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Abstract Four types of kenaf bast fibers were

prepared via a combination of Wise treatments, for

delignification, and alkaline treatments, for the removal

of hemicellulose. Each type of kenaf bast fiber with

different refining processes were nano fibrillated by

grinding. Resulting, cellulose nanofiber (CNF) sheet

was obtained from CNF by vacuum filtration

(Scheme 1). The structures and properties of these

CNF sheets then were investigated to determine how

the CNF components had affected these properties. All

of the CNFs from different refining processes were

classified as a cellulose Ib type by X-ray diffraction.

However, the mechanical properties (Young’s modu-

lus, tensile strength and toughness) of the CNF sheet

with Wise treatment were higher than the properties of

the other three CNF sheets. These results strongly

suggested that alkaline treatment was unnecessary for

the removal of hemicellulose, and that the application

of the Wise treatment effectively imparted high

mechanical properties to the cellulose microfiber.
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Introduction

Since the supply of petroleum has become a problem

that often is defined as a crisis, an environmental

perspective requires the development of new materi-

als, which do not depend on petrochemistry (Nagai

and Suzuki 2000; Petersson et al. 2007; Abdul Khalil

et al. 2012). New materials with advanced mechanical

properties, and environmentally harmonious proper-

ties, have been developed from biomass resources

such as chitin, chitosan collagen and starch (Nishino

et al. 1999; Mohanty et al. 2002; Ifuku et al. 2009;

Kaushik et al. 2010). In particular, cellulose is at the

center of attention because it is the most abundant

biomass resource in nature. Cellulose is also well

known to possess high mechanical properties (Nishino

et al. 1995), thermal stability (Nishino et al. 2004), and

biodegradability, and it is, therefore, expected to be

used as a filler for environmentally friendly compos-

ites (Nishino and Arimoto 2007; Henriksson et al.

2008; Soykeabkaew et al. 2008, 2009; Fujisawa et al.

2013; Suzuki et al. 2013). In comparisons with glass

fiber and synthetics such as carbon fiber, cellulose has

the advantage of low density, low cost, and easier

handling (Nishino et al. 2004). Several types of

biomass have recently been well utilized for the
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development of new materials: wood, bamboo, rice

straw, wheat straw, potato, bagasse, hemp etc. (Cao

et al. 2006; Abe and Yano 2009; Kaushik et al. 2010;

Puangsin et al. 2013; Saito et al. 2013). Among them,

kenaf (Hibiscus cannabinus, L. familyMalvaceae) has

gained popularity for use as a biomass material,

because it is an herbaceous annual plant that can be

grown under a wide range of weather conditions. For

example, kenaf grows to more than 3 m within

3 months even under moderate ambient conditions

(Nishino et al. 2003). In addition, kenaf fiber also

exhibits several advantageous properties: low density,

non-abrasiveness during processing, high specific

mechanical properties, and biodegradability. Thus,

application of kenaf fiber has been emerged, recently

(Charles et al. 2002; Nishino et al. 2003).

Recently, by subjecting of these good properties

of biomass, nano-sized plant cellulose fibrils,

namely cellulose nanofibers (CNFs), has been well

investigated (Nogi et al. 2009; Okahisa et al. 2009;

Liu et al. 2011; Yousefi et al. 2011; Yang et al.

2013). Nanofibers possess a high specific surface

area, thus, common sense dictates that the entan-

glements and interactions of each fibril would

produce high frequencies. Based on these nanofiber

properties, CNFs also exhibit high mechanical

properties (Yousefi et al. 2011; Saito et al. 2013),

transparency (Fukuzumi et al. 2009; Nogi et al.

2009), and gas barrier properties (Fukuzumi et al.

2009; Liu et al. 2011; Yang et al. 2012). Thus,

CNFs are expected to be applicable as structural

materials for automobiles (Iwatake et al. 2008), for

the reinforcement of composite and organic glasses

(Nogi and Yano 2008), as packaging for food and

medical supplies (Fukuzumi et al. 2009; Liu et al.

2011), gas separation membranes (Fukuzumi et al.

2013), and as flexible electronic substrates (Okahisa

et al. 2009). Moreover, since it also showed high

viscosity in water, nanofibers have also been applied

as a thickener for food (Qua et al. 2009).

CNFs are commonly prepared via fibrillation

(chemical treatment and mechanical fibrillation) after

removal of the lignin and hemicellulose from the

original biomass via chemical treatment (Scheme 1)

(Nogi et al. 2009; Okahisa et al. 2009), which has

traditionally consisted of two processes: delignifica-

tion and the removal of hemicellulose. Delignification

is usually performed via processes that include sulfite

pulping (Gierer 1985), kraft pulping (sulfate pulping

process) (Gierer 1985), soda pulping (Gierer 1985),

organosolv pulping (Johansson et al. 1987), steam

explosion (Li et al. 2007), and treatment with sodium

chlorite (NaClO2) (namely, the Wise treatment) (Wise

et al. 1946; Yano et al. 2001). Alkaline treatment

efficiently removes hemicellulose (Wise and Evelyn

1947) when plant biomass is immersed into either a

sodium hydroxide or a potassium hydroxide solution

with heating.

Kenaf
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Rice straw
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Potato
Bagasse

Biomass Cellulose  rich
biomass

Cellulose
Nano fiber

Alkaline treatment
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Scheme 1 Schematic roots for getting cellulose nanofiber from biomass with various treatments and fibrillation methods
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Fibrillation of cellulose rich biomass into nanofi-

bers can be roughly divided into two strategies:

chemical and mechanical fibrillation. In the case of

chemical fibrillation, two methods have been thor-

oughly investigated: 2,2,6,6-tetramethylpiperidine-1-

oxyl radical (TEMPO) oxidation (Saito et al. 2006,

2007) and cationization (Pei et al. 2013). For mechan-

ical fibrillation, several methods are available: grind-

ing (Taniguchi and Okamura 1998), blender (Uetani

and Yano 2011), high pressure homogenizer (Hen-

riksson et al. 2008), aqueous counter collision (Kose

and Kondo 2011), cryocrushing (Dufresne et al. 1997),

and ultrasonication (Zhao et al. 2007). In brief, during

the fibrillation, the plant fibers are difficult to separate

due to the presence of lignin and hemicellulose in the

inter fibril region of biomass. Therefore, the residual

components of lignin and hemicellulose in CNF

drastically affect the change of CNF properties. There

are several reports concerning the relationship

between chemical treatment processing and the resul-

tant properties of CNF (Iwamoto et al. 2008; Jonoobi

et al. 2009; Karimi et al. 2014). Mainly, these reports

focused on the investigation of relationship between

chemical treatment processing and CNF thermal

properties. In addition, there are no reports concerning

the relationship between chemical treatment process-

ing and the mechanical properties of CNF.

In this study, Wise treatment and alkaline treatment

were used for delignification and for removal of

hemicellulose, respectively, during the evaluation of

kenaf bast fiber. In detail, kenaf bast fibers were

prepared using a combination of the above two

methods, then grinding was used to form CNFs. Four

CNF sheets then were prepared by vacuum filtration,

and the structures and properties of these CNF sheets

were investigated (Scheme 1).

Experimental

Materials

Kenaf bast fiber (length:2 [mm]) was kindly supplied

by the Toyota Boshoku Corporation (Aichi, Japan).

Impurities in the kenaf bast fiber were removed using a

1 mm sieve. The other chemicals used (sodium

chlorite, acetic acid, potassium hydrate, zinc chloride,

acetic anhydride, and ethanol) in this study were

purchased from Nacalai tesque, Inc. (Kyoto, Japan).

Purification process of kenaf bast fibers

In this study, two kinds of chemical treatment methods

[Wise treatment (NaClO2 treatment) (Yano et al.

2001), and alkaline treatment (Wise and Evelyn 1947)

as mentioned below] were applied for biomass treat-

ment, as shown in Fig. 1. Using combinations of the

two treatments, four kinds of pretreated biomass were

prepared for evaluation. After degreasing the kenaf

bast fiber, the following four samples were individu-

ally prepared: a sample with no chemical treatment

except for degreasing [referred to as (O)]; Wise

treatment (W); alkaline treatment (A); and, a sample

that applied an alkaline treatment after a Wise

treatment (R). The details of the protocols used for

each of these treatments are described below.

Degreasing

Kenaf bast fibers, 20 g, were degreased via Soxhlet

extraction using a 1:2 (v/v) mixture of ethanol/toluene

for 20 h at 78 �C (78 �C: azeotropic temperature).

Kenaf-bast fibers then were washed 3 times with

ethanol, then dried in vacuo at 50 �C for 12 h.

Wise treatment

A residual fraction of degreased biomass was sus-

pended in 1 L of distilled water, and the following

treatment was applied. In order to remove the lignin

from a sample, sodium chlorite, 6.7 g, was directly

added to the biomass suspension described above with

gentle mixing, and acetic acid, 1.2 ml, was subse-

quently added. The biomass suspension mixture then

was incubated at 80 �C for 1 h. The addition of sodium

chlorite, 6.7 g, and acetic acid, 1.2 ml, was repeated 5

times in 1 h intervals. Finally, the mixture was filtered

using filter paper No. 1 (Advantech Toyo Kaisha, Ltd.,

Tokyo, Japan), and the solid fraction was rinsed 5

times with distilled water. The rinsed sample was

maintained in a semi-wet state at 4 �C until use.

Alkaline treatment

In order to eliminate the hemicellulose from the

biomass, the degreased biomass was allowed to dry (or

semi-wet biomass after Wise treatment), then it was

soaked with 4 wt% potassium hydrate solution, 0.5 L,

at 80 �C for 2 h. The reaction mixture was filtered
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with filter paper no. 1, and the filtrate sample was

rinsed 3 times with distilled water. This operation was

repeated twice. Finally, the mixture was filtered using

filter paper No. 1, and the solid fraction was rinsed 5

times with distilled water. The rinsed sample was

maintained in a semi-wet state at 4 �C until use.

Preparation of the CNF sheets

Finally, each kenaf bast fiber sample (O, W, A, and R)

was suspended with distilled water, 1 L, and passed

twice through a grinder (MKCA6-2, Masuko Sangyo

Co., LTD., Saitama, Japan) at 1500 rpm. The resultant

CNF dispersions were adjusted to a concentration of

0.5 wt% via a dry gravimetric method. A CNF

dispersion, 130 g, 0.5 wt%, was defoamed using a

MAZERUSTAR (Kurabo Industries Ltd., Osaka,

Japan) with mixing, and was subjected to filtration

as follows. First, a CNF sheet was obtained by vacuum

filtration using a polytetrafluoroethylene membrane

filter (0.1 lm pore size). Then, each CNF sheet in a

semi-wet state was dried in vacuo at 50 �C for 12 h,

and tested for following characterization of CNF

sheet, as described below. The CNF sheets were

similar in size with an average thickness of between 60

and 70 lm.

Field emission scanning electron microscopy

(FE-SEM)

Each CNF was observed using a field-emission

scanning electron microscope, FE-SEM (JSM-7500,

JEOL, Tokyo, Japan) at an accelerating voltage of

5 kV. Pt/Pd was deposited onto the surfaces prior to

the observation, according to instruction protocols.

Fourier transform infrared spectrophotometer

(FT-IR)

Fourier transform infrared spectroscopy (FTIR) mea-

surements were performed with an FT-IR spectropho-

tometer (Spectrum GX, PerkinElmer Co., Ltd.,

Massachusetts, USA) with 4 cm-1 resolution, and

the spectra measurement was repeated 10 times. The

spectra were recorded in the transmission mode using

the KBr method at wavenumbers that ranged from 400

to 4000 cm-1.

Wise method
Alkali treatment××

R

Wise
method

Alkali
treatment

Wise method×
Alkali treatment

Wise method
Alkali treatment

Wise method×
Alkali treatment×

Degreased kenaf bast fiber

Grinding treatment (twice)

Alkali
treatment

Wise
method

Filtering ＆ Vacuum drying

CNF
WO A

kenaf bast fiber

Delignification

Removing
hemicellulose

Fig. 1 Preparation of kenaf

nanofiber sheets with

various treatments
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X-ray diffraction

The structures of the CNF sheets were investigated

using X-ray diffraction with symmetric reflection

geometry. X-ray diffraction profiles were obtained

using CuKa radiation (k = 1.5418 Å) from a RINT-

2000 (RIGAKU Co., Tokyo, Japan) under the follow-

ing conditions: 40 kV, 20 mA, scan speed 0.5�/min,

sampling step angle 0.02�, and scan range 2h = 5�–
40�.

Crystallinity (CrI) was calculated using the Segal’s

method with Eq. (1) (Segal et al. 1959).

Crl ¼ ðIc � IaÞ
Ic

ð1Þ

In this equation, Icmeans the maximum intensity at 2h
was between 22� and 23� for cellulose I, and Ia refers

to the minimum intensity at 2h for cellulose I.

Crystallite size D was calculated using Scherrer’s

Eq. (2) (Nishino et al. 2004; Abbott and Bismarck

2010).

D ¼ k
b cos h

ð2Þ

In the calculation of D, k, and b, h were indicated at

1.5418 Å, for a corrected integral width, and Bragg

angle for a 200 reflection using this equation,

respectively.

Tensile test

The stress–strain curves of each CNF sheet were

measured using a tensile tester (Autograph AGS-

1kND, Shimadzu, Kyoto, Japan) at room temperature.

A rectangular-shaped specimen (5 mm 9 40 mm) of

a CNF sheet was formed using a cutter, and the

specimenwas completely dried in vacuo at 40 �Cmore

than 12 h before use. The initial length of the specimen

was 20 mm, and the extension rate was 1 mm/min. A

cross-sectional area was evaluated using the density,

the weight, and the length of the samples. Density was

measured using the floatation method (benzene/carbon

tetrachloride system) at 30 �C. The average values and
standard deviation of Young’s modulus, tensile

strength and strain at break were evaluated using five

independent specimens, and each data was averages of

five independent experiments ± standard deviation

(Table 1). The toughness was calculated by unit

weight (Boncel et al. 2011; Morimune et al. 2011).

Dynamic mechanical analysis (DMA)

The dynamic storage modulus, E0, was measured using

a dynamic mechanical analyzer (DVA-220S, ITK,

Ltd., Osaka, Japan) at temperatures ranged from-150

to 200 �C. The sample was cut into 30 mm 9 5 mm

pieces for measurement. The heating rate was 6 �C/
min, the initial length was 20 mm, and the tensile

frequency was 10 Hz. A tensile deformation of 0.15 %

was applied to each specimen.

Thermal expansion behavior

Thermomechanical analysis was performed using a

thermomechanical analyzer, (Thermo plus EVOII

TMA8310, Rigaku Co., Tokyo, Japan) with temper-

atures ranged from 30 to 110 �C at a heating rate of

10 �C/min. The sample was cut into 25 mm 9 2 mm

pieces, and the specimen was dried at 40 �C for 12 h

prior to measurement. The specimen with an original

length of 20 mm was subjected to a uniaxial stress of

1 MPa, and its thermal expansion coefficient a was

defined between 100 and 120 �C.

Sugar analysis

Equal amounts (1.5 lL) of each sample and 0.1 % w/w

ribitol were added to tubes and dried using a vacuum

concentrator (7810010; Labconco, Kansas City, MO).

The resultant residue was dissolved in 100 lL of a

mixture of 20 mg/mL of methoxyamine hydrochloride

in pyridine, which was then incubated at 30 �C for

90 min. After incubation, 50 lL of N-methyl-N-

trimethylsilyltrifluoroacetamide (MSTFA) was added

to the sample solution with incubation at 37 �C for

30 min. Aliquots of sample solutions (10 lL) were

subjected to gas chromatography-mass spectrometry

(GCMS-2010 Plus; Shimadzu, Kyoto, Japan) under the

following conditions: column, Agilent CP-Sil 8CB-MS

(30 m 9 0.25 mm); carrier gas, helium; injection tem-

perature, 230 �C; oven temperature, 80 �C at

t = 0–2 min, then to 330 �C at 15 �C min-1 (Matsuda

et al. 2011).
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Compositional analysis of biomass

The composition of raw materials was determined

using a standard analysis procedure for biomass

composition, which was a modification of the National

Renewable Energy Laboratory (NREL) analytical

method. Following two-step acid hydrolysis, the

polysaccharide composition was determined based

on the monomer content. In the first step, 3 ml of 72 %

w/w sulfuric acid was added to 300 mg of dried raw

biomass, followed by incubation at 30 �C for 2 h. In

the second step, the reaction mixture was diluted to

4 % w/w with deionized water and was autoclaved at

121 �C for 1 h. The hydrolysis solution was neutral-

ized to pH 5.0 with the addition of powdered calcium

hydroxide. The sugar content of the liquid hydrolysate

was determined by GCMS under the conditions

described above.

Results and discussion

Characterization of CNF

Conventional wisdom held that CNF could not be

obtained without treatment of the plant fiber. There-

fore, various bast fibers that had been treated with

different refining processes were subjected to the

grinding treatment (Fig. 1). To distinguish which

nanofibers had been prepared from the various bast

fibers, the FE-SEM images of four types of CNF sheets

were observed (Fig. 2A). The fiber diameters of O, W,

A, and Rwere 20, 18, 18, and 17 nm, respectively. The

fiber diameters in each of the CNF sheets were less

than 100 nm, and these results agreed well with the

definition of a nanofiber. These results strongly

indicated that these CNF sheets, which were prepared

from kenaf bast fibers using four different types of

refining processes, could form a fibrillated fiber state

with a nanostructure. These results did not agree with

one previous article (Chang et al. 2012). These

differences will be caused by the number of grinding

passes. The CNF sheets were prepared using the same

protocol and the same concentrations of CNF disper-

sion. The thicknesses of CNF sheets O, W, A and R

were 69, 65, 63, and 60 lm, respectively. Every CNF

sheet showed good transparency (Fig. 2B), and these

results agreed well with previous articles (Nogi et al.

2009; Yousefi et al. 2011), which strongly indicated

that kenaf bast fiber will form CNF even with different

refining processes.

Table 1 Density, Young’s modulus (E), tensile strength (rmax), strain at break (emax), and toughness (K) of CNF sheets with O, W,

A, and R treatments

Sample Density

(g/cm3)

Young’s modulus

E (GPa)

Tensile strength

rmax (MPa)

Strain at break

emax (%)

Toughness

K (J/g)

O 1.47 7.9 ± 0.3 123 ± 11 2.2 ± 0.5 1.1

W 1.49 10.3 ± 0.3 209 ± 15 4.8 ± 0.7 5.5

A 1.50 8.4 ± 0.7 136 ± 17 3.7 ± 1.1 1.8

R 1.53 8.6 ± 0.5 160 ± 9 4.5 ± 0.8 3.6

(b)

B

(b)

100nm

A

(d)
(d)

100nm

(a)
(a)

100nm

(c)

100nm

(c)

Fig. 2 A SEM images and B Optical transparency of CNF

sheets with (a) O, (b) W, (c) A, and (d) R treatments
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Mechanical properties

In order to measure the mechanical properties, a

tensile test was performed for each CNF sheet. All

CNF sheets showed a stress (r)–strain (e) curve for

brittle materials without a clear yielding point (Fig. 3).

The value of Yong’s modulus (E), tensile strength

(rmax), strain at break (emax), and toughness (K) in-

creased in the following order for the CNF sheets: O,

A, R, and W (Table 1). In the preparation of a CNF

with colorless and transparent characteristics using

chemical treatments such as TEMPO-mediated oxi-

dation or mechanical treatments (Taniguchi and

Okamura 1998; Abe and Yano 2009; Nogi et al.

2009; Okahisa et al. 2009, 2011; Yousefi et al. 2011), a

completely refined plant fiber was usually used

because the lignin and hemicellulose fraction that

remained in the interfiber were believed to inhibit its

fibrillation, and to induce low mechanical properties.

In study, however, by combining degreasing andWise

treatment, CNF sheet W showed the highest mechan-

ical properties. The values for strain at the break of

CNF sheets W and R were larger than those of CNF

sheets O and A. When the hydrophobic lignin that had

presented on the hydrophilic cellulose surface was

removed and/or denatured by Wise treatment, the

interfibril hydrogen bond was enhanced (Iwatake et al.

2008). Thus, each fibril was incapable of slipping,

which resulted in increases in the mechanical proper-

ties. The mechanical properties of CNF sheet R were

lower than those of CNF sheet W, because cellulose

that is exposed via alkaline treatment shows damages

to the fiber (Knill and Kennedy 2003). These tensile

results show that in order to simultaneously attain a

high Young’s modulus, high tensile strength, high

strain at the break, and a high toughness, it was

necessary to use with Wise treatment. The Young’s

modulus obtained from tensile test was performed

only at room temperature. Actually, when applying

these materials, the effect of temperature on the elastic

modulus validation must be evaluated. The tempera-

ture dependence of dynamic storage modulus,E0, of all
the CNF sheets was measured using dynamic vis-

coelastic equipment (Fig. 4A). With decreasing tem-

perature, the E0 of each of the CNF sheets increased.

This tendency was related to the molecular motion

restriction that is caused by temperature decreases.
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Fig. 3 Stress (r)–strain (e) curves of CNF sheets with O,W, A,

and R treatments
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The E0 of CNF sheet O was lower than that of CNF

sheet R, which agreed well with the results of tensile

test (Fig. 3). The E0 value of CNF sheet W showed a

25.2 GPa at -150 �C and a 9.07 GPa at 200 �C. The
E0 of CNF sheet W was the highest at room temper-

ature and also for temperatures ranging from -150 to

200 �C. These results indicated that in order to

maintain an E0 value even at high temperatures, it is

necessary to use Wise treatment. In addition, in the

case of humidity dependence of the E0 value as well as
temperature dependence, that of CNF sheet O was the

lowest and that of CNF sheet W was the highest

(Fig. 4B). Furthermore, the decreasing trends of E0 for
CNF sheets W, A and O resembled one another at 50

RH%, or more. For CNF sheet R, however, the E0

value decreased significantly compared with those of

the others. This is considered to be caused by

hydrophobic lignin presented between the fibers of

CNF sheet W, A and O. In other words, the hydroxyl

group in the cellulose fraction of CNF sheet R

appeared as a result of the Wise and alkaline

treatments. Therefore, the cellulose fraction of CNF

sheet R would have absorbed more easily (Ansari et al.

2014), which would have significantly decreased the

E0 value.

Thermal stability of CNF sheets

For application of CNF sheet to composite filler, it was

also required the assessment of material thermal

properties, in particular, the expansion ability. The

linear thermal expansion behavior of each CNF sheet

was measured (Fig. 5). Every CNF sheet exhibited

thermal expansion phenomena as temperature

increased, and the linear thermal expansion coefficient

of CNF sheet O, aO, was 1.96 9 10-5 K-1. The aR
was 1.67 9 10-5 K-1, which agreed well with the

results of a previous report (Iwamoto et al. 2007). The

aR was smaller than the aO, because lignin in the

interfibril region inhibited the creation of a network of

hydrogen bonds between the cellulosic fractions. In

addition, the aWwas 1.44 9 10-5 K-1, which was the

lowest. The results of the tensile test showed the same

tendency (Fig. 3); the appearance of a hydrogen bond

was induced by the enhancement of network creation

between the interfibrils. The a value decreased in the

following order for the CNF sheets: O, A, R, and W.

The order of the a values corresponded with the order

of the mechanical properties based on the tensile test.

These results showed that a CNF sheet with a higher

elastic modulus and a higher tensile strength reflected

lower thermal expansion properties for the CNF.

Chemical properties of CNF sheets

To analyze the effects of the Wise and alkaline

treatments on the chemical changes of the fibers, an

FT-IR spectra analysis of each CNF sheet was

performed (Fig. 6). The appearance of a glucopyra-

nose (1050 cm-1) ring in each CNF, showed that the

Wise and alkaline treatments had no effect on the

polysaccharide structures of either the cellulose or the

hemicellulose (Abe et al. 2007; Abe and Yano 2009).
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In addition, the adsorptions of the C=C (1510 cm-1)

band, the C–C (860 cm-1) band, and the C=O

stretching band (1750 cm-1) appeared in CNF sheet

O (Sun et al. 2000; Chen et al. 2011; Jonoobi et al.

2011; Chang et al. 2012). On the other hand, the C=C

(1510 cm-1) band disappeared from the FT-IR spec-

trum of CNF sheet W, the C=O stretching band

(1750 cm-1) disappeared in CNF sheet A, and both

bands disappeared in CNF sheet R. It was considered

that phenol ring of lignin would be opened by Wise

treatment, and a carbonyl group of the hemicellulose

side chain was cleaved by alkaline treatment (Chen

et al. 2011; Jonoobi et al. 2011; Kargarzadeh et al.

2012).

X-ray diffraction (XRD) of the CNF sheets

We wondered whether the difference in mechanical

properties and the crystalline features of cellulose

would be related. Therefore, we performed X-ray

diffraction measurements (Fig. 7). All CNF sheets

belonged to cellulose Ib, which is typical for natural

plant cellulose. The Wise and alkaline treatments did

not affect the crystallites of the cellulose (Chen et al.

2011; Jonoobi et al. 2011; Kargarzadeh et al. 2012).

The crystallite size for the (200) plane and the

crystallinity of each of the CNF sheets was calculated

from the X-ray diffraction peak profiles (Table 2). It

was revealed that the crystallite size and crystallinity

changed depending on the refinement process. In

addition, the crystallinity of CNF sheets W and R,

which included fractions of hemicellulose and lignin,

were higher than that of CNF sheet O. It was

considered that amorphous regions in cellulose could

be depolymerized by Wise method (Kantouch et al.

1970). By comparing the crystallinity value of 4

sample between Segal’s method and area method

(Nishino and Arimoto 2007) at X-ray diffraction, the

tendency was well agreed. From this result, it was

assumed that the high mechanical properties and

thermal dimensional stability of CNF sheets W and R

were based on high crystallinity. On the other hand,

the crystallite size and the mechanical properties were

hardly connected.

Component analysis of the pretreated kenaf-bast

fibers (O, W, A, and R)

The component analysis of the bast fibers before CNF

formation was performed to reveal the contents of

cellulose, hemicellulose and lignin (Table 3). In the

case of O, glucose and xylose were 65.7 and 15.5 wt%,

respectively. Assuming hemicellulose consisted of

equal parts glucose and xylose, the contents of

cellulose, hemicellulose, and others (lignin and ash)

were 50.1, 31.0, and 18.8 wt%, respectively. These

analytical results agreed well with the data reported for

kenaf (Khristova et al. 1998; Kargarzadeh et al. 2012).

After the Wise and alkaline treatments (R), the

hemicellulose and lignin were drastically decreased

to 18.8 and 5.5 wt%, respectively. However, when

either Wise or alkaline treatments were used (W or A),

the lignin content was similar to that of O, and the

content of hemicellulosewas not drastically decreased.

After a Wise treatment (W), a decrease of hydropho-

bicity of lignin was observed by FT-IR (Fig. 6), but the

removal of lignin could not be confirmed by compo-

nent analysis. This was because the lignin itself was

tightly connected to the hemicellulose via a carbonyl

10 20 30 40
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Fig. 7 X-ray diffraction profiles of CNF sheets with O, W, A,

and R treatments

Table 2 Crystallinity and crystallite size of CNF sheets with

O, W, A, and R treatments

Sample Crystallinity (%) Crystallite size (Å)

O 69.4 36.6

W 76.0 37.4

A 73.2 41.2

R 76.8 39.2
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group (Grabber 2005; Scheller and Ulvskov 2010;

Chen et al. 2011; Jonoobi et al. 2011; Kargarzadeh

et al. 2012). After alkaline treatment (A), the carbonyl

group connecting the hemicellulose and lignin was

cleaved, and the resultant free hemicellulose was

released from the fiber (Grabber 2005; Scheller and

Ulvskov 2010; Chen et al. 2011; Jonoobi et al. 2011;

Kargarzadeh et al. 2012). However, fiber (A) remained

hydrophobic since lignin remainedwithin the fiber, and

the hemicellulose fraction connected with lignin also

remained. After bothWise and alkaline treatments (R),

the synergistic effect of the two treatments resulted in

both carbonyl group cleavage and lignin hydrophicity,

which resulted in the dissolving of lignin and hemi-

cellulose in water and in an enhancement of the

cellulose content in the fiber of R. These results were

reflected in the color and density of the CNF sheets

(Fig. 2B). Therefore, in order to increase the mechan-

ical properties, the hydrophilic treatment of lignin was

more important than the removal of lignin. In addition,

it was assumed that the alkaline treatment would cause

serious damage to the fibers, which would not enhance

the mechanical properties inherent in cellulose for the

formation of CNF.

Conclusions

Conventional wisdom held that CNF should be pre-

pared from cellulose fiber containing no extra for high

mechanical properties.However, this study showed that

CNF subjected to only Wise treatment possessed a

higher mechanical properties than that of CNF sub-

jected to both Wise and alkaline treatments. CNF sheet

Wmaintained a high storagemodulus through the entire

temperature range (-150 to 200 �C) and through high

humidity. Moreover, the a value of CNF sheet W was

lower than that of CNF sheet R. X-ray diffraction

indicated that CNF sheet W possessed crystallinity that

was as high as that of CNF sheet R. In addition, in CNF

sheet W, the cellulose fiber was not damaged by

alkaline treatment, which is considered to be indicative

of high mechanical properties. Without the removal of

either lignin or hemicellulose, the hydrophobicity of the

lignin was changed to hydrophilic, which enabled the

preparation of CNF with high mechanical properties.

CNF sheet W is expected to be useful in applications

requiring durability, heat resistance, humidity resis-

tance, and thermal dimensional stability—as paper for

cooking, ventilation ducts, structural members of cars,

and as fillers for tires and insulation boards.
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