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ARTICLE INFO ABSTRACT

Keywords: One of the main challenges in biorefinery is the efficient fractionation and use of lignocellulosic biomass. In this

Biorefinery ) sense, pretreatment with deep eutectic solvents (DES) is highlighted as a clean and effective separation method,

llzrewery spent grain due to its selective solubilisation of hemicellulose and lignin fractions while preserving cellulose. This study
retreatment

presents a process of the enrichment of polysaccharide content and the improvement of enzymatic digestibility
using choline chloride (ChCl) and lactic acid (LA) or glycerol (Gly) in brewery spent grain (BSG) pretreatment.
Additionally, it describes how improvements can be made in obtaining polysaccharide-rich material through a
response surface methodology, this by means of analysing the operational conditions (temperature, reaction
time, and molar ratio) using ChCl:LA. The optimised operational conditions (130 °C, 90 min, and 1:8 mol/mol)
generate a 75 % enrichment of polysaccharide fraction and the removal of 77.13 %, 50.70 %, and 100 % of acid-
soluble lignin, xylan, and arabinan, respectively. Moreover, the process enhances the saccharification of glucan
and xylan to almost 70 % using Cellic CTec2, and to 80 % of glucan and 40 % of xylan using A. niger CECT 2700
enzymatic extract. This constitutes a promising approach to the fractioning of cellulose and lignin from BSG
through DES pretreatment, which is unfeasible using traditional pretreatment methods.

Acid-based deep eutectic solvent
Enzymatic digestibility
Value-added product

notable in comparison to other agro-industrial residues, in that it is rich
in protein, fibres, cellulose, arabinoxylan, and lignin, compounds which

Introduction

Biorefinery involves applying a variety of techniques to fully use and
transform biomass resources into different biofuels and chemical prod-
ucts of industrial interest [1]. Biomass is considered the most abundant
renewable resource on the earth and has received a great deal of
attention; in that it is seen as a sustainable alternative to fossil fuels.
Biomass generally comes from forestry, agricultural, and agro-industrial
wastes, including spent grain from breweries (BSG) [2].

BSG is the insoluble and solid fraction of the malted barley grain
generated during the production of beer [3]. BSG represents 85 % of
brewery by-products and 30 % of the malted grain [4], with an annual
production estimated at ~3.4 Mt in the EU [5]. Its composition is
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are considered to be precursors to a variety of products of industrial
interest [6]. Hence, the use of BSG represents a significant ecological
and economic approach as a feedstock for obtaining a range of value-
added products, since it is surplus waste, involves low levels of
handling, and has a low market value [3].

However, the recalcitrance of biomass caused by the interlocking
network of cellulose, lignin, and hemicellulose components represents a
considerable challenge for any successful biorefinery process [7]. An
efficient pretreatment to fractionate lignocellulose into its three usable
forms has thus been recognised as the key for promoting an integrated
multi-product manufacturing biorefinery concept that can contribute to
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sustainability and a circular economy [8]. Previous studies using acidic,
alkaline, organosolv, and ionic liquids as pretreatments have shown
various degrees of success in biomass separation. However, the degra-
dation of some compounds into non-recoverable molecules (5-hydrox-
ymethylfurfural and furfural from hexose and pentose sugars) leads to a
waste of resources, hence limiting the application of economically
competitive biorefineries [7]. The discovery and application of deep
eutectic solvents (DESs) has led to new perspectives in the selective
fractionation of biomass through the solubilisation of lignin and hemi-
cellulose without breaking the cellulose, improving its hydrolysis during
the saccharification stage due to the swell/deconstruction of biomass
[6]. Besides, compared to conventional pretreatments, DESs are recog-
nised as promising, economical, non-toxic, easy to prepare, biocom-
patible and biodegradable, making them as the solvents of choice [9].

DESs are composed of a hydrogen bond acceptor (HBA, e.g., choline
chloride) and a hydrogen bond donor (HBD, e.g., polyols, carboxyl
acids, alcohols, amine, or amides) at fixed ratios, forming liquid phase
eutectic mixtures at moderate temperature (between 50 and 100 °C) and
ambient pressure conditions (1 atm) [10]. The HBD in DES may consist
of polyols (such as glycerol), which generally present lower freezing
temperatures and are liquid at room temperature, as well as being
positively correlated with the decrease in saccharification time after
pretreatment [11]. Furthermore, polyols are used extensively in an array
of industrial applications, especially in the food and pharmaceutical
industries [12]. On the other hand, recent studies have evaluated the
influence of carboxylic acids (e.g. lactic acid, acetic acid, citric acid,
levulinic acid, among others) as HBD on biomass fractionation, with a
notable potential for application in the effective deconstruction of
biomass [13]. For example, Chen et al., [14] report the effective appli-
cation of betaine:lactic acid (LA) pretreatment in sugarcane bagasse,
demonstrating a lignin and xylan removal of 47.1 % and 44.6 %,
respectively, and an increase in cellulose digestibility 4.2 times higher
than the raw biomass. Likewise, Raj et al., [15] show that [ChCI]:LA
pretreatment at 10 % (w/w) solids, 140 °C and 2 h of reaction time,
solubilises 78.8 % of lignin and 80.4 % of hemicellulose, allowing 82.7
% enzymatic conversion of glucans to glucose. Moreover, Moran-Aguilar
et al., [16] studied the sugarcane pretreatment using [ChCl]:acetic acid
(1:4 mol/mol), reporting an enrichment in glucan (>60 %) and xylan
(>20 %) and an improvement in cellulose and xylan digestibility of 89 %
and 73 %, respectively.

In this regard, the recent literature has highlighted the potential of
acid-based DES (ADES) as a biomass pretreatment due to the good
correlation between the polarity and acidic nature of the ADES. In
addition, DES is an effective pretreatment for hemicellulose and lignin
fractioning; it improves the release of sugars during enzymatic hydro-
lysis and allows generally closed cycle biorefinery processes for more
cost-effective and environmentally sustainable processes [15,17].

However, studies here generally use DES as a pretreatment in
lignocellulosic biomass, focusing on the examination of one variable or
parameter (pretreatment temperature, reaction time, biomass-to-solvent
ratio, or biomass particle size) and assessing efficiency in terms of the
lignocellulosic fraction or the subsequent saccharification step [11].

Only a small number of papers have involved the study of a set of
parameters using experimental design tools and maximising or mini-
mising a response variable (e.g., polysaccharide content or saccharifi-
cation maximisation or lignin content after pretreatment minimisation)
[7,18,19].

The optimisation of variables allows for cost reductions in the pre-
treatment process, through a better understanding of the chemical
mechanisms in DES reaction [5]. Among these, the use of the Box-
Behnken design, a second-order multivariate method based on
reduced factorial designs at three levels, has been highlighted. This
method facilitates the optimisation analysis through the Response Sur-
face Methodology (RSM), a statistical tool which is considered to pro-
vide reliable and adequate response studies through a mathematical
model which is adjustable to experimental data [18].
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Therefore, the present study, proposes the analysis of operating
conditions (reaction time, molar ratio, and temperature) during DES
pretreatment using the RSM method with the aim of improving poly-
saccharide enrichment following BSG pretreatment, leading to a more
effective biomass deconstruction and enhanced enzymatic hydrolysis.
Such an approach aims to establish a theoretical basis for the efficient
and environmentally friendly conversion in a sustainable BSG bio-
refinery process.

Materials and methods
Materials and reagents

BSG was supplied by the brewery company UNICER located in
Portugal. The biomass was dried at 50 °C in an oven (Celsius 2007,
Memmert, Schwabach, Germany) for 24 h, and then crushed with a
stainless-steel mill (SOGO, SS-111 5430 models, Sanysan Appliances SL,
Valencia, Spain). The dry biomass was then sieved using a sieve with a
mesh size of 1 mm, following the methodology described by Hames
etal.,, [20]. Finally, it was stored in propylene bags at 25 °C until further
use.

Choline chloride (ChCl) (purity > 99 %) was purchased from Sigma
Aldrich (Spain) and used as HBA. In order to avoid moisture absorption,
[ChCl] was kept in an oven for 24 h at 100 °C. Two HBD were assayed:
glycerol (99.5 %) from Fisher Scientific (Hampton, NH, USA) and lactic
acid (purity > 90 %) from the CARLO ERBA company (France).

The multienzyme complex Cellic CTec2 (Cellic CTec2-SAE0020) was
purchased from Sigma-Aldrich and its enzymatic activity was evaluated
as 254.50 + 4.53 FPU/mL (cellulase activity) and 12084.88 + 169.33
U/mL (xylanase activity) [21].

Methods

DES synthesis

DES preparation was performed by mixing HBA and HBD in a molar
ratio (mol/mol) of 1:2 for choline chloride-glycerol [ChCl]:Gly accord-
ing to the methodology describe by Moran-Aguilar et al., [21] and at
ratios of 1:4, 1:8 and 1:12 for [ChCI]:LA [22,23]. The mixtures were
subjected to heating (60 °C) and constant stirring until a homogeneous
transparent liquid was obtained [13]. Finally, the generated DES were
stored in glass bottles until use.

DES pretreatment

Initially, an evaluation was made of the influence of a neutral or acid
HBD (glycerol and lactic acid, respectively) in the DES mechanism
through efficiencies in enhancing the polysaccharides-rich material
(PRM). Consequently, one gram of BSG was pretreated with [ChCl]:Gly
and [ChCI]:LA with molar ratios of 1:2 and 1:4 (mol/mol), respectively,
using a liquid-solid ratio (LSR) of 15:1 (v/w) in a sand bath at 130 °C for
90 min, following the methodology described in our previous studies
[13]. Once the reaction had finished, DES was recovered by adding an
antisolvent, in this case acetone-distilled water (1:1 v/v), in a LSR of
25:1 (mL:g). The solution was stirred at 250 rpm for 30 min in orbital
shakers (Optic Ivymen System, Comecta S.A., distributed by Scharlab,
Madrid, Spain) and centrifuged to obtain a solid fraction. The PRM (solid
fraction) was cleaned with distilled water (LSR of 25:1 mL:g), dried at
50 °C for 24 h in an oven (Celsius 2007, Memmert, Schwabach, Ger-
many), and stored until use. On the other hand, lignin-rich material
(LRM) was obtained by adding distilled water at 1:1 (v/v) to the liquid
fraction (DES, lignin, and acetone/water). After 24 h, the precipitated
LRM was obtained by centrifugation at 2755 x g for 30 min and dried at
50 °C for 24 h in an oven before analysis.

Experimental design
A Box-Behnken design was used to investigate the effects of the in-
dependent variables during [ChCI]:LA pretreatment in BSG. The



M.G. Moran-Aguilar et al.

pretreatment optimisation process involved three independent vari-
ables: temperature (X;), reaction time (X3), and molar ratio (X3) with
three levels each (—1, 0, and 1), and the response variable was the
maximum enrichment of total polysaccharides (%) after DES pretreat-
ment (Table 1).

The behaviour of the DES system is explained by the quadratic
polynomial equation (Eq. (1)) as a function of independent variables

Glucose amount in engymatic hydrolysate * 0.9

Glucan digestibility (%) = { Glucan amount in substrate

Xylose amount in enzymatic hydrolysate * 0.88

Xylan digestibility (%) = { Xylan amount in substrate

involving the quadratic interactions and the square terms.

k k

k k
Y=P+ Yy BXit D BXi+ Y > BXXite
i1 i1

ol i<

(€8]

where Y is the predicted response of the process, k is the number of
independent variables, X; and X; are the independent variables (i and j
are the index numbers for the range of the pattern from 1 to k), g is the
intersection coefficient of the model, and p;, pjj and f;; are the interaction
coefficients of the linear, quadratic and second order terms, respectively.
Finally, € is the random error of the discrepancies or uncertainties be-
tween the predicted and measured values [24,25].

In addition, an ANOVA analysis was performed based on the pro-
posed model to determine the relationship between the factors and the
response variable. The quality of the fit of the regression model was
expressed by the coefficient of determination R? and R? adj. Likewise,
factors based on the probability value p with a confidence value of 95 %
were selected.

Using the results obtained, response surface plots and contour plots
based on the Box-Behnken design were generated to visualise the indi-
vidual and interactive effects of the independent variables on the
response variable enrichment of polysaccharides in PRM recovery after
DES pretreatment on BSG.

Engymatic hydrolysis of PRM

To understand the degree of enzyme digestibility after each run of
the experimental design, the PRMs obtained were subjected to enzy-
matic hydrolysis. These experiments were performed in 50 mL sealed
bottles with 1 g of PRM and 30 mL of citrate butter solution (50 mM at
pH 4.8) with an enzymatic charge of 40 FPU/g of PRM using the
multienzyme complex Cellic CTec2. The operational working conditions
were 50 °C and 150 rpm for 72 h [13]. Control experiments were also
conducted with untreated BSG substrate.

Since the costs associated with the step of biomass pretreatment and
enzymatic hydrolysis during biorefinery processes can hinder its appli-
cation in practical scenarios, we also applied an enzymatic cocktail
produced from the same residue under simple and economical process
conditions. The multi-enzyme complex obtained, following our previous
studies [26] using Aspergillus niger CECT 2700 and solid-state

Table 1
Box-Behnken design for optimising polysaccharide content in BSG.
Levels
Variable Coded variables -1 0 1
Temperature (°C) Xy 90 110 130
Reaction time (min) Xy 90 135 180
Molar ratio (mol/mol) X3 1:4 1:8 1:12
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fermentation (SSF), was then tested using two enzyme extract-solid ra-
tios, 20:1 and 40:1 (v/w), in the untreated and [ChCI]:LA pretreated BSG
obtained under the optimal operational conditions through the
Box-Behnken design. Finally, the sugars in the aliquots were determined
and quantified by HPLC to calculate glucan and xylan digestibility.

(2)

3

Multi-enzyme complex production from A. niger CECT 2700 in SSF

The enzymatic extract from Aspergillus niger CECT 2700 was obtained
following the methodology described by Moran-Aguilar et al., [27],
using BSG after autoclave pretreatment as a substrate and the SSF
methodology. The enzyme extract was characterised for cellulase and
xylanase activity using the methodology described in section 2.6. The
analysis of enzymatic extract attained 0.36 + 0.02 FPU/mL (cellulase
activity) and 228.69 + 5.89 U/mL (xylanase activity).

Analytical procedures

Polysaccharide and lignin content. The composition of untreated BSG,
PRMs, and LRMs obtained after DES pretreatment was determined by
quantitative acid hydrolysis in two stages, following the process
described in the National Renewable Energy Laboratory (NREL) Tech-
nical Report [28]. The analysis of polysaccharides was carried out by
means of a HPLC system (Agilent model 1200, Palo Alto, CA, USA)
equipped with a refractive index detector and an Aminex HPX-87H ion
exclusion column (Bio Rad 300 x 7.8 mm, 9y particles) with a guard
column.

All the samples were eluted with 0.3 g/L of sulfuric acid at 0.6 mL/
min and 50 °C. The lignin was measured including acid-soluble lignin
(ASL) and Klason lignin (KL). The removal rate (%) from ASL, xylan, and
arabinan loss after DES pretreatment were calculated according to Han
et al., [29]:

ASL(%) = {1 - {m"i} }*100% (4)
Masro
Xylan loss(%) = [1 — [%] ]*100% 5)
Xo
Arabinan loss(%) = {1 — {%} ]*100% (6)
Ao

where magpo, My, and mp, are the quantities of lignin, xylose, and
arabinose in the original BSG feedstock, and magyr, mxy, and mp, are the
quantities of lignin, xylose, and arabinose in PRM residue pretreated
with DES, respectively.

Physicochemical composition analysis. The structure of native and pre-
treated BSG under the optimal operational condition with [ChCI]:LA
pretreatment, as well as the lignin recovery in the pretreatment, were
assayed through SEM analysis to observe morphological changes, using
a JEOL JSM6010LA Scanning Electron Microscope (SEM).

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy was conducted with a Thermo Nicolet 6700 FTIR Spec-
trometer (Thermo Fisher Scientific Inc., Madison, WI, USA), and an ATR
accessory equipped with a diamond crystal (Smart Orbit Diamond ATR,
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Thermo Fisher, USA). Native BSG, pretreated BSG and recovered solid
lignin were recorded without preparation in the range 4000 to 400 cm™
L at 4 cm™ ! resolution and 20 scans using a deuterated triglycine sul-
phate (DTGS) KBr detector. Also, cellulose crystallinity modifications
were evaluated through the Lateral Order Index (LOI) expression (Eq.
(7)) through the absorbance obtained in each sample [30].

LOI = Avgzon 1 @
A898cm’1

Finally, the crystalline index (Cr) was analysed by means of X-ray
spectroscopy (Siemens D500) using diffraction angles ranging from 26
= 2-45°, with a step size of 0.02° and a step time of 0.5 s. The Crl was
calculated using the following expression [31]:

L,
Crl = {%} *100 (8)

cry

where Iy is the intensity of the crystalline region at 20 = 22.35 and Iy,
is the intensity in the amorphous region at 20 = 16.17.

Engymatic activities assay

Cellulase activity (FPU/mL) was determined using the methodology
described by Ghose [32], based on the hydrolysis of 1 x 5.5 cm (50 +
0.1 mg) Whatman No. 1 filter paper (Healthcare, Buckinghamshire, UK).
The assay was conducted at pH 4.8 using 1 mL of 50 mM sodium citrate
buffer and 0.5 mL of the enzyme solution, followed by incubation at
50 °C for 60 min.

Xylanase activity was assayed by the quantification of reducing
sugars released from birch xylan solution (1 % w/v) diluted in 50 mM
sodium phosphate buffer at pH 6 [32]. The reaction was carried out
using 0.45 mL of birch xylan solution and 0.05 mL of enzyme solution at
50 °C for 10 min.

The quantification of reducing sugars was performed using the
dinitro salicylic acid (DNS) method at 540 nm. For this study, one unit
(U) of enzymatic activity was defined as the amount of enzyme required
to release 1 pmol of reducing sugars (glucose or xylose) per min under
the conditions of the assay [26].

Statistical analysis

The data obtained by the experimental design were analysed using
the statistical package Statgraphics (Statgraphics Centurion XVI version
16.1.11; 32 bit) to obtain the ANOVA analysis of variance and the op-
timum values for higher polysaccharide content (%) in the PRM ob-
tained. Additionally, responses were adjusted to the second-order
polynomial model. The comparison of means was established by means
of the Tukey test at 95 % confidence.

Results and discussion
Effect of HBD in DES pretreatment
Chemical composition analysis of PRM
Table 2 sets out the results obtained from the characterisation of

untreated and pretreated BSG, and as can be seen, the untreated BSG

Table 2
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Fig. 1. Enzymatic digestibility of untreated and DES-pretreated BSG using
Cellic CTec2 at 72 h of reaction.

composition coincides with that reported in the extensive literature, as
reviewed by Mussatto [33]. In this sense, it is well known that BSG is a
lignocellulosic residue rich in sugars, proteins and minerals. However,
the composition of this residue may suffer significant chemical varia-
tions due to the barley variety used in the process, the harvest season,
cultural practices, malting and mashing conditions, and the amount and
type of the adjuncts added to the barley malt for making the wort [33].

Table 2 also shows the effect of [ChCl]:Gly pretreatment on un-
treated BSG. In this case, the polysaccharide fraction was reduced to
15.4 % glucan, 18.06 % xylan, and 8.18 % arabinan. This could be linked
to the physicochemical properties of the eutectic mixture used, since
neutral solvents (polyols, glucose, and amino acids) as HBD contain the
main functional groups C—=0, NH, and OH [13]. These functional groups
have available lone pair electrons in the outermost orbitals which form
strong hydrogen bonds with the dominated lignin structures in the
biomass. Likewise, these hydrogen bonds are oriented and saturated,
holding the active sites of the lignin to improve the main components
fraction of the lignocellulose under certain conditions [34].

In addition, Chen et al., [35] indicated that the type of biomass
(lignocellulose composition) and the operating conditions (temperature
and reaction time) can change the yield in [ChCl]:Gly pretreatment
system. Therefore, the total polysaccharides content can differ when
applying conditions from 15 h and 150 °C for corncob to 1 h and 110 °C
for switchgrass [36].

By contrast, the use of [ChCl]:LA promoted the enrichment of glucan
composition to 33.22 % and a reduction to 13.52 % (xylan), 3.33 %
(ASL), and all the arabinan content regarding untreated BSG. This could
be related to the polarity value of DES mixtures using the Kamlet-Taft
parameters o, p and ©* (which represent the hydrogen-bond providing
capacity, hydrogen-bond accepting capacity, and polarity/polar-
isability, respectively), indicating that the [ChCI]:LA mixture was able
to release more acidic protons (H") compared to [ChCl]:Gly. Therefore,
the presence of H' provided by lactic acid promotes the incision of ester
bonds and allows selective removal of lignin and hemicellulose [37,38].

Moreover, these results are consistent with those obtained by Moran-
Aguilar et al., [13] using [ChCI]:LA in sugarcane bagasse, where a total
lignin removal close to 55 % was obtained. Likewise, these authors re-
ported that the improvements in efficiency of pretreatment using ADES
could be due to its ionic properties. This means that, ADES generates

Polysaccharide and lignin composition in untreated BSG and PRMs obtained after DES pretreatment.

Chemical composition (%)

Pretreatment Glucan Xylan Arabinan ASL KL

Untreated 26.59 + 1.11 22.03 + 0.79 9.83 + 1.04 7.88 +£0.17 11.54 + 0.11
[ChCI]:LA 33.22 + 3.84 13.52 + 0.08 0.00 + 0.00 3.33 £ 0.02 13.18 + 0.51
[ChCI]:Gly 15.40 + 2.43 18.06 + 1.61 8.18 +£0.89 5.46 + 0.11 16.54 + 1.51

ASL: Acid soluble lignin; KL: Klason lignin; [ChCI]:LA: choline chloride-lactic acid; [ChCI]:Gly: choline chloride-glycerol.
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additional hydroxyl groups in its alkyl chain, which are slightly esteri-
fied with the OH hydroxyl groups in lignin, promoting ionic interactions
with aromatic groups (bond p-O-4) and generating their incision and
condensation [8].

For this reason, the delignification rate using ADES could be different
from that in other eutectic mixtures. Similarly, recent reports have
shown the high efficiency of [ChCI]:LA as pretreatment of grapevines
due to the high conductivity (1448 uS/cm a 25 °C), low viscosity, and pH
(0.04) of various DES mixtures [39].

Engzymatic saccharification of PRM

Fig. 1 represents the percentage of digestibility obtained after
enzymatic hydrolysis using untreated and pretreated BSG following
pretreatments with different DESs mixtures. The percentages of enzy-
matic digestibility of 55.40 + 2.51 %, 12.19 + 0.12 %, and 8.31 + 0.67
% were achieved for glucan, xylan, and arabinan, respectively, using
[ChCl]:Gly. Meanwhile, the application of [ChCl]:LA increased the
percentage of digestibility to 71.09 + 0.13 % for glucan and 44.62 +
0.04 % for xylan, which represents a 4-fold increase over the perfor-
mance obtained using the untreated BSG.

The improvement in enzymatic digestibility with [ChCl]:LA over
[ChCl]:Gly can be attributed, first, to the physicochemical characteris-
tics of the DES mixture, because [ChCl]:LA presents a lower viscosity,
which may contribute to a better mass transfer between BSG and DES
during pretreatment [40]. Second, the carboxylic acid group of lactic
acid enhances the cleavage of glycoside, ester, and ether bonds with
respect to the OH group of glycerol, improving the accessibility of the
enzyme during hydrolysis [38].

Additionally, ADES is able to generate stronger ionic interactions
with biomass, producing lignin dissolution and the generation of
amorphous zones with larger contact areas, as well as catalysing
cleavage in the p-(1-4)-glycoside bonds of cellulose, reducing its degree
of polymerisation, which can facilitate enzyme accessibility by the
substrate [8,41-43].

Consequently, the importance of the proper selection and combina-
tion of HBA and HBD in eutectic mixtures has been underlined, due to
previous studies have suggested that the functional groups in the HBD
substantially affect the ability to deconstruct lignocellulosic structure
and dissolve lignin in biomass [44]. In this sense, the [ChCI]:LA was
selected to evaluate various factors that influence modifications in the
lignocellulose structure and functional groups, with the aim of gener-
ating a straightforward and effective process to support viable BSG
biorefinery.

Table 3
The lignocellulosic composition of BSG obtained by the Box Behnken design.

Journal of Industrial and Engineering Chemistry 145 (2025) 693-704
Analysis of Box-Behnken experimental design and model fit

Polysaccharide and lignin content in PRM

Table 3 presents the design of experiments with the non-coded var-
iables, as well as the experimental values obtained for each experiment,
quantifying glucan, xylan, arabinan, KL, and ASL composition and the
removal rate according to Egs. (4), (5), and (6). Experiments 13-15
also show the design centre points as a means of quantifying experi-
mental error.

The results (Table 3) demonstrate the effect on the total poly-
saccharide content and lignin removal rate after DES pretreatment. In
this sense, experiment 12 (110 °C for 180 min at a molar ratio of 1:12)
generated a minimum polysaccharide content (45.91 %), resulting in a
removal rate of 63.47 %, 100 %, and ~74 % of xylan and arabinan, and
ASL, respectively. It seems that the severity of the pretreatment pro-
cesses is closely related to the stoichiometric ratio and the type of HBA
and HBD in the DES system, because this affects the properties of the
DES solvent and, consequently, the efficient removal of lignin or
enrichment of the polysaccharide fraction [45].

The amount of HBD (lactic acid) in ADES, such as [ChCI]:LA, has a
dominant role in biomass pretreatment. For instance, Zhang et al., [46]
reported that the increased stoichiometric ratios (molar ratio) of formic
acid as HBD in the DES pretreatment of poplar wood without bark could
release more free H' (acidic protons) and reduce the pH of the medium,
which is conducive to an acidic environment for the selective cleavage of
the ether bonds of the lignin-polysaccharide complex. Also, according to
Shishov et al., [47] the displacement of hydrogen bonding forces by the
different proportions of the HBA and HBD can affect or enhance the
deconstruction and separation of lignin, hemicellulose, and cellulose in
lignocellulose.

On the other hand, it is important to note that the application of a
high HBD-HBA molar ratio and prolonged pretreatment times can also
negatively affect the enrichment of polysaccharides. Thus, Li et al., [48]
reported that the maximum lignin removal from wood occurs with the
application of high temperatures (120 °C) and longer reaction times (12
h) in combination with an elevated HBD-HBA molar ratio ([ChCl]:LA
1:10) during DES pretreatment. A greater fraction of hemicelluloses
(mainly xylan and arabinan) is converted into soluble products of low
molecular weight, which cannot be recovered in the PRM after pre-
treatment through the application of more severe conditions.

Apart from the effect generated by the molar ratio in the DES solvent,
pretreatment temperature and reaction time are also crucial factors to be
controlled during the pretreatment to enhance the polysaccharide
composition of PRM and avoid the severity of the biomass deconstruc-
tion [49].

No. Factors Composition (%) Total polysaccharides Removal rate (%)
X1 Xo X3 Glucan Xylan Arabinan ASL KL (%) Glucan Xylan Arabinan ASL KL

1 90 90 1:8 40.23 19.15 8.02 9.11 23.29 67.40 - 28.03 49.42 14.08 -
2 130 90 1:8 56.42 13.12 0.00 1.84 25.58 69.54 - 50.70 100.00 77.13 -
3 90 180 1:8 42.23 17.93 7.46 8.65 21.00 67.61 - 32.64 52.95 18.43 -
4 130 180 1:8 52.52 10.56 0.00 2.42 29.24 63.09 - 60.31 100.00 77.18 -
5 90 135 1:4 38.50 16.68 6.88 9.93 17.88 62.06 - 37.31 56.61 6.35 -
6 130 135 1:4 54.44 14.27 0.00 4.10 26.94 68.71 - 46.38 100.00 61.35 -
7 90 135 1:12 37.24 17.81 4.51 9.26 19.13 59.56 - 33.07 71.52 12.62 -
8 130 135 1:12 43.18 12.00 6.64 5.24 25.12 61.82 - 54.92 58.12 50.60 -
9 110 90 1:4 42.50 14.50 0.00 8.84 19.64 57.01 - 45.49 100.00 16.64 -
10 110 180 1:4 43.56 11.66 0.00 6.21 21.10 55.22 - 56.18 100.00 41.40 —
11 110 90 1:12 44.66 13.26 0.00 5.38 22.06 57.92 - 50.17 100.00 49.22 -
12 110 180 1:12 36.19 9.72 0.00 2.76 47.82 45.91 - 63.47 100.00 73.97 -
13 110 135 1:8 47.99 12.59 0.00 5.50 24.45 60.58 - 52.70 100.00 48.08 —
14 110 135 1:8 49.41 12.71 0.00 5.31 24.76 62.12 - 52.24 100.00 49.95 -
15 110 135 1:8 52.78 13.91 0.00 4.29 25.05 66.69 - 47.73 100.00 59.57 -

X;: Temperature (°C); X»: Reaction time (min); X3: Molar ratio (mol/mol); Total polysaccharides are considered as the sum of glucan, xylan and arabinan for each
experiment; —: unquantified.
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Experiment 2 achieved the most enriched polysaccharide fraction
with ~70 % (glucan and xylan included) and an ASL reduction of ~77
%. This might indicate that the application of short pretreatment times
(90 min) and moderate pretreatment conditions such as temperatures
below 130 °C and an HBA-HBD molar ratio of 1:8 mol/mol enhanced
BSG polysaccharide enrichment.

The stable formation of hydrogen bonds between the eutectic solvent
and the lignocellulose in the system pretreatment is crucial. Therefore,
the analysis and control of pretreatment factors are important issues to
be addressed, because the efficiencies of the pretreatment could vary
greatly depending on the conditions established [50]. For instance, the
increment in temperature could generate a reduction in viscosity and
consequently an improved extraction performance. However, this
increment in temperature should be reasonable, since it can harm the
thermolabile compounds [16,51]. The influence of temperature on
chemical reactions and intermolecular forces in solvent systems can be
verified through the Gibbs free energy equation [50].

Hence, the perfect configuration of factors (temperature, reaction
time and molar ratio HBA-HBD) during DES pretreatment can improve
the lignin removal yield or an enrichment in polysaccharides, which in
turn can generate efficient, scalable and low-cost processes due to the
reduction of energy used during the process, as well as the excess of
reagents implement in DES solvent synthesis [52].

The polynomial equation of the quadratic model (Eq. (8)) describes
the relationship between the three factors (X;, Xo, and X3) and the
response variable (total polysaccharides %) obtained through multiple
regression analysis and the coefficients of the equation. It is observed
that the molar ratio (X3) with a coefficient of 7.879 had the largest
positive linear effect among the factors, followed by the reaction time
(X5) with a coefficient of 0.836.

Total polysaccharides (%) = 200.916 — 3.978*X; + 0.836*X,
+7.879*X;3 4+ 0.021*X} — 0.004*X; *X,
— 0.009*X; *X3 — 0.001*X?
— 0.012*X,*X; — 0.356*X>
®)

The model in Eq. (8) presented high R? and R? adjusted (0.9733 and
0.9253 respectively), showing that the regression models are adjusted to
the experimental data. Additionally, the model indicates that 97 % of the
content of polysaccharides obtained during BSG pretreatment were
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attributed to the analysed variables, while the model cannot explain
around 3 % of the data process.

Figure S2 represents a contour and main effect plots in BSG pre-
treated with DES to evaluate the effect of the factors on the response. As
can be observed in Fig. S2a, higher values of total polysaccharides (%)
in the PRM can be achieved by increasing the temperature (from 90 °C to
130 °C) in shorter periods (<120 min), which can reduce the cost of the
energy required to perform the pretreatment process. The molar ratio
1:8 mol/mol (centre point) positively affects the enrichment of poly-
saccharides after DES pretreatment using short periods (<100 min).

Figure S2b shows the main effect plots, where, through the slope,
the significance and effect of each variable on the responses for positive
(+) and negative (—) values can be evaluated. Thus, Fig. S2b demon-
strates a more significant effect for the factors reaction time (X3) and
molar ratio (X3), which coincides with the data presented in Table S1.

Table S1 also presents the ANOVA analysis of the Box Behnken
design, where the p-value and F-value were used in the hypothesis
testing. A higher F-value indicated greater reliability of the model, and a
p-value (<0.05) was used to determine whether an operating variable
significantly affected the selected responses [53]. Hence, these results
show that reaction time (X5) and molar ratio (X3) are the main factors
that exert a significant effect (p < 0.05) on the response variable. This in
in line with the report by Sharma et al., [54] who indicate that the
success in the application of DES as biomass pretreatment depends on
the type of eutectic mixture, its molar ratio, the pretreatment conditions,
as well as the nature of the biomass.

Similarly, it is observed that the quadratic effect of temperature
(X1X1), molar ratio (X3X3), and the interaction effect between temper-
ature and reaction time (X;X3) have a significant effect on the enrich-
ment of total polysaccharides (%) during the pretreatment in BSG with
[ChCI]:LA.

The molar ratio is an important factor in DES pretreatment because it
can affect the mechanism of biomass deconstruction (lignin-poly-
saccharide complex fractionation), as well as the degradation of the
polysaccharides into low molecular weight molecules (such as glucose,
xylose, or arabinose) dissolved in the eutectic solvent that cannot be
recovered in the solid fraction (PRM) [55]. Therefore, a balance between
the amounts of stoichiometric composition (moles of HBD) is necessary
because an increase in the amount of lactic acid could generate an
adverse.

In this regard, pretreatment conditions such as temperature and re-
action time influence the removal and degradation of polysaccharides in

Table 4
Comparative analysis on acid-based DES and operational conditions on chemical composition in different biomass.
Substrate DES pretreatment condition Biomass composition (%) Reference
Raw After pretreatment
Poplar sawdust [ChCI]:LA (1:6 mol/mol), 130 °C, 1.5 h e 46.9 Glucan e 78.7 Glucan [59]
e 18.6 Xylan e 8.2 Xylan
e 28.3 Lignin e 7.5 Lignin
[ChCI]:LA (1:10 mol/mol), 110 °C, 1.5 h e 54.5 Glucan
e 13.5 Xylan
e 17.5 Lignin
Rice straw [ChCl]:LA (1:3 mol/mol), 120 °C, 3 h and 15 % of biomass loading e 34.0 Glucan e 51.9 Glucan [49]
e 20.7 Xylan e 11.7 Xylan
e 20.7 Lignin e 11.11 Lignin
Wheat straw TEBAC:LA (1:9 mol/mol), 100 °C, 10 h, LSR:15:1 e 35.0 Glucan e 55 Glucan [23]
e 19.0 Xylan e 9 Xylan
e 18.0 Lignin e 9 Lignin
Corncob BTMAC:LA (1:2 mol/mol), 140 °C, 2 h e 37.1 Glucan e 72.2 Glucan [58]
e 31.7 Xylan e 6.1 Xylan
e 16.1 Lignin e 5.9 Lignin
Brewery spent grain [ChCI]:LA (1:8 mol/mol), 130 °C, 1.5 h, LSR: 15:1 (v/w) e 26.6 Glucan e 56.4 Glucan Present study
e 22.0 Xylan e 13.12 Xylan
e 10.0 Arabinan e 0 Arabinan
e 19.5 Lignin e 27.44 Lignin

LSR: liquid-solid ratio; TEBAC: triethylbenzyl ammonium chloride; BTMAC: benzyltrimethylammonium chloride; LA: lactic acid.

698



M.G. Moran-Aguilar et al.

ADES pretreatment. For instance, Lee et al., [56] showed that increasing
the period from 1 to 2 h can double the production of furfural in the
pretreatment of oil palm leaves using [ChCl]:oxalic acid. Likewise, Isci
and Kaltschmitt [57] reported that sequential pretreatments,
microwave-assisted with [ChCl]:formic acid in wheat straw, increased
furfural concentration by prolonging the pretreatment time from 50 s to
120 s. Therefore, it is critical to balance pretreatment severity by opti-
mising pretreatment conditions.

The analysis of the Box-Behnken design by STATGRAPHICS Centu-
rion program showed, as optimal conditions, a temperature of 130 °C,
90 min of reaction, and a molar ratio of 1:8 (mol/mol) with a predicted
value of the maximum polysaccharides content of 76 %, comprised
mainly of glucan and xylan. These operational conditions were validated
in triplicate, obtaining 68.50 + 1.22 % of total polysaccharide, which
represents 90 % replicability.

The current study presents more moderate time and temperature
conditions than those reported in Table 4 below. In particular, the study
reported by Liu et al., [23] using TEBAC as HBA at 100 °C for 10 h of
reaction, obtained a 1.6-fold increase in glucan yield after pretreatment.
Likewise, Guo et al., [58] present a 1.94-fold increase in glucan
enrichment after pretreatment in corncobs. This is also consistent with
the findings reported by Huang et al., [49] and Su et al., [59] who
present temperature conditions between 110 °C to 130 °C and reaction
times between 1.5 and 3 h, obtaining glucan enrichment between
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1-1.68-fold compared to rice straw and untreated poplar sawdust,
respectively.

Therefore, our study highlights the fact that we have been able to
obtain more than twice the glucan enrichment after the optimal analysis
in terms of temperature, reaction time, and DES molar ratio (130 °C, 1.5
h, and 1:8 mol/mol) in the BSG. This underlines the need to study
different variables synergistically in DES pretreatments to reduce energy
consumption, as well as other special requirements (e.g. reagents,
additional pretreatment steps, equipment, etc.) that contribute to the
generation of simple and applicable processes in the industry.

To our knowledge, only a limited number of studies have been based
on the optimisation of different factors in DES pretreatment related to
the efficiency of polysaccharide content, sugar release, or enzymatic
digestibility, using experimental designs based on the RSM. For instance,
Panakkal et al., [18] studied the solid-DES-biomass ratio, reaction time,
and temperature in a DES pretreatment system, to improve the release
efficiency of fermentable sugars in mg/g of Napier grass, and reported an
optimal operating condition using relatively low temperatures (80 °C)
and long operating times (5 h) with a total polysaccharide content
similar to that obtained in our study (~70 %). Likewise, Ceaser et al.,
[19] analysed the effect of a DES molar ratio, temperature, reaction
time, and solid loading in Pinus insignis based on a central composite
rotatable design in combination with microwave treatment to improve
high-quality glucan and lignin solid recovery. That study reported that

X500 50pm

SElI 10kV WD10mmSS25
CACTI

10pm  —

x1,500

Fig. 2. Morphological characterisation by SEM of BSG a) native; b) pretreated with [ChCl]:LA under optimal operational condition; and ¢) LRM recovered after DES

pretreatment.
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the application of [ChCl]:formic acid (1:4 mol/mol) at 140 °C, 14 min,
800 W, and 15 % (w/v) generated a 96.2 % hemicellulose removal, 90.1
% delignification and 93.5 % glucan retention. Elsewhere, Sunar et al.,
[7] analysed the reaction time, temperature, and DES concentration in
terms of the effect of two types of DES [ChCl]:oxalic acid (1:2 mol/mol)
and [ChCl]:trifluoroacetic acid (1:1.5 mol/mol) in sugarcane bagasse.
They reported optimal pretreatment conditions of 108.98 °C, 41.27 min,
and 39.66 % (v/v) for [ChCl]:oxalic acid and 111.02 °C, 42.80 min and
37.62 % (v/v) for [ChCI]: trifluoroacetic acid achieved 33.49 % and
42.62 %, respectively for reducing sugars.

1536 cm’!
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In this sense, the aforementioned works report operating conditions
with prolonged times (5 h), the application of combined pretreatments
with DES (microwave or ultrasound treatment), or large amounts of
eutectic solvent (~40 % v/v) to perform the reaction compared to the
optimal conditions reported in our present study.

Thus, although there is support in the literature for the effect of DES
pretreatments on different lignocellulosic residues, scant information is
available on evaluating the synergistic effect of different variables dur-
ing biomass pretreatment towards explaining the behaviour of DES
pretreatment more deeply and creating scalable and economical
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Fig. 3. ATR-FTIR of a) BSG native (dashed line) and PRM obtained at 130 °C, 90 min and molar ratio of 1:8 (black line), b) Spectra of LRM solid recovered after

[ChCI]:LA pretreatment on BSG.
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processes that can improve sustainable economics in biorefinery pro-
cesses. It is worth bearing in mind in this context that the pretreatment
process represents about 40 % of total production costs [19].

Physicochemical composition analysis

The morphological analysis presented in Fig. 2a indicates a recalci-
trant structure denoting porous, flats and heterogeneous surfaces
formed by various rigid and ordered fibril debris. By contrast, Fig. 2b
shows the micrographs of pretreated BSG which exhibited the appear-
ance of a smooth and consistent surface, which could indicate the
presence of a more ordered cellulose structure than the native BSG [13].
In addition, the micrography exposes a morphological change due to an
improved deformation with loss of fibres. According to Lin et al., [60],
ADES pretreatment enhances cellulose reactivity through a decon-
struction/swelling process, by removing lignin and hemicellulose to
expose the innermost cellulosic component of biomass.

Finally, the morphology of LRM recovered after [ChCI]:LA pre-
treatment of BSG was investigated using the SEM technique. Fig. 2¢
shows a homogeneous material formed by spherical nanoparticles on the
surface of the recovered material, and this could be linked in that lignin
is often present as tightly packed because of the intense electron in-
teractions within it [61].

Moreover, LRM obtained after DES pretreatment had 78.50 + 0.02 %
KL and 2.88 + 0.03 % of ASL with a purity higher than 80 %. Minor
sugar impurities were also detected and expressed as glucan (2.60 +
1.00 %). In this regard, similar results were achieved by Zhu et al, [39]
with 81.10 % purity using [ChCI]:LA 1:4 (mol:mol) at 130 °C during
360 min in grapevine. Likewise, Raj et al., [15] affirmed that [ChCl]:LA
was a good candidate to extract a high-quality lignin since their report
showed better lignin yields using [ChCI]:LA 1:2 (mol:mol) than
[Betaine]:LA 1:2(mol:mol) in oilcane bagasse after 140 °C during 120
min, obtaining purities above 95 % from oilcane bagasse.

Therefore, the effective recovery of high purity lignin from BSG using
[ChCl]:LA under mild operational conditions (130 °C, 90 min) has been
demonstrated. Additionally, these results indicate that the [ChCl]:LA
might extract lignin with low molecular weight which could be suitable
for the preparation of bioactive materials [15].

In light of the fact that ATR-FTIR spectroscopy analysis provides
information related to the presence or absence of specific functional
groups, as well as the chemical structure of polymer materials. This
study evaluated the spectrum of native BSG and pretreated BSG with
[ChCI]:LA (Fig. 3a). Thus, the band at 3336 cm ! to 2928 cm ™! corre-
sponding to OH bonds and stretching in C-H are mostly represented in
the native BSG spectrum due to the cellulose, hemicellulose, and lignin
compounds in the biomass without pretreatment. By contrast, after DES
pretreatment a reduction in this peak is observed (black line).

This could be due to the fact that during ADES pretreatment, the
hemicellulose can undergo partial acetylation. Additionally, the ester
bond is broken to generate acetic acid during the pretreatment process,
while xylose, arabinose, rhamnose (pentoses), mannose, and galactose
(hexoses) are solubilised in the DES solvent [62].

In addition, the peaks at 1740 cm™! and 1654 cm ™ assigned to the
stretching of C=0 hemicellulose and lignin [63] were reduced in pre-
treated BSG. According to Hou et al., [64], the free protons (H) in HBD
might catalyse the breaking of ether bonds between lignin and hemi-
cellulose, facilitating the separation and extraction during DES
pretreatment.

On the other hand, the bands in 1536, 1446, 1239 cm ™ assigned to
vibration C—=C (guaiacyl aromatic), C-H (methyl and methylene) and
C-O (guaiacyl unit of lignin) were reduced in pretreated BSG spectra,
since [ChCI]:LA was able to fracture the ether bonds between phenyl-
propane structural units of lignin, thereby accelerating the depolymer-
isation of lignin, similar to the effect after lignin hydrochloric acid-
mediated hydrolysis [65].

LOI can be used to interpret qualitative modifications in cellulose
crystallinity and is based on the ratio of absorbance bands at specific
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wavenumbers (1437 cm ™! correlated with crystalline cellulose and 898

em ™! corresponding to amorphous cellulose) [30]. Therefore, a decrease
in LOI value indicates the reduction of crystallinity.

The LOI values obtained for native BSG was 8.01 and for pretreated
BSG with [ChCI]:LA (130 °C; 90 min and 1:8 mol/mol) was 1.71, which
indicates the reduction of cellulose crystallinity after DES pretreatment.
This might also be understood as the generation of increased amounts of
amorphous cellulose susceptible to the enzymatic attack.

On the other hand, the results obtained from the crystallinity analysis
by XRD showed a Crl of 44.34 in PRM after pretreatment with [ChCI]:LA
at 130 °C, 90 min and 1:8 mol/mol, whereas the native BSG achieved
14.28. This increase of crystallinity was more than three times that of
native BSG, which indicates the effectiveness of [ChCI]:LA under the
optimum conditions.

Cellulose reactivity was enhanced by removal of the lignin and
hemicellulose (amorphous compounds) from the PRM through a
deconstruction/swelling of the biomass due to DES pretreatment. This
might be explained by the ADES action as a mild acid-base catalytic
solution, breaking the (-O-4 aryl ester bonds between the lignin-
polysaccharide complex, as well as ester linkages between lignin and
4-O-methylglucuronic acid xylan chains.

The current study has also analysed the relevant absorbance bands of
LRM obtained after DES pretreatment on BSG (Fig. 3b). In this sense, the
band at 3276 cm ™! associated with the “OH stretching of the phenolic
and aliphatic moiety of the lignin skeleton, the peaks at 2925 and 2850
em ™! linked to stretching vibration of symmetric and asymmetric C-H of
methyl and methylene [63], the characteristic peak at 1735 cm™! cor-
responding to the carbonyl stretching of unconjugated ketones, and the
peak at 1653 cm ™! for C-C stretching in the side chain of lignin subunits
[71.

Moreover, the band which describes the C—=C and C-C stretching
vibration of the aromatic ring and phenolic ring of lignin were observed
at 1517 and 1529 cm . Likewise, aromatic skeletal vibrations in the
lignin structure were observed in the corresponding band at 1444 cm™!
[19].

The high purity of the recovery LRM was also confirmed by the
guaiacyl and syringyl unit peaks [19], which correspond to the peak at
1204 cm™! indicating the stretching vibration of the C-O (guaiacyl
units), the band at 1128 cm ™ related to aromatic C-H in-plane defor-
mation of the syringyl ring, and the band at 1086 cm™ C-O bond in
(aromatic guaiacyl units) [63]. In this sense, the extracted LRM could be
applied as a potential feedstock to produce chemicals or aromatic de-
rivatives as a co-product under a closed loop process due to the amount
of guaiacyl units [66].

Table 5
Enzymatic digestibility of PMRs obtained from the Box-Behnken design using
[ChC]:LA as eutectic solvent.

No. Factors Enzymatic digestibility (%)
X, Xo X3 Glucan Xylan Arabinan

1 90 90 1:8 43.32 42.71 18.68
2 130 90 1:8 68.00 67.56 0.00
3 90 180 1:8 39.05 38.03 4.26
4 130 180 1:8 55.41 64.67 0.00
5 90 135 1:4 41.61 46.12 11.57
6 130 135 1:4 56.86 56.72 0.00
7 90 135 1:12 40.36 47.95 14.53
8 130 135 1:12 43.27 59.02 11.11
9 110 90 1:4 44.28 44.08 0.00
10 110 180 1:4 63.08 69.95 0.00
11 110 90 1:12 53.46 61.15 0.00
12 110 180 1:12 44.42 43.14 0.00
13 110 135 1:8 60.49 69.38 0.00
14 110 135 1:8 58.91 68.36 0.00
15 110 135 1:8 57.42 64.84 0.00

X;: Temperature; Xo: Reaction time; X3: Molar ratio.
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Additionally, the band at 1044 cm ™! related to the stretching and
vibrations in -CH20H and CO groups of lignin structure and the peak
observed in the wavenumber at 819 cm ! is attributed to the G-H out-of-
plane bending in positions Cg, Cs, and Cg of guaiacyl units of lignin [67].

However, the peak at 950 cm ™' could be linked to polysaccharide
impurities, since this band is attributed to the stretching C-O-C of $-(1,4)
glycosidic linkage [63]. Besides, this is consistent with the composition
reported in section 3.2.2. for the LRM recovered after [ChCI]:LA
pretreatment.

The band at 905 cm™! assigned to stretching of C-O-C of -(1,4)
glycosidic linkage in cellulose polysaccharide was mainly observed for
pretreated BSG, which indicates the efficiency of LA as HBD in the
deconstruction of cellulose through the formation of a greater number of
amorphous zones [13].

Engzymatic saccharification

Table 5. shows the efficiency of biomass deconstruction by enzy-
matic digestibility in each experiment from the Box-Behnken design by
the Cellic CTec2 enzyme complex. Hence, experiment 2 (130 °C; 90 min
and 1:8 mol/mol) corresponds to the saccharification percentage of ~
70 % for glucan and xylan, demonstrating the best efficiency in biomass
pretreatment.

This could be related to efficient delignification during biomass
pretreatment. Yu et al., [65] established a linear correlation between
enzymatic digestibility and lignin removal, as lignin restricts cellulase
accessibility, leading to ineffective cellulase adsorption during enzy-
matic hydrolysis [68]. Furthermore, a PRM with reduced lignin content
can provide more contact points between cellulose and cellulase, which
enhance the sugar released [38].

By contrast, it has been shown that experiments performed with
molar ratio values above 1:8 mol/mol or long-time reactions >90 min
result in a decreased efficiency of saccharification. This could be due to
the collapse of pores in lignocellulose caused by the increased presence
of organic acids in the DESs molar ratio, which impacts the adsorption of
cellulase onto the cellulose surface [65]. Moreover, during the pre-
treatment, the hydroxyl groups and reducing end groups of cellulose can
also be oxidised [69], and thus chemical oxidation of the reducing ends
of cellulose could harm the interaction of cellobiohydrolase (1,4-p-D-
glucan-cellobiohydrolase or exoglucanase), which targets the reducing
end of cellulose, which in turn could reduce the efficiency during
enzymatic hydrolysis.

On the other hand, Fig. 4 shows that higher LSR (40 mL:1 g)
improved the enzymatic digestibility of PRM obtained with [ChCI]:LA,
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attaining 81.40 + 0.08 % and 41.60 + 0.04 % for glucan and xylan,
respectively. This might be explained by considering that fungi generate
a great diversity of enzymes with complementary or synergistic activ-
ities during their growth on complex materials such as lignocellulose
[70], among which feruloyl esterases produced by A. niger CECT 2700
have been studied [27,71]. These enzymes perform an important role in
the synergistic degradation of biomass where feruloyl esterase is
involved in breaking ester or ether bonds between lignin and
polysaccharides.

Table 6 also describes the biomass pretreatment through enzymatic
digestibility using DES or ionic liquids compared with this study. Thus,
similar results of glucan and xylan digestibility (~70 %) to those re-
ported by [23,49,72] can be observed. However, we might note that the
present study applies operating conditions with shorter times (< 1.5 h).
This is beneficial as it reduces the amount of energy needed to carry out
the process. In this regard, Ceaser et al., [19] indicate that the use of
extended times could have a negative impact on product quality and
process cost without guaranteeing any improvement in the yield and
quality of the pretreated biomass.

On the other hand, higher cellulose digestibility yields (>50 %) have
been achieved in shorter periods (<108 h) and less enzymatic load than
those reported by Su et al., [59] using operational conditions similar to
those in the present study.

Therefore, it can be affirmed that the DES pretreatment conditions
applied in this study improved the digestibility of BSG. Additionally, the
application of an enzymatic extract obtained from the same residue
could offer a closed loop process with a positive impact on the circular
economy, bearing in mind that Patel et al., [73] estimated the cost of
enzymes to be 30-40 % of the total expense in biorefinery processes, as
well as the pretreatment.

The value-added products derived through biorefinery processes
using lignocellulosic biomass as feedstock require the development of
more cost-effective and environmentally friendly catalytic pathways
that overcome the challenges of the high production costs and low
competitiveness of traditional processes. Hence, this study presents the
efficient application of the pretreatment stage by analysing the factors
involved in the optimal performance for polysaccharide enrichment and
lignin recovery as value-added products through the application of
green and renewable processes such as DES valorising brewing industry
wastes.

@Arabinan

20:1 Untreated

20:1 DES Pretreated

40:1 Untreated

40:1 DES Pretreated

Liquid-solid ratio (mL:g)

Fig. 4. Enzymatic hydrolysis of pretreated BSG with [ChCI]:LA under optimal operational conditions using different liquid—solid- ratios of enzyme extract from
A. niger CECT 2700. Different letters represent statistically significant differences (one-way ANOVA, Tukey’s test; p < 0.05).
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Table 6
Comparative study of the different enzymatic digestibility obtained of different pretreated lignocellulosic residues.
Substrate DES pretreatment Enzymatic load Hydrolysis Enzymatic digestibility* Reference
condition condition
Poplar [ChCI]:LA (1:6 mol/ 30 FPU of Cellic CTec 2 per g of glucan. 50 °C, 108 h, ~50 % of cellulose [59]
sawdust mol), 150 rpm.
130°C,1.5h
[ChC]L:LA (1:10 mol/ 37.7 % of cellulose
mol), 110 °C, 1.5h
Rice straw [ChCI]:LA (1:3 mol/ 20 FPU of Celluclast 1.5L per g of biomass and 0.1 % 50 °C; 150 rpm, 78.7 % of cellulose [49]
mol), Viscoyme L. 192 h. 71.6 % of xylan
120 °C, 3 h and 15 % of
biomass loading
Wheat straw TEBAC:LA (1:9 mol/ 35 FPU of Celluclast 1.5L per g of biomass and 82 CBU of 50 °C, 200 rpm, 89 % of cellulose [23]
mol), p-glucosidase/ g of biomass. 60 h. 71 % of xylan
100 °C, 10 h, LSR:15:1
Brewery [N11120H] [Gly] Enzymatic extract produced by Aspergillus niger CECT 50 °C, 150 rpm, 80.68 %, 54.29 % and 19.58 % of [72]
spent grain 90 °C,16 h, 2700 and Trichoderma reesei CECT 2414.Solid-liquid ratio 72 h. glucan, xylan and arabinan,
5 wt% of solid loading. 1:60 (w/v). respectively.
Brewery [ChCI]:LA (1:8 mol/ 40 FPU of Cellic CTec 2 per g of biomass. 50 °C, 150 rpm, ~70 % of glucan and xylan Present
spent grain mol), 72h study
130 °C, 1.5 h, LSR: 15:1 Enzymatic extract produced by Aspergillus niger CECT 50 °C, 150 rpm, ~80 % of glucan
(v/w) 2700. Solid-liquid ratio 1:40 (w/v). 72 h. ~40 % of xylan

" Enzymatic digestibility in biomass pretreated with DES; LSR: liquid-solid ratio; TEBAC: triethylbenzyl ammonium chloride; BTMAC: benzyltrimethylammonium

chloride; LA: lactic acid.

Conclusion

The cost of biomass pretreatment and enzymatic hydrolysis effi-
ciency are closely associated with the issue of economically viable
bioconversion in biorefinery processes. The present study has examined
the effects of [ChCl]:LA pretreatment on polysaccharide enrichment and
the enzymatic digestibility in PRM recovery using promising waste from
the brewing industry. The results showed that molar ratio was the most
influential parameter, followed by reaction time, for the improvement of
polysaccharide content after DES pretreatment. This was particularly
evident in the recovery of cellulose in the PRM, attributed to the effec-
tive removal of lignin and hemicellulose (xylan and arabinan) from BSG.
Additionally, according to the ANOVA analysis, the determination of co-
efficient R> (97.33 %) and adjusted R? (92.53 %) values towards re-
sponses are sufficiently high, confirming the desired suitability of the
predicted experimental results. In conclusion, the optimised process
parameters via RSM analysis have been shown to improve poly-
saccharide content in the BSG residue and enhance the enzymatic di-
gestibility process. Thus, these results can form the basis of a simple and
workable pretreatment process, with positive effects on the feasibility of
DES pretreatments of agro-industrial waste.
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