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Abstract: Recent advancements in nanotechnology have
expanded the applications of cellulose nanoparticles (CNPs)
isolated from various types of biomass waste like oil palm
empty fruit bunches. These applications are particularly
enhanced by incorporating nanoparticles or polymers.
However, a significant challenge in synthesizing CNP-based
nanocomposites lies in the selection of appropriate synthesis
methods, as ineffective techniques can result in poor compat-
ibility between nanoparticles. To overcome this issue, surface
modification through carboxymethylation has emerged as an
effective strategy. This process introduces anionic groups
(-CH,COONa") onto the CNP surface, producing anionic nano-
cellulose particles (ACNPs) that act as capping agents to
enhance nanoparticle incorporation. Despite these advancements,
the optimum reaction time for isolating ACNPs from CNPs, parti-
cularly nanocrystalline cellulose, remains underexplored.
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This study investigates the effect of varying carboxymethy-
lation reaction times (30 min, 2, 4, 6, and 8 h) on the synth-
esis of ACNPs. Characterization techniques, including
Fourier transform infrared (FTIR) spectroscopy, X-ray dif-
fraction, transmission electron microscopy, zeta potential
analysis, thermogravimetric analysis, Raman spectroscopy,
and Xray photoelectron spectroscopy (XPS), were
employed. The results indicate that a reaction time of 4h
is optimal for carboxymethylation. ACNPs synthesized at this
duration exhibit good dispersion, improved thermal stability,
and a high zeta potential value (-41mV) compared to CNPs
(=25 mV). FTIR analysis reveals new peaks at 1,564, 1,432, and
1,321 cm™, corresponding to the carboxyl, methyl (-CH,), and
hydroxyl groups of the carboxymethyl group (-CH,~COONa),
respectively. Additionally, XPS results show a high concentra-
tion of Na* ions in ACNPs synthesized at 4h. Beyond this
reaction time, Na* concentration decreases.

Keyword: nanocellulose, oil palm empty fruit bunch, carboxy-
methylation reaction

1 Introduction

Oil palm is the most cultivated plant in Malaysia with
approximately 5.65 million hectares of planted area and
also with annual production of crude palm oil production
around 18.55 million metric tons according to the 2023 sta-
tistic [1]. At the same time, there has been a significant
increase in biomass waste from plantations and milling
activities, as illustrated in Figure 1. Oil palm biomass pro-
duced from plantations includes oil palm trunks and oil
palm fronds, while milling operations generate additional
biomass such as oil palm empty fruit bunches (OPEFB),
mesocarp fibre, and palm kernel shells. Annually, approxi-
mately 127 million tons of oil palm biomass are generated,
presenting substantial environmental and economic
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5.65 million hectares of
planted area

(6]

18.55 million metric tons
of crude palm oil production

Approximately 127
million tons of oil
palm biomass
generated annually

Figure 1: The statistics of oil palm biomass generated in Malaysia annually.

challenges that require immediate attention [2]. If left
unmanaged, this enormous volume of biomass could con-
tribute to deforestation, air pollution, and greenhouse gas
emissions, further exacerbating climate change.
Therefore, it is crucial to implement efficient and eco-
friendly solutions to mitigate potential harm and unlock
the full potential of these resources for renewable energy,
waste reduction, and other beneficial uses. Hence, the
development of advanced materials with superior proper-
ties has led to the significant interest of researchers in
utilizing oil palm biomass in various applications in order
to produce a valuable product from oil palm biomass. One
of the valuable products from the oil palm biomass is the
nano-scaled sized materials known as nanocellulose,
which has superior properties such as high reinforcing
strength and stiffness, which is often times comparable
to Kevlar and steel, large surface area, remarkable optical
properties, tailored crystallinity, and easy surface functio-
nalization due to abundance of hydroxyl groups (-OH) [3].
Not only that, due to its high surface area and biocompat-
ibility, nanocellulose from oil palm biomass has become
particularly promising materials as a bio-reinforcing filler
or in the production of biopolymer composites [4,5]. The
incorporation of the cellulose nanoparticles (CNPs) with
different types of nanoparticles can improve mechanical,

thermal, and electrical properties, which exhibit unique
characteristics that differ from the bulk counterparts [4].

However, very limited studies are conducted by
researchers on the incorporation of different types of
nanoparticles such as metal oxide or carbon-based with
oil palm-based CNPs to produce nanocomposite rather
than film and polymer-nanocomposite. This is mainly
due to the —OH group on the CNP surface, which resulting
issues of agglomeration, poor dispersion, and compat-
ibility, which should be addressed in order to produce a
high-quality nanocomposite [6]. Metal oxide nanoparticles
may be separately synthesized and added to nanocellulose
(ex situ processes), or they can be synthesized using nano-
cellulose as a template (in situ processes) [7]. In the latter
case, the precursor is trapped inside the CNP network and
then reduced to metal oxide.

As a result, concern about the synthesis and functio-
nalization method of nanocomposite is crucial as it can
help overcoming the issue mentioned above. There are
four ways to synthesize the nanocomposite: (1) simple
blending, (2) by the external reducing agent, (3) surface
modification, and lastly, (4) without an external reducing
agent, as shown in Figure 2 [8]. The most widely used
method based on recent studies is surface modification
for film production and bio-composite synthesis. The
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Figure 2: Four methods to synthesize nanocomposite: (1) simple blending, (2) by using an external reducing agent, (3) surface modification, and lastly

(4) using without external reducing agent. Reproduced from ref. [8].

surface chemical modification methods of CNPs can be
divided into two, which are (a) chemical modification
(esterification, silylation, cationization, treatment with iso-
cyanates, and so on) or (b) grafting macromolecules on the
CNPs surface [9].

In addition, there is a surface modification that aims to
introduce charged or hydrophobic moieties on the CNP
surface such as esterification, etherification (carboxy-
methylation), silylation, amidation, carbamation, sulfona-
tion, and phosphorylation. Hence, the presence of an
abundance of the —OH group on CNPs offers a unique plat-
form for anchoring a wide spectrum of functional mole-
cules such as aldehydes, carboxylic acids, and amines as
well as macromolecule groups using these modifications
[10]. Moreover, there are some surface modifications that
can generate the anionic charges on the surface of the
CNPs to produce anionic nanocellulose (ACNPs), such as
carboxymethylation, sulfation, and phosphorylation. The
anionic charge plays a crucial role and can act as a capping
agent for the incorporation of the nanoparticles and also in
enhancing compatibility, dispersion, and stability of the

nanoparticles within the composite materials by pre-
venting agglomeration. In that, the anionic charge from
the nanocellulose will create repulsive forces that can
reduce or prevent nanoparticles from clumping together,
ensuring uniform dispersion in the matrix. The reported
effective used method of surface modification for the
ACNPs isolation is the carboxymethylation process [11].
Reaction time is a critical factor in the carboxymethyla-
tion process, as it directly influences the degree of substitu-
tion (DS) of anionic groups (-CH,COONa®) on the CNP
surface. The DS represents the average number of hydroxyl
groups per glucose unit of cellulose replaced by anionic
groups. This study explores the use of OPEFB as a sustain-
able biomass source for synthesizing ACNPs by varying the
carboxymethylation reaction times (30 min, 2, 4, 6, and 8 h).
While significant research has focused on synthesizing
anionic carboxymethyl cellulose using cellulose as the
starting material, studies on synthesizing anionic nanocellu-
lose — especially from nanocrystalline cellulose — remain
limited. Moreover, the optimum reaction time for the car-
boxymethylation of nanocellulose has not been fully
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explored. For carboxymethyl cellulose, the optimum reac-
tion time typically ranges from 3 to 4 h, as shown in Table 1.
However, it is unclear if this range applies to anionic nano-
cellulose synthesis, necessitating further investigation into
the ideal reaction conditions. Given the nano-sized nature
and high surface area of nanocellulose compared to cellu-
lose, a shorter reaction time might be sufficient. Conse-
quently, reaction times of 30 min and 2h were included in
this study, along with longer times (6 and 8 h), to determine

Table 1: The reaction time of carboxymethyl cellulose from various types
of biomass waste

Type of biomass Starting materials Reaction Ref.
waste time (h)

Sago waste Cellulose 3 [12]
Banana peel Cellulose 4 [13]
OPEFB Cellulose 3 [14]
Agricultural wastes Cellulose 8 [15]
OPEFB (stalk fibre) Cellulose 3 [16]
Coconut fibre Cellulose 1 [171
OPEFB Cellulose 4 [18]
OPEFB Cellulose nanofibre 3 [19]
— Cellulose acetate 6 [20]

nanofibres

— Washed —
with warm
water 50°C
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the optimal reaction duration and identify when the overall
properties of ACNPs begin to decline or indication of the
optimization parameter for the formation of anionic charge.

To address this gap, the present study aims to deter-
mine the optimum reaction time for synthesizing ACNPs. A
range of reaction times was selected to ensure a compre-
hensive evaluation and to identify the most effective dura-
tion for achieving optimal ACNP synthesis. These ACNPs
have potential applications across various fields, particu-
larly when combined with different types of nanoparticles,
such as bismuth ferrite for anionic dye degradation [21] or
graphene to produce composite aerogel [22] or as an elec-
trochemical working electrode [23] and as a stabilizer in
nanofluids in thermal applications. Additionally, ACNPs
can be combined with polymers like PVA to produce films
suitable for optoelectronic applications, energy storage
[24], and numerous other uses.

2 Materials

Sodium hydroxide (NaOH), sodium chlorite (NaClO,, 80%
w/w), and sodium chloroacetate (CICH,COONa) were sup-
plied by Sigma Aldrich. Sulfuric acid (H,SO,4, 95-97%) and
glacial acetic acid (CH3COOH, AR grade) were purchased

Product: Bleached OPEFB fibre
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Figure 3: The three important steps in the isolation of CNPs: (a) washing and grinding of OPEFB fibre, (b) bleaching process, (c) alkaline treatment,

and lastly, (d) acid hydrolysis.
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from Quality Reagent Chemicals (QRec). OPEFB was taken
from Oriental Rubber & Palm Oil Sdn. Bhd, Johol, Negeri
Sembilan. All reagents were of analytical grade and were
used without further purification. All aqueous solutions
were prepared with deionized (DI) water.

3 Methodology

3.1 Nanocellulose isolation
3.1.1 Sample preparation

OPEFB was first ground using a rotor mill to fibre length
around 3 mm, then sieved with 35-mesh sieves to obtain
the constant fibre diameter between 2.5 and 5 mm. Then,
the raw OPEFB fibres were washed with warm water (50°C)
for 20 min to eliminate water-soluble impurities, as shown
in Figure 3(a), and then dried in an oven at 60°C until a
constant weight was attained.

3.1.2 Bleaching process

Then, the dried raw OPEFB fibre was added with 2% w/v
NacClO, for the bleaching process, which was prepared by
mixing equal volumes of acetate buffer (a mixture of NaOH
and CH3COOH) at pH 4, consisting of 27g NaOH and 75mL
glacial acetic acid, diluted to 1 L with DI water as demonstrated
in Figure 3(b). The bleaching process was conducted in tripli-
cate with constant stirring for 2h at a temperature of 80°C,
utilizing an overhead stirrer at 300-400 rpm in a water bath.

l

—

/
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0.05M NaOH
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1.5M NaOH

b0
J

Product:
NaCNPs

Figure 4: The steps to produce ACNPs.
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The treated fibre underwent a washing process with DI water
until a neutral pH (6-7) was attained, and subsequently, it was
dried in an oven at 60°C until a constant weight was achieved.
Now, the product is referred to as bleached OPEFB fibre.

3.1.3 Alkaline treatment on bleached OPEFB fibre

After that, the bleached OPEFB fibre was treated with 4%
(1.5M) NaOH solution to completely remove non-cellulosic
substances (hemicellulose and lignin). This alkaline treat-
ment was repeated three times under continuous stirring for
2h at 80°C under constant stirring using an overhead stirrer
(300-400 rpm) in a water bath, as shown in Figure 3(c). After
the treatment, the resulting pulp was filtered using Whatman
filter paper (pore size = 11 um) and washed with DI water
until the pulp reached pH 6-7. The retentive was collected
and kept in the freezer for 24 h for freeze drying. After the
freeze dry the sample is known as cellulose.

3.1.4 Acid hydrolysis on cellulose

Next, acid hydrolysis was performed using 58 wt% of H,SOy,,
with an acid-to-pulp ratio of 20 mL/g for 60 min, as illustrated
in Figure 2(d). The reaction was conducted under constant
stirring using an overhead stirrer (120-230 rpm) at 45°C using
a water bath. Upon completion, 10 times the volume of cold
water (4°C) was added to the hydrolysed mixture to stop the
reaction. The mixture was then centrifuged at 7,500 rpm for
15 min to collect the sediment. The collected sediment was
then dialyzed using a dialysis membrane with a molecular
weight cut-off of 12,000-14,000 Da against DI water for 3-4
days until pH to 6-7. The DI water is changed every hour or
daily to expedite the neutralization process. Then, the sample

Al -

-

Etherification with Filtration and
1.0M CICICH,COONa Washing with DI /

Product:
ACNPs
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was subjected to ultrasonication using a % in. sonication
probe at 60% amplitude for 5min in an ice bath to disperse
the sample. The well-dispersed samples were frozen for 24 h
before freeze-dried at —95°C for 48 h to obtain the nanocellu-
lose, which will be denoted as CNPs.

3.2 Anionic nanocellulose isolation

The oil palm-based CNPs were first added into the 1.5M
NaOH solution and stirred constantly using the magnetic
stirrer for 15 for a constant dispersion as shown in Figure 4.
After 15 min, the solution was filtered using the filter paper
and then washed with 0.05 M NaOH to remove the unreacted
NaOH. After this process, the resultant residue will be known
as sodium CNPs (NaCNPs), which will further react with 1.0 M
CICH,COONa at different reaction times starting with 30 min,
then 2, 4, 6, and 8 h with constant stirring using a magnetic
stirrer. Finally, the obtained anionic CNPs (ACNPs) will be
washed thoroughly with DI water until pH around 6-7 and
dried in air for 24 h. All this step was carried out at 25°C or
room temperature.

4 Sample analysis and
characterizations

Seven types of characterization were conducted to deter-
mine the optimum reaction time for the ACNPs. Structural

Nanocellulose (CNPs)

Anionic Nanocellulose (ACNPs)

OCH.COONa *
OH
HO 0 N e
,O O -
" OH
OCH,COONa

Figure 5: The synthesis of ACNPs from the CNPs via the carboxymethy-
lation of the OH group.
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characterization was performed using Fourier transform
infrared (FTIR) (Shimadzu) and RAMAN spectroscopy
(Renishaw). The chemical state and binding energy of ACNPs
were analyzed by X-ray photoelectron spectroscopy (XPS) using
the Axis Ultra DLD XPS (Kratos). Physical characterization
included zeta potential measurement using MALVERN and
particle size analysis based on transmission electron micro-
scopy (TEM) images (Image]) obtained with a Zeiss Libra 120
(Germany). Finally, the crystallinity and thermal stability of the
sample were evaluated using X-ray diffraction (XRD) (Bruker)
and thermogravimetric analysis (TGA) analysis.

5 Result and discussion

5.1 FTIR analysis of ACNPs

The chemical characteristics of cellulose are influenced by
the sensitivity of the B-1,4-glycosidic linkages to hydrolytic
attack and by the presence of three hydroxyl groups: the
primary OH on C(6) and the secondary OH groups on C(2)
and C(3) in the anhydroglucose units [25]. The surface mod-
ification of CNPs occurs in two phases: mercerization and
carboxymethylation. During this process, some of the OH
groups in the CNPs are etherified with sodium carboxy-
methyl groups (-CH,COONa), as shown in Figure 5.

The initial stage, mercerization, serves as a swelling
and impregnation phase, allowing NaOH to penetrate the
cellulose matrix, forming alkaline cellulose (Na-CNPs). Na-
CNPs exhibit significant reactivity with salt named sodium
chloroacetate (C,H,CINaO,), which is then used in the sub-
sequent carboxymethylation phase. Sodium chloroacetate
is a chemical compound that contains an acetate group

3500-3200 1637

2904 1564

W ACNPs-8hrs
WACNPS-GMS

WACNPs4hrs
S| el N, RGPS
WACNPS-30min

4000

Transmittance (%)

3500 3000 2500 2000 1500 1000

Wavelength (cm")

Figure 6: FTIR spectra CNPs and ACNPs at different reaction times.
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(CH,CO0") that bonded to a chlorine atom (Cl) and the
sodium ion (Na*).

Figure 6 shows the FTIR results of the ACNPs at
varying reactions. It is obvious one prominent narrow
absorption peak was observed in the range of 3,348 cm™,
which refers to the stretching vibration of the hydroxyl
(-OH) group [26,27]. This peak refers to the intermolecular
hydrogen bonding network within the CNPs chain. Another
notable peak can be observed at the peak around
2,904 cm ™! in both CNPs and ACNPs, at all reaction times
representing the stretching vibration of the C-H stretching
of ~CH, and —CHj; groups [19]. These two peaks refer to the
main polysaccharide nature, which is composed of glucose
units [27]. However, —OH stretching vibration for ACNPs at

Surfaces and interfaces analysis of anionic nanocellulose == 7

different reaction times shows a wide and weak absorption
band with low intensity at 3,415 cm™ compared to CNPs.
This is due to the low number of -~OH groups in ACNPs,
which can be due to the substitution of the bulky func-
tional group (-CH,—COOH) in ACNPs or the high density
of the functional group [28]. In other words, the functiona-
lization can alter the hydrogen bonding network and mole-
cular conformation of cellulose, potentially leading to a
reduction in the number of available ~OH groups or changes
in their accessibility. Among the functionalized samples,
ACNPs-30 min, ACNPs-2h, and ACNPs-4 h show weaker and
wider band (high-intensity changes compared to CNPs
(70-40%), whereas ACNPs-6 h and ACNPs-8 h (exhibit lower
intensity changes compared to CNPs (55-40%). This indicates

Table 2: Comparison between the present and previous studies on the functional group that is presented according to the peak

Peak
(wavelength) cm™

Obtain peak
(present work) cm™

Functional group

Justification Ref.

1,700-1,500 cm™!

1,637, 1,564 1,640 Water absorption The presence of the carbonyl [29]
1,585 C=0 stretching group is confirmed
1,590 Asymmetric stretching vibrations of carboxylate [19]
ions (-CO0")
1,600-1,640 Carbonyl group (C=0) [30]
1,572 Carboxyl group (COO-) and (C-CH,) indicating the [20]
1,611 presence of the sodium carboxymethyl
(-CH,-COONa) group
1,610 represents CH,COONa [31]
1,606 Carbonyl group (C==0) of acetyl or carboxymethyl [11]
1,600 and 1,400-1,450  Carboxyl salt groups
1,589 Asymmetrical ~COO group [27]
1,640 Water absorption [17]
1,589 Carboxylate [18]
1,414
1,565 Carboxyl group (COO-) [32]
1,500-1,300 cm™
1,431, 1,379, 1,321 1,423 Symmetric stretching of the ~COO group Conforming the presence of the  [27]
1,415 Symmetric stretching vibration of carboxylate ion C-0 and -CH, functional group [19]
1,320 (-COO0), stretching vibration of C-0
1,426 CH, scissoring and -OH bending vibration [28]
1,370
1,416 Symmetric stretching in the NaCOO group [29]
1,314
1,418 COO™ group two symmetric carboxylate stretches [32]
1,416 (33]
1,324
1,424 —-CH, bonding [12]
1,322 -OH plane bending
1,315 C-0 stretch in the carboxylate functional group [18]
1,100-1,000 cm™
1,064 1,061 >CH-0-CH, stretching, which indicates C-O-C ether  Proving the presence of the ether [25]
linkage linkage
1,060 >CH-0-CH, stretching [12]
1,032 Ether linkages [34]




8 —— Mageswari Manimaran et al.

that the OH groups in ACNPs-30 min, ACNPs-2h, and ACNPs-
4 h underwent more substantial functionalization than those
in ACNPs-6 h and ACNPs-8 h. The same applies to the peak
around 2,904 cm™, where ACNPs exhibit lower intensity com-
pared to CNPs. This reduction is attributed to surface modifi-
cation, which alters the number of methyl and methylene
groups present on the surface of the CNPs. The replacement
of some -OH groups by anionic groups or changes in the
accessibility of these C-H groups leads to the observed
decrease in intensity in this region. Next, the peak from
1,700 to 1,300 cm™ is presented in Table 2 by comparing the
peak that is present in this work with the previous study.

Next, in the range of 2,000-500 cm™, both CNPs and
ACNPs exhibit similar peaks with some new peaks and
changes in intensity. A sharp peak is present at
1,636 cm™ in CNPs, while the ACNP spectra show peaks at
1,641-1,651 cm™, with slight intensity variations. These
peaks likely correspond to the bending vibration of water
molecules (H-O-H bending) [29]. Furthermore, peaks at
1,568-1,571cm™ corresponding to the asymmetric
stretching vibrations of carboxylate ions (-COO") are pre-
sent only in ACNPs 30 min, ACNPs-2 h, and ACNPs-4 h [19].
This observation aligns with findings from Adinugraha and
Marseno [30], who noted that wavenumbers between 1,600
and 1,640 cm™ represent carbonyl groups, confirming the
introduction of carboxymethyl groups in CNPs during car-
boxymethylation. Zheng et al. [31] also agreed that the peak
at 1,610 cm™ represents CH,COONa. Carboxyl salt groups
typically appear around 1,600 cm™ and between 1,400 and
1,450 cm™ [11] or within the 1,500-1,700 cm™ range [27].
Moreover, based on the study by Ndruru et al, they point
out that the peak around 1,685-1,537 em™? represents the
-C=0 functional group [17].

Besides that, peaks at 1,430, 1,369, 1,325 and 1,465, 1,431,
1,379, 1,321 cm ™ can be observed in CNP and ACNP spectra,
respectively. The bending at 1,430 and 1,431 cm™ for CNPs
and ACNPs, respectively, represent similar functional
groups, which are C-H bending vibrations in a cellulose
structure. This is a common feature for cellulose and lig-
nocellulosic materials. Furthermore, the peak at 1,379 cm™
for the ACNPs corresponds to the C-H bending of CH,
groups similar to 1,369 cm™ in CNPs. Next, the peak at
1,321cm™ in ACNPs is also similar to the peak at
1,325cm™* at CNPs, which indicates the C-H bending or
C-0-C stretching vibration. Those slight shifts at those
peaks may be due to the effect of the anionic modification.
An additional peak at ACNPs at 1,465 cm™ is often asso-
ciated with the CH; bending vibration. This additional
intensity can also be influenced by the carboxylate group
present. According to Suman et al. [28], the peak around
1,426 and 1,370cm™ in ACNPs are assigned to -CH,

DE GRUYTER

scissoring and —OH bhending vibration, respectively. More-
over, based on the studies of Devi et al. [32], the band at
1,418 and 1,325 cm™ is referred to COO~ group and -OH
bending vibrations, respectively, whereas Zhang et al
[33] report that the peak around 1,416 and 1,324 cm ™ in
the ACNPs spectrum is representing the two symmetric
carboxylate stretches. Furthermore, Pushpamalar et al
[12] highlight that the band around 1,420 and 1,320 em™?
are assigned to —CH, scissoring and —OH bending vibra-
tion, respectively.

Furthermore, peaks around 1,163, 1,114, and 1,060 and
also 1,163, 1,114, and 1,064 cm ™! are present in the CNPs and
ACNPs spectrum, respectively. Those peaks represent C-O
stretching in ether. Mohamed et al. [19] agreed that the
range group at 1,112cm™ is referring C-O-C bond
stretching present along the functionalization process.
Finally, the band at 1,059 em™ is due to the >CH-0O-CH,
stretching, which indicates C-O-C ether linkage [12,25].
This peak intensity in the ACNPs spectra is higher or
stronger than at CNPs. This result was the same as dis-
cussed by Xu et al [34], who synthesized the carboxy-
methyl cellulose nanocrystals from skimmed cotton and
reported that the absorption peak of the ether band
increased on functionalized CNPs. Moreover, the width of
the absorption peak of ACNPs is narrower than CNPs, indi-
cating the involvement of the hydroxyl group in the
nucleophilic substitution reaction [34]. Table 2 shows the
list of the peaks and corresponding functional groups.

5.1.1 Degree of substitution

From FTIR results, the calculated DS of carboxymethyl
groups on the ACNPs provided insights into the optimum
reaction time. The DS value represents the average
number of hydroxyl groups replaced by other molecules
in the polymer chain [13]. In cellulose chemistry, the reac-
tivity of cellulose is primarily determined by its reactive
groups. Specifically, the three hydroxyl groups in the anhy-
droglucose units of cellulose participate in substitution
reactions, with the DS ranging from zero to three for
each unit [35]. In the synthesis from CNPs to ACNPs, the
DS refers to the number of carboxymethyl groups attached
to each anhydroglucose unit [36]. Since the peak around
3,400 cm™ corresponds to the —OH group, it can be com-
pared with the C=0 peak to assess the extent of carbox-
ymethyl substitution [21]. The DS of the carboxyl group in
ACNPs is determined using the following equation:

Ty - Tise4

DS = (0))

3
T = T3400
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where Ts400 represents the -OH stretching, T are
related to the carboxymethyl group, and T is the baseline
of the FTIR spectrum (100) [37]. Based on Figure 7, it is
obvious that the optimum reaction time of carboxymethy-
lation for the CNPs is 4 h due to the high DS of around 0.43,
and the reaction time after the 4 h (6 and 8 h) shows low DS
of around 0.26 and 0.23, respectively. This indicates that
there are fewer available sites for substitution after 4h or
due to the degradation of the CNPs or the carboxymethyla-
tion agent, which can reduce the effective substitution with
metal oxide.

5.2 Morphology analysis of ACNPs

Figure 8 shows the morphology of the CNPs and ACNPs at
different reaction times. The morphology of the CNPs and
ACNPs was similar, which is a needle-like shape as demon-
strated in Figure 8(e). This indicates that the functionaliza-
tion process did not affect the shape of the sample. The
TEM image in Figure 8 reveals that the functionalization
helps to improve the agglomeration of the CNPS, where the
least agglomeration was observed in the ACNPs sample
after 2h of reaction time compared to the CNPs due to
the presence of the anionic charge on the CNPs. However,
after 6 h of reaction time, the ACNPs begin to agglomerate.
It can be concluded that based on the TEM image, ACNPs-
4h (Figure 8(d)) and ACNPs-6 h (Figure 8(e)) show better
distribution with the least agglomeration compared with
ACNPs-30 min (Figure 8(b)), 2h (Figure 8(c)), and 8h
(Figure 8(f)). This observation aligns with the findings of
Li et al, who synthesized cationically modified cellulose
nanocrystals. They reported that surface modification of
cellulose nanocrystals enhances homogeneous dispersion
due to electrostatic repulsion forces, while samples with
low DS tend to aggregate and form bundles [38].

0.43
0.45 0.41

03 0.26

DS

0.15

ACNPs-30min ~ ACNPs-2hrs ~ ACNPs-4hrs ~ ACNPs-6hrs ~ ACNPs-8hrs

Reaction Time

Figure 7: Degree of substitution of ACNPs at different reaction times.
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Particle diameters of the ACNPs at different reaction
times were measured using Image] (Figure 9). The dia-
meter of the CNPs is in the range of 10-40 nm, with an
average diameter of 24.46 nm. After the functionalization,
the sample at reaction time 30 min and 2 h shows a similar
diameter ranging from 10 to 40 nm, with average dia-
meters of 21.95nm and 23.81 nm, respectively. After 2h of
reaction time, the diameter of the ACNPs started to
decrease with the range from 14 to 30 nm, where ACNPs-
4h, ACNPs-6h, and ACNPs-8 h showing the average dia-
meter of 20.90, 18.80, and 20.01 nm, respectively. This indi-
cates that the prolonged reaction time and excessive car-
boxymethylation may lead to fragmentation of the CNPs,
which can decrease the average diameter size of the
ACNPs. Based on Figure 9, the ACNPs-4 h show the constant
particle size compared to the ACNPs-6 h and ACNPs-8 h.

5.3 Zeta potential of ACNPs

The zeta potential reflects the surface charge characteris-
tics of particles and is closely associated with the stability
of the particle system. The stability of functionalized CNPs
can be assessed through their zeta potential values, as
shown in Table 3. A zeta potential above 30 mV is generally
considered stable with minimal agglomeration. This is due
to the presence of sufficient carboxylic group charges
(CH2CO0™ Na*) among ACNPs, which create repulsive forces
that prevent aggregation and enhance stability. According to
the zeta potential values, ACNPs-6 h exhibit the highest zeta
potential at -42.8 mV, followed by ACNPs-4h at -41.8 mV,
while CNPs show the lowest value at -23.9 mV. This indicates
that functionalization significantly enhances the stability of
CNPs. The zeta potential findings are consistent with the
TEM images, where ACNPs-4h and ACNPs-6 h demonstrate
minimal agglomeration compared to other functionalized
CNPs at varying reaction times. The functionalization
increases the charge density on the nanocellulose due to
the introduction of carboxyl groups, resulting in a more
negative zeta potential, which enhances stability by
increasing repulsive forces between particles. In other
words, a higher DS strengthens steric hindrance, leading
to better dispersibility and stability for ACNPs [39].

5.4 TGA and DTG of ACNPs

The TGA and DTG analysis presented in Figures 10 and 11
illustrate the thermal stability and weight changes of the
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Figure 8: The TEM image at 20 KX magnification of the (a) CNPs and functionalized CNPs at different reaction times, (b) ACNPs-30 min, (c) ACNPs-2 h,

(d) ACNPs-4 h, (e) ACNPs-6 h, and (f) ACNPs-8 h.

samples under inert conditions as a function of tempera-
ture. The TGA curve reveals three main stages of decom-
position: the first stage occurs between 30 and 50°C, fol-
lowed by the second and third stages at 250-340°C and
above 400°C, respectively. Figure 11 indicates that ACNPs
at different reaction times exhibit higher water/moisture
content compared to CNPs. This suggests that the surface
modification of CNPs increased their hydrophilicity [17].
Among the ACNPs sample, ACNPs-4 h have higher moisture
content, as it has a high maximum degradation tempera-
ture (44.56°C) compared to other ACNPs.

The decomposition temperature of the CNPs started at
251.12-329.11°C, while ACNPs sample at different reaction
times started decomposition at temperatures ranging from
260 to 340°C. This temperature range decomposition of

ACNPs is probably owing to depolymerization, with the
formation of H,0, CO, CO,, and CH, [40]. Due to the pre-
sence of COO- groups in ACNPs, decarboxylation occurs
within this temperature range. This observation aligns
with the findings of Mohamed et al. [19], who synthesized
carboxymethyl cellulose nanofibres from OPEFB. They also
reported that major thermal decomposition occurs above
220°C, primarily due to various degradation processes,
including dehydration, decarboxylation, depolymerization,
decomposition of the glycosyl units of cellulose, and the
breakdown of cross-linked structures, as well as the
decomposition of hydroxyl and carboxymethyl groups
within the material.

In addition, the temperature at which the maximum
degradation rate occurs can be used as an indicator of
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Figure 9: Particle diameter of the (a) CNPs and functionalized CNPs at different reaction times, (b) ACNPs-30 min, (c) ACNPs-2 h, (d) ACNPs-4 h, (e)

ACNPs-6 h, and (f) ACNPs-8 h.

Table 3: The zeta potential value of each sample

Sample name Zeta potential (mV)

CNPs -23.9
ACNPs-30 min -28.1
ACNPs-2 h -34.4
ACNs-4 h -41.8
ACNPs-6 h -42.8
ACNPs-8 h -35.2

sample’s stability in comparative studies. Based on Figure 11,
the maximum decomposition temperature of the ACNPs

sample is higher (around 300°C) than that of CNPs (271.
54°C), indicating that the thermal stability of CNPs
improves after functionalization. Besides that, relative
weight (RW) refers to the weight of a sample remaining
after heating to a specified temperature, expressed as a
percentage of the initial weight of the sample. The infor-
mation obtained from the RW in Table 4 provides insight
into the thermal stability and decomposition characteris-
tics of the materials. Higher RW% suggests better thermal
stability; conversely, a lower RW% indicates a higher
weight loss, suggesting more significant decomposition or
degradation of the ACNPs.
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Figure 10: The TGA curve of the CNPs and the ACNPs at different reaction
times.

----CNPs

—— ACNPs-30min
—— ACNPs-2hrs
—— ACNPs-4hrs
—— ACNPs-6hrs
—— ACNPs-8hrs

Derivative Weight (%)

100 200 300 400 500
Temperature (°C)

Figure 11: The DTG curve of the CNPs and the ACNPs at different reaction
times.

Among the ACNPs, the highest RW%, around 13%, is
owned by the ACNPs-30 min and ACNPs-4 h, and the rest
ACNP shows low RW%, around 6-8%. Based on the RW
result, it can be concluded that the ACNPs-30 min and the
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ACNPs-4 h have higher thermal stability than other ACNPs
at different reaction times. However ACNPs-4hrs and
ACNPs-30 showing the lowest value of Tonset, Tmaxs Tends
Ti00, and Tygq. This indicates that a significant portion of
the materials remain after heating which is thermally
stable even if the initial degradation starts at low tempera-
ture (low Typser). Moreover, the lower Topser and Tepg might
indicate that the materials begin to decompose at a lower
temperature, but the remaining substance contributes to
the high RW and is more resistant to further degradation.
Another reason could be due to the DS and char. Higher DS
may lead to greater distribution of the crystalline struc-
ture, potentially reducing thermal stability. This finding
is in good agreement with XRD and DS data, where the
ACNPs-4h have a high DS value (around -40 mV) and
also a low crystallinity index of around 77% compared to
other ACNP samples. Moreover, another possibility is that
the significant amount of the materials has thermally sta-
bilized into char, indicating that some of the components
including the carboxymethyl group may contribute to the
formation of stable char rather than fully decomposing. This
stability can be beneficial in applications where thermal
resistance is desired. The reduction in the thermal stability
observed could be associated with the reduction in crystal-
linity upon carboxymethylation [41].

5.5 Crystallinity analysis of ACNPs

The crystallinity of ACNPs from XRD is presented in Figure
12 and Table 5. According to Figure 12, the crystallinity
index of the ACNPs-2h and ACNPs-4h is obviously lower
than CNPs, from 78.22 to around 77% due to the functiona-
lization, which broadens the cleavage of hydrogen bonds at
the —~OH group of cellulose and reduced the crystallinity
[11]. Moreover, the main step of carboxymethylation is the
formation of alkali cellulose, which can also affect the crys-
talline structure of cellulose. The loss of crystallinity results
from the opening of the glucopyranose rings; therefore, the

Table 4: The summary of thermal stability of the CNPs and the ACNPs at different reaction times

Type of sample Tonset (°0) DTG Trmax (°C) Tena (°C) Tiow (°C) Too% (°0) RW (%) at 800°C
CNPs 25112 271.54 3291 238.58 260.53 6.21
ACNPs-30 min 265.86 295.97 327.36 254.95 279.87 13.51
ACNPs-2 h 277.55 300.01 338.54 267.78 287.04 6.55
ACNPs-4 h 266.66 297.97 328.70 251.04 273.96 13.86
ACNPs-6 h 275.85 299.76 339.49 265.07 286.04 8.31
ACNPs-8 h 282.63 298.35 336.89 276.59 289.70 7.65
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higher the level of oxidation, the lower the degree of crys-
tallinity [42]. Among the functionalized CNPs, the ACNPs-
4 h have the lowest crystallinity intensity than other sam-
ples (Table 4). This indicates that there is high cleavage of
the hydrogen bonds occurs at the —OH group, which was
substituted with the carboxymethylation group into cellu-
lose structure [43], which leads to a more amorphous struc-
ture. Moreover, the bulky carboxymethyl group on the sur-
face of the cellulose can also reduce the ability of the
cellulose chain to pack closely together.

Furthermore, high DS can further decrease crystalli-
nity due to the increased steric hindrance, which can be
absorbed in the ACNPs-4 h, indicating the optimum reac-
tion time. Besides that, ACNPs-30 min had the high crystal-
linity index among the other ACNPs sample, followed by the
ACNPs-6 and 8 h. This shows that, at low reaction time, the
inherent structure of the cellulose, which has high and well-
ordered cellulose, could be contributing to maintaining crys-
tallinity despite the short reaction time. However, after

1000
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i
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increasing the reaction time, the crystallinity of the ACNPs
started to reduce, indicating substitution of the hydroxyl
group was increased and 4h is the optimum reaction
time. This is because, beyond the 4h of reaction time of
carboxymethylation, the crystallinity index of the ACNPs
was almost the same as CNPs, indicating no further substitu-
tion occurred at the —OH group. The high crystallinity index
of the ACNPs-6 h and ACNPs-8 h also would be the reaction
for high maximum decomposition temperature.

5.6 RAMAN analysis of ACNPs

Figure 13 shows the RAMAN spectra of the CNPs and func-
tionalized CNPs at different reaction times. The peak around
2,800-3,000 cm™* represents CH stretching, and the peak
around 1,430-1,480 cm ™! refers to vibrational modes asso-
ciated with deformation or bending motions of the
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Figure 12: The XRD result of the CNPs and functionalized CNPs at different reaction times.
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Table 5: The crystallinity index of CNPs and functionalized CNPs at different reaction times

Sample Peak Intensity of crystallinity (Iry) Peak Intensity of amorphous (Iy) Crystallinity index (%)
CNPs 23.15282 2,594 18.92516 565 78.22
ACNPs-30 min 22.72392 993 18.68007 182 81.67
ACNPs-2 h 22.47884 685 18.21034 151 77.96
ACNPs-4 h 22.60138 731 18.45542 168 77.01
ACNPs-6 h 22.64223 1,046 18.63923 224 78.59
ACNPs-8 h 22.7035 981 18.57796 208 78.80

molecules structure, which intensities relative to the back-
bone around 1,100 cm™ [44]. Here, the backbone refers to
the primary structure framework of the molecules, where
peaks around 1,066, 1,096, 1,119, and 1,155 cm ! are signals of
C-O stretching or C—C bonds. The region around 1,480 cm™*
is assigned to the CH, deformation from the substitution
[45], and finally peak around 2,965cm™ represents the
methyl and methylene stretching.

Based on Figure 13, ACNPs-4 h is the only sample exhi-
biting a higher intensity than CNPs. Raman spectra display
two important bands: the disorder band (D band) at
approximately 1,350 cm™ and the graphitic band (G band)
at around 1,580 cm™ [46]. The D/G ratio provides informa-
tion about the DS of carboxymethyl groups on the CNPs. A
high D band intensity indicates increased disorder or
defects introduced into the CNPs, correlating with a higher
DS of carboxymethyl groups.

In other words, the higher the D/G ratio, the greater
the DS of carboxymethyl groups, and vice versa. According
to Table 6, the lowest D band intensity is observed in

ACNPs-8 h (3891.86), while the highest D band intensity is
found in ACNPs-4 h (939,820.28). This suggests that ACNPs-
4 h has the highest level of structural disorder among the
ACNP samples. Furthermore, ACNPs-4 h also exhibits the
highest D/G ratio, confirming that it has the highest DS of
carboxymethyl groups.

5.7 XPS analysis of ACNPs

In functionalized CNPs, there are three primary elements,
which are C1s, O 1s, and Na 1s, as shown in Figure 14. The C
1s is around 284.8-286.5eV, O 1s around 532-533 eV, and
lastly, Na 1s around 1,071 eV.

From the XPS results, the type of C 1s and O 1s func-
tional groups was plotted as shown in Figure 15(a)—(c) for
the C 1s, O 1s, and Na 1s, respectively. By referring to the
binding energy of the C—C/C-H assigned at 284.7 and the
peak at 286.1 and 287.5 eV are attributed to C—O and C=0
groups, respectively [47,48]. Next, based on O 1s spectra,
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Figure 13: The RAMAN spectra of the CNPs and functionalized CNPs at different reaction times.
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Table 6: The ratio of band D and band G of CNPs and ACNPs at different
reaction times C1s O1s Na1s
300000 — M1 CNPs

Sample Band D (1,379) Band G (1,480) Ratio D/G M__Jﬁ i
CNPs 75801.74 76634.34 0.9891 4 L <L’ ACNPs-30min
ACNPs-30 min ~ 49283.80 47597.38 1.0354 % 200000 —tr T
ACNPs-2 h 48709.27 47458.91 1.0263 > ACNPs-2hrs
ACNPs-4 h 93982.28 89481.51 1.0503 : A,»____J/‘ [
ACNPs-6 h 47987.71 46135.14 1.0402 @ ] || ACNPs-4hrs
ACNPs-8 h 38917.86 37832.53 1.0287 :5 100000

L ACNPs-6hrs
binding energies at 531.5 and 532.4 eV are assigned to the 0 A r—ACNPs-8hrs
C-OH and C=0, respectively [20,48]. In addition, a new
peak at 1070.1 eV was observed, which corresponds to the 0 100 200 300 400 500 600 700 800 900 1000 1100 1200
photoemission from Na* [28]. Based on Figure 15(c), XPS Binding Energy (eV)

results of Na 1s clearly confirmed the successful functio-
nalization of CNPs, occurring in the ACNPs-4 h, ACNPs-6 h,
and ACNPs-8 h, due to the presence of the peak. However,

Figure 14: The three important key elements in the functionalized CNPs.
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Figure 15: The (a) C 1s, (b) O 1s, and (c) Na 1s binding energy versus intensity spectra of CNP and ACNPs at different reaction times.
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Table 7: The binding energy and the atomic mass concentration of C 1s, O 1s, and Na 1s

C1s
Atomic concentration (%)

Type of sample

CNPs 49.98
ACNPs-30 min 67.27
ACNPs-2 h 7213
ACNPs-4 h 78.07
ACNPs-6 h 65.29
ACNPs-8 h 48.87

01s Na 1s

Atomic concentration (%) Atomic concentration (%)
49.17 —

30.73 —

25.43 —

17.80 0.50

30.82 0.16

48.68 0.21

ACNPs-4h and ACNPs 6h had the peak at 1,071eV, but
ACNPs-8h had Na 1s peak at 1,068 eV. The shift in Na 1s
binding energy from 1,071 eV in ACNPs-4h and ACNPs-6 h
t0 1,068 eV in ACNPs-8 h suggests that the sodium ions (Na*)
in ACNPs experience a change in their chemical environ-
ment with increasing reaction time. At 4 and 6h, the
sodium ions may be more strongly coordinated or bound
to the CNPs backbone, resulting in higher binding energy,
as more energy is required to remove an electron from a
tightly bound ion. In contrast, at ACNPs-8 h, where the ions
are less tightly bound, it becomes easier to remove an
electron, resulting in a lower binding energy. Furthermore,
the 0% atomic mass of Na 1s, as shown in Table 7, indicates
the absence of Na* in ACNPs-30 min and ACNPs-2h. Among
ACNPs-4h, ACNPs-6h, and ACNPs-8h, ACNPs-4 h has the
highest Na atomic concentration, suggesting that 4 h may
be the optimal reaction time for carboxymethylation, as
supported by the Raman and DS results.

According to Table 6, the atomic concentration of O 1s
in CNPs is 49.17%. After carboxymethylation, however, the
atomic concentration of O 1s decreases. Among the sam-
ples, ACNPs-4 h has the lowest O 1s concentration (17.80%),
while ACNPs-8h remains nearly unchanged at 48.68%.
Because in ACNPs, the -CH,COONa group attaches to the
cellulose backbone by replacing the OH groups. When the
DS of -CH,COONa groups in CNPs is high, there are more
—-COONa groups and fewer OH groups, leading to reduced
oxygen intensity. This results in a lower O 1s signal, as
fewer hydroxyl groups are available to contribute to the
oxygen peak. Additionally, the low O 1s concentration may
be due to the substitution of cellulose’s —OH groups with
ether linkages in ACNPs, decreasing the number of oxygen
atoms directly associated with the cellulose structure.
These changes confirm the successful functionalization of
the CNPs. This result aligns with FTIR findings, where the
-OH peak shows weaker intensity in ACNPs compared to
CNPs, indicating a reduced number of OH groups.

The atomic concentration of C 1s in ACNPs was higher
than in CNPs. However, at ACNPs-8 h, the atomic concentration
was similar to that in CNPs, with ACNPs-4h showing the

highest concentration (78.01%). This increase is likely due to
the substitution of ~OH groups with ether linkages, which
contributes additional carbon atoms to the structure.
Additionally, based on Na 1s data, it is evident that carboxy-
methylation begins after 2h of reaction time. Consequently,
ACNPs-4 h, ACNPs-6 h, and ACNPs-8 h show varying Na atomic
concentrations, with ACNPs-4 h having the highest concentra-
tion (0.50%), followed by ACNPs-8h (0.21%) and ACNPs-6h
(0.16%). While extended reaction time can optimize certain
transformations, it may also reduce Na 1s atomic concentration
due to possible decomposition or side reactions. Longer reac-
tion times might promote unwanted reactions or decomposi-
tion, altering the sample’s composition and ultimately
decreasing sodium concentration.

6 Conclusion

In conclusion, FTIR characterization reveals a decrease in
the intensity of the ~OH and C-H peaks in the ACNP sam-
ples compared to CNPs, indicating successful surface mod-
ification. This reduction is attributed to the extended car-
boxymethylation time, enhancing the interaction between
chloroacetic acid and cellulose hydroxyl groups. Additional
peaks around 1,600 and 1,400-1,450 cm™ in the FTIR
spectra confirm the carboxymethylation of CNPs, corre-
sponding to the carboxylate group (COO™) and the
stretching and deformation vibrations of methyl (—-CHj)
groups. Among the samples, ACNPs-4 h exhibits the highest
DS at 0.43, indicating the most significant substitution of
—OH groups with anionic groups during the 4-h reaction
time. TEM analysis shows that the needle-like shape of
CNPs is retained after functionalization, demonstrating
that surface modification does not alter the morphology
of the particles. While surface modification improves par-
ticle distribution for up to 2 h, ACNPs begin to agglomerate
beyond 4 h. ACNPs-4 h demonstrates the best particle dis-
tribution and uniform particle diameter, confirming it as
the optimum reaction time. Thermal stability analysis
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using TGA and DTG shows improved stability in ACNPs
after functionalization. XRD analysis reveals a lower crys-
tallinity index for ACNPs compared to CNPs due to struc-
tural modifications, with ACNPs-4 h exhibiting the lowest
crystallinity index among all samples. Raman spectroscopy
further supports these findings, with ACNPs-4 h displaying
the highest D/G band ratio (1.0503), reflecting greater sub-
stitution of carboxymethyl groups. This aligns with zeta
potential measurements, where ACNPs-4h achieves a
value of —41.8 mV, indicating excellent dispersion and uni-
form particle size. Finally, XPS analysis confirms ACNPs-4 h
as the optimum reaction time, evidenced by the highest
concentration of sodium ions (Na*) in the Na 1s spectra
(0.50%), compared to ACNPs-6h (0.16%) and ACNPs-8h
(0.21%). Based on these results, ACNPs-4 h is identified as
the optimal sample that offers superior substitution, dis-
tribution, thermal stability, and structural properties for
further hybridization with metal oxide that has cationic
characteristics.
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