PEER-REVIEWED ARTICLE

bioresources.com

Isolation and Characterization of Cellulose Nanofibers
from Bambusa rigida
Wen He,* Shenxue Jiang, Qisheng Zhang, and Minzhu Pan
Alpha cellulose was extracted from Bambusa rigida fibers by carrying out
Soxhlet extraction and bleaching and alkali treatments with acidified
sodium chlorite solution and sodium hydrate solution. Then, cellulose
nanofibers were isolated from α-cellulose with the combination of (33
wt%) sulfuric acid and ultrasonic treatment. The nano-sized fibers were
successfully isolated, and the average diameters were about 10 to 30
nm. FTIR showed that a majority of the hemicelluloses and lignin were
removed from the raw fiber and that the chemical constituents of αcellulose and cellulose nanofibers were similar. XRD showed that the
obtained nano-fibers presented a cellulose I structure, and thus the
crystallinity of cellulose nanofibers was significantly increased. TGA
showed that the thermal stability of the cellulose nanofibers was
significantly improved. The relative crystallinity and thermal degradation
o
temperature of the cellulose nanofibers reached 61.21% and 315.2 C,
respectively.
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INTRODUCTION
In recent decades, cellulose nanofibers have attracted extensive interest because
of their negligible thermal expansion, superior mechanical properties, high surface areato-volume ratio, and high surface area, as well as their sustainability, biocompatibility,
and broad chemical modification and assembly capacity (Beecher 2007; Dong et al.
2012; Habibi et al. 2010; Nakagaito et al. 2010). Today, applications of cellulose
nanofibers are focused on numerous areas: biomedical applications (Czaja et al. 2007;
Klemm et al. 2005), reinforcement in nanocomposites (Nogi and Yano 2008; Wu et al.
2012), electronic papers and fuel cell membranes (Shah and Brown 2004; Shi et al.
2012), gas barrier films and optically transparent functional materials (Fukuzumi et al.
2009; Liu and Berglund 2012; Nogi et al. 2009), among others.
In general, cellulose nanofibers are isolated from a number of different cellulosic
sources, such as natural plant fibers, algae, tunicates, and bacterial cellulose. As an
important natural resource, wood is widely used to isolate cellulose nanofibers; however,
the demand for such raw materials has increased. Therefore, interest in agricultural crops
and their by-products, such as sugar beet pulp (Habibi and Vignon 2007), wheat straw
and soy hulls (Alemdar and Sain 2008), or even bagasse (Bhattacharya et al. 2008), palm
trees (Bendahou et al. 2010), ramie (Bhattacharya et al. 2008), carrots (Siqueira et al.
2010a), and bamboo (Chen et al. 2011), is increasing. It has become important to find
renewable plants for use in the production industries.
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A number of isolation methods have been used to disintegrate cellulose nanofibers from various cellulosic materials. The main methods have been based on mechanical treatments, including homogenizing and microfluidizing (Aulin 2009; Dinand et al.
2002), grinding (Iwamoto et al. 2007), and cryocrushing (Alemdar et al. 2008). In
general, pre-treatments have been applied prior to the mechanical process, including
sulfuric acid hydrolysis (Elazzouzi-Hafraoui et al. 2007), hydrochloric acid hydrolysis
(Araki et al. 2000; Ummartyotin et al. 2012), TEMPO-mediated oxidation (Saito and
Isogai 2006), carboxymethylation (Aulin et al. 2009), and enzyme-assisted hydrolysis
(Pääkkö et al. 2007). Generally speaking, all these methods lead to different types of
nanofibrillar materials, depending on the cellulose raw material, its pretreatment, and the
disintegration process itself.
Recently, the combination of sulfuric acid and ultrasonication to isolate cellulose
nanofibers has been reported by some researchers. The methods proposed were
convenient and had less effect on the fiber characteristics and properties (Cheng et al.
2007; Tischer et al. 2010). Sulfuric acid hydrolysis mainly removes the amorphous
regions of the cellulose, leaving the crystalline regions in a stable colloidal suspension
due to the electrostatic repulsion between the negative sulfate groups on the cellulose
microﬁbril surface (Siqueira et al. 2010b). During an ultrasonic treatment, strong
mechanical oscillating powers generally break down the interaction force between
cellulose microfibrils and finally disintegrate the fibers into nanofibers.
Bambusa rigida is a medium-sized sympodial bamboo, which is a fast-growing
plant and contains abundant celluloses. Generally, it is used to manufacture handles for
farm tools and bamboo plywood, therefore, Bambusa rigida has lower economic values.
However, the isolation and characterization of cellulose nanofibers from Bambusa rigida
has not been previously reported. This study was designed to isolate cellulose nanofibers
from Bambusa rigida fibers using a combination of sulfuric acid treatment and an
ultrasonic process. The morphology, crystallinity, and thermal properties of the isolated
nanofibers and their intermediate products were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared
spectros-copy (FTIR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA).

EXPERIMENTAL
Raw Materials Preparation
Bambusa rigida was collected from a bamboo plantation in Nanjing county in
Jiangsu province, China (31°14'N to 32°36'N, 118°22'E to 119°14'E). Both the outer and
inner sides of bamboo culms were removed. The remaining part was cut into small pieces
and then ground into powder (using 60 to 80 mesh) as original material, and then the
powder was oven-dried at 105 °C for 24 h and stored in a desiccator at room temperature.
Benzene, ethanol, sodium chlorite, acetic acid, potassium hydroxide, sulfuric acid, and
other chemicals were of laboratory grade and were used without further purification.
Extraction of α-cellulose
The extraction of α-cellulose from B. rigida was performed according to the
methods of Abe et al. (2007) and Abe and Yano (2009). Bamboo powders were first
dewaxed in a Soxhlet apparatus with a 2:1 (v/v) mixture of benzene and ethanol for 6 h to
remove part of the extractives, and then the dewaxed sample was washed with neutral tap
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water and dried for 12 h at 100 °C in an air-circulating oven. Lignin in the dewaxed
sample was then removed using an acidified sodium chlorite solution at 70 °C for 1 h,
and the process was repeated six times; then, the product was washed with distilled water
until it became neutral. Next, the product was soaked in a 5 wt% potassium hydroxide
solution for 24 h and vigorously stirred at 90 °C for 2 h to remove hemicelluloses,
residual starch, and pectin. After these chemical treatments, the product was filtered and
cleaned with distilled water until it was neutral.
Isolation of Cellulose Nanofibers
Cellulose nanofibers were prepared by the combination of acid hydrolysis and
ultrasonic treatment from the cellulose obtained above. Acid hydrolysis was carried out
using a 33 wt% sulfuric acid solution at 90 °C. The time of hydrolysis in this study was
fixed at 60 min, which was found to be the optimum time. The ratio of the obtained
cellulose to distilled water was 1:10 (wt%). Once the reaction time was reached, distilled
water of about 20 oC was added to stop the reaction. The sulfuric acid was partially
removed from the resulting suspension by centrifugation (10,000 rpm, 10 min). The unreactive sulfate groups were removed by centrifugation following dialysis. Then, the
samples were resuspended and dialyzed against distilled water with a cellulose membrane
until the pH reached 7. Next, the resulting cellulose was diluted in distilled water (0.1%
by mass), and the suspension obtained was then sonicated for 20 min using an ultrasonic
processor (JY98-IIID, Ningbo Scientz Biotechnology, China) at 15 to 20 kHz and an
output power of 800 W to isolate the nanofibers. The ultrasonic treatment was carried out
in an ice bath; the ice was maintained throughout the entire ultrasonication.
Scanning Electron Microscopy (SEM)
Suspensions of the cellulose fibers after the ultrasonic process were subjected to
freeze-drying. The obtained sheets were coated with gold by an ion sputter coater and
were observed under a scanning electron microscope (JSM-7600F, Japan) operating at
12.5 and 20 kV.
Transmission Electron Microscopy (TEM)
TEM observation of the resultant suspension of cellulose nanofibers was
performed on a JEM-2100 (Japan) electron microscope at an acceleration voltage of 80
kV. The diluted cellulose nanofibers were dropped onto carbon-coated electron
microscopy grids and then negatively stained by 1% phosphotungstic acid solution. A
TDY-V5.2 microscope image analysis system was used to measure the diameter of
cellulose nanofibers from the TEM images. The dimensional quantities were calculated
from the measurement of dozens of nanofibers and used to analyze the diameter
distribution.
Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra were recorded on a Fourier transform infrared (FTIR) instrument
(Nicolet Magna 560, USA) in the range of 600 to 4000 cm−1 with a resolution of 4 cm−1.
The samples were ground into powder by a fiber microtome and then blended with KBr
before the mixture was pressed into ultra-thin pellets.
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X-ray Diffraction (XRD) Analysis
The X-ray diffraction (XRD) patterns of the original bamboo fiber, holo-cellulose,
α-cellulose, and isolated cellulose nanofibers were obtained with an X-ray diffractometer
(D/max 2200, Rigaku, Japan) using Ni-filtered CuKa radiation (k = 1.5406 Å ) at 40 kV
and 30 mA. Scattered radiation was detected in the range of 2θ = 10 to 30° at a scan rate
of 4°/min. The crystallinity index (CI) was calculated from the height of the 200 peak
(I200, 2h = 22.6°) and the intensity minimum between the 200 and 110 peaks (Iam, 2h =
18°) using the Segal method (Segal and Meshulam 1979), as shown in Eq. 1. I200
represents both crystalline and amorphous material,

I 
CI %  1  am   100
 I 200 

(1)

where Iam represents the amorphous material.
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was performed using a thermogravimetric
analyzer (Pyris 6, Perkin-Elmer, USA) to determine the thermal stability of cellulose
fibers at different stages of purification. The samples were heated from room temperature
to 600 °C under a nitrogen atmosphere at a heating rate of 10 °C/min.

RESULTS AND DISCUSSION
Morphological Analysis
Figure 1 shows SEM images of the intermediate products during disintegration of
cellulose nanofibers. The aliphatic acid, pigment, and other extracts were removed from
the raw material after Soxhlet extraction with a mixture of benzene and ethanol, and the
color of the raw fiber became light yellow.
Figures 1c and 1d show the morphology of holo-cellulose and α-cellulose,
respectively. It is apparent that after the chemical treatments, the raw fibers were
separated into individual micro-sized fibers, which were reported to be composed of
strong hydrogen bonding nanofibers (Abe and Yano 2009, 2010). On the other hand, it
can be shown that the α-cellulose was separated into two distinguishably different types
of cells, fibrous cells and rectangular cells, which can be regarded as fiber and
parenchyma cells, respectively (Abe and Yano 2010).
Figure 1e and Fig. 2 show the morphology of cellulose nanofibers under SEM and
TEM, respectively. Both figures display a classical web-like network structure in which
the fibers occur as very long entangled cellulosic filaments. Figure 3 shows the diameter
range of cellulose nanofibers obtained: The lateral size of cellulose nanofibers was about
10 to 30 nm in width.
Generally, the diameter of a single microfibril is reported to be about 3 to 5 nm in
higher plants (Somerville et al. 2004). Hence, the observed nanofiber is suggested to be
the original fibril aggregates. This finding indicates that fine nanofibers were successfully
obtained from Bambusa rigida.
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Fig. 1. Photograph (a) raw fiber and SEM images of (b) extracted fiber, (c) holo-cellulose,
(d) α-cellulose, and (e) cellulose nanofibers
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Fig. 2. TEM image of cellulose nanofibers

Fig. 3. Diameter range of cellulose nanofibers

FTIR Spectroscopy Analysis
FTIR spectra of the cellulose nanofibers and their intermediate products are
shown in Fig. 4. The peak at 1510 cm−1 in the spectrum of the original fiber, which is
attributed to the C=C stretching vibration in the aromatic ring of lignin (Sun et al. 2000;
Juby et al. 2012), disappeared completely on the curve of holo-cellulose. This indicates
that lignin was well removed from the newly prepared holo-cellulose by acidic NaClO2
treatment. The peak at 1733 cm−1 in the spectrum of holo-cellulose represents either the
acetyl and uronic ester groups or the ester linkage of the carboxylic group of the ferulic
and p-coumeric acids of the hemicelluloses (Sain and Panthapulakkal 2006; Juby et al.
2012). However, this peak disappeared completely in the spectra of α-cellulose and
cellulose nanofibers, which could be attributed to the removal of most of the
hemicelluloses after KOH treatment. On the other hand, after sulfuric acid and ultrasonic
treatment, the spectrum of the cellulose nanofibers was fairly close to that of the αcellulose.
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Fig. 4. FTIR spectra of cellulose nanofibers isolated in all stages: (a) raw material, (b) holocellulose, (c) α-cellulose, and (d) cellulose nanofibers

The band at 3353 cm−1 is attributed to the O–H stretching vibration. The bands at
2903 and 1428 cm−1 are characteristics of C–H stretching and bending of –CH2 groups,
respectively, whereas the peaks at 1639 and 890 cm−1 are attributed to the H–O–H
stretching vibration of absorbed water in carbohydrates and the C1-H deformation
vibrations of cellulose, respectively. This fact indicated that hemicelluloses and lignin
were to a large degree removed after chemical purification and that the original molecular
structure of the cellulose was maintained even after the removal of the matrix
components and after ultrasonic treatments.
XRD Analysis
XRD analysis was performed to investigate the crystalline behavior of the
cellulose fibers. Figure 5 and Table 1 show the corresponding X-ray diffraction patterns
and the relative degree of crystallinity of the raw material, holo-cellulose, α-cellulose,
and cellulose nanofibers. All the diffractograms show peaks at around 2θ = 16.5° and
22.5°, which are believed to represent the typical cellulose I structure, indicating that the
crystal integrity had been maintained (Nishiyama et al. 2002, 2003). The relative degree
of crystallinity in the raw fiber, holo-cellulose, and α-cellulose was 52.50%, 54.24%, and
59.47%, respectively. Obviously, the crystallinity of celluloses increased after chemical
treatment, which can be attributed to the removal of lignin and hemicelluloses present in
the amorphous regions. In addition, the crystallinity of cellulose nanofibers had a slight
increase, with a value of about 61.21%, which could be a result of the damage to the
amorphous regions of α-cellulose after being treated with sulfuric acid. The highly
crystalline nanofibers could be more effective in providing better reinforcement and
thermal stability for composite materials.
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Fig. 5. X-ray diffraction patterns of (a) raw material, (b) holo-cellulose, (c) α-cellulose, and (d)
cellulose nanofibers

Table 1. Crystallinity of Cellulose Fibers at Different Stages
Samples
Raw fiber
Holo-cellulose
α-cellulose
Cellulose nanofiber

Relative Crystallinity (%)
52.50
54.24
59.47
61.21

Thermal Stability Analysis
Figure 6 shows thermogravimetric curves of the raw material, chemically-treated
cellulose fibers, and cellulose nanofibers.

Fig. 6. TG curves of (a) raw material, (b) holo-cellulose, (c) α-cellulose, and (d) cellulose
nanofibers
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All the TG curves showed an initial small mass loss around 100 °C, which could
be attributed to the evaporation of absorbed moisture (approximately 5%). The curves of
the raw material and holo-cellulose showed several different decomposition stages, which
indicate the presence of different components. The raw material showed a lower original
decomposition temperature (about 223 oC) due to the presence of hemicelluloses and
lignin (Wielage et al. 1999). The original degradation temperature of holo-cellulose
slightly increased to 231 oC due to the removal of lignin. Apparently, the degradation
temperature of α-cellulose was increased to 308.5 oC due to the removal of
hemicelluloses and lignin after chemical extraction. For the cellulose nanofibers, the
decomposition temperature increased to 315.2 oC, which could be due to the removal of
the alkali-insoluble matrix existing in the α-cellulose after being treated with sulfuric
acid. These findings are in accordance with the results obtained from FTIR and X-ray
measurements. The higher thermal stability of the cellulose nanofibers compared with the
raw material may broaden the application area of cellulose fibers, especially at
temperatures higher than 200 oC, for biocomposite processing.

CONCLUSIONS
1. Cellulose nanofibers were isolated from Bambusa rigida by chemical treatments
followed by ultrasonic fibrillation. Nanofibers with diameters ranging from 10 to 30
nm were successfully isolated from the raw material.
2. FTIR measurements of the fibers revealed the complete removal of hemicelluloses
and lignin during the chemical process.
3. The degree of crystallinity of the cellulose nanofibers reached was about 60.8%, and
cellulose nanofibers presented a typical cellulose I structure.
4. The cellulose nanofibers also exhibited enhanced thermal properties, with a thermal
degradation temperature higher than 315 oC, compared with that of approximately
220 oC for the raw material.
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