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Abstract

Oil palm empty fruit bunch (OPEFB) is an abundant lignocellulosic residue whose high lignin content restricts its
bioconversion into sugars and value-added products. Deep eutectic solvents (DESs), particularly choline chloride—lactic
acid, offer a green and tunable platform for selective delignification and biomass fractionation. This study investigates
the effects of ChCL:LA (1:2) DES pretreatment under varying temperatures (100-140 °C) and reaction times (3-6 h) on
the chemical composition, structural modification, delignification kinetics, and enzymatic digestibility of OPEFB. A
modified combined delignification factor (CDF) was developed to unify temperature, time, and DES acidity into a single
severity descriptor. Delignification followed a biphasic pattern successfully captured by the CDF-based kinetic model
(R? = 0.9961), with activation energy of 63.5 kd.mol . Increasing pretreatment severity enhanced hemicellulose and
lignin removal (up to 95.5% and 84.4%), while cellulose remained largely preserved. SEM, XRD, and FTIR analyses
confirmed progressive disruption of the lignin—carbohydrate matrix, increased cellulose exposure, and removal of
amorphous domains. As a result, enzymatic hydrolysis yield improved by more than twofold relative to untreated
biomass, reaching 75.5% at 140 °C for 6 h. Mass-balance evaluation demonstrated that from 100 g OPEFB, DES
pretreatment yielded 21.6 g glucose and 24.7 g recoverable lignin under optimal conditions. Compared to other
pretreatment strategies, the ChCl:LA DES system achieved a balanced co-production of sugars and lignin in
significantly shorter processing time. Overall, this work provides mechanistic, kinetic, and mass-balance insights into
DES-assisted fractionation of OPEFB and highlights its potential in integrated multiproduct biorefineries.
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1. Introduction global priority [1,2]. Lignocellulosic biomass
represents a promising renewable resource for
biorefineries because of its abundance, carbon
neutrality, and potential to generate a broad
range of value-added bioproducts and biofuels [3—
7]. However, its rigid cell-wall architecture,
composed mainly of cellulose, hemicellulose, and
lignin tightly bound through lignin—carbohydrate
* Corresponding Author. hnkageg, limits enzymgtic hydrolysis apd efficient
Email: arief widjaja®@its.ac.id (A. Widjaja) conversion [8] Accordlngly, the establishment of
an effective pretreatment process to overcome this

The world is facing severe challenges from
climate change and environmental degradation
caused by excessive fossil-fuel consumption.
Developing renewable and sustainable feedstocks
for the production of fuels, chemicals, and
biomaterials has therefore become an urgent
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recalcitrance has become a critical step in the
valorization of lignocellulosic biomass [9,10].

Oil-palm empty fruit bunch (OPEFB) is one of
the most abundant agricultural residues
generated in tropical regions, particularly in
Indonesia. In 2019, the production of OPEFB was
approximately 45.86 Mt per year, accounting for
about 75.7% of the global supply [11]. The
expanding global demand for crude palm oil (CPO)
has led to a continuous increase in OPEFB
accumulation. Despite its high annual output,
OPEFB is still utilized mainly as a low-value
material for mulching or combustion, which
cannot compensate for the  associated
environmental burden. As a lignin-rich feedstock
containing roughly 35-45 % cellulose, 25-30 %
hemicellulose, and 25-30 % lignin [12], OPEFB
possesses great potential for bioconversion into
fermentable sugars, biochemicals, and functional
materials. However, its high lignin content and
compact fiber structure require an efficient
fractionation strategy to unlock its biorefinery
potential [13].

Various physical, chemical, and
physicochemical pretreatment technologies have
been developed to fractionate lignocellulosic
biomass, including dilute-acid hydrolysis, alkaline
delignification, organosolv, and hydrothermal
pretreatment [14-19]; however, these
conventional approaches often suffer from high
energy demand, equipment corrosion, and limited
selectivity for lignin removal. In recent years,
deep eutectic solvents (DESs) have emerged as
green and tunable alternatives capable of
selectively dissolving lignin while preserving
cellulose integrity [20—22]. DESs are formed via
hydrogen-bond interactions between a hydrogen-
bond acceptor (HBA) and hydrogen-bond donor
(HBD), producing low-volatility, low-toxicity, and
recyclable solvent systems [23,24]. Among them,
choline chloride (ChCl)-based DESs incorporating
organic acids such as lactic acid (LA) have
demonstrated superior delignification efficiency
and strong compatibility with enzymatic
hydrolysis [25,26]. Comparative studies indicate
that ChCL:LA can achieve delignification up to
94.4-95% at 120 °C (3—6 h) with cellulose recovery
around 91% [27], and enzymatic glucan hydrolysis
of approximately 92.7% after mild pretreatment
(120 °C, 1 h), although performance may decline
upon repeated cycles without solvent refreshing
[28]. In contrast, ChCl:urea and ChCl:glycerol
systems tend to favor fiber defibrillation rather
than lignin extraction under conditions such as
140 °C for 6 h (1:2 mol ratio), resulting in lower
lignin removal and reduced glucan conversion (up
to 72.6%), despite good enzyme stability in the
case of ChCl:glycerol [29]. Acidic HBDs such as
formic or oxalic acids show matrix-dependent
performance without consistently surpassing
ChCL.LA [30,31], while ChCl:levulinic systems

remain promising but lack standardized
comparative metrics [32,33]. Additionally, cost
and feedstock availability favor ChCL:LA due to
the scalability of ChCl and lactic acid and reported
process-level cost reductions [32,34].
Mechanistically, ChCl provides strong hydrogen-
bonding capacity and ionic character, whereas
lactic acid introduces mild acidity that facilitates
cleavage of ether and ester linkages within the
lignin—carbohydrate complex (LCC), supporting
efficient fractionation [35-37]. Accordingly,
ChCL:LA-based DES pretreatment is widely
regarded as an environmentally benign and
effective strategy for lignocellulosic biomass
fractionation.

Although numerous studies have
demonstrated the ability of ChCl-based DESs to
dissolve lignin and 1mprove enzymatic
digestibility, a mechanistic understanding of how
pretreatment intensity influences the selective
fractionation of OPEFB remains limited [38,39].
Moreover, most previous works emphasized sugar
yield enhancement, whereas the structural
evolution and potential valorization of the lignin
fraction received less attention [40,41]. To address
these gaps, pretreatment severity indices have
been introduced to quantify process intensity and
correlate it with biomass deconstruction.
Traditionally, the overall severity of
hydrothermal reactions i1s expressed by the
logarithmic severity factor, which combines
temperature and reaction time [42,43]. However,
this empirical parameter neglects solvent
composition and catalytic effects, which are
critical in non-aqueous or hybrid solvent systems.
Recently, a modified severity factor, termed the
combined delignification factor (CDF), has been
developed to provide a more comprehensive
evaluation of lignin removal Kkinetics under
variable reaction conditions [44,45]. These
modified parameters enable a more accurate
description of process severity in DES
pretreatment.

The present study investigates a DES
pretreatment strategy for OPEFB wusing a
ChCLLLA system under various severity
conditions. It was hypothesized that the
synergistic action of thermal activation and the
hydrogen-bond network in ChCLLA would
effectively disrupt the LCC structure, enhance
hemicellulose solubilization, and promote lignin
extraction while preserving cellulose. Accordingly,
this work aimed to (1) evaluate the effect of
operational conditions on the chemical
composition and component removal of pretreated
OPEFB, (i1) model delignification using CDF as
modified severity parameters, and (iii) examine
the relationship between pretreatment
conditions, lignin characteristics, and enzymatic
hydrolysis efficiency. The results provide a
comprehensive  understanding of OPEFB
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fractionation under relatively mild operating
conditions conditions and establish a foundation
for its biorefinery conversion into fermentable
sugars and functional lignin-derived materials.

2. Materials and Methods
2.1 Materials

OPEFB was obtained from PT. Sawit Arum
Madani, Blitar, Indonesia. The biomass was
washed and prepared according to NREL Protocol
[45], and subsequently milled to achieve a particle
size of 40—60 mesh. L(+)-lactic acid and choline
chloride, used as the constituents of the deep
eutectic solvent (DES), were purchased from
Merck (Germany) and Sigma-Aldrich (USA),
respectively. The cellulase enzyme from
Trichoderma reesei and all other analytical-grade
reagents were supplied by Sigma-Aldrich (USA).

2.2. DES Preparation and Pretreatment of
OPEFB Biomass

The steps of DES preparation and
pretreatment were adapted from a previous study
[46]. The DES was prepared by combining lactic
acid and choline chloride at a molar ratio of 2:1,
followed by heating in a closed round-bottom flask
at 70 °C with continuous stirring until a clear and
homogeneous liquid was obtained. The mixture
was subsequently cooled to room temperature
prior to use. For DES pretreatment, 3 g of OPEFB
was mixed with 60 g of DES in a 250 mL three-
neck round-bottom flask. The pretreatment was
carried out at 120-140 °C for 3-6 h [47]. Upon
completion, 60 mL of ethanol was added to the
slurry, followed by vacuum filtration. The residual
solids were washed with an ethanol-water
mixture and subsequently dried in an oven at 60
°C prior to further analysis. The lignin-rich DES
fraction was further processed for lignin recovery
[48]. Deionized water was added to the filtrate at
a ratio of 1:5 (filtrate:water) to induce lignin
precipitation. The precipitated lignin was
separated by centrifugation (HERMLE Z306
universal centrifuge) at 10,000 rpm for 10 min and
dried in an oven at 60 °C before characterization.

The removal of lignin was modeled according
to a modified severity factor that could unify the
pretreatment operation conditions such as
temperature, time, and concentration of DES
during pretreatment. The removal of lignin from
OPEFB, based on its depolymerization behavior,
was described by the following equations:

T = —k(T, €, . )CLyes (1)

where L,,; represents the residual content
component of lignin and remained in the

pretreated solid, while T is the reaction
temperature (K), C denotes the lactic acid

concentration (mol/L) in DES system. The
reaction rate constant, k(T,C,...) is a function of
temperature, lactic acid concentration in this
study, and other influencing factors. The rate
constant (k) was expressed using an Arrhenius-
type formulation that incorporates the catalytic
effect of DES system, as shown in [49,50]:

k=exp(a—i—;+BC) 2)

where E, denotes the apparent activation energy
(J/mol), R is the universal gas constant (8.314
J/mol K), and a and B are empirically fitted
parameters.

Lignin was assumed to consist of two distinct
fractions: fast-reacting (L) and slow-reacting (L;)
components. The hydrolysis kinetics of each
fraction were described by the following rate
equations, as shown in Equations (3) and (4)
[44,49,50]:

de _
=L = —kCLy (3)
s = —fkCL (4)

dc

where, f represents the ratio of the rate constants
for slow- and fast-reacting lignin, while 6 denotes
the initial fraction of slow-reacting fraction. The
equations presented are analogous to previous
research on the Lewis acid hydrolysis of xylan
during hydrothermal pretreatment, which
identified both slow and fast hydrolyzing
components of xylan [45]. Moreover, as
pretreatment is influenced by factors such as
temperature, duration, and catalytic agents, a
similar approach is applied during DES
pretreatment to correlate with lignin dissolution.
By solving the corresponding differential
equations, the residual content can be represented
as a function of the modified severity factor, a
combined delignification factor (CDF) for the
delignification of OPEFB, which is analogous to
the combined hydrolysis factor (CHF) identified in
previous research during xylan hydrolysis. Based
on this formulation, the CDF for a given reaction
time t was defined as shown in Equation (5).

CDF=exp(a—§—;+BC)Ct (5)

Equations (3) and (4) were solved to yield
Equation (6):

Lyes = (1 —0) exp(—CDF) + 0 exp(—fCDF) (6)

The model was fitted to the experimental data
to estimate the kinetic parameters a, S, E,, 0, and
f, thereby elucidating the effects of pretreatment
conditions, particularly temperature and LA
concentration, on delignification, and overall
pretreatment performance. The objective function

Copyright © 2026, ISSN 1978-2993
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F was minimized to achieve the best fit between
the predicted and experimental values of residual
component of interest, as described as follow:

2
F =3, (Xmodet — xof (7

where, N is the number of data points, X2 and
Xy are the modeled and experimental residual
lignin respectively. This objective function was
minimized using MATLAB 2025a.

2.3. Enzymatic Hydrolysis of Pretreated OPEFB

Enzymatic hydrolysis or saccharification of
the pretreated OPEFB residue samples was
carried out in an Erlenmeyer flask with 0.5 g of
biomass, 0.05 M sodium citrate buffer (pH of 4.8),
and cellulase enzyme at 17.5 FPU/biomass (g).
The Erlenmeyer flask was incubated in an
incubator shaker (50 °C, 150 rpm) for 72 hours.
The saccharification yield was calculated using
Equation (8) as follows:

glucosex0.9 (gram)

x 100% 8)

Yo =
EH cellulose in OPEFB (gram)

2.4. Compositional Analysis of Pretreated OPEFB
and Enzymatic Hydrolysate

To assess sugar content, hydrolysates from
both solid compositional hydrolysate and
enzymatic hydrolysis processes were examined
using high-performance liquid chromatography
(HPLC). The analysis employed a Thermo
Scientific Vanquish Core HPLC (Thermo
Scientific, USA) with a HyperREZ XP
Carbohydrate Pb++ column (8 pm, 300X7.7 mm)
(Thermo Scientific, USA) and a refractive index
(RI) detector. The HPLC was operated under the
following conditions: a flow rate of 0.6 mL/min, a
temperature of 85 °C, a pressure of 9 bar, and
HPLC-grade water served as the mobile phase.

The biomass was analyzed compositionally
using the NREL method [45]. This approach
entailed  hydrolyzing the biomass with
concentrated sulfuric acid to measure the
carbohydrate components (monomeric sugars)
and to assess the lignin content, which includes
both acid-soluble lignin (ASL) and acid-insoluble
lignin (AIL).

The evaluation of DES pretreatment's effect
on OPEFB biomass was conducted. The extent to
which specific components of OPEFB were
removed was determined using Equation (9).

pretreated OPEFB component mass(g)

) x 100
)

where, R; represents the removal percentage of a
specific OPEFB component i (hemicellulose,
cellulose, or lignin). Meanwhile the recovered
lignin (Y;) for each pretreatment was calculated
as follows:

Ri(%) = (1-

initial OPEFB component mass(g)

Isolated lignin (gram)

x 100% (10)

L= Lignin from OPEFB (gram)

2.5.  Morphology, Functional Group, and
Crystallinity Analyses of OPEFB

The study examined how pretreatment
variables affect crystalline, morphology, and
functional groups of OPEFB. The crystallinity of
both DES-treated and untreated OPEFB solid
fractions was assessed using X-ray diffraction
(XRD) in accordance with Segal’s method [51].
XRD analysis was conducted with an X’Pert PRO
(PAN-analytical BV, Netherlands), utilizing Cu
Ka radiation at 40 kV and 30 mA. The
crystallinity index (Crl) was determined using
Equation (11).

crl (%) = % x 100% (11)

where Iy,, denotes the intensity of the 002
cellulose diffraction plane at 22.6°, and Iy,
signifies the intensity of the amorphous cellulose
region at 18°.

To investigate morphological alterations in
OPEFB after different pretreatments, scanning
electron microscopy (SEM) (Hitachi FlexSEM
1000, Japan) was utilized. Furthermore, Fourier
transform infrared (FTIR) spectroscopy (Agilent
Cary 630 FTIR Spectrometer, USA) was used to
evaluate changes in the functional groups of the
OPEFB samples.

2.6. Lignin Characterizations

Fourier  Transform  Infrared (FTIR)
spectroscopy was employed to investigate
alterations in the chemical structure of Oil Palm
Empty Fruit Bunch (OPEFB) using a
PerkinElmer System 2000 FTIR, spanning a
spectral range from 4000 to 650 cm™1. The FTIR
measurements were performed in transmission
mode. For comparative analysis with other
pretreatment methods, organosolv lignin was
selected. The procedure for obtaining organosolv
lignin is as follows [52]: pretreated OPEFB solid
was combined with aqueous ethanol at varying
concentrations, maintaining a solid-to-liquid
ratio of 1:10. The reaction was conducted at
180°C with 80% EtOH for 60 minutes and
maintained for 30 minutes. Subsequently, the
reactor was cooled to 30°C, and the suspension
was filtered to separate the solid phase
containing cellulose from the liquid phase
containing lignin. The solid OPEFB was washed
with ethanol at 70 °C and 50 wt%. It was then
rinsed three times with water to remove any
residual ethanol. The solid OPEFB was dried in
an oven at 60 °C until a constant weight was
achieved. The washing liquid, comprising lignin
and ethanol solvent, was allowed to precipitate at
4 °C overnight. It was then subjected to
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centrifugation at 10,000 rpm for 15 minutes. The
resulting lignin solid was subsequently oven-dried
at 60 °C.

2.7. Statistical Analysis

The nonlinear regression model (Equation
(6)) that characterizes delignification underwent a
statistical evaluation. Parameters of the model (a,
E,, 3,0, and f) were determined through nonlinear
least-squares fitting, and their significance was
tested using t-tests at a 95% confidence interval.
For each parameter, both the estimated value and
the p-value were documented. The model's overall
fit quality was assessed using R?, while the
statistical validity of the model was confirmed
through ANOVA of the regression (F-test). All
analyses were conducted using MATLAB R2025a.

3. Results and Discussion

3.1 Effect of DES pretreatment conditions on
OPEFB composition and lignin removal

Figure 1 presents the effects of DES
pretreatment on the removal of lignocellulosic
components and the subsequent changes in the
solid composition of OPEFB under various
temperature and reaction time conditions. Figure
la illustrates the removal percentages of
hemicellulose, lignin, cellulose, and the yield of
successfully isolated lignin, while Figure 1b shows
the impact of these removals on the relative
proportions of cellulose, hemicellulose, and lignin
remaining in the pretreated solids. Hemicellulose
removal (Ry) increased consistently with both
temperature and reaction time. At 100 °C,
hemicellulose removal was moderate (65.82%),
reflecting limited solubilization under mild
conditions. As temperature increased to 120 °C
and 140 °C, hemicellulose removal became more
pronounced (up to 93.75%), particularly at 6 h.
This suggests that DES efficiently breaks the
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ester and ether bonds in hemicellulose when
subjected to higher thermal energy and as the
process continues over time [53]. This trend
aligns with the known susceptibility of
hemicellulose, an amorphous and thermally
labile polysaccharide, to dissolution in acidic or
hydrogen-bonding DES systems [8]. Moreover,
the mass transfer during pretreatment is
enhanced by reducing the viscosity of the solution
at elevated temperatures, thereby facilitating the
mass transfer processes during extraction. These
phenomena have been corroborated by other
studies, which indicate that at higher
temperatures, the removal of hemicellulose is
similarly increased. Specifically, when the
temperature is raised from 100 °C to 140 °C,
hemicellulose  removal in maleic acid-
polyethylene glycol-choline chloride systems
increases from 72% to 93% [54].

Meanwhile, the removal of lignin (R,)
demonstrated a similar enhancement dependent
on both temperature and time. At 100 °C at 3 h,
lignin removal was limited (38.2%), indicating a
partial  disruption of lignin—carbohydrate
complexes. However, increasing the temperature
to 120 °C, and particularly to 140 °C, resulted in
significantly higher lignin removal, with the most
substantial delignification observed at 140 °C for
a duration of 6 hours (84.4%). The decrease in
lignin proportion in the solids also correlates with
the increased lignin yield in the liquid phase,
confirming that the lignin removed from the
biomass matrix is being effectively extracted by
DES [55]. This delignification improvement can
be attributed to the enhanced interactions
between DES and lignin functional groups. The
ChCl, serving as the HBA, and LA, acting as the
HBD, form a network of hydrogen bonds with the
phenolic hydroxyl groups in lignin, thereby
facilitating the dissolution of the lignin fraction
[66]. Furthermore, the acidic nature of the HBD
in this system (LA) possesses protons that can

(b) 100

D Lignin D Cellulose . Hemicellulose

80 4
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Relative Compositions
(Cellulose, Hemicellulose, or Lignin) (%)

20

Figure 1. Effect of DES pretreatment conditions on lignin yield, component removals (a) and relative

compositions (b) of OPEFB.
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catalyze the cleavage of f—0—4 linkages within
the lignin structure, a process that becomes more
efficient at elevated temperatures [57]. Similar to
the dissolution of hemicellulose, once the lignin
fraction is  depolymerized through the
aforementioned mechanism, the mass transfer of
lignin  extraction is  enhanced  during
pretreatment at higher temperatures [58].
Similar phenomena have been observed in other
research, which reported that lignin removal
increased with higher temperatures, specifically
from 90 °C to 130 °C, resulting in delignification
levels rising from 33% to 77% in lactic acid-
betaine hydrochloride [59].

In contrast to hemicellulose and lignin,
cellulose removal (R;) remained consistently low
across all pretreatment conditions (<35.1%). This
behavior reflects the intrinsic recalcitrance of
cellulose, whose crystalline regions and strong
hydrogen-bonding network are not easily
disrupted by DES [60]. The low cellulose removal
is advantageous because it preserves the
structural integrity of cellulose in the solid
fraction, making it a suitable substrate for
downstream enzymatic hydrolysis or further
processing [61].

The component removals in Figure 1la
correspond directly to the compositional shifts
observed in Figure 1b. As hemicellulose and lignin
are progressively removed, their proportions in
the solid decrease, causing the relative cellulose
content to increase. This enrichment effect
becomes most pronounced at 140 °C, where
delignification and hemicellulose dissolution are
maximal in this study. The remaining solids at
these conditions contain a substantially higher
proportion of cellulose and significantly reduced
lignin content, reflecting successful disruption of
lignin—carbohydrate complexes and selective
solubilization of non-cellulosic components [22].
Overall, the pretreatment with deep eutectic

solvents (DES) exhibits a distinct selective
fractionation pattern, hemicellulose is initially
and most readily removed, lignin dissolution
significantly increases with both temperature and
duration, while cellulose remains largely
unaffected. These removal behaviors directly
influence the composition of the pretreated solids
and determine the lignin yield in the liquid
fraction. The strong correlation between
increased pretreatment variables, higher lignin
removal, and elevated lignin yield underscores
the efficacy of DES as a delignification medium.

3.2.  CDF-based Modeling and Kinetic
Interpretation of OPEFB Delignification during
DES Pretreatment

The observed trend of increased lignin
removal with rising temperature and extended
time, as illustrated in Figure 1, can be modeled to
assess the effect of a unified parameter. This
parameter represents the combined influence of
temperature, time, and the constituents of DES,
as demonstrated in Figure 2. Figure 2 illustrates
the correlation between the CDF, a unified
parameter encompassing temperature, time, and
DES constituent, and the residual lignin fraction
(Lyes) as the response. It also includes a parity plot
that compares model-predicted values with those
obtained experimentally. The trend depicted in
Figure 2a demonstrates a rapid decrease in (L)
at low CDF wvalues, followed by a gradual
approach toward a lower asymptotic limit as CDF
increases. This pattern indicates that lignin
removal is highly sensitive to initial increases in
pretreatment severity, during which readily
cleavable lignin—carbohydrate linkages and
amorphous lignin domains are rapidly
solubilized. Beyond a CDF of approximately 4-5,
the curve begins to plateau, suggesting that the
remaining lignin becomes increasingly resistant

—Eq. (6)
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Figure 2. (a) Relationship between CDF and Lyes, as modeled by Equation (6); (b) Parity plot comparing

actual and predicted values of Lres.
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to degradation due to its more crosslinked,
structurally stable nature, and higher diffusion
resistance as it penetrates deeper into the cell
wall, and forming a condensed structure at higher
temperature [58,62]. The fitted curve based on
Equation (6) accurately captures this biphasic
delignification profile, reflecting the combined
kinetic contributions of temperature and solvent-
driven delignification. The close match between
the model and data points (RZ= 0.9961) indicates
that the CDF formulation effectively represents
the severity-dependent behavior of lignin removal
during  pretreatment.  This  rapid-to-slow
transition in L, aligns with the typical two-stage
delignification kinetics observed in lignocellulosic
biomass, where easily accessible lignin is removed
quickly, while residual lignin requires higher
severity or prolonged exposure for further
depolymerization [63,64].

The fitted kinetic parameters obtained from
the model are summarized in Table 1. Among the
parameters, the activation energy (¥,) exhibited a
strongly significant effect (F =161.55, p =0.0011),
confirming that temperature plays a dominant
role in controlling lignin solubilization. The fitted
value of 63.5 kd/mol is consistent with reported
activation energies for lignin depolymerization in
various pretreatment systems, further supporting
the physical relevance of the model. The
parameter 6 (0.199) was also statistically
significant (F = 14.174, p = 0.0328), indicating
that it contributes meaningfully to capturing the
curvature of the CDF - L,. relationship,
particularly the transition from the rapid initial
degradation phase to the slower delignification
regime. The activation energy (E,) of 63.5 kd/mol
is notably lower than the value of 95.8 kd/mol
reported in another study involving the p-
toluenesulfonic acid (p-TsOH) system. This
indicates that the ChCl:LA DES system exhibits a
reduced activation energy, thereby enhancing its
efficacy in the delignification of lignocellulose
biomass [44]. Besides, (f, a, and f) showed limited
statistical significance (p > 0.05), implying that
their influence on L, is less pronounced within
the experimental range studied. Their inclusion,
however, contributes to fine-tuning the model

Table 1. CDF modelling parameters and ANOVA
result.

Model Fitted

Parameters Unit Value F-value  p-value
E, kd/mol 63.5 161.55 0.0011
7] none 0.199 14.174  0.0328
f none 0.022 0.4700  0.5422
a none 2.71 0.0016  0.9709
B L/mol 3.12 0.0257  0.8828

across the entire CDF domain and may hold
greater relevance under broader operational
conditions not represented in the current dataset.
Their low F-values suggest that variations in
these secondary factors do not substantially
impact lignin removal compared to the dominant
effects captured by E, and 6. The predictive
capability of the fitted model is validated by the
parity plot shown in Figure 2b. The close
alignment of data points along the 1:1 line
indicates strong agreement between the
estimated and experimental L,,; values across all
pretreatment conditions. This demonstrates that
the CDF-based model provides both a statistically
reliable and  mechanistically  meaningful
framework for describing lignin degradation
behavior. The results indicate that the
development of the CDF serves as a predictive tool
for correlating operational variables with the
extent of delignification. Moreover, it can be
utilized as a scale-up parameter in industrial
applications, as it effectively captures the primary
controlling variables during the delignification of
biomass [45].

3.3. Physicochemical and Structural
Characterization of DES-pretreated OPEFB and
Recovered Lignin

The morphological, structural, and chemical
transformations of OPEFB following DES
pretreatment at 100-140 °C for 6 hours were
examined using SEM, XRD, and FTIR analyses
(Figure 3). These analytical techniques offer
complementary insights into the extent of biomass
disruption, alterations in functional groups, and
variations in cellulose crystallinity, all of which
are essential for comprehending the fractionation
behavior induced by DES.

The SEM micrographs presented in Figure 3a
illustrate a distinct progression of morphological
disruption as the pretreatment temperature
increases. The untreated OPEFB fibers display a
compact and rigid surface with minimal visible
porosity, indicative of the intact lignin—
hemicellulose network that securely binds the
cellulose microfibrils. Following pretreatment at
100 °C, there is evidence of partial surface peeling
and loosening of the fiber bundles, suggesting
initial solubilization of hemicellulose and partial
delignification. At 120 °C, the fibers exhibit
increased separation and a rougher surface,
consistent with the enhanced removal of
hemicellulose and the weakening of lignin—
carbohydrate complexes. The most extensive
structural disintegration is observed at 140 °C,
where the fibers show significant fibrillation,
cracks, and exposed cellulose microfibrils. This
pronounced disruption aligns with the highest
lignin and hemicellulose removal observed in
Figure 1, confirming that DES effectively

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (2), 2026, 419

penetrates and deconstructs the biomass matrix.
The increased surface roughness and fiber
separation at elevated temperatures also suggest
improved accessibility to cellulose, which is
advantageous for subsequent hydrolysis or
functionalization processes [65].

The crystallographic properties of DES-
pretreated OPEFB were evaluated using XRD
(Figure 3b). The Crl values demonstrate a clear
dependence on the pretreatment temperature.
The untreated biomass exhibits a Crl of 65.6%,
which increases to 80.8%-82% following treatment
at 100-140 °C. This enhancement in crystallinity
confirms the preferential removal of amorphous
components, primarily hemicellulose and portions
of amorphous lignin, resulting in the relative
enrichment of crystalline cellulose [65]. Such
behavior is characteristic of DES pretreatment,
where selective solubilization of non-crystalline
domains enhances the overall ordering of the
cellulose fraction. However, at the higher
temperature of 140 °C, the Crl remains relatively
constant at approximately 81.0%, indicating the
onset of partial cellulose disruption or disordering
at elevated temperatures, even though the
composition of cellulose is highest at 140°C and 6
hours. This suggests that although DES is
selective, excessive severity may begin to erode
crystalline cellulose or increase fiber swelling to
the extent that crystallinity appears reduced [66].

FTIR analysis (Figure 3c and Table 2)
provides further insight into the chemical

modifications induced by DES pretreatment. The
broad O-H stretching band observed around
3300-3400 cm™ exhibits a decrease in intensity
post-pretreatment, indicating the disruption of
intermolecular hydrogen bonding and the partial
dissolution of lignin and hemicellulose [67]. The
associated with C-H

peak near 2907 cm™,

——100°C
——120°C
[——140°C

P s ib) F Un(rcah:}

Crl
81.0%

Intensity (a.u)

stretching in lignin aliphatic groups, diminishes
with increasing temperature, reflecting
progressive delignification [68]. A significant
reduction in the ester carbonyl peak around 1729
cm™! confirms the removal of hemicellulose, as
this region corresponds to acetyl and uronic ester
groups prevalent in hemicellulosic structures [69].
Furthermore, the aromatic skeletal vibrations at
1600-1510 cm™ show reduced intensity,
consistent with lignin  solubilization and
modification during DES pretreatment [47].

Table 2. FTIR peak spectrum and corresponding
functional group.

Pea}{l Functional Group References
(cm™)
3333 Interactions (-OH) involving [68]

hydrogen bonds occur both within
and among the molecules of
hemicellulose, cellulose, and

lignin.

2907 Aliphatic C-H stretching in lignin. [68]

1729 Carbonyl ester groups (C=0) in [69].
lignin or acetyl groups in
hemicelluloses.

1603 Aromatic ring (C=C) stretching [47]
vibrations characteristic of lignin.

1509 Additional aromatic ring [47]
stretching vibrations observed in
lignin.

1371 C-H, O-H, or C-O bonds, [47,70]
commonly found in
hemicelluloses.

1327 C-H, O-H, or C-O bond vibrations [47,70]
associated with hemicelluloses.

1238 Stretching of C-H, O-H, or C-O [47,70]

bonds in hemicelluloses.

140°C, 6h

120°C, 6h

' /’\f”' o
100°C, 6h \
W t -

Transmittance (a.u.)

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (em™) .

Figure 3. SEM, XRD, and FTIR of pretreated OPEFB (100-140 °C, 6 h).
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Peaks associated with hemicellulose, such as
those near 1371 cm™ (C—H bending) and 1238
cm™! (C-O stretching) also weaken or shift,
reflecting  the  progressive cleavage  of
hemicellulosic linkages [47,70]. Collectively, the
FTIR spectrum confirms selective fractionation,
with DES effectively removing hemicellulose and
modifying lignin while largely preserving
cellulose functional groups.

The combined results from SEM, XRD, and
FTIR analyses indicate that DES pretreatment
substantially modifies the physicochemical and
structural characteristics of OPEFB. An increase
in temperature facilitates the removal of
amorphous hemicellulose and lignin, resulting in
noticeable  structure disruption, enhanced
cellulose exposure, and increased crystallinity
under moderate conditions. These structural and
chemical changes align with the fractionation
patterns observed in Section 3.1 and corroborate
the mechanism by which DES selectively
dissolves lignin-rich and hemicellulosic domains
[8,58]. The enhanced accessibility of cellulose and
the altered lignin environment underscore the
potential of DES pretreatment as an effective
strategy for biomass deconstruction, lignin
recovery, and the valorization of cellulose-rich
solids for subsequent processing.

Comparative FTIR analysis between DES-
derived lignin and organosolv lignin (Figure 4)
revealed both similarities and subtle differences
in structural features. Both samples exhibited
broad O-H stretching bands in the 3315 cm™
region, confirming the presence of aliphatic and
phenolic hydroxyl groups. However, the DES
lignin showed a slightly broader and more intense
O-H absorption, which may suggest higher
hydroxyl availability, potentially associated with
cleavage of lignin—carbohydrate linkages during

~——— DES Lignin
Organosolv Lignin

I Pl
3315y 2925 )
VN

\i )
|

[
1030
/

Transmittance (a.u.)

T T | — T T T T f T
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4. Comparison of OPEFB DES and
Organosolv Lignin.

Yiu (%)

DES treatment. The characteristic aromatic
skeletal vibrations at 1606 and 1506 cm™ were
present in both samples, indicating preservation
of the aromatic backbone. Notably, the relative
intensity of these bands appeared slightly reduced
in DES lignin compared to organosolv lignin,
which may reflect partial structural modification
or differences in condensation behavior under the
respective pretreatment conditions. In the 1265—
1220 cm™ region corresponding to guaiacyl and
syringyl-associated C-O stretching, both lignins
retained characteristic signals, although minor
variations in peak sharpness were observed. The
absorptions between 1120 and 1030 cm™,
associated with C—-O stretching in ether linkages
and alcohol groups, remained evident in DES
lignin, suggesting that key ether structures were
not extensively degraded. Overall, the FTIR
comparison indicates that DES pretreatment
effectively extracts lignin while largely preserving
its aromatic structural framework, with only
moderate modification relative to organosolv
lignin.

3.4 Enzymatic Hydrolysis Performance of DES-
pretreated OPEFB

The enzymatic hydrolysis performance of
DES-pretreated OPEFB is depicted in Figure 5.
The untreated biomass demonstrated the lowest
hydrolysis yield (Yzy), indicative of the inherent
recalcitrance of the lignocellulosic matrix, where
intact lignin—carbohydrate complexes and limited
surface porosity impede enzyme accessibility.
Pretreatment at 100 °C significantly enhanced
Ygy for both 3-hour and 6-hour durations,
increasing the yield by approximately 46.6% and
58.4% compared to the untreated sample. This
improvement aligns with the moderate removal of
hemicellulose and partial delignification observed
previous sections, which begins to expose cellulose

100%

B Untreated
[
1 6n

80%

=

=

60% - e

40% -

20% -]

0% -
Untreated 100 120 140

Temperature (°C)

Figure 5. Enzymatic hydrolysis yield (Yen) of
pretreated OPEFB.
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microfibrils and weakens the protective lignin
barrier. At 120 °C, Ygy exhibited a further
increase, surpassing 67.2-68.4% for both
pretreatment durations. This notable
enhancement can be attributed to the more
extensive dissolution of hemicellulose and lignin
at this temperature [71], as corroborated by the
FTIR and SEM analyses. The FTIR spectra
(Figure 3c) reveal clear reductions in
hemicellulose-associated peaks (e.g., 1729 cm™
and 1238 cm™), along with diminished lignin
aromatic vibrations, indicating removal of non-
cellulose component enhance the cellulose
accessibility. SEM images (Figure 3a) display a
more disrupted surface with exposed fibrils, which
likely facilitates enzyme penetration. XRD results
(Figure 3b) also indicate increased crystallinity at
moderate temperatures, reflecting the removal of
amorphous non-cellulose components that
otherwise 1mpede enzymatic activity [16].
Collectively, these structural and chemical
changes  contribute to the  substantial
improvement in hydrolysis efficiency observed at
120 °C. The highest enzymatic hydrolysis yields
were achieved at 140 °C, with pretreatment
durations of 3 hours and 6 hours resulting in Yz,
values exceeding 69.6% and approaching 75.5%,
respectively. These yields represent more than a
twofold enhancement compared to untreated
OPEFB. The superior performance at 140°C 1is
consistent with the most extensive lignin and
hemicellulose removal observed in previous
sections and aligns with the pronounced
morphological disruption evident in SEM
micrographs. At this level of severity, DES
pretreatment effectively removes the majority of
the amorphous matrix encasing cellulose,
resulting in a highly accessible fiber structure.
The highest Yy values observed at 140 °C,

underscore the strong potential of DES systems
for producing cellulose-rich, enzyme-accessible
substrates suitable for downstream bioconversion
processes.

3.5 Mass-balance Assessment and Comparative
Evaluation of DES Pretreatment Efficiency

A detailed mass-balance assessment of DES
pretreatment under the selected optimal
condition (ChCLLA, 1:2 at 140 °C for 6 h) is
presented in Figure 6. Starting from 100 g of raw
OPEFB containing 26.79 g hemicellulose, 38.56 g
cellulose, and 33.24 g lignin, the DES
pretreatment produced two primary output
streams: 32.84 g of solid pretreated OPEFB and
67.16 g of solubilized biomass fraction. This
distribution demonstrates the high solubilization
capability of the ChCl-lactic acid system,
particularly for lignin and hemicellulose. The
solid fraction retained after pretreatment
contained only 2.98 g hemicellulose, 25.73 g
cellulose, and 5.32 g lignin, indicating substantial
removal of amorphous polymers. Hemicellulose
removal reached 95.5%, consistent with the FTIR
evidence of ester bond cleavage and loss of acetyl
functionalities [72] (Section 3.3). Lignin removal
exceeded 84.4%, confirmed by the weakening of
aromatic skeletal bands in FTIR spectra and
increased fiber exposure in SEM micrographs
[73]. Importantly, cellulose was largely preserved,
with 66.7% of the initial cellulose mass retained
in the pretreated solid. This selective removal
behavior reflects the strong hydrogen-bonding
interactions between DES components and
lignin/hemicellulose, while crystalline cellulose
remains structurally stable under the selected
solvent and temperature conditions [74,75]. The
solubilized stream comprised 67.16 g of biomass-
derived components, including 23.81 g of

32.84 g Pretreated CCH

particularly under the 6-hour condition,
2.98gH
25.73gC
5.32gL
100 g Raw OPEFB ( N\
26 7§ gH DES Pretreatment
38.56gC > [ChC::LA (1:2)
33.24gL L 140°C, 6 h)

4 3\
N Enzymatic N Enzymatic
> Hvdrolvsis 1 hydrolysate
y Yy 21.58 g glucose
4 J

A 4

23.81 g H fraction
12.83 g C fraction
27.92 g L fraction

67.16 g solubilized OPEFB

Lignin Recovery
24.74 g Isolated
Lignin

A 4

Figure 6. Mass balance of OPEFB DES pretreatment.
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hemicellulose, 12.83 g of cellulose-derived soluble
fractions, and 27.92 g of lignin. This outcome
underscores the significant delignification
potential of the ChCL:LA DES system, which
effectively disrupts lignin—carbohydrate
complexes and solubilizes lignin fragments into
the DES phase. Subsequent lignin recovery
resulted in 24.74 g of 1isolated lignin,
corresponding to an approximate recovery
efficiency of 74.4% relative to the lignin in
biomass. The ability to obtain a high-purity lignin
stream is advantageous for downstream
valorization, such as the production of aromatic
monomers or materials applications [76].

Following DES pretreatment, the enzymatic
hydrolysis of the cellulose-rich solid yielded 21.58
g of glucose, indicating a significant enhancement
in digestibility compared to untreated biomass.
The elevated Ygy values reported in Section 3.4
correspond with the substantial removal of lignin
and hemicellulose as quantified in this mass
balance. By eliminating the non-cellulosic matrix,
DES pretreatment increases the accessible
cellulose surface area and improves enzyme—
substrate interaction, as evidenced by the
morphological and  crystallinity  changes
characterized in Section 3.3.

As evidenced by the mass balance analysis,
the results were presented and compared with
other pretreatment methods in Table 3. Current
pretreatment strategies have primarily focused on
enhancing glucose yield from enzymatic
hydrolysis (EH). The addition of hydrothermal
pretreatment using dilute sulfuric acid (H2S04)
and maleic acid (MA) resulted in yields of 21.2
grams per 100 grams of OPEFB and 22.3 grams
per 100 grams of OPEFB, respectively. Both
pretreatments rely on proton catalysis to
hydrolyze hemicellulose and disrupt the cellulose
structure, thereby increasing enzymatic
digestibility [77,78]. However, these methods are
unable to extract and isolate lignin from the
biomass, as the aqueous base solvent is ineffective
in solubilizing lignin. An alternative method,

utilizing DES pretreatment composed of ChCI:
Oxalic acid (OA) and 20 wt% ethanol, can
simultaneously disrupt the cellulose structure
and delignify the OPEFB through the HBA and
HBD network and protonation of ether bonds,
enhancing lignin dissolution [3]. Nevertheless,
this result was achieved under impractical
operational conditions (80 °C, 24 h), requiring an
extended duration to produce 47.9 grams of sugar
per 100 grams of OPEFB and yielding a low lignin
recovery of 8.8 grams per 100 grams of OPEFB. In
contrast, this study demonstrates that ChCl:LA
(1:2) at a pretreatment temperature of 140°C for 6
hours can achieve a more balanced outcome in a
shorter time, yielding 21.6 grams of sugar per 100
grams of OPEFB and 24.7 grams of lignin per
gram of OPEFB. These results contribute to a
more diverse product range for a multiproduct
biorefinery approach, facilitating the full
utilization of biomass [79].

4. Conclusions

This study demonstrates that ChCl:LA deep
eutectic solvent pretreatment is an effective
strategy for selectively fractionating OPEFB,
achieving extensive hemicellulose and lignin
removal while preserving cellulose and enhancing
enzymatic digestibility. Structural analyses
(SEM, FTIR, XRD) confirmed progressive
disruption of the lignin—carbohydrate matrix and
increased cellulose accessibility, consistent with
the improved hydrolysis performance. The unified
combined delignification factor (CDF) accurately
modeled the biphasic delignification behavior
with high reliability (R? = 0.9961), establishing it
as a robust severity index for interpreting DES
pretreatment behavior. Under optimal conditions
(ChCLLA 1:2, 140 °C, 6 h), the process achieved
95.5% hemicellulose removal, 84.4% lignin
removal, and 75.5% enzymatic hydrolysis yield,
producing 21.6 g glucose and 24.7 g isolated lignin
per 100 g OPEFB. These findings indicate strong
potential  for  integrating  ChCl:LA-based
pretreatment into multiproduct biorefinery

Table 3. Previous studies of OPEFB pretreatment. (HT: hydrothermal; DES: deep eutectic solvent; EH:
enzymatic hydrolysis; MA: Maleic Acid; EtOh: Ethanol; LA: Lactic Acid; OA: Oxalic Acid)

Recovered EH Glucose
Process Conditions Lignin (per (per 100 g Refs.
100 g raw raw
OPEFB) OPEFB)
HT-DA pretreatment & EH 160°C, 5 h - 21.2 [77]
HT-MA pretreatment & EH 176.6 °C, 70 min, 1.5% MA - 22.3 [78]
DES pretreatment & EH ChCIL:0A (1:1) and 20% wt 8.8 47.9 [3]
EtOh (80 °C, 24 h)
DES: 120°C, 6 h
DES pretreatment & EH ChCIL:LA (1:2) 140 °C, 6 h 24.7 21.6 This study
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schemes by enabling concurrent sugar production
and lignin recovery. Although ChCLLA DES
demonstrated high efficiency for selective
fractionation and lignin recovery, the recycling
and long-term stability of the solvent were not
evaluated in this study. Future work should focus
on DES recovery efficiency, reuse performance,
and solvent stability to assess techno-economic
feasibility.
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