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Abstract

The use of green processes to recover valuable products from lignocellulosic biomass has gained attention in recent years.
In this work, rice straw biomass was pretreated using a natural deep eutectic solvent (NADES), composed of naturally
occurring reagents, namely, choline chloride (ChCl) and L-( +)-tartaric acid (TA). The NADES-ChCI/TA was investigated
as a potential solvent for the fractionation of rice straw into cellulose-enriched material (CEM) with simultaneous lignin
recovery. During the process development, the variables considered were temperature, time, and DES concentration with
the experimental range of 96140 °C, 100-180 min, and 14—40 v/v%, respectively. The experimental design facilitates the
mixing of NADES-ChCI/TA with water, resulting in a lower viscosity of NADES which enables effective contact of NADES
with rice straw biomass. The qualitative assessment of lignin removal from rice straw was observed using ATR/FT-IR spectra
and X-ray diffraction. The pretreated rice straw during enzymatic hydrolysis showed a 6.5 times higher fermentable sugar
yield than the untreated sample. The NADES-ChCI/TA showed excellent recyclability up to 8 cycles. The designed process

could be considered a viable alternative to conventional biorefinery processes.

Keywords Deep eutectic solvent - Enzymatic hydrolysis - Lignin recovery - Resource recovery - Response surface

methodology - Rice straw

1 Introduction

The generation of fuel based on renewable resources like
solar, hydro, and energy is necessary due to the depletion
of the world’s petroleum reserves and related environmental
problems. Lignocellulosic biomass (LCB) has emerged as
a promising renewable resource because of its widespread
availability. LCB, such as energy crops, forest, and agricul-
tural residues, could be used as potential alternatives to fossil
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fuels because of their higher abundance and near-zero carbon
footprint [1, 2]. Rice straw, an LCB source, is abundantly
available. The annual production of rice straw around the
globe ranges between 650 and 975 million tonnes; a fraction
of this is used as cattle feed, and the remaining is considered
waste and burned in the field [3]. The burning of rice straw
deteriorates the air quality, which has a severe impact on pub-
lic health. There is a rising interest in using this agri-residual
waste as a renewable material. The complex structure of LCB
makes it resistant to chemical and biological transformations.
The LCB molecular structure comprises three primary com-
ponents: cellulose, hemicellulose, and lignin, all of which
can be transformed into value-added products [4]. The LCB-
derived product includes platform chemicals, ethanol, and
biochemicals [5, 6].

The cellulose is highly crystalline, surrounded by the
hemicellulose, and the lignin makes up the outer protec-
tive layer, preventing the polysaccharides from coming
in contact with water and other chemicals [7]. Thus, the
primary components of LCB are difficult to recover due to
their inherent complex structure. As a result, there is a need
for fractionating LCB without losing materials. Therefore,
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pretreatment of LCB is required to improve the LCB frac-
tionization to fermentable sugars and other value-added
chemicals [8]. One of the primary challenges in LCB val-
orization is finding suitable solvents for pretreatment that
are both environmentally friendly and economical. In recent
years, solvents like ionic liquids (ILs) have attracted great
interest and have been widely utilized for LCB pretreatment
due to their exceptional capability over conventional acid,
base, or organic solvent—-based methods [9, 10]. Efforts have
been made to find novel ILs that are more advantageous than
conventional solvents, but the ILs can be expensive because
of the cost associated with their synthesis, and they have
poor biodegradability which limits their usage on a large
scale [11, 12]. As an environmentally friendly replacement
for ILs with comparable qualities, lower cost, and greater
atom economy, the use of deep eutectic solvents (DESs) in
LCB processing has increased in recent years [13, 14]. DES
are made up of two distinct substances that act as hydrogen
bond acceptors (HBA, quaternary ammonium salts, etc.,)
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and hydrogen bond donors (HBD, carboxylic acids, amide,
polyols, etc.) [15, 16]. The hydrogen bonding between HBA
and HBD induces charge delocalization, resulting in a lower
melting point for the combined substance (i.e., DES) com-
pared to either component in pure form [17]. The use of
DES as a green solvent for LCB pretreatment is considered
an eco-friendly process in biorefinery and recovery of value-
added chemicals.

The pretreatment of LCB rice straw has been reported
in the literature using different DES combinations. For
instance, Hou et al. employed DESs made from choline
chloride (ChCl)/urea (CU), ChCl/oxalic acid (CO), and
malic acid/pyroline to pretreat rice straw biomass [18]. Xing
et al. have synthesized two-component and three-component
DESs with choline chloride as HBA and formic acid (FA),
acetic acid (AA), glycerol (Gly), and urea (U) as HBD for
rice straw pretreatment and reported a lignin removal rang-
ing between 43.6 and 79.8% affording high accessibility of
cellulose recovery and glucose yield (Fig. 1) [19]. Zulkefli
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et al. employed ethylammonium chloride: ethylene glycol
(EAC: EG) DES to treat oil palm trunk (OPT) and observed
that 42% of the lignin and 83% of the hemicellulose had
been removed [20]. Similarly, Okur and Eslek Koyuncu
showed the effective delignification of rice straw using an
ethylene glycol (EG)/citric acid (CA) DES system, where the
maximum lignin removal of 57.33% was obtained at 120 °C
for 4 h pretreatment [21]. Under relatively harsh conditions
(145 °C, 6 h), Alvarez-Vasco et al. used a ChCl/lactic acid
(LA) molar ratio of 1:2 to extract 78% of the lignin from
poplar biomass [22]. These findings demonstrated the poten-
tial of DESs for biomass pretreatment. However, DES pre-
treatment of LCB is still in its early stage, and there are
no systematic studies on LCB pretreatment with DES to
enhance high lignin dissolution [23]. Thus, the pretreatment
of LCB with DES requires further studies to develop new
pretreatment methods. The solvents derived from natural
systems such as carbohydrates are promising candidates for
pretreatment since carbohydrates make up a major portion
of LCB. The DESs synthesized using reagents from natural
origin are termed natural deep eutectic solvents (NADESs)
[24]. The reagents such as amino acids and sugars are avail-
able in the environment as natural compounds. Therefore,
employing NADES pretreatment serves as a good way to
utilize biomass more efficiently.

The most widely used NADESs were based on ChCl
reagents (HBA) because of their facile synthesis, high
purity, biodegradability, and lower chemical cost [25].
ChCl-based DES pretreatment approaches delignify the
LCB by forming hydrogen bonds between -OH groups in
lignin and halogen anions (C17) of deep eutectic solvent
[26]. The quality of ChCl-based DES pretreatment could be
tuned by adjusting HBD and their molar ratio with HBA.
Also, the selection of HBDs could vary the chemical-phys-
ical properties of the DESs, affecting their performance
[27-29]. For instance, acid HBDs offer an effective dis-
solution of LCB than that of basic and neutral HBDs [15,
25]. Furthermore, DES pretreatment depends on whether
the HBD was monocarboxylic acid or dicarboxylic acid
[30]. The high acidity and polarity of DES contribute to the
lignin removal during LCB pretreatment [31]. Concerning
DES acidity, TA (HBD) is diprotic and one of the strong-
est organic acids that occurs naturally in many plants,
especially in grapes [32]. The TA is polar due to the pres-
ence of polar protic alcohol and carboxylic acid functional
groups. In addition, TA was used in the LCB pretreatment
process, such as mild organic acid (1 wt% TA) pretreat-
ment of sunflower straw showed promising results with
high reducing sugar (RS) recovery and less carbohydrate
loss [33]. Organic acids such as TA are derived from bio-
mass and do not cause significant corrosion as they are less
acidic than inorganic acids [15]. Thus, to assess the effect
of NADES on LCB fractionation, NADES was synthesized

using natural reagents choline chloride (ChCl) as an HBA
and tartaric acid (TA) as an HBD in the present work. The
properties of NADES-ChCI/TA in their pure form could
be very viscous, which can limit its application in LCB
pretreatment. The addition of water to NADES-ChCI/TA
significantly reduces its viscosity and increases polarity
and fluidity [34]. By employing DES in combination with
water, the cost of utilizing DES as a bulk solvent in biore-
finery can be reduced [35]. Also, the NADES-ChCI/TA in
combination with water could result in mild pretreatment
conditions. Therefore, the NADES was used for rice straw
pretreatment for lignin recovery and enhancing enzymatic
hydrolysis. The recovered lignin and reducing sugars (RS)
were maximized with minimum sugar derivatization prod-
ucts at the optimum condition. The process was optimized
using response surface methodology (RSM) considering
three process variables temperature, time, and NADES-
concentration, respectively. To further understand the pre-
treatment mechanism, the compositional changes of rice
straw during pretreatment were studied using ATR/FT-IR
and PXRD analysis. The recovered lignin was also ana-
lyzed by ATR/FT-IR and 'H-NMR. Also, the feasibility
of NADES recovery and its recyclability was investigated.

2 Materials and method
2.1 Materials

The rice straw biomass used in the study was obtained
from a paddy agriculture field near the Indian Institute of
Technology Hyderabad. The dried rice straw biomass was
chopped and ground using a mixer grinder (Prestige Stylo
Mixture Grinder). Rice straw biomass was sieved using
30 mesh size (600 micron) to maintain uniform size, and
it was kept at room temperature in an airtight container.

2.2 Compositional characterization of rice straw

Rice straw biomass contents (cellulose, hemicellulose, and
lignin) were assessed using laboratory analytical procedures
(LAPs) for biomass using the NREL technique [36]. The
first hydrolysis of the sample was carried out by adding an
extractive-free dried rice straw sample (300 mg) in 3 mL
of sulfuric acid (H,SO,) (72% w/w) at 30 °C for 60 min.
Using a vortex shaker, the reaction mixture was shaken
every 10 min to keep it homogeneous. After 60 min, deion-
ized water was added to dilute the H,SO, concentration from
72% wiw to 4% w/w in preparation for the second hydrolysis
step. For the second hydrolysis, the reaction mixture was
autoclaved at 121 °C for 60 min. After the second hydrolysis
was complete, the solid residue and liquid hydrolysate were
separated using vacuum filtration. The solid waste was kept
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in a hot air oven for 12 h to dry. The sample was kept in the
muffle furnace for 4 h at 575 +25 °C. The ash percentage
was found by weighing the solid substance left over from the
muffle furnace. The acid-insoluble lignin (AIL) was calcu-
lated considering the ash content. The filtrate obtained was
analyzed for monosaccharides using ion chromatography
(model: Metrohm). Also, the acid-soluble lignin (ASL) was
determined using UV-Vis spectrophotometers at a wave-
length of 278 nm.

2.3 DES synthesis

The deep eutectic solvent (DES) is synthesized by mixing
choline chloride (ChCl) as hydrogen bond acceptor (HBA)
and tartaric acid (TA) as hydrogen bond donor (HBD) at the
composition of molar ratio at 1:4, respectively. The DES
mixture was heated at 80 °C in an oil bath with steady stir-
ring for 4 h until a homogenous, colorless liquid was formed
as reported earlier [37]. The prepared NADES-ChCI/TA was
then cooled to room temperature and used for the rice straw
pretreatment process.

2.4 Design of experiments by response surface
methodology (RSM)

The central composite design (CCD) model of RSM was
used to design the experimental conditions. The optimal
condition was determined using Design-Expert 13. The
objective of the experimental design was to maximize the
recovery of RS and lignin while minimizing the genera-
tion of sugar-derivative compounds. The factors considered
for the pretreatment of rice straw were temperature (X,
°C), time (X,, min), and DES concentration (X3, v/v%).
The experimental levels of process variables are shown in
Table 1. The three-factor experimental design in which 20
runs were conducted is shown in Table S1.

Here low, center, and high levels were set at—1, 0,
and +1 to improve design resolution and experiment dupli-
cability. The axial points — o and+ o with values —1.68
and + 1.68 were added to predict the function outside the
cubic domain. The distance a is defined by 2K4 where k is
the number of factors. Equation (1) shows a second-order
polynomial equation used to fit the experimental data-
set. The equation establishes the relationship between the

main operating terms, interaction effects, and the predicted
responses.

k k k
R=y0+ ) yiXi+ ) yiiXii2 + ). Y yijXiX; (1)
i=1 i=1 i<j=1
where R is the response variable for RS, furan compounds
(F), and soluble lignin percentage (L), respectively. X; and
Xj are independent variables. The terms, y;, y;;, and vy are
model constant, linear coefficient, quadratic coefficient, and
interaction coefficient, respectively.

The experimental design and the observed values of 20
experiments are presented in Table S1. The results of 20
experiments were collected in the form of three responses
as objectives to optimize the condition of NADES-ChCI/TA
pretreatment of rice straw biomass.

2.5 Pretreatment using a high-pressure batch
reactor and subsequent DES recovery

The validation of RSM optimal conditions was per-
formed in a 2000 mL non-stirred autoclave with a mini-
mum working amount of 200 mL (make: nano-mag). The
batch reactor was purged with nitrogen (N,) gas for suf-
ficient duration to generate an inert environment, keeping
a pressure of 15 bar. The RSM obtained optimal condi-
tions were set. The reactor was cooled immediately after
pretreatment, and the equipment was disassembled to
quickly remove the reaction tube and stop any further
reactions. The reaction mixture was then added with a
mixture of acetone and deionized water in a 1:1 ratio,
with the volume of the solution being three times that of
the reaction mixture. The mixture was stirred for 30 min
to ensure complete dissolution of lignin. After vacuum
filtration, the resulting black liquor was transferred to a
500-mL beaker. The solid residue (pretreated rice straw)
was then washed with water to remove the remanence of
NADES. After the washing step, the pretreated rice straw
biomass was dried at a temperature of 104 °C for 4 h and
kept in an airtight container before enzymatic hydrolysis.
The liquid hydrolysate was diluted three times with deion-
ized water and left to settle at room temperature for 12 h
for lignin precipitation. The liquor was centrifuged for
10 min at a speed of 4000 rpm to separate the lignin. The
solid leftover in the centrifuge tube after decantation was
kept for drying for 12 h at 60 °C to obtain solid dry lignin.

Table 1 Experimental levels of
process variables in the CCD

Variable

model Temperature (°C)

Pretreatment time (min)
DES concentration (v/v%)

X3

Code —a -1 0 +1 +a
81.00 96 118 140 154.99
X, 72.72 100 140 180 207.27
5.14 14 27 40 48.86
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The resultant brown-colored powder was the recovered
lignin, and its yield was estimated by using Eq. (2). The
DES was recycled from the liquid hydrolysate comprised
of water and DES. After lignin precipitation, the DES-
water mixture solution was evaporated at 70 °C under
reduced vapor pressure using a rotatory evaporator to
recover the DES. The DES was collected in the round-
bottomed flask as dark viscous leftover liquid with traces
of sugars and lignin.

Recovered Lignin after pretreatment,
verec ~ient P € % 100

@

Lignin recovery, % =

Lignin in rice straw, g

2.6 Quantification of sugar, furan, and soluble
lignin

2.6.1 Sugar analysis

Ton chromatography was used to determine the contents of
monosaccharides present in the liquid hydrolysate (filtrate
or black solution after filtration). An amperometric detec-
tor was used for detecting the monosaccharides present
in the pretreated hydrolysate and enzymatic hydrolysate.
The column used was Hamilton RCX-30-250/4.6 (make:
Metrohm) with a column oven temperature of 32 °C. The
injection volume was 20 puL. The mobile phase (0.75 mM
NaOH) flow rate was set to 1 mL/min. To determine the
concentrations of sugars in unknown samples, standard
calibration curves for arabinose, galactose, glucose, xylose,
and mannose were generated.

2.6.2 Furan analysis

The RS degradation compounds (5-hydroxymethylfurfural and
furfural) were quantified using LC-DAD. The quantification
of these furan compounds was done using LC-DAD (model:
1260 Infinity II, Make: Agilent Technologies, USA). The com-
pounds are eluted using Zorbax Eclipse Plus C18 (2.1 x50 mm,
1.8-micron particle size) as an analytical column. The mobile
phase used for the elution of furan compounds was 80% metha-
nol (99.99% HPLC grade) in 20% HPLC grade water in an iso-
cratic mode with a flow rate of 0.12 mL/min. The compounds
were detected at 280 nm wavelength. The column oven temper-
ature was set at 30 °C. Using the standard calibration curve, the
levels of furan compounds in the hydrolysate were determined.

2.6.3 Soluble lignin analysis

The quantification of lignin monomer in the liquid hydro-
lysate was performed using an Agilent LC-MS system
with Q-TOF (model: 1260 Infinity II, make: Agilent) mass
spectrometry in positive mode. The separation of lignin

monomers was performed on a Zorbax Eclipse Plus C18
(2.1 x 100 mm, 1.8-micron particle size) column at a col-
umn temperature of 30 °C. The mobile phases were (A)
0.1% formic acid (99.9%, LC-MS grade) in LC-MS grade
water and (B) methanol (99.99%, LC-MS grade). The
mobile phase flow rate was 0.1 mL/min. The lignin mono-
mers were eluted with gradients (i) 0-3 min (A, 100%; B,
0%), (i1) 3—6 min (A, 20%; B, 80%), (iii) 6-9 min (A, 80%;
B, 20%), and (iv) 9—12 min (A, 20%; B, 80%) maintain-
ing (A, 100%; B, 0%) in 12th min of gradient flow mobile
phase at 0.10 mL/min. The sample injection, nebulizer
pressure sheath gas temperature, gas temperature, drying
gas flow, capillary voltage (V,,), and nozzle voltage were
10 uL, 45 psi, 350 °C, 250 °C, 11 L/min, 3500 V, and
1000 V, respectively. The MS TOF fragment or voltage was
185 V with a skimmer of 75 V. The standard calibration
curve for lignin monomers was made with the MassHunter
Quantitative software from Agilent Technologies with dif-
ferent levels of prepared lignin monomers mixed standards.

2.7 FTIR characterization

Fourier transform infrared (FTIR) spectroscopy was con-
ducted in a wavelength range of 4000 to 600 cm™' with a
resolution of 4 cm™! in attenuated total reflection (ATR)
mode. In the Bruker ATR-FTIR device, the different sam-
ples were examined to characterize NADES-ChCI/TA in
terms of the raw material, isolated lignin, and untreated
and pretreated rice straw biomass. The change in molecu-
lar order can be assessed by comparing marker peaks in
the ATR-FTIR spectra of the untreated and pretreated
rice straw biomass. The hydrogen bonding index (HBI)
can be calculated from the absorbance ratio at 3350 and
1337 cm™!. The HBI offers information associated with
the extent of hydrogen bonding. Generally, it is determined
to observe variations in the hydroxyl groups present in the
cellulose structure. The total crystallinity index (TCI)
is determined from the absorption ratio of O—-H bend-
ing vibration (1373 cm™!) and C-H stretching vibration
(2900 cm™!). The TCI is examined to ascertain cellulose
crystallinity, as TCI is directly correlated with the degree
of cellulose crystallinity [38]. The change in molecular
ordering can be assessed using the lateral order index
(LOI). The HBI, total crystallinity index (TCI), and lateral
order index (LOI) were determined using the following
equations (Egs. (3)—(5)) [39]:

A _

HBI = 3350cm™! 3)
1337cm™!
A _

TCI = 1373cm™! @)
A29OOcm_]
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LOI = Argzem! 5)
‘AS9SCm_l

2.8 Thermal properties

The thermal properties of NADES-ChCI/TA were analyzed
using differential scanning calorimetry (DSC; make: TA
Instruments, model: DSCQ200). The experiment was con-
ducted from 25 to 400 °C, with a temperature step of 5 °C/
min, under an inert N, atmosphere.

2.9 'H-NMR characterization

Nuclear magnetic resonance (NMR) spectroscopy was
used to study the different environments of protons pre-
sent in recovered lignin. 'H-NMR and two-dimensional
heteronuclear singular quantum correlation (2D HSQC)
NMR spectra were obtained on a 400 MHz spectrometer
(Bruker Advance II) at 298 K. The lignin sample weigh-
ing 30 mg was dissolved in 600 pL of dimethylsulfox-
ide-dq (DMSO-d;) within Teflon tape-sealed vials and
kept for sonication below 50 °C. The chemical changes
were referenced to the primary peak of DMSO-dg (64
2.5 ppm). MestReNova software, version 6.0.2-5475,
was utilized for peak assignment and calculation of area
integrals.

2.10 X-ray diffraction (XRD) analysis

The raw and pretreated rice straw samples were exam-
ined for XRD using a PANalytical Empyrean diffractom-
eter (Cu-Ka; radiation 1.5405498 ;\). As a control, the
XRD pattern of untreated rice straw biomass was used.
The analysis was carried out at 45 kV and 40 mA using a
1.54 nm wavelength with a step size of 0.0131° in the 26
range between 5 and 90°. XRD evaluation was carried out

(RS released(£)- Viyarolysis (L))

to determine the crystallinity index (CrI) of the raw and
pretreated rice straw sample by Eq. (6) [40].

Ly —1
200 am % 100 (6)
200

Crl =

where Iy, and I, are the peak intensities at 20 of 22° and
18°, respectively [41]. The straight line between 5 and 90°
was considered as a baseline to which the intensity data was
calculated.

2.11 Enzymatic hydrolysis

Under sterilized conditions, 400 mg of raw and DES-ChCl/
TA pretreated rice straw was added to sodium citrate buffer
(50 mM, pH 4.8). The enzymatic saccharification was car-
ried out by using commercial enzymes, such as cellulase
(C1794, make: Sigma-Aldrich, USA) and p-glucosidase
enzymes (G0395, make: Sigma-Aldrich, USA), having enzy-
matic activity of 5.1 cellobiase units (CBU)/g and 97 filter
paper units (FPU)/mL, respectively [10, 35]. For this study,
the mixture of enzymes in the apparatus contains 10 CBU
p-glucosidase and 15 FPU cellulase per gram of dry sub-
strate. The enzymatic hydrolysis was carried out in a rotary
shaker incubator (model: Remi) set at 150 rpm at 50 °C for
144 h using a 50-mL Erlenmeyer flask. Tween 80 (0.1%)
was added to enhance enzymatic digestion, and sodium
azide (NaNj,, 0.3%) was added for the prevention of micro-
bial growth. The total reaction medium volume was 20 mL.
The samples were collected at regular intervals of 24 h and
boiled at 95 °C in a water bath for at least 5 min to deac-
tivate the enzymatic reaction, following which they were
vacuum filtered. The concentration of RS was determined
by ion chromatography. Enzymatic hydrolysis of raw and
DES-ChCI/TA pretreated rice straw was carried out simul-
taneously, and the results were compared. All tests were car-
ried out in triplicate to reduce the experimental error. The
fermentable sugar yield was calculated using Eq. (7):

00 )

RS yield (%) =

1
A mass of rice strawhydrolyzed (mg). Total sugars in pretreated rice straw (%)

3 Results and discussion
3.1 Rice straw composition

The rice straw biomass contains 31.75 + 3.09% cellu-
lose, 14.70 +1.07% hemicellulose, 2.22 +0.39% ASL,
and 14.90+0.26% AIL. Total lignin was observed to be
17.12+0.65% and an ash content of 9.40+0.44%. The
composition of rice straw in this study was in agree-
ment with the rice straw batches reported elsewhere. For
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instance, Sawhney et al. reported 17.85% hemicellulose
and 34.88% cellulose in raw rice straw biomass [42]. Simi-
larly, Sorn et al. reported that untreated rice straw consists
of lignin (20.00 + 0.44%), hemicellulose (15.73 +£0.31%),
and cellulose (30.88 +£0.39%) [43]. Likewise, Singh et al.
reported untreated rice straw with a composition of 43%
cellulose, 23% hemicellulose, 10.2% lignin, and 18.8% ash
[44]. Kumar et al. also observed cellulose, hemicelluloses,
and lignin content of 35.5%, 25.6%, and 16% as major
components in rice straw biomass [45]. The composition
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Fig.2 ATR-FTIR characterization of NADES-ChCl/TA

of rice straw biomass changes with the region. The minor
deviations in the rice straw components may be attributed
to factors like climate, cultivation conditions, location, and
types of rice straw [46].

3.2 ATR-FTIR characterization of NADES-ChCI/TA

The driving force for the formation of DES is the hydrogen
bonding between the chloride anion of HBA (ChCl) and
HBD (tartaric acid). Figure 2 represents the ATR-FTIR
spectra of ChCl, TA, and ChCl: TA. The FT-IR spectra
show that the stretching vibration of the O—H functional
group first observed at 3396 and 3326 cm™' in TA has
broadband occurrence in between 3200 and 3500 cm™!
in NADES-ChCI/TA DES. The broadness and shifting of
peaks were due to the incorporation of ChCl and TA by
forming more hydrogen bonding with the decrease in the
extent of intermolecular hydrogen bonding between TA
molecules [47]. The band at 2921 cm™! and 2990 cm™!
is due to Sp? C-H stretching vibration contributed by
ChCl and TA. The carbonyl stretching vibration is attrib-
uted to the occurrence of the strong peak at 1730 cm™"
in the NADES-ChCI/TA spectra [48]. The strong band at
1477 cm™" and 1416 cm™ is due to the CH, and CH; moie-
ties bending vibration in the NADES-ChCIl/TA. The band
at 1078 cm™" and 1005 cm™" was due to C-O and C-C-O
stretching, respectively. The additional band at 943 cm™' is
attributed to the C-N* stretching vibration. The C-N* sym-
metric stretching of ChCl was also detected at 748 cm™!
[49]. The C-H bending vibration of TA caused the band
at ~748 [50]. The components of NADES-ChCI/TA were
combined by hydrogen bonding. There will be a strong
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Fig.3 DSC plot of NADES-ChCI/TA

intermolecular interaction among the protons of ChCl and
TA in NADES-ChCI/TA [51]. Also, the cationic center
will interact with oxygen, being a more electronegative
atom of TA. Thus, the band at ~748 in the pure form of
the NADES-ChCI/TA components has been obstructed,
causing the fading of the band in NADES-ChCI/TA spec-
tra. However, a weak band was discernible with a shift
toward lower wavenumber (~748 cm™') in NADES-ChCl/
TA spectra, which could be due to the preservation of the
C-N* functional group in the resultant NADES-ChCI/TA.
The band at 660 cm™! originates due to the out-of-plane
wagging vibration of C-O-H in NADES-ChCI/TA [52, 53].
Thus, the synthesized NADES-ChCI/TA was characterized
with ATR-FTIR to observe the bands corresponding to dif-
ferent functional groups.

3.3 Thermal properties of NADES-ChCI/TA

The NADES-ChCI/TA in the present study was formed with a
1:4 ratio of ChCl and TA. The DSC endotherm peak tempera-
tures for NADES-ChCI/TA have degradation temperatures at
about 200 and 289 °C which could be attributed to the deg-
radation temperature of ChCl and TA, respectively (Fig. 3).
Similar observation has been reported by Koutsoukos et al.
during the DSC and TGA analysis of NADES-ChCI/TA (2:1
ratio) where the degradation temperatures of TA and ChCl
were at about 220 and 280 °C, respectively [51]. The NADES-
ChCl thermal properties may vary from that of the ChCl and
TA in their pure form due to the formation of a dense hydrogen
bonding network in NADES-ChCI/TA [51]. Thus, the forma-
tion of the NADES-ChCI/TA with the DSC spectra resembles
the work that was reported; the DES-ChCI/TA system requires
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more energy for degradation. The more energy required can be
for the cause of hydrogen bonding network disruption.

3.4 Optimization of pretreatment condition
for maximum glucose and lignin yield

The optimization of process variables was done based on
RSM, using Design-Expert 13. The responses considered
were the percentage RS, furan compounds, and lignin. The
responses have been expressed in terms of second-order
equations (Egs. (8)-(10)).

RS, = —710.5 + 8.353X, + 2.926X, + 5.023X,

— 0.02698X,X; — 0.007436X,X, — 0.02219X,X;  (8)
—0.007571X, X, — 0.03188X,X; + 0.00004X,

F, = 183.0 — 2.713X, — 0.5296X, — 0.139X,
+0.011684X, X, + 0.001674X,X, + 0.02807X;X;  (9)
—0.001615X,X, — 0.0026X, X; — 0.004708X,X,

L, = —125.26 + 1.5984X, + 0.5157X, + 0.5356X,
— 0.006234X, X, — 0.001511X,X, — 0.007673X,X; (10)
— 0.000765X, X, — 0.001036X,X; — 0.000118X,X,

where RS is the response (RS yield), F, is the response
(furan compounds), L, is the response (soluble lignin yield),
X, is the temperature, X, is the time, and X; is the NADES-
ChCl/TA concentration. The response behavior is described
by a mathematical equation as a function of the independ-
ent variables. The effectiveness of the model was evaluated
using analysis of variance (ANOVA). Table S2 displays
ANOVA results for all three responses. The ANOVA results
demonstrated that the model was statistically significant by
a p-value less than 0.05, whereas lack of fit was not signifi-
cant with a p-value greater than 0.05 for all three responses.
The coefficient of determination (R?) with values 0.99 for all

three responses indicates that there is a very good correla-
tion between experimental and predicted ones. The adjusted
coefficient of determination for the three responses is 0.98,
0.99, and 0.98 for RS, F|, and L, respectively, confirming
that the model adequately predicted the responses. Also, the
value of predicted R? for the three responses is 0.94, 0.97,
and 0.96 for RS, F}, and L,, respectively. The model sum-
mary in this study where R? and the modified R> were > 0.8
indicates that the model performed satisfactorily [54]. The
predicted vs observed plot (Fig. 4) was utilized to verify
the validity of the developed method and the correlation
between the observed and expected results. The analysis of
predicted and observed responses showed very close agree-
ment between them as both the points lie very near to the
straight line. This showed that the method was designed well
and reliable [42]. Thus, the second-order model successfully
predicts the response since the predicted and observed val-
ues are very close to one another.

3.5 Effect of variables on response

The 3D surface plots accompanying contour plots illustrate
the influence of each variable and the approximate optimal
location. In 20 experimental runs, the varied response (RS,
12.52-57.86; F|, 0.82-24.95; and L, 1.94-9.10) shows the
impact of the variable in different levels (Table S1). The
observation of the experiment to optimize the process was
also studied using the response surface plot shown in Fig. 5.
The interactions of process variables for three different
responses were observed using the surface plot.

3.5.1 Time, temperature, and NADES-ChCI/TA
concentration interactions on RS release

The interactive effect of time, temperature, and concentra-
tion on RS release from rice straw was illustrated using
Fig. Sa—c. The response plot in Fig. 5a displays the range
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Fig.4 Predicted vs actual plot of a RS, b furan compounds, and ¢ lignin yield on NADES-ChCI/TA pretreatment
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of temperatures (107-129 °C) and pretreatment time
(110-150 min) over which the yield of RS recovery varied
from 45 to 55%. It was observed around the above-men-
tioned region as the highlighted surface plot along with the
contour plot at the bottom also depicts the optimal region
where the experiment can be performed. At the optimum
condition, the maximum amount of RS recovery (56%) was
observed at 117.63 °C and 137.96 min. The higher amount
of RS is recovered at this condition because of the high
amount of solubilization of carbohydrates and lignin result-
ing in disruption of rice straw biomass structure. In Fig. 5b,
low temperature and NADES-ChCI/TA concentration gave
comparatively little effect on RS yield; however, as tempera-
ture and NADES-ChCI/TA concentration rise, the RS yield
has also increased. The optimal range of NADES-ChCI/TA
concentration for this rise in RS yield was somewhere in
the middle. This is because the hydrogen bonds between

cellulosic polymers are being broken down as additional
hydrogen bonding forms between the NADES-ChCI/TA and
the carbohydrate-lignin matrix [55]. Therefore, removing
lignin and xylan along with the structural modification of
cellulose results in a higher RS yield [56]. In Fig. 5¢, we can
see how the RS recovery changes over time and as a function
of NADES-ChCI/TA concentration when the temperature
is held constant at the midpoint (118 °C). The short period
of pretreatment time yields less recovery of RS, but as time
increases, there is a rise in RS yield, and after a certain
threshold, there is a decline in the RS yield. This drop in RS
recovery could be due to the solubilization of released cel-
lulose with prolonged pretreatment time [57]. The NADES-
ChCI/TA concentration also affects RS recovery as shown
in Fig. 5c; the NADES-ChCI/TA concentration in the mid-
range (25 to 35 w/w%) interaction with time resulted in the
maximum condition for RS yield which is represented by the
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highlighted region of the surface plot. The yield of RS was
adversely affected by extreme, too high, or low temperature
and concentration, as well as by prolonged and short pre-
treatment time. The extreme pretreatment conditions are too
harsh, and the cellulose becomes soluble to produce sugar
derivative compounds like furfural and 5-HMF [58]. These
sugar derivative compounds inhibit the further downstream
process such as enzymatic hydrolysis and fermentation. The
components of rice straw cannot be depolymerized effec-
tively at too low temperature and concentration for a shorter
pretreatment time. Thus, in this study, the optimization of
process parameters (temperature, pretreatment time, and
NADES-ChCI/TA concentration) is acquired for maximum
recovery of RS from the rice straw biomass.

3.5.2 Time, temperature, and NADES-ChCI/TA
concentration interactions on lignin release

The interactions between process variables and lignin solu-
bility are represented in Fig. 5 g—i. It was found that the
soluble lignin yield was low at lower temperatures. The
dome shape surface plot as shown in Fig. 5g depicts low
temperature and less treatment time yielding lesser lignin
recovery, but it rises with both parameters. The highest
lignin recovery occurs in the center of the contour plot
(around 118 °C and 140 min), and after a certain point, it
decreases significantly. The acceleration of lignin yield at
elevated temperatures was previously reported [59, 60]. Poy
et al. also observed a similar trend with maximum deligni-
fication (64.9%) from rice straw pretreatment with 1-ethyl-
3-methylimidazolium acetate at an optimized condition of
120 °C for 5 h [61]. Figure 5h also displays the highlighted
surface plot with maximum lignin recovery at around 118 °C
and 28% NADES-ChCI/TA concentration supported by the
contour plot at the bottom. The lesser pretreatment time
with low DES concentration has less impact on the lignin
recovery (Fig. 5h). In the present study, it was observed that
with an increase in temperature, there was enhanced lignin
recovery. The increase in the solubility of rice straw biomass
with the decrease in viscosity of NADES-ChCI/TA at higher
temperatures results in maximum lignin recovery. The DES
viscosity decreases with the increase in temperature leading
to a high degree of LCB dissolution [62]. Thus, the lignin
recovery was highly influenced by the increase in tempera-
ture and NADES-ChCI/TA concentration. The interaction

effect of NADES-ChCI/TA concentration and time for lignin
recovery is represented in Fig. 5i. The surface plot high-
lighted by the red color region with a contour plot circled by
the same color at the bottom depicts the area where the opti-
mum pretreatment condition can be found. The disruption of
the molecular structure of the lignin-carbohydrate complex
at optimum conditions leads to higher lignin recovery. This
may be due to the depolymerization of lignin by cleavage
of bonds such as f-O-4 ether linkages during the NADES-
ChCI/TA pretreatment process [43, 63]. Thus, the present
study shows more interaction of NADES-ChCI/TA with the
natural system present in rice straw biomass to produce the
maximum lignin at the optimum condition of the designed
process parameters.

3.5.3 Time, temperature, and NADES-ChCI/TA
concentration interactions on furan compound
release

During the process optimization of NADES-ChCI/TA pre-
treatment of rice straw, the formation of furan compounds
such as furfural and 5-hydroxymethylfurfural (5-HMF)
was investigated. Figure 5d—f shows the interaction effect
of the process variables on the generation of furan com-
pounds. The temperature—time interaction effect in the
furan compound formation is depicted in Fig. 5d. The
NADES-ChCI/TA concentration was kept constant at the
center (40%); Fig. 5d illustrates the reactivity of the furan
compound variation over time and temperature. The opti-
mal condition with minimum production of furan com-
pound was observed at the temperature of around 118 °C
and 140 min pretreatment time. When there is a rise in
temperature with prolonged heating, more C5 and Cg
sugars will be converted into their derivative compounds
[64, 65]. The surface plot in Fig. 5d depicts a similar
trend, and there was an increase in the furan compound
yield with the rise in temperature and time. The tem-
perature and NADES-ChCI/TA concentration impact was
observed with the surface plot shown in Fig. 5e. A lower
temperature and less concentration of NADES-ChCI/TA
during pretreatment yield limited furan compounds, but
the increase in temperature and NADES-ChCI/TA con-
centration generates more furan compounds (Fig. Se).
This may be due to the generation of harsh reaction con-
ditions in the extreme case of process variables [64].

Table 2 Predicted and observed responses for NADES-ChCI/TA at optimized pretreatment conditions

Case Temperature (X;) Time (X,) NADES-ChCI/TA concentra- RS % Furan com- Soluble lignin %
tion (X5) pounds %
Pred Exp Pred Exp Pred Exp

NADES-ChCI/'TA 117.63 137.96 25.01

56.08 57.11+1.43 0.78 1.15+£0.28 11.61 12.58+0.23
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The NADES-ChCI/TA also acts as a catalyst during the
pretreatment, but the higher concentration of NADES-
ChCI/TA at elevated temperatures results in harsh reac-
tion conditions resulting in the production of more furan
compounds [66]. The interaction effect of time and
NADES-ChCI/TA concentration is observed in Fig. 5f. In
this case, also taking two variables and with temperature
constant at the center point (118 °C) shows a similar trend
as mentioned above. As the level of process variables
increased, furan compound yield decreased, but after min-
imum yield, it ascended again toward the extreme level of
the process variable. The generation of furan compounds
in the present study was minimized as these compounds
are also known as inhibitory chemicals. Furan compounds
hinder further downstream processes such as enzymatic
hydrolysis and yeast growth during the fermentation. The
process was optimized as predicted values presented in
Table 2 for maximum recovery of RS (56.08%) and lignin
(11.61%) with minimum production of furan compounds
(0.78%). The observation based on the interaction of

process variables in the current study offers the best con-
dition of the experiment within the selected range. Also,
the optimal condition of NADES-ChCI/TA pretreatment
of rice straw biomass falls in the range of the variables.
Thus, in the present study, process parameters were opti-
mized to enhance RS and lignin recovery while reducing
the generation of furan compounds.

3.6 Characterization optimum condition liquid
hydrolysate

The effect of NADES-ChCI/TA on the rice straw pretreat-
ment was analyzed based on biomass fractionation. The
liquid hydrolysate collected at optimum conditions was
analyzed for different contents of RS, lignin monomers,
and furan compounds. The optimal values for the inde-
pendent variables, along with the predicted and observed
response values, are shown in Table 2. The experiments
were conducted in triplicate to verify the model-obtained
results. The RS, furan compound, and soluble lignin yields
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obtained under optimum condition experimental run were
57.11+1.43%, 1.15+0.28%, and 12.58 +0.23% which are
very near to the model predicted value of 56%, 0.78%, and
8.76%, demonstrating the accuracy of the model.

The composition of different monosaccharides (RS)
observed in the liquid hydrolysate is shown in Fig. 6.
The recovery RS comprises 21.61 +£5.51% glucose yield
with other sugar monomers following pretreatment using
NADES-ChCI/TA. As shown in Fig. 6a, the high recovery
of glucose followed by xylose provides insight into the
mechanism and effect of NADES-ChCI/TA on the com-
position of rice straw. The rice straw biomass in the pre-
sent study was composed of cellulose in a higher fraction
compared to hemicellulose. Thus, during NADES-ChCl/
TA pretreatment, the high portion of cellulosic polymers on
exposure to NADES cleaves more of the $-1,4-glycosidic
bond resulting in high glucose recovery. The NADES-
ChCI/TA pretreatment shows the higher solubilization of
RS present in rice straw, and it is necessary to determine
the extent of lignin monomer solubilization in NADES pre-
treatment. The observation of different lignin monomers
present in the hydrolysate is shown in Fig. 6b. The different
lignin monomers are identified as p-hydroxybenzoic acid,
vanillic acid, syringic acid, p-hydroxybenzaldehyde, syrin-
galdehyde, vanillin, acetovanillone, coumaric acid, and fer-
ulic acid. The molecular structure of lignin is composed of
different lignin monomers bonded with diverse orders of
chemical bonds [67]. Lignin monomers and their deriva-
tives are formed when the $-O-4 aryl ether link is broken
during pretreatment [68]. Lignin is composed of various
aromatic subunits, including the p-hydroxyphenyl type (H),
guaiacyl type (G), and syringyl type (S). These three types
of phenylpropane units, also known as monolignols, are
regarded to constitute the main constituents of lignin [69].
The total number of methoxy groups that are bonded to
an aromatic ring differentiates the monolignols from one
another [70]. Lignin H-type derivatives include monomers
like p-hydroxybenzoic acid, p-hydroxybenzaldehyde, and
p-coumaric acid. The G-type monomers include vanillin,
vanillic acid, ferulic acid, and acetovanillone whereas the
S-type includes syringaldehyde and syringic acid. In terms
of the soluble lignin monomers, liquid hydrolysate has a
relatively higher percentage of p-hydroxybenzoic acid
(6.28 +1.01%) than vanillic acid (2.09 +£0.36) and syringic
acid (1.36 +0.0.26).

There have been several investigations into the poten-
tial of DES pretreatment to improve enzymatic hydrolysis
and lignin recovery. For instance, Xu et al. reported the
lignin extraction of ~10% at 160 °C from corn stover dur-
ing ChCl/Gly (1:2) pretreatment [71]. Similarly, Guo et al.
found 63.10% lignin removal during the DES (benzyltrieth-
ylammonium chloride (BTEAC)/lactic acid (LA), 1:2) pre-
treatment of corncob at 140 °C [72]. Likewise, Chen et al.
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showed a lignin removal of 47.10% in DES (betaine/LA)
pretreatment of sugarcane bagasse at 160 °C for 80 min
[73]. According to Pan et al., the DES pretreatment of rice
straw biomass observed acid-insoluble lignin hemicellulose
and cellulose of 22.87%, 16.71%, and 9.60% at the opti-
mum condition at 130 °C for 4 h [55]. Similarly, Maibam
et. al. investigated DES-ChCl/acetic acid (AA) pretreat-
ment of rice straw pretreatment at 126 °C, 2.5 h, and found
83.1% delignification [37]. Most of the reported studies
on DES pretreatment of LCB involve harsh pretreatment
conditions aiming to extract lignin and other value-added
products. The present study operates on the mild pretreat-
ment condition using highly environmentally benign sol-
vents showing the high recycling efficiency of the NADES-
ChCIl/TA with the lignin recovery of 45.33 +2.02 mg per
gram (~27% of total lignin). Furthermore, in comparison
to conventional chemical pretreatments such as acid, alkali,
and other chemical pretreatments, which have adverse envi-
ronmental consequences, NADES pretreatment is an eco-
friendly alternative.

The sugar degradation compound (furan compounds)
profile is shown in Fig. 6¢. Due to the inhibitory effects of
furan compounds on subsequent processes such as enzy-
matic hydrolysis and fermentation, their concentrations
are kept as low as possible under optimal conditions. The
furan compounds are produced around 1.15% which is neg-
ligible compared to the RS recovery. Ultimately, this work
reflects the importance of NADES-ChCI/TA in the recov-
ery of lignin and sugars from rice straw biomass and the
recyclability of the pretreatment solvent. This study addi-
tionally demonstrates the production of a low concentration
of inhibitory compounds with improved efficiency of the
downstream process including enzymatic hydrolysis.
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3.7 ATR-FTIR of lignin

ATR-FTIR is used to characterize different functional groups
and structural fragments and is a very sensitive and reli-
able way to study the conformational and physicochemical
properties of lignin. Figure 7 represents the comparative
ATR-FTIR spectrum of commercial standard alkali kraft
lignin and isolated lignin of rice straw with NADES-ChCl/
TA pretreatment. The broad absorption band in the region of
3250-3500 cm™! with an intensity peak around 3310 cm™!
corresponds to the stretching vibration of -OH bonds, indi-
cating the presence of aromatic and aliphatic -OH functional
groups. The peaks in the positions of 2940 and 2855 cm™!
are due to stretching vibration of aliphatic methyl (-CH,)
and methylene (-CH) side chains as well as chains of aro-
matic methoxy functional groups [35]. The C-H bending
vibration at 1450 cm™! confirms the presence of methyl and
methylene groups in the isolated lignin which is similar to
that of the commercial alkali kraft lignin (Fig. 7). The strong
peak at 1700 cm™! originated from stretching of unconju-
gated carbonyls of carboxylic acidic groups. The absorption
band at 1604 and 1508 cm™' corresponds to the stretching
vibration of aromatic carbon—carbon double (C=C) and
carbon—carbon single bond (C-C) of lignin molecules [74].
The peaks around 1329 cm™"! are attributed to the stretching
vibration of C-O attached to syringyl rings. This indicates
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rice straw lignin contains methoxy groups and has syringyl
units [75]. The shoulder peak at 1265 cm™' was due to the
C-O stretching vibration of guaiacyl rings displayed in the
isolated lignin spectra which are also in agreement with the
standard kraft lignin spectra [76]. The absorption bands at
1123 and 1030 cm™" were observed due to aromatic C-H
vibration of syringyl and aromatic C-H in-plane deformation
of guaiacyl units [77]. Aromatic C-H out-of-plane bending
vibration of syringyl and guaiacyl units has a characteristic
peak at around 841 cm™' in FTIR spectra of isolated and
standard kraft lignin. These bands of guaiacyl and syringyl
units show that G and S units are more prevalent in the iso-
lated lignin [77]. The ATR-FTIR spectra of isolated lignin
are similar to that of the commercially available alkali kraft
lignin. Thus, the lignin extracted from rice straw pretreat-
ment using DES-ChCI/TA as a green solvent produces lignin
comparable to the commercially available kraft lignin.

3.8 "H-NMR of isolated lignin

The isolated lignin from rice straw was characterized by
NMR spectroscopy (Fig. 8). The 'H-NMR spectra show
large and broad bands for the majority of the protons, which
are characteristic of high-molecular-weight polymers with
high relaxation time [78]. The peaks in the region of oy ~
0.80-2.30 ppm can be particular for the aliphatic moiety
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Fig. 8 '"H-NMR extracted lignin by NADES-ChCI/TA
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due to aliphatic protons of several methoxy (-OCH;) and
methylene (-CH,) groups [79]. The intense peak at 2.50 ppm
is due to DMSO-d, (dimethyl sulfoxide-d,) used as an NMR
solvent. The broad signal around 6 ~ 3.14 ppm is attrib-
uted to the moisture content in the sample. The presence
of moisture in both the sample and solvents contributes to
the appearance of the water/moisture contamination sig-
nal. The methoxy groups (-OCH;) immediately bonded to
the benzene ring which is related to S and G units causing
the proton signals at 6;; ~ 3.83 ppm. The peaks originating
from the aliphatic side chains of the lignin skeleton are in
the region from oy ~ 4.00-5.50 ppm. The primary aromatic
peak in syringyl proton (S) occurs between 6 ~ 6.10 and
6.70 ppm whereas the aromatic peak in guaiacyl proton (G)
occurs between oy ~ 6.70 and 7.50 ppm [80].

3.9 2D-HSQC NMR of isolated lignin

The HSQC NMR spectra of isolated lignin provide more
detailed information on the lignin structural moieties. Fig. S4
represents the 2D-HSQC NMR spectra of isolated lignin
after NADES-ChCI/TA pretreatment. The spectral region
can be seen in isolated lignin 2D-HSQC NMR spectra as ali-
phatic side chain region (§/6y; 50.00-90.00/2.40-5.70 ppm)
and aromatic region (§./6 90.00-135.00/6.00-8.50 ppm),
respectively [81]. The cross signals in 2D HSQC spectra
are due to various structural moieties present in the isolated
lignin; for instance, the aromatic regions in 2D HSQC spec-
tra include cross signals originating from syringyl (S), guaia-
cyl (G), and p-hydroxyphenyl (H) units (Fig. 9). The assign-
ment for the 2D-HSQC resonance signals is presented in
Table 3. The characterized substructures and units of lignin
are depicted in Fig. 10.

The side chain region of 2D-HSQC NMR spectra offers
valuable information on the interunit linkages present in

Fig.9 The aromatic regions in
the 2D HSQC NMR spectra of
isolated lignin

Table 3 Assignments of main '*C-'H correlation peaks in 2D HSQC
spectra of the isolated lignin

Label 8./8y (ppm)  Assignment

By 53.04/3.52  C;Hyin phenylcoumaran f-5" substructures

Cy 53.10/3.12  CzHgin resinol B-f’ substructures (C)

-OCH; 55.52/3.82  C-H in methoxy groups

B, 66.85.3.40  C,-H, in phenylcoumaran $-5' substructures
B)

(A, A", 71971427  C,H,in p-O-4 substructures (A and A")

C, 73.13/4.11  C,-H, in resinol S-§’ substructures ©)

Sy 106.84/7.21 C,¢-H,¢in S units (S)

G, 110.57/7.39  C,-H, in guaiacyl units (G)

G; 110.96/7.44  Cs-Hy in guaiacyl units (G)

FA, 111.03/7.28 C,-H, in ferulate (FA)

Gy 112.57/7.44 C¢-Hg in guaiacyl units (G)

FE, 115.52/6.35 C,-H, in ferulic ester (FE)

PCE, 115.75/6.95 Cj-Hy in p-coumaroylated substructures (A)

FEg 115.52/6.35 Cg-Hg in ferulic ester (FE)

FE¢ 122.77/7.08 C4-Hg in ferulic ester (FE)

FA, 123.35/7.51
H,, 126.06/7.42
130.03/7.51
131.50/7.80
pCE,  144.33/1.52

C¢-Hg in ferulate (FA)

C, 6-H, ¢ in p-hydroxyphenyl units (H)
C,-H, and C4-Hg in p-coumarate (PCA)
C, 6-H, ¢ in p-coumaroylated substructures

C,-H, in p-coumaroylated substructures

lignin (Fig. S5). The correlation signals from methoxy
groups are more noticeable, with a signal at §-/8y; 55.52/3.82
in the side chain region. The C,-H,, correlation signals of
p-O-4" linkage of A and A’ substructures are observed at
8¢/8y 71.97/4.277 ppm. The Cy-Hy correlation signals in
phenylcoumaran (f-5') substructure B are observed at §/
Oy 53.04/3.52 ppm and the C,-H, correlation signals at 8./
Oy 66.85/3.40 ppm. The correlating signals for resinol (5-f")
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HO o >,
H3CO i

Fig. 10 Main lignin structures identified in the isolated lignin: S,
syringyl unit; G, guaiacyl unit; H, p-hydroxyphenyl unit; FA, ferulic
acid; PCA, p-coumaric acid; A and A’, y-OH and y-p-coumaroylated

substructure C are observed with their C4-Hy and C,-H, at
Oc/dy; 53.10/3.12 and d/dy; 73.13/4.11, respectively. In the
NADES-ChCI/TA isolated lignin, the prominent signal at
8¢/0y 106.84/7.21 ppm is linked with C, ¢-H, ¢ correlation
in S units as depicted in Fig. 10. The isolated lignin aro-
matic moiety with G units’ C,-H,, C5-Hs, and C¢-Hy cor-
relation signals is observed at 8-/8y 110.57/7.39, 8./8y
110.96/7.44, and 5-/8y; 112.57/7.44 ppm, respectively. The

(Pc) p-O-4'; B, phenylcoumarane substructures formed by $-5" and a-
0O-4' linkages; C, resinol structures formed by f-f'/a-O-y'/y-O-o link-
ages

correlation signals for C, ¢-H, ¢ in H units are observed at
O/0y 117.91/7.18 ppm. Also, other signals are observed
in the aromatic regions such as correlation signals belong-
ing to p-coumaric acid (PBA), ferulic acid (FA), ferulic
esters, and p-coumaroylated substructures (Table 3). The
correlation signals at 8-/ 130.03/7.51 are linked to C,-H,
and C4-Hg correlations in PCA. The area under the inte-
gration of the aromatic correlation signals provides insight

Fig. 11 SEM images of a—d untreated rice straw and e-h NADES-ChCI/TA pretreated rice straw
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into the proportions of the S, G, and H units of lignin [81].
The current study indicates an S/G/H ratio of 1/2.9/0.59 for
NADES-ChCI/TA isolated lignin from rice straw biomass.

3.10 SEM analysis

The surface morphology of pretreated and untreated rice
straw was examined by SEM. Figure 11 represents the SEM
images of raw and pretreated rice straw biomass at different
magnifications. The surface was found to be more disrupted
with increased coarseness following the NADES-ChCIl/TA
pretreatment. Thus, NADES-ChCI/TA was found to be more
efficient in the generation of more pores and enhancing the
surface area of rice straw biomass which is more beneficial
for further downstream processes. The increase in surface
area can be associated with the removal of hemicellulose
and lignin [82].

3.11 ATR-FTIR characterization of pretreated rice
straw

The structural differences between untreated and NADES-
ChCl/TA-treated rice straw biomass were assessed by ATR-
FTIR spectra for the optimized run as shown in Fig. 12. The
broad band around 3310 cm™' is due to O—H stretching
vibration [83]. Absorption peaks at 2917 cm™! are created
primarily by the stretching vibration of C-H and are attrib-
uted to the cellulose crystalline structure in both untreated
and pretreated samples [84]. The band at 1634 cm™' and
1513 cm™! is due to the aromatic skeleton and C =0 stretch-
ing vibration associated with hemicellulose and lignin
[82]. The absorption band at 1437 cm~! and 1360 cm™! is
attributed to the C-H bending vibration of cellulosic main
chains; these bands are stronger in pretreated samples which
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Table4 Change in crystallinity index of cellulose determined by
ATR-FTIR and XRD analysis

Samples HBI TCI LOI Crl (%)
Untreated rice straw 0.9919 1.0045 1.0019 ~67
NADES-ChCV/TA pre- 1.0057 1.0239 1.0036 ~80

treated rice straw

represents the crystalline band [84]. The band in the region
of 950-1200 cm™~! with a common peak around 1055 cm™!
relates to the C-O and C—O-C stretching vibration of cel-
lulose. The strong peak in NADES-ChCI/TA pretreated
rice straw biomass also implies the exposure of more cel-
lulose after pretreatment. The peak at around 830 cm™!
stronger in treated samples than untreated is indicative of
p-1,4-glycosidic bond vibrations [85]. Additionally, cellu-
lose crystallinity before and after pretreatment was assessed
using HBI, TCI, LOI, and CrI (Table 4). The HBI, TCI, and
LOI values of untreated (0.9919, 1.0045, and 1.0019) and
pretreated rice straw biomass (1.0057, 1.0239, and 1.0036)
are found to be increased after NADES-ChCI/TA pretreat-
ment. These increased crystallinity indexes could be due to
exposure to more crystalline cellulosic parts of the rice straw
biomass following NADES-ChCI pretreatment [86]. A simi-
lar observation with a change in cellulose crystallinity (HBI,
TCI, and LOI) was investigated by Gundupalli et al. during
Napier grass pretreatment using pure mixed and diluted DES
[38]. The HBI, TCI, and LOI of untreated Napier grass were
found to be 0.95, 1.03, and 1.01, and that for mixed DES,
pretreated Napier grass was 0.96, 1.02, and 1.02. Likewise,
an investigation by Boonsombuti et al. using FTIR on the
cellulose crystallinity of rice straw during ionic liquid, alka-
line, and acid pretreatment also revealed an increased trend
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Fig. 12 ATR-FTIR characterization of a untreated rice straw and b pretreated rice straw
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after pretreatment [83]. The FTIR crystallinity index during
ionic liquid pretreatment in this study increased from 1.05
for untreated to 1.10 for ionic liquid pretreated rice straw
biomass. Here, they concluded that this trend could be due
to the elimination of hemicellulose and lignin during pre-
treatment. Therefore, the comparison of ATR-FTIR spectra
of untreated and pretreated rice straw biomass in the current
study also reveals an effective removal of lignin and hemi-
cellulose components resulting in the production of CEM
following the pretreatment of rice straw with NADES-ChCl/
TA. The crystallinity of the untreated and NADES-ChCl/
TA pretreated samples was subsequently investigated using
XRD analysis.

3.12 XRD analysis

The XRD pattern of the NADES-ChCI/TA pretreated rice
straw sample was compared to that of untreated rice straw
as shown in Fig. 11. The crystallinity index (CrI), which
corresponds to the cellulose I polymorph at 26 ~22° and
~18°, was substantially higher in the pretreated rice straw
than in the untreated [87]. The Crl of untreated rice straw
biomass (~67%) was increased after pretreatment (~80%)
as represented in Fig. 13 (Table 4). The increase in Crl
was because of the removal of amorphous hemicellulose
and lignin through NADES-ChCI/TA pretreatment [42]. At
optimal conditions, the pretreatment temperature also has a
strong ability to partially break up and reduce the amorphous
regions of rice straw biomass, which exposes more crystal-
line cellulose and gives a higher degree of crystallinity. A
similar observation with an increase in Crl of pretreated rice
straw was also observed in a report by Freitas et al. after
alkaline pretreatment [88]. Also, during DES pretreatment of
rice straw, Hou et al. found an increase in Crl for pretreated
biomass, which they attributed to the removal of hemicellu-
lose and lignin content in the pretreated rice straw than that

of the untreated [18]. Similarly, an investigation of different
combinatorial pretreatment techniques utilizing DES solvent
to rice straw by Sawhney et al. found the CrI of rice straw
increased from 57.18 to 59-61% [42]. In agreement with
the current investigation, the DES pretreatment of various
LCBs can be correlated. For instance, Wang et al. reported
pretreatment of hybrid Pennisetum biomass with ChCl/glyc-
erol (ChCl/G) combined with different Lewis acids signifi-
cantly boosted the biomass Crl (59.60-70.80%) over that
of native biomass (58.14%) [89]. In another study by Shen
et al., it was observed that the ChCl/lactic acid pretreat-
ment enhanced the Crl of Eucalyptus camaldulensis LCB
from 50.4 to 68.3% [90]. The increase in the Crl indicates
arise in the cellulose fraction in the biomass rather than an
increase in the cellulose content [83]. Thus, DES pretreat-
ment breaks up the highly ordered raw LCB and gets rid
of some of its amorphous parts, which makes it easier for
enzymes to digest.

3.13 DES recovery and recycle

To develop an economically effective biorefinery, the
recyclability of the DES is of key importance. The abil-
ity to recycle green solvents is another important problem
that needs to be addressed. In this context, the recyclabil-
ity of NADES-ChCI/TA was investigated in the optimized
pretreatment condition. The extra water from the liquid
hydrolysate following lignin isolation was evaporated
under reduced vapor pressure until the weight remained
constant and the viscous liquid phase appeared. The
recovered NADES-ChCI/TA was used in the pretreat-
ment under optimized conditions (117 °C; 137.96 min;
NADES-ChCI/TA concentration 27.71%, 10% biomass
loading). The recycling of NADES-ChCI/TA was repeated
7 times. The NADES-ChCI/TA regenerated were char-
acterized with ATR-FTIR and spectra compared to the
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Fig. 13 Comparison of X-ray diffraction patterns for rice straw biomass untreated and pretreated with NADES-ChCI/TA
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Fig. 15 Saccharification study of NADES-ChCI/TA pretreated and
untreated rice straw samples

native one. The similarity in the ATR-FTIR spectra indi-
cates that the functional groups in the raw NADES-ChCl/
TA were preserved in the NADES-ChCI/TA obtained after
eight cycles (Fig. S3). The efficiencies of DES-ChCI/TA
in each cycle can be observed with the liquid hydrolysate
profile in each cycle as shown in Fig. 14. The RS per-
centage varies from around 56 to 48% whereas lignin
and furan compounds vary from 12.6 to 8.7% and 1.2 to
0.7% from first to eighth cycle. This nominal decrease of
three responses from the first to the eighth cycle shows a
high level of recyclability. The increase in contaminants
in the DES after each recycling could be the reason for
the reduction in DES pretreatment effectiveness. It has
been observed that there are carboxylic acids produced

@ Springer
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by the degradation of cellulose and hemicellulose as well
as phenolic compounds produced by the dissolution of
lignin leading to decreased pretreatment effectiveness of
NADES-ChCI/TA [91]. The findings of this study show
that NADES-ChCI/TA is renewable and can be recycled
and reused in biomass pretreatment. Thus, NADES-ChCl/
TA has the potential to lower the cost and chemical uses
for effective LCB pretreatment.

3.14 Enzymatic hydrolysis

The effect of NADES-ChCI/TA pretreatment on the pro-
duction of fermentable sugar from rice straw observed
using commercial enzymes cellulase and B-glucosidase
is shown in Fig. 15. Comparisons of raw and NADES-
pretreated rice straw in terms of fermentable sugar pro-
duction were evaluated. It can be seen in Fig. 15 that after
24 h of enzymatic hydrolysis, NADES-ChCIl/TA-treated
rice straw produced 12.68% of RS, which was substan-
tially more than the yield obtained in the same amount of
time through hydrolysis from untreated biomass (~6.14%
of RS). Similarly, there is an increase in the production
of fermentable sugar till 96 h for pretreated rice straw,
whereas a negligible increase was observed for untreated
rice straw hydrolysis during similar time intervals. The
maximum RS of 49.15% was observed at the interval of
96 h from pretreated rice which is 6.5 times higher than
the fermentable sugar produced via enzymatic hydrolysis
of untreated rice straw (~7.47% of RS) (Fig. 15). The
observation was based on the total cellulose and hemi-
cellulose components available in the untreated rice
straw biomass. This increase in the RS recovery from
NADES-ChCI/TA pretreated sample is due to high
lignin removal and carbohydrate recovery. The lignin
in untreated rice straw may inhibit the saccharification
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Fig. 16 a Mechanism of NADES-ChCI/TA pretreatment rice straw biomass and enzymatic hydrolysis. b Mass balance of NADES-ChCI/TA pre-

treatment of rice straw biomass

process by adsorbing cellulase enzymes, whereas the
residual lignin in treated samples has low enzyme adsorp-
tion [92]. The observation at the 120-h sample gave the
RS yield slightly lower than that of 96 h. Also, there has
been more decrease in RS yield at 144 h for NADES-
ChCl/TA pretreated rice straw samples with constant
release of RS from raw sample hydrolysis. This decrease
is due to an increase in the saturation for RS production

with time intervals. Thus, there were significant correla-
tions between pretreatment temperature and DES con-
centration sugar yield from enzymatic hydrolysis. The
NADES-ChCI/TA pretreatment gave a high recovery of
fermentable sugar with more effective enzymatic hydroly-
sis at around the 96th hour which may be due to higher
delignification of biomass with a significant effect of the
process variables at optimized conditions.

Table 5 Compositional analysis

. R Sample Cellulose (%) Hemicellulose (%) Lignin (%) Delignification Hemicellulose
of rice straw for determination (%) removal (%)
of delignification and
hemicellulose removal Untreated 31.75+3.09 14.70 +1.07 17.12+0.65 - -

NADES-ChCl/  52.35+2.49 3.90+0.83 13.98+1.56 18.34 73.46
TA pretreated
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3.15 Mechanism of NADES-ChCI/TA pretreatment
of rice straw

The possible structural transformation of the major constitu-
ents during NADES-ChCI/TA pretreatment of rice straw is
presented in Fig. 16a. The action of NADES-ChCI/TA on
rice straw during pretreatment breaks the complex structure
of rice straw biomass. The various kinds of bonding, including
hydrogen bonds and van der Waal forces, found in the molecu-
lar structures of cellulose and hemicellulose are weakened by
NADES-ChCI/TA’s interaction with these materials in LCB
[93]. The chloride anion in NADES-ChCI/TA establishes
effective hydrogen bonding interaction with hydroxyl groups
and carboxyl groups of lignin, disrupting the intramolecular
hydrogen bonds between lignin units [14]. Also, the NADES-
ChCI/TA due to its TA as HBD is slightly acidic. The NADES-
ChCl/TA offers the removal of hemicellulose (73.46%) and
delignification (18.34%) breaking the complex structure of rice
straw biomass (Table 5). After NADES-ChCI/TA pretreatment,
the cell wall of rice straw underwent modification, including a
reduction in lignin surface, an increased porosity, and a rougher
surface, which will result in greater enzymatic accessibility.

The process mass balance was revealed as presented in
Fig. 16b; it involves NADES-ChCI/TA pretreatment and
enzymatic hydrolysis of rice straw biomass. The calculation
in Fig. 16b was based on the 100 g of untreated rice straw
biomass. Once 100 g of rice straw (31.75 g cellulose, 14.70 g
hemicellulose, 17.12 g lignin) was subjected to pretreatment at
optimal condition (117 °C, 137 min, 25 v/v% NADES-ChCl/
TA concentration at 10% solid loading), ~68 g of the pretreated
rice straw was left as a solid residue. The pretreated rice straw
was composed of 38 g cellulose, 3 g hemicellulose, and 9.8 g
lignin. A good amount of hemicellulose and lignin removal has
occurred with the retention of cellulosic material in the pre-
treated rice straw biomass. The process of enzymatic hydrol-
ysis facilitated the release of glucose from cellulose, while
the enzymatic attack on hemicellulose revealed the presence
of xylose. The NADES-ChCI/TA pretreated rice straw was
enzymatically hydrolyzed using cellulase and f-glucosidase in
citric acid buffer solution (pH 4.8, 50 mM) to produce 25 g of
glucose, 0.19 g xylose, 0.14 g galactose, and 0.06 g arabinose.
Thus, the results indicate that the NADES-ChCI pretreatment
of rice straw biomass can be done under mild conditions to
improve the degradability of rice straw biomass.

4 Conclusion

In summary, this study showed a green approach to the
pretreatment of rice straw biomass, an agricultural residue
for value-added product recovery using natural DES. The
effect of different concentrations of NADES-ChCI/TA was
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investigated with various levels of temperature and pre-
treatment time. The optimum pretreatment conditions were
observed to be 117.63 °C, 137.96 min, and 25.01 v/v%
NADES-ChCI/TA concentration. The pretreatment at opti-
mal conditions resulted in 57.11+1.43% RS and 12.58 +-0.23
lignin recovery. A lignin yield of 45+2.02 mg per gram
was isolated from rice straw under optimal conditions. The
result obtained from ATR-FTIR spectra shows efficient lignin
removal and was also found to be consistent with XRD analy-
sis. The present study demonstrates the feasibility of using
natural green solvents for a more sustainable biorefinery.
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