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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/dm?®. 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.
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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.
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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. lonic 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 (BMIMOALC),
1-ethyl-3-methylimidazolium diethyl phosphate (EMIMDEP), and 1-ethyl-3-methylimidazolium
chloride (EMIMCI). 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 cm? 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
EMIMC), first 5 g of biomass was dissolved in 50 cm3 EMIMCI (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~! 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~! 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 cm? 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.% H,SO4 or 20 wt.% NaOH. Solutions after enzymatic hydrolysis
(40 cm?) were separated from the solid fraction of lignocellulose and transferred to 50 cm® 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 x 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 — C. x V x 100
T MxCx11x 051

%100 (%); 1)

where:

C—ethanol concentration (g/dm?)

V—sample volume (dm?3)

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 4000x 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 pm 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 H;SOy 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 lonic 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 EMIMCI 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
EMIMC), 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 EMIMCI, 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 EMIMCI; (c) after processing with EMIMDEP; (d) after processing with EMIMOAC;
(e) after processing with BMIMOAG; and (f) after processing with EMIMOAc and EMIMCI.
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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
EMIMOACc 39.48 +0.07 8.81 +0.07 20.66 + 0.08
BMIMOACc 36.91 £ 0.17 9.33 £0.14 14.32 + 0.11
EMIMOACc + EMIMCI 33.27 £ 0.08 18.56 + 0.22 8.71 £0.12

The use of EMIMCI to purify buckwheat straw resulted in a decrease in the content of lignin,
by approximately 5%. Unfortunately, EMIMCI 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 EMIMDEDP, 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 EMIMOACc
and EMIMC], 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
EMIMCI caused delignification of buckwheat straw. Li et al. [10] also indicated delignification of
eucalyptus after treatment with BMIMOAc and EMIMOALc. Lignin solubilization during pretreatment
with ionic liquids has been reported to be assisted by the 7—m 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 EMIMDERP. 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 EMIMOACc 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.

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

30

20

10

F2 (15,87 %)

-10

-20
-20 -10 0 10 20 30 40

F1 (69,68 %)

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 EMIMCI processing; 3 (black line)—biomass after EMIMOAc and EMIM Cl processing; 4 (bright
green line)—buckwheat straw after processing with EMIMDEDP, and 5 (blue line)}—buckwheat straw
after EMIMOAC processing.

Absorbance

950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650
Wavelength [nm]

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 R? MSE RMSE
PLS 900-1680 50 1 09593 11311  1.0635

Analysis of the model showed that the model was correctly matched (R?> = 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.

PLS
Cellulose Content [%]
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 lonic 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 (3-1,4-glycosidic bonds, to
glucose. Endo-f3-p-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--p-glucanase and 3-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 f-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/ldm®) and BMIMOAC (5.1 g/dm?). 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 BMIMC], 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
EMIMCI or EMIMDERP 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 BMIMOACc 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/dm? followed by the use of EMIMOAC and 5.1 g/dm? followed
by the use of BMIMOACc. 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: EMIMOACc and Cellic CTec2 (2.46 g/dm3 ) and in the variant with BMIMOACc and T. reesei
(3.31 g/dm?). These results are compatible with the amount of sugar, and the concentration of glucose,
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which at the beginning of the fermentation process was 5.5 g/dm> and 4.16 g/dm?, 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 x 10°
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 x 10°
CFU) and viability (81%) were determined for the variant EMIMOAc + EMIMCI 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/dm?) due to the smaller pool of available fermenting
sugars (2.98 g/dm?). 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.



Energies 2019, 12, 2014 11 of 14

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.

Cellulose to Ethanol

Sample Enzyme Type Cell Viability (%)  Cell Count (CFU) Conversion (%)

Aspergillus sp. 55% + 1.1% 4.0 x 100 15.25%

Untreated Cellic CTec2 61% +0.9% 3.1x10° 22.54%
T. reesei 60% £ 1.9% 2.9 x10° 11.15%

Aspergillus sp. 69% + 0.7% 9.0 x 10° 63.23%

EMIMOACc Cellic CTec2 78% + 0.9% 8.4 x 105 83.10%
T. reesei 75% +2.1% 7.6 X 10° 65.76%

Aspergillus sp. 67% + 2.2% 6.0 x 100 70.14%

BMIMOACc Cellic CTec2 72% +1.9% 8.0 x 105 89.35%
T. reesei 70% = 1.8% 5.5x10° 128.07%

Aspergillus sp. 54% + 1.4% 3.0 x 100 5.88%

EMIMDEP Cellic CTec2 57% +2.1% 3.4 x 10° 41.71%
T. reesei 56% + 1.4% 2.6 x 10° 14.20%

Aspergillus sp. 51% + 0.7% 3.2 x 100 21.22%

EMIMCI Cellic CTec2 55% + 0.6% 4.5 x 10° 38.42%
T. reesei 43% = 1.5% 4.0 x 10° 30.51%

Aspergillus sp. 74% + 0.5% 5.0 x 100 16.22%

oA Cellic CTec? 78% + 2.1% 6.6 x 10° 73.86%
T. reesei 81% +2.9% 4.5 x 10° 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/dm? (with the use of EMIMOAC), whereas the highest
concentration of bioethanol (3.31 g/dm?®) 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
EMIMCI and EMIMDEP. However, pretreatment with EMIMCI resulted in greater delignification of
the material than occurred with the remaining ionic liquids. For the pretreatment of buckwheat straw,
treatment with EMIMOAC and EMIMCI 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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