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ABSTRACT 

Cellulose whiskers were isolated from kenaf (Hibiscus cannabinus L.) bast fibers via sulfuric acid and hydrochloric 
acid hydrolysis. Raw kenaf bast, NaOH treated, bleached fibers, sulfuric acid whiskers (SAW) and hydrochloric acid 
whiskers (HClW) morphology, functional groups, crystallinity, and thermal stability were characterized. The TEM im- 
ages showed that the sulfuric acid and HCl whiskers have average diameters and length range of 3 nm and 100 - 500 nm, 
respectively. The FTIR study indicated that during the conversion process, most of the hemicellulose and almost all the 
lignin were removed by the NaOH and subsequent bleaching treatments. The crystallinity of HCl whiskers was found to 
be higher (84%) than that of sulfuric acid whiskers (72%). Thermogravimetric analysis indicated that HCl whiskers had 
better thermal stability than the sulfuric acid ones. In addition, a two-stage decomposition behavior was revealed by 
TGA in the sulfuric acid whiskers because of incorporation of the sulfate group with the cellulose crystals. 
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1. Introduction 

Cellulose is the most abundant biorenewable material on 
earth. It is an infinite source of raw material for environ- 
mentally-friendly and biocompatible products [1]. The 
yearly biomass production of cellulose has been esti- 
mated at about 1.5 trillion tons [1]. The growing global 
interest in renewable resources and environmentally- 
compatible materials has brought a considerable scien- 
tific and technological research in the field of cellulose. 
In plants, cellulose is present as whisker-like microfibrils. 
It is biosynthesized and deposited either in a continuous 
manner whereby it is arranged in highly linear and paral- 
lel manner, i.e., crystalline region, or in a loose and low- 
ordered orientation, i.e. amorphous region [2]. 

The crystalline region of microfibrils, called cellulose 
whiskers, is almost defect-free, with the consequence of 
axial physical properties of cellulose biogenesis appro- 
aching those of perfect crystals [3]. These whiskers have 
high modulus and act as efficient reinforcing materials 
because of their perfect crystalline arrangement [2]. This 
characteristic was proven by Aji et al. [4] who concluded 
that cellulose whiskers had better crystallinity than the 
microfibers. When such materials are used to produce 

composites they create high-performance nanocompo- 
sites that exhibit outstanding properties. This reinforcing 
capability results from the intrinsic chemical nature of 
cellulose and from its hierarchical structure. However, 
lignocellulosic fillers are used only to a limited extent in 
industrial applications due to difficulties associated with 
surface interactions [5]. 

The advancement in nanotechnology has brought 
about a trend in isolating whiskers from various cellulose 
sources such as ramie [6], grass fiber [7], sisal [8], and 
Tunicin [9]. Azizi Samir et al. [5] described whiskers as 
formation of high-purity single crystals that have been 
formed by nanofibers under controlled conditions. These 
pure crystals have high aspect ratios and surface areas 
which render polymer matrices high reinforcing capabili- 
ties [10-12]. The conversion of their molecular arrange- 
ments into highly ordered structure not only imparts high 
strengths to the material but also enhances its electrical, 
optical, magnetic, ferromagnetic, dielectric properties. 

Acid hydrolysis can be used to isolate cellulose whisk- 
ers. It is a simple process which can be carried out using 
different type of acid and combinations of concentration, 
time and temperature [8,13,14]. The amorphous part of 
cellulose more susceptible undergoes acidic hydrolysis 
compared to crystalline part. Nevertheless, the crystalline *Corresponding author. 
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part can be smoothly hydrolyzed by concentrated acids 
such as concentrated sulfuric acid and supersaturated 
hydrochloric acid [15]. Molecular degradation in cellu- 
lose take place by attack of the β-1,4-glucosidic linkage 
which is susceptible to acid-catalyzed hydrolysis [16]. 
The hydrolysis process depends on the interaction condi- 
tions, such as the nature and concentration of the acid, 
the reaction temperature, and processing duration [16]. 
Both hydrochloric and sulfuric acids are superior in their 
abilities to hydrolyze β-1,4-glucosidic bonds due to its 
lower acid dissociation constant. The acid dissociation 
constant (pKa) is a quantitative measure of the strength 
of an acid in solution. The larger the value of pKa, the 
smaller is the extent of dissociation, and vice versa. Ac- 
cording to Krassig [16], the mechanism of the acid- 
catalyzed hydrolysis of cellulose proceeds in three stages. 
Firstly, rapid protonation of the glycosidic oxygen atom 
takes place. Secondly, a slow transfer of the positive 
charge to C(1) occurs, leading to a cyclic carbonium 
cation production and to a simultaneous split of the gly- 
cosidic linkage. Thirdly, quick addition of water to the 
carbonium ion takes effect. 

Previously studies highlighted a potential for kenaf fi- 
ber to act as filler or reinforcement agent in biocompo- 
sites [17-19]. Kenaf (Hibiscus cannabinus L.) consists of 
two separate parts known as bast and core. The bast is 
the outer section of the plant stem while the core is its 
inner part [20]. Kenaf bast fibers have been found to be 
possessing attractive mechanical properties that entitle 
them to be used as reinforcements in polymer composites 
[21-23] and as an alternative to glass fibers and aramid. 
Jonoobi et al. [24] reported that the kenaf bast fibers 
have a cellulose content of 63.5%, which is within the 
range reported by Mohanty et al. [25]. 

As stated above, numerous studies have investigated 
the isolation and properties of cellulose whiskers. Based 
on our knowledge very little information has been re- 
ported on characterization of cellulose whiskers from 
kenaf bast. Therefore, the main objective of this work 
was to isolate cellulose whiskers from kenaf bast fibers 
by acid hydrolysis and to characterize their properties. 
The influence of different solvents on the morphology, 
crystallinity, and thermal stability of the resulting whisk- 
ers were also evaluated. 

2. Experimental 

2.1. Materials 

Four-month old kenaf stems of variety 36 were obtained 
from the experimental plot of the National Kenaf and 
Tobacco (NKTB) Company, Malaysia. Sulfuric acid 
(95%), chloroform, and HCl (37%) were purchased from 
Aldrich while sodium chlorite and sodium hydroxide 
were supplied by RND I-Tech Sdn., Malaysia. The har-  

vested kenaf stems were peeled to separate the outer part 
(bast) from the inner part (core). The bast was then dried 
in an industrial oven to a moisture content of 9.8%. 

2.2. Whiskers Isolation 

The whiskers were isolated from kenaf bast fibers fol-
lowing the method of Siquera et al. [11]. 

Kenaf bast was ground to 0.25 mm size by FRITSCH 
universal cutting mill pulverisette and treated with 4% 
(w/w) NaOH solution at 80˚C for 2 hours. This treatment 
was repeated 3 times. After each treatment, fibers were 
filtered and washed with distilled water until the alkali 
was completely removed. A subsequent bleaching treat-
ment of the fibers using the same amount of acetate 
buffer, aqueous chlorite (1.7% w/w), and distilled water 
was applied in order to bleach the fibers. The bleaching 
treatment was carried out four times at 80˚C for 2 hours 
(each treatment) under mechanical stirring. Acid hy- 
drolysis was performed by subjecting 4% - 6% (w/w) 
bleached kenaf bast pulp into pre-heated 65% (v/v) sul- 
furic acid at a temperature of 50˚C for 60 min. The sus- 
pension was constantly mixed using magnetic stirrer. 
Then, the hydrolyzed pulp was centrifuged at 4000 rpm 
for 30 min and dialyzed in distillated water. Subse- 
quently, the whiskers suspension was homogenized by 
using an Ultra Turax T25 homogenizer for 5 min. Some 
drops of chloroform were added as protectant to the 
whiskers suspension which was stored at 4˚C. 

The second hydrolysis treatment was conducted using 
HCl as described by Braun et al. [26]. Bleached fibers 
were preblended with distilled water (1:20 (w/v)) using 
laboratory blender for 10 min. Then, the slurry was 
soaked overnight. Hydrochloric acid was added to the 
slurry until 2.5 M acid strength was achieved. The sam- 
ple was preheated at 105˚C and stirred before acid addi- 
tion. The hydrolysis was carried out for 20 min with stir- 
ring. After hydrolysis, the process was the same as 
Siquera’s methodology described above. 

2.3. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) analysis was per- 
formed using a Jeol JSM 7600F Scanning Electron Mi- 
croscope. Glimmer plates were fixed with conducting 
carbon on a specimen holder and then a drop of diluted 
fibril (raw kenaf bast, NaOH treated, or bleached fibers)/ 
water suspension (1:20 w/v) was put onto it. The samples 
were air-dried and the remaining fibrils were sputtered 
with a platinum layer about 5 nm thick. The images were 
taken with an accelerating voltage of 2 kV and 100 fibers 
diameter was measured. 

2.4. Transmission Electron Microscopy (TEM) 

The size and shape of whiskers were studied using a 
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transmission electron microscope Hitachi model H-7100. 
A drop of diluted kenaf whiskers suspension was depos- 
ited on the carbon-coated grids and allowed to dry at 
room temperature. The grid was stained with a 0.5% so- 
lution of uranyl acetate and dried at room temperature. 
Measurement of 150 fibers diameter were carried out 
using an image analyzer program, XL Docu. 

2.5. Fourier Transform Infrared Spectroscopy 
(FTIR) 

A Fourier transform infrared spectroscopy (FTIR) study 
was done using Perkin-Elmer spectrometer 100. Prior to 
this analysis, all fibers were ground to a diameter of 
about 100 µm and then mixed with KBr to prepare ho- 
mogeneous suspensions and afterwards pressed into 
transparent pellets and analyzed in transmittance mode 
within the range of 4000 - 500 cm−1. 

2.6. X-Ray Diffraction 

Structural and phase analyses of the samples were im-
plemented using an X-ray diffractometer (Philips P W 
3040/60 X’pert Pro) with CuKα radiation (wavelength of 
1.5405 Å) and step-scan mode (2θ range: 5˚ - 60˚). The 
crystalline index of cellulose, CIr, was calculated using 
the following equation [27]: 

   Ir 002 am 002C % I I I 100            (1) 

where I002 is the intensity of lattice peak diffraction and 
Iam is the peak intensity of the amorphous fraction. A 
diffraction angle of around 2θ = 22.5˚ was peak for plane 
(002) and the lowest intensity at a diffraction angle of 
around 2θ = 18.0˚ was measured as the amorphous part. 

2.7. Thermogravimetric Analysis (TGA) 

Thermal stability data was obtained using the TGA/ 
SDTA 851 (Mettler Toledo) thermogravimetric analyzer 
under linear temperature conditions. The samples were 
heated in platinum crucibles within the temperature range 
35˚C - 600˚C at a rate of 10˚C/min in a nitrogen atmos- 
phere. 

3. Results and Discussion 

3.1. Microscopic Analysis 

The isolation of whiskers from kenaf bast is a multistep 
process which involves chemical treatments. Firstly, the 
fibers should be separated from their cell walls in order 
to be able to study the properties of this nanomaterial. 
Proper chemical treatment to obtain the whiskers without 
damaging the fibers is needed. 

Figure 1 shows SEM images in each of the three 
stages of fiber treatment. The images show the effects of  

 

Figure 1. Scanning electron micrographs of (a) raw bast; (b) 
NaOH treatment; (c) after bleaching. 
 
chemical treatments on the morphology of kenaf bast 
fibers. Figure 1(a) shows the raw kenaf fiber bundles 
which consist of individual fibers bonded by lignin. The 
image analysis revealed that the diameters of the raw 
kenaf fibers were around 100 µm. In Figure 1(b), it can 
be seen that the NaOH-treated kenaf fibers had smaller 
diameters than those observed in Figure 1(a). After 
NaOH treatment, the fiber diameters ranged from 20 - 90 
µm. The mechanical grinding that was applied before 
chemical treatment led to these wide variations in fiber 
diameters. As the result, the NaOH treatment did not af- 
fect the fiber surface consistently. However, the bleach- 
ing treatment broke most of the lignin bonds in the fibers 
after NaOH treatment sequence. Consequently, the indi-
vidual fibers showed smooth surface as can be seen in 
Figure 1(c). After the samples were bleached, the fiber 
diameters reduced to an average value of 11 ± 3 µm. 

Figure 2 illustrates how the different hydrolysis meth- 
ods affect the isolation of whiskers. Both images show 
whiskers with a needle-like structure. The tendency to 
agglomerate can also be observed in both images. This 
tendency can be attributed to the drying conditions dur- 
ing sample preparation which involved evaporation of 
water. 
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Figure 3 shows the diameter distribution of whiskers 
extracted by sulfuric acid and HCl hydrolysis. Diameter 
of both whiskers was calculated based on measurement 
of 150 individual whiskers. As can be seen in Figure 
3(a), the diameters of the sulfuric acid whiskers ranged 
from 2 - 5 nm and most of these whiskers had diameters 
ranging from 2 to 4 nm. The HCl whiskers had wider 
diameters, ranging from 2 to 6 nm (Figure 3(b)) and 
most of the samples had diameters within the range of 2 
to 4 nm. However, there were also whiskers with rela- 
tively diameters ranging from 4 to 5 nm. The average 
diameters of the sulfuric acid and HCl whiskers were 
quite similar; around 3 nm.  

 In fact, the aspect ratio of whiskers is an important 
property that describes their reinforcing abilities. Hun- 
dred of each sulfuric acid and HCl whiskers were ob- 
served for length measurement. The range of lengths for 
both whiskers was 100 - 500 nm. However, the average 
lengths of the sulfuric acid and HCl whiskers were 330 ± 
66 nm and 224 ± 76 nm, respectively. Based on the 
length and diameter measurements, the aspect ratios of 
the sulfuric acid and HCl whiskers were 109 and 64, re- 
spectively. This suggests that sulfuric acid whiskers are 
better than the HCl whiskers. Based on this result, a 
higher reinforcing capability is expected for the sulfuric 
acid, rather than the HCl, whiskers. 

 The above mentioned whisker diameters compare with 
the diameters had been reported for whiskers extracted 
from kenaf bast fiber; 12 ± 3 nm, 7 - 84 nm [28,29], re- 
spectively and other materials such as sugarcane baggase  

Figure 2. Transmission electron micrographs of kenaf bast 
whiskers hydrolyzed using; (a) sulfuric acid; (b) HCl under 
the same magnification (50,000×). 
 

 
(a)                                                        (b) 

Figure 3. Size distribution of kenaf bast whiskers isolated by (a) sulfuric acid; (b) HCl hydrolysis. 
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whiskers; 4 ± 2 nm [14], capim dourado; 4.5 nm [11], 
and MCC; <10 nm [13]. On the other hand, the whisker 
diameters reported by the present study are smaller than 
the corresponding values reported for whiskers extracted 
from mulberry; 20 to 40 nm [30], Tunicate; 10 - 20 nm 
and Bacterial cellulose 5 - 10 [31]. 

3.2. FTIR Analysis 

Infrared spectra of kenaf bast fibers, NaOH-treated fibers, 
bleached fibers, sulfuric acid whiskers, and HCl whiskers 
are displayed in Figure 4. All those spectra show a broad 
peak at a frequency of 3300 cm−1 which is attributed to 
the polysaccharides hydroxyl [32]. The C-H symmetrical 
stretching at 2900 - 2800 cm−1 indicates presence of 
polysaccharide [32]. The peak located at 1728 cm−1 in the 
spectra of kenaf fiber is related to the C=O stretching of 
the acetyl groups of hemicelluloses and p-coumaric acids 
of lignin [33-35]. This peak was only seen in kenaf fiber, 
thus indicating the removal of lignin and most of the 
hemicellulose during the chemical treatments. 

The peak appearing at 1503 cm−1 seems to indicate 
that lignin was not completely removed after the NaOH 
treatment. However, this peak disappeared after the 
bleaching treatment. This suggests that lignin was com- 
pletely removed after bleaching. The peak appearing at 
1610 - 1640 cm−1 corresponds to water absorbed in cel- 
lulose [32,36]. On the other hand, the peak seen at 1430 
cm−1 represents the crystalline region in both whiskers 
while the peak seen in the range 1417 - 1427 cm−1 is 
characteristic of the C-H bonds in all organic molecules 
of the other samples [32,37]. The intense peak observed 
in the 1317 - 1320 cm−1 region corresponds to the C-O 
groups of the aromatic ring in cellulose [32]. 

The peaks observed at 1244 cm−1 in kenaf fiber are 
associated with the C-O stretching of the aryl group in 
lignin [32]. This peak did not appear after the NaOH and 
bleaching treatments. The peak appearing in the 1155 - 
1158 cm−1 region is due to the anti-symmetrical defor- 
mation of the C-O-C band [38]. In other respects, the 
vibration peak detected at 898 cm−1 in the NaOH-treated 
fiber and in the whiskers was linked with the C-H out- 
of-plane ring stretching in cellulose due to β-linkage or 
the glycoside bonds, which are symmetric in polysaccha- 
rides [39,40]. 

3.3. X-Ray Diffraction and Thermal Stability 

The X-ray diffraction and thermal properties of kenaf 
fiber, NaOH-treated fiber, bleached fiber, sulfuric acid 
whiskers, and HCl whiskers are shown in Figure 5. The 
crystallinity index, thermal initial degradation and maxi- 
mum degradation values of these materials are given in 
Table 1. The crystallinity index (CIr), which was calcu- 
lated based on Segal’s empirical method [27], can be  
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Figure 4. FTIR spectra of (a) raw bast kenaf fiber; (b) 
NaOH-treated fiber; (c) bleached fiber; (d) sulfuric acid 

whiskers; and (e) HCl whiskers. 
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Figure 5. X-ray diffraction patterns of (a) raw bast kenaf; 
(b) NaOH-treated fiber; (c) bleached fiber; (d) sulfuric acid 
whiskers; (e) HCl whiskers. 
 
Table 1. Crystallinity index (CIr%) and initial degradation 
temperature (Tid), maximum degradation temperature 
(Tmaxd) of kenaf raw fibers, NaOH-treated fibers, bleached 
fibers, and whiskers from kenaf bast. 

Material CIr% (%) Tid (˚C) Tmaxd (˚C) 

Raw bast kenaf 67% 177 321 

NaOH treated fibers 77% 256 368 

Bleached fibers 79% 220 346 

Sulfuric acid whiskers 72% 171 317 

HCl whiskers 84% 256 358 

 
used to describe the relative amount of crystalline mate-
rial in fibers. The formula allow to calculate the % of 
crystallinity as crystalline peaks typical of cellulose I 
were present at around 2θ = 18˚ and 22.5˚. 

Kenaf fibers had 67% crystallinity which is character- 
istic of fibers from secondary cell wall. Furthermore, 
NaOH treatment had increased the crystallinity to 77%. 
The increment because of the alkaline cleavage of β-D- 
glucopyranosides, losing a large portion of hemicellulose, 
and dissolution of lignin were increased the crystalline 
region. Fibers after the bleaching treatment also showed 
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an increase in crystallinity up to 79%, presumably due to 
the removal of remaining lignin and the intensify cleav- 
age of cellulose molecular chain within amorphous re- 
gion. Whiskers provided by sulfuric acid hydrolysis only 
had 72% crystallinity. Since many parameters influence 
the properties of whiskers such as acid concentration, 
time, and temperature, the low crystallinity proportion of 
the sulfuric acid whiskers can be related to attacking the 
crystalline region of the whiskers. However, the HCl 
hydrolyzed by lower acid concentration, shorter reaction 
time, and higher reaction temperature than sulfuric acid 
gave a better crystallinity index (84%). Even though the 
HCl whiskers showed better crystallinity than the sulfuric 
acid whiskers, the latter had a more stable suspension. 
This finding is consistent with that of Araki et al. [41]. A 
stable suspension is important in order to achieve good 
dispersion of the whiskers when they are used as polymer 
filler. 

Compared to whiskers provided from kenaf bast fiber 
by Khargarzadeh et al. [28] and shi et al. [29] which is 
had crystallinity of 81.6% and 83.9%, respectively, the 
crystallinity in this study had a lower value. However, 
this result agreed with Khargarzadeh et al. [28] study that 
concluded decreasing value of CIr after 40 minutes 
hydrolysis time. 

A study of the thermal stabilities of the samples was 
done using TGA. This study is important since the rein- 
forcement material has to meet minimal thermal accep- 
tance in processing. Figure 6 shows TG and DTG curves 
of kenaf fibers, NaOH-treated fibers, bleached fibers, 
sulfuric acid whiskers, and HCl whiskers. Due to evapo- 
ration of volatile material and water upon thermal treat- 
ment, the TG curve demonstrates that weight loss started 
from 35˚C. 

The curve of kenaf fiber shows a weight loss starting 
at 177˚C because of lignin were started to degrade then 
followed by hemicellulose at temperature around 220˚C 
until finally reach its peak at 321˚C whereas attributed to 
cellulose decomposition [42]. Hemicellulose is easy to 
degrade at low temperature (220˚C - 315˚C), while lignin 
degrades in a wide temperature range (100˚C - 900˚C) 
[42]. Besides, the NaOH-treated fibers show the most 
intense peak at 368˚C while bleached fibers and HCl 
whiskers show the peaks of highest intensity at 346˚C 
and 358˚C, respectively. On the other hand, sulfuric acid 

whiskers show multiple peaks at 229˚C and 317˚C. The 
maximum degradation temperatures were listed in Table 
1. The sulfate groups introduced to the cellulose surface 
caused this thermal instability as manifested by multiple 
peaks on DTG. Lack of sulfate in the structure of HCl is 
the reason why the HCl whiskers show greater thermal 
stability than the sulfuric acid whiskers. Wang et al. [43] 
reported that thermal stability is higher when there is 
little access for the sulfate group. 

 

Figure 6. TG and DTG curves of raw bast kenaf, NaOH 
treated fibers, bleaching treated fibers, sulfuric acid whis- 
kers, HCl whiskers. 
 

As Table 1 reveals, the initial degradation at 171˚C 
showed by sulfuric acid whiskers confirms the reduction 
in thermal stability of cellulose crystals due by effect of 
the sulfate group. The NaOH-treated fibers, bleached 
kenaf fibers, and HCl whiskers showed initial degra- 
dations at 256˚C, 220˚C, and 256˚C, respectively, pre- 
sumably due to cellulose depolymerization. 

4. Conclusion 

The results of this study illustrate that hydrolysis using 
both sulfuric acid and HCl can successfully isolate 
whiskers from kenaf bast fibers. The sulfuric acid and 
HCl whiskers have average diameters and length range 
of 3 nm and 100 - 500 nm, respectively. It is expected 
that a higher reinforcing capability will be possessed by 
the sulfuric acid, rather than the HCl-hydrolyzed whisk- 
ers. Disappearance of the peak formerly detected in the 
FTIR spectra at 1503 cm−1 indicates lignin removal after 
bleaching. Moreover, the FTIR study emphasized pres- 
ence of the glycosidic bond of cellulose in both whiskers 
as evidenced by appearance of a peak 899 cm−1. Never- 
theless, the HCl whiskers had better crystallinity (84%) 
than the sulfuric acid whiskers (72%). A two-stage de- 
composition behavior was observed upon introduction of 
the sulfate groups to the cellulose crystals in the sulfuric 
acid whiskers. A low initial degradation at 171˚C was  
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manifested by the sulfuric acid whiskers while the HCl 
whiskers showed a better thermal stability and an initial 
degradation temperature of 256˚C. 
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