- QA

v
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Optimizing Acetic Anhydride Amount for Improved Properties of
Acetylated Cellulose Nanofibers from Sisal Fibers Using a High-

Speed Blender

Romi Sukmawan, Kusmono,* and Muhammad Waziz Wildan

Cite This: ACS Omega 2023, 8, 27117-27126

I: I Read Online

ACCESS |

il Metrics & More

| Article Recommendations |

ABSTRACT: Acetylated cellulose nanofibers (ACNFs) have
shown a great potential for strengthening non-polar polymer
matrices and better dispersion which can improve composite
properties. However, insufficient acetylation may cause inadequate
nanofibrillation ACNF during the fibrillation process. The
objective of this work was to evaluate the effect of different
amounts of acetic anhydride (0, 45, S5, and 65 mL) on the degree
of substitution (DS), morphology, crystalline structure, and
thermal properties of ACNF obtained from sisal fiber produced
using a high-speed blender. The attenuated total reflectance-
Fourier transform infrared spectroscopy revealed the success of the
acetylation process by the presence of the carbonyl signal around
1724 cm™'. Furthermore, the DS of ACNF was increased with the
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acetic anhydride amounts. X-ray diffraction analysis revealed that the crystalline structure of ACNF and non-ACNFs were cellulose I,
and the crystallinity index of CNF was increased after acetylation treatment. Thermogravimetric analysis showed that the thermal
stability of CNF was improved considerably after the acetylation process. The water contact angle of ACNF was higher than that of
CNF, indicating that the structural property of CNF altered from hydrophilic to more hydrophobic after acetylation. In addition, the
thermal resistance of CNF was improved significantly after acetylation treatment. The optimum amount of acetic anhydride was
achieved in S5 mL of acetic anhydride (ACNF-55) which produced ACNF with a DS value of 0.5, a crystallinity index of 77%, a
diameter of 87.48 nm, a maximum degradation temperature of 351 °C, and a contact angle of 37.7°. Overall, it was concluded that

the obtained ACNF had great potential as reinforcement materials for nanocomposites based on non-polar polymeric matrices.

1. INTRODUCTION

Recently, cellulose nanofibers (CNFs) have received significant
attention due to their excellent properties such as high strength
and stiffness, high aspect ratio, very light, renewable ability,
biodegradability, biocompatibility, high crystallinity, high
surface activity, low toxicity, good rheological, and optical
properties. > Because of their attractive advantages, CNFs
have attracted increasing interest in many applications,
including papermaking, coating additives, security paper,
food packaging, gas barrier, and reinforcing agents in polymer
nanocomposites.” CNFs are fabricated by the mechanical
methods of cellulose-based materials, which are usually
obtained after the removal of amorphous components such
as hemicellulose, lignin, wax, and oils through chemical
treatments.” The mechanical methods include high-pressure
homogenization, micro fluidization, ultra-sonication,® high-
speed disintegration,” and grinding."’

Although CNFs have excellent potential as a reinforcing
agent in nanocomposites, as described above, it is difficult for
CNF particles to be dispersed homogeneously in a non-polar

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

27117

polymer matrix, which makes the strengthening effect
insignificant."’ The hydrophilic behavior is ascribed to the
hydroxyl groups on the surface of the cellulose fiber.'”
Therefore, to reduce the surface hydrophilicity of CNFs and
improve their properties, it is necessary to carry out various
surface modifications such as esterification, etherification,
silylation, and organic acid grafting.'”'* Among those
modifications, acetylation is a commonly used surface
modification in which the hydroxyl groups of cellulose are
substituted by less hydrophilic acetyl groups.” Acetylation
effectively reduces the number of hydroxyl groups in cellulose,
thereb)lréincreasing the hydrophobicity and reducing hydrogen
bonds.
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Figure 1. Extraction and isolation of ACNFs.
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Numerous studies have been reported on the acetylation of
CNFs isolated from different cellulose sources. The ACNF
from the kenaf fibers was successfully prepared by Jonoobi et
al.'” and Ashori et al.'® The ACNF from sisal fibers (SF) was
also demonstrated by Trifol et al,,'where the SF were treated
using alkali, bleached, and followed by acetylation. Zimmer-
mann et al.”’ produced ACNF from microcrystalline cellulose
(MCC) by acetylation treatment at 120 °C for 3 h and then
followed by ultrafine grinding for 4 h. ACNF from cotton linter
was reported by Yuan et al’' where acetylated cellulose
nanofiber (ACNF) was prepared using a combination of
acetylation and high-pressure homogenization for stabilizing
Pickering emulsion. The properties of obtained ACNF are
greatly affected by several factors, such as the type of cellulose
sources, the molar ratios of acetic acid and acetic anhydride,
the ratio of MCC to acetic anhydride, degree of substitution
(DS), blending time, and the type and amount of ester
groups.'®**7>* Diop et al. investigated the effect of the acetic
acid/acetic anhydride ratio on the properties of corn starch
acetates.”” They found that the ratio of acetic acid/acetic
anhydride strongly influenced the crystallinity, surface
morphology, water solubility, and water absorption index of
corn starch, and the best ratio of acetic acid/acetic anhydride
was achieved in 1:1. Zhou et al. demonstrated that the DS was
increased with increasing the molar ratio of acetic anhydride/
acetic acid."® Cheng et al. produced ACNF prepared from corn
stalk MCC with different ratios of MCC to acetic anhydride
using chemical-high-pressure homogenization processes.”
They found that the DS was increased as the ratio of MCC
to acetic anhydride increased. Moreover, the crystallinity index
(C,I) and thermal stability were decreased with increasing the
ratio of MCC to acetic anhydride. Xu et al. successfully
prepared acetylated cellulose nanocrystals via a one-step
reaction with varying amounts of acetic anhydride from
commercial MCC powder.”® They demonstrated that both C,I

and DS were found to increase with increasing the acetic
anhydride amounts.

In this work, SF were used as a source of cellulose to make
CNFs because SF have a high cellulose content (60—
70%)°~** and were widely available in the province of Nusa
Tenggara Barat, Indonesia. Sisal fiber is extracted from the
leaves of the Agave sisalana plant which is native to Mexico but
can now grow rapidly in tropical countries around the world,
including Indonesia. Therefore, it is very interesting to produce
CNFs extracted from SF. To the best of the author’s
knowledge, no studies on the preparation of acetylated
cellulose nanofibers (ACNFs) from SF using a high-speed
blender with varying amounts of acetic anhydride have been
reported. A high-speed blender was used in this work because
it was proven to be effective in making CNFs with low energy
consumption.9’29’30

In the present work, the ACNFs with different degrees of
substitution were produced from the SF. The SF were first
bleached using the alkaline hydrogen peroxide (AHP) solution.
Then, the AHP-treated SF were modified using an acetylation
process with different amounts of acetic anhydride, and the
nanofibrillation was performed using a high-speed blender.
The effect of the amounts of acetic anhydride on the
characteristics of ACNFs was investigated in the present
study. The characteristics of ACNF were evaluated using
attenuated total reflectance-Fourier transform infrared (ATR-
FTIR), X-ray diffraction (XRD), scanning electron microscope
(SEM), thermogravimetric analysis (TGA), and the measure-
ments of the DS and water contact angle.

2. EXPERIMENTAL SECTION

2.1. Materials. SF were obtained from Sumbawa Bangkit
Sejahtera Inc., Nusa Tenggara Barat, Indonesia. The fibers
were cultivated in West Nusa Tenggara Province, Indonesia,
for a cultivation period of 2—3 years. The sulfuric acid (95—
97%), glacial acetic acid (100%), acetic anhydride (>97%),
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sodium hydroxide (NaOH), and hydrogen peroxide (30% in
water) were bought from Sigma-Aldrich, USA. In addition,
methanol (>99%) and acetone (95%) were used as solvents.
All reagents were analytical reagents and used directly.

2.2. Pre-Treatment of Sisal Fibers. Previously, ground
(60—80 mesh) SF were soaked in distilled water for 2 h at 80
°C to remove any dirt and other soluble contaminants before
the chemical treatment. Then, the fibers were bleached using
AHP following the previous method with a slight modifica-
tion.”® Briefly, 10 g of the dried SF was added to 200 mL of an
aqueous solution of both preheated 5 wt % H,O, and S wt %
NaOH at pH 11 and 45 °C for 90 min. The bleached pulp was
washed with distilled water to a pH of 7.

2.3. Acetylation of Pre-Treated SF. The pulp of pre-
treated SF was subsequently acetylated to produce hydro-
phobic CNFs. The acetylation process was conducted using
never-dried (wet) cellulose. A total of 10 g of pulp was
compacted manually between filter papers to reduce the
moisture content as much as possible, followed by sequential
solvent exchange using glacial acetic acid to displace water and
lead to the hydroxyl groups being more accessible. The pressed
pulp was initially soaked in a sequential solvent of 50 and 75
mL glacial acetic acid for 15 min every sequent and then
filtered to remove the remaining solvent. The final step of the
exchange process was soaking the filtered pulp into 100 mL
glacial acetic acid for 60 min, followed by an acetylation
process by adding different amounts of acetic anhydride (45,
55, and 65 mL) and sulfuric acid (0.2 mL) in a round-bottom
flask with a flat base. The reaction was carried out under
constant stirring at S0 °C for 60 min. The reaction was
terminated by washing with distilled water several times,
followed by methanol and acetone to remove any residual
chemicals. The clean and wet acetate fibers were stored in
sealed plastic bags at S °C until further use.

2.4. Nanofibrillation of Acetylated Cellulose Nano-
fibers. The ACNFs were fibrillated by a high-speed blender.
There was 7 g of acetylated cellulose fibers put in 1000 mL of
water and mixed using a high-speed blender (Vitamix TNC
5200, USA) at 37,000 rpm for 30 min. For comparison,
untreated CNFs were also prepared with a high-speed blender.
The three acetylated samples with 45, 55, and 65 mL acetic
anhydride concentration and untreated CNFs are designed as
ACNF-45, ACNE-55, ACNF-65, and CNF, respectively.
ACNF and CNF suspensions were then freeze-dried to
produce the dried ACNF and CNF powders. The extraction
and isolation of ACNFs are demonstrated in Figure 1.

2.5. Characterizations. 2.5.7. ATR-FTIR. The ATR-FTIR
(IRAffinity-1S, Shimadzu, Japan) was used to compare changes
in function groups between SF, CNF, and ACNF obtained at
various amounts of acetic anhydride. The influence of amounts
of acetic anhydride on the functional group alteration was
evaluated. The spectra of the samples were recorded with an
average of 34 scans and a spectral resolution of 4 cm™ in the
range of 400—4000 cm ™.

2.5.2. DS. The DS of the samples was calculated using the
FT-IR method as proposed by Barbosa et al.’' The DS of the
sample was determined by the normalization of the area of the
absorbance peak of the ester at 1724 cm™', with the area under
the absorbance peak of the cellulose unit centered at 1162
cm™". The DS was determined by the following eq 1

DS = N
A6 (1)

where A;,,, and A, 4, are the areas under peaks of 1724 and
1162 cm™’, respectively. Ten different sample positions of
ACNF sheets were measured and the mean DS value was
calculated.

2.5.3. XRD. The XRD characterization was carried out using
an Empyrean X-ray diffractometer (Malvern PANalytical type
of HR-XRD Empyrean DY 3831, Netherlands) using Cu Ko
ray radiation (1 = 1,54 A) operated at 40 kV and 30 mA. The
spectra were recorded over the 20 range of 10—40°, a step size
0f 0.02°, and a scan speed of 0.1°/min. In addition, the C.I was
determined by the Segal method,** according to eq 2

==X 100%

Too ()
where CJI is the crystalline index, I,y is the maximum
diffraction intensity for 20 = 22—23° indicating the crystalline
regions, and I, is the intensity related to the amorphous
regions at 20 = 18—19°. The crystallite size (t) was determined
following the Scherrer equation as in eq 3 below”

_ KA
ﬂl/zcos 0 (3)

%C,I = Lo = Tam

t

where K (0.91) is the Scherrer constant, A (1.54060 A) is the
wavelength of radiation, f,/, is the full width at the half
maximum of (200) diffraction peak in radians, and 6 is the
corresponding Bragg’s angle.

2.6. SEM. The morphological structures of ACNF and CNF
were observed using an SEM (JEOL Ltd., type of JSM-IT200
Electron Microscope, Japan) operating at S kV. Before SEM
observations, the samples were sputter-coated with gold to
avoid charging. Then, the CNF and ACNF diameters were
measured based on the SEM images using the freely available
Image] software. In this study, diameter measurements were
made on 30 fibers at different locations on each SEM image
and the average diameter was calculated.

2.7. TGA. The thermal behavior of the ACNF and CNF was
evaluated by TGA (Hitachi STAA7300, Japan) by recording
TGA and DTG curves. The measurements were conducted
under a controlled atmosphere by placing about 12 mg of the
sample in an aluminum pan and heating it to a range
temperature of 30—600 °C at a heating rate of 10 °C/min
under a nitrogen flow rate of 50 mL/min.

2.8. Water Contact Angle Measurement. The water
contact angle was measured using a high-speed video camera
(Fujifilm X-M1) with a speed of 6 fps and a shutter speed of 1/
4000 s at room temperature. Approximately, S yL of distilled
water was dropped on the sample, and the contact angle
measurements were made 20 s after the drop touched the
sample’s surface. Three different sample positions were
measured, and then the mean value was calculated.

3. RESULTS AND DISCUSSION

3.1. ATR-FTIR Spectroscopy. Figure 2 depicts the ATR-
FTIR spectra of SF, CNFs, and ACNFs with various acetic
anhydride concentrations. In the ATR-FTIR spectrum of SF,
there were some visible peaks at 3449, 2897, 1725, 1590, 1162,
1037, and 892 cm ™!, respectively. The bands at 3449 and 2897
cm ™! corresponded to the stretching vibrations of the hydroxyl
(—OH) groups and the C—H groups of cellulose, respec-
tively.”*™* The characteristic of the stretching vibrations of
the carbonyl groups of acetyl and uronic esters of hemi-
cellulose and ester bonds of carboxylic groups of ferulic and p-
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Figure 2. ATR-FTIR spectra of SF, CNF, ACNF-45, ACNE-5S, and
ACNEF-65.

coumaric acids of lignin was shown by a peak at 1725
em™L77%9% The band at 1590 cm™' was related to the
presence of COO— groups and corresponded to the stretching
of the carboxyl group.*' The band at 1162 cm™ was ascribed
to the stretching of C—O antisymmetric bridge groups. The
pyranose stretching of C—O—C groups was revealed by the
peaks at 1037 and 892 cm™".** Compared with the spectrum of
SF, the CNF exhibited no peak at 1725 cm™, indicating the
removal of amorphous components (hemicellulose, lignin,
pectin, and wax) during the bleaching using the AHP. Three
new peaks could be observed in the ATR-FTIR spectra of all
ACNFs, namely at 1724, 1365, and 1238 cm ™. The absorption
bands at 1724, 1365, and 1238 cm™! were attributed to the
stretching of the carbonyl (C=0) groups, the methyl (CH;)
groups, and the acetyl (C—O) groups, respectively.”’~*" The
appearance of three peaks confirmed the structural trans-
formation due to the acetylation reaction. In other words, it
was concluded that the acetylation of CNFs was successfully
obtained. Moreover, the lack of any peaks at 1760 to 1850 and
1700 cm ™" indicated that the ACNF is free of acetic anhydride
and the by-product of acetic acid. In other words, it was
concluded that the acetylation of CNFs was successfully
obtained. Figure 2 also shows no significant difference in the
spectra of all ACNFs with different concentrations of acetic
anhydride. This indicated that amounts of acetic anhydride did
not affect the chemical structures of the ACNF. The same
phenomenon was also reported by Ishida et al,** where there
are no significant differences in spectra of aqueous counter
collision (ACC)-CNF by various wet surface acetylation.

3.2. DS Analysis. Figure 3 illustrates the DS value of
ACNFs with different amounts of acetic anhydride. Figure 3
shows that when the acetic anhydride amounts were 45, S5,
and 65 mL, the DS of ACNFs was 0.4 + 0.04, 0.50 + 0.04, and
0.52 =+ 0.05, respectively. The results indicated that the DS
increased with the amounts of acetic anhydride. The influence
of the DS was associated with the reagent of the reaction
slowly penetrating the crystal domains of cellulose, removing
the hydroxyl groups in the crystalline area and more active
acetyl groups involved in the acetylation process.”” In the
acetylation process, the role of acetic anhydride was shown to
be more effective when the amounts of acetic acid were
increased.”” In this study, the highest DS obtained was 0.52 +

0.65

0.6

Degree of substitution (DS)

0.3

ACNF-45 ACNF-55 ACNF-65

Figure 3. The effect of acetic anhydride amounts on DS.

0.0S, indicating that the substitution of hydroxyl groups by
acetyl groups was incomplete and the hydrogen bonding still
existed between the anhydrous glucose units of the cellulose
chains."® From Figure 3, it can also be seen that the relation
between the amounts of acetic anhydride and the DS value was
not linear. This trend suggested that the CNFs were
heterogeneously acetylated by the procedure in this
work." 33! In other words, this indicated that the acetylation
process occurred increasingly from the surface to the cellulose
core.””*" This result was consistent with previous reports.'®"
An increase in the DS due to an increase in the amounts of
acetic anhydride was also reported by Zhou et al,,'® Colussi et
al,>® and Duan et al.>> However, the resulting ACNF had a
lower DS than that reported by Duan et al.>> which might be
due to the limited degree of reaction on the wet cellulose
surface in this study. The remaining water content on the
cellulose surface makes it difficult for the hydroxyl groups to
access during acetylation.

3.3. XRD Analysis. The XRD patterns of SFs, CNFs, and
all ACNFs with different acetic anhydride concentrations are
demonstrated in Figure 4. It can be seen from Figure 4 that the
typical structure of cellulose I was exhibited by all samples. The
characteristic peaks of cellulose I were shown by several peaks
at 20 values of 16°, 22—23°, and 34—35°, corresgonding to
(110), (200), and (004) planes, respectively.*>>* Tt was
revealed that the crystal structure of cellulose I remained
during the bleaching using the AHP and acetylation process.
These results were in agreement with previous studies.”" ">
Furthermore, the CI is calculated using Segal’s empirical
equation from the XRD patterns and their results are presented
in Table 2. The CI values of SF and CNF were 50 and 58%,
respectively. The result suggested that the CNF possessed a
higher CrI than the SF. The increase in crystallinity was
attributed to the removal of amorphous components, such as
hemicellulose and lignin, within the SF during the bleaching
with the AHP. These results were in agreement with the results
reported by Sofla et al.”* Furthermore, the C,I values of the
ACNFs under different acetic anhydride concentrations of 45,
SS, and 65 mL were 74, 77, and 69%, respectively. Compared
to the CNF, all ACNFs exhibited a much higher CI value
(69—77%). The higher Crl value confirmed that the
acetylation increased the CJI of CNF considerably. The
increase in crystallinity after acetylation was probably related
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Figure 4. The XRD patterns of SF, CNF, ACNF-45, ACNE-55, and
ACNEF-65.

to the role of acetylation, which in addition to reducing the
hydrogen-bond forces between cellulose molecules also
removed amorphous components such as hemicellulose and
lignin so that acetylation increased the C.I. According to da
Rosa et al,,”” the acetylation process acts as a cleaning agent for
inorganic compounds and amorphous domains in cellulose. As
presented in Table 2, it was found that the CI value of the
ACNF increased from 74 to 77% with increasing the acid
anhydride concentration from 45 to 55 mL and then decreased
to 69% when the acid anhydride increased further to 65 mL.
These findings indicated that the optimal acetic anhydride
concentration was achieved at 55 mL resulting in the highest
Crl value. The highest CI value at an acetic anhydride
concentration of 55 mL was associated with the most effective
removal of residual amorphous domains in cellulose during
acetylation. Furthermore, the reduction in Crl of the ACNF
produced at an acetic anhydride concentration of 65 mL was
attributed to partial damage to the crystalline structure of
cellulose. All ACNFs had higher CI values than the results
reported by Sofla et al.”* and Duan et al.>> The higher C,I
value in this study may be because the wet acetylation method
reduces the effect of damage in the crystalline structure of
cellulose during mechanical fibrillation comgared with the dry
acetylation method proposed by Sofla et al.** and Duan et al.”
As shown in Table 1, the crystallite size of SF increased in the
case of CNF and ACNF. Increasing crystallite size might be
due to removing some amorphous parts of SF and
recrystallization as the intermolecular force of attraction
increases after several treatments.’® The crystallite size of
ACNEF-55 and ACNF-65 was slightly reduced compared with

Table 1. Crystallinity Index and Crystallite Size of SF, CNF,
ACNF-45, ACNEF-55, and ACNF-65

sample CI (%) crystallite size (nm)
SF NY 29
CNF 58 4.0
ACNF-45 74 4.0
ACNE-55 77 39
ACNEF-65 69 39

that of CNF and ACNF-4S after fibrillation with a high-speed
blender. These findings demonstrated that fibrillation of
acetylated pulp by a high-speed blender causes less damage
to the crystalline structure of cellulose. Overall, it was
concluded that the acetylation process unchanged the structure
of cellulose I, and the acid anhydride influenced the CI of
ACNFs.

3.4. SEM Observation. Figure 5 displays the SEM
micrographs of CNF and ACNF under different acetic

Inadequate
nanofibrillation

—lpml

Figure S. SEM images of (a) CNF, (b) ACNF-4S, (c) ACNF-SS, and
(d) ACNE-65.

anhydride concentrations. Figure Sa—d illustrates the SEM
images of CNF, ACNF-45, ACNF-55, and ACNEF-6S,
respectively. As shown in Figure Sa, it can be observed that
the CNF was partially fibrillated with an average diameter of
220.46 nm showing that the AHP treatment facilitated the
fibrillation of fibers.”” In addition, inadequate nanofibrillation,
as presented by the red circle, was also observed in the CNF.
The presence of inadequate nanofibrillation was also examined
in the ACNF-45, as shown in Figure Sb. The inadequate
nanofibrillation might be attributed to insufficient acetylation
at 45 mL of acetic anhydride and a lower DS value of 0.5.”* As
presented in Figure Sc, a higher fibrillation rate, a more
uniform size distribution and a smaller size were exhibited by
ACNF-55. These phenomena indicated that hydrophobic
modification has been advantageous to nanofibrillation during
acetylation.>”

Furthermore, the diameter distribution of CNF and ACNF
with different acetic anhydride was measured using Image]
processing software from SEM images and their results are
demonstrated in Figure 6. The CNF had a diameter of 220.46
+ 115.42 nm, while the diameter of ACNF-45, ACNF-55, and
ACNF-65 was 364.76 + 282.12, 87.48 + 49.76, and 132.13 +
131.04 nm, respectively. Therefore, the average diameter of
ACNF was in the order of ACNF-45 (364.76 nm) > ACNF-65
(132.13 nm) > ACNF-SS (87.48 nm). This suggested that the
smallest diameter of ACNF was obtained at an acetic
anhydride of 55 mL, attributed to the most effective acetylation
process achieved at 55 mL of acetic anhydride. In other words,
the degree of fibrillation reached a maximum at 55 mL of
acetic anhydride, as indicated by the uniform diameter
distribution of ACNF-SS without obvious inadequate nano-
fibrillation as presented in Figure Sc. The smaller diameter of
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optimal acetic anhydride amount was achieved at S5 mlL,
resulting in the smallest size of ACNFs. The average diameter
for the cellulose fibers produced from the ACNF-55 sample
was comparable with the previous results reported by Boufi
and Chaker,” who generated CNFs with an average diameter of
less than 100 nm from oxidized corn pulp with carboxyl
content 480 pmol/g via high-speed blender. However, the
variation in diameter was related to the distinct cellulose
sources and pre-treatment conditions. It has been known that
the dimensions of cellulose fibers are greatly influenced by
cellulose sources and pre-treatment conditions.”**>>

3.5. Thermogravimetric Analysis. The thermal stability
of SFs, CNFs, and all ACNFs under different acetic anhydride
concentrations of 45, 55, and 65 mL was investigated using a
TGA. Figure 7a,b depicts the TGA and DTG curves of SF,
CNF, and all ACNFs. From the TGA and DTG curves, the
onset degradation temperature (T,,..), the maximum
degradation temperature (T,,,), and the residual mass value
(Wiesique) were obtained and their results are presented in
Table 2. As shown in Figure 7a, it can be observed that all

Table 2. Thermal Properties of SF, PSF, CNF, and ACNF

sample Tonset (°C) Tex (°C) Wiesidue (%)
SF 2719 3484 30.5
CNF 308.7 346.0 227
ACNE-45 3221 350.0 21.8
ACNE-55 329.8 351.0 213
ACNEF-65 319.1 347.5 17.1

samples exhibited three stages of degradation. In the first
degradation stage, all samples showed a minor weight loss
occurred at room temperature to 120 °C, which was related to
the evaporation of absorbed water.”” In the second degradation
step, the crystalline regions disintegrated at around 220—390
°C. The polymer was simultaneously decomposed, resulting in
an increase in the amorghous structure and a reduction in the
polymerization degree.1 In the third step, around 390 to 600
°C, the crystal domains were entirely disintegrated, and the
cellulose was decomposed into the monomer D-gluco6pyranose,
which could then be decomposed into free radicals.”*

Table 2 shows that the onset temperatures (Tonset) of SF
and CNF were 271.9 and 308.7 °C, respectively. This finding
revealed that the CNF had a higher onset temperature than SF.
Higher thermal stability shown by CNF compared with the SF
was ascribed to the higher CI of the CNF as indicated by XRD
analysis (Table 2). Furthermore, the higher CI of the CNF
was related to the removal of amorphous components such as
hemicellulose and lignin during the bleaching process using
AHP.®® From Table 2, it was found that the T, ., values of the
ACNFs with different concentrations of 45, 55, and 65 mL
were 322.1, 329.8, and 319.1 °C, respectively. The results
indicate that all ACNFs exhibited a much higher T, than the
SF and CNF. In addition, the T, ., of ACNFs was increased
from 322.1 to 329.8 °C with the increase of acetic anhydride
concentration from 45 to 55 mL. The T, decreased to 319.1
°C when the acetic anhydride concentration was increased to
65 mL. This suggested that the acetic anhydride concentration
influenced the thermal stability of ACNF and the optimal
acetic anhydride amount was achieved at 55 mL. From Figure
7b and Table 2, it was obtained that the main degradation
temperature (T,,,) for the SF and the CNF was obtained to be
348.4 and 346.0 °C. On the other hand, the T, value for the

max

ACNEF-45, ACNF-5S, and ACNF-65 were 350, 351, and 347.5
°C, respectively. These findings indicated that the highest T,
value of ACNF was obtained for an acetic anhydride of 55 mL.
This trend was similar to that of the T, showing that the
thermal stability of ACNF was also affected by the acetic
anhydride concentration. Overall, the acetylation process
enhanced the thermal resistance of CNFs. The improvement
of thermal resistance was related to the partial removal of
amorphous domains such as hemicelluloses and lignin during
acetylation.'® The higher thermal stability was also probably
ascribed to the substitutions of hydroxyl groups in cellulose by
acetyl groups, which were more stable and produced better
thermal resistance.”® Moreover, the higher thermal stability
shown by ACNF was attributed to a higher C/I, as presented in
Table 1. According to Nascimento and Rezende, the enhanced
CI corresponded to the increased thermal stability of the
CNFs.”” The high crystallinity (orderly arrangement) of
cellulose molecules due to the removal of amorphous regions
during acid hydrolysis limited heat transfer through the
glycosidic chain and thus increased thermal resistance.’>”
An increase in thermal stability due to acetylation treatment on
CNFs was also demonstrated by Ashori et al."® The results of
this study are different from previous studies,”> which found
that the thermal stability of ACNF was lower than that of
CNF. The reduction in thermal stability of ACNF might be
attributed to differences in terms of the cellulose sources and
the nanofibrillation methods used. Furthermore, both CNF
(346 °C) and ACNF-55 (351 °C) demonstrated better
thermal stability compared to that of non-acetylated CNF
(325 °C) and acetylated CNF (343 °C) reported by Sofla et
al.”* with the same method using a high-speed blender. The
increased CNF C[ in this work may be believed to be the
cause of the difference in thermal stability.

From Table 2, it can also be obtained that the residual

weight (W,eqee) of SF and CNF was 30.5 and 22.7%,
respectively. The W, g4, value for ACNFs with different acetic

anhydride concentrations of 45, 55, and 65 mL was 21.8, 21.3,
and 17.1%, respectively. These findings revealed that the SF
exhibited the highest W4, value compared to CNF and
ACNEF. The highest value of the residue was associated with a
higher lignin content in the SF compared to that in the CNF
and ACNE.”’ It was reported that the lignin content strongly
influenced the formation of the fiber char in the fiber.”” The
lower residue content of CNF and ACNF compared to that of
SF contributed to the improved thermal stability, mainly owing
to the effective dissolving of hemicellulose and lignin in the
AHP pre-treatment and acetylation process.”

3.6. Water Contact Angle Measurement. The water
contact angle was measured to characterize the surface
wettability of CNF and ACNF with different amounts of
acetic anhydride. Figure 8 depicts the results of the contact
angle measurement of the CNF and ACNF with different
acetic anhydride amounts. It can be seen from Figure 8a that
the contact angle of the CNF could not be measured. The
difficulty in measuring the contact angle of CNF was caused by
the droplet being completely absorbed by the hydrophilic
property of CNE.”*”" From Figure 8, it can be seen that the
contact angle of ACNF at various acetic anhydride amounts of
45, 55, and 65 mL was 30.1 + 1.50°, 37.7 &+ 1.58°, and 40 +
2.12°, respectively. These results confirmed that the water
contact angle of CNF was increased significantly after
acetylation. The evolution of the water contact angle of CNF
after acetylation suggested that the acetylation process altered
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a)

Figure 8. Micrographs of water drop on the surface of CNF and
ACNF with different amounts of acetic anhydride: (a) CNF (b)
ACNF-45 (c) ACNF-55 (d) ACNF-65.

the nature of the surface of CNFs from highly hydrophilic to
more hydrophobic due to the partial replacement of hydroxyl
groups with the acetyl groups.'® The acetylation drastically
reduced the water wettability of CNF, indicating that the
chemical modification on the surface of CNF occurred.'® The
water contact angle of ACNE-55 (37.7°) is similar to that
reported by Ashori et al. but much lower than that reported by
Sofla et al. (66°), and Yuan et al. (62°)."%*"** The variability
in contact angle measurement may be due to process variability
and factors such as surface roughness, moisture content, and
extractives content of the sample.

From Figure 8, it can also be observed that the water contact
angle of ACNFs was increased with increasing the amount of
acetic anhydride. This trend was similar to that of the DS,
where the increase in the amounts of acetic anhydride
increased the DS. This might be because the number of
replacements of hydroxyl groups with acetyl groups increases
with increasing amounts of acetic anhydride which eventually
increased the water contact angle. This finding was consistent
with previous studies.”” Based on the DS and water contact
angle results, it was concluded that increasing the amount of
acetic anhydride increased DS and water contact angle. In
addition, this confirmed that obtained ACNF had higher
interface compatibility with non-polar materials.”® According
to Yuan et al, the reduction in ACNF hydrophilicity could
enhance the dispersion of CNFs and interfacial adhesion in
non-polar polymeric matrixes.”’ It was concluded that the
resulting ACNF had great potential as reinforcement material
in the nanocomposites using a non-polar polymeric matrix.

4. CONCLUSIONS

The ACNFs with varying acetic anhydride amounts were
successfully produced in this study. The characteristics of
ACNFs were strongly affected by the amount of acetic
anhydride. The ATR-FTIR results indicated successful
acetylation of CNFs, while the XRD results demonstrated
that the acetylation treatment increased the C.I of CNFs. The
TGA indicated that the acetylation process significantly
improved the thermal resistance of CNFs. From the measure-
ment of the water contact angle, it was found that the
acetylation process altered the nature of the CNF surface from
hydrophilic to more hydrophobic, as indicated by an increase
in the contact angle. The optimal amount of acetic anhydride
was achieved with 55 mL of acetic anhydride resulting in a CI
of 77%, a diameter of 87.48 mm, and the best thermal stability.
Finally, the resulting ACNFs showed promising potential as a

reinforcing agent in nanocomposites with non-polar polymer
matrices.
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