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In this  work,  we  successfully  isolated  microcrystalline  cellulose  (MCC)  from  oil  palm  empty  fruit  bunch
(OPEFB)  fiber-total  chlorine  free  (TCF)  pulp  using  acid hydrolysis  method.  TCF  pulp  bleaching  carried
out  using  an  oxygen–ozone–hydrogen  peroxide  bleaching  sequence.  Fourier  transform  infrared  (FT-IR)
spectroscopy  indicates  that  acid  hydrolysis  does  not  affect  the  chemical  structure  of the  cellulosic  frag-
ments.  The  morphology  of  the hydrolyzed  MCC  was  investigated  using  scanning  electron  microscopy
vailable online xxx

eywords:
il palm empty fruit bunch
ulp bleaching
ellulose

(SEM),  showing  a  compact  structure  and  a rough  surface.  Furthermore,  atomic  force  microscopy  (AFM)
image  of the  surface  indicates  the  presence  of  spherical  features.  X-ray  diffraction  (XRD)  shows  that  the
MCC  produced  is a cellulose-I  polymorph,  with  87%  crystallinity.  The  MCC  obtained  from  OPEFB-pulp
is  shown  to  have  a good  thermal  stability.  The  potential  for  a range  of applications  such  as  green  nano
biocomposites  reinforced  with  this  form  of  MCC  and  pharmaceutical  tableting  material  is discussed.
icrocrystalline cellulose

. Introduction

Cellulose is a classical example of a renewable and biodegrad-
ble structural plant polymer which can be processed into
hisker-like micro fibrils (Abraham et al., 2011; Eichhorn, 2011).

ts remarkable reinforcing capability, excellent mechanical prop-
rties, low density and environmental benefits have drawn the
ttention of scientists to utilize cellulose to develop environmen-
ally friendly polymer composites or green composites (Eichhorn
t al., 2010). Cellulose is the world’s most ubiquitous and abundant
atural occurring polymer which is produced by plants, as well as
y microorganism (Klemm,  Heublein, Fink, & Bohn, 2005). It is a

inear homopolymer of glucose (C6H10O5)n with repeating units
onsisting of d-glucose in a 4C1 conformation, which is insoluble
n water but degradable by microbial and fungal enzymes (Li et al.,
009). In nature, the cellulose molecular chains are biosynthesized
nd self-assembled into microfibrils, which are composed of crys-
alline and amorphous domains (Fernandes et al., 2011; Nishiyama,
009).

These aggregated cellulose molecules are stabilized laterally by

ydrogen bonds between the hydroxyl groups and oxygens of adja-
ent molecules (Nishiyama, 2009). The amorphous regions of native
ellulose can be readily hydrolyzed, with almost no weight loss,

∗ Corresponding author. Tel.: +60 7 5537835; fax: +60 7 5581 463.
E-mail address: azmanh@cheme.utm.my (A. Hassan).
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© 2013 Elsevier Ltd. All rights reserved.

when subjected to strong acid hydrolysis (Rånby, 1951). Typically
when wood sources are used the particles of hydrolyzed cellu-
lose obtained are ∼100–300 nm in length and ∼3–10 nm in width.
These nanoparticles are referred to as “nanocrystalline cellulose”
or “microcrystalline cellulose” despite their nano scale dimension
(Bras et al., 2010; De Menezes, Siqueira, Curvelo, & Dufresne, 2009;
Goetz, Mathew, Oksman, Gatenholm, & Ragauskas, 2009).

Microcrystalline cellulose (MCC) is a fine, white, odorless, crys-
talline powder, and a biodegradable material, which can be isolated
from cellulose and used as a suspension stabilizer and a water-
retainer, in the cosmetics, food, and pharmaceuticals industries
(Chuayjuljit, Su-uthai, & Charuchinda, 2010; El-Sakhawy & Hassan,
2007). Industrial scale MCC  is obtained through hydrolysis of wood
and cotton cellulose by using dilute mineral acids. MCC  is typically
characterized by a high degree of crystallinity, although there are
variations between grades; values typically range from 55 to 80%
as determined by X-ray diffraction (XRD) (Chuayjuljit et al., 2010).
Cellulose obtained from different origins and hydrolysis conditions
differ in crystallinity, moisture content, surface area, porous struc-
ture, particle size and molecular weight (De Menezes et al., 2009;
El-Sakhawy & Hassan, 2007; Li et al., 2009).

Recently researchers reported the extraction of cellulose fibers
from rice husk by alkali and bleaching treatments, which were sub-

sequently converted to nanocrystals using a sulfuric acid (H2SO4)
hydrolysis treatment (Johar, Ahmad, & Dufresne, 2012). Isola-
tion of microcrystalline cellulose has been carried out from jute
cellulose by using the same acid hydrolysis (H2SO4) approach

dx.doi.org/10.1016/j.carbpol.2013.01.035
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:azmanh@cheme.utm.my
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Jahan, Saeed, He, & Ni, 2011). Researchers have also produced
ellulose nanofibers by hydrolyzing oil palm empty fruit bunch
bers (Fahma, Iwamoto, Hori, Iwata, & Takemura, 2010). In addi-
ion to these isolation studies, the synthesis and characterization
f cellulose phosphate from oil palm empty fruit bunch derived
icrocrystalline cellulose has been reported (Wanrosli, Rohaizu, &
hazali, 2011; Wanrosli, Mohamad Haafiz, & Azman, 2011b).

In recent years, there has been enormous interest in producing
anocomposite materials. This interest is due to the extraordinary
roperties exhibited as a result of the nanoscale reinforcement
hich offers properties such as high surface area for bonding
ith resins, optical transparency and additional/multifunctional
roperties, e.g. electrical conduction. In order to produce fully
enewable and biodegradable nanocomposites, both the polymer
atrix and the nano reinforcement have to be derived from renew-

ble resources (Azizi Samir, Alloin, & Dufresne, 2005; Petersson,
vien, & Oksman, 2007). MCC  has attracted the attention of
esearchers to use it as a potential starting material for cellu-
ose reinforced nanocomposites (Mathew, Oksman, & Sain, 2005).
t also reported that the origin of raw materials and method of
reparation influences the overall characteristics of MCC (Lee et al.,
009). They also reported that MCC  can be used as universal filler
or the extrusion/spheronization process. Cellulose nanofibers dis-
lay exceptional mechanical properties, such as high modulus
∼140 GPa; Sturcova, Davies, & Eichhorn, 2005). They are also ideal

aterials to use as reinforcement in a transparent polymeric matrix
ecause they are free from light scattering. This is due to their lat-
ral dimensions being smaller than the wavelength of visible light,
.g. bacterial cellulose fibrils (Yano et al., 2005).

The isolation and characterization of MCC  from OPEFB has pre-
iously been reported, but until now no researchers have reported

 comprehensive characterization of isolated MCC  from OPEFB, or
ts comparison with OPEFB-pulp and commercial MCC.

. Experimental

.1. Materials

Fibrous strands of OPEFB were supplied by Sabutek (Malaysia),
eluk Intan, Perak. OPEFB-MCC was obtained from total chlorine
ree (TCF) pulping and bleaching of OPEFB-pulp, as described by
eh, Wanrosli, Zainuddin, and Tanaka (2008); this method is based
n the procedures described by Wanrosli, Leh, Zainuddin, and
anaka (2003).  The chemical used for extracting OPEFB-MCC was
mmonium hydroxide (NH4OH) and hydrochloric acid (HCl) 32%,
urchased from Merck, Malaysia. Commercially available MCC,
vicel® PH 101, Fluka, supplied by Sigma Aldrich, USA, with a size
f ∼50 �m,  was used as reference which is denoted as C-MCC.

.2. Methods

.2.1. Preparation of microcrystalline cellulose
MCC  was isolated from OPEFB-pulp using same method

escribed by Chuayjuljit et al. (2010) based on original procedures
escribed by Battista (1950).  OPEFB-pulp was  hydrolyzed with
.5 N HCl at 105 ◦C ± 2 ◦C for 30 min  with constant agitation in the
atio of 1:20 pulp over liquor. The reaction mixture was then filtered
t room temperature, and washed repeatedly with distilled water.
ollowing this 5% diluted NH4OH was used to wash the mixture.
inally, distilled water was used to rinse the mixture until it was

ree from acid. The MCC  obtained from OPEFB-pulp was  then dried
n a vacuum oven at 105 ◦C until constant weight was  achieved. The
esultant MCC  was ground into a fine powder by using rotary ball
ill. The OPEFB-MCC after washing and drying was snowy-white

n appearance.
ate Polymers 93 (2013) 628– 634 629

3. Characterization

3.1. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was performed
on a Perkin Elmer 1600 infrared spectrometer using the KBr method
in the ratio of 1:100 and made to a pellet. FT-IR spectra of the coated
pellet were recorded by using a Nicolet AVATAR 360 at 32 scans
with a resolution of 4 cm−1 and within the wave number range of
370–4000 cm−1. The positions of significant transmittance peaks
were determined by using the “find peak tool” provided by the
Nicolet OMNIC 5.01 software.

3.2. Morphological analysis

The morphology and size distribution of samples were studied
by using SEM and AFM. SEM was carried out using a SEM-EDX
Oxford INCA 400 model at an acceleration voltage of 15 kV. The
samples were sputter-coated with gold to avoid charging. AFM
measurements were performed using SPA-300HV atomic force
microscope with an SPI 3800 controller. A dilute drop of cellulose
suspension was  dispersed on the surface of an optical glass slide
and allowed to dry at room temperature prior to analysis.

3.3. X-ray diffraction

X-ray diffraction (XRD) was carried out to study the crystallinity
of the samples using an X’Pert X-ray diffractometer (SIEMENS XRD
D5000) and Ni-fltered Cu K� radiation at an angular incidence of
10–60◦ (2�  angle range). The operating voltage and current were
40 kV and 50 mA,  respectively. The crystallinity of the samples
was calculated from diffraction intensity data using the empirical
method for native cellulose (Rosa, Rehman, De Miranda, Nachtigall,
& Bica, 2012). The crystalline-to-amorphous ratio of materials was
determined using Eq. (1).

Cr.I(%) = I0 0 2 − Iam

I0 0 2
(1)

where Cr.I is the crystallinity index, I002 is the maximum inten-
sity (in arbitrary units) of the diffraction from the 0 0 2 plane at
2� = 22.6◦, and Iam is the intensity of the background scatter mea-
sured at 2� = 19◦.

3.4. Thermogravimetric analysis (TGA)

The thermal stability of samples was characterized using a ther-
mogravimetric analyzer, model 2050 (TA Instruments, New Castle,
DE). The specimens were scanned from 30 ◦C to 900 ◦C at a rate of
20 ◦C min−1 under a nitrogen gas atmosphere.

4. Results and discussion

4.1. FT-IR analysis

Typical FT-IR spectra of OPEFB-pulp, OPEFB-MCC and C-MCC
are shown in Fig. 1. The vibrational assignments are summarized
in Table 1. All samples display two main absorbance regions as
reported by Rosa et al. (2012) and Fahma et al. (2010).  These
regions are found at high wavenumbers (2800–3500 cm−1) and low
wavenumbers (500–1700 cm−1), respectively. FT-IR spectroscopy
revealed the similarities between all spectra which is an indication

that all samples have similar chemical compositions. Comparable
results have been obtained by Wanrosli, Rohaizu, et al., 2011, who
compared OPEFB-MCC with pure cellulose before regeneration into
cellulose phosphate. Another study also obtained similar results
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Fig. 1. Typical FT-IR spectra obtained from

hile producing the MCC  from OPEFB holocellulose as a start-
ng material (Rosnah, Astimar, Wan  Hasamudin, & Gapor, 2009).
ahma et al. (2010) also reported the same result when isolating
anofibers from OPEFB by using different concentrations of sulfuric
cid (H2SO4).

The broad absorption band located from 3400 to 3500 cm−1 is
ue to stretching of –OH groups and an absorption at 2900 cm−1

s related to CH2 groups (Jahan et al., 2011; Rosa et al., 2012;
atyamurthy, Jain, Balasubramanya, & Vigneshwaran, 2011). The
bsorption at 1645 cm−1 in all samples is indicative of absorp-
ion of water. According to other studies, this band is related to
he bending modes of water molecules due to a strong interaction
etween cellulose and water (Johar et al., 2012; Rosa et al., 2012).
he absorption band at 1425 cm−1 is associated to the intermolec-
lar hydrogen at the C6 (aromatic ring) group (Kumar, Maria De
a, & Yang, 2002). The absorption band at 1163 cm−1 corresponds
o C O C stretching, and the peak at 896 cm−1 is associated to

 H rock vibration of cellulose (anomeric vibration, specific for
-glucosides) observed in OPEFB-pulp, OPEFB-MCC, and C-MCC
amples (Alemdar & Sain, 2008a; Fahma et al., 2010; Li et al., 2009).

According to previous work the absence of peaks located in

he range 1509–1609 cm−1, which would correspond to C C aro-

atic skeletal vibrations, indicate the complete removal of lignin
Fahma et al., 2010; Rosa et al., 2012). The absorption band which

able 1
TIR spectral peak assignments for OPEFB-pulp, OPEFB-MCC and C-MCC.

Peak frequency (cm−1) for
OPEFB-pulp, OPEFB-MCC,
and C-MCC

Peak assignment

3400–3500 OH-bending
2800–2900 CH2 groups
1645 O H stretching
1425 CH2 bending
1163 C O C stretching
896–900 C H
EFB-pulp, (b) OPEFB-MCC, and (c) C-MCC.

corresponds to either the acetyl or uronic ester groups of hemicel-
luloses normally appears in the region 1700–1740 cm−1, this band
is absent, indicating the removal of hemicelluloses (Alemdar & Sain,
2008a; Nuruddin et al., 2011; Rosa et al., 2012). Similar results have
been observed by Jahan et al. (2011) during production of MCC  from
jute fibers and Fahma et al. (2010) also reported similar results
when isolating nanofibers from OPEFB.

The FT-IR spectra show that the acid hydrolysis reaction per-
formed to obtain OPEFB-MCC from OPEFB-pulp does not affect
the chemical structure of the cellulosic fragments. It mean that
acid hydrolysis of OPEFB-pulp did not affect the cellulosic com-
ponents of OPEFB-MCC. Their surface morphologies may however
be affected.

4.2. Morphological analysis

The morphology of OPEFB-pulp and OPEFB-MCC after acid
hydrolysis was  investigated using SEM and compared to C-MCC.
Scanning electron micrographs show changes in the morphol-
ogy of the fibers in terms of size and level of smoothness after
acid hydrolysis. It is however worth noting, as seen in Fig. 2,
that acid hydrolysis altered the morphology of OPEFB-MCC com-
pared to OPEFB-pulp. Fig. 2(a) shows individualized and uniform
fibers, which correlates with the spectroscopic evidence for the
removal of cementing material around the fiber bundles; namely
hemicelluloses, and lignin (Alemdar & Sain, 2008a; Johar et al.,
2012). OPEFB-pulp also showed a smooth fiber surface. Meanwhile,
Fig. 2(b) shows irregular shaped fibrils, which are often aggre-
gated, and a rough surface morphology. According to Mathew,
Oksman, and Sain (2006),  the roughness of MCC  favors the produc-
tion of nanocrystals via hydrolysis. Similar morphologies have been
observed during isolation of MCC  from OPEFB �-cellulose (Rosnah

et al., 2009). C-MCC shows a similar morphological topography as
compared to OPEFB-MCC (Fig. 2c), although much larger aggre-
gates are present, with presumably lower aspect ratios. According
to previous studies, cellulose obtained from different sources and



M.K. Mohamad Haafiz et al. / Carbohydrate Polymers 93 (2013) 628– 634 631

Fig. 2. Typical scanning electron micrographs of (a) OPEFB-pulp, (b) OPEFB-MCC, and (c) C-MCC.
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peak (Rosnah et al., 2009).
From Fig. 4(b) it is clear that the diffraction peak located

at 22.6◦ becomes sharper, indicating an increase in crystallinity.
An increase in the crystallinity is related to increases in the

Table 2
Crystallinity of OPEFB-pulp, OPEFB-MCC and C-MCC.
Fig. 3. Typical atomic force microscope images 

ydrolysis conditions differ in overall characteristics of MCC  such
s particle size and aggregation (De Menezes et al., 2009; Lee et al.,
009). Typical AFM images of OPEFB-MCC are shown in Fig. 3. The
hree-dimensional image in Fig. 3 reveals that OPEFB-MCC show
egular spherical particles and surface roughness due to highly
ggregated OPEFB-MCC.

.3. X-ray diffraction

It is widely recognized that cellulose contains both crystalline
nd amorphous region (Klemm et al., 2005). The X-ray diffraction
XRD) patterns of OPEFB-pulp, OPEFB-MCC, and C-MCC are pre-

ented in Fig. 4(a)–(c). The crystallinity of each sample is listed
n Table 2. The crystallinity values of OPEFB-pulp and OPEFB-MCC

ere 80% and 87%, compared to C-MCC, which exhibited 79% crys-
allinity. All XRD diffraction data suggested the samples were highly
FB-MCC, height view (left) and 3D view (right).

crystalline native cellulose I, with no cellulose II present; indicated
by the absence of the doublet located at 22.6◦ (Rosa et al., 2012;
Satyamurthy et al., 2011). Our results are different to those obtained
from MCC  derived from OPEFB-�-cellulose, which show presence
of small percentage of cellulose II by the presence of the doublet
Sample Crystallinity %

OPEFB-pulp 80
OPEFB-MCC 87
C-MCC 79
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gase fibers. However, it is interesting to note that at 400 ◦C the
weight loss for OPEFB-pulp is 88% compared to that of OPEFB-
MCC  (80%). Further heating showed that from 400 ◦C to 900 ◦C the

Table 3
Thermal properties of OPEFB-pulp and OPEFB-MCC.

Samples Degradation
◦

Residual weight %
◦

DTG peak temp
◦

Fig. 4. X-ray diffractograms from (a) O

igidity of the cellulose structure, which can lead to a higher ten-
ile strength to fibers. This increase would be expected to increase
he mechanical properties of composites (Alemdar & Sain, 2008b;
osa et al., 2012). The crystallinity index for OPEFB-pulp is high
ue to removal of hemicellulsoe and lignin, which existed in amor-
hous regions leading to realignment of cellulose molecules (Li
t al., 2009). The highest crystallinity index obtained for OPEFB-
CC  is thought to be due to the removal of the amorphous regions

f cellulose by acid hydrolysis, which prompts the hydrolytic cleav-
ge of glycosidic bonds, finally releasing individual crystallites (Li
t al., 2009; Spagnola et al., 2012). MCC  produced from OPEFB-pulp
n our study displays a higher crystallinity compared to nanocel-
ulose produced from OPEFB by a chemo-mechanical technique
69%) (Jonoobi, Khazaeian, Md  Tahir, Azry, & Oksman, 2011). Fahma
t al. (2010) produced nanofibers from OPEFB by using H2SO4, and
eported ∼59% crystallinity. Jahan et al. (2011) also isolated MCC
rom jute by using H2SO4 and obtained an MCC  with ∼75% crys-
allinity.

.4. Thermogravimetric analysis

Investigating the thermal properties of reinforcing materials is
mportant in order to know their applicability for biocomposite
rocessing at high temperatures (Alemdar & Sain, 2008b).  Fig. 5
eports thermogravimetric analysis (TGA), and derivative ther-
ogram (DTG) curves for OPEFB-pulp and OPEFB-MCC. Thermal

egradation of OPEFB-pulp and OPEFB-MCC gave an initial weight
oss in the range of 50–180 ◦C due to the evaporation of loosely
ound moisture on the surface of the samples (Das et al., 2009; Li
t al., 2009; Rosa et al., 2012). OPEFB-pulp and OPEFB-MCC sam-
les show two-step degradation. The OPEFB-pulp and OPEFB-MCC

tarted to decompose at 300 ◦C and 275 ◦C, respectively, which
re higher temperatures compared to the thermal degradation
f nanofibers produced from OPEFB fibers (Fahma et al., 2010).
he thermal degradation data of OPEFB-pulp and OPEFB-MCC are
-pulp, (b) OPEFB-MCC, and (c) C-MCC.

tabulated in Table 3, using the temperatures at which 10% weight
loss of the samples occurs and the residual weight at 400 ◦C,
donated as the char residue.

The onset decomposition temperature and the temperature at
which 10% degradation occurred for OPEFB-pulp were higher than
for OPEFB-MCC. From Fig. 5, the decomposition temperatures peak
for both samples can be seen in the derivative weight loss curve.
These temperatures were designated as Tmax, and are summarized
in Table 3. The major decomposition peak temperature of OPEFB-
MCC  is observed at 326 ◦C while for OPEFB-pulp this occurs at
371 ◦C; these temperatures are where cellulose degrades. Accord-
ing to Jonoobi et al. (2011) cellulosic materials degrade at low
to moderate temperatures. Early decomposition of hemicelluloses
begins below 400 ◦C followed by pyrolysis of lignin, depolymeriza-
tion of cellulose, active flaming combustion and char oxidation.

The higher decomposition temperature (T10% and Tmax) of
OPEFB-pulp compared to OPEFB-MCC is thought to be due to a dras-
tic reduction in molecular weight of the latter because of hydrolysis
which makes it more susceptible to degrade when temperature
increases. It is also believed that hydrolysis of cellulose not only
dissolves the amorphous regions, but also some crystalline regions
(Mandal & Chakrabarty, 2011). Similar results have been reported
by El-Sakhawy and Hassan (2007) when producing MCC  from bag-
temp ( C) T10% at 400 C ( C) Tmax

OPEFB-MCC 293 20 326
OPEFB-pulp 308 12 371

T10%: Temperatures at which 10% weight loss.
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Fig. 5. Typical TGA and DTG curves for OPEFB-pulp and OPEFB-MCC.

eight loss and residual weight of OPEFB-MCC was found to be
igher compare to OPEFB-pulp. The high char residue of OPEFB-
CC as compared to OPEFB-pulp is probably due to the presence

f a higher amount of crystalline cellulose I which is intrinsically
ame resistant (Mandal & Chakrabarty, 2011).

The decomposition peaks of OPEFB-MCC greater (326 ◦C) than
he decomposition of MCC  from jute (maximum 315 ◦C) as reported
y Jahan et al. (2011).  They reported that a decrease in the thermal
tability of Jute MCC  was due to the introduction of sulfate groups
nto the outer surface of the cellulose crystals during hydrolysis
f jute cellulose. However, in this research, hydrolysis in carried
ut with HCl instead of H2SO4. Therefore, no surface sulfate group
s present. Reinforcing this idea is the fact that the degradation
emperatures of nanofibrils from wheat straw and soy hulls dis-
lay similar degradation temperatures (Alemdar & Sain, 2008a).  In
iew of the above results, it was concluded that the MCC  sample
roduced from OPEFB-pulp has good thermal stability and will be
uitable in the production of green biocomposites.

. Conclusions

MCC  has been successfully isolated from OPEFB-pulp, which is

ne of the most abundant sources of biomass planted in Malaysia.
he results obtained from FT-IR analysis confirmed that chemi-
al structure of the cellulosic fragments is not influenced by the
cid hydrolysis. SEM shows that the OPEFB-MCC has a rough and
ate Polymers 93 (2013) 628– 634 633

compact structure, similar to C-MCC, although it exhibits much
smaller fragments. AFM analysis revealed that the OPEFB-MCC
obtained showed regular spherical particles. The crystallinity anal-
ysis shows that OPEFB-MCC has a high crystallinity index providing
evidence that acid hydrolysis does not alter the crystal structure
from the cellulose I allomorph of OPEFB-pulp. TGA analysis indi-
cated that OPEFB-MCC produced from OPEFB-pulp has a good
thermal stability. Based on these results it can be concluded that
the production of OPEFB-MCC from OPEFB-pulp by acid hydroly-
sis is adequate for obtaining samples with high crystallinity. The
prepared OPEFB-MCC has the potential to be a good reinforcing
material for polymeric materials, where large surface area and good
thermal properties are required.
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