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Abstract

Deep eutectic solvents (DESs) are attractive for lignocellulosic biomass deconstruction because of their easy synthesis, reus-
ability, inexpensive nature, and eco-friendliness. Pretreatment of rice straw was carried out using three types of DES: choline
chloride:glycerol (ChCl:Gly), choline chloride:ethylene glycol (ChCl:EG), and choline chloride:formic acid (ChCIL:FA) at
120 °C, 1.5 bars in an autoclave for 1 h. Enzymatic digestibility of pretreated samples was assessed at 10% solids loading and
9.0 filter paper units g~! cellulose of enzyme loading. A delignification efficiency of 51.6% was obtained with ChCl:FA com-
pared to 30.4% and 36.1% obtained with ChCl:Gly and ChCIL:EG respectively. The cellulose content of 58.4% was obtained
from ChCI:FA pretreated samples compared to cellulose contents of <48% from ChCl:Gly and ChCL:EG pretreated samples;
cellulose content of pretreated and untreated samples correlated with their crystallinity indexes. The lowest hemicellulose
content of 9.5% was obtained from the ChCl:FA pretreated sample, while ChCl:Gly and ChCI:EG were like the untreated
(around 22%). As indicated by spectroscopic, microscopic, and thermogravimetric analysis, DES pretreatment caused altera-
tions in chemical composition, structure, and surface morphology. ChCI:FA pretreated sample (Ac-PT4) was significantly
hydrolysed, resulting in a glucose yield of 79.7% and a concentration of 45.56 gLI™! after 72 h of hydrolysis. The glucose
yield obtained from ChCl:Gly and ChCIl:EG pretreated samples ranged from 32 to 36%, while the glucose concentrations
ranged from 14 to 16 gL ™!, Pretreatment using ChCI:FA effectively delignified rice straw and led to a threefold increase
in enzymatic digestibility compared to untreated; hence, pretreatment using ChCI:FA could support a biorefinery concept.

Keywords Deep eutectic solvents - Rice straw - Delignification - Cellulose enrichment - Crystallinity index - Enzymatic
digestibility

1 Introduction

Extensive use of petroleum resources and their environmen-
tal impact as well as carbon footprints and global warming
have underscored the importance of lignocellulosic biomass
(LCB) as a future substitute for petroleum-based energy and
chemicals. Biomass has the potential to meet the demand for
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clean energy and fuels for a more sustainable future [1-3].
Presently, ethanol blend mandates ranging from E10 to E20
(10-20% ethanol) have been adopted by many countries for
automobiles because of their positive environmental impact
[4, 5]. Currently, sugar crops such as sugarcane and sugar
beet are widely used for large-scale ethanol production,
thereby raising a serious concern on global food security
[6, 7]. However, global attention is now focused on LCB
including agricultural residues as a future replacement for
petroleum to produce energy and biobased chemicals [6, 8,
9]. Additionally, LCB can sequester CO, [10], thus reduc-
ing CO, emissions [11]. Generally, LCB is composed of
cellulose, hemicellulose, and lignin [12, 13].

The annual global production of rice is estimated to be
around 980 million tons [14], which is equivalent to around
1 billion tons of straw generated annually worldwide [15].
However, rice straw is commonly burnt in the field by
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farmers, resulting in environmental pollution [16, 17]. Con-
versely, utilizing agricultural waste such as rice straw for
biofuel production can serve as a sustainable energy source
with concomitant benefits [14, 18, 19]. The recalcitrant
nature of LCB hinders unrestricted access to the polysac-
charides by cellulases [20]. Thus, the recalcitrant structure
of LCB must be modified via pretreatment to facilitate its
amenability to hydrolytic enzymes [21].

Several pretreatment strategies have been applied
to fractionate LCB, and these can be categorized into
chemical pretreatment, biological pretreatment, physical
pretreatment, and the combination of any two or more
of these categories [22-24]. Currently, deep eutectic
solvents (DESs) have gained interest as greener sol-
vents for LCB pretreatment [11, 25, 26]. The remark-
able ability of DES to disintegrate lignin-carbohydrate
interactions has contributed to the selection and deploy-
ment of several DES for the deconstruction of LCB with
some promising outcomes [25, 27]. DES is produced by
combining hydrogen bond acceptor and hydrogen bond
donor with concomitant unique attributes such as low
cost, easy to prepare, reusable, eco-friendly, and biode-
gradable [12, 28]. Choline chloride (ChCl) is a hydro-
gen bond acceptor [27], while a polyol or carboxylic
acid acts as a hydrogen bond donor [12]. DES pretreat-
ment using an acidic hydrogen bond donor such as for-
mic acid has been extensively studied and shown to be
effective for LCB delignification; hence, this DES type
is used as a benchmark in the present study. However,
acidic DES can degrade polysaccharide fractions and
cause corrosion to equipment [29]. Therefore, to over-
come these challenges, neutral polyol-based DES such
as ChCl:glycerol (ChCl:Gly) and ChCl:ethylene glycol
(ChCI:EG) have been investigated for the pretreatment
of LCB using solids loadings in the range of 5-10%
[30, 31].

The present study aimed to investigate ChCl:Gly pre-
treatment of rice straw under autoclave conditions at 15%
solids loading. To our knowledge, ChCl:Gly pretreatment
in autoclave at 15% solids loading is still missing in the
literature. The efficiency of ChCIl:Gly pretreatment at
10% and 15% solids loading under autoclave conditions
for rice straw in terms of lignin removal and enzymatic
digestibility was studied and compared with other types
of DES such as ChCl:ethylene glycol and ChCl:formic
acid. ChCl:Gly, ChCIl:EG, and ChCl:formic acid were
selected to allow a comparative study of the effects of
acid and polyol-based DES on biomass delignification
and enzymatic digestibility. In addition, the effect of
ChClI:Gly pretreatment at 15% solids loading on biomass
chemical composition, structure, and surface morphology
was determined and compared with other types of DES
(ChCIL:EG and ChCIL:FA).

@ Springer

2 Materials and methods
2.1 Materials and chemicals

Rice straw was obtained from a farmer in Akure, Nigeria
(7.250771, 5.210266). The feedstock material was crushed
with a knife mill (CM4000, LAARMANN, Roermond, Neth-
erlands) into smaller particle sizes capable of passing through
mesh 32 and 35, resulting in a particle size of around 0.5 mm.
The resulting matter with a moisture content of < 10% was
stored separately in plastic containers in a dry place before
use. The particle size used in the present study was selected
based on previous studies where particle size in the range of
0.18-0.85 mm was reported to contribute to effective delig-
nification of LCB [32, 33]. All chemicals required were pur-
chased from Fisher Scientific (Leicestershire, UK). Cellulase
(Cellic® CTec3 HS) was kindly donated by Novozymes A/S
(Bagsvaerd, Denmark).

2.2 Preparation of DES

One molar of ChCl (hydrogen bond acceptor) was mixed with
2 molars of the respective hydrogen bond donor (glycerol,
formic acid and ethylene glycol) in 200-mL glass bottles to
obtain the DES. The binary mixtures (ChCl:Gly, ChCL:FA, and
ChCL:EG) were allowed to react under atmospheric pressure at
70 °C for 3 h under constant stirring (250 rpm) until a homo-
geneous and colourless solution was obtained. Afterwards,
the mixture was cooled down and kept at room temperature
before use.

2.3 DES pretreatment

The pretreatment conditions investigated are shown in
Table 1. About 2.0 g and 3.0 g of raw rice straw were mixed

Table 1 Type and composition of deep eutectic solvent and pretreat-
ment condition. Rice straw was pretreated at 120 °C, 1.5 bars for 1 h
in autoclave. Ac-PT1 and Ac-PT2 were pretreated at 10% and 15%
solids loading respectively using ChCl:glycerol (1:2). Ac-PT3 and
Ac-PT4 were pretreated at 10% and 15% solids loading respectively
using ChCl:formic acid (1:2). Ac-PT5 and Ac-PT6 were pretreated at
10% and 15% solids loading respectively using ChCl:ethylene glycol

S.no Sample name Deep eutectic Molar ratio Solids loading

solvent
1 Ac-PT1 ChCl:glycerol 1:2 10%
2 Ac-PT2 ChCl:glycerol 1:2 15%
3 Ac-PT3 ChCl:formic acid 1:2 10%
4 Ac-PT4 ChCl:formic acid 1:2 15%
5 Ac-PT5 ChCl:ethylene 1:2 10%
glycol
6 Ac-PT6 ChCl:ethylene 1:2 15%
glycol
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with 20.0 g and 45.0 g of DES respectively in a 100-mL
Erlenmeyer flask, corresponding to a solids loading of 10%
and 15% respectively. Pretreatment was carried out in an
autoclave at 120 °C, 1.5 bars for 1 h as previously described
by Igbojionu et al. [21]. Subsequently, the solid and liquid
phases were separated using a centrifuge (Heraeus Multifuge
X1R, Thermo Scientific Inc., Madison, WI, USA) at 3900
rpm (1769 x g), 20 °C for 20 min to allow the separation of
solids and liquid fractions. The solid fraction was washed
twice with 10 mL of ethanol and filtered under vacuum, and
this was followed by another wash with distilled water (10
mL). The sample was dried at 50 °C to a constant weight,
allowed to cool down to room temperature, and stored in
airtight containers until use.

2.4 Analysis of the chemical composition
of untreated and pretreated rice straw

Pretreated rice straw was analysed for their major constitu-
ents (cellulose, hemicellulose, lignin, and ash) by applying
the methods from the National Renewable Energy Labora-
tory [34]. About 0.3 g of pretreated or untreated rice straw
of moisture content around 10% was treated with 3 mL of
72% (w/v) H,SO, for 1 h in a Teflon screw-capped pres-
sure tube at 30 °C (water bath) with stirring every 10 min

Delignification efficiency (%) =

% of lignin (raw sample) — % of lignin (pretreated sample) %1

using a glass stirrer. Afterwards, the acid concentration was
reduced to 4% (w/v) by adding 84 mL of deionized water
and subsequently heated at 121 °C for 1 h in an autoclave.
Then, the acid hydrolysate was neutralized using CaCO; to
a pH of around 5 as described by [34] and allowed to settle
in a refrigerator (4 °C) before the liquid fraction was col-
lected for sugar analysis. Monomeric sugars such as glucose,
xylose, arabinose, and mannose were used to determine the
corresponding polymers (cellulose and hemicellulose) based
on external sugar recovery standards.

Sugar analysis was performed using HPLC (high-perfor-
mance liquid chromatography) (1260 Infinity II) equipped
with a Hiplex H column (Agilent) and connected to a refrac-
tive index detector. The sugar recovery standards consisting
of glucose, xylose, arabinose, galactose, mannose, and acetic
acid were used for making the calibration curves. The con-
ditions were 5 mM H,SO, of mobile phase, 0.6 mL min~!
of flow rate, 25 °C of column temperature, and 35 °C of
detector temperature.

Klason-lignin and ash content in pretreated and untreated
samples was determined as described by [34]. Acid-soluble
lignin was quantified by taking the absorbance at 240 nm
of the hydrolysate before neutralization using a UV-visible
spectrophotometer (Evolution 220, Thermo Fisher Scientific
Inc., Madison, WI, USA). [35

Delignification efficiency was calculated as described in
Eq. 1.

00 ey

% of lignin (raw sample)

2.5 X-ray diffraction studies on pretreated rice
straw

The X-ray diffraction studies were performed on untreated
and pretreated rice straw using an X-ray diffractometer (D8
Advance instrument, Bruker, Germany) at a voltage and
current of 40 kV and 40 mA, respectively; scanning range
of 10-80° (20) was applied with a 6°/min scanning rate.
The crystallinity index (Crl) was calculated using the Segal
method [36].

CrI(%) = (lpoo lam) / ooz X 100 @)

where 1, is the diffraction at 22 °C, and I, is diffrac-
tion at 18 °C.

2.6 Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopic studies

The untreated and pretreated biomass was studied
using ATR-FTIR spectroscopy to detect the presence of

different functional groups in the pretreated biomass as
described by [37]. The spectra were taken at wavenum-
bers ranging from 400 to 4000 cm™! at 4 cm™~! resolution
and 20 scans with the aid of FTIR spectroscopy (Nicolet
iS50, Thermo Fisher Scientific Inc., Madison, WI, USA)
and attenuated total reflection (ATR) accessory equipped
with a diamond crystal (Smart Orbit Diamond ATR,
Thermo Fisher, USA).

2.7 Surface morphology studies using scanning
electron microscopy (SEM)

This analytical procedure allows a sample to be scanned with
an electron beam to produce a magnified image for surface
visualization. SEM analysis enables the structures of the
pretreated sample to be assessed, using the method described
by [37]. The JEOL JSM 7800F PRIME (JEOL Ltd, UK)
with a magnification range of X 20-100,000, while the ele-
ment detection range of C-Am and acceleration voltage of
10 kV was used.
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2.8 Thermogravimetric analysis (TGA)

The Thermogravimetric Analyzer (TGA/DSC 2, Mettler-
Toledo Ltd, UK) was applied to pretreated rice straw to
assess the weight loss characteristics and volatile compo-
nents. Nitrogen (carrier gas) with a flow rate of 70 mL/min
was used in the TGA. About 3.0 mg of pretreated rice straw
was weighed into a clean crucible and transferred to the
sample holding chamber. The heating program was set to
40 to 400 °C and the heating rate was 10 °C/min. OriginPro
software was employed to plot both thermogravimetric and
differential thermogravimetric curves.

2.9 Enzymatic hydrolysis

Cellic® CTec3 HS was employed for the enzymatic hydroly-
sis. The enzyme activity (74 FPU mL™') was determined
following a standard method [38]. The hydrolysis was car-
ried out in a 15-mL screw-capped glass tube at 10% solids
loading. 1.0 g of sample was suspended into 10 mL of 0.2 M
phosphate buffer (pH 5.0) with enzyme loading of 9.0 FPU
g~ ! cellulose. Thereafter, 0.5 g L™! sodium azide was added
to prevent contamination and microbial growth. The tube
was placed in an incubator (Incu-Shake MAXI, SciQuip Ltd,
Rotherham, UK) at 50 °C with constant shaking (200 rpm)
for 72 h. The sample was collected at 24-h intervals and the

enzyme was deactivated by incubating in a water bath at 100
°C for 5 min. All tests were carried out in duplicate. The
sugar in the aliquots was determined by HPLC as described
in Section 2.4, and glucose yield was calculated using Eq. 3.

Total amount of glucose x 0.9

Glucose yield( > x 100 (3)

Total mount if Cellulose

3 Results and discussion

3.1 Effects of DES pretreatment on chemical
composition

ChCl-based DES can break the linkages within lignin car-
bohydrate complex in the LCB [39, 40], resulting in lignin
solubilization and removal. Three types of DESs, namely,
ChCl:Gly, ChCIL:EG, and ChCI:FA, were prepared, and
their effectiveness in the delignification of rice straw at
mild conditions was evaluated. Delignification efficiencies
of the three types of DES on rice straw are shown in Fig. 1.
ChCLFA pretreated samples (Ac-PT3 and Ac-PT4) exhib-
ited delignification efficiency ranging from 51.4 to 51.6%,
while the delignification efficiency of ChCl:Gly (Ac-PT1
and Ac-PT2) and ChCl:EG (Ac-PT5 and Ac-PT6) pre-
treated samples ranged from around 23.3 to 36.2%. However,

Fig. 1 Delignification effi- 100
ciency of ChCl:Gly, ChCL:EG, ]
and ChCI:FA on rice straw
pretreated under autoclave 90
conditions. Average values are k
presented, and the error bars 80 —
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= 60 -
5 4
2 T T
8 50 T 1
E= ]
2
8 40 T ‘(
§ 1
30  — J
1
. 1
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0 T T T T T T T T T
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increases in the solid loading from 10 to 15% did not sig-
nificantly affect the delignification efficiency of ChCI:FA as
the efficiency decreased slightly to 51.4%, whereas the del-
ignification efficiency of ChCl:Gly and ChCl:EG decreased
significantly to 23.0% and 33.0% respectively with increases
in solid loading rate. ChCIL:FA exhibited the highest delig-
nification efficiency compared to ChCl:Gly and ChClL:EG,
which displayed relatively lower delignification efficiency.

The low delignification efficiency of ChCl:Gly and
ChCIL:EG may be attributed to high viscosity which could
hinder their ability to penetrate the biomass structure [41].
On the contrary, ChCl:FA with lower viscosity could have a
better ability to penetrate the biomass structure and break the
linkages within the lignin carbohydrate complex resulting in
lignin solubilization and removal [32]. The delignification
efficiency of 51.6% obtained using ChCl:FA was higher than
the 44% delignification efficiency reported by other authors
from rice straw [42]. Secondly, 33.5% and 20.6% of lignin
removal from oil palm empty fruit bunch were reported after
pretreatment using ChCl:lactic acid (1:1) and ChCl:citric
acid (1:1) respectively [43].

Figure 2 shows the composition of rice straw pre-
treated using three types of DES (ChCl:Gly, ChClL:EG,
and ChCl:FA). The untreated rice straw comprised 37.9%
cellulose, 23.3% hemicellulose, 15.6% lignin, and 12.7%
ash. According to the report in the literature, rice straw is
comprised of 42.9 wt % cellulose, 23.9 wt % hemicellulose,

16.7 wt % lignin, and 11.5 wt % ash (Aggarwal et al. 2021).
After DES pretreatment, the cellulosic content of samples
increased from 42.1 to 58.4%. The highest increase in the
cellulosic content (58.4%) was obtained from rice straw
pretreated with ChCI:FA (Ac-PT3) while the lowest con-
tent (42.0%) was obtained from rice straw pretreated with
ChCLEG (Ac-PT6). Generally, ChCI:FA pretreated samples
showed high cellulosic content compared to ChCl:Gly and
ChCIL:EG pretreated samples, which can be attributed to high
lignin solubilization and removal during ChCI:FA pretreat-
ment. Other authors reported cellulose contents ranging
from 35.9 to 58.4% from rice straw pretreated with different
types of DES at a temperature similar to that used in the pre-
sent study, but the reaction time was six times higher [44].
However, hemicellulose contents of around 10% were
obtained from Ac-PT3 and Ac-PT4, respectively, while
hemicellulose contents of more than 20% were obtained
from both ChCl:Gly (Ac-PT1 and Ac-PT2) and ChCI:EG
(Ac-PT5 and Ac-PT6) pretreated samples. The hemicel-
lulose content of ChCl:Gly and ChCI:EG pretreated sam-
ples was similar to the untreated, suggesting that pretreat-
ment using these types of DES did not cause hemicellulose
solubilization and removal. On the other hand, ChCIl:FA
pretreatment resulted in significant decreases in hemicel-
lulose content, which can be attributed to hemicellulose
solubilization. Other authors reported significant decreases
in hemicellulose fraction from rice straw pretreated using

Fig.2 Proximate composition 100
of rice straw solid residues ]
obtained after pretreatment c
| ellulose
in autoclave using ChCl:Gly, 90 Hemicellulose
ChCLEG, and ChCL:FA k Lianin
respectively. Average values 80 — Agh
are presented, and the error ] S
bars correspond to standard
deviation 70
< 60 {‘ %
c B
Kel
% 50 -
8
E ol 0 I S
(&) 40 - %
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acidic DES such as ChCl:formic acid and ChCl:acetic acid
at 130 °C [42].

The lignin content of pretreated rice straw ranged from
7.6 to 12.0%. The highest lignin content was obtained
from Ac-PT2 (12.0%), while the lowest lignin content of
around 7.6% was obtained from Ac-PT3 and Ac-PT4. The
relatively low amount of lignin and hemicellulose in the
ChCI:FA pretreated samples could be attributed to bond
cleavage catalysed by protons in the acidic DES [45].
Secondly, monocarboxylic acids such as formic acid with
shorter alky chain length were reported to show stronger
lignin solubility [46], thus confirming the low lignin con-
tent of ChCl:FA pretreated samples due to lignin solubili-
zation and removal. Maibam et al. [47] reported a lignin
content of 7.9% from rice straw pretreated with acidic
DES (ChCl:Acetic acid), which was higher than the value
of 7.6% obtained with ChCl:FA pretreated sample (Ac-
PT3) in the present study. The ash content of pretreated
samples ranged from 10.0 to 16.1% compared with 12.7%
in the untreated. The highest ash content was obtained
from Ac-PT4 (16.1%), while the least ash content of
10.0% was obtained from Ac-PT1. The high ash content
in ChCI:FA pretreated samples could be attributed to the

30

effect of the high severity of the pretreatment condition
due to very low pH (x1).

3.2 Effect of DES pretreatment on ultrastructure

Rice straw consists of cellulose, hemicellulose, and lignin
which are complex and heterogenous. The crystalline struc-
ture of cellulose necessitates pretreatment to enhance its
amenability to enzymatic attack [48]. Thus, the crystallin-
ity of cellulose is considered a major factor affecting enzy-
matic saccharification because crystalline cellulose is more
resistant to attack by enzymes than amorphous cellulose
[48-50]. XRD was performed on DES pretreated samples
to gain insight into the impact of the selected pretreatment
methodologies. Figure 3 shows the XRD spectra and CrI of
untreated and pretreated samples. A narrower and more pre-
cise peak of the crystal plane was observed in the pretreated
samples compared to a broader peak from the untreated rice
straw. Furthermore, the intensity of peaks became stronger
in the pretreated samples, suggesting decreases in the amor-
phous part of the biomass and increases in the crystalline
proportion of cellulose. Nevertheless, the located position
of the peaks did not change, and no additional peaks were

Intensity

Crl (%)

Untreated 36.01
Ac-PT1 41.23
Ac-PT2 39.25
—— Ac-PT3 50.91
Ac-PT4 49.71
Ac-PT5 42.02
Ac-PT6 39.10

kol Ll "
P Y

o AN ..f'ﬂm.m ey WW

i PP I Mo A Aot

10 20 30 40

50 60 70 80

2 Theta (°)

Fig. 3 XRD spectra of untreated and pretreated rice straw using ChCl:Gly, ChCL:EG, and ChCI:FA respectively
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observed, thus suggesting that the original crystal structure
of cellulose remained unchanged after pretreatment.

Crl of pretreated samples increased from 39.4% for
ChClI:Gly pretreated sample (Ac-PT2) to 50.9% for ChCI:FA
pretreated (Ac-PT3) compared to untreated (36.0%). Sam-
ples pretreated using ChCl:Gly (Ac-PT1 and Ac-PT2) and
ChCLEG (Ac-PT5 and Ac-PT6) exhibited lower Crls, while
samples pretreated with ChCl:FA (Ac-PT3 and Ac-PT4)
exhibited higher Crl values. However, increasing the bio-
mass loading rate from 10 to 15% resulted in slight decreases
in Crl of pretreated samples. In ChCl:Gly pretreated sam-
ples, Crl decreased from 41.2% (Ac-PT1) to 39.3% (Ac-PT2)
with an increase in solid loading, while CrI decreased from
50.9% (Ac-PT3) to 49.7% (Ac-PT4) in ChCI:FA pretreated
samples. Similarly, the increase in solid loading from 10 to
15% decreased the Crl of ChCL:EG pretreated samples from
42.0% (Ac-PT5) to 39.1% (Ac-PT6). The lack of significant
changes in the Crl indicates a less substantial alteration in
the crystalline and amorphous regions of the cellulosic frac-
tions. However, the differences in Crl between ChCl:FA and
other DES types (ChCl:Gly and ChCl:EG) are mainly due
to differences in their cellulose contents as Crl appeared to

correlate with cellulose content of pretreated samples. The
relatively lower Crl obtained with samples pretreated using
ChClI:Gly and ChCI:EG may be connected to their neutral
pHs and high viscosities, resulting in lower lignin solubi-
lization and removal [28]. On the contrary, the higher Crl
obtained from ChCI:FA pretreated samples indicates higher
lignin solubilization and removal, which may be connected
to the low viscosity and acidic pH of ChCI:FA.

The higher Crl values obtained in all the pretreated sam-
ples compared to the untreated are mainly due to crystallo-
graphic domains being organized into more ordered states
because of the solubilization and removal of lignin [51, 52].
Secondly, increased Crl in pretreated samples is connected
to removing lignin, amorphous hemicellulose, and part of
amorphous cellulose [53].

3.3 Effect of DES pretreatment on the chemical
structure

ATR-FTIR analysis was performed to gain insights into
the effects of DES pretreatment on the chemical struc-
ture of pretreated and untreated rice straw, as shown in

3345 2908

% Transmittance

|

?
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)}

Ac-PT6

Ac-PT5

Ac-PT4
—— Ac-PT3
—— Ac-PT2
— Ac-PT1
—— Untreated

1726 | 1476 1039

>

4000 3500 3000 2500

2000

1500 1000 500

Wavelength (cm™)

Fig.4 ATR-FTIR spectra of untreated and pretreated rice straw using ChCl:Gly, ChCl:EG, and ChCI:FA respectively
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Fig. 4. The peaks located at 3345 cm™' and 2908 cm™!
represent the distinguished peaks of cellulose, especially
O-H stretching and C-H stretching [54]. These bands
were broader in ChCI:FA pretreated samples (Ac-PT3
and Ac-PT4) indicating the high cellulose content of the
samples. The observed changes in the band at 2908 cm™!
indicated that some rupture might have occurred in the
methyl and methylene groups of cellulose. However, the
broad peak observed at 1039 cm™! was typically related
to the structural characteristics of cellulose and hemicel-
lulose [54, 55]. The strengths of these peaks were higher
in ChCI:FA pretreated samples compared to ChCl:Gly and
ChCIl:EG pretreated samples due to high lignin removal
during ChCI:FA pretreatment, resulting in increases in cel-
lulose content. On the other hand, the observed peaks at
1726 cm~! and 1476 cm™! correspond to lignin removal
respectively [54]. These peaks occurred in ChCI:FA pre-
treated samples, indicating some structural changes in
the biomass due to lignin removal. However, these peaks
were absent in ChCl:Gly and ChCIL:EG pretreated samples,

Untreated  #

- 4

suggesting no structural change occurred due to the poor
delignification efficiency of ChCl:Gly and ChClL:EG.

3.4 Effect of DES pretreatment on surface
morphology

SEM was carried out to understand better the effect of
DES pretreatment on the surface morphology of rice straw,
including fiber destruction and increased porous structure
[56]. Figure 5 shows the surface morphology of rice straw
after DES pretreatment was applied. The untreated biomass
had a smooth intact structure featuring an ordered fibrous
structure before pretreatment. This non-porous and rigid
structure can hinder cellulose accessibility to hydrolytic
enzymes [57]. In ChCI-Gly pretreated samples (Ac-PT1 and
Ac-PT2), a slightly rough surface was observed with some
patches, while ChCI-EG pretreated samples (Ac-PT5 and
Ac-PT6) displayed a relatively rough surface and somewhat
perforated. In general, the morphology of ChCl-Gly and
ChCIl:EG pretreated samples appeared not to be seriously

Fig.5 SEM images of untreated and pretreated samples (Ac-PT1, Ac-PT2, Ac-PT3, Ac-PT4, Ac-PT5, and Ac-PT6)
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damaged, which could be attributed to less severity of the
pretreatment condition characterized by low lignin removal.

On the other hand, ChCI-FA pretreated samples (Ac-PT3
and Ac-PT4) had a rough surface with large perforations.
This may be due to the high removal of lignin and hemicellu-
lose fractions, resulting in free and disorganized dense fiber
bundles. Thus, as the amount of lignin and xylan removed
from the sample increased, more of the surface area became
exposed and fibrils disordered, with a concomitant increase
in cellulose accessibility by the hydrolytic enzyme [25, 56].
Also, the dot-like structures observed in ChCl-FA pretreated
samples (Ac-PT3 and Ac-PT4) and ChCI-EG pretreated
samples (Ac-PT5) could indicate pseudo-lignin formation
via lignin condensation due to the harsh pretreatment condi-
tion [58] (Chen et al., 2024).

3.5 Effect of DES pretreatment on thermal
degradation

The thermal behaviour of DES pretreated samples was
determined through TGA and DTG analysis, as shown in
Fig. 6. The TGA profiles (Fig. 6A) of pretreated samples
exhibited different patterns due to variations in their chemi-
cal compositions. All samples exhibited similarity in their
TGA profiles from 50 to 150 °C, and thereafter, the profiles
of pretreated samples started to deviate from each other due
to the different components in the samples. This suggests
that DES pretreatment may have caused structural changes,
hence the observed difference in the degradation path. In a
typical pyrolysis process, three stages through which mass
loss occurs are moisture evaporation (50-150 °C), fast
devolatilization (150—400 °C), and carbonization (450-650
°C) [59]. In the first stage, moisture evaporation occurs,
including the release of volatile CO and CO,. In the sec-
ond stage, hemicellulose degradation occurs at temperatures
around 200-350 °C, while cellulose and lignin degradation
occur at temperatures around 350-400 °C resulting in a large
percentage of mass loss. In the carbonization stage, mass
loss gradually decreases and becomes almost flattened in
the TG-DTG curves [59].

The DTG curves (Fig. 6B) for the pretreated biomasses
showed a distinctive thermal degradation behaviour com-
pared to that of the untreated. Unlike the untreated samples,
two degradation peaks were obtained for the pretreated sam-
ples, where a single broad peak occurred. The peak obtained
at around 190 °C for ChCl:Gly pretreated samples may be
due to the degradation of residual glycerol in the samples.
Other authors reported degradation temperatures of 195-218
°C and 180-212 °C for crude and pure glycerol [60]. The
peak around 250-270 °C in the pretreated samples indicates
hemicellulose decomposition. However, the highest mass
loss of 0.8% was obtained with Ac-PT4 while Ac-PT3 was
the least (0.4%). The second degradation peak obtained

around 350-380 °C for the pretreated samples indicates
decomposition of hemicellulose and cellulose, and a part of
lignin. The lower mass loss obtained in ChCI:FA pretreated
samples compared to ChCl:Gly and ChCl:EG pretreated
samples indicates crystalline cellulose resistant to decom-
position at this temperature. This finding was consistent with
the report of other authors, where the crystalline structure of
LCB increases the thermal degradation temperature of cel-
lulose [61]. The broad peak obtained around 300-360 °C in
untreated rice straw indicates that hemicellulose, cellulose,
and part of lignin were decomposed within this temperature
range. Dev et al. [62] reported a thermal degradation temper-
ature of 250-365 °C for hemicellulose and cellulose degra-
dation and 300-700 °C for lignin from pretreated rice straw.
Other authors reported thermal degradation of 230450 °C
for cellulose, 180-340 °C for hemicellulose, and over 500
°C for lignin [59].

3.6 Effect of DES pretreatment on biomass
digestibility

Enzymatic hydrolysis was performed on the DES pretreated
samples, and the efficiency of enzymatic digestibility of pre-
treated samples was determined and evaluated based on the
amounts of sugars (glucose and xylose) released. The result
of enzymatic hydrolysis (yield of glucose and sugars con-
centration) is depicted in Fig. 7. After 24 h, the glucose yield
from untreated rice straw was 25.7%; this value was similar
to ChCl:Gly (Ac-PT1 and Ac-PT2) and ChCL:EG (Ac-PT5
and Ac-PT6) pretreated samples (Fig. 7A). The low glucose
yields may be due to the ineffectiveness of ChCl:Gly and
ChCLEG pretreatment in altering the recalcitrant structure
of biomass via lignin solubilization [29]. However, glucose
yields of 49.1% and 49.2% were obtained for Ac-PT3 and
Ac-PT4 respectively after 24 h. After 48 h of hydrolysis,
glucose yield remained unchanged for the untreated, but the
glucose yield for ChCl:Gly and ChCI:EG pretreated samples
increased slightly to around 29%. However, glucose yields
of 55.6% and 60.1% were obtained for Ac-PT3 and Ac-PT4
respectively after 48 h. Glucose yields for Ac-PT3 and
Ac-PT4 increased to 74.6% and 79.7% respectively after 72
h. On the contrary, the glucose yield from untreated samples
remained relatively unchanged (25.3%) after 72 h, whereas
the glucose yields for ChCl:Gly and ChCL:EG pretreated
samples increased to values ranging from around 32 to
36%. This low digestibility suggests that pretreatment using
ChCl:Gly and ChCL:EG was inefficient in the delignification
of rice straw, resulting in decreased accessibility to cellulose
by the hydrolytic enzyme due to unproductive adsorption of
cellulase on lignin by binding with lignin [20].

In addition, the low glucose yield obtained from
ChCl:Gly pretreated samples may be connected to the
presence of residual glycerol as indicated in the TGA/DTG
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Fig.7 Enzymatic hydrolysis of
untreated and pretreated rice
straw. A Glucose yield from
untreated and pretreated rice
straw. B Glucose and xylose
concentration after 72 h. Aver-
age values are presented, and
the error bars correspond to
standard deviation
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data. Hou et al. [44] reported a glucose yield of 30.2%
and 33.9% from rice straw pretreated using ChCl:Gly
and ChCL:EG, respectively, at 120 °C for 3 h, while other
authors reported 36% glucose yield from rice straw pre-
treated with ChCl:lactic acid at 60 °C for 12 h [54]. These
values reported were lower than those obtained in the pre-
sent study, indicating that the DES pretreatment improved
enzymatic digestibility of rice straw.

Furthermore, sugar concentration released after 72 h is
shown in Fig. 7B. Glucose concentrations of 43.56 gL~
and 45.56 gL1~! of glucose were obtained for Ac-PT3 and
Ac-PT4, respectively, while their xylose concentrations
were around 13 gL_1 (Fig. 7B). For the untreated sample,
glucose and xylose concentrations were around 9.58 gL ™!
and 2 gL.=! respectively. Glucose concentration of around
14.30 gL_1 was obtained for Ac-PT1 and Ac-PT2, whereas
glucose concentrations of 15.83 gL.™! and 14.05 gL~! were
obtained for Ac-PT5 and Ac-PT6 respectively. Xylose con-
centration of around 5 gL.~! were obtained for Ac-PT5 and
Ac-PT6, which was similar to that of xylose of Ac-PT1 and
Ac-PT2 (around 4 gL™!). The similarities in the glucose
yield and sugar concentrations obtained for ChCl:Gly and
ChCIL:EG pretreated samples could be attributed to their
chemical composition. Therefore, the glucose concentra-
tion of 45.54 gL.! obtained from ChCI:FA pretreated rice
straw (Ac-PT4) in the present study was significantly higher
than previously reported [14, 63]. Thus, pretreatment using
ChCI:FA under autoclave condition has the potential to sup-
port biorefinery concept for bioethanol production.

4 Conclusion

ChCI:FA pretreatment effectively removed lignin from
rice straw compared to ChCl:Gly and ChCIL:EG. In addi-
tion, pretreatment using ChCI:FA led to an appreciable
increase in cellulosic content (58.4%) compared to the
untreated (37.9%). The changes in the chemical compo-
sition of rice straw due to pretreatment correlated with
changes in its ultrastructure, chemical structure, and mor-
phology. Pretreatment using ChCIL:FA led to around 80%
glucose yield, about three times more than the untreated
sample. ChCI:Gly pretreatment led to low delignification
efficiency and a low glucose yield of around 35%. How-
ever, ChCl:Gly and ChCL:EG could be promising solvents
for biomass pretreatment at high solids loading (15%),
enabling higher conversion rates. Pretreatment conditions
need to be optimized to achieve more excellent lignin
removal. The effect of recycling and reusing DES on lignin
removal requires further studies, including its impact on
the physicochemical properties of the recovered lignin.
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