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Physicochemical Characterization of Microcrystalline
Cellulose Extracted from Kenaf Bast
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Microcrystalline cellulose (MCC) was successfully prepared from
bleached kenaf bast fiber through hydrochloric acid hydrolysis. The
influence of hydrolysis time (1 to 3 h) on the MCC physicochemical
properties was examined. Scanning electron microscopy (SEM), X-ray
diffraction (XRD), particle size analysis, Fourier transform infrared
spectroscopy (FT-IR), and thermal gravimetric analysis (TGA) were
utilized to characterize the isolated MCC. According to FTIR analysis, the
chemical composition of MCC was not changed with the reaction time. The
reaction times, however, did affect the thermal stability of MCC. The
thermal stability decreased linearly with increasing hydrolysis time. The
optimum hydrolysis time was determined based on the morphological,
structural, and thermal properties of the kenaf bast MCC.
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INTRODUCTION

The importance of the acid hydrolysis of lignocellulosic fibers is derived from its
ability to isolate micron-sized cellulose particles known as microcrystalline cellulose
(MCC) as well as nanocrystalline cellulose (NCC), which can be used as a green and
environmentally friendly bio-filler for various applications in the medical, food, cosmetics,
and packaging industries (Abdul Khalil et al. 2014). The acid hydrolysis of cellulose is a
complex heterogeneous reaction comprised of the formation of a conjugated acid, the
scission of the C-O bond, and finally the liberation of short chains (Wyman et al. 2005). In
this procedure, the reaction of glucan and water is catalyzed by an acid (Li and Zhao 2007).
The aim of acid hydrolysis is the removal of the amorphous part (hemicellulose and
disordered regions of cellulose), which leaves the crystalline section unchanged and
reduces the size of the fibers. Acid causes the scission of hemicellulose to xylose and then
xylose to furfural (Adel et al. 2010). The removal of cementing regions of the fibers
through acid hydrolysis boosts their crystallinity (Safinas et al. 2013). Acid hydrolysis can
be performed using formic acid (Sun et al. 2008), phosphoric acid (H3POs) (Hong et al.
2012), nitric acid (HNOs3) (Horst et al. 2010), hydrochloric acid (HCI) (Kumar et al. 2013),
and sulfuric acid (H2SOa4) (Ohwoavworhua et al. 2009; Vanhatalo and Dahl 2014).
However, HCI and H2SO4 are the most commonly used acids in the acid hydrolysis process.
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Because both HCI and H2SO4 have a high acid dissociation constant (a quantitative
indicator used to measure the power of an acid in solution), they possess a superior ability
to hydrolyze B-1,4-glucosidic bonds (Zaini et al. 2013). In contrast to hydrolysis by HCI,
hydrolysis by H2SO4 modifies the surface of the cellulose become a negatively charged
surface, resulting from the esterification of hydroxyl groups by sulphate ions (Haafiz et al.
2014). However, H2SO4 hydrolysis suffers from low thermal stability because of the sulfate
groups on the surface of fibers, which causes a dehydration reaction (Fahma et al. 2011).
Therefore, a neutralization step using NaOH usually increases the thermal stability of
H2SOas-hydrolyzed fibers (Kargarzadeh et al. 2012).

Hydrolysis conditions, such as reaction time, temperature, and acid concentration,
affect the properties of the hydrolyzed fibers. It has been proposed that to obtain significant
hydrolysis at low acid concentrations, greater temperature and, therefore, energy, is needed
(Horst et al. 2010). As stated by Beck-Candanedo et al. (2005) and Rojas et al. (2011),
acid concentration and reaction time are two important parameters in the acid hydrolysis
process. The importance of time in the acid hydrolysis process is derived from the
individual rate of hydrolytic attack at its three different stages, where the initial stage is a
rapid hydrolytic attack of acid on the more accessible amorphous segments and the latter
stage is a much slower hydrolytic attack to the amorphous parts and/or at crystal surfaces
(Fosten et al. 2011). It has been reported that acid hydrolysis reduces the degree of
polymerization (DP) exponentially as a function of time and the rate of acid hydrolysis
(Thoorens et al. 2014). Because a hydrolysis reaction time that is too long leads to the
complete digestion of cellulosic fibers to sugar and a reaction time that is too short produces
just aggregates (Beck-Candanedo et al. 2005), selecting an appropriate hydrolysis time is
a crucial step in the acid hydrolysis of cellulosic fibers. Increasing the hydrolysis time,
promoting longer contact of the acid with fibers, has a great effect on the cellulose because
of the sensitivity of the p-1,4-glycosidic bond to acid (Adel et al. 2010). Therefore, the
proper conditions of acid hydrolysis impact both the efficient removal of hemicellulose
and the degradation of cellulose (Foston et al. 2011).

The effect of hydrolysis duration on the properties of various fibers has been
investigated (El-Sakhawy and Hassan 2007; Das et al. 2010; Adel et al. 2011; Foston et al.
2011; Rojas et al. 2011; Vanhatalo and Dahl 2014). Kenaf has gained researchers’ attention
as a non-wood cellulosic source to produce MCC (Keshk and Haija 2011; Safinas et al.
2013; Wang et al. 2013) and NCC (Kargarzadeh et al. 2012; Zaini et al. 2013), because of
its high cellulose content (approximately 55%), and mechanical characteristics (Abdul
Khalil et al. 2010; Khalil and Suraya 2011). For example, Wang and Cheng (2009)
compared the effect of 5% HCI hydrolysis on the properties of kenaf bast, core, and wood
fibers, while Keshk and Haija (2011) studied the impact of various HCI concentrations on
the properties of kenaf bast and BC. The hydrolysis of kenaf bast, when using 2 M HCI as
a filler over the course of 3 h, was performed by Safinas et al. (2013), and a comparison
between the HCI and H2SOa4 hydrolysis of kenaf bast was studied by Zaini et al. (2013).
Kargarzadeh et al. (2012) evaluated the influence of H2SO4 hydrolysis time (20 to 120 min)
on the properties of kenaf bast NCC.

Although the hydrolysis of HCI for the production of MCC from kenaf bast has
been reported, limited studies have been dedicated to exploring the influence of hydrolysis
duration, which is one of the vital parameters affecting the properties of hydrolyzed kenaf
bast.
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Therefore, the primary objective of this research was to isolate MCC from kenaf
bast by means of hydrolysis by HCI conducted for various reaction times. Furthermore, the
characteristics of MCC were analyzed regarding yield, morphology, functional group,
crystallinity, crystallite size, particle size, and thermal properties.

EXPERIMENTAL

Materials

The kenaf bast fibers were obtained from the National Kenaf and Tobacco Board,
Malaysia. Analytical-grade hydrochloric acid (HCI) (37%) was supplied by OReC (Asia).
Bleached kenaf pulps were prepared based on a previously described technique
(Davoudpour and Abdul Khalil 2013).

MCC Preparation

Approximately 10 g of the bleached kenaf bast fibers was hydrolyzed using 1.5 M
HCl at 80 °C for 1, 2, or 3 h. The ratio of acid to kenaf fiber was kept constant at 20:1. The
hydrolysis process was carried out in a water bath. Upon completion of the reaction, the
fibers were washed and rinsed with distilled water through a membrane filter (Nyla
membrane disc filter, 0.2 um, Pall Corporation, Malaysia) until it reached pH 7.
Subsequently, the obtained MCC were dried in an oven at 60 °C for 24 h. Finally, the MCC
were stored in a desiccator until further analysis. The yields of MCC were calculated based
on the oven-dried weight of the fibers.

Characterization
Morphology

The morphological studies of the samples were carried out by means of scanning
electron microscopy (SEM, model: EVO MAI10, Carl-ZEISS, Germany). The acid-
hydrolyzed samples were gold coated using Polaron (Fisons) SC515 Sputter coater (VG,
Micrtech, Sussex, UK), and analysis was performed using an acceleration voltage of 15
kV. The length and diameter of the fibers were measured using image analyzer software
(Image Pro Plus Version 7.01, Media Cybernetics, Inc., USA) and reported as the mean
value of 100 measurements.

Functional group analysis

The functional groups of the kenaf bast MCC produced at various hydrolysis times
were analyzed using Fourier transform infrared spectroscopy (FT-IR) (Nicolet iS 10 FT-
IR Spectrometer, Thermo Scientific, United Sates). First, the samples were ground and
dried in an oven for 24 h at 60 °C. Approximately 7 mg of each sample was mixed with
KBr to obtain a total of 100 mg. The KBr was used to hold the flour in place during the
test. Transparent pellets were prepared and analyzed in the wavelength range of 400 to
4000 cm'™,

Crystallinity and crystal size determination

The crystallinity of the acid-hydrolyzed kenaf bast fibers was determined using an
X-ray diffraction (XRD) (model: D8 Advanced Bruker, Germany) at an operating voltage
of 40 kV. The applied current was 44 mA. The crystallinity of the samples was calculated
using Eq. 1 (Segal formula) between the angles 10° and 30° of 26,
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where l200 symbolizes the amorphous and crystalline fractions and lam denotes the
amorphous region (Shi et al. 2011)

The crystal size of samples was estimated based on the Scherrer equation (Eq. 2)
for the 002 lattice plane of the fibers:

D _ KA
(hkl) = BocosO (2)

where Dy is the crystal size (nm), K is the Scherrer constant, 4 is the wavelength of XRD,
So is the full width at half-maximum of the reflection, and & is the Bragg angle.

Particle size

The particle size and size distribution analyses were performed using a Master-sizer
2000 Version 5.60 particle size analyzer (Malvern Instruments Ltd., Malvern, UK). The
mean particle diameter of each sample was reported as the average value of three replicates.

Thermogravimetric analysis (TGA)

A TGA/SDTA 851 (Mettler Toledo, Switzerland) was applied to investigate the
thermal stability of the samples. Approximately 3 to 6 mg of the acid-hydrolyzed fibers
was heated from 25 to 550 °C in a nitrogen atmosphere at a heating rate of 20 °C/min. The
DTG and TGA curves are reported as the results of this analysis for three replications.

RESULTS AND DISCUSSION

Yield

In this study, kenaf bast MCC was produced using three different acid hydrolysis
times (1, 2, and 3 h) while maintaining a constant HCI concentration, temperature, and
acid-to-fiber ratio. The obtained yields of kenaf bast MCC as a function of reaction time
are tabulated in Table 1 as an average of three replicates. The yields of the one-hour, two-
hour, and three-hour hydrolyzed kenaf bast MCC were found to be 84.7+1.2%, 82.8+1.2%,
and 80.9+1.1%, respectively.

Reduction of the yield of resultant kenaf bast MCC by increasing the hydrolysis
duration is probably due to the break-down of the more -1,4 glycosidic bond at higher
reaction time and easier removal of short chains during hydrolysis. A similar trend was
observed by Vanhatalo and Dahl (2014). Adel et al. (2011) observed that there was an
optimum reaction time for the hydrolysis of rice and bean hulls using 2% HCI at 120 °C,
such that at longer hydrolysis times, the yield decreased.

The range of yields in this study was similar to the yields of kenaf bast MCC (80%)
as reported by Wang et al. (2012), who used the same HCI concentration for 1 h at a higher
temperature (105 °C). Also, the yields were greater than the maximum yield of kenaf bast
MCC (66%) reported by Keshk and Haija (2011). The yield of kenaf bast MCC in this
study was also higher than the yield from rice hulls and bean hulls (77.58% and 73.84%,
respectively) (Adel et al. 2011) and the yield from sawdust (68%) (Oyeniyi and Itiola
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2012), and slightly lower than the yield from rice straw (94.6%) (llindra and Dhake 2008)
when prepared by HCI hydrolysis.
Morphological Analysis

The morphological structure of kenaf bast MCC was studied using SEM, as shown
in Fig. 1. The morphology of all samples was rod-like. Wang et al. (2012) compared this
rod-like structure of kenaf bast MCC to non-porous glass fibers. The diameters of the HCI-
hydrolyzed fibers were found to be 10.05+1.51um, 8.89+1.28um and 7.9+1.13um at 1, 2,
and 3 h, respectively. As can be seen, the diameter of the kenaf bast MCC decreased with
increasing hydrolysis time. In contrast to its effect on the bleached fibers (diameter of 10.98
pm), HCI hydrolysis conducted for 1 h did not greatly change the diameter of the kenaf
bast MCC. This could be ascribed to the mild hydrolysis conditions and probably the low
amount of hemicellulose remaining after bleaching. Shi et al. (2011) also reported minimal
changes in the diameter of acid-hydrolyzed kenaf bast fibers (9.58 um) after bleaching
(10.63 um). The decrease in the diameter of kenaf bast MCC observed in this study was
more likely due to the removal of the more amorphous regions, e.g., the hemicelluloses
that surrounded the microfibrils.

Fig. 1. SEM micrographs of representative kenaf bast MCC subjected to hydrolysis for (A) 1 h,
(B)2h,and (C) 3 h

Meanwhile, the less-obvious changes in the diameter were probably attributable to
the small amount of remaining hemicellulose. Basically, in the early stages of hydrolysis,
acid diffuses favorably into the amorphous portions of cellulosic fibers and hydrolyzes the
glycosidic bonds that are easily accessible. The further progression of the reaction at the
reducing end and on the surface of the remaining crystalline regions occurs much more
slowly (Dong et al. 1998). In other words, low-molecular weight cellulose can be produced
as follows: first, the non-crystalline parts of the cellulose are hydrolyzed, until only dense
cellulose with approximately 80% crystallinity remains. Subsequently, the substantial
parts of the cellulose can be hydrolyzed with higher acid concentrations and longer
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hydrolysis time (Nada et al. 2009). However, the less-obvious changes in the diameter of
fibers, caused by increasing the duration of the hydrolysis reaction, could be due to the
slow rate of the reaction in the crystalline regions of fibers and the relatively stable
dimensions of the fibers. The length of kenaf bast MCC was reduced noticeably with
increasing hydrolysis time, from 150£19 um (1h) to 10012 pm (3h). The noteworthy
reduction in the length of kenaf bast MCC with the increase in reaction time probably
occurred because of the damaging effect of the acid at the intermediate positions of the
long chains, breaking down the glycosidic bonds and releasing the shorter-chained
oligomers (Nada et al. 2009; Mandal and Chakrabarty 2011). As Mandal and Chakrabarty
(2011) reported, the formation of short-length crystals is related to the hydrolysis of the
pyranose linkages during the acid hydrolysis process.

Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of the HCI-hydrolyzed MCC subject to acid hydrolysis times are
depicted in Fig. 2. As can be seen in this figure, all spectra are similar, which indicates
similarity in the chemical compositions of all samples. Similar results were achieved by
Keshk and Haija (2011) when they compared MCC from kenaf bast to MCC from bacterial
cellulose. Moreover, Zaini et al. (2013) reported the same results during the isolation of
NCC from kenaf bast using 2.5 M HCI at 105 °C for 20 min.

Transmittance (%0)

Wavemmber (cm™)

Fig. 2. FT-IR spectra of kenaf bast MCC after 1, 2, and 3 h of hydrolysis

The absorption peaks found at 3300 to 3500 cm™ and at 2900 cm™ were attributed
to the hydrogen bond (OH groups stretching) and CH groups, respectively (Adel et al.
2011; Azubuike and Okhamafe 2012). It is evident from this figure that by increasing the
hydrolysis time, the intensity of the hydrogen bonds increased. This might have been
because of the degradation of the amorphous part, which enhanced the crystallinity of the
MCC as time progressed. Furthermore, the OH band shifted to lower wavenumbers with
increasing hydrolysis time, which can be ascribed to the increased hydrogen bonding and
crystallinity of the MCC. Nada et al. (2009) reached a similar conclusion: by increasing
the acid concentration, the hydrogen bond of raw cotton linter (at 3419 cm™) would shift
to a lower wave number (3340 cm™) because of the increase in the OH bond in the cotton
linter chains. The absorption band at 1640 cm™ in all three samples was due to water
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absorption (Chan et al. 2012; Haafiz et al. 2013). The peaks at 1430 and 1373 cm™ were
assigned to CH2 and CH bending vibration, respectively (Nazir et al. 2013; Pachuau et al.
2013). The absorption band at 1163 cm™ is indicative of an ether linkage (Chan et al. 2012;
Haafiz et al. 2013). The absence of absorption bands at 1242, 1500, and 1700 cm%, which
can be attributed to lignin and hemicellulose, confirmed the elimination of these two
components (Haafiz et al. 2013; Nazir et al. 2013). Additionally, the peak at 894 cm™ was
attributed to anti-symmetric out-of-plane OH stretching resulting from the B-linkage (Adel
et al. 2011: Keshk and Haija 2011).

The FT-IR peaks in this study were similar to those in the MCC spectra obtained
from other cellulosic sources (Adel et al. 2011; Keshk and Haija 2011; Azubuike and
Okhamafe 2012; Haafiz et al. 2013; Nazir et al. 2013; Pachuau et al. 2013). Furthermore,
the FT-IR analysis found no changes in the chemical components of kenaf bast MCC as a
result of increased hydrolysis time; the only changes observed were alternations in the
intensity and/or wavenumber of some peaks. In comparison with the bleached fibers, no
alteration in the chemical compositions of the acid-hydrolyzed MCC was observed.
Although the acid hydrolysis had an effect on the crystallinity and morphology of the
fibers, it did not influence the chemical components of the fibers.

X-Ray Diffraction (XRD)

Because the higher crystallinity of the acid-hydrolyzed MCC led to a higher tensile
strength of the fibers due to the increased rigidity of the cellulose (Haafiz et al. 2013),
studying the crystallinity can be used as a means to provide necessary information about
this issue. The XRD diffractograms of 1-, 2-, and 3-h acid-hydrolyzed MCC are illustrated
in Fig. 3. Additionally, the crystallinity percentage and crystal size, as measured by Egs. 1
and 2, respectively, are summarized in Table 1. The diffraction patterns of all samples were
similar and resembled native cellulose with 26 degrees at 18° and 22.5°.

The crystallinity values of the samples were 81.3+1.4%, 82.7+1.2%, and 82+1.3%
after 1, 2, and 3 h, respectively. Moreover, in comparison with bleached fibers (crystallinity
of 72%), the kenaf bast MCC showed obviously higher crystallinity, probably because of
the elimination of amorphous regions, the cleavage of glycosidic bonds, and the subsequent
release of more individual crystals. As can be seen in Table 1, a slight increase (around
1.62%) in the crystallinity of the MCC was observed when the reaction time was increased
from1to 2 h.

When the amorphous regions that hold the crystalline parts dissolve during acid
hydrolysis, single crystals are released and the crystallinity increases. In other words, by
eliminating the cementitious materials using acid hydrolysis, cellulose chains can become
better packed (Safinas et al. 2013). Therefore, high crystallinity can be translated as
ordered and dense molecular structures (Azubuike and Okhamafe 2012). Besides,
increasing crystallinity measure by Segal method here can be attributed to increasing the
crystal size (French and Cintrén 2013). A further increase in the reaction time to 3 h caused
an approximately 0.81% reduction in the crystallinity value, probably because of damage
to the MCC crystalline regions during the longer hydrolysis duration. Vanhatalo and Dahl
(2014) reported the same observations and explanations. It is believed that after hydrolysis
of accessible glycosidic bonds, further reactions at the reducing end and the surface of the
remaining crystalline regions occurs much more slowly (Dong et al. 1998). Thus, the very
small reduction in the crystallinity of MCC observed with the increase from 2 to 3 h might
be due to very moderate damage to some of the crystalline sections. These data are in
agreement with the findings of Kargarzadeh et al. (2012), who found that by increasing the
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hydrolysis time to 40 min, the crystallinity of kenaf bast NCC increased from 75.1% to
81.8%, and at longer times, it decreased to 75.3%. This was attributed to the partial
destruction of the crystalline parts of NCC because of the high concentration of H2SOa.

Table 1. Yield, Crystallinity, and Crystal Size Data for Kenaf Bast MCC

Samples Yield (%) Cr (%) Crystalline size (nm)
1lh 84.7 £1.2 81.3+1.4 6.23+0.21
2h 82.8+1.2 82.7x1.2 6.43+0.12
3h 80.9+1.1 82.0+1.3 6.76+0.24

The crystallinity percentages obtained in this study were in the range of those from
other literature on MCC (Nada et al. 2009; Azubuike and Okhamafe 2012; Chauhan and
Chakrabarti 2012; Haafiz et al. 2013) and higher than that found by Wang et al. (2012)
using the same HCI concentration (77.7%). This was perhaps due to the longer hydrolysis
time at a lower temperature in this study, which broke down more glycosidic bonds (in the
amorphous regions) and further increased the crystallinity. The crystal sizes were found to
be 6.23, 6.43, and 6.76 nm at 1, 2, and 3 h, respectively. From the data, a slight increase in
the crystallite size of kenaf bast MCC in concert with the increase in hydrolysis time was
observed. An increase in the crystallite size of MCC was also described by Das et al.
(2010). They explained that the loose structure of the celluloses favored alteration in the
crystal size and that the degradation of smaller crystals as well as the growth of defective
crystals was responsible for increasing the crystallite size. By increasing hydrolysis time,
with the removal of more lignin and hemicellulose and leaving behind the dense cellulose,
the density fluctuation increased. This was because of lateral coalescence of microfibrils
and their co-crystallization, leading to increased apparent crystal size (Nishiyama et al.
2014). In addition, smaller crystal size formation at 1 h can be attributed to higher surface
area in the fiber and hence greater accessibility to chemicals (Reddy and Yang 2005) and
higher chain loss per crystal. SEM micrographs showed a larger crystal size that might be
attributed to the preparation process of samples for XRD and crystal size analysis in
powder form compared to sample preparation in SEM analysis.

Intensity (Counts)

e 3h

Zh

Fig. 3. XRD diffractograms of kenaf bast MCC
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Particle Size Analysis

The determination of particle size and its distribution is an important issue for the
final application of MCC. These criteria depend on many different parameters, such as the
structure of the sample, acid concentration, hydrolysis time, and temperature (Das et al.
2010; Wang et al. 2010). However, after the drying of MCC, the particle size distributions
of the powders depend on the extent of their aggregation (Das et al. 2010). The results of
the particle size analysis of kenaf bast MCC at various hydrolysis times are tabulated in
Table 2.

Table 2. Particle Size Analysis of Kenaf Bast MCC

Samples | D (v, 0.1) (um) D (v, 0.5) (um) D (v, 0.9) (um)
1h 15.53+0.46 73.36£1.02 386.35+4.21
2h 14.61+0.28 66.40+1.53 288.25+3.75
3h 14.17+0.34 66.25+1.15 256.85+4.02

The particle size was reported based on volume percentage. D(v, 0.1) shows that
10% of MCC are smaller than this diameter; D(v, 0.5) indicates that 50% of MCC are larger
than this diameter and 50% are smaller than this diameter; finally, D(v, 0.9) points out that
90% of MCC are smaller than this diameter. Also, D (v, 0.5) expresses the median diameter
of kenaf bast MCC. The range of particle sizes for all samples was between 4 and 550 pum.
This range of MCC sizes was in agreement with the range reported by Wang et al. (2010)
for kenaf bast MCC. The median particle sizes of the hydrolyzed MCC at 1, 2, and 3 h
were found to be 73.3, 66.4, and 66.2 um, respectively. As seen from this table, by
increasing the reaction time, the median particle size was reduced, though this reduction
was not remarkable after 2 h. This can be attributed to the slightly greater crystal size of
MCC at 3 h compared with 2 h, which caused a reduction in the breakdown of the crystal
structure (Das et al. 2010).

TGA Analysis

The influence of hydrolysis time on the thermal stability of the acid-hydrolyzed
MCC was evaluated by means of TGA analysis. Figure 4 displays the TGA and DTG
curves of the kenaf bast MCC. Furthermore, the thermal characteristics of the samples, i.e.,
Tonset (initial degradation temperature), Tmax (maximum degradation temperature), and char
residue, are summarized in Table 3.

Table 3. Thermal Characteristics of Kenaf Bast MCC

Samples Tonset (°C) Tmax (°C) Residue at 550 °C (%)
lh 321+2.43 362+2.51 12+0.51
2h 317+2.18 358+2.32 11+0.23
3h 314+2.13 355+2.26 10+0.16

According to the TGA curves, all samples showed similar decomposition patterns
(two decomposition steps), with an initial mass loss of around 6% between 25 and 150 °C.
This weight loss was attributed to the evaporation of water. As can be observed from the
table, the Tonset values of 1-, 2-, and 3-h kenaf bast MCC were 321, 317, and 314 °C,
respectively. The results illustrate that with increasing reaction time, the MCC began to
degrade at a lower temperatures, and the thermal stability therefore declined.
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Furthermore, the maximum degradation temperature (Tmax Obtained from DTG
thermograms) of the samples occurred at 362, 358, and 355 °C for 1h, 2 h, and 3 h treated
kenaf bast MCC, respectively. Tmax Was ascribed to the decomposition of cellulose. In
comparison with bleached kenaf bast fibers, Tmax was reduced from 368 °C to 355 to 362
°C. This might have been due to the creation of short and free end-chain particles that could
be degraded at lower temperatures (Wang et al. 2007). Similar results were proposed by
Haafiz et al. (2013). In other words, by increasing the hydrolysis duration from 1 to 3 h,
thermal stability decreased, perhaps because of some destruction of the crystalline parts of
the fibers over the longer reaction time.

120
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Fig. 4. (A) TGA and (B) DTG of kenaf bast MCC
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Kargarzadeh et al. (2012) also proposed that with increasing hydrolysis time of
kenaf bast fibers, the thermal stability of NCC was reduced. They ascribed these results to
the low molecular weight of the fibers formed during the hydrolysis as well as to the long
interaction time between H2SOs and kenaf, which can form more sulfate groups and
diminish thermal stability. However, the maximum degradation temperature of HCI-treated
fibers in this study was higher than that of OPEFB-MCC (326 °C) (Haafiz et al. 2013),
cotton linter-MCC (320 °C) (Nada et al. 2009), and kenaf bast nanofibers (320 °C)
(Jonoobi et al. 2009), but close to that of kenaf bast NCC (358 °C) (Zaini et al. 2013).

Char can be defined as non-volatile carbonaceous components that are generated
by pyrolysis (Azubuike and Okhamafe 2012). As can be seen in Table 3, when the reaction
time increased, the amount of char residue from the kenaf bast MCC decreased. These
results are in agreement with the findings of Azubuike and Okhamafe (2012), who reported
a reduction in char formation of MCC from corncob as a result of increasing hydrolysis
time. Moreover, the amount of char in the MCC (10% to 12%) was slightly lower than that
in bleached fibers (13%), probably because of the removal of more hemicelluloses during
the HCI hydrolysis.

CONCLUSIONS

1. It was observed that an increase in hydrolysis time decreased particle size, including
both the diameter and length of microcrystalline cellulose (MCC).

2. Theyields of the HCI-hydrolyzed kenaf bast MCC were found to be decreased from
84.7£1.2% to 80.9£1.1% with increasing hydrolysis time of 1h to 3h.

3. The diameters of the HCI-hydrolyzed fibers were found to be 10.05 pm, 8.89 um,
and 7.9 um at 1 h, 2 h, and 3 h hydrolysis time, respectively. The length of kenaf
bast MCC reduced with acid hydrolysis time from 150 um (1 h) to 100 pum (3 h).

4. The FT-IR analyses revealed that the acid hydrolysis had an effect on the
crystallinity the fibers; however it did not influence the chemical components of
the fibers.

5. The crystallinity values of MCC fiber gradually increased from 1 h (81.3+1.4%) to
2 h (82.7+1.2%), and they decreased thereafter (82+1.3%).

6. The thermal analyses of MCC kenaf bast fiber showed the Tonset values of 321 °C,
317 °C, and 314 °C; the maximum degradation temperatures were 362 °C, 358 °C,
and 355 °C for acid hydrolysis times of 1 h, 2 h, and 3 h, respectively.
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