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Abstract

Coconut husk (CCH), an abundant agricultural byproduct of the coconut processing industry, holds significant potential
as a renewable feedstock for monomeric sugar production. However, efficient fractionation remains a challenge due to
its recalcitrant lignocellulosic structure. This study investigates FeCls-assisted hydrothermal pretreatment (HTP) as
a selective and scalable approach to enhance enzymatic hydrolysis efficiency and sugar recovery. The effects of FeCl;
concentrations, temperatures, and unified of pretreatment conditions as combined hydrolysis factor (CHF) on biomass
fractionation, modeling xylan dissolution, and monomeric sugar production were evaluated. Results indicate that 0.06
M FeCl; at 150 °C achieved the highest total monomeric sugar concentration of 7.364 g/L, an 11-fold increase compared
to the non-catalyzed control (0.667 g/L) during HTP. This condition also facilitated 81.2% hemicellulose removal while
minimizing cellulose and lignin degradation, thereby improving enzymatic digestibility. Furthermore, xylan hydrolysis
also successfully developed with high correlation with unified CHF parameter. FeCl;-assisted HTP CCH coupled with
enzymatic hydrolysis further enhanced overall sugar recovery, with a total monomeric sugar yield of 18.4 g per 100 g
raw CCH, representing a 4.4-fold increase compared to hydrothermally pretreated CCH without FeCls. These findings
highlight FeCls-assisted HTP as a promising, cost-effective strategy for biomass fractionation, supporting its
integration into lignocellulosic biorefineries for bio-based product development.
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1. Introduction garnered attention for its potential to produce

The depletion of fossil fuels and the rise in biofuels and valuable biochemicals [3-6].

greenhouse gas emissions have accelerated the ngnocellu.losm blomass' 18 composed of
global demand for sustainable energy solutions cellulose, hemicellulose, and lignin, which can be
[1,2]. Consequently, the development of fractionated into various chemical platforms,

alternative  biofuel  sources has become including monomeric sugars. These sugars can be

increasingly crucial, and lignocellulosic biomass, a further processed into biofuels, chemicals, and
widely available and renewable resource, has other high-value compounds [7-9]. Glucose, a key
monomeric sugar obtained from the enzymatic

hydrolysis of cellulose, can be fermented into
* Corresponding Author. bioethanol [10]. Meanwhile, hemicellulosic
Email: arief. widjaja@its.ac.id (A. Widjaja) sugars, particularly xylose, are valuable for xylitol
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production [11]. Xylitol has diverse applications in
the food and pharmaceutical industries and
commands a higher market price, approximately
$5 per kilogram compared to ethanol's $0.5 per
kilogram, due to its sweetness, low-calorie
content, and health benefits, particularly in
reducing the risk of dental caries [12]. Integrating
xylitol production into a biorefinery framework
can significantly enhance the economic feasibility
of biomass utilization [13].

Coconut husk (CCH), a byproduct of coconut
processing, is abundantly available in tropical
regions such as Indonesia, where the country
produces 17.3 million tons of coconut fruit
annually, the highest globally [14]. This
abundance presents a significant opportunity to
utilize CCH as a valuable feedstock for biofuel and
biochemical production. However, similar with
other lignocellulosic biomasses, the structural
complexity and recalcitrance of CCH pose
challenges for its efficient conversion into
fermentable sugars [15]. Effective fractionation
and pretreatment methods are necessary to
enhance the biorefinery process of cellulose and
hemicellulose, as well as lignin, in order to
maximize the yields of valuable products and
mitigate the issue of agricultural waste disposal
[16,17]. Despite this potential, the valorization of
CCH remains underexplored, with a lack of
comprehensive investigations about pretreatment
strategies.

Pretreatment is a critical step in breaking
down the recalcitrant structure of feedstocks like
CCH, improving the accessibility of their sugars
for conversion [18]. Traditional pretreatment
methods, such as sulfuric acid hydrolysis, are
highly corrosive and generate byproducts that
may hinder downstream biofuel fermentation
[19]. Harsh acid-based approaches can degrade
carbohydrates, forming inhibitory compounds like
furfural and 5-hydroxymethylfurfural, which
negatively affect microbial growth and
fermentation efficiency [20]. In contrast, metal
salts, particularly ferric chloride FeCls, have
emerged as promising alternatives. FeCl; is a
promising alternative due to its lower corrosivity,
higher selectivity, and ability to enhance sugar
yields while minimizing inhibitor formation
[21,22]. Additionally, it maintains high catalytic
activity at the same pH as mineral acids with
reduced risk to biological systems [23-25].
Hydrothermal pretreatment (HTP) methods,
combined with FeCl; as a catalyst, have been
effective in overcoming the HTP constraints of
high energy demands, prolonged reaction times,
and relatively low sugar yields [26]. This study
hypothesizes that FeCl;, a low-cost metal salt,
enhances HTP by selectively catalyzing
hemicellulose hydrolysis, preserving cellulose,
reducing reaction temperatures, and increasing
enzymatic hydrolysis efficiency. Furthermore, the

FeCl;-assisted HTP has the potential to improve
the enzymatic digestibility of CCH by removing
non-cellulosic components like hemicellulose and
disrupting the integrity of cellulose, potentially
leading to enhanced overall sugar yields [25,27].
However, the pretreatment of CCH using FeCl;-
assisted HTP remains unexplored, and a
comprehensive understanding of key variables,
such as temperature and FeCl; concentration, is
required.

Therefore, this study aims to investigate the
effect of FeCl;-assisted HTP on the fractionation
of CCH and production of monomeric sugars. The
impacts of temperature and FeCl; concentration
on the solubilization of hemicellulose and the
subsequent enzymatic hydrolysis performance
were systematically evaluated. In addition,
compositional analysis and solid characterization
of pretreated biomass were conducted to provide
insights into the  structural disruption
mechanism. This work is expected to offer
valuable information for developing -effective
catalytic pretreatment strategies to valorize CCH
within the sugar-platform biorefinery.

2. Materials and Methods
2.1 Materials

The CCH biomass was sourced from a local
traditional market in Surabaya City, Indonesia. It
was washed, sun-dried, and mechanically ground
to a particle size of 40-60 mesh. The metal salt
catalyst, pure analysis-grade FeCl; 6H,0, was
obtained from Merck, Germany. The cellulase
enzyme, derived from Trichoderma reesei and the
rest of analytical-grade chemicals were purchased
from Sigma-Aldrich, USA.

2.2. FeCls-Assisted HTP

The HTP reactor and heating setup were
adapted from a previous study [14,28]. To assess
the effectiveness of enhancing sugar production,
the metal salt-catalyzed HTP of CCH was carried
out by varying the FeCl; catalyst concentration
from 0.02, 0.06, and 0.1 M, as well as the
pretreatment temperature from 120, 150, and
180°C. The solid-to-liquid ratio and reaction time
were maintained constant at 1:20 and 30 minutes
for each experiment. For comparison, HTP
without a catalyst was also conducted at 150°C to
understand the enhancement with and without
the catalyst. All experiments were performed in
duplicate. After pretreatment, the liquid
hydrolysate was separated from the solid residues
by vacuum filtration for sugar analysis and solid
characterization. The impact of temperature and
catalyst concentration was statistically evaluated
based on the sugar concentration of the HTP
hydrolysate, CCH composition, and enzymatic
hydrolysis of the pretreated CCH.
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To further quantify the influence of
pretreatment parameters on hemicellulose
removal from coconut husk (CCH), a biphasic
kinetic model incorporating the combined
hydrolysis factor (CHF), serving as a modified
severity factor, was proposed. This model
characterizes the xylan depolymerization
behavior through a series of rate expressions, as
outlined in Equation (1):

"”;—t = —k(T,C, .. )CXpos 1)
where X, represents the residual xylan content
retained in the pretreated solid, while T is the
reaction temperature (K), C denotes the FeCl;
concentration (mol/L). The reaction rate constant,
k(T,C,...) is a function of temperature, catalyst
concentration, specifically FeCl; in this study, and
other influencing factors. The rate constant (k)
was expressed using an Arrhenius-type
formulation that incorporates the catalytic effect
of FeCl;, as shown in [29-31]:

k= exp(a—22+pC) ©)

Where E, denotes the apparent activation energy
(kJ/mol), R is the universal gas constant (8.314
J/mol’K), and a and B are empirically fitted
parameters. Based on this formulation, the CHF
for a given reaction time t was defined as shown
in Eq. (3):

E,
CHF = exp (a =2+ BC) Ct (3)

Xylan was assumed to consist of two distinct
fractions: fast-hydrolyzing ( X; ) and slow-
hydrolyzing ( Xy ) components. The hydrolysis
kinetics of each fraction were described by the
following rate equations, as show in Egs. (4) & (5)
[29,31,32]:

de _
i kCX; 4)
s = —fkCX, (5)

dac

Where f represents the ratio of the rate constants
for slow- and fast-hydrolyzing xylan, while 6
denotes the initial fraction of slow-reacting xylan.
By solving the corresponding differential
equations, the residual xylan content can be
expressed as a function of the CHF, as shown in
Eq. (6):

X,es = (1 — 0) exp(—CHF) + 6 exp(—fCHF) (6)

The model was fitted to experimental data to
estimate the kinetic parameters a, §, E,, 8, and f,
thereby elucidating the effects of pretreatment
conditions, particularly temperature and FeCls

concentration, on xylan solubilization and overall
pretreatment performance. The objective function
F was minimized to achieve the best fit between
the predicted and experimental values of residual
xylan, as described below:

F = Z?:l(XmOdel — X 2 (7)

res,i res,i

where N is the number of data, X2%! and X2F,

are the modeled and experimental residual xylan
respectively. This objective function was
minimized on MATLAB 2024a.

2.3. Enzymatic Hydrolysis

Enzymatic hydrolysis of coconut coir husk
(CCH) was performed using a cellulase enzyme,
following the procedure described by [33]. In this
study, 0.5 grams of solid residues from raw or
pretreated CCH were combined with a buffer
solution containing citric acid and sodium citrate,
adjusted to a pH of 4.8. Subsequently, 20 FPU/g of
cellulase enzyme was added to the mixture. The
reaction mixture was incubated in a shaker at 50
°C for 72 hours, with a rotational speed of 150
rpm. The saccharification yield was calculated
using the Eq. (8) [34]:

released glucosex0.9 (gram
%Yey = (gram)

X 100% (8

cellulose in substrate(gram)

where %Yz, is the enzymatic hydrolysis yield
from hydrolysate.

2.4. Determination of Sugars in Liquid
Hydrolysate and Solid Compositional Analysis

The hydrolysates from  HTP, solid
compositional hydrolysate, and enzymatic
hydrolysis processes were analyzed using high-
performance liquid chromatography (HPLC) to
determine sugar content. A Thermo Scientific
Vanquish Core HPLC (Thermo Scientific, USA)
equipped with a HyperREZ XP Carbohydrate
Pb++ column (8 pm, 300%7.7 mm) (Thermo
Scientificc, USA) and a refractive index (RI)
detector was used. The HPLC conditions were set
as follows: flow rate of 0.6 mL/min, temperature of
85°C, pressure of 9 bar, and HPLC-grade water as
the mobile phase.

Compositional analysis of the biomass was
performed using the NREL method [35]. This
procedure involved hydrolyzing the biomass with
concentrated  sulfuric acid to  quantify
carbohydrate components (monomeric sugars)
and determine the lignin fraction, including acid-
soluble lignin (ASL) and acid-insoluble lignin
(AIL).

The impact of HTP on the CCH biomass was
also assessed. The removal of specific CCH
components was calculated using the following

Eq. (9):
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pretreated CCH component massg)

R(%) = (1 - )x 100 %

C)

initial CCH component mass(g)

Where R; represents the removal percentage of a
specific CCH component i (hemicellulose,
cellulose, or lignin).

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

The impact of pretreatment variables on the
crystallinity, morphology, and functional groups
of CCH was investigated. The crystallinity of solid
fractions, both hydrothermally pretreated and
untreated CCH, was analyzed using X-ray
diffraction (XRD) following Segal’'s method
[36,37]. XRD measurements were performed with
an X'Pert PRO (PAN-analytical BV, Netherlands)
using Cu-Ka radiation at 40 kV and 30 mA. The
crystallinity index (Crl) was calculated using Eq.
(10):

crl (%) = ’(’(’fﬂ x 100% (10)
002

where I,,, represents the intensity of the 002
cellulose diffraction plane at 22.6°, and I,
corresponds to the intensity of the amorphous
cellulose region at 18°.

Scanning electron microscopy (SEM) (Hitachi
FlexSEM 1000, Japan) was used to examine
morphological changes in CCH following various
pretreatments. Additionally, Fourier transform
infrared (FTIR) spectroscopy (Agilent Cary 630
FTIR Spectrometer, USA) was employed to assess
modifications in functional groups within the
CCH samples.

2.6. Statistical Analysis

The effect of pretreatment temperature and
FeCl; concentration was evaluated by ANOVA at
a significance level of 0.05. Tukey’ s pairwise

35
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comparison was performed to determine
significant differences among the experimental
groups.

In addition, the nonlinear regression model
(Eq. 6) describing xylan hydrolysis was
statistically evaluated. Model parameters (a, E,,
B, 6, and f) were estimated using nonlinear least-
squares fitting, and their significance was
assessed using t-tests at a 95% confidence level.
For each parameter, the estimated value, and p-
value were reported. The overall goodness-of-fit of
the model was determined using R?2, while
ANOVA of the regression (F-test) was used to
verify the statistical validity of the model. All
analyses were performed using MATLAB R2024a.

3. Results and Discussion

3.1. Effect of Temperature and FeCls
Concentration on Monomeric Sugar Production

The hydrolysates obtained from HTP under
different pretreatment conditions were analyzed
to evaluate the influence of temperature and
FeCl; concentration on sugar production, as
illustrated in Figure 1. The glucose concentration
(Figure 1a) exhibited an increasing trend with
temperature for FeCl; concentrations of 0.02 M
and 0.06 M. Specifically, as the temperature

( c) Il vithout catalyst 150°C
ma [ 120°C

[ 150°C

1] [_J180°C

o
1

e

ES
1

Total Monosacchrides (g/L)
~
1

0 0.02 0.06 0.1

FeCl, Concentration (M)

- No catalyst (150°C)
(b) B 120°c
6 [ 150°C

+ - ] 180°C

Xylose (g/L)

sl -

0 0.02 0.06 0.1

FeCl, Concentration (M)

Figure 1. Effects of temperature and FeCls concentration on glucose (a), xylose (b), and total

monosaccharides (c¢) of HTP hydrolysates.
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increased from 120 °C to 180 °C, the glucose
concentration rose from 0.08 to 2.42 g/L for 0.02 M
FeCl; and from 0.24 to 2.98 g/L for 0.06 M FeCls;.
This enhancement can be attributed to the
increased hydrolysis rate of glycosidic bonds in the
cellulose structure of CCH at elevated
temperatures, leading to greater glucose release
[38]. However, a different trend was observed at
0.1 M FeCl;, where glucose concentration
increased from 0.25 to 1.21 g/L as the temperature
rose from 120 °C to 150 °C, followed by a decline
to 1.06 g/L at 180 °C. This suggests that at higher
FeCl; concentrations and elevated temperatures,
glucose degradation becomes more pronounced.
Previous studies have reported that harsh HTP
temperatures promote sugar degradation,
resulting in the formation of by-products such as
5-hydroxymethylfurfural (5-HMF) that further
reduce glucose yield [39,40]. From a catalyst
concentration  perspective, glucose content
increased with FeCl; concentration at each
temperature. At 120 °C, glucose concentrations
ranged from 0.08 to 0.25 g/L for 0.02—0.1 M FeCls,
while at 150 °C, the values ranged from 0.43 to
1.21 g/L. However, at 180 °C, glucose
concentrations increased from 2.42 to 2.98 g/L for
0.02—-0.06 M FeCl; but declined to 1.06 g/L at 0.1
M FeCl;, suggesting that excessive catalyst
concentrations may accelerate glucose
degradation into by-products [41]. Statistical
analysis using ANOVA confirmed that both
temperature and FeCl; concentration
significantly influenced glucose production (p <
0.05). Tukey’s pairwise comparison further
supported the observed trends. The comparison
between catalyzed and uncatalyzed hydrolysis
revealed a substantial improvement in glucose
yield, increasing from 0.02 g/L without a catalyst
to 2.98 g/LL with FeCls, representing a 149-fold
enhancement. This finding suggests that the
presence of FeCls during HTP successfully
enhances glucose production.

Xylose production also exhibited a significant
improvement under FeCls-assisted HTP, as
depicted in Figure 1b. The xylose concentration
increased with rising temperature but declined
after 150 °C for 0.02 M and 0.06 M FeCls.
Specifically, at 0.02 M FeCl;, the xylose
concentration increased from 0.63 g/L at 120 °C,
peaked at 5.49 g/L at 150 °C, and then declined to
1.77 g/L at 180 °C. A similar trend was observed
at 0.06 M FeCl;, where xylose concentration
increased from 3.5 g/ at 120 °C, reached a
maximum of 5.47 g/L. at 150 °C, and dropped
sharply to 0.18 g/Li at 180 °C. However, at 0.1 M
FeCl;, a different trend was observed, with a
continuous decline in xylose concentration from
4.51 g/Li at 120 °C to only 0.02 g/L at 180 °C. These
results indicate that increasing temperature
accelerates xylan hydrolysis into xylose, reaching
an optimum temperature before degradation

occurs at harsher conditions. The earlier onset of
degradation at 0.1 M FeCl; suggests that higher
catalyst concentrations not only enhance xylan
depolymerization but also promote xylose
decomposition at elevated temperatures [42]. This
is likely due to FeCl; acting as a catalyst for both
hydrolysis and subsequent degradation reactions,
leading to the formation of by-products under
severe HTP conditions [43]. The effects of
temperature and FeCl; concentration were
further evaluated using ANOVA, which confirmed
that both parameters significantly influenced
xylose production (p < 0.05). Unlike glucose,
xylose release occurs at lower temperatures,
suggesting that xylan is more readily hydrolyzed
compared to cellulose. The highest xylose
concentration achieved in this study was 1.83
times higher than the maximum glucose
concentration, indicating that cellulose hydrolysis
is more challenging due to its high crystallinity
and stronger glycosidic bonds [12,44]. In contrast,
xylan has an amorphous structure and a lower
degree of polymerization, making it less
recalcitrant and more susceptible to hydrolysis
[45].

The total monosaccharides obtained from
HTP, primarily composed of glucose and xylose,
also followed by minor concentration of other
hemicellulosic sugar such as galactose, arabinose,
and mannose, presented in Figure 1c. The trend of
total monosaccharide concentration closely
follows that of xylose, as highest xylose yield was
1.83 times higher than highest glucose
concentration. With the contribution of glucose,
the total monosaccharide concentration exhibited
an overall increase at higher temperatures (180
°C). The total monosaccharide concentration
ranged from 1.11 to 7.36 g/L, with the highest
concentration observed at 150 °C and 0.06 M
FeCl;, whereas the lowest yield was recorded at
180 °C and 0.1 M FeCls, representing the harshest
conditions in this study. These results indicate
that while moderate temperatures enhance
biomass hydrolysis, excessive severity leads to
sugar degradation, reducing overall sugar
recovery. This aligns with previous findings where
higher temperatures promote furfural and HMF
formation, limiting monosaccharide accumulation
[14,46]. The influence of FeCl; concentration was
also evident, as higher catalyst loading (0.1 M) led
to a rapid decline in sugar yield at 180 °C,
suggesting that FeCl; not only facilitates
hydrolysis but also enhances monosaccharide
degradation at extreme conditions [42,47]. The
statistical evaluation using ANOVA (p < 0.05)
confirmed that both temperature and FeCl;
concentration significantly influenced total
monosaccharide production, with Tukey’s test
highlighting 150 °C and 0.06 M FeCl; as the most
effective condition. Compared to non-catalyzed
HTP, FeCls-assisted pretreatment demonstrated
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superior sugar recovery, with a substantial
increase in total monosaccharide yield (11 times
higher). The findings suggest that FeCl;
selectively enhances hemicellulose hydrolysis, as
reflected in the dominance of xylose over glucose
in the hydrolysate. From an industrial
perspective, the high sugar recovery at 150 °C and
0.06 M FeCl; is particularly relevant for co-
production of bioethanol and xylitol, biochemical
synthesis, or biopolymer applications, where
sugar selectivity 1is critical for downstream
processes [12,48-50]. The observed trends provide
insights into optimizing FeClz-assisted HTP for
selective sugar fractionation, maximizing product
recovery while minimizing sugar degradation.

3.2. Effect of FeCl;-HTP Conditions on
Component Removal, Composition, and Xylan
Hydrolysis via CHF Modeling

The impact of FeCl; concentration and
temperature on hemicellulose removal (Ry) is
presented in Figure 2a. The results indicate that
hemicellulose solubilization increases with both
FeCl; concentration and temperature, with the
highest removal observed at 180 °C across all
catalyst concentration. At 0.02 M FeCl;,
hemicellulose removal increased from 32.03% at
120 °C to 74.59% at 150°C, reaching 90.12% at 180
°C, confirming the temperature-dependent
depolymerization of hemicellulose. Similarly, at
0.06 M FeCls, removal increased from 52.68% at
120 °C to 81.93% at 150°C, peaking at 95.05% at
180 °C, demonstrating enhanced catalytic
hydrolysis at moderate FeCl; concentrations. At
0.1 M FeCls, hemicellulose removal was already
71.14% at 120 °C, increasing to 89.70% at 150 °C,
but slightly decreasing to 92.87% at 180 °C. This
suggests that higher FeCl; concentrations
accelerate hemicellulose hydrolysis at lower
temperatures (120-150 °C), but beyond a certain
threshold, increasing catalyst loading does not

(b) Il without catalyst (150°C)
120°C

[

80% [] 1s0°C
[l 180°C+

60% - T

40% -

R(%)

20%

Jnallll aflll o

FeCl,; Concentration (M)

0.1

significantly enhance solubilization. The minor
difference in removal between 0.06 M and 0.1 M
at 180 °C suggests a saturation point where
hemicellulose is nearly depleted, with further
FeCl; addition yielding negligible benefits. This
kind of effect was also observed from previous
study as the temperature and concentration of
catalyst increased, the hemicellulose removal
approached completion, leaving small part of slow
hydrolyzing xylan that was difficult to be removed
[29,31]. ANOVA confirmed that temperature is
the main factor in hemicellulose removal (p <
0.05), with FeCl; enhancing solubilization at
moderate temperatures (150 °C). Tukey’s test
showed that increasing FeCl; beyond 0.06 M at
180 °C did not significantly improve removal,
identifying 0.06 M FeCl; at 180 °C as the optimal
condition (95.05% removal). These results
highlight FeCls-assisted HTP as an effective
method for selective hemicellulose fractionation in
biorefinery applications.

The effect of temperature and FeCl;
concentration on cellulose removal ( R; ) is
presented in Figure 2b. Unlike hemicellulose,
cellulose exhibited greater resistance to
hydrolysis, with low removal rates at 120 °C

100%
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B 120°C . . ]
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Figure 2. Effects of temperature and FeCls concentration on (a) hemicellulose removal (Rn), (b) cellulose
removal (Rc), and (c) lignin removal (RL) of pretreated CCH.
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across all FeCl; concentrations. At 0.02 M FeCls;,
cellulose removal increased from 7.00% at 120 °C
to 14.18% at 150 °C, reaching 30.10% at 180 °C,
indicating gradual degradation with increasing
severity. A similar pattern was observed at 0.06 M
FeCl;, where removal increased from 7.52% at 120
°C to 15.39% at 150 °C, before rising sharply to
67.42% at 180 °C, demonstrating enhanced
depolymerization under high-temperature acidic
conditions. At 0.1 M FeCl;, cellulose removal
increased from 7.22% at 120 °C to 24.43% at 150
°C, with 57.29% removal at 180 °C. Interestingly,
cellulose removal at 0.1 M FeCl; (57.29%) was
slightly lower than at 0.06 M FeCl; (67.42%) at
180 °C, suggesting possible secondary degradation
or repolymerization effects limiting further
solubilization [51]. ANOVA confirmed
temperature as the main factor in cellulose
removal (p < 0.0001), with FeCl; showing a
significant effect (p < 0.005). Tukey’s test revealed
a saturation point at 0.06 M FeCl; and 180°C,
where 67.42% cellulose removal was achieved
without excessive degradation. These findings
highlight FeCls-assisted HTP also can remove
some portion of cellulose.

The effect of temperature and FeCl;
concentration on lignin removal (R,) is presented
in Figure 2c. Compared to hemicellulose and
cellulose, lignin removal remained low,
confirming its higher structural resistance to
hydrothermal conditions. At 120 °C, removal
ranged from 2.60% (0.1 M FeCls) to 4.76% (0.02 M
FeCls), with a slight increase at 150 °C, reaching
11.74% at 0.1 M FeCl;. At 180 °C, removal peaked
at 11.94% (0.02 M FeCls), but decreased at higher
FeCl; concentrations (9.64% at 0.06 M, 4.93% at
0.1 M), suggesting potential lignin
repolymerization or condensation [51-53].
ANOVA confirmed that temperature significantly
influenced lignin removal (p < 0.0001), while
FeCl; concentration had no significant effect (p =
0.1457). The interaction effect (p = 0.0042)
suggests FeCl; plays a minor role, becoming more
relevant at higher temperatures. Tukey’s post-hoc
test indicated that while lignin solubilization
increased between 120 °C and 180 °C, no
significant difference was observed between 0.06
M and 0.1 M FeCl; at 180 °C (p > 0.05), confirming
a saturation point where additional FeCl; does not
enhance lignin removal. These results indicate
that FeCls-assisted HTP primarily targets
hemicellulose and cellulose, with limited lignin
solubilization. The increased lignin retention at
higher FeCl; concentrations may be beneficial for
applications where lignin-enriched residues are
desired, such as biocomposites, adsorbents, or bio-
based materials [54,55].

The effects of FeCls-assisted HTP on
hemicellulose, cellulose, and lignin composition of
CCH are presented in Figure 3. The results
demonstrate that hemicellulose was selectively

solubilized, cellulose was partially degraded
under severe conditions, and lignin was relatively
retained, leading to significant compositional
shifts.

Hemicellulose content in raw CCH was
24.77%, which decreased progressively with
increasing FeCl; concentration and temperature.
Without a catalyst at 150 °C, hemicellulose
removal was moderate (17.29%), suggesting
temperature alone contributes to partial
solubilization. The addition of FeCl; significantly
enhanced hemicellulose degradation, particularly
at higher concentrations and temperatures. At
120 °C, hemicellulose content was 17.22% at 0.02
M FeCl; and 12.59% at 0.06 M FeCls, while at 0.1
M FeCls, it decreased further to 8.58%, indicating
a concentration-dependent effect on hemicellulose
solubilization. At 150 °C, hemicellulose removal
became more pronounced, reducing to 7.22% at
0.02 M FeCls, 5.27% at 0.06 M FeCls, and 3.73%
at 0.1 M FeCl;, confirming increased hydrolysis
with higher FeCl; concentrations [29,31]. At 180
°C, hemicellulose was nearly depleted, reaching
3.13% at 0.06 M FeCl; and 3.36% at 0.1 M FeCls,
suggesting no further benefit in increasing FeCl;
beyond 0.06 M under high-temperature
conditions.

Cellulose composition followed a different
trend, showing an initial increase under mild
pretreatment conditions due to preferential
hemicellulose removal, but declining under
harsher conditions. The raw CCH contained
38.30% cellulose, which slightly increased at 120
°C, reaching 43.16% at 0.02 M FeCl;, 44.69% at
0.06 M FeCl;, and 47.08% at 0.1 M FeCl;,
indicating minimal degradation at low
temperatures. At 150 °C, cellulose content peaked
at 47.54% at 0.06 M FeCl;, while at 0.1 M FeCls;,
it remained high at 47.02%, confirming that
moderate conditions preserve cellulose while

100 [] Lignin [@ Cellulose [ll Hemicellulose
= == J =

80

I%
]
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Relative Compositions
(Cellulose, Hemicellulose, or Lignin) (%)
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FeCl; Concentration (M)

Figure 3. Effects of temperature and FeCls
concentration on relative compositions of
unpretreated (raw) and pretreated CCH.
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solubilizing hemicellulose [38,56]. However, at
180°C, cellulose degradation became significant,
with content decreasing to 27.51% at 0.06 M FeCl;
and 32.23% at 0.1 M FeCl;, suggesting that while
FeCl; enhances selective hydrolysis, excessive
catalyst concentrations do not further degrade
cellulose at high temperatures [42,57]. This trend
aligns with Figure 2b, where cellulose removal
was significant at 180 °C, indicating FeCl;-
assisted pretreatment improves fractionation but
should be optimized to minimize cellulose loss.

Lignin content exhibited a relative increase
due to preferential hemicellulose and cellulose
removal  rather than  extensive lignin
solubilization. In raw CCH, lignin content was
36.93%, which increased across all pretreatment
conditions as polysaccharides were removed. At
120°C, lignin content increased to 39.61% at 0.02
M FeCl;, 42.71% at 0.06 M FeCl;, and 44.33% at
0.1 M FeCl;, showing minimal lignin removal. At
150 °C, lignin enrichment became more apparent,
reaching 46.68% at 0.02 M FeCls, 47.18% at 0.06
M FeCl;, and 49.24% at 0.1 M FeCl;, confirming
preferential degradation of other components. At
180 °C, lignin retention peaked at 51.96% at 0.06
M FeCl; and 51.94% at 0.1 M FeCls, indicating no
significant lignin degradation even at high FeCl;
concentrations. This trend, also observed in
Figure 2c¢, confirms lignin's resistance to FeCl;-
assisted HTP, making further delignification
necessary for specific applications.

ANOVA confirmed that temperature was the
dominant factor influencing all components (p <
0.0001), while FeCl; concentration had a
significant but secondary role, particularly in
hemicellulose and cellulose fractionation. Tukey’s
post-hoc analysis showed significant differences in
hemicellulose and cellulose composition between
120 °C and 180 °C, with no significant
improvement beyond 0.06 M FeCl; (p > 0.05),
indicating a catalyst saturation point. Lignin

0.8 r .
—Eq. (6)

res

R*=0.98 -

0.7F

5 10 15 20 25 30
CHF

Estimated X

content variations were mainly temperature-
driven, with FeCl; having minimal impact on
lignin solubilization.

These results indicate that 0.06 M FeCl; at
150°C represents an optimal pretreatment
condition, achieving substantial hemicellulose
removal with minimal cellulose degradation and
effective lignin preservation, features that are
highly desirable for biorefinery processes
targeting sugar recovery and lignin valorization.
Further increasing the FeCl; concentration to
0.1M yielded no significant additional
improvement, confirming 0.06 M as the most
efficient catalyst dosage for maximizing biomass
fractionation while maintaining operational
feasibility

Building on the effective xylan solubilization
observed under FeCls-assisted hydrothermal
conditions, the CHF was introduced as a unified
parameter to represent the collective influence of
temperature, reaction time, and FeCl;
concentration as represented in Figure 4. Model
fitting based on Eq. (6) produced a high
determination coefficient (R*=0.98),
demonstrating strong predictive reliability and
the fitting parameters were listed in Table 1. The
predicted residual xylan values ( X,.s) closely
aligned with experimental data (Figure 4a), and
the parity plot (Figure 4b) confirmed the model’s
accuracy, with most data points distributed along
the 1:1 line. A sharp decline in residual xylan
content was observed at CHF < 6, corresponding
to rapid hydrolysis of the fast-reacting xylan
fraction. Beyond this point, xylan solubilization
plateaued, suggesting the persistence of more
recalcitrant xylan embedded in the lignin—
cellulose matrix. This biphasic behavior was well
described by model parameters 6 and f ,
representing the initial fraction and relative rate
constant of slow-hydrolyzing xylan, respectively.
Similar solubilization trends have been reported

0.7F

0.6
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0.4F
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Figure 4. (a) Relationship between CHF and Xies, as modeled by Eq. (6); (b) Parity plot comparing actual

and predicted values of Xyes.
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for both inorganic and organic acid pretreatments,
where rapid early stage depolymerization is
followed by a slower degradation phase [31,32].
The apparent activation energy (E,) for xylan
hydrolysis was estimated at 73.3 kd/mol, aligning
with reported values for dilute acid pretreatment
of densified corn stover (72.2 kdJ/mol) and
reflecting the intrinsic energy barrier associated
with hemicellulose deconstruction. The catalytic
role of FeCl;, acting as a Lewis acid, likely
enhances xylan depolymerization by polarizing
coordinated water molecules and facilitating
glycosidic bond cleavage [58]. For comparison,
higher activation energies such as 97.90 kdJ/mol
have been reported for p-toluenesulfonic acid-
pretreated poplar [59], highlighting how catalyst
type and substrate characteristics influence the
energy demand of hydrolysis reactions. Despite
the absence of mechanical densification, the
relatively low activation energy observed in this
study further confirms the catalytic efficiency of
FeCl;. Overall, these findings reinforce CHF as a
reliable and mechanistically grounded metric for
describing pretreatment severity and predicting
xylan solubilization behavior, providing valuable
guidance for the design and optimization of
lignocellulosic biomass fractionation strategies.
In addition, the ANOVA results for each
regression coefficient are presented in Table 1.
The F-values confirmed that the estimated
parameters were statistically significant (p <
0.05), indicating that each term contributed
meaningfully to the model’s predictive ability.
This further validates the robustness of the
nonlinear regression model or the biphasic model
equation in describing xylan hydrolysis under
varying pretreatment conditions. Despite the

120°C

Raw

absence of mechanical densification, the relatively
low activation energy observed in this study
further confirms the catalytic efficiency of FeCl.
Overall, these findings reinforce CHF as a reliable
and mechanistically grounded metric for
describing pretreatment severity and predicting
xylan solubilization behavior, providing valuable
guidance for the design and optimization of
lignocellulosic biomass fractionation strategies.

3.3. Solid Characterization of HTP-FeCls Assisted
CCH

The pretreatment impacts on residual CCH
were examined using SEM, FTIR, and XRD for
different temperatures and 0.06 M FeCls as
selected catalyst concentration. These analyses
provide insights into morphological modifications,
functional group changes, and crystallinity
variations, which influence the enzymatic
hydrolysis efficiency of pretreated biomass.

The morphological changes in CCH following
FeCl;-assisted HTP were observed through SEM
imaging (Figure 5a). Raw CCH exhibited a dense
and compact fiber structure, indicating the

Table 1. Model parameters obtained from fitting Eq.
(6) to CCH xylan hydrolysis data and ANOVA
result.

Model Unit Fitted Fvalue p-
parameters value value
E, kd/mol 73.3 34.3844 0.0042
0 none 0.172 9.5712 0.0364
f none 0.042 1.9245 0.2377
a none 22.17  35.3274 0.0040
B L/mol -3.38 1.2674 0.3232

180°C
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Figure 5. Solid characterization of pretreated CCH: (a) SEM, (b) FTIR, and (c) XRD. The effects of FeCl,-

26 (°)

assisted HTP on the structural and chemical characteristics.
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presence of an intact lignocellulosic matrix with
minimal porosity. After pretreatment at 120 °C,
partial disruption of the fiber structure was
observed, with an increase in surface roughness
due to the removal of major hemicellulose
component. More pronounced structural changes
were evident at 150 °C, where the fibers appeared
more separated and fragmented, suggesting
enhanced solubilization of hemicellulose and
lignin. At 180 °C, extensive fibrillation and
disruption of the cell wall structure were
observed, indicating significant hemicellulose
removal and partial lignin degradation [56,60].
The increased surface porosity and fiber
separation observed at higher pretreatment
temperatures suggest 1improved enzymatic
accessibility, which 1is essential for efficient
saccharification [61].

The chemical transformations of FeCls-
assisted hydrothermally pretreated CCH were
analyzed using FTIR to identify changes in
functional groups associated with hemicellulose,
cellulose, and lignin. The related reference of
peaks and group assignment were summarized in
Table 2. As shown in Figure 5b, a reduction in
peak intensities was observed, confirming the
selective  removal of hemicellulose and
modification of lignin during pretreatment. The
broad absorption band at 3345 cm™, attributed to
hydrogen bonding interactions in hemicellulose,
cellulose, and  lignin, decreased  after
pretreatment, indicating the disruption of the
lignocellulosic matrix and enhanced accessibility
of cellulose. The 2907 cm™ peak, corresponding to
C—H stretching in lignin, also declined, suggesting
partial lignin degradation [62]. A significant
decrease in the 1729 cm™ peak, assigned to
carbonyl ester groups in lignin and acetyl groups
in  hemicellulose, confirmed hemicellulose

Table 2. FTIR peak spectrum and functional group.

Peak (cm™) Functional Group Refs.

3333 Hydrogen bonding interactions [62]
within and between molecules in
hemicellulose, cellulose, and lignin.

2907 Aliphatic C-H stretching was found [62]
in lignin.

1729 Carbonyl ester groups in lignin or [3].
acetyl groups in hemicelluloses.

1603 Aromatic ring stretching vibrations [56]
characteristic of lignin.

1509 Additional aromatic ring stretching [56]
vibrations observed in lignin.

1371 Presence of C-H, O-H, or C-O [566,63]
bonds, commonly found in
hemicelluloses.

1327 C-H, O-H, or C-O bond vibrations [66,63]

associated with hemicelluloses.

1238 Characteristic stretching of C-H, O- [566,63]
H, or C-O bonds in hemicelluloses.

solubilization, particularly at 150 °C and 180 °C
[3]. Similarly, the intensities of 1603 cm™ and
1507 c¢m™, which correspond to aromatic ring
stretching vibrations in lignin, were notably
reduced, especially at 180 °C, indicating
modifications in the lignin structure. Further
evidence of hemicellulose removal was observed in
the disappearance of peaks at 1371 cm™, 1327
cm™!, and 1238 em™, representing C—H, O—H, and
C-0 bond vibrations commonly found in
hemicellulose [14,63]. The drastic reduction of
these peaks at higher temperatures suggests
extensive hemicellulose solubilization under
FeCl;-assisted hydrothermal conditions. These
results confirm that FeCls-assisted HTP
effectively removes hemicellulose while modifying
lignin, thereby increasing cellulose accessibility
for enzymatic hydrolysis. The observed changes in
functional  groups are consistent with
compositional analysis results, further validating
the efficiency of the pretreatment process.

XRD analysis was conducted to evaluate
changes in the crystallinity index (CrI) of CCH
following FeCls-assisted HTP (Figure 5c). The Crl
was calculated by the intensity of cellulose
crystalline phase Iooz (20=22.6°) and amorphous
peak (Iam, 260=18°) [14]. The Crl of raw CCH was
63.3%, which increased to 70.1% after
pretreatment at 120 °C, indicating partial
removal of amorphous hemicellulose. A further
increase in Crl was observed at 150 °C (73.3%),
suggesting that hemicellulose degradation was
maximized while cellulose integrity was
preserved. However, at 180 °C, the Crl decreased
to 63.1%, likely due to excessive cellulose
degradation under severe conditions. These
findings suggest that FeCls-assisted HTP
effectively enhances the crystallinity of CCH by
selectively removing amorphous hemicellulose
while preserving cellulose structure at moderate
conditions. However, excessive pretreatment
severity may lead to structural degradation,
which could potentially increase the enzymatic
digestibility of cellulose components in pretreated
CCH [60,64].

The solid characterization results indicate
that FeCl;z-assisted HTP effectively modifies the
structure of CCH, leading to hemicellulose
removal, lignin modification, and cellulose
disruption. These findings demonstrate the
potential of FeCls-assisted HTP as a wviable
strategy for improving lignocellulosic biomass
fractionation and monomeric sugar production.

3.4. Enzymatic Hydrolysis Evaluation of
Pretreated CCH

The enzymatic hydrolysis performance of
FeCl;z-assisted hydrothermally pretreated CCH
was evaluated, and the results are presented in
Figure 6. The raw CCH had the lowest enzymatic
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hydrolysis yield (6.79%), while HTP at 150 °C
without FeCl; provided a slight improvement
(7.02%), indicating limited effectiveness of heat
alone in enhancing enzymatic digestibility. In
contrast, FeCls-assisted HTP significantly
improved %Ygy, with the highest yield (19.28%)
observed at 180 °C and 0.1 M FeCl;, representing
a 2.84-fold increase over raw CCH. The effect of
FeCl; concentration was temperature dependent.
At 120 °C, %Yyy remained low (6.23%—7.21%)
with no significant difference from the raw CCH.
At 150 °C, FeCl; improved hydrolysis (9.35% at
0.02 M, 9.45% at 0.06 M), but declined at 0.1 M
(8.20%). The most significant enhancement was
observed at 180 °C, where %Yy increased from
12.67% (0.02 M FeCls) to 17.89% (0.06 M FeCls),
peaking at 19.28% (0.1 M FeCl;). Statistical
analysis confirmed that temperature had the
strongest effect (p < 0.0001), followed by FeCl;
concentration (p = 0.0036), with a significant
interaction (p = 0.0025). Post hoc analysis showed
higher temperatures significantly increased
saccharification yield, while FeCl; beyond 0.06 M
provided no further benefits (p > 0.05) and may
cause cellulose degradation. Prominent effect of
temperature in enzymatic hydrolysis yield was
also reported at somewhere else [42].

These trends align with FTIR, XRD, and SEM
analyses, which confirm that FeCls-assisted HTP
enhances enzymatic digestibility by selectively
removing hemicellulose and modifying lignin,
leading to higher crystallinity and improved
cellulose accessibility. FTIR (Figure 5) indicates a
reduction in hemicellulose-related peaks (1371
cm™!, 1327 em™, 1238 cm™), while XRD shows
increased Crl due to reduced amorphous fractions.
SEM images (Figure 5) reveal a more fragmented

and porous structure, facilitating enzyme
penetration [3,65].
. Raw
25% - - without catalyst (150°C)
B 120°C
[] 150°C
B 180°C
20%
X 15%
o,
g
e
10% - -
5% -
0% -
Raw 0 0.02 0.06 0.1

FeCl, Concentration (M)

Figure 6. Effects of temperature and FeCls
concentration on enzymatic hydrolysis yield of
unpretreated (raw) and pretreated CCH.

Overall, FeClz-assisted HTP significantly
1mproves enzymatic digestibility, with
temperature playing the dominant role and FeCl;
enhancing hydrolysis efficiency up to an optimal
concentration of 0.06 M. The highest %Ygy
(19.28%) at 180 °C and 0.1 M FeCl; demonstrates
the potential of this approach for biomass
saccharification, supporting its application in
bioconversion processes.

3.5. Mass Balance Analysis and Comparative
Evaluation of Pretreatment Performance

To assess the overall enhancement of FeCls-
assisted HTP on CCH sugar production, a mass
balance analysis was conducted across multiple
conditions (120-180 °C, 0.02-0.1 M FeCl;). Among
these, 150 °C, 0.06 M FeCl; was identified as the

most effective  condition, balancing high
monomeric sugar recovery with cellulose
retention. Figure 7 summarizes the total

monomeric sugar recovered from both HTP and
enzymatic hydrolysis on a 100 g raw CCH basis,
demonstrating that FeCl; catalysis enhances
hemicellulose solubilization while maintaining
enzymatic digestibility of the pretreated solids.
This condition improves hydrolysis efficiency
without requiring extreme temperatures (>180
°C), reducing both operational energy input and
unwanted degradation of fermentable sugars [66].

The process mass balance calculation was
demonstrated for selected optimal condition in
Figure 8, provides further insights into the
redistribution of biomass fractions through FeCl;-
HTP and enzymatic hydrolysis. From 100 g of raw
CCH, 28.54 g was solubilized, predominantly
comprising xylose-rich hydrolysates (10.94 ¢
xylose), glucose (2.12 g), and other sugars (1.66 g),
leading to a total monomeric sugar yield of 14.72
g. The remaining pretreated CCH (71.46 g)

Temperature (°C)
N R R R R N R IR R

J [ TJelucose (HTP)
18 - [Jxylose (HTP)
[ other sugar (HTP;

16 ; I ¢lucose (EH)
14 +
l2 ] || I I

44

2_l 5 g i

o L ==
Raw 0

0.02 0.06 0.1
FeCly Concentration (M)

Overall monomeric sugar recovery
(g/100 g CCH)
=
1

Figure 7. Overall monomeric sugar recovery of
CCH from HTP and enzymatic hydrolysis (EH).
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retained 4.48 g hemicellulose, 32.41 g cellulose,
and 34.57 g lignin, ensuring that cellulose was
preserved for enzymatic hydrolysis. Subsequent
enzymatic hydrolysis released an additional 3.4 g
of glucose, resulting in a cumulative monomeric
sugar recovery of 18.12 g per 100 g of raw CCH.
Higher 4.4 times than hydrothermal without
catalyst. These findings highlight the synergistic
role of FeCls-assisted pretreatment, where
hemicellulose hydrolysis is facilitated while
glucose from cellulose also recovered in
subsequent enzymatic hydrolysis process [67].
The industrial applicability of FeCl;-HTP is
further supported by its mild reaction conditions
and controlled depolymerization effects, making it
a viable approach for large-scale co-production of
bioethanol and polyols, and biochemical
production [45,50]. To assess the effectiveness of
FeCl;-assisted HTP and EH in fractionating CCH,
a comparative evaluation against previous studies
was conducted and summarized in Table 3. The
monomeric sugar recovery per 100 g raw CCH was
used as a key performance indicator to determine
the efficiency of various pretreatment approaches.
Among the methods studied, FeCl;-assisted HTP
& EH (this study) at 150 °C, 0.06 M FeCl; for 30

min demonstrated the highest monomeric sugar
yield (18.4 g/100 g CCH), while maintaining a
relatively short processing time and low
temperature requirement, making it a promising
candidate for large-scale biorefinery applications
[68,69].

Conventional HTP has been widely used for
lignocellulosic biomass fractionation, relying
solely on high-temperature water treatment to
solubilize hemicellulose and disrupt lignin
networks. However, HTP at 259 °C for 30 min [70]
only achieved 3.39 g/100 g CCH of monomeric
sugar recovery, highlighting its inefficiency as a
standalone method. The high temperature
requirement not only increases energy
consumption but also promotes  sugar
degradation, forming inhibitory compounds like
furfural and 5-HMF, which negatively affect
enzymatic hydrolysis and fermentation [3,71].
While HTP remains a chemical-free approach, its
low sugar recovery and risk of thermal
degradation limit its feasibility for industrial
applications [72].

In an attempt to enhance lignin disruption
and enzymatic digestibility, SDS-assisted HTP
was introduced, incorporating 3% sodium dodecyl

Table 3. Overall monomeric sugar recovery of CCH from HTP and enzymatic hydrolysis (EH). (HT:
hydrothermal; HTP: HTP; DES: deep eutectic solvent; EH: enzymatic hydrolysis; SDS: sodium dodecyl

sulphate).

Process Conditions MO&ZT(;]SS Zurga?;; Eeétl){v)ery Refs.

HTP 259 °C, 30 min 3.39 [70]

SDS assisted-HTP 170 °C, 1 h, 3% SDS 12.3 [73]

HT-DES pretreatment & EH HT: 210.7 °C, 77.9 min 16.4 [14]
DES: 120°C,6h

FeCls-assisted HTP & EH 150 °C, 0.06 M FeCls, 30 min 18.4 This study

71.46 g Pretreated CCH

4.48gH
32.41gC
3457glL
100 g Raw CCH
24.77 gH FeCl,-HTP
38.30gC 1 (150°C, 0.06 M)
36.93gL

4

28.54 g solubilized CCH
2.12 g glucose

10.94 g xylose

1.66 g other sugar

(14.72 g total monomeric sugar)

Enzymatic
hydrolysate
3.4 g glucose

Enzymatic
Hydrolysis

Figure 8. Process mass balance of FeCls-assisted HTP and enzymatic hydrolysis.
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sulfate (SDS) at 170 °C for 1 hour [73]. This
method significantly increased monomeric sugar
recovery to 12.3 g/100 g CCH, demonstrating the
effectiveness of surfactants in breaking lignin-
carbohydrate complexes. However, the
introduction of SDS raises environmental and cost
concerns, as synthetic surfactants require proper
chemical disposal or recovery systems.
Additionally, residual SDS in hydrolysates could
interfere with downstream microbial
fermentation processes, making it less favorable
for bioethanol production [74].

A more recent approach, hydrothermal-deep
eutectic solvent (HT-DES) pretreatment followed
by enzymatic hydrolysis [14], sought to combine
hydrothermal and green solvent-based
fractionation techniques. This two-step process
(HT at 210.7°C for 77.9 min, followed by DES
treatment at 120°C for 6 h) resulted in a
monomeric sugar recovery of 16.4 g/100 g CCH,
demonstrating improved fractionation efficiency.
The addition of DES facilitated lignin dissolution,
allowing for better sugar retention during
enzymatic hydrolysis. However, the lengthy
processing time (over 7 hours in total) and
additional DES solvent preparation step reduce
its scalability for industrial applications. While
DES is considered a greener alternative to acid-
based pretreatment, its cost, solvent recycling
challenges, and prolonged reaction times hinder
widespread adoption in large-scale operations
[75].

In contrast, FeCl;-assisted HTP & EH in this
study achieved the highest monomeric sugar yield
(18.4 g/100 g CCH) under milder conditions
(150°C, 0.06 M FeCl;, 30 min), surpassing
previous methods in both efficiency and
practicality. The FeCl; catalyst selectively
hydrolyzes hemicellulose, enhancing xylose and
glucose release while preserving cellulose
integrity, leading to higher enzymatic digestibility
compared to conventional HTP. Unlike SDS-
assisted HTP, FeCl; does not introduce surfactant
waste, making it a more environmentally friendly
approach. Additionally, unlike HT-DES, FeCl;-
HTP operates under a single-step process with
shorter reaction times, reducing processing
complexity and operational costs. Despite these
advantages, FeClz-assisted HTP still presents
certain challenges that warrant further
investigation. The reuse and recovery of FeCls
should be optimized to minimize catalyst
consumption and reduce operational costs.
Additionally, excess Fe ions in hydrolysates must
be carefully managed to prevent contamination,
particularly in  downstream = fermentation
processes [71,76]. Future research should focus on
catalyst recycling strategies and techno-economic
assessments to further enhance the industrial
feasibility of FeCls-based fractionation.

Overall, the findings suggest that FeCls-
assisted HTP & EH offers a highly effective and
scalable approach for lignocellulosic biomass
fractionation, outperforming conventional
hydrothermal and surfactant-assisted methods in
sugar recovery, processing efficiency, and
environmental sustainability. By combining high
sugar yield, short processing time, and minimal
chemical waste, FeCl;-HTP presents a promising
alternative for biofuel and biochemical production
while maintaining cost-effective and sustainable
biorefinery operations.

4. Conclusions

This study demonstrated that FeCl;-assisted
HTP promoted the fractionation of coconut husk
by enhancing hemicellulose solubilization while
preserving cellulose in a more accessible form. The
effects of temperature and FeCls concentration
were systematically evaluated, with optimal
conditions leading to selective hemicellulose
removal and improved enzymatic hydrolysis
efficiency. Compositional analysis and solid
characterization using FTIR, XRD, and SEM
confirmed structural disruption of hemicellulose
and increased cellulose accessibility, which
facilitated higher monomeric sugar yields.
Overall, the findings provide insights into the role
of FeCl; as a catalytic aid in hydrothermal
pretreatment for improving sugar production
from lignocellulosic biomass.
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