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Production of ethanol from wheat straw
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This study proposes a method for the production of ethanol from wheat straw lignocellulose where the raw mate-
rial is chemically processed before hydrolysis and fermentation. The usefulness of wheat straw delignifi cation was 
evaluated with the use of a 4:1 mixture of 95% ethanol and 65% HNO3 (V). Chemically processed lignocellulose 
was subjected to enzymatic hydrolysis to produce reducing sugars, which were converted to ethanol in the process 
of alcoholic fermentation. Chemical processing damages the molecular structure of wheat straw, thus improving 
ethanol yield. The removal of lignin from straw improves fermentation by eliminating lignin’s negative infl uence on 
the growth and viability of yeast cells. Straw pretreatment facilitates enzymatic hydrolysis by increasing the content 
of reducing sugars and ethanol per g in comparison with untreated wheat straw. 
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INTRODUCTION

 Global economic growth contributes to a rapid incre-
ase in the consumption of traditional energy sources. 
According to numerous energy consumption analyses, 
the progressing depletion of fossil fuels calls for new 
initiatives on the market of renewable energy. Biomass 
is one of alternative energy sources1, 2. At present, only 
5 billion out of 150 billion tons of biomass harvested 
each year are processed into food. Biomass is not used 
for energy generation to the extent permitted by the 
existing technology3, 4, 5. Renewable energy sources are 
becoming increasingly important in the energy balance 
of the country, and they are a characteristic feature of 
innovative and forward-looking economies (Kogut et al. 
2012)6. Energy can be generated from biomass by com-
bustion, gasifi cation, ethanol and methanol fermentation 
or by using oilseed crops as a source of fuel. According 
to Nguyen et al. (2013)7, energy generated from straw 
by gasification seems to be more environmentally-
-friendly than that produced by straw combustion. In 
comparison with natural gas, the heating value of straw 
is low at 13.5÷19.0 MJ ∙ kg–1, and it is determined by 
the type of straw and its relative moisture content. The 
combustion of fossil fuels produces harmful emissions 
to ambient air, mainly CO2, which contribute to the 
greenhouse effect. The use of straw as an alternative 
source of energy could reduce global warming and the 
depletion of fossil fuels7, 9, 10. The energy value of two 
tons of wood or straw is equivalent that that of one ton 
of high-quality hard bituminous coal. Biomass yield per 
hectare of farmland is estimated at 10–12 tons, i.e. the 
equivalent of 5–10 tons of coal11. One of the methods of 
generating energy from biomass is alcoholic fermentation. 
Simple sugars are converted into ethanol by yeasts12, 13. 
Ethanol is dehydrated and used to enhance or substitute 
petroleum12, 14, 15, 16, 17. 

Biomass-derived products are suitable for human 
consumption, therefore they constitute an expensive 
source of energy. Lignocellulosic biomass, including 
wood, food and agricultural wastes, oilseed crops and 
other raw materials containing cellulose, pose a less 
costly alternative18, 19. Cellulose resources are abundant 
in nature. Cellulose does not constitute a human food 
source, therefore, it is a relatively cheap source of 
energy and bioethanol20, 21, 22. In Brazil, the food pro-
cessing sector generates 587 million tons of waste per 
year. New solutions are required for managing valuable 
plant resources for energy generation purposes22. In the 
United Kingdom, wheat straw is a potential resource 
for the production of second-generation biofuels8, 23. 
Integrated measures are initiated by the EU countries 
to encourage the production of biomass fuels and pro-
vide farmers with the relevant support. Pursuant to the 
provisions of Directive 2009/28/EC on the promotion of 
the use of energy from renewable sources25, the share 
of renewable fuels for transport has to reach 10% in 
every Member State by 2020. The above requirement 
will lead to a substantial increase in the production of 
inedible biomass23, 24. The aim of the above Directive is 
to replace bioethanol produced from edible plants with 
bioethanol obtained from inedible biomass, including 
plant waste. Biofuels produced from lignocellulose and 
waste will lower CO2 emissions. Despite those advanta-
ges, the energy inputs and costs associated with biomass 
conversion to bioethanol are higher for biofuels derived 
from inedible resources (advanced generation biofuels) 
than edible crops26, 27. Relatively few high-effi ciency sys-
tems for the conversion of inedible biomass into biofuels 
have been developed on the industrial scale. The largest 
industrial system for bioethanol production from straw 
is operated in Crescentino, Italy28.

A vast surplus of straw, a potential source of solid 
biomass, exists in western Poland. According to estima-
tes, 50 to 70% of that surplus is suitable for industrial 
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processing. In Poland, biomass resources that could be 
used for energy generation are estimated at more than 
10–11 million tons of straw waste29. In Poland, only 7% 
of biomass is used for energy, whereas the average for 
the EU is 20%30. Alternative sources of energy such 
as cellulosic biomass, in particular wheat straw, limit 
energy generation from edible crops and ensure the use 
of sustainable biofuels only5, 10, 17, 23, 31.

Lignin provides plants with the structural support 
needed for an erect growth habit. Lignin surrounds 
cellulose and hemicellulose molecules, making their 
extraction diffi cult. Similarly to starch molecules, cellu-
lose molecules are made up of long chains of glucose 
molecules, but with a different confi guration. Due to 
their specifi c structural properties, cellulosic materials 
are much more diffi cult to hydrolyze than starch20, 32–36. 
The aim of this study was to evaluate the suitability of 
wheat straw for the production of ethanol fuel and to 
determine the effect of chemical pretreatment of wheat 
straw on the content of reducing sugars after hydrolysis 
and ethanol yield after alcoholic fermentation. 

MATERIAL AND METHODS

The experimental materials were: wheat straw harvested 
in a farm in Święta, municipality of Złotów, Region of 
Wielkopolska, with the involvement of traditional farm-
ing methods. Avicel PH-101 (Sigma Aldrich) powdered 
microcrystalline straw with 50 μm grain size was used 
as control. It was dissolved in octane buffer with pH 4.7 
and subjected to hydrolysis and fermentation with the 
use of the same enzymatic preparations and yeasts that 
were applied to straw wheat samples. Wheat straw (10 g 
dry matter) was ground in a colloid mill into 1-mm long 
particles, and it was chemically treated with a 4:1 mixture 
of 95% ethanol and 65% nitric (V) acid according to 
the method proposed by Kürschner–Hoffer37. The aim 
of preliminary treatment was to damage lignin structure 
and increase enzyme accessible space in cellulose. Hy-
drolysis was carried out using two commercial enzymatic 
preparations: cellulase containing Trichoderma reesei 
ATCC 26921 (Sigma Aldrich) and cellobiose containing 
Aspergillus niger (Novozym 188). Enzymatic hydrolysis 
was conducted at 47°C for 72 hours. The hydrolysate 
was separated from cellulose residues and subjected to 
alcoholic fermentation. The fermentation process was 
carried out with the use of Saccharomyces cerevisiae 
Fermentis Ethanol Red (Leaf Technologies), a selected 
yeast strain for industrial production of ethanol, at a 
temperature of 37°C for 96 h. At 35°C, the applied yeast 
strain is capable of concentrating ethanol to 18% v/v. It is 
also characterized by high viability and resistance to high 
ethanol concentrations in mash. The ethanol content of 
the analyzed samples and the viability and count of yeast 
cells were determined. The ethanol production process 
was conducted in three replications. Hydrolysate samples 
were assayed for the content of total reducing sugars 
and ethanol after fermentation. The content of reduc-
ing sugars and ethanol concentrations were expressed 
as mean values from three replications.

The dry matter content of unprocessed straw was 
determined in accordance with Polish Standard PN-
90/A-75101/03, cellulose content – by the method pro-

posed by Kürschner–Hoffer37, and the content of Klason 
lignin – by the method described by Rodrigues3. Two 
replicate determinations were made. 

The content of reducing sugars after enzymatic hydroly-
sis of cellulose was determined quantitatively with the use 
of 3,5-dinitrosalicylic acid under alkaline conditions. The 
concentrations of the stained compound were measured 
in the Helios spectrometer at 540 nm wavelength. In the 
analyzed samples, glucose levels could be determined 
quantitatively due to the non-specifi city of the applied 
method where DNS reduction (3,5-dinitrosalicylic acid 
reduction) was a measure of the sample’s general re-
ducing ability. Glucose concentrations were determined 
by comparing absorbance results with the absorbance 
profi les of reference solutions39. 

The counts and viability of yeast cells in fermentation 
solutions were determined directly under a light micro-
scope with a Thoma counting chamber with the use of 
0.01% methylene blue solution. Cells were counted in 
minimum 60 small squares (not less than 700 yeast cells) 
to improve the reliability of results. 

The amount of ethanol produced during decomposi-
tion of wheat straw cellulose was determined with the 
use of the ROCHE40 kit (Enzymatic BioAnalysis/Food 
Analysis) that relies on UV radiation to measure ethanol 
concentrations in food products.

RESULTS 

Straw is a lignocellulosic material and an agricultural 
by-product. Its main components are cellulose, hemicel-
lulose, lignin, nitrogen compounds and ash. The exact 
composition of straw is determined by its type and 
variety41. On average, straw contains 35–50% cellulose, 
15–30% hemicellulose, 20–30% lignin and smaller amo-
unts of ash and other compounds41, 42.

The dry matter content of straw was determined at 
91.5%. The content of Klason lignin reached 28.4%. 
Klason lignin is the lignin fraction remaining after hy-
drolysis of lignocellulosic material with sulfuric (VI) acid. 
Klason lignin and lignin dissolved in sulfur acid make 
up the total lignin content of lignocellulosic materials38. 
The analyzed wheat straw contained 39.5% cellulose. 
An image of untreated and treated straw samples is 
presented in Figure 1. 

The objective of this study was to determine the effect 
of wheat straw pretreatment on enzymatic hydrolysis and 
the production of reducing sugars, which are converted 
into ethanol by S. cerevisiae yeasts during the fermen-
tation process. 

Lignin is one of the key factors limiting straw’s potential 
for bioethanol production. Cellulose forms complexes 
with lignin, and in straw with high lignin content, cellulose 
is diffi cult to extract by hydrolysis. In this experiment, 
lignin was removed from wheat straw by a 4:1 mixture of 
nitric acid and ethanol. Preliminary processing of wheat 
straw increased the content of reducing sugars after hy-
drolysis and the content of ethanol after fermentation. 
Similar results were reported by Ruiz et al. (2011)43 
who also removed lignin from wheat straw. The cited 
authors attributed the observed increase in the content 
of reducing sugars to lignin separation from cellulose 
and an increase in enzyme accessible space.
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Delignifi cation produced microcrystalline cellulose 
that was dried and hydrolyzed by T. reesei and A. niger 
cellulolytic enzymes. Both fungi produce large quantities 
of extracellular cellulases for decomposing microcrystal-
line cellulose, and they are popularly used in the food 
industry44, 45. 

Traditional ethanol production methods were based 
on conventional techniques of enzymatic hydrolysis and 
fermentation of sugars from starch decomposition, with 
the use of S. cerevisiae yeasts. Fermentation took place 
inside cells which produce fermentation enzymes –de-
carboxylase and alcohol dehydrogenase46.

In this experiment, all samples (processed wheat straw, 
unprocessed wheat straw, microcrystalline cellulose – 
control) were incubated at 47°C for 72 h. Specimens 
for analysis were collected every hour for 12 hours, and 
then every 12 hours for three days. Changes in gluco-
se levels during enzymatic hydrolysis are presented in 
Figures 2 and 3.

Raw wheat straw cannot be degraded by hydrolysis, 
and it was processed to make it susceptible to hydrolytic 
enzymes. The highest glucose concentration of 82.67 
g ∙ dm–3 hydrolysate was observed in processed wheat 
straw after 48 hours. Hydrolysis results for untreated 
straw and control straw were nearly identical, i.e. less than 
20 g ∙ dm–3 reducing sugars was released. The content 
of reducing sugars in delignifi ed straw was more than 
four-fold higher than in untreated straw. 

Saha and Cotta (2007)47 hydrolyzed lime-treated whe-
at straw and observed that the content of glucose and 
total reducing sugars increased with a rise in calcium 
hydroxide [Ca(OH)2] concentrations during prelimina-
ry treatment. The infl uence of the Ca(OH)2 dose was 
always much greater than that of treatment time. Total 
sugar content increased from 247 ±6 mg to 451 ±3 mg 
(83% increase in sugar release) when the lime dose was 
increased from 25 to 100 mg per g of straw. Total sugar 
content increased from 410 ±4 mg to 451 ±3 mg (by 
10%) when pretreatment time was increased from 6 
minutes to 1 hour. The highest total sugar content (451 
±3 mg ∙ g–1 straw, 252 ±6 mg of glucose, 173 ±3 mg 
of xylose, 27 ±2 mg of arabinose; 65% conversion) was 

Figure 1. Flow diagram of bioethanol production from 
wheat straw

Figure 2. Wheat straw: 1 – untreated, 2 – chemically 
treated

Figure 3. Changes in the content of reducing sugars during 12 hours of enzymatic hydrolysis
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cing sugars (Figs. 2 and 3) and ethanol (Fig. 4) after 
fermentation (4.09 g ∙ dm–3) than unprocessed, lignin-
-containing straw (1.23 g ∙ dm–3). 

The observed yeast cell counts (Table 1) indicate that 
fermentation was not adversely infl uenced by deligni-
fi cation. Differences  in yeast viability were observed 
between samples of processed and unprocessed straw. 
Straw pretreatment increased the viability of cultured 
yeast cells due to a higher content of sugars fermenting 
in the hydrolysate.

Despite differences in yeast cell counts between samples 
of processed and unprocessed straw, the total number 
of viable cells was too low for effective bioethanol pro-
duction. The above could be attributed to insuffi cient 
access to nitrogen sources or the presence of residues 
from chemical pretreatment. The problem could be ad-
dressed by using a yeast growth medium, which would 
enhance the viability of yeast cells and increase ethanol 
yield per g of wheat straw.

achieved at the Ca(OH)2 dose of 100 mg and 1 hour 
of pretreatment.

Szczodrak (1998)48 hydrolyzed wheat straw under 
alkaline conditions to obtain 2.4% (w/v) ethanol from 
10% (w/v) chemically processed straw in 48 hours. 
When, in addition to the enzyme extracted from T. 
reesei, β-glucosidase from A. niger was included in the 
hydrolysis process, ethanol concentration increased to 
3%, and treatment time was reduced to 24 hours. Ac-
cording to Han et al. (2012)49 and Silva et al. (2012)50, 
the effi ciency of enzymatic hydrolysis of cellulosic bio-
mass can be increased by grinding and pretreating raw 
material under alkaline conditions. In the cited studies, 
the effi ciency of enzymatic hydrolysis increased with a 
rise in NaOH concentrations, and the highest content 
of reducing sugars was noted at 1% NaOH. Alkaline 
pretreatment is generally more effective in facilitating 
the hydrolysis of agricultural waste and herbaceous plants 
than woody plants51. 

Detroy et al. (1981)52 converted wheat straw to ethanol 
and demonstrated that raw straw pretreated with 2% 
NaOH for 4 hours and subjected to enzymatic hydrolysis 
was responsible for 76% cellulose conversion, whereas 
straw pretreated under acid/alkaline conditions supported 
only 43% conversion. Hemicellulose, a polymer composed 
of pentoses, hexoses and sugar acids, can be easily co-
nverted to monomeric sugars by applying diluted H2SO4 
at higher temperatures53 and intensifying the process with 
the use of supercritical CO2 and steam18. Research into 
cellulose processing revealed that pretreatment costs can 
be reduced by recycling the solvent. 

The results of our study indicate that lignin removal 
during the pretreatment of wheat straw signifi cantly 
increases ethanol yield. Pretreated wheat straw was 
characterized by a signifi cantly higher content of redu-

Table 1. Counts and viability of yeast cells in the analyzed samples after fermentation

Figure 5. Ethanol concentrations in samples after fer-
mentation

Figure 4. Changes in the content of reducing sugars during 72 hours of enzymatic hydrolysis
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CONCLUSIONS

The following conclusions can be formulated based 
on the results of this study:

– Delignifi cation of wheat straw increases the effi -
ciency of enzymatic hydrolysis and increases glucose 
concentrations nearly four-fold in comparison with 
unprocessed straw.

– Ethanol concentrations reached 0.4 g per 1 g (dry 
matter) of pretreated wheat straw, but only 0.1 g per 
1 g (dry matter) of untreated wheat straw.

– Chemical pretreatment of wheat straw increased 
ethanol yield three-fold.

– Delignifi cation does not inhibit the growth of yeast 
cells and has no adverse effects on yeast viability.

– Chemical pretreatment of wheat straw does not 
inactivate cellulolytic enzymes secreted by Trichoderma 
reesei and Aspergillus niger.
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Abstract: Background: Common buckwheat (Fagopyrum esculentum Moench) is an annual

spring-emerging crop that is classified among the dicotyledons, due to the manner of its cultivation,

use, and chemical composition of seeds. The use of buckwheat straw for energy purposes—for

example, for the production of second generation bioethanol—might enable its wider application

and increase the cost-effectiveness of tillage. Methods: In this study, we examined the usability

of buckwheat straw for the production of bioethanol. We pretreated the raw material with ionic

liquids and subsequently performed enzymatic hydrolysis and alcoholic fermentation. The obtained

chemometric data were analyzed using the Partial Least Squares (PLS) regression model. PLS

regression in combination with spectral analysis within the near-infrared (NIR) spectrum allowed

for the rapid determination of the amount of cellulose in the raw material and also provided

information on the changes taking place in its structure. Results: We obtained good results for

the combination of 1-ethyl-3-methylimidazolium acetate as the ionic liquid and Cellic CTec2 as the

enzymatic preparation for the pretreatment of buckwheat straw. The highest concentration of glucose

following 72 h of enzymatic hydrolysis was found to be around 5.5 g/dm3. The highest concentration

of ethanol (3.31 g/dm3) was obtained with the combination of 1-butyl-3-methylimidazolium acetate

for the pretreatment and cellulase from Trichoderma reesei for enzymatic hydrolysis. Conclusions:

In summary, the efficiency of the fermentation process is strictly associated with the pool of available

fermenting sugars, and it depends on the type of ionic liquid used during the pretreatment and on the

enzymatic preparation. It is possible to obtain bioethanol from buckwheat straw using ionic liquid

for pretreatment of the raw material prior to the enzymatic hydrolysis and alcoholic fermentation of

the material.

Keywords: bioethanol; biomass; buckwheat straw; ionic liquid; pretreatment
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1. Introduction

Common buckwheat (Fagopyrum esculentum Moench) is an annual spring-emerging crop that is

classified among the dicotyledons; yet, due to the manner of its cultivation and use, and the chemical

composition of its seeds, it is classified as a pseudocereal. The buckwheat stem grows up to a height

of 60–100 cm and bears branches; it contains pigments such as anthocyanins [1]. The advantage of

buckwheat cultivation is that it is a low-soil forecrop whose demands are associated with its capacity

to absorb components that are poorly available to other plants and thus better uses soil fertility. Poland

is a large producer of buckwheat (118,562 t), and according to FAO data (FAO Reports, 06.09.2018),

it ranks fifth in terms of global buckwheat production. Russia (1,186,333 t) occupies the first place,

followed by China (404,259 t), Ukraine (176,430 t), and France (122,206 t). The use of buckwheat straw

for energy purposes—for example, for the production of second generation bioethanol—might enable

its wider application and increase the cost-effectiveness of tillage. Pretreatment of biomass is a crucial

step in this conversion. In this context ionic liquid pretreatment of biomass has received much attention

lately. The work presented her investigates the effect of pretreatment of chosen lignocellulosic materials

with ionic liquids to increase the enzymatic degradation into monosaccharides and to the alkoholic

fermentation. However, since the physico-chemical characteristics vary considerably between the

different lignocellulosic materials, it is necessary to adopt suitable pretreatment technologies based on

the properties of each raw material [2].

One of the methods of pretreatment of compound raw materials of the lignocellulosic complex

is the treatment of raw material with ionic liquids [3]. Ionic liquids are organic solvents with a

melting point below 100 ◦C; they consist of large organic cations and minor inorganic anions [4,5].

Advantages of these “green solvents” include the possibility to select from a large range of cations and

anions, which enables the design of liquids for specific use [3]. Some of the properties of ionic liquids

can be tuned to deliver a specific purpose such as melting point, thermal stability, refractive index,

acid-base character, hydrophilicity, polarity, density, and viscosity [4]. The capacity of ionic liquids

to dissolve cellulosic and lignocellulosic biomass is a commonly studied topic in the search for new

production methods for liquid biofuels. However, the mechanism of action of ionic liquids is not fully

understood. An important aspect in the purification of lignocellulose with ionic liquids is the reduction

of the crystallization of cellulose after the use of treatments that influences the use of the highest

possible concentration of fermenting sugars; that is, after enzymatic hydrolysis [6]. Pretreatment of

biomass is a crucial step in this conversion of sugar to alcohol. In this context, pretreatment of biomass

using ionic liquids has recently received much attention [7]. Therefore, in this study, we aimed to

investigate the effect of pretreatment of selected lignocellulosic materials with ionic liquids in order

to increase the enzymatic degradation and produce monosaccharides and thereby to increase the

alcoholic fermentation. However, since physicochemical characteristics vary considerably between the

different lignocellulosic materials, it is necessary to adopt suitable technologies of pretreatment based

on the properties of each raw material [2]. In order to be able to use ionic liquids in the future for

biomass processing on an industrial scale, several aspects related to the recycling of ionic liquid after

dissolving cellulose (lignin purification and ionic liquid dehydration) as well as thermal stability of the

ionic liquid mixture with biomass should be clarified. Some scientific studies indicate that imidazolic

ionic liquids lose their thermal stability at temperatures above 100 ◦C [3]. Therefore, in this study,

we aimed to assess the possibility of using buckwheat straw for the production of ethyl alcohol with

the use of various ionic liquids for the pretreatment of the biomass. The task of ionic liquids is to

change the structure of cellulose fibers from crystalline to amorphous, increasing the space between the

fibers and removal of lignin—the inhibitor of the subsequent hydrolysis and fermentation processes.

To this end, 4 different ionic liquids were used for buckwheat pretreatment. Moreover, a variant where

buckwheat straw was treated with 2 ionic liquids was verified (in a cascade system). The objective of

this treatment was the removal of lignin with the use of EMIM Cl and change of the cellulose structure

and disrupt the bonds between fibers via EMIM OAc.



Energies 2019, 12, 2014 3 of 14

2. Materials and Methods

2.1. Raw Material

Buckwheat straw (stems of common buckwheat) were collected in September 2018 from a field

with a surface area of 12 ha (Kosciernica, Poland). The material was dried in a convection dryer at a

temperature of 85 ◦C to reach a water content of 5%, and subsequently ground in a colloidal mill (Probs

& Class, Rastatt, Germany). The contents of dry weight, cellulose, lignin, and hemicellulose were

determined in the straw. The ground material was subjected to enzymatic hydrolysis and fermentation,

both without prior pretreatment and with the use of material purification with four ionic liquids in

order to select the correct solvent to increase the proportion of cellulose and hemicellulose fibers

available to cellulolytic enzymes.

2.2. Ionic Liquids

Four types of ionic liquids were used in the pretreatment of the raw material:

1-ethyl-3-methylimidazolium acetate (EMIMOAc), 1-butyl-3-methylimidazolium acetate (BMIMOAc),

1-ethyl-3-methylimidazolium diethyl phosphate (EMIMDEP), and 1-ethyl-3-methylimidazolium

chloride (EMIMCl). One of the samples was subjected to two-fold purification with the use of

EMIMOAc and then with EMIMCl. Briefly, 5 g of buckwheat straw was dissolved in 50 cm3 of the given

ionic liquid and then heated to 120 ◦C for 2 h. Then, the material was brought to room temperature

(allowed to cool to room temperature) and then deionized water was added, which resulted in the

precipitation of lignocellulose. The material was washed several times with deionized water and then

dried at 105 ◦C for 1.5 h. In the case of using a double treatment with ionic liquids (EMIMOAc and

EMIMCl), first 5 g of biomass was dissolved in 50 cm3 EMIMCl (120 ◦C, 2 h), subsequently the ionic

liquid was rinsed with water, and the material was dried at 105 ◦C for 1.5 h. The dried material was

treated once again using EMIMOAc (120 ◦C, 2 h) and biomass was precipitated from IL and dried at

temperature 105 ◦C for 1.5 h.

2.3. Enzymatic Hydrolysis

In the process of enzymatic hydrolysis, three cellulolytic agents were used: cellulase from

Aspergillus species (≥1000 units/g; aqueous solution, Merck, Germany), cellulase from Trichoderma

reesei (≥700 units/g, aqueous solution; Merck, Germany), and Cellic CTec2 (223 FPU/mL; aqueous

solution, Merck, Germany). The conditions of hydrolysis were adjusted to the requirements specified

in the manufacturer’s guidelines; in the case of cellulase from T. reesei (20 U·g−1 d.m. biomass) and

from Aspergillus species (20 U·g−1 d.m. biomass), the temperature of hydrolysis was equal to 47 ◦C at

pH 4.8. In the case of the Cellic CTec2 (25 FPU g−1 d.m. biomass) agent, the temperature of hydrolysis

was equal to 50 ◦C at pH 5.0. In the process of hydrolysis, 0.5 g of buckwheat straw (98.7% dry

weight) was dissolved in 50 cm3 of acetate buffer (50 mM) and saccharified for 96 h under continuous

stirring in a shaker at 150 rpm. After this, the samples were decanted, and the solution was used for

alcoholic fermentation.

2.4. Alcoholic Fermentation

Hydrolysate solutions previously filtered to separate the lignocellulose residue were subjected to

alcoholic fermentation. The pH of the fermentation broth was measured at each sampling and adjusted

to 5.0 by addition of either 10 wt.% H2SO4 or 20 wt.% NaOH. Solutions after enzymatic hydrolysis

(40 cm3) were separated from the solid fraction of lignocellulose and transferred to 50 cm3 fermentation

flasks sealed with a fermentation bung, and filled with distilled water. Fermentation was started by

the addition of freeze-dried distiller’s yeast: Saccharomyces cerevisiae type II (Sigma-Aldrich, Germany)

(5% w/v). Ethanol fermentation was conducted for 4 days, at a temperature of 36 ◦C, with shaking at

100 rpm. Samples were taken and analyzed for ethanol concentrations after fermentation. The yeast
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cell population and viability were determined by a direct microscopic count in a counting chamber

after staining with methylene blue.

2.5. Analytical Methods

In order to examine the influence of ionic liquids on the structure of lignocellulose and on

the amount of available cellulose, all samples were tested for their content of cellulose, lignin, and

hemicellulose (Ankom A200; ANKOM Technology); the crystalline structure of the samples was

recorded using a scanning electron microscope (SEM), electron microscope and NIR spectrum. The

morphology of cellulose fibers in buckwheat straw samples prior to and after ionic liquid pretreatment

was recorded using an SEM FEI Quanta 200 Mark 2. Multidimensional analysis of primary components,

i.e., the principal component analysis (PCA), was used to indicate the significance of the influence

of individual factors in the given variant on the content of free cellulose fibers and the effects of

interactions between individual factors. The measurement of NIR was performed using a DLP NIRscan

Nano spectrophotometer (Texas Instruments), using the reflection technique (in order to obtain a

uniform surface of the sample, the material was subjected to homogenization and then was pressed to

obtain a lozenge measuring a thickness of 10 mm × 5 mm). The spectra were measured in the range

of 900–1680 nm. The measurements were performed at a temperature of 23 ◦C and at a resolution of

3.5 nm. The obtained raw spectra were subjected to SNV (Standard Normal Variate) transformation

(using SPECTRAGRYPH software) as the primary technique of pretreatment. For the performance of

quantitative analysis, the regression method was used. This method aims to obtain a calibration model

that would enable the correlation of information contained in spectra with one or several properties

of the sample. For the purposes of the analysis, PLS regression was performed, in which the set of

independent variables X consisted of absorbance values for the spectra ranging between 900 and

1680 nm, whereas the set of dependent variables Y consisted of the percentage content of cellulose in

samples of buckwheat straw. Validation of the obtained calibration model was performed using Mean

Squared Error (MSE) values and Root Mean Squared Error (RMSE) values. The lower the values of

both indices, the better the match of the model. XLSTAT version 10 software was used in the analysis

of the results. The cellulose to ethanol conversion rate (%) was calculated according to the formula [8]:

Y =
Ce × V × 100

M × C × 1.1 × 0.51
× 100 (%); (1)

where:

Ce—ethanol concentration (g/dm3)

V—sample volume (dm3)

M—total amount of substrate in the sample (g s.s.)

C—cellulose concentration in the material (%)

1.1—cellulose to glucose conversion factor

0.51—glucose to ethanol conversion factor

The content of glucose and ethanol was determined using high performance liquid

chromatography. Samples were first centrifuged at 4000× g for 10 min at 4 ◦C (The Thermo Scientific

Heraeus®Multifuge®3SR Plus Centrifuge, Darmstadt, Germany) and then were filtered through

a 0.22 µm membrane filter (Millex-GS, Millipore, USA) prior to analysis using an HPLC system

(Merck Hitachi, Pliening, Germany). Glucose and ethanol were separated on an Aminex HPX-87P

(Bio-Rad Laboratories GmbH, Munich, Germany) at 30 ◦C using a 5 mM H2SO4 as the mobile phase

at a flow rate of 0.6 cm3/min and then detected with a refractive index detector (Model L- 7490,

Merck Hitachi, Germany).
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3. Results and Discussion

3.1. Influence of Ionic Liquids on the Structure of Buckwheat Straw

The greatest impediment associated with the production of bioethanol from lignocellulose is

the structure of the biomass, which constitutes a complex of three major components—cellulose,

hemicellulose, and lignin—of which the first two components should constitute a good source of sugars

that can be fermented. The objective of pretreatment with ionic liquids is to disrupt the bonds between

the cellulose, hemicellulose, and lignin fibers, and to increase the content of so-called free cellulose,

which can be hydrolyzed with the help of enzymes. Certain ionic liquids may cause the removal

of lignin, which often constitutes a barrier for enzymes and yeast in the production of ethanol [9].

Therefore, in this study, we examined the applicability of four ionic liquids to process buckwheat

straw and demonstrated the effect of ionic liquids on the transformation of the content of cellulose,

hemicellulose, and lignin. Furthermore, it was assumed that the task of ionic liquids is to change the

structure of cellulose fibers from crystalline to amorphous, increasing the space between the fibers

and removal of lignin—the inhibitor of the subsequent hydrolysis and fermentation processes. To

this end, 4 different ionic liquids were used for buckwheat pretreatment and the hemicellulose and

lignin content was determined in samples before and after treatment. Furthermore, a variant was

verified where buckwheat straw was subject to treatment with 2 ILs. The objective of this treatment

was removal of lignin with the use of EMIMCl and change of the cellulose structure and disruption of

the bonds between fibers via EMIMOAc.

The study of morphology of buckwheat straw under an SEM microscope showed that untreated

buckwheat straw had a highly crystalline structure and ordered morphology with minor areas of

mechanical damage resulting from the cutting process (Figure 1). However, after the pretreatment with

ionic liquids, EMIMOAc and BMIMOAc and after the pretreatment with two ionic liquids (EMIMOAc and

EMIMCl), the structure of the cellular walls became loose; cracks between the neighboring cellular walls

occurred, and the entire structure of straw particles became scattered and distorted. The photographs below

present singular fibers of cellulose, which, following the application of precipitation with deionized water,

constituted a bright, adhesive mass surrounded by lignin and hemicellulose. The observed morphological

changes were not found for samples treated with EMIMDEP and EMIMCl, which may indicate the lower

capacity of these ionic liquids to change the crystallization of cellulose in buckwheat straw.

—

Figure 1. Scanning electron microscopic images of buckwheat straw: (a) without pretreatment; (b) after

processing with EMIMCl; (c) after processing with EMIMDEP; (d) after processing with EMIMOAc;

(e) after processing with BMIMOAc; and (f) after processing with EMIMOAc and EMIMCl.
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Processing the buckwheat straw with two ionic liquids resulted in the disintegration of the ordered

fibrous structure of the biomass as well as reduction in the content of free lignin, which was visible in

each sample after purification in the form of soot (stains) on cellulose and hemicellulose fibers. This

indicates that, during processing with ionic liquids, lignin is not entirely dissolved and extracted by

the solvent; rather, it is only removed from the plant cell walls and transferred outside of the structure.

In order to confirm this hypothesis, the content of cellulose, hemicellulose, and lignin was tested in

straw samples both before and after processing with ionic liquids (Table 1).

Table 1. Composition of buckwheat straw: untreated and after pretreatment ionic liquids.

Type of Pretreatment Cellulose [%] Hemicellulose [%] Lignin [%]

Untreated 42.08 ± 0.12 8.38 ± 0.02 16.97 ± 0.13
EMIMCl 29.05 ± 0.21 18.47 ± 0.11 11.98 ± 0.23

EMIMDEP 41.49 ± 0.10 22.27 ± 0.03 15.26 ± 0.19
EMIMOAc 39.48 ± 0.07 8.81 ± 0.07 20.66 ± 0.08
BMIMOAc 36.91 ± 0.17 9.33 ± 0.14 14.32 ± 0.11

EMIMOAc + EMIMCl 33.27 ± 0.08 18.56 ± 0.22 8.71 ± 0.12

The use of EMIMCl to purify buckwheat straw resulted in a decrease in the content of lignin,

by approximately 5%. Unfortunately, EMIMCl caused a considerable loss of free cellulose (up to

10%) compared with the sample of the native form. Minor changes in the content of lignin were also

observed in those samples that were purified with EMIMDEP, but the lignin content was found to

be 1.7% lower, whereas the amount of cellulose remained unchanged. Lower amounts of lignin and

cellulose were also demonstrated after purification with BMIMOAc. After processing with EMIMOAc

and EMIMCl, a 50% reduction in the content of lignin was observed, yet the loss of cellulose, which

was approximately 9%, was not significant in this case. SEM microscopic analysis showed that only

EMIMCl caused delignification of buckwheat straw. Li et al. [10] also indicated delignification of

eucalyptus after treatment with BMIMOAc and EMIMOAc. Lignin solubilization during pretreatment

with ionic liquids has been reported to be assisted by the π–π interactions of the ionic liquids’ cations

with lignin [11]. Purification of buckwheat straw with selected ionic liquids resulted in an increase

in the content of hemicellulose in samples. The highest amount of hemicellulose was observed in

straw purified with EMIMDEP. Ionic liquids resulted in the release of hemicellulose from the biomass

complex, thus facilitating its determination after processing. A higher content of hemicellulose after

processing may also be associated with the removal of lignin from the biomass [10]. In unprocessed

straw, only 8.38% of hemicellulose was found, and application of processing with two ionic liquids

resulted in an increase in the content of hemicellulose of over 10%. Literature data indicate higher

delignification of lignocellulose when dissolved with acetate-based ionic liquids than that in the case

of chloride-based ionic liquids. Moreover, removal of lignin depended on the duration of dissolution

of the material in ionic liquids and the temperature of the process [12,13].

The influence of individual ionic liquids on the structure of biomass can also be observed during

the spectral analysis of samples in the NIR region. Using an NIR spectrophotometer, and then

classification of samples with the PCA method, clear data concerning the applicability of individual

ionic liquids for the process of lignocellulose are obtained. The observation chart presents the location

of grouping variables in a new dimensional space defined by the F1 and F2 components as determined

during the analysis. Buckwheat straw samples were classified in terms of similar Euclidean distances

and thus 5 groups were distinguished (Figure 2).

The fifth group consists of buckwheat straw samples after treatment with EMIMOAc and these

are most distant from the samples of the first group—buckwheat straw in native form. With the help

of the NIR test and PCA classification, it is possible to classify lignocellulosic samples in terms of

the amount of cellulose available to enzymes and thus estimate which of these materials will be the

best for bioethanol production. In addition, NIR spectra in the range of 900–1680 nm, despite their
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monotonous character, may also provide information on the changes in the structure of the examined

straw. The upper peaks of absorption for samples of buckwheat straw are presented in Figure 3.

 

— —
—

— —

–

–

–

-20

-10

0

10

20

30

-20 -10 0 10 20 30 40

F
2

 (
1

5
,8

7
 %

)

F1 (69,68 %)

Observations (axes F1 and F2: 85,55%)

Figure 2. Observation chart: Projection of lignocellulosic biomass onto the space defined by F1 and F2

primary components. 1 (red line)—unprocessed buckwheat straw samples; 2 (green line)—biomass

after EMIMCl processing; 3 (black line)—biomass after EMIMOAc and EMIM Cl processing; 4 (bright

green line)—buckwheat straw after processing with EMIMDEP, and 5 (blue line)—buckwheat straw

after EMIMOAc processing.

— —
—

— —

 

–

–

–

Figure 3. Absorption spectra of buckwheat straw samples in the near-infrared range (900–1680 nm)

measured using the reflection technique.

The wide absorption spectrum with a maximum at approximately 1212 nm results from the

presence of valence vibrations C-H (a band with lower energy). For the above bond, the basic

measurement band is located within the 1600–1650 nm wavelength, with an absorption maximum at

1613 nm. Absorption at 1476 nm is associated with the presence of a band characteristic of valence

vibrations of the O-H group (first band of overtone). The band for this bond with lower energy is also

found at a wavelength of 905 nm [14,15]. In order to examine the possibility of the determination of the

percentage of cellulose in buckwheat straw based on the measured spectra, the PLS regression analysis

was conducted. To achieve this, spectra measured in the entire range were used (900–1680 nm). Table 2

presents the results of this regression analysis.
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Table 2. Example results of determinations of cellulose content in buckwheat straw samples based on

the obtained PLS calibration model.

Model Range (nm) Number of Spectra Number of Variables R2 MSE RMSE

PLS 900–1680 50 1 0.9593 1.1311 1.0635

Analysis of the model showed that the model was correctly matched (R2 = 0.96). Low MSE

and RMSE values obtained in the analysis also indicate good prediction capability. The developed

calibration model was used to predict the percentage content of cellulose, both in raw buckwheat straw

as well as after processing with ionic liquids. Table 3 shows example results from the estimation. The

obtained results indicate the good accuracy of the model.

Table 3. Example results of determinations of cellulose content in buckwheat straw samples based on

the obtained PLS calibration model.

Cellulose Content [%]
PLS

Predicted Cellulose Content [%] Deviation [%]

29.05 29.63 2.04
41.49 42.83 1.65
39.48 38.00 1.52
42.08 41.64 2.08

The present method may be of use for the determination of cellulose content in biomass. Such

determination is quick and easy, thus being competitive with physicochemical methods utilizing acids

and bases. Information on the amount of available cellulose before enzymatic hydrolysis is significant

due to the precise selection of the dose of cellulolytic enzymes and it enables minimization of hydrolysis

process costs. Furthermore, the NIR data enabled ordering of the type of pretreatment and indicate

those where the efficacy is highest. Subsequent research should include further validation of the model,

which will enable PLS models to be obtained that are more stable and resistant to fluctuation. Thus,

the present study is treated by the authors as a preliminary study, and will naturally be continued.

3.2. Influence of the Use of Ionic Liquids on Enzymatic Hydrolysis and Alcoholic Fermentation

The efficacy of enzymatic hydrolysis of lignocellulosic raw materials is strictly linked to the efficacy

of biomass pretreatment, which in turn translates into the availability of cellulose [16]. In the first

place, the concentration of glucose was determined before and after processing with ionic liquids. The

subsequent stage consisted in enzymatic hydrolysis, in which three commercially available enzymatic

agents were used. Cellulases from Aspergillus sp. and Trichoderma reesei are enzymes that hydrolyze

cellulose, a linear polymer of anhydroglucose units linked together by β-1,4-glycosidic bonds, to

glucose. Endo-β-d-glucanase is one of the major component enzymes of the cellulase complex. It

catalyzes the hydrolysis of cellulose by randomly splitting the sugar residues within the molecule.

Exo-β-d-glucanase and β-glucosidase can synergistically convert cellulose into glucose and hence are

used on an industrial scale [17]. Cellic CTec2 enzymatic preparation is characterized by increased

activity of β-glucosidase, enabling improvement of the efficacy of hydrolysis of lignocellulosic raw

materials as a result of restriction of the inhibitory effect of cellobiose.

In accordance with our expectations, glucose was found to be increased in buckwheat straw

samples treated with ionic liquids. The highest content of glucose was found in straw purified with

EMIMOAc (5.5 g/dm3) and BMIMOAc (5.1 g/dm3). The difficulty of enzymatic hydrolysis in untreated

lignocellulosic materials was attributed to the presence of hemicelluloses and lignin and their spatial

bonds, which created physical barriers that protect cellulose against degradation [18,19]. Lee et al. [20]

have demonstrated that the degree of crystallization of cellulose treated with BMIMOAc ionic liquid is

lower than that of BMIMCl, which is directly linked to the lower conversion degree of lignocellulose

purified with chloride-based ionic liquids.
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Our results demonstrated a lack of association between delignification of buckwheat straw with

EMIMCl or EMIMDEP ionic liquids with more efficient enzymatic hydrolysis. However, glucose

content was found to increase after the hydrolysis of samples purified with EMIMOAc and BMIMOAc.

Thus, this confirms that the complete removal of lignin and hemicellulose is not necessary. However,

the use of acetate-based ionic liquids (EMIMOAc and BMIMOAc) is more important, as they efficiently

facilitate the access of enzymes to cellulose with a lower degree of crystallization, which is a good

source of fermenting sugars [19]. With regards to the above, the amount of glucose found in buckwheat

straw purified with EMIMOAc and BMIMOAc and after enzymatic hydrolysis was no higher than that

of purification with EMIMOAc alone.

Thus, future studies with respect to the use of ionic liquids with lignocellulosic raw materials

should place special emphasis on the search for solvents that will mainly result in the depolymerization

of cellulose, and that will not, as demonstrated by the currently available literature, lead to the

delignification of the material [9,21,22]. Removal of lignin in the process of bioethanol production

from biomass may be significant primarily from the economic standpoint, as lignin itself is a valuable

waste that is utilized in numerous industrial applications such as the energy, textile, paper, and other

industries [23,24].

Another significant stage in second generation bioethanol production is the selection of a suitable

enzymatic agent, which will enable the “release” of the fermenting sugars, which will be used in

the process of fermentation in the next stage. It is important that the application of the selected

enzymatic preparation is favorable from the economic standpoint (the price), and the applied dose is

correctly chosen.

In this study, we tested the use three enzymatic agents that will enable a concomitant efficient

hydrolysis of cellulose as well as ethanol fermentation without being disrupted by the presence of

inhibitors. According to the results, the highest level of efficiency in hydrolysis was obtained by using

the Cellic CTec2 agent, irrespective of the type of ionic liquid used. The highest content of glucose after

treatment with Cellic CTec2 was 5.5 g/dm3 followed by the use of EMIMOAc and 5.1 g/dm3 followed

by the use of BMIMOAc. The lowest amount of glucose was recorded for samples where cellulase

from Aspergillus sp. was used, irrespective of the type of ionic liquid used earlier (Figure 4).
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Figure 4. Glucose content after 96 h enzymatic hydrolysis of untreated buckwheat straw samples and

samples treated with ionic liquids.

In the next stage, we studied the ethanol fermentation process on the prepared raw material

(Figure 5). The fermentation process was performed using S. cerevisiae yeast. According to the results,

the highest ethanol concentration was obtained for those variants where the following ionic liquids

were used: EMIMOAc and Cellic CTec2 (2.46 g/dm3) and in the variant with BMIMOAc and T. reesei

(3.31 g/dm3). These results are compatible with the amount of sugar, and the concentration of glucose,

HAJIIU J i l  LEE 
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which at the beginning of the fermentation process was 5.5 g/dm3 and 4.16 g/dm3, respectively. The

lowest concentration of fermenting sugars was obtained after enzymatic hydrolysis using cellulase

from Aspergillus sp., which translated into the lowest ethanol concentrations. The environment to which

microorganisms are introduced (after pretreatment with ionic liquids and after enzymatic hydrolysis) is

typically not favorable for the microorganisms performing the process of ethanol fermentation [25–27].

The presence of an ionic liquid in the fermentation environment, as well as inhibitors constituting the

outcome of enzymatic hydrolysis, the source of which is the raw material itself, may have a negative

impact on the microorganisms involved in the fermentation process. Indisputably, microorganisms are

the weakest link in the process of obtaining ethanol from lignocellulosic raw materials. Thus, not only

is the control of yeast count important but also their viability as the specific marker (indicator) of the

proper course of the bioprocess is important. In our experiments, the highest count of yeast (8.4 × 105

CFU) in combination with a high yeast viability (78%) was demonstrated for the variant EMIM OAC +

Cellic CTec2, which translated into a high concentration of ethanol. In addition, high counts (4.5 × 105

CFU) and viability (81%) were determined for the variant EMIMOAc + EMIMCl in combination with

the enzymatic agent from T. reesei (Table 4). While in the first case, the glucose concentration as well as

the counts and viability of yeast translated into a high ethanol concentration, in the second variant,

the concentration of ethanol was lower (1.22 g/dm3) due to the smaller pool of available fermenting

sugars (2.98 g/dm3). A chromatographic analysis demonstrated that the substrate concentration at 96 h

of fermentation in all analyzed variants was zero (results not shown), thus indicating that the entire

pool of fermenting sugars was used. The complete use of glucose by the S. cerevisiae strain shows

that the process had a correct course. However, only analysis of the detailed kinetics of glucose as

well as analysis of kinetic indicators such as the productivity of the bioprocess would allow a detailed

interpretation of the influence of individual variables on the process of ethanol fermentation. Moreover,

an increase in the substrate concentration subjected to the technological process seems to be a key factor.

On the one hand, an increase in the pool of fermenting sugars would translate into greater production

of ethanol; yet on the other hand, the efficiency of pretreatment and enzymatic hydrolysis, and their

influence on microorganisms leading to the fermentation, in this case higher inhibitor concentration,

are questionable. Overall, this could have influenced the efficacy of fermentation. In addition, yeast

viability was found to be in the range of 43–81%, which may indicate the negative impact of factors

in the mixture subject to fermentation. However, in this case, the factor influencing reduced yeast

viability may be due to the low concentration of glucose.
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Figure 5. Ethanol content after 96 h alcoholic fermentation of untreated buckwheat straw samples and

samples treated with ionic liquids.
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Table 4. Counts and viability of yeast cells after alcoholic fermentation of buckwheat straw

samples before and after treatment with ionic liquids and conversion of cellulose to ethanol for

individual samples.

Sample Enzyme Type Cell Viability (%) Cell Count (CFU)
Cellulose to Ethanol

Conversion (%)

Untreated

Aspergillus sp. 55% ± 1.1% 4.0 × 106 15.25%

Cellic CTec2 61% ± 0.9% 3.1 × 105 22.54%

T. reesei 60% ± 1.9% 2.9 × 105 11.15%

EMIMOAc

Aspergillus sp. 69% ± 0.7% 9.0 × 106 63.23%

Cellic CTec2 78% ± 0.9% 8.4 × 105 83.10%

T. reesei 75% ± 2.1% 7.6 × 105 65.76%

BMIMOAc

Aspergillus sp. 67% ± 2.2% 6.0 × 106 70.14%

Cellic CTec2 72% ± 1.9% 8.0 × 105 89.35%

T. reesei 70% ± 1.8% 5.5 × 105 128.07%

EMIMDEP

Aspergillus sp. 54% ± 1.4% 3.0 × 106 5.88%

Cellic CTec2 57% ± 2.1% 3.4 × 105 41.71%

T. reesei 56% ± 1.4% 2.6 × 105 14.20%

EMIMCl

Aspergillus sp. 51% ± 0.7% 3.2 × 106 21.22%

Cellic CTec2 55% ± 0.6% 4.5 × 105 38.42%

T. reesei 43% ± 1.5% 4.0 × 105 30.51%

EMIMOAc+
EMIMCl

Aspergillus sp. 74% ± 0.5% 5.0 × 106 16.22%

Cellic CTec2 78% ± 2.1% 6.6 × 105 73.86%

T. reesei 81% ± 2.9% 4.5 × 105 52.34%

One of the main issues in the production of bioethanol from lignocellulose is the low concentration

of ethanol obtained as the effect of the fermentation process. This was also observed in this study. The

final concentration of ethanol is influenced by the concentration of the substrate and the efficiency of

enzymatic hydrolysis, which is associated with the availability of cellulose (efficiency of pretreatment)

and its content in the raw materials. Selection of the correct raw material, type of pretreatment, and

selection of enzymatic agent as well as its doses are the key diagnostic issues to be met during the

development of a method utilizing a new raw material [28–31]. Moreover, present-day biotechnology

does not only have to deal with the development of screening of microorganisms with industrial

potential, which will enable the development of markers used in the selection of proper microorganisms

for the process of fermentation. The challenge is also to choose microorganisms that can use hexoses

and pentoses and that are resistant to toxins and inhibitors, which are present due to the degradation

of lignin [32,33]. Such compounds formed during fermentation often block ethanol fermentation (e.g.,

furfural, methylhydroxyfurfural, acetic acid, lactic acid, phenols, aldehydes, and heavy metal ions).

Due to the absence of such natural microorganisms, the use of metabolic engineering to construct

organisms with the required characters has been gaining interest. This enhances the activity of

cells as a result of enhanced enzymatic, transportation, and regulatory functions by means of DNA

recombination. Such interest includes analysis of metabolic pathways, design of genetic changes, and

creation of recombined cells with changed properties [34].

4. Conclusions

In this study, we have demonstrated the possibility of obtaining bioethanol from buckwheat

straw using ionic liquid for the pretreatment of the raw material prior to its enzymatic hydrolysis and

alcoholic fermentation.

In the present study, the best results were obtained using 1-ethyl-3-methylimidazolium acetate

and Cellic CTec2 enzymatic preparations for pretreatment of buckwheat straw. The glucose content

after 72 h of enzymatic hydrolysis was 5.5 g/dm3 (with the use of EMIMOAc), whereas the highest

concentration of bioethanol (3.31 g/dm3) was obtained by using BMIMOAc for the pretreatment of
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straw and T. reesei cellulase for enzymatic hydrolysis. The efficiency of the fermentation process is

strictly linked to the pool available to fermenting sugars.

This research has demonstrated that EMIMOAc and BMIMOAC ionic liquids are more efficient

in dissolving cellulose and produce more pronounced changes in the cellulose fiber structure than

EMIMCl and EMIMDEP. However, pretreatment with EMIMCl resulted in greater delignification of

the material than occurred with the remaining ionic liquids. For the pretreatment of buckwheat straw,

treatment with EMIMOAC and EMIMCl was used in order to produce the delignification effect and

the concomitant increase in amorphous sites in the biomass structure. This method resulted in reduced

lignin content in the sample after pretreatment (to approx. 8%), but it did not lead to an increase in the

hydrolysis efficiency.

The PLS model enabled the determination of the percentage content of cellulose in buckwheat

straw, which might constitute a quick and interesting alternative to analytical methods used currently.

The NIR spectra of the raw material provided information on changes occurring within its structure.

Information in the form of NIR spectra with chemometric data analysis can be used as a tool for the

rapid determination of the amount of cellulose in raw material; this knowledge can be extended to alter

the physicochemical processes of the raw material. This is important because it enables better selection

of the number of enzymes, depending on the amount of available cellulose after pretreatment. If future

bioethanol production from biomass includes pretreatment followed by enzymatic hydrolysis, the

prompt use of NIR tests will reduce the costs associated with precise selection of the dose of enzymes

to the amount of cellulose in the material, which remains after treatment. The described method will

constitute the subject of future research to be conducted by the authors.
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Abstract: Triticale straw constitutes a potential raw material for biofuel production found in Poland

in considerable quantities. Thus far, production of bioethanol has been based on food raw materials

such as cereal seeds, sugar beets or potatoes, and the biofuel production methods developed for these

lignocellulose raw materials can threaten the environment and are inefficient. Therefore, this study

aimed to compare of methods for pretreatment of triticale straw using 1-ethyl-3-methylimidazolium

acetate and the sulfate method in the aspect of ethanol production intended for fuel. Based on the

conducted experiments it has been determined that the use of 1-ethyl-3-methylimidazolium acetate

for the pretreatment of triticale straw resulted in an increase of reducing sugars after enzymatic

hydrolysis and ethyl alcohol after alcoholic fermentation. Furthermore, the study compared the

efficiency of enzymatic hydrolysis of triticale straw without pretreatment, after processing with ionic

liquid, recycled ionic liquid and using sulfate method, allowing a comparison of these methods.

The more favorable method of lignocellulose material purification was the use of ionic liquid, due to

the lower amount of toxic byproducts formed during the process, and the efficiency test results

of bioethanol production using pretreatment with ionic liquid and sulfate method were similar.

Ionic liquid recycling after pretreatment of rye straw using lyophilization allowed us to reuse this

solvent to purify rye straw, yet the efficiency of this method remained at a low level. As a result of the

conducted study it was determined that the use of ionic liquid-1-ethyl-3-methylimidazolium acetate

enhanced the yield of bioethanol from triticale straw from 1.60 g/dm3 after processing without

pre-treatment to 10.64 g/dm3 after pre-treatment.

Keywords: triticale straw; ethanol; ionic liquids; sulfate method
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1. Introduction

Lignocellulosic raw materials constitute the most promising group of raw materials for the

production of bioethanol. The global amount of lignocellulose waste exceeds 180 billion tons per

annum. Lignocellulose contains cellulose, hemicellulose and lignin. The biotechnological processes

primarily focus on cellulose, as the product of its hydrolysis is glucose, easily processed by the majority

of microorganisms. The mean efficiency of ethanol production from cellulose is 0.42 m3/ton of d.w.

Contrary to the easily hydrolyzed starch, cellulose requires expensive preparation. Hydrolysis with

dilute acids (primarily sulfuric acid) is normally used for this purpose. Acidic hydrolysis techniques

are used in Brazil and in the USA. Other cellulose raw material processing methods are known

(extraction, enzymatic hydrolysis), yet thus far they have remained more expensive. One may hope

that as a result of technical progress, less expensive methods of cellulose material saccharification will

become available, allowing their transformation into ethanol to become profitable. Considering the

high contribution of the raw material to the bioethanol production costs, genetic research, aiming at

the increase of productivity of the plants being the potential energy substrate, is essential. Geneticists

are constantly conducting research on the development of saccharide-rich, new cultivars of cereals and

sugar beet, as well as on the enhancement of the properties related to plant immunity against insects

and herbicides [1].

The use of biomass for the energy production constitutes one of the possibilities to reduce the

production of conventional energy. Second generation biofuel production is defined as a biomass-

utilizing technology, conducted in a safe and non-burdensome manner for the environment, reducing

the CO2 emissions [2].

The use of agricultural biomass for ethanol production as a biocomponent of liquid fuels is one

of the most promising economic and environmental solutions due to the low raw material costs and

reduction of greenhouse gas emissions during their combustion [3,4].

However, thus far only a small number of technologies utilizing lignocellulose raw materials

for bioethanol production exist, which is strictly related to the structure of the raw material and

availability of reducing sugars after the hydrolysis process. The most problematic structural element

of lignocellulose is the lignin, which irreversibly binds the active sites of cellulolytic enzymes,

thus significantly reducing the efficiency of cellulose hydrolysis reaction, despite the expensive

pretreatment [5,6]. Chemical pre-treatment is used to remove lignin and separate it from the cellulose

fibers. The most common industrial methods are based on the use of active brewing chemicals.

The use of acids and bases is efficient and produces expected results, yet it typically generates harmful

byproducts. The method which is gathering an increasing interest due to the efficient preparation of

the lignocellulose substrate for the fermentation process consists in the use of ionic liquids.

Ionic liquids are organic salts consisting of an organic cation containing a heterocyclic atom and an

inorganic or organic anion. Ionic liquids containing imidazolium cations and anions such as chloride,

acetate and formate display particularly good cellulose-dissolving properties [7–9]. The literature

indicates that thus far the properties of ionic liquids containing different anions and cations have been

tested, and their capacity to dissolve cellulose has been examined as well [8–12]. Worth emphasizing is

the fact that on annual basis the Polish agriculture sector produced approx. 28.5 million tons of straw

(primarily cereal and rapeseed straw) and hay [13] and 30–50 % of the existing resources can be used

for energy purposes.

As a plant biomass intended for energy purposes triticale straw requires particular treatment in

the ethanol fermentation process. This is linked to its particular structure, in which lignin plays the

most important role and it is strictly connected to the remaining cellulose and hemicellulose polymers.

This forces the use of substrate pretreatment, which considerably impacts the course of the subsequent

stages and determines the final efficiency of the bioethanol production process [14–16].

This study aimed at a comparison of methods for pretreatment of triticale straw using

1-ethyl-3-methylimidazolium acetate and the sulfate method in the aspect of ethanol production

intended for fuel.
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2. Methods

2.1. Materials and Reagents

The study material consisted of triticale straw (Agricultural Holding A. Kogut, Krytno,

Zachodniopomorskie Voivodeship, Poland), disintegrated to 2 mm grain size powder. In order

to perform the hydrolysis reaction of the material two enzymatic preparations were used: cellulase

from Trichoderma reesei ATCC 26921 (Sigma Aldrich, Poznan, Poland) and cellobiose synthesized by

Aspergillus niger (Novozym 188, Sigma Aldrich, Poznan, Poland). To perform pretreatment of the

biomass, ionic liquid in the form of 1-ethyl-3-methylimidazolium acetate was used. The enzymatic

preparations as well as ionic liquid originated from the Sigma Aldrich Company (Poznan, Poland).

In the process of triticale straw purification with the sulfate method, active brewing chemicals consisted

of sodium hydroxide and sodium sulfide provided by POCH Company (Gliwice, Poland).

2.2. Pretreatment Procedure

Within the conducted study, three raw material pretreatment variants were examined. The first

method consisted in preliminary purification of triticale straw using 1-ethyl-3-methylimidazolium

acetate. To this aim, triticale straw (100 g) was dissolved in 1-ethyl-3-methylimidazolium acetate

(100 cm3). The sample was incubated in 120 ºC for 2 h, then the sample was cooled to room temperature

and deionized water (100 cm3) was added to precipitate the cellulose and hemicellulose. The samples

were mixed for approx. 30 min, which resulted in the transfer of the 1-ethyl-3-methylimidazolium

acetate to the aqueous phase. The water rinsing and mixing processes were repeated three times,

until complete removal of the ionic liquid was achieved. In the last stage, the sediment was rinsed

with pH 4.7 acetate buffer (100 cm3), subjected to mixing for approx. 15 min, and then decanted.

The second pretreatment method consisted in the so-called delignification of triticale straw using

the sulfate method. In this process, the cellulose fibers are released by dissolution of the lignin and

part of hemicellulose in the solution of brewing chemicals. The brewing process was conducted at

180 ◦C for 4 h. The brewing liquor causes the alkylation of lignin and hence its transformation into

alkyl lignin. Cellulose fibers were separated from the chemicals using a vacuum filtration method.

The end product of the brewing process was an unbleached cellulose mass, which was used for the

subsequent study.

The third pretreatment method for triticale straw consisted in dissolution of 100 g of d.s. of

the substrate in 1-ethyl-3-methylimidazolium acetate (100 mL) after recycling and incubation of

the mixture in 120 ◦C for 2 h. Subsequently, the material was precipitated from the solution using

distilled water. The substrate with the ionic liquid was cooled to room temperature and distilled

water (100 cm3) was added to precipitate the cellulose and hemicellulose. The samples were mixed

for approx. 30 min, which resulted in the transfer of the 1-ethyl-3-methylimidazolium acetate into

aqueous phase. The water rinsing, and mixing processes were repeated three times, until complete

removal of the ionic liquid was achieved.

The 1-ethyl-3-methylimidazolium acetate recycling consisted in desiccation of the solution of this

liquid using a lyophilization process. Aqueous ionic liquid solution (100 cm3) frozen at a temperature

of −40 ◦C from the last stage of the pretreatment was used for lyophilization. The process was

conducted in an Alpha 1-2 LDPLUS laboratory freeze dryer by Christ Company (Berlin, Germany)

for 24 h, at a pressure of 63 Pa, and safety pressure of 103 Pa. Following lyophilization a viscous

ionic liquid was obtained, which color was similar to the color of pure ionic liquid. Subsequently,

the possibility of a repeated use of the retrieved ionic liquid in the pretreatment of a new portion of

triticale straw, which was also enzymatically hydrolyzed, was tested. The reducing sugar content

results obtained after enzymatic hydrolysis of triticale straw purified with recycled ionic liquid were

compared with the contents of reducing sugars determined after enzymatic hydrolysis of rye straw

purified with pure ionic liquid. Three repetitions of the tests were conducted, and the results presented

in the graph represent a mean value from the three measurements.
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2.3. Enzymatic Hydrolysis of the Regenerated Triticale Straw

The raw material after pretreatment with ionic liquid and chemical treatment was hydrolyzed

using enzymes obtained from Trichoderma reesei and Aspergillus niger. The substrate (100 g) was

suspended in acetate buffer (1 dm3, 50 mM, pH 4.7) and distributed in the entire volume by mixing in

a fermenter for approx. 10 min. Samples were heated to 47 ◦C and enzymes were added: cellulase

from Trichoderma reesei ATCC 26921 (7 FPU·g−1 d.s. of the material) and Novozym 188 cellobiose

(Aspergillus niger, 30 CBU·g−1 d.s. of the material). Enzymatic hydrolysis was conducted for 72 h.

Then, the hydrolysates were subjected to alcoholic fermentation. At the same time, control samples

were prepared, which consisted of rye straw suspensions without pretreatment. Three repetitions

of each experimental variant were done. Samples were obtained at determined time intervals and

their total reducing sugar content in relation to the content of glucose read from the model curve

was determined.

2.4. Fermentation

Hydrolysate solutions, previously filtered to separate the lignocellulose residue, were subjected

to alcoholic fermentation. The pH of the fermentation broth was measured at each sampling timepoint

and adjusted to 5.0 by an addition of either 10 wt.% H2SO4 or 20 wt.% NaOH. Fermentation was

started by an addition of freeze-dried Saccharomyces cerevisiae type II distiller’s yeast (Sigma-Aldrich,

5% v/v). Ethanol fermentation was conducted for 4 days under anaerobic conditions. Samples were

taken and analyzed for ethanol concentrations after the fermentation.

2.5. Analysis Methods

The concentrations of reducing sugars after enzymatic hydrolysis of cellulose were quantitatively

determined using 3,5-dinitrosalicylic acid in an alkaline environment [17]. The vitality and yeast cell

counts in digestate were determined using direct method with a light microscope and Thoma chamber

and 0.01 % solution of methylene blue. The concentration of ethyl alcohol was determined using

a ROCHE test (Enzymatic Bioanalysis/Food Analysis). To evaluate of the course of the hydrolysis

and fermentation processes, a multidimensional analysis of primary components (PCA) was used to

indicate the significance of the influence of individual factors in the given variant on the efficiency of

hydrolysis and the effects of interaction between individual factors. STATISTICA version 10 ((license

No.: AGAP306E324317AR-T, StatSoft Inc., Kraków, Poland; www.statsoft.com) software was used for

the analysis of the study results.

3. Results and Discussion

3.1. Enzymatic Hydrolysis

After 72 h, the obtained concentration of released sugars as a result of enzymatic hydrolysis

of the native substrate (control sample) was 6.78 g/dm3 of hydrolysate. As a result of the series of

experiments utilizing triticale straw treated with 1-ethyl-3-methylimidazolium acetate a considerable

increase in the susceptibility of the substrate to enzymatic hydrolysis was observed. Almost a six-fold

higher content of reducing sugars in comparison to the control sample obtained after a 72-hour

enzymatic hydrolysis proves the validity of treating the raw material with ionic liquid. The highest

reducing sugar concentration obtained after enzymatic hydrolysis was 36.54 g/dm3 (Figure 1).

Comparable results were also obtained by Świątek and Lewandowska [18], who subjected

rapeseed straw to hydrolysis. The efficiency of the saccharification process of the material in the

native form was 16.0% of the theoretical efficiency from glucose. In their study, Perez et al. [19] focused

on the optimization of wheat hydrolysis using heat treatment. The efficiency of biodegradation of

this material prior to its pretreatment was 13.0% of the theoretical glucose value. Fu and Mazza [20]

in a study of pretreatment of triticale straw subjected the material to enzymatic hydrolysis after its

purification using different concentrations of 1-ethyl-3-methylimidazolium acetate. The hydrolysis

www.statsoft.com
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efficiency was measured based on concentration of the obtained reducing sugars, depending on the

amount of the ionic liquid used. The highest values (81%) were observed for the sample, where the

addition of ionic liquid in the solution was 50%.
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Figure 1. The concentration of sugars obtained after the enzymatic hydrolysis process of triticale straw:

1—control sample, without pretreatment; 2—after pretreatment with ionic liquid; 3—after chemical

pretreatment (sulfate method); 4—after pretreatment using recycled ionic liquid.

In comparison, in the sample of straw not subjected to treatment to only 15.4% of the total

amount of reducing sugars was obtained. The straw sample after pretreatment using 2% sulfuric

acid (purification temperature: 160 ◦C, purification time: 20 min) added to the aqueous solution of

the material was also subjected to enzymatic hydrolysis. The yield of reducing sugars in the sample

was 47%. To obtain simple sugars for the production of bioethanol, Ang et al. [21] utilized rice husks.

The highest concentration of reducing sugars—42.1%—was obtained in the sample with rice husks

purified via the use of 1-ethyl-3-methylimidazolium acetate. 1-Ethyl-3-methylimidazolium acetate

was also used for the pretreatment of barley straw by Sáez et al. [22]. These authors focused on the

influence of time and temperature of pretreatment on the reducing sugar content measured after

enzymatic hydrolysis. The highest glucose content was found in samples of barley straw pretreated

with the ionic liquid at 110 ◦C. The glucose in those samples was 400 mg/100 g of biomass after

30 min and 600 mg/100 g of biomass after 60 min of the pretreatment. Liu and Chen [4] conducted a

study using (1-butyl-3-methylimidazolium chloride) ionic liquid where they subjected wheat straw to

treatment. These authors found that the pretreatment with ionic liquid influences the depolymerization

of cellulose, thus increasing its susceptibility to enzymatic hydrolysis. The efficiency of enzymatic

hydrolysis was highest (70.37%) in the wheat straw sample which was incubated with ionic liquid for

10 min. Li et al. [23] attempted saccharification of wheat straw, which was previously treated using

1-ethyl-3-methylimidazolium phosphate and 1-ethyl-3-methylimidazolium acetate. The reducing

sugar content measured after 12 h hydrolysis of wheat straw samples, previously purified using

1-ethyl-3-methylimidazolium phosphate was 4.8 mg/cm3, and in the sample of the material purified

with 1-ethyl-3-methylimidazolium acetate the level of reducing sugars amounted to 3.2 mg/cm3. As a

result of the conducted experiments, a minimum of two fold higher values for the triticale straw

after 12 h enzymatic hydrolysis were obtained. The pretreatment of lignocellulose raw materials

using ionic liquid is an innovative solution, thus far not used at an industrial scale. The study results

confirm the favorable effect of this catalyst on the yield of reducing sugars in the hydrolysis process in

comparison to samples without pretreatment. The use of this type of treatment at an industrial scale

®@AX 
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would only be possible if the efficiency of the method at least equaled the pretreatments. For these

reasons an experiment which compared the yield of reducing sugars after enzymatic hydrolysis

process of rye straw subjected to pretreatment with ionic liquid and using sulfate method (chemical

pretreatment) was conducted. The content of reducing sugars measured after enzymatic hydrolysis

in the sample of triticale straw purified using the sulfate method was 34.35 g/dm3, and the sample

of this material purified with ionic liquid contained 36.54 g/dm3 reducing sugars. The mean values

of the enzymatic hydrolysis products in these materials indicate that both methods of pretreatment

have similar significance and both have a positive impact on the enhancement of the reducing sugar

production process. However, pretreatment with ionic liquid is more favorable due to its lack of toxicity

toward the environment. In the work of Chrzanowska et al. [24] the influence of imidazolium liquids on

the efficiency of wastewater treatment and enzymatic activity of activated sludge microorganisms were

examined. During the experiments it was observed that after a certain amount of time the activated

sludge microorganisms adapted to the environment containing ionic liquid, and their composition did

not differ significantly from the initial composition. Moreover, the rates of the nitrification processes

and biochemical reactions were not reduced, which indicates the possibility of an efficient treatment

of wastewater containing ionic liquids. The study published by Grabińska-Sota [25], also concerning

the biodegradability of imidazolium ionic liquid confirm that the ionic liquid was subjected to quite

considerable biological decomposition within the activated sludge, which most likely stemmed from

the biodegradation of these compounds by microorganisms. The literature also contains studies where

the lignocellulose material was subjected to pretreatment using sulfuric acid, sodium hydroxide or

calcium hydroxide prior to enzymatic hydrolysis. Chen et al. [26] used 2% NaOH for the pretreatment

of corn straw, which was incubated in the solution for 1 h at 80 ◦C. The use of such pretreatment

allowed them to increase the content of reducing sugars determined after enzymatic hydrolysis as

compared to the native material. The sugar content was 89.5 g/dm3, whereas the glucose content in

the sample was 56.7 g/dm3, and the efficiency of hydrolysis was 83.3%. Sun and Cheng [27] performed

enzymatic hydrolysis of rye straw and increased its susceptibility to saccharification via purification in

a solution of H2SO4. The content of reducing sugars depended on the concentration of H2SO4 used to

purify the rye straw. In the sample of rye straw purified with 1.5% H2SO4, the content of reducing

sugars was 159.7 mg/g after 30 min and 197 mg/g after 90 min of pretreatment. In the sample of the

material pretreated with 0.6 % H2SO4, the content of reducing sugars was 125 mg/g after 30 min and

136 mg/g after 90 min of pretreatment.

The main limitation of the use of ionic liquid at an industrial scale is its high price. The increasing

interest of the industry in these solvents, their wide and easy use and lack of toxicity for the

environment constitutes the basis for the statement that the price of ionic liquid may be reduced

in the future [28]. Another method for the reduction of the cost of industrial use of ionic

liquids is the development of an efficient method for their recycling and reuse in another process.

Based on the above statements, a study was implemented concerning purification of the ionic

liquid-1-ethyl-3-methylimidazolium acetate after the purification process of rye straw and its reuse

for the pretreatment of a new portion of the lignocellulose material. The efficiency of rye straw

pretreatment using recycled ionic liquid was evaluated comparing the yield of reducing sugars after

enzymatic hydrolysis of the material. The majority of the cellulose fraction of the biomass is retrieved

from the ionic liquid via addition of a so called non-solvent. Water can be such a non-solvent for

imidazolium ionic liquids, which, by precipitating cellulose from the solution, creates one phase with

the ionic liquid. The cellulose from such a mixture was removed by filtration or centrifugationn.

The water remaining in the solution was removed via lyophilization. As a result of lyophilization,

a yellow-brown ionic liquid was obtained, with a color similar to that of a pure ionic liquid. The mean

content of reducing sugars obtained after enzymatic hydrolysis of rye straw purified with recycled

ionic liquid was 16.77 g/dm3, that is approx. 52% lower than the mean content of reducing sugars

obtained through hydrolysis of rye straw purified with the pure ionic liquid. Xu et al. [29] subjected

eucalyptus samples to purification and enzymatic hydrolysis. The purification was conducted using
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pure and recycled ionic liquids (AMIMOAc and EMIMOAc). The ionic liquid recycling was conducted

by vacuum drying. These authors demonstrated that both pretreatment with pure ionic liquid and

recycled ionic liquid influences the change of the structure of cellulose in eucalyptus and improves

the yield of reducing sugars after enzymatic hydrolysis. In order to attempt a classification of the

types of treatments of lignocellulose materials in terms of obtaining the highest concentration of

reducing sugars after enzymatic hydrolysis process, the obtained results were analyzed using the

Principal Components Analysis (PCA) method. The active variables consisted in the reducing sugars

concentration values determined at specific time intervals. The grouping variables were three types

of pretreatment used prior to the hydrolysis process: treatment using ionic liquid, using recycled

ionic liquid, sulfate method treatment and sample with the native material, i.e., not subjected to

any pretreatment. Results of reducing sugars determined in three repetitions, for each time interval,

were used for the PCA analysis conducted in the present study. The PCA analysis was conducted

based on a correlation matrix. From the set of the analyzed data four factors were obtained with values

>1, which characterized samples after pretreatment in the sense of their similarities and differences.

They explained a total of 97.43% of the total variability, and 90.37 % of the variability could be explained

by the single main component Z1. The second distinguished component Z2 explained 7.06%, and the

Z3 component slightly over 1 %. Data dimension reduction was conducted based on a screening plot

(Figure 2). The moment of graph flattening is visible after the second component, thus the subsequent

analyses were conducted on this basis, referring solely to the influence of components Z1 and Z2.
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Figure 2. Screen for variables describing enzymatic hydrolysis process.

In order to investigate the influence of pretreatment of lignocellulose materials subjected to

enzymatic hydrolysis for the content of reducing sugars, an observation chart (Figure 3) was drawn

up, which presents the location of the grouped variables in the new dimensional space defined by the

components Z1 and Z2 determined during the analysis. The resemblance measure during the analysis

was the Euclidean distance. An analysis of the chart indicated the existence of three groups. First group

was characterized by the triticale straw samples subjected to pretreatment using ionic liquid (CJ1-3)

and samples of the same material treated with sulfate method (SO41-3). The second group consisted of

triticale straw samples purified using recycled ionic liquid (CR1-3). Third group contains triticale straw

samples subjected to enzymatic hydrolysis without pretreatment. Enzymatic hydrolysis of samples

from the first group had the best efficiency due to the better availability of cellulose for the enzymes.

Thus, the Euclidean distance of these samples from the O sample is highest (Figure 3).

The use of pretreatment with ionic liquid or sulfate method has a similar effect on the concentration

of reducing sugars obtained after enzymatic hydrolysis. The Z1 component allows one to distinguish

the type of pretreatment used and indicates the increase of reducing sugars in the given time intervals
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of enzymatic hydrolysis. On the other hand, the Z2 component informs on the level of cellulose

decomposition to simple sugars.
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Figure 3. PCA scores plot of triticale straw pretreated with ionic liquid, recycled ionic liquid, sulfate

method, untreated (control).

The results of the statistical tests corroborate the validity of using triticale straw pretreatment

with ionic liquid and classify the type of used treatments and their influence on the formation reducing

sugars in the process of enzymatic hydrolysis. Triticale straw pretreatment with ionic liquid has a

significant impact on the reducing sugar content, and its increase is comparable to the increase of

reducing sugars in the triticale straw sample purified using the sulfate method. In summary, triticale

straw pretreatment has a significant impact on formation of reducing sugars by enzymatic hydrolysis.

Weaker results are obtained in samples purified with ionic liquid after its dehydration.

3.2. Alcoholic Fermentation

Samples of triticale straw purified with ionic liquid and using the sulfate method and recycled

ionic liquid were subjected to alcoholic fermentation. For comparison, a sample of triticale straw not

subjected to pretreatment was also fermented (control sample).

The highest concentration of ethyl alcohol (10.64 g/dm3) was demonstrated in the sample of

triticale straw purified with ionic liquid (Figure 4). For comparison, the content of ethyl alcohol in the

control sample was 1.60 g/dm3. These differences result from the fact, that the hydrolysate of triticale

straw purified with ionic liquid was characterized by a higher concentration of reducing sugars, as well

as lower lignin content, which blocks the functioning of yeasts in mash.

The hydrolysate of triticale straw purified using the sulfate method, after fermentation was

characterized by an ethanol content of 5.46 g/dm3. Similar results were obtained for triticale straw

samples subjected to pretreatment with recycled ionic liquid. The concentration of ethanol in this

sample was 5.39 g/dm3. The vitality of yeasts in both samples was lower than in the remaining

hydrolysates (60% for sulfate method purified straw and 65% for recycled ionic liquid purified straw)

(Table 1).
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Figure 4. Concentration of ethyl alcohol after 96 h of alcoholic fermentation of triticale straw:

1—control sample; 2—pretreated with ionic liquid; 3—pretreated with white bleach (sulfate method);

4—pretreated with recycled ionic liquid.

Table 1. Count and vitality of Saccharomyces cerevisiae Ethanol Red yeast cells in the tested mashes.

Fermented medium Count [cfu/mL−1] Vitality [%]

Triticale straw—control sample 4.8 × 105 40 ± 1.5

Triticale straw—ionic liquid treatment 1.2 × 108 96 ± 0.5

Triticale straw—sulfate method treatment 7.2 × 105 60 ± 0.7

Triticale straw—recycled ionic liquid treatment 7.8 × 105 65 ± 1.2

Analysis of the count and vitality of yeasts performing the fermentation process allows us to

conclude that the release of inhibitors in the sulfate method had a negative influence on the growth and

vitality of the microorganisms engaged in the fermentation process. Similar conclusions were drawn by

Szymanowska et al. [30], who to produce bioethanol used potato pulp hydrolyzed using sulfuric acid

and enzymes. The acidic hydrolysate contained 22 g/dm3 reducing sugars, from which only 6 g/dm3

ethanol was obtained as a result of fermentation. Furthermore, the authors determined that the cost of

obtaining hydrolysates using amylases, cellulases and pectinases is not comparable to the efficiency of

the process. The concentration of ethanol after fermentation of enzymatic hydrolysates was not higher

than 2.5%, which, including the process costs such as separation and concentration of the final product

becomes unprofitable. Perhaps the use of membrane distillation will contribute to reduction of the

process costs in the future [30]. The literature contains an increasing number of solutions aiming at

purification of the substrate prior to fermentation process. The most commonly described methods

include detoxification via using bases, reducing agents and polymers. Worth mentioning is the fact

that screening of microorganisms immune to environmental stresses, selection of the culture method,

microbial treatment, evolutionary engineering and genetic engineering are also among methods, which

aim at increase of the efficiency of the use of lignocellulose [31]. For comparison Saha et al. [32]

fermented wheat straw using Saccharomyces cerevisiae yeast in two systems: SHF—separate hydrolysis

and fermentation process SSF—simultaneous hydrolysis and fermentation process. The wheat straw

was previously purified with sulfuric acid and enzymatically hydrolyzed to obtain reducing sugars.

In addition, the authors subjected to fermentation a sample of wheat straw which apart from acid was

also purified with lime. As a result of the conducted study it was determined that the ethanol content

did not depend on the system of fermentation and only on the method of material purification. In the

simultaneous hydrolysis and fermentation of the samples, which were subjected to pretreatment using

sulfuric acid and enzymes, the ethanol content was 13 g/dm3 and in the variant with additional lime

purification 17 g/dm3 ethanol was obtained.
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The influence of pretreatment of lignocellulose material on the efficiency of alcoholic fermentation

was also tested by Eisenhuber et al. [33], who conducted their study on an industrial scale.

They obtained ethanol from different types of straw (wheat, rye and corn). Prior to fermentation,

they used pretreatment with high temperature (160–200 ◦C) for 10 and 20 min. Alcoholic fermentation

was conducted using Saccharomyces cerevisiae at 30 ◦C for 168 h. In the sample of rye straw subjected

to pretreatment in temperature 200 ◦C for 10 min 108 kg of ethanol was obtained, and the efficiency

of fermentation amounted to 44% of theoretical value. For rye straw pretreated at 200 ◦C for a

longer period (20 min) the content of ethanol was 169 kg, and the efficiency of fermentation was

at 70% of the theoretical value level. Kádár et al. [34] conducted simultaneous hydrolysis and

fermentation of cellulose industrial waste (corrugated cardboard, cellulose sludge formed during paper

production) originating from the Hungarian company Dunapack (Ujazd, Poland) and SOLKA FLOC

200 cellulose powder (International Fiber Corporation, New York, North Tonawanda, USA). In the

samples fermented by S. cerevisiae, the ethanol content was 14.2 g/dm3 for corrugated cardboard,

9.0 g/dm3 for cellulose sludge and 16.6 g/dm3 for SOLKA FLOC 200cellulose powder. In the

present study, the ethanol content differed considerably. For these reasons, an attempt was made

to demonstrate the relationship between ethanol concentration and the hydrolysate type subjected

to alcoholic fermentation, for which the PCA method was used. The active variables consisted of

the concentration of ethyl alcohol obtained after fermentation and the grouping variable was type

of pretreatment of triticale straw, which influenced not only the reducing sugars concentration after

enzymatic hydrolysis, but also the content of ethanol after fermentation. In this case, the PCA analysis

was also conducted based on a correlation matrix. From the analyzed data two first coefficients with

values of above >1 were generated, characterizing hydrolysate samples in terms of similarities and

differences. In this case the main component Z1 explained as much as 96.95% of the total variability

(Figure 5).
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Figure 5. Screen for variables describing the changes in the concentration of ethyl alcohol

after fermentation.

Figure 6 presents the influence of the used pretreatment of triticale straw on the ethanol

concentration after fermentation. The location of grouping variables is presented in a new coordinate

system, defined by the Z1 and Z2 components. The measure of resemblance in this statistical method

is the Euclidean distance. The coefficient loads for the Z1 component indicated its relationship with the

ethanol concentration values in the tested hydrolysates. Classification using the PCA method allowed

re-establishing three groups of samples subjected to fermentation. The first group consisted of control

samples of triticale straw not subjected to pretreatment, which gave the lowest ethanol concentration.

The second group consisted of triticale straw samples purified with recycled ionic liquid (CR) and
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samples of triticale straw purified using the sulfate method (SO4). The third group— triticale straw

samples purified with ionic liquid (C)—were the samples with the highest ethanol content.

The most extreme location on the observation chart is taken by the samples marked as ‘0′ and

‘CJ’. This indicates the greatest differences between ethanol concentrations in these samples, which is

linked to the use of pretreatment with ionic liquid. The highest increase of ethanol was observed for

triticale straw subjected to ionic liquid treatment, the Euclidean distances of the remaining samples in

relation to the control sample of triticale straw (0) are similar.

–

–

–

 

 

 

Figure 6. PCA scores plot of triticale straw pretreatment by ionic liquid, recycled ionic liquid or sulfate

method, untreated (control).

Thus, the ethanol concentration in these samples has a similar level and it is strictly related to

the content of reducing sugars in the mashes prior alcoholic fermentation. The PCA analysis results

demonstrated that the content of reducing sugars in the samples of triticale straw is influenced by

the use of ionic liquid for the pretreatment of these materials. The results of ethanol concentration in

mashes are also highest for the samples purified with pure ionic liquid than in the samples, where white

bleach is used for the treatment (sulfate method).

4. Conclusions

The highest concentration of reducing sugars was obtained through enzymatic hydrolysis of

triticale straw purified with ionic liquid. The efficiency of enzymatic hydrolysis of triticale straw

after pretreatment with ionic liquid and sulfate method was similar. Ionic liquid recycling after

pretreatment of rye straw using lyophilization allowed to reuse this solvent to purify rye straw, yet the

efficiency of this method remained at a low level. The concentrations of ethanol in mashes were

higher in the samples of triticale straw purified with ionic liquid, in comparison to the samples

of these materials pretreated using the sulfate method or recycled ionic liquid. The use of ionic

liquid-1-ethyl-3-methylimidazolium acetate enhanced the yield of ethanol from triticale straw from

1.60 g/dm3 after processing without pre-treatment to 10.64 g/dm3 after pre-treatment.
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read and approved the final manuscript.

Funding: This research was funded by National Science Center grant number DEC- 2017/01/X/NZ9/00357.

_ 
3... 

„
.

„
_

 
.

.
.

.
 

_
.

.
.

 
_

.
„

 
_

.
.

 
n

o
 

. 
. 

O
.

.
.

.
.

.
 

0
.

0
0

0
.

 

.
.

.
.

.
.

 
.

.
.

.
.

.
 

o 
. 

. 
.

.
 

: 

. 
|

.
.

.
 

. 

.
.

.
.

 
.

.
.

.
.

.
r

n
r

u
‘

.
.

.
.

.
.

.
.

.
.

.
.

 

.
.

.
 

I 
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

 
. 

.
.

.
.

.
.

o
.

.
.

.
.

 
.

.
.

.
.

.
o

.
.

.
.

.
.

.
 

l
.

,
—

.
I

 

.
.

.
 

.
.

.
 

.
.

.
:

 
. 

. 
_

.
„

—
.

.
.

.
.

 
. 

.
.

.
w

.
„

.
 

m
 

I 
o

.
o

.
.

.
.

.
 

.
.

.
.

.
.

.
I

.
I

.
_

H
_

.
 

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
 

|
.

d
_

.
|

 

O
O

.
.

.
.

.
O

O
O

O
O

O
O

 

.
.

.
.

.
 

.
.

.
.

.
.

 

. 
. 

- 
.

.
 

E
.

.
 

1
:

2
 

.
.

.
.

.
.

.
“

m
.

.
.

.
.

.
.

.
.

.
.

.
.

.
 

_
.

.
 

.
.

.
.

.
.

 
_

.
 

.
.

.
:

 
.

_
 _

.
 

.
.

.
.

.
 

_
.

 
. 

„
i

.
 

„
„

a
—

.
Ś

H
Ł

 
Frei-1 ”(EEE-55:53; 



Energies 2019, 12, 1155 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jönsson, L.J.; Martín, C. Pretreatment of lignocellulose: Formation of inhibitory by-products and strategies

for minimizing their effects. Bioresour. Technol. 2016, 199, 103–112. [CrossRef]

2. Naik, S.N.; Goud, V.V.; Rout, P.K.; Dalai, A.K. Production of first and second generation biofuels:

A comprehensive review. Renew. Sustain. Energy. Rev. 2010, 14, 578–597. [CrossRef]

3. Chandel, A.K.; Kapoor, R.K.; Singh, A.; Kuhad, R.C. Detoxification of sugarcane bagasse hydrolysate

improves ethanol production by Candida shehatae NCIM 3501. Bioresour. Technol. 2007, 98, 1947–1950.

[CrossRef]

4. Liu, L.; Chen, H. Enzymatic hydrolysis of cellulose materials treated with ionic liquid [BMIM] Cl. Chin. Sci.

Bull. 2006, 51, 2432–2436. [CrossRef]

5. Berlin, A.; Balakshin, M.; Gilkes, N.; Kadla, J.; Maximenko, V.; Kubo, S.; Saddler, J. Inhibition of cellulase,

xylanase and β-glucosidase activities by softwood lignin preparations. J. Biotechnol. 2006, 125, 198–209.

[CrossRef] [PubMed]

6. Mosier, N.; Wyman, C.; Dale, B.; Elander, R.; Lee, Y.Y.; Holtzapple, M.; Ladisch, M. Features of promising

technologies for pretreatment of lignocellulosic biomass. Bioresour. Technol. 2005, 96, 673–686. [CrossRef]

[PubMed]

7. Plechkova, N.V.; Seddon, K.R. Applications of ionic liquids in the chemical industry. Chem. Soc. Rev. 2008,

37, 123–150. [CrossRef] [PubMed]

8. Pinkert, A.; Marsh, K.N.; Pang, S.; Staiger, M.P. Ionic liquids and their interaction with cellulose. Chem. Rev.

2009, 109, 6712–6728. [CrossRef]

9. Zhu, S.; Wu, Y.; Chen, Q.; Yu, Z.; Wang, C.; Jin, S.; Ding, Y.; Wu, G. Dissolution of cellulose with ionic liquids

and its application: A mini-review. Green Chem. 2006, 8, 325–327. [CrossRef]

10. Endres, F.; El Abedin, S.Z. Air and water stable ionic liquids in physical chemistry. Phys. Chem. Chem. Phys.

2006, 8, 2101–2116. [CrossRef]

11. Huddleston, J.G.; Visser, A.E.; Reichert, W.M.; Willauer, H.D.; Broker, G.A.; Rogers, R.D. Characterization and

comparison of hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium

cation. Green Chem. 2001, 3, 156–164. [CrossRef]

12. Mäki-Arvela, P.; Anugwom, I.; Virtanen, P.; Sjöholm, R.; Mikkola, J.P. Dissolution of lignocellulosic materials

and its constituents using ionic liquids-A review. Ind. Crops. Prod. 2010, 32, 175–201. [CrossRef]

13. Kolodziej, B.M.M. The Renewable Energy Sources. Agricultural Energy Resources; Universal Agricultural and

Forest Publishing: Poznan, Poland, 2012.

14. Sims, R.E.H.; Mabee, W.; Saddler, J.N.; Taylor, M. An overview of second generation biofuel technologies.

Bioresour. Technol. 2010, 101, 1570–1580. [CrossRef]

15. Hendriks, A.T.W.M.; Zeeman, G. Pretreatments to enhance the digestibility of lignocellulosic biomass.

Bioresour. Technol. 2009, 100, 10–18. [CrossRef]

16. Zhang, Y.H.P. Reviving the carbohydrate economy via multi-product lignocellulose biorefineries. J. Ind.

Microbiol. Biotechnol. 2008, 35, 367–375. [CrossRef]

17. Ghose, T.K. Measurement of cellulase activities. Pure Appl. Chem. 1987, 59, 257–268. [CrossRef]
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Abstract

One of the main goals of industrial biotechnology is to develop an effective method 

for ethanol production for fuel purposes using lignocellulosic biomass. Variability 

of lignocellulosic raw materials, selection of an effective method for the pretreat-

ment of raw material, and selection of microorganisms with the ability to ferment 

not only hexoses but also pentoses and are moreover resistant to environmental 

stress generated by the products of lignocellulosic complex decomposition, are the 

challenges encountered in ethanol production. The use of agricultural wastelands 

and overgrowing plants that have little possibility of application in processes other 

than energy production seem to be an interesting alternative to conventional, but 

very often rather cultivation demanding energy crops. The aim of this study was 

to evaluate the possibility of using the stems of fireweed (Epilobium angustifolium 

L.), European goldenrod (Solidago virgaurea L.), and common broom (Cytisus sco-

parius L.) for ethanol production. The key elements studied were characteristics of 

the lignocellulosic complex structure, influence of the selected ionic liquids on the 

structural changes in biomass, and efficiency of enzymatic hydrolysis and ethanol 

fermentation processes. The results showed that under the assumed conditions the 

best effect was observed with the fireweed materials subjected to pretreatment with 

1-ethyl-3-methylimidazolium acetate and enzymatic hydrolysis with Viscozyme® 

preparation. The final concentration of ethanol obtained was 2.509 g L−1 with a yield 

of 92.3%. This was due to the highest share of cellulose (40.9%) in the whole lig-

nocellulosic complex compared to other raw materials, which in combination with 

the selection of an appropriate ionic liquid and an enzymatic preparation, led to high 

bioprocess efficiency.
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1 |  INTRODUCTION

The production of bioenergy and the use of renewable raw 
materials in farms are among the most important objectives 
of the European Commission. In practice, these are met by 
artificially established energy crops on areas previously 
used for food production or the ones which are degraded 
or unused. Contrary to popular belief, starting of the cul-
tivation of any energy crops often requires large financial 
outlays, including the purchase of good-quality seedlings 
and plant-protective products (especially during the first 
year of cultivation),which involve high costs in addition to 
those resulting from the necessity to fertilize plantations.1,2 
Moreover, important prerequisites for such a cultivation are 
accurate and reliable estimates from fast-growing plantations 
regarding both current and potential yield of biomass, prof-
itability, climate etc3 An alternative to plantations exhibiting 
a targeted and strictly planned cultivation is the plants grow-
ing on set-aside land. Biomass obtained from an uncultivated 
land often consists of a mixture of grassland and woody 
plants growing in marginal areas for more than 5 years. The 
botanical composition of such biomass depends mainly on 
the geographical location and the time of land exclusion from 
agricultural production. In Poland, agricultural wastelands 
occupy about 10% of the total agricultural area. In addition, 
the country also has many green areas such as baulks, forest 
clearings, and fallow land overgrown with perennial vegeta-
tion and a mixture of grasses. Among the perennial plants, 
fireweed (Epilobium angustifolium L.) and European golden-
rod (Solidago virgaurea L.) can be distinguished. Moreover, 
from the family of shrub plants one can distinguish common 
broom shrubs (Cytisus scoparius L.).A common feature 
of all three plants is the structure and composition of their 
stems, which contain about 20% lignin, 40% cellulose, and 
25% hemicellulose. All three species require very modest soil 
quality and therefore can be an interesting source of biomass. 
Moreover, these plants behave like pioneer species and grow 
very well on the recultivation lands, such as coal combustion 
waste deposits or postmining soils (eg after sulfur exploita-
tion),4,5 and are suitable for the protection of set-aside land. 
In addition, goldenrod and firewood are melliferous species, 
what expands their usage in biorefineries.5 Usually, they 
form compact floristic groups or clusters, which together 
with their large size (over 1  m) favors their application as 
an attractive biomass source. Furthermore, considering the 
fact that 5%-8% of worldwide lignocellulose production per 
year would be sufficient to meet the annual demand of fos-
sil oil, the use of common weeds for energy purposes seems 
justified.6 However, it should be noted that the production of 
bioethanol from lignocellulose is a multistage process, which 
success depends on the effective delignification of the mate-
rial and change of the cellulose structure from crystalline to 

amorphous, as well as on efficient enzymatic hydrolysis and 
alcoholic fermentation. One of the methods of lignocellu-
lose pretreatment is the use of imidazolium ionic liquids, the 
purpose of which is to dissolve cellulose fibers and facilitate 
effective enzymatic hydrolysis via increasing of the porosity 
of the material and dissolution of lignin. The interest in using 
ionic liquids and enzymatic hydrolysis for the production of 
bioethanol is growing rapidly mainly due to the benefits of 
this method.7 Some of the known already ionic liquids may 
be a great alternative to conventional lignin and cellulose 
solvents such as sulfuric acid and sodium hydroxide.8 Ionic 
liquids dissolve cellulose, change its structure by increasing 
the number and size of pores between fibers, and improve the 
efficiency of cellulolytic enzymes. They can also be recycled 
after the process and reused. Several methods for recovery 
of ionic liquids including distillation, extraction, adsorption, 
membrane separation, aqueous two-phase extraction, crystal-
lization, and external force field separation are considered to 
be most valuable when it comes to IL solutions. The methods 
used for their recovery are distillation, adsorption, and mem-
brane separation.9

In addition to the typical energy-related aspects of use, 
the importance of high-yielding crops and rural development 
should be mentioned, including the benefits of using areas 
not exploited as farmlands due to their poor quality. In this 
view, the aim of this study was to evaluate the possibility of 
using the stems of fireweed, European goldenrod, and com-
mon broom in the production of second-generation ethanol.

2 |  EXPERIMENTAL

2.1 | Materials

Fireweed (E angustifolium L.), European goldenrod (S vir-

gaurea L.), common broom (C  scoparius L.) used in the 
study were obtained from agricultural wastelands located 
in Zachodniopomorskie Voivodeship in Poland. The period 
of land exclusion from agricultural production was in the 
range from 5 to 15  years. The obtained biomass consisted 
of aboveground parts of the plants, which were harvested 
in September 2017 and ground and dried to a water content 
below 5%.

The stems were pretreated with two imidazolium ionic liq-
uids: 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]; 
purum 95%, Iolitec) and 1-butyl-3-methylimidazolium ace-
tate ([BMIM][OAc]; purum 98%, Iolitec). Simultaneously, 
studies were carried out on the use of biomass in its native 
form to compare the course of the process. The following 
cellulolytic preparations were used for enzymatic hydroly-
sis: cellulase from Aspergillus sp (≥1000 units g−1), cellu-
lase from Trichoderma reesei (≥700 units g−1), Viscozyme® 
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(13.4 FBG (fungal beta-glucanase unit) mL−1), and Cellic® 
CTec2 (115.6 FPU (filter paper unit) mL−1) (Merck).

2.2 | Methods

2.2.1 | Pretreatment with ionic liquids

Each biomass sample was purified with two imidazolium 
ionic liquids: [EMIM][OAc] and [BMIM][OAc]. For this 
purpose, 5 g of ground material was mixed with 50 mL of 
the ionic liquid. The samples were then homogenized for 
2  minutes and incubated at 120°C for 2  hours. After the 
incubation, the samples were cooled to room temperature 
and then the cellulose fibers were separated with deionized 
water, through rinsing the sample with water at least three 
times until the ionic liquid was removed. The solid frac-
tion obtained was resuspended in 100  mL of 50  mmol/L 
acetate buffer (pH 5.0) and then subjected to enzymatic 
hydrolysis.

2.2.2 | Enzymatic hydrolysis and alcoholic 
fermentation

Four enzymatic preparations (cellulase from Aspergillus sp, 
cellulase from T  reesei, Cellic® CTec2, and Viscozyme® 
(Sigma-Merck)) were used for enzymatic hydrolysis at an 
amount of 20 FPU g−1 of cellulose in the material. Biomass 
fractions mixed with Aspergillus sp cellulase and T  reesei 
cellulase were incubated at 47°C for 72 hours, while those 
treated with Cellic®CTec2 and Viscozyme® were incubated 
at 50°C for 72 hours.

Hydrolysate solutions (50 mL), after filtration in order to 
remove any lignocellulose residues, were subjected to alcoholic 
fermentation. The pH of the fermentation broth was measured 
at each sampling point and adjusted to 5.0 by adding either 
10 wt.% H2SO4 or 20 wt.% NaOH. Ethanol fermentation was 
initiated by adding freeze-dried distiller's yeast Saccharomyces 

cerevisiae type II (Sigma-Aldrich) (5%, w/v).The samples were 
placed in fermentation flasks (volume of 100 cm3) in a 100 rpm 
shaking incubator. The fermentation process took 96 hours at 
the temperature of 37°C in anaerobic conditions. Samples of a 
volume of 2 cm3 were taken for HPLC analysis, and 70 cm3 for 
distillation and pycnometric measurements.

2.2.3 | Analysis of raw materials structure

The content of lignin, cellulose, and hemicellulose was 
determined in the collected biomass by using filter bags 
and the AnkomA200 apparatus. The content of neutral 

detergent fiber (NDF) was determined using the Van Soest 
method, while that of acidic detergent fiber (ADF) and 
acidic detergent lignin (ADL) was measured according 
to the standard. The content of cellulose was determined 
based on the difference between the shares of ADF and 
ADL fractions, whereas the content of hemicellulose was 
determined from the difference between the shares of NDF 
and ADF fractions.

Changes in the crystalline structure of the raw 
material were evaluated by analyzing the obtained 
scanning electron microscopy (SEM) images. The mor-
phology of cellulose fibers in the samples before and after 
pretreatment with ionic liquids was observed using a scan-
ning electron microscope Quanta 200 Mark II produced 
by FEI Company. All images were taken at the magnifi-
cation of 500×, at the acceleration voltage 25 kV. Prior to 
placing the sample in a high vacuum environment, they 
were dried at elevated temperatures and placed on a con-
ductive foil.

2.2.4 | High-performance liquid 
chromatography

The content of glucose and ethanol was determined by high-
performance liquid chromatography (HPLC). For chemi-
cal analysis, the samples were first centrifuged at 4000 g 
for 10  minutes at 4°C (Multifuge 3SR), filtered through 
a 0.22-µm membrane filter (Millex-GS, Millipore), and 
then analyzed on an HPLC system (Merck Hitachi). The 
fractions of glucose, ethanol, acetic acid, lactic acid, and 
glycerol were separated using an Aminex HPX-87P system 
(Bio-Rad) at 30°C using a 5  mmol/L H2SO4 solution as 
the mobile phase at a flow rate of 0.6 mL min–1, and then 
detected with a refractive index detector (Model L-7490, 
Merck Hitachi).

2.2.5 | Efficiency of enzymatic 
hydrolysis and ethanol production

The lignocellulose to ethanol conversion rate (%) was calcu-
lated according to the formula10:

where Ce – ethanol concentration (g L−1); V – sample volume 
(L); M – total amount of substrate in the sample (g s.s.); C – 
cellulose and hemicellulose concentration in the material (%); 
1.1 – cellulose to glucose conversion factor; 0.51 – glucose to 
ethanol conversion factor.

Y =
C

e
×V ×100

M×C×1.1×0.51
×100 (%) ;
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3 |  RESULTS

3.1 | Chemical characteristics of raw 
materials before and after the treatment with 
ionic liquids

In the first stage of this work, three raw materials selected for 
the study were evaluated for the content of cellulose, hemi-
cellulose, and lignin, which are the key elements of the ligno-
cellulosic complex. The analysis of the composition showed 
that the content of cellulose was similar in common broom 
and European goldenrod and was equal to 30.7% and 30.4%, 
respectively. The highest amount of cellulose was found in 
fireweed, constituting 41.0% of the lignocellulosic complex. 
Hemicellulose content was lower amounting to 21.9% in 
fireweed, 28.8% in common broom, and 29.2% in European 
goldenrod. Lignin, which is not a source of fermenting sugars 
but acts rather as a specific binder of cellulose and hemicel-
lulose, constituted a large share in the studied raw materi-
als—20.4% in fireweed, 16.0% in common broom, and 19.2% 
in European goldenrod.

The raw materials were subjected to pretreatment with 
ionic liquids [BMIM][OAc] and [EMIM][OAc], which re-
sulted in a change in the proportion of individual components 
of the lignocellulosic complex. This change was more obvi-
ous in the variant in which [EMIM][OAc] was applied. In 
the samples of fireweed, the content of lignin was reduced 
from 20.4% to 17.9%, and in European goldenrod, the content 

reduced from 19.2% to 12.8%. There were also differences 
observed in the content of hemicellulose after pretreatment 
with ionic liquids with a decrease by about 2% on average. 
On the other hand, the percentage of cellulose increased by as 
much as 10% in the samples of fireweed and European gold-
enrod after pretreatment. To determine the changes in the 
structure of the examined raw materials, their images were 
taken with a scanning electron microscope (Figures 1-3). It 
was observed that in each plant material, after the applica-
tion of imidazoliumionic liquids, the fibers were untangled 
and the structural integrity of the material was permanently 
lost. On comparing the plant materials with each other, it was 
found that both European goldenrod and fireweed were more 
susceptible to ionic liquids than common broom.

3.2 | Enzymatic hydrolysis

The next stage of the study involved enzymatic hydrolysis for 
the release of fermenting sugars. The effectiveness of enzy-
matic hydrolysis carried out using the four commercial enzyme 
preparations was verified in the study. The raw materials from 
all three species were subjected to enzymatic hydrolysis. Three 
experimental variants were prepared— raw material not pro-
cessed with ionic liquids, raw material pretreated with BMIM 
Ac, and raw material pretreated with [EMIM][OAc]. All the 
prepared variants were saccharified using Cellic® CTec2, 
Viscozyme®, T reesei cellulase, and Aspergillus sp cellulase. 

F I G U R E  1  SEM images of a 
European goldenrod structure before 
and after the treatment with ionic liquids 
(magnification 500×, scale bar 400 µm). (A) 
Untreated, (B) pretreatment with [BMIM]
[OAc], and (C) pretreatment with [EMIM]
[OAc]

(A)

(B) (C)
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The process was carried out for 72 hours at temperatures and 
pH that were appropriate for the enzymes, following which the 
glucose content was determined (Figure 4).

Based on the results observed after enzymatic hydroly-
sis, it can be concluded that the glucose content was more 
influenced by the type of ionic liquid used for pretreatment 

F I G U R E  2  SEM images of a fireweed 
structure before and after the treatment with 
ionic liquids (magnification 500×, scale bar 
400 µm). (A) Untreated, (B) pretreatment 
with [BMIM][OAc], and (C) pretreatment 
with [EMIM][OAc]

(A)

(C)(B)

F I G U R E  3  SEM images of a common 
broom structure before and after the 
treatment with ionic liquids (magnification 
500×, scale bar 400 µm). (A) Untreated, (B) 
pretreatment with [BMIM][OAc], and (C) 
pretreatment with [EMIM][OAc]

(A)

(C)(B)
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and as the type of enzymatic preparation in comparison to 
the species of the plant. The best results were obtained in the 
experiment in which the pretreatment was carried out with 
[EMIM][OAc] and enzymatic hydrolysis with Viscozyme® 
preparation. The final glucose concentration observed in the 
hydrolysates of fireweed, common broom, and European 
goldenrod of this variant was 4.82, 4.9 g L−1, and 5.13 g L−1, 
respectively. Significant differences were also noted in the 
effectiveness of saccharification by individual enzymatic 
preparations (Figure  4). The cellulase from T  reesei was 
found as the least effective enzyme. The glucose concen-
tration in the hydrolysate of European goldenrod after en-
zymatic hydrolysis did not exceed 3.5 g L−1. A significant 
interaction between the effectiveness of the enzymatic prepa-
ration and the applied pretreatment was also observed. The 
glucose concentration in the samples of goldenrod, fireweed, 
and broom treated with [BMIM][OAc] was higher than that 
of the samples purified with [EMIM][OAc] (Figure 4).

A comparable glucose concentration of about 4.5 g L−1 
was noted in the samples of European goldenrod and common 
broom hydrolyzed using Cellic® CTec2 preparation, with no 
visible difference resulting from the type of ionic liquid used. 
The study showed that pretreatment with ionic liquid was 
crucial for the effective hydrolysis of the raw materials stud-
ied. In the experimental variants in which the native material 
was hydrolyzed using Cellic® CTec2, the glucose concen-
tration in the hydrolysates of fireweed, common broom, and 
European goldenrod after 72 hours of hydrolysis was 0.555, 
0.541, and 0.671 g L−1, respectively. After pretreatment with 
[EMIM][OAc] or [BMIM][OAc], a significantly higher con-
centration of glucose was observed in comparison to no pre-
treatment, with an increase on average by 4 g L−1.

The highest hydrolysis efficiency was observed in the 
samples in which the Cellic® CTec2 enzymatic preparation 
was applied and in the material treated with Viscozyme®. 
The effectiveness of cellulase from Aspergillus sp and 

F I G U R E  4  Glucose concentration 
after enzymatic hydrolysis
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F I G U R E  5  Ethanol concentration 
after fermentation with Saccharomyces 

cerevisiae yeast
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Viscozyme® depended on the ionic liquid used for pretreat-
ment. With respect to these enzyme preparations, higher effi-
ciency of hydrolysis was observed in the samples of biomass 
purified with [EMIM][OAc].

3.3 | Ethanol fermentation of lignocellulosic 
hydrolysates

The last stage of the work involved the assessment of the 
influence of pretreatment with ionic liquid and enzymatic 
hydrolysis on ethanol concentration after fermentation. The 
results showed that the fermentation efficiency was directly 
related to the success of pretreatment and enzymatic hydroly-
sis, as presented at the Figure 5. Alcoholic fermentation was 
carried out under conditions suitable for microorganisms, 
using the same procedure for all the hydrolysates. This al-
lowed comparing the efficiency of ethanol production de-
pending on the type of raw material and the ionic liquid used 
for pretreatment. The concentration of ethanol after 96 hours 
of fermentation was the highest in the samples of materi-
als that were purified with [EMIM][OAc] and treated with 
Viscozyme® (European goldenrod) and Aspergillus sp (com-
mon broom) for enzymatic hydrolysis—which was equal to 
2.86 and 2.65 g L−1, respectively. In the case of fireweed, the 
highest concentration of ethanol (2.51 g L−1) was obtained in 
the sample purified with [EMIM][OAc] and hydrolyzed with 
Viscozyme®. The Viscozyme® preparation contains thermo-
stable xylanases, so it can be concluded that in the material 
hydrolyzed with this enzyme, the content of monosaccharides 
was higher which originated from the decomposition of cel-
lulose and hemicellulose. Only a smaller difference was ob-
served in ethanol content between the samples purified with 
[BMIM][OAc] and [EMIM][OAc] before treatment with 
Cellic® CTec2. However, in the remaining samples, where 
other enzymes were used for hydrolysis, the influence of the 
type of ionic liquid used was clearly observed.

Figure 6 presents the efficiency of the ethanol fermenta-
tion process depending on the ionic liquid used for pretreat-
ment and the enzymatic preparation used for hydrolysis. The 
efficiency of the ethanol fermentation process ranged from 
1.5% as observed in the native fireweed material hydrolyzed 
with Viscozyme® to 81.4% as observed in the European 
goldenrod material pretreated with [EMIM][OAc] and hy-
drolyzed with Viscozyme® preparation. It should be noted 
that, similar to enzymatic hydrolysis, the pretreatment of raw 
materials with [EMIM][OAc] was of importance in ethanol 
fermentation.

4 |  DISCUSSION

The production of second-generation biofuels has been a 
challenge for biotechnologists, chemists, botanists, physi-
cists, and gardeners for many years. The structural diversity 
of the raw materials and the difficulty involved in the hy-
drolysis of lignocellulosic complex make the production of 
second-generation bioethanol unprofitable. In addition, the 
biomass preparation for the fermentation process is complex 
and involves multiple stage action. Therefore, any attempts 
to reduce the costs are important to reach competitive pro-
duction costs. Taking all of this into account, the selection of 
an effective and safe method for biomass pretreatment, selec-
tion, and optimization of the dose of enzymatic preparations, 
isolation, and screening of microorganisms resistant to toxic 
products of biomass decomposition, along with the selection 
of plants with high energy potential and that are not used for 
other purposes are considered as the most important objec-
tives in the current research.11,12

In our study, we especially focused on the last objec-
tive, that is, the selection and evaluation of the usefulness 
of common weeds (fireweed, European goldenrod, and com-
mon broom). All three species are high-yielding perennial 
and shrubby plants, which grow in marginal areas and do 

F I G U R E  6  Ethanol fermentation 
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not require cultivation or fertilization. The stems of golden-
rod, broom, and fireweed are easy to collect, dry, and grind. 
Although important, the abovementioned technological val-
ues of these plants remain in the shade as the qualitative 
and quantitative structure of the lignocellulosic complex of 
their stems is unfavorable. Generally, plant biomass is com-
posed mainly of cellulose, hemicellulose, lignin, pectin, 
and proteins. Lignin is one of the most problematic struc-
tural elements hindering the decomposition of cell wall and 
subsequently preventing effective hydrolysis. Therefore, it is 
important to first understand the basic composition of the lig-
nocellulosic complex, such as cellulose, hemicellulose, and 
lignin, in order to be able to estimate the efficiency of the 
bioprocess from the outset. It is worth noting here that lignin 
is not the only barrier hindering the hydrolysis of the poly-
mers composing the lignocellulose, and xylan is also an ex-
ample.13-16 Thus, our analyses of the native material allowed 
for the basic characterization of the selected raw materials 
(Table 1).

The next step in the production of second-generation 
bioethanol from lignocellulosis feedstock is the selection of 
appropriate biomass pretreatment. Many methods of biomass 
pretreatment are known, and each one of them has his advan-
tages but also drawbacks.17 It is crucial that the pretreatment 
method should be so effective that the lignin fraction from 
the cellulose pulp is completely removed. One of the methods 
available for pretreatment is the use of ionic liquids, which 
has already been applied in many studies.18-24 The main pur-
pose of the pretreatment with ionic liquids was to loosen 
the complex and create larger spaces between the cellulose 
and hemicellulose fibers so that the enzymes can penetrate 
the deeper layers of biomass during hydrolysis. The imidaz-
olium ionic liquids selected in the present study effectively 
dissolved lignin-rich biomass and even caused its partial sep-
aration from cellulose fibers. In addition, they had a low vis-
cosity and mixed well with biomass.

The results presented in the study showed a change in the 
biomass structure of the examined plants and also that the 
amount of lignin extracted after pretreatment was low, which 
in the further stages of the bioprocess may result in the inhi-
bition of enzymatic hydrolysis and consequently lower etha-
nol production (Figure 1). The interaction of cellulose with 
hemicellulose, with the latter fraction being dominant, may 
also hinder enzymatic hydrolysis. Tavares et al25 claimed that 
the system of supramolecular structure in plants, including 
the size of polysaccharides in cells and tissues, is determined 
by the glycomic code, which provides information on how 
polymeric bonds are formed. The other aspects that deter-
mine the availability of polymers for enzymes are the size of 
pores and the gaps between the cellulose and hemicellulose 
fibers, and therefore, the size of enzyme molecules is also 
an important factor affecting their effective penetration into 
the plant material. It is worth pointing out that biomass pre-
treatment with ionic liquids is more effective when the water 
content in the raw material is lower. Our study showed that 
the ionic liquids [BMIM][OAc] and [EMIM][OAc] undoubt-
edly affected the structure of the plants studied (Figures 1-3). 
The ability of ionic liquids to dissolve lignocellulosic bio-
mass under gentle conditions and with little or no by-product 
formation makes them highly interesting alternatives for pre-
treatment in the processes where high product yields are of 
critical importance.26

Enzymatic hydrolysis is a safe and effective alternative 
to acidic or alkaline hydrolysis because it takes place under 
milder conditions and provides a high yield of hydrolysate 
without the need for neutralization/purification.27 This pro-
cess may be compatible with ionic pretreatment as ionic 
liquids do not adversely affect the activity of enzymatic pro-
teins. Enzymatic hydrolysis of cellulose, which leads to full 
depolymerization, requires the use of several enzymes that 
can act synergistically, such as cellulases, hemicellulases, 
and pectinases. Cellulose-hydrolyzing cellulases include 

Sample Pretreatment

Cellulose 

[%]

Hemicellulose 

[%]

Lignin 

[%]

Epilobium angustifolium 
L.

Untreated 41.0a 21.9c 20.4c

[BMIM][OAc] 46.4b 20.7a 19.6a

[EMIM][OAc] 42.9a 20.9b 17.9d

Cytisus scoparius L. Untreated 30.7c 28.8a 16.0a

[BMIM][OAc] 43.7a 24.7 14.9d

[EMIM][OAc] 38.6c 20.8d 16.1d

Solidago virgaurea L. Untreated 30.4d 29.2b 19.2a

[BMIM][OAc] 38.0a 22.0d 13.3b

[EMIM][OAc] 40.6a 22.0a 12.8d

Note: Means of three replications based on the least significant difference procedure at α = 0.05 level.

Means with the same letter in the same column are not significantly different.

T A B L E  1  The content of cellulose, 
hemicellulose, and lignin in fireweed, 
common broom, and European goldenrod
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endoglucanases (EG I, EG III) and cellulobiohydrolases 
(CBH I, CBH II), which degrade crystalline cellulose to 
soluble cellulose and amorphous cellulose in the first stage, 
and β-glucosidase (BG),which hydrolyses cellulose to glu-
cose.28,29 Commercial enzyme preparations that can be used 
for saccharification are available in the form of mixtures of 
several enzymes (“enzyme cocktails”) containing, for exam-
ple, cellulases, cellobiases, and pectinases.30 In this study, 
four commercial enzymatic preparations were used and their 
effectiveness in the context of hydrolysis efficiency and the 
final concentration of glucose, which is the basic source of 
carbon for the S cerevisiae yeast used by us, was evaluated. 
The preparation which allowed the most effective hydrolysis 
was Viscozyme® (Figures 5 and 6). It is a product contain-
ing a range of carbohydrases including arabinase, cellulase, 
β-glucanase, hemicellulase, and xylanase. It also breaks down 
the branched pectin-like substances found in plant cell walls.

Other enzymatic preparations used, such as cellulase 
from T reesei or from Aspergillus sp, did not allow for the 
achievement of better results, despite the fact that they were 
used in the hydrolysis of biomass from plants tested by us.31-

35 For example, Bombeck et al35 showed that the use of the 
enzymes from Aspergillus sp for hydrolysis caused a signif-
icant decrease in the proportion of amorphous cellulose on 
the substrate/tree surfaces, leaving the portions of mannan 
and xylan relatively intact. This mixture of enzymes also 
hydrolyzed chemical-thermo-mechanical pulps more effec-
tively than cellulose pulp. In a study on raw material obtained 
from Miscanthus giganteus, which was initially treated with 
5% NaOH at 121°C and hydrolyzed with Celluclast 1.5 L, a 
saccharification efficiency of 52% was noted, while almost 
all hemicellulose (94.6%) was degraded during the pretreat-
ment stage.33 In another study on pretreatment with dilute 
acid and hydrophilic ionic liquids, the maximum glucose 
yield obtained from the reaction catalyzed by the cellulase 
from T reesei did not exceed 75%.32 Dąbkowska et al36 sub-
jected Miscanthus stems to saccharification before and after 
pretreatment with organosolv method (80% (w/w) of glyc-
erol, 1.25% of H2SO4) using various enzymatic preparations 
for hydrolysis. The most effective enzyme mixture that was 
composed of Cellic®CTec2 (10%, w/w), β-glucanase (5%, 
w/w), and Cellic®HTec2 (1%, w/w) resulted in high yields 
of glucose (93.1%) and xylose (69.2%) after glycerol-based 
pretreatment. In another study,31

Miscanthus was pretreated 
with gaseous ammonia (temperature 150°C) and a hydrolysis 
efficiency of almost 100% was achieved after 72 hours using 
Cellic®CTec2 cellulases.

Ethanol fermentation is the last stage of the bioprocess 
aimed to obtain alcohol, the final concentration of which is 
required to be as high as possible and often determines the 
profitability of the production. In our study, we obtained the 
maximum ethanol concentration of 2.86 g L−1 with a yield 
of up to 81.43% from the biomass of European goldenrod, 

which was subjected to treatment with [EMIM][OAc] ionic 
liquid and Viscozyme® enzyme preparation. The lowest 
ethanol concentration of 0.05  g  L−1, with a yield of 1.5%, 
was obtained for the native material from fireweed, treated 
with Viscozyme®. For comparison, Ferreira et al (2010) 
fermented Pterospartum tridentatum samples after the pre-
vious pretreatment with sulfuric acid. The authors obtained 
the maximum ethanol concentration of 0.26 g/g total sugars, 
without previous detoxification.37 In turn, Razmovski et al38 
obtained an ethanol yield of 0.48 g/g (94% theoretical yield) 
from Jerusalem artichoke stems by treatment with dilute 
acid and hydrolysis. Goshadrou et al39 used [EMIM][OAc] 
to pretreat Aspen wood (Populus tremula) and obtained 
224  g of ethanol from 1  kg of biomass. A similar method 
of pretreatment with [EMIM][OAc] (5  hours pretreatment 
in 120°C) was used by Poornejad et al,40 who purified the 
rice straw obtaining 2.4 g ethanol from 100 g of straw. Idi 
et al41 purified cocoa waste with [EMIM][MeSO4]. After fer-
mentation, the authors obtained 7.85 g L−1 of ethanol from 
the treated material and 5.12 g L−1 from the untreated ma-
terial. Yamada et al42 obtained the ethanol production and 
yield from [Bmim][OAc]-pretreated bagasse on the level of 
0.81 g L−1 after fermentation for 96 hours. In case of triticale 
straw, we have previously reported, that the same [EMIM]
[OAc] ionic liquids biomass pretreatment, and further ethanol 
fermentation process conducted in a very similar way, leads 
to 10.64 g L−1 of ethanol.43 The presented studies cover the 
various lignocellulosic raw materials from which bioethanol 
has been obtained using the methodology described in this 
publication. Several reviews on the pretreatment, hydrolysis, 
and ethanol fermentation have been published lately.17,28,44,45 
Elgharbawy et al28 pointed out that the use of ionic liquids is 
a good solution that can benefit the production of bioetha-
nol on a larger scale, combining pretreatment and enzymatic 
hydrolysis in one step. It should be noted, however, that the 
design of the production process with separate pretreatment 
and hydrolysis steps is equally promising. It seems crucial to 
design a specific process for each source of raw material, as 
the ethanol yield depends mainly on a well-performed pre-
treatment (including lignocellulose conversion and hydroly-
sis to monosaccharides and pretreatment specific conditions: 
temperature, time, or biomass loading).

5 |  SUMMARY

The production of bioethanol is a multidisciplinary issue, re-
quiring knowledge of the structure of biomass and the phe-
nomena occurring during conversion, development of more 
new effective enzymes, and optimization of individual steps 
of the process to minimize energy costs. Moreover, the suc-
cessful development of biorefineries based on the produc-
tion of bioethanol from biomass depends not only on the 
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technology used for fuel production but also on the use of 
by-products produced, which would allow reducing the costs 
of bioethanol making it more competitive.

The present paper proposes the use of three plants grow-
ing on agricultural wastelands for the production of bioetha-
nol, which allows obtaining a high yield of biomass and easy 
harvesting and storage. The highest content of ethyl alcohol 
was obtained for European goldenrod: 2.86 g L−1, next for 
common broom: 2.65 g L−1, and for fireweed 2.51 g L−1, all 
samples purified by [EMIM][OAc] and hydrolyzed using 
Viscozyme®.The efficiency of enzymatic hydrolysis de-
pends to a large extent on the type of pretreatment applied 
and the enzymes used, and to a less extent on the very species 
of the three plants investigated.

Therefore, in subsequent studies focusing on increasing 
the scale of the production, plants from agricultural waste-
lands, such as European goldenrod, common broom, and 
fireweed, which are a good source of cellulose and often 
occur in the same area (adjacent to each other), can be used 
as raw materials. As a future prospect, we believe that a 
mixture of these plants can be used for biofuel production 
because of the similar yield of bioethanol obtained during 
the process.
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Ionic liquid pretreatment 
of stinging nettle stems and giant 
miscanthus for bioethanol 
production
Małgorzata Smuga‑Kogut 1, Daria Szymanowska‑Powałowska 2,3, Roksana Markiewicz 
4*, Tomasz Piskier 1 & Tomasz Kogut 5

Production of ethanol from lignocellulosic biomass is considered the most promising proposition for 
developing a sustainable and carbon–neutral energy system. The use of renewable raw materials and 
variability of lignocellulosic feedstock generating hexose and pentose sugars also brings advantages 
of the most abundant, sustainable and non‑food competitive biomass. Great attention is now paid 
to agricultural wastes and overgrowing plants as an alternative to fast‑growing energetic crops. The 
presented study explores the use of stinging nettle stems, which have not been treated as a source 
of bioethanol. Apart from being considered a weed, stinging nettle is used in pharmacy or cosmetics, 
yet its stems are always a non‑edible waste. Therefore, the aim was to evaluate the effectiveness 
of pretreatment using imidazolium‑ and ammonium‑based ionic liquids, enzymatic hydrolysis, 
fermentation of stinging nettle stems, and comparison of such a process with giant miscanthus. 
Raw and ionic liquid‑pretreated feedstocks of stinging nettle and miscanthus were subjected to 
compositional analysis and scanning electron microscopy to determine the pretreatment effect. 
Next, the same conditions of enzymatic hydrolysis and fermentation were applied to both crops to 
explore the stinging nettle stems potential in the area of bioethanol production. The study showed 
that the pretreatment of both stinging nettle and miscanthus with imidazolium acetates allowed for 
increased availability of the critical lignocellulosic fraction. The use of 1‑butyl‑3‑methylimidazolium 
acetate in the pretreatment of stinging nettle allowed to obtain very high ethanol concentrations 
of 7.3 g  L−1, with 7.0 g  L−1 achieved for miscanthus. Results similar for both plants were obtained for 
1‑ethyl‑3‑buthylimidazolium acetate. Moreover, in the case of ammonium ionic liquids, even though 
they have comparable potential to dissolve cellulose, it was impossible to depolymerize lignocellulose 
and extract lignin. Furthermore, they did not improve the efficiency of the hydrolysis process, which in 
turn led to low alcohol concentration. Overall, from the presented results, it can be assumed that the 
stinging nettle stems are a very promising bioenergy crop.

The increasing energy demand driven i.a. by economic growth, expanding population, and social pressure, is 
one of the most significant worldwide concerns, especially in the context of limited fossil fuel sources. The need 
to substitute fossil fuels is crucial to reach energy security and increase environmental  sustainability1. Cellulosic 
ethanol is considered to also play an essential role in the creation of new technologies, since similarly to other 
industries (coal or corn processing), the development of cost-effective processes may induce diversification of 
products (other fuel molecules as well as various chemicals), leading therefore to a more sustainable chemical 
 industry2,3. With the increase in technological possibilities, it is expected that the use of biomass for fuel purposes 
will soon increase to 388.6 (biomass of herbal origin) and 100.7 million tons of dry matter (wood biomass). When 
designing a process for sugar or ethanol production from biomass, its chemical composition must be taken into 
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account, which varies according to the species of plant to be used in the production of  bioethanol4. One of the 
crucial aspects of successful biofuel production is selecting a suitable source of biomass that will provide a large 
amount of cellulose and hemicellulose, a small amount of lignin, and will be easily purified during the chosen 
treatment. The use of biomass for bioethanol production is, in most cases, a very well-developed process. Nev-
ertheless accessing biomass for chemical conversion requires complex evaluation of varieties of biomass like 
biomass size reduction, pretreatment, and fermentation. Moreover, the entire process should be reproducible, 
robust and able to convert closely related biomass source. Any new biomass source need to be evaluated carefully 
to determine preferred biochemical conversion  schemes5.

From many advantages of bioethanol, one has to notice the possibility of its immediate use without the neces-
sity to change its distribution and usage forms and carbon dioxide  neutrality6. Naturally, some drawbacks of 
the production of bioethanol are also noted. As the first generation is based on edible crops, such as corn, sugar 
beet, or sugarcane, they threaten to maintain food security worldwide. The search for biomass for bioethanol 
production is ongoing to effectively replace fossil fuels and the future need for food demand. A good response 
for this problem is second-generation bioethanol, which is produced from non-edible crops feedstock materials, 
and include by-products (e.g., stems, leaves, and husks, wheat, rice or corn straws, sugar cane bagasse, forest 
residues), organic or municipal wastes, as well as dedicated, purpose-grown feedstocks (e.g., grasses, short-
rotation forests, and other energy crops)7–9. Unfortunately, the increasing demand for non-food biomass may 
impact food security regarding food availability, diversity, and  access10.

One of the most prevailing energy crops cultivated in a range of European and North American climatic con-
ditions which can be used to produce bioethanol is giant miscanthus (Miscanthus × giganteus), since it has poten-
tial for greater photosynthetic efficiency and water and nitrogen use efficiency than other crops, especially when 
its production would take place on marginal lands with reduced  input11–13. It has several advantages such as high 
cellulose content from 37 to 42% dry mass and high biomass yield per unit of planted area—23–38 Mg  ha−1  year−1 
under ideal conditions and 14–15 Mg  ha−1  year−1 under poor  conditions12,14. Lee and Kuan conducted a technical 
and economic analysis of bioethanol production from miscanthus, taking into account the costs of the follow-
ing stages: pretreatment, enzymatic hydrolysis, and alcoholic fermentation and showed that the expected yield 
of ethanol from miscanthus is 250.0, 252.62, 255.80, 255.27 and 230.23 L per dry biomass in metric tons, and 
the corresponding ethanol costs are 0.891, 0.83, 0.88, 0.81 and 0.85 $  L−1 of ethanol in processes using AFEX 
pretreatment technologies, diluted acid, alkali, hot water, and steam explosion,  respectively15,16. The results of 
these studies, similar to other research, show that the pretreatment process directly affects the price of the final 
product; therefore, it should yield as much fermented sugar as  possible15,17.

A debate is still ongoing on energy crops, especially as they grow mostly on arable lands, reducing food-
producing areas and increasing their prices. One way of resolving the food competitiveness problem is to promote 
feedstocks that can grow on marginal lands. The other is to use lignocellulosic biomass like agriculture residues, 
forest woody residues, microalgae, and even municipal solid  wastes18. In this context, an interesting yet scarcely 
existing raw material for ethanol production literature is stinging nettle (Urtica dioica L.). It is a perennial, 
broadleaved, dioecious plant, reaching a height of 30 to over 100 cm found in temperate regions of Europe, Asia, 
North Africa, and North  America19. Stinging nettle inhabits soils around houses, gardens, meadows, pastures, 
bushes, areas near lakes and rivers, and deciduous forests. It occurs in large groups on nitrogen-rich soils with 
very high phosphates content, with the yield reaching about 3–12 Mg  ha−1 with relatively low  inputs20. In intensive 
agriculture, stinging nettle is considered a weed. Bioethanol source might be considered significant because of 
its use as a potential, competitive with miscanthus in cellulose occurrence. Nettle can be used to produce high-
quality agricultural raw materials for composites, medicine/pharmacy, textile, and energy  sectors20–22. What is 
most important, stinging nettle stems always remains a waste, therefore the use of these parts of nettle for energy 
purposes doesn’t involve the cultivation of stinging nettle intentionally for bioethanol production. Importantly, 
one need to notice the nettle stems may not be sufficient enough to replace the conventional energy crops, nev-
ertheless in central Europe, they might serve as additional source for bioethanol production.

The overall efficiency of bioethanol production on a commercial basis will always consider sustainability, 
energy consumption, cost, and the overall efficacy of the methods  applied18. A multistep biochemical process 
is used to produce bioethanol from lignocellulosic biomass, which usually involves raw material pretreatment, 
enzymatic hydrolysis, and ethanol  fermentation23,24. Due to the complexity of the lignocellulosic complex (tight 
bonding and molecular packing of cellulose, hemicellulose and lignin, crystallinity of cellulose), it is necessary 
to pretreat the raw material to release the cellulose fraction, which will result in effective  hydrolysis25. After 
pretreatment, complex compounds such as cellulose or hemicellulose are hydrolysed, and the released pool of 
fermenting sugars is metabolized to  ethanol17.

Methods of lignocellulosic biomass pretreatment can be divided into various groups: physical, chemical, bio-
logical. In terms of chemical pretreatment, chemicals such as acids (sulfuric, hydrochloric, and phosphoric acids), 
alkali (NaOH, KOH, Ca(OH)2, hydrazine, and anhydrous ammonia) or organic solvents have been reported to 
have a meaningful effect on the structure of  lignocellulose26. Such pretreatment methods may be characterized 
by drawbacks like high cost and energy demand, low yield of the process, or its unfavorability from the point of 
view of environmental impact. The combinatorial pretreatment (physicochemical and biochemical) and non-
conventional technologies have been proposed, such as ultrasound, supercritical fluids, microwave irradia-
tion, electric and/or magnetic  fields27. Here, the most promising are Steam pretreatment, Liquid Hot Water 
pretreatment, Ammonia Fibre/Freeze Explosion, Organosolv or Ionic liquid (IL) based pretreatment, affecting 
physical and chemical properties of lignocellulose  feedstocks24–26. Those pretreatment methods, similarly to the 
conventional ones, can have both advantages and disadvantages. Hydrothermal techniques, for example, are not 
appropriate for each lignocellulose biomass and usually are very energy-demanding. Nonetheless, they do not 
require using additional chemical reagents, which makes them environmentally friendly. On the other hand, 
ionic liquids emerged as lignocellulose pretreatment media thanks to solubilizing, fractioning and increasing 
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cellulose enzymatic digestibility. During the IL pretreatment (dissolution and regeneration with anti-solvent), 
the crystalline structure of cellulose can be changed to amorphous, which largely increases the bioethanol pro-
duction process  efficiency28–30.

This work aimed to analyze the effectiveness of ethanol production from stinging nettle stems, an innova-
tive cellulose source considered as agricultural waste. For this purpose, at first, pretreatment of stinging nettle 
stems was performed using imidazolium and ammonium ionic liquids. Afterward, the stems were subjected to 
enzymatic hydrolysis and alcoholic fermentation. As it is still challenging to compare the efficacy of bioethanol 
production from various lignocellulosic sources, the results obtained for stinging nettle stems were compared 
to the giant miscanthus, a well-known energy crop. The study’s originality lies in the demonstration that the 
stinging nettle stems can be a potential raw material for ethanol production for fuel purposes.

Results
Compositional analysis. The qualitative composition of lignocellulose biomass is a crucial aspect that 
qualifies the raw material for bioethanol production. Another issue is the choice of appropriate pretreatment 
method and its costs. The use of ionic liquids has many advantages, such as the possibility of their recirculation 
and reuse and interesting physicochemical properties, e.g., low vapour pressure, thermal and chemical stability, 
and wide liquid range. The share of fractions of raw and IL-pretreated materials tested in the study is presented 
in Table 1.

Non-pretreated giant miscanthus contained on average 43.5% cellulose, 25.7% hemicellulose, and 14.1% 
lignin, while the stalks of stinging nettle contained 42.5% cellulose, 18.7% hemicellulose, and 15.2% lignin. The 
lignocellulose composition of these two plant species was similar in raw form. It differed depending on the type 
of ionic liquid used for its pretreatment. It should be pointed out that the pretreatment was carried out in two 
stages, which was also reflected in differences in the final composition of substrates aimed for hydrolysis. Sting-
ing nettle stalks subjected to the influence of imidazolium ionic liquids caused a decrease in cellulose content 
by about 10% and lignin content by about 7–9%, with a simultaneous increase in the amount of hemicellulose. 
In turn, the pretreatment using ammonium ionic liquids did not affect carbohydrate losses and did not cause 
nettle stalk delignification. For comparison, similar results were obtained for giant miscanthus before and after 
pretreatment with ionic liquids. However, when imidazolium ionic liquids were used, the lignin content in mis-
canthus samples decreased to 5–7%, and the cellulose content increased by about 2–4%.

The use of imidazolium ionic liquids to dissolve miscanthus and nettle stalks, although it brings better results, 
is also troublesome. As cellulose dissolves, the liquid becomes more viscous and hardly miscible. When anti-
solvent, in that case, deionized water is added, it turns difficult to dissolve the gel. Washing out cellulose fibres 
from the ionic liquid is challenging and time-consuming due to its dense consistency. This is not the case with 
ammonium ionic liquids. The viscosity of the ionic liquid and biomass solution was lower, which allowed further 
mixing. It was also easier to precipitate fibres from these liquids, and the process of ionic liquid washing out 
took a shorter time. Images from the scanning electron microscope exhibit that miscanthus and nettle cellulose 
fibres change from crystalline to amorphous forms after the treatment with both imidazolium and ammonium 
liquids, as presented in Fig. 1. On the other hand, the most significant disadvantage of ammonium ionic liquids 
is that using them is not possible to depolymerize lignocellulose and extract lignin.

Enzymatic hydrolysis. After pretreatment with ionic liquids, stinging nettle and giant miscanthus were 
subjected to enzymatic hydrolysis. The application of xylanase aimed to increase the porosity of cellulose fibres 
and increase the number of contact points for cellulolytic enzymes. The consequence of such action should be 
hemicellulose crystallization and exposure to cellulose fibres and, as a result, an increase in hydrolysis efficiency. 
The efficiency of enzymatic hydrolysis was evaluated after 96  h of the process, determining the glucose and 
xylose concentration. Glucose concentrations are presented in Fig. 2.

The highest concentration of glucose was determined in stinging nettle sample after the treatment with 
[emim][OAc] (4.5 g  L−1) and in giant miscanthus after the treatment with [bmim][OAc] (4.1 g  L−1) and [emim]

Table 1.  Composition of stinging nettle and giant miscanthus untreated and treated with ILs.

Sample Pretreatment Cellulose (%) Hemicellulose (%) Lignin (%)

Urtica dioica L.

Untreated 42.5 ± 0.5 18.7 ± 0.9 15.2 ± 0.9

[bmim][OAc] 33.1 ± 0.7 22.3 ± 1.3 22.6 ± 0.7

[emim][OAc] 35.8 ± 0.4 21.6 ± 2.7 15.1 ± 0.2

[emim][DEP] 33.8 ± 1.9 21.1 ± 0.3 15.1 ± 0.2

[CHDMA-C6][OAc] 43.4 ± 0.6 24.9 ± 0.8 22.3 ± 0.1

[CHDMA-C4][OAc] 43.1 ± 0.2 24.8 ± 0.1 22.3 ± 0.2

Miscanthus giganteus (M × G)

Untreated 43.5 ± 1.1 25.7 ± 0.7 14.1 ± 0.1

[bmim][OAc] 44.9 ± 0.5 31.6 ± 1.1 5.2 ± 0.1

[emim][OAc] 47.7 ± 0.9 28.8 ± 1.0 5.5 ± 0.3

[emim][DEP] 49.4 ± 0.3 21.9 ± 1.2 7.5 ± 0.2

[CHDMA-C6][OAc] 46.0 ± 0.4 30.0 ± 0.3 16.4 ± 0.4

[CHDMA-C4][OAc] 44.0 ± 0.3 31.6 ± 0.1 16.7 ± 0.1
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[OAc] (4.2 g  L−1). In other cases, the glucose concentration did not exceed 2.5 g  L−1, both for stinging nettle and 
miscanthus. Enzymatic hydrolysis occurred with very low efficiency in the variants where no treatment with 
ionic liquids was applied. The glucose concentration of 1.9 g  L−1 was obtained for miscanthus and 0.025 g  L−1 
for stinging nettle.

The content of xylose determined in samples subjected to enzymatic hydrolysis is presented in Fig. 3.

Figure 1.  Scanning electron microscopic images of Urtica dioica L.: (a) untreated; (b) after pretreatment with 
[bmim][OAc]; (c) after pretreatment with [emim][OAc].
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Figure 2.  Glucose content after enzymatic hydrolysis of Urtica dioica L. and Miscanthus × giganteus untreated 
(0) and treated with an appropriate IL.
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Figure 3.  Xylose content after enzymatic hydrolysis of Urtica dioica L. and Miscanthus × giganteus samples 
untreated (0) and treated with an appropriate IL.
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After application of [emim][OAc] pretreatment, 2.6 g  L−1 and 2.5 g  L−1 of xylose were obtained from stinging 
nettle and giant miscanthus, respectively. The xylose concentration in control samples did not exceed 1.5 g  L−1. 
The lowest xylose content was observed in nettle and miscanthus samples treated with ammonium ionic liquids 
(results below 0.9 g  L−1). Considering the influence of the application of individual ionic liquids on glucose and 
xylose content, it can be concluded that the most effective in the treatment of biomass is dissolution with [emim]
[OAc]. On the other hand, the ammonium ionic liquids did not improve the efficiency of the hydrolysis process 
in comparison to the native material.

Alcoholic fermentation. The obtained hydrolysates were subjected to alcoholic fermentation using Sac-
charomyces cerevisiae type II yeast. Chromatographic analysis showed that the highest concentration of ethanol 
was obtained in samples of stinging nettle (7.3 g  L−1) and giant miscanthus (7.0 g  L−1), which were pretreated 
with [bmim][OAc], as presented in Fig. 4.

The results of the statistical analysis include ordering the depending variables according to their level of 
significance. It was shown that the content of ethanol from biomass of stinging nettle and giant miscanthus is 
mainly affected by the type of ionic liquid used, then the amount of simple sugars after enzymatic hydrolysis, and 
the content of lignin in samples intended for hydrolysis and fermentation. Using the Random Forest machine 
learning algorithm, a model with a determination factor R2 between the estimated and the observed ethanol 
content of 0.96 was created, as presented in Fig. 5.

The collection of Out of Bag observations made it possible to determine the importance of particular traits for 
the content of ethanol from biomass. Information about the importance of a given variable is obtained directly 
from a trained model. Using the internal structure of the Random Forest algorithm, it is possible to determine 
how important are the traits used for its learning. In a stochastic manner, the algorithm selects the features of 
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Figure 4.  Ethanol content after alcoholic fermentation of Urtica dioica L. and Miscanthus × giganteus samples 
untreated and treated with ILs.

Figure 5.  Verification scatter diagrams, with the x-axis showing the observed ethanol content and the y-axis 
presenting the estimated ethanol content.
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the model, thus estimating the significance of less important  variables31. The traits ordered according to their 
significance in the model are shown in Fig. 6.

Discussion
The production of ethanol from lignocellulose requires improvements and modifications related to pretreatment, 
enzymatic hydrolysis, and fermentation to increase the profitability of ethanol production and the transition 
from the laboratory to the industrial/commercial scale. One of the most important objectives is to increase the 
efficiency of the fermentation process so that the entire pool of sugars (pentose and hexose) is metabolized to 
ethanol.

Other barriers related to ethanol production include the variable composition of biomass, the presence of 
inhibitors as a result of pretreatment, osmotic and oxidative stress. However, the critical element in the produc-
tion of second-generation bioethanol is the choice of raw material. The raw material from which bioethanol 
will be produced should contain the highest cellulose content possible, along with high hemicellulose and low 
lignin content, because it is this fraction of the lignocellulosic complex that is reflected in the concentration 
of fermenting sugars. A variety of lignocellulose feedstocks have been examined for use in the production of 
biofuels, including energy crops (e.g., miscanthus or switchgrass), forest-based woody wastes, and forest bio-
mass, agricultural, industrial, municipal, and food  wastes32. Another essential feature is the high availability 
of raw materials. Therefore, this article points to the possibility of using stinging nettle stems as a substrate for 
bioethanol production.

It was shown that the content of ethanol from stinging nettle and giant miscanthus biomass is affected mainly 
by the type of ionic liquid used for pretreatment, then the amount of simple sugars after enzymatic hydrolysis, 
and the content of lignin in samples intended for hydrolysis and fermentation. Importantly, not only the lignin 
content but also its structure influences bioethanol production. After the conventional pretreatment methods, 
more condensed lignin is generated, hampering the bioconversion  efficiency33.

A pretreatment method well-suited to the raw material can significantly improve the hydrolysis efficiency of 
the lignocellulosic substrate. However, it should be pointed out that aggressive methods cause losses in the pool of 
fermenting sugars and contribute to the formation of process  inhibitors31. Therefore, mild pretreatment methods 
are becoming more and more popular, which, as in the case of ionic liquids, can improve the availability of cel-
lulose fibres and remove lignin but also causes the formation of large quantities of insoluble  hemicelluloses34–38. 
Moreover, a combination of pretreatment methods is also gaining more and more  attention39. The separation of 
lignin from cellulose using ILs depends on several factors. Hart et al. reported that hydrogen bonding strength 
was not a crucial factor for the lignin dissolution in ILs as it was in the cellulose dissolution, however a minimum 
hydrogen bonding basicity was still required to solubilize the  lignin40. The removal of lignin in the pretreatment 
improves the efficiency of enzymatic hydrolysis but causes changes in the lignin structure. Moreover, even if 
lignin is not fully removed, its structural change also alters its position to cellulose fibres. It creates pores and 
free spaces, which ultimately causes the hydrolysis process to be more efficient. Unfortunately, there aren’t many 
reports that would exhibit total fractionation of lignocellulose using ionic liquids into the main constituents. In 
this study, imidazolium ionic liquids ([emim][OAc], [bmim][OAc] and [emim][DEP]) along with ammonium 
ionic liquids ([CHDMA-C4][OAc] and [CHDMA-C6][OAc]) were chosen as the pretreatment agents for the 
raw materials due to their good cellulose solubility; [emim][OAc] allows the most effective dissolution of cel-
lulose, from 8 to 10%, whereas [CHDMA-C6][OAc] and [CHDMA-C4][OAc] dissolve 9 and 7.5% of cellulose 
 respectively41–43. An increase in cellulose content may be caused by the depolymerisation of fibres in ionic liquids, 
which improves their extraction. It can be assumed that the treatment with ammonium ionic liquids did not 
significantly influence the composition of the biomass studied (Table 1). In particular, it did not contribute to the 
removal of lignin, which makes it impossible to carry out further stages aimed at ethanol production effectively. 
Kumar et al. determined the content of individual lignocellulosic fractions after NaOH treatment (6–10%) for 
24  h44. The authors showed a cellulose content of 85.93%, 6.8% hemicellulose, and 5.49% lignin. Agus Suryewan 

Figure 6.  Relative importance of input features for estimating the ethanol content.
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et al. used various pretreatment methods for the stinging nettle and obtained (in the best case studied) 85% of 
cellulose, 6% of hemicellulose, and 3% of lignin using water retting and  decortication22.

Most of the ionic liquids used in biomass fractionation are imidazolium salts. The literature indicates that 
1-ethyl-3-methylimidazolium acetate ([emim][OAc]), 1-allyl-3-methylimidazolium chloride ([amim][Cl]) and 
1-butyl-3-methylimidazolium chloride ([bmim][Cl]) can serve as effective, non-derivatizing cellulose solvents at 
temperatures below 100 °C, and out of more than 20 ionic liquids tested, [amim][Cl] has proven to be an excel-
lent wood chip solvent. For example, the addition of [bmim][Cl] causes the initial enzymatic hydrolysis rate and 
the pretreatment efficiency of the cellulose process to increase 50 times for regenerated cellulose compared to 
the untreated  one45. Importantly, an increase in the rate of enzymatic hydrolysis of cellulose is associated with 
an increase in the production of simple sugars, which can be converted to ethanol. Moreover, the process of 
biomass degradation with the use of ionic liquids is less energy-intensive, easier to carry out, and more environ-
mentally friendly than previously known  solutions24,28,46,47. On the other hand, limitations for the application 
of ILs in the pretreatment of lignocellulose biomass are also being identified, with the most important factors 
being their high cost, high viscosities and moisture sensitivity, which makes it difficult to introduce an industrial 
scale process with their  use48. For the process to be economically viable, water consumption must be reduced, 
and an effective system for ionic liquids recycling must be developed. Attempts were made to reduce the cost 
of solvent acquisition, replacing imidazolium ionic liquids with liquid obtained from aromatic aldehydes of 
lignin and hemicellulose, i.e., by-products from biofuel  production49,50. The results were similar, although the 
reaction with [emim][OAc] was slightly slower. The best results obtained for the ionic liquid [emim][OAc] are 
explained in the literature. They are related to acetate ([OAc]) anion, which was demonstrated to be efficient in 
the dissolution of lignocellulosic  biomass51.

It was reported that both imidazolium and ammonium ionic liquids compete for hydrogen bonds present in 
cellulose structure, thus disrupting its three dimensions  network26,41. It was reported that a key reason for this 
was the high hydrogen bond acceptor capacity (β) of the [OAc] anion (β = 1.201) in comparison to previously 
mentioned chloride anion (β = 0.83)52. Due to this, 1-ethyl-3-methylimidazolium acetate is confirmed to be one 
of the best and is one of the most commonly used ILs, able to dissolve a large variety of lignocellulosic biomass 
and to fractionate it into cellulose-and hemicellulose-rich fractions, as well as to produce high pure  lignin53–55. 
In the case of the presented cyclohexylammonium ionic liquids, the high performance of [CHDMA-C6][OAc] 
affected all alkyl groups’ fine-tunning. According to the mechanism described previously, two activity categories 
were fundamental: (1) two methyl groups using its six activated C–H bonds to link with both the acetate and 
cellulose surface and (2) hexyl and especially cyclohexyl are symmetry breaking substituents. Similarly, as in 
the case of imidazolium ionic liquids, appropriate cation allows exploiting proton acceptability of carboxylate, 
which further enables the breakdown of inter-and intramolecular hydrogen  bonds41.

The loosening of the lignocellulosic complex structure significantly facilitates enzymatic hydrolysis, the effec-
tiveness of which depends on the selection of enzymatic preparations. Studies on the hydrolysis of a specific raw 
material are closely related to optimizing the preparation dose and process conditions. These arduous activities 
are usually carried out on selected 2–3 variants, characterized by the highest cellulose concentration after pre-
treatment. At the initial stage of research on the suitability of a given raw material for ethanol production, it is 
advisable to select enzymatic preparations known and tested in the context of hydrolysis effectiveness. However, 
it is worth mentioning that an important element of the lignocellulosic complex is hemicellulose, which may 
significantly reduce the effectiveness of  hydrolysis56. Therefore, it is justified to use xylanases, which increase the 
material’s porosity, expose cellulose fibres, and result in higher concentrations of fermenting sugars, which was 
also performed in this study (Figs. 2 and 3) is justified in the  literature57,58. The next stage of second-generation 
bioethanol production is ethanol fermentation. In this study, the biosynthesis of ethanol was carried out with 
the participation of Saccharomyces cerevisiae yeast. Hydrolysates from giant miscanthus and stinging nettle were 
compared.

The full potential of stinging nettle has not yet been shown in any experimental work, and importantly it was 
not without reason that we have decided to use a plant that has not yet been used for ethanol production and 
compare it with one of the most popular energy plants used in this context. The production of ethanol from giant 
miscanthus has already been the subject of many studies comparing the methods and effectiveness of pretreat-
ment, the degree of hemicellulose conversion to fermenting sugars, and the efficiency of ethanol fermentation.

This study focused on the potential of novel lignocellulosic wastes and their comparison at the same condi-
tions applied to well-known biomass sources. The ethanol concentration obtained for both investigated raw 
materials is comparable, as presented in Fig. 4, which means that the stinging nettle stems are a promising 
alternative to energy crops such as giant miscanthus.

Materials and methods
Raw material. Common nettle stalks used for the research came from an agricultural wasteland with an 
area of 4.9 ha (Maszkowo, Zachodniopomorskie, Poland) excluded from agricultural production for 15 years. 
The plant was identified by Tomasz Piskier based on a plant atlas. The giant miscanthus was obtained from 
the resources of the Department of Agrobiotechnology (Koszalin University of Technology). Both plants were 
obtained under the principles of due carefulness included in the provisions of the Regulation (EU) No. 511/2014 
of the European Parliament and of the Council (April 16, 2014). As both plants were collected from the territory 
of Poland, they are not subjected to the provisions on genetic resources of the previously mentioned Regulation 
No. 511/2014 and suitable permission of their use has been obtained.

Dry stalks of stinging nettle were cut down after the vegetation period (in September 2017), at the height of 
about 10–15 cm above the ground, then dried to a moisture content below 10% and ground in a colloidal mill 
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up to 1 mm in size. A similar procedure was applied to the aboveground parts of giant miscanthus harvested in 
September 2017.

Ionic liquids. For the pretreatment of cellulose-rich material, five ILs from imidazolium and ammonium 
groups were chosen, as presented in Fig. 7. Three of them were commercially available (Iolitech GmbH, Ger-
many) imidazolium ILs: 1-ethyl-3-methylimidazolium acetate ([emim][OAc]), 1-butyl-3-methylimidazolium 
acetate ([bmim][OAc]) and 1-ethyl-3-methylimidazolium diethyl phosphate ([emim][DEP]). The remain-
ing two, belonging to the group of ammonium ILs, namely butyl(cyclohexyl)dimethylammonium acetate 
(([CHDMA-C4][OAc]) and (cyclohexyl)hexyldimethylammonium acetate ([CHDMA-C6][OAc]), were syn-
thesized according to already established  protocols41,59.

Raw material pretreatment. 10 g of ground stalks of stinging nettle and giant miscanthus were added 
to 50  cm3 of an appropriate ionic liquid, homogenized, and dissolved at 120 °C for 2 h. After incubation, the 
samples were left to cool, and then deionized water was added to rinse the cellulose fibres and separate the bio-
mass from the IL. During the addition of the deionized water, the IL dissolves in water, and the plant fraction 
precipitates. The water-IL solution with biomass was filtered on a Shot funnel with a filter (Whatman 1.0 paper). 
This procedure was repeated four times for imidazolium ILs, where a significant increase in the plant-IL mixture 
was present, and two times for ammonium ILs. Such purified stalks of nettle and miscanthus were subjected to 
enzymatic hydrolysis.

Enzymatic hydrolysis. Thermostable xylanase, derived from a modified strain of E. coli bacteria (Sigma 
Aldrich) and CellicCTec2 enzyme were used for enzymatic hydrolysis of biomass samples (purified and non-
purified ones). The initial cellulose and hemicellulose concentration was 1.0% (w/v) based on 100 mL (50 mM 
sodium citrate buffer) of total liquid in 250 mL Erlenmeyer flasks. Initially, xylanase (≥ 40 units   mg−1) in the 
amount of 8 U  mg−1 hemicellulose was added and incubated at 65 °C, pH 5.0. Hydrolysis at this stage was carried 
out for 24 h with 250 rpm mixing. After this time, the temperature was lowered to 50 °C, and 15 FPU  g−1 cellulose 
of commercial cellulase enzyme Cellic CTec2 (Novozymes, Denmark) was added to the solutions. After 96 h of 
enzymatic hydrolysis with the use of cellulases complex, the content of glucose and xylose was determined with 
the use of high-performance liquid chromatography. All experiments were performed three times to establish a 
standard deviation.

Alcoholic fermentation. The alcoholic fermentation was carried out accordingly to our previous 
 reports59–61. Hydrolysate solutions, previously filtered to separate the lignocellulose residue, were subjected to 
alcoholic fermentation. The pH of the fermentation broth was measured at each sampling and adjusted to 5.0 
by the addition of either 10 wt%  H2SO4 or 20 wt% NaOH. Fermentation was started by adding freeze-dried 
distiller’s yeast Saccharomyces cerevisiae type II (Sigma-Aldrich) (5% v/v). Ethanol fermentation was conducted 
for four days in anaerobic conditions. Samples were taken and analysed for ethanol concentration after fermen-
tation.

Analytical methods. To examine the influence of ionic liquids on the structure of lignocellulose and the 
amount of available cellulose, all samples were tested for the content of cellulose, lignin, and hemicellulose 
(Ankom A200; ANKOM Technology); the crystalline structure of the samples was recorded using a scanning 
electron microscope (SEM). The morphology of cellulose fibers in buckwheat straw samples before and after 
ionic liquid pretreatment was recorded using SEM FEI Quanta 200 Mark 2. The content of glucose and ethanol 
was determined by using high-performance liquid chromatography. Samples were first centrifuged at 4000×g for 
10 min at 4 °C (Multifuge 3SR, Germany) and then was filtered through a 0.22 µm membrane filter (Millex-GS, 

Figure 7.  Ionic liquids chosen for pretreatment of stinging nettle stems and giant miscanthus.
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Millipore, USA) before analysis using an HPLC system (Merck Hitachi, Germany). Glucose and ethanol were 
separated on an Aminex HPX-87P (Bio-Rad, USA) at 30 °C using a 5 mM  H2SO4 as the mobile phase at a flow 
rate of 0.6  cm3   min−1 and then detected with a refractive index detector (Model L-7490, Merck Hitachi, Ger-
many). All the analytical methods have been described in detail before in our previous  works59–61.

The Random Forest algorithm implemented by David Lary (https:// david lary. info) in Matlab was used to 
analyze the results. The Random Forest algorithm generalizes the idea of decision trees and is based mainly on the 
bagging method. The concept of this algorithm is based on the construction of a group of decision trees, which 
are created based on a random data  set62. Classification in this algorithm is based on the voting of classifiers. The 
assessment of the probability of misclassification, built into the mechanism of the classifier, allows determining 
the out of bag error (OOB). Thanks to OOB observations, it is also possible to estimate the importance of the 
observation vector variables from the point of view of the  classification63 based on this property, the vector of 
traits (f) was constructed, based on which their significance in the process of bioethanol production was deter-
mined, as presented in the Eq. (1),

where G is the glucose; X is the xylose; C is the cellulose; L is the lignin; H is the hemicellulose; IL is the ionic 
liquid.

Conclusions
Pretreatment of stinging nettle and giant miscanthus with imidazolium ionic liquids allow for the increase of 
the availability of a key fraction of lignocellulose which is cellulose. Such application of [bmim][OAc] in the 
pretreatment of stinging nettle stems (and subsequent enzymatic hydrolysis) allowed us to obtain the highest 
concentrations of ethanol in the fermentation process, equal to 7.3 g  L−1. In comparison, the ethanol amount 
achieved for miscanthus was 7.0 g  L−1. Moreover, it was shown that ammonium liquids, although they allow for 
the more effective dissolution of the raw material, do not increase the concentration of ethanol in the fermenta-
tion process. Given the presented results of bioprocesses conducted and literature data related to the common 
occurrence and characteristics of the raw material, it can be assumed that stinging nettle, which in the case of 
the used stems is considered an agricultural waste, is a promising raw material for the production of second-
generation bioethanol.
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Abstract: The study objective was to model and predict the bioethanol production process from

lignocellulosic biomass based on an example of empirical study results. Two types of algorithms were

used in machine learning: artificial neural network (ANN) and random forest algorithm (RF). Data for

the model included results of studying bioethanol production with the use of ionic liquids (ILs) and

different enzymatic preparations from the following biomass types: buckwheat straw and biomass

from four wastelands, including a mixture of various plants: stems of giant miscanthus, common

nettle, goldenrod, common broom, fireweed, and hay (a mix of grasses). The input variables consisted

of different ionic liquids (imidazolium and ammonium), enzymatic preparations, enzyme doses, time

and temperature of pretreatment, and type of yeast for alcoholic fermentation. The output value

was the bioethanol concentration. The multilayer perceptron (MLP) was used in the artificial neural

networks. Two model types were created; the training dataset comprised 120 vectors (14 elements for

Model 1 and 11 elements for Model 2). Assessment of the optimum random forest was carried out

using the same division of experimental points (two random datasets, containing 2/3 for training

and 1/3 for testing) and the same criteria used for the artificial neural network models. Data for

mugwort and hemp were used for validation. In both models, the coefficient of determination for

neural networks was <0.9, while for RF it oscillated around 0.95. Considering the fairly large spread

of the determination coefficient, two hybrid models were generated. The use of the hybrid approach

in creating models describing the present bioethanol production process resulted in an increase in

the fit of the model to R2 = 0.961. The hybrid model can be used for the initial classification of plants

without the necessity to perform lengthy and expensive research related to IL-based pretreatment

and further hydrolysis; only their lignocellulosic composition results are needed.

Keywords: hemp; mugwort; bioethanol; machine learning; enzymatic hydrolysis

1. Introduction

The production of bioethanol is a current topic raised by scientists, technologists,
and representatives of fuel companies in the European Union who are working on satis-
fying the percentage share of this biocomponent in conventional fuels. The policy of the
European Union countries is aimed at the search for low-emission technology, which is
sustainable and aimed at reducing CO2 production at relatively low cost of production
lines. Taking this into account, research targeting the development of bioethanol prepa-
ration from the available lignocellulosic biomass, using the existing production lines or
innovative pretreatment methods, is an important topic. The preparation of bioethanol is
a complex procedure, the success of which hinges primarily on the use of raw material
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that is inexpensive, available in every region of Europe, and has effective and cost-efficient
pretreatment, which will result in a high yield of fermenting sugars.

Numerous examples of the production of fermenting sugars from lignocellulose can
be found in the literature. A large portion of these publications contain data on the impact
of pretreatment on enzymatic hydrolysis of the biomass. The most common include
treatments using ammonia fiber expansion (AFEX), steam explosion, ionic liquids (ILs) and
other methods [1–5]. There are numerous examples of conversion of rye, corn, rice, wheat
straw, poplar, willow, and coniferous tree chips into bioethanol based on the method using
pretreatment with ionic liquids and enzymatic hydrolysis [6–10]. However, comparison
of the majority of the data has proven to be difficult due to various amounts of substrates
used for the process or other pretreatment parameters. Therefore, the use of literature
data to design the bioethanol production process at a greater scale is very complicated
and problematic. In this study, an attempt was made to create a model that would allow
for the estimation or prediction of bioethanol concentration from various lignocellulosic
raw materials. Such a model would allow the classification of biomass for bioethanol
production on the basis of its chemical composition and facilitate choice of a suitable ionic
liquid and enzyme preparation used for pretreatment. Such an approach would save
time and costs in laboratory research, which is now a way to search for ideal production
methods and an efficient source of lignocellulosic biomass.

Mathematical and statistical models provide essential information for understanding,
analyzing, and predicting biological processes, and are necessary to optimize key parame-
ters to improve process performance. Modeling and optimization of biofuel manufacturing
processes will contribute to a better understanding of the process expenditures in order to
obtain the optimum efficiency. The main purpose of modeling is to optimize the operations
involved in their production in order to achieve efficiency improvement [11–13].

Artificial intelligence tools have appeared as a promising method for modeling and
optimizing bioprocesses. In the last decade, artificial neural networks (ANNs) were applied
in multidimensional, nonlinear research and development of bioprocesses. They have
been found effective in developing bioprocess models devoid of prior information on the
kinetics and metabolic flows occurring in cells and cell surroundings [14]. Furthermore,
ANN are completely based on data, without prior knowledge on the events regulating the
process [15]. The appeal of ANN as a modeling tool derives from their unique functions of
processing information that is assigned primarily—linearity, high parallelism, and error
and noise acceptance—as well as their capability to learn and generalize. ANNs have
gained much attention from significant soft computing tools that are not only limited to
data processing and analysis, but can also be used to solve problems in multifaceted and
nonlinear processes [16].

For these reasons, the aim of this study was to collect the current data on the pro-
duction of bioethanol from lignocellulosic biomass using ionic liquids and to create a
model that can be used to predict ethanol concentration from lignocellulosic raw materials.
For this purpose, machine learning (ML) methods were used. Increased interest in the use
of ML procedures has been observed, e.g., artificial neural networks (ANNs) and random
forests (RFs) in the context of bioethanol production from biomass [17–20]. With the use of
these algorithms, it was assumed that on the basis of the results of laboratory tests obtained,
it will be possible to predict the concentration of bioethanol in various biomass species
based on their lignocellulosic composition. This would aid the classification of biomass
type to the suitable ionic liquid or type of cellulolytic enzyme. This preliminary estimation
in the case of laboratory studies is important because in this way the costs associated with
the synthesis or purchase of ionic liquid and enzymes can be kept to the minimum. It would
be possible to perform more rapid verification and grouping of plant types that are found
in the given region. Such model could also inspire classification of other pretreatments,
and ML data could be applied to a wider extent in scaling-up processes. In order to reduce
the costs of the process, plants can be grouped in terms of similarities in their cellulose
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content, affinity for ionic liquids, and their influence on the exposure of cellulose fibers or
the selection of cellulolytic enzymes for the appropriate type of biomass.

In the present study, the prognostic model was verified by empirical studies of
bioethanol production from hemp (Cannabis sativa L.) and mugwort (Artemisia vulgaris
L.). The stems of hemp contain high amounts of cellulose (up to 80%), with lignin content
of about 15–20%. In addition, it is a plant that is increasingly commonly grown for the
production of oil, fiber, essential oils, etc. The use of both plants properly fit in the criteria
of sustainable development, especially considering their biological and agrotechnical prop-
erties, which makes them economically and environmentally favorable. The properties
exhibited by this biomass source make them admirable for the development of multipro-
cessor systems by gradually separating the biomass into several useful components. This
trait provides hemp with an advantage over other industrial crops, as they are usually used
for extraction of one component [21,22]. As far as energy consumption is concerned, it is
necessary to emphasize that the mean yield value of green hemp plants was 14.5 t/ha [23]
(by means of dry weight). It is possible to obtain about 10.5 t/ha of raw material, which can
be potentially used for energy purposes [24]. Parts of the stems that were considered waste
or could be used for the production of solid fuel (pellets) were used to produce bioethanol.
For contrast, mugwort was used, which is a plant commonly viewed as a weed, growing
in arable land as well as boundary strips and agricultural wastelands. This plant possesses
approximately 1–1.5 m stems with 35% cellulose content, 25% lignin, and approximately
20% hemicellulose. Mugwort is a native species to Poland. It was introduced to North
America, where it has spread and is treated as an invasive species. The mugwort species
found in Europe are typically weed and ruderal plants. Common mugwort is the most
widespread species. It is characterized by high growth force and good regenerative abilities.
New plants can emerge from even finely cut rhizome fragments [25,26].

The production of bioethanol from lignocellulose could become profitable if the
costs associated with the production of biomass are very low. Each geographic region is
distinguished by a great variety of flora. These can be found in many literature reports
stating that the success of the bioethanol production process is influenced by the biomass
composition: proportions of cellulose, hemicellulose, and lignin; and the type of fiber
arrangement, and thus also the plant species and the degree of its maturity. Taking all these
factors into account, it becomes very difficult to test all plant species that could potentially
form a good source for the production of bioethanol. Therefore, it is easier to use energy
crops for the production of bioethanol. A mathematical model based on experimental
data can be a helpful tool in determining the suitability of a plant species for processing
into bioethanol. The production of bioethanol is one of the biotechnological processes the
complexity of which is high and difficult to present via ready-made algorithms. Therefore,
in such situations it is perfect to use ML, including e.g., ANN or RF, as a prediction
tool for future biomass samples. This publication attempts to create a model based on
experimental data of the bioethanol production process from biomass on a laboratory scale
and validate this model based on the results of the experiment—fermentation of hemp and
mugwort stems.

2. Materials and Methods

2.1. Raw Materials

Two plant species were used for model validation: stems of hemp, cultivar Finola
(plant collection of the Department of Agrobiotechnology, Koszalin University of Tech-
nology) and common mugwort stems collected from agricultural wastelands. Stems of
mugwort were taken from two wastelands and hemp samples from two extreme cultivation
sites within 30 km from Koszalin (N 54◦11′26.11”, E 16◦10′53.77”), and then the bioethanol
production process was carried out for each sample separately in triplicate. The mean
values of three replicates for four biomass samples are presented in Table 1. The biomass
was collected in late autumn (second half of October 2019). The stems were dried and
ground, then the material was pretreated using different ionic liquids.



Energies 2021, 14, 243 4 of 16

Table 1. Chemical composition of biomass and glucose content after enzymatic hydrolysis and ethanol content, following alcoholic

fermentation of samples of material used for model validation.

Material Name
Composition Pretreatment

Enzymatic
Hydrolysis

Alcoholic
Fermentation

Cellulose [%] Hemicellulose [%] Lignin [%] Ionic Liquid Glucose [g/L] Ethanol [g/L]

Hemp (Cannabis
sativa L.)

55.18 20.42 15.78 [BMIM][OAc] 11.54 8.33
55.51 17.54 17.8 [BMIM][OAc] 12.27 9.93

58.37 15.7 18.22
[CHDMA-
C4][OAc]

9.16 5.17

58.98 15.3 11.5
[CHDMA-
C4][OAc]

9.85 5.81

61.79 18.32 10.39
[CHDMA-
C6][OAc]

8.56 6.01

60.11 17.12 12.34
[CHDMA-
C6][OAc]

8.49 5.63

30.9 9.93 13.8 [EMIM][DEP] 5.78 4.78
32.5 10.1 12.7 [EMIM][DEP] 6.86 4.08
46.4 15.12 16.26 [EMIM][OAc] 11.32 7.97
48.25 16.5 15.78 [EMIM][OAc] 11.32 8.28
62.22 17.72 19.98 untreated 3.49 3.28
61.51 16.27 11.56 untreated 3.38 2.60

Common
mugwort
(Artemisia vulgaris
L.)

46.42 21.05 18.78 [BMIM][OAc] 2.59 1.65
41.37 21.93 20.44 [EMIM][DEP] 0.26 0.22
42.78 19.9 16.94 [EMIM][OAc] 3.15 1.50
46.42 21.05 18.78 [BMIM][OAc] 4.80 2.37
42.78 19.9 16.94 [EMIM][OAc] 4.86 2.21
45.1 13.79 20.38 untreated 1.81 0.95
43.27 11.9 18.76 untreated 2.22 1.12

41.9 17.72 24.3
[CHDMA-
C4][OAc]

2.43 1.42

42.19 21.03 24.42
[CHDMA-
C4][OAc]

2.43 1.53

42.4 18.14 23.99
[CHDMA-
C6][OAc]

1.87 1.29

41.37 21.93 20.44 [EMIM][DEP] 2.49 1.03
41.37 21.93 20.44 [EMIM][DEP] 0.60 0.37
46.42 21.05 18.78 [BMIM][OAc] 3.18 1.56
42.78 19.9 16.94 [EMIM][OAc] 2.97 1.67

2.2. Ionic Liquids (ILs)

For the pretreatment of cellulose-rich material, five ILs from imidazolium and am-
monium groups were chosen. Three were commercially available (Iolitech GmbH, Ger-
many) imidazolium ILs: 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]), 1-butyl-
3-methylimidazolium acetate ([BMIM][OAc]), and 1-ethyl-3-methylimidazolium diethyl
phosphate ([EMIM][DEP]). The remaining two, belonging to the group of ammonium ILs,
were synthesized for the study: butyl(cyclohexyl)dimethylammonium acetate (([CHDMA-
C4][OAc]) and (cyclohexyl) hexyldimethylammonium acetate ([CHDMA-C6][OAc]).

2.3. Synthesis of [CHDMA-C4][OAc] and [CHDMA-C6][OAc] Ionic Liquids

Synthesis of [CHDMA-C4][OAc] and [CHDMA-C6][OAc], and its bromide precur-
sors was conducted according to a previous work, where apart from the synthetic route,
full characteristics and cellulose dissolution were also described [27]. In that way, appropri-
ate bromides were prepared in a quaternization reaction between cyclohexyldimethylamine
and an appropriate 1-bromoalkane with 10% extension, in acetonitrile, at room temperature
for 72 h. The crude product was obtained by evaporation of the reaction background in a
rotary evaporator. After the ethyl acetate addition, the prepared bromides were filtered



Energies 2021, 14, 243 5 of 16

and dried at 40 ◦C under reduced pressure for 48 h (vacuum dryer). The product was
then kept in a desiccator to avoid moisture uptake from the environment. The second
step of the ILs preparation was the anion exchange reaction between quaternary bromide
and acetic acid. An appropriate bromide (with hexyl or butyl substituent) was dissolved
in methanol. To this solution, a previously prepared stoichiometric amount of KOH dis-
solved in methanol was added. The solutions were stirred for 3 h at ambient temperature.
Partially precipitated side product (KBr) was filtrated and an appropriate (stoichiometric)
amount of acetic acid was added to the reaction mixture. Solutions were further stirred
at the same conditions for 1 h and the reaction background was evaporated in a rotary
evaporator (40 ◦C). The crude product was purified with the addition of anhydrous ace-
tone. The remaining potassium bromide was filtered, and solvent once again removed
(rotary evaporator) to give the final product. The ILs obtained ([CHDMA-C4][OAc] and
[CHDMA-C6][OAc] were finally dried for 48 h under reduced pressure in a vacuum dryer.

2.4. Pretreatment, Enzymatic Hydrolysis, and Alcoholic Fermentation

Imidazolium ILs, namely [EMIM][OAc], [BMIM][OAc], [EMIM][DEP], [CHDMA-
C4][OAc], and [CHDMA-C6][OAc] were used for biomass purification. To achieve this,
solutions of appropriate ground material (5 g) and a specific IL (50 mL) were prepared,
which were further subjected to homogenization (2 min) and incubation at 120 ◦C for 2 h.
Samples were afterwards left to cool to room temperature. In the next step, the cellulose
fibers were isolated via thorough rinsing of the prepared mixture with deionized water. This
was repeated at least three times, to the point of total IL removal. The solid fraction obtained
was further dissolved in a 50 mM acetate buffer with a pH equal to 5.0 (100 mL). Enzymatic
hydrolysis was then performed on the pretreated and nontreated lignocellulosic biomass.

For the enzymatic hydrolysis of hemp stems, Cellic CTec2 (Sigma-Merck, Darmstad,
Germany) was used at the amount of 20 FPU/g of cellulose. Samples were incubated
at 50 ◦C for 72 h. On the other hand, the mugwort samples were hydrolyzed using the
following enzymatic preparations: Cellic CTec2, cellulase from Aspergillus sp., cellulase
from T. reesei (Sigma-Merck, Darmstad, Germany). The incubation of biomass fractions
mixed with Aspergillus sp. and T. reesei cellulases was performed for 72 h at 47 ◦C.

Before performing the alcoholic fermentation, the hydrolysate solutions were purified
by means of filtration to get rid of any residual lignocellulose. The pH of the fermentation
broth was kept constant at 5.0 for each sampling point. The pH control was performed
by the adding a solution of H2SO4 (10 wt.%) or NaOH (20 wt.%). Freeze-dried distiller’s
yeast Saccharomyces cerevisiae type II (purchased from Sigma-Aldrich) (5%, w/v) were
used to initiate ethanol fermentation. This was afterwards allowed to proceed in anaerobic
conditions for four days. After fermentation, the samples were further analyzed to establish
the ethanol concentrations.

Control samples were hemp and mugwort stalks not pretreated with ionic liquids.
Samples were dissolved in an acetate buffer, according to the protocol described for IL
pretreated samples. The material was characterized to establish the cellulose, hemicellulose,
and lignin content. Glucose content after the process of enzymatic hydrolysis and alcohol
concentration after the fermentation process were also determined.

2.5. Analytical Techniques

An Ankom A200 fiber analyzer was used to determine the amounts of lignin/cellulose/
hemicellulose in all biomass samples (with the use of filter bag encapsulation). Fiber
test results were determined as neutral detergent fibers (NDF) with the use of Van Soest
method, and acidic detergent fiber (ADF) and acidic detergent lignin (ADL) according to the
standard [28]. The difference between the ADF and ADL fractional share was the cellulose
content, while the difference between NDF and ADF fractional share was the hemicellulose
content. High performance liquid chromatography (HPLC) was used to determine the
amounts of glucose and ethanol (Merck Hitachi, Darmstadt, Germany). For that purpose,
the prepared samples were, in the first step, subjected to centrifugation (10 min, 4000× g,
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4 ◦C) with the use of a Multifuge 3SR (Darmstadt, Germany) and filtered in the second step
using membrane filters with a pore diameter of 0.22 µm (Millex-GS, Millipore, Burlington,
MA, USA). An Aminex HPX-87P column (Bio-Rad, Hercules, CA, USA) was used for the
separation of glucose and ethanol with a 5 mM solution of H2SO4 (mobile phase) at a flow
rate of 0.6 mL/min at 30 ◦C. The detection of glucose and ethanol was performed with a
refractive index detector (Model L-7490, Merck Hitachi, Darmstadt, Germany).

3. Experimental Strategy and Overview of Proposed Machine Learning Methods

3.1. Materials—Data for the Model

To create the model, empirical data from experiments on the bioethanol preparation
from the following types of lignocellulosic biomass were used: buckwheat straw, biomass
from four wastelands, including a mixture of various plants: stems of giant miscanthus,
common nettle, goldenrod, common broom, fireweed, and hay. The production process
of bioethanol from the abovementioned types of biomass was carried out on the basis
of an identical production scheme, which included disintegration of the raw material,
pretreatment with the use of IL, enzymatic hydrolysis with the use of five enzymatic
preparations and alcoholic fermentation with the use of Saccharomyces cerevisiae type II
or Saccharomyces cerevisiae Ethanol Red yeast. The cellulose, hemicellulose and lignin
amounts were determined in each material. After enzymatic hydrolysis, glucose content
was determined in the samples, whereas after alcoholic fermentation, ethyl alcohol content
was determined. A total of 120 experiments were conducted, on which basis two model
types were created. Model validation was carried out on the basis of the concentrations
of bioethanol obtained from hemp and mugwort. In summary, 26 experiments were
performed and the results obtained were used to validate the model. Biomass samples—
mugwort and hemp—were pretreated with the use of various ILs and enzymatic hydrolysis
with the use of enzyme preparations. Both in the native material and after pretreatment
with ILs, determinations were made for the content of cellulose, hemicellulose, and lignin.

In Model 1 (Figure 1), the following input data were determined: biomass compo-
sition, including the content of cellulose (%), hemicellulose (%), lignin (%), and types of
ILs used for pretreatment expressed in amount [mL]: [BMIM][OAC], [CHDMA-C4][OAC],
[CHDMA-C6][OAc], [EMIM][DEP], [EMIM][OAC], EMIM[Cl], as well as types of en-
zymatic preparations expressed in amounts (g/L) added in the process of enzymatic
hydrolysis and glucose content (g/L) tested after this process.

In Model 2 (Figure 1), the input data were arranged in a different manner and they
consisted of the following variables: biomass composition (content of cellulose (%), hemi-
cellulose (%) and lignin (%)), types of ionic liquids ([BMIM][OAC], [CHDMA-C4][OAC],
[CHDMA-C6][OAc], [EMIM][DEP], [EMIM][OAC], [EMIM][Cl]), their amounts [mL], and
time of purifying material in ionic liquids [min]. Input data of the enzymatic hydrolysis
process included the possibility of additions of combinations of two enzymes at the same
time—expressed as addition of enzyme 1 and their amount and addition of enzyme 2 and
their amount [µL]. The last variable in this model is the content of glucose tested after 72 h
of enzymatic hydrolysis. This was necessary because two enzyme preparations simultane-
ously were used in certain processes to hydrolyze them in order to increase the content
of simple sugars in the fermented solutions. In both models, the starting variable was the
concentration of bioethanol (g/L) tested after 96 h of alcoholic fermentation. To create
models, Matlab for RF and Keras and Tensorflow library in Python for ANN were used.
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Figure 1. Two models used for the artificial neural network (ANN) and random forest algorithm (RF).

3.2. Methods of Machine Learning Used to Predict Bioethanol Content

3.2.1. Artificial Neural Networks

To carry out the ethanol content predicting process, multilayer perceptron (MLP)
artificial neural networks were used, with the architecture shown in Figure 2 (for Model 1)
and in Figure 3 (for Model 2).

For both model types, the training dataset comprised 120 vectors (14 elements for
Model 1 and 11 elements for Model 2). Tables 1 and 2 present the designations of inputs
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and outputs of the artificial neural network from Figure 1 (Model 1) and Figure 2 (Model
2), respectively.

Figure 2. Multilayer perceptron (MLP) artificial neural network for Model 1 implementation.

Figure 3. MLP artificial neural network for Model 2 implementation.

Table 2. Validation of the models for bioethanol production from Cannabis sativa L. and Artemisia vulgaris L.

Model 1 Model 2 Hybrid 1 Hybrid 2

ANN RF ANN RF Model 1 Model 2 Model 1 Model 2

R2 0.78 0.94 0.88 0.96 0.95 0.96 0.96 0.96
RMSE hemp 2.08 1.20 1.55 0.99 1.25 1.04 1.25 0.82
RMSE mugwort 0.59 0.55 0.28 0.46 0.32 0.36 0.19 0.33
ME hemp 0.59 0.77 0.73 0.71 0.59 0.67 0.84 0.16
ME mugwort 0.40 −0.47 −0.08 −0.43 −0.26 −0.31 −0.10 −0.24
MAE hemp 1.96 0.96 1.38 0.78 1.02 0.92 1.05 0.74
MAE mugwort 0.41 0.47 0.24 0.43 0.26 0.31 0.14 0.29
est_mean hemp 5.50 5.31 5.36 5.38 5.50 5.42 5.25 5.93
est_mean mugwort 1.16 2.04 1.64 1.99 1.82 1.87 1.66 1.81
est_median hemp 5.40 5.03 5.40 5.03 4.69 4.95 4.65 5.38
est_median mugwort 1.24 1.86 1.65 1.92 1.67 1.80 1.56 1.68

U1 - Cellulose [%] 

U2 - Hemicellulose [%] 

_ U33 - Ethanol 

U14 - Glucose 

U1 - Cellulose [%] 

U2 - Hemicellulose [%] 

I 

. U27 - Ethanol 

U11 - Glucose 
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The error back-propagation algorithm with a constant value of the learning coefficient
ro = 0.01 was adopted as the training algorithm. Before starting the training process, each of
the training sets was subjected to the normalization process according to the relationship:

U∗

i =
Ui − meani

stdevi
(1)

where i ∈ {1, . . . , 14} (for Model 1) or i ∈ {1, . . . , 11} (for Model 2), Ui*—value of input of
neural network after normalization, meani—mean value for all training data for i-th input
parameter (attribute), and stdevi—standard deviation value for i-th input attribute.

The meani mean value and stdevi standard deviation values determined were saved to
be used for normalization of input data during the process of predicting ethanol value on
the test set. The test set comprised 17 vectors (14 elements for Model 1 and 11 elements for
Model 2).

After the training data normalization process was carried out, both models were
trained with the corresponding training data. The training data comprised two phases.
The forward propagation phase consists of randomly selected training vector values of
weighed sums Sk and values of f(Sk) outputs for all neurons determined, according to
the relationship:

Sk =
n

∑
t=m

wk,t ∗ Ut + wk,0 (2)

where: k ∈ {15, . . . , 33} (for Model 1) or k ∈ {12, . . . , 27} (for Model 2). In addition, for
Model 1 m = 1 and n = 14 for input layer neurons (k ∈ {15, . . . , 28}), m = 15 and n = 28
for intermediate layer neurons (k ∈ {29, . . . , 32}), and m = 29 and n = 32 for output layer
neuron (k = 33); for Model 2 m = 1 and n = 11 for input layer neurons (k ∈ {12, . . . , 22}), m =
12 and n = 22 for intermediate layer neurons (k ∈ {23, . . . , 26}), and m = 23 and n = 26 for
output layer neuron (k = 27); wk,t—value of the weight connecting Uk neuron with neuron
or input Ut, and wk,0—value of the so-called threshold value for the Uk neuron.

Activation function for input layer neurons {U15, . . . , U28} (for Model 1) {U12, . . . ,
U22} (for Model 2) and intermediate layer {U29, . . . , U32} (for Model 1) and {U23, . . . , U26}
(Model 2) is described with the following relationship:

Uk = f (Sk) =
1

1 + e−Sk
(3)

Function of activation for the output layer neuron U33 (for Model 1) and U27 (for Model
2) is described with relationship:

Uk = f (Sk) = Sk (4)

After determining baseline values for all neurons, the forward propagation phase is
complete and the signal backward propagation phase begins. This phase consists of deter-
mining the values of derivatives for all neurons according to the following relationships.

For neurons of the input layer and intermediate layer:

U
′

k = f ′(Sk) = Uk(1 − Uk) (5)

For output layer neuron:
U

′

k = f ′(Sk) = 1 (6)

In the backward propagation phase, the so-called deltak coefficients are also deter-
mined for each k-th neuron with the following the relationships:

For output layer:
deltak = (Ck − Uk) ∗ f ′(Sk) (7)
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For intermediate layer:

deltak = deltat ∗ wt,k ∗ f ′(Sk) (8)

For input layer:

deltak =

(

y

∑
t=x

wt,k ∗ deltat

)

∗ f ′(Sk) (9)

where: x = 29 and y = 32 (for Model 1) and x = 23 and y = 26 (for Model 2).
After determining deltak values for all neurons, the backward propagation phase is

completed. Then the process of modification of all weight values begins according to
the relationship:

w∗

k,t = wk,t + ro ∗ deltak ∗ Ut (10)

where wk,t* is the new value of wk,t weight providing a signal to the Uk neuron from neuron
output/input Ut.

After completing the modification of the weights, the first iteration of the training
algorithm ends. Then another training vector is randomly selected and the whole pro-
cess (forward propagation phase, backward propagation phase, and weights update) is
repeated until training is completed. The training lasted for 2000 iterations for each neural
network described.

3.2.2. Random Forest Algorithm

Random forest is a nonparametric ML algorithm derived from the classification and
regression tree. Characteristics of RF include resistance to noise, simplicity of tuning,
and capacity to deal with high-dimensional nonlinear problems [29–32]. In this work, RF
was used with an RF library in Matlab software and applied to describe the pretreatment
and enzymatic hydrolysis. To ensure good predictive performance, the RF was assessed
for 11 of the RF samples, similar to the ANN. The model whose RMSE (root mean square
error) was the median of all errors was further assessed.

4. Results and Discussion

Mugwort is an example of biomass obtained without the need for cultivation and
fertilization, with an average cellulose content of 45%, hemicellulose 13.8%, and lignin
20.4%. For comparison, the conversion was also carried out on hemp stalks, which have
recently become very popular for functional reasons. Finola hemp stalks had an average
cellulose content of 62%, hemicellulose 17%, and lignin 19%. In this study, for the pro-
duction of bioethanol, ground plant stalks were used and the process was carried out by
performing a pretreatment with the use of various ionic liquids and various enzyme prepa-
rations. Glucose content in mugwort samples depended on the type of pretreatment and
enzyme preparation used. Table 1 presents glucose contents obtained after 72 h enzymatic
hydrolysis, bioethanol content, and chemical composition of hemp and mugwort.

After the enzymatic hydrolysis of mugwort, the highest content of glucose was ob-
tained in the samples where imidazolium ionic liquids ([EMIM][OAc] and [BMIM][OAc]),
and Cellic CTec2 for enzymatic hydrolysis were used. A similar relationship was observed
in the samples of hemp for reducing sugars, but the results were significantly higher as
compared with common mugwort. The content of simple sugars after enzymatic hydrolysis
with the use of Cellic CTec2 amounted to 12.27 g/L for material purified with [BMIM][OAc]
and 11.32 g/L for biomass purified with [EMIM][OAc]. For comparison, in the sample of
native hemp hydrolyzed with Cellic CTec2, 3.2 g/L glucose was obtained after 72 h.

In the experiments with the use of machine learning, including ANN and RF methods
for the estimation of bioethanol concentration, results of experiments concerning the
processing of hay, agricultural wastelands, and selected energy crops were utilized. The RF
method exhibits different advantages than ANN. Each tree represents the learning process
and each tree can select traits and samples at random [33]. The final prediction is obtained
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by averaging the predictions concerning the trees. This enables efficient avoidance of
excessive matching and the effect of single samples [34]. On the other hand, ANN is
characterized by singular correlation or learning process. Furthermore, many earlier
studies show that the RF may give better predictions for the same problem [35,36].

Experimental data concerning bioethanol production from hemp and mugwort stems
were used for the validation of the ANN model. The raw material is characterized by high
cellulose content, low lignin content, and better structural properties after processing with
ionic liquids; i.e., the material is more porous and there is more area free and available for
cellulolytic enzymes; thus enzymatic hydrolysis is facilitated and more efficient. The situa-
tion is completely different when a raw material such as common mugwort is used, as its
cellulose content is lower by 50% and it contains considerably higher amounts of lignin
and hemicellulose. In addition, after dissolution in ionic liquids, common mugwort stems
are not deprived of lignin with the same efficiency as for hemp stems. High amounts of
lignin remaining in biomass samples directed for enzymatic hydrolysis may be linked to
a poorer course of the process, because lignin is an enzyme inhibitor [37]. In this case,
the use of ML methods perfectly reflects the processes of pretreatment and enzymatic
hydrolysis processes.

The type of biomass, as well as the contribution of cellulose in the composition
of plants, has direct influence on the content of simple sugars, including glucose after
enzymatic hydrolysis. Thus, the selection of biomass rich in cellulose, as was the case for
hemp stems, should be linked to more efficient ethanol production (Figure 4). For Model 1,
the use of Cellic CTec2 in enzymatic hydrolysis was most important because, regardless of
the type of biomass used, i.e., whether it was weed, woody plants, or energy crops, high
concentrations of glucose were obtained when the enzyme was used for the hydrolysis.
The pretreatment of biomass and type of ionic liquid applied were also significant for
Model 1. More favorable results were obtained in the case of imidazolium liquids, and the
most important was the use of [EMIM][OAc] and [BMIM][OAc], for both energy crops—
hemp, as well as woody weed with higher lignin content. The content of lignin in the
biomass composition is another significant factor affecting the reduction of bioethanol
production efficiency. In Model 2, this variable is in the third place, whereas second place
is taken by the use of ionic liquids as pretreatment type. Dependable variables that affect
the described model are also E1 and E2 enzymes, that is, T. reesei and Cellic CTec2 and their
amounts, appropriately selected to the content of cellulose after pretreatment.

Figure 4. Relative importance of inputs for bioethanol estimation—random forest.

The use of xylanase as an additional enzyme in enzymatic hydrolysis resulted in
increased content of simple sugars by decomposing hemicellulose, which is linked to
cellulose. Enzymatic digestion of hemicellulose resulted in exposing cellulose fibers,
which were then digested by cellulase. Therefore, the use of xylanase in such cases directly
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contributed to the increase of the content of glucose in the samples. Considering the costs
of the process, the use of an additional enzyme (xylanase) is not valid.

Ahmadian-Moghadam et al. [38] examined the influence of the initial concentration of
the substrate (molasses), live yeast cells, and dead yeast cells as the input parameters of
the process on the production of bioethanol via Saccharomyces cerevisiae. An R2 value equal
to 0.93 was obtained, which shows that the model was suitable for pattern recognition
into data and these patterns precisely predicted ethanol efficiency. In the latest research
conducted by Betiku and Taiwo [39], the influence of breadfruit hydrolysate concentration,
hydraulic retention time, and pH on the production of bioethanol was assessed with ANN
and response surface methodology (RSM). The ANN had an absolute mean deviation
between the predicted and observed value of 0.09%, compared to 1.67% after RSM [39].
These results further confirm the precision of ANN modeling in comparison with other
techniques, such as RSM.

ANN and RF algorithms have a random training start point, thus they were repeated
11 times to ensure higher reliability of the results obtained. The following analyses present
results of the iteration whose error was a median of error from 11 replications. In the
learning process, the R2 determination coefficient for Model 1 was 0.92 for ANN and
0.93 for RF. In Model 2, the R2 coefficient increased to near 1 for ANN, whereas for RF it
remained at the same level (Figure 5).

Figure 5. Training models for artificial neural network (ANN) and random forest (RF).

Data for mugwort and hemp were used for validation. In both models, the deter-
mination coefficient for neural networks >0.9, whereas for RF it oscillated around 0.95.
In the RF training models, there were four wasteland samples whose observed values
significantly differ from the estimated values. The ethanol content of these samples was
significantly different from the others and due to the principle of operation of the RF
algorithm, those samples could not be included. Considering the rather wide dispersion of
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the determination coefficient, two hybrid models were executed. The first hybrid model
(Hybrid 1) consisted of assuming the median from the set of data estimated from 22 repli-
cations. The second hybrid model (Hybrid 2) assumed determination of a linear function
describing the variables from the entire training set of 22 replications (11 ANN and 11 RF).
Subsequently, median from the validation set was calculated, on the basis of which new
estimated values were calculated. The last step of the process was to calculate the value
closest to estimated values from the set of 22 values. During the calculation of these models,
70% of points in Model 1 from ANN were selected and 75% of points in Model 2 from ANN
were selected. When both hybrid models were applied, a clear increase of determination
coefficient can be observed with regards to ANN, and a considerable decrease of RMSE
(root mean square error), ME (mean error), and MAE (mean absolute error) for mugwort
and hemp. Furthermore, mean values (est_mean) and medians (est_median) of estimates
were calculated for each model and algorithm.

Table 2 above describes the sum parameters concerning the presented models of
bioethanol production from hemp and common mugwort. The R2 determination coefficient
depended on the type of applied model. The hybrid approach in the creation of models
explaining this process of bioethanol production resulted in increased match of the model
to R2 = 0.961 for Hybrid 2. In the original calculations, R2 reached about 0.96 match only
for Model 2–RF. Precision of Model 1–Hybrid 2 for the prediction of ethanol production
process from biomass is satisfactory and higher than the ANN and RF models. RMSE
values for the RF algorithm in each case of validation sample analysis, that is, hemp and
mugwort biomass, were lower, and the model was better matched than for ANN. Moreover,
differences in R2 and RMSE relative to the analyzed material can be observed. RMSE was
lower for common mugwort samples, the results of which were predicted with the use of
ANN. A reverse situation occurred for validation of the model utilizing hemp samples.
In this case, lower RMSE with better match of the model (R2 = 0.961) was obtained for Model
2–RF. Considering that the differences were significant and did not provide a clear answer,
it was decided to use a hybrid model, which vastly improved the effects of predicting
bioethanol concentrations from lignocellulosic materials and provided a better match of
the hybrid model to experimental results–validation, presented in Figure 6. The pink color
in the Figure 6 was used to mark experimental results of bioethanol concentration obtained
from common mugwort stems, and green was used to mark bioethanol concentrations
obtained from cannabis stems. The blue asterisk refers to RF values and the red asterisk to
ANN values.

In the case of modeling such complex processes as bioethanol production from dif-
ferent lignocellulosic raw materials and taking into account numerous initial samples,
the use of only one algorithm type results in difficulties. Due to the concerns that the use
of ANN would result in flattening or not using all process conditions and mechanisms,
scientists often refer to the comparison with such algorithms as random forest, adaptive
neuro–fuzzy inference system, and support vector machine [35,36,40]. The application
of a hybrid approach to the discussed issues aimed for a more comprehensive inclusion
of the mechanisms that are not yet discovered in bioethanol production, or have not yet
been classified as of key importance on bioethanol concentration. In this study, the hy-
brid model is well matched to the process presented, and it further includes a very wide
spectrum of lignocellulosic biomass, not including raw materials due to, e.g., an excessive
amount of lignin. This may largely contribute to the expansion of knowledge in the field of
bioethanol production from mixed types of lignocellulosic biomass with different chemical
compositions, and acceleration of the selection of pretreatment type based only on several
input variables.
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Figure 6. Measured values relative to approximated values for the Hybrid 1 and Hybrid 2 models.

5. Summary

The use of machine learning methods, i.e., ANN and RF, for the prediction biotechno-
logical processes outcomes, in our case bioethanol production, even at a laboratory scale is a
very good first step to understand the production mechanism, before going to a large scale.
Results of this study suggest that ML is a good tool to predict the final concentration of
ethanol obtained in a multistage process of hydrolysis and fermentation of lignocellulosic
biomass. Data for this model includes results of bioethanol production with the use of ILs
and different enzymatic preparations from the following biomass types: buckwheat straw
and biomass from four wastelands, including a mixture of various plants—stems of giant
miscanthus, common nettle, goldenrod, common broom, fireweed, and hay. The results
obtained for each of the models applied are in a very good agreement with the experimental
results. For the process, two extreme biomass cases (hemp and mugwort) were used and
the simulations determined the final ethanol value with high likelihood. Importantly, the
ANN model alone qualifies the biomass as a good source of bioethanol, mainly on the
basis of the cellulose content (as in the case of hemp). The RF, on the other hand, also takes
into consideration other variables, such as lignin content. Therefore, the hybrid model
proposed is more adequate and takes into consideration other constituents and the level
of their changes during the pretreatment process. The hybrid model can be successfully
used for the preliminary classification of plants on the basis of the results of their ligno-
cellulosic composition, which means that the selection of an appropriate biomass source
can be carried out without long-term and often expensive research. ML is a perfect tool
for these types of processes, which can be developed by means of continuous network
training. The quality of this study indicates that further research results on the production
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of bioethanol from lignocellulose can be used for extending and continuously increasing
the verification of the hybrid model.
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