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The morphological and thermal characteristics of cellulose microfibril isolated from oil palm frond (OPF) waste, using
carboxymethylation pretreatment, to benefit solar thermal application were explored. Following the pretreatments, 30
minutes of high-intensity ultrasonication (HIUS) at 20 kHz and 130 W output power were applied as a solvent-free
fibrillation technique to produce cellulose microfibrils. The morphology of the isolated cellulose revealed that the
consecutive techniques produced a long and uniform cellulose microfiber, with diameters ranging between 2 and 10
um, the coefficient of variation of its morphology distribution data being of 44.4%. It also caused the microfiber
structure to shift from cellulose I to cellulose II, with a moderately high crystallinity index. Carboxymethylation greatly
affected the thermal stability of cellulose microfibrils, with maximum degradation temperature up to 281 °C, as evident
from TGA and DSC analyses. The surface chemistry for the carboxymethylated microfibril sample indicated significant
changes in the functional groups responsible for its properties.
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INTRODUCTION

Palm oil is the most widely used vegetable oil with managing and sustainably digesting this

globally, accounting for up to 40% of total output,
compared to other vegetable oils.! Since it was
first introduced in the 14" century, palm oil
production has become the key contributor to the
economic sector of southeastern Asian countries,
especially in the last decades. In 2014, the world’s
total oil palm production area was recorded at
16,472,000 ha, with Malaysia and Indonesia
contributing 77 percent of this total, and the
remaining were in Thailand, Nigeria and
Columbia.? As palm oil production increases by
around 9% per year globally,* the vast amount of
biomass waste associated with the oil palm
plantation is also growing. Environmentalists,
academics, and society continue to be concerned

biomass waste,* and have developed various
strategies for improving processes, procedures
and environmental saving practices.

Wastes from pruning, replanting, and milling
operations in oil palm plantations are often left to
degrade on the fields, thereby exerting a
detrimental impact on the environment. It was
reported that palm oil only accounts for less than
10% of the tree, while the rest of the palm oil tree
is considered biomass,> which includes oil palm
trunk (OPT), oil palm frond (OPF), empty fruit
bunch (EFB), oil palm kernel shell (OPKS), oil
palm mesocarp fiber (OPMF) and palm oil mill
effluent (POME).® OPF is produced daily from
pruning activities and could cause substantial
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hazards when left on the ground. Previous studies
suggested an approach to directly convert OPF
into value-added materials yet limited to animal
feed, bioenergy production, organic fertilizer’ and
direct combustion to generate electricity.®® The
cellulose content in OPF ranges between 30.4 and
50.3%.'° On a dry weight basis, OPF contains
cellulose (35.73 £ 1.34%), hemicelluloses (28.39
+ 1.34%) and lignin (24.62 + 1.17%)."! Exploiting
the cellulose content from OPF through physical
depolymerization could be leveraged to expand its
potential for a sustainable supply of cellulose-
based products, such as cellulose microfibrils, as a
promising material for various energy-related
applications.'?

Microfiber’s radiative cooling properties
enable it to be inserted as a thermal insulating
layer to create an efficient building cooling
envelope effect.”® Furthermore, microscale
cellulose fibers are easily entangled with one
another to form a highly flexible porous structure
due to the high intermolecular affinity and strong
hydrogen bonding, which has opened up their
potential as thermal insulators in monolithic
forms.'* Recently, cellulose microfibers have
been converted into a three-dimensional aerogel
to serve as a thermal insulator.!”> With the
increasing need for environmentally friendly
materials for solar thermal insulation technology,
cellulose microfibrils are in great demand.'®!” For
this reason, there is a need for a process sequence
to isolate cellulose and produce new materials
with the desired qualities.

The characteristics of extracted cellulose were
observed to be impacted not only by their native
source, but also by the treatment processes used
during fibrillation.'® Several isolation techniques
have been studied on various biomass resources in
the past decades to extract cellulose microfibrils,

including  high-pressure  homogenization,'*?
21,22

high-shear homogenization, micro-
fluidization,>** and mechanical grinding.>>?® The
mechanical fibrillation technique, like

homogenization and micro-fluidization, could
cause an irreversible agglomeration due to the
hydrophilic nature of cellulose fibers. Hence, such
methods frequently require multiple passes
through disintegration devices, resulting in
considerably high energy consumption.”’ It was
estimated that the energy consumption required
by a high-pressure homogenizer and micro-
fluidization reaches as high as 70,000 kWh/t and
8.5 kWh, respectively.?® High energy
consumption due to a high-pressure operating
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condition during homogenization has limited the
scale-up of micron-sized production and caused
its utilization for agricultural biomass to be less
attractive.

Recently, high-intensity =~ ultrasonication
(HIUS) has been used to separate cellulose
nanofibers, and it has received a lot of attention
due to its capacity to degrade cellulosic
polysaccharide bonds.?’ The ultrasonication
method applies ultrasound energy at which
hydrodynamic  forces produce mechanical
oscillating power. During ultrasonication, the
alternating formation, growth and implosive
collapse of bubbles (in a liquid medium) create
highly intensive waves and hotpots to strip away
the outer layer of cellulose and expose smaller
fibril bundles. The cavitation process generates
around 10-100 kJ/mol of energy, which falls
within the hydrogen bond energy scale.’® Besides
being exceptionally clean, HIUS is also
operationally convenient in reducing
agglomerations during microfibrillation.

According to Fahma ef al., combining
chemical and mechanical treatment produced the
optimal conditions for manufacturing cellulose
nanofiber from oil palm biomass.*! Therefore,
mechanical fibrillation techniques were usually
combined with chemical pretreatments to ease the
fibrillation and subsequently reduce its operating
cost. TEMPO-mediated oxidation,’** enzyme-
assisted  hydrolysis,>*3¢ and ionic liquid
treatments’’ are among the chemical treatments
combined with mechanical fibrillation. Acid
pretreatment is another profound chemical
pretreatment method for obtaining nano-sized
fibers from lignocellulosic biomass. The extracted
cellulose is hydrolyzed using a mixture of
hydrochloric and sulphuric acid,'***° producing
less than 100 nm in diameter. However, higher
concentrations or temperatures of the acid mixture
during hydrolysis led to the formation of
nanocrystals instead of nanofibers.*’ Besides, the
presence of sulfate groups from sulfuric acid
hydrolysis reduced the thermal stability of the
nanofiber.*!

Appropriate pretreatments of cellulose fibers
before or after sonication were reported to
increase fiber reactivity and simplify the
extraction.? Another chemical pretreatment
recently reported to exhibit a promising method of
breaking down cellulose fibers prior to
mechanical fibrillation is carboxymethylation.*’
Carboxymethylation pretreatment onto cellulosic
fiber is done by replacing hydroxyl groups with



carboxymethyl groups in an alkaline medium. It
was reported that the presence of carboxymethyl
groups resulted in a lower number of passes
during mechanical fibrillation due to the increase
of electrostatic repulsion between the fibrils.*
The strength of hydrogen bonding and
hydrophobic nature within the cellulosic fibers
was reduced with the addition of charged
groups,”’ leading to ease in the subsequent
fibrillation. Even though carboxymethylation
pretreatment prior to mechanical fibrillation was
identified as causing constraints, such as
excessive depolymerization and the existence of
negatively-charged surfaces,” a significant
reduction in energy used during the
manufacturing of the carboxymethyl cellulose
could compensate for these drawbacks.*® Besides,
from viewpoint of producing cellulose
microfibrils, negatively-charged surfaces did not
affect the morphological dimension of individual
fibrils.** For this, the study is attributed to the
isolation technique through chemical pretreatment
to encourage the production of this renewable
material for new uses, in line with the current
production method of micro- and nanofiber.
According to the literature, the isolation of
cellulose microfibrils from oil palm frond (OPF),
using ultrasonication with the help of
carboxymethylation pretreatment, remains
unexplored. Thus, our research focuses on
carboxymethylation as a chemical pretreatment
approach that may be used in conjunction with
ultrasonication as a mechanical fibrillation
technique to produce micro-sized cellulose fibers.
Since the properties of fibrils are greatly
influenced by the raw materials used and their
preparation (including fibrillation), the
morphological and thermal behavior of
microfibrils isolated using the
carboxymethylation pretreatment strategies prior
to the ultrasonication fibrillation is the main focus
of this paper. Their morphological and thermal
properties are compared with microfibers isolated
using other physical pretreatment methods, such
as high-speed blending, high-shear
homogenization and simple magnetic stirring. The
width distribution of the cellulose microfibrils
produced is investigated using field emission
scanning electron microscopy (FESEM), and the
thermal  behavior was  evaluated from
thermogravimetric ~ analysis  (TGA).  The
morphological behavior of the fibrils was later
confirmed wusing X-ray diffraction (XRD)
analysis. The findings presented in this study are
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expected to facilitate the potential of combining
pretreatment with ultrasonication to convert one
of the oil palm wastes into a value-added
component, with the intention of cleaner waste
management from the oil palm industry and, as a
result, a lower environmental impact in the future.

EXPERIMENTAL
Pretreatment of OPF cellulose fiber

The bleached cellulose utilized in this investigation
was extracted from OPF using the procedure described
by Kumneadklang et al. with some modifications.*’
The oil palm fronds (OPF) fiber was directly treated
with 8 wt% NaOH at 90-100 °C for 2 hours using a
fiber-to-solution ratio of 1:20 by weight. The obtained
black slurry from the alkaline treatment was filtered
and the solid residue was washed with distilled water
several times. The washing and filtering steps were
repeated until the pH of the filtrate was neutral. The
residue was then dried in the oven at 65 °C to constant
weight for 24 hours. At this stage, oil palm frond
cellulose was obtained. The OPF cellulose fiber was
bleached with 30% H,O; at 90 °C for an hour, using a
fiber to solution ratio of 1:20. The bleaching step was
repeated three times until the cellulose turned white.
After the white fiber solution was allowed to cool, it
was rewashed using distilled water and finally dried in
the oven at 65 °C for 24 hours.

The extracted cellulose fibers (OPF-C) were used
in some parts of the analysis for comparison purposes.
Monochloroacetic acid (CICH,COOH), isopropanol
(C3H30), acetic acid (CH;COOH), methanol (CH3OH)
and ethanol (C,HsOH) - used for the
carboxymethylation pretreatment — were purchased
from Sigma-Aldrich and used as received. All other
chemicals were of analytical grade. Deionized (DI)
water was utilized for all experiments.

Carboxymethylation

Five grams of bleached cellulose fiber, OPF-C, was
soaked in 100 mL of isopropanol and 20 mL of 52%
(w/v) NaOH was added dropwise into the mixture.
Isopropanol was used in alkalization as a solvent, and
the fiber was left to soak for 60 min at 30 °C. Next, 10
g of monochloroacetic acid was added and kept at 55
°C under constant stirring conditions for 180 min using
a water bath shaker. The slurry was filtrated, and the
solid residue was soaked in methanol overnight to
remove impurities. The suspension was then
neutralized with 90% acetic acid. Finally, the solid
residue was washed with ethanol, and the obtained
carboxymethylcellulose was dried using a freeze dryer
for 48 hours at -82 °C temperature. This procedure of
carboxymethylation of OPF-cellulose fiber was
adapted from the optimization study reported by
Tasaso P. (2014)*® with some minor modifications.
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High-shear homogenization

High-shear homogenization was performed using
an Ultra-Turrax T25 (I.K.A., Germany) homogenizer.
An aqueous suspension with 0.2% (w/v) of bleached
cellulose was prepared using 0.6 g of cellulose fiber
extracted from oil palm frond in deionized water. The
suspension was homogenized at 15,000 rpm for 10
min. The suspension was later subjected to fibrillation
using ultrasonication.

High-speed blending

An aqueous suspension with 0.2% (w/v) of
bleached cellulose was prepared by dispersing
cellulose fiber extracted from oil palm frond in
deionized water. The suspension was fibrillated using a
high-shear ultrafine grinder at 15,000 rpm for 10 min.
The suspension was later subjected to fibrillation using
ultrasonication.

Magnetic stirring

The suspension of bleached cellulose extracted
from oil palm frond was prepared at a weight-to-
volume ratio of 0.2% (w/v) before the suspension was
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allowed to be soaked under magnetic stirring at 450
rpm. After the suspension was stirred for 24 hours, the
cellulose fiber was sonicated, as detailed in the next
section.

Isolation of cellulose microfibrils

A 20 kHz ultrasonic processor (220V, Cole-
Parmer, US), with a stainless 6-mm diameter probe,
was used for the fibrillation of the pretreated cellulose
suspension. The amplitude of the sonicator was set at
60%, and all the samples from various pretreatment
steps were ultrasonicated for 30 min. The probe was
ensured to remain well dipped into the cellulose
suspension throughout the procedure. The temperature
of the suspension was kept consistent by keeping the
water flow through a double-wall beaker to remove
any excess heat. Finally, all the samples were slowly
frozen in a freezer (-2 °C) for 24 h, followed by
lyophilizing in a vacuum freeze-drier (Labconco, US)
at -82 °C at a pressure of 0.09 mbar for two days to
remove water for further analysis. The summary of the
fibrillation method is shown in a schematic diagram in
Figure 1, and the notation is summarized in Table 1.

High-shear .
homogenization

L High intensity

Magnetic stirring ||

Figure 1: Schematic representation of pretreatment procedures applied on bleached OPF cellulose prior to high-
intensity ultrasonication

Table 1

Combination of pretreatment strategies and HIUS fibrillation method

Pretreatment strategy

Ultrasonication parameters Sample

Carboxymethylation at 55 °C

High-shear homogenization at 15,000 rpm for 10 min

High-speed blending at 15,000 rpm for 10 min
Magnetic stirring at 3000 rpm for 24 h

30 min at 60% amplitude CMF-CM
30 min at 60% amplitude CMF-HG
30 min at 60% amplitude CMF-HS
30 min at 60% amplitude CMF-ST

Characterization
Morphology

The surface morphology and structures of raw OPF
and extracted cellulose (OPF-C) were studied using
scanning electron microscopy (SEM). The samples
were first coated with gold by using a sputter coater
device from Bal-Tec (Multi Coating System MED20);
later, SEM (JEOL-JSM-6010LA) was applied at an
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acceleration voltage of 15 kV. Meanwhile, the
morphological studies of isolated cellulose microfibrils
extracted from OPF that were pretreated using various
methods were carried out using a field emission
scanning electron microscope, FE-SEM (ZEISS-
SUPRA 55VP), for higher resolution images. The
freeze-dried samples were coated with gold using a
sputter coater device. Then, the images were taken



using a secondary electron detector at 15 kV
accelerating voltage.

Thermogravimetric  analysis/Differential  thermal
analysis (TGA/DT)

The thermal behavior of raw dried oil palm frond
fiber (OPF), the cellulose extracted (OPF-C), and
commercial crystalline cellulose (Commercial)
samples were investigated using a simultaneous
thermal analyzer (Netzsch STA 449F3). Samples of
CMF-CM, CMF-HG, CMF-HS and CMF-ST were
also tested for their thermal stability. All the samples
were heated from ambient temperature up to 800 °C
under a nitrogen gas atmospheric condition. The
heating rate was maintained at 10 °C/min. The weight
of all tested samples was 5-7 mg. In addition, the
energy requirement for thermal degradation of the
extracted cellulose sample from OPF and CMF-CM
sample were observed using DSC, with a heating rate
of 10 °C/min under nitrogen flux.

X-ray diffraction (XRD)

The effect of pretreatments and mechanical
fibrillation on the microfibrillated cellulose was also
investigated using crystallinity index measurements
taken from X-ray diffractograms (Bruker AXS-DS8
Advance). The diffraction patterns of the freeze-dried
samples were recorded using Cu radiation at 40 kV and
40 mA, with a Cu Ka X-ray source with the
wavelength (A) of 0.15406 nm. The scans were
performed from 5° to 60° with 0.05° increments.
Cellulose crystallinities were determined using the
deconvolution method.*® The deconvolution of the X-
ray diffraction patterns was performed with ORIGIN
software to separate amorphous and crystalline
contributions to the diffraction spectrum, using a
curve-fitting process, in which the Gaussian function is
used used for the deconvolution of all the crystalline
peaks. The crystallinity index, C;, of the microfibril
samples was calculated using Equation 1 below:

C(%)=(55) ¥100

A )
where A, is the integrated area of crystalline peaks in
the X-ray diffraction and Ar is the total area under the
X-ray diffraction curve. The average crystallite size
was determined using the Scherrer equation, and the
width of the diffraction patterns recorded in the X-ray
reflected the crystalline area for both cellulose I and
cellulose II crystals. It was determined using the
following Equation 2:

.y
D(nm)— B cosf

2
where D is the crystallite size, k& is the Scherrer
constant (0.84), A is the wavelength of the X-ray
diffraction, g is the full-width at half (FWH) of the
crystalline peaks (in radians) and 6 — the corresponding
Bragg angle.

Cellulose

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was utilized to identify
potential changes in the functional groups in
carboxymethylated cellulose, prior to the mechanical
microfibrillation, compared with the extracted
cellulose sample. FTIR spectra for the dried extracted
cellulose (OPF-C) and CMF-CM sample were
recorded using a Bruker Tensor 27 spectrometer
(Bruker, Karlsruhe), equipped with a single reflection
attenuated total reflectance (ATR) system. Bands were
recorded in the region from 4000 cm™ to 600 cm™! at
ambient temperature. The surface chemistry of the
CMF-CM sample was discussed in the Results and
Discussion section.

Carboxyl group content

The carboxyl group content of the prepared CMF-
CM carboxymethylated pulp was determined using the
conductometric titration method in accordance with
SCAN-CM 65:02. Briefly, 1 g of oven-dried CMF-CM
was converted to the proton form by dispersing in 0.1
M HCI and allowed to stand for 15 min, before being
washed until the conductivity was less than 5 pS/cm.
Then, 490 mL of deionized water and 10 mL of 0.05 M
NaCl were added and subsequently stirred thoroughly
using a magnetic stirrer. The suspension was titrated
against 0.05 M NaOH from a precision burette, and the
titration was immediately stopped when the
conductivity started to increase. The total amount of
the carboxyl group present in the CMF-CM was
calculated according to the following Equation 3:

Carboxyl group content = (Cnaor X VNaoH)/W 3)
where Cnaon, Vnaon, and w are the concentration of the

NaOH solution, the volume of the NaOH solution, and
the oven-dry weight of the sample, respectively.

Statistical analysis of diameter distributions

The comparison of the pretreatment strategies used
in this study was evaluated through the reliability of
the morphological data collected from the FESEM
analysis. The coefficient of variation (CV) onto the
width (diameter) dispersion measurements were
calculated for each of the pretreatment strategies, at
which mean values and standard deviations of fiber
width were first determined. CV was calculated as a
ratio between the standard deviation and the mean of
the distribution of the morphological data set. It is an
estimate of the experimental error in relation to the
overall average of the experiments with respect to the
morphological results.

RESULTS AND DISCUSSION
Morphological studies

Kumneadklang et al. reported the main
composition of raw oil palm frond consists of
42.67% cellulose, 34% hemicelluloses and 22.9%
lignin.’” The presence of these components will
dramatically change as the fiber is subjected to
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cellulose extraction procedures. They also
reported that the cellulose content in the OPF
increased up to 79.6% as the OPF was treated
with an alkaline solution at a high temperature.
This apparent composition change will affect its
morphological and thermal characteristics. In this
study, the cellulose extracted from OPF was
subjected to carboxymethylation pretreatment and
ultrasonication fibrillation to produce microfibrils.
The SEM image of cellulose fiber before
undergoing the carboxymethylation pretreatment
and ultrasonication presented in Figure 2 shows a
large bundle of fibers (diameter: 30-300 pm). The
sequential processes have broken down the
lignocellulosic complex, dissolved the lignin and
hemicelluloses, and opened up the cellulose to
allow extensive fibrillation in the subsequent
process.

The field emission scanning electron
micrograph images of the cellulose microfibrils
isolated using carboxymethylation pretreatment
methods are presented in Figure 3a. The
micrographs of the microfibers isolated using
other pretreatment methods were also presented in
Figure 3b-d. From the FESEM image of the
microfiber, the morphological structure of the
OPF cellulose fiber differs significantly from that
of the cellulose microfibers after undergoing
ultrasonication fibrillation. Various pretreatment
strategies and the 30-min ultrasonication method
have caused a significant reduction in cellulose
fiber dimensions, causing the bundles to separate
into individual microfibers. The diameter of the
microfibrils was measured using ImageJ software,
and the frequency distribution was plotted to
study the significance of pretreatment strategies

prior to the ultrasonication by assuming their
cross-section are circular.

By comparing the diameter distribution of
cellulose microfibrils in Figure 3,
carboxymethylation pretreatment has shown some
extent of microfibrillation. Such a method has
yielded individualized microfibrils down to an
average width of 3.8 pm. The addition of
negatively charged groups (during
carboxymethylation) to cellulosic fiber has
improved fibril delamination and enabled the
fibrillation of fibers with narrow-width
distributions. It was reported that pretreatment
with carboxymethylation induces electrostatic
repulsion between fibers, allowing fibers to
disintegrate into thinner fibrils.* The presence of
the carboxyl group in the cellulose fiber wall has
resulted in lower delamination resistance and
hence eases further fibrillation.?” The addition of
Na® ions during carboxymethylation disrupts the
cellulose hydrogen-bonded crystalline region
(internal fibrillation),” thus weakening the bond
that exists inside the fiber and when the external
fibrillation is applied via hydrodynamic forces
(HIUS), the fiber breaks into micron-sized fibers.

The average diameter of cellulose microfibrils
isolated using a combination of high-shear
homogenization and HIUS is 7.8 pm, slightly
smaller than microfibrils isolated using the
combination of high-speed blending and magnetic
stirring, which are measured at 9.4 and 9.5 pm,
respectively. The width distribution for the later
pretreatment strategies spans out at wider
distribution up to 30 pum, showing some fiber
fragments and bundles are still inhomogeneous in
size.

INOS,: UWUMT

Figure 2: SEM image of cellulose extracted from oil palm frond showing large size of the fiber bundle
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Figure 3: Field-emission scanning electron micrographs of microfibrillated cellulose isolated using high-intensity
ultrasonication with various pretreatment: a) carboxymethylation (CMF-CM), b) homogenization (CMF-HQG), c) high-
speed blending (CMF-HS, d) magnetic stirring (CMF-ST) and their corresponding diameter size distribution

A more homogenous structure is seen for
microfibrils isolated using carboxymethylation
pretreatment, as shown in Figure 3a. When
subjected to ultrasonic treatment operating at
atmospheric pressure, the cellulose fibers treated
with pre-mechanical strategies, such as high-shear
homogenizer, high-speed blending, and stirring,
are exposed to oscillating power, which creates
hydrodynamic forces that are effective in

consolidating them into the micron-long fibrils.>!
The mechanical oscillating power applied in
liquid with suspended fiber leads to the formation,
expansion, and implosion of microscopic gas,” in
which a violent shock wave applied on the
surfaces of the fibers has created external
fibrillation that causes breakage of intermolecular
hydrogen bonding in cellulose.

269



MARSHAHIDA MAT YASHIM et al.

The significance of pretreatment strategies in
producing microfiber from OPF-based cellulose
could be contemplated statistically. The statistical
measure of reliability distribution of the data set
for microfiber width for all types of pretreatment
was evaluated based on the coefficients of
variation value. CV is calculated as the ratio
between the standard deviation and the mean
values in the diameter size distribution data
measured from FESEM images using Imagel
software. The number of data (counts) for
measured fiber used to evaluate the CV value is
approximately the same to ensure the consistency
of the results. The CV value analyzed is tabulated
in Table 2. A larger value of CV reflects the

variability of diameter values from its mean
value, representing the more spread of the fiber
diameter around its mean. The CV value for
microfiber isolated using carboxymethylation
pretreatment combined with ultrasonication
(CMF-CM) showed the lowest value at 44.4%,
representing the lowest variability of the diameter
data. It demonstrates the method used to isolate
the microfiber for this type of sample is
statistically reliable and corresponds to the greater
quality of the experimental method.™ It is
supported by a small standard error value, which
reflects a good representation of the measured
sample compared to the overall data.

Statistical parameters on the measurement of microfiber diameter measured from FESEM images

Sample Counts Standard error  CV (%)
CMF-CM 352 0.09 444
CMF-HG 313 0.21 46.6
CMEF-HS 336 0.35 69.5
CME-ST 348 0.31 61.7

Crystallinity index studies

The XRD analysis of the cellulose extracted
from OPF (OPF-C) and cellulose microfibrils was
used to determine the changes in crystalline
structure as the extracted cellulose from oil palm
fronds was subjected to various pretreatment
techniques and ultrasonication procedures. The
crystallinity index is one of the significant aspects
of the cellulose microfibrils fiber in ascertaining
its thermal and mechanical stability. Figure 4
depicts the overlay of the X-ray diffraction
patterns for all cellulose microfibrils isolated
using different pretreatment strategies prior to the
ultrasonication process, compared to the
diffraction pattern for extracted cellulose, OPF-C.

It can be observed that the OPF-C, CMF-HG,
CMF-HS and CMF-ST samples exhibit the
characteristic peaks at 260=22° and 16°, which are
ascribed to the (002) and (101) crystallographic
planes of the typical structure of cellulose 1.>* The
diffraction peaks observed within the mentioned
range depict the diffraction intensity of crystalline
regions (regarded as primary peak) and
amorphous (secondary peak), respectively. These
observations indicate that the crystalline structure
of cellulose 1 remains intact despite the
consecutive mechanical pretreatment and high-
intensity ultrasonication process. The cellulose
microfibrils  isolated using pre-mechanical
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strategies exhibit more intense diffraction at the
primary peak than their origin (OPF-C) sample,
implying a higher degree of crystallinity. It is
attributed to the elimination of certain amorphous
components and the reorganization of the
crystalline regions into a more ordered structure™
during the pretreatment process. These trends
were consistent with the morphology in FESEM
images (Fig. 3) of the microfibrils, showing more
crystalline structure as compared to OPF-C (SEM
image in Fig. 2).

In contrast, the cellulose microfibrils isolated
using carboxymethylation pretreatment with a
combination of ultrasonication shearing, CMF-
CM, has shown a different diffraction pattern in
terms of heights, peak shifts, and peak widths.
Typical crystalline peaks of cellulose I structure at
diffraction angles of 20 = 22° and 16° observed in
OPF-C samples disappeared for CMF-CM
samples. Instead, a strong diffraction peak at 260 =
20° was observed. The observation indicates that
the carboxymethylation process has disrupted the
cellulose crystalline structure and feasibly caused
the structure to shift from cellulose I to cellulose
I1.>¢ The occurrence may be due to the cleavage of
the hydrogen bonds, as carboxymethyl groups
substituted the hydroxyl groups in the OPF-C.
The shifting of the peaks was attributed to the
destruction of B-glycosidic linkage, which



increased the distance Dbetween cellulose
molecules.’ The combination of
carboxymethylation and HIUS fibrillation also led
to a 21% decrease in the crystallinity index of
CMF-CM, compared with the extracted cellulose.
Onyianta et al. have reported a 35% decrease in
crystallinity index for the cellulose nanofiber
isolated from the commercial hardwood bleached

Cellulose

cellulose ~ sample  after it  underwent
carboxymethylation and subsequent mechanical
homogenization.”” Im et al. also reported the same
observation for the carboxymethylation treatment
applied to eucalyptus kraft pulp in the production
of cellulose nanofibrils.** The crystallinity
indexes of the different samples are given in
Table 3.
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Figure 4: Overlay XRD patterns within 20 scale ranging from 5° to 60° of the cellulose microfibrils isolated using
the combination of various pretreatment and ultrasonic shear as compared to extracted cellulose from oil palm
frond biomass, OPF-C.

Table 3

Crystallinity indices of extracted cellulose and microfibril samples from OPF

Sample Crystallinity index, Crl (%)  Average crystallite size (nm)
OPF-C 31.78 6.653
CMF-CM 25.11 2.421
CMF-HG 35.59 4.205
CMF-HS 32.62 3.301
CMF-ST 33.56 3.605

Thermal analysis

The thermal properties of cellulose
microfibrils are an essential factor in evaluating
their applicability as solar thermal insulation
materials. The TGA thermogram for microfibrils
isolated through different pretreatment strategies
is shown in Figure 5. The thermogram shows the
initial weight loss observed in all cellulose
microfibril samples within the range of 35-150
°C, representing the evaporation of the loosely
bound moisture on the surface of these materials.
The TGA images of the microfibrils isolated from
OPF-C, using the combination of
carboxymethylation (chemical) and
ultrasonication (physical) technique, showed a
quite significant mass loss at approximately 220
°C, while the microfibrils isolated from the same
source using the combination of pre-mechanical

strategies have retained their thermal integrity up
to the same temperature. This can be seen from
the TGA curves for CMF-HG, CMF-HS and
CMF-HS, which degrade at a temperature higher
than 250 °C, with a significant weight loss
exceeding 50% for all the samples.

Derivative thermogravimetric analysis (DTG)
for all CMF samples was plotted from 25 °C to
1000 °C to analyze the stages of degradation
further. The DTG diagram in Figure 6 shows that
CMF-CM microfibre degraded in three phases;
however, CMF-HG, CMF-HS, and CMF-ST
degraded in two stages over the indicated range.
The first stage of degradation started at room
temperature up to 200 °C, representing the
vaporization of water molecules in the fibers. This
stage of degradation is relatively high for
microfiber pretreated by carboxymethylation
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(CMF-CM), which accounts for 15.76% of its
mass change. This observation could be explained
by the substitution of some parts of hydroxyl
groups in the cellulose fiber with the hydrophilic
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carboxymethyl groups, CH,COONa, which hence

increased the

absorption

of more

water

molecules,” as compared to the other three

samples.
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Figure 5: Thermogram profile of cellulose microfibrils isolated using the combination of various pretreatment and high-
intensity ultrasonication (HIUS)
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Figure 6: Derivative thermogravimetric (DTG) diagrams of microfibrils: (a) CMF-CM,
(b) CMF-HG, (c) CMF-HS and (d) CMF-ST

A dramatic mass loss shown in the second
stage of degradation for all samples was attributed
to the depolymerization of carbohydrates and
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lignin. Apart from depolymerization, the second

stage of degradation

18

also

caused by

decarboxylation,*® the rearrangement of carboxyl



groups and eventually results in the unfolding of
carbon dioxide and carbon monoxide. The second
thermal degradation for CMF-CM was observed
to start at 177 °C, which is lower than for other
microfibers. The thermal degradation of the
second phase in the fiber accounts for major mass
loss (39.91%), which is associated with the
amorphous structure developed during
carboxymethylation pretreatment and could cause
the CMF-CM sample to degrade at a lower
temperature than in the case of microfibrils
pretreated with mechanical treatment. The lower
thermal stability of CMF-CM, as compared to
other cellulose microfibrils, is consistent with its
crystallinity index explained in the previous
section. This is due to the fact that an amorphous
structure starts to degrade at a lower temperature,
as compared to a crystalline structure.®
Compared to other types of cellulose microfibrils,
the lower thermal stability of CMF-CM could
also be attributed to the presence of sodium
carboxylates on the surface of CMF-CM.?” This
reduction might also correspond to the high
surface area of microfibrils in the CMF-CM
(small average diameter), which accelerates the
heat transfer rate and consequently lowers the
decomposition temperature.>*°!

A sharp peak for the second stage of
degradation represents the maximum degradation
rate temperature (7)) recorded at 281 °C (peak
temperature) for CMF-CM, which is attributed to
the degradation of the cellulose constituent. It is
worth noting that the CMF-HG, CMF-HS, and
CMF-ST samples all have a maximum
temperature higher than 350 °C. This observation
may be because the carboxymethylation
pretreatment initiates more active sites and
accelerates the decomposition. The T value
recorded for CMF-CM is relatively lower than
that for the microcrystalline cellulose (MCC)
extracted from OPF by acid hydrolysis using
hydrochloric acid, which was recorded at 345

Table 4

Cellulose

°C,*? but comparable with those for other
cellulose microfibrils extracted from different
types of biomass, such as oil palm mesocarp (240
°C),% sunflower stalk (295 °C),* oil palm empty
fruit bunch (326 °C)% and coconut empty fruit
bunch (325 °C).® The sample showed a quite
significant mass loss from the temperature range
of 606 °C and 1000 °C (in the third stage)
attributed to the oxidative degradation of residue,
leaving a residual mass of 26.35%. This fiber
residue indicates the presence of carbonaceous
materials in the nitrogen atmosphere. The
comparison of the thermal characteristic of all
samples is tabulated in Table 4.

The energy consumption property of CMF-
CM during the thermal degradation was also
analyzed with respect to the extracted cellulose
sample (OPF-C) using differential scanning
calorimetry. Differential scanning calorimetry, or
DSC, is an analytical technique that can
determine the amount of energy needed for the
thermal destruction of inorganic and organic
substances. Figure 7 shows the differential
scanning calorimetric curves of CMF-CM and its
original cellulosic fiber extracted from the oil
palm frond. Initial endothermic peaks in DSC are
due to the bound water molecules in the fibers.
The presence of non-substituted hydroxyl groups
in cellulose creates a strong affinity for water.®’
However, the presence of carboxyl groups in
carboxymethylated cellulose creates a stronger
affinity for water molecules than hydroxyl
groups.® It can be seen from significant
endothermic peaks in the DSC thermogram for
the CMF-CM sample within the water
evaporations range, indicating a strong water-
holding capacity and water-polymer interaction.
After carboxymethylation, the hydroxyl groups
were replaced by carboxylate groups, capable of
binding more water molecules by forming new
hydrogen bonds, thus increasing the bound water
content.

Comparison of thermal degradation characteristics of microfibrils isolated using different pretreatment

Onset temperature

2" Stage degradation

Residual mass

Samples (°O) peak temperature (°C) (%)
CMF-CM 253 281 26.35
CMF-HG 326 351 12.30
CMF-HS 320 352 12.55
CMF-ST 326 354 2.88
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Figure 7: Differential scanning calorimetric curve of microfibrillated cellulose fiber treated using carboxymethylation
and initial extracted cellulose fiber from OPF

The initial endothermic peak is also associated
with the glass transition stage, where the
amorphous components are converted from a
brittle state to a rubbery state. The CMF-CM
samples have more amorphous components than
the originally extracted cellulose, thus showing a
significant endotherm peak within this region.
The second endothermic transition in the DSC
thermogram within the temperature range of 250-
400 °C corresponds to the crystalline part of the
cellulosic fiber,% as the energy absorbed within
this region corresponds to the breakage of the
glycosidic bond in the cellulose. The second
endothermic peak (melting temperature, Tm) was
recorded at 318 °C for CMF-CM, in agreement
with the onset temperature and maximum mass
change in the second stage of thermal degradation
measured in the TG diagram. The melting
temperature for extracted cellulose was a little
higher, which is at 398 °C. This difference in
melting temperature results from the changes in
crystallinity due to the presence of relatively large
groups of carboxymethyl, causing irregularities in
the cellulose chain.” However, the melting
temperature recorded for CMF-CM was relatively
higher than for the microcrystalline cellulose
extracted from OPF reported by Hussin et al.,
which was recorded at 220 °C.”" A recent study
has demonstrated that carboxymethylation can
significantly improve cellulose-based composite’s
thermal stability.”> The endothermic peak for
CMF-CM is comparable to that of cellulose
extracted from other agricultural biomass sources
like maize stalk (330 °C), soybean hull (314 °C)”
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and sugarcane bagasse (339 °C).”* Endothermic
peaks observed at temperatures beyond 400 °C
represent the energy required to decompose lignin
and other non-cellulosic components. According
to Yang et al., lignin degradation slowly
continues from 100 up to 900 °C.” The
decomposition of lignin and other non-cellulosic
components in the CMF-CM continues up to 730
°C. The breakdown of functional groups in
residues of carboxymethylated cellulose occurred
at higher temperatures, and the heat released
signifying a charring process, giving the
exothermic peak that can be observed at 859 °C,
correlated with the third stage of significant mass
loss recorded in the TG diagram.

Surface chemistry analysis of CMF-CM

The changes in the properties in the extracted
cellulose sample due to the carboxymethylation
pretreatment prior to the ultrasonication
fibrillation could be explained by the functional
groups present in the sample, evaluated from the
FTIR analysis. OPF lignocellulosic fiber consists
of three primary components (i.e., lignin,
hemicelluloses and cellulose). These materials
comprise various oxygen-containing functional
groups like alcohols, alkanes, aromatics, esters,
and ketones.”® The FTIR spectra were scrutinized
within the range of 600 cm™ and 4000 cm™ for
extracted cellulose and CMF-CM samples, as
shown in Figure 8.

Both OPF-C and CMF-CM samples exhibited
quite similar and dominant peaks in the
absorbance region between 3600 cm! and 2500



cm’!. The first peak was observed at 3300 cm’!,
attributed to O-H  stretching vibration,
representing intramolecular hydrogen bonds and
hydroxyl groups in the cellulose structure.”’
However, the chemical pretreatment
(carboxymethylation) has changed the intensity of
the peak in CMF-CM, indicating a change in the
intensity of hydroxyl groups in the CMF-CM
sample. The second significant peak was observed
around 2900 cm’!, which is associated with
asymmetric ~ stretching vibrations of C-H.”
Therefore, the peak could signify that both
samples were composed mainly of alkyl and

1.0

Cellulose

aliphatic compounds, abundantly found in
cellulose.”™

The FTIR spectrum of the CMF-CM sample
exhibited a strong absorption at 1605 c¢cm’, as
compared to that of extracted cellulose, indicating
the presence of a carboxymethyl constituent in the
sample.’ Hutomo et al. also reported that the
wavenumber 1604 ¢cm™ corresponds to the C=0
group stretching of carboxymethyl functional
groups.®! The absorption peak at 1420 cm’
confirms the presence of strong hydrophilic
carboxylate groups.
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Figure 8: Comparison of FTIR spectra of extracted cellulose (OPF-C) and CMF-CM sample
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Figure 9: Molecular structure of carboxymethylated cellulose®

The reduction in the absorption peak area
associated with —OH stretching vibration (3300
cm™) in the CMF-CM sample (as compared to its
origin extracted cellulose sample) and the
increase in peak intensity of the absorption peaks

at 1605 cm™ and 1420 cm™ explain the reduction
in the —OH groups as due to the attachment of the
carboxylate groups, as illustrated in the
carboxymethylated cellulose chemical structure in
Figure 9. The calculated carboxyl group content
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for CMF-CM prepared was 470 umol/g. This
value is relatively low, compared to the value
reported in the literature, which is between values
of 515-610 umol/g.2"#

On a different note, the peak absorbed at 1640
cm’! in the extracted cellulose is attributed to the
H—O-H stretching vibration of absorbed water in
carbohydrates.®># The reaction of alkaline during
the extraction with —OH groups from the cellulose
in the samples and the subsequent formation of
water molecules contribute to this peak in the
spectra.”® Even though the samples were dried
during the extraction process, the water adsorbed
in the cellulose molecules remained due to natural
cellulose—water interactions.”

It is worth noting the absorbance peak within
the fingerprint region as it is typically specific and
unique. The fingerprint region lies within the
range of 600-1500 cm™ in the FTIR spectra. For
the lignocellulosic sample, the absorbance peak
between 1160 and 890 cm™! represents the typical
cellulose characteristics.®® The significant peak
observed at 1160, 1050, and 1030 cm™ for both
OPF-C and CMF-CM samples is due to the C—O—
C pyranose ring (antisymmetric in phase ring) in
the cellulose.’” All the samples also show a
significant peak at 896 cm’!, attributed to the B-
glycosidic linkage, a unique feature of the
cellulose structure.®

CONCLUSION

Morphological and thermal properties of
microfibrillated cellulose isolated using the
combination of carboxymethylation pretreatment
and high-intensity ultrasonication have been
investigated and compared with those of
microfibrils pretreated with other low-cost
ambient  pressure  pretreatment  strategies.
Morphological observations of the microfibers
revealed that carboxymethylation and
ultrasonication could ease the fibrillation process,
leading to cellulose microfiber of 3.8—-10 pm in
diameter, with a high aspect ratio. High-shear
homogenization and  high-speed  blending
pretreatment also produced a bit larger
microfibrils, yet with an average diameter lower
than 10 um. The crystallinity index indicated the
chemical pretreatement had changed the
crystalline structure of microfibrillated cellulose
into a more amorphous arrangement, at which the
crystallinity index of CMF-CM has reduced, as
compared to the initial extracted cellulose. The
change in amorphous structure has affected the
thermal degradation of carboxymethylated
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cellulose. The presence of sodium carboxylates on
the surface of CMF-CM caused its lower thermal
stability, giving the peak degradation temperature
at 281 °C, with the heat of fusion recorded at
56.81 J/g. The changes in crystallinity due to the
presence of relatively large groups of
carboxymethyl also reduced the melting
temperature of CMF-CM, as compared to the
initial extracted cellulose. The surface chemistry
of CMF-CM confirms the presence of carboxylate
ions in the sample. Statistical analysis of the
variability value of morphological data using the
coefficient of variation method validates the
reliability of the carboxymethylation pretreatment
strategy used in the study. The finding in this
study corroborates the use of carboxymethylation
pretreatment as an effective technique to aid the
microfibrillation of cellulose from oil palm
biomass, thereby could promise clean alternative
waste management for the said industry. It also
opens up more options for providing a viable
supply of microfibrillated cellulose for solar
thermal application in the future.
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