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Abstract

Oil Palm Empty Fruit Bunch (OPEFB), an abundant lignocellulosic biomass in Malaysia, is a promising feedstock for
producing Total Reducing Sugar (TRS), although its recalcitrant structure limits enzymatic conversion. This study
proposes a novel double-stage ozonolysis pretreatment integrated with intermediate alkaline swelling to enhance
cellulose accessibility and saccharification efficiency. Structural modifications were confirmed through compositional
analysis, TGA, XRD, FTIR, and SEM. Enzymatic saccharification (ES) was optimized using Response Surface
Methodology (RSM) based on a Face-Centered Central Composite Design (FCCCD), evaluating reaction time, biomass
loading, and temperature. Analysis of Variance (ANOVA) indicated a significant model (R? = 0.88), with optimal
conditions of 44 h reaction time, 1.8 % w/v biomass loading, and 50 °C temperature, achieving a maximum TRS yield
of 42.75%. The double-stage ozonolysis outperformed single-stage and alkaline pretreatments, yielding the highest
cellulose enrichment (up to 79 wt%) and improved digestibility. Kinetic analysis revealed a substantial reduction in
the Michaelis-Menten constant (K,,) from 175.713 to 9.010 mg/mL, indicating enhanced enzyme—substrate affinity.
These findings demonstrate a robust and efficient strategy for improving biomass-to-sugar conversion.
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dominated by bioethanol, biodiesel, biobutanol

and bio-gas, relying on the use of substrates such
as sugars, starch, oil crops, agricultural and

1. Introduction

The current market for biofuels, defined as

fuel products obtained from organic substrates, is
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animal wastes, and lignocellulosic biomass [1]. Oil
palm empty fruit bunch (OPEFB) generally
consists of three main components: 37.26-63% of
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cellulose, 14.6-37% of hemicellulose, and 17—
31.7% of lignin [2]. Nevertheless, the recalcitrant
structure of the biomass itself, including the
biological barrier lignin, significantly limits the
conversion of OPEFB into total reducing sugar
(TRS), which can be further used to produce
biofuels and other value-added biochemicals.

Pretreatment of OPEFB is essential to
overcome 1its inherent recalcitrance, primarily
governed by the lignin—carbohydrate complex
(LCC), which restricts enzyme accessibility and
limits TRS production. Conventional
pretreatment methods are broadly categorized as
physical, chemical, and biological approaches [3—
6]. Physical pretreatment primarily reduces
biomass particle size using mechanical processes
such as milling or grinding to increase surface
area; however, it is generally insufficient to
significantly disrupt lignin structures [3].
Chemical pretreatment, particularly alkaline
treatment using sodium hydroxide, is more
effective in solubilizing lignin and partially
removing hemicellulose, thereby enhancing
cellulose accessibility [7]. This alkaline treatment
induces biomass swelling, reduces cellulose
crystallinity, and increases internal surface area
and pore volume, thereby enhancing enzymatic
accessibility and TRS  production [8,9].
Nevertheless, alkaline pretreatment often
requires prolonged reaction time, extensive
chemical usage, and subsequent washing and
neutralization steps, leading to increased
operational costs and environmental concerns
[10,11]. Biological pretreatment involves the use
of enzymes, microbes, or other biological agents,
alone or in combination, to convert the biomass
into TRS. Biological pretreatment offers a milder
alternative but is typically limited by slow
reaction rates and lower process efficiency.

In contrast, the ozonolysis process has
recently emerged as a promising green
pretreatment technology due to its strong
oxidative capability, enabling selective lignin
degradation under relatively mild conditions
without generating toxic by-products [12]. Ozone
preferentially attacks the biomass's electron-rich
aromatic structures in lignin, effectively
disrupting the LCC while largely preserving
cellulose integrity [12,13]. Despite these
advantages, conventional single-stage ozonolysis
pretreatment remains constrained by limited
ozone penetration, incomplete delignification and
inefficient ozone utilization, particularly in dense
biomass matrices. Another limitation is that
single-stage ozonolysis may not sufficiently
disrupt the LCC, leaving residual lignin that
continues to hinder enzymatic hydrolysis. These
constraints highlight the need for improved
process configurations to enhance ozone

effectiveness and biomass accessibility [14—16].
These limitations highlight a critical research gap
in improving the effectiveness of ozonolysis for
lignocellulosic biomass conversion. In particular,
the potential of process intensification through
double-stage ozonolysis (D-Oz) has not been
systematically explored. This double-stage
approach is hypothesized to facilitate deeper
structural disruption of biomass, leading to
greater exposure of cellulose fibers and
significantly improved enzymatic saccharification
[12,17,18].

Furthermore, this research contributes to a
deeper understanding of optimizing enzymatic
saccharification = parameters  through  the
application of statistical tools such as Response
Surface Methodology (RSM). The integration of
advanced statistical modelling enables the
identification of optimal conditions that maximize
TRS production, while the use of ANOVA and
regression analysis ensures methodological rigor
and reliability of the experimental findings. This
approach improves process efficiency by
identifying the most influential variables
affecting  saccharification performance. In
addition, kinetic results show that pretreatment
significantly influenced the enzymatic
saccharification of D-Oz OPEFB. Pretreatment
lowered the K, value, signifying improved
enzyme binding and cellulose accessibility. The
results suggest that D-Oz enhanced enzyme-—
substrate affinity and increased the
saccharification potential of OPEFB for TRS
production.

The objectives of this study were to propose a
novel double-stage ozonolysis pretreatment,
integrated with intermediate alkaline swelling,
enhance ozone penetration, promote deeper lignin
degradation, improve cellulose accessibility and
ultimately increase total reducing sugar (TRS)
yield. In addition, the enzymatic saccharification
process was optimized using RSM-FCCD to
identify the significant process variables affecting
TRS production. The double-ozonolysis
pretreatment  strategy was  designed to
progressively disrupt the lignin—carbohydrate
complex through sequential ozone oxidation and
alkaline swelling, thereby enhancing cellulose
exposure and enzyme accessibility. The kinetic
behavior of enzymatic saccharification was
subsequently evaluated using the Michaelis—
Menten model and Lineweaver—Burk plot to
determine Km and Vmax, which represent enzyme—
substrate affinity and maximum catalytic rate,
respectively. Together, optimization and kinetic
analyses provide a comprehensive assessment of
the double-ozonolysis pretreatment to enhance
TRS production from OPEFB.
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2. Materials and Methods
2.1. Chemicals

The chemicals, such as deionized water,
sulphuric acid (H,SO,), acetic acid (CyH,O0,),
nitric acid (HNO,), 3,5-dinitrosalicylic acid
(C;H4N;05), sodium hydroxide (NaOH), sodium
potassium tartarate (KNaC,H,O¢ -4H50),
commercial enzyme cellulase mixture, oxygen
gas (0,), acetone (C,HgO), sodium acetate
trihydrate (CH;COONa-3H50), glacial acetic acid
(C,H405) and sodium chlorite ( NaClO, ) was
purchased as tabulated in Table 1.

2.2. Sample OPEFB Preparation

The OPEFB used in this study was obtained
from Sedenak Palm Oil Mill. Upon collection, the
raw OPEFB samples were dried, ground and
sieved for 0.3mm particle size. Finally, the
prepared OPEFB samples were stored in sealed
containers at room temperature to prevent
moisture reabsorption and contamination from
the surrounding environment. This storage
condition helps preserve the integrity of the
biomass prior to further experimental use.

2.3. Hybrid Pretreatment of OPEFB

A total of 3 methods were employed for hybrid
pretreatment of OPEFB including physical,
ozonolysis and alkaline pretreatment.

2.3.1. Physical pretreatment

The raw OPEFB was dried in direct sunlight
for 8 h per day for a week and then heated up to
100 °C to remove inherent moisture, which is
essential to prevent microbial degradation and to
ensure consistent physicochemical properties
during subsequent processing. Following drying,

Table 1. List of chemicals used in the experiment.

the OPEFB was mechanically ground using the
grinder (cutting mill SM-100, Germany) to reduce
the fibre size. Then, the ground OPEFB was
sieved using the mechanical sieve shaker (Biobase
BK-T'S200, China) with the mesh of 1.0 mm, 0.8
mm, 0.5 mm, 0.3 mm and 0.25 mm to obtain the
desired particle size which was 0.3 mm.

2.3.2. Ozonolysis pretreatment
2.8.2.1. Single stage ozone pretreatment

Ozonolysis pretreatment of OPEFB was
carried out by using the OzBiONY® 2.0 reactor
located at N32, High Temperature Laboratory,
Faculty of Chemical and Energy Engineering,
Universiti Teknologi Malaysia. 500 g of OPEFB
with particle size of 0.3 mm was charged into the
horizontal reactor. The OPEFB sample was
sprayed with water until the moisture content
measured by using moisture analyser (MOC63u
UNITBLOC) to be about 20 wt%. The ozone
generator was set for 60 g/m3 ozone concentration.
The ozone was then supplied into the reactor for
90 min.

2.3.2.2. Double-stage ozone pretreatment

After single-stage ozone pretreated sample
was prepared, alkaline swelling was carried out
using 5 % sodium hydroxide (NaOH) with a ratio
of 1:10 % w/v at ambient temperature, 200 rpm for
1 h under vigorous stirring using mechanical
stirrer. This alkaline swelling was required to
further enhance the swelling of the crystalline
cellulose structure, in addition to improve the
removal of lignin and hemicellulose, thereby
leading to an increase in the substrate surface
area for enzymatic saccharification [17-19]. After
1 h, the sample was neutralised by adding acetic
acid until it reached pH of 6-8. The sample was

Purchased from / Supplied

No. Name of Chemicals Purity (%) by Brand

1 Deionised water > 98 Vchem

2 Sulphuric acid (H,S0,) 98 Qrec

3  Acetic acid (CoH4O5) - Sigma Aldrich

4 Nitric acid (HNO,) - Merck

5  3,5-Dinitrosalicylic acid (C;H,N,0) 99 Sigma Aldrich

6 Sodium hydroxide (NaOH) =99 Merck

7 Sodium potassium tartarate (KNaC,H,O¢-4H,0) >99 Millipore

8 Commercial Enzyme Cellulase Mixture > 1000 Aladdin

9 Oxygen gas (O,) - Mega Mount Industrial Gases
10  Acetone (C;HgO) >99.8 Merck

11 Sodium acetate trihydrate (CH;COONa-3H50) =99 Fisher Scientific
12 Glacial acetic acid (C,H,0,) - ACI Labscan

13 Sodium chlorite (NaClO,) 80 Acros Organics
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left overnight to make sure all bases were diluted,
sample was tested using a pH meter to ensure the
pH was neutral. Neutralised sample was filtered,
washed and dried in an oven at 70 °C until a
constant weight was achieved. Sample was kept
inside the sealed bag for double ozone
pretreatment. Prior to the second ozonolysis
treatment, the same step as a single-stage ozone
pretreated sample, the moisture content of the
wet sample was determined to be 20 wt%. The
ozone generator was set for 60 g/m3 ozone
concentration. The ozone was then supplied to the
reactor for 180 minutes.

2.3.3. Alkaline pretreatment

Untreated OPEFB with particle size of 0.3
mm was prepared in a 200 g quantity. The
untreated OPEFB was treated with 3% sodium
hydroxide (NaOH) with a ratio of 1:10 % w/v at
110 °C, for 45 minutes and then bleached with 5
% wi/v sodium chlorite (NaClO,) at 80 °C, for 60
minutes. At the end of reaction, the slurry was
filtered using filter cloth. The slurry was
neutralized by adding a drop by drop of acetic acid
and washed wusing deionised water using
mechanical stirrer until the pH range (6-8) is
achieved. Tested with litmus paper and pH meter.
The slurry was poured into a tray and dried in an
oven at 60 °C for 24 h. The sample was kept inside
desiccator with sealed bag.

2.3.4. Ozone-alkaline pretreatment

200 g sample from single-stage ozone
pretreatment was taken for the next alkaline
pretreatment to produce ozone-alkaline
pretreated sample. The pretreatment conditions
were 100 °C, 10 % sodium hydroxide (NaOH) with
a ratio of 1:10 % w/v with 200 g of single-ozone
pretreated samples. The samples were heated on
a hotplate at constant stirring rate and covered
with aluminium foil on top to avoid any
contamination from the air. The reaction time was
3 h. After the reaction ended, the slurry was
neutralized by adding acetic acid until it reached
pH of 6-8. Sample was left overnight to make sure
all bases were diluted and the sample was tested
using a pH meter to ensure the pH was neutral.
Neutralized sample was filtered, washed and
dried in an oven at 60 °C until a constant weight
was achieved. Sample was kept inside the sealed
bag for analysis.

2.4. Chemical Composition Analysis of OPEFB

The untreated and pretreated OPEFB were
analysed for cellulose, hemicellulose and lignin
contents. The cellulose and hemicellulose contents
of OPEFB were measured using the method
described by Tan & Lee [20]. The lignin
fractionated into acid-insoluble lignin (AIL) and

acid-soluble lignin (ASL), which were determined
according to NREL laboratory analytical
procedures as described by Rizal [22].

2.5. Thermal Analysis of OPEFB

Thermal Gravimetric Analyzer (Perkin
Elmer TGA 4000) was used for thermal analysis
of samples of untreated (raw), alkaline-treated
(A-P), single-stage ozone pretreated (S-Oz),
ozone-alkaline treated (Oz-Ap), double-stage
ozone pretreated (D-Oz) OPEFB and commercial
alpha-cellulose (a-cell). Approximately 2 mg of
the sample was heated in a platinum cell from
30 °C to 900 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere.

2.6. Determination of Crystallinity Index of
OPEFB

X-ray diffraction (XRD) was employed for
structural characterisation. The crystallinity and
amorphousity of raw, A-P, S-Oz, Oz-Ap, D-Oz and
a-cell samples were evaluated using XRD
analysis. The dried samples were scanned in 20
range from 10° to 50° using Cu radiation
generated at 40 kV and 30 mA. The crystallinity
index (CrI) of the samples was calculated
according to the XRD peak height method [23],
shown in Equation (1):

crystalline - I

I
Crl (%)= amorphots % 100% 1)

Icrystalline

2.7. Morphological Characteristics of OPEFB

Scanning electron microscopy (SEM) image
was taken for raw, A-P, S-Oz, Oz-Ap, D-Oz and a-
cell samples. Dried samples were observed under
SEM-Hitachi. SEM images of samples were
recorded at 300 magnification using an
accelerating voltage of 15 kV and work distance
(WD) of 6.80 mm.

2.8. Functional Groups Observation of OPEFB

Fourier Transform Infra-Red (FTIR)
analysis (Frontier Perkin Elmer) was used to
characterize the functional groups of raw, A-P, S-
Oz, Oz-Ap, D-Oz and a-cell samples. IR spectra
were recorded in an absorption mode with a scan
count of 8 per sample and a resolution of 8 cm™?!
in the wave number range of 4000 and 400 cm!
at room temperature.

2.9. Optimization of Enzymatic Saccharification
using Design Expert® Software

2.9.1. Screening parameter of enzymatic
saccharification

A screening parameter was conducted to
evaluate the effects of several operational
parameters on the performance of enzymatic

Copyright © 2026, ISSN 1978-2993
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saccharification. The screening was performed
using  the One-Factor-at-a-Time (OFAT)
approach, where one independent variable was
varied while the remaining parameters were kept
constant. Based on commonly reported
parameters in previous literature, three key
factors were selected for this study. This includes
reaction time (4-44 h), D-Oz biomass loading (0.2-
50 % w/v) and temperature (25-60 °C). The
significant factors identified through OFAT were
subsequently selected for further optimization.

2.9.2. Response Surface Methodology for
optimization

Response Surface Methodology (RSM) is a
statistical technique that is widely used to
evaluate the interaction between several
independent variables to determine the optimal
operating conditions of significant process
parameters. In this study, RSM was employed to
optimize the enzymatic saccharification for TRS
production. A three-level face-centered central
composite design (FCCCD) with an axial distance
of a = 1 was applied using Design-Expert software
(v.13). The FCCCD was selected due to its
effectiveness in modeling quadratic response and
reducing the number of experimental trials while
maintaining statistical reliability [24,25].

Based on the results obtained from the
preliminary OFAT screening, the range of three
independent variables were adjusted for
optimization which are reaction time (A), biomass
loadings (B), and temperature (C). Each variable
was studied at three levels, coded as -1 (low), O
(center) and +1 (high). The range and coded levels
of the experimental variables used in this study
are presented in Table 2. Constant parameters
throughout this experiment were an incubator
speed of 200 rpm, an enzyme activity of 70 U/g,
and a sodium acetate buffer at pH of 4.8.

2.10. Analysis of Total Reducing Sugar (TRS) via
dinitrosalicylic acid (DNS) Method

The amount of TRS in the hydrolysate of
enzymatic saccharification was determined by
dinitrosalicylic acid (DNS) method. About 1 mL of
each hydrolysate sample was mixed with 1 mL of
DNS reagent, measured with a micropipette. The

Table 2. The factor levels for Face-Centered Central

Composite Design (FCCCD).

Levels of factors

Factors Units 1 0 1

A: Reaction time (h) 14 29 44
B: Biomass loading %owlv) 1.8 3.0 4.2
C: Temperature (°C) 20 35 50

mixtures were placed in 90 °C water bath for 5
minutes. The mixture was immediately cooled to
room  temperature before the UV-Vis
spectroscopy analysis at 540 nm. Before the
measurement, the hydrolysate sample was
diluted at a certain dilution factor to obtain
measurements within the accuracy of the UV-Vis
spectrophotometer. The DNS reagent and buffer
mixture was prepared as the blank sample.
Blank solution was poured into a cuvette, and the
absorbance was set to 0. The absorbance of other
samples was then measured and recorded. The
TRS concentration mg/mL) in the hydrolysate of
each sample was determined from the equation
obtained from glucose standard calibration.

2.11. Evaluation of Enzymatic Behaviour
towards Ozone-Pretreated during Enzymatic
Saccharification

The evaluation of enzymatic behaviour
towards ozone-pretreated OPEFB was conducted
by using optimized conditions from DOE of
enzymatic saccharification, by varying substrate
loading and analyzing the TRS production. The
enzymatic saccharification experiment was
conducted using raw, A-P, S-Oz, Oz-Ap, D-Oz and
a-cell samples. The hydrolysate was analysed
using DNS method to determine TRS content.
Experimental runs were conducted in triplicate.
Figure 1 shows Lineweaver-Burk plot of 1/V
versus 1/[S], where V is reaction rate, S 1is
substrate concentration, K, is the Michaelis-
Menten constant, V,,,, 1s the maximum enzyme
velocity of saccharification and V, is enzyme
velocity defined using Equation (2):

1 Ky [1
il 1

1
Vmax (2)
Following the derivation of linear equation of
Equation 2), the maximum enzyme velocity
(Vnax))(mg/mL.min) and the Michaelis-Menten

constant (K, ) (mg/mL) were calculated using
Equations (3) and (4):

1 ’
v »
rd
/’
»”
1 v :—m
_m g"’ max
g 1
// Vma
Z = ) _1_
-~ 0 [S]

Figure 1. Lineweaver- Burk plot of 1/V versus

1/[8S].
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Vmax: — (3)

y-intercept

K = Vipax - (gradient of linear graph) 4)

3. Results and Discussions
3.1. Physical Observation

Physical observation of all untreated and
pretreated OPEFB based on Figure 2, untreated
OPEFB raw exhibited a rigid, compact, and dark
brown fibrous structure, which is typical of
lignocellulosic biomass due to its high lignin
content. This dense structure limits enzyme
access to cellulose and reduces hydrolysis
efficiency [26]. After alkaline pretreatment, A-P
fibres became lighter, more swollen, and less
compact, indicating partial lignin removal and
increased porosity [27]. S-Oz appeared more
fragmented and less rigid, showing that
ozonolysis weakened the lignocellulosic structure
through lignin degradation. Greater disruption
was observed in the Oz-Ap, which showed a more
fibrillated and porous structure due to the
combined effect of ozone oxidation and alkaline
solubilisation of lignin fragments. Among all
samples, the sample D-Oz showed the most
obvious change, with lighter and more separated
fibres, closely resembling commercial a-cellulose.
This suggests extensive removal of non-cellulosic
components and enrichment of cellulose. Overall,
the physical changes observed after pretreatment
confirm the effective removal of lignin and

hemicellulose, which improved the accessibility of
cellulose for enzymatic saccharification and TRS
production [3,16].

3.2. Chemical Composition of Untreated and
Treated OPEFB

Table 3 shows, raw OPEFB consisted of 39
wt% cellulose, 33.4 wt% hemicellulose, and 22
wt% AIL, reflecting the typical recalcitrant
lignocellulosic structure. Following pretreatment,
substantial compositional changes were observed,
particularly in lignin removal and cellulose
enrichment. Among all pretreatment strategies,
D-Oz resulted in the highest cellulose content (79
wt%), approaching that of commercial a-cellulose
(~80 wt%), and significantly outperforming both
single ozonolysis (S-Oz, 61 wt%) and the ozone—
alkaline sequence (Oz-Ap, 66 wt%). This
pronounced improvement can be attributed to the
enhanced effectiveness of sequential oxidative
degradation mechanisms in the double ozonolysis
process.

The superior performance of D-Oz is
primarily due to repeated ozone exposure, which
enables  progressive and deeper lignin
depolymerization. During the first ozonation
stage, ozone preferentially attacks electron-rich
aromatic rings and unsaturated bonds in lignin,
leading to partial delignification and disruption of
the LCC. However, residual lignin particularly
condensed and less reactive structures, remains

Untreated
(Raw)

Alkaline pretreated

Single-ozone pretreated

(8-02)

Ozone-alkaline
pretreated (Oz-Ap)

Double-ozone
pretreated(D-0z)

Commercial a-cellulose
(a-cell)

Figure 2. Physical observation of raw, A-P, S-Oz, Oz-Ap, D-Oz, a-cell samples.
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embedded within the biomass matrix. The second
ozonation stage further oxidizes these recalcitrant
lignin fractions, resulting in more complete lignin
removal and greater exposure of cellulose fibers.
Recent studies [18,19,30] have shown that
oxidative pretreatment significantly enhances
lignin degradation due to improved accessibility
and cumulative oxidative effects, leading to higher
cellulose purity and enzymatic digestibility.

In contrast, the (Oz-Ap) sequence exhibited
lower cellulose enrichment (66 wt%) compared to
D-Oz. Although alkaline treatment promotes
biomass swelling, lignin solubilization, and
partial hemicellulose removal, it can also lead to
lignin reprecipitation or condensation reactions,
which reduce the effectiveness of subsequent
ozone attack. Furthermore, alkaline pretreatment
may alter lignin structure into more condensed
forms that are less reactive toward ozone
oxidation. As a result, the second-stage ozone in
the Oz-Ap sequence is less efficient in degrading
residual lignin compared to a direct second
ozonation stage.

Additionally, the double ozonolysis approach
minimizes chemical interference and maintains a
highly oxidative environment, allowing ozone to
continuously target lignin without competing side
reactions. This leads to more selective lignin
removal, lower hemicellulose content (9.5 wt%),
and higher cellulose enrichment, as observed in
Table 3. The progressive breakdown of lignin in D-
Oz also improves pore structure and internal

Weight (%)

T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550
Temperature (°C)

surface area, facilitating better mass transfer and
accessibility for subsequent enzymatic hydrolysis.

Overall, the results demonstrate that double-
stage ozonolysis is more effective than both single
ozonolysis and ozone—alkaline pretreatment due
to 1its ability to overcome mass transfer
limitations, achieve deeper lignin degradation,
and avoid lignin condensation effects. This
explains the significant compositional changes
observed and highlights the advantage of D-Oz in
producing highly enriched cellulose suitable for
efficient saccharification.

3.3. Thermal Analysis of OPEFB

The thermal degradation behaviour of
untreated and pretreated OPEFB samples was
evaluated using TGA analysis, while the
corresponding degradation rates were analyzed
using derivative thermogravimetric (DTG) curves,
as shown in Figure 3(a) and Figure 3(b). These
analyses provide valuable insights into the
thermal stability and structural composition of
the biomass following different pretreatment
methods. Three distinct stages of degradation
were observed. The first stage, occurring below
100 °C, involved minor weight loss attributed to
moisture evaporation. The second stage
corresponded to the main decomposition region,
where significant degradation occurred between
200 and 350 °C. In this region, hemicellulose and
lignin primarily decomposed at 250-300 °C, while

(b) 20

o
1

Deriv. Weight (%/min)
o
1

(&)}
1

T T T T T
100 200 300 400 500
Temperature (°C)

Figure 3. TGA curves (a) and DTG (b) curves for raw, A-P, S-Oz, Oz-Ap, D-Oz, a-cell.

Table 3. Chemical composition of untreated and pretreated OPEFB.

Sample / Composition (wt%) Raw A-P S-Oz Oz-Ap D-Oz a-cell
Cellulose 39.00 50.00 61.00 66.00 79.00 ~80.00
Hemicellulose 33.40 24.00 16.40 10.60 9.50 NA
Acid Insoluble Lignin (AIL) 22.00 3.38 1.67 3.00 2.34 NA
Acid Soluble Lignin (ASL) 0.27 0.07 0.07 0.05 0.07 NA
Others 5.33 22.55 20.87 20.35 7.87 NA
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cellulose degradation occurred at a higher
temperature range of 380—400 °C. The raw sample
exhibited earlier weight loss, indicating lower
thermal stability due to the presence of
hemicellulose and amorphous lignin. In contrast,
pretreated samples exhibited delayed degradation
at higher temperatures, indicating partial
removal of hemicellulose and lignin, along with
the enrichment of cellulose. Among the pretreated
samples, Oz-Ap and D-Oz demonstrated slower
weight loss and  higher  decomposition
temperatures, indicating  more effective
pretreatment. The DTG curves further supported
these findings, with the raw sample exhibiting a
lower maximum degradation temperature (Tp.5),
while A-P and S-Oz shifted to slightly higher
values. Notably, D-Oz and Oz-Ap exhibited
sharper DTG peaks, approaching that of a-
cellulose, indicating higher cellulose purity.
Therefore, the thermal analysis confirms that
pretreatment significantly alters the thermal
behaviour of OPEFB by reducing lignin and
hemicellulose content, increasing cellulose
enrichment, and enhancing its suitability for
enzymatic saccharification and TRS production
[28].

3.4. Determination of Crystallinity Index of
OPEFB

The crystalline structure of cellulose in
lignocellulosic biomass was characterized using
XRD to assess structural changes induced by
pretreatment. Cellulose comprises both
crystalline and amorphous regions, where the
crystalline regions consist of highly ordered
cellulose chains stabilized by extensive hydrogen
bonding, while the amorphous regions are less
ordered and more accessible to chemical and
enzymatic attack [29]. The crystallinity index
(CrI) 1s used to estimate the relative proportion of
crystalline cellulose and to evaluate structural

: I : cryz

a-cell

Intensity (a.u.)

10 20 30 40
20

Figure 4. XRD plots of raw, A-P, S-Oz, Oz-Ap, D-
Oz and a-cell.

modifications  following  pretreatment, as
presented in Figure 4 and Table 4. In this study,
raw OPEFB exhibited CrI of 47.42%, indicating a
moderate degree of crystallinity within the
lignocellulosic matrix. Following pretreatment,
the crystallinity varied depending on the method
employed. For instance, single-ozone
pretreatment reduced the Crl to 40.19%, possibly
attributed to partial disruption of the cellulose
structure and alteration of its ordered
arrangement. In contrast, double-ozone
pretreatment significantly increased the Crl to
72.18%, a value comparable to that of commercial
a-cellulose (72.46%). This increase is primarily
associated with the removal of amorphous
components, such as lignin and hemicellulose,
resulting in a higher relative fraction of
crystalline cellulose [23]. However, an increase in
crystallinity does not necessarily correspond to
reduced enzymatic hydrolysis efficiency. Instead,
it often reflects the effective elimination of non-
crystalline fractions and the enhanced exposure of
cellulose microfibrils. Consequently, enzyme
accessibility can be improved despite the higher
crystalline content [30]. Accordingly, crystallinity
analysis provides critical insight into the
structural modifications of OPEFB induced by
pretreatment, particularly regarding biomass
digestibility and subsequent conversion efficiency.

3750 3352 1720 16111496 1358 1228 1100 889
T T T T T T

, Raw R

Transmittance (%)

a-cell

* T . T T T . ll . ; . T .
4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm™)

Figure 5. FTIR spectra for raw, A-P, S-Oz, Oz-Ap,
D-Oz and a-cell.

Table 4. Crystallinity index for untreated and
pretreated OPEFB.

Type of sample Crl(%)
Raw 47.42

A-P 47.13

S-Oz 40.19
Oz-Ap 49.44
D-Oz 72.18
a-cell 72.46
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3.5. Functional Groups Observation of OPEFB

FTIR spectroscopy was employed to
characterize structural changes in raw and
pretreated OPEFB samples, as shown in Figure 5.
The main absorption bands in Table 5 were
identified at 3352-3750 cm!, 1611-1720 cm,
1358 cml, and 889-1496 cm, corresponding to
hydroxyl groups, lignin, hemicellulose, and
cellulose-related bonds, respectively. In the raw
OPEFB sample, the distinct peaks observed at
1611-1720 cm! and 1358 cm! confirm the
presence of lignin and hemicellulose, while the
bands in the range of 889-1496 cm!l are
characteristic of the cellulose structure [31].
Following pretreatment, a progressive reduction
in the intensity of lignin and hemicellulose-
associated bands was observed, indicating the
effective removal of non-cellulosic components.
This reduction was particularly pronounced in the
ozonolysis-treated samples, especially in the
double ozonolysis (D-Oz) sample, where these
peaks were greatly diminished. Meanwhile, the
cellulose-related bands remained strong, showing
that the cellulose backbone was preserved.
Notably, the FTIR spectrum of D-Oz was also
similar to that of commercial a-cellulose,
indicating a substantial enrichment of cellulose
content. Therefore, the FTIR results confirmed
that pretreatment, particularly double ozonolysis,
effectively removes lignin and hemicellulose while
maintaining the structural integrity of cellulose.
These structural modifications are crucial for
enhancing enzyme accessibility and improving
enzymatic saccharification efficiency and TRS
production [32].

Rapture
surface

300pm

3.6. Morphological Characteristics of OPEFB

The raw OPEFB (Figure 6a) exhibited a
compact, rigid, and highly ordered surface covered
with silica bodies and a dense lignin layer. This
intact structure acts as a physical barrier that
limits enzyme accessibility to cellulose fibres [33].
After alkaline pretreatment (Figure 6b), the
biomass surface became relatively smoother with
the formation of visible pores. This change is
attributed to the swelling effect of NaOH, which
disrupts ester linkages in the lignin—carbohydrate
complex and partially solubilizes lignin and
hemicellulose. As a result, internal fibre
structures are loosened, increasing porosity but
still maintaining the overall fibre integrity.
Recent studies [17,18] confirm that alkaline
pretreatment primarily causes fibre swelling and
partial  delignification  without  extensive
structural fragmentation.

In contrast, ozonolysis pretreatment (Figure
6¢c and 6d) produced more pronounced surface
disruption. Ozone acts as a strong oxidizing agent
that selectively attacks lignin aromatic rings and
unsaturated bonds, leading to oxidative cleavage
of lignin macromolecules. This results in surface
erosion, rupture formation, and increased pore

Table 5. FTIR peak positions and respective
functional groups for raw, A-P, S-Oz, Oz-Ap, D-
Oz and a-cell.

Wavenumber Functional Group
(cm™)
889-1496 C-0 & C-0-C
(cellulose & B-glycosidic bond)
1358 -CHy(hemicellulose)
1611-1720 C=0 (lignin)
3352-3750 -OH

300pm 300pm

Fibrillated
- fibre.

Microfibrit -

¢

Figure 6. SEM images of (a) Raw (b) A-P (c) S-Oz (d) Oz-A (e) D-Oz (f) a-cell at magnification 300X%.
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development. Compared to alkaline treatment,
ozonolysis generates a more heterogeneous and
disrupted structure, as observed in the rupture
surfaces (Figure 6d). However, in single
ozonolysis, the disruption is still limited by ozone
diffusion constraints and incomplete penetration
into inner biomass layers, leaving some structural
regions intact.

The most significant morphological
transformation was observed in the double-stage
ozonolysis sample (Figure 6e), where the biomass
exhibited a highly fibrillated, fragmented, and
open structure. This can be explained by the
cumulative oxidative effect of repeated ozone
exposure. The first ozonation partially removes
lignin and opens up the structure, while the
second ozonation penetrates deeper into the
loosened  matrix, leading to  extensive
delignification and fibre separation into
microfibrils. This progressive degradation results
in a structure that closely resembles commercial
a-cellulose (Figure 6f), characterized by well-
separated microfibrils and minimal amorphous
matrix.

Compared to the ozone-alkaline sequence,
double ozonolysis provides a more uniform and
extensive  disruption because it avoids
intermediate chemical modification that may
cause lignin degradation and fibre separation [26].
Instead, continuous  oxidative  treatment
maintains high reactivity toward lignin, resulting
in greater structural breakdown, higher surface
area, and improved pore connectivity. Overall,
these morphological changes improved enzyme
accessibility and  supported higher TRS
production.

3.7. Optimization of Enzymatic Saccharification
using Design Expert® Software

3.7.1. Parameter range selection of enzymatic
saccharification

As summarized in Table 6 the parameters
investigated included reaction time (4—44 h),
biomass loading (0.2-5.0 % w/v), and temperature
(25-60 °C). The screening results identified 24 h
reaction time, 3.4 % w/v biomass loading, and 50
°C as the best preliminary conditions for enhanced
TRS production.

Table 6. Best condition parameter screening of
enzvmatic saccharification.

Independent variables =~ Range Best condition

Reaction time (h) 4-44 24
Biomass loading (% w/v) 0.2-5.0 3.4
Temperature (°C) 25-60 50

The OFAT method is an essential initial tool
for establishing parameter ranges before
optimization. Enzymatic hydrolysis efficiency
depends on substrate accessibility, enzyme
stability, and reaction kinetics. Pretreatment via
double ozonolysis lowers lignin content, thereby
increasing cellulose accessibility and cellulase
susceptibility. However, saccharification remains
sensitive to process variables like temperature
and substrate concentration [34,35]. The OFAT
parameter ranges provided a basis for later
statistical optimization using response surface
methodology (RSM).

3.7.1.1 Effect of reaction time on enzymatic
saccharification

Figure 7 shows that TRS concentration
increased from 4 h to 24 h, then increased more
slowly as the hydrolysis approached saturation.
The rapid increase at the early stage was due to
effective enzymatic hydrolysis of exposed cellulose
after double ozone pretreatment, which improved
fibre porosity and enzyme accessibility [36]. After
24 h, the reaction rate declined due to substrate
depletion and possible glucose inhibition of
cellulase activity [37].

TRS yield (%)
S R N W B WU O N B ©

o
=
5]
~
o
w
=}
B
=)

50
Time(h)

Figure 7. TRS yield versus time for double ozone
pretreated OPEFB.

6

5 4

TRS yield (%)
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[
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Figure 8. TRS yield versus biomass loading for
double ozone pretreated OPEFB.
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3.7.1.2 Effect of biomass loading on enzymatic
saccharification

Figure 8 shows that TRS production
increased with biomass loading up to 3.4 % w/v
and then decreased at higher loadings. This is
because moderate biomass loading improves
enzyme—substrate interaction, while excessive
loading increases slurry viscosity, reduces mixing,
and limits enzyme access to the substrate [38].
Therefore, 3.4 % w/v was the optimum biomass
loading for TRS production.

3.7.1.3 Effect of temperature on enzymatic
saccharification

Figure 9 shows that TRS production
increased from 25 °C to 50 °C and reached its
maximum at 50 °C. This indicates that enzymatic
saccharification was most effective at this
temperature, which is within the optimum range
for commercial cellulase activity (45-55 °C) [39].
Above 50 °C, enzyme denaturation may occur,
reducing catalytic efficiency and TRS production.
Methodology  for

3.8.  Response Surface

Optimization

After OFAT screening, FCCCD under RSM
optimized reaction time (A), biomass loading (B),
and temperature (C), influencing TRS production
as shown in Table 7. TRS yields varied, indicating
complex interactions. The highest yield occurred
at 44 h, 1.8 % w/v biomass, and 50 °C,
demonstrating synergy between enzyme exposure
and temperature. RSM effectively models
quadratic and interaction effects, making it
superior to OFAT for ES optimization.

3.9. Statistical Analysis

Table 8 shows that the quadratic model was
significant (F-value = 7.53, p = 0.003), with
temperature as the most significant factor,
followed by biomass loading and reaction time.

TRS yield (%)
L N
= w N (V)]

o
(V)]
1

0 T T T T
20 30 40 50 60

Temperature(°C)

Figure 9. TRS yield versus temperature for
double ozone pretreated OPEFB.

The non-significant lack-of-fit (p = 0.1193)
indicated a good model fit [6]. In addition, the R?
value of 0.8828 and adequate precision of 11.1846
confirmed that the model was reliable for
predicting optimum TRS production conditions
[40].

Mathematical prediction model expressed in
Equation (5):

Total Reducing Sugar Concentration

= —11.7009 + 0.692098A + (—4.0568B) +
1.71042C + (—0.147138AB) + ( —0.008827AC) +
(—0.097336BC) + 0.004551 A% + 1.34936 B2+
(—0.011472C?) (5)

3.10. Response Surface and Contour Plot Analysis

The contour and response surface plots in
Figure 10 indicate that maximum TRS production
was achieved at 44 h, 1.8% w/v biomass loading,
and 50 °C. Figure 10(a) show the interaction
between reaction time and biomass loading
reveals that TRS production increased with
prolonged reaction time, particularly at lower
biomass loading. This trend is consistent with
previous findings that extended hydrolysis time
enhances enzyme—substrate interaction, leading
to 1mproved saccharification efficiency [41]
However, at higher biomass concentrations, TRS
yield declined, likely due to increased slurry
viscosity, which restricts enzyme accessibility to
cellulose fibres.

Figure 10(b) illustrates the interaction
between biomass loading and temperature, where
the highest TRS production was observed at low
biomass loading and elevated temperature. This
suggests that although higher temperatures (~40-
45 °C) enhance enzymatic activity and substrate
solubility, excessive substrate concentration can
hinder hydrolysis efficiency due to substrate
inhibition and poor mixing conditions. Similar
observations have been reported in recent studies
on lignocellulosic biomass conversion, where
optimal substrate loading is critical to avoid
diffusion limitations and maintain effective
enzyme performance [42].

In Figure 10(c), the interaction between
reaction time and temperature demonstrates that
TRS production increased significantly at longer
reaction times and higher temperatures.
Temperature exhibited a stronger individual
effect on TRS yield, which aligns with ANOVA
results [43]. This can be attributed to enhanced
enzymatic kinetics and improved disruption of
lignocellulosic structure at elevated
temperatures, especially following oxidative
pretreatment such as ozonolysis. Ozonolysis is
known to selectively degrade lignin and increase
cellulose accessibility, thereby amplifying the
positive effect of temperature on enzymatic
saccharification.
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Table 7. The experimental results of Face-centred Central Composite Design (FCCCD).

Factor A Factor B Factor C Response
Standard A: Reaction time B: Biomass C: Temperature e S'held
Run : loading : p Actual Predicted
value value
(h) (% wiv) (0 (%)
1 14 1.8 20 17.17 15.62
2 14 4.2 20 14.81 15.34
3 44 4.2 20 19.23 20.19
4 14 1.8 50 35.68 33.88
5 44 1.8 50 42.75 41.37
6 14 4.2 50 27.44 26.59
7 44 4.2 50 22.78 23.49
8 14 3.0 35 19.82 23.49
9 44 3.0 35 29.95 29.67
10 29 1.8 35 27.31 32.04
11 29 4.2 35 24.3 22.96
12 29 3.0 20 17.51 17.58
13 29 3.0 50 25.05 28.37
14 29 3.0 35 23.8 25.56
15 29 3.0 35 26.21 25.56
16 29 3.0 35 24.42 25.56
17 29 3.0 35 27.45 25.56
18 29 3.0 35 29.45 25.56
19 29 3.0 35 28.77 25.56
Table 8. ANOVA for the quadratic model of TRS yield.
Source Sum of df Mean F-value p-value
Squares Square
Model 697..92 9 77.55 7.53 0.003 significant
A-Reaction time 64.17 1 64.17 6.23 0.034
B-Biomass loading 138.93 1 138.93 13.5 0.0051
C-Temperature 195.91 1 195.91 19.03 0.0018
AB 34.98 1 34.98 3.4 0.0984
AC 19.67 1 19.67 1.91 0.2002
BC 15.31 1 15.31 1.49 0.2537
A? 2.81 1 2.81 0.2726 0.6142
B? 10.11 1 10.11 0.9817 0.3477
C? 17.83 1 17.83 1.73 0.2207
Residual 92.64 9 10.29
Lack of Fit 66.4 4 16.60 3.16 0.1193 Dot
significant
Pure Error 26.24 5 5.25
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Among the studied variables, biomass loading
and temperature showed the strongest
interaction, as indicated by the elliptical contour
pattern. This interaction highlights the balance
required between substrate availability and

process conditions to optimise hydrolysis
efficiency. Overall, these findings confirm that
TRS production is governed by the synergistic
effects of process variables, where optimal
temperature and controlled biomass loading are
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Figure 10. 3D Response Surfaces and contour plots of TRS production using fixed parameters at incubator
speed of 200 rpm, an enzyme activity of 70 U/g, and a sodium acetate buffer of pH of 4.8.
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essential for maximising enzymatic
saccharification of double-stage ozone-pretreated
OPEFB. These results are in agreement with
recent optimisation studies emphasizing the
importance of integrating physicochemical
pretreatment  with  controlled  hydrolysis
parameters to achieve high sugar yields.

3.11. Experimental Validation of Optimized
Conditions

The validation experiment was run at a
randomised point, as shown in Table 9. A
prediction error below 15% is generally considered
acceptable and indicative of a reliable model with
good  predictive capability for  process
optimization.

3.12. Comparison with Untreated and Pretreated
OPEFB

Experiments conducted under optimized
conditions demonstrated clear differences in TRS
yields among the various pretreatment strategies,
as illustrated in Figure 11. The raw OPEFB
exhibited a very low TRS yield (~3-4%),
confirming the inherent recalcitrance of
lignocellulosic biomass due to the rigid lignin—
carbohydrate complex that limits enzyme
accessibility. This observation is consistent with
recent findings that highlight lignin as a major
barrier to enzymatic saccharification due to non-
productive enzyme adsorption and structural

Raw A-P S-Oz Oz-Ap D-Oz a-cell

Samples
Figure 11. TRS yield under optimized conditions

(44 h, 1.8% (w/v) biomass loading, and 50 °C) for
raw, A-P, S-Oz, Oz-Ap, D-Oz and a-cell samples.

resistance [45].

Among the single-step pretreatments,
alkaline-pretreated (A-P) and single ozonolysis (S-
0z) samples achieved moderate TRS yields (~25%
and ~20%, respectively). The  alkaline
pretreatment  likely  enhanced  enzymatic
hydrolysis through partial lignin solubilization
and hemicellulose removal, thereby increasing
cellulose accessibility. However, its effectiveness
is often limited by incomplete delignification and
possible carbohydrate degradation. Similarly,
single-step ozonolysis improved TRS yield via
selective oxidative cleavage of lignin aromatic
structures, but the extent of lignin disruption

remained insufficient for maximum
saccharification  efficiency. Recent studies
[18,19,30] have shown that oxidative

pretreatment such as ozonation improve cellulose
digestibility primarily by reducing lignin content
and decreasing enzyme inhibition, although
single-stage processes may not fully eliminate
lignin recalcitrance.

A further increase in TRS yield was observed
for the combined pretreatment (Oz-Ap), indicating
a synergistic effect between ozonolysis and
alkaline treatment. This improvement can be
attributed to enhanced lignin fragmentation and
increased porosity, which facilitates enzyme
penetration and substrate accessibility. Similar
synergistic pretreatment strategies have been
reported to significantly enhance enzymatic
hydrolysis efficiency by modifying lignin structure
and reducing enzyme-binding inhibition.

Notably, the highest TRS yield (42.75%) was
obtained from double ozonolysis (D-Oz), as shown
in Figure 11, demonstrating its superior
effectiveness compared to both single-step and
combined  pretreatments. The enhanced
performance of D-Oz can be attributed to double
oxidative delignification, which leads to more
extensive lignin degradation, increased surface
area, and 1improved cellulose exposure.
Furthermore, ozone-induced structural
modifications increase electrostatic repulsion
between lignin and enzymes, further improving
hydrolysis performance.

Interestingly, the TRS yield of D-Oz-treated
OPEFB exceeded that of a-cellulose (~24%),
suggesting that optimized pretreatment not only
removes lignin but also induces favourable

Table 9. Validation experiment for optimization of TRS yield.

Parameter Conditions

Reaction Time(h) 44

Biomass Loading (% w/v) 1.8

Temperature (°C) 20

Response Predicted value (%) Actual value (%) % Error
TRS yield 31.06 26.41 14.98
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structural changes such as reduced crystallinity
and increased amorphous regions, which enhance
enzyme accessibility. This observation aligns with
recent reports indicating that effective oxidative
pretreatment can outperform untreated or even
purified cellulose in enzymatic hydrolysis due to
improved substrate—enzyme interactions.

Overall, the results clearly demonstrate that
while alkaline and single ozonolysis
pretreatments improve saccharification efficiency,
double ozonolysis provides a significantly
enhanced effect. This confirms that extensive
delignification achieved through double ozonolysis
enhanced cellulose accessibility and enzymatic
digestibility. Ozonolysis selectively degrades
lignin aromatic structures without damaging
cellulose backbone, thereby improving
saccharification [46].

3.13. Kinetic Mechanism and Enhanced
Enzymatic Behaviour of Ozone Pretreated
OPEFB

The Lineweaver—Burk plots in Figure 12 (a-c)
were used to determine Kkinetic parameters
summarized in Table 10. The Michaelis—Menten
kinetic analysis showed that ozonolysis
pretreatment improved cellulase affinity toward
OPEFB. The K,, value decreased markedly from
175.71 mg/mL for raw OPEFB to 32.38 mg/mL for
single-ozone and 9.01 mg/mL for double ozone,
indicating much stronger enzyme—substrate
affinity after pretreatment [44,45]. This confirms
that ozonolysis enhanced cellulose accessibility
through lignin removal and increased exposed
surface area. In contrast, Vmax decreased from
0.005 mg/mL'min in raw OPEFB to 0.004

Table 10. Apparent kinetic parameters for raw, single-ozone and double-ozone pretreated OPEFB.

Parameter D-Oz S-Oz Raw
Michaelis constant (K,,,) (mg/mL) 9.01 32.38 175.71
Limiting velocity (V,ay)(mg/mL.min) 0.002 0.004 0.005
(a) 2500 (b) 6000
i y =9208.3x +284.42
5000 4  ¥=3655.3x+405.71 5000 -
) R*=0.9913 b R®=0.9854
£ £ 4000 +
= 1500 =
£ E 3000 -
E 1000 - E 2000
500 1 1000
0 . . 0 , .
0.0 0.2 0.4 0.6 0.0 0.2 04 0.6
1/5(ml/mg) 1/5(ml/mg)
(c)
2500
y = 32607x + 185.57
__ 2000 R?=0.9818
[+Th]
£
< 1500 -
£
E 1000 +
S
500 -
O T T
0 0.02 0.04 0.06
1/5(ml/mg)

Figure 12. Lineweaver-Burk plot for (a) double-ozone pretreated OPEFB, (b) single-ozone pretreated
OPEFB and (c) untreated OPEFB.
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mg/mL ‘min in single-ozone and 0.002 mg/mL ‘min
in double ozone, suggesting that structural
modifications of the biomass influenced the
maximum catalytic rate. Overall, the lower K,
values, especially for double ozone pretreatment,
confirmed improved enzymatic saccharification
efficiency for TRS production.

The schematic in Figure 13 illustrates the
mechanisms of double-stage ozonolysis integrated
with intermediate alkaline swelling followed by
enzymatic saccharification for the valorization of
OPEFB. Cellulose is a structural polysaccharide
and a complex carbohydrate composed of long,
linear chains of B-1,4-linked D-glucose units,
typically ranging from several hundred to several
thousand monomers. It serves as the primary
structural component of plant cell walls,
imparting rigidity and mechanical strength to
plant tissues. The process begins with raw
OPEFB, in which cellulose fibrils are embedded
within a complex lignin—hemicellulose matrix
that restricts enzyme accessibility. During the
first ozonolysis stage, ozone (O3) selectively
attacks the aromatic structures of lignin, leading
to partial lignin depolymerization and disruption
of the LCC. This is followed by alkaline swelling,
which solubilizes residual lignin, removes part of
the hemicellulose fraction, and induces fibre
swelling, thereby increasing internal surface area
and porosity. The subsequent second ozonolysis
stage further enhances lignin degradation and
promotes  greater exposure of cellulose
microfibrils, resulting in a more accessible and
less recalcitrant structure. The enhanced

substrate is then subjected to enzymatic
saccharification, involving a synergistic enzyme
system consisting of exoglucanase (C) (specifically
cellobiohydrolase), B-glucosidases (B), and
endoglucanase (E). Endoglucanase targets
amorphous regions of cellulose fibrils, attacking
mid- chain bonds to break the cellulose into
shorter cellodextrin chains. This step creates new
reducing and nonreducing ends upon which
cellobiohydrolase liberates some glucose units but
primarily breaks cellulose down into cellobiose or
longer oligosaccharides. Finally, B-glucosidase
catalyzes end-chain hydrolysis of glycosidic bonds,
extracting  glucose from  cellobiose and
cellodextrin[46].

Overall, the combined pretreatment strategy
significantly improves enzyme accessibility and
catalytic efficiency, leading to enhanced
conversion of lignocellulosic biomass into
fermentable sugars, as enzyme adsorption and
catalytic efficiency are strongly dependent on
substrate surface area and porosity. This
integrated mechanism highlights the
effectiveness of process intensification in
overcoming biomass recalcitrance and improving
saccharification performance [23,47—49].

4. Conclusion

This study demonstrated that double-stage
ozonolysis pretreatment significantly enhanced
the enzymatic saccharification of OPEFB by
improving cellulose accessibility (up to 79 wt%)
and reducing structural recalcitrance. Sequential
ozonolysis effectively disrupts lignin through

Raw OPEFB

Native lignocellulosic

1st Ozonolysis

Lignin cleavage Lignin dissolution,

structure with lignin and partial
encasing cellulose and disruption.

hemicellulose. increase porosity.

Alkaline Swelling

hemicellulose removal,

and structure swelling

@ Cellose @@ Hemicelllose /N2 Lignin  @AJ Ozone (0) @ NaOH @ Cellobiohydrolase @ Endoglucanase G B-glucosidase

2" Ozonolysis Enhanced Enzyme  Enzymatic Hydrolysis
Further lignin removal Accessibility Cellulose and
and cellulose More exposed cellulose hemicellulose
exposure, and accessible sites for converted to

enzymatic attack. fermentable sugars.

Figure 13. Schematic mechanisms of double-stage ozonolysis and alkaline swelling pretreatments of
OPEFB, illustrating enhanced lignin removal, increased cellulose accessibility, and improved enzymatic

conversion to fermentable sugars.
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oxidative cleavage of aromatic structures, leading
to increased porosity and exposure of cellulose
fibres, thereby facilitating enzyme penetration
and saccharification. Process optimisation using
RSM identified optimal conditions of enzymatic
saccharification of 44 h reaction time, 1.8% (w/v)
biomass loading, and 50 °C achieving a maximum
TRS yield of 42.75% with good model
predictability (R? = 0.88). Temperature was found
to be the most influential factor affecting
saccharification efficiency, followed by biomass
loading and reaction time. Kinetic analysis
revealed a substantial reduction in the Michaelis—
Menten constant (K.,) from 175.71 to 9.01 mg/mL,
indicating enhanced enzyme—substrate affinity
due to improved lignin removal and reduced non-
productive enzyme binding. The double-stage
ozonolysis approach provides more effective and
uniform delignification compared to conventional
methods, leading to 1improved hydrolysis
performance. Overall, this study establishes
double-stage ozonolysis as a robust and efficient
pretreatment strategy for enhancing biomass-to-
sugar conversion, with strong potential for
sustainable biorefinery applications.
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