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Cellulose nanofibers were individualized from poplar wood in two distinct stages. Initially, wood
fibers were subjected to a chemical process to eliminate lignin and hemicellulose. The obtained
chemical-purified cellulose fibers were then mechanically separated into nanofibers using high-intensity
ultrasonication. The diameter distributions of the resulting nanofibers were dependent on the output
power of the ultrasonic treatment. TEM and FE-SEM images showed that the diameter of the obtained
nanofibers ranged from 5 to 20 nm when the output power of the conducted ultrasonication was greater
than 1000 W. FTIR and XRD results indicated that hemicellulose and lignin were removed extensively
in the cellulose nanofibers, with a crystallinity of approximately 69%. The TGA results showed that the
Ultrasonic treatment degradation temperature of the nanofibers was dramatically increased to approximately 335°C com-
Microstructure pared with 210°C of the original wood fibers. The obtained nanofibers may be potentially applied in
Wood various fields, such as bio-nanocomposites, tissue engineering scaffolds, filtration media, packaging, and
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1. Introduction

Cellulose is one of the most important biopolymers. It is
widely used because of its availability, biocompatibility, biological
degradability, and sustainability. Cellulose fibers exhibit a unique
structural hierarchy derived from their biological origin. They are
composed of nanofiber assemblies with a diameter that range from
2 to 20nm, and a length of more than a few micrometers. These
nanometer-sized single fibers of cellulose, which are commonly
referred to as nanocrystals, whiskers, nanowhiskers, microfibril-
lated cellulose, microfibril aggregates or nanofibers (reviewed in
Azizi Samir, Alloin, & Dufresne, 2005; Eichhorn et al., 2010; Siré &
Plackett, 2010), can be obtained from various sources such as wood
fibers (Abe, Iwamoto, & Yano, 2007), cotton (de Morais Teixeira
etal.,2010), potato tuber cells (Dufresne, Dupeyre, & Vignon, 2000),
both cladodes and spines from Opuntia ficus-indica (Malainine et al.,
2003), prickly pear fruits of O. ficus-indica (Habibi, Heux, Mahrouz,
& Vignon, 2008), lemon and maize (Rondeau-Mouro et al., 2003),
soybean (Wang & Sain, 2007), wheat straw and soy hulls (Alemdar &
Sain, 2008), hemp fiber (Wang, Sain, & Oksman, 2007), coconut husk
fibers (Rosa et al., 2010), branch-barks of mulberry (Li et al., 2009),
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pineapple leaf fibres (Cherian et al., 2010), banana rachis (Zuluaga
et al., 2009), sisal (Moran, Alvarez, Cyras, & Vazquez, 2008), pea
hull fibre (Chen, Liu, Chang, Cao, & Anderson, 2009) and sugar beet
(Dinand, Chanzy, & Vignon, 1999; Dufresne, Cavaillé, & Vignon,
1997). The individualization of cellulose nanofibers from renew-
able sources has gained more attention in recent years because
of their exceptional mechanical properties (high specific strength
and modulus), large specific surface area, low coefficient of ther-
mal expansion, high aspect ratio, environmental benefits, and low
cost (Nishino, Matsuda, & Hirao, 2004; Orts et al., 2005). Suitable
applications of cellulose nanofibers, such as reinforcement com-
ponents in flexible display panels (Iwamoto, Nakagaito, & Yano,
2007; Yano et al.,2005) and oxygen-barrier layers (Fukuzumi, Saito,
Iwata, Kumamoto, & Isogai, 2009; Syverud & Stenius, 2009), have
been proposed as well.

Several processes have been used to extract highly puri-
fied nanofibers from cellulosic materials. These methods include
mechanical treatments, e.g., cryocrushing (Chakraborty, Sain, &
Kortschot, 2005, 2006), grinding (see Abe et al., 2007; Abe,
Nakatsubo, & Yano, 2009; Abe & Yano, 2009, 2010; Nogi, Iwamoto,
Nakagaito, & Yano, 2009 and references therein), and high-
pressure homogenizing (see Herrick, Casebier, & Hamilton, 1983;
Nakagaito & Yano, 2004, 2005, 2008a, 2008b; Turbak, Snyder, &
Sandberg, 1983 and references therein); chemical treatments, e.g.,
acid hydrolysis (for example, Araki, Wada, Kuga, & Okano, 2000;
Elazzouzi-Hafraoui et al., 2007; Liu, Liu, Yao, & Wu, 2010); bio-
logical treatments, e.g., enzyme-assisted hydrolysis (see Hayashi,
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Kondo, & Ishihara, 2005; Henriksson, Henriksson, Berglund, &
Lindstrom, 2007; Pdakko et al.,, 2007 and references therein);
TEMPO-mediated oxidation on the surface of microfibrils and a
subsequent mild mechanical treatment (see Iwamoto et al., 2010;
Saito et al., 2009; Saito, Kimura, Nishiyama, & Isogai, 2007; Saito,
Nishiyama, Putaux, Vignon, & Isogai, 2006 and references therein);
synthetic and electrospinning methods (for example, Frenot,
Henriksson, & Walkenstrom, 2007; Kim, Kim, Kang, Marquez, &
Joo, 2006; Ma, Kotaki, & Ramakrishna, 2005); as well as a com-
bination of two or several of the aforementioned methods. All
these methods lead to different types of nanofibrillar materials,
depending on the cellulose raw material and its pretreatment,
and more importantly, depending on the disintegration process
itself.

Recently, the ultrasonic technique as an emerging method to
isolate cellulose nanofibers has been sufficiently described (Cheng,
Wang, & Han, 2010; Cheng, Wang, Rials, & Lee, 2007; Cheng, Wang,
& Rials, 2009; Wang & Cheng, 2009; Zhao, Feng, & Gao, 2007).
Ultrasound energy is transferred to cellulose chains through a
process called cavitation, which refers to the formation, growth,
and violent collapse of cavities in water. The energy provided
by cavitation in this so-called sonochemistry is approximately
10-100kJ/mol, which is within the hydrogen bond energy scale
(Tischer, Sierakowski, Westfahl, & Tischer, 2010). Thus, the ultra-
sonic impact can gradually disintegrate the micron-sized cellulose
fibers into nanofibers. However, because of the complicated mul-
tilayered structure of plant fibers and the interfibrillar hydrogen
bonds (Manley, 1964; Somerville etal., 2004), the fibers obtained by
these methods are aggregated nanofibers with a wide distribution
in width (Cheng et al., 2009).

Since cellulose nanofibers are embedded in matrix substances
such as hemicellulose and lignin, a number of researchers have been
removing the matrix substances using chemical methods before the
fibrillation process and keeping the material in the water-swollen
state. As a result, cellulose nanofibers with a uniform width can
be obtained (Abe et al., 2007; Abe & Yano, 2009, 2010). Although
chemical pretreatments have been successfully used in isolating
nanofibers from cellulose or chitin (Fan, Saito, & Isogai, 2008; Ifuku
et al., 2009) through the integration of grinding or the homoge-
nizing process, there has been insufficient research on ultrasonic
treatment. This study aims to individualize cellulose nanofibers
from wood using high-intensity ultrasonication combined with
chemical pretreatments. The morphological and structural char-
acteristics of isolated nanofibers were analyzed through SEM and
TEM, respectively. FTIR spectroscopy, XRD, and TGA experiments

were performed to characterize the changes in the as-prepared
products during the processing procedures.

2. Materials and methods
2.1. Raw materials

Wood powder from poplar trees sieved through a 60 mesh was
used as the source of native cellulose fibers. All samples were air-
dried and stored at room temperature. The sections were dewaxed
in a Soxhlet apparatus with a 2:1 (v/v) mixture of benzene/ethanol
at 90°C for 6h. Benzene, ethanol, sodium chlorite, acetic acid,
potassium hydroxide, and other chemicals were of laboratory grade
and used without further purification.

2.2. Preparation of nanofibers

The individualization process consists of chemical pretreatment
and high-intensity ultrasonication (Fig. 1). In the chemical pretreat-
ment stage, the wood fibers were purified to prepare the cellulose
fibers according to general methods (Abe & Yano, 2009). First, lignin
was removed from the samples using acidified sodium chlorite
solution at 75°C for an hour; this process was repeated five times
until the product became white. Next, the samples were treated
in 3 wt% potassium hydroxide at 80°C for 2 h, and then in 6 wt%
potassium hydroxide at 80 °C for 2 hin order to leach hemicellulose,
residual starch, and pectin. After a series of chemical treatments,
the samples were filtered and rinsed with distilled water until
the residues were neutralized. To avoid generating strong hydro-
gen bonding among nanofibers after matrix removal, the samples
were kept in a water-swollen state during the whole chemical pro-
cess.

After chemical pretreatment, the purified cellulose fibers were
soaked in distilled water (concentration: ~0.5% in mass). About
120 ml of solution containing chemical-purified cellulose fibers was
then placed in a common ultrasonic generator (JY98-IIID, Ningbo
Scientz Biotechnology Co., Ltd., China) of 20-25kHz in frequency
equipped with a cylindrical titanium alloy probe tip of 1.5cm in
diameter. The subsequent ultrasonication was conducted 30 min
to isolate the nanofibers. To investigate the effect of ultrasonic
intensity on the nanofibrillation of the chemical-purified cellulose
fibers, the output power of the ultrasonication was conducted at
400, 800, 1000, and 1200 W, respectively. The ultrasonic treatment
was carried out in an ice/water bath, and the ice was maintained
throughout the entire ultrasonication time.

Chemical
treatments

Hemicellulose

Original
wood fibers

Chemical-purified
cellulose fibers

Ultrasonic prob:

!

Cellulose suspensions

20nm

Individualized
cellulose nanofibers

Fig. 1. Procedure for individualizing cellulose nanofibers.
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2.3. Visual examination

The changes in dispersion of the cellulose suspensions after
chemical pretreatment and ultrasonic treatment were observed
through visual examination accomplished on cellulose-water slur-
ries.

2.4. Scanning electron microscopy (FE-SEM)

The suspensions of the cellulose fibers before and after the
ultrasonic process were subjected to freeze-drying after water was
replaced with t-butyl alcohol. The obtained sheets were coated with
gold using a vacuum sputter coater and then observed with FE-SEM
(Sirion 200, FEI, Netherlands).

2.5. Transmission electron microscopy (TEM)

Drops of dilute cellulose nanofiber suspensions were deposited
into glow-discharged carbon-coated TEM grids. The excess lig-
uid was absorbed by a piece of filter paper. After the specimen
has been completely dried, it was observed using a FEI Tecnai
G2 electron microscope operated at 80kV. The diameters of the
cellulose nanofibers were calculated from TEM images using micro-
scope image analysis system (TDY-V5.2, Beijing Tianhong Precision
Instrument Technology Co., Ltd., China), which were used to illus-
trate size distributions.

2.6. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra were recorded on a Fourier transform infrared
(FTIR) instrument (Magna 560, Nicolet, Thermo Electron Corp.,
USA) in the range of 400-4000 cm~! with a resolution of 4cm~1.
The dried samples were ground into powder by a fiber microtome
and then blended with KBr before pressing the mixture into ultra-
thin pellets.

2.7. X-ray diffraction analysis

The X-ray diffraction (XRD) patterns were measured for
raw wood fibers, chemical-purified cellulose fibers, and isolated
nanofibers with an X-ray diffractometer (D/max 2200, Rigaku,
Japan) using Ni-filtered Cu Ko radiation (A = 1.5406 A) at 40 kV and
30 mA. Scattered radiation was detected in the range of 26 = 10-30°
at a scan rate of 4°/min. The crystallinity index (C;) was calculated
from the heights of the 2 00 peak (I; g, 260 = 22.6°) and the intensity
minimum between the 200 and 110 peaks (Iam, 26 = 18°) using the
Segal method (Eq. (1)). I 9o represents both crystalline and amor-

Fig. 2. Dispersion states of the (a) original wood fibers, (b) chemical-purified cel-
lulose fibers, (c) cellulose nanofibers with ultrasonic output power of 400W, (d)
800W, (e) 1000 W and (f) 1200 W.

phous material, whereas I, represents the amorphous material.

(%) = (1 _ fam ) « 100 1)
oo

2.8. Thermal characterization

Thermogravimetric analysis was performed to compare the
degradation characteristics of the raw wood fibers, chemical-
purified cellulose fibers, and cellulose nanofibers obtained using
ultrasonic treatment with different output powers. The thermal
stability of each sample was determined using a thermogravimet-
ric analyzer (Pyris 6, PerkinElmer, USA) with a heating rate of
10°C/min in a nitrogen environment.

3. Results and discussion
3.1. Visual examination

The aqueous suspensions of the original wood fibers, chemical-
purified cellulose fibers, and cellulose nanofibers after 30 min of
ultrasonic treatment with an output power of 400, 800, 1000, and
1200 W, respectively, were placed motionlessly at least 30 min after
they were prepared, and then the photos in Fig. 2 were taken.
Raw wood fibers and chemical-purified cellulose fibers were pre-
cipitated at the bottom of the glass bottle; brown wood fibers
became white after chemical purification, indicating that a signif-
icant amount of lignin was removed. After ultrasonic treatment,
a substantial increase in the dispersion of the nanofiber suspen-
sions was observed when the ultrasonic output power increased
from 400 to 1200 W. Although the cellulose nanofibers were not
homogenously dispersed in water at 400 W, there was a noticeable
improvement when the output power increased to 800 W. After
an output power of 1000 or 1200 W was conducted, a more col-
loidal structure was obtained. Then the cellulose nanofibers were
sufficiently dispersed and converted to highly viscous suspensions.
This finding indicated that there was an improvement in the degree
of nanofibrillation of the cellulose fibers, and more surface area
on the nanofibers was exposed as the ultrasonic output power
increased.

3.2. Morphology of the chemical-purified cellulose fibers and
cellulose nanofibers

Fig. 3 shows the FE-SEM images of the chemical-purified cellu-
lose fibers. After chemical pretreatment, the cellulose fibers were
separated into individual micro-sized fibers. In fact, these micro-
sized fibers were reportedly composed of strong hydrogen bonding
nanofibers, and individualized nanofiber bundles with a width of
10-30nm can be seen on the surface of the micro-sized cellulose
fiber (Fig. 3c). However, the samples still maintained the initial cell
shape (Fig. 3b). After ultrasonic treatment, individual nanofibers
can be obtained.

Fig. 4 compares the TEM images of the isolated nanofibers
obtained after a 30 min high-intensity ultrasonication treatment at
various output powers. The diameter distributions of the nanofibers
were analyzed; the result is also plotted in Fig. 4.

When the output power of ultrasonication was conducted at
400W, large aggregates consisting of wire-like cellulose fibers
with nanoscale widths were frequently observed; a number of
branches of smaller bundles or partly individualized nanofibers
were attached to the large aggregates as well. Although nearly
62% of the nanofibers were shorter than 20 nm, the diameter dis-
tribution of the cellulose fibers exhibited a wide array of sizes,
ranging from several nanometers to several hundred nanometers.
The number of individualized cellulose nanofibers increased for
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Fig. 3. FE-SEM micrographs of the (a) chemical-purified cellulose fibers (1036x), (b) a chemical-purified cellulose fiber (8000x ) and (c) the surface of the chemical-purified

cellulose fiber (80,000x).

the ultrasonic output power conducted at 800 W, and more than
75% of the nanofibers had a diameter range of 5-20 nm. Although
bundles of the nanofibers still existed to a certain extent in the sus-
pension, small gaps among the unindividualized nanofibers can be
observed in the nanofiber aggregates (insert image of Fig. 4b). This
indicates that the hydrogen bonding between the nanofibers was
lower after ultrasonic treatment at 800 W. Sequentially, chemical-
purified cellulose fibers were subjected to 1000W and 1200W
ultrasonic treatments, and cellulose nanofibers with a uniform
width ranging from 5 to 20 nm and a web-like network structure
were obtained. The average diameter of the obtained nanofibers
was found to be 13.0 and 12.8 nm, respectively. The TEM obser-
vation also revealed that the length of most obtained cellulose
nanofibers was a few microns. When cellulose nanofibers prepared
with 1000 and 1200 W ultrasonic treatment were observed using
FE-SEM (Fig. 5) after gold sputtering, fibers in the nano-order scale
and entangled structure were also observed, which satisfactorily
agreed with TEM measurements. It is probable that the nanofibers
were covered with relatively thick gold layers by the sputtering
process, which is necessary to observe such nanoscale cellulose
fibers by FE-SEM. It is thus illustrated that the degree of nanofib-
rillation depends on the output power of the ultrasonic treatment,
i.e,, the obtained nanofibers become more uniform and slender with
increased intensity. The result indicated that ultrasonic treatments
with an output power equal or greater than 1000 W can efficiently
individualize cellulose nanofibers and disperse them in an aqueous
suspension. This approach to individualize nanofibers from wood
chemical-purified cellulose fibers may be explained by the effect of
acoustic cavitation of high frequency (20-25 kHz) ultrasound in the
formation, expansion, and implosion of microbubbles in aqueous
solution. The violent collapse induces microjets and shock waves
on the surfaces of the chemical-purified cellulose fibers, causing
erosion of the surface of the fibers to split along the axial direction.
The sonification impact can break the relatively weak interfaces
among the nanofibers, which are bonded to each other mainly by

hydrogen bonds. Thus the ultrasonic treatment can gradually dis-
integrate the micron sized cellulose fibers into nanofibers (Tischer
etal, 2010; Wang & Cheng, 2009; Zhao et al., 2007).

3.3. Chemical structure analysis with FTIR spectroscopy

FTIR spectroscopy is an appropriate technique in establishing
the variations introduced by different treatments on the chemical
structure of the isolated samples. Fig. 6 compares the FTIR spectra
of raw wood fibers, chemical-purified cellulose fibers, and cellu-
lose nanofibers after ultrasonic treatments. The dominant peaks
of OH-stretching and CH-stretching at approximately 3400 cm™!
and 2800 cm~! were observed in the entire spectra. After NaClO,
and KOH treatment, the prominent peak of the raw wood fibers at
1737 cm~1, which is attributed either to the acetyl and uronic ester
groups of the hemicellulose or to the ester linkage of the carboxylic
groups of the ferulic and p-coumeric acids of lignin and/or hemi-
cellulose (Sain & Panthapulakkal, 2006; Sun, Tomkinson, Wang,
& Xiao, 2000), disappeared completely. This indicates that most
of the hemicellulose and lignin were removed from the wood
fibers during the step-wise chemical treatment. The 1507 and
1460 cm~! peaks in the wood fibers represent aromatic ring vibra-
tion and C-H deformation vibration of lignin, respectively (Sain
& Panthapulakkal, 2006; Sun et al., 2000). The intensity of these
peaks disappeared in the chemical-purified cellulose fibers, which
is attributed to the removal of lignin. The 1640 cm~! peak in the
raw wood fibers is associated with the H-O-H stretching vibration
of absorbed water in carbohydrates. It was still observed in the
chemical-purified cellulose fibers, although the intensity slightly
declined. This indicates that a small amount of hemicellulose still
exists in the purified cellulose fibers, which plays a positive role
in the facilitation of nanofibrillation (Herrick et al., 1983; Turbak
et al., 1983). Other peaks, i.e., 1061 and 897 cm~! peaks, are asso-
ciated with the C-0 stretching and C;-H deformation vibrations
of cellulose (Alemdar & Sain, 2008), which appeared in all spec-
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tra. Interestingly, no difference was found between the spectrum
of cellulose nanofibers obtained under different ultrasonic output
powers and chemical-purified cellulose fibers. This result suggests
that the molecular structures of cellulose were unchanged in the
case of ultrasonic treatment.

Fig. 4. TEM micrographs and diameter distribution of the cellulose nanofibers after ultrasonic treatment with various output power. (a) 400 W, (b) 800 W, (c) 1000 W and

(d) 1200 W.
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Fig. 6. FTIR spectra of the (a) original wood fibers, (b) chemical-purified cellulose fibers, (c) cellulose nanofibers with ultrasonic output power of 400 W, (d) 800 W, (e) 1000 W

and (f) 1200 W.

conducted to investigate the crystalline behavior of the fibers. The
XRD graph (Fig. 7) evidently shows that all diffractograms exhib-
ited sharp peaks around 260=16° and 22.6°, which were believed
to represent typical cellulose I form. This indicates that the crys-
tal structure of cellulose was not changed during the chemical and
ultrasonic treatment. The crystallinity of each sample is also cal-
culated and listed in Fig. 7. A significant increase in crystallinity
from 52.74% for the original wood fibers to 69.34% for the chemical-

T T T T T
Crystallinity(%)
a 5274 d 68.60
b 69.34 e 68.69 .
c 6970 f 69.72 a-
3
©
P
‘»
c
Q
£
" 1 " 1 " 1 "
10 15 20 25 30
2 Theta / degree

Fig. 7. X-ray diffraction patterns of the (a) original wood fibers, (b) chemical-
purified cellulose fibers, (c) cellulose nanofibers with ultrasonic output power of
400W, (d) 800 W, (e) 1000 W and (f) 1200 W.

purified cellulose fibers was observed. The increase in crystallinity
was undoubtedly due to the removal of hemicellulose and lignin,
which exist in amorphous regions. This leads to the realignment
of cellulose molecules. The increase in crystallinity after chemi-
cal treatments has been reported by several authors (Alemdar &
Sain, 2008; Li et al., 2009). After ultrasonic treatment, no significant
differences appeared between isolated nanofibers and chemical-
purified cellulose fibers; the crystallinity of each nanofiber was
around 69%, implying that the ultrasonic treatment had little effect
on the crystal regions of the cellulose nanofibers. These results were
also supported by the FTIR analyses. High crystalline nanofibers can
be more effective in achieving higher reinforcement for composite
materials.

3.5. Thermostability analysis

An examination of the thermal properties of cellulose fibers
is important in gauging their applicability in bio-composite pro-
cessing, wherein the processing temperature for thermoplastic
polymers increases above 200 °C. Fig. 8 shows the TG curves of the
original wood fibers, chemical-purified cellulose fibers, and cellu-
lose nanofibers obtained after ultrasonic treatments. In all cases,
a small weight loss was found in the range of 25-150°C due to
the evaporation of the humidity of the materials or the low molec-
ular weight compounds remaining from the isolation procedures.
Due to the low decomposition temperature of hemicellulose, lignin,
and pectin (Moran et al., 2008), the curve of the original wood
fibers shows an earlier weight loss that started at around 210°C,
which reached the dominant peak at 350°C on the DTG curve,
accounting for the pyrolysis of cellulose. On the other hand, the
chemical-purified cellulose fibers showed a higher decomposition
temperature at 335 °C. The higher temperature of thermal decom-
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Fig. 8. TG curves of the (a) original wood fibers, (b) chemical-purified cellulose
fibers, (c) cellulose nanofibers with ultrasonic output power of 400 W, (d) 800 W,
(e) 1000 W and (f) 1200 W.

position of the purified cellulose fibers is related to the partial
removal of hemicellulose and lignin from the fibers, as well as
the higher crystallinity of cellulose (Alemdar & Sain, 2008). The
cellulose nanofibers obtained after ultrasonic treatments exhib-
ited a degradation behavior that is highly similar to that of the
purified cellulose fibers. The decomposition temperature of all cel-
lulose nanofibers under different ultrasonic output powers starting
at approximately 335 °C, implied that ultrasonic treatment had lit-
tle effect on the thermal decomposition of the cellulose nanofibers.
This result is also consistent with the findings obtained from the
XRD and FTIR analyses, indicating that the ultrasonic process did
not influence cellulose chemical composition, crystal structure, and
thermostability. Apparently, only structural changes occurred.

4. Conclusion

Cellulose nanofibers were individualized from poplar wood
using chemical pretreatment and high-intensity ultrasonication.
When the output power of ultrasonic treatment used for the
chemical-purified cellulose fibers was greater than 1000 W, cel-
lulose nanofibers that are 5-20 nm in width and several microns
in length were obtained. FTIR measurements of the fibers revealed
that there was partial removal of hemicellulose and lignin because
of the successful chemical treatments applied. The relative crys-
tallinity of the cellulose nanofibers reached approximately 69%.
The nanofibers also exhibited enhanced thermal properties, and
the thermal degradation temperature increased to approximately
335°C.
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