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ARTICLE INFO ABSTRACT

Article history: The isolation of microcrystalline cellulose (MCC) from empty fruit bunch fibre (EFB-
Received 16 December 2020 fibre) using acid hydrolysis through steam treatment (autoclave) followed by
Received in revised form 15 February 2021 ultrasonication has been successfully established. The important parameter studied
Accepted 18 February 2021 was the concentration of sulphuric acid (5%, 15% and 25%) at variable fixed reaction

Available online 14 March 2021 time and temperature. The resulting MCC was characterized using FTIR, TGA, XRD and

SEM. FTIR transmission at 1163 cm™ confirmed that the structure of cellulose was
retained after undergoing acid hydrolysis. Thermal stability of MCC increased after
being treated with H,SO4, which was determined using TG analysis. The morphological
features were identified using Scanning Electron microscope (SEM), which showed the
diameters of MCC to be in the range of 10 to 200 um. The structural property of MCC
was studied using X-ray diffraction (XRD) and the results showed that the MCC

Keywords: produced has crystallinity index of 72%. The results revealed that the parameters used
Empty fruit bunch fibre; microcrystalline  tend to influence the physicochemical properties of MCC produced. Therefore, the
cellulose; acid hydrolysis; isolation; MCC isolated from EFB fibres will be used as precursor for future EFB derived
steam treatment nanocellulose as well as a promising subject in nanocomposite research.

1. Introduction

Malaysia has a plethora of biomass mainly from the oil palm industry [17]. Oil palm empty fruit
bunches (OPEFB) is a major agricultural biomass by-product in Malaysia with each one tonne of crude
palm oil resulting, approximately 1.1 tonne of waste residues [18]. OPEFB has been classified as
lignocellulosic residue that typically contains 50% cellulose, 25% hemicellulose and 20% lignin as well
as extractives in their cell walls. Cellulose is the most abundant sustainable natural biopolymer on
earth and is found in a wide variety of living organisms, including plants, animals and some bacteria
[21]. It is the key structural component of the plant and regains its value as a sustainable chemical
resource for the replacement of petroleum-based materials [2,23]. Cellulose production is estimated
to be over 7.5 x 1010 tonnes per year [12]. For economic feasibility, the cellulose extraction should
be integrated with other chemicals extraction, such as the hemicellulose (xylan) and the lignin.
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Cellulose has natural fiber mechanical properties. It is arranged in microfibrils surrounded by two
other main components: hemicellulose and lignin. Cellulose microfibrils are available in cellulose
nanofibers with a diameter of 5-50 nm and a length of several millimeters.

Microcrystalline cellulose (MCC) is a white, fine, odorless, crystalline powder and biodegradable
substance. It can be separated from pure cellulose by acidic hydrolysis [11,30]. The typical range of
MCC crystallinity values recorded earlier was 55 % to 80 % as determined by XRD [6]. MCC was used
as suspension stabilizer and water retainer in cosmetics, food and direct regulator for the production
of tablets and soluble medicine [6,7,13].

MCC is a material derived from purified and partially depolymerised cellulose that occurs
naturally. It is prepared conventionally by the treatment of alpha-cellulose with excess mineral acids.
The microfibrils that make up the alpha-cellulose are composed of paracrystalline and crystalline
phases at nanometer scale. The paracrystalline field is an amorphous mass of cellulose strings, while
the crystalline areas are composed of dense micro-crystal bundles in a compact linear structure. The
crystalline regions are considered as cellulose crystalline regions and are formed by cellulose chains
owing to van der Waals interactions and hydrogen bonding. The diameter of such crystals is in the
same size as the diameter of the microfibrils of cellulose [19]. The amorphous phase is readily
hydrolyzed when exposed to acid hydrolysis. This results in shorter and more crystalline parts, for
example, MCC. As a result, the degree of polymerization of the cellulose chain is decreased with
virtually no weight loss.

Numerous methods for extracting MCC from natural fiber have been studied. Haafiz et al., [11]
obtained MCC from oil palm empty fruit bunch pulp, using an acid hydrolysis reaction of 2.5 N
hydrochloric acid. In addition, Xiang et al., [22] isolated MCC from oil palm empty fruit bunch, by
bleaching and alkali treatment with sodium chlorite and sodium hydroxide respectively, followed by
acid hydrolysis with sulphuric acid. Kalita et al., [15] extracted MCC from feed grass using 4% sodium
hydroxide, followed by bleaching using a 1:1 mixture of sodium hypochlorite and hydrogen peroxide
for pre-treatment processes. In addition, Merci et al., [25] researched the isolation of MCC from soya
bean hulls by utilizing sodium hydroxide and sulphuric acid assisted by reactive extrusion.
Commercial MCC of different properties were produced through extraction from wood and cotton
using dilute mineral acids [6].

Steam-assisted pre-treatment is the most widely used process for pre-treatment of lignocellulose
biomass [5,32]. In this process, the chipped biomass was treated with high-pressure saturated steam
for a few seconds to several minutes, whereby there was an unexpected decrease in pressure. Steam
explosion is a result of mechanical forces and chemical effects leading to hydrolysis (autohydrolysis)
of acetyl hemicellulose groups. Compared with other pre-treatment techniques, steam explosions
have many attractive features. These include the potential for significant improvement in enzymatic
hydrolysis, lower environmental impact, lower capital expenditure, increased ability for energy
production, lower chemicals and conditions for hazardous processes, and high sugar recovery [1].

MCC was obtained through the injection of the cellulose source material into a pressurized
reactor by subjecting the cellulose material to a steam explosion under controlled conditions. Some
researchers have suggested that steam explosion causes components of lignocellulosic material to
be broken down by steam heating and shaving forces due to increased moisture and hydrolysis of
glycosidic bonds formed by organic acid during the cycle [34].

Physicochemical methods also enhanced current chemical processes by mitigating reaction time
and increasing process efficiency. Physical parameters, such as pressure and temperature, have been
applied to the existing chemical pre-treatment in order to enhance lignin removal and increase their
performance [9]. Previous studies showed ultrasonic treatment was able significant to enhance the
extractability of the main components, such as hemicelluloses, cellulose and lignin in lignocellulosic
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biomass pre-treatment. Ultrasound enhances cleavage bonds within lignin as well as the bonds
between lignin and hemicellulose. Cleavage reactions have been intensified by ultrasound-produced
radicals and the shearing forces of ultrasonic mixing have increased the deterioration of polymers
[4].

This study focused on characterizing the physicochemical properties of MCC obtained from
OPEFB using autoclave technique. To date, there is limit information and research that reported on
the technique used to isolate MCC from OPEFB by acid hydrolysis with different concentrations. This
article reports on the effect of autoclave on the physicochemical properties of MCC, which has the
ability to be applied as green filler for bio-composite applications. The physicochemical properties of
MCC were characterized using Fourier transform infrared (FTIR) spectroscopy to confirm the basic
structure of cellulose in MFC, while thermal stability was carried out using thermogravimetric analysis
(TGA) and the surface morphology of MFC were monitored using scanning electron microscopy
(SEM). This article also describes, for the first time, the isolation of MCC from OPEFB by pressurized
steam, with the ability to be used as a green filler for biocomposite applications.

2. Materials and Methods
2.1 Materials

EFB shredded fibres were collected from Palm Qil Mill Technology Centre (POMTEC) located in
Labu, Negeri Sembilan, Malaysia. The EFB shredded fibres were then transported to MPOB
headquarters, Selangor for further processing.

2.2 Preparation of Holocellulose and Cellulose

The EFB shredded fibres were initially dried in the oven before use. Dried EFB shredded fibres
with an average of 0.25 mm in length were used as a source of cellulose. The dried fibres were first
de-lignified according to ASTM, D 1104-56 to produce holocellulose. In this step, about 4.0g of the
fibres were soaked in distilled water and the sample was treated with 2.0 ml 100% acetic acid
(CheMAR) and 5.0g 99% sodium chlorite (R&M, United Kingdom) at 70°C for 4 hrs to degrade the
lignin. The mixture was then filtered and the solid residue, which is the holocellulose, were washed
with distilled water.

The next step was to remove the hemicellulose fraction according to ASTM, D 1103-60. About
2.0g holocellulose was treated with 50 ml of 17.5% sodium hydroxide solution (99% Merck,
Germany). The insoluble a-cellulose was filtered and washed with 8.3% sodium hydroxide. The
cleaned a-cellulose was used as starting material for preparation of microcrystalline cellulose. The
detailed characteristic and morphology of a-cellulose (lignin content, FT-IR, XRD and SEM) were
described in previous paper [31].

2.3 Preparation of Microcrystalline Cellulose

The purified cellulose fibers were then subjected to acid hydrolysis at different sulphuric acid
concentrations. 1.0 g cellulose EFB fiber was mixed into 200 ml 5%, 10% and 15% sulphuric acid
solution respectively. The MCC was produced by hydrolyzing the a-cellulose with three different acid
concentrations (5%, 10% and 15%) under pressurized steam for 1 hour in a pressurized reactor
(autoclave). This mixture was then ultrasonicated at 50°C for 3 hours. After ultrasonication, the
suspension was then washed with distilled water and filtered to separate the MCC. The detailed
characteristic and morphology of MCC were characterized using FTIR, SEM, TG and XRD analysis.
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2.4 Characterization of Physicochemical Properties
2.4.1 Fourier transformed infrared spectroscopy analysis

Infra-red spectra of samples were recorded using a Perkin Elmer — FTIR Spectrum One
Spectrometer and transmission in the range of 650 — 4000 cm™ was measured.

2.4.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using Mettler Toledo model to analyse the
thermal behaviour of OPEFB and MFC samples. The samples were heated from 30 to 600°C with a
heating rate of 10°C min'* under nitrogen gas atmosphere.

2.4.3 Scanning electron microscopy

The microscopic characteristics of the samples were tested using a Hitachi S2700 scanning
electron microscope (SEM). A portion of the dry sample was placed on the SEM sample lens and then
mounted in a vacuum chamber to prevent obstruction and other particles contamination. The
imprint on the electron was converted into a three-dimensional image. The power of magnification
used for the samples was 1000x.

2.4.4 X-Ray diffraction

X-ray diffraction (XRD) was conducted to test the sample crystallinity. All cellulosic and MCC
samples were pressed to form pellets, and recorded using Ni-filtered Cu Ka radiation (30 kV and 30
mA) on X'Pert X-ray diffractometer (SIEMENs XRD D5000). The diffraction intensities were measured
at step size 0.04° min! between 5-69° Bragg angles (2 range). According to Segal 's formula, the
crystallinity index (C,I) was calculated using intensity measurement at 22.5° and 18.5° (amorphous
background) [30].

C1(%) = % x 100%

where

C,-1 = crystallinity index

Iy02 = maximum intensity (in arbitrary units) of the diffraction from the 002 plane at
20=22.5°

and I, = intensity of the background scatter measured at 20 = 18.5°

3. Results and Discussions
3.1 FTIR Spectroscopy

FTIR spectra and peak assignments of EFB cellulose and MCC samples are summarized in Figure
1(a) and Figure 1(b), respectively. The FTIR spectra from all samples displayed two main absorbance
regions, which are functional group region (4000 to 1300 cm™) and fingerprint region (1300 to 400
cm?). In general, the spectra for commercialised MCC and MCC isolated were comparable. All spectra
identified the spectral bands located at 3400 to 3340 cm™ which represented the O-H stretching of
intermolecular hydrogen bonds. The first observed spectral band reflected the hydroxyl group which
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was related to the content of moisture. This was where the OH bonded to the cellulose, hemicellulose
and lignin structure. Unfortunately, in all spectra the weak peaks at 1735 cm™! were appeared, which
representing the acetyl and ester groups in hemicellulose and aromatic lignin components [26]. This
indicated that the chemical structure of the cellulosic fragment of MCC was not affected by the
different acid concentrations used in acid hydrolysis. However, the treatment with acid hydrolysis
has successfully broken the glycosidic bond between lignin and other carbohydrate fractions, leading
to a disruption of the lignin structure in cellulose [33]. Hence it is possible to detect the presence of
more crystalline order in the MCC samples at peak 2900 cm™. Various studies have also found that
the band at 1163 cm™ corresponds to the C O C a-1,4-glycosidic bond stretching [11,16]. In all
spectra, the peak at 897 cm™ represents the B-glycosidic connections of glucose rings in cellulose
[20]. Overall, the FTIR spectra showed that MCCs have been successfully isolated from EFB and are

similar to commercialised MCC spectra.
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Fig. 1. (a) The FTIR spectra of EFB cellulose fibre, (b) The FTIR spectra of

commercialised MCC and MCCs with different acid concentration used
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3.2 Thermal Analysis of Cellulose and MCC

After the chemical process, thermogravimetric analysis was used to determine the thermal
stability of cellulose and MCCs as well as to elucidate the material changes. Understanding the
thermal and degradation properties of MCC is critical in establishing its potential use in the
manufacture of high-temperature biocomposites [10,14]. Figure 2 shows the TGA curves of all
samples and the degradation temperatures before and after acid hydrolysis, which influenced the
thermal stability of MCC as tabulated in Table 1. It is noted that the region between 30 and 100°C
corresponds to the removal of water and other volatile compounds within the cellulose [28].
Meanwhile, the second stage concerns the dehydration, decarboxylation, depolymerization and
decomposition of cellulose glycosylic units accompanied by the formation of char residues in the
range of 250 — 450°C. OPEFB's onset temperature was the lowest when compared to other samples.
Poletto et al., [27] stated that the degradation of hemicellulose occurs at temperatures between 180
and 350°C. In the OPEFB DTA curve, hemicellulose was found to belong to the shoulder at 280°C
because it degrades at lower temperatures compared to lignin and cellulose. MCC 1 showed the
highest onset temperature (250°C) among the MCCs produced, followed by MCC 2 and MCC 3. This
is due to the high crystallinity of cellulose in MCC 1. The reorientation of the cellulose crystals
promotes degradation at temperature onset (Mandal and Chakrabarty, 2011). The cellulose
degradation occurs at a maximum temperature of 350°C (Tmax), according to Poletto et al., [27]. At
this temperature the scissoring of glycosidic bonding occurs in cellulose. In conclusion, the TGA study
revealed the purity of the MCC produced with thermal stability at 399.8°C, which was verified and
confirmed by comparing the findings with commercial MCC.

L@ |

Fig. 2. Thermal decomposition of OPEFB Cellulose, MCCs and Commercialised MCC, (a) OPEFB Cellulose; (b)
MCC 5%; (c) MCC 15%; (d)MCC 25%; (e)Commercialised MCC
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Table 1

Thermal Analysis of Cellulose and MCC

Samples Tso%( C) Tmax( (@)
Cellulose 318.9 357.9
MCC1 313.5 359.4
MCC 2 328.6 364.0
MCC3 281.6 328.5
Commercial MCC 336.9 364.3

MCC1=5% HZSO4; MCC2=15% H2504‘ MCC3 =25% HZSO4;

Tso% :50% weight loss; Tmax: maximum weight loss
3.3 SEM Micrographs of Cellulose Before and After Acid Hydrolysis (MCC)

The morphological structures of cellulose (before acid hydrolysis) and MCC (after acid hydrolysis)
are seen in Figure 3. It was observed that the morphology of MCC was different after treatment.
MCC’s morphology showed that the diameter of MCC decreased along with the shortened length of
the fibres when the concentration of sulphuric acid increased. The raw OPEFBs fibres prior to
treatment composed of bundles that were bound together by lignin and hemicellulose. Their
morphology has an irregular and rough surface of fibre bundles (Figure 3(a)). Further down in the
process of turning the holocellulose into alpha-cellulose, uniform fibrils with smooth surface were
formed, meanwhile, the treatment with 5 to 25 % sulphuric acid caused the fibrils to become shorter
and have rough surface as shown in Figure 3(c), Figure 3(d) and Figure 3(e). The structure of MCC
varied from that of cellulose due to depolymerization of cellulose polymers to a shorter chained MCC
[30]. The findings showed that acid treatment substantially reduced the width of the fibres. The
average width of MCC decreased from 10 um to 3 um at 5% to 25% H,SO4 concentration (Table 2).
This finding is consistent with the study by Fahma et al., [8], in which it was found that the shape and
diameter of the MCC formed depended greatly on the concentrations of acid and acid-fibre ratio.
The MCC has a smooth external surface and uneven shape, which was likely due to the removal of
silica, hemicellulose and lignin (Figure 3). This showed strong agreement with XRD tests, where the
MCC had higher crystallinity index than EFB fibre cellulose.

Fig; 3. The SEM micrograph of (a) EFB fibre, (b) EFB cellulose (c) MCC 5%, (d) MCC 15%, (e) MCC
25% and (f) commercialised MCC (1000x magnification)
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Table 2

Average diameter (um) of cellulose EFB fibre and MCC
Samples Range diameter size (um)
EFB fibre 100

Cellulose EFB fibre 27.5

MCC 5% 10

MCC 15% 7

MCC 25% 3

Commercialised MCC 3.5

3.4 XRD Analysis

The degree of crystallinity of the products is usually measured using the X-ray diffraction method.
The degree of crystallinity is the ratio of the crystalline areas to the amorphous areas of the cellulose.
The X-ray diffraction patterns for cellulose OPEFB fibre, MCCs and commercialised MCC are shown in
Figure 4. The crystallinity value for MCCs increased after acid pre-treatment where the crystallinity
value for MCC 25% was more crystalline and exhibited the highest percentage of 71% followed by
MCC 15% (57) and 5% (54). This was attributed to its high decomposition temperature (TGA) and
exhibited certain standard crystalline cellulose peaks in the region of 10-40° [23]. Higher crystallinity
is due to the more effective removal of nanocellulosic polysaccharides and the dissolution of
amorphous regions. The crystallinity value was determined using the Segal equation. The crystallinity
values for OPEFB fibre and commercialised MCC were 51% and 79%, respectively (Table 3). As the
overall extraction cycle began from cellulose OPEFB fibre to MCC isolation, the crystallinity index
continued to increase due to the removal of certain hemicellulose and lignin in the amorphous
regions [6]. The alignment of cellulose molecules is mostly located in this region. The results also
confirm that hydrolysis takes place preferably in the amorphous region as acids dissolve the
amorphous regions, while the crystalline regions are more stable towards chemical attacks. This
reflected that the varied acid concentration treatment had no significant effect on the crystalline
structure. As a result, the MCC 25% acid condition led to a more stable crystalline cellulose structure
and greater strength of treated fibres. However, the interesting finding is that both samples displayed
a single peak at 22.6°, reflecting the polymorphic structure of cellulose I. As a result, the
concentration of acid hydrolysis did not influence the cellulose polymorph, which was close to the
findings reported by Haafiz et al., [13] and Rosa et al., [28].
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Table 3
The crystallinity index of OPEFB Cellulose, MCCs and
Commercialised MCC

Name Crystallinity index
OPEFB Cellulose 51%
MCC 5% 54%
MCC 15% 57%
MCC 25% 71%
Commercialised MCC 79%

4. Conclusion

Microcrystalline cellulose (MCC) was successfully isolated from oil palm empty fruit bunch fibres
via steam-assisted acid hydrolysis with different acid concentration. Acid hydrolysis with sulphuric
acid at low concentration as a pre-treatment method had produced MCC via the autoclave technique.
Results show that acid concentration plays an effective role in the formation of different sizes of
MCC. Analyses of the SEM images revealed that acid hydrolysis treatment does affect the
morphological structure of the treated fibres (MCCs) as it exhibited a smaller particle dimension. The
smallest diameter size produced was 8 um where MCC was treated with 25% H>SO4. FT-IR analysis
indicated that the acid hydrolysis did not influence the chemical structure of the treated fibre and
MCCs, as well as it effectively remove lignin and hemicellulose from the raw cellulosic fibre. XRD
analysis showed that the percentage of crystallinity of MCCs was notably influenced by acid
concentration. However, the TGA analyses exposed that the extracted MCCs had a trustworthy
maximal thermal durability. The MCC developed in this research will be utilized for extraction of
nanocellulose and can further be used as nanocomposites for different applications.
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