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In this work, α-cellulose was extracted from Phyllostachys nidularia 
Munro using an acidified sodium chlorite treatment followed by alkali 
treatments, and cellulose nanofibers (CNFs) were then extracted from α-
cellulose via the combination of sulfuric acid (64 wt%) and low-intensity 
ultrasonication. The results showed that superior CNFs were 
successfully extracted and their diameters were in the range of 5 to 20 
nm. Fourier transform infrared spectroscopy (FTIR) suggested that a 
majority of the hemicellulose and lignin were removed from the original 
material and that the chemical constituents of α-cellulose and CNFs were 
similar. X-ray diffraction (XRD) analysis indicated that the relative 
crystallinity of CNFs was significantly increased to approximately 69.32% 
and all specimens presented a typical cellulose I crystal form. 
Thermogravimetric analysis (TGA) showed that the thermostability of the 
CNFs was greatly increased.  

 
Keywords: Cellulose nanofibers; Ph. nidularia Munro; Extraction; Acid treatment; Ultrasonication 

 
Contact information: a: College of Materials Science and Engineering, Nanjing Forestry University, 

Nanjing 210037, China; b: Institute of Poplar Processing and Utilization Technologies, Siyang County, 

Jiangsu Province, China; *Corresponding author: hewen2011@njfu.edu.cn 

 

 
INTRODUCTION 
 

 For some decades now, cellulose has attracted extensive interest because of its 

biocompatibility, biodegradability, thermal stability, and sustainability, etc. (Sakurada et 

al. 1962; Nishino et al. 2004; Bergenstråhle et al. 2007). In nature, cellulose is a linear 

homopolymer of glucose (C6H10O5)n consisting of D-glucose in a 4C1 conformation, and 

a large number of nano-sized single cellulose nanofibers are self-assembled into 

microfibrils by hydrogen bonds between the hydroxyl groups of adjacent cellulose (Chen 

et al. 2011). The nanocelluloses mainly include cellulose nanocrystals (CNC) and 

cellulose nanofibrils (CNF). CNC also has been called nanocrystalline cellulose, whiskers, 

and nanowhiskers; while CNF has been called nanofibrillated cellulose and 

microfibrillated cellulose as well (Eichhorn et al. 2010; Siró and Plackett 2010). Recently, 

nanocelluloses have been noticed because of their superior properties such as little 

thermal expansion, outstanding mechanical properties, high surface area-to-volume ratio, 

and large surface area, as well as their sustainability, biocompatibility, and assembly 

capacity (Nishino et al. 2004; Orts et al. 2005; Bergenstråhle et al. 2007; Eichhorn et al. 

2010; Habibi et al. 2010). Generally, they have been extensively used as a reinforcing 

agent in composite materials (e.g., Siqueira et al. 2008), substrates for electronic displays 

or electrical condensers (Nogi and Yano 2008; Nogi et al. 2009), and oxygen-barrier 

layers in food packaging (Fukuzumi et al. 2009), as well as functional aerogels (Lu et al. 
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2014), etc. Consequently, the extraction of CNFs from renewable sources has gained 

much interest during the past few years.  

A number of extraction methods have been used to isolate nanocellulose from 

various cellulosic materials. Many reports indicate that mechanical treatments are the 

conventional methods; they include homogenizing (Herrick et al. 1983; Turbak et al. 

1983), grinding (Abe et al. 2007; Iwamoto et al. 2008), cryocrushing (Chakraborty et al. 

2005), and ultrasonication processing (Cheng et al. 2007, 2009). Despite these successful 

methods, there are still many problems such as low efficiency, high energy consumption, 

and high cost. To decrease energy consumption during mechanical treatments, pre-

treatments have generally been applied prior to the mechanical process, including sulfuric 

acid hydrolysis (Beck-Candanedo et al. 2005; Elazzouzi-Hafraoui et al. 2007), TEMPO-

mediated oxidation (Saito et al. 2007; Isogai et al. 2011), and enzyme-assisted hydrolysis 

(Pääkkö et al. 2007, 2008). In essence, in addition to the properties of raw materials, the 

characteristics of nanocelluloses are primarily decided by the different disintegration 

processes and pretreatments. 

Bamboo is a vital component of plant and forest resources of the world. There are 

over 70 genera and 1200 species of bamboo in the world. In previous works, cellulose 

nanocrystals were extracted from Bambusa rigida with a combination of low-

concentration sulphuric acid (33%) treatment and high-intensity ultrasonication (800W) 

processing (He et al. 2013); The result showed that the diameters of the nanocrystals 

were in the range of 30 to 60 nm. However, the Ph. nidularia Munro is different from the 

Bambusa rigida. The Bambusa rigida belongs to Bambusa (Sympodial bamboo), while 

the Ph. nidularia Munro belongs to Gramineae Bambusoideae Phyllostachys (Scattered 

bamboo). The Bambusa rigida has closely parenchymal tissue and longer vascular 

bundles compared to the Ph. nidularia Munro. Moreover, the chemical compositions of 

both are significantly different; in general, the hemicellulose, lignin, and α-cellulose of 

Bambusa rigida are around 28.1%, 23.81%, and 45.50%, respectively; while the 

hemicellulose, lignin, and α-cellulose of Ph. nidularia Munro are approximately 21.91%, 

20.20%, and 58.55%, respectively (Jiang 2002). On the other hand, the acid solution 

concentration and ultrasonic power have a big effect on the characterization and 

properties of nanocelluloses isolated from biomaterials (Chen et al. 2011).  Therefore, in 

this work, the authors attempt to extract superior CNFs from Phyllostachys nidularia 

Munro using a combination of high-concentration sulphuric acid (64%) treatment and 

low-intensity ultrasonication (400W) processing. The morphology, crystallinity, thermal 

properties, and their intermediate products were characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). 

  

 
EXPERIMENTAL 
 

Materials 
 Ph. nidularia Munro was collected from Yibing County in Sichuan province, 

China. First, bamboo green and tabasheer were removed and ground into particles (using 

80 to 100-mesh) for the original material; then, the particles were oven-dried at 105 °C 

for 24 h and stored in a desiccator at room temperature until further use. Benzene, 

ethanol, sodium chlorite, acetic acid, sodium hydroxide, sulfuric acid, and other 

chemicals were of laboratory grade and were used without further purification. 
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Preparation of α-Cellulose 
        Ph. nidularia Munro particles were first treated for 6 h to remove part of the 

extractives in a Soxhlet apparatus with a 2:1 (v/v) mixture of benzene and ethanol, then 

the treated particles were washed five times with distilled water and dried for 12 h at 

100 °C in a vacuum-drying oven. Next, the dewaxed particles were treated with an 

acidified sodium chlorite solution at 75 °C for 1 h, and the process was repeated six times; 

then, these delignified particles (or holo-celluloses) were washed multiple times with 

distilled water until neutral. Finally, the delignified particles after washed and dried were 

immersed in a 5 wt% sodium hydroxide solution for 24 h and vigorously stirred at 80 °C 

for 2 h to remove hemicellulose, residual starch, and pectin. After these chemical 

treatments, the particles (or α-cellulose) were filtered and cleaned repeatedly with 

distilled water until neutral. 

 

Extraction of CNFs 
CNFs were isolated by the combination of strong acid hydrolysis and low-

intensity ultrasonication from the α-cellulose obtained. Six g of α-cellulose were 

hydrolyzed in a 64% H2SO4 (96% purity) solution at 40 ◦C for 30 min with intense 

agitation, in which the ratio of acid and α-cellulose was 15 mL/g; the hydrolysis reaction 

was terminated by adding cold distilled water (about 400 mL). 

The diluted hydrolysis suspension was centrifuged by a centrifugal apparatus 

(GT10-1, China) at 8000 rpm for 12 min to obtain the precipitates. Then, the precipitates 

were re-suspended and centrifuged with the same process until the pH level was between 

4 and 5. Next, dialysis was carried out with a cellulose membrane until the suspension 

became neutral. Finally, the suspension obtained was sonicated for 15 min using an 

ultrasonic processor (JY98-IIID, Ningbo Scientz Biotechnology, China) at 20 to 25 kHz 

and an output power of 400 W to isolate the CNFs. The whole ultrasonication process 

was carried out in an ice bath. Finally, the white suspension obtained was freeze-dried 

with a freeze-dryer (CKG1B63-100SMS, China), and the products of lyophilization 

(namely CNFs) were collected and stored in a refrigerator at 4 to 5 °C for investigation. 

 

Characterization 
Scanning electron microscopy (SEM) 

All specimens were coated with gold for 60 s using a vacuum sputter coater 

(Quorum Q150TES, UK), then observed with an SEM (JSM-7600F, Japan) operating at 

12.5 and 20 kV. 

 

Transmission electron microscopy (TEM) 

TEM observation of CNFs was performed on a JEM-2100 (Japan) electron 

microscope at an acceleration voltage of 80 kV. The suspension of CNFs was diluted 

with distilled water and dropped on carbon-coated electron microscopy grids, and then 

negatively stained by a 1% phosphotungstic acid solution. Image software was applied 

for analysis of diameter distributions of more than 100 CNFs randomly selected from the 

TEM images. 

 

Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra of all specimens were investigated with a Fourier transform 

infrared spectrometer (Nicolet Magna 560, USA). These specimens were dried at 85 ◦C in 

a vacuum-dryer for 12 h before detection. Then a small quantity of each specimen was 
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blended with KBr powder and compressed to form a disk. The spectra for each specimen 

were detected in the range of 4000 to 500 cm−1 at a resolution of 2 cm−1. 

 

X-ray diffraction analysis (XRD) 

The X-ray diffraction (XRD) analysis of all specimens was performed 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 recorded in the range of 2θ=5 

to 35°at a scan rate of 5°/min. The crystallinity index (CI) was calculated from the 

height of the 200 peak (I200, 2 h=22.6°) and the intensity minimum between the 200 and 

110 peaks (Iam, 2 h=18°) using the Segal method (Segal and Meshulam 1979), as shown 

in Eq. 2: 

 

                (1) 

 

I200 represents both crystalline and amorphous material and Iam represents the amorphous 

material. 

 

Thermal analysis 

Thermogravimetric curves (TGA) were investigated with a synchronous thermal 

analysis system (Pyris 6, Perkin-Elmer, USA). Approximately 8 mg of specimen was 

used for each testing and every specimen was repeated three times. Testing temperature 

was performed from 30 ◦C to 600 ◦C at a heating rate of 10 ◦C /min in a nitrogen 

atmosphere. 

 

 

RESULTS AND DISCUSSION 
 

Morphological Analysis 
Figure 1a shows optical images of the Ph. nidularia Munro particles after 

extraction; obviously, the color of the original fibers became light yellow after Soxhlet 

extraction. This is because the aliphatic acid, pigment, and other extracts were removed 

from the original materials. The CNFs with a solid content of ca. 1 mg/mL became 

uniformly dispersed in water, as shown in Fig. 1b. This kind of phenomenon is in 

accordance with the results of isolation of CNFs from different plants (Wenshuai et al. 

2011). Figures 1c and d show the morphology of holo-cellulose and α-cellulose. After 

chemical purification, the original fibers were separated into distinguishably different 

types of cells: fibrous cells and rectangular cells, which can be regarded as fiber and 

parenchyma cells, respectively. These fibers were separated into individual micro-sized 

fibers—which were composed of nanofibers—by strong hydrogen bonding. SEM and 

TEM micrographs of CNFs are shown in Fig. 1e and f, respectively; both micrographs 

display a classical web-like network structure in which the fibers occur as very long 

entangled cellulosic filaments (Abe and Yano 2009). Also, the darker areas could be 

observed in Fig. 1f, which may be ascribed to the agglomeration of cellulose 

nanocrystals. The diameter distribution of CNFs obtained is shown in Fig. 2; noticeably, 

the diameter of the CNFs is mainly in the range of 5 to 10 nm and accounted for 52% of 

the mass. Comparatively, the amount of diameter in the range of 10 to 20 nm is about 

34%. Generally, the diameter of a single microfibril is reported to be about 3 to 5 nm in 
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higher plants; therefore, the observed nanofibers are similar to the single microfibrils. 

This result indicates that fine nanofibers are successfully obtained from Ph. nidularia 

Munro.  

 

 

 

 
Fig. 1. Optical images of (a) the original Ph. nidularia Munro particles and (b) CNFs dispersed in 
water; (c) SEM micrographs of holo-cellulose, (d) α-cellulose, and (e) CNFs; (f) TEM micrograph 
of CNFs 
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Fig. 2. Diameter distribution of the CNFs after a combination of acid treatment and ultrasonication 

 

FTIR Analysis 

FTIR spectra of the CNFs, original bamboo particles, and their intermediate 

products are shown in Fig. 3.  

 
Fig. 3. FTIR spectra of the original particles (a), holo-cellulose (b), α-cellulose (c), and CNFs (d) 

 

The dominant peaks of OH-stretching and CH-stretching at approximately 3444 

cm−1 and 2907 cm−1, respectively were observed in the entire spectra (Sain and 

Panthapulakkal 2006; Alemdar and Sain 2008). At the same time, the peaks at 1624, 1039, 

and 898 cm−1 could also be found in all spectra. These peaks were associated with the H–

O–H stretching vibration of absorbed water in carbohydrates, the C–O stretching, and the 

C1-H deformation vibrations of cellulose, respectively (Herrick et al. 1983; Turbak et al. 

1983). The peak at 1740 cm−1 in the spectrum of holo-cellulose represented 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 (Sun et al. 2000). However, this peak 

disappeared completely in the spectra of α-cellulose and CNFs, which could be attributed 
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to the removal of most of the hemicellulose after NaOH treatment. The peaks at 1507 and 

1378 cm−1 in the spectrum of the original particles, which were attributed to the C=C 

stretching vibration and C–H deformation vibration in the aromatic ring of lignin (Sun et 

al. 2000; Sain and Panthapulakkal 2006), respectively, disappeared completely on the 

remaining spectra. This indicates that lignin was removed from the newly-prepared holo-

cellulose by acid NaClO2 treatment. Interestingly, the spectrum of the CNFs was similar 

to that of α-cellulose. These facts indicate that hemicellulose 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 

acid treatments. 

 

X-ray Diffraction Analysis 

Figure 4 and Table 1 present comparisons of the corresponding X-ray diffraction 

patterns and the relative degree of crystallinity of the original material, holo-cellulose, α-

cellulose, and CNFs.  

 
Fig. 4. X-ray diffraction patterns of (a) the original particles, (b) holo-cellulose, (c) α-cellulose, and 

(d) CNFs 

 

All specimens had diffraction peaks at 2θ = 16.5° and 22.5°, which are believed to 

represent the typical cellulose I structure (Nishiyama et al. 2002, 2003). This indicates 

that the crystal integrity was maintained during chemical purification and ultrasonic 

treatment. As shown in Table 1, the relative degree of crystallinity in the original 

materials, holo-cellulose, and α-cellulose was 40.51%, 44.13%, and 51.25%, respectively. 

The increase of crystallinity in the specimens was primarily attributed to the removal of 

lignin and hemicellulose in the amorphous regions, which led to the realignment of 

cellulose molecules (Li et al. 2009). The crystallinity of CNFs exhibited a significant 

increase, with a value of about 69.32%. In general, the degree of crystallinity of CNFs is 

decreased due to the high mechanical treatment; therefore, the increase of crystallinity 

could be ascribed to the production of part cellulose nanocrystals (CNCs) during the acid 

hydrolysis, in which the non-crystalline regions of cellulose were removed. The highly 

crystalline nanofibers could be more effective for providing better reinforcement and 

thermal stability for composite materials. 
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Table 1. Crystallinities of Cellulose Fibers at Different Stages 

 

Thermostability Analysis 
Thermogravimetric curves of the original material, intermediate products, and 

CNFs are shown in Fig. 5. First of all, all specimens showed an initial small mass loss 

(about 2.5%) on the TG curves at about 100 °C, which could be attributed to the 

evaporation of absorbed moisture. It is evident that the original material had a lower 

initial decomposition temperature (about 215 °C) because of the presence of 

hemicellulose and lignin (Morán et al. 2008). Similarly, the curve of the holo-cellulose 

also showed a lower initial decomposition temperature (approximately 210 °C) because 

of the presence of hemicellulose. However, with increasing temperature, the 

thermostability of the holo-cellulose was significant higher than that of the original 

material; this could be ascribed to the removal of lignin. Apparently, the pyrolysis 

temperature of α-cellulose was increased to 304 °C, which could have been caused by the 

removal of hemicellulose and lignin.  

 
Fig. 5. TG curves of (a) the original material, (b) holo-cellulose, (c) α-cellulose, and (d) CNFs 

 

It is worthwhile to note that the pyrolysis temperature of CNFs rose to 318 °C, 

which could have been caused by the removal of the alkali-insoluble matrix that existed 

in α-cellulose after treatment with sulfuric acid (Alemdar and Sain 2008). These findings 

are completely in accordance with the results obtained from FTIR and X-ray 

Specimens 
Iam (a.u.) I200 (a.u.) 

Relative Crystallinity (%) 

Original Particles 3.9483×104 6.6419×104 40.51 

Holo-cellulose 3.0734×104 5.4868×104 44.13 

α-cellulose 3.5370×104 7.3055×104 51.25 

Cellulose Nanofiber 3.3387×104 10.9353×104 69.32 
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measurements. The higher thermal stability of the CNFs compared with the original 

material may broaden the application area of cellulose fibers for biocomposite processing. 

 

 

CONCLUSIONS 
 

Nano-sized fibers were successfully extracted from Ph. nidularia Munro using 

acid hydrolysis combined with low-intensity ultrasonication processing.  

1.  The average diameters of the CNFs ranged from 5 to 20 nm. 

2. Hemicellulose and lignin were shown to be removed from the original material 

after the chemical process, and the original molecular structure of the cellulose 

was maintained even after the removal of the matrix components and after acid 

treatments.  

3. All specimens still presented a typical cellulose I crystal form; furthermore, the 

relative crystallinity of the CNFs was increased to 69.32%.  

4. Thermogravimetric curves analysis indicated that the thermostability of CNFs 

was significantly enhanced with the removal of hemicellulose and lignin.  

These facts show that superior CNFs were isolated from Ph. nidularia Munro 

using the described processes. Moreover, the results prove that the characteristics and 

properties of nanocellulose obtained in this work are different from the previous results 

obtained from Bambusa rigida. Next, we intend to manufacture flexible electronic 

displays using this material as substrate. 
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