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Abstract: The aim of the present study was to determine the influence of sulphuric acid
hydrolysis and high-pressure homogenization as an effective chemo-mechanical process
for the isolation of quality nanofibrillated cellulose (NFC). The cellulosic fiber was isolated
from oil palm empty fruit bunch (OPEFB) using acid hydrolysis methods and, subsequently,
homogenized using a high-pressure homogenizer to produce NFC. The structural analysis
and the crystallinity of the raw fiber and extracted cellulose were carried out by Fourier
transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). The morphology
and thermal stability were investigated by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and thermogravimetric (TGA) analyses, respectively. The FTIR
results showed that lignin and hemicellulose were removed effectively from the extracted
cellulose nanofibrils. XRD analysis revealed that the percentage of crystallinity was
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increased from raw EFB to microfibrillated cellulose (MFC), but the decrease for NFC
might due to a break down the hydrogen bond. The size of the NFC was determined within
the 5 to 10 nm. The TGA analysis showed that the isolated NFC had high thermal stability.
The finding of present study reveals that combination of sulphuric acid hydrolysis and
high-pressure homogenization could be an effective chemo-mechanical process to isolate
cellulose nanofibers from cellulosic plant fiber for reinforced composite materials.

Keywords: nanofibrillated cellulose; oil palm empty fruit bunch; high pressure
homogenization; acid hydrolysis; composite materials

1. Introduction

Cellulose is considered an almost inexhaustible source of raw material in the increasing demand for
environmentally friendly and biocompatible products [1,2]. The excellent mechanical properties,
remarkable reinforcing capability, low density, thermal stability, and environmental benefits of
cellulose have attracted scientists’ interest in utilizing cellulosic fibers to develop environmentally
friendly composite materials. Over the years, numerous studies have been conducted on the isolation
nanofibres from various cellulosic sources, such as oil palm biomass [3—6], wood pulp [7], kenaf [8,9],
bamboo [10], flax [11,12], and rice straw [13]. Palm oil nations are generating largest amount of oil
palm biomass in the form of empty fruits bunches and fruits shell, arising serious environmental
impacts [3]. It has been reported that Malaysia alone produces about 40 million tons of oil palm
biomass annually including 280,000 tons empty fruit bunches, representing an abundant, inexpensive,
and readily available source of lignocellulosic biomass [14,15]. Moreover, the cellulose content in oil
palm empty fruit bunch (OPEFB) is 44.4% along with 30.9% hemicellulose and 14.2% lignin [3].
This very large generation of OPEFBs, and its high cellulose content, have attracted a great deal of
research interest to produce nanocellulose for use as a reinforcing agent in composites materials.

The term microfibrillated cellulose (MFC) is applied to those fibril aggregates with a diameter
between 30 and 100 nm and of several micrometers in length. However, MFC can also be considered
as nanofibrillated cellulose (NFC), as the definition of NFC is a size <100 nm in one dimension [8].
Nano-size cellulose, which can be considered as a nanofiber, has attracted a great deal of attention
during the past few years. Nanocellulose extracted from plant, agricultural/forest crops or residues can
be classified in two main subcategories, nanofibrillated cellulose (NFC) and nanocrystalline cellulose
(NCC), based on the cellulosic source and the processing conditions. NCC exhibits straight crystalline
rod-like shapes, and has relatively a lower aspect ratio with a typical diameter of 2-20 nm. The length
varies between 100 and 500 nm [6,12]. The particles are highly crystalline and vary between 54% and
88% [6]. NFC is a long, flexible, entangled network with a diameter of approximately 1-100 nm.
They consist of alternating crystalline and amorphous domains [16].

There are various methods for preparing nanocellulosic fibers from cellulose fibers including
chemical treatment, mechanical treatment, and chemo-mechanical treatment processes [1,3—8,16,17].
Acid hydrolysis has been extensively studied to isolate nanofibers from different cellulosic
sources [3,11,16]. It is being reported that hydrolysis conditions, such as acid-to pulp ratio, reaction
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time, temperature, and acid type, have a remarkable influence on the dimensions and surface charge of
the cellulose nanofibers. Sulphuric acid (H2SO4) and hydrochloric acid (HCI) are commonly used in the
acid hydrolysis process for NCC production to remove the amorphous regions [11,16]. However,
sulphuric acid provides a highly stable aqueous suspension with the introduction of sulphate groups on
the surface of crystallites [8,11]. Fahma et al. [3] successfully extracted cellulose nanofibers from
OPEFBs using sulphuric acid hydrolysis. The experimental results of the study reported that the
percentage of crystallinity increased with increasing treatment time; while the degree of polymerization
value decreased with treatment times over 60 min. Though, acid hydrolysis offers potential advantages
on the production of cellulose nanofibers, it has certain drawbacks in terms of productivity,
composition and thermal properties. One of the major challenges of acid hydrolysis method on the
isolation of cellulose nanofibers is to increase the yield (typically around 30% in weight basis),
which potentially limits scale-up by the acid hydrolysis method [11].

In recent years, high-pressure homogenizers (HPH) have been extensively used to isolate cellulose
nanofibers from various lignocellulosic sources [3,8,11,16]. The HPH has been viewed as an efficient
method for refining the fiber through high pressure. The HPH is not sufficient to fibrillate cellulose
into nano-sizes, requires pre-treatment and combination of further mechanical treatment to reduce the
fiber size, and prevents from stacking the small orifice of HPH [14,18,19]. Jonoobi et al. [20] isolated
kenaf nanofibers from bleached kenaf bast pulp by the combination of chemical and mechanical
treatments. Chemical treatment was conducted as a pre-treatment of kenaf bast pulp using NaOH-AQ
(anthraquinone) and three stages of bleaching processes. In the mechanical treatment process,
chemically-treated kenaf bast pulp was refining, cryo-crushing and subsequently homogenized
using HPH. A study done by Jonoobi ef al. [8] isolated cellulose nanofiber from OPEFBs using
chemo-mechanical processes. Where in the mechanical step, bleached pulp was ground by a willey
mill and then socked with distilled water prior to pass through HPH. However, grinding of cellulose
pulp may prevent light scattering on the composite and the produced nanocellulose may reduce the
thermal expansion properties [21].

Although acid hydrolysis and high pressure homogenization have been utilized to produce cellulose
nanofiber, and viewed as effective with the combination of other cellulosic fiber processing methods,
there are very few studies that have considered preparing cellulosic nanofiber from OPEFBs with
the combination method of sulphuric acid hydrolysis and high pressure homogenization as a
chemo-mechanical process. In a recent study, Pan et al. [22] effectively isolated cellulose nanowhisker
from commercial microcrystalline cellulose using the combination of sulphuric acid hydrolysis and
high-pressure homogenization. However, the study reported that the sulphuric acid concentration plays
an effective role on the isolation of cellulose nanowhisker. Therefore, utilization of this sulphuric acid
hydrolysis and high-pressure homogenization processes is bearing considerable interest regarding the
production of nanofibrillated cellulose fiber from natural resources. Sulphuric acid hydrolysis can be
conducted as a pre-treatment process of the cellulosic fiber, with the hypothesis that the utilization of
low acid concentrations in the sulphuric acid hydrolysis process might fibrillate the micro-size
cellulose (microfibrillate cellulose) fiber, since the acid to fiber ratio and treatment time plays an
effective role on fibrillation and the properties of the cellulosic fiber. Subsequently, microfibrillate
cellulose fiber (MFC) can be homogenized using HPH to produce nanofibrillated cellulose.
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Then, the present study was conducted to produce nanofibrillated cellulose (NFC) fiber from
OPEFBs using sulphuric acid hydrolysis and high-pressure homogenization as a chemo-mechanical
process. Where, low concentrate sulphuric acid was used to hydrolysis the cellulose fiber prior to
pressure homogenization. Several analytical methods, including scanning electron microscopy,
Fourier Transform Infrared spectroscopy, X-ray diffraction, and thermogravimetry analyses were
employed to determine morphological and thermal properties of NFC fiber.

2. Experimental Section
2.1. Materials

Oil palm EFBs were obtained from Malaysian Palm Oil Board (MPOB, Kajang, Selangor, Malaysia).
Analytical grade Sulpuric acid (95%) and other chemicals, such as sodium hydroxide, sodium silicate,
hydrogen peroxide, and magnesium sulphite, were supplied by Chembumi Sdn. Bhd., Penang, Malaysia.

2.2. Preparation of Cellulose Fiber

The oil palm empty fruits bunch (EFB) is a lignocellulosic biomass. The purification of the cellulosic
fiber was performed by using soda pulping and subsequent acid bleaching processes in order to
efficiently remove non-cellulosic materials from EFB. The EFBs were cut to 2-3 cm and dried in open
air prior to exposing in soda pulping process. The pulping of EFB fibers was conducted following the
optimized experimental conditions as determined by Wan Rosli et al. [23]. The optimized pulping
conditions were: NaOH concentration 26.1%; temperature 161 °C and time 100 min. Approximately
200 g of EFB fiber was taken in a digester at ratio of cooking liquor to EFB fibers 10:1 and treated at
161 °C for 100 min, wherein the heating time was found to be 60 min (the time duration required to
reach to target temperature) and the exposure time was 40 min. Subsequently, the pulps were washed
in distilled water and then mechanically disintegrated in a three-bladed mixer for 1 min at a 2.0% of
pulp consistency and screened on a 0.15 mm slits flat-plate screen.

The alkali hydrogen peroxide bleaching process was carried out in order to remove residual lignin
from the EFBs soda pulps. The bleaching process was conducted using 5% pulp consistency with 3%
H20: at 50 °C for 90 min, where 0.5% MgSO4 was used as alkali source. The pH of slurry was
adjusted to 10 using 3% NaOH. After bleaching, the bleached slurry was washed to a neutral pH and
then oven-dried at 60 °C for 24 h.

2.3. Preparation of Nanofibrillated Cellulose Fiber

The bleached slurry (10 g) was hydrolyzed in 30% H2SOa solution at 60 °C and acid to fiber ratio of
17.5:1 for 2 h. The hydrolization process was terminated with adding cold distilled water. The diluted
suspension was then centrifuged at 11,000 rpm for 10 min and the precipitation was collected.
The participation was re-suspended in distilled water under strong agitation, followed by the centrifugation.
The process was repeated until the pH reached to constant value. Subsequently, the suspension was
passed through a high-pressure homogenizer (HPH) (Model: HPH 2000/4, IKA company, K&nigswinter,
Germany) 30 times at a pressure of 50 MPa.
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2.4. Characterization
2.4.1. Morphology Analysis

The morphology of raw, pulp, bleached and MFC fibers were determined by scanning electron
microscopy (ZEISS EVO® MA10, Kénigswinter, Germany) at an acceleration voltage of 1.5 kV.
The fiber surfaces were mounted on aluminum stubs and sputter coated with a thin layer of palladium
to avoid electrostatic charging during examination. Further, NFC fibers were studied using a
Transmission Electron Microscope (TEM, Philips CM12 instrument, Amsterdam, The Netherlands).
A drop of suspension was placed on a carbon-coated grid and allowed to dry at room temperature for
24 h. The mean size distribution was recorded using an Image Analyzer.

2.4.2. Fourier Transform Infrared Spectroscopy

The changing of the functional groups of samples at each step was determined by Fourier transform
infrared spectroscopy (FT-IR) using the KBr method. About 0.5—1.0 mg samples in powder form were
mixed with potassium bromide using a mortar. Then, the mixture was pressed to form a disk.
The spectroscopy was recorded using a FT-IR Nicolet iS10 spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) in the frequency range of 4000500 cm .

2.4.3. X-ray Diffraction Analysis

X-ray diffraction (XRD) patterns of sample were obtained using a Philips PW1050 X-pert
diffractometer. Cu Ka radiation: 5°-70° (20), scanning rate: 0.5 °C/min. The operation voltage and
current were 40 kV and 25 mA, respectively. The crystallinity angle of the cellulose, Cir, was estimated
according the method of Segal et al. [24]

Cir (%) = 252100 (1)
where, o0 signifies amorphous and crystalline fractions and /am shows the amorphous region.
2.4.4. Thermogravimetric Analysis

TGA of the samples was carried out using a Perkin Elmer Pyris series of TGA 6 (Waltham, MA, USA).
About 3 mg of the fibers were heated in nitrogen atmosphere with the heating rate of 20 °C/min.
The temperature range was set between 30 and 900 °C.

3. Results and Discussion
3.1. Morphological Observation

The changes of the fiber properties and the morphological structure of the treated fibers are
important to predict the fiber-matrix interaction in the composite materials. SEM micrographs of the
raw and treated fibers OPEFBs are presented in Figure 1. It was observed that the morphology of the
fibers differs with the treatment process. Soda pulping and alkaline peroxide bleaching processes
separated the fiber bundles into individual fibers with a significant decrease in fiber diameter.
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The surfaces of EFB raw fibers were uneven and tangled with lignin binder (Figure 1a). The raw EFB
fiber is composed of bundles with continuous individual cells that are bound together by cemented
components of lignin and hemicellulose. The surface seems irregular with these cementing and waxy
materials. The diameters of the fibers were found to be around 50 + 2 um. Soda pulping treated fibers
had smooth and clear surfaces (Figure 1b). It was observed that the surface of the fibers look smoother
than the raw fibers due to the removal of the impurities. This alkali treatment process helps in
defibrillation and opening of the fiber bundles, thereby, the fiber diameter further reduced to 13 = 1 pum.
As seen in Figure lc, the bleached fibers using alkali hydrogen peroxide defibrillated the cellulose
fiber with the diameter of 11 + 1 um. This is attributed to the removal of lignin due to the bleaching
process of soda pulping fibers and, thereby, decreased the fiber diameter. The bleaching treatment
effectively modified the surface of the fibers, which appear smoother than the raw and unbleached
pulp fibers.

The bleached slurry further treated with sulphuric acid hydrolysis by 30% H2SO4 solution at 60 °C,
and an acid to fiber ratio of 17.5:1, for 2 h revealed that the size of the fibers slightly decreased to
9 + 1 um, along with the shortened length of fibers (Figure 1d). It was observed that the morphological
surface of treated fibers was not affected by the acid hydrolysis, but it exhibits in a smaller particle
dimension with microfibrils formation. However, Fahma et al. [3] isolated nanofibrillated OPEFBs
fiber (100 nm—2 pm) using 64 wt% H2SOs solution at 45 °C and acid to fiber ratio of 10.5:1 for
15-90 min. Thus, formation and size of sulphuric acid hydrolysis treated fiber strongly depends on the
acid concentration and acid to fiber ratio.

Figure 1. SEM (scanning electron microscopy) micrographs of oil palm EFB (empty fruit
bunch) fibers: (a) raw fibers; (b) alkali treated fibers; (¢) bleached fibers and (d) MFC
(microfibrillated cellulose).
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Transmission electron microscope (TEM) image analysis of NFC fibers produced using HPH
treatment of MFC is shown in Figure 2. The TEM micrograph demonstrates the individual nanofibrils
with little agglomeration. The nanofibrils range roughly around 5-10 nm in diameter. In the comparison
with previous studies on the isolation of cellulose nanofiber using different chemo-mechanical
processes, the diameter of 540 nm was gained for OPEFBs cellulose nanofiber [8] and 10-70 nm for
kenaf nanofibers [20]. Thus, the combination of sulphuric acid hydrolysis and high-pressure
homogenization processes is more effective on the isolation of cellulosic nanofibers.

Figure 2. TEM (transmission electron microscope) micrographs of NFC fibers at low and
high magnifications: (a) 12,500x%; (b) 50,000x.
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3.2. FT-IR Spectroscopy

FT-IR spectra of the raw, pulp and bleached pulp of EFB fibers and that of MFC and NFC are
shown in Figure 3. The FT-IR spectra obtained shows that the similar functional groups that appeared
in most of the fibers studied indicated that the acid hydrolysis had not influenced the chemical
structure of the treated fiber. The absorption bands at 3409 cm™! represent the stretching vibration of
—O-H groups. The existence of the mixture of O—H was due to the moisture content, where hydroxyl
groups were found in cellulose, hemicelluloses, and lignin [25]. The asymmetric stretching vibration of
CH2 was observed at 2907 cm ™! in the spectrum of all the types of fibers under study.

Figure 3. FT-IR (Fourier transform infrared spectroscopy) spectroscopy of oil palm EFB
fibers: raw (R), pulp (P), bleached pulp (B), MFC and NFC.
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Comparing raw and NFC fibers, there is no detection of peak intensity at 1732 cm™! for carbonyl
C=0 stretching vibrations of the acetyl and uronic ester groups, suggesting the removal of pectin,
hemicelluloses, or the ester linkage of the carboxylic group of ferulic and p-coumaric acids of lignin or
hemicellulose in the raw fibers. The peak intensity at 1264 cm™! present in raw fiber indicates the
presence of the C—O bond, out of plane stretching vibration of aryl group in the lignin. The absence of
these two peaks in the spectra of the fibers other than raw fiber suggests more exposed O—H groups
and CHa, with the removal of lignin, hemicelluloses, and waxes. The peak at 1507 cm™" is attributed to
C=C aromatic vibration in the lignin of the raw fiber [26], which disappears in the rest of the fibers.
The absorption band at 1427 cm™! is designed as a crystalline band and is attributed to the symmetric
bending of CH2 [26].

Moreover, the vibration peaks at 1374 cm™! in all the fiber samples indicate the presence of bending
vibration of C—H and C-O bonds in the polysaccharide aromatic rings. The absorbance peak at 1603 to
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1639 cm! in the spectra can be attributed to the O—-H bending vibration of the absorbed water.
The peaks at 1046 cm™! were characteristic of anhydroglucose chains with a C—O stretch. The most
significant peak intensity, which continually increases with alkali and bleaching treatment, and also in
the subsequent size reduction treatments is 891 ¢cm!, which corresponds to the C-H glycosidic
deformation, with a ring vibration contribution and the O—H bending. These features are characteristic
of the B-glycosidic bond between the anhydroglucose units of the cellulose units that appears in all of
the fibers. This band is also known as the amorphous band [27].

3.3. X-ray Diffraction

Figure 4 shows an XRD pattern of the raw and treated fibers along with MFC and NFC. All of the
diffraction patterns showed peaks around 260 = 15° and 22.7° indicating the typical cellulose I structure.
The only difference that is discernible is slight change in their peak intensities, representing some
changes in the crystallinity of fibers. In fibers with high cellulose content, such as cotton and flax,
generally two peaks at 16° are observed but, in this case, only one broad peak at around 15° confirms
the presence of the amorphous material [11].

Figure 4. XRD of oil palm EFB fibers: raw (R), pulp (P), bleached pulp (B), MFC and NFC.
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Figure 4 shows that the peaks at 15° and 22.7° are more defined for bleached fibers and further
intensified in the case of MFC. This is attributed to the dissolution of cementing materials, such as
lignin and hemicellulose, by chemical treatments, thereby increasing the crystallinity of MFC (80.42%),
as shown in Figure 5. Higher crystallinity of bleached EFB fibers (67.12%) were obtained in this study
as compared to the bleached EFB fibers reported by Jonoobi et al. [8]. Wherein, a percentage
crystallinity of about 61% was gained for the soda pulping process of raw OPEFB fiber, which exhibits
an effective purification process by removing lignin, hemicellulose, and others waxy materials.
However, the percentage of crystallinity decreased from 80.42% to 42.52% with the HPH treatment of
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MFC. This was probably due to the breakdown of cellulosic hydrogen bond by the impact of pressure
during nanofibrillation process of MFC using HPH.

Figure 5. The percent crystallinity of the raw and treated cellulosic fibers.
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3.4. Thermogravimetric Analysis (TGA)

TGA was carried out to investigate the suitability of the samples for bio-composite processing.
The thermal decomposition parameters were determined by the TGA curves, as shown in Figure 6.
The initial and final degradation temperature (IDT and FDT) and maximum degradation temperature
(Tmax), together with the percentage of char residue, were tabulated in Table 1. The initial weight loss
started at 30 °C for all samples, and was attributed to the evaporation of the moisture in the fibers.
After 370 °C, the entire organic compound presented in the fibers degraded, black carbonaceous
residue (inorganic compound), known as char, remained. The TGA curve of the raw EFB fiber showed
four degradation steps related to (a) moisture evaporation, (b) hemicellulose, (c) cellulose, and (d)
lignin degradation.

The TGA analysis of the raw EFB fiber showed that the peaks at 264 and 389 °C were caused by
hemicellulose/lignin and a-cellulose degradation, respectively. The degradation of the pulp fiber
occurred from 308 to 389 °C while that of bleached fiber was in the range of 308-379 °C and is
attributed to the degradation of cellulose. The MFC also showed the same trend of degradation, as
shown by the raw fibers, with the degradation occurring from 253 to 389 °C except for an ash content
of 14%, which is lower in MFC when compared to the raw fibers. In the case of NFC, the degradation
occurs from 300 to 379 °C, while the percentage of ash content is lowest among the fibers studied
(5%), attributed to the almost complete removal of hemicellulose and lignin from the cellulose fibers.

As shown in Table 1, the Tmax, increasing from raw to NFC fibers, indicated that the treated fibers
were more thermally stable and this is congruent with the crystallinity of the fibers. Although the
crystallinity of MFC is higher compare to the other fibers, the maximum degradation temperature was
found to be lower (326 °C). This might be due to the introduction of sulphate groups into the MFC
surface during hydrolysis [28]. The highest maximum degradation temperature was found for NFC,
357 °C, which is higher than the determined maximum degradation temperature (339 °C) of OPEFBs
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nanofiber by Jonoobi et al. [8]. The highest thermal stability was gained in NFC OPEFBs fiber
because of the rapid defibrillation of MCC by the impact of high pressure HPH.

Figure 6. Thermogravimetric analysis graph of all oil palm fibers studied; raw (R), pulp (P),
bleached pulp (B), MFC and NFC.
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Table 1. Thermal parameters for the thermograms of all oil palm fibers studied.

EFB fibre IDT (°C) FDT (°C) Trnax (°C) Residue (%)
Raw 264 +2.14 389 +2.42 330 +2.34 19.90 + 0.50
Pulp 308 +2.32 389 +2.36 349 £2.26 728+ 0.21

Bleached pulp 308 +2.41 379 £2.18 354 +2.49 9.10+0.16
MFC 253 +2.73 389 +2.54 326 +2.12 14.08 £ 0.30
NFC 300 +2.43 379 +2.61 357 +£2.48 5.01 0.04

4. Conclusions

In this study, nanofibrillated cellulose fibers were successfully isolated from oil palm empty fruit
bunch using combinations of sulphuric acid hydrolysis and high-pressure homogenization processes.
Results showed that acid concentration and acid-to-fiber ratio play effective role in the fibrillate
formation of cellulosic fibers. Analyses of the SEM images revealed that acid hydrolysis treatment did
not affect the morphological structure of the treated fibers, but it is exhibited in a smaller particle
dimension. Transmission electron micrographs analysis revealed that the nanofibrillation of the
OPEFB cellulose fiber diameters were within the range of 5 to 10 nm. FT-IR analysis indicated that
the acid hydrolysis did not influence the chemical structure of the treated fiber and effectively remove
lignin and hemicellulose from the raw cellulosic fiber. XRD analysis showed that the percentage of
crystallinity of nanofibrillated cellulose was notably influenced by pressure of HPH. However, the
TGA analyses exposed that the isolated NFC had a trustworthy maximal thermal durability. Based on
the results, it was evident that the isolation of NFC fibers, using combinations of sulphuric acid
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hydrolysis and high-pressure homogenization processes, has the potential to be quality reinforcing
agents for composite materials, due to prospective thermal stability along with minimal particle size
formation. Thus, the combination of sulphuric acid hydrolysis and high-pressure homogenization
processes could be utilized as an effective chemo-mechanical process for nanocellulose production from
various cellulosic sources.
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