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Cellulosic  fibers  from  kenaf  bast were  isolated  in  three  distinct  stages.  Initially  raw  kenaf  bast  fibers  were
subjected  to an  alkali  pulping  process.  Then  pulped  fibers  undergone  a bleaching  process  and  finally
both  pulped  and  bleached  fibers  were  separated  into  their  constituent  nanoscale  cellulosic  fibers  by
mechanical  shearing.  The  influence  of each  treatment  on the  chemical  composition  of  fibers  was  inves-
tigated.  Moreover  morphology,  functional  groups,  crystallinity,  and  thermal  behavior  of  fiber  hierarchy
at  different  stages  of purification  were  studied  using  scanning  and  transmission  electron  microscopies,
Fourier  transform  infrared  spectroscopy  (FTIR),  X-ray  diffraction  (XRD)  and  thermogravimetric  analysis
enaf bast
nbleached nanofiber
leached nanofiber
echanical defibrillation

haracterization

(TGA),  respectively.  Microscopy  studies  revealed  that  applied  procedures  successfully  isolated  nanoscale
cellulosic  fibers  from  both  unbleached  and  bleached  pulps.  Chemical  composition  analysis  and  FTIR  spec-
troscopy  showed  that  lignin  and hemicellulose  were  almost  entirely  removed  by  the  applied  treatments.
XRD  and  TGA  analyses  demonstrated  progressive  enhancement  of properties  in fibers,  hierarchically,  in
going from  micro  to nano  scale.  Interestingly  no  significant  evolution  was  observed  between  obtained

leach
data  of  characterized  ubn

. Introduction

The 21st century is the century of paradox, paradox of crisis
nd transformation. The environmental crisis created by collec-
ive unawareness of humanity in conjunction with industrial and
echnological growth is destroying the planet. The acute condition
ed researchers all around the world to focus on solutions and cre-
te a conscious transforming momentum to open up new grounds
nd reverse the destruction process. One of the key factors in this
everse process which was previously overlooked is the potential
f renewable biomaterials. Trees and plants use air, sunlight and
ater to process in their “photochemical factories” and generously
roduce naturally occurring nanocomposites of cellulosic microfib-
ils embedded in a lignin matrix (Lucia & Rojas, 2009). As a result of
ecent insight into this nature gift, the great potential of lignocellu-
oses as nanomaterials came into light. Their unique nanocellulosic
tructure can be isolated by a top-down approach and tailor-made

y a bottom-up approach into multi-functional, and self-assemble

nto well-defined architectures that are sustainable, renewable,
ecyclable and environmentally friendly. This issue opens up a

∗ Corresponding author. Tel.: +64 21590016.
E-mail address: samanehkarimi82@gmail.com (S. Karimi).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
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ed  and bleached  nanofibers.
© 2013 Elsevier Ltd. All rights reserved.

great potential for the society industrial and economical sustain-
able development.

Natural fibers are produced in billions of tons around the world
and are therefore abundant, inexpensive and readily available.
Kenaf as one of these resources is a feasible source of cellulose
which is economically viable and ecologically friendly. Kenaf has
a short gestation period of only four months and is a high car-
bon dioxide absorbent plant (Lam, Hori, & Iiyama, 2003). Kenaf
growth does not need pest control while absorbs chemical and
heavy metals from the soil. It also has a wider range of adaptation to
climates and soils than any other fiber plant in commercial produc-
tion. Based on comparisons in production, anatomical properties,
stem processing, fiber quality, yield and prices, kenaf apparently
has multiple advantages compared to hemp, jute, and flax, as a
fiber source (Kozlowski, 2000; Rymsza, 2000). In many developing
countries such as India, Thailand, and Indonesia the development
of kenaf industry may  be the key to future advancement of rural
areas. In Malaysia the government is heavily promoting the devel-
opment of kenaf, as the next major industrial crop for the country in
line with its policy in developing new sources of economic growth

(Khan, 2010).

Kenaf plant contains three types of fiber: bast, core, and pith.
The “bast” refers to the outer part of the fiber and represents about
30% of the dry weight of the stalk. Meanwhile, core is the whiter,

dx.doi.org/10.1016/j.carbpol.2013.09.106
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.09.106&domain=pdf
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nner part of the fiber, and it contributes around 70% of dry weight
f the stalk. The pith consists exclusively of parenchymatous cells,
hich are not typically prismatic but polygonal in shape (Paridah,
asher, SaifulAzry, & Ahmed, 2011). According to (Faruk, Bledzki,
ink, & Sain, 2012; Liu, Drzal, Mohanty, & Misra, 2007; Zampaloni
t al., 2007) the bast fibers have been found to possess attractive
echanical properties that enable their use as alternatives to glass

bers as reinforcing elements in polymer composites.
The hierarchical and multi-level organization of kenaf bast

ber makes the extraction of different types of nanoscale cel-
ulosic fillers possible. Nanofibers extracted from kenaf bast can
e incorporated into polymeric matrices and tailor-made to high

mpact and value-added products. Thus additional research to
ssess the most effective, industrial viable, and environmentally
riendly procedure to extract nanocellulose from these fibers is
ssential. In this research a top-down chemi-mechanical approach
as applied to isolate nanoscale cellulosic fibers from kenaf bast.

he data presented in this paper have been meticulously collected
o present an accurate quantitative and qualitative comparison
etween different hierarchy scales of kenaf bast fibers. As a result

 comprehensive study and comparison on isolation and charac-
erization of micro to nanoscale cellulosic fibers from kenaf bast
as been presented. Researches on nanocellulose isolation from
enaf bast fibers are available (Jonoobi, Harun, Shakeri, Misra, &
ksman, 2009; Kargarzadeh et al., 2012; Shi, Shi, Barnes, & Pittman

r, 2011; Zaini, Jonoobi, Tahir, & Karimi, 2013). However the applied
pproach in this research is different. It is worth to note that prop-
rties of isolated nanocellulose from the same plant are affected by
any factors such as variety, soil, climate, harvest, maturity, ret-

ing degree, decortications, disintegration, fiber modification, and
echnical specification of the isolation process (Kalia et al., 2011).
onsequently in order to widespread the application of nanocel-

uloses extracted from natural fibers, it is necessary to build a
eproducible and comprehensive database of their properties and
his information is critical before these fibers could reach their
ighest use potential.

. Experimental

.1. Materials

Water retted kenaf (Hibiscus cannabinus v36) bast fibers were
indly supplied by the Institute of Tropical Forestry and Forest
roducts (INTROP, UPM, Malaysia). All used chemicals were pur-
hased from Merck Chemicals (Kuala Lumpur, Malaysia).

.2. Isolation processes

.2.1. Chemical treatments
Water retted Kenaf bast fibers coded as RF were cut to short

ieces and then cooked in a JSR-212 rotatory digester with 25 wt%
aOH and 0.1 wt% anthraquinone solution (liquor to fiber ratio was
:1) at 160 ◦C for 2 h. AQ was added to the cooking liquor to enhance
he delignification rate and also protect the fibers from alkali degra-
ation and so called end-wise degradation of cellulosic chains. The
btained pulp was washed and screened thoroughly and divided
n two equal parts. In order to remove the residual lignin, one
art of the pulped fibers undergone a three-stage bleaching pro-
ess as described elsewhere (Jonoobi et al., 2009). Bleached and
nbleached pulp samples were coded as BP and UBP, respectively.

.2.2. Mechanical treatment

Extraction of nanofibers from both BP and UBP samples were

one by further mechanical destruction using supermasscolloider
KCA 6-3 from Masuko (Japan). Aqueous suspensions of both BP

nd UBP samples with the concentration of 3 wt%  were prepared
mers 101 (2014) 878– 885 879

and blended until formation of a homogeneous mixture. Conse-
quently the suspensions were fed into the grinder and the process
repeated until a gel was formed (15 times). The obtained gel from
UBP and BP samples were named unbleached nanofiber (UBNF) and
bleached nanofiber (BNF), respectively.

2.3. Characterization

2.3.1. Chemical analysis
The chemical composition of RF, UBP and BP samples was

analyzed by standard TAPPI methods. Soxhlet extraction (alcohol-
acetone) was carried out for 8 h. TAPPI standard 203 om 93 and
TAPPI standard 222 om 88 were applied for cellulose and Klason
lignin (acid-insoluble) content calculation, respectively. The hemi-
cellulose content was determined according to (Wise, Murphy, &
d’Addieco, 1946).

2.3.2. Morphological analysis
The morphology of RF, BP and UBP samples was investigated

using a JEOL JSM-6400 scanning electron microscope (SEM). All
samples were sputter coated with gold to avoid charging.

The structure and size of the obtained nanofibers was  studied
by transmission electron microscopy (TEM) on a Hitachi model
H-7100. A drop of the diluted UBNF and BNF suspensions was
deposited on a carbon-coated grid. To enhance the contrast, sam-
ples were stained using 2% (w/w) uranyl acetate solution and
allowed to dry at room temperature.

Measurements of fibers dimensions on obtained micrographs
were done using the attached image analyzer software. At least
50 measurements from each sample were done. The results were
reported as the mean values of the data for each set of measure-
ments.

2.3.3. Functional group analysis
Fourier transform infrared (FTIR) spectroscopy studies were

performed on a Perkin-Elmer spectrometer 100 series in order to
determine changes in functional groups that may  have been caused
by the treatments. The universal attenuated total reflectance
(UATR) sampling accessories were used. Transmittance mode was
within the range of 4000–280 cm−1.

2.3.4. Crystallinity determination
X-ray diffraction measurements were conducted using X’pert

Pro Panalytical PW 3040 MPD  diffractometer. 2� range was
between 4◦ and 60◦. Phase recognition of the samples was achieved
by use of the X’pert Highscore software with support of the ICDD-
PDF-2 database.

Crystallinity of all samples was  determined and the crystallinity
index (CrI) was  calculated by an empirical method using the Eq. (1)
(Segal et al., 1959):

CrI% =
(

I002 − Iam

I002

)
× 100 (1)

where I002 is the maximum intensity of the (0 0 2) lattice diffraction
peak and Iam is the intensity scattered by the amorphous part of the
sample.

2.3.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out using a TGA  Q500

instrument to determine the thermal stability and decomposi-

tion temperature of samples. Data were obtained under linear
temperature conditions. The temperature was swept from room
temperature to 500 ◦C at a heating rate of 10 ◦C/min under nitrogen
atmosphere.
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Fig. 1. Yields of obtained materials after each treatment.

. Results and discussion

.1. Yields

Yields of the resulting material at each stage were calculated
y weighing the oven-dried material (UBP and BP) or freeze-dried
UBNF and BNF) against the oven-dried weight of the starting mate-
ial (RF). Achieved data are presented in Fig. 1.

It is worth to note that the nanocellulose yield in the present
ork was significantly higher than two similar works (Kargarzadeh

t al., 2012; Shi et al., 2011) which used the same starting material
kenaf bast) for nanocellulose isolation, but applied an all chemical
pproach.

Presented data are validating the effectiveness of applied
pproach in this research and highlights the efficiency of the
echanical process. It is worth to note that producing nanocel-

ulose by mechanical force, apart from its impeccable yield have
ther benefits such as; ease of the process (producing nanofiber in a
ingle step), energy efficiency (Jonoobi, Mathew, & Oksman, 2012),
iable for industrial capacity production, less chemical usage, envi-
onmental concerns and wastewater issue in regard to industrial
roduction.

.2. Chemical composition

The chemical composition of the kenaf fibers after cooking and
leaching procedures is presented in Table 1.

The purpose of the pulping and consecutive bleaching processes
as to dissolve and eliminate lignin and hemicellulose from the
atrix surrounding the cellulose microfibrils, and isolate individual
icrofibers. As a result it is obvious that raw kenaf bast fibers should

ave the highest percentage of hemicellulose and lignin and the
owest percentage of cellulose. The pulping procedure was found to
fficiently remove lignin and hemicellulose from kenaf bast fibers,
s indicated by a reduction in lignin content from 12.9 to 2.6 wt%
nd hemicellulose content from 18.5 to 11.2 wt%. The bleaching
reatment decreased the residual lignin and hemicellulose content
s shown in Table 1. As expected, the final fibers obtained after the

leaching process were found to have the highest cellulose content
f 91.8 wt%. Obtained data are in range of reported data in the liter-
ture (Jonoobi et al., 2009; Kargarzadeh et al., 2012; Rowell, Han, &
owell, 2000; Shi et al., 2011; Swingle, Urias, Doyle, & Voigt, 1978).

able 1
hemical composition of the kenaf fibers after different treatments.

Component (%) RF UBP BP

Cellulose 61.2 ± 0.8 82.3 ± 0.6 91.8 ± 0.9
Hemicelluloses 18.5 ± 1.5 11.2 ± 1.5 4.9 ± 0.4
Lignin 12.9 ± 0.7 2.6 ± 0.2 0.5 ± 0.1
mers 101 (2014) 878– 885

3.3. Morphological analysis

Fig. 2A–H illustrates how the fiber morphology was  changed
from the micro to nanoscale by the applied procedures. They clearly
present the hierarchical structure of kenaf bast fibers and the
way each step of treatment disintegrates fibrillar bundles. Fig. 2.B
demonstrates a single fiber from Fig. 2A under SEM and shows
how a single raw fiber is composed of individual microfibers linked
together by lignin and hemicellulose. SEM micrograph of obtained
fiber after pulping process is shown in Fig. 2C. The diameter of
isolated fibers at this stage ranged from 2.09 to 22.9 �m. These
fibers were further individualized by chemical treatment in the
bleaching process (Fig. 2D). At this stage the diameter range of dis-
integrated fibers was  from 1.94 to 21.1 �m.  At this point, in order to
extract nanoscale cellulosic fiber, intensive mechanical treatment
by Masuko grinder was  applied. Color and texture of the formed
UBNF and BNF gels are shown in Fig. 2E and F while the morphol-
ogy of the resultant nanofibers under TEM is illustrated in Fig. 2G
and H, respectively. The diameter range of isolated UBNF was  from
2.2 to 34 nm while the diameter of BNF samples ranged from 1.2
to 30.02 nm.  Obtained data demonstrate that the selected pulping
process was very effective in liberating fibers as well as dissolving
lignin and hemicellulose. This process reduced the average diam-
eter of fibers by almost 80%. The result of chemical composition
(Table 1) also confirms this assertion. During the bleaching pro-
cess the remained lignin and hemicellulose washed out and caused
further defibrillation of cooked fibers. However, the average diam-
eter reduction was only 7.14%. Considering the principals of green
chemistry, consumed time and energy as well as produced waste-
water during this process, it may  not be worthy especially when
applied to industrial scales. This implies more consideration in
deciding on the necessity of bleaching process. Applied mechan-
ical treatment effectively and efficiently disintegrates fibrillar
bundles rendering nanoscale cellulosic fibers even without pre-
bleaching treatment. Comparing obtained data with available
literature on nanocellulose morphology isolated from kenaf bast
demonstrates the effectiveness of the applied approach to defib-
rillate the fibers on a nanoscale level. Table 2 abbreviated this
information.

3.4. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy involves the interaction of energy and matter.
By recording the magnitude of absorbed energy and comparing it
with available database, the present functional groups can be iden-
tified and chemical structure of the sample can be characterized.
This characterization was carried out for all samples to understand
the effect of each treatment on the chemical structure of obtained
material. Fig. 3A depicted the achieved IR spectra while specific
absorption peaks for each particular component have been identi-
fied in Table 3.

The absorbance peaks in the 3300–3400 cm−1 region corre-
sponds to free O H stretching and bending vibration of the OH
groups of cellulose (Blackwell, Vasko, & Koenig, 1970; Edwards,
Farwell, & Williams, 1994; Edwards, Farwell, & Webster, 1997;
Nelson & O’Connor, 1964). The peaks around 2900–2800 cm−1 are
due to the stretching of C H (Le Troedec et al., 2008; Sain &
Panthapulakkal, 2006). The peak located at 1731 cm−1 in the RF
spectra is attributed to the C O stretching vibration of the acetyl
group in hemicellulose, pectin or the ester linkage of carboxylic
group in the ferulic and p-coumeric acids of lignin and/or hemicel-
lulose (Ahmad, Mosadeghzad, Daik, & Ramli, 2008; Alemdar & Sain,

2008; Sain & Panthapulakkal, 2006; Sun, Xu, Sun, Fowler, & Baird,
2005; Zuluaga et al., 2009). This peak disappeared completely in
the UBP, BP, UBNF and BNF spectra indicating the removal of lignin
and most of the hemicellulose during the chemical treatments and
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ig. 2. (A) Photograph of primary RF, (B) SEM micrograph of RF, (C) SEM microgra
NF,  (G) TEM micrograph of UBNF and (H) TEM micrograph of BNF.

uring severe mechanical treatment of nanofiber preparation. The
eaks observed at 1630 and 1640 cm−1 in the spectra of all samples
re attributed to the O H bending of adsorbed water (Jiang & Hsieh,

013; Le Troedec et al., 2008; Nacos et al., 2006). The absorbance in
he 1425–1435 cm−1 regions of RF, UBP and BP samples is asso-
iated to the CH2 symmetric bending and/or C C stretching in
romatic groups of pectin, lignin, and/or hemicellulose (Le Troedec
UBP, (D) SEM micrograph of BP, (E) obtained gel from UBNF, (F) obtained gel from

et al., 2008). The 1242 cm−1 peak in the spectra of RF sample was
associated to the C O stretching of the aryl group in lignin (Jonoobi
et al., 2009; Kargarzadeh et al., 2012) and disappearance of this peak

in the UBP, BP, UBNF and BNF is regarded to the removal of lignin
after the pulping process.

The differences between the FTIR spectrums in the hierarchy
of kenaf bast fiber clearly indicate the effectiveness of applied
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Table 2
Obtained morphological data in contrast with other studies.

Treatment Method Diameter range Average diameter Reference

RF – 15.5–148 �m 55.18 �m This study
49.9–115.5 �m 82.7 �m Kargarzadeh et al. (2012)
10–80 �m – Jonoobi et al. (2009)

UBP Alkali treatment 2.09–22.9 �m 11.37 �m This study
20–90 �m – Zaini et al. (2013)
20.7–60.7 �m 40.7 �m Kargarzadeh et al. (2012)

BP Bleaching process 1.94–21.1 �m 10.56 �m This study
8–14 �m 11 �m Zaini et al. (2013)
7.4–11 �m 9.2 �m Kargarzadeh et al. (2012)
8.58–12.68 �m 10.63 �m Shi et al. (2011)

UBNF Grinding 2.2–34 nm 7.05 nm This study
Homogenization 10–90 nm – Jonoobi et al. (2009)

BNF Grinding 1.2–30.02 nm 6.03 nm This study
Acid hydrolysis 2–5 nm – Zaini et al. (2013)
Homogenization 10–70 nm – Jonoobi et al. (2009)
Acid hydrolysis 8.6–15.4 nm 12 nm Kargarzadeh et al. (2012)
Acid hydrolysis 13.32–56.18 nm 34.75 nm Shi et al. (2011)
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Fig. 3. (A) FTIR spectra of samples an

rocedures and it is evident that there was no remaining lignin
n the obtained UBNF and BNF samples. This confirms success-
ul extraction of UBNF and BNF nanofibers and highlights the
imilarity of their spectrum.

.5. Crystallinity

In order to determine the crystallinity of the fibers and effect

f each treatment on the resulting material, X-ray diffractometry
XRD) was carried out. Fig. 3B presents the obtained XRD patterns
or kenaf bast fibers at different stages of purification. The fiber crys-
allinity index at each stage was calculated and presented in Table 4.

able 3
TIR main transitions for isolated fibers and the assignment of the IR bands of functional 

Wave number (cm−1) Appearance 

3400–3300 All samples 

2900  RF, UBP, BP 

1726  RF 

1640  All samples 

1435–1425 RF, UBP, BP 

1325–1315 RF, UBP, BP 

1244  RF 

1055–1025 RF, UBP, BP 

897–895 RF, UBP, BP 
-ray diffraction patterns of samples.

As shown in Fig. 3B all samples presented behavior typ-
ical of semi-crystalline materials. An amorphous broad hump
at 2� value of 16◦ and crystalline peaks at 2� value of 22.5◦

was observed. It could be noticed that cellulose was  present in
the form of cellulose I, and not cellulose II. Cellulose I X-ray
diffraction pattern is characterized by main signal at 2� value
of 22.5◦ attributed to diffraction plane 0 0 2 (Bhatnagar & Sain,
2005; Dufresne, 2012; Klemm,  Heublein, Fink, & Bohn, 2005;
Morán, Alvarez, Cyras, & Vázquez, 2008). As expected, the mag-
nitudes of the crystalline peak and crystallinity index goes on

increasing from the raw kenaf bast fibers to nanofiber due to
purification of cellulose and removal of amorphous lignin and
hemicellulose.

groups.

Functional group Component

OH Cellulose
C H Lignin
C O Hemicellulose, lignin
OH Adsorbed water
CH2, C C Pectin, lignin, hemicellulose
C H, O H Hemicellulose, OH phenolic in lignin
C O Lignin
Aromatic Lignin
C H Polysaccharides, lignin
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Table  4
Determined degradation temperature (Tmax) and crystallinity index (CI) after each
stage of purification in contrast with other works.

Sample Tmax (◦C) CI (%) Reference

RF 325 62.9 This study
321 67 Zaini et al. (2013)
328 60.8 Kargarzadeh et al. (2012)
313 48.2 Jonoobi et al. (2009)
– 63.8 Shi et al. (2011)

UBP 335.8 72.1 This study
368 77 Zaini et al. (2013)
350 68.2 Kargarzadeh et al. (2012)
321 68.1 Jonoobi et al. (2009)
– – Shi et al. (2011)

BP 338.9 77.2 This study
346 79 Zaini et al. (2013)
350 72.8 Kargarzadeh et al. (2012)
342 77.3 Jonoobi et al. (2009)
– 68.9 Shi et al. (2011)

UBNF 357.9 79.4 This study
348 79.2 Jonoobi et al. (2009)

BNF 361 81.5 This study
317a

358b
84 Zaini et al. (2013)

218c

358d
81.8 Kargarzadeh et al. (2012)

351 81.4 Jonoobi et al. (2009)
– 83.9 Shi et al. (2011)

a Sulfuric acid hydrolyzed nanocellulose.
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b HCl hydrolyzed nanocellulose.
c Sulfated cellulose from sulfuric acid hydrolyzed nanocellulose.
d Unsulfated cellulose from sulfuric acid hydrolyzed nanocellulose.

A crystallinity index of 62.9% was reported for the raw kenaf bast
bers which is typical of fibers from a secondary wall. Obtained
esults confirm that the non-cellulosic amorphous polysaccharides
ere efficiently removed by the applied alkali and consecutive

leaching processes. Pulping process eliminated lignin and hemi-
elluloses, so that the percentage of the crystalline regions in
he material increased. Also, while bleaching process accelerated
he cleavage of the cellulose molecular chains within the amor-
hous regions it consequently increased the crystallinity of the
leached fibers. The results also demonstrated the effectiveness
f the applied mechanical treatment as it led to dissolve the
emaining impurities and improved crystallinity for both bleached
nd unbleached nanofibers significantly. As presented in Table 4
chieved data well agreed with the literature.

.6. TGA analysis

Thermogravimetric analysis (TGA) was carried out for all sam-
les in order to investigate the effect of each treatment on material
ecomposition and thermal stability through samples mass change.
his is a critical issue in suitability of the kenaf fibers for bio-
omposite processing. Processing of many types of thermoplastic
olymers require temperatures greater than 200 ◦C. According to
isher, Hajaligol, Waymack, and Kellogg (2002) the primary ther-
al  decomposition of cellulosic materials occurs between 200 and

00 ◦C.
Acquired TGA and derivative TG curves of samples are presented

n Fig. 4A and B, respectively. Moreover abbreviated results as well
s comparison with similar works are collected in Table 4. One-
tage decomposition curve which is typical in TG curves can be
een in Fig. 4A and stability limit of samples can be defined easily.

he derivative TG (DTG) curve is a plot of dm/dt versus temperature
nd its peak clearly identifies the temperature at which mass loss
s at a maximum. An initial weight loss of approximately 5% was
bserved for all samples upon heating to 100 ◦C. It is attributed to
Fig. 4. (A) TG and (B) DTG curves of samples.

evaporation of loosely bound moisture on the surfaces of samples.
Higher amount of residue in the raw kenaf fiber as opposed to the
treated fibers is observed. It is due to the presence of ash as well as
lignin, which have low degradation rate (Ashori, Harun, Raverty, &
Yusoff, 2006; Jonoobi et al., 2009; Yang, Yan, Chen, Lee, & Zheng,
2007).

A low temperature a shoulder can be observed in the DTG curve
of RF which is attributed to the presence of hemicellulose (Rosa
et al., 2010) and its removal in the curves for other samples is due to
hemicellulose removal during the applied treatments. These results
are in agreement with the chemical composition and FTIR analy-
ses. Based on the results, the thermal stability of kenaf fibers is
increased by the applied chemi-mechanical treatments. Removal
of non-cellulosic constituent of raw fiber in each treatment helps
to make the cellulose structure more dense and compact and cause
the rise in the degradation temperature of samples accordingly.
Thermal stability of extracted UBNF and BNF samples is increased
by 9.82% and 10.79%, respectively, compared to RF sample. The
maximum temperature peak for RF sample is attributed to the ther-
mal  degradation of hemicellulose, while the corresponding peak for
the other samples indicated the decomposition of cellulose (Morán
et al., 2008; Yang et al., 2007). It is well known that hemicellulose
decomposes before lignin and cellulose. Low thermal stability of
hemicellulose could be attributed to the presence of acetyl groups

(Shebani, Van Reenen, & Meincken, 2008). No significant evolution
was reported for the degradation temperature of UBNF and BNF
samples. Thermal stability of BNF samples only increased by 0.88%
compared with UBNF samples.
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It is worth to note that generally lower thermal stabilities
ompared to raw sample have been reported in previous studies
Aggarwal & Dollimore, 1997; Fahma, Iwamoto, Hori, Iwata, &
akemura, 2010; Jain, Lal, & Bhatnagar, 1986; Kargarzadeh et al.,
012; Kim & Kuga, 2001; Roman & Winter, 2004; Varma & Chavan,
995; Vicini et al., 2004; Wang, Ding, & Cheng, 2007) which
sed chemical methods to extract cellulose and nanocellulose.
tated causes for the lowering in cellulose degradation tempera-
ure include molecular weight degradation of chemically treated
ellulose as well as the increase in the amount of short cellu-
ose chains resulting in lowered thermal degradation energies
Johnson, 2010; Kargarzadeh et al., 2012; Wang et al., 2007). More-
ver, increased surface reactivity of cellulose by the attached,
ighly reactive functional groups can be an explanation (Saïd
zizi Samir, Alloin, Paillet, & Dufresne, 2004). However, this low-
ring in thermal stability is not an issue when nanocellulose
s isolated by mechanical shearing. Obtained results as well as
tudies done by Jonoobi et al. (2009, 2010, 2011a) and Jonoobi,
hazaeian, Tahir, Azry, and Oksman (2011) is confirming this state-
ent.

. Conclusions

Kenaf bast cellulosic fibers were isolated hierarchically in three
istinct stages. First, the raw fibers were subjected to a conventional
lkali pulping process, obtained pulped fibers then undergone a
leaching process and finally both pulped and bleached fibers were
echanically separated into their constituent nanoscale cellulosic

bers. Microscopy studies revealed that applied procedures suc-
essfully isolated nanoscale cellulosic fibers from both unbleached
nd bleached pulps. Unbleached and bleached nanofibers yielded
2.5% and 58%, respectively. The analysis of the chemical com-
osition indicated an increase in the cellulose content after each
reatment. FTIR spectra also confirmed this data and revealed
hat the chemical treatments successfully removed lignin and
emicellulose. Both XRD and TGA results indicated progressive
nhancement of properties in fibers, hierarchically, in going from RF
o BNF. This was believed to be due to the removal of hemicellulose
nd lignin as well as the boost in crystallinity of the samples during
pplied procedures. Finally obtained results as well as comparison
ith other works demonstrated the effectiveness and superiority of

he applied approach. The interesting highlight of this research was
chieved data on unbleached nanofiber which offers the probable
edundancy of the bleaching process. Elimination of the bleaching
rocedures in the nanocellulose isolation process is of great benefit
nd importance as the effluent from the bleaching process con-
ains oxidized lignin, carbohydrates, and a range of organochlorine
ompounds. Some organochlorines break down quickly and some
ncluding dioxins and furans have long lives and are seriously detri-

ental to the environment as well as human health. However the
urface chemistry of achieved unbleached and bleached nanofibers
s different and it may  lead to different behavior when incorporated
nto polymeric matrices. A future goal is to use these two  types of
anofibers as reinforcing elements with a biodegradable thermo-
lastic. Then their performance will be studied and compared in a
ubsequent report.
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