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lauric acid as a hydrophobic precursor and anhydroglucose (AGU). The results indicate
several changes in the modified MFC properties, as evidenced by the appearance of a new
peak at a wavenumber of 1742 cm™ (ester’s C=0) in FTIR spectra, indicating successful
plasma-induced grafting. XPS results also confirm the formation of O-C=0 bond at a
binding energy of 289.3 eV. The optimum conditions were obtained at a molar ratio of
4:1 (lauric acid:AGU). There was a decrease in the hydrophilic property of MFC,
indicated by an increase in the water contact angle from 50.16° to 71.26°. Moreover, the
surface tension difference between MFC and polypropylene was significantly reduced
from 136.99 to 47.51%, suggesting improved compatibility.
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m INTRODUCTION sustainable  materials are needed.  Generally,

Composite polymers have gained popularity in fillers/reinforcements often used in composite polymer

. . . . . applications are synthetic fibers, such as glass fibers
various industries, such as automotive, maritime, and pp Y > g

construction, owing to their lightweight and rust-resistant derived from non-renewable resources. They may pose

advantages while exhibiting high strength and stiffness environmental or health risks due to their abrasive and

[1]. Polymer composites combine the primary materials, non-biodegradable nature [6]. In contrast, cellulose is the

matrices with fillers, or reinforcements. The combination biopolymer material that can be obtained from biomass

of these two materials can generate products with better waste in the highest amount. Consequently, the use of

strength based on the design [1-2). Cellulose fibers as filler cellulose as an alternative material for replacing synthetic

materials for composite polymers are gaining increasing fibers has excellent potential due to its availability, non-

attention in academic and industrial circles [3-5]. This  °XI% low cost, and biodegradable natures, also owing to

trend aligns with the increasing concern for the its relatively lightweight and non-abrasive properties [7].

environment, where more environmentally friendly and Besides, compared to synthetic fibers, such as E-glass,
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cellulose offers several advantages, such as comparable
specific strength and higher specific modulus [8].

Cellulose, one type of which is microfibrillated
cellulose (MFC), is a polysaccharide composed of a
repeating unit known as cellobiose, namely an
anhydroglucose (AGU) dimer connected by f-1,4
glycosidic linkages [9]. Even though MFC offers the
benefits mentioned before, its inherent hydrophilic
property—due to the high number of hydroxyl groups in
its chemical structure—poses a major challenge when used
as fillers/reinforcements in polymer composites,
especially those composed of hydrophobic matrix, such as
polypropylene (PP). This hydrophilic nature causes
significant  surface tension mismatch, reducing
compatibility and poor interfacial adhesion [7,10]. For
this reason, improving the compatibility between
cellulose and polymer matrix is crucial for enhancing
their interfacial adhesion, which ultimately affects the
properties of composite materials. Many studies have
explored various techniques to reduce the hydrophilic
property of MFC, one of which is surface modification.

Surface modification techniques are widely carried
out chemically by grafting more hydrophobic chains on
cellulose surfaces using chemical solvents and catalysts
[9,11-15]. For example, Pasquini et al. [12] carried out
surface esterification of cellulose fibers by chemically
reacting dodecanyl chloride, toluene, and pyridine
reagents for reinforcement in low-density polyethylene
polymer matrices. Similarly, Kim et al. [11] grafted lauryl
alcohol by chemically reacting cellulose and lauryl alcohol
using DMF solvent and pyridine catalyst. However,
although they produced more hydrophobic cellulose and
increased interfacial adhesion with the polymer matrix,
these methods still used harmful chemicals, such as toxic
toluene, DMF, and pyridine, which can generate chemical
waste, endangering the environment. Therefore,
developing more environmentally friendly methods for
modifying cellulose surfaces is necessary.

Cold plasma is one of the more environmentally
friendly techniques to modify the surface of various
materials, as it requires fewer chemicals and a relatively
short duration compared to conventional wet chemical

techniques [16-18]. Cold plasma can be used to modify
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the material surface in two ways: first, by condensing the
precursor to form a physically deposited layer, and second,
by reacting the precursor with the activated substrate to
form a stronger, wash-resistant covalent bond [16].
Another form of modification is plasma-induced
grafting. Several studies have succeeded in grafting
monomers to various material substrates—such as starch,
natural fiber, natural rubber, and cotton-using the cold
plasma method [16,19-22]. However, generating an
efficient reaction between substrate and precursor has
still proven challenging, as it depends on the precursor's
reactivity, substrate type, and plasma parameters.
Therefore, this study-through the
technique-provides an initial assessment of the

plasma

feasibility of MFC surface modification using lauric acid
as a hydrophobic precursor, with the aim to enhance
MFC compatibility with polymer matrices. The plasma
treatment is expected to functionalize the MFC surface
through the grafting of lauric acid, thereby reducing the
surface tension of MFC. As a result, the surface energy
gap between MFC and PP is anticipated to decrease,
improving interfacial compatibility. As a preliminary
investigation, this study focused on the feasibility of
lauric acid as a plasma precursor to modify the MFC
surface. The molar ratio of cellulose:lauric acid was
varied, while the plasma treatment condition was kept
Attenuated  total  reflectance-Fourier
infrared  (ATR-FTIR) and
photoelectron spectroscopy (XPS) were performed to

constant.
transform X-ray
observe the changes in surface chemistry of MFC.
Moreover, water contact angle measurement and surface
tension analysis were also conducted to evaluate MFC
changes in hydrophilicity and surface wettability.
Additionally, thermogravimetric analysis (TGA) was
carried out to determine the thermal stability of the
pristine and modified MFC surfaces.

m EXPERIMENTAL SECTION
Materials

In this study, the materials used for cellulose
surface modification were MFC, lauric acid, and
acetone. Additionally, aquadest and ethylene glycol were
used for contact angle testing. All materials were
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analytical grade and purchased from Sigma Aldrich,
Germany.

Instrumentation

The instruments used in this study were a plasma
generator, oven, desiccator, ATR-FTIR spectroscopy
Bruker Alpha 11, XPS Kratos Supra+, Ossila Contact
Angle Goniometer, and TGA-TG 209 F3 Tarsus Netzsch.

Procedure

Surface modification of MFC

Low-pressure air plasma was used to modify the
surface of MFC. The plasma circuit consisted of a
commercial AC to AC voltage regulator (Variac, OKI
model TDGC 2, China)-with an output of up to 220V,
3 kVA, and a frequency of 50/60 Hz-that was connected
to a full bridge converter with a DC output, which was
then amplified using a plasma driver with a maximum
output of approximately 21kV connected to the
electrodes. The pressure was set at approximately
—-60 cmHg. Initially, the MFC was exposed to plasma for
1 min with the AC input setting at 60 V to activate its
surface. Following this, a solution of lauric acid in acetone
was added, and then plasma treatment was conducted
again for 30 min, also at the setting input voltage of 60 V.
The plasma treatment condition was determined based on
preliminary exploratory trials and the operational limits
of the available equipment. The variations and conditions
of plasma treatment are displayed in Table 1. After the
treatment, the samples were washed using acetone to
remove any remaining unreacted lauric acid.

MFC characterization

Characterization was performed for the surface and
bulk MFC before and after plasma treatment. Surface
characterization was performed using ATR-FTIR, XPS,
and water contact angle (WCA) measurement. Bulk
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characterization was performed using TGA to analyze
the thermal stability of MFC. The detailed methods were
described as follows.

ATR-FTIR analysis. The spectra were recorded at a
wavenumber range of 4000-400 cm™" with a resolution
of 4 cm™ and 32 scans.

XPS analysis. XPS measurements were performed with
a monochromatic Al K-alpha X-ray source. Wide scan
measurements were performed at the range of 0-600 eV,
and high-resolution spectra were taken for Cls (280-
298 eV) with a pass energy of 20 eV and a resolution of
0.05 eV/step to measure the binding energy and atomic
concentration quantitatively. The test was performed on
a sample with a depth of 10 nm. The quantitative
chemical analysis was based on method number 21. The
ESCApe XPS software was used for background
subtraction (Shirley-type), peak integration, fitting, and
quantitative chemical analysis. The Cls (C-C) peak at
285 eV was used to calibrate the binding energy scale [21].
WCA and surface tension. WCA was measured to
assess changes in the hydrophilic properties of the
pristine and modified MFC surfaces. A microsyringe
was used to drop 10 uL of aquadest onto the sample
surface. A camera incorporated within the goniometer
was used to capture the droplet images, which were then
processed to determine the contact angle. The contact
angle was used to analyze the surface wettability. A
contact angle above 90° indicates a hydrophilic surface,
while a lower than 90° signifies a hydrophobic surface
[23].

Surface tension was determined using the Owens-
Wendt method. Following the WCA testing, the contact
angle was also measured using ethylene glycol to
calculate the energy. The determination of surface
tension was determined using the Owens-Wendt
method [24-26]. Following the WCA testing, the contact

Table 1. Precursor composition, plasma parameter condition, and sample code

Sample code Molar ratio

Plasma voltage

Duration of plasma

of lauric acid:AGU V) treatment (min)
MEC - - -
p-MFEC 1 3:1 60 30
p-MFC 2 4:1 60 30
p-MEC 3 5:1 60 30
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angle was also measured using ethylene glycol to calculate
the energy. The determination of surface tension using
this method was based on the polar component (y,") and
the dispersive component (y,®) of the surface tension of a
solid (ys), where y, = y# + y! The formula used to
determine the surface tension is presented in Eq. (1)
[24,26].

y;(1+cosB yP
%ZM\/;JH/E
Y1 Y1

In Eq. (1), yi is the surface tension of the liquid, yi* is the

(1)

dispersive component of the liquid, and yP is the polar
component of the liquid. By using this equation, the
surface tension of the solid, which consists of y and y,¢,
can be determined.

TGA characterization. TGA was performed to evaluate
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the thermal stability and thermal degradation of the
pristine and modified MFCs. Approximately 20 mg of
the sample was inserted into an alumina crucible, then
analyzed at a temperature range of 25-750°C at a
heating rate of 10 °C/min. Next, a 20 mL/min nitrogen
gas flow was used as a purge gas.

m RESULTS AND DISCUSSION
Surface Chemistry Analysis

Fig. 1 presents the FTIR and XPS analysis results
on the pristine and modified MFC samples, while Table
2 presents their atomic composition. As seen in the FTIR
spectra in Fig. 1(a), characteristic peaks for cellulose
were detected at six wavenumbers, namely 3331, 2899,
1624, 1315, 1023, and 893 cm™, attributed to strong O-H
stretching, C-H stretching, O-H bending, C-H bending,
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Fig 1. FTIR spectra at a wavenumber range of (a) 4000-400 cm™, (b) at 1742 cm™ (C=0) normalized to the C-O
absorbance of the pyranose units at 1023 cm™, and (c) trend of absorbance intensity at 1742 cm™ (C=0) after

normalized
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Table 2. Atomic composition and C/O ratio of the pristine and modified MFCs

Sample C (%) O (%) N (%) Si (%) Na (%) C/O
MEC 64.6 35.0 0.4 - - 1.84
p-MEC1 65.8 32.7 0.2 1.2 0.1 2.01
p-MEC 2 65.9 32.9 0.2 1.0 - 2.01
p-MFC 3 66.6 32.9 - 0.4 - 2.01

C-0-C, and B-glycosidic linkage vibrations, respectively
[27-28]. After plasma treatment, based on the normalized
spectra with a peak at 1023 cm™, a new peak was observed
at 1742 cm™ in all variations, as seen in Fig 1(b). This new
peak indicates the presence of ester’s carbonyl (C=0)
group, suggesting that esterification occurred between the
OH groups in cellulose and COOH in lauric acid. This
was further supported by a decrease in OH intensity of
modified MFC at ~3400 cm™' compared to that of pristine
MEFC. The decrease in the same case also occurred in other
studies by Yu et al. [14] and Lease et al. [29]. The possible
occurrence of esterification is also illustrated in Fig. 2.

It is important to note that side reactions, such as
cellulose oxidation, can occur during plasma treatment,
forming carboxylate functional groups [29-32]. However,
in this study, such oxidation cannot be conclusively
confirmed based on FTIR spectra. This is because the
C=0 stretching vibrations of carboxylic acids typically
appear around 1700 cm™ [33], which overlaps with the
peak of ester’s C=0, making it difficult to distinguish
these two using FTIR alone. To ascertain this possibility,
further surface analysis using XPS was conducted to
detect the presence of oxygen-containing functional
groups. Based on ATR-FTIR results, a low-pressure
plasma technique using lauric acid can initiate the
grafting of cellulose. In this study, lauric acid, the
hydrophobic precursor, was introduced into the plasma
chamber after the MFC had been activated, followed by
another round of plasma treatment for post-grafting. A
possible mechanism involves free radicals, where the

Plasma treatment

plasma reactive species (such as free radicals and ions)
bombard the cellulose surface, activating its cellulose’s
OH groups. This activation increases the reactivity of
these groups, allowing them to react chemically with
lauric acid [17,34-35]. However, the absorbance intensity
of the formed C=O0 is still very low. This is probably due
to the abundance of OH groups in cellulose molecules.
Additionally, the formation of radicals during the
plasma process occurs randomly on both the polymer
substrate and monomer, thus affecting the effectiveness
of the grafting process [18]. The free radicals formed are
highly reactive. Those formed on the substrate can
recombine before reacting with the monomer. Similarly,
radicals on the monomer can also recombine without
interacting with the substrate, which reduces the
grafting efficiency. However, this is not always viewed as
a drawback, as the plasma technique focuses on altering
the
environmentally friendly grafting (without an initiator).

surface, conserving chemicals, and enabling
Therefore, further studies are needed to improve
grafting effectiveness by optimizing plasma parameters,
such as voltage, treatment duration, or type of carrier gas.

The degree of grafting was qualitatively estimated
by normalizing the absorbance intensity of the peak of
ester’s C=0 at 1742 cm™ to the C—O-C absorption of
the pyranose unit in the cellulose backbone at around
1023-1025 cm™,

modification [36]. As the concentration of lauric acid

which was unaffected during

increased to a molar ratio of 4:1 (lauric acid:AGU), the
intensity of the ester’s peak also increased, indicating a
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Fig 2. Possible cellulose structures after plasma treatment esterified cellulose where R is lauric acid chain
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higher degree of grafting. However, beyond this ratio, the
intensity began to decrease, as shown in Fig. 1(b) and 1(c).
This finding is supported by a related study by Panda et
al. [16], which reported similar behavior when textile
surfaces were modified using helium glow discharge
plasma with dodecanoic acid. In their study, the efficiency
of fabric functionalization initially increased with higher
precursor concentrations but then decreased after
reaching an optimal point. This likely occurred due to the
saturation of the substrate surface or the formation of an
uneven layer of the precursor.

XPS testing was performed to confirm the possible
reactions that occurred. The wide-scan XPS spectra, as
seen in Fig. 3 along with Table 2, provide information on
the atomic composition of MFC surfaces before and after
plasma treatment. Notably, there is an increase in the
carbon-to-oxygen (C/O) atomic ratio, which supports the
substitution of OH groups in the MFC surface. Other
output about plasma-induced grafting results was
revealed through high-resolution XPS Cls spectra, as
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illustrated in Fig. 4 and Table 3. The high-resolution Cls
spectrum, as shown in Fig. 4(a), indicates that the AGU of
cellulose contains three carbon components, namely C1,
C2, and C3, which possess binding energies of 285.0, 286.7,
and 288.2 eV, respectively. C1 indicates a C-C bond,

x10*
300 +
250 _%h\w\
72}
2 200
9 p-MFC2 i ~— p—
o 1
(7]
© 150
Qo
2
T S R e
8 Ots
50 + Cls
MFC y M
0+
T T T T T 1
0 200 400 600 800 1000 1200

Binding energy (eV)
Fig 3. XPS spectra of the pristine and modified MFCs
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Fig 4. Cls spectra of (a) MFC, (b) p-MFC 1, (¢) p-MFC 2, and (d) p-MFC 3
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Table 3. Binding energy and Cls peak area of the pristine and modified MFCs
Sampl
Carbon type Binding energy (eV) amp=
MEC p-MFC1 p-MFC2 p-MFC3
C1 (C-C/C-H) 285.0 22.11 27.66 31.31 29.40
C2(C-0) 286.7 59.13 56.06 51.16 55.02
C3 (C=0/C-0-C) 288.2 18.75 13.96 15.46 13.36
C4 (0-C=0) 289.3 - 2.32 2.08 2.22
C2 indicates a C-O bond, and C3 indicates a C-O-C Surface Wettability
bond [15,37]. In fabricating polymer composites, the

On the other hand, after plasma treatment (Fig. 4(b),
4(c), and 4(d)), MFC formed a new bond at a binding
energy of 289.3 eV (C4 peak), indicating the presence of
an O-C=0 bond for esters or carboxylates. These results
align with a previous study by Men et al. [15], who
conducted esterification of cellulose with long-chain fatty
acids using 1-butyl-3-methylimidazolium acetate. They
reported that a new peak was formed at a binding energy
of 289.2 eV, indicating the formation of an ester bond.
Along with the emergence of the C4 peak, a decrease in
the C2 and C3 peak areas and an increase in the C1 peak
area were also observed, consistent with previous studies
on the chemical esterification of cellulose fibers [21]. Asa
result, the hydrophilic nature of MFC will be reduced due
to the chemical surface modification of cellulose, where
the OH groups that contribute to its high hydrophilicity
are replaced by esters, which will be able to increase the
compatibility and adhesion of MFC with the synthetic or
petroleum-based polymer matrix, which is usually
hydrophobic.

The percentages of C4 peak area for p-MFC 1, p-
MFC 2, and p-MFC 3 samples were 2.32, 2.08, and 2.22%,
respectively. It is notable that these slight differences are
still within the experimental margin of error, indicating
that the O-C=O content among all modified MFC
samples was relatively similar. These results differ from
the trend intensity of ester’s C=0O observed in the FTIR
spectra, as shown in Fig. 3. This discrepancy may be
attributed to the overlapping binding energy of ester and
carboxylate groups in the XPS analysis, which appears
near 289 eV, as discussed previously. This supports the
possibility that, in addition to esterification, other
reactions, such as cellulose oxidation, also occurred
during plasma treatment, forming carboxylic acid groups.

compatibility between filler and matrix is important for
obtaining strong interfacial adhesion. PP has a low
surface tension due to its hydrophobic nature, while
cellulose has a higher surface tension due to its
hydrophilic nature. The significant difference in surface

tension between PP and cellulose can cause
incompatibility and poor interfacial adhesion.
Therefore, WCA measurement is important to

determine the compatibility of MFC with polymer
matrix. As previously stated, WCA higher than 90°
indicates that the material surface tested is hydrophobic,
and conversely, WCA lower than 90° signifies that the
material surface tested is hydrophilic [23,38].

As shown in Fig. 5(a), after plasma treatment using
lauric acid, the highest increase in WCA was generated
in p-MFC 2 at 42.01%, followed by p-MFC 3 at 26.44%
and p-MFC 1 at 19.28%. This increase in WCA indicates
the success of cellulose surface modification. Besides,
this increase is also in line with the percentage area of C1
in the high-resolution XPS Cls spectra, indicating an
enhancement in C-C bonds due to lauric acid grafting.
However, this result is inconsistent compared to the C4
area (O-C=0) in the high-resolution XPS Cls spectra,
where p-MFC 1 and p-MFC 3 exhibit larger C4 areas than
p-MEC 2. This is most likely due to side reactions that
possibly occurred alongside esterification, particularly
in the form of cellulose oxidation by plasma reactive
species, which produced a carboxylic acids group (HO-
C=0) that is hydrophilic compared to esters. This
reasoning aligns with previous studies, which stated that
cellulose would be further oxidized after being treated
using air plasma from carboxylic acid functional groups
[30,33]. These carboxylic acids have the same binding
energy as esters (RO-C=0), making them difficult to
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Fig 5. (a) Water contact angle and (b) surface tension of the pristine and modified MFCs

distinguish [39]. However, as previously discussed, the
carboxylate peak in the FTIR spectrum at a wavenumber
of ~1700 cm™ was not detected, possibly because it
overlaps with the peak of ester’s C=0. Consequently, the
formation of carboxylates can affect the contact angle. p-
MFC 1 and p-MFC 3 exhibited lower contact angles than
p-MEC 2, even though their C4 areas were larger than that
of p-MFC 2. This can occur because, apart from ester
formation, p-MFC 1 and p-MFC 3 produced more
carboxylic acids than that of p-MFC 2.

Fig. 5(b) illustrates the impact of lauric acid addition
on the surface tension of MFC. A significant decrease in
surface tension was observed following plasma treatment,
with the lowest surface tension resulting in a molar ratio
of 4:1 (lauric acid:AGU) in p-MFC 2, which showed a
reduction of 37.75%. This was followed by p-MFC 3, with
a reduction of 24.12%, and p-MFC 1, with a decrease of
22.83%. This trend corresponds with the increase in
WCA, indicating a decrease in hydrophilic property, as
previously explained. Regarding the use of MFC as a
filler/reinforcement in polymer composites, especially
with a hydrophobic matrix like PP, the difference in
surface tension between PP and MFC becomes a critical
factor. PP has a relatively low surface tension,
23.49 mN/m, while pristine MFC exhibits a significantly
higher surface tension, 55.67 mN/m. This significant
surface tension gap can lead to poor interfacial adhesion,
which may result in unfavorable stress concentration

points and ultimately reduce the mechanical
performance of the composite. Notably, the pristine
MFC-PP mismatch was 136.99%, but this difference was
significantly reduced to 47.51% in the p-MFC 2 sample.
This reduction will improve compatibility between MFC
and PP so as to enhance their interfacial adhesion and
facilitate better stress transfer at the matrix—filler

interface in the resulting composite.

Thermal Stability of the Pristine and Modified
MFCs

This study used TGA to figure out the thermal
stability of the pristine and modified MFCs, the results
of which are shown in Fig. 6 and Table 4. Overall, plasma
treatment of MFC using lauric acid as a hydrophobic
precursor slightly increased the initial degradation
temperature compared to that of pristine MFC, with the
highest increase (3.8%) resulting in p-MFC 2. This
increase in the initial degradation temperature is related
to the increase in thermal stability. This finding is similar
to a previous study by Wen et al. [13] who reported a rise
in cellulose laurate ester's initial thermal degradation
temperature because chains grafted onto the cellulose
surface can form new structures that may be responsible
for the increased thermal stability.

Thermal degradation of pristine MFC shows a
single-step decomposition with a maximum temperature
of 346.64 °C, as depicted in Fig. 6. Both p-MFC1 and
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Table 4. Temperature degradation and mass loss of the pristine and modified MFCs
Degradation ste
Initial degradation - & P ] .
Sample . 1% step 2" step Char at 750 °C (%)
temperature (°C)
Tmax (°C)  Mass loss (%) Tmax (°C)  Mass loss (%)

MEC 326.5 346.64 86.37 - - 8.28
p-MEC1 333.0 360.39 86.86 - - 9.97
p-MFEC 2 339.0 351.16 80.37 571.96 14.06 1.02
p-MEC 3 329.2 347.60 78.16 - - 16.71

p-MEFC 3 exhibit the exact single-step decomposition.
Still, there is an increase in the two’s maximum
decomposition temperature compared to that of pristine
MEFC. In p-MFC 2, there are two decomposition steps: the
first occurred in a temperature range of 200-450 °C, and
the second happened in a range of 450-700 °C. This
finding aligns with a study by Jandura et al. [40] who
noticed changes in thermal degradation characteristics
after cellulose esterification, resulting in two distinct
steps. The second decomposition peak may be attributed
to the thermal degradation of a new cross-linked material
formed through thermal cross-linking. Furthermore,
differences were also noticed in the char formed through
pyrolysis, which likely occurred due to differences in the
resistant by-product of decomposition [13]. However, as
previously mentioned, this phenomenon was only
observed in the p-MFC 2 sample. This is presumably due
to the grafting degree in p-MFC 2 being at an optimal
level, as discussed in the FTIR analysis before.

m CONCLUSION

The MFC surface has been successfully modified
with lauric acid as the hydrophobic precursor to
improve its compatibility with the polymer matrix for
polymer composite applications. Surface modification
was performed using a more environmentally friendly
technique, cold plasma, as the alternative for lessening
conventional wet chemical techniques. The FTIR and
XPS results revealed chemical changes in the hydrophilic
MFC surface. In addition to plasma-induced grafting to
form esters, oxidation also occurred in MFCs, which
affected their polarity. Optimum conditions were
achieved at a lauric acid:AGU molar ratio 4:1 (p-MFC2).
This treatment increased 42.01% in WCA compared to
pristine MFC, indicating a decrease in its hydrophilic
properties.
reducing the surface tension of MFC; the resulting
surface tension of p-MFC 2 is 34.65 mN/m, while that of
pristine MFC is 55.67 mN/m. Therefore, compared to

Likewise, this treatment succeeded in
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the surface tension of PP, which is 23.49 mN/m, it is
conclusive that there is a decrease in the difference in the
surface tension between PP and modified MFC. This
signifies the increasing compatibility between the matrix
and the filler, thus increasing the interfacial adhesion.
provided
information for future studies to optimize further plasma

Moreover, this study’s findings have
technique parameters, such as by employing various

exposure durations, gas types, and power levels.
m ACKNOWLEDGMENTS

This research was supported by Seed Funding Hibah
Professor, Lektor Kepala, and Lektor from the Faculty of
Engineering, Universitas Indonesia, with grant number
NKB-3469/UN2.F4.D/PPM.00.00/2024. The authors also
gratefully acknowledge the analytical support E-Service
Science (ELSA) and the National Research and
Innovation Agency (BRIN) provided.

m CONFLICT OF INTEREST

The authors declare no conflicts of interest to report
regarding the present study.

m AUTHOR CONTRIBUTIONS

Mochamad Chalid contributed to the study's
concept, data analysis, and supervision. Annisa Rifathin
design,
characterization, data analysis, wrote the original

conducted the experimental experiment,
manuscript, and revised the manuscript. Ade Mundari
Wijaya conducted the experiment. Achmad Nandang
Roziafanto, Joddy Arya Laksmono, and Adam Febriyanto
Nugraha contributed to data analysis and supervision. All

authors agreed to the final version of this manuscript.

m REFERENCES

[1] Chandgude, S., and Salunkhe, S., 2021, In state of art:
Mechanical behavior of natural fiber-based hybrid
polymeric composites for application of automobile
components, Polym. Compos., 42 (6), 2678-2703.

[2] Stanaszek-Tomal, E., 2019, Wood -
composites as an alternative to the natural
environment, IOP Conf. Ser.: Mater. Sci. Eng., 603
(2), 0220009.

Polymer

Indones. J. Chem., 2025, 25 (4), 1167 - 1178

[3] Venkatarajan, S., and Athijayamani, A., 2021, An
overview on natural cellulose fiber reinforced
polymer composites, Mater. Today: Proc., 37, 3620-
3624.

[4] Panaitescu, D.M., Frone, A.N., Radovici, C,
Ghiurea, M., Iorga, M.D., Spataru, C.I,, and Attaf,
B., 2011, “Properties of Polymer Composites with
Cellulose Microfibrils” in Advances in Composite
Materials - Ecodesign and Analysis, IntechOpen,
Rijeka, Croatia.

[5] Miao, C., and Hamad, W.Y., 2013, Cellulose
reinforced polymer composites and
nanocomposites: A critical review, Cellulose, 20 (5),
2221-2262.

[6] Pico, D., and Steinmann, W., 2016, “Synthetic
Fibres for Composite Applications” in Fibrous and
Textile Materials for Composite Applications, Eds.
Rana, S., and Fangueiro, R., Springer Singapore,
Singapore, 135-170.

[7] Bindu Sharmila, T.K., Julie Chandra, C.S., Sasi, S.,
and Arundhathi, CK., 2024, “Modification of
Cellulose” in Handbook of Biomass, Eds. Thomas,
S., Hosur, M., Pasquini, D., and Jose Chirayil, C.,
Springer Nature Singapore, Singapore, 535-571.

[8] Lu, N, Oza, S., and Tajabadi, M.G., 2015, “Surface
Modification of Natural Fibers for Reinforcement
in Polymeric Composites” in Surface Modification
of Biopolymers, Wiley, Hoboken, NJ, US, 224-237.

[9] Gadhave, R.V., Dhawale, P.V., and Sorate, C.S,,
2021, Surface modification of cellulose with silanes
for adhesive application: Review, Open J. Polym.
Chem., 11 (2), 11-30.

[10] Aziz, T., Haq, F., Farid, A., Kiran, M., Faisal, S.,
Ullah, A., Ullah, N., Bokhari, A., Mubashir, M.,
Chuah, L.F., and Show, P.L., 2023, Challenges
associated with cellulose composite material: Facet
engineering and prospective, Environ. Res., 223,
115429.

[11] Kim, J.K., Bandi, R., Dadigala, R., Hai, L.V., Han,
S.Y., Kwon, G.]., Cho, S.W., Ma, S.Y., and Lee, S.H.,
2023, Esterification of nanofibrillated cellulose
using lauroyl chloride and its composite films with

Annisa Rifathin et al.



Indones. J. Chem., 2025, 25 (4), 1167 - 1178

polybutylene succinate, BioResources, 18 (4), 7143-
7153.

[12] Pasquini, D., Teixeira, E.M., Curvelo, A.A.S,
Belgacem, M.N., and Dufresne, A., 2008, Surface
esterification of cellulose fibres: Processing and
characterisation of low-density
polyethylene/cellulose fibres composites, Compos.
Sci. Technol., 68 (1), 193-201.

[13] Wen, X., Wang, H., Wei, Y., Wang, X., and Liu, C,,
2017, Preparation and characterization of cellulose
laurate ester by catalyzed transesterification,
Carbohydr. Polym., 168, 247-254.

[14] Yu, S., Zhao, C., Wei, ], Jia, S., Chen, P., Shao, Z., and
Lyu, S., 2022, Preparation of BTCA-esterified
cellulose nanocrystals and effects on mechanical and
thermal properties of polypropylene composites, J.
Appl. Polym. Sci., 139 (42), e53031.

[15] Men, S., Jiang, X., Xiang, X., Sun, G., Yan, Y., Lyu, Z.,
and Jin, Y., 2018, Synthesis of cellulose long-chain
esters in 1-butyl-3-methylimidazolium acetate:
Structure-property relations, Polym. Sci., Ser. B, 60
(3), 349-353.

[16] Panda, P.K., Jassal, M., and Agrawal, AK., 2015,
Influence of precursor functionality on in situ
reaction dynamics in atmospheric pressure plasma,
Plasma Chem. Plasma Process., 35 (4), 677-695.

[17] Khelifa, F., Ershov, S., Habibi, Y., Snyders, R., and
Dubois, P., 2016, Free-radical-induced grafting from
plasma polymer surfaces, Chem. Rev., 116 (6), 3975-
4005.

[18] Bertin, M., Leitao, E.M., Bickerton, S., and Verbeek,
CJR., 2024, A
modification by

review of polymer surface

toward bulk
functionalization, Plasma Processes Polym., 21 (5),
2300208.

[19] Chalid, M., Putranto, B.D., Alfiando, M.A.Y,,
Desfrandanta, J., and Agita, A., 2018, Study on
grafting of starch on natural rubber latex via GDEP
method, AIP Conf. Proc., 2024 (1), 020066.

[20] Chalid, M., Husnil, Y.A., Puspitasari, S., and Cifriadi,
A., 2020, Experimental and modelling study of the

cold plasmas

effect of adding starch-modified natural rubber

1177

hybrid to the vulcanization of sorghum fibers-filled
natural rubber, Polymers, 12 (12), 3017.

[21] Popescu, M.C., Totolin, M., Tibirna, C.M., Sdrobis,
A., Stevanovic, T., and Vasile, C., 2011, Grafting of
softwood kraft pulps fibers with fatty acids under
cold plasma conditions, Int. J. Biol. Macromol., 48
(2), 326-335.

[22] Cabrales, L., and Abidi, N., 2012, Microwave
plasma induced grafting of oleic acid on cotton
fabric surfaces, Appl. Surf. Sci., 258 (10), 4636-4641.

[23] Latthe, S., Terashima, C., Nakata, K., and Fujishima,
A., 2014, Superhydrophobic surfaces developed by
mimicking hierarchical surface morphology of
lotus leaf, Molecules, 19 (4), 4256-4283.

[24] Annamalai, M., Gopinadhan, K., Han, S.A., Saha, S.,
Park, H.J., Cho, E.B., Kumar, B., Patra, A., Kim,
S.W,, and Venkatesan, T., 2016, Surface energy and
wettability of van der Waals structures, Nanoscale,
8 (10), 5764-5770.

[25] Rudawska, A., and Jacniacka, E., 2009, Analysis for
determining surface free energy uncertainty by the
Owen-Wendt method, Int. . Adhes. Adhes., 29 (4),
451-457.

[26] Abusrafa, A.E., Habib, S., Krupa, 1., Ouederni, M.,
and Popelka, A., 2019, Modification of polyethylene
by RF plasma in different/mixture gases, Coatings,
9 (2), 145.

[27] Otenda, B.V., Kareru, P.G., Madivoli, E.S., Salim,
A.M.,, Gichuki, J., and Wanakai, S.I., 2022, Starch-
hibiscus-cellulose nanofibrils composite films as a
model antimicrobial food packaging material, J.
Nat. Fibers, 19 (15), 12371-12384.

[28] Kittikorn, T., Chaiwong, W., Stromberg, E., Torro,
R.M., Ek, M., and Karlsson, S., 2020, Enhancement
of interfacial adhesion and engineering properties
of polyvinyl alcohol/polylactic acid laminate films
filled with modified microfibrillated cellulose, J.
Plast. Film Sheeting, 36 (4), 368-390.

[29] Lease, J., Kawano, T., and Andou, Y., 2021,
Esterification of cellulose with long fatty acid chain
through mechanochemical method, Polymers, 13
(24), 4397.

Annisa Rifathin et al.



1178

[30] Cao, Y., Hua, H., Yang, P., Chen, M., Chen, W.,
Wang, S., and Zhou, X., 2020, Investigation into the
reaction mechanism underlying the atmospheric
low-temperature plasma-induced oxidation of
cellulose, Carbohydr. Polym., 233, 115632.

[31] Demirkir, C., Aydin, I., Colak, S., and Ozturk, H.,
2017, Effects of plasma surface treatment on bending
strength and modulus of elasticity of beech and
poplar plywood, Maderas: Cienc. Tecnol., 19 (2),
195-202.

[32] Pavlindk, D., Svachova, V., Vojtek, L., Zarzycks, J.,
Hyrsl, P., Alberti, M., and Vojtova, L., 2015, Plasma-
chemical modifications of cellulose for biomedical
applications, Open Chem., 13 (1), 229-235.

[33] Ahmadi, M., Nasri, Z., von Woedtke, T., and Wende,
K., 2022, D-glucose oxidation by cold atmospheric
plasma-induced reactive species, ACS Omega, 7 (36),
31983-31998.

[34] Lan, X., Ma, Z., Szojka, A.R.A., Kunze, M., Mulet-
Sierra, A., Vyhlidal, M.J., Boluk, Y., and Adesida,
A.B., 2021, TEMPO-oxidized cellulose nanofiber-
alginate hydrogel as a bioink for human meniscus
tissue engineering, Front. Bioeng. Biotechnol., 9,
766399.

[35] Zhang, H., Sang, L., Wang, Z., Liu, Z., Yang, L., and
Chen, Q., 2018, Recent progress on non-thermal

Indones. J. Chem., 2025, 25 (4), 1167 - 1178

plasma technology for high barrier layer
fabrication, Plasma Sci. Technol, 20 (6), 063001.
[36] Onwukamike, K.N., Grelier, S., Grau, E., Cramail,
H., and Meier, M.A.R, 2018,
transesterification of cellulose with high oleic

Sustainable

sunflower oil in a DBU-CQO, switchable solvent,
ACS Sustainable Chem. Eng., 6 (7), 8826-8835.
[37] Ly, B., Thielemans, W., Dufresne, A., Chaussy, D.,
M.N,, 2008,
functionalization of cellulose fibres and their

and Belgacem, Surface
incorporation in renewable polymeric matrices,
Compos. Sci. Technol., 68 (15-16), 3193-3201.

[38] Yuanita, E., Nugraha, A.F., Jumahat, A., Mochtar,
M.A., and Chalid, M., 2024, Extraction of cellulose
from Arenga pinnata “ijuk” fiber for polypropylene
composite: Effect of multistage chemical treatment
on the crystallinity and thermal behaviour of
composite, S. Afr. . Chem. Eng., 48, 112-120.

[39] Matuana, L.M., Balatinecz, J.J., Sodhi, R.N.S., and
Park, C.B., 2001, Surface characterization of
esterified cellulosic fibers by XPS and FTIR
spectroscopy, Wood Sci. Technol., 35 (3), 191-201.

[40] Jandura, P., Riedl, B., and Kokta, B.V., 2000,
Thermal degradation behavior of cellulose fibers
partially esterified with some long chain organic
acids, Polym. Degrad. Stab., 70 (3), 387-394.

Annisa Rifathin et al.



	■ INTRODUCTION
	■ EXPERIMENTAL SECTION
	Materials
	Instrumentation
	Procedure
	Surface modification of MFC
	MFC characterization


	■ RESULTS AND DISCUSSION
	Surface Chemistry Analysis
	Surface Wettability
	Thermal Stability of the Pristine and Modified MFCs

	■ CONCLUSION
	■ ACKNOWLEDGMENTS
	■ CONFLICT OF INTEREST
	■ AUTHOR CONTRIBUTIONS
	■ REFERENCES



