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Abstract

Harsh acid hydrolysis is a conventional method for producing nanocrystalline cellulose (CNC), but a more
environmentally friendly alternative should be developed. Therefore, this study aimed to investigate the performance of
the combined hydrolysis method in the CNC isolation process to improve yield, crystallinity index, and particle size. The
conditions of the combined hydrolysis process were examined, specifically the concentration of endoglucanase enzyme
(Endo-1,4-B-glucanase (EC. 3.2.1.4)) and the duration of enzymatic hydrolysis. Endoglucanase enzyme concentration
was 20 - 100 pL, and hydrolysis time was 12 - 60 h. The results showed that the combined hydrolysis method using
enzyme and acid significantly affected the increase in crystalline yield, crystallinity index, and reduced the average crystal
size. This process started with cellulose hydrolysis using endoglucanase enzyme with a concentration of 40 pL for 24 h,
followed by sulfuric-acid hydrolysis at a concentration of 20% at 40 °C for 30 min. The method produced the highest
crystalline yield of 99.10%, crystallinity index 78.13%, average crystal size 20.94 nm, and average particle size of 64.01
nm. FTIR analysis showed that the combined hydrolysis process does not affect the crystalline structure of cellulose,
while SEM studies showed a more open and fibrillated appearance because of efficient removal of amorphous areas.
Overall, combined enzymatic-chemical hydrolysis produced CNC with high crystallinity, high yield, and smaller particle
size, indicating its potential as a biopolymer for food packaging applications.
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Cellulose is a naturally abundant biobased
material with potential for industrial applications. This
material is derived from lignocellulosic components,
such as oil palm empty fruit bunches (OPEFB). Previous
studies have reported that OPEFB consists of 39% -
50% cellulose [1,2]. The use of cellulose leads to
biopolymer-based nanocomposites, namely cellulose
nanomaterial (CN) or nanocrystalline cellulose (CNC),
with the development of characteristics [3]. Currently,
CNC is gaining significant attention as a filler for
several nanocomposites, with potential for application
in several sectors. These include food [4], medicine [5],

as a membrane of filtration systems, nanofiller in

protective coatings, electronic devices, pulp and paper,
reinforcement, and other special function additions in
manufacturing [6].

Nanocrystalline cellulose is a spindle-shaped
nanoparticle with a high degree of crystallinity obtained
through acid hydrolysis of cellulosic biomass [7]. It has
a length varying between 100 and 500 nm and a
crystallinity index ranging from 65% to 80% [8,9]. The
production of CNC is mainly obtained through chemical
method using acid to remove amorphous areas of
cellulose and increase crystallinity index. Several
methods have been developed to produce CNC, which
include acid hydrolysis (sulfuric acid) [10], chloric acid
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(HCI) [8], a combination of physical and
chemical methods [11], enzymatic hydrolysis [12-14],
subcritical water hydrolysis, and oxidation using
(2,2,6,6-tetramethylpiperidin-1-oxyl) (TEMPO) [15].
Among these methods, chemical hydrolysis using
sulfuric acid is commonly used in various applications.

A previous study reported that acid hydrolysis
using sulfuric acid on pistachio shells produces CNC
with 50 + 14% and a crystallinity index of 66% [9]. With
60% Sulfuric acid (H2SOs) at 45 °C for 45 min, CNC
from cucumber peel had a crystallinity index of 74.1%
and a yield of 65.55% [16]. Cellulose from apple
pomace with an H,SO4 concentration of 45% produced
CNC with a crystallinity index of 78% [17]. Sugarcane
bagasse (SCB) with a solution of H>SO4 (64 %w/w),
1:10 g/mL (cellulose: Dilute H,SOy4) at a temperature of
45 °C for 60 min, produced CNC with a crystallinity
index of 72.5% [10]. Acid hydrolysis can produce small
CNC (< 100 nm) with good suspension stability due to
the formation of sulfate groups on the particle surface
[9,18]. However, this acid method has disadvantages,
namely a decrease in the crystallinity index due to
excessive cellulose degradation, corrosive properties
towards equipment, and a significant environmental
impact due to acid residues and high-water requirements
at the neutralization stage [19,20].

In addition to acid hydrolysis, enzymatic
hydrolysis is also a promising method. In enzymatic
hydrolysis, various enzymes such as complex cellulase,
exoglucanase, and endoglucanase have been used [21].
Enzyme concentration and hydrolysis time are
important factors that determine the yield and
crystallinity index of CNC. Several studies have
reported that the use of endoglucanase in cellulose
hydrolysis at a concentration of 300 pL for 72 h resulted
in a crystallinity index of 63.95% [22]. The use of
enzymes (20 mg protein/g solid) produced a crystalline
cellulose yield 24.60% with a crystallinity index 78.30%
[23]. Enzymatic hydrolysis using endoglucanase occurs
under mild conditions (+ 50 °C, pH 5) [24]. In this study,
endoglucanase enzyme was used because it is selective
towards the amorphous region of cellulose, thereby
preserving the crystalline structure and producing CNC
with a relatively high crystallinity index [21,25].
However, the resulting particle size from enzymatic
hydrolysis tends to be larger, and the suspension
stability is low [13,25]. Therefore, a combined

enzymatic-chemical hydrolysis method was developed
to get the advantages of both methods and allow the use
of sulfuric acid at lower concentrations.

The combined method is conducted through
enzymatic hydrolysis using endoglucanase enzyme,
followed by acid hydrolysis using sulfuric acid. This
study hypothesizes that the endoglucanase enzyme
hydrolyzes the binding of B-1, 4 cellulose glycoside on
the amorphous part, causing the amorphous part to
become more open. Under mild conditions, acid
hydrolysis will further hydrolyze the amorphous part,
causing increased CNC yield, high crystallinity index,
and low particle size.

Materials and methods

Material

Oil palm empty fruit bunches were obtained from
oil palm plantation in Central Kalimantan, Indonesia.
The procedures of previous studies were applied to
obtain OPEFB cellulose through a pretreatment process
using 10% NaOH and 1.4% NaClO, [1]. The chemicals,
including. NaOH (Merck-German), phosphate buffer of
pH 5, sulphuric acid (H»SO4, 98 %w/w), and
endoglucanase enzyme (endo-1,4-B-glucanase (EC
3.2.1.4)) were obtained from Sigma-Aldrich Pte., Ltd
(USA).

Hydrolysis process using a combination of
enzymatic and acid methods

The combined hydrolysis method for the
production of CNC was carried out in two stages
according to literature [26]. These included enzymatic
hydrolysis using the endoglucanase enzyme (endo-1,4-
B-glucanase (EC 3.2.1.4)), followed by acid hydrolysis
with sulfuric acid. Specifically, enzymatic hydrolysis
was conducted at 50 °C using a water bath shaker.
Variations in the concentration of endoglucanase
enzyme were used to determine the best. The
concentration of enzyme added was in the range of 20 -
100 pL/g OPEFB or equivalent to 10 - 50 mg protein/g
OPEFB cellulose sample. The enzyme was dissolved in
30 mL of pH 5 phosphate buffer before being mixed
with one gram of OPEFB cellulose in a 50-mL falcon
tube. In line with yield and crystallinity index, the best
enzyme concentration of 40 pL/g OPEFB was
determined and used to evaluate hydrolysis time from

12 to 60 h. The enzymatic hydrolysis reaction was
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stopped by heating the sample solution in a falcon tube
in water at 100 °C for 10 min to inactivate the enzyme
[25]. After cessation, the solution was centrifuged for 15
min, followed by natant separation for acid hydrolysis.
Based on the same parameters, the best hydrolysis time
of 24 h was selected. Each process was followed by acid
hydrolysis using sulfuric acid with a concentration of
20% at 40 °C for 30 min, obtained through preliminary
acid hydrolysis experiments. The solid residue from
enzymatic hydrolysis was put into a baker’s glass and
added to 20 mL of sulfuric acid. The hydrolysis process
was stopped by adding 200 mL of cold distilled water,
followed by centrifugation for 15 min to separate the
natant and supernatant. The neutralization process used
cold distilled water (1:10 v/v) [15]. Subsequently,
centrifugation was repeated 4 - 5 times until a pH of 5
was reached. The final solid residue was dried at 60 °C
for 24 h to obtain a dry crystalline cellulose.

Analysis

Crystallinity index (Crl)

Crystallinity index was determined using X-ray
diffraction (XRD) (XPERT-PRO D8 Bruker, Germany)
at the integrated laboratory of the Islamic University of
Indonesia, Yogyakarta. The analysis and instrument
conditions were set at a wavelength of 1.540°A (CuKa
radiation), with a scanning speed of 2° per second and a
range of 20 =2° - 80°. Crystallinity index was calculated
using Eq. (1).

crl = [(1002 - 1’:—0";)] x 100 (1)

In this equation, loo> was the highest intensity peak
at 20 = 22° - 23° of the crystalline fraction, and I,m was
the low intensity peak around 26 = 18° of the amorphous

region [27].

Crystallite size

Crystallite size was estimated from the (110),
(110), and (200) lattice planes of cellulose, calculated
using Scherrer equation [28].

Crystallite size (D)[nm] = 5 ;'Close 2)

In this equation, D was the crystal size in the
direction normal to the family of lattice planes, K was

the Scherrer’s constant (0.94 for equatorial reflection of
rod-like or needle-like crystallites), A was the
wavelength of the radiation (1.54056 A°), B "> was the
full width (in radians) at half maximum intensity
(FWHM) of the same peak (002), and 6 was the bragg
angle [29,30].

Yield of crystalline cellulose
The yield of crystalline cellulose was calculated
using Eq. (3).
=B

Yield of crystalline cellulose = 7 X 100% 3)

In this equation, A was the amount of crystalline
cellulose of OPEFB before hydrolysis, and B was the

amount of crystalline cellulose after hydrolysis process.

Color of crystalline cellulose

Color testing was measured using a Chroma meter
(Minolta, CR-400, Tokyo, Japan). Parameters of color
observed were L: Light, a*: Green-red, and b*: Blue-

yellow. Whitening index (WI) was calculated with Eq.
@ [17].

WI (%) = 100 — /(100 — L)2+ a2+ b* @)

Fourier Transmission Infra-Red spectroscopy
(FTIR)

Fourier Transmission Infra-Red Spectroscopy
method was analyzed using cellulose and crystalline
cellulose functional groups (Perkin Elmer Spectrum IR
10.7.2, USA). Specifically, the analysis was conducted
in the integrated laboratory of the Islamic University of
Indonesia, Yogyakarta. OPEFB crystalline cellulose
samples without KBr were in powder form, and FTIR
spectroscopy was generated by scanning at various

transmission wavelengths of 450 - 4,000 cm™' [31].

Scanning electron microscope (SEM)

Images of crystalline cellulose were obtained
using a JEOL SEM (JSM-6510LA, JEOL, Japan).
Analysis was conducted in the integrated study and
testing laboratory of Universitas Gadjah Mada,
Indonesia. Initially, crystalline cellulose was coated
with a very thin layer of gold in a JEC-3000FC sputter
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coater to obtain a conductive surface, and images were
acquired at 10 to 15 kV [4,32].

Results and discussion

Effect of enzyme concentration and hydrolysis
time on hydrolysis process

Crystalline cellulose yield from the combined
OPEFB cellulose hydrolysis method using 20 - 100 uL.
enzyme concentration conditioned at 50 °C for 24 h is
presented in Figure 1. Based on the results, yield ranged
from 88.66% to 98.75%. The highest yield and
crystallinity index of 98.75% and 79.47% were achieved
by combining hydrolysis method using an
endoglucanase enzyme concentration of 40 pulL.
Meanwhile, the lowest crystalline cellulose yield and
crystallinity index of 88.66% and 71.39% were obtained
at 100 pL. Different concentrations of endoglucanase
enzyme affected the yield and crystallinity index of
crystalline cellulose. The results showed that high
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Crystalline Yield (%)

concentrations of endoglucanase enzyme caused a
decrease in the yield and crystallinity index of
crystalline cellulose. Endoglucanase is a multi-domain
with catalytic sites that randomly cut B-1,4-glycosidic
bonds in polysaccharide chains, especially in
amorphous regions, thereby increasing fibril structure
openness and relative crystalline fraction [33,34]
However, at very high enzyme concentrations,
endoglucanase with multiple catalytic domains causes
less selective hydrolysis and has the potential to attack
semi-crystalline to crystalline regions, thereby reducing
the crystallinity index and yield due to excessive
hydrolysis [35]. According to Beltramino ef al. [32], the
use of cellulase enzyme at a dose of 10 U/g in hydrolysis
could increase yield of crystalline cellulose by
approximately 12%. Using 100 pL of endoglucanase
enzyme (84 EGU/200 mg recycled pulp), CNC was
obtained with a yield of 38.24% [12].

95.06

20 40

91.41 88.66
76.60
73.22 1.39
60 80 100

Enzyme Concentration (pL)

OYield Crystalline (%)

M Crystallinity index(%)

Figure 1 Effect of enzyme concentration on the combined hydrolysis method.

The results in Table 1 showed yield of crystalline
cellulose, which ranged from 95.18% to 99.27%.
Statistical results showed that there was a significant
difference in the extension of enzyme hydrolysis
treatment time with the combined method. The highest
yield of 99.27% was obtained at 36 h of enzyme
hydrolysis time, which was not significantly different
from 24 h at 99.10%. Meanwhile, the highest

crystallinity index value of 78.89% was obtained at 36
h. The lowest yield and crystallinity index were 95.18%
and 76.12% at 60 h of hydrolysis time. The results
showed that the combined hydrolysis method increased
the crystalline yield and crystallinity index. However,
the control treatment using only acid hydrolysis method
had yield of 93.53% and a crystallinity index value of
73.36%. The use of enzymatic hydrolysis had yield of
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88.69% and a crystallinity index value of 71.44%, which
were lower than the combined method.

The main change in material rheology during the
initial 4 - 6 h of enzymatic hydrolysis is a reduction in

fiber size due to enzyme action in fiber swelling,

erosion, and exfoliation [25]. Furthermore, the
combined method affected the size of cellulose
crystalline diameter, which ranged from 20.94 to 22.83
nm. This value was smaller than the crystalline diameter
of acid hydrolysis.

Table 1 Effect of enzyme concentration and enzymatic time on the combined hydrolysis method.

Origin of cellulose Crystalline yield (%)

Crystallinity index (%)  Average crystalline size (nm)

Enzyme Concentration (uL)
*

20 93.51 £ 0.39%¢ 74.43 19.54 £7.782

40 98.75 £ 0.49¢ 79.47 22.30 +5.55?

60 95.06 + 1.85°¢ 76.60 20.34 £ 4.842

80 91.41+0.61° 73.22 19.77 + 6.55?

100 88.66 +0.76* 71.39 19.25 + 6.95?
Hydrolysis time (Hours) *

12 96.53 + 0.58¢¢ 76.12 21.41+5.14°

24 99.10 + 1.36¢ 78.13 20.94 + 6.45?

36 99.27 £ 0.66¢ 78.89 22.09 + 3.85?

48 95.47 £ 0.85%¢ 76.15 21.40 +£5.852

60 95.18 & 1.43b¢ 76.12 22.83 +£4.27?

Acid Hydrolysis** 93.53 +£1.84° 73.36 55.63 +£38.75P

Enzymatic Hydrolysis** 88.69 +0.79% 71.44 19.31 £6.33*

Cellulose from OPEFB - 69.35 -

Note: Different notations show a significant difference.

* The sample was hydrolyzed using combined method (endoglucanase enzyme with a concentration of 20 - 100 uL.

at 12 - 60 h, then continued with acid hydrolysis through 20% sulfuric acid, a temperature of 40 °C, and a time of 30 min).

** control: Acid hydrolysis using 20% sulfuric acid & enzymatic hydrolysis using 40 uL endoglucanase enzyme at

24 h.

The synergy between enzyme concentration and
hydrolysis time arises from both factors that controlling
the selective hydrolysis of amorphous cellulose while
maintaining the crystalline region. At optimal enzyme
concentrations, endoglucanase attacks mainly the 3-1,4-
glycosidic bonds in the amorphous sites. At the right
hydrolysis time, this process slowly opens the fibrillar
structure, exposing more cellulose without significant
damage to the crystalline phase [14,33]. Too high
enzyme concentrations or prolonged hydrolysis times
can cause over-hydrolysis and partial degradation of the
crystalline regions, resulting in low yields and
degradation of crystallinity [36]. On the contrary,
insufficient enzyme content or too short hydrolysis time

lead to incomplete elimination of the amorphous
portion.

Previous studies reported that CNC from pistachio
shells had a yield of 50 + 14% and a crystallinity index
of 66% with acid hydrolysis process using sulfuric acid
[9]. Acid hydrolysis (60 wt% H»SO4) at 45 °C for 45 min
of cucumber peel showed rod-like shape with high
crystallinity index (74.1%) and yield of 65.55% [16].
Based on cellulose from apple pomace with 45% H>SO4
(97%) at 50 °C for 45 min, CNC has a crystallinity index
of 78% [17]. SCB with H>SOy solution (64 %(w/w),
1:10 g/mL (cellulose: Dilute H,SO4) at 45 °C for 60 min
under CNC had a higher crystallinity index (72.5%)
[10]. Enzymatic hydrolysis (17.5 %w/w total solids,
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12.5 mg/g enzyme concentration for 72 h at 50 °C) had
also been used in the isolation of crystalline cellulose
from SCB, showing a yield of 83% and an increased
crystallinity index [25]. CNC synthesis from lemongrass
using cellulase hydrolysis had a crystallinity index of
64.78% [5]. Based on these results, the recommended
combination method for OPEFB CNC production was
endoglucanase enzyme hydrolysis with a concentration
of 40 pL/g sample, at 50 °C, for 24 h, followed by acid
hydrolysis using 20% sulfuric acid at 40 °C and 30 min.

Characteristics of CNC from OPEFB

XRD

Crystallinity index of raw OPEFB, cellulosic
OPEFB, alongside CNC enzymatic hydrolysis, acid
hydrolysis, and the combined method can be obtained
from XRD analysis. Figure 2 shows XRD spectroscopy
for CNC obtained from various methods and the

reference of raw OPEFB. Based on the results, the peaks
at 20: 34.84°, 22.69° and 15.99° represented crystalline
cellulose. The peaks of crystalline cellulose showed
characteristic peaks in the 004, 200, and 110 planes,
respectively. These showed the characteristics of type I
cellulose crystal structure with crystalline cellulose
domains indicated by sharp diffraction peaks around 16°
and 22.5° [10]. Crystallinity index obtained using the
combined method was 78.13%, which was higher
compared to enzymatic (71.44%) or acid hydrolysis
(73.36%). This is indicated by XRD graph, where
crystalline parts have narrow and sharp diffraction
peaks, while the amorphous parts show broad peaks. In
line with the results, the combined method produced
high crystallinity, which was important in determining
the barrier and mechanical properties (strength,
stiffness, rigidity) of CNC reinforcement as fillers in
biopolymer composites for industrial applications [3].

34.84°
o ——

% (CNCs Metd. Combination)
~ % (CNCs Metd. Chem)
% (CNCs Metd. Enzymatis)
% (U1 Cellulose OPEFB)
% (Raw OPEFB)

et

Intensity (a.u)

10 20 30
2Theta (0)

40 50 60

Figure 2 X-ray diffractogram of raw OPEFB, OPEFB cellulose, CNC Enzymatic, Acid, and the Combined Method.

Crystalline size of CNC was calculated using
Scherrer equation. Based on the results, CNC produced
by the combined method ranged from 19.25 to 22.83
nm, which was smaller than the average value of 55.63
nm obtained using acid method. Enzymatic hydrolysis
produced CNC with a more uniform average crystal size
compared to acid hydrolysis because of more
controllable enzyme action on cellulose [25].

The combined enzymatic-chemical hydrolysis
process utilizes 2 mechanisms to enhance the

degradation of the amorphous portion of cellulose.
Endoglucanase enzymes selectively cleave B-(1—4)-
glycosidic bonds in the middle of glucan chains in the
amorphous region, thereby reducing molecular weight,
opening the fibril structure, and increasing accessibility
to acid hydrolysis [33]. In addition, non-specific sulfuric
acid continues to randomly cleave glycosidic bonds,
particulary in more vulnerable amorphous regions,

resulting in more efficient CNC isolation [10].
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FTIR

Figure 3 and Table 2 show the verification results
of crystalline cellulose through FTIR analysis in this
study and references. Based on the results, FTIR
spectroscopy of all cellulose showed similar
transmittance peaks around 3,400, 2,900, 1,345, 1,045
cm!, which correspond to type I cellulose [11]. The
wavelengths showed the functional groups of cellulose,
including C = O stretch at 1,032 cm™, -O-pyranose at
1,324 - 1,634 cm™!, CHs stretch at 2,904 cm™', and OH
functional group at 3,330 cm™!. The transmittance peaks
observed in the range of 1,032 - 1,160 cm™! were
attributed to C = O stretching and C-H rocking
vibrations of the pyranose ring skeleton. The peaks
observed within 1,324 and 1,634 cm™' in all
spectroscopy were attributed to symmetrical bending of
CH; and bending vibrations of C—H and C = O groups
of aromatic rings in polysaccharides [11]. The broad

! was associated

transmittance band around 3,330 cm™
with bending and stretching vibrations of OH functional
groups, intra- and inter-molecular hydrogen bonds,
showing type I lattices of crystalline domains in all

samples [8]. Furthermore, there was a slight change in

peak intensity associated with an increase in the number
of OH groups for CNC.

The peak range of 890 cm™' band corresponded to
B-glycosidic linkages between glucose units of cellulose
[15]. Glycosidic linkages show cellulose structure,
which connects the anomeric carbon atoms of
saccharides to produce polysaccharides [5]. FTIR
analysis also confirmed that acid hydrolysis, enzymatic
hydrolysis, and the combined method in CNC
production did not affect the basic structure of cellulose
in cellulose microfibers and CNCs.

Acid hydrolysis produced sulfate groups at a peak
around 1,205 cm™' [37], which could be bound to the
CNC surface. In line with the results, there was an
increase in peak intensity on CNC using acid hydrolysis,
although the combined method was synergistic [32].
Generally, enzymatic hydrolysis can release the
amorphous part of cellulose, as shown by a slight
decrease in peaks at 890 and 2,900 cm™. This converts
carbonyl groups to carboxyl, as shown by a reduction in
peaks at 1,324 - 1,634 cm™, thereby increasing the
accessibility of the cellulose crystalline surface to be

hydrolyzed in the next process using sulfuric acid.

Transmittance %

% (CNC Combination)
% (CNC Acid Metd)

% (CNC Enzyme Metd)
% (Cellulose OPEFB)
% (Raw OPEFB)

4000 3500 3000 2500 2000 1500 1000 500

Wave

number A (cm-1)

Figure 3 FTIR of EFB cellulose, crystalline cellulose after enzyme hydrolysis, and crystalline cellulose after combined

hydrolysis.
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Table 2 Wavelength spectroscopy of functional groups in cellulose obtained in this study and references.

. . Reference [11] Reference [17] This work
Functional groups in cellulose
(em™) (em™) (em™)

C=0 stretching and C—H rocking vibrations of 1,045 - 1,160 - 1,032
the pyranose ring skeleton
C=0 stretches the acetyl and carbonyl groups 1,345 1,037 - 1,462 1,324 - 1,634
-O- pyranose rings stretch in cellulose
CHj; stretches in cellulose molecules 2,900 2,942 - 2,886 2,904
OH intramolecular hydrogen bonds in cellulose 3,400 3,369 3,330
CH deformation of cellulose 898 - 550 - 890

Morphology of CNC

The changes in the morphological structure of
OPEFB fibers after hydrolysis are shown in Figure 4.
Based on the results, OPEFB pulp fiber raw material
showed smooth surface and an intact fiber structure with
a large size (Figure 4(A)). Specifically, Figure 4(B)
showed cellulose isolated from OPEFB through alkaline
pretreatment process. Most of the cellulose fibers were
separated from the lignocellulose components, although
some structures were only open. (Figures 4(C) - 4(E))
showed crystalline cellulose after acid hydrolysis using
sulfuric acid, enzymatic hydrolysis using endoglucanase
enzyme, and the combined method. Based on the
morphological appearance of the SEM results, there has
been a change in fiber structure and cellulose fiber size
after hydrolysis process.

The fiber-fiber structure in crystalline cellulose
was separated and opened after hydrolysis, as shown in
Figures 4(C) - 4(D). Acid hydrolysis process can
release hydronium ions for hydrolytic cleavage or

cutting of glycosidic bonds in cellulose molecules at
amorphous parts along cellulose fibers [38]. The
endoglucanase enzyme used in the cellulose hydrolysis
process can randomly cut B-1,4 glycosidic bonds in
cellulose polysaccharide chains to attack and degrade
amorphous parts on the fiber surface and between
microfibrils. This condition increases the exposed
crystal surface and causes swelling of cellulose fiber
[34]. As shown in Figure 4(E), the combined method is
synergistic, generating crystalline cellulose fiber
structure separated from the microfibril bundles and
producing more small fibers compared to enzymatic
hydrolysis. The endoglucanase enzyme selectively
attacks the amorphous part between the crystalline
[3] the
disintegration of fiber structure, thereby reducing fiber

cellulose  microfibrils and facilitates

size. The amorphous part of cellulose is easier to
hydrolyze, located on the surface and between the
microfibrils [14].

Figure 4 SEM images of (A). OPEFB; (B). OPEFB cellulose; (C). Crystalline cellulose acid hydrolysis method: (D).
Crystalline cellulose enzymatic hydrolysis method; (E). Crystalline cellulose combined hydrolysis method.
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Particle size of CNC OPEFB

Characterization of the particle size distribution of
CNC was carried out using PSA. The results presented
in Figure S and Table 3 showed that CNC produced
from acid hydrolysis process had an average particle
size of 90.88 nm, ranging from 65.67 to 120.10 nm.
CNC from the combined method had a smaller average
particle size of 64.01 nm, ranging from 53.80 to 73.63
nm. The combined method was more effective in
reducing particle size compared to the acid method. The
polydispersity index (PI) value of CNC produced by the
acid hydrolysis had an average of 0.74, while the
combined method was 0.71. A smaller PI value shows a
more uniform particle size distribution.

The PI value of CNC produced by the combined
hydrolysis method is relatively lower than acid

40

30 H

Number (Percent)

10 316

hydrolysis, showing a relatively more uniform particle
distribution. In comparison, the literature indicated that
CNC isolated through acid hydrolysis process (60%
H>S04) at 45 °C for 45 min showed an average particle
size of 309.8 £ 273.16 nm and a PI of 0.726 [16].
Meanwhile, CNC obtained by hydrolysis process using
50% sulfuric acid at 40 °C for 10 min showed an average
diameter of 196.7 nm [39]. This showed that the
combined method could reduce the average particle size
of CNC to less than 100 nm. The hydrolysis process on
cellulose promotes the depolymerization of cellulose
crystals, causing a decrease in particle size [5]. The type
and method of hydrolysis will also cause changes in

particle size distribution and crystallinity [31].

100 316 1e+03
Size (d.nm)
— EA 24 [Steady state] EA 24 [Steady state] — K20 [Steady state] — K20 [Steady state]

(EA 24: CNC from Combined Hydrolysis and K20: CNC from Acid Hydrolysis).
Figure 5 Particle size distribution of CNC in the combined hydrolysis process.

Zeta potential is an important parameter that
shows the stability and aggregation tendency in a
dispersion. As presented in Table 3, CNC obtained from
acid hydrolysis method showed an average zeta
potential of —20.84 mV. Meanwhile, the combined
method produced —20.39 mV, which was higher than the
—14.0 mV obtained using enzymatic method from
lemongrass [5]. The zeta potential value shows that
CNC from OPEFB can be dispersed in aqueous systems.

The negative charge is attributed to surface hydroxyl

groups, which enhance colloidal stability [5]. Generally,
zeta potential values higher than 25 mV and below —30
mV show the colloidal stability of CNC in aqueous
systems [16,40]. while nanoparticles with —15 to 15 mV
cause flocculation in suspensions, showing the need for
an optimal range [16]. These characteristics suggest that
CNC has the potential for further use as biopolymers for
food packaging applications, and CNC-based pickering
emulsions can be formulated for application in

encapsulation system [3].
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Table 3 Analysis of particle size, polydispersity index, and zeta potential.

Name Minimum

Maximum Average

CNC acid hydrolysis method

Peak 1 area by size (%) 88.90 93.50 £ 4.67

Particle size (nm) 65.67 90.88 + 27.46
Polydispersity Index (PI) 0.71 0.74 £0.02

Zeta Potential (mV) -21.85 -20.84 £ 0.91

CNC combined hydrolysis method

Peak 1 area by size (%) 96.66 9745+ 1.16
Particle size (nm) 53.80 64.01 £9.93
Polydispersity Index (PI) 0.59 0.71£0.17

Zeta Potential (mV) -22.86 -20.39+£3.61

Color crystallographic axis. In addition, the removal of

The optical characteristics of crystalline cellulose
OPEFB from combined hydrolysis, enzymatic, and acid
hydrolysis methods are shown in Table 4. Statistical
results showed that there was a significant difference in
hydrolysis method on the whiteness index (WI), with the
highest value of 72.67% obtained using the combined
method.

The combined hydrolysis process produced
optical characteristics of crystalline cellulose with
higher brightness (L) and whiteness index (WI)
compared to acid method using sulfuric acid, enzymatic
hydrolysis, and reference. More regular crystalline
regions promote more uniform light scattering and

reflection due to differences in refractive index along the

amorphous and non-cellulose chromophore components
increases the purity of the structure, resulting in higher
brightness and whiteness values compared to materials
with less regular structures [41,42]. This result is
significantly higher when compared to the results of
CNC production from apple pomace using an acid
hydrolysis process, which had WI of 47.79% [17].
Biocomposite films prepared from cassava pulp show
WI of approximately 75.45% [43], while carboxymethyl
cellulose had 80.96% to 71.33% [43]. The brightness
and whiteness of crystalline cellulose are required for
further use as a biocomposite material. At this W1 range,
CNC shows potential to be used as biocomposite

material.

Table 4 Optical characteristics of crystalline cellulose combined hydrolysis method.

Origin of cellulose L a¥ b* WI (%)
Combined hydrolysis method 77.24b -2.79° 14.86% 72.67 +0.12°
Enzymatic Hydrolysis** 75.63% —4.03* 15.732 70.67 £ 1.13*
Acid Hydrolysis** 75.86? -2.63P 17.17 70.26 +0.78?
CNC [17] - - - 47.79 £0.65

Note: Different notations show a significant difference.

* acid hydrolysis using 20% sulfuric acid.

** enzymatic hydrolysis using 40 pL endoglucanase enzyme for 24 h.

Combination hydrolysis shows that the sample
was hydrolyzed using the endoglucanase enzyme for 12
- 60 h, then continued with acid hydrolysis using 20%

sulfuric acid, temperature 40 °C, and a time of 30 min.

Conclusions

In conclusion, the combined hydrolysis method
can be used as an alternative to acid hydrolysis method.
The results show that the combined method significantly
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increases yield and crystallinity index of OPEFB
cellulose in CNC isolation process, followed by a
reduction in the average diameter. The characteristics of
CNC obtained have the potential to be used as
biopolymers for food packaging applications.
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