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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 
efficiency
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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,31Miscanthus 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.

ORCID
Małgorzata Smuga-Kogut   https://orcid.
org/0000-0001-8486-5949 
Daria Szymanowska   https://orcid.
org/0000-0002-4665-1576 
Roksana Markiewicz   https://orcid.
org/0000-0001-9332-3180 
Tomasz Piskier   https://orcid.org/0000-0003-0890-6301 
Joanna Kobus-Cisowska   https://orcid.
org/0000-0003-2834-0405 
Judyta Cielecka-Piontek   https://orcid.
org/0000-0003-0891-5419 

REFERENCES
	 1.	 Dimitriou I, Rosenqvist H. Sewage sludge and wastewater fertili-

sation of short rotation coppice (SRC) for increased bioenergy pro-
duction—biological and economic potential. Biomass Bioenerg. 
2011;35(2):835-842.

	 2.	 Augustenborg CA, Finnan J, McBennett L, Connolly V, Priegnitz 
U, Müller C. Farmers‘ perspectives for the development of a bioen-
ergy industry in Ireland. GCB Bioenergy. 2012;4(5):597-610.

	 3.	 Mola-Yudego B, Rahlf J, Astrup R, Dimitriou I. Spatial yield 
estimates of fast-growing willow plantations for energy based 
on climatic variables in Northern Europe. GCB Bioenergy. 
2016;8(6):1093-1105.

	 4.	 Dyguś KH, Madej M. Roślinność Wielowariantowego 
Doświadczenia Modelowego Na Złożu Odpadów Paleniskowych 
Energetyki Węglowej (Vegetation of a multi-variant model ex-
periment on coal combustion waste deposits). Inżynieria Ekol. 
2012;30:227-240.

	 5.	 Klimont K, Bulińska-Radomska Z, Górka J. Możliwość 
Wykorzystania Wybranych Roślin Miododajnych Do Rekultywacji 
Terenów Po Eksploatacji Siarki. Polish J Agron. 2013;12:17-25. 

	 6.	 Stark A. Ionic liquids in the biorefinery: a critical assessment of 
their potential. Energy Environ Sci. 2011;4(1):19-32.

	 7.	 Bian J, Peng F, Peng X-P, et al. Effect of [Emim]Ac pretreatment 
on the structure and enzymatic hydrolysis of sugarcane bagasse 
cellulose. Carbohydr Polym. 2014;100:211-217.

	 8.	 Zhu Z, Zhu M, Wu Z. Pretreatment of sugarcane bagasse with 
NH4OH–H2O2 and ionic liquid for efficient hydrolysis and bioeth-
anol production. Bioresour Technol. 2012;119:199-207.

	 9.	 Zhou J, Sui H, Jia Z, Yang Z, He L, Li X. Recovery and pu-
rification of ionic liquids from solutions: a review. RSC 
Adv2018;8(57):32832-32864.

	10.	 Liu K, Lin X, Yue J, et al. High concentration ethanol production 
from corncob residues by fed-batch strategy. Bioresour Technol. 
2010;101(13):4952-4958.

	11.	 Branco R, Serafim L, Xavier A. Second generation bioethanol pro-
duction: on the use of pulp and paper industry wastes as feedstock. 
Fermentation. 2018;5(1):4.

	12.	 Tapia Carpio L, Simone de Souza F. Competition between sec-
ond-generation ethanol and bioelectricity using the residual bio-
mass of sugarcane: effects of uncertainty on the production mix. 
Molecules. 2019;24(2):369.

	13.	 Ray MJ, Brereton NJB, Shield I, Karp A, Murphy RJ. Variation 
in cell wall composition and accessibility in relation to bio-
fuel potential of short rotation coppice willows. BioEnergy Res. 
2012;5(3):685-698.

	14.	 Torres AF, van der Weijde T, Dolstra O, Visser RGF, Trindade LM. 
Effect of maize biomass composition on the optimization of di-
lute-acid pretreatments and enzymatic saccharification. BioEnergy 
Res. 2013;6(3):1038-1051.

	15.	 Marriott PE, Sibout R, Lapierre C, et al. Range of Cell-wall alter-
ations enhance saccharification in Brachypodium distachyon mu-
tants. Proc Natl Acad Sci. 2014;111(40):14601-14606.

	16.	 DeMartini JD, Pattathil S, Miller JS, Li H, Hahn MG, Wyman CE. 
Investigating plant cell wall components that affect biomass recalci-
trance in poplar and switchgrass. Energy Environ Sci. 2013;6(3):898.

	17.	 Kumar AK, Sharma S. Recent updates on different methods of 
pretreatment of lignocellulosic feedstocks: a review. Bioresour 
Bioprocess. 2017;4(1):7.

	18.	 Chen W-H, Lin T-S, Guo G-L, Huang W-S. Ethanol production 
from rice straw hydrolysates by Pichia stipitis. Energy Procedia. 
2012;14:1261-1266.

	19.	 Liu Z, Li L, Liu C, Xu A. Pretreatment of Corn straw using the alka-
line solution of ionic liquids. Bioresour Technol. 2018;260:417-420.

	20.	 da Costa Lopes AM, João KG, Rubik DF, et al. Pre-treatment of 
lignocellulosic biomass using ionic liquids: wheat straw fraction-
ation. Bioresour Technol. 2013;142:198-208.

	21.	 Sáez F, Ballesteros M, Ballesteros I, Manzanares P, Oliva JM, 
Negro MJ. Enzymatic hydrolysis from carbohydrates of barley 
straw pretreated by ionic liquids. J. Chem Technol Biotechnol. 
2013;88(5):937-941.

	22.	 Fu D, Mazza G. Aqueous ionic liquid pretreatment of straw. 
Bioresour Technol. 2011;102(13):7008-7011.

	23.	 Eisenhuber K, Krennhuber K, Steinmüller V, Jäger A. Comparison 
of different pre-treatment methods for separating hemicellulose 
from straw during lignocellulose bioethanol production. Energy 
Procedia. 2013;40:172-181.

https://orcid.org/0000-0001-8486-5949
https://orcid.org/0000-0001-8486-5949
https://orcid.org/0000-0001-8486-5949
https://orcid.org/0000-0002-4665-1576
https://orcid.org/0000-0002-4665-1576
https://orcid.org/0000-0002-4665-1576
https://orcid.org/0000-0001-9332-3180
https://orcid.org/0000-0001-9332-3180
https://orcid.org/0000-0001-9332-3180
https://orcid.org/0000-0003-0890-6301
https://orcid.org/0000-0003-0890-6301
https://orcid.org/0000-0003-2834-0405
https://orcid.org/0000-0003-2834-0405
https://orcid.org/0000-0003-2834-0405
https://orcid.org/0000-0003-0891-5419
https://orcid.org/0000-0003-0891-5419
https://orcid.org/0000-0003-0891-5419


3254  |      SMUGA-KOGUT et al.

	24.	 Bernardo J, Gírio F, Łukasik R. The effect of the chemical charac-
ter of ionic liquids on biomass pre-treatment and posterior enzy-
matic hydrolysis. Molecules. 2019;24(4):808.

	25.	 Tavares EQP, De Souza AP, Buckeridge MS. How endoge-
nous plant cell-wall degradation mechanisms can help achieve 
higher efficiency in saccharification of biomass. J Exp Bot. 
2015;66(14):4133-4143.

	26.	 Gräsvik J, Winestrand S, Normark M, Jönsson LJ, Mikkola J-P. 
Evaluation of four ionic liquids for pretreatment of lignocellulosic 
biomass. BMC Biotechnol. 2014;14(1):34.

	27.	 Kuhad RC, Singh A, Eriksson K-EL. Microorganisms and Enzymes 
Involved in the Degradation of Plant Fiber Cell Walls. Berlin, 
Heidelberg: Springer; 1997:45-125.

	28.	 Elgharbawy AA, Alam MZ, Moniruzzaman M, Goto M. Ionic 
liquid pretreatment as emerging approaches for enhanced en-
zymatic hydrolysis of lignocellulosic biomass. Biochem Eng J. 
2016;109:252-267.

	29.	 Sokolowska K, Konieczna-Molenda A, Witek E. Hydrolysis of 
cellulose waste catalyzed by cellulolytic enzymes immobilized on 
polymer carrier. Polimery. 2016;61(09):633-641.

	30.	 Chandel AK, Gonçalves BCM, Strap JL, da Silva SS. 
Biodelignification of lignocellulose substrates: an intrinsic and 
sustainable pretreatment strategy for clean energy production. Crit 
Rev Biotechnol. 2015;35(3):281-293.

	31.	 Cayetano RDA, Kim TH. Two-stage processing of miscanthus gi-
ganteus using anhydrous ammonia and hot water for effective xylan 
recovery and improved enzymatic saccharification. Bioresour 
Technol. 2018;255:163-170.

	32.	 Auxenfans T, Crônier D, Chabbert B, Paës G. Understanding the 
structural and chemical changes of plant biomass following steam 
explosion pretreatment. Biotechnol Biofuels. 2017;10(1):36.

	33.	 Michalska K, Bizukojć M, Ledakowicz S. Pretreatment of energy 
crops with sodium hydroxide and cellulolytic enzymes to increase 
biogas production. Biomass Bioenerg. 2015;80:213-221.

	34.	 Mansfield SD, Mooney C, Saddler JN. Substrate and enzyme 
characteristics that limit cellulose hydrolysis. Biotechnol Prog. 
1999;15(5):804-816.

	35.	 Bombeck P-L, Khatri V, Meddeb-Mouelhi F, Montplaisir D, 
Richel A, Beauregard M. Predicting the most appropriate wood 
biomass for selected industrial applications: comparison of wood, 
pulping, and enzymatic treatments using fluorescent-tagged carbo-
hydrate-binding modules. Biotechnol Biofuels. 2017;10(1):293.

	36.	 Dąbkowska K, Alvarado-Morales M, Kuglarz M, Angelidaki I. 
Miscanthus straw as substrate for biosuccinic acid production: 

focusing on pretreatment and downstream processing. Bioresour 
Technol. 2019;278:82-91.

	37.	 Ferreira S, Gil N, Queiroz JA, Duarte AP, Domingues FC. 
Bioethanol from the Portuguese forest residue Pterospartum tri-
dentatum – an evaluation of pretreatment strategy for enzymatic 
saccharification and sugars fermentation. Bioresour Technol. 
2010;101(20):7797-7803.

	38.	 Razmovski RN, Šćiban MB, Vučurović VM. Bioethanol produc-
tion from Jerusalem artichoke by acid hydrolysis. Rom Biotechnol 
Lett. 2011;16(5):6497-6503.

	39.	 Goshadrou A, Karimi K, Lefsrud M. Characterization of ionic 
liquid pretreated aspen wood using semi-quantitative methods for 
ethanol production. Carbohydr Polym. 2013;96(2):440-449.

	40.	 Poornejad Nafiseh, Karimi Keikhosro, Behzad Tayebeh. Ionic 
Liquid Pretreatment of Rice Straw to Enhance Saccharification and 
Bioethanol Production. Journal of Biomass to Biofuel. 2014;1:8–
15. https://doi.org/10.11159​/jbb.2014.002. 

	41.	 Idi A, Md. Salleh M, Ibrahim Z, Mohamad SE. Pretreatment of 
cocoa waste for bioethanol production using ionic liquid. J Teknol. 
2013;59:1.

	42.	 Yamada R, Nakashima K, Asai-Nakashima N, et al. Direct etha-
nol production from ionic liquid-pretreated lignocellulosic bio-
mass by cellulase-displaying yeasts. Appl Biochem Biotechnol. 
2017;182(1):229-237.

	43.	 Smuga-Kogut M, Walendzik B, Szymanowska-Powalowska D, et 
al. Comparison of bioethanol preparation from triticale straw using 
the ionic liquid and sulfate methods. Energies. 2019;12(6):1155.

	44.	 Galbe M, Wallberg O. Pretreatment for biorefineries: a review of 
common methods for efficient utilisation of lignocellulosic materi-
als. Biotechnol Biofuels. 2019;12(1):294.

	45.	 Baruah J, Nath BK, Sharma R, et al. Recent trends in the pretreat-
ment of lignocellulosic biomass for value-added products. Front 
Energy Res. 2018;6:141.

How to cite this article: Smuga-Kogut M, 
Szymanowska D, Markiewicz R, et al. Evaluation of 
the potential of fireweed (Epilobium angustifolium 
L.), European goldenrod (Solidago virgaurea L.), and 
common broom (Cytisus scoparius L.) stems in 
bioethanol production. Energy Sci Eng. 2020;8:3244–
3254. https://doi.org/10.1002/ese3.726

https://doi.org/10.11159/jbb.2014.002
https://doi.org/10.1002/ese3.726

