiency in 25 min and produced lower residual Al 

concentration of 0.6 ppm in the treated water after the EC 

treatment. During the EC process, it was also observed that 

pH of the solution increased considerably with both types of 

electrode materials reaching a maximum of 8.6, indicating that 

they performed similar dye removal mechanism due to the 

identical nature of the electrode. 

[Amri 

2020] 

10. 

Malachite Green 

(cationic dye); 

Brilliant Blue  

 

Photocatalytic oxidation process using ZnO as a photo-

catalyst upon UV irradiation. The photocatalytic removal 

of Malachite Green (MG) and Brilliant Blue (BB) dyes 

was carried out in aqueous solutions containing the dye 

and suspended of ZnO. Pyrex glass beaker containing 

dye sample (100, 200 mL) and ZnO was placed in the 

reaction vessel. The concentrations of malachite green 

and brilliant blue dyes were (10 and 40 mg/L) and (50 

and 100 mg/L) 

Colour removal of 

dyes was 

assessed by Uv-

Visible 

Spectrophotomete

r by fixing the 

maximum 

wavelength ëmax 

for each dye. 

Photocatalytic removal of dye depends on initial concentration 

of dye, sample volume and treatment time. 

In case of MG dye, the photocatalytic removal process was 

active at low initial concentration of MG dye (10 mg/L), small 

sample volume (100 mL) and long treatment time 30 min. 

However, the removal % was also found to be increased with 

the increasing of treatment time. For BB dye, it was favoured 

at low initial concentration of 50 mg/L and long treatment time 

(30 min) 

[Mussa 

2021] 
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11. 
Sunset Yellow 

 

Photodegradation  process using α-Fe2O3 

nanostructures as a photo-catalyst upon visible beam 

sources irradiation. The experiments were performed 

with a Pyrex cylindrical photoreactor. The standard 

solution of SY (20 ppm) was prepared at six pH values: 

8.0, 9.0, 10.0, 10.5, 11.0 and 12. At each pH, 50 mL of 

the solution was contacted with 0.002 g of iron oxide 

nanoparticles and 0.5 mL of H2O2 (2.5 mol L−1). It was 

stirred throughout the experiment to hold the 

photocatalyst suspended and the reaction temperature 

was kept constant at 5° C. The solution was irradiated 

by the visible beam sources of a 400 W Krypton lamp 

with the range of the emitted beam 200 – 1000 nm 

The sample  was 

centrifuged at 

3000 tr/min for 10 

min. Then its 

spectrum was 

recorded using a 

UV – Vis 

spectrophotomete

r at 1 nm interval 

in wavelength 

range from 350 to 

550 nm. 

The results revealed that pH strongly affects the mechanism 

and the rate constants of the dye photoreactivity  due to 

changing its-molecularstructure. Protonated/deprotonated 

structures with resonance forms were less degradable 

because of their stability and then showed lower rate constant 

(s). 

[Rashid

i 2019] 
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Table 4. Synthesis conditions of Egyptian Blue samples. 

 

Name of 

EB 

samples 

 
 

Chemical products 
 

Amount [g] chemical 

compositions on 10 g 

sample weight 

Synthesis 

temperature/time 

[°C]/[h] 

 

Powder 

container used 

for synthesis 

 

 

Additional information 

Comerci

al 

standar

d 

 

CaCuSi4O10 

(final product accordingly to producer 
data) 

---------------------- up to 1000 ---------------- 
Kremer Pigmente GmbH&Co.KG; 

Aichstetten, Germany 

1.1.1. 

SiO2; 

NaHCO3 
CaCO3 
CuO 
H2O 

(initial composition for synthesis) 

6.02 
0.80 
1.45 
1.73 

mix with water to form a 
plastic consistency 

860/4 and 950/4 fireclay brick 

After the first firing: cooling in a closed  
furnace oven for 20 hours and grinding 

in a ball mill. Then second firing at 
950 ° C on a fireclay brick 

1.1.1a. 

SiO2 

NaHCO3 
CaCO3 
CuO 
H2O 

(initial composition for synthesis ) 

6.02 
0.80 
1.45 
1.73 

mix with water to form a 
plastic consistency 

860/4 and 950/4 porcelaine 

After the first firing: cooling in a closed  
furnace oven for 20 hours and grinding 

in a ball mill. Then second firing at 
950 ° C in a porcelaine, evaporating 

dish 
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Table 5. Measured values of particles size and zeta potential for active carbon (Norit SA Super) obtained from Cabot Concern and 

distributed by Brenntag, Kędzierzyn Koźle, Poland) and graphene oxide (GO was produced in TUK laboratory using modified Hummers 

method). Both carbon materials were suspended in distilled water at concentration of 0.2 mg/mL, followed by 1 h shaking. Graphene 

oxide was reconstituted in water from dry lyophilizate. The pH value of the GO suspension was 3.4 and Norit SA Super was 8.2. The 

analysis was carried out at a temperature of 25°C using ZetaPALS device (Zeta Potential Analyzer, Brookhaven Instruments Corporation, 

Holtsville, New York, USA) working with ZetaPALS particle sizing software- 9 kpsdw ver. 2.31(1997) and PALS zeta potential analyzer 

software ver. 3.16 (1998). 

 

Parameter 

measured 

 Graphene oxide Norit SA Super 

Particle size [nm] Average (n= 20) 20253 9566,9 

Standard deviation 7063,8 4631,7 

Zeta Potential [mV] Average (n= 24) -20,6 -13,3 

Standard deviation 2,7 2 
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Table 6. List of layers and basic physical characterization of separation systems [Lewandowska 2017]; with permission from 

Journal of Planar Chromatography. 

 

Layer 

No 

(I) Layer type  

(II) Catalogue number 

(III) Producer 

Density 

(Producer 

specificatio

n) 

[g/m2] 

Density 

(Measured) 

[g/m2] 

Layer 

thickness 

(Producer 

specification) 

[μm] 

Layer 

thickness 

(Measured) 

[μm] 

Complementary data 
Active layer 

working mode 

1 

 

(I) Filtrating paper (Bibuła filtracyjna 

jakościowa średnia) 

(II) Not available 

(III) Polska Grupa Laboratoryjna Sp. z 

o.o., PGL, Warszawa, Poland 

 

65  --- Not available 
100 ±2 

(n = 7) 
--- A 

2 

 

(I) Office paper POL Jet 80, A4 

(II) Not available 

(III) International Paper - Kwidzyn Sp. z 

o.o., Kwidzyn, Poland 

 

80 --- Not available 
99 ± 3  

(n = 14) 
--- A 

3 

 

(I) Whatman Chromatography paper 

1CHR  

(II) 3001-861 

(III) GE Healthcare UK limited, Little 

Chalfont, UK, China 

 

Not available --- 180 
155 ± 3  

(n = 14) 
--- A 
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4 

 

(I) Thin Japanese paper for aircraft 

paper models 

(II) Not available 

(III) Distributed by www.modele.sklep.pl 

Warszawa, Poland  

 

12 
13.04 ± 0.01  

(n= 3) 
Not available 

19 ± 3  

(n= 7) 
--- B 

5 

 

(I) Thick Japanese paper for aircraft 

paper models 

(II) Not available 

(III) Distributed by www.modele.sklep.pl 

Warszawa, Poland  

 

21 
21.241 ± 0.003  

(n = 3) 
Not available 

44 ± 3  

(n = 7) 
--- B 

6 

 

(I) TLC Cellulose without fluorescence 

indicator, glass based pre-coated plates 

(II) 5716  

(III) Merck, Darmstadt, Germany 

 

Not available --- 100 --- --- C 

7 

(I) Potato starch (Potato flour) 

(II) Not available 

(III) Kupiec, Sp. z o.o., Krzymów, 

Poland 

Not 

applicable 
--- Not applicable 

383 ± 23  

(n = 7) 

 

Starch layer on 100 μm 

filtrating paper strip  
B 

8 

 

(I) TLC Polyamide 11 F254, glass based 

pre-coated plates 

(II) 5557  

(III) Merck, Darmstadt, Germany 

 

Not available --- 150 --- --- C 
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9 

 

(I) TLC Silica gel 60 W F254 S, Glass 

based pre-coated plates 

(II) 1.16485.0001 

(III) Merck, Darmstadt, Germany 

 

Not available --- 200 --- --- C 

10 

 

(I) HPTLC Silica gel RP18W, glass 

based pre-coated plates  

(II) 1.14296 

(III) Merck, Darmstadt, Germany 

 

Not available --- 150-200 --- --- C 

11 

 

(I) TLC Aluminium oxide 60 F254 Type 

E, glass based plates  

(II) 5713 

(III) Merck, Darmstadt, Germany 

 

Not available --- 250 --- --- C 

12 

(I) Nutrient agar 

(II) 1.05450.0500) 

(III) Merck, Darmstadt, Germany 

 

Not 

applicable 
--- Not applicable 

451 ± 68 

(n = 7) 

Working concentration 

1.5% 
B 

13 

(I) Nutrient agar 

(II) 1.05450.0500) 

(III) Merck, Darmstadt, Germany 

Not 

applicable 
--- Not applicable 

1003 ± 139 

(n = 7) 

Working concentration 

1.5% 
B 

 

 



 

7
7
 

A - Without additional supporting material; active layer length = 180 mm (total 200 mm); 10 mm from each edge of active material strip 

dipped directly in cathode and anode electrolyte containers. 

B - Glass plate (1.2 mm x 20 mm x 100 mm); active layer length 80 mm (total 100 mm); active material strip connected to cathode and 

anode electrolyte containers using additional strips 20 mm x 60 mm made of filtrating paper (Layer No1). 

C - Active layer manufactured by producer on glass plate - TLC plate (20 mm x 100 mm); active layer length 80 mm (total 100 mm); TLC 

plate connected to cathode and anode electrolyte containers using additional strips 20 mm x 60 mm made of filtrating paper (Layer 

No1). 
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Table 7. Estimation of dye contents in reaction vials after 24 h of contact time based on 

digital pictures using raw RGB file (A) and extracted RGB channel (B) for Malachite 

Green (MG) dye samples. 

 MG RAW RGB (A) 

Sample 

ID 

Spot intensity 

(SI) 

[max. avg. 

value; 8-Bit RGB 

space] 

Background 

intensity 

(BI) 

[avg. value 8-

Bit RGB 

space] 

Difference SI-BI 

[avg. value 8-Bit 

RGB space] 

Dye level 

decrease 

relatively to 

Sample 01  

[%] 

Dye level 

decrease 

relatively to 

Sample 02 

[%] 

01 148 107 41 100 2.9 

02 121 107 14 34 100 

03 114 108 6 15 0.4 

04 113 110 3 7 0.2 

05 125 115 10 24 0.7 

06 125 118 7 17 0.5 

07 127 118 9 22 0.6 

08 126 115 11 27 0.8 

09 133 114 19 46 1.4 

10 126 113 13 32 0.9 
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 MG RED CHANNEL RGB (B) 

Sample 

ID 

Spot intensity 

(SI) 

[max. avg. 

value; 8-Bit RGB 

space] 

Background 

intensity 

(BI) 

[avg. value 8-

Bit RGB 

space] 

Difference SI-BI 

[avg. value 8-Bit 

RGB space] 

Dye level 

decrease 

relatively to 

Sample 01  

[%] 

Dye level 

decrease 

relatively to 

Sample 02 

[%] 

01 201 110 91 100 2.8 

02 145 113 32 35 100 

03 124 114 10 11 0.3 

04 121 116 5 6 0.2 

05 145 126 19 21 0.6 

06 144 128 16 18 0.5 

07 144 127 17 19 0.5 

08 136 123 13 14 0.4 

09 156 118 38 42 1.2 

10 141 114 27 30 0.8 
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Table 8. Estimation of dye contents in reaction vials after 24 h of contact time based on 

digital pictures using raw RGB file (A) and extracted RGB channel (B) for Brilliant Blue 

(BB) dye samples. 

 BB RAW RGB (A) 

Sample 

ID 

Spot intensity 

(SI) 

[max. avg. 

value; 8-Bit RGB 

space] 

Background 

intensity 

(BI) 

[avg. value 8-

Bit RGB 

space] 

Difference SI-BI 

[avg. value 8-Bit 

RGB space] 

Dye level 

decrease 

relatively to 

Sample 01  

[%] 

Dye level 

decrease 

relatively to 

Sample 02 

[%] 

01 121 85 36 100 1.0 

02 120 82 38 105 100 

03 110 82 28 78 0.7 

04 83 81 2 6 0.1 

05 118 81 37 103 1.0 

06 120 84 36 100 1.0 

07 123 85 38 105 1.0 

08 124 89 35 97 0.9 

09 126 92 34 94 0.9 

10 129 95 34 94 0.9 
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BB RED CHANNEL RGB (B) 

Sample 

ID 

Spot intensity 

(SI) 

[max. avg. 

value; 8-Bit RGB 

space] 

Background 

intensity 

(BI) 

[avg. value 8-

Bit RGB 

space] 

Difference SI-BI 

[avg. value 8-Bit 

RGB space] 

Dye level 

decrease 

relatively to 

Sample 01  

[%] 

Dye level 

decrease 

relatively to 

Sample 02 

[%] 

01 176 85 91 100 1.0 

02 174 85 89 97 100 

03 157 82 75 82 0.8 

04 83 82 1 1 0.0 

05 175 82 93 102 1.1 

06 177 84 93 102 1.1 

07 180 86 94 103 1.1 

08 175 91 84 92 0.9 

09 181 93 88 97 1.0 

10 180 94 86 94 1.0 
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Table 9. Estimation of dye contents in reaction vials after 24 h of contact time based on 

digital pictures using raw RGB file (A) and extracted RGB channel (B) for Ponceau 4R 

(P4R) dye samples. 

P4R GREEN RGB CHANNEL (B) 

Sample 

ID 

Spot intensity 

(SI) 

[max. avg. 

value; 8-Bit RGB 

space] 

Background 

intensity 

(BI) 

[avg. value 8-

Bit RGB 

space] 

Difference SI-BI 

[avg. value 8-Bit 

RGB space] 

Dye level 

decrease 

relatively to 

Sample 01  

[%] 

Dye level 

decrease 

relatively to 

Sample 02 

[%] 

01 132 113 19 100 0.8 

02 140 117 23 1.2 100 

03 137 121 16 0.8 0.7 

04 128 125 3 0.2 0.1 

05 141 133 8 0.4 0.4 

06 138 131 7 0.4 0.3 

07 142 127 15 0.8 0.7 

08 148 126 22 1.2 1.0 

09 146 122 24 1.3 1.0 

10 138 118 20 1.1 0.9 
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Table 10. Measured values of particles size and zeta potential for additives studied. 

Raw materials were suspended in distilled water at concentration of 0.2 mg/mL, 

followed by 60 minutes of shaking. With permission from MDPI [Zarzycki 2021]. 

 

Material Particle size value [nm] 
(standard deviation) n= 

20 

Zeta Potential [mV]  
(standard deviation) n= 

24 

Graphene Oxide 20 253 
(7 064) 

-20.6 
(2.7) 

Microcrystalline 
Cellulose 

32 135 
(5 816) 

-4.9 
(2.1) 

Pine Pollen 25-35 μm 
(approximate dimensions 

based on SEM 
measurement) 

Not available 

β-Cyclodextrin 1.53* Not available 
Dandelion Pappus Fiber length 3-5 mm 

Fiber diameter 25 μm 
(approximate dimensions 

based on SEM 
measurement) 

Not available 

Active Carbon 
Norit SA 

9567 
(4632) 

-13.3 
(2.0) 

Egyptian Blue EB1 34 621 
(12 683) 

-14.9 
(6.0) 

Egyptian Blue EB2 3 458 
(942) 

-23.3 
(6.5) 

 

* Reference data [Grumezescu 2016] 
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Table 11. Quantitative data of Brilliant Blue concentration (mg/L) measured in presence 

of different active matrices during 24 hours test (involving activated sludge 

microorganisms). Additive labels: active carbon (AC), lyophilized graphene oxide 

(GO), β-cyclodextrin (CD), raw dandelion pappus (DP), microcrystalline cellulose (MC), 

raw pine pollen (PP), Egyptian Blue mineral pigment (1.1.1a.), activated sludge (AS). 

With permission from MDPI [Zarzycki 2021]. 

 
 

Time (hour)/Matrix 
tested 

1 2 3 6 24 

BLANK 4.353 5.095 4.918 4.903 5.240 

AC 0.000 0.000 0.000 0.000 0.000 

GO 3.859 2.076 4.021 3.059 3.303 

CD 4.353 5.095 4.470 4.376 4.755 

DP 4.353 2.773 3.573 4.903 4.997 

MC 6.211 5.899 8.351 5.382 6.952 

PP 7.330 5.899 7.027 7.273 6.952 

EB2 5.651 6.347 8.351 5.854 4.396 

AS BLANK 5.479 5.833 4.921 4.611 3.427 

AS+AC 0.000 0.000 0.000 0.000 0.000 

AS+GO 4.789 5.833 4.184 3.278 3.427 

AS+CD 5.479 5.833 4.184 5.278 2.536 

AS+DP 4.789 4.167 5.289 2.278 3.724 

AS+MC 3.544 5.197 4.285 5.779 4.241 

AS+PP 4.152 3.586 6.100 5.377 4.664 

AS+EB  3.848 4.553 5.737 3.771 5.086 
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Table 12. Quantitative data of Brilliant Blue concentration (mg/L) measured in presence 

of different active matrices during 16 days test (involving duckweed water plant). 

Additive labels: active carbon (AC), lyophilized graphene oxide (GO), β-cyclodextrin 

(CD), raw dandelion pappus (DP), microcrystalline cellulose (MC), raw pine pollen (PP), 

Egyptian Blue mineral pigment (1.1.1. and 1.1.1a.), duckweed water plant (DW). 

With permission from MDPI [Zarzycki 2021]. 

 

Time (day)/Matrix 
tested 

0 1 7 10 13 16 

BLANK 4.364 5.346 5.595 4.846 4.709 4.828 

DW  4.411 5.202 5.202 4.411 4.016 4.016 

DW+AC 4.873 0.000 0.000 0.000 0.000 0.000 

DW+GO 4.687 5.392 4.335 3.982 3.982 4.335 

DW+CD 3.838 3.648 3.369 3.075 3.046 2.606 

DW+DP 5.554 5.113 5.554 5.113 5.995 5.554 

DW+MC 4.027 4.353 4.353 3.373 3.700 4.027 

DW+PP 4.438 4.774 4.774 3.767 4.103 4.438 

DW+EB 1.1.1. 3.700 5.779 4.888 4.294 4.591 3.700 

DW+EB 1.1.1a. 4.411 5.597 5.202 5.597 4.411 4.806 
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7. FIGURES 

 

Figure 1. Scientific publications number (top graph; black squares) and their citations 

(bottom graph; black triangles) that are visible in the Web of Science database 

concerning "sewage micropollutants" term (Key words search: sewage micropollutants 

within Topic class) (total publications 815; number of citations 37972; time period 1984-

2020; search performed: 22.06.2021). 
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Figure 2. Papers number (A) and their citations (B) that are visible in the Web of 

Science database concerning "nanomaterials in environmental engeeniring" (Key words 

search: nanomaterals, environmental engineering within Topic class) (total publications 

260; number of citations 1200; time period 1984-2019; search performed: 02.2019). 
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Figure 3. General view of solid colorants investigated and their chemical structure  

(A – Brilliant Blue; B – Ponceau 4R; C- Sunset Yellow; D- Malachite Green). 
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Figure 4. General (A) and electron microscope (B; SEM) views of activated carbon 

Norrit SA Super.  
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Figure 5. Macroscopic view of synthesized graphene oxide (left column; object 

diameter 90 mm, approximately) and pictures generated by scanning electron 

microscope SEM (right column) recorded for lyophilized (A) and air dried GO (B).  
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Figure 6. General view of pine pollen using scanning electron microscope SEM (A)  

as well as its presence in environment - the Baltic Sea shore (B; copyrights by Paweł. K. 

Zarzycki 2014 with permission). 
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Figure 7. Detailed structure of dandelion pappus filaments visualized by scanning 

electron microscope SEM (A), optical microscope (B), general view of dandelion mature 

inflorescence (C) and typical view of dandelion organisms in their environment (D). 
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Figure 8. Egyptian Blue samples: commercially available standard (A) and EB pigments 

synthesized under different conditions: EB ID 1.1.1a (B), EB ID 1.1.1 (C). 

 

 

  



 94 

 

 

Figure 9. General view of activated sludge sample visualized by optical microscope (A) 

lens 4x; (B) lens 10x. 
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Figure 10. Typical duckweed organisms and their presence at surface water (A; 

copyrights by Paweł. K. Zarzycki 2014 with permission) and  individual duckweed 

organisms (B). 
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Figure 11. Sewage water treatment technological processes (Jamno Treatment Plant) 

adapted from [Kozak 2007]. 
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Figure 12. Australian Ascidians: (A) Magnificent ascidians (Botrylloides magnicoecum); 

(B) Giant jelly ascidian (Polycitor giganteus); (C) Sea Tulip (Pyura spinifera); (D) 

Diazona violacea. |Photos (B), (C), (D) captured at Pipeline, Nelson Bay NSW, Australia 

and  (A) in Jervis Bay NSW, Australia Underwater macrophotography by P.K. Zarzycki  

with permission. 
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Figure 13. Microfluidic devices invented by Eden Microfluidics; Source: [www 5]: (A) 

AKVO intelligent microchannel networks recorded on CDs, which are stored in a 

cartridge for a water treatment system; (B) the use of a biocompatible material such as 

flexydym for applications in microfluidic diagnostics; (C) polymers for microfluidic 

devices: surface functionalization on the microfluidic channel wall.  
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Figure 14. Horizontal electrophoresis chamber with different separation units: cellulose 

filtration paper (A) and TLC plate (B); gel box without cover (1), working electrolyte 

containers (2), separation unit suport (3), cellulose filtration paper (200 mm × 20 mm) as 

active separation stationary phase (4), TLC plate (10 mm × 20 mm) as active separation 

stationary phase (5), connection strips (6; cellulose filtration paper; 60 mm × 20 mm) 

and glass weights (glass plate 3.6 mm × 10 mm × 50 mm; ~5 g) for improving electrical 

connection between active TLC layer and cellulose filtration paper strips (7). Scheme of 

active layers: cellulose strip (A1), TLC plate combined with cellulose strips working as 

electrolyte connection layers (B1). With permission from Journal of Planar 

Chromatography [Lewandowska 2017]. 
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Figure 15. Micro- TLC removable unit working inside temperature controlled oven (A; 

[Zarzycki 2008]) and micro-TLC plate before samples application using Hamilton 

syringe (B). 
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Figure 16. Main steps of samples separation using micro-TLC approach with different 

developing modes (1D and 2D) (A) and target components quantification (B). 
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Figure 17. Protocol details and experiment sequence of 24 hour (A) and 16 days (B) 

tests. 
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Figure 18. General view of conical flasks array used for 24 hours test.  

 

 



 104 

 

 

Figure 19. General view of duckweed cultivation chambers for 16 days test (A) and 

detailed dimensions of open-air dewar reactors (B). 
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Figure 20. Detailed protocol scheme of 16 days test performed for degradation of 

Brilliant Blue in the presence of duckweed water plant and given nanomaterials 
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Figure 21. Synthesis of graphene oxide: (A) sequence of preparation protocol steps 

using improved Hummers method, (B) visualization of key experiment steps.  

With permission from CRC Press Taylor & Francis Group [Zarzycki 2020b]. 
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Figure 22. Lyophilization protocol of graphene oxide suspension (top), general view of 

GO during drying process (middle) and equipment (bottom). 
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Figure 23. Graphene oxide after drying in different conditions: (A) air circulated oven 

and (B) lyophilization.  
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Figure 24. Visible light views of graphene oxide samples obtained after different drying 

conditions using Motic BA310 LED optical microscope (Motic China Group, Ltd., 

Xiamen, China) equipped with Moticam 3 (3.0 MP USB) CMOS digital camera under 

side light visualization mode. Digital pictures were acquired using Motic Image Plus 2.0 

(Motic China Group Co., Ltd., 2007) software. With permission from CRC Press Taylor 

& Francis Group [Zarzycki 2020b].  
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Figure 25. Spontaneous wetting, dispersion, and hydration of lyophilized graphene 

oxide sponge in distilled water (top sequence), in comparison to starch particles (bottom 

sequence). With permission from CRC Press Taylor & Francis Group [Zarzycki 2020b].  
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Figure 26. SEM images of various carbon materials (A) and results of EDS analysis (B, 

C). Scanning Electron Microscopy (SEM) and Energy X-ray Dispersive Spectroscopy 

(EDS) analyses were performed using JEOL JSM-5500LV electron microscope (JEOL 

Lts, Japan). 
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Figure 27. Preparation and synthesis steps of raw Egyptian Blue material: manual 

mixing and grinding of dry chemicals in large ceramic mortar (A), placing of water 

wetted chemicals inside brick container and ceramic oven (B); raw EB sinter after first 

heating step (C), automatic mechanical grinding of raw EB material in ball mill prepared 

for next heating steps (D).  
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Figure 28. Physicochemical analysis of Egyptian Blue commercial standard and dye 

sythetized sample No 1.1.1a. using SEM, EDS and FTIR.
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Figure 29. Sequence of the main steps for preparation of active thin-layers composed 

of starch powder on cellulose strips (A; 20 mm × 100 mm) and agar layer on glass plate 

support (B; 20 mm ×100 mm). Filtrating of starch suspension through filtrating paper 

with cellulose strips using ceramic Buchner funnel and vacuum pump (A1, A2); 

detaching of starch-cellulose strips from cellulose filter (A3); glass plate with sample 

hole positioning tool inside Petri dish (B1); fabricated agar layer with sample hole (B2); 

cut of 0.5 - 1.0 mm thick agar layer on glass plate support (B3). With permission from 

Journal of Planar Chromatography [Lewandowska 2017]. 
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Figure 30. Ohm’s Law plot illustrating observed current versus the applied voltage for 

different water-based electrolytes working on cellulose strip (200 mm × 20 mm × 0.1 

mm). Electrolyte label: boric acid 100 mM, pH = 4.3 (I); 1:1 mixture of boric acid 90 mM 

and Tris base 90 mM, pH = 8.2 (II); boric acid 100 mM titrated with NaOH 1 M to obtain  

pH = 8.5 (III); formic acid 100 mM, pH = 2.4 (IV). With permission from Journal of Planar 

Chromatography [Lewandowska 2017]. 
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Figure 31. Migration distances of target dyes (measured from the application point to 

the spot center): Ponceau 4R (black squares) and Methyl Red (black diamonds) 

observed on cellulose strip (filtrating paper No.1) using different electrolytes. The bars 

connected to the points on this graph correspond to the dye spot size (peak base). 

Separation conditions: ΔV = 500 V; electrophoresis run time, 10 min; separated mass: 

2.5 μg of each dye. Electrolyte label: boric acid 100 mM, pH = 4.3 (I); 1:1 mixture of 

boric acid 90 mM and Tris base 90 mM, pH = 8.2 (II); boric acid 100 mM titrated with 

NaOH 1 M to obtain pH = 8.5 (III); formic acid 100 mM, pH = 2.4 (IV). With permission 

from Journal of Planar Chromatography [Lewandowska 2017]. 
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Figure 32. Optical microscope view of cellulose materials investigated using side light 

visualization mode. Sample labels: filtrating paper (1); office paper (2); Whatman 

chromatography paper (3); thin Japanese paper (4); thick Japanese paper (5); and TLC 

cellulose (6). With permission from Journal of Planar Chromatography [Lewandowska 

2017]. 
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Figure 33. Current values measured on different layers (A) and the relationship 

between current and layer thickness (B). Sample labels: filtrating paper (1); office paper 

(2); Whatman chromatography paper (3); thin Japanese paper (4); thick Japanese 

paper (5); TLC cellulose (6); potato starch (7); TLC polyamide (8), TLC silica gel 60 W 

(9), HPTLC silica gel RP-18W (10), TLC aluminum oxide (11), nutrient agar 451 μm 

(12), nutrient agar 1003 μm (13). Electrophoresis conditions: applied voltage ΔV = 500 

V; run time, 20 min; running electrolyte: boric acid 100 mM, pH = 4.3 (I). With 

permission from Journal of Planar Chromatography [Lewandowska 2017]. 
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Figure 34. Electroplanar separation of Methyl Red (A) and Ponceau 4R (B) dyes on 

various layers. Sample labels: filtrating paper (1); office paper (2); Whatman 

chromatography paper (3); thin Japanese paper (4); thick Japanese paper (5); TLC 

cellulose (6); potato starch (7); TLC polyamide (8), TLC silica gel 60 W (9), HPTLC 

silica gel RP-18W (10), TLC aluminum oxide (11), nutrient agar 451 μm (12), nutrient 

agar 1003 μm (13). Electrophoresis conditions: applied voltage ΔV = 500 V; run time, 20 

min; separated mass: 1.25 μg of each dye; running electrolyte: boric acid 100 mM, pH = 

4.3; scanned as the wet strips. With permission from Journal of Planar Chromatography 

[Lewandowska 2017]. 
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Figure 35. Manual application of graphene oxide water suspension with GO 

concentration ranging between 14–22 mg/mL (A)  on filtrating paper strips: 200 mm × 

20 mm, paper, thickness 100 μm (B,C). With permission from CRC Press Taylor & 

Francis Group [Zarzycki 2020b]. 
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Figure 36. Cellulose fibers from filtrating paper coated with graphene oxide: (A) visible 

light views and (B) SEM images. With permission from CRC Press Taylor & Francis 

Group [Zarzycki 2020b]. 
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Figure 37. Electroplanar migration of Sunset Yellow dye on cellulose strips (filtrating 

paper, active layer length 100 mm): (1A, 1B) blank cellulose layer, (2A, 2B) cellulose 

coated with raw graphene oxide (GO applied from the top and bottom sides), (3A, 3B) 

cellulose strips with raw graphene oxide wall (applied to the top side), (4A, 4B) cellulose 

strips with graphite wall (applied to the top side); Electrophoresis conditions: applied 

voltage ΔV = 500 V; run time = 20 minutes; applied dye mass: 2.5 μg; running 

electrolyte: boric acid 100 mM, pH = 4.9; scanned as the wet strips.  A—RGB picture 

with contrast auto-balance general filter applied; B—blue channel extracted from RGB 

picture. With permission from CRC Press Taylor & Francis Group [Zarzycki 2020b]. 
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Figure 38. Cross-section of glass-based TLC plate with cellulose stationary phase (100 

μm), manually coated with GO suspension in distilled water and dried at room 

temperature (A, raw GO suspension; B, lyophilized GO reconstituted in distilled water; 

C, activated carbon Norit Super SA). With permission from CRC Press Taylor & Francis 

Group [Zarzycki 2020b]. 
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Figure 39. Electroplanar migration of Sunset Yellow and Ponceau 4R dyes on TLC 

cellulose plates: (1) dye sample application, (2) after 20 minutes electrophoresis, (3) 

after 20 minutes electrophoresis in the presence of raw graphene oxide wall, (40) after 

20 minutes electrophoresis in the presence of lyophilized graphene oxide wall, 

Electrophoresis conditions: applied voltage ΔV = 500 V; run time = 20 minutes; applied 

dye mass: 2.5 μg; running electrolyte: boric acid 100 mM, pH = 4.9; scanned as the wet 

strips. Concentration of graphene in water suspension used for preparation of GO 

barriers was 22.7 mg/mL. With permission from CRC Press Taylor & Francis Group 

[Zarzycki 2020b]. 
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Figure 40. Electroplanar separation of Brilliant Blue and Ponceau 4R dyes mixture 

without and with GO vertical wall (perpendicularly to electromigration flow direction). 

Separated dyes: and Ponceau 4R (Dye 1) Brilliant Blue (Dye 2). Presented strips 

correspond to time sequence 0, 5, 10, and 20 minutes of electroseparation on plain 

cellulose based TLC plate (A1) and with graphene oxide barrier (B1). A2 and B2 

gradient maps and profiles correspond to A1 (IV) and B1 (IV) strips. GO barrier was 

prepared from lyophilized material. Concentration of graphene in water suspension 

used for preparation of GO barriers was 22.7 mg/mL. Planar electrophoresis was 

performed on cellulose TLC plate using running electrolyte composed of boric acid 100 

mM (pH 4.9). Remaining electrophoresis conditions: applied voltage ΔV = 500 V; 

separated mass: 1.25 μg of each dye. Resolution parameter (Rs) was calculated using 

formula (Rs) = 2(Lmig1 - Lmig2)/(Wb1 + Wb2), where Lmig1, Lmig2 denote migration 

distance of spot measured at spot maximum profile and Wb1, Wb2 correspond to peak 

base width of substance 1 and 2, assuming that substance 1 migrate far from start line 

than substance 2 (Rs ≥ 0). Total length of strips = 18 cm with 10 cm of TLC active layer 

(≈28 V/cm). Images of microelectropherograms were modified (a global balance filters 

were applied) to increase the contrast for spots for visual evaluation and printing. With 

permission from Elsevier [Zarzycki 2022]. 
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Figure 41. Repulsion effect observed for Ponceau 4R in the presence of GO horizontal 

wall (parallel with electromigration flow direction). Time sequence of electroseparation 

on cellulose based TLC plate with GO horizontal zone (A1), reference dye migration 

without GO zone (B) and dye jet structure formed after 10 minutes of electrophoresis 

and revealed at blue channel of RGB picture (A2 I, II, III, IV). Experimental conditions as 

described in caption of Figure 39. Images of microelectropherograms were modified  

(a global balance filters were applied) to increase the contrast for spots for visual 

evaluation and printing. With permission from Elsevier [Zarzycki 2022]. 
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Figure 42. Rapid screening of organic particles and organic micropollutants that may be 

present in surface water and adsorbed on cellulose with a GO layer: cellulose with 

graphene oxide layer (A), placed inside metal wire mesh pocket (B), adsorbents probe 

in surface water (C), samples after 60 min adsorption (D) various adsorption strips 

preserved and stored in 95 % (v/v) ethanol (E). 
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Figure 43. Rapid screening (fluorescence detection) of organic particles and organic 

micropollutants, which are present in surface water using different adsorption matrices: 

raw cellulose (Lanes A1/B1), cellulose coated with GO (Lanes A2/B2), raw dandelion 

pappus (Lanes A3/B3). Micro-TLC analysis was conducted using two different analytical 

systems: HPTLC RP18WF254S (A) and TLC RP18F254S (B). Separation was 

performed with two different mobile phases composed of 30% (v/v) acetone:n-hexane 

and 20% (v/v) acetone:n-hexane. Analysed samples were collected from the Baltic Sea 

(2020). Micro-TLC images were intentionally modified with a global balance filters, 

which increased the contrast for spots. Presented lane profiles (densitograms) were 

derived from raw and unprocessed files (red channel) using ImageJ 1.42q Wayne 

Rasband freeware (National Institute of Health, USA). With permission from Elsevier 

[Zarzycki 2022]. 

 

. 
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Figure 44. Adsorption of dyes on dandelion pappus after 24 h period. Sample labels: 

P4R - Ponceau 4R; MG - Malachite Green; BB - Brilliant Blue; Row A - dyes solution 

with dandelion pappus after 24 h contact time; Row B - isolated wet dandelion pappus; 

Blank sample - wet dandelion pappus from pure water. 
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Figure 45. Screening test (24 h contact time) of Malachite Green interaction with 

additives investigated; A - raw picture; B - RED RGB channel (8-Bit gray scale); C -

quantitative transsection across 2 mL vials picture. Sample labels: 01 Malachite Green 

blank solution 5 mg/L; 02 Malachite Green blank solution 5 mg/L filtered by cellulose 

membrane; 03 Malachite Green solution 5 mg/L with graphene oxide; 04 Malachite 

Green solution 5 mg/L with activated carbon; 05 Malachite Green solution 5 mg/L with 

β-cyclodextrin; 06 Malachite Green solution 5 mg/L with cellulose; 07 Malachite Green 

solution 5 mg/L with pollen; 08 Malachite Green solution 5 mg/L with dandelion pappus; 

09 Malachite Green solution 5 mg/L with Egyptian Blue type 1.1.1.; 10 Malachite Blue 

solution 5 mg/L with Egyptian Blue type 1.1.1a. after 24 h of contact time. 

Photo acquisition conditions: Panasonic Lumix DMC-SZ10 digital camera (Auto mode).  
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Figure 46. Screening test (24 h contact time) of Brilliant Blue interaction with additives 

investigated; A - raw picture; B - RED RGB channel (8-Bit gray scale); C -quantitative 

transsection across 2 mL vials picture . Sample labels: 01 - Brilliant Blue blank solution 

5 mg/L; 02 - Brilliant Blue blank solution 5 mg/L filtered by cellulose membrane; 03 

Brilliant Blue solution 5 mg/L with graphene oxide; 04 Brilliant Blue solution 5 mg/L with 

activated carbon; 05 Brilliant Blue solution 5 mg/L with β-cyclodextrin; 06 Brilliant Blue 

solution 5 mg/L with cellulose; 07 Brillint Blue solution 5 mg/L with pollen; 08 Brilliant 

Blue solution 5 mg/L with dandelion pappus; 09 Brilliant Blue solution 5 mg/L with 

Egyptian Blue type 1.1.1.; 10 Brilliant Blue solution 5 mg/L with Egyptian Blue type 

1.1.1a. after 24 h of contact time. 

Photo acquisition conditions: Panasonic Lumix DMC-SZ10 digital camera (Auto mode).  
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Figure 47. Screening test (24 h contact time) of Ponceau 4R interaction with additives 

investigated; A - raw picture; B - GREEN RGB channel (8-Bit gray scale); C -

quantitative transsection across 2 mL vials picture . Sample labels: 01 - Ponceau 4R  

blank solution 5 mg/L; 02 - Ponceau 4R blank solution 5 mg/L filtered by cellulose 

membrane; ; 03 Ponceau 4R solution 5 mg/L with graphene oxide; 04 Ponceau 4R 

solution 5 mg/L with activated carbon; 05 Ponceau 4R solution 5 mg/L with β-

cyclodextrin; 06 Ponceau 4R solution 5 mg/L with cellulose; 07 Ponceau 4R solution 5 

mg/L with pollen; 08 Ponceau 4R solution 5 mg/L with dandelion pappus; 09 Ponceau 

4R solution 5 mg/L with Egyptian Blue type 1.1.1.; 10 Ponceau 4 R solution 5 mg/L with 

Egyptian Blue type 1.1.1a. after 24 h of contact time. Photo acquisition conditions: 

Panasonic Lumix DMC-SZ10 digital camera (Auto mode).  
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Figure 48. Applied sequence of quantification protocol for direct determination of 

Brilliant Blue dye in reaction mixtures using microfluidic analytical device based on 

micro-TLC plate. General view and spots arrangements of micro-TLC analytical device 

(A; to increase the contrast of spots for visual evaluation and printing a global balance 

filters were applied); converted picture prepared for spots quantification (B; to increase 

the contrast of spots for visual evaluation and printing a global balance filters were 

applied), Lane cross-section for given calibration spot (C; signal intensity data were 

derived from raw red channel without contrast enhancement); Calibration plot for 

individual m-TLC plate (D). External standard spot (Methyl Red; chromatographed mass 

100 ng/spot) was used for accuracy of retention process and quantitative data 

validation. With permission from MDPI [Zarzycki 2021]. 
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Figure 49. General view of target chemical stock solution (Brilliant Blue 5 mg/mL); (A) 

and additives studied: active carbon (B), lyophilized graphene oxide (C), β cyclodextrin 

(D), raw dandelion pappus without seeds (E), microcrystalline cellulose (F), raw pine 

pollen (G), Egyptian Blue (synthesis 1 EB1-(H); synthesis 2 EB2-(I), and duckweed 

water plant (J). With permission from MDPI [Zarzycki 2021]. 
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Figure 50. Results of thermogravimetric analysis of selected additives: (A) Pine Pollen 

(Atrium), sample mass = 4.5818 mg, 10 K min⁻1, N2 shield and purge highest weight 

losses at 51, 297, 426 and 511oC, initial mass (25 oC) = 4.5818 mg, dry mass (110oC) = 

4.1285 mg, residual mass (550oC) = 0.2885 mg (7.0 %), dry mass loss = 3.8400 mg 

(93.0 % of dry mass), initial hydration = 11.0%; (B) Cellulose microcrystalline, sample 

mass = 5.2403 mg, 10 K min⁻1, N2 shield and purge, highest weight losses at 51.8, 

311.9 and 509.7oC, initial mass (25oC) = 5.2403 mg, dry mass (110oC) = 5.0151 mg, 

residual mass (580oC) = 0.1572 mg (3.1 %), dry mass loss = 4.8579 mg (96.9 % of dry 

mass), initial hydration = 4.5%, suggestions: > heat at 350oC under nitrogen 

flow/atmosphere; (C) Activated Carbon, 10 K min⁻1, N2 shield and purge, highest mass 

loss at 51oC, initial mass (25oC) = 7.30 mg, dry mass (110oC) = 6.426 mg, residual 

mass (600oC) = 5.522 mg (85.9 %), dry mass loss till 600oC = 0.903 mg (14.1 % of dry 

mass), initial hydration = 13.6%. TG analysis was performed at the University of 

Coimbra (Portugal) in collaboration with Prof. Jorge C. Pereira and Prof. Jorge M. C. 

Marques. 
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Figure 51. Factor scores plot (principal component analysis) related to 24 hours 

experiment and calculated from data matrix consisting of Brilliant Blue concentrations at 

different times of experiment duration (variables) and different additives (objects) listed 

in Table 2. Object labels (circles correspond to samples without activated sludge 

addition): water BLANK (1), water and graphene oxide GO (2), water and β-

cyclodextrin CD (3), water and raw dandelion pappus DP (4), water and microcrystalline 

cellulose MC (5), water and raw pine pollen PP (6), water and Egyptian Blue mineral 

pigments EB2 (7), activated sludge AS BLANK (8), activated sludge and graphene 

oxide GO (9), activated sludge and β-cyclodextrin CD (10), activated sludge and raw 

dandelion pappus DP (11), activated sludge and microcrystalline cellulose MC (12), 

activated sludge and raw pine pollen PP (13), activated sludge and Egyptian Blue 

mineral pigments EB 1.1.1a. (14). With permission. With permission from MDPI 

[Zarzycki 2021]. 
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Figure 52. Factor scores plot (principal component analysis) related to 16 days 

experiment and calculated from data matrix consisting of Brilliant Blue concentrations at 

different times of experiment duration (variables) and different additives (objects) listed 

in Table 3. Object labels: water BLANK (1), duckweed water plant DW (2), DW and 

graphene oxide GO (3), DW and β-cyclodextrin CD (4), DW and raw dandelion pappus 

DP (5), DW and microcrystalline cellulose MC (6), DW and raw pine pollen PP (7), DW 

and Egyptian Blue mineral pigments EB 1.1.1. (8), DW and Egyptian Blue mineral 

pigments EB 1.1.1a. (9).With permission. With permission from MDPI [Zarzycki 2021]. 
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Figure 53.  Dendrogram of agglomerative hierarchical cluster analysis involving Ward’s 

method as the aggregation criterion. The graph represents the clustering of reaction 

mixtures (BB concentration) with different additives according to experiment time points 

listed in Table 12 (16 days experiment). Object labels are identical to those listed in 

Figure 52 caption. With permission from MDPI [Zarzycki 2021]. 
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10. ABBREVIATIONS  

AC- activated carbon 

ADI- Acceptable Daily Intake 

AOP- advanced oxidation process 

ARAMIS- Antibiotic and Endocrine Disruptor Removal From Wastewater By    

Absorption In Microfluidics Systems 

AS- activated sludge 

BAT- Brunauer-Emmett-Teller theory 

BB- Brilliant Blue 

 BF- Bożena Fenert 

CD- cyclodextrin 

  DMF- 7,8 dimethoxyflavone 

DP- dandelion pappus 

EDS- Energy Dispersive Spectroscopy 

EFSA- European Food Safety Authority 

FAO- Food and Agriculture Organization  

GO- graphene oxide 

HPTLC- high-performance thin layer chromatography   

JMWTP- Jamno Municipal Wastewater Treatment Plant 

LED- light-emitting diode 

MG- Malachite Green 

MMIP- magnetic molecularly imprinted polymer 

NP- normal phase 

 PA- peak intensity 

PAD- Pressure Activated Devices 

PCA- Principal Component Analysis 

PI- peak area 

pKa - acid dissociation constant 

PKZ.- Paweł Konrad Zarzycki 

PP- pine pollen 

PS- priority substances 

P4R- Ponceau 4 R 

 RGB- color values specified with: red, green, blue 
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Rs- resolution parameter  

SCF- scientific committee for food  

SEM- Scanning Electron Microscopy 

SLR- Single-Lens Reflex 

SPE- solid-phase extraction 

SY- Sunset Yellow 

TGA- thermogravimetric analysis 

TLC- thin layer chromatography 

TUK- Technical Universiti of Koszalin 

WHO- World Health Organization 
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11. ABSTRACT 

PhD Thesis: "Hybrid methods enabling elimination of organic micropollutants 

in water and sewage" 

This PhD manuscript contains new concepts focusing on experimental protocols 

and a proposal of new materials/nanomaterials for hybrid methodologies allowing for the 

elimination of low-molecular-mass organic micropollutants from the water phase. The 

introduction to the manuscript consists of a problem overview and extensive discussion 

of current literature in the field of micropollutants and technological processes for their 

removal. As target micropollutants, four common dyes were selected and investigated: 

Brilliant Blue, Malachite Green, Sunset Yellow and Ponceau 4R. Various experiments 

involving these chemicals were proposed including separation science and biological 

investigations (activated sludge, duckweed organisms). As active matrices, a number of 

both simple and complex substances were investigated, namely: active carbon, 

lyophilized graphene oxide, β-cyclodextrin, raw dandelion pappus, microcrystalline 

cellulose, raw pine pollen, and Egyptian Blue mineral pigments (1.1.1. and 1.1.1a.). A 

new approach for the synthesis of the selected nanomaterials were described in the 

details concerning lyophilised Graphene Oxide and Egyptian Blue dye. These materials 

were extensively characterized using a number of different physicochemical methods 

such as SEM, EDS, Raman and FTIR. In addition, new simple analytical protocols 

based on direct colorimetry and/or microplanar chromatographic separation for the fast 

estimation and quantification of target micropollutants during elimination studies were 

elaborated. Molecular interactions between inorganic adsorbents and various 

biopolymers (cellulose in different forms, potato starch, nutrient agar, TLC cellulose, 

TLC polyamide, TLC silica gel 60 W, HPTLC silica gel RP-18W), nanoparticle additives 

(graphene oxide) and selected charged micropollutants (organic dyes ions) were 

investigated using electroplanar separation protocols. The results of these studies 

enabled the rapid and preliminary selection of further active matrices in ion form for 

elimination from the water phase. As a side effect of the conducted research, it has 

been found that cellulose coated with graphene oxide can be applied as an efficient 

adsorbent for the analytical application of micropollutants.  

Using a number of active additives described in this PhD dissertation, two 

experiments were proposed and performed as multivariate procedures in different 

modes (24-hour and 16-day). Due to the multivariate nature of the proposed 

experiments, quantitative data were explored with chemometric tools including AHC 
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(agglomerative hierarchical clustering), PCA (principal component analysis), and FA 

(factor analysis). Based on a simple colorimetric test (24h) involving three dyes: BB, 

P4R, MG, Brilliant Blue dye was selected for follow up investigations due to its high 

stability. Multivariate data analysis resulting from PCA and AHC object grouping may 

suggest a potential effect of the given additive on BB elimination, particularly in the 

cases of graphene oxide, microcrystalline cellulose, duckweed, pine pollen, and 

Egyptian Blue pigment. Experimental data and multivariate calculations revealed that 

BB is strongly resistant to biodegradation, however, inclusion complex formations with 

β-cyclodextrin may induce degradation of this dye in the presence of duckweed. It is 

hoped that the results of the experimental work performed can be used in the design of 

future experiments for the fast screening of different additives and the improvement of 

technological processes focusing on the purification of sewage and water from 

micropollutants. 
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12. STRESZCZENIE 

Praca doktorska: "Hybrydowe metody eliminowania mikrozanieczyszczeń 

organicznych z wody i ścieków" 

W niniejszej rozprawie doktorskiej przedstawiono szereg nowych propozycji 

dotyczących badań eksperymentalnych oraz nowych materiałów (w tym 

nanomateriałów) umożliwiających eliminację małocząsteczkowych 

mikrozanieczyszczeń organicznych z fazy wodnej, w procesach o charakterze 

hybrydowym. Wstęp pracy zawiera opis problemu mikrozanieczyszczeń w różnych 

kontekstach oraz usuwanie tych substancji w procesach technologicznych oczyszczania 

ścieków komunalnych. Jako mikrozanieczyszczenia wybrano oraz badano cztery 

barwniki: Błękit Brylantowy, Zieleń Malachitową, Żółcień Pomarańczową i Czerwień 

Koszenilową. Praca opisuje szereg badań w/w barwników w różnych warunkach, 

włączając w to techniki rozdzielania oraz organizmy żywe (osad czynny, rzęsa wodna). 

Jako materiały aktywne będące aktywnymi składnikami wielowariancyjnych 

eksperymentów hybrydowych użyto: węgiel aktywny, liofilizowany tlenek grafenu, β-

cyklodekstrynę, puch mniszka lekarskiego, pyłek sosnowy, celulozę mikrokrystaliczną 

oraz dwa rodzaje Błękitu Egipskiego. W pracy opisano modyfikowane procedury 

syntezy dwóch nanomateriałów: liofilizowanego tlenku grafenu oraz mikronizowanego 

Błękitu Egipskiego. Jakość otrzymanych produktów była sprawdzona poprzez badania 

fizykochemiczne, obejmujące analizy SEM, EDS, widma Ramana i FTIR. Dodatkowo 

opracowano metody analityczne (jakościowe oraz ilościowe) oznaczania barwników w 

trakcie procesów eliminacji z fazy wodnej, w oparciu o techniki kolorymetryczne oraz 

rozdzielania na płytkach mikro-TLC. Za pomocą chromatografii elektroplanarnej 

zbadano oddziaływania międzycząsteczkowe pomiędzy adsorbentami nieorganicznymi, 

różnymi biopolimerami (różne formy celulozy, mąka ziemniaczana, agar odżywczy, 

komercyjne płytki do TLC pokryte celulozą, poliamidem, żelem krzemionkowym typ 60 

W, płytki do HPTLC pokryte żelem krzemionkowym typ RP-18W), jak również 

dodatkami nanocząsteczek (tlenek grafenu), a wybranymi jonami barwników. Uzyskane 

rezultaty umożliwiają szybki dobór aktywnych matryc do eliminacji mikrozanieczyszczen 

w postaci jonów organicznych z fazy wodnej, wykorzystując zjawisko barierowania. 

Dodatkowo, uzyskane wyniki wskazują na możliwość zastosowania warstw 

cellulozowych, modyfikowanych tlenkiem grafenu, jako efektywnych i selektywnych 

adsorbentów do zastosowań analitycznych (analiza ilościowa mikrozanieczyszczeń w 
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wodach powierzchniowych). 

W opisanej pracy eksperymentalnej zaproponowano dwa doświadczenia, 

umożliwiające analizę wielowariancyjną otrzymanych wyników: test 24 godzinny oraz 16 

dniowy. Uzyskane dane ilościowe były analizowane przy pomocy algorytmów analizy 

czynnikowej (PCA, FA, AHC). Przeprowadzone badania kolorymetryczne, z 

wykorzystaniem próbek testu 24 godzinnego z barwnikami BB, P4R oraz MG wykazały, 

że cząsteczki BB są najmniej podatne na usuwanie z fazy wodnej. Wyniki analizy 

chemometrycznej, grupowania obiektów w oparciu o PCA i AHC, sugerują potencjalną 

możliwość eliminacji BB poprzez dodatki tlenku grafenu, celulozy mikrokrystalicznej, 

pyłku sosnowego, błękitu egipskiego oraz rzęsy wodnej. Wykazano, że w warunkach 

prowadzenia eksperymentu najbardziej efektywnym dodatkiem jest β-cyklodekstryna w 

obecności rzęsy wodnej. Zjawisko to może wynikać z tworzenia kompleksów 

inkluzyjnych i zwiększonej bioadsorpcji takich kompleksów z wody. W ocenie Autorki, 

przeprowadzone wyniki badań umożliwią w przyszłości projektowanie dedykowanych 

systemów hybrydowych do usuwania z wody i ścieków różnych mikrozanieczyszczeń 

organicznych. 
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13. SUPPLEMENTS LIST 

 

[S1] Raman spectra of carbon materials used in laboratory tests. 

 

Raman spectra of carbon materials used in laboratory tests. Activated carbon Norit SA 

Super; commercial graphene oxide—GO_C, graphene oxide—GO_T1 (after 3 weeks 

from synthesis time); graphene oxide—GO_T2 (after 36 weeks from synthesis time); 

graphene oxide after air drying—GO_AD and GO after lyophilization GO_L 

[Piaskowski 2020; Figure 4, page 5869; with permision from MDPI] 
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[S2] Copy of permission from Danish Defence authorities to conduct research cruse 

inside Danish territorial waters.  
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[S3] Copy of Provisional Research Report concerning research cruise on the Baltic Sea 

with the polish research vessel  S/Y Tobias; Koszalin, 02.09.2020 
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[S4] Factor analysis od data matrices generated during the 16 days esperiment. 

 

 F1 F2 F3 F4 F5 F6 

Eigenvalue 4,784 1,068 0,060 0,038 0,035 0,015 

Variability 
(%) 79,737 17,793 1,003 0,634 0,579 0,254 

Cumulative 
% 79,737 97,530 98,533 99,167 99,746 100,000 
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[S5] First pages of the own publications 
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[S6] YouTube presentations that were created by P.K.Z., partially as the research 

performed for this PhD thesis. These movies summarize and illustrate various aspects 

of experiments performed: collecting of adsorbing biomaterials, sampling collection 

during research cruises on the Baltic Sea and Polish inland lakes, research presentation 

during research workshop at Kusy Dwór (Czaplinek/Drawsko Lake) as well as Egyptian 

Blue synthesis.  

 

1. SeaHungry human droid is devouring of dandelion seeds (RoSSY project). 

 

Video link: https://youtu.be/SlVAbeF6tYw 

 

2. Incoming publication reporting bioanalysis of water ecosystems via 

microseparation (RoSSY project). 

Video link: https://youtu.be/KrdhRKXsoHs 

 

3. Incoming publication: nanomaterials and quantitative microfluidic device in action. 

 

Video link: https://youtu.be/m4NO-GRrkfE 

 

 

4. Bornholm research cruise with S/Y Tobias (the RoSSY project 2020). 

 

Video link: https://youtu.be/QK7JKqBS47k 
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5. Research workshop focusing on various hybrid systems. Drawsko Lake, Poland 

(RoSSY project) 

 

Video link: https://youtu.be/I6pdgvcIlIo 

 

6. Synthesis of miraculous ancient pigment by human droids. 

 Video link: https://youtu.be/Ou5OG1tFvbQ 

 

7. RoSSY bioanalytical/environmental research: pipe microsampler for underwater 

sediments collection 

 Video link: https://youtu.be/IKaI663KMAo 

 

 

https://youtu.be/IKaI663KMAo

