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a  b  s  t  r  a  c  t

Ultralong  and  highly  uniform  cellulose  I  nanofibers  (CNFs)  with  lengths  >1  mm,  diameters  of  30–80  nm,
and  aspect  ratios  >10,000  were  successfully  prepared  from  bamboo  fibers,  by using  chemical  pretreat-
ment  combined  with  high  intensity  ultrasonication  to purify  and defibrillate  bamboo  fibers  into  parallel
arrays  cellulose  nanofibrils  (1–5 nm  width  and  several  microns  long),  and  then  assembling  the  nanofibrils
into  ultralong  CNFs  by simple  freeze-drying;  Similar  findings  were  also  observed  from  the  micrographs  of
CNFs  fabricated  from  wheat  straw  and  softwood  fibers.  The  chemical  composition  of the fabricated  CNFs
ellulose nanofibers
amboo
hemical treatment
ltrasonic treatment

is mainly  cellulose  because  hemicelluloses  and  lignin  were  appreciably  removed  during  the  chemical  pro-
cess. With  the  removal  of  the  matrix  materials,  the  cellulose  I crystal  structure  was maintained,  whereas
the  crystallinity  and  thermal  stability  of  the fibers  increased.  The  crystallinity  and  thermal  degradation
temperature  of  the  CNFs  reached  61.25%  and  over  309 ◦C, respectively.  Ultralong  CNFs  could  serve as
unique  building  blocks  for green  nanocomposites  and  are  expected  to open  up  new  opportunities  for
application  in  tissue  engineering  scaffolds.
. Introduction

Cellulose is the most abundant biopolymer on earth and is
resent in accounts for approximately 40% of plant biomass. It is

 long-chain polysaccharide composed of ˇ-1,4-linked d-glucose
ings with polymer chains associated by both hydrogen bonds and
an der Waals forces forming fibrous structures called microfib-
ils. The microfibrils are a few nanometers across having highly
rdered regions (i.e., crystalline phases) alternating with disor-
ered domains (i.e., amorphous phases) (Klemm,  Heublein, Fink,

 Bohn, 2005). The crystalline regions of the microfibrils consist
f stiff, close-packed extended cellulose chains with strong inter-
olecular forces that result in Young’s Modulus values exceeding

00 GPa (Sakurada, Nukushina, & Ito, 1962) as well as negligi-
le thermal expansion (Bergenstråhle, Berglund, & Mazeau, 2007;
ishino, Matsuda, & Hirao, 2004) in the chain direction. When

he cellulose microfibrils and related nanofibers are isolated from
he plant fibers or other natural polysaccharides such as chitin

Fan, Saito, & Isogai, 2008; Ifuku et al., 2009), functionalities
uch as biodegradability, reproducibility, and biocompatibility are
lso introduced to the nanofibers. These features make cellulose
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nanofibers (CNFs) prospective nanoelements in the field of materi-
als sciences (Beecher, 2007; Capadona et al., 2007; Dong & Roman,
2007; Shopsowitz, Qi, Hamad, & MacLachlan, 2010).

Numerous fabrication methods for isolating CNFs from various
plant fibers have been attempted (for recent reviews, see Azizi
Samir, Alloin, & Dufresne, 2005; Berglund, 2005; Eichhorn et al.,
2010; Habibi, Lucia, & Rojas, 2010; Siró & Plackett, 2010); notable
examples include those based on mechanical treatments, e.g., cry-
ocrushing (Chakraborty, Sain, & Kortschot, 2005; Chakraborty, Sain,
& Kortschot, 2006), grinding (Abe, Iwamoto, & Yano, 2007; Abe &
Yano, 2009; Iwamoto, Abe, & Yano, 2008), high-pressure homog-
enizing (Herrick, Casebier, & Hamilton, 1983; Turbak, Snyder,
& Sandberg, 1983), and high-speed blendering (Uetani & Yano,
2011); chemical treatments, e.g., sulfuric acid hydrolysis (Beck-
Candanedo, Roman, & Gray, 2005; Elazzouzi-Hafraoui et al., 2007;
Marchessault, Morehead, & Walter, 1959) and hydrochloric acid
hydrolysis (Araki, Wada, Kuga, & Okano, 1998); biological treat-
ments, e.g., enzyme-assisted hydrolysis (Henriksson, Henriksson,
Berglund, & Lindstrom, 2007; Pääkkö et al., 2007, 2008); TEMPO-
mediated oxidation (Isogai, Saito, & Fukuzumi, 2011; Saito, Kimura,
Nishiyama, & Isogai, 2007); as well as a combination of two or sev-
eral of these methods. All these methods lead to different types
of nanofibrillar materials, depending on the starting material and

pretreatment, and more importantly, depending upon the disinte-
gration process itself.

CNFs individualized by the aforementioned methods, termed
as cellulose nanocrystals, whiskers, nanowhiskers, microfibril-

dx.doi.org/10.1016/j.carbpol.2011.04.061
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yuhaipeng20000@yahoo.com.cn
dx.doi.org/10.1016/j.carbpol.2011.04.061


4 te Pol

l
w
(
2
N
a
I
m
o
d
t
t
m
I
a
t
o
u
a
p
o
d
t
K

u
h
i
i
s
w
C
T
m
f
o
m
l
d
i
i
t
t
2
t
i
a
o
I
t

u
b
c
c
w
n
l
n
a
c
i
b
m
F
(

placed in a freeze-dryer (Scientz-10N, Ningbo Scientz Biotechnol-
ogy Co., Ltd, China) to allow frozen water in the material to sublime
54 W. Chen et al. / Carbohydra

ated cellulose, microfibril aggregates, nanofibers, have found
idespread use as reinforced nanocomposites, foams, aerogels,

Siqueira, Bras, & Dufresne, 2008; Svagan, Samir, & Berglund,
008), optically transparent functional materials (Nogi, Iwamoto,
akagaito, & Yano, 2009; Sehaqui, Liu, Zhou, & Berglund, 2010),
nd oxygen-barrier layers (Fukuzumi, Saito, Iwata, Kumamoto, &
sogai, 2009); despite this, their lengths are often limited to the

icron scale or are less than 100 nm due to aggressive hydrolysis
r high shearing forces which attack the noncrystalline fractions
uring fibrillation. However, in some specific applications such as
issue engineering scaffolds, ultralong CNFs are needed to mimic
he architecture of the extracellular matrix (ECM) for cell attach-

ent and nutrient transportation (Xia, 2008; Xie, Li, & Xia, 2008).
n addition, ultralong CNFs have a high aspect ratio and surface
rea as well as a web-like entangled structure which could improve
he toughening of the composites, all of which may  provide new
pportunities for many applications. Thus, the preparation of highly
niform and ultralong CNFs from plant fibers is a very important
nd challenging issue. Compared with the conventional top-down
rocess, electrospinning seems better-suited for generating fibers
f high length and uniform width (Li & Xia, 2004). However, the
issolution process prior to electrospinning often leads to the struc-
ural elements of the amorphous or cellulose II type (Kim, Kim,
ang, Marquez, & Joo, 2006), which typically has reduced strength.

To extract ultralong CNFs with cellulose I crystal form from nat-
ral plant fibers, initial chemical treatment is required to fabricate
ighly purified cellulose I fibers. Furthermore, rational fibrillation

s important for the disintegration of chemically purified fibers
nto slender nanofibers. Among all CNFs preparation routes, ultra-
onication seems to be a well method suited for isolating CNFs
ith relatively high lengths (Cheng, Wang, Rials, & Lee, 2007;
heng, Wang, & Rials, 2009; Tischer, Sierakowski, Westfahl, &
ischer, 2010; Zhao, Feng, & Gao, 2007). Because this fibrillation
ethod mainly relies on the effect of acoustic cavitation of high

requency ultrasound in the formation, expansion, and implosion
f microbubbles in aqueous solution. The violent collapse induces
icrojets and shock waves on the surface of the purified cellu-

ose fibers, causing erosion which leads to a split along the axial
irection. The sonification impact can break the relatively weak

nterfaces between the microfibrils bonded mainly by nonbonding
nteractions such as van der Waals forces (Zhao et al., 2007). On
he other hand, the covalent bonds along the longitudinal direc-
ion of the cellulose molecule chains remain intact (Li & Renneckar,
011). Ultrasonication therefore has potential to extract and main-
ain the original lengths of the microfibrils. However, microfibrils
n plant cell walls are only several microns in length (Burgess, 1979)
nd ∼3 nm in width (Somerville et al., 2004). The lengths of CNFs
btained by ultrasonication will therefore hardly to reach 100 �m.
t is therefore necessary to choose an efficient method to assemble
he micron-long fibrils into millimeter-long CNFs.

A route proposed here is to prepare millimeter-scale CNFs of
niform diameters and of the cellulose I crystal form from bam-
oo fibers. Highly purified cellulose fibers were first produced by
hemical pretreatment. Next, high intensity ultrasonication was
onducted to isolate slender nanofibrils (as the obtained samples
ere 1–5 nm width and several microns long, so a term of cellulose
anofibrils was used here compared with that of millimeter-

ong CNFs) and to disperse them in water. The resulting cellulose
anofibrils were further assembled into millimeter-long CNFs by

 freeze-drying method. The chemical composition, morphology,
rystalline behavior, and thermal property of the CNFs and their
ntermediate products were characterized and compared in detail
y means of chemical analysis, field emission scanning electron
icroscope (FE-SEM), transmission electron microscope (TEM),
ourier transform infrared spectroscopy (FTIR), X-ray diffraction
XRD), and thermogravimetric analysis (TG).
ymers 86 (2011) 453– 461

2. Experimental

2.1. Raw materials

Bamboo, wheat straw, and softwood fibers were used as native
cellulose fibers. Mature culms of Moso bamboo were collected from
Zhejiang Province, China. Wheat straw and softwood (from Abies
nephrolepis) fibers were collected from local farms in Heilongjiang
Province, China in 2007. All samples sieved under 60 mesh were air-
dried and stored at room temperature. Benzene, ethanol, sodium
chlorite, acetic acid, potassium hydroxide, hydrochloric acid, and
other chemicals were of laboratory grade and were used without
further purification.

2.2. Removal of matrix components

Chemical purification of bamboo, wheat straw and softwood
fibers was  performed according to literature with minor modifi-
cations (Chen et al., 2011). Briefly, 2 g of samples was dewaxed in a
Soxhlet apparatus with a 2:1 (v/v) mixture of benzene/ethanol for
6 h. Afterward, lignin in the samples was removed using an acidi-
fied sodium chlorite solution at 75 ◦C for an hour; the process was
repeated five times, resulting in holocellulose fibers (Ho-CFs). Next,
the Ho-CFs were treated with 2 wt%  potassium hydroxide at 90 ◦C
for 2 h to remove hemicelluloses, residual starch, and pectin. To
obtain highly purified cellulose, the samples were further treated
with an acidified sodium chlorite solution at 75 ◦C for an hour and
then treated with 5 wt%  potassium hydroxide at 90 ◦C for 2 h, result-
ing in alkali-treated cellulose fibers (Al-CFs). Last, highly purified
acid-treated cellulose fibers (Ac-CFs) were prepared by treating
Al-CFs with 1 wt% hydrochloric acid solution at 80 ◦C for 2 h and
thoroughly washing them with distilled water. To avoid gener-
ating strong hydrogen bonds between the cellulose bundles after
matrix components removal, the samples were kept in the water-
swollen state all the time. Nomenclatures for the different kinds
of cellulose fibers are: Raw-BFs, raw bamboo fibers; Ho-CFs, holo-
cellulose fibers; Al-CFs, alkali-treated cellulose fibers; and Ac-CFs,
acid-treated cellulose fibers.

2.3. Ultrasonical disintegration

After chemical pretreatment, highly purified Ac-CFs were
soaked in distilled water at approximately 0.05% (w/w) solid
content. About 120 ml  of a solution containing Ac-CFs was then
placed in a common ultrasonic generator (JY98-IIID, Ningbo Sci-
entz Biotechnology Co., Ltd., China) 20–25 kHz in frequency and
equipped with a cylindrical titanium alloy probe tip 1.5 cm in diam-
eter. The subsequent ultrasonication was conducted for 30 min  at
an output power of 1200 W,  resulting in a cellulose nanofibrils sus-
pension. The sonicated suspension was then centrifuged to sepa-
rate the large bundles from the nanofibrils; slender nanofibrils were
obtained from the supernatant fraction. The bundles of the nanofib-
rils, collected as sediments, were re-treated by high intensity ultra-
sonication. Ultrasonic treatment was  carried out in an ice/water
bath. Ice was maintained throughout the entire ultrasonication.

2.4. Assembly of the cellulose nanofibrils into ultralong CNFs

The transparent supernatant of the cellulose nanofibrils
obtained after centrifugation was  poured into a glass Petri dish
(the thickness of water “layer” is about 2 mm)  and then placed in
a refrigerator at −18 ◦C for more than 24 h. The sample was then
directly from the solid phase to the gas phase, and to assemble the
cellulose nanofibrils into ultralong CNFs owing to the driving forces
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Fig. 1. SEM images of (a) Raw-BFs, (b) Ho-CFs (insert shows the high magnification SEM graph of Ho-CFs), (c) Al-CFs (insert shows SEM graphs of single fiber and parenchyma
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ell  of Al-CFs, respectively), (d) Ac-CFs (insert shows SEM graphs of single fiber and
e)  and parenchyma (f) cells of (d).

f hydrogen bonds formed between the hydroxyl groups of cellu-
ose. The cold trap temperature was <−55 ◦C and the vacuum was
15 Pa during the freeze-drying process.

.5. Chemical composition measurement

The chemical composition of the untreated and chemically
reated bamboo fibers was measured in accordance with the stan-
ards of the Technical Association of Pulp and Paper Industry
TAPPI). The holocellulose (cellulose + hemicelluloses) content was

etermined according to the method described in TAPPI T19m-54.
he �-cellulose content of the fibers was then determined by fur-
her NaOH treatment of the fibers to remove the hemicelluloses.
he difference between the values of holocellulose and �-cellulose
chyma cell of Ac-CFs, respectively), and FE-SEM micrographs of the surface of fiber

gives the hemicelluloses content of the fibers. Lignin content was
analyzed by reaction with sulfuric acid using the standard method
recommended in TAPPI-T222 om-88. A minimum of three sam-
ples from each material was tested, and the averaged values were
obtained.

2.6. Optical transmittance

A cellulose nanofibrils dispersion was introduced into a
poly(methyl methacrylate) disposable cuvette, and the trans-

mittance was  measured from 300 to 800 nm using a UV–vis
spectrophotometer (TU-1900, Beijing Purkinje General Instrument
Co., Ltd., China). The spectrum of a cuvette filled with water was
used as a reference to correct the transmittance of the dispersion.
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Table 1
Chemical compositions of Raw-BFs, Ho-CFs, Al-CFs and Ac-CFs.

Samples �-Cellulose (%) Hemicelluloses (%) Total lignin (%)

3.2. Ultrasonication of Ac-CFs in water

The chemically purified Ac-CFs were subjected to ultrasonic
treatment. Photographs of the dispersions of the obtained cellu-
56 W. Chen et al. / Carbohydra

.7. Transmission electron microscope (TEM)

Transmission electron microscope (TEM) images of the cellulose
anofibrils were taken using a FEI Tecnai G2 electron micro-
cope at 80 kV acceleration voltage. Drops of dilute nanofibrils
uspensions were deposited onto glow-discharged, carbon-coated,
lectron microscopy grids; excess liquid was absorbed by a piece
f filter paper. The samples were subsequently stained with a 2%
hosphotungstic acid solution to enhance microscopic resolution.
iameters of the cellulose nanofibrils were calculated from the TEM

mages using a microscope image analysis system (TDY-V5.2, Bei-
ing Tianhong Precision Instrument Technology Co., Ltd., China),

hich were used to illustrate size distributions.

.8. Scanning electron microscope (SEM)

Suspensions of the cellulose fibers before and after the ultra-
onic process were subjected to freeze-drying; the obtained sheets
ere coated with gold by an ion sputter coater and were observed

hrough scanning electron microscope (Quanta200, FEI, USA) and
hrough field emission scanning electron microscope (Sirion 200,
EI, Netherlands). Diameters of the CNFs were calculated from FE-
EM images using a microscope image analysis system (TDY-V5.2,
eijing Tianhong Precision Instrument Technology Co., Ltd., China),
hich were used to illustrate size distributions.

.9. FT-IR spectroscopy

FTIR spectra were recorded on a Fourier Transform Infrared
nstrument (Magna 560, Nicolet, Thermo Electron Corp., USA) in
he range of 400–4000 cm−1 with a resolution of 4 cm−1. The dried
amples were ground into powder by a fiber microtome and were
hen blended with KBr before being pressed into ultra-thin pellets.

.10. X-ray diffraction analysis

The XRD patterns for Raw-BFs, chemically treated cellulose
bers, and isolated CNFs were measured with an X-ray diffractome-
er (D/max 2200, Rigaku, Japan) using Ni-filtered Cu K� radiation
� = 1.5406 Å) at 40 kV and 30 mA.  Scattered radiation was detected
n the range of 2� = 5–40◦ at a scan rate of 1◦/min. The crystallinity
ndex (CI)  was calculated from the height of the 200 peak (I2 0 0,
� = 22.6◦) and the intensity minimum between the peaks at 2 0 0
nd 1 1 0 (Iam, 2� = 18◦) using the Segal method (Segal, Creely,
artin, & Conrad, 1959) (Eq. (1)). I2 0 0 represents both a crystalline

nd amorphous material, whereas Iam represents an amorphous
aterial.

I (%) =
(

1 − Iam

I2 0 0

)
× 100 (1)

.11. Thermal stability

Thermogravimetric analysis was performed to compare the
egradation characteristics of Raw-BFs, chemically treated cel-

ulose fibers, and isolated CNFs. The thermal stability of each
ample was determined using a thermogravimetric analyzer (Pyris
, PerkinElmer, USA) at a heating rate of 10 ◦C/min in a nitrogen
nvironment.

. Results and discussion
.1. Preparation of chemically purified cellulose fibers

To extract highly purified cellulose fibers from Raw-BFs, hemi-
elluloses and lignin were removed according to conventional
Raw-BFs 41.8 ± 1.9 27.2 ± 4.3 23.2 ± 2.7
Ho-CFs 64.7 ± 0.7 35.3 ± 4.5 0.1
Al-CFs 84.4 ± 1.8 14.6 ± 1.5 0.1
Ac-CFs 93.3 ± 2.7 6.7 ± 2.5 0.1

methods using NaClO2 and KOH solutions, respectively. HCl
treatment was  conducted to remove the alkali insoluble matrix
components. The changes in chemical composition due to chem-
ical treatment are presented in Table 1. Raw-BFs have the highest
percentage of hemicelluloses (27.2%) and lignin (23.2%) and the
lowest percentage of �-cellulose (41.8%). When the fibers were sub-
jected to NaClO2 treatment, the lignin concentration of the Ho-CFs
decreased to 0.1%, whereas the �-cellulose and hemicelluloses con-
centration of the Ho-CFs increased to 64.7% and 35.3%, respectively.
After KOH treatment, the �-cellulose concentration of the Al-CFs
increased to 84.4% due to the hydrolyzation of the hemicelluloses.
When HCL treatment was  conducted, the �-cellulose concentration
of the Ac-CFs further increased to 93.3%, resulting in highly purified
cellulose fibers.

The cellulose fiber structure changed according to the removal
of matrix components (Fig. 1). The Raw-BFs are composed of fiber
cells and parenchyma cells (Fig. 1a); the structures of both were
also maintained after NaClO2 treatment removed most of the lignin
(Fig. 1b). However, cracks are frequently observed in the Ho-CFs,
indicating that cohesion between the fibers was reduced. When
KOH treatment was performed to hydrolyze most hemicelluloses,
a number of single cells were obtained (Fig. 1c). The single cells
were clearly distinguished into two different types: fibrous cells
and rectangular cells (regarded mostly as fiber and parenchyma
cells, respectively). After HCl treatment, the microstructure of both
cells was  maintained and single fibrous cells as well as parenchyma
cells can be clearly observed (Fig. 1d). High magnification FE-SEM
micrographs (Fig. 1e and f) show a similar appearance of continuous
nanofibrils having widths smaller than 20 nm in both cells. These
micrographs are in excellent agreement with previous research
(Abe & Yano, 2010). To extract these nanofibrils from the purified
Ac-CFs, an efficient defibrillation process is required.
Fig. 2. Photographs of dispersions of (a) Raw-BFs, (b) Ho-CFs, (c) Al-CFs, (d) Ac-
CFs,  (e) 0.05 wt% cellulose nanofibrils after ultrasonication, and (f) supernatant of
suspension e after centrifugation at 6000 r/min for 5 min, the concentration was
carefully adjusted to 0.05 wt% by evaporation of the water.
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Fig. 3. Assemble of the bamboo ce

ose nanofibrils and their intermediate products in water, and of
he corresponding visible-light transmittances are shown in Fig. 2.
aw-BFs sediment spontaneously at the bottom of the glass bottle
nd yellow fibers became white after NaClO2 treatment, indi-
ating that an appreciable amount of lignin was removed. The
ber shape of the Ho-CFs in water was maintained after KOH
nd HCL treatment; all fibers precipitated at the bottom of the
lass bottle leaving no dispersion in water. When 1200 W ultra-
onication of the Ac-CFs was conducted for 30 min, the obtained
anofibrils dispersed in water (Fig. 2e). However, the dispersion
ad high turbidity. The transmittance of 0.05 wt% suspension at
00 nm was <60%, indicating that an appreciable amount of bundles
r aggregates of the nanofibrils were still present in the disper-
ion. Therefore, fibers that were not completely disintegrated into
anofibrils were separated as sediments by centrifugation and

ighly transparent cellulose nanofibrils dispersion was  obtained

rom the supernatant fraction (Fig. 2f). The transmittance of the
ispersion was over 85% for visible light. The slurry of the cellu-

ose nanofibrils exhibited remarkably high viscosity. The cellulose
e nanofibrils into ultralong CNFs.

nanofibrils/water dispersion at 0.3 wt% consistency formed hard
gels and was  converted into an optically transparent film after oven
drying (Figure S1 in Supporting Information). A homogeneous dis-
persion of cellulose nanofibrils with high surface-to-volume ratio
in water was  therefore obtained.

3.3. Assembly of the cellulose nanofibrils into ultralong CNFs

TEM observations (Fig. 3a and b) reveal that high intensity
ultrasonication resulted in the defibrillation of Ac-CFs into slender
cellulose nanofibrils having 1–5 nm cross-sectional width (Fig. 3c)
and at least a few microns long. The nanofibrils were ordered along
the longitudinal direction and some aggregates were also observed
(Figure S2 in Supporting Information). The appearance of laterally
aggregated nanofibrils in the TEM images is expected due to the

high specific area and strong hydrogen bonds established between
the nanofibrils. When the dispersing aqueous medium was  slowly
removed by freeze-drying, the nanofibrils and their aggregates
were assembled parallel to each other and were aligned side-by-
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Fig. 4. Structural characterization of ultralong CNFs produced from wheat straw and softwood (from Abies nephrolepis) fibers. (a) SEM image of wheat straw CNFs; (b) FE-SEM
image of wheat straw CNFs (insert shows the high magnification FE-SEM graph of wheat straw CNFs); (c) TEM image of wheat straw cellulose nanofibrils (insert shows TEM
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mage  of single wheat straw cellulose nanofibril). (d) SEM image of softwood (fro
insert  shows the high magnification FE-SEM graph of softwood (from Abies neph
insert  shows TEM image of single softwood (from Abies nephrolepis) cellulose nano

ide by the driving forces of hydrogen bonds that formed between
he hydroxyl groups on the surface of the cellulose nanofibrils, as
ell as the bonding energies contributed by other interactions, thus

rganizing them into ultralong CNFs without the use of binders. The
ow magnification SEM images (Fig. 3d and Figure S3 in Support-
ng Information) show that the lengths of these individual CNFs
re larger than one millimeter. We  even have found the longest
ellulose nanofiber with a length at or exceeding 4 mm during
ur SEM observation, which is almost 2000 times longer than the
anowhiskers typically produced by acid hydrolysis methods (Siró

 Plackett, 2010). The ultralong CNFs exhibited a very straight and
mooth surface with uniform diameters; no defects were observed
t the surface of the CNFs (Fig. 3d–g and Figure S4 in Support-
ng Information). The diameters of 79.1% of the CNFs range from 30
o 80 nm (Fig. 3h). The aspect ratio of single CNFs was over 10,000.
s the TEM observation reveals that most of the slender cellulose
anofibrils were 1–5 nm in width and were several microns long.
hus, each millimeter-scale cellulose nanofiber consists of millions
f slender nanofibrils along the longitudinal direction. Fig. 3i shows

 CNFs sheet that is light, flexible, and can easily be handled by
weezers. Such a porous sheet consisting of ultralong CNFs, are
xpected to find use in various fundamental and applied fields such
s self-assembled nanofiber templates for green nanocomposites,
issue engineering scaffolds, filtration media, and packaging films.

Ultralong CNFs were also individualized from other cellulosic
aterials using the same methods. For wheat straw (Fig. 4a and b,

nd Figure S5 in Supporting Information) and softwood (from Abies
ephrolepis) (Fig. 4d and e, and Figure S6 in Supporting Information)
bers, SEM images confirm that millimeter-scale CNFs may  also
e successfully obtained as effectively as from bamboo fibers. The
engths of the CNFs were larger than 1 mm,  the diameters range
f the isolated CNFs from wheat straw and softwood fibers, was
0–100 nm (Figure S7 in Supporting Information) and 40–90 nm
Figure S8 in Supporting Information), respectively. Slender
es nephrolepis) CNFs; (e) FE-SEM image of softwood (from Abies nephrolepis) CNFs
s) CNFs); (f) TEM image of softwood (from Abies nephrolepis) cellulose nanofibrils
.

nanofibrils, 2–7 nm in diameters (Figures S9 and S10 in Support-
ing Information), were also observed from the TEM micrographs of
the suspensions of wheat straw and softwood CNFs (Fig. 4c and f),
indicating that the obtained ultralong CNFs were also assembled
from slender cellulose nanofibrils during freeze-drying. Further-
more, ultralong CNFs were also produced from hardwood (from
Populus spp.) and bagasse fibers (Figures S11 and S12 in Support-
ing Information). These results indicate that the simple method
mentioned in this paper may also be extended to fabricate ultralong
nanofibers from many other kinds of natural polysaccharides such
as cellulose or chitin by carefully controlling the process conditions.

3.4. Chemical and crystal structures of CNFs

FT-IR spectra of the bamboo CNFs and their intermediate prod-
ucts are shown in Fig. 5. The peak at 1508 cm−1 in the spectrum
of the Raw-BFs, which is attributed to the C C stretching vibration
in the aromatic ring of lignin, disappeared completely in the Ho-
CFs. This indicates that lignin was well removed from the newly
prepared Ho-CFs by NaClO2 treatment. The peaks at 1737 cm−1

in the spectrum of the Ho-CFs represent either the acetyl and
uronic ester groups or the ester linkage of carboxylic group of the
ferulic and p-coumeric acids of hemicelluloses (Alemdar & Sain,
2008). The absence of this peak in the Al-CFs is attributed to the
removal of most of the hemicelluloses during the KOH process.
When HCl treatment was further conducted, the main absorbance
peaks of the Ac-CFs were similar to that of the Al-CFs, indicat-
ing that only a small amount of alkali insoluble hemicelluloses
and lignin remained and were removed by HCL. These results are
in excellent agreement with the chemical composition analysis

shown in Table 1. After ultrasonic fibrillation, the spectrum of the
CNFs was fairly close to that of the Ac-CFs. The band at 3400 cm−1

is attributed to O–H stretching vibration. The bands at 2893 and
1431 cm−1 are characteristics of C–H stretching and the bending of
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CH2 groups, respectively, whereas the peaks at 1640 and 897 cm−1

re attributed to the H–O–H stretching vibration of absorbed water
n carbohydrate and the C1–H deformation vibrations of cellulose,
espectively. This fact indicated that a larger amount of hemicellu-
oses and lignin were removed during the chemical procedures and
he original molecular structure of cellulose was  maintained even
fter matrix components removal and ultrasonic treatments.

Fig. 6 is a comparison of the X-ray diffraction profiles and
he apparent crystallinity of the Raw-BFs, chemically treated cel-
ulose fibers, and CNFs. All samples had diffraction peaks at
� = 16.5◦ and 22.5◦ and are believed to represent the typical cel-

ulose I pattern (Nishiyama, Langan, & Chanzy, 2002; Nishiyama,
ugiyama, Chanzy, & Langan, 2003). Thus, the original cellulose
rystal integrity was maintained during the process of CNFs prepa-
ation. However, the apparent crystallinity of the fibers apparently
hanged. The apparent crystallinity of the Raw-BFs was  53.39%.

fter NaClO2 treatment, the apparent crystallinity of the Ho-CFs

ncreased to 57.65% owing to the removal of lignin. The appar-
nt crystallinity of the Al-CFs increased to 66.91% because of the

ig. 6. X-ray diffraction patterns and crystallinities (insert) of (a) Raw-BFs, (b) Ho-
Fs, (c) Al-CFs, (d) Ac-CFs, and (e) CNFs.
Fig. 7. TG curves and degradation temperatures (insert) of (a) Raw-BFs, (b) Ho-CFs,
(c)  Al-CFs, (d) Ac-CFs, and (e) CNFs.

removal of most hemicelluloses which exist in the amorphous
regions. A slight decrease in crystallinity occurred upon HCL treat-
ment. After ultrasonic defibrillation, the ultrasonic defibrillation of
the CNFs decreased compared with that of the Ac-CFs, indicating
that a substantial part of the noncrystalline domains remain essen-
tially intact; this could lead to high length and aspect ratio of the
CNFs. However, the apparent crystallinity of the CNFs was still as
high as 61.25%. The high crystalline CNFs could be more effective
in providing better reinforcement for composite materials because
the high Young’s modulus (138 GPa) of the crystal region along the
longitudinal direction (Sakurada et al., 1962).

3.5. Thermal properties of the CNFs

Fig. 7 shows thermogravimetric curves of Raw-BFs, chemically
treated cellulose fibers, and CNFs. All the TG curves show an initial
small drop between 50 ◦C and 150 ◦C, which corresponds to a mass
loss of approximately 5% absorbed moisture. Decomposition of the
Raw-BFs shows several stages, indicating the presence of differ-
ent components that decompose at different temperatures. Due to
the low decomposition temperatures of hemicelluloses, lignin, and
pectin, the Raw-BFs started to degrade at around 210.0 ◦C, and their
dominant thermogravimetric (DTG) peak was  observed at around
344.5 ◦C accounted for the pyrolysis of cellulose. The degradation
temperature of Ho-CFs slightly increased to 244.3 ◦C due to the
removal of lignin. After most of the hemicelluloses were hydrolyzed
by the KOH treatment, the degradation temperature of the Al-
CFs was  apparently increased to 327.1 ◦C; this further increased to
339.4 ◦C when HCL treatment was conducted to remove the alkali
insoluble matrix components. For the CNFs, degradation began at
309.7 ◦C. Thus, a substantial part of the noncrystalline domains
existed after the ultrasonication and freeze-drying processes which
are necessary for the preparation of ultralong CNFs. These results
corroborate the results obtained from chemical composition anal-
ysis, FTIR, and X-ray measurement. The higher thermal stability of
the CNFs relative to the Raw-BFs may  broaden the application area
of the cellulose fibers especially at the temperatures larger than
200 ◦C for biocomposite processing.

4. Conclusion
Ultralong CNFs of cellulose I crystal form, >1 mm in length,
and 30–80 nm in diameter were prepared from bamboo fibers by
conventional chemical pretreatment combined with high intensity
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ltrasonication followed by freeze-drying. Microstructure obser-
ations demonstrate that the ultralong CNFs were organized by
illions of parallel nanofibrils 1–5 nm in width and several microns

ong; these produce almost transparent and highly viscous disper-
ion. The main composition of the CNFs was cellulose due to the
emoval of non-cellulosic polysaccharides via chemical treatment.
rystallinity and thermal stability increased with the removal of
atrix components. The crystallinity of the CNFs reached approx-

mately 61.25%, whereas the thermal degradation temperature of
he CNFs was over 309 ◦C. The present work has also been fabri-
ated millimeter-long CNFs from wheat straw and softwood fibers,
nd we hope that the method described here could be extended to
rovide a route to produce ultralong nanofibers from other natural
olysaccharide materials.
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