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ABSTRACT

Oil palm empty fruit bunch (OPEFB) is an abundant lignocellulosic residue with potential for integrated bio-
refinery applications, but its recalcitrant structure limits direct enzymatic conversion and lignin utilization. This
study investigated the integrated valorization of OPEFB through deep eutectic solvent (DES) pretreatment using
choline chloride-lactic acid (ChCl:LA) and choline chloride-glycerol-FeCls (ChCl:Gly:FeCls) systems for glucose
production, lignin recovery, and CMC-lignin composite film development. Modified severity descriptors, namely
combined delignification factor (CDF) and combined hydrolysis factor (CHF), were applied to describe severity-
dependent lignin removal and xylan hydrolysis. The CDF and CHF models successfully described the severity-
dependent fractionation behavior of OPEFB during DES pretreatment. ChCl:LA promoted stronger lignin solu-
bilization and higher lignin recovery, while ChCl:Gly:FeCl3 enhanced hemicellulose removal and enzymatic
digestibility through Lewis acid-assisted deconstruction. The highest enzymatic hydrolysis yields reached 75.8%
for ChCL:LA and 93.8% for ChCl:Gly:FeCls. On a 100 g raw OPEFB basis, ChCl:LA pretreatment at 140 °C for 6 h
produced 21.6 g glucose and 24.7 g recovered lignin, whereas ChCl:Gly:FeClz pretreatment at 140 °C for 3 h
produced 21.7 g glucose and 23.1 g recovered lignin. The recovered DES lignins showed high purity and were
successfully incorporated into CMC-based films. ChCL:LA lignin improved water resistance and reduced WVTR,
while ChCl:Gly:FeCl; lignin provided stronger antioxidant activity and tensile reinforcement. These findings
demonstrate that DES pretreatment enables the dual valorization of OPEFB into fermentable glucose and func-
tional lignin-derived packaging materials, supporting a multiproduct biorefinery pathway for sustainable
biomass utilization.

1. Introduction

chemical and enzymatic deconstruction [6,7]. As a result, pretreatment
is required to disrupt the biomass matrix, improve cellulose accessi-

The transition from fossil-based resources to renewable carbon
feedstocks has become increasingly important for the development of
sustainable fuels, chemicals, and materials [1,2]. Lignocellulosic
biomass is one of the most promising renewable resources because it is
abundant, renewable, and composed of carbohydrate and aromatic
fractions that can be converted into multiple value-added products
[3-5]. However, the efficient utilization of lignocellulosic biomass re-
mains restricted by its naturally recalcitrant structure. Cellulose mi-
crofibrils are embedded within hemicellulose and lignin, while
lignin—carbohydrate complexes provide additional resistance against
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bility, and enable the selective recovery of lignin for further valorization
[8,9].

Oil palm empty fruit bunch (OPEFB) is an abundant lignocellulosic
residue generated from the palm oil industry, particularly in tropical
countries such as Indonesia and Malaysia [10]. OPEFB contains cellu-
lose, hemicellulose, and lignin as its major structural components,
making it a promising feedstock for biorefinery applications [11]. The
cellulose-rich fraction can be hydrolyzed into glucose and further con-
verted into biofuels or biochemicals, while the lignin fraction can serve
as a renewable aromatic polymer for material applications [12,13].
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Nevertheless, the compact fiber structure and relatively high lignin
content of OPEFB limit its direct enzymatic digestibility. Without suit-
able pretreatment, lignin can act as a physical barrier and induce
non-productive enzyme adsorption, thereby reducing hydrolysis effi-
ciency [7]. Therefore, an effective OPEFB fractionation strategy should
not only enhance glucose production but also recover lignin in a form
suitable for downstream utilization.

Several pretreatment methods have been reported for lignocellulosic
biomass, including dilute acid, alkaline, hydrothermal, organosolv, and
ionic liquid-based processes [14-17]. Although these methods can
improve enzymatic hydrolysis, they may involve limitations such as
high chemical loading, corrosion, severe operating conditions, inhibitor
formation, or limited selectivity toward lignin recovery [18,19]. In this
context, DESs have emerged as promising green solvents for lignocel-
lulosic biomass fractionation. DESs are commonly formed through
hydrogen-bond interactions between a hydrogen-bond acceptor and a
hydrogen-bond donor, producing solvent systems with low volatility,
tunable acidity, and strong lignin solubilization capacity [20,21].
Choline chloride-based DESs are particularly attractive because they can
be combined with various hydrogen-bond donors, including organic
acids and polyols, to tailor pretreatment performance [22].

Among acidic DES systems, choline chloride-lactic acid (ChCl:LA)
was selected as a representative Brgnsted-acidic DES because lactic acid-
based DESs have been widely reported to promote lignin dissolution,
xylan elimination, and enzymatic digestibility enhancement in ligno-
cellulosic biomass [23-26]. The acidic nature of lactic acid can facilitate
the cleavage of ether and ester linkages in lignin and lignin-carbohy-
drate complexes, while choline chloride contributes hydrogen-bonding
and ionic interactions that assist lignin solubilization and cell wall
deconstruction [22,27,28]. Therefore, ChCl:LA was chosen to represent
a delignification-oriented DES route in which lignin recovery is expected
to be a major output. In contrast, choline chloride-glycerol (ChCl:Gly)
represents a milder polyol-based DES matrix, but its deconstruction
ability can be strengthened by incorporating FeCls as a Lewis acid
catalyst. Fe>* species can coordinate with oxygen-containing bonds and
facilitate the cleavage of glycosidic and ether linkages, thereby
enhancing hemicellulose disruption, biomass deconstruction, cellulose
accessibility, and subsequent enzymatic hydrolysis [29-32]. Previous
studies on metal chloride-assisted pretreatment have also shown that
Fe3'-based systems can intensify xylan depolymerization and improve
enzymatic digestibility, supporting the use of FeCls-containing DESs for
hydrolysis-oriented fractionation [33-35]. Thus, ChCl:Gly:FeCl3 was
selected as a Lewis-acid-assisted DES system to represent a
hemicellulose-disruption-oriented route. The comparison between ChCl:
LA and ChCl:Gly:FeCl3 was therefore designed not as a random solvent
screening, but as a mechanistic comparison between two choline
chloride-based DES systems with different dominant catalytic environ-
ments, Brgnsted-acid-driven delignification and Lewis-acid-assisted
hemicellulose deconstruction. This comparison is relevant for deter-
mining whether OPEFB valorization should be directed toward higher
lignin recovery, higher glucose production, or a balanced dual-product
biorefinery strategy.

In addition to experimental evaluation, severity-based parameters
can provide a useful framework for interpreting lignocellulosic frac-
tionation. Conventional severity factors generally combine temperature
and reaction time, but they do not fully account for solvent acidity,
catalyst contribution, or DES composition [9,36]. Therefore, modified
severity descriptors such as the combined delignification factor (CDF)
and combined hydrolysis factor (CHF) have been proposed to better
describe selective lignin removal and carbohydrate hydrolysis under
chemically assisted pretreatment systems [13,37]. CDF is particularly
relevant for evaluating the collective influence of pretreatment tem-
perature, time, and solvent or catalyst contribution on lignin removal.
Meanwhile, CHF can be used to describe the severity-dependent
behavior of carbohydrate hydrolysis or enzymatic glucose production.
In DES pretreatment, these descriptors may help connect operating
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conditions with two key outcomes: delignification efficiency and
glucose release from the cellulose-rich solid fraction. This is important
because excessive pretreatment severity may enhance lignin removal
but may also reduce carbohydrate recovery, alter lignin structure, or
affect the suitability of recovered lignin for material applications.

Most DES pretreatment studies have primarily focused on improving
enzymatic hydrolysis or maximizing lignin removal [38,39]. However, a
more complete biorefinery approach requires the valorization of both
the carbohydrate-rich solid and the recovered lignin fraction. Lignin is
often regarded as a low-value by-product, even though its aromatic
structure, phenolic hydroxyl groups, hydrophobicity, antioxidant ac-
tivity, and ultraviolet-blocking ability make it suitable for functional
material applications [40,41]. Previous OPEFB-DES work has demon-
strated that DES pretreatment can enhance lignin removal, preserve
cellulose, improve enzymatic hydrolysis, and recover lignin as a po-
tential product stream, supporting its relevance for multiproduct
biomass utilization [42-44]. However, the direct conversion of recov-
ered DES lignin into functional packaging materials remains less
explored, particularly when combined with severity-based interpreta-
tion of glucose production and lignin recovery.

Carboxymethyl cellulose (CMC) is a biodegradable cellulose deriv-
ative with good film-forming ability, transparency, and compatibility
with water-based processing [45]. However, neat CMC films commonly
suffer from high water sensitivity, limited moisture barrier properties,
and insufficient mechanical stability for broader packaging applications
[40]. The incorporation of lignin into CMC films can address some of
these limitations by increasing hydrophobic interactions, introducing
aromatic UV-absorbing domains, and enhancing antioxidant function-
ality [46,47]. In this regard, lignin recovered from DES pretreatment
may provide additional value beyond its role as a fractionation
by-product. Instead, it can be directly utilized as a functional component
in lignin-CMC composite films, supporting the development of biode-
gradable and biomass-derived packaging materials.

Nevertheless, the integration of DES pretreatment, glucose produc-
tion, lignin recovery, severity-based analysis, and lignin-based com-
posite film fabrication remains insufficiently explored. A pretreatment
condition that enhances enzymatic hydrolysis does not always generate
lignin with suitable properties for material applications. Conversely,
conditions that favor lignin recovery may influence cellulose preserva-
tion and glucose release. Therefore, an integrated assessment is needed
to determine whether DES pretreatment can simultaneously improve
enzymatic glucose production and provide recovered lignin suitable for
CMC-based packaging films. Such an approach is important for
advancing OPEFB utilization from a single-product sugar platform to-
ward a multiproduct biorefinery system.

This study investigates the integrated valorization of OPEFB through
DES pretreatment for glucose production enhancement and lignin-CMC
composite film development. Two DES systems, ChCl:LA and ChClL:Gly:
FeCls, were evaluated to determine their effects on biomass fraction-
ation, component removal, CDF- and CHF-related pretreatment
behavior, enzymatic glucose release, lignin recovery, and the functional
performance of lignin-CMC films. The pretreated solid fractions were
subjected to enzymatic hydrolysis to assess glucose production, while
the recovered lignin was incorporated into CMC films and evaluated for
its physical, mechanical, surface, and barrier-related properties. Unlike
previous studies that mainly focused on DES-assisted delignification or
enzymatic saccharification, this work integrates severity-based frac-
tionation analysis, carbohydrate conversion, and lignin-derived material
development within a single OPEFB valorization pathway. This strategy
demonstrates the dual role of OPEFB as a glucose platform and renew-
able source of functional lignin for sustainable packaging applications.



C. Wijaya et al.

2. Materials and methods
2.1. Materials

The OPEFB was supplied by PT. Sawit Arum Madani (Blitar,
Indonesia). The biomass was washed, dried, and prepared according to
the National Renewable Energy Laboratory (NREL) protocol [48], and
then ground to a particle size of 40-60 mesh. Lactic acid, glycerol, and
ferric chloride hexahydrate (FeCls-6H20), all of analytical grade, were
purchased from Merck (Germany). Choline chloride and cellulase
derived from Trichoderma reesei were obtained from Sigma-Aldrich
(USA). Unless otherwise specified, all other analytical-grade reagents
used in this work were also supplied by Sigma-Aldrich.

2.2. Experimental diagram

A schematic representation of the experimental workflow is pre-
sented in Fig. 1. The diagram summarizes the main stages of the study,
namely OPEFB preparation, deep eutectic solvent (DES) preparation,
DES pretreatment, separation of the pretreated solid and filtrate frac-
tions, lignin regeneration, enzymatic hydrolysis of the solid residue, and
the preparation and characterization of CMC-lignin films. For lignin
characterization and film fabrication, the lignin sample obtained under
the pretreatment condition giving the highest lignin yield was used.

2.3. DES pretreatment and lignin recovery

The experimental procedure was adapted from prior research [49].
The ChCL:LA deep eutectic solvent (DES) was prepared by mixing
choline chloride (ChCl) and lactic acid (LA) at a molar ratio of 1:2.
Meanwhile, the ChCl:Gly:FeCls DES was prepared by mixing ChCl and
glycerol (Gly) at a molar ratio of 1:2, followed by the addition of FeCl; at
a concentration of 0.01 mol/L. The FeCl3 concentration was fixed at
0.01 mol/L based on previous Lewis acid-mediated ChCl:Gly DES
studies, in which the same catalyst loading was used to intensify

Raw OPEFB
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lignocellulose fractionation while maintaining a controlled DES formu-
lation [29,50]. In the present work, only one FeCls concentration was
used because the main objective was not to optimize catalyst loading,
but to compare two different DES fractionation mechanisms under
controlled formulation conditions: Brgnsted-acidic ChCLLA and
Lewis-acid-assisted ChCl:Gly:FeCls. Maintaining a constant FeCls con-
centration allowed the effects of DES chemistry, temperature, and resi-
dence time to be evaluated without additional variation in Lewis acid
loading, acidity, ionic strength, viscosity, and mass-transfer behavior.
This approach is also consistent with previous studies on
Lewis-acid-containing DES systems, where metal chlorides such as
FeCls, AlCl3, CuCly, and ZnCl, were evaluated as acid-site contributors
to DES-mediated lignocellulose fractionation before further optimiza-
tion of specific solvent composition or catalyst loading [29].

The mixtures were heated in a closed round-bottom flask at 70 °C
under continuous stirring until clear and homogeneous liquids were
formed. The mixture was then cooled to room temperature prior to use
[51]. For the pretreatment, 4 g of OPEFB was mixed with 60 g of DESin a
250 mL three-neck round-bottom flask and heated at certain tempera-
ture and time [52]. The pretreatment variables were temperature,
ranging from 100 to 140 °C, and residence time, ranging from 3 to 6 h,
for each DES system. The pretreatment temperature and residence-time
ranges were selected to evaluate a moderate DES pretreatment window
that is commonly used to promote lignocellulosic fractionation while
limiting excessive carbohydrate degradation and unnecessary energy
input [23,26,52,53]. Temperatures above 140 °C were not included in
this study because increasing acidic pretreatment severity may enhance
component removal but can also accelerate sugar degradation, lignin
condensation, pseudo-lignin formation, and solvent recovery burden,
which may reduce the overall benefit of the process [6,27,54]. There-
fore, the conditions identified in this study should be interpreted as the
best-performing conditions within the investigated range, rather than as
globally optimized pretreatment conditions. In addition, the FeCl;
concentration in the ChCl:Gly:FeCls system was fixed at 0.01 mol/L to
focus the comparison on the effects of DES chemistry, temperature, and
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residence time under a constant Lewis-acid catalyst loading. The influ-
ence of FeCls concentration gradient was not evaluated in the present
work and should be addressed in future optimization studies.

After pretreatment, 50 mL of ethanol was added to the slurry, and the
mixture was vacuum-filtered. The solid residue was sequentially washed
with 150 mL of ethanol and 150 mL of deionized water, then dried at
60 °C in an oven prior to further analysis. The DES phase containing
solubilized lignin was subjected to lignin regeneration following the
method of [51]. Briefly, deionized water was added to the DES filtrate at
a ratio of 1:5 (v/v), allowing lignin to precipitate. The precipitate was
recovered by centrifugation (HERMLE Z306 universal centrifuge, 10,
000 rpm, 10 min) and subsequently dried at 60 °C before character-
ization and preparation of lignin composite film. All pretreatment ex-
periments were performed in triplicate to ensure reproducibility.

2.4. Mathematical reaction model

The fractionation behavior of lignocellulosic biomass during deep
eutectic solvent pretreatment was modeled using response-specific
combined severity factors. Since DES pretreatment simultaneously
promotes lignin solubilization and hemicellulose disruption, two sepa-
rate kinetic descriptors were used: the combined delignification factor
(CDF) for lignin fractionation and the combined hydrolysis factor (CHF)
for xylan/hemicellulose fractionation. The model was developed to
integrate the effects of reaction temperature, pretreatment time, and the
concentration of the dominant acidic or catalytic component in each
DES system [55-57].

In this study, two DES systems were considered, namely ChCl:LA and
ChClL:Gly:FeCls. For ChCL:LA, lactic acid was assigned as the active acidic
component, while for ChCl:Gly:FeCls, FeCl; was assigned as the domi-
nant Lewis-acidic catalytic component. Glycerol was considered part of
the DES solvent matrix and was not included as an independent kinetic
concentration term because the ChCl:Gly ratio was kept constant.

2.4.1. Lignin fractionation model

The removal of lignin from the solid fraction was assumed to follow
an apparent pseudo-first-order kinetic model with respect to the residual
lignin content. The active acidic or catalytic component of the DES was
incorporated as a concentration-dependent term. The rate of lignin
removal was expressed as Eq (1).

dLres _
de

—ky(T,C, ...)CLyes ¢b)

where L, represents the residual lignin fraction remaining in the pre-
treated solid, T is the reaction temperature (K), C is the concentration of
the dominant active component in the DES system, and k; (T, C, ...) is the
apparent delignification rate coefficient.

For the ChCLLA system:

C=Cpa ()
where C4 represents the lactic acid concentration.

For the ChClL:Gly:FeCls system:
C=Cp 3
where Cr, represents the FeCls concentration.

The apparent delignification rate coefficient was described using an
Arrhenius-type empirical relationship.

Eq,
kL:eXP<aL—R—;+ﬂLC> @

Where E,, is the apparent activation energy for lignin removal, R is the
universal gas constant, and ;, and f; are empirical fitted parameters.
The term f; C represents the contribution of the active acidic or catalytic
component to lignin fractionation [55,56,58].
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Accordingly, the combined delignification factor was defined as Eq.

)

E,
CDF = exp (aL - R—TL + ﬁLC) Ct 5)

where t is the pretreatment time.

To account for the heterogeneous structure of lignin in the biomass
matrix, lignin was divided into two fractions: a fast-removing lignin
fraction and a slow-removing lignin fraction [58,59]. The corresponding
rate equations were written as:

dly _

=kl )
dL,
T — fiki CL; )

where Ly and L, represent the fast- and slow-removing lignin fractions,
respectively. The parameter f; is the relative rate constant of the slow-
removing lignin fraction compared with the fast-removing fraction.
The initial proportion of slow-removing lignin is denoted as 6, while
1 — 0, represents the fast-removing lignin fraction.

By solving the differential equations, the residual lignin fraction can
be expressed as a function of CDF:

Lyes = (1 — 6, )exp(—CDF) + 0, exp(—f;CDF) (8)

For the two DES systems, the CDF can be written separately as:

E
CDFLA =exp <(XL,LA —%-‘r ﬁLLACLA> CLAt (9)
_ Ea.LAFe
CDFp, =exp| 0z e — RT + B reCre | Cret (10)

where CDF14 and CDFy, represent the combined delignification factors
for ChCL:LA and ChCl:Gly:FeCl3 pretreatment, respectively.

The objective function for lignin fractionation was defined as the
sum of squared errors between the modeled and experimental residual
lignin values.

N 2
F=Y (Lt - 1s2,) an
i=1
where N is the number of experimental data points, while L% and LYY,
are the predicted and experimentally measured residual lignin fractions,
respectively.

2.4.2. Hemicellulose/xylan fractionation model

The fractionation of hemicellulose was modeled based on the
removal of xylan from the solid fraction. Similar to lignin removal, xylan
solubilization was described using an apparent pseudo-first-order ki-
netic expression with respect to the residual xylan content [37,60]:

erex
dt

= — kg(T, C,...)CXres (12)

where X,.; represents the residual xylan fraction remaining in the pre-
treated solid, and kx(T,C, ...) is the apparent xylan hydrolysis or solu-
bilization rate coefficient.

The apparent rate coefficient for xylan fractionation was expressed
as:

E,
kx =exp ((xxf R;+ﬁXC> 13)

where E, x is the apparent activation energy for xylan removal, and ax
and fy are empirical fitted parameters.
The combined hydrolysis factor was therefore defined as:
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_ Ea,X
CHF —exp <0£X —ﬁ-i-BXC) ct a4

In the context of this study, CHF was used to describe the extent of
hemicellulose/xylan fractionation during DES pretreatment, rather than
enzymatic hydrolysis.

Xylan was also assumed to consist of fast- and slow-removing frac-
tions. The kinetic expressions for these fractions were written as:

dx,
d—tf = — kyCX; (15)
dx,
o=~ JrCXs (16)

where X; and X; represent the fast- and slow-removing xylan fractions,
respectively. The parameter fx represents the relative rate constant of
the slow-removing xylan fraction compared with the fast-removing
fraction. The initial proportion of slow-removing xylan is denoted as
0x [60,61].

By solving the corresponding differential equations, the residual
xylan fraction can be expressed as:

Xres = (1 — O0x)exp(—CHF) + 0x exp(—fxCHF) a7)

For the two DES systems, the CHF can be written separately as:

E,

CHFLA =exp (aX.LA — RL’IY{‘A + BXLACLA> CLAt (18)
Ea,X.Fe

CHFFe =€eXp| Oxre — RT + ﬁX,FeCFE Cpet (19)

where CHF;4 and CHFp, represent the combined hydrolysis factors for
ChCLLA and ChCl:Gly:FeCl3 pretreatment, respectively.
The objective function for xylan fractionation was defined as:

Fx= i (X;na?,?el - Xf:xp.i)z (20)
i=1

where XM2dl and X7°F, are the predicted and experimentally measured

residual xylan fractions, respectively.

For clarity, the concentration term C; used in the CDF and CHF
equations refers to the molar concentration of the dominant active acidic
or catalytic component in the prepared DES formulation, expressed in
mol/L. For the ChCL:LA system, C; corresponds to the effective lactic acid
concentration, Cya, calculated from the ChCl:LA molar ratio of 1:2 in the
DES mixture. For the ChCl:Gly:FeCls system, C; corresponds to the FeCls
concentration, Crecj,, Which was fixed at 0.01 mol/L. Since the active
component concentration was fixed within each DES system, C; was used
as a formulation-specific acid/catalyst contribution term, while tem-
perature and residence time represented the varied operating condi-
tions. The coefficient f; has units of L/mol so that the product §;C; is
dimensionless in the exponential term. Therefore, the CDF and CHF
values should be interpreted as empirical response-specific severity de-
scriptors rather than independent optimization parameters for acid or
catalyst concentration. All the objective functions were solved by using
MATLAB 2025a.

2.5. Engymatic hydrolysis

The enzymatic hydrolysis of OPEFB was performed using cellulase
enzyme according to the procedure adapted from Huo et al. [23].
Briefly, 0.5 g of raw or pretreated solid residue was suspended in a citric
acid-sodium citrate buffer solution at pH 4.8. Cellulase was then added
at an enzyme loading of 20 FPU/g dry substrate, calculated based on the
dry mass of raw or DES-pretreated OPEFB solid. The hydrolysis reaction
was conducted in a shaker incubator at 50 °C and 150 rpm for 72 h. The
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enzymatic hydrolysis yield was calculated using Eq. (21), as described
by Ref. [62].

released glucose x 0.9(g)
cellulose in substrate(g)

%Yey = x 100% 21

where %Ygy% represents the enzymatic hydrolysis yield obtained from
the hydrolysate.

To evaluate the relationship between pretreatment severity and
enzymatic digestibility, Ygy was correlated with both the CHF and CDF.
CHF represents the severity of xylan or hemicellulose hydrolysis, while
CDF represents the severity of lignin removal during DES pretreatment.
These two descriptors were selected because enzymatic hydrolysis is
affected by both hemicellulose removal and delignification[58,63].
Hemicellulose removal could improve cellulose accessibility by opening
the polysaccharide matrix, whereas lignin removal can reduce physical
shielding and non-productive enzyme adsorption.

The relationship between enzymatic hydrolysis yield and the modi-
fied severity factor was described using an empirical exponential model,
as shown in Eq. (22):

where Yy is the enzymatic hydrolysis yield, SF represents either CHF or
CDF, and q, b, and c are fitted parameters. In this model, c represents the
asymptotic hydrolysis yield approached at higher pretreatment severity,
a describes the difference between the initial and limiting hydrolysis
yield, and b represents the sensitivity of enzymatic hydrolysis yield to
increasing pretreatment severity. For each DES system, separate corre-
lations were developed between Ygy and CHF, and between Ygy and
CDF. The CHF — Ygy correlation was used to evaluate the contribution of
hemicellulose/xylan removal to enzymatic digestibility, whereas the
CDF — Ygy correlation was used to evaluate the contribution of
delignification. The fitting quality was evaluated using the coefficient of
determination (R?) and root mean square error (RMSE).

2.6. Preparation of carboxymethyl cellulose (CMC)-Lignin film

CMC-lignin films were prepared using a solution casting method
adapted from Zhu et al. [47], with minor modification. Briefly, CMC
solution was prepared by dissolving CMC at a concentration of 2% (w/v)
in water at 80 °C for 30 min. Glycerol was then added at 30% (w/w
based on CMC) as a plasticizer and mixed until homogeneous. Sepa-
rately, recovered lignin was dispersed in 1 mol/L NaOH at 4% (w/w
based on CMC) and stirred until a uniform lignin dispersion was ob-
tained. The lignin loading of 4% (w/w based on CMC) was selected by
adapting the CMC-DES lignin film formulation reported by Zhu et al.
[47], and was used as a fixed comparative loading in this study. This
loading was chosen to evaluate how lignin source and pretreatment
chemistry influence CMC-lignin film properties, rather than to optimize
lignin content. Lignin can improve CMC films by introducing hydro-
phobic aromatic domains, phenolic antioxidant sites, and possible
hydrogen-bonding interactions with the CMC matrix. These interactions
may enhance water resistance, moisture-barrier performance, antioxi-
dant activity, and tensile reinforcement. However, excessive lignin
loading may also promote aggregation, phase separation, film rough-
ness, brittleness, and reduced elongation at break. Therefore, further
formulation studies using different lignin loadings are required to
determine the optimum balance between mechanical strength, flexi-
bility, water resistance, antioxidant activity, and film processability. The
CMC solution and lignin dispersion were subsequently mixed at a vol-
ume ratio of 1:1 and maintained at 80 °C for 1 h to obtain the
film-forming solution. The resulting solution was cast onto a mold and
dried in a hot-air oven at 60 °C for 12 h to obtain the CMC-lignin film.
Since no neutralization or washing step was applied after NaOH-assisted
lignin dispersion, the resulting films are discussed as preliminary func-
tional CMC-lignin composite films. Further residual alkali analysis,
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migration testing, and safety evaluation are required before direct
food-contact packaging application.

2.7. Analytical method

2.7.1. Determination of sugars in liquid hydrolysate and solid
compositional analysis

The sugar concentrations in hydrolysates obtained from composi-
tional hydrolysis and enzymatic hydrolysis were quantified using high-
performance liquid chromatography (HPLC). The analysis was per-
formed using a Thermo Scientific Vanquish Core HPLC system (Thermo
Scientific, USA), equipped with a HyperREZ XP Carbohydrate Pb++
column (8 pm, 300 x 7.7 mm) and a refractive index (RI) detector.
Separation was carried out using HPLC-grade water as the mobile phase,
with the operating conditions set at a flow rate of 0.6 mL/min, column
temperature of 85 °C, and system pressure of 9 bar.

The chemical composition of the biomass was determined according
to the NREL analytical protocol reported by Sluiter et al. [64]. In brief,
the biomass was subjected to acid hydrolysis using concentrated sulfuric
acid to convert structural carbohydrates into monomeric sugars for
quantification. This method was also used to determine lignin fractions,
including acid-soluble lignin (ASL) and acid-insoluble lignin (AIL).

The influence of DES pretreatment on OPEFB fractionation was
assessed based on solid recovery and the removal efficiency of individ-
ual biomass components. Solid recovery represents the percentage of
residual solid retained after pretreatment relative to the initial OPEFB
mass, while component removal indicates the extent to which each
major component was solubilized or removed during pretreatment.
These values were calculated using Egs. (23) and (24):

(23)

Recovered solids (%) = (m(l,l:;ale:; Zieg;eglg)ﬂ‘};g?ﬁg)(g)> 100

R (%) = < | _ mass of component i in pretreated OPEFB (g)) 100

mass of component i in initial OPEFB (g)
(24)

Where R; refers to the removal percentage of a specific OPEFB compo-
nent, namely hemicellulose, cellulose, or lignin.

In addition, the lignin recovery yield (Y;) obtained from each pre-
treatment condition was calculated by comparing the mass of isolated
lignin with the initial lignin content in OPEFB, as shown below:

isolated lignin (g)

Y, = 1 2
"~ initial lignin content in OPEFB (g) x 100 (25)

2.7.2. Crystallinity, morphology, and functional group analyses of
pretreated OPEFB

The effects of pretreatment conditions on the structural character-
istics of OPEFB were further evaluated by examining changes in crys-
tallinity, surface morphology, and functional groups. The crystallinity of
the solid fractions obtained from untreated and hydrothermally pre-
treated OPEFB was determined by X-ray diffraction (XRD) analysis
based on Segal's method [65]. XRD patterns were recorded using an
X'Pert PRO diffractometer (PANalytical BV, Netherlands) equipped with
Cu Ko radiation, operated at 40 kV and 30 mA. The crystallinity index
(CrI) was calculated according to Eq. (26).

1002 — Ia

Crl (%) = ™ % 100% (26)

002
where Iy represents the diffraction intensity of the 002 cellulose
crystalline plane at 260 = 22.6°, while I, denotes the intensity associ-
ated with the amorphous cellulose region at 260 = 18°.
The surface morphology of OPEFB before and after pretreatment was

examined using scanning electron microscopy (SEM; Hitachi FlexSEM
1000, Japan) to observe pretreatment-induced structural disruption

Biomass and Bioenergy 217 (2027) 109859

[66]. In addition, Fourier transform infrared (FTIR) spectroscopy was
performed using an Agilent Cary 630 FTIR Spectrometer (USA) to
identify alterations in the functional groups of the OPEFB samples after
pretreatment [37].

2.7.3. Lignin characterizations

The recovered lignin samples were characterized by its purity, FTIR,
GPC/SEC, and 2D HSQC NMR. Lignin purity was determined by
compositional analysis according to the NREL lignin determination
procedure, considering acid-insoluble and acid-soluble lignin fractions
relative to the dried recovered lignin mass. FTIR analysis was performed
using a Cary 630 FTIR Spectrometer (Agilent Technologies, USA) over a
wavenumber range of 4000-650 cm ™' to identify the characteristic
functional groups of lignin. GPC/SEC analysis was conducted using a
system equipped with a refractive index detector and a TSKgel
SuperAW5000 column. THF was used as the mobile phase at a flow rate
of 0.3 mL/min, with an injection volume of 20 pL. The column and pump
temperatures were maintained at 40 °C, and molecular weight param-
eters, including Mn, Mw, and Mw/Mn, were calculated using poly-
styrene standards in THF. The structural characteristics of the recovered
lignin were further analyzed using 2D HSQC NMR on a Bruker Avance
Neo-Ascend 500 MHz spectrometer operating at 500 MHz for 'H and
125 MHz for '3C. This characterization was conducted to evaluate the
structural differences between lignin recovered from ChCI-LA and ChCl-
Gly-FeCl3 DES pretreatment systems. The 2D-HSQC spectra were inter-
preted based on representative lignin aromatic and side-chain regions.
Manual integration was performed for selected cross-peak regions cor-
responding to S, G, H/p-coumarate-related aromatic units, (-O-4-
related, p-5-related, p-f/overlapped oxygenated linkage regions, and
methoxy groups. The integrated values were used as semi-quantitative
structural indicators. The Sy, and H/p-coumarate-related aromatic in-
tegrals were divided by two to account for two equivalent aromatic
positions, while linkage-related regions were normalized to the total
corrected aromatic integral and expressed per 100 aromatic units. Weak,
overlapping, or poorly resolved contours were interpreted cautiously
and were not treated as absolute lignin structural contents.

2.7.4. Characterizations of CMC-lignin film

The properties of the CMC-based films were evaluated by FTIR, water
contact angle, water vapor transmission rate (WVTR), tensile strength,
and antioxidant. FTIR spectra were recorded using a Cary 630 FTIR
Spectrometer (Agilent Technologies, USA) over a wavenumber range of
4000-650 cm ™ to identify functional groups and possible interactions
between CMC and lignin. Water contact angle analysis was performed
using a DataPhysics OCA-Series instrument by placing water droplets on
the film surface using the sessile drop method. Three measurements
were recorded for each sample.

The WVTR was measured using the gravimetric cup method. Film
samples were mounted on WVTR cups, and mass changes were
measured using an analytical balance (OHAUS). The analysis was per-
formed in duplicate, and the results were reported as mean values with
standard deviations. Mechanical properties were determined by tensile
strength testing using rectangular film strips with dimensions of
30 mm x 5 mm. The test was conducted with a deformation length of
30 mm, trigger force of 4.5 g, and crosshead speed of 1.0 mm/s. Tensile
strength and elongation at break were calculated from the recorded
force and deformation data, while antioxidant activity was determined
using the DPPH assay and expressed as ICsg.

3. Results and discussions

3.1. Modified severity factor determination on xylan degradation and
delignification of OPEFB

This study evaluated the applicability of the CDF and CHF to describe
lignin removal and xylan hydrolysis during DES pretreatment of OPEFB.
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The fitted parameters for the CDF and CHF models are summarized in
Table 1, while the correlations between residual lignin (L), residual
xylan (Xres), and their corresponding modified severity factors are pre-
sented in Fig. 2. CDF was used to represent the severity of delignifica-
tion, whereas CHF was used to represent the severity of xylan hydrolysis.
These parameters integrate the effects of reaction temperature, resi-
dence time, and acid/catalyst contribution into single kinetic de-
scriptors. This approach is relevant because ChCl:LA and ChCl:Gly:FeClg
are both acidic DESs, but they differ in catalytic behavior. ChCl:LA
mainly provides Brgnsted acidity through lactic acid, whereas ChCl:Gly:
FeCl; introduces Fe3*-based Lewis acidity [26,35].

As shown in Fig. 2a and b, the residual lignin fraction (Lres)
decreased with increasing CDF in both DES systems, indicating that the
proposed CDF descriptor adequately represented the progress of
delignification during OPEFB pretreatment. In the ChCL:LA system, Lres
decreased sharply at low CDF and subsequently approached a residual
level of approximately 0.16 after CDF exceeded 2. A similar decreasing
trend was observed in the ChCl:Gly:FeCls system, although the CDF
range was broader. In this system, Lres decreased rapidly at low CDF,
followed by a slower decline after CDF exceeded 5, suggesting that
additional increases in pretreatment severity produced progressively
smaller improvements in lignin removal. The nonlinear decline of L
suggests that delignification did not proceed as a single homogeneous
reaction, but rather followed a biphasic pattern involving fast-removing
and slow-removing lignin fractions. The fast-removing fraction can be
associated with more accessible lignin domains, labile ether linkages,
and lignin—carbohydrate linkages that are readily cleaved during the
early stage of DES pretreatment [58,59,67]. In contrast, the
slow-removing fraction likely corresponds to lignin structures that are
more condensed, less accessible, or more strongly embedded within the
cell wall matrix. Therefore, the plateau-like behavior observed at higher
CDF values may indicate that the easily removable lignin fraction had
been largely solubilized, while further delignification was limited by the
persistence of recalcitrant lignin domains. In the ChCLLA system, the
rapid decrease in Lres at relatively low CDF suggests that the Brgnste-
d-acidic DES effectively promoted lignin solubilization within a nar-
rower severity window [22,26]. Conversely, the broader CDF range

Table 1
Fitted parameters for CDF and CHF models on delignification and xylan hy-
drolysis for each DES system.

Model  Parameter  Unit Fitted Parameter  Unit Fitted
value value
ChCLLA ChCl:Gly:FeCl3
CDF Eqr1a kJ/ 63.47 Eqp e kJ/ 87.84
mol mol
Or1A - 0.20 0L Fe - 0.23
fria - 0.02 frFe - 0.01
oL LA - 2.71 oL Fe - 28.01
Bria L/mol 3.12 BLre L/mol 1.41
R? - 0.996 R? - 0.977
CHF Eqxia kJ/ 49.54 Eqxre kJ/ 69.87
mol mol
Ox LA - 0.43 Ox Fe - 0.24
fxia - 0.10 fxre - 0.05
Ox LA - 15.42 Ox Fe - 23.29
Bxia L/mol  -1.37 Bx Fe L/mol 0.69
R? - 0.969 R? - 0.996

Ea is expressed in kJ/mol. C; is the concentration of the dominant active
component in the DES system, expressed in mol/L: C for ChCl:LA and Cge, for
ChClL:Gly:FeCls. The coefficient p; is expressed in L/mol so that p;C; is dimen-
sionless. All CDF and CHF values were calculated using temperature in K, pre-
treatment time in h, and active component concentration in mol/L. Because the
active component concentration was fixed within each DES system, f; represents
an empirical acid/catalyst contribution for the selected DES formulation.
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observed for ChCl:Gly:FeCl; indicates that FeCls-assisted DES pretreat-
ment required higher effective severity to approach a comparable re-
sidual lignin level. This behavior may also be associated with partial
lignin condensation, pseudo-lignin formation, or lignin redeposition
under more severe acidic conditions, which has been reported during
acid-catalyzed biomass pretreatment and is further evaluated in this
study through solid FTIR and lignin structural characterization [34,54,
68]. High coefficients of determination were obtained for both ChCL:LA
(R? = 0.996) and ChCl:Gly:FeCls (R? = 0.977), confirming that CDF
captured the severity-dependent delignification behavior with good
accuracy. The apparent activation energy for lignin removal was higher
in ChCl:Gly:FeCls (87.84 kJ/mol) than in ChCLLA (63.47 kJ/mol),
suggesting that delignification in the FeCls-containing DES was more
temperature-sensitive. This higher temperature dependency is consis-
tent with the catalytic role of Fe**, where elevated temperature may
intensify Lewis acid-assisted cleavage of lignin-associated and
ether-type linkages during metal salt-assisted pretreatment [69,70].
However, the higher activation energy also implies that lignin removal
in ChCl:Gly:FeCls is less readily promoted at lower severity than in ChCl:
LA. The relatively high

oy, re Value also reflects the broader severity scale required to describe
delignification in the FeClz-assisted system, whereas ChCl:LA produced
effective lignin solubilization over a narrower CDF range.

Similar to delignification, in Fig. 2c and d xylan removal also
exhibited biphasic behavior. At low CHF, Xres decreased rapidly, indi-
cating the hydrolysis of the fast-hydrolyzing xylan fraction. This fraction
is likely located in more accessible regions of the biomass cell wall and is
therefore more susceptible to acid-catalyzed cleavage, as previously
observed for biphasic xylan hydrolysis during acidic pretreatment of
lignocellulosic biomass [13,58,59]. At higher CHF values, the decrease
in Xres became slower, indicating that the remaining xylan belonged to a
slow-hydrolyzing fraction. This resistant fraction may be more strongly
associated with cellulose and lignin through hydrogen bonding or lig-
nin—carbohydrate complexes, making it less accessible to hydrolytic
attack [55,71]. The stronger xylan hydrolysis observed in ChCL:Gly:
FeCls can be attributed to the Lewis acidity of Fe>*, which may coor-
dinate with oxygen-containing glycosidic linkages and facilitate their
cleavage [30,31,72]. Thus, the FeCls-containing DES appears particu-
larly effective in disrupting hemicellulose, including both readily
accessible and more resistant xylan fractions.

The fitted CHF parameters in Table 1 also indicate that the proposed
model effectively described xylan hydrolysis in both DES systems. The
CHF model gave R? values of 0.969 for ChCl:LA and 0.996 for ChCl:Gly:
FeCls, confirming good agreement between experimental and predicted
residual xylan fractions. The apparent activation energy for xylan hy-
drolysis was higher in ChCl:Gly:FeCls (69.87 kJ/mol) than in ChCL:LA
(49.54 kJ/mol), indicating that xylan removal in the FeCls-containing
DES was more strongly governed by temperature. This finding is
consistent with the broader CHF range observed in ChCl:Gly:FeCl3 and
supports the interpretation that Fe>" intensifies hemicellulose hydroly-
sis at elevated temperatures, as reported in metal chloride-assisted
pretreatment systems [34,73,74]. In contrast, the lower activation en-
ergy in ChCL:LA suggests that xylan removal can proceed more readily
under milder Brgnsted-acidic conditions, although the overall extent of
xylan removal was lower than that obtained using ChCl:Gly:FeCls.

The fitted fast- and slow-fraction parameters provide additional
insight into the heterogeneous nature of OPEFB fractionation. For lignin
removal, the slow-removing fraction represents lignin that remains
difficult to solubilize after the more labile lignin domains have been
extracted. For xylan hydrolysis, the slow-hydrolyzing fraction represents
xylan that remains protected within the biomass matrix. Therefore, the
biphasic behavior observed for both L, and X, reflects the heteroge-
neous distribution and accessibility of lignin and hemicellulose in
OPEFB, consistent with previous kinetic interpretations of lignocellu-
losic fractionation using severity-based descriptors [58,59,63]. The
comparison between ChCL:LA and ChCl:Gly:FeClg further indicates that
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Fig. 2. Correlation of residual lignin and xylan with modified severity factors during DES pretreatment. Residual lignin content, L, as a function of CDF for (a)
ChCL:LA and (b) ChCl:Gly:FeCls, and residual xylan content, X;.s, as a function of CHF for (¢) ChCl:LA and (d) ChCl:Gly:FeCls.

the two DES systems deconstruct OPEFB through different dominant
pathways. ChCLLA favors efficient lignin solubilization, which is
consistent with previous reports showing that lactic acid-based acidic
DESs promote cleavage of lignin—carbohydrate linkages, xylan elimi-
nation, and lignin dissolution through Brgnsted acidity and
hydrogen-bonding interactions [23,25,26]. In contrast, ChCl:Gly:FeCls
more strongly promotes xylan hydrolysis, in agreement with studies
showing that Fe' or metal chloride-assisted pretreatment enhances
hemicellulose depolymerization through Lewis acid-catalyzed cleavage
of glycosidic linkages [30,31,74].

Overall, the CDF and CHF models successfully described the severity-
dependent fractionation behavior of OPEFB during DES pretreatment.
The high fitting accuracy obtained for both descriptors confirms that
lignin removal and xylan hydrolysis can be represented separately using
response-specific severity factors. ChCl:LA promoted effective deligni-
fication within a relatively narrow CDF range, supporting the strong
lignin-solubilizing ability commonly reported for ChCl:LA and other
organic acid-based DES systems [23,25,26]. Meanwhile, ChCl:Gly:FeCl3
generated stronger xylan hydrolysis over a broader CHF range, reflect-
ing the hydrolytic contribution of Fe>" in the DES matrix [73-75]. These
findings demonstrate that the effective severity of DES pretreatment
depends not only on temperature and residence time, but also on the
acid type and catalytic mechanism of the solvent system. Therefore, CHF
and CDF provide useful empirical descriptors for comparing Brgnste-
d-acidic and Lewis acid-assisted DES pretreatments of OPEFB. By uni-
fying temperature, residence time, and acid or catalytic contribution
into response-specific severity parameters, these descriptors can support
process comparison, operating-window selection, and future scale-up

evaluation of DES pretreatment systems. This agrees with previous
studies applying combined or modified severity factors to interpret
carbohydrate hydrolysis, delignification, and enzymatic digestibility
[55,59,63,76].

3.2. Effect of DES pretreatment variables on OPEFB biomass and lignin
recovery

The effect of DES pretreatment severity on OPEFB fractionation is
presented in Fig. 3. The pretreatment conditions were primarily ar-
ranged according to the actual operating variables, namely temperature
and residence time, while the corresponding CHF and CDF values were
included as severity descriptors to support comparison between the two
DES systems. In this figure, the upper axis denotes the actual pretreat-
ment condition, whereas CHF and CDF provide unified severity values
that reflect the combined influence of temperature, time, and acid or
catalytic contribution. The use of severity descriptors is beneficial
because it allows different pretreatment conditions to be interpreted
through a common scale, facilitates comparison between solvent sys-
tems, and supports the identification of an effective operating window
for future process development and scale-up evaluation [36,52,53,55].
Fig. 3a and b shows the chemical composition of the recovered solid
fractions, while Fig. 3c and d presents hemicellulose removal, cellulose
recovery, delignification, and lignin yield. These responses are impor-
tant because an effective pretreatment should remove non-cellulosic
barriers, preserve sufficient cellulose for enzymatic hydrolysis, and
recover lignin as a useable product stream.

The untreated OPEFB initially contained approximately 38.6%
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Fig. 3. Severity-dependent compositional and fractionation responses of two DES systems. (a,b) Chemical composition of the recovered solid fraction after pre-
treatment with ChCL:LA & ChClL:Gly:FeCls. (c,d) Hemicellulose removal, cellulose recovery, delignification and lignin yield of ChCL:LA & ChCl:Gly:FeCls system.

cellulose, 26.8% hemicellulose, and 33.2% lignin. After DES pretreat-
ment, the relative composition of the recovered solid shifted substan-
tially, reflecting the selective removal of non-cellulosic components. For
the ChCL:LA system, the cellulose proportion in the recovered solid
increased markedly with increasing pretreatment severity, from
approximately 43% to 78%. In parallel, the hemicellulose fraction
decreased from approximately 16% to below 6%, while the lignin
fraction decreased from approximately 35% to 16%. This compositional
shift indicates that ChCL:LA effectively removed both hemicellulose and
lignin, resulting in a cellulose-enriched solid residue. The most pro-
nounced cellulose enrichment and lignin removal were obtained at the
highest tested condition of 140 °C for 6 h, indicating that the ChCl:LA
system continued to respond positively to increased temperature and
residence time within the investigated range. This trend is consistent
with previous reports on ChCl:LA and other organic acid-based DES
systems, where increasing pretreatment severity enhanced lignin
dissolution, xylan removal, and cellulose enrichment [23,26,77,78]. The
increase in cellulose content should be interpreted as an enrichment
effect caused by the preferential solubilization of non-cellulosic com-
ponents rather than the formation of additional cellulose. Such cellulose
enrichment is favorable for enzymatic hydrolysis because hemicellulose
and lignin removal can open the cell wall structure, reduce physical
shielding, and improve enzyme accessibility [53,79-81].

A similar cellulose enrichment trend was observed in the ChCl:Gly:
FeCl; system. The cellulose content increased from approximately 51%
to 75%, while the hemicellulose content decreased from approximately
14% to below 3%. This result confirms that ChCl:Gly:FeCl3 was highly
effective in removing hemicellulose from OPEFB. However, compared
with ChCL:LA, the lignin fraction in the recovered solid remained slightly
higher, particularly at high severity. This indicates that the FeCls-con-
taining DES promoted stronger hemicellulose hydrolysis but was
comparatively less selective for lignin solubilization [31,33]. The strong
hemicellulose removal can be attributed to the Lewis acidity of Fe3*
which can catalyze glycosidic bond cleavage in xylan, as commonly
reported for metal chloride-assisted pretreatment systems [30,33]. In
contrast, lignin recovery is governed not only by bond cleavage but also
by lignin solvation, precipitation behavior, and the accessibility of lignin
within the biomass matrix [26,82]. This distinction is important because
ChCLLA and other organic acid-based DESs are often reported to be

particularly effective for lignin solubilization through Brgnsted acidity
and hydrogen-bonding interactions, whereas FeCls-containing systems
may exert stronger hydrolytic effects toward hemicellulose [33,75,83].

The fractionation performance of ChCLLA is shown in Fig. 3c.
Hemicellulose removal increased from approximately 66% to more than
90% as CHF increased, confirming the hydrolytic effect of the lactic
acid-based DES on the hemicellulose fraction. Delignification also
increased from approximately 39% to around 85% with increasing CDF,
indicating that ChCl:LA effectively promoted lignin solubilization [84,
85]. This behavior is consistent with previous studies showing that
organic acid-based DESs, particularly ChCl:LA, can promote lignin
dissolution and xylan elimination through Brgnsted acidity,
hydrogen-bonding interactions, and cleavage of lignin—carbohydrate
linkages [23,29,39]. Therefore, ChCl:LA appears to provide a balanced
fractionation environment in which both hemicellulose and lignin are
removed while cellulose is relatively preserved.

Cellulose recovery in the ChCL:LA system remained relatively high,
ranging from approximately 64% to 72% across the tested conditions.
Although increasing temperature and residence time enhanced
delignification and hemicellulose removal, cellulose recovery did not
increase proportionally. This indicates that the most suitable operating
window should balance three competing outcomes: extensive hemicel-
lulose removal, high delignification, and sufficient cellulose preserva-
tion [86-88]. In this context, CHF and CDF are useful because these
helps distinguish whether the improvement in fractionation is mainly
associated with hydrolytic severity or delignification severity, rather
than relying only on temperature and time as independent variables [55,
63]. Within the tested range, the highest temperature and longest resi-
dence time provided the most favorable fractionation outcome for ChCl:
LA, especially when lignin recovery was considered.

For the ChClL:Gly:FeCl; system, hemicellulose removal was already
high at the lowest severity and increased further to approximately
95-97% at higher CHF values, as shown in Fig. 3d. This confirms that the
FeCls-containing DES exerted stronger hydrolytic activity toward
hemicellulose than ChCL:LA. The high CHF range of ChCl:Gly:FeCl;
supports the role of Fe3* as a Lewis acid catalyst that facilitates xylan
cleavage [33,43,53]. Similar behavior has been reported in metal
chloride-assisted pretreatment systems, where Fe>* or other metal ions
enhanced hemicellulose depolymerization and improved subsequent
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enzymatic digestibility [33,34].

In contrast, delignification in ChCl:Gly:FeCl; increased from
approximately 60% to around 83%, but the improvement became less
pronounced at higher CDF. This trend agrees with the CDF-based model
in Subsection 3.1, where residual lignin decreased rapidly at low CDF
and then approached a plateau at higher severity. Notably, increasing
the residence time from 3 h to 6 h at 140 °C did not produce a substantial
additional improvement in the ChCl:Gly:FeCls system. This indicates
that the fractionation response of the FeCls-containing DES approached
an effective plateau at high temperature, where the easily removable
lignin fraction had been solubilized, and the remaining lignin was more
resistant to be removed.

Lignin yield increased with pretreatment severity in both DES sys-
tems, confirming that higher severity promoted lignin solubilization and
subsequent precipitation from the DES liquor. In ChCLLA, lignin yield
increased from approximately 29% to around 75%, whereas in ChCL:Gly:
FeClj it increased from approximately 41% to around 65%. The higher
final lignin yield in ChCL:LA indicates that this system was more favor-
able for lignin recovery, likely because lactic acid-based DESs provide
strong lignin solvation and facilitate lignin dissolution through Brgnsted
acidity and hydrogen-bonding interactions. Recent studies also reported
high lignin extraction and recovery from ChCl:LA-based systems, sup-
porting the suitability of this solvent for lignin-focused fractionation
[23,25,26,39]. Although ChCl:Gly:FeCl;s achieved strong hemicellulose
removal and relatively high delignification, its lower final lignin yield
suggests that part of the lignin may have remained in the solid residue or
been less efficiently recovered from the DES liquor.

Overall, Fig. 3 demonstrates that the two acidic DES systems pro-
duced distinct fractionation profiles. ChCl:LA provided more balanced
fractionation, combining high delignification, high lignin yield, and
good cellulose enrichment. In contrast, ChCl:Gly:FeCl; showed stronger
hemicellulose removal and higher hydrolytic severity, producing a
cellulose-rich solid that is favorable for enzymatic hydrolysis, but with
comparatively lower lignin recovery. These differences confirm that the
pretreatment outcome depends not only on severity level but also on the
acid type and catalytic mechanism of the DES system. The severity-
factor approach is therefore valuable because it converts multiple
operational variables into comparable response-oriented descriptors,
helping to identify whether additional severity still improves fraction-
ation or whether the system has approached a plateau. This is particu-
larly relevant for process scale-up, where increasing temperature or
residence time is only beneficial if it produces meaningful gains in
component separation and product recovery. Therefore, ChCl:LA is more
suitable when lignin recovery is prioritized, particularly because the
highest temperature and longest residence time still improved its frac-
tionation outcome. Conversely, ChCl:Gly:FeCls is more effective when
extensive hemicellulose removal and cellulose accessibility are the main
targets, although extending the treatment from 3 h to 6 h at 140 °C
provides limited additional benefit.

3.3. Solid characterization of pretreated OPEFB

Structural characterization of untreated and DES-pretreated OPEFB
was conducted using SEM, XRD, and FTIR to verify whether the frac-
tionation behavior observed in Section 3.2 was reflected in the physical
morphology, cellulose crystallinity, and functional group characteristics
of the recovered solids. In Section 3.2, ChCl:LA was shown to increase
the cellulose proportion while decreasing both hemicellulose and lignin
contents, whereas ChCl:Gly:FeCl; produced stronger hemicellulose
removal but retained a comparatively higher lignin fraction in the
recovered solid. These compositional trends indicate that the two DES
systems deconstructed OPEFB through different dominant pathways.
However, compositional changes alone do not fully describe biomass
recalcitrance because enzymatic accessibility also depends on fiber
morphology, cellulose ordering, and the persistence of lignin- or
hemicellulose-associated functional groups. Therefore, SEM, XRD, and
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FTIR were used as complementary techniques to evaluate whether the
chemical fractionation trends were accompanied by structural disrup-
tion and cellulose enrichment. Similar combined characterization ap-
proaches have been used to connect biomass composition, crystallinity,
functional groups, and enzymatic accessibility after pretreatment [79,
89].

To compare temperature-dependent structural changes under a
consistent residence-time basis, SEM, XRD, and FTIR analyses were
conducted on OPEFB solids pretreated at 100, 120, and 140 °C for 3 h.
The SEM images of untreated and DES-pretreated OPEFB are shown in
Fig. S1, where panels a-c correspond to ChCl:LA-pretreated samples,
panels d-f correspond to ChCl:Gly:FeCls-pretreated samples, and panel g
represents untreated OPEFB. The untreated OPEFB showed a relatively
compact and covered surface, suggesting that the native fiber structure
was still protected by the lignin-hemicellulose matrix and other amor-
phous components. After DES pretreatment, both DES systems altered
the OPEFB surface morphology, as indicated by surface roughening,
partial fiber exposure, localized surace disruption, and erosion. These
features suggest that DES pretreatment weakened the compact ligno-
cellulosic architecture and increased the exposure of the pretreated fiber
surface. Similar morphological changes have been reported after acidic
DES pretreatment, where removal of lignin and hemicellulose opened
the biomass structure and improved cellulose accessibility [25,86].
Comparable surface disruption has also been observed after metal
salt-assisted pretreatment, where catalytic hydrolysis of hemicellulose
weakens the cell-wall matrix [90].

For ChCl:LA-pretreated OPEFB, the surface morphology became
rougher and more irregular after pretreatment. At 100 °C for 3 h, surface
roughening was already observed, while the sample treated at 140 °C for
3 h showed more visible fiber exposure and fibrillation. This
morphology is consistent with the compositional data in Section 3.2,
where ChCL:LA produced substantial cellulose enrichment together with
high delignification and lignin yield. The enhanced surface opening can
be attributed to the combined effects of Brgnsted acidity and hydrogen-
bonding interactions in the lactic acid-based DES. Liu et al. [26] re-
ported that acidic DES can promote cleavage of lignin—carbohydrate
complexes, while H. Li et al. (2021) showed that acidic DES pretreat-
ment enhances bamboo delignification and lignin fractionation. More
recently, Rodrigues et al. [43] also demonstrated that ChCl:LA-based
pretreatment can enhance lignin extraction and cellulose-to-glucose
conversion. In the ChCl:Gly:FeCls system, the pretreated OPEFB also
showed clear surface modification. The samples treated at 100 and
120 °C for 3 h showed surface disruption and localized pits, whereas the
sample treated at 140 °C for 3 h exhibited stronger erosion and a more
porous structure. This is consistent with the composition and removal
data in Section 3.2, where ChCl:Gly:FeCl3 produced extensive hemicel-
lulose removal. Fe>-assisted Lewis acidity can intensify xylan hydro-
lysis and weaken the polysaccharide matrix. Kamireddy et al. [31]
described the role of metal chloride salts in improving lignocellulosic
deconstruction, while Tang et al. [34] showed that metallic chlorides
can alter lignin structure and improve enzymatic hydrolysis. Yang et al.
[91] further demonstrated that metal-salt coordinated ChCl:Gly DES
systems can promote lignocellulosic pretreatment through coordinated
acidity and hydrogen-bond interactions.

The XRD patterns and crystallinity index (CrlI) values of untreated
and DES-pretreated OPEFB are shown in Fig. S2. Untreated OPEFB
showed a CrI of 65.6%. After ChCl:LA pretreatment, the Crl increased
markedly to 82.0%, 80.8%, and 81.0% at 100, 120, and 140 °C,
respectively. The increase in Crl indicates that ChCl:LA preferentially
removed amorphous components, mainly hemicellulose and lignin,
thereby enriching the crystalline cellulose fraction in the recovered
solid. This interpretation agrees with Section 3.2 composition data,
where the cellulose proportion increased while hemicellulose and lignin
contents decreased. The relatively stable CrI values at higher tempera-
tures further suggest that the crystalline cellulose structure was largely
preserved during ChCLLA pretreatment, even though non-cellulosic
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components were extensively removed. Li et al. [92] similarly reported
that acidic DES pretreatment can enhance apparent crystallinity by
removing lignin and hemicellulose. Da Costa Lopes et al. [93] also
associated selective hemicellulose/lignin degradation with improved
enzymolysis efficiency. The broader role of DES pretreatment in
removing amorphous barriers and improving cellulose accessibility has
also been highlighted in recent reviews [43]. A different crystallinity
trend was observed for ChCl:Gly:FeCls-pretreated OPEFB. The Crl
remained almost unchanged at 100 °C (65.5%), increased to 70.2% at
120 °C, and then decreased to 63.3% at 140 °C. The initial increase can
be attributed to the preferential removal of amorphous components,
particularly hemicellulose and part of the lignin fraction, which
enriched the cellulose-rich solid. Similar increases in apparent crystal-
linity after pretreatment have been associated with the removal of
amorphous lignin and hemicellulose fractions [43,79,92]. However, the
decrease in Crl at 140 °C suggests that the FeCls-assisted DES treatment
did not simply enrich crystalline cellulose. Instead, the stronger
Lewis-acid-assisted deconstruction may have partially altered the
ordering of the cellulose-rich solid or increased the relative contribution
of less ordered cellulose domains. Since Crl calculated using the Segal
method is an apparent crystallinity index, this result should not be
interpreted alone as direct evidence of cellulose degradation. Rather, it
should be considered together with compositional analysis, SEM
morphology, FTIR spectra, and enzymatic hydrolysis results, as biomass
digestibility is influenced by multiple structural and chemical features
rather than crystallinity alone ([81,89]. In this context, the lower
apparent Crl at high ChCl:Gly:FeCl3 severity may contribute to
improved cellulase accessibility by exposing less ordered or more
accessible cellulose domains. Nevertheless, excessive severity must still
be controlled because metallic chloride pretreatment can alter lignin
and carbohydrate structures under severe conditions, which may reduce
cellulose recovery or increase carbohydrate loss during pretreatment
[25,34,94].

The FTIR spectra of untreated and DES-pretreated OPEFB are shown
in Fig. S3. The main bands observed in the spectra were located at
approximately 3333, 2907, 1729, 1603, 1509, 1371, 1327, 1238, 1110,
and 1030 cm™. The broad band around 3333 c¢m™, corresponding to
O-H stretching vibrations, decreased after DES pretreatment. This
change indicates disruption of the hydrogen-bonding network among
cellulose, hemicellulose, and lignin, which is consistent with the
removal of matrix-forming amorphous components discussed in Section
3.2. The peak around 2907 cm ™, assigned to C-H stretching vibrations
in polysaccharides and lignin, also decreased after pretreatment, sug-
gesting partial removal or structural alteration of carbohydrate and
lignin components. These changes confirm that both DES systems
modified the chemical environment of the OPEFB solid fraction. Similar
changes in O-H and C-H stretching bands have been used to indicate
hydrogen-bond disruption and biomass matrix deconstruction after DES
pretreatment [23]. In the carbonyl region, the band around 1729 cm ™,
commonly attributed to C=0 stretching of acetyl and ester groups in
hemicellulose, became weaker after DES pretreatment. This decrease
supports the removal of hemicellulose, consistent with the high hemi-
cellulose removal shown in Fig. 3. The reduction of bands in the
1238-1371 cm ™! region, including peaks around 1371, 1327, and
1238 cm™ !, further indicates disruption and solubilization of hemicel-
lulose- and lignin-associated structures. Meanwhile, the bands around
1110 and 1030 cm ™! are associated mainly with polysaccharide C-O-C
and C-O stretching vibrations, reflecting changes in the
carbohydrate-rich solid after pretreatment. H. Li et al. [25] reported
similar FTIR changes after acidic DES delignification of bamboo. Huo
et al. [23] also linked the reduction of hemicellulose- and
lignin-associated bands with improved enzymolysis after DES pretreat-
ment. For ChCl:LA-based pretreatment, Rodriguez-Rebelo et al. [83]
further associated lignin extraction and hemicellulose removal with
improved cellulose conversion. The lignin-related aromatic skeletal vi-
bration bands around 1603 and 1509 cm™! were also reduced after
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pretreatment. The decrease was more evident in the ChCl:LA-pretreated
solid, supporting the stronger lignin solubilization and higher lignin
yield obtained with the lactic acid-based DES. This agrees with the
fractionation results in Section 3.2, where ChCL:LA showed more
balanced hemicellulose removal and delignification. The efficient lignin
removal by acidic DESs has been attributed to the ability of organic
acid-based DES systems to disrupt lignin-associated linkages and
improve lignin solvation [27,92]. In contrast, the persistence of
lignin-related bands in ChCl:Gly:FeCls-pretreated solids suggests that
part of the lignin remained associated with the recovered solid fraction.
This observation is consistent with the comparatively lower lignin re-
covery of ChCl:Gly:FeCls, despite its strong hemicellulose removal. Tang
et al. [34] also showed that metallic chloride pretreatment can strongly
affect biomass deconstruction while modifying lignin structure. There-
fore, FTIR analysis supports the interpretation that ChCl:LA was more
favorable for lignin removal, whereas ChCl:Gly:FeCl; primarily pro-
moted hemicellulose-directed deconstruction.

Overall, SEM, XRD, and FTIR analyses confirmed that the two DES
systems modified OPEFB through different structural pathways. ChCl:LA
effectively disrupted the lignin-hemicellulose matrix, reduced lignin-
associated FTIR bands, and preserved high apparent cellulose crystal-
linity, explaining the cellulose enrichment and high lignin recovery
observed in the fractionation data. This behavior is consistent with
previous reports showing that organic acid-based DESs promote lignin
solubilization, lignin—carbohydrate complex cleavage, and cellulose
enrichment [23,26,28]. In contrast, ChCl:Gly:FeCls produced stronger
hemicellulose-directed disruption, surface erosion, and partial reduction
in apparent Crl at high temperature. These changes suggest that the
FeCls-containing DES increased cellulose accessibility not only by
removing hemicellulose but also by opening the cell-wall structure and
exposing less ordered cellulose domains. Similar effects of Fe>* or
metallic chloride-assisted pretreatment on hemicellulose disruption,
lignocellulose deconstruction, and enzymatic digestibility have been
reported previously [33,34,95]. Therefore, ChCl:LA is more favorable
for balanced delignification, lignin recovery, and cellulose enrichment,
whereas ChCl:Gly:FeCls is more effective for generating a highly
digestible cellulose-rich solid through hemicellulose removal and
structural accessibility improvement. This integrated structural inter-
pretation provides the basis for the enzymatic hydrolysis behavior dis-
cussed in the next section.

3.4. Effect of pretreatment on OPEFB saccharification

The effect of DES pretreatment on OPEFB saccharification was
evaluated by correlating enzymatic hydrolysis yield (Ygn) with CHF and
CDF, as shown in Fig. 4. CHF represents the severity of xylan hydrolysis,
while CDF represents the severity of delignification. Therefore, both
factors were used to determine whether hemicellulose removal and
lignin removal contributed to the improvement of enzymatic di-
gestibility after ChCl:LA and ChCl:Gly:FeCl; pretreatment.

For the ChCL:LA system, Ygy increased with increasing CHF, as
shown in Fig. 4a. The enzymatic hydrolysis yield increased from 46.6%
at low CHF to 75.8% at the highest CHF. The increase was rapid at low-
to-moderate CHF and then approached a plateau at higher CHF values.
This trend indicates that xylan removal strongly improved cellulose
accessibility during the early stage of pretreatment. However, after most
accessible hemicellulose had been removed, further increase in CHF
only slightly improved enzymatic hydrolysis. The fitted model showed a
good correlation between CHF and Ygy, with R? =0.883 and
RMSE = 3.20%, confirming that CHF can describe the contribution of
hemicellulose hydrolysis to enzymatic digestibility. A similar trend was
observed when Ygy was correlated with CDF for ChClL:LA, as shown in
Fig. 4b. The hydrolysis yield increased with increasing CDF and reached
a plateau at higher delignification severity. The correlation between
CDF and Yy gave a slightly higher fitting accuracy, with R? = 0.924 and
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Fig. 4. Effects of modified severity factors on enzymatic hydrolysis yield of DES-pretreated OPEFB. Correlation of Ygy with (a) CHF and (b) CDF for ChCL:LA, and

with (c¢) CHF and (d) CDF for ChCl:Gly:FeCls.

RMSE = 2.58%. This suggests that, in the ChCL:LA system, lignin
removal had a strong contribution to enzymatic hydrolysis improve-
ment. This result is consistent with the fractionation data, where ChCl:
LA showed effective delignification and lignin recovery. The removal of
lignin likely reduced the physical barrier around cellulose and decreased
non-productive enzyme binding, resulting in higher cellulose di-
gestibility [82,96].

For the ChCl:Gly:FeCls system, Yy also increased with increasing
CHF, as shown in Fig. 4c. The hydrolysis yield increased from approxi-
mately 54-59% at low CHF to 93.8% at the highest CHF. Compared with
ChCLLA, ChCl:Gly:FeCl3 reached a much broader CHF range and ach-
ieved a higher final Ygy. This confirms that the FeCls-containing DES
strongly enhanced OPEFB digestibility, mainly through extensive
hemicellulose removal and improved cellulose accessibility. The Lewis
acidity of Fe®>" can promote cleavage of glycosidic linkages in xylan,
thereby reducing the hemicellulose barrier surrounding cellulose mi-
crofibrils and increasing cellulase access to the cellulose-rich solid [25,
33]. The CHF-Ygy model gave R? = 0.854 and RMSE = 5.88%, indi-
cating a reasonable correlation, although the deviation was higher than
that of the ChCl:LA model. This relatively larger deviation suggests that
the hydrolysis behavior of ChCl:Gly:FeCls-pretreated OPEFB was not
governed by hemicellulose removal alone, but also by additional
structural and compositional factors.

The high enzymatic hydrolysis yield of ChCl:Gly:FeCls-pretreated
OPEFB should also be interpreted together with the structural charac-
terization results. Although the apparent CrI decreased at 140 °C, this
decrease does not contradict the high hydrolysis yield. Enzymatic di-
gestibility of lignocellulosic biomass is not governed by crystallinity
alone, but by the combined effects of hemicellulose removal, lignin
removal, cellulose exposure, accessible surface area, pore formation,
and enzyme accessibility [82,97]. In the ChCl:Gly:FeCls system, exten-
sive hemicellulose removal reduced the xylan barrier surrounding
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cellulose microfibrils, while partial delignification and surface erosion
decreased physical shielding and improved cellulase penetration into
the recovered solid. The lower apparent Crl may also indicate partial
deordering of the cellulose-rich fraction, which can increase the pro-
portion of less ordered or more accessible cellulose domains. Therefore,
the 93.8% hydrolysis yield was likely caused by the combined effects of
hemicellulose removal, partial lignin removal, surface disruption, and
increased cellulose accessibility, rather than by a single structural factor.

The relationship between CDF and Ygy for ChCl:Gly:FeCls is shown
in Fig. 4d. The hydrolysis yield increased with increasing CDF and
gradually approached a high plateau. The CDF-Ygy model showed
R? = 0.867 and RMSE = 5.60%, slightly better than the CHF-based
correlation for the same DES system. This indicates that delignifica-
tion also contributed to enzymatic hydrolysis improvement in ChCl:Gly:
FeCls, although the effect was less direct than in ChCl:LA. This may be
because ChClL:Gly:FeCls primarily promoted hemicellulose removal,
while part of the lignin remained in the recovered solid or may have
undergone condensation or redeposition at higher severity. Such resid-
ual or modified lignin may still affect enzymatic hydrolysis through
physical shielding or non-productive enzyme adsorption [7,23].
Therefore, the saccharification behavior of ChCl:Gly:FeCls should be
interpreted as a combined result of xylan removal, partial delignifica-
tion, surface disruption, apparent cellulose deordering, and improved
cellulose accessibility.

The different behavior between the two DES systems shows that
enzymatic digestibility was controlled by multiple structural and
compositional factors rather than by CHF or CDF alone. In ChCl:LA, the
stronger CDF-hydrolysis relationship suggests that lignin removal
played a major role in improving saccharification by reducing physical
shielding and non-productive enzyme adsorption. Similar effects of
lignin removal on improved enzymatic digestibility have been reported
in previous lignocellulosic pretreatment studies [7,96,98]. In ChClL:Gly:
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FeCls, the high final hydrolysis yield was mainly associated with
stronger hydrolytic severity, extensive hemicellulose removal, surface
disruption, and increased cellulose accessibility, although delignifica-
tion still contributed to the overall improvement. These results agree
with previous reports showing that enzymatic hydrolysis increases after
pretreatment because enhances cellulose exposure, lignin removal re-
duces physical shielding and non-productive adsorption, and structural
disruption increases enzyme-accessible surface area [81,82,99].

Overall, DES pretreatment significantly improved the enzymatic
hydrolysis of OPEFB. ChCl:LA increased the hydrolysis yield up to
75.8%, while ChCl:Gly:FeCl; achieved a higher maximum yield of
93.8%. The results confirm that modified severity factors can be used to
describe saccharification performance, but they should be interpreted
together with compositional and structural changes. CHF mainly reflects
the contribution of xylan hydrolysis to cellulose accessibility, whereas
CDF reflects the contribution of lignin removal to reducing biomass
recalcitrance, consistent with previous severity-based interpretations of
enzymatic digestibility [55,58,63]. Therefore, the highest enzymatic
hydrolysis yield was obtained when hemicellulose and lignin barriers
were sufficiently disrupted, the cell-wall structure was opened, and the
cellulose-rich solid became more accessible to cellulase.

The enzyme loading used in this study should also be considered
when interpreting the saccharification results. A cellulase dosage of 20
FPU/g dry substrate was selected to evaluate the digestibility potential
of raw and DES-pretreated OPEFB under enzyme-sufficient conditions,
rather than to optimize enzyme economy. Reported cellulase loadings in
lignocellulosic hydrolysis studies vary widely depending on biomass
type, pretreatment method, enzyme formulation, substrate loading, and
the denominator used for enzyme dosage. Low cellulase loadings of
approximately 2-5 FPU/g have been reported in some optimized or
assisted hydrolysis systems [100,101], whereas broader optimization
studies have evaluated higher loadings extending to 40 FPU/g or above
[102-104]. Intermediate loadings around 15-30 FPU/g are also
frequently used in laboratory-scale lignocellulosic hydrolysis studies,
including dry-matter- or substrate-based enzyme dosage [105-108].
Therefore, the 20 FPU/g dry substrate used in this work is within the
commonly reported laboratory-scale range for evaluating biomass
digestibility.

Nevertheless, enzyme-loading bases reported in the literature are not
always directly interchangeable. Some studies express cellulase loading
as FPU/g dry matter or FPU/g substrate, whereas others use FPU/g
glucan or FPU/g cellulose [101-103]. These bases can lead to different
apparent enzyme dosages because they depend on the cellulose or
glucan content of the substrate. Therefore, the enzyme loading in the
present study should be interpreted specifically as a dry-substrate-based
comparative condition. Under this enzyme-sufficient condition, differ-
ences in hydrolysis yield mainly reflect pretreatment-induced changes in
substrate accessibility, including hemicellulose removal, delignification,
surface disruption, cellulose exposure, and reduced biomass recalci-
trance. Thus, the high hydrolysis yield obtained for ChCl:Gly:FeCls--
pretreated OPEFB indicates that this pretreatment produced a highly
digestible cellulose-rich solid.

From a practical perspective, however, the enzyme dosage used here
should not be regarded as an optimized industrial dosage. Enzyme
loading is an important contributor to the operating cost of lignocellu-
losic sugar production, and enzyme-reduction strategies such as enzyme
recycling, high-solids hydrolysis, optimized enzyme cocktails, and pro-
cess additives have been widely explored to improve process feasibility
[100,104,109]. Therefore, future work should evaluate lower cellulase
dosages, enzyme recycling, higher-solid hydrolysis, and enzyme-sub-
strate interactions after DES pretreatment to determine the minimum
enzyme requirement for economically favorable glucose production.

The stability of cellulase during the 72 h hydrolysis period should
also be considered when interpreting the saccharification data. The
hydrolysis condition used in this study, 50 °C and pH 4.8 for 72 h, is
commonly applied in laboratory-scale lignocellulosic hydrolysis studies,
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including studies using pretreated lignocellulosic biomass and empty
fruit bunch substrates (Yang et al., 2017; Luo et al., 2019; Fabbrizi et al.,
2022). Nevertheless, cellulase is a protein catalyst, and partial activity
loss may occur during prolonged incubation because of thermal dena-
turation, product inhibition, non-productive adsorption on residual
lignin, and enzyme binding to insoluble biomass solids ([104]; Chen
et al., 2016; Santos et al., 2026). Therefore, the 72-h hydrolysis yield
should be interpreted as a standardized endpoint digestibility mea-
surement rather than a direct measurement of intrinsic cellulase
stability.

In the present work, all raw and DES-pretreated OPEFB samples were
hydrolyzed under identical enzyme loading, temperature, pH, agitation,
and incubation time. Therefore, any gradual enzyme deactivation would
be expected to affect all treatments under the same experimental pro-
tocol, allowing the hydrolysis results to remain valid for comparative
evaluation among pretreatment conditions. The relatively lower R?
values observed in some severity-hydrolysis correlations, especially for
ChCL:Gly:FeCls, should not be attributed solely to cellulase instability.
They may also reflect the heterogeneous nature of pretreated OPEFB,
differences in residual lignin, non-productive enzyme adsorption, cel-
lulose accessibility, surface morphology, crystallinity, and the nonlinear
relationship between severity descriptors and enzymatic digestibility
[37,55,63]. However, the possible contribution of enzyme deactivation
during prolonged hydrolysis is now acknowledged as a limitation.
Future work should include time-course hydrolysis analysis, residual
cellulase activity measurement, protein adsorption analysis, glucose and
cellobiose monitoring, and enzyme-recycling or enzyme-stability eval-
uation to better separate substrate accessibility effects from enzyme
deactivation effects.

3.5. Recovered lignin characterization and fabrication of CMC-lignin film

3.5.1. Recovered lignin characterization

The recovered DES lignins were further characterized to evaluate
their suitability as functional additives for CMC-based composite films.
As shown in Table 2, both DES systems produced lignin with high purity,
reaching 91.7% for ChCl:LA lignin and 93.1% for ChCl:Gly:FeCl; lignin.
These values indicate that the DES pretreatment not only promoted
lignin solubilization from OPEFB but also enabled the recovery of lignin
with relatively low carbohydrate contamination. High lignin purity is
important for film applications because residual polysaccharides and
inorganic impurities may reduce compatibility with the polymer matrix
and weaken the contribution of lignin to hydrophobicity, mechanical
reinforcement, and antioxidant functionality. Similar observations have
been reported for DES-extracted lignins, where high purity, lower mo-
lecular weight, and more homogeneous structure improved compati-
bility with CMC and enhanced the physicochemical performance of
CMC-lignin films [47].

The molecular weight distribution of the recovered lignin also
differed between the two DES systems. ChCL:LA lignin showed higher
Mn and Mw values of 1998 and 2541 g/mol, respectively, with a dis-
persity of 1.591. In contrast, ChCl:Gly:FeCls lignin exhibited lower Mn
and Mw values of 1344 and 2139 g/mol, respectively, with a narrower
dispersity of 1.272. The lower molecular weight and narrower distri-
bution of ChCl:Gly:FeCl; lignin suggest that the Lewis-acid-assisted DES
system promoted more extensive lignin depolymerization or selective
solubilization of lower-molecular-weight lignin fragments. This
behavior may be associated with the catalytic role of Fe>* in cleaving
ether linkages and disrupting lignin—carbohydrate interactions during

Table 2

Molecular weight and purity of recovered DES lignin.
DES Lignin Purity Mn Mw Mw/Mn
ChCL:LA 91.7% 1998 2541 1.591
ChClL:Gly:FeCl3 93.1% 1344 2139 1.272




C. Wijaya et al.

pretreatment [33]. Lower-molecular-weight lignin can be beneficial for
film formation because it may disperse more easily in the CMC matrix
and form more uniform intermolecular interactions. However, excessive
depolymerization may also increase the amount of phenolic hydroxyl
groups and polar functionalities, which can influence surface wettability
and water vapor transport [40,45].

The FTIR spectra of the recovered lignins are presented in Fig. S4.
Both ChCLLA and ChCl:Gly:FeCls lignins exhibited typical lignin ab-
sorption bands, confirming that the recovered fractions retained the
main aromatic lignin structure. The broad band at around
3200-3400 cm™! corresponds to O-H stretching vibrations from
phenolic and aliphatic hydroxyl groups, while the bands near 2920 cm !
are associated with C-H stretching of methyl and methylene groups
[110]. The characteristic aromatic skeletal vibrations of lignin were
observed around 1600, 1510, and 1420 cm ™, indicating the preserva-
tion of the aromatic backbone after DES pretreatment [111]. In addition,
bands in the region of 1260-1210 cm™! and 1120-1030 cm™! can be
assigned to guaiacyl/syringyl-related C-O vibrations and ether linkages,
suggesting the presence of typical lignin units in both recovered samples
[50]. These results support the successful isolation of lignin from the
DES filtrate and are consistent with the high lignin purity values ob-
tained from compositional analysis. The presence of hydroxyl- and
aromatic-related bands is also important for the subsequent CMC-lignin
film application, because phenolic hydroxyl groups contribute to anti-
oxidant activity, while the aromatic structure of lignin contributes to
hydrophobicity, UV-absorbing capability, and barrier performance [40,
47]. Similar FTIR features have been reported for DES lignin incorpo-
rated into CMC films, where preserved aromatic and hydroxyl func-
tionalities contributed to improved physicochemical and antioxidant
properties of the resulting films [46,47].

The structural features of the recovered DES lignins were further
evaluated by 2D-HSQC NMR, as shown in Fig. S5, and the semi-
quantitative structural indicators are summarized in Table S1. In the
aromatic region, signals at approximately §¢/8y 103-106/6.4-6.8 ppm
were assigned to syringyl Sy, correlations, signals around 110-120/
6.7-7.3 ppm were assigned to guaiacyl aromatic correlations, and sig-
nals near 127-132/7.2-7.8 ppm were assigned cautiously to H-type or p-
coumarate-related aromatic structures because this region may overlap
with other phenolic aromatic signals in grass-type lignins [47,112-114].
Semi-quantitative integration showed that both recovered lignins were
S-rich. ChCLLA lignin showed 45.9% S, 23.2% G, and 30.9%
H/p-coumarate-related units, with an S/G ratio of 1.98, whereas ChCl:
Gly:FeCl3 lignin showed 53.4% S, 244% G, and 22.2%
H/p-coumarate-related units, with an S/G ratio of 2.19. These aromatic
correlations indicate that both DES systems recovered lignin fractions
that still retained the main aromatic lignin framework.

The side-chain region provides clearer evidence for the difference
between preserved structure and depolymerization. ChCLLA lignin
showed a higher p-O-4-related signal, estimated at 22.9 per 100 aro-
matic units, compared with 16.7 per 100 aromatic units for ChCl:Gly:
FeCl3 lignin. Because -O-4 aryl ether linkages are major native lignin
interunit linkages, their higher relative abundance in ChCL:LA lignin
suggests that the Brgnsted-acidic ChCL:LA system solubilized lignin
while preserving more of the native-like side-chain framework. In
contrast, the lower p-O-4-related signal in ChCl:Gly:FeCls lignin in-
dicates stronger cleavage of aryl ether-type linkages, supporting lignin
depolymerization under Fe>'-assisted Lewis acidic conditions. This
interpretation is consistent with previous studies showing that FeCl3 and
other metal chloride-assisted systems can promote lignocellulose
deconstruction, oxygen-containing bond cleavage, and lignin structural
modification [29,32,34,70]. The p-5-related and p-p/overlapped
oxygenated linkage regions were also estimated, but these values were
interpreted cautiously because technical lignins often show weak or
overlapping contours in the side-chain region ([47,112].

This structural difference is consistent with the GPC/SEC results,
where ChCL:Gly:FeCls lignin exhibited lower molecular weight and
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narrower dispersity than ChCl:LA lignin. The lower molecular weight of
ChCl:Gly:FeCl3 lignin suggests that FeCls-assisted DES pretreatment
promoted more extensive lignin fragmentation. Such depolymerization
can increase the accessibility of phenolic hydroxyl groups, explaining
the stronger antioxidant activity of the CMC~ChCl:Gly:FeCl; lignin film,
as reflected by its lower ICsg value[46,47]. Meanwhile, the relatively
more preserved aromatic framework and higher molecular weight of
ChCLLA lignin may contribute to better hydrophobicity and
moisture-barrier behavior, as shown by its higher water contact angle
and lower WVTR. Therefore, Fig. S5 supports the conclusion that the
pretreatment chemistry controlled not only lignin extraction but also the
downstream functional performance of the recovered lignin in
CMC-based packaging films.

3.5.2. Characterization of CMC-Lignin film

FTIR spectra of the CMC-DES lignin films is shown in Fig. 5. The
spectra confirmed the successful incorporation of recovered lignin into
the CMC matrix. The broad absorption band around 3200-3400 cm ™!
can be assigned to O-H stretching vibrations from hydroxyl groups in
CMC, glycerol, and lignin. The bands near 2920 cm™! are associated
with C-H stretching of aliphatic groups, while the absorption bands
around 1590-1600 cm ™! and 1410-1420 cm™! are related to carbox-
ylate groups of CMC and aromatic skeletal vibrations of lignin. The
presence of lignin-related bands in the composite films indicates that the
recovered DES lignin was successfully incorporated into the CMC
network. In addition, possible shifts or intensity changes in the O-H and
carboxylate regions suggest intermolecular hydrogen bonding between
hydroxyl groups of CMC and phenolic/aliphatic hydroxyl groups of
lignin. Such interactions are important because they can improve matrix
cohesion, reduce free volume, and contribute to the enhanced me-
chanical and barrier properties of the films. Previous studies on
CMC-DES lignin films similarly attributed improved film performance
to the compatibility and intermolecular interactions between DES lignin
and CMC [46,47].

The antioxidant, physical, and mechanical properties of CMC-DES
lignin films were summarized In Table 3. The incorporation of DES
lignin improved the antioxidant activity of the CMC films, as indicated
by the decrease in ICsg values from 50.3 g/mL for neat CMC to 20.8 g/
mL for CMC-ChCL:LA lignin and 12.6 g/mL for CMC-ChCl:Gly:FeCl;3
lignin. Since a lower ICsg value indicates stronger radical scavenging
ability, the ChCl:Gly:FeCls lignin film showed the highest antioxidant
performance among the tested films. This enhancement can be attrib-
uted to the aromatic and phenolic structures of lignin, which can donate
hydrogen atoms or electrons to neutralize free radicals [40,45]. The

[—— CMC-ChCI:Gly:FeCl, lignin-film
—— CMC-ChCI:LA lignin-film
[——CMC-film

Transmittance (%)
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Fig. 5. FTIR Spectra of CMC-lignin film.
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Table 3
Antioxidant, physical, and mechanical properties of CMC-DES lignin films.

Biomass and Bioenergy 217 (2027) 109859

CMC-lignin film Antioxidant (ICso) Water contact angle (°) WVTR (g/m>h) Thickness (mm) Tensile strength (MPa) Elongation at break (%)
(pg/mL)

CMC 50.3 68.5 +£ 0.3 19.95 + 0.74 0.1 8.05 39

CMC-ChCI-LA lignin 20.8 70.7 £ 0.2 13.94 + 0.16 0.12 12.13 21.83

CMC-ChCI-Gly-FeCls 12.6 65.8 +£0.7 15.84 + 0.72 0.13 13.08 20.67

stronger antioxidant activity of the ChCl:Gly:FeCls lignin film may be
related to its lower molecular weight and higher purity, which could
increase the accessibility of phenolic hydroxyl groups within the film
matrix. This interpretation agrees with previous reports showing that
lignin-containing films exhibit improved antioxidant activity due to
phenolic hydroxyl groups from syringyl, guaiacyl, and p-hydroxyphenyl
units ([115]; [41]). In food packaging applications, this antioxidant
function is valuable because it may help reduce oxidative deterioration,
lipid oxidation, and quality loss during storage.

The surface wettability of the films was also affected by lignin
incorporation. The neat CMC film showed a water contact angle of
68.5°, confirming its hydrophilic nature. After lignin addition, the
contact angle increased slightly to 70.7° for CMC—-ChCLLA lignin, indi-
cating improved surface hydrophobicity. This increase can be attributed
to the aromatic and hydrophobic domains of lignin, which reduce the
exposure of hydrophilic CMC groups at the film surface. In contrast, the
CMC-ChCL:Gly:FeCls lignin film showed a lower contact angle of 65.8°,
despite having higher purity and stronger antioxidant activity. This
result suggests that the ChCl:Gly:FeCls lignin may contain a greater
proportion of accessible polar groups, particularly phenolic hydroxyl
groups generated through lignin depolymerization [47]. Therefore,
while lignin generally contributes hydrophobic aromatic domains, the
final wettability of the composite film depends on the balance between
hydrophobic aromatic structures and exposed polar functionalities. A
similar trend has been reported in lignin-based films, where the incor-
poration of lignin can increase hydrophobicity, but the extent depends
strongly on lignin structure, purity, molecular weight, and phenolic
hydroxyl content (Syahidah et al., 2025).

The WVTR results further demonstrate the role of DES lignin in
improving the moisture barrier properties of CMC films. The neat CMC
film showed the highest WVTR of 19.95 g/m?h, reflecting the water-
sensitive nature of the CMC matrix. Incorporation of ChCL:LA lignin
reduced the WVTR to 13.94 g/m?h, while ChCl:Gly:FeCl; lignin reduced
it to 15.84 g/m>h. These reductions indicate that recovered DES lignin
can hinder water vapor diffusion through the CMC film. The improved
barrier performance can be explained by two complementary mecha-
nisms. First, the hydrophobic aromatic structure of lignin can decrease
water affinity within the film matrix. Second, lignin particles or domains
can create a more tortuous diffusion pathway, thereby slowing water
vapor transport across the film [46,116]. The slightly better WVTR
reduction observed for CMC-ChCL:LA lignin may be consistent with its
higher contact angle, suggesting a more hydrophobic surface and
stronger resistance to water vapor transmission. Previous studies have
also shown that lignin incorporation can reduce water vapor perme-
ability in biopolymer films by improving matrix compactness and
introducing hydrophobic domains [47,117].

Mechanical testing showed that DES lignin incorporation improved
the tensile strength of the CMC films. The tensile strength increased from
8.05 MPa for neat CMC to 12.13 MPa for CMC-ChCL:LA lignin and
13.08 MPa for CMC-ChCl:Gly:FeCls lignin. This enhancement indicates
that lignin acted as a reinforcing component within the CMC matrix. The
improvement may result from hydrogen bonding and physical in-
teractions between CMC chains and lignin functional groups, which
strengthen the composite network and improve stress transfer during
tensile loading. The slightly higher tensile strength of the ChCl:Gly:FeCl3
lignin film may be associated with its lower molecular weight and nar-
rower dispersity, which could promote more uniform dispersion and
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stronger interfacial interaction with CMC. However, the elongation at
break decreased from 39% for neat CMC to 21.83% and 20.67% for the
ChCLLA and ChClL:Gly:FeCls lignin films, respectively. This reduction
suggests that lignin increased film rigidity and restricted CMC chain
mobility (Syahidah et al., 2025)[118,119]. Therefore, DES lignin
improved strength but reduced flexibility, reflecting a typical rein-
forcement effect in biopolymer composite films.

Overall, the recovered DES lignins from OPEFB demonstrated strong
potential as functional additives for CMC-based films. Both lignins
improved antioxidant activity, reduced WVTR, and increased tensile
strength compared with neat CMC. ChCl:LA lignin gave better surface
hydrophobicity and moisture barrier performance, while ChCl:Gly:FeCl;
lignin provided stronger antioxidant activity and higher tensile strength.
These differences indicate that the pretreatment chemistry not only af-
fects lignin recovery and enzymatic glucose production but also de-
termines the downstream functionality of recovered lignin in packaging
materials. Thus, the DES fractionation strategy developed in this work
supports an integrated OPEFB biorefinery concept, in which the
cellulose-rich solid fraction is converted into glucose and the recovered
lignin is valorized as an active reinforcing component for biodegradable
CMC-based packaging films.

3.6. Process mass balance analysis of DES-enzymatic hydrolysis process

Process mass balance analysis was conducted to evaluate the inte-
grated performance of DES pretreatment and enzymatic hydrolysis on
the basis of 100 g raw OPEFB. While the previous sections separately
discussed fractionation behavior, structural modification, enzymatic
digestibility, and lignin-based film performance, the mass balance pro-
vides a more practical assessment of how effectively the initial biomass
was converted into two major product streams: glucose from the
cellulose-rich solid and recovered lignin from the DES liquor. This
evaluation is important because a pretreatment condition with high
enzymatic hydrolysis yield does not necessarily provide the highest
overall glucose recovery on a raw biomass basis, particularly if excessive
solid loss or cellulose degradation occurs during pretreatment. Simi-
larly, high delignification is only beneficial for lignin valorization when
the solubilized lignin can be effectively recovered.

The glucose and lignin yields obtained from the ChCl:LA and ChCl:
Gly:FeCls systems are shown in Fig. 6. In the ChCl:LA system, increasing
pretreatment severity generally improved both enzymatic glucose pro-
duction and lignin recovery. The best-performing ChCl:LA condition
within the investigated range was 140 °C for 6 h, producing approxi-
mately 21.6 g glucose and 24.7 g recovered lignin per 100 g raw OPEFB.
This result is consistent with the fractionation behavior discussed in
Section 3.2, where ChCl:LA promoted strong delignification, high lignin
yield, and cellulose enrichment at higher severity. Although the enzy-
matic hydrolysis yield of ChCl:LA-pretreated solid was lower than that of
the ChCl:Gly:FeCl; system, its higher lignin recovery demonstrates the
advantage of ChCL:LA when lignin valorization is considered as an
important output of the process. In contrast, the ChCl:Gly:FeCl3 system
produced slightly higher glucose recovery, reaching approximately
21.7 g glucose per 100 g raw OPEFB, while the recovered lignin yield
was approximately 23.1 g per 100 g raw OPEFB. The higher glucose
production agrees with the stronger enzymatic hydrolysis performance
observed in Section 3.4, where ChCl:Gly:FeCls-pretreated OPEFB ach-
ieved the highest enzymatic hydrolysis yield. This behavior can be
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Fig. 6. Glucose and lignin yield on a 100 g raw OPEFB basis (a) ChCl:LA system + Enzymatic hydrolysis & (b) ChCl:Gly:FeCl3+enzymatic hydrolysis.
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attributed to the strong hydrolytic effect of Fe>*, which promoted
extensive hemicellulose removal and improved cellulose accessibility
[33,95]. However, the lignin yield was slightly lower than that obtained
using ChCLLA, confirming that the FeCls-containing DES was more
favorable for carbohydrate accessibility than for maximizing lignin
recovery.

It should also be noted that the glucose recoveries reported in this
mass balance were calculated from the standardized 72 h enzymatic
hydrolysis endpoint used for all samples. Therefore, these values are
suitable for comparing the relative digestibility of the two DES-
pretreated solids under identical hydrolysis conditions, although
future time-course and residual-enzyme-activity analyses would be
needed to evaluate the contribution of enzyme stability to absolute
glucose yield.

The detailed process mass balances for the best-performing condi-
tions of both DES systems are presented in Fig. 7. This analysis further
confirms that evaluating pretreatment performance only from enzy-
matic hydrolysis yield may be misleading, because the final glucose
recovery also depends on solid recovery, cellulose preservation, and the
amount of cellulose remaining in the pretreated solid. For ChCLLA
pretreatment, the highest integrated product recovery was obtained at
140 °C for 6 h. Under this condition, the process generated 21.6 g
glucose and 24.7 g recovered lignin from 100 g raw OPEFB. This result
indicates that ChCl:LA provided a balanced fractionation route, where a
substantial portion of lignin was solubilized and recovered while the
cellulose-rich residue remained sufficiently digestible for glucose pro-
duction. The higher recovered lignin mass agrees with the stronger
delignification and lignin yield discussed in Section 3.2, confirming the
suitability of ChCL:LA for lignin-oriented OPEFB fractionation. For ChCl:
Gly:FeCls, the best-performing mass balance within the investigated
range was obtained at 140 °C for 3 h, producing 21.7 g glucose and
23.1 g recovered lignin per 100 g raw OPEFB. Although this DES system
achieved the highest enzymatic hydrolysis yield, the raw-biomass-based
glucose recovery was only slightly higher than that of ChCl:LA. This
indicates that the strong hydrolytic action of Fe>™ improved cellulose
accessibility, but the overall glucose recovery was also constrained by
the amount of cellulose retained in the solid fraction after pretreatment
[33,70]. Therefore, the mass balance highlights an important distinction
between enzymatic digestibility and overall glucose recovery. A highly
digestible solid does not necessarily give proportionally higher glucose
production if pretreatment also causes greater solid loss or partial car-
bohydrate degradation.

Comparison of the two mass balances shows that both DES systems
converted OPEFB into similar amounts of glucose, but through different
mechanistic routes. ChCl:LA produced slightly lower glucose but higher
recovered lignin, whereas ChCl:Gly:FeCl3 produced slightly higher
glucose but lower recovered lignin. This difference should not be
attributed to a single factor such as delignification, hemicellulose
removal, or crystallinity alone. Instead, glucose recovery on a raw-
biomass basis depends on the combined effects of solid recovery, cel-
lulose preservation, cellulose enrichment, hemicellulose removal, lignin
removal, cellulose accessibility, and enzymatic hydrolysis efficiency. In
the ChCl:Gly:FeCls system, strong Lewis-acid-assisted hemicellulose
removal, surface disruption, and partial reduction in apparent CrI pro-
duced a highly digestible cellulose-rich solid, consistent with the highest
enzymatic hydrolysis yield. Similar effects of FeCls or metal chloride-
assisted pretreatment on xylan disruption and enzymatic digestibility
have been reported previously [30,33,95]. However, its glucose recov-
ery on a 100 g raw OPEFB basis was only slightly higher than that of
ChCLLA because total glucose production was also constrained by the
amount of cellulose retained after pretreatment. In contrast, ChCL:LA
provided a more balanced fractionation route, combining strong
delignification, high lignin recovery, cellulose enrichment, and suffi-
cient cellulose preservation. Therefore, the mass balance highlights the
distinction between digestibility of the recovered solid and total glucose
recovery from the initial biomass.
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As shown in Table 4, previous OPEFB pretreatment studies achieved
different balances between enzymatic sugar production and lignin re-
covery. The peracetic acid—sulfuric acid pretreatment produced a higher
recalculated enzymatic glucose yield than the present DES systems,
indicating its strong effectiveness in improving cellulose digestibility.
However, lignin was not recovered as an isolated product stream in that
process; therefore, its contribution was mainly sugar-oriented [42].
Similarly, the ionosolv pretreatment using [DMBA][HSO4] generated
relatively high glucose release and recovered lignin, but the estimated
recovered lignin yield was substantially lower than that obtained in the
present DES systems [44]. In the sequential hydrothermal-organosolv
process, both lignin and reducing sugar were recovered, but the lignin
yield and enzymatic sugar recovery on a raw OPEFB basis were lower
than those obtained in the present DES-based process [65].

In comparison, the present ChClL:LA and ChCl:Gly:FeCly pre-
treatments produced similar glucose recovery, 21.6 and 21.7 g/100 g
raw OPEFB, respectively, while also recovering 24.7 and 23.1 g lignin/
100 g raw OPEFB. Although the glucose recovery was lower than that
reported for peracetic acid-sulfuric acid pretreatment, the present pro-
cess provided a more balanced product distribution because both the
carbohydrate and lignin fractions were recovered as useable streams.
This distinction is important for biorefinery development, where the
economic and environmental value of pretreatment depends not only on
sugar production but also on the valorization of lignin as a co-product
[109].

Although the present DES pretreatment demonstrated effective
OPEFB fractionation and dual recovery of glucose and lignin, DES
loading and solvent recyclability remain important considerations for
scale-up. In this study, the OPEFB-to-DES ratio was fixed at 1:15 (w/w),
which was selected as a laboratory-scale comparative condition to
ensure sufficient wetting, mixing, heat transfer, and contact between
biomass and the DES phase. Relatively high solvent loading is frequently
applied in laboratory-scale DES pretreatment to reduce mass-transfer
limitations and provide sufficient solvent capacity for lignin solubiliza-
tion and lignocellulose deconstruction [32,49,51,114]. However, direct
translation of this solvent loading to industrial scale may increase sol-
vent inventory, reactor volume, heating requirement, downstream sep-
aration load, and overall operating cost. Previous techno-economic and
process-design studies have emphasized that solvent recovery efficiency,
solvent-to-biomass ratio, energy demand, and recycling stability are key

Table 4
Previous fractionation study of OPEFB.
Process Conditions Recovered EH References
Lignin (per Glucose
100 g raw (per
OPEFB) 100 g raw
OPEFB)
Tonosolv [DMBA][HSO4]: 8 25 [44]
pretreatment Hy0 = 80:20 wt%,
coupled EH biomass/solvent
ratio 1:10, 170 °C,
1h &EH
PA- HySO4 PA 200 mM, HySO4 28.4 [42]
pretreatment 100 mM, 140 °C,
coupled EH 5 min
Sequential HT HT: 180 C, 30 min, 9.1 12.6 [65]
&H2S804 10 mM H,SOy4,
-organosolv Organosolv: EtOh
pretreatment 80%, 185 "C,
DES ChCL:LA (1:2) 24.7 21.6 This study
pretreatment 140 C& 6 h
& EH
DES ChCl:Gly:FeCls 23.1 21.7 This study
pretreatment 140 C& 3h
& EH
HT: hydrothermal; DES: deep eutectic solvent; DMBA: N,N,N-

dimethylbutylamine; EH: enzymatic hydrolysis; PA: paracetic acid.
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determinants of the feasibility of DES-based lignocellulose pretreatment
[19,120,121]. Therefore, the 1:15 ratio used in this work should be
interpreted as a laboratory-scale solvent loading rather than an opti-
mized industrial solvent-to-biomass ratio.

DES recovery is also a critical factor because lignin regeneration was
performed by adding water to the DES filtrate. Water addition reduces
DES solvent strength and promotes lignin precipitation, but it also di-
lutes the DES phase and creates an additional requirement for water
removal before solvent reuse [29,49,51]. In our previous study on co-
conut husk fractionation using hydrothermal and ChCl:LA DES pre-
treatment, DES recycling was performed after lignin recovery by
removing ethanol and water through rotary evaporation at approxi-
mately 50 °C, and the recovered DES was directly reused in subsequent
pretreatment cycles without additional purification. The recycled DES
remained effective over multiple cycles, but its performance gradually
decreased. Hemicellulose removal declined from 79.96% in the first
cycle to 68.0% in the fourth cycle, lignin removal decreased from
64.18% to 49.7%, and lignin yield decreased from 50.2% to 37.4% [49].
Similar decreases in recycled DES performance have been associated
with solvent dilution, reduced acidity, impurity accumulation, and
saturation by solubilized lignocellulosic fragments [29,32]. This decline
may reduce the ability of recycled DES to disrupt lignin—carbohydrate
complexes and maintain consistent lignin solubilization across repeated
cycles.

These findings indicate that DES recycling is feasible but requires
further optimization to maintain pretreatment efficiency across
repeated cycles. For the present OPEFB system, the current study should
therefore be regarded as a laboratory-scale proof of concept rather than
an industrially optimized process. Future work should evaluate lower
DES-to-biomass ratios, high-solids pretreatment, DES recycling over
multiple cycles, solvent make-up requirements, impurity accumulation,
ethanol and water recovery, and the energy demand for DES recon-
centration [19,121,122]. These evaluations are necessary to improve the
economic and practical feasibility of DES-based lignocellulose
fractionation.

Beyond solvent loading and recyclability, the practical comparison
between ChCL:LA and ChCl:Gly:FeCls should also consider residence
time, solvent formulation, catalyst requirement, apparent activation
energy, solvent recovery, and process-energy implications, because
these parameters strongly influence the economic feasibility of DES-
based lignocellulose pretreatment [19,120-122]. Based on the fitted
CDF and CHF models, ChCl:Gly:FeCl3 showed higher apparent activa-
tion energies than ChCl:LA for both lignin removal and xylan hydrolysis.
The apparent activation energy for lignin removal was 87.84 kJ/mol in
ChCl:Gly:FeCl3 and 63.47 kJ/mol in ChCl:LA, while that for xylan hy-
drolysis was 69.87 kJ/mol in ChCl:Gly:FeCl3 and 49.54 kJ/mol in ChCL:
LA. These values indicate that fractionation in the FeCls-containing DES
was more temperature-sensitive, which is consistent with the broader
CDF and CHF ranges observed for ChCl:Gly:FeCls. In contrast, the lower
apparent activation energies of ChCl:LA suggest that lignin solubiliza-
tion and xylan removal can proceed more readily within a narrower
Brgnsted-acidic severity window.

The best-performing conditions for both DES systems used the same
pretreatment temperature of 140 °C, but different residence times. ChCl:
LA required 6 h and produced 21.6 g glucose and 24.7 g recovered lignin
per 100 g raw OPEFB, whereas ChCl:Gly:FeCl; required only 3 h and
produced 21.7 g glucose and 23.1 g recovered lignin per 100 g raw
OPEFB. Therefore, although ChCl:Gly:FeCl; had higher apparent acti-
vation energies, its Lewis-acid-assisted catalytic effect allowed compa-
rable glucose recovery at a shorter holding time. This may offer an
advantage in terms of reducing the energy associated with maintaining
the reactor at the target temperature. However, apparent activation
energy should not be directly equated with total process-energy con-
sumption. Total process energy also depends on DES heat capacity,
viscosity, mixing requirement, solvent-to-biomass ratio, heat recovery,
ethanol and water removal, DES reconcentration, solvent loss, and
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solvent reuse efficiency [19,49,122].

In addition, the incorporation of FeCls introduces additional process
considerations, including catalyst cost, salt recovery, possible corrosion
control, impurity accumulation during recycling, and potential effects of
residual metal species on downstream lignin and hydrolysate applica-
tions. Although Lewis-acid-mediated DES systems can intensify ligno-
cellulose fractionation by promoting hemicellulose disruption, lignin
cleavage, and cellulose accessibility, metal chloride addition may also
increase process complexity through catalyst handling and recovery
requirements [29,30,34,50,70]. Therefore, ChCl:LA may be more
attractive when simpler solvent formulation and lignin recovery are
prioritized, whereas ChCl:Gly:FeCl; may be more suitable when shorter
pretreatment time and enzymatic glucose production are emphasized
[19,120]. Nevertheless, this comparison should be regarded as a pre-
liminary feasibility interpretation rather than a complete
techno-economic or energy analysis. A rigorous comparison would
require quantitative data on solvent cost, DES heat capacity, viscosity,
heating duty, evaporation duty, solvent loss, catalyst make-up, DES
recycling stability, equipment compatibility, corrosion risk, wastewater
generation, and product purification requirements [19,70,120].

Considering these process-level trade-offs, ChCl:LA showed a stron-
ger advantage for lignin-oriented fractionation because it produced the
highest recovered lignin yield, used a simpler Brgnsted-acidic DES
formulation, and later gave better moisture-barrier performance in the
CMC-lignin film. Conversely, ChCl:Gly:FeCls gave slightly higher
glucose recovery and produced lignin that contributed stronger antiox-
idant activity and tensile reinforcement. Therefore, the present DES
pretreatment route is not merely a saccharification-enhancement strat-
egy, but a dual-product OPEFB valorization approach in which the
cellulose-rich fraction is converted into glucose and the recovered lignin
is further upgraded into functional CMC-based packaging material.

4. Conclusions

This study demonstrated an integrated OPEFB valorization strategy
through DES pretreatment, enzymatic glucose production, lignin re-
covery, and CMC-lignin composite film development. The two DES
systems exhibited distinct fractionation behaviors: ChCl:LA promoted
stronger lignin solubilization and higher lignin recovery, whereas ChCl:
Gly:FeCl3 enhanced hemicellulose removal and enzymatic hydrolysis
through Lewis acid-assisted deconstruction. The CDF and CHF models
successfully described the severity-dependent delignification and xylan
hydrolysis behavior, confirming that pretreatment performance was
governed by the combined effects of temperature, residence time, and
the acidic or catalytic nature of the DES. On a 100 g raw OPEFB basis,
ChCLLA pretreatment at 140 °C for 6 h produced 21.6 g glucose and
24.7 g recovered lignin, while ChCl:Gly:FeCl;3 pretreatment at 140 °C for
3 h produced 21.7 g glucose and 23.1 g recovered lignin. The recovered
DES lignins were successfully incorporated into CMC-based films, where
ChCLLA lignin provided better water resistance and moisture-barrier
performance, while ChCl:Gly:FeCl; lignin contributed stronger antioxi-
dant activity and tensile reinforcement. Overall, this work confirms that
OPEFB can be converted through a multiproduct biorefinery pathway, in
which the cellulose-rich fraction is utilized for glucose production and
the recovered lignin is upgraded into functional biodegradable pack-
aging films. Future studies should focus on DES recyclability, solvent
recovery, techno-economic assessment, life-cycle evaluation, and scale-
up validation to further assess the industrial feasibility and sustain-
ability of this integrated process.
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ARTICLE INFO ABSTRACT

Keywords:

0Oil palm empty fruit bunch
Deep eutectic solvent
Fractionation

Enzymatic hydrolysis
CMC-lignin film

Modified severity factor

Oil palm empty fruit bunch (OPEFB) is an abundant lignocellulosic residue with potential for integrated bio-
refinery applications, but its recalcitrant structure limits direct enzymatic conversion and lignin utilization. This
study investigated the integrated valorization of OPEFB through deep eutectic solvent (DES) pretreatment using
choline chloride-lactic acid (ChCL:LA) and choline chloride-glycerol-FeCls (ChCl:Gly:FeCls) systems for glucose
production, lignin recovery, and CMC-lignin composite film development. Modified severity descriptors, namely
combined delignification factor (CDF) and combined hydrolysis factor (CHF), were applied to describe severity-
dependent lignin removal and xylan hydrolysis. The CDF and CHF models successfully described the severity-
dependent fractionation behavior of OPEFB during DES pretreatment. ChCl:LA promoted stronger lignin solu-
bilization and higher lignin recovery, while ChCl:Gly:FeCl3 enhanced hemicellulose removal and enzymatic
digestibility through Lewis acid-assisted deconstruction. The highest enzymatic hydrolysis yields reached 75.8%
for ChCL:LA and 93.8% for ChCl:Gly:FeCls. On a 100 g raw OPEFB basis, ChCl:LA pretreatment at 140 °C for 6 h
produced 21.6 g glucose and 24.7 g recovered lignin, whereas ChCl:Gly:FeClz pretreatment at 140 °C for 3 h
produced 21.7 g glucose and 23.1 g recovered lignin. The recovered DES lignins showed high purity and were
successfully incorporated into CMC-based films. ChCL:LA lignin improved water resistance and reduced WVTR,
while ChCl:Gly:FeCl; lignin provided stronger antioxidant activity and tensile reinforcement. These findings
demonstrate that DES pretreatment enables the dual valorization of OPEFB into fermentable glucose and func-
tional lignin-derived packaging materials, supporting a multiproduct biorefinery pathway for sustainable
biomass utilization.

1. Introduction

The transition from fossil-based resources to renewable carbon
feedstocks has become increasingly important for the development of
sustainable fuels, chemicals, and materials [1,2]. Lignocellulosic
biomass is one of the most promising renewable resources because it is
abundant, renewable, and composed of carbohydrate and aromatic
fractions that can be converted into multiple value-added products
[3-5]. However, the efficient utilization of lignocellulosic biomass re-
mains restricted by its naturally recalcitrant structure. Cellulose mi-
crofibrils are embedded within hemicellulose and lignin, while
lignin—carbohydrate complexes provide additional resistance against

* Corresponding author.
E-mail address: arief.widjaja@its.ac.id (A. Widjaja).

https://doi.org/10.1016/j.biombioe.2026.109859

chemical and enzymatic deconstruction [6,7]. As a result, pretreatment
is required to disrupt the biomass matrix, improve cellulose accessi-
bility, and enable the selective recovery of lignin for further valorization
[8,9].

Oil palm empty fruit bunch (OPEFB) is an abundant lignocellulosic
residue generated from the palm oil industry, particularly in tropical
countries such as Indonesia and Malaysia [10]. OPEFB contains cellu-
lose, hemicellulose, and lignin as its major structural components,
making it a promising feedstock for biorefinery applications [11]. The
cellulose-rich fraction can be hydrolyzed into glucose and further con-
verted into biofuels or biochemicals, while the lignin fraction can serve
as a renewable aromatic polymer for material applications [12,13].
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Nevertheless, the compact fiber structure and relatively high lignin
content of OPEFB limit its direct enzymatic digestibility. Without suit-
able pretreatment, lignin can act as a physical barrier and induce
non-productive enzyme adsorption, thereby reducing hydrolysis effi-
ciency [7]. Therefore, an effective OPEFB fractionation strategy should
not only enhance glucose production but also recover lignin in a form
suitable for downstream utilization.

Several pretreatment methods have been reported for lignocellulosic
biomass, including dilute acid, alkaline, hydrothermal, organosolv, and
ionic liquid-based processes [14-17]. Although these methods can
improve enzymatic hydrolysis, they may involve limitations such as
high chemical loading, corrosion, severe operating conditions, inhibitor
formation, or limited selectivity toward lignin recovery [18,19]. In this
context, DESs have emerged as promising green solvents for lignocel-
lulosic biomass fractionation. DESs are commonly formed through
hydrogen-bond interactions between a hydrogen-bond acceptor and a
hydrogen-bond donor, producing solvent systems with low volatility,
tunable acidity, and strong lignin solubilization capacity [20,21].
Choline chloride-based DESs are particularly attractive because they can
be combined with various hydrogen-bond donors, including organic
acids and polyols, to tailor pretreatment performance [22].

Among acidic DES systems, choline chloride-lactic acid (ChCl:LA)
was selected as a representative Brgnsted-acidic DES because lactic acid-
based DESs have been widely reported to promote lignin dissolution,
xylan elimination, and enzymatic digestibility enhancement in ligno-
cellulosic biomass [23-26]. The acidic nature of lactic acid can facilitate
the cleavage of ether and ester linkages in lignin and lignin-carbohy-
drate complexes, while choline chloride contributes hydrogen-bonding
and ionic interactions that assist lignin solubilization and cell wall
deconstruction [22,27,28]. Therefore, ChCl:LA was chosen to represent
a delignification-oriented DES route in which lignin recovery is expected
to be a major output. In contrast, choline chloride-glycerol (ChCl:Gly)
represents a milder polyol-based DES matrix, but its deconstruction
ability can be strengthened by incorporating FeCls as a Lewis acid
catalyst. Fe>* species can coordinate with oxygen-containing bonds and
facilitate the cleavage of glycosidic and ether linkages, thereby
enhancing hemicellulose disruption, biomass deconstruction, cellulose
accessibility, and subsequent enzymatic hydrolysis [29-32]. Previous
studies on metal chloride-assisted pretreatment have also shown that
Fe3'-based systems can intensify xylan depolymerization and improve
enzymatic digestibility, supporting the use of FeCls-containing DESs for
hydrolysis-oriented fractionation [33-35]. Thus, ChCl:Gly:FeCl3 was
selected as a Lewis-acid-assisted DES system to represent a
hemicellulose-disruption-oriented route. The comparison between ChCl:
LA and ChCl:Gly:FeCl3 was therefore designed not as a random solvent
screening, but as a mechanistic comparison between two choline
chloride-based DES systems with different dominant catalytic environ-
ments, Brgnsted-acid-driven delignification and Lewis-acid-assisted
hemicellulose deconstruction. This comparison is relevant for deter-
mining whether OPEFB valorization should be directed toward higher
lignin recovery, higher glucose production, or a balanced dual-product
biorefinery strategy.

In addition to experimental evaluation, severity-based parameters
can provide a useful framework for interpreting lignocellulosic frac-
tionation. Conventional severity factors generally combine temperature
and reaction time, but they do not fully account for solvent acidity,
catalyst contribution, or DES composition [9,36]. Therefore, modified
severity descriptors such as the combined delignification factor (CDF)
and combined hydrolysis factor (CHF) have been proposed to better
describe selective lignin removal and carbohydrate hydrolysis under
chemically assisted pretreatment systems [13,37]. CDF is particularly
relevant for evaluating the collective influence of pretreatment tem-
perature, time, and solvent or catalyst contribution on lignin removal.
Meanwhile, CHF can be used to describe the severity-dependent
behavior of carbohydrate hydrolysis or enzymatic glucose production.
In DES pretreatment, these descriptors may help connect operating
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conditions with two key outcomes: delignification efficiency and
glucose release from the cellulose-rich solid fraction. This is important
because excessive pretreatment severity may enhance lignin removal
but may also reduce carbohydrate recovery, alter lignin structure, or
affect the suitability of recovered lignin for material applications.

Most DES pretreatment studies have primarily focused on improving
enzymatic hydrolysis or maximizing lignin removal [38,39]. However, a
more complete biorefinery approach requires the valorization of both
the carbohydrate-rich solid and the recovered lignin fraction. Lignin is
often regarded as a low-value by-product, even though its aromatic
structure, phenolic hydroxyl groups, hydrophobicity, antioxidant ac-
tivity, and ultraviolet-blocking ability make it suitable for functional
material applications [40,41]. Previous OPEFB-DES work has demon-
strated that DES pretreatment can enhance lignin removal, preserve
cellulose, improve enzymatic hydrolysis, and recover lignin as a po-
tential product stream, supporting its relevance for multiproduct
biomass utilization [42-44]. However, the direct conversion of recov-
ered DES lignin into functional packaging materials remains less
explored, particularly when combined with severity-based interpreta-
tion of glucose production and lignin recovery.

Carboxymethyl cellulose (CMC) is a biodegradable cellulose deriv-
ative with good film-forming ability, transparency, and compatibility
with water-based processing [45]. However, neat CMC films commonly
suffer from high water sensitivity, limited moisture barrier properties,
and insufficient mechanical stability for broader packaging applications
[40]. The incorporation of lignin into CMC films can address some of
these limitations by increasing hydrophobic interactions, introducing
aromatic UV-absorbing domains, and enhancing antioxidant function-
ality [46,47]. In this regard, lignin recovered from DES pretreatment
may provide additional value beyond its role as a fractionation
by-product. Instead, it can be directly utilized as a functional component
in lignin-CMC composite films, supporting the development of biode-
gradable and biomass-derived packaging materials.

Nevertheless, the integration of DES pretreatment, glucose produc-
tion, lignin recovery, severity-based analysis, and lignin-based com-
posite film fabrication remains insufficiently explored. A pretreatment
condition that enhances enzymatic hydrolysis does not always generate
lignin with suitable properties for material applications. Conversely,
conditions that favor lignin recovery may influence cellulose preserva-
tion and glucose release. Therefore, an integrated assessment is needed
to determine whether DES pretreatment can simultaneously improve
enzymatic glucose production and provide recovered lignin suitable for
CMC-based packaging films. Such an approach is important for
advancing OPEFB utilization from a single-product sugar platform to-
ward a multiproduct biorefinery system.

This study investigates the integrated valorization of OPEFB through
DES pretreatment for glucose production enhancement and lignin-CMC
composite film development. Two DES systems, ChCl:LA and ChClL:Gly:
FeCls, were evaluated to determine their effects on biomass fraction-
ation, component removal, CDF- and CHF-related pretreatment
behavior, enzymatic glucose release, lignin recovery, and the functional
performance of lignin-CMC films. The pretreated solid fractions were
subjected to enzymatic hydrolysis to assess glucose production, while
the recovered lignin was incorporated into CMC films and evaluated for
its physical, mechanical, surface, and barrier-related properties. Unlike
previous studies that mainly focused on DES-assisted delignification or
enzymatic saccharification, this work integrates severity-based frac-
tionation analysis, carbohydrate conversion, and lignin-derived material
development within a single OPEFB valorization pathway. This strategy
demonstrates the dual role of OPEFB as a glucose platform and renew-
able source of functional lignin for sustainable packaging applications.

Submission ID trn:oid:::3117:613881120



+ iThenticate
C. Wijaya et al.

Page 13 of 32 - Integrity Submission

2. Materials and methods

2.1. Materials

The OPEFB was supplied by PT. Sawit Arum Madani (Blitar,
@ Indonesia). The biomass was washed, dried, and prepared according to
the National Renewable Energy Laboratory (NREL) protocol [48], and
en ground to a particle size of 40-60 mesh. Lactic acid, glycerol, and
rric chloride hexahydrate (FeCls-6H30), all of analytical grade, were
purchased from Merck (Germany). Choline chloride and cellulase
Qrived from Trichoderma reesei were obtained from Sigma-Aldrich
SA). Unless otherwise specified, all other analytical-grade reagents

used in this work were also supplied by Sigma-Aldrich.

o 2.2. Experimental diagram

A schematic representation of the experimental workflow is pre-
sented in Fig. 1. The diagram summarizes the main stages of the study,
namely OPEFB preparation, deep eutectic solvent (DES) preparation,
DES pretreatment, separation of the pretreated solid and filtrate frac-
tions, lignin regeneration, enzymatic hydrolysis of the solid residue, and
the preparation and characterization of CMC-lignin films. For lignin
characterization and film fabrication, the lignin sample obtained under
the pretreatment condition giving the highest lignin yield was used.

2.3. DES pretreatment and lignin recovery

The experimental procedure was adapted from prior research [49].

Qe ChCLLA deep eutectic solvent (DES) was prepared by mixing
oline chloride (ChCl) and lactic acid (LA) at a molar ratio of 1:2.

e Meanwhile, the ChCl:Gly:FeCls DES was prepared by mixing ChCl and
glycerol (Gly) at a molar ratio of 1:2, followed by the addition of FeCl; at
a concentration of 0.01 mol/L. The FeCl; concentration was fixed at
0.01 mol/L based on previous Lewis acid-mediated ChCl:Gly DES
studies, in which the same catalyst loading was used to intensify
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lignocellulose fractionation while maintaining a controlled DES formu-
lation [29,50]. In the present work, only one FeCls concentration was
used because the main objective was not to optimize catalyst loading,
but to compare two different DES fractionation mechanisms under
controlled formulation conditions: Brgnsted-acidic ChCLLA and
Lewis-acid-assisted ChCl:Gly:FeCls. Maintaining a constant FeCls con-
centration allowed the effects of DES chemistry, temperature, and resi-
dence time to be evaluated without additional variation in Lewis acid
loading, acidity, ionic strength, viscosity, and mass-transfer behavior.
This approach is also consistent with previous studies on
Lewis-acid-containing DES systems, where metal chlorides such as
FeCls, AlCl3, CuCly, and ZnCl, were evaluated as acid-site contributors
to DES-mediated lignocellulose fractionation before further optimiza-
tion of specific solvent composition or catalyst loading [29].

The mixtures were heated in a closed round-bottom flask at 70 °C
under continuous stirring until clear and homogeneous liquids were
formed. The mixture was then cooled to room temperature prior to use
[51]. For the pretreatment, 4 g of OPEFB was mixed with 60 g of DES in a
250 mL three-neck round-bottom flask and heated at certain tempera-
ture and time [52]. The pretreatment variables were temperature,
ranging from 100 to 140 °C, and residence time, ranging from 3 to 6 h,
for each DES system. The pretreatment temperature and residence-time
ranges were selected to evaluate a moderate DES pretreatment window
that is commonly used to promote lignocellulosic fractionation while
limiting excessive carbohydrate degradation and unnecessary energy
input [23,26,52,53]. Temperatures above 140 °C were not included in
this study because increasing acidic pretreatment severity may enhance
component removal but can also accelerate sugar degradation, lignin
condensation, pseudo-lignin formation, and solvent recovery burden,
which may reduce the overall benefit of the process [6,27,54]. There-
fore, the conditions identified in this study should be interpreted as the
best-performing conditions within the investigated range, rather than as
globally optimized pretreatment conditions. In addition, the FeCl;
concentration in the ChCl:Gly:FeCls system was fixed at 0.01 mol/L to
focus the comparison on the effects of DES chemistry, temperature, and
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Fig. 1. Experimental workflow for OPEFB fractionation, lignin recovery, and CMC-lignin film fabrication.
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residence time under a constant Lewis-acid catalyst loading. The influ-
ence of FeCls concentration gradient was not evaluated in the present
work and should be addressed in future optimization studies.

After pretreatment, 50 mL of ethanol was added to the slurry, and the
mixture was vacuum-filtered. The solid residue was sequentially washed
with 150 mL of ethanol and 150 mL of deionized water, then dried at
60 °C in an oven prior to further analysis. The DES phase containing
solubilized lignin was subjected to lignin regeneration following the
method of [51]. Briefly, deionized water was added to the DES filtrate at
a ratio of 1:5 (v/v), allowing lignin to precipitate. The precipitate was
recovered by centrifugation (HERMLE Z306 universal centrifuge, 10,
000 rpm, 10 min) and subsequently dried at 60 °C before character-
ization and preparation of lignin composite film. All pretreatment ex-
periments were performed in triplicate to ensure reproducibility.

2.4. Mathematical reaction model

The fractionation behavior of lignocellulosic biomass during deep
eutectic solvent pretreatment was modeled using response-specific
combined severity factors. Since DES pretreatment simultaneously
promotes lignin solubilization and hemicellulose disruption, two sepa-
rate kinetic descriptors were used: the combined delignification factor
(CDF) for lignin fractionation and the combined hydrolysis factor (CHF)
for xylan/hemicellulose fractionation. The model was developed to
integrate the effects of reaction temperature, pretreatment time, and the
concentration of the dominant acidic or catalytic component in each
DES system [55-57].

In this study, two DES systems were considered, namely ChCl:LA and
ChClL:Gly:FeCls. For ChCL:LA, lactic acid was assigned as the active acidic
component, while for ChCl:Gly:FeCls, FeCl; was assigned as the domi-
nant Lewis-acidic catalytic component. Glycerol was considered part of
the DES solvent matrix and was not included as an independent kinetic
concentration term because the ChCl:Gly ratio was kept constant.

2.4.1. Lignin fractionation model

The removal of lignin from the solid fraction was assumed to follow
an apparent pseudo-first-order kinetic model with respect to the residual
lignin content. The active acidic or catalytic component of the DES was
incorporated as a concentration-dependent term. The rate of lignin
removal was expressed as Eq (1).

dLres _
de

— ki (T, C, ...)CLyes 1

where L, represents the residual lignin fraction remaining in the pre-
treated solid, T is the reaction temperature (K), C is the concentration of
the dominant active component in the DES system, and k; (T, C, ...) is the
apparent delignification rate coefficient.

For the ChCLLA system:

C=Cpa ()
where C4 represents the lactic acid concentration.

For the ChClL:Gly:FeCls system:
C=Cp 3
where Cr, represents the FeCls concentration.

The apparent delignification rate coefficient was described using an
Arrhenius-type empirical relationship.

Eq,
kL:eXP<aL—R—;+ﬁLC) @

Where E,; is the apparent activation energy for lignin removal, R is the
universal gas constant, and ;, and f; are empirical fitted parameters.
The term f; C represents the contribution of the active acidic or catalytic
component to lignin fractionation [55,56,58].
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Accordingly, the combined delignification factor was defined as Eq.

6]

E,
CDF = exp ((xL - R—TL +B, c) Ct 5)

where t is the pretreatment time.

To account for the heterogeneous structure of lignin in the biomass
matrix, lignin was divided into two fractions: a fast-removing lignin
fraction and a slow-removing lignin fraction [58,59]. The corresponding
rate equations were written as:

dly _

=kl )
dL,
T — fiki CL; )

where Ly and L, represent the fast- and slow-removing lignin fractions,
respectively. The parameter f; is the relative rate constant of the slow-
removing lignin fraction compared with the fast-removing fraction.
The initial proportion of slow-removing lignin is denoted as 6, while
1 — 0, represents the fast-removing lignin fraction.

By solving the differential equations, the residual lignin fraction can
be expressed as a function of CDF:

Lyes = (1 — 6, )exp(—CDF) + 0, exp(—f;CDF) (8)

For the two DES systems, the CDF can be written separately as:

E
CDFLA =exp (aL,LA —%-‘r ﬁLLACLA> CLAt (9)
_ Ea.L.Fe
CDFp, =exp| 0z e — RT + B reCre | Cret (10)

where CDF14 and CDFy, represent the combined delignification factors
for ChCL:LA and ChCl:Gly:FeCl3 pretreatment, respectively.

The objective function for lignin fractionation was defined as the
sum of squared errors between the modeled and experimental residual
lignin values.

N 2
F=Y (L:;ggel - Lfgi) an

i=1

where N is the number of experimental data points, while L% and LYY,
are the predicted and experimentally measured residual lignin fractions,

respectively.

2.4.2. Hemicellulose/xylan fractionation model

The fractionation of hemicellulose was modeled based on the
removal of xylan from the solid fraction. Similar to lignin removal, xylan
solubilization was described using an apparent pseudo-first-order ki-
netic expression with respect to the residual xylan content [37,60]:

erex
dt

= — kg(T, C,...)CXres (12)

where X,.; represents the residual xylan fraction remaining in the pre-
treated solid, and kx(T,C, ...) is the apparent xylan hydrolysis or solu-
bilization rate coefficient.

The apparent rate coefficient for xylan fractionation was expressed
as:

E,
kx =exp ((xxf R;+ﬁXC> 13)

where E, x is the apparent activation energy for xylan removal, and ax

and fy are empirical fitted parameters.
The combined hydrolysis factor was therefore defined as:
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_ Ea,X
CHF —exp (ocx —ﬁ-i-BXC) ct a4

In the context of this study, CHF was used to describe the extent of
hemicellulose/xylan fractionation during DES pretreatment, rather than
enzymatic hydrolysis.

Xylan was also assumed to consist of fast- and slow-removing frac-
tions. The kinetic expressions for these fractions were written as:

dx,

d—tf = — kyCX; (15)
dx,

o=~ JrCXs (16)

where X; and X; represent the fast- and slow-removing xylan fractions,
respectively. The parameter fx represents the relative rate constant of
the slow-removing xylan fraction compared with the fast-removing
fraction. The initial proportion of slow-removing xylan is denoted as
0x [60,61].

By solving the corresponding differential equations, the residual
xylan fraction can be expressed as:

Xres = (1 — O0x)exp(—CHF) + 0x exp(—fxCHF) a7)

For the two DES systems, the CHF can be written separately as:

E,

CHFLA =exp (aX.LA — %,;‘A + BXLACLA> CLAt (18)
Ea,X.Fe

CHFFe =€eXp| Oxre — RT + ﬁX,FeCFE Cpet (19)

where CHF;, and CHFp, represent the combined hydrolysis factors for
ChCLLA and ChCl:Gly:FeCl3 pretreatment, respectively.
The objective function for xylan fractionation was defined as:

Re= (st xcz)’ 0
i=1

where XM2dl and X7°F, are the predicted and experimentally measured

residual xylan fractions, respectively.

For clarity, the concentration term C; used in the CDF and CHF
equations refers to the molar concentration of the dominant active acidic
or catalytic component in the prepared DES formulation, expressed in
mol/L. For the ChCL:LA system, C; corresponds to the effective lactic acid
concentration, Cya, calculated from the ChCl:LA molar ratio of 1:2 in the
DES mixture. For the ChCl:Gly:FeCls system, C; corresponds to the FeCls
concentration, Crecj,, Which was fixed at 0.01 mol/L. Since the active
component concentration was fixed within each DES system, C; was used
as a formulation-specific acid/catalyst contribution term, while tem-
perature and residence time represented the varied operating condi-
tions. The coefficient f; has units of L/mol so that the product §;C; is
dimensionless in the exponential term. Therefore, the CDF and CHF
values should be interpreted as empirical response-specific severity de-
scriptors rather than independent optimization parameters for acid or
catalyst concentration. All the objective functions were solved by using
MATLAB 2025a.

2.5. Engymatic hydrolysis

The enzymatic hydrolysis of OPEFB was performed using cellulase
enzyme according to the procedure adapted from Huo et al. [23].

@ieﬂy, 0.5 g of raw or pretreated solid residue was suspended in a citric

cid-sodium citrate buffer solution at pH 4.8. Cellulase was then added
at an enzyme loading of 20 FPU/g dry substrate, calculated based on the
dry mass of raw or DES-pretreated OPEFB solid. The hydrolysis reaction
was conducted in a shaker incubator at 50 °C and 150 rpm for 72 h. The
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enzymatic hydrolysis yield was calculated using Eq. (21), as described
by Ref. [62].

released glucose x 0.9(g)

%Yy =
VB = cellulose in substrate(g)

x 100% (21

where %Ygy% represents the enzymatic hydrolysis yield obtained from
the hydrolysate.

To evaluate the relationship between pretreatment severity and
enzymatic digestibility, Ygy was correlated with both the CHF and CDF.
CHF represents the severity of xylan or hemicellulose hydrolysis, while
CDF represents the severity of lignin removal during DES pretreatment.
These two descriptors were selected because enzymatic hydrolysis is
affected by both hemicellulose removal and delignification[58,63].
Hemicellulose removal could improve cellulose accessibility by opening
the polysaccharide matrix, whereas lignin removal can reduce physical
shielding and non-productive enzyme adsorption.

The relationship between enzymatic hydrolysis yield and the modi-
fied severity factor was described using an empirical exponential model,
as shown in Eq. (22):

where Yy is the enzymatic hydrolysis yield, SF represents either CHF or
CDF, and q, b, and c are fitted parameters. In this model, c represents the
asymptotic hydrolysis yield approached at higher pretreatment severity,
a describes the difference between the initial and limiting hydrolysis
yield, and b represents the sensitivity of enzymatic hydrolysis yield to
increasing pretreatment severity. For each DES system, separate corre-
lations were developed between Ygy and CHF, and between Ygy and
CDF. The CHF — Ygy correlation was used to evaluate the contribution of
hemicellulose/xylan removal to enzymatic digestibility, whereas the
CDF — Ygy correlation was used to evaluate the contribution of
delignification. The fitting quality was evaluated using the coefficient of
determination (R?) and root mean square error (RMSE).

2.6. Preparation of carboxymethyl cellulose (CMC)-Lignin film

CMC-lignin films were prepared using a solution casting method
adapted from Zhu et al. [47], with minor modification. Briefly, CMC
solution was prepared by dissolving CMC at a concentration of 2% (w/v)
in water at 80 °C for 30 min. Glycerol was then added at 30% (w/w
based on CMC) as a plasticizer and mixed until homogeneous. Sepa-
rately, recovered lignin was dispersed in 1 mol/L NaOH at 4% (w/w
based on CMC) and stirred until a uniform lignin dispersion was ob-
tained. The lignin loading of 4% (w/w based on CMC) was selected by
adapting the CMC-DES lignin film formulation reported by Zhu et al.
[47], and was used as a fixed comparative loading in this study. This
loading was chosen to evaluate how lignin source and pretreatment
chemistry influence CMC-lignin film properties, rather than to optimize
lignin content. Lignin can improve CMC films by introducing hydro-
phobic aromatic domains, phenolic antioxidant sites, and possible
hydrogen-bonding interactions with the CMC matrix. These interactions
may enhance water resistance, moisture-barrier performance, antioxi-
dant activity, and tensile reinforcement. However, excessive lignin
loading may also promote aggregation, phase separation, film rough-
ness, brittleness, and reduced elongation at break. Therefore, further
formulation studies using different lignin loadings are required to
determine the optimum balance between mechanical strength, flexi-
bility, water resistance, antioxidant activity, and film processability. The
CMC solution and lignin dispersion were subsequently mixed at a vol-
ume ratio of 1:1 and maintained at 80 °C for 1 h to obtain the
film-forming solution. The resulting solution was cast onto a mold and
dried in a hot-air oven at 60 °C for 12 h to obtain the CMC-lignin film.
Since no neutralization or washing step was applied after NaOH-assisted
lignin dispersion, the resulting films are discussed as preliminary func-
tional CMC-lignin composite films. Further residual alkali analysis,
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migration testing, and safety evaluation are required before direct
food-contact packaging application.

2.7. Analytical method

2.7.1. Determination of sugars in liquid hydrolysate and solid
compositional analysis

The sugar concentrations in hydrolysates obtained from composi-
tional hydrolysis and enzymatic hydrolysis were quantified using high-
performance liquid chromatography (HPLC). The analysis was per-
formed using a Thermo Scientific Vanquish Core HPLC system (Thermo
Scientific, USA), equipped with a HyperREZ XP Carbohydrate Pb+-+
column (8 pm, 300 x 7.7 mm) and a refractive index (RI) detector.
Separation was carried out using HPLC-grade water as the mobile phase,
with the operating conditions set at a flow rate of 0.6 mL/min, column
temperature of 85 °C, and system pressure of 9 bar.

The chemical composition of the biomass was determined according
to the NREL analytical protocol reported by Sluiter et al. [64]. In brief,
the biomass was subjected to acid hydrolysis using concentrated sulfuric
acid to convert structural carbohydrates into monomeric sugars for
quantification. This method was also used to determine lignin fractions,
including acid-soluble lignin (ASL) and acid-insoluble lignin (AIL).

The influence of DES pretreatment on OPEFB fractionation was
assessed based on solid recovery and the removal efficiency of individ-
ual biomass components. Solid recovery represents the percentage of
residual solid retained after pretreatment relative to the initial OPEFB
mass, while component removal indicates the extent to which each
major component was solubilized or removed during pretreatment.
These values were calculated using Egs. (23) and (24):

(23)

Recovered solids (%) — (mass of pretreated OPEFB (g)) 100

initial mass of OPEFB (g)

R (%) = < | _ mass of component i in pretreated OPEFB (g)) 100

mass of component i in initial OPEFB (g)
(24)

Where R; refers to the removal percentage of a specific OPEFB compo-
nent, namely hemicellulose, cellulose, or lignin.

In addition, the lignin recovery yield (Y;) obtained from each pre-
treatment condition was calculated by comparing the mass of isolated
lignin with the initial lignin content in OPEFB, as shown below:

isolated lignin (g)

Y, = 1 2
"~ initial lignin content in OPEFB (g) x 100 (25)

2.7.2. Crystallinity, morphology, and functional group analyses of
pretreated OPEFB

The effects of pretreatment conditions on the structural character-
istics of OPEFB were further evaluated by examining changes in crys-
tallinity, surface morphology, and functional groups. The crystallinity of
the solid fractions obtained from untreated and hydrothermally pre-
treated OPEFB was determined by X-ray diffraction (XRD) analysis
based on Segal's method [65]. XRD patterns were recorded using an
X'Pert PRO diffractometer (PANalytical BV, Netherlands) equipped with
Cu Ko radiation, operated at 40 kV and 30 mA. The crystallinity index
(Crl) was calculated according to Eq. (26).

1002 — Ia

Crl (%) = ™ % 100% (26)

002
where Iy, represents the diffraction intensity of the 002 cellulose
crystalline plane at 26 = 22.6°, while I, denotes the intensity associ-
ated with the amorphous cellulose region at 260 = 18°.
The surface morphology of OPEFB before and after pretreatment was

examined using scanning electron microscopy (SEM; Hitachi FlexSEM
1000, Japan) to observe pretreatment-induced structural disruption
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[66]. In addition, Fourier transform infrared (FTIR) spectroscopy was
performed using an Agilent Cary 630 FTIR Spectrometer (USA) to
identify alterations in the functional groups of the OPEFB samples after
pretreatment [37].

2.7.3. Lignin characterizations

The recovered lignin samples were characterized by its purity, FTIR,
GPC/SEC, and 2D HSQC NMR. Lignin purity was determined by
compositional analysis according to the NREL lignin determination
procedure, considering acid-insoluble and acid-soluble lignin fractions
relative to the dried recovered lignin mass. FTIR analysis was performed
using a Cary 630 FTIR Spectrometer (Agilent Technologies, USA) over a
wavenumber range of 4000-650 cm™* to identify the characteristic
functional groups of lignin. GPC/SEC analysis was conducted using a
system equipped with a refractive index detector and a TSKgel
SuperAW5000 column. THF was used as the mobile phase at a flow rate
of 0.3 mL/min, with an injection volume of 20 pL. The column and pump
temperatures were maintained at 40 °C, and molecular weight param-
eters, including Mn, Mw, and Mw/Mn, were calculated using poly-
styrene standards in THF. The structural characteristics of the recovered
lignin were further analyzed using 2D HSQC NMR on a Bruker Avance
Neo-Ascend 500 MHz spectrometer operating at 500 MHz for 'H and
125 MHz for '3C. This characterization was conducted to evaluate the
structural differences between lignin recovered from ChCI-LA and ChCl-
Gly-FeCl3 DES pretreatment systems. The 2D-HSQC spectra were inter-
preted based on representative lignin aromatic and side-chain regions.
Manual integration was performed for selected cross-peak regions cor-
responding to S, G, H/p-coumarate-related aromatic units, (-O-4-
related, p-5-related, p-f/overlapped oxygenated linkage regions, and
methoxy groups. The integrated values were used as semi-quantitative
structural indicators. The Sy, and H/p-coumarate-related aromatic in-
tegrals were divided by two to account for two equivalent aromatic
positions, while linkage-related regions were normalized to the total
corrected aromatic integral and expressed per 100 aromatic units. Weak,
overlapping, or poorly resolved contours were interpreted cautiously
and were not treated as absolute lignin structural contents.

2.7.4. Characterizations of CMC-lignin film

The properties of the CMC-based films were evaluated by FTIR, water
contact angle, water vapor transmission rate (WVTR), tensile strength,
and antioxidant. FTIR spectra were recorded using a Cary 630 FTIR
Spectrometer (Agilent Technologies, USA) over a wavenumber range of
4000-650 cm ™ to identify functional groups and possible interactions
between CMC and lignin. Water contact angle analysis was performed
using a DataPhysics OCA-Series instrument by placing water droplets on
the film surface using the sessile drop method. Three measurements
were recorded for each sample.

The WVTR was measured using the gravimetric cup method. Film
samples were mounted on WVTR cups, and mass changes were
measured using an analytical balance (OHAUS). The analysis was per-
formed in duplicate, and the results were reported as mean values with
standard deviations. Mechanical properties were determined by tensile
strength testing using rectangular film strips with dimensions of
30 mm x 5 mm. The test was conducted with a deformation length of
30 mm, trigger force of 4.5 g, and crosshead speed of 1.0 mm/s. Tensile
strength and elongation at break were calculated from the recorded
force and deformation data, while antioxidant activity was determined
using the DPPH assay and expressed as ICsg.

3. Results and discussions

3.1. Modified severity factor determination on xylan degradation and
delignification of OPEFB

This study evaluated the applicability of the CDF and CHF to describe
lignin removal and xylan hydrolysis during DES pretreatment of OPEFB.
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The fitted parameters for the CDF and CHF models are summarized in
Table 1, while the correlations between residual lignin (L), residual
xylan (Xres), and their corresponding modified severity factors are pre-
sented in Fig. 2. CDF was used to represent the severity of delignifica-
tion, whereas CHF was used to represent the severity of xylan hydrolysis.
These parameters integrate the effects of reaction temperature, resi-
dence time, and acid/catalyst contribution into single kinetic de-
scriptors. This approach is relevant because ChCl:LA and ChCl:Gly:FeClg
are both acidic DESs, but they differ in catalytic behavior. ChCl:LA
mainly provides Brgnsted acidity through lactic acid, whereas ChCl:Gly:
FeCl; introduces Fe3*-based Lewis acidity [26,35].

As shown in Fig. 2a and b, the residual lignin fraction (Lres)
decreased with increasing CDF in both DES systems, indicating that the
proposed CDF descriptor adequately represented the progress of
delignification during OPEFB pretreatment. In the ChCL:LA system, Lres
decreased sharply at low CDF and subsequently approached a residual
level of approximately 0.16 after CDF exceeded 2. A similar decreasing
trend was observed in the ChCl:Gly:FeCls system, although the CDF
range was broader. In this system, Lres decreased rapidly at low CDF,
followed by a slower decline after CDF exceeded 5, suggesting that
additional increases in pretreatment severity produced progressively
smaller improvements in lignin removal. The nonlinear decline of L
suggests that delignification did not proceed as a single homogeneous
reaction, but rather followed a biphasic pattern involving fast-removing
and slow-removing lignin fractions. The fast-removing fraction can be
associated with more accessible lignin domains, labile ether linkages,
and lignin—carbohydrate linkages that are readily cleaved during the
early stage of DES pretreatment [58,59,67]. In contrast, the
slow-removing fraction likely corresponds to lignin structures that are
more condensed, less accessible, or more strongly embedded within the
cell wall matrix. Therefore, the plateau-like behavior observed at higher
CDF values may indicate that the easily removable lignin fraction had
been largely solubilized, while further delignification was limited by the
persistence of recalcitrant lignin domains. In the ChCLLA system, the
rapid decrease in Lres at relatively low CDF suggests that the Brgnste-
d-acidic DES effectively promoted lignin solubilization within a nar-
rower severity window [22,26]. Conversely, the broader CDF range

Table 1
Fitted parameters for CDF and CHF models on delignification and xylan hy-
drolysis for each DES system.

Model  Parameter  Unit Fitted Parameter  Unit Fitted
value value
ChCLLA ChCl:Gly:FeCl3
CDF Eqr1a kJ/ 63.47 Eqp e kJ/ 87.84
mol mol
Or1A - 0.20 0L Fe - 0.23
fria - 0.02 frFe - 0.01
oL LA - 2.71 oL Fe - 28.01
Bria L/mol 3.12 BLre L/mol 1.41
R? - 0.996 R? - 0.977
CHF Eqxia kJ/ 49.54 Eqxre kJ/ 69.87
mol mol
Ox LA - 0.43 Ox Fe - 0.24
fxia - 0.10 fxre - 0.05
Ox LA - 15.42 Ox Fe - 23.29
Bxia L/mol  -1.37 Bx Fe L/mol 0.69
R? - 0.969 R? - 0.996

Ea is expressed in kJ/mol. C; is the concentration of the dominant active
component in the DES system, expressed in mol/L: C for ChCl:LA and Cge, for
ChClL:Gly:FeCls. The coefficient p; is expressed in L/mol so that p;C; is dimen-
sionless. All CDF and CHF values were calculated using temperature in K, pre-
treatment time in h, and active component concentration in mol/L. Because the
active component concentration was fixed within each DES system, f; represents
an empirical acid/catalyst contribution for the selected DES formulation.
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observed for ChCl:Gly:FeCl; indicates that FeCls-assisted DES pretreat-
ment required higher effective severity to approach a comparable re-
sidual lignin level. This behavior may also be associated with partial
lignin condensation, pseudo-lignin formation, or lignin redeposition
under more severe acidic conditions, which has been reported during
acid-catalyzed biomass pretreatment and is further evaluated in this
study through solid FTIR and lignin structural characterization [34,54,
68]. High coefficients of determination were obtained for both ChCL:LA
(R? = 0.996) and ChCl:Gly:FeCls (R? = 0.977), confirming that CDF
captured the severity-dependent delignification behavior with good
accuracy. The apparent activation energy for lignin removal was higher
in ChCl:Gly:FeCls (87.84 kJ/mol) than in ChCLLA (63.47 kJ/mol),
suggesting that delignification in the FeCls-containing DES was more
temperature-sensitive. This higher temperature dependency is consis-
tent with the catalytic role of Fe**, where elevated temperature may
intensify Lewis acid-assisted cleavage of lignin-associated and
ether-type linkages during metal salt-assisted pretreatment [69,70].
However, the higher activation energy also implies that lignin removal
in ChCl:Gly:FeCls is less readily promoted at lower severity than in ChCl:
LA. The relatively high

oy, re Value also reflects the broader severity scale required to describe
delignification in the FeClz-assisted system, whereas ChCl:LA produced
effective lignin solubilization over a narrower CDF range.

Similar to delignification, in Fig. 2c and d xylan removal also
exhibited biphasic behavior. At low CHF, Xres decreased rapidly, indi-
cating the hydrolysis of the fast-hydrolyzing xylan fraction. This fraction
is likely located in more accessible regions of the biomass cell wall and is
therefore more susceptible to acid-catalyzed cleavage, as previously
observed for biphasic xylan hydrolysis during acidic pretreatment of
lignocellulosic biomass [13,58,59]. At higher CHF values, the decrease
in Xres became slower, indicating that the remaining xylan belonged to a
slow-hydrolyzing fraction. This resistant fraction may be more strongly
associated with cellulose and lignin through hydrogen bonding or lig-
nin—carbohydrate complexes, making it less accessible to hydrolytic
attack [55,71]. The stronger xylan hydrolysis observed in ChCL:Gly:
FeCls can be attributed to the Lewis acidity of Fe>*, which may coor-
dinate with oxygen-containing glycosidic linkages and facilitate their
cleavage [30,31,72]. Thus, the FeCls-containing DES appears particu-
larly effective in disrupting hemicellulose, including both readily
accessible and more resistant xylan fractions.

The fitted CHF parameters in Table 1 also indicate that the proposed
model effectively described xylan hydrolysis in both DES systems. The
CHF model gave R? values of 0.969 for ChCl:LA and 0.996 for ChCl:Gly:
FeCls, confirming good agreement between experimental and predicted
residual xylan fractions. The apparent activation energy for xylan hy-
drolysis was higher in ChCl:Gly:FeCls (69.87 kJ/mol) than in ChCL:LA
(49.54 kJ/mol), indicating that xylan removal in the FeCls-containing
DES was more strongly governed by temperature. This finding is
consistent with the broader CHF range observed in ChCl:Gly:FeCl3 and
supports the interpretation that Fe>" intensifies hemicellulose hydroly-
sis at elevated temperatures, as reported in metal chloride-assisted
pretreatment systems [34,73,74]. In contrast, the lower activation en-
ergy in ChCL:LA suggests that xylan removal can proceed more readily
under milder Brgnsted-acidic conditions, although the overall extent of
xylan removal was lower than that obtained using ChCl:Gly:FeCls.

The fitted fast- and slow-fraction parameters provide additional
insight into the heterogeneous nature of OPEFB fractionation. For lignin
removal, the slow-removing fraction represents lignin that remains
difficult to solubilize after the more labile lignin domains have been
extracted. For xylan hydrolysis, the slow-hydrolyzing fraction represents
xylan that remains protected within the biomass matrix. Therefore, the
biphasic behavior observed for both L, and X, reflects the heteroge-
neous distribution and accessibility of lignin and hemicellulose in
OPEFB, consistent with previous kinetic interpretations of lignocellu-
losic fractionation using severity-based descriptors [58,59,63]. The
comparison between ChCL:LA and ChCl:Gly:FeClg further indicates that
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Fig. 2. Correlation of residual lignin and xylan with modified severity factors during DES pretreatment. Residual lignin content, L, as a function of CDF for (a)
ChCL:LA and (b) ChCl:Gly:FeCls, and residual xylan content, X;.s, as a function of CHF for (c) ChCl:LA and (d) ChCl:Gly:FeCls.

the two DES systems deconstruct OPEFB through different dominant
pathways. ChCLLA favors efficient lignin solubilization, which is
consistent with previous reports showing that lactic acid-based acidic
DESs promote cleavage of lignin—carbohydrate linkages, xylan elimi-
nation, and lignin dissolution through Brgnsted acidity and
hydrogen-bonding interactions [23,25,26]. In contrast, ChCl:Gly:FeCls
more strongly promotes xylan hydrolysis, in agreement with studies
showing that Fe' or metal chloride-assisted pretreatment enhances
hemicellulose depolymerization through Lewis acid-catalyzed cleavage
of glycosidic linkages [30,31,74].

Overall, the CDF and CHF models successfully described the severity-
dependent fractionation behavior of OPEFB during DES pretreatment.
The high fitting accuracy obtained for both descriptors confirms that
lignin removal and xylan hydrolysis can be represented separately using
response-specific severity factors. ChCl:LA promoted effective deligni-
fication within a relatively narrow CDF range, supporting the strong
lignin-solubilizing ability commonly reported for ChCl:LA and other
organic acid-based DES systems [23,25,26]. Meanwhile, ChCl:Gly:FeCl3
generated stronger xylan hydrolysis over a broader CHF range, reflect-
ing the hydrolytic contribution of Fe>" in the DES matrix [73-75]. These
findings demonstrate that the effective severity of DES pretreatment
depends not only on temperature and residence time, but also on the
acid type and catalytic mechanism of the solvent system. Therefore, CHF
and CDF provide useful empirical descriptors for comparing Brgnste-
d-acidic and Lewis acid-assisted DES pretreatments of OPEFB. By uni-
fying temperature, residence time, and acid or catalytic contribution
into response-specific severity parameters, these descriptors can support
process comparison, operating-window selection, and future scale-up
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evaluation of DES pretreatment systems. This agrees with previous
studies applying combined or modified severity factors to interpret
carbohydrate hydrolysis, delignification, and enzymatic digestibility
[55,59,63,76].

3.2. Effect of DES pretreatment variables on OPEFB biomass and lignin
recovery

The effect of DES pretreatment severity on OPEFB fractionation is
presented in Fig. 3. The pretreatment conditions were primarily ar-
ranged according to the actual operating variables, namely temperature
and residence time, while the corresponding CHF and CDF values were
included as severity descriptors to support comparison between the two
DES systems. In this figure, the upper axis denotes the actual pretreat-
ment condition, whereas CHF and CDF provide unified severity values
that reflect the combined influence of temperature, time, and acid or
catalytic contribution. The use of severity descriptors is beneficial
because it allows different pretreatment conditions to be interpreted
through a common scale, facilitates comparison between solvent sys-
tems, and supports the identification of an effective operating window
for future process development and scale-up evaluation [36,52,53,55].
Fig. 3a and b shows the chemical composition of the recovered solid
fractions, while Fig. 3c and d presents hemicellulose removal, cellulose
recovery, delignification, and lignin yield. These responses are impor-
tant because an effective pretreatment should remove non-cellulosic
barriers, preserve sufficient cellulose for enzymatic hydrolysis, and
recover lignin as a useable product stream.

The untreated OPEFB initially contained approximately 38.6%
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Fig. 3. Severity-dependent compositional and fractionation responses of two DES systems. (a,b) Chemical composition of the recovered solid fraction after pre-
treatment with ChCL:LA & ChClL:Gly:FeCls. (c,d) Hemicellulose removal, cellulose recovery, delignification and lignin yield of ChCL:LA & ChCl:Gly:FeCls system.

cellulose, 26.8% hemicellulose, and 33.2% lignin. After DES pretreat-
ment, the relative composition of the recovered solid shifted substan-
tially, reflecting the selective removal of non-cellulosic components. For
the ChCL:LA system, the cellulose proportion in the recovered solid
increased markedly with increasing pretreatment severity, from
approximately 43% to 78%. In parallel, the hemicellulose fraction
decreased from approximately 16% to below 6%, while the lignin
fraction decreased from approximately 35% to 16%. This compositional
shift indicates that ChCL:LA effectively removed both hemicellulose and
lignin, resulting in a cellulose-enriched solid residue. The most pro-
nounced cellulose enrichment and lignin removal were obtained at the
highest tested condition of 140 °C for 6 h, indicating that the ChCl:LA
system continued to respond positively to increased temperature and
residence time within the investigated range. This trend is consistent
with previous reports on ChCl:LA and other organic acid-based DES
systems, where increasing pretreatment severity enhanced lignin
dissolution, xylan removal, and cellulose enrichment [23,26,77,78]. The
increase in cellulose content should be interpreted as an enrichment
effect caused by the preferential solubilization of non-cellulosic com-
ponents rather than the formation of additional cellulose. Such cellulose
enrichment is favorable for enzymatic hydrolysis because hemicellulose
and lignin removal can open the cell wall structure, reduce physical
shielding, and improve enzyme accessibility [53,79-81].

A similar cellulose enrichment trend was observed in the ChCl:Gly:
FeCl; system. The cellulose content increased from approximately 51%
to 75%, while the hemicellulose content decreased from approximately
14% to below 3%. This result confirms that ChCl:Gly:FeCl3 was highly
effective in removing hemicellulose from OPEFB. However, compared
with ChCL:LA, the lignin fraction in the recovered solid remained slightly
higher, particularly at high severity. This indicates that the FeCls-con-
taining DES promoted stronger hemicellulose hydrolysis but was
comparatively less selective for lignin solubilization [31,33]. The strong
hemicellulose removal can be attributed to the Lewis acidity of Fe3*
which can catalyze glycosidic bond cleavage in xylan, as commonly
reported for metal chloride-assisted pretreatment systems [30,33]. In
contrast, lignin recovery is governed not only by bond cleavage but also
by lignin solvation, precipitation behavior, and the accessibility of lignin
within the biomass matrix [26,82]. This distinction is important because
ChCLLA and other organic acid-based DESs are often reported to be

+ iThenticate Page 19 of 32 - Integrity Submission

particularly effective for lignin solubilization through Brgnsted acidity
and hydrogen-bonding interactions, whereas FeCls-containing systems
may exert stronger hydrolytic effects toward hemicellulose [33,75,83].

The fractionation performance of ChCLLA is shown in Fig. 3c.
Hemicellulose removal increased from approximately 66% to more than
90% as CHF increased, confirming the hydrolytic effect of the lactic
acid-based DES on the hemicellulose fraction. Delignification also
increased from approximately 39% to around 85% with increasing CDF,
indicating that ChCl:LA effectively promoted lignin solubilization [84,
85]. This behavior is consistent with previous studies showing that
organic acid-based DESs, particularly ChCl:LA, can promote lignin
dissolution and xylan elimination through Brgnsted acidity,
hydrogen-bonding interactions, and cleavage of lignin—carbohydrate
linkages [23,29,39]. Therefore, ChCl:LA appears to provide a balanced
fractionation environment in which both hemicellulose and lignin are
removed while cellulose is relatively preserved.

Cellulose recovery in the ChCL:LA system remained relatively high,
ranging from approximately 64% to 72% across the tested conditions.
Although increasing temperature and residence time enhanced
delignification and hemicellulose removal, cellulose recovery did not
increase proportionally. This indicates that the most suitable operating
window should balance three competing outcomes: extensive hemicel-
lulose removal, high delignification, and sufficient cellulose preserva-
tion [86-88]. In this context, CHF and CDF are useful because these
helps distinguish whether the improvement in fractionation is mainly
associated with hydrolytic severity or delignification severity, rather
than relying only on temperature and time as independent variables [55,
63]. Within the tested range, the highest temperature and longest resi-
dence time provided the most favorable fractionation outcome for ChCl:
LA, especially when lignin recovery was considered.

For the ChClL:Gly:FeCl; system, hemicellulose removal was already
high at the lowest severity and increased further to approximately
95-97% at higher CHF values, as shown in Fig. 3d. This confirms that the
FeCls-containing DES exerted stronger hydrolytic activity toward
hemicellulose than ChCL:LA. The high CHF range of ChCl:Gly:FeCl;
supports the role of Fe3* as a Lewis acid catalyst that facilitates xylan
cleavage [33,43,53]. Similar behavior has been reported in metal
chloride-assisted pretreatment systems, where Fe>* or other metal ions
enhanced hemicellulose depolymerization and improved subsequent
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enzymatic digestibility [33,34].

In contrast, delignification in ChCl:Gly:FeCl; increased from
approximately 60% to around 83%, but the improvement became less
pronounced at higher CDF. This trend agrees with the CDF-based model
in Subsection 3.1, where residual lignin decreased rapidly at low CDF
and then approached a plateau at higher severity. Notably, increasing
the residence time from 3 h to 6 h at 140 °C did not produce a substantial
additional improvement in the ChCl:Gly:FeCls system. This indicates
that the fractionation response of the FeCls-containing DES approached
an effective plateau at high temperature, where the easily removable
lignin fraction had been solubilized, and the remaining lignin was more
resistant to be removed.

Lignin yield increased with pretreatment severity in both DES sys-
tems, confirming that higher severity promoted lignin solubilization and
subsequent precipitation from the DES liquor. In ChCLLA, lignin yield
increased from approximately 29% to around 75%, whereas in ChCL:Gly:
FeClj it increased from approximately 41% to around 65%. The higher
final lignin yield in ChCL:LA indicates that this system was more favor-
able for lignin recovery, likely because lactic acid-based DESs provide
strong lignin solvation and facilitate lignin dissolution through Brgnsted
acidity and hydrogen-bonding interactions. Recent studies also reported
high lignin extraction and recovery from ChCl:LA-based systems, sup-
porting the suitability of this solvent for lignin-focused fractionation
[23,25,26,39]. Although ChCl:Gly:FeCls achieved strong hemicellulose
removal and relatively high delignification, its lower final lignin yield
suggests that part of the lignin may have remained in the solid residue or
been less efficiently recovered from the DES liquor.

Overall, Fig. 3 demonstrates that the two acidic DES systems pro-
duced distinct fractionation profiles. ChCl:LA provided more balanced
fractionation, combining high delignification, high lignin yield, and
good cellulose enrichment. In contrast, ChCl:Gly:FeCl; showed stronger
hemicellulose removal and higher hydrolytic severity, producing a
cellulose-rich solid that is favorable for enzymatic hydrolysis, but with
comparatively lower lignin recovery. These differences confirm that the
pretreatment outcome depends not only on severity level but also on the
acid type and catalytic mechanism of the DES system. The severity-
factor approach is therefore valuable because it converts multiple
operational variables into comparable response-oriented descriptors,
helping to identify whether additional severity still improves fraction-
ation or whether the system has approached a plateau. This is particu-
larly relevant for process scale-up, where increasing temperature or
residence time is only beneficial if it produces meaningful gains in
component separation and product recovery. Therefore, ChCl:LA is more
suitable when lignin recovery is prioritized, particularly because the
highest temperature and longest residence time still improved its frac-
tionation outcome. Conversely, ChCl:Gly:FeCls is more effective when
extensive hemicellulose removal and cellulose accessibility are the main
targets, although extending the treatment from 3 h to 6 h at 140 °C
provides limited additional benefit.

3.3. Solid characterization of pretreated OPEFB

Structural characterization of untreated and DES-pretreated OPEFB
was conducted using SEM, XRD, and FTIR to verify whether the frac-
tionation behavior observed in Section 3.2 was reflected in the physical
morphology, cellulose crystallinity, and functional group characteristics
of the recovered solids. In Section 3.2, ChCl:LA was shown to increase
the cellulose proportion while decreasing both hemicellulose and lignin
contents, whereas ChCl:Gly:FeCl; produced stronger hemicellulose
removal but retained a comparatively higher lignin fraction in the
recovered solid. These compositional trends indicate that the two DES
systems deconstructed OPEFB through different dominant pathways.
However, compositional changes alone do not fully describe biomass
recalcitrance because enzymatic accessibility also depends on fiber
morphology, cellulose ordering, and the persistence of lignin- or
hemicellulose-associated functional groups. Therefore, SEM, XRD, and
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FTIR were used as complementary techniques to evaluate whether the
chemical fractionation trends were accompanied by structural disrup-
tion and cellulose enrichment. Similar combined characterization ap-
proaches have been used to connect biomass composition, crystallinity,
functional groups, and enzymatic accessibility after pretreatment [79,
89].

To compare temperature-dependent structural changes under a
consistent residence-time basis, SEM, XRD, and FTIR analyses were
conducted on OPEFB solids pretreated at 100, 120, and 140 °C for 3 h.
The SEM images of untreated and DES-pretreated OPEFB are shown in
Fig. S1, where panels a-c correspond to ChCl:LA-pretreated samples,
panels d-f correspond to ChCl:Gly:FeCls-pretreated samples, and panel g
represents untreated OPEFB. The untreated OPEFB showed a relatively
compact and covered surface, suggesting that the native fiber structure
was still protected by the lignin-hemicellulose matrix and other amor-
phous components. After DES pretreatment, both DES systems altered
the OPEFB surface morphology, as indicated by surface roughening,
partial fiber exposure, localized surace disruption, and erosion. These
features suggest that DES pretreatment weakened the compact ligno-
cellulosic architecture and increased the exposure of the pretreated fiber
surface. Similar morphological changes have been reported after acidic
DES pretreatment, where removal of lignin and hemicellulose opened
the biomass structure and improved cellulose accessibility [25,86].
Comparable surface disruption has also been observed after metal
salt-assisted pretreatment, where catalytic hydrolysis of hemicellulose
weakens the cell-wall matrix [90].

For ChCl:LA-pretreated OPEFB, the surface morphology became
rougher and more irregular after pretreatment. At 100 °C for 3 h, surface
roughening was already observed, while the sample treated at 140 °C for
3 h showed more visible fiber exposure and fibrillation. This
morphology is consistent with the compositional data in Section 3.2,
where ChCL:LA produced substantial cellulose enrichment together with
high delignification and lignin yield. The enhanced surface opening can
be attributed to the combined effects of Brgnsted acidity and hydrogen-
bonding interactions in the lactic acid-based DES. Liu et al. [26] re-
ported that acidic DES can promote cleavage of lignin—carbohydrate
complexes, while H. Li et al. (2021) showed that acidic DES pretreat-
ment enhances bamboo delignification and lignin fractionation. More
recently, Rodrigues et al. [43] also demonstrated that ChCl:LA-based
pretreatment can enhance lignin extraction and cellulose-to-glucose
conversion. In the ChCl:Gly:FeCls system, the pretreated OPEFB also
showed clear surface modification. The samples treated at 100 and
120 °C for 3 h showed surface disruption and localized pits, whereas the
sample treated at 140 °C for 3 h exhibited stronger erosion and a more
porous structure. This is consistent with the composition and removal
data in Section 3.2, where ChCl:Gly:FeCl3 produced extensive hemicel-
lulose removal. Fe>-assisted Lewis acidity can intensify xylan hydro-
lysis and weaken the polysaccharide matrix. Kamireddy et al. [31]
described the role of metal chloride salts in improving lignocellulosic
deconstruction, while Tang et al. [34] showed that metallic chlorides
can alter lignin structure and improve enzymatic hydrolysis. Yang et al.
[91] further demonstrated that metal-salt coordinated ChCl:Gly DES
systems can promote lignocellulosic pretreatment through coordinated
acidity and hydrogen-bond interactions.

The XRD patterns and crystallinity index (CrlI) values of untreated
and DES-pretreated OPEFB are shown in Fig. S2. Untreated OPEFB
showed a CrI of 65.6%. After ChCl:LA pretreatment, the Crl increased
markedly to 82.0%, 80.8%, and 81.0% at 100, 120, and 140 °C,
respectively. The increase in Crl indicates that ChCl:LA preferentially
removed amorphous components, mainly hemicellulose and lignin,
thereby enriching the crystalline cellulose fraction in the recovered
solid. This interpretation agrees with Section 3.2 composition data,
where the cellulose proportion increased while hemicellulose and lignin
contents decreased. The relatively stable CrI values at higher tempera-
tures further suggest that the crystalline cellulose structure was largely
preserved during ChCLLA pretreatment, even though non-cellulosic
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components were extensively removed. Li et al. [92] similarly reported
that acidic DES pretreatment can enhance apparent crystallinity by
removing lignin and hemicellulose. Da Costa Lopes et al. [93] also
associated selective hemicellulose/lignin degradation with improved
enzymolysis efficiency. The broader role of DES pretreatment in
removing amorphous barriers and improving cellulose accessibility has
also been highlighted in recent reviews [43]. A different crystallinity
trend was observed for ChCl:Gly:FeCls-pretreated OPEFB. The Crl
remained almost unchanged at 100 °C (65.5%), increased to 70.2% at
120 °C, and then decreased to 63.3% at 140 °C. The initial increase can
be attributed to the preferential removal of amorphous components,
particularly hemicellulose and part of the lignin fraction, which
enriched the cellulose-rich solid. Similar increases in apparent crystal-
linity after pretreatment have been associated with the removal of
amorphous lignin and hemicellulose fractions [43,79,92]. However, the
decrease in Crl at 140 °C suggests that the FeCls-assisted DES treatment
did not simply enrich crystalline cellulose. Instead, the stronger
Lewis-acid-assisted deconstruction may have partially altered the
ordering of the cellulose-rich solid or increased the relative contribution
of less ordered cellulose domains. Since Crl calculated using the Segal
method is an apparent crystallinity index, this result should not be
interpreted alone as direct evidence of cellulose degradation. Rather, it
should be considered together with compositional analysis, SEM
morphology, FTIR spectra, and enzymatic hydrolysis results, as biomass
digestibility is influenced by multiple structural and chemical features
rather than crystallinity alone ([81,89]. In this context, the lower
apparent Crl at high ChCl:Gly:FeCl3 severity may contribute to
improved cellulase accessibility by exposing less ordered or more
accessible cellulose domains. Nevertheless, excessive severity must still
be controlled because metallic chloride pretreatment can alter lignin
and carbohydrate structures under severe conditions, which may reduce
cellulose recovery or increase carbohydrate loss during pretreatment
[25,34,94].

The FTIR spectra of untreated and DES-pretreated OPEFB are shown
in Fig. S3. The main bands observed in the spectra were located at
approximately 3333, 2907, 1729, 1603, 1509, 1371, 1327, 1238, 1110,
and 1030 cm ™. The broad band around 3333 c¢m ™!, corresponding to
O-H stretching vibrations, decreased after DES pretreatment. This
change indicates disruption of the hydrogen-bonding network among
cellulose, hemicellulose, and lignin, which is consistent with the
removal of matrix-forming amorphous components discussed in Section
3.2. The peak around 2907 cm ™, assigned to C-H stretching vibrations
in polysaccharides and lignin, also decreased after pretreatment, sug-
gesting partial removal or structural alteration of carbohydrate and
lignin components. These changes confirm that both DES systems
modified the chemical environment of the OPEFB solid fraction. Similar
changes in O-H and C-H stretching bands have been used to indicate
hydrogen-bond disruption and biomass matrix deconstruction after DES
pretreatment [23]. In the carbonyl region, the band around 1729 cm ™,
commonly attributed to C=0 stretching of acetyl and ester groups in
hemicellulose, became weaker after DES pretreatment. This decrease
supports the removal of hemicellulose, consistent with the high hemi-
cellulose removal shown in Fig. 3. The reduction of bands in the
1238-1371 cm ™! region, including peaks around 1371, 1327, and
1238 cm™ !, further indicates disruption and solubilization of hemicel-
lulose- and lignin-associated structures. Meanwhile, the bands around
1110 and 1030 cm ! are associated mainly with polysaccharide C-O-C
and C-O stretching vibrations, reflecting changes in the
carbohydrate-rich solid after pretreatment. H. Li et al. [25] reported
similar FTIR changes after acidic DES delignification of bamboo. Huo
et al. [23] also linked the reduction of hemicellulose- and
lignin-associated bands with improved enzymolysis after DES pretreat-
ment. For ChCl:LA-based pretreatment, Rodriguez-Rebelo et al. [83]
further associated lignin extraction and hemicellulose removal with
improved cellulose conversion. The lignin-related aromatic skeletal vi-
bration bands around 1603 and 1509 cm™! were also reduced after
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pretreatment. The decrease was more evident in the ChCl:LA-pretreated
solid, supporting the stronger lignin solubilization and higher lignin
yield obtained with the lactic acid-based DES. This agrees with the
fractionation results in Section 3.2, where ChCL:LA showed more
balanced hemicellulose removal and delignification. The efficient lignin
removal by acidic DESs has been attributed to the ability of organic
acid-based DES systems to disrupt lignin-associated linkages and
improve lignin solvation [27,92]. In contrast, the persistence of
lignin-related bands in ChCl:Gly:FeCls-pretreated solids suggests that
part of the lignin remained associated with the recovered solid fraction.
This observation is consistent with the comparatively lower lignin re-
covery of ChCl:Gly:FeCls, despite its strong hemicellulose removal. Tang
et al. [34] also showed that metallic chloride pretreatment can strongly
affect biomass deconstruction while modifying lignin structure. There-
fore, FTIR analysis supports the interpretation that ChCl:LA was more
favorable for lignin removal, whereas ChCl:Gly:FeCl; primarily pro-
moted hemicellulose-directed deconstruction.

Overall, SEM, XRD, and FTIR analyses confirmed that the two DES
systems modified OPEFB through different structural pathways. ChCl:LA
effectively disrupted the lignin-hemicellulose matrix, reduced lignin-
associated FTIR bands, and preserved high apparent cellulose crystal-
linity, explaining the cellulose enrichment and high lignin recovery
observed in the fractionation data. This behavior is consistent with
previous reports showing that organic acid-based DESs promote lignin
solubilization, lignin—carbohydrate complex cleavage, and cellulose
enrichment [23,26,28]. In contrast, ChCl:Gly:FeCls produced stronger
hemicellulose-directed disruption, surface erosion, and partial reduction
in apparent Crl at high temperature. These changes suggest that the
FeCls-containing DES increased cellulose accessibility not only by
removing hemicellulose but also by opening the cell-wall structure and
exposing less ordered cellulose domains. Similar effects of Fe>* or
metallic chloride-assisted pretreatment on hemicellulose disruption,
lignocellulose deconstruction, and enzymatic digestibility have been
reported previously [33,34,95]. Therefore, ChCl:LA is more favorable
for balanced delignification, lignin recovery, and cellulose enrichment,
whereas ChCl:Gly:FeCls is more effective for generating a highly
digestible cellulose-rich solid through hemicellulose removal and
structural accessibility improvement. This integrated structural inter-
pretation provides the basis for the enzymatic hydrolysis behavior dis-
cussed in the next section.

3.4. Effect of pretreatment on OPEFB saccharification

The effect of DES pretreatment on OPEFB saccharification was
evaluated by correlating enzymatic hydrolysis yield (Ygn) with CHF and
CDF, as shown in Fig. 4. CHF represents the severity of xylan hydrolysis,
while CDF represents the severity of delignification. Therefore, both
factors were used to determine whether hemicellulose removal and
lignin removal contributed to the improvement of enzymatic di-
gestibility after ChCl:LA and ChCl:Gly:FeCl; pretreatment.

For the ChCL:LA system, Ygy increased with increasing CHF, as
shown in Fig. 4a. The enzymatic hydrolysis yield increased from 46.6%
at low CHF to 75.8% at the highest CHF. The increase was rapid at low-
to-moderate CHF and then approached a plateau at higher CHF values.
This trend indicates that xylan removal strongly improved cellulose
accessibility during the early stage of pretreatment. However, after most
accessible hemicellulose had been removed, further increase in CHF
only slightly improved enzymatic hydrolysis. The fitted model showed a
good correlation between CHF and Ygy, with R? =0.883 and
RMSE = 3.20%, confirming that CHF can describe the contribution of
hemicellulose hydrolysis to enzymatic digestibility. A similar trend was
observed when Ygy was correlated with CDF for ChClL:LA, as shown in
Fig. 4b. The hydrolysis yield increased with increasing CDF and reached
a plateau at higher delignification severity. The correlation between
CDF and Yy gave a slightly higher fitting accuracy, with R? = 0.924 and
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Fig. 4. Effects of modified severity factors on enzymatic hydrolysis yield of DES-pretreated OPEFB. Correlation of Ygy with (a) CHF and (b) CDF for ChCL:LA, and

with (c¢) CHF and (d) CDF for ChCl:Gly:FeCls.

RMSE = 2.58%. This suggests that, in the ChCLLA system, lignin
removal had a strong contribution to enzymatic hydrolysis improve-
ment. This result is consistent with the fractionation data, where ChCl:
LA showed effective delignification and lignin recovery. The removal of
lignin likely reduced the physical barrier around cellulose and decreased
non-productive enzyme binding, resulting in higher cellulose di-
gestibility [82,96].

For the ChCl:Gly:FeCls system, Yy also increased with increasing
CHF, as shown in Fig. 4c. The hydrolysis yield increased from approxi-
mately 54-59% at low CHF to 93.8% at the highest CHF. Compared with
ChCLLA, ChCl:Gly:FeCl3 reached a much broader CHF range and ach-
ieved a higher final Ygy. This confirms that the FeCls-containing DES
strongly enhanced OPEFB digestibility, mainly through extensive
hemicellulose removal and improved cellulose accessibility. The Lewis
acidity of Fe®>" can promote cleavage of glycosidic linkages in xylan,
thereby reducing the hemicellulose barrier surrounding cellulose mi-
crofibrils and increasing cellulase access to the cellulose-rich solid [25,
33]. The CHF-Ygy model gave R? = 0.854 and RMSE = 5.88%, indi-
cating a reasonable correlation, although the deviation was higher than
that of the ChCl:LA model. This relatively larger deviation suggests that
the hydrolysis behavior of ChCl:Gly:FeCls-pretreated OPEFB was not
governed by hemicellulose removal alone, but also by additional
structural and compositional factors.

The high enzymatic hydrolysis yield of ChCl:Gly:FeCls-pretreated
OPEFB should also be interpreted together with the structural charac-
terization results. Although the apparent CrI decreased at 140 °C, this
decrease does not contradict the high hydrolysis yield. Enzymatic di-
gestibility of lignocellulosic biomass is not governed by crystallinity
alone, but by the combined effects of hemicellulose removal, lignin
removal, cellulose exposure, accessible surface area, pore formation,
and enzyme accessibility [82,97]. In the ChCl:Gly:FeCls system, exten-
sive hemicellulose removal reduced the xylan barrier surrounding
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cellulose microfibrils, while partial delignification and surface erosion
decreased physical shielding and improved cellulase penetration into
the recovered solid. The lower apparent Crl may also indicate partial
deordering of the cellulose-rich fraction, which can increase the pro-
portion of less ordered or more accessible cellulose domains. Therefore,
the 93.8% hydrolysis yield was likely caused by the combined effects of
hemicellulose removal, partial lignin removal, surface disruption, and
increased cellulose accessibility, rather than by a single structural factor.

The relationship between CDF and Ygy for ChCl:Gly:FeCls is shown
in Fig. 4d. The hydrolysis yield increased with increasing CDF and
gradually approached a high plateau. The CDF-Ygy model showed
R? = 0.867 and RMSE = 5.60%, slightly better than the CHF-based
correlation for the same DES system. This indicates that delignifica-
tion also contributed to enzymatic hydrolysis improvement in ChCl:Gly:
FeCls, although the effect was less direct than in ChCl:LA. This may be
because ChClL:Gly:FeCls primarily promoted hemicellulose removal,
while part of the lignin remained in the recovered solid or may have
undergone condensation or redeposition at higher severity. Such resid-
ual or modified lignin may still affect enzymatic hydrolysis through
physical shielding or non-productive enzyme adsorption [7,23].
Therefore, the saccharification behavior of ChCl:Gly:FeCls should be
interpreted as a combined result of xylan removal, partial delignifica-
tion, surface disruption, apparent cellulose deordering, and improved
cellulose accessibility.

The different behavior between the two DES systems shows that
enzymatic digestibility was controlled by multiple structural and
compositional factors rather than by CHF or CDF alone. In ChCl:LA, the
stronger CDF-hydrolysis relationship suggests that lignin removal
played a major role in improving saccharification by reducing physical
shielding and non-productive enzyme adsorption. Similar effects of
lignin removal on improved enzymatic digestibility have been reported
in previous lignocellulosic pretreatment studies [7,96,98]. In ChClL:Gly:
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FeCls, the high final hydrolysis yield was mainly associated with
stronger hydrolytic severity, extensive hemicellulose removal, surface
disruption, and increased cellulose accessibility, although delignifica-
tion still contributed to the overall improvement. These results agree
with previous reports showing that enzymatic hydrolysis increases after
pretreatment because enhances cellulose exposure, lignin removal re-
duces physical shielding and non-productive adsorption, and structural
disruption increases enzyme-accessible surface area [81,82,99].

Overall, DES pretreatment significantly improved the enzymatic
hydrolysis of OPEFB. ChCl:LA increased the hydrolysis yield up to
75.8%, while ChCl:Gly:FeCl; achieved a higher maximum yield of
93.8%. The results confirm that modified severity factors can be used to
describe saccharification performance, but they should be interpreted
together with compositional and structural changes. CHF mainly reflects
the contribution of xylan hydrolysis to cellulose accessibility, whereas
CDF reflects the contribution of lignin removal to reducing biomass
recalcitrance, consistent with previous severity-based interpretations of
enzymatic digestibility [55,58,63]. Therefore, the highest enzymatic
hydrolysis yield was obtained when hemicellulose and lignin barriers
were sufficiently disrupted, the cell-wall structure was opened, and the
cellulose-rich solid became more accessible to cellulase.

The enzyme loading used in this study should also be considered
when interpreting the saccharification results. A cellulase dosage of 20
FPU/g dry substrate was selected to evaluate the digestibility potential
of raw and DES-pretreated OPEFB under enzyme-sufficient conditions,
rather than to optimize enzyme economy. Reported cellulase loadings in
lignocellulosic hydrolysis studies vary widely depending on biomass
type, pretreatment method, enzyme formulation, substrate loading, and
the denominator used for enzyme dosage. Low cellulase loadings of
approximately 2-5 FPU/g have been reported in some optimized or
assisted hydrolysis systems [100,101], whereas broader optimization
studies have evaluated higher loadings extending to 40 FPU/g or above
[102-104]. Intermediate loadings around 15-30 FPU/g are also
frequently used in laboratory-scale lignocellulosic hydrolysis studies,
including dry-matter- or substrate-based enzyme dosage [105-108].
Therefore, the 20 FPU/g dry substrate used in this work is within the
commonly reported laboratory-scale range for evaluating biomass
digestibility.

Nevertheless, enzyme-loading bases reported in the literature are not
always directly interchangeable. Some studies express cellulase loading
as FPU/g dry matter or FPU/g substrate, whereas others use FPU/g
glucan or FPU/g cellulose [101-103]. These bases can lead to different
apparent enzyme dosages because they depend on the cellulose or
glucan content of the substrate. Therefore, the enzyme loading in the
present study should be interpreted specifically as a dry-substrate-based
comparative condition. Under this enzyme-sufficient condition, differ-
ences in hydrolysis yield mainly reflect pretreatment-induced changes in
substrate accessibility, including hemicellulose removal, delignification,
surface disruption, cellulose exposure, and reduced biomass recalci-
trance. Thus, the high hydrolysis yield obtained for ChCl:Gly:FeCls--
pretreated OPEFB indicates that this pretreatment produced a highly
digestible cellulose-rich solid.

From a practical perspective, however, the enzyme dosage used here
should not be regarded as an optimized industrial dosage. Enzyme
loading is an important contributor to the operating cost of lignocellu-
losic sugar production, and enzyme-reduction strategies such as enzyme
recycling, high-solids hydrolysis, optimized enzyme cocktails, and pro-
cess additives have been widely explored to improve process feasibility
[100,104,109]. Therefore, future work should evaluate lower cellulase
dosages, enzyme recycling, higher-solid hydrolysis, and enzyme-sub-
strate interactions after DES pretreatment to determine the minimum
enzyme requirement for economically favorable glucose production.

The stability of cellulase during the 72 h hydrolysis period should
also be considered when interpreting the saccharification data. The
hydrolysis condition used in this study, 50 °C and pH 4.8 for 72 h, is
commonly applied in laboratory-scale lignocellulosic hydrolysis studies,
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including studies using pretreated lignocellulosic biomass and empty
fruit bunch substrates (Yang et al., 2017; Luo et al., 2019; Fabbrizi et al.,
2022). Nevertheless, cellulase is a protein catalyst, and partial activity
loss may occur during prolonged incubation because of thermal dena-
turation, product inhibition, non-productive adsorption on residual
lignin, and enzyme binding to insoluble biomass solids ([104]; Chen
et al., 2016; Santos et al., 2026). Therefore, the 72-h hydrolysis yield
should be interpreted as a standardized endpoint digestibility mea-
surement rather than a direct measurement of intrinsic cellulase
stability.

In the present work, all raw and DES-pretreated OPEFB samples were
hydrolyzed under identical enzyme loading, temperature, pH, agitation,
and incubation time. Therefore, any gradual enzyme deactivation would
be expected to affect all treatments under the same experimental pro-
tocol, allowing the hydrolysis results to remain valid for comparative
evaluation among pretreatment conditions. The relatively lower R?
values observed in some severity-hydrolysis correlations, especially for
ChCL:Gly:FeCls, should not be attributed solely to cellulase instability.
They may also reflect the heterogeneous nature of pretreated OPEFB,
differences in residual lignin, non-productive enzyme adsorption, cel-
lulose accessibility, surface morphology, crystallinity, and the nonlinear
relationship between severity descriptors and enzymatic digestibility
[37,55,63]. However, the possible contribution of enzyme deactivation
during prolonged hydrolysis is now acknowledged as a limitation.
Future work should include time-course hydrolysis analysis, residual
cellulase activity measurement, protein adsorption analysis, glucose and
cellobiose monitoring, and enzyme-recycling or enzyme-stability eval-
uation to better separate substrate accessibility effects from enzyme
deactivation effects.

3.5. Recovered lignin characterization and fabrication of CMC-lignin film

3.5.1. Recovered lignin characterization

The recovered DES lignins were further characterized to evaluate
their suitability as functional additives for CMC-based composite films.
As shown in Table 2, both DES systems produced lignin with high purity,
reaching 91.7% for ChCl:LA lignin and 93.1% for ChCl:Gly:FeCl; lignin.
These values indicate that the DES pretreatment not only promoted
lignin solubilization from OPEFB but also enabled the recovery of lignin
with relatively low carbohydrate contamination. High lignin purity is
important for film applications because residual polysaccharides and
inorganic impurities may reduce compatibility with the polymer matrix
and weaken the contribution of lignin to hydrophobicity, mechanical
reinforcement, and antioxidant functionality. Similar observations have
been reported for DES-extracted lignins, where high purity, lower mo-
lecular weight, and more homogeneous structure improved compati-
bility with CMC and enhanced the physicochemical performance of
CMC-lignin films [47].

The molecular weight distribution of the recovered lignin also
differed between the two DES systems. ChCL:LA lignin showed higher
Mn and Mw values of 1998 and 2541 g/mol, respectively, with a dis-
persity of 1.591. In contrast, ChCl:Gly:FeCls lignin exhibited lower Mn
and Mw values of 1344 and 2139 g/mol, respectively, with a narrower
dispersity of 1.272. The lower molecular weight and narrower distri-
bution of ChCl:Gly:FeCl; lignin suggest that the Lewis-acid-assisted DES
system promoted more extensive lignin depolymerization or selective
solubilization of lower-molecular-weight lignin fragments. This
behavior may be associated with the catalytic role of Fe>* in cleaving
ether linkages and disrupting lignin—carbohydrate interactions during

Table 2

Molecular weight and purity of recovered DES lignin.
DES Lignin Purity Mn Mw Mw/Mn
ChCL:LA 91.7% 1998 2541 1.591
ChClL:Gly:FeCl3 93.1% 1344 2139 1.272
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pretreatment [33]. Lower-molecular-weight lignin can be beneficial for
film formation because it may disperse more easily in the CMC matrix
and form more uniform intermolecular interactions. However, excessive
depolymerization may also increase the amount of phenolic hydroxyl
groups and polar functionalities, which can influence surface wettability
and water vapor transport [40,45].

The FTIR spectra of the recovered lignins are presented in Fig. S4.
Both ChCLLA and ChCl:Gly:FeCls lignins exhibited typical lignin ab-
sorption bands, confirming that the recovered fractions retained the
main aromatic lignin structure. The broad band at around
3200-3400 cm™! corresponds to O-H stretching vibrations from
phenolic and aliphatic hydroxyl groups, while the bands near 2920 cm !
are associated with C-H stretching of methyl and methylene groups
[110]. The characteristic aromatic skeletal vibrations of lignin were
observed around 1600, 1510, and 1420 cm ™, indicating the preserva-
tion of the aromatic backbone after DES pretreatment [111]. In addition,
bands in the region of 1260-1210 cm™! and 1120-1030 cm™! can be
assigned to guaiacyl/syringyl-related C-O vibrations and ether linkages,
suggesting the presence of typical lignin units in both recovered samples
[50]. These results support the successful isolation of lignin from the
DES filtrate and are consistent with the high lignin purity values ob-
tained from compositional analysis. The presence of hydroxyl- and
aromatic-related bands is also important for the subsequent CMC-lignin
film application, because phenolic hydroxyl groups contribute to anti-
oxidant activity, while the aromatic structure of lignin contributes to
hydrophobicity, UV-absorbing capability, and barrier performance [40,
47]. Similar FTIR features have been reported for DES lignin incorpo-
rated into CMC films, where preserved aromatic and hydroxyl func-
tionalities contributed to improved physicochemical and antioxidant
properties of the resulting films [46,47].

The structural features of the recovered DES lignins were further
evaluated by 2D-HSQC NMR, as shown in Fig. S5, and the semi-
quantitative structural indicators are summarized in Table S1. In the
aromatic region, signals at approximately §¢/8y 103-106/6.4-6.8 ppm
were assigned to syringyl Sy, correlations, signals around 110-120/
6.7-7.3 ppm were assigned to guaiacyl aromatic correlations, and sig-
nals near 127-132/7.2-7.8 ppm were assigned cautiously to H-type or p-
coumarate-related aromatic structures because this region may overlap
with other phenolic aromatic signals in grass-type lignins [47,112-114].
Semi-quantitative integration showed that both recovered lignins were
S-rich. ChCLLA lignin showed 45.9% S, 23.2% G, and 30.9%
H/p-coumarate-related units, with an S/G ratio of 1.98, whereas ChCl:
Gly:FeCl3 lignin showed 53.4% S, 244% G, and 22.2%
H/p-coumarate-related units, with an S/G ratio of 2.19. These aromatic
correlations indicate that both DES systems recovered lignin fractions
that still retained the main aromatic lignin framework.

The side-chain region provides clearer evidence for the difference
between preserved structure and depolymerization. ChCLLA lignin
showed a higher p-O-4-related signal, estimated at 22.9 per 100 aro-
matic units, compared with 16.7 per 100 aromatic units for ChCl:Gly:
FeCl; lignin. Because $-O-4 aryl ether linkages are major native lignin
interunit linkages, their higher relative abundance in ChCL:LA lignin
suggests that the Brgnsted-acidic ChCL:LA system solubilized lignin
while preserving more of the native-like side-chain framework. In
contrast, the lower p-O-4-related signal in ChCl:Gly:FeCls lignin in-
dicates stronger cleavage of aryl ether-type linkages, supporting lignin
depolymerization under Fe>'-assisted Lewis acidic conditions. This
interpretation is consistent with previous studies showing that FeCl3 and
other metal chloride-assisted systems can promote lignocellulose
deconstruction, oxygen-containing bond cleavage, and lignin structural
modification [29,32,34,70]. The p-5-related and p-p/overlapped
oxygenated linkage regions were also estimated, but these values were
interpreted cautiously because technical lignins often show weak or
overlapping contours in the side-chain region ([47,112].

This structural difference is consistent with the GPC/SEC results,
where ChCL:Gly:FeCls lignin exhibited lower molecular weight and
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narrower dispersity than ChCl:LA lignin. The lower molecular weight of
ChCl:Gly:FeCl3 lignin suggests that FeCls-assisted DES pretreatment
promoted more extensive lignin fragmentation. Such depolymerization
can increase the accessibility of phenolic hydroxyl groups, explaining
the stronger antioxidant activity of the CMC~ChCl:Gly:FeCl; lignin film,
as reflected by its lower ICsg value[46,47]. Meanwhile, the relatively
more preserved aromatic framework and higher molecular weight of
ChCLLA lignin may contribute to better hydrophobicity and
moisture-barrier behavior, as shown by its higher water contact angle
and lower WVTR. Therefore, Fig. S5 supports the conclusion that the
pretreatment chemistry controlled not only lignin extraction but also the
downstream functional performance of the recovered lignin in
CMC-based packaging films.

3.5.2. Characterization of CMC-Lignin film

FTIR spectra of the CMC-DES lignin films is shown in Fig. 5. The
spectra confirmed the successful incorporation of recovered lignin into
the CMC matrix. The broad absorption band around 3200-3400 cm *
can be assigned to O-H stretching vibrations from hydroxyl groups in
CMC, glycerol, and lignin. The bands near 2920 cm* are associated
with C-H stretching of aliphatic groups, while the absorption bands
around 1590-1600 cm ™! and 1410-1420 cm™! are related to carbox-
ylate groups of CMC and aromatic skeletal vibrations of lignin. The
presence of lignin-related bands in the composite films indicates that the
recovered DES lignin was successfully incorporated into the CMC
network. In addition, possible shifts or intensity changes in the O-H and
carboxylate regions suggest intermolecular hydrogen bonding between
hydroxyl groups of CMC and phenolic/aliphatic hydroxyl groups of
lignin. Such interactions are important because they can improve matrix
cohesion, reduce free volume, and contribute to the enhanced me-
chanical and barrier properties of the films. Previous studies on
CMC-DES lignin films similarly attributed improved film performance
to the compatibility and intermolecular interactions between DES lignin
and CMC [46,47].

The antioxidant, physical, and mechanical properties of CMC-DES
lignin films were summarized In Table 3. The incorporation of DES
lignin improved the antioxidant activity of the CMC films, as indicated
by the decrease in ICsg values from 50.3 g/mL for neat CMC to 20.8 g/
mL for CMC-ChCL:LA lignin and 12.6 g/mL for CMC-ChCl:Gly:FeCl;3
lignin. Since a lower ICsg value indicates stronger radical scavenging
ability, the ChCl:Gly:FeCls lignin film showed the highest antioxidant
performance among the tested films. This enhancement can be attrib-
uted to the aromatic and phenolic structures of lignin, which can donate
hydrogen atoms or electrons to neutralize free radicals [40,45]. The

[—— CMC-ChCI:Gly:FeCl, lignin-film
=———CMC-ChCL:LA lignin-film
[——CMC-film

Transmittance (%)
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B < T e e 1 -]
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3000 2500 2000
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Fig. 5. FTIR Spectra of CMC-lignin film.
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Table 3
Antioxidant, physical, and mechanical properties of CMC-DES lignin films.
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CMC-lignin film Antioxidant (ICsq) Water contact angle (°) WVTR (g/m>h) Thickness (mm) Tensile strength (MPa) Elongation at break (%)
(pg/mL)

CMC 50.3 68.5 +£ 0.3 19.95 + 0.74 0.1 8.05 39

CMC-ChCI-LA lignin 20.8 70.7 £ 0.2 13.94 + 0.16 0.12 12.13 21.83

CMC-ChCl-Gly-FeCls 12.6 65.8 +£0.7 15.84 + 0.72 0.13 13.08 20.67

stronger antioxidant activity of the ChCl:Gly:FeCls lignin film may be
related to its lower molecular weight and higher purity, which could
increase the accessibility of phenolic hydroxyl groups within the film
matrix. This interpretation agrees with previous reports showing that
lignin-containing films exhibit improved antioxidant activity due to
phenolic hydroxyl groups from syringyl, guaiacyl, and p-hydroxyphenyl
units ([115]; [41]). In food packaging applications, this antioxidant
function is valuable because it may help reduce oxidative deterioration,
lipid oxidation, and quality loss during storage.

The surface wettability of the films was also affected by lignin
incorporation. The neat CMC film showed a water contact angle of
68.5°, confirming its hydrophilic nature. After lignin addition, the
contact angle increased slightly to 70.7° for CMC-ChCLLA lignin, indi-
cating improved surface hydrophobicity. This increase can be attributed
to the aromatic and hydrophobic domains of lignin, which reduce the
exposure of hydrophilic CMC groups at the film surface. In contrast, the
CMC-ChCL:Gly:FeCls lignin film showed a lower contact angle of 65.8°,
despite having higher purity and stronger antioxidant activity. This
result suggests that the ChCl:Gly:FeCls lignin may contain a greater
proportion of accessible polar groups, particularly phenolic hydroxyl
groups generated through lignin depolymerization [47]. Therefore,
while lignin generally contributes hydrophobic aromatic domains, the
final wettability of the composite film depends on the balance between
hydrophobic aromatic structures and exposed polar functionalities. A
similar trend has been reported in lignin-based films, where the incor-
poration of lignin can increase hydrophobicity, but the extent depends
strongly on lignin structure, purity, molecular weight, and phenolic
hydroxyl content (Syahidah et al., 2025).

The WVTR results further demonstrate the role of DES lignin in
improving the moisture barrier properties of CMC films. The neat CMC
film showed the highest WVTR of 19.95 g/m?h, reflecting the water-
sensitive nature of the CMC matrix. Incorporation of ChCL:LA lignin
reduced the WVTR to 13.94 g/m?h, while ChCl:Gly:FeCl; lignin reduced
it to 15.84 g/m>h. These reductions indicate that recovered DES lignin
can hinder water vapor diffusion through the CMC film. The improved
barrier performance can be explained by two complementary mecha-
nisms. First, the hydrophobic aromatic structure of lignin can decrease
water affinity within the film matrix. Second, lignin particles or domains
can create a more tortuous diffusion pathway, thereby slowing water
vapor transport across the film [46,116]. The slightly better WVTR
reduction observed for CMC-ChCL:LA lignin may be consistent with its
higher contact angle, suggesting a more hydrophobic surface and
stronger resistance to water vapor transmission. Previous studies have
also shown that lignin incorporation can reduce water vapor perme-
ability in biopolymer films by improving matrix compactness and
introducing hydrophobic domains [47,117].

Mechanical testing showed that DES lignin incorporation improved
the tensile strength of the CMC films. The tensile strength increased from
8.05 MPa for neat CMC to 12.13 MPa for CMC-ChCL:LA lignin and
13.08 MPa for CMC-ChCl:Gly:FeCls lignin. This enhancement indicates
that lignin acted as a reinforcing component within the CMC matrix. The
improvement may result from hydrogen bonding and physical in-
teractions between CMC chains and lignin functional groups, which
strengthen the composite network and improve stress transfer during
tensile loading. The slightly higher tensile strength of the ChCl:Gly:FeCl3
lignin film may be associated with its lower molecular weight and nar-
rower dispersity, which could promote more uniform dispersion and
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stronger interfacial interaction with CMC. However, the elongation at
break decreased from 39% for neat CMC to 21.83% and 20.67% for the
ChCLLA and ChClL:Gly:FeCls lignin films, respectively. This reduction
suggests that lignin increased film rigidity and restricted CMC chain
mobility (Syahidah et al., 2025)[118,119]. Therefore, DES lignin
improved strength but reduced flexibility, reflecting a typical rein-
forcement effect in biopolymer composite films.

Overall, the recovered DES lignins from OPEFB demonstrated strong
potential as functional additives for CMC-based films. Both lignins
improved antioxidant activity, reduced WVTR, and increased tensile
strength compared with neat CMC. ChCl:LA lignin gave better surface
hydrophobicity and moisture barrier performance, while ChCl:Gly:FeCl;
lignin provided stronger antioxidant activity and higher tensile strength.
These differences indicate that the pretreatment chemistry not only af-
fects lignin recovery and enzymatic glucose production but also de-
termines the downstream functionality of recovered lignin in packaging
materials. Thus, the DES fractionation strategy developed in this work
supports an integrated OPEFB biorefinery concept, in which the
cellulose-rich solid fraction is converted into glucose and the recovered
lignin is valorized as an active reinforcing component for biodegradable
CMC-based packaging films.

3.6. Process mass balance analysis of DES-enzymatic hydrolysis process

Process mass balance analysis was conducted to evaluate the inte-
grated performance of DES pretreatment and enzymatic hydrolysis on
the basis of 100 g raw OPEFB. While the previous sections separately
discussed fractionation behavior, structural modification, enzymatic
digestibility, and lignin-based film performance, the mass balance pro-
vides a more practical assessment of how effectively the initial biomass
was converted into two major product streams: glucose from the
cellulose-rich solid and recovered lignin from the DES liquor. This
evaluation is important because a pretreatment condition with high
enzymatic hydrolysis yield does not necessarily provide the highest
overall glucose recovery on a raw biomass basis, particularly if excessive
solid loss or cellulose degradation occurs during pretreatment. Simi-
larly, high delignification is only beneficial for lignin valorization when
the solubilized lignin can be effectively recovered.

The glucose and lignin yields obtained from the ChCl:LA and ChCl:
Gly:FeClg systems are shown in Fig. 6. In the ChCl:LA system, increasing
pretreatment severity generally improved both enzymatic glucose pro-
duction and lignin recovery. The best-performing ChCl:LA condition
within the investigated range was 140 °C for 6 h, producing approxi-
mately 21.6 g glucose and 24.7 g recovered lignin per 100 g raw OPEFB.
This result is consistent with the fractionation behavior discussed in
Section 3.2, where ChCl:LA promoted strong delignification, high lignin
yield, and cellulose enrichment at higher severity. Although the enzy-
matic hydrolysis yield of ChCl:LA-pretreated solid was lower than that of
the ChCl:Gly:FeCl; system, its higher lignin recovery demonstrates the
advantage of ChCL:LA when lignin valorization is considered as an
important output of the process. In contrast, the ChCl:Gly:FeCl3 system
produced slightly higher glucose recovery, reaching approximately
21.7 g glucose per 100 g raw OPEFB, while the recovered lignin yield
was approximately 23.1 g per 100 g raw OPEFB. The higher glucose
production agrees with the stronger enzymatic hydrolysis performance
observed in Section 3.4, where ChCl:Gly:FeCls-pretreated OPEFB ach-
ieved the highest enzymatic hydrolysis yield. This behavior can be
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ChCI:Gly:FeCls

I Glucose yield
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Lignin yield
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47.37 66.29 132.58 167.92 335.84

Fig. 6. Glucose and lignin yield on a 100 g raw OPEFB basis (a) ChCl:LA system + Enzymatic hydrolysis & (b) ChCl:Gly:FeCl3+enzymatic hydrolysis.
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attributed to the strong hydrolytic effect of Fe>*, which promoted
extensive hemicellulose removal and improved cellulose accessibility
[33,95]. However, the lignin yield was slightly lower than that obtained
using ChCLLA, confirming that the FeCls-containing DES was more
favorable for carbohydrate accessibility than for maximizing lignin
recovery.

It should also be noted that the glucose recoveries reported in this
mass balance were calculated from the standardized 72 h enzymatic
hydrolysis endpoint used for all samples. Therefore, these values are
suitable for comparing the relative digestibility of the two DES-
pretreated solids under identical hydrolysis conditions, although
future time-course and residual-enzyme-activity analyses would be
needed to evaluate the contribution of enzyme stability to absolute
glucose yield.

The detailed process mass balances for the best-performing condi-
tions of both DES systems are presented in Fig. 7. This analysis further
confirms that evaluating pretreatment performance only from enzy-
matic hydrolysis yield may be misleading, because the final glucose
recovery also depends on solid recovery, cellulose preservation, and the
amount of cellulose remaining in the pretreated solid. For ChCLLA
pretreatment, the highest integrated product recovery was obtained at
140 °C for 6 h. Under this condition, the process generated 21.6 g
glucose and 24.7 g recovered lignin from 100 g raw OPEFB. This result
indicates that ChCl:LA provided a balanced fractionation route, where a
substantial portion of lignin was solubilized and recovered while the
cellulose-rich residue remained sufficiently digestible for glucose pro-
duction. The higher recovered lignin mass agrees with the stronger
delignification and lignin yield discussed in Section 3.2, confirming the
suitability of ChCL:LA for lignin-oriented OPEFB fractionation. For ChCl:
Gly:FeCls, the best-performing mass balance within the investigated
range was obtained at 140 °C for 3 h, producing 21.7 g glucose and
23.1 g recovered lignin per 100 g raw OPEFB. Although this DES system
achieved the highest enzymatic hydrolysis yield, the raw-biomass-based
glucose recovery was only slightly higher than that of ChCl:LA. This
indicates that the strong hydrolytic action of Fe>™ improved cellulose
accessibility, but the overall glucose recovery was also constrained by
the amount of cellulose retained in the solid fraction after pretreatment
[33,70]. Therefore, the mass balance highlights an important distinction
between enzymatic digestibility and overall glucose recovery. A highly
digestible solid does not necessarily give proportionally higher glucose
production if pretreatment also causes greater solid loss or partial car-
bohydrate degradation.

Comparison of the two mass balances shows that both DES systems
converted OPEFB into similar amounts of glucose, but through different
mechanistic routes. ChCl:LA produced slightly lower glucose but higher
recovered lignin, whereas ChCl:Gly:FeCl3 produced slightly higher
glucose but lower recovered lignin. This difference should not be
attributed to a single factor such as delignification, hemicellulose
removal, or crystallinity alone. Instead, glucose recovery on a raw-
biomass basis depends on the combined effects of solid recovery, cel-
lulose preservation, cellulose enrichment, hemicellulose removal, lignin
removal, cellulose accessibility, and enzymatic hydrolysis efficiency. In
the ChCl:Gly:FeCls system, strong Lewis-acid-assisted hemicellulose
removal, surface disruption, and partial reduction in apparent CrI pro-
duced a highly digestible cellulose-rich solid, consistent with the highest
enzymatic hydrolysis yield. Similar effects of FeCls or metal chloride-
assisted pretreatment on xylan disruption and enzymatic digestibility
have been reported previously [30,33,95]. However, its glucose recov-
ery on a 100 g raw OPEFB basis was only slightly higher than that of
ChCLLA because total glucose production was also constrained by the
amount of cellulose retained after pretreatment. In contrast, ChCL:LA
provided a more balanced fractionation route, combining strong
delignification, high lignin recovery, cellulose enrichment, and suffi-
cient cellulose preservation. Therefore, the mass balance highlights the
distinction between digestibility of the recovered solid and total glucose
recovery from the initial biomass.
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As shown in Table 4, previous OPEFB pretreatment studies achieved
different balances between enzymatic sugar production and lignin re-
covery. The peracetic acid—sulfuric acid pretreatment produced a higher
recalculated enzymatic glucose yield than the present DES systems,
indicating its strong effectiveness in improving cellulose digestibility.
However, lignin was not recovered as an isolated product stream in that
process; therefore, its contribution was mainly sugar-oriented [42].
Similarly, the ionosolv pretreatment using [DMBA][HSO4] generated
relatively high glucose release and recovered lignin, but the estimated
recovered lignin yield was substantially lower than that obtained in the
present DES systems [44]. In the sequential hydrothermal-organosolv
process, both lignin and reducing sugar were recovered, but the lignin
yield and enzymatic sugar recovery on a raw OPEFB basis were lower
than those obtained in the present DES-based process [65].

In comparison, the present ChClL:LA and ChCl:Gly:FeCly pre-
treatments produced similar glucose recovery, 21.6 and 21.7 g/100 g
raw OPEFB, respectively, while also recovering 24.7 and 23.1 g lignin/
100 g raw OPEFB. Although the glucose recovery was lower than that
reported for peracetic acid-sulfuric acid pretreatment, the present pro-
cess provided a more balanced product distribution because both the
carbohydrate and lignin fractions were recovered as useable streams.
This distinction is important for biorefinery development, where the
economic and environmental value of pretreatment depends not only on
sugar production but also on the valorization of lignin as a co-product
[109].

Although the present DES pretreatment demonstrated effective
OPEFB fractionation and dual recovery of glucose and lignin, DES
loading and solvent recyclability remain important considerations for
scale-up. In this study, the OPEFB-to-DES ratio was fixed at 1:15 (w/w),
which was selected as a laboratory-scale comparative condition to
ensure sufficient wetting, mixing, heat transfer, and contact between
biomass and the DES phase. Relatively high solvent loading is frequently
applied in laboratory-scale DES pretreatment to reduce mass-transfer
limitations and provide sufficient solvent capacity for lignin solubiliza-
tion and lignocellulose deconstruction [32,49,51,114]. However, direct
translation of this solvent loading to industrial scale may increase sol-
vent inventory, reactor volume, heating requirement, downstream sep-
aration load, and overall operating cost. Previous techno-economic and
process-design studies have emphasized that solvent recovery efficiency,
solvent-to-biomass ratio, energy demand, and recycling stability are key

Table 4
Previous fractionation study of OPEFB.
Process Conditions Recovered EH References
Lignin (per Glucose
100 g raw (per
OPEFB) 100 g raw
OPEFB)
Tonosolv [DMBA][HSO4]: 8 25 [44]
pretreatment Hy0 = 80:20 wt%,
coupled EH biomass/solvent
ratio 1:10, 170 °C,
1h &EH
PA- HySO4 PA 200 mM, HySO4 28.4 [42]
pretreatment 100 mM, 140 °C,
coupled EH 5 min
Sequential HT HT: 180 C, 30 min, 9.1 12.6 [65]
&H2S804 10 mM H,SOy4,
-organosolv Organosolv: EtOh
pretreatment 80%, 185 "C,
DES ChCL:LA (1:2) 24.7 21.6 This study
pretreatment 140 C& 6 h
& EH
DES ChCl:Gly:FeCls 23.1 21.7 This study
pretreatment 140 C& 3h
& EH
HT: hydrothermal; DES: deep eutectic solvent; DMBA: N,N,N-

dimethylbutylamine; EH: enzymatic hydrolysis; PA: paracetic acid.
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determinants of the feasibility of DES-based lignocellulose pretreatment
[19,120,121]. Therefore, the 1:15 ratio used in this work should be
interpreted as a laboratory-scale solvent loading rather than an opti-
mized industrial solvent-to-biomass ratio.

DES recovery is also a critical factor because lignin regeneration was
performed by adding water to the DES filtrate. Water addition reduces
DES solvent strength and promotes lignin precipitation, but it also di-
lutes the DES phase and creates an additional requirement for water
removal before solvent reuse [29,49,51]. In our previous study on co-
conut husk fractionation using hydrothermal and ChCl:LA DES pre-
treatment, DES recycling was performed after lignin recovery by
removing ethanol and water through rotary evaporation at approxi-
mately 50 °C, and the recovered DES was directly reused in subsequent
pretreatment cycles without additional purification. The recycled DES
remained effective over multiple cycles, but its performance gradually
decreased. Hemicellulose removal declined from 79.96% in the first
cycle to 68.0% in the fourth cycle, lignin removal decreased from
64.18% to 49.7%, and lignin yield decreased from 50.2% to 37.4% [49].
Similar decreases in recycled DES performance have been associated
with solvent dilution, reduced acidity, impurity accumulation, and
saturation by solubilized lignocellulosic fragments [29,32]. This decline

e may reduce the ability of recycled DES to disrupt lignin—carbohydrate
complexes and maintain consistent lignin solubilization across repeated
cycles.

These findings indicate that DES recycling is feasible but requires
further optimization to maintain pretreatment efficiency across
repeated cycles. For the present OPEFB system, the current study should
therefore be regarded as a laboratory-scale proof of concept rather than
an industrially optimized process. Future work should evaluate lower
DES-to-biomass ratios, high-solids pretreatment, DES recycling over
multiple cycles, solvent make-up requirements, impurity accumulation,
ethanol and water recovery, and the energy demand for DES recon-
centration [19,121,122]. These evaluations are necessary to improve the
economic and practical feasibility of DES-based lignocellulose
fractionation.

Beyond solvent loading and recyclability, the practical comparison
between ChCL:LA and ChCl:Gly:FeCls should also consider residence
time, solvent formulation, catalyst requirement, apparent activation
energy, solvent recovery, and process-energy implications, because
these parameters strongly influence the economic feasibility of DES-
based lignocellulose pretreatment [19,120-122]. Based on the fitted
CDF and CHF models, ChCl:Gly:FeCl3 showed higher apparent activa-
tion energies than ChCl:LA for both lignin removal and xylan hydrolysis.
The apparent activation energy for lignin removal was 87.84 kJ/mol in
ChCl:Gly:FeCl3 and 63.47 kJ/mol in ChCl:LA, while that for xylan hy-

q?lysis was 69.87 kJ/mol in ChCl:Gly:FeCl3 and 49.54 kJ/mol in ChCl:

. These values indicate that fractionation in the FeCls-containing DES
was more temperature-sensitive, which is consistent with the broader
CDF and CHF ranges observed for ChCl:Gly:FeCls. In contrast, the lower
apparent activation energies of ChCl:LA suggest that lignin solubiliza-
tion and xylan removal can proceed more readily within a narrower
Brgnsted-acidic severity window.

The best-performing conditions for both DES systems used the same
pretreatment temperature of 140 °C, but different residence times. ChCl:

° LA required 6 h and produced 21.6 g glucose and 24.7 g recovered lignin
per 100 g raw OPEFB, whereas ChCl:Gly:FeCl; required only 3 h and
produced 21.7 g glucose and 23.1 g recovered lignin per 100 g raw
OPEFB. Therefore, although ChCl:Gly:FeCl; had higher apparent acti-
vation energies, its Lewis-acid-assisted catalytic effect allowed compa-
rable glucose recovery at a shorter holding time. This may offer an

e advantage in terms of reducing the energy associated with maintaining
the reactor at the target temperature. However, apparent activation
energy should not be directly equated with total process-energy con-
sumption. Total process energy also depends on DES heat capacity,
viscosity, mixing requirement, solvent-to-biomass ratio, heat recovery,
ethanol and water removal, DES reconcentration, solvent loss, and
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solvent reuse efficiency [19,49,122].

In addition, the incorporation of FeCls introduces additional process
considerations, including catalyst cost, salt recovery, possible corrosion
control, impurity accumulation during recycling, and potential effects of
residual metal species on downstream lignin and hydrolysate applica-
tions. Although Lewis-acid-mediated DES systems can intensify ligno-
cellulose fractionation by promoting hemicellulose disruption, lignin
cleavage, and cellulose accessibility, metal chloride addition may also
increase process complexity through catalyst handling and recovery
requirements [29,30,34,50,70]. Therefore, ChCl:LA may be more
attractive when simpler solvent formulation and lignin recovery are
prioritized, whereas ChCl:Gly:FeCl; may be more suitable when shorter
pretreatment time and enzymatic glucose production are emphasized
[19,120]. Nevertheless, this comparison should be regarded as a pre-
liminary feasibility interpretation rather than a complete
techno-economic or energy analysis. A rigorous comparison would
require quantitative data on solvent cost, DES heat capacity, viscosity,
heating duty, evaporation duty, solvent loss, catalyst make-up, DES
recycling stability, equipment compatibility, corrosion risk, wastewater
generation, and product purification requirements [19,70,120].

Considering these process-level trade-offs, ChCl:LA showed a stron-
ger advantage for lignin-oriented fractionation because it produced the
highest recovered lignin yield, used a simpler Brgnsted-acidic DES
formulation, and later gave better moisture-barrier performance in the
CMC-lignin film. Conversely, ChCl:Gly:FeCls gave slightly higher
glucose recovery and produced lignin that contributed stronger antiox-
idant activity and tensile reinforcement. Therefore, the present DES
pretreatment route is not merely a saccharification-enhancement strat-
egy, but a dual-product OPEFB valorization approach in which the
cellulose-rich fraction is converted into glucose and the recovered lignin
is further upgraded into functional CMC-based packaging material.

4. Conclusions

This study demonstrated an integrated OPEFB valorization strategy
through DES pretreatment, enzymatic glucose production, lignin re-
covery, and CMC-lignin composite film development. The two DES
systems exhibited distinct fractionation behaviors: ChCl:LA promoted
stronger lignin solubilization and higher lignin recovery, whereas ChCl:
Gly:FeCl3 enhanced hemicellulose removal and enzymatic hydrolysis
through Lewis acid-assisted deconstruction. The CDF and CHF models
successfully described the severity-dependent delignification and xylan
hydrolysis behavior, confirming that pretreatment performance was
governed by the combined effects of temperature, residence time, and
the acidic or catalytic nature of the DES. On a 100 g raw OPEFB basis,
ChCLLA pretreatment at 140 °C for 6 h produced 21.6 g glucose and
24.7 g recovered lignin, while ChCl:Gly:FeCl;3 pretreatment at 140 °C for
3 h produced 21.7 g glucose and 23.1 g recovered lignin. The recovered
DES lignins were successfully incorporated into CMC-based films, where
ChCLLA lignin provided better water resistance and moisture-barrier
performance, while ChCl:Gly:FeCl; lignin contributed stronger antioxi-
dant activity and tensile reinforcement. Overall, this work confirms that
OPEFB can be converted through a multiproduct biorefinery pathway, in
which the cellulose-rich fraction is utilized for glucose production and
the recovered lignin is upgraded into functional biodegradable pack-
aging films. Future studies should focus on DES recyclability, solvent
recovery, techno-economic assessment, life-cycle evaluation, and scale-
up validation to further assess the industrial feasibility and sustain-
ability of this integrated process.
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Contact

A
Scope

Biomass & Bioenergy is an international journal publishing original research papers and
short communications, review articles and case studies on biological resources,
chemical and biological processes, and biomass products for new renewable sources of
energy and materials. The scope of the journal extends to the environmental,
management and economic aspects of biomass and bioenergy. Key areas covered by
the journal: « Biomass: sources, energy crop production processes, genetic
improvements, composition. Please note that research on these biomass subjects must
be linked directly to bioenergy generation. « Biological Residues: residues/rests from
agricultural production, forestry and plantations (palm, sugar etc), processing industries,
and municipal sources (MSW). Papers on the use of biomass residues through innovative
processes/technological novelty and/or consideration of feedstock/system
sustainability (or unsustainability) are welcomed. However waste treatment processes
and pollution control or mitigation which are only tangentially related to bioenergy are
not in the scope of the journal, as they are more suited to publications in the
environmental arena. Papers that describe conventional waste streams (ie well described
in existing literature) that do not empirically address 'new’ added value from the process
are not suitable for submission to the journal. « Bioenergy Processes: fermentations,
thermochemical conversions, liquid and gaseous fuels, and petrochemical substitutes e
Bioenergy Utilization: direct combustion, gasification, electricity production, chemical
processes, and by-product remediation ¢ Biomass and the Environment: carbon cycle,
the net energy efficiency of bioenergy systems, assessment of sustainability, and
biodiversity issues.
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Abstract

Oil palm empty fruit bunch (OPEFB) is an abundant lignocellulosic residue with potential for
integrated biorefinery applications, but its recalcitrant structure limits direct enzymatic conversion
and lignin utilization. This study investigated the integrated valorization of OPEFB through deep
eutectic solvent (DES) pretreatment using choline chloride—lactic acid (ChCl:LA) and choline
chloride—glycerol-FeCl, (ChCl:Gly:FeCl,) systems for glucose production, lignin recovery, and CMC—
lignin composite film development. Modified severity descriptors, namely combined delignification
factor (CDF) and combined hydrolysis factor (CHF), were applied to describe severity-dependent
lignin removal and xylan hydrolysis. The CDF and CHF models successfully described the severity-
dependent fractionation behavior of OPEFB during DES pretreatment. ChCl:LA promoted stronger
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lignin solubilization and higher lignin recovery, while ChCl:Gly:FeCl, enhanced hemicellulose
removal and enzymatic digestibility through Lewis acid-assisted deconstruction. The highest
enzymatic hydrolysis yields reached 75.8% for ChCl:LA and 93.8% for ChCl:Gly:FeCl,. On a 100g raw
OPEFB basis, ChCl:LA pretreatment at 140 °C for 6 h produced 21.6 g glucose and 24.7g recovered
lignin, whereas ChCl:Gly:FeCl, pretreatment at 140 °C for 3h produced 21.7g glucose and 23.1g
recovered lignin. The recovered DES lignins showed high purity and were successfully incorporated
into CMC-based films. ChCl:LA lignin improved water resistance and reduced WVTR, while
ChCLGly:FeCl, lignin provided stronger antioxidant activity and tensile reinforcement. These
findings demonstrate that DES pretreatment enables the dual valorization of OPEFB into
fermentable glucose and functional lignin-derived packaging materials, supporting a multiproduct
biorefinery pathway for sustainable biomass utilization. © 2026 Elsevier Ltd. All rights are reserved,
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