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Abstract
Cellulose nanocrystals (CNCs) is one of the interesting materials attracting many researchers from the decades, especially 
when they are extracted from natural biomass resources. This study focuses on the isolation of CNCs with high crystallinity 
from Vietnamese agricultural wastes (Nypa Fruticans trunk, coconut husk fiber, and rice husk). CNCs were extracted from the 
above natural sources by a three-step process including formic/peroxyformic acid pre-treatment, hydrogen peroxide/sodium 
hydroxide treatment, and a hydrolysis disintegration process. The structure and thermal property of obtained materials after 
each stage of treatments were characterized by XRD, TGA, TEM, and FT-IR analysis. TEM observation has showed the 
CNCs with high aspect ratio in shape of 200–500 nm in length and 10–15 nm in width. FT-IR results indicated that lignin 
was completely removed from the samples during chemical treatment. The high crystalline index (nearly 80%) and improved 
thermal stability of the CNCs nanofibers indicate its various potential applications.
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Introduction

Over the past decades, nanotechnology has been emerg-
ing as an attractive phenomenon in all over the world. It 
has not only opened a great deal of new prospects but also 
attributed to facilitate the development of variety of differ-
ent fields, such as medicine, construction, dentistry, textiles, 
electronic components, food packaging. One of nanoscale 
materials recently drawing growing attention of scientists is 
cellulose nanocrystals (CNCs) which is known as a potential 
reinforcing component for synthesis of high performance 
nanocomposite thanks to its distinctive properties such as 
biodegradability, renewability, non-toxic, low density, high 
strength and modulus, large specific surface area, and reac-
tive surface [1, 2]. However, this nanosized polysaccharide 
material is naturally embedded in the plant cell walls with 

hierarchical structures and complex compositions. The inner 
hemicellulose plays as cement which links the strong out-
ermost lignin layers to the core cellulose which is the main 
obstacle for direct extraction of nanocellulose.

In literatures, CNCs is usually extracted from the ligno-
cellulosic materials by several methods, including chemical 
treatments (acid hydrolysis, TEMPO-mediated oxidation 
hydrolysis treatment) [3–5], mechanical treatments (cry-
ocrushing, grinding, high-intensity ultrasonication, and 
twin screw extrusion) [6, 7], biological treatments (enzyme-
assisted hydrolysis), and even the integration of aforemen-
tioned process [8–10]. The properties of nanocellulose mate-
rials depend mostly on the sources of cellulose, pretreatment, 
isolation method, and conditions [11–13]. Recently, the 
CNCs can be collected from a variety of renewable organic 
materials like wood, cotton, bacterial cellulose, agricultural 
crops [14]. In these biosources, wood, hemp, cotton, linen, 
etc. have been used by our society as engineering materials 
for thousands of years and today their utilization continues 
confirming by the enormity of the world-wide industries in 
forest products, paper, textiles, etc.. However, because of the 
environmental pollution concerns as well as the diminishing 
forest, non-wooden cellulosic materials became exploiting 
[15]. Million tons of bio-waste from food processing or agri-
cultural processing (by-products) are produced every month 
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such as grain straw, coconut husk fiber, grape skin, banana 
rachis, garlic peel, soy hulls, sugarcane bagasse, etc. [12, 
15–20] turned them into brilliant candidates for estimation 
of economic potential goal of large quantities of cellulose 
every year. Some exceptional properties of lignocellulose 
derived from bio-waste or by-products can be mentioned as 
low cost, hollow cellular structure, abundance, biodegrada-
bility, renewability [21].

In Vietnam, some by-products with high potential for the 
extraction of renewable cellulosic resources are Nypa Fruti-
cans trunk, coconut husk fiber, and rice husk. In fact, as the 
third largest rice exporter in the world, every year Vietnam 
produces over 40 million tons of grain of rice [22, 23]. The 
amount of rice husk (RH) is about 20% of the grain, so about 
9 million tons of rice husks are released into the environment 
each year, which is a huge amount of waste causing the pol-
lution of environment if they are not well treated. Like Nypa 
Fruticans trunk (NFT) and coconut husk fiber (CHF), RH is 
often considered as low value material and used mainly in 
agriculture, fertilizer, animal feed, combustion byproducts, 
and sometimes for livestock [23].

In this study, the main objective was to valorize agro-
industrial solid residues for the obtaining of value-added 
CNCs. Here, we have conducted a systematic study of the 
CNCs synthesis from three renewable sources of agricultural 
products in Vietnam, especially using formic / peroxyfor-
mic acid in extract process. Moreover, the research achieved 
interesting results in case of the material source of Nypa 
Fruticans trunk which is a very typical tree category in the 
southwest wetlands of Vietnam.

According to our knowledge, the preparation of CNCs 
from NFT, which has not been reported before, expected 
bringing more interesting properties for variety of applica-
tions. The potential CNCs extracted from NFT, CHF, and 
RH was comprehensively investigated in terms of structure, 
morphology, crystallinity and thermal degradation.

Experimental

Materials

Nypa Fruticans trunk (NFT) was obtained from muddy areas 
along the riverside in Ben Tre, whereas rice husk (RH) was 
collected from local fields in Cu Chi, Ho Chi Minh city. 
Coconut husk fiber (CHF) was picked up in Ben Tre. All raw 
cellulose bulk was derived from South of Vietnam. Sodium 
hydroxide (NaOH, 96%) was purchased from Guangdong 
Guanghua Sci-Tech Co., Ltd., China. Formic acid (HCOOH, 
90%), hydrogen peroxide  (H2O2, 30%), and sulfuric acid 
 (H2SO4, 98%) were procured from Xilong Scientific Co.,Ltd, 
China.

Chemical Analysis and Isolation of Cellulose

Cellulose was extracted from NFT, RH, and CHF by follow-
ing procedure: First of all, the raw cellulose bulk of NFT was 
peeled off and cut into chunks around 30 cm in length and 1 
cm in depth. These chunks of NFT had been then laminated 
by a rolling machine before dried and split into fibers. Each 
biomass (the dried fibers of NFT, RH, and CHF) was ground 
to fine powder. Fifty grams of dried biomass powder were 
stirred well in 1000 ml of distilled water at 100 °C for 2 h to 
remove impurities and aqueous soluble substances; they were 
then cooled to room temperature and filtered by filter paper. 
This process was conducted twice and the final bulk celluloses 
were then dried in an air oven at 70 °C for 8 h. Twenty grams 
of the pretreated biomass powder were dispersed into HCOOH 
90% (1:10 w/v) at 100 °C for 2 h under magnetic agitator in 
circulation system, then filtered by filter paper and washed 
the residue with pure HCOOH acid and warm distilled water 
to break the –O–4 linkages of hemicellulose and take it onto 
fiber surface which created an easy premise for the following 
steps as well as dissolve the remnants of impurities. To remove 
hemicellulose, the samples after pre-treated with acid were 
dissolved into PFA (a mixed solvent of formic acid, hydrogen 
peroxide, and distilled water with the ratio was 90:4:6% w/w, 
respectively) and stirred well at 80 °C for 2 h, then filtered and 
washed with formic acid (80%) and distilled water, respec-
tively. Next, the fiber was bleached at pH 11 by adding the 
required amount of NaOH to the suspension of unbleached 
fiber and  H2O2 with fiber to  H2O2 ratio of 1:1 w/w. Bleaching 
experiments were carried out under magnetic stirring circula-
tion system at 80 °C for 1 h, then filtered and rinsed several 
times to get rid of lignin and hemicelluloses, and finally gain 
white cellulose in slurry. The bleaching step was conducted 
two times to ensure these additional contents were completely 
removed from cellulose fibers.

Isolation of Cellulose Nanocrystals (CNCs)

CNCs were extracted from cellulose derived from NFT, RH, 
and CHF using an acid hydrolysis method. The white cellu-
lose was hydrolyzed using sulfuric acid solution (64%) with 
the ratio of 1:15 at 45 °C for 30 min with strong agitation in 
circulation system. To avoid aggregation and sedimentation 
of particles due to Van Der Waals linking force, the suspen-
sion was sonicated, using a high intensity ultrasonic processor 
(UP200St, Hielscher) during 10 min to obtain nano-scale crys-
tal cellulose. The total efficiency of nanocellulose synthesis is 
calculated by the below equation:

Yield% =
Dryweight of nanocellulose (g)

Dryweight of crude fiber (g)
× 100
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Characterization of Cellulose

Fourier Transformed Infrared Spectroscopy

Any varieties in functional groups of each stage of treat-
ment were recorded on a Fourier transform infrared (FT-
IR) (TENSOR 27, Bruker, Germany). The samples were 
dried, ground with KBr (1:100 w/w) and pressed into 
transparent pellets. The IR spectra of the pellets were 
recorded at a wavenumber range of 400÷4000  cm−1.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) (model Japan 
JEOL JEM-1400) was used to estimate the dimensions of 
CNCs isolated from NFT, RH, and CHF. A drop of diluted 
suspension was deposited onto glow-discharged carbon-
coated TEM grids and the excess liquid was removed by 
blotting with a filter paper. The samples were then dried 
at ambient temperature before TEM observation was con-
ducted with an accelerating voltage of 100 kV.

X‑ray Diffraction (XRD)

XRD patterns of the fibers at different stages were meas-
ured by using D2 PHASER X-ray powder diffractometer 
(Bruker, Germany), operated at 40 kV and 30 mA using a 
Ni-filtered Cu K radiation (λ = 0.15406 nm). The samples 
were scanned at the ambient condition over scattering 2 
angles from 10° to 80° with the scanning rate of 0.02°/
min. Crystallinity index (CrI) of each sample was calcu-
lated according to Segal method [24].

where I
200

 is the peak intensity at plane (200) and Iam is the 
minimum intensity at the valley between plane (200) and 
(110). I

200
 represents both crystalline and amorphous frac-

tions whereas Iam represents only the amorphous fraction. 
The mean size of crystallite (D) was estimated using Debye-
Scherer equation [25]

where k is Scherer constant (0.91), λ is the wavelength of the 
radiation (λ = 0.15406 nm), �

1∕2 is the full width at the half 
maximum (FWHM) of the XRD peak, and2� is the scattering 
angle of the peak (200).

(1)CrI(%) =
I
200

− Iam

I
200

× 100

(2)D =
kλ

�
1∕2cos�

Thermogravimetric Analysis

Thermogravimetric analysis was carried out on TA Instru-
ments TGA Q500 to determine the thermal decomposition 
of fibers after each treatment. The samples of 15 20 mg were 
burned under temperature ranging from room temperature 
to 800 °C at a heating rate of 10 °C/min under a nitrogen 
atmosphere.

Results and Discussion

X‑ray Diffraction Analysis (XRD)

Unlike hemicellulose and lignin, cellulose has a crystalline 
structure in nature which is formed by the hydrogen bonding 
and Van der Waals forces between adjacent molecules Zhang 
and Lynd [26]. XRD method was conducted to evaluate the 
crystallinity of crude fibers, cellulose, and CNCs of CHF, 
NFT, RH and the results were presented in Fig. 1. All the 
XRD patterns exhibited the characteristic diffraction peaks 
around 2 � = 15.6° (110), 22.7° (200), and 34° (004), which 
confirmed that the crystal lattice type I of native cellulose 
[27, 28] was preserved after the chemical treatments. The 
gradually increasing intensity of net peaks at 2 � = 15.6° 
and 22.7° showed that the crystallinity of material increased 
accordingly (Fig. 1). The crystallinity of specimens (CrI) 
and crystallite size were calculated in using Eq. (1) and 
Eq. (2), respectively. As showed in Table 1, the CrI values 
of NFT, CHF, and RH increased significantly when trans-
forming from crude fibers into cellulose (43.1%, 45.4%, and 
40.6–71.9%, 72.7%, and 77.5%, respectively). The result of 
increasing CrI value indicated that the partial elimination 
of hemicellulose and lignin was obtained. Furthermore, the 
CrI values showed a 5–7% enhancement to nearly 80% in 
case of CNCs sample (NFT 76.6%, CHF 79.3%, and RH 
82.8%). The slightly increase of CrI after acid treatment was 
mainly due to the removal of amorphous domains of cel-
lulose. During the acidic hydrolysis process, the hydronium 
ions penetrated the cellulose chains in these susceptible 
amorphous regions and accelerated the hydrolytic cleav-
age of the glycoside bonds, and thus released eventually the 
individual crystallites [29]. Moreover, the growth of crystal-
lites size of NFT, CHF and RH in every treatment stage was 
attributed to the self-assembling of monocrystals to create 
CNCs. The improved rearrangement of CNCs results to the 
ability of highly ordered close packing and thus enhance the 
hydrogen interaction between CNCs chains, which create the 
high crystalline and impact structure [30]. This phenomenon 
resulted to the sharper diffraction peaks, and the crystallinity 
depends also on their origin and the isolation method. The 
CrI of RH (82.8%) was about 20% remarkable higher than 
those of other reports using different extraction methods and 
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experiment conditions [31–33]. Nascimento et al. [34] have 
also reported a comparable CrI (75%) for CNCs isolated 
from CHF by chemical treatment with ultrasound attack. 
NFT of our study being firstly studied in literature for CNCs 
isolation has showed a high crystallinity (76.6%) comparable 
to CHF and RH which were 79.3% and 82.8%, accordingly. 
In brief, there is no doubt that the CrI value is affected by 
not only different sources of cellulose but also the chemical 
agents and processing method used. In addition, the crystal-
lite size of different cellulosic materials is also consistent 
with the CrI values. As showed in Table 1 the crystallite size 

was calculated according to Scherer’s equation and increased 
with the shape of diffraction peak.

Fourier Transformed Infrared (FT‑IR) Analysis

The efficiency of each chemical treatment was evaluated 
by FT-IR as shown in Fig. 2. In the rice husk sample, all 
the spectra were characterized by a dominant O–H stretch 
band (3400–3200  cm−1) and C–H stretch band (2900  cm−1) 
according to the aliphatic moieties in polysaccharide while 
the peak near 1640  cm−1 was attributed to bending vibration 
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Fig. 1  XRD patterns of crude fibers, cellulose, CNCs of a coconut husk fiber, b Nypa Fruticans trunk and c rice husk
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of O–H in water molecule Nascimento et al. [34]. In fact, 
it is very difficult to remove water from cellulose because 
of the cellulose–water interaction [35]. The vibration of 
C–O–C pyranose ring skeletal showed prominent absorption 
bands at 1076–1023  cm−1 Sun et al. [36]. The characteris-
tic peaks at 1247  cm−1 (out of plane stretching vibration of 
aryl groups) and at 1516  cm−1 (C=C stretching of aromatic 
rings) correspond to the presence of lignin in crude sample. 
Besides, the peak at 1715  cm−1 was related to stretching 
vibration of carbonyl and acetyl groups, which is the main 
constituents of hemicellulose and lignin [37]. Meanwhile, 
the other bands at 1060  cm−1 and 890  cm−1 were associated 
with pure cellulose.

The FT-IR spectra of coconut husk fiber in Fig. 2a showed 
the presence of hemicellulose and lignin were observed by 
the appearance of absorbance at 1440  cm−1 (C=C stretch 
of aromatic rings of lignin), 1373  cm−1 (C–H asymmetric 
deformations), 1320  cm−1 (syringyl ring breathing with C–O 
stretching), and 1260  cm−1 (guaiacyl ring breathing with 
C=O stretching) Sun et al. [38]. The peak at 612  cm−1 cor-
responds to bending vibration of lignin rings. The prominent 
peak at 1730  cm−1 was arisen from either the acetyl and 
uronic ester groups of the hemicelluloses or the ester link-
age of carboxylic group of the ferulic and p-coumeric acids 
of lignin and/or hemicelluloses [39, 38]. The typical values 
of cellulose at 1058  cm−1 and 897  cm−1 reflected the C–O 
stretching and C–H rocking vibrations of cellulose [16].

The FT-IR spectra of Nypa Fruticans trunk (Fig. 2b) were 
indicated the broad band at 3420–3340  cm−1, which was 
associated with the hydroxyl group that normally occurred 
as a result of moisture absorption [38] whereas the absorb-
ance at 2900  cm−1 originated from stretching vibration of 
C–H. The prominent peaks in the regions of 1500–1600 
 cm−1 were related to stretching of aromatic rings of lignin 
[38]. Also, the peak at 1731  cm−1 and 1251  cm−1 were asso-
ciated with the carbonyl groups in uronic acids or acetyl 
groups attached to hemicellulose [40] The absorption at 

1642  cm−1 is principally related to the absorbed water [34]. 
The peak at 898  cm−1 was attributed to the C1 group fre-
quency or ring frequency, is characteristic of �-glycosidic 
linkages between the sugar units Sun et al. [36]. The absorb-
ance at 710  cm−1 revealing O–H out-of-plane bending for 
I�whereas the small shoulder peak at 750  cm−1 was associ-
ated with O–H out-of-plane bending for I�[27]. The FT-IR 
results have indicated that hemicellulose, lignin, and other 
impurities were removed through the process of extraction 
of cellulose and isolation of CNCs.

Cellulose Nanocrystals Morphologies

Morphologies and size distribution of obtained CNCs were 
characterized by TEM. Nanosized CNCs fibers of NFT, 
CHF, and RH were clearly observed in the TEM images 
(Fig. 3) with nanorods shape, which is separating and dis-
persing in water. The dominant size of CNCs nanorods were 
ranged from 10 to 15 nm in width and less than 500 nm in 
length. Such dimensions are comparable to those of whiskers 
originating from pea hull fiber [41] and coconut husks [19]. 
The RH whiskers show lengths shorter than in the case of 
branch of mulberry [42] but RH whiskers are much thinner.

Thus, based on the combination between results of XRD 
and TEM images it is proved that the hydrolysis process 
between cellulose and sulfuric acid has occurred. The acidic 
protons have attacked and removed the amorphous regions 
in the structure of cellulose and retains its crystal structure. 
This leads to the CrI of CNCs higher than cellulose and the 
length of CNCs shorter than cellulose (as shown in TEM 
images).

Thermogravimetric Analysis

TGA thermograms and DTG curves (a derivative of TGA, 
illustrating the corresponding rate of weight loss) of crude 
fibers, cellulose and CNCs of NFT, CHF, and RH were 
shown in Fig. 4. All TGA curves presented an initial small 
peak in 25–150 °C range, which was mainly from free and 
bound water evaporation with the weight loss about 3% for 
CNCs, and 5% for crude fibers depending on lignocellulosic 
resources. The moisture content of CNCs was lower than 
those of crude fibers due to the dehydration of cellulose fib-
ers during acid hydrolysis, which introduced sulfate groups 
at the outer surface of CNCs [43]. The crucial decomposi-
tion of crude fibers of NFT, CHF, and RH was observed at 
163–231 °C with the  Tmax of 361–375 °C, leaving significant 
residue nearly 23–30% depending on type of biomass.

The results summarized in Table 2 showed the onset 
temperature of major decomposition of both cellulose fib-
ers and CNCs, it exhibited an increment up to 245–272 °C 
and 170–265 °C respectively compared to that of crude fib-
ers. The lower degradation temperature of crude fibers was 

Table 1  Crystallinity index and crystallite size of crude fibers, cellu-
lose, and CNCs of CHF, NFT, and RH

Fibers Sample Crystallinity index 
(%)

Crystal-
lite size 
(nm)

Crude fibers CHF 45.4 2.62
NFT 43.1 2.48
RH 40.6 2.88

Cellulose CHF 72.7 2.83
NFT 71.9 2.61
RH 77.5 3.37

CNCs CHF 79.3 3.35
NFT 76.6 3.08
RH 82.8 3.58
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attributed to the low decomposition temperature of hemi-
cellulose, lignin, and pectin [11]. In contrary to cellulose 
fibers, CNCs showed a reduction in thermal stability with 
the onset temperature decreased remarkably (about 10–50 
°C) to 190–265 °C accompanied with the decline in  Tmax 
of 207–322 °C, which might be associated with the faster 
heat transfer in CNCs due to the smaller fiber dimensions or 
the lower activation energy for degradation from the surface 

sulfate groups [43, 44]. At the final of pyrolysis process, the 
residue content left at 800 °C depends on lignocellulosic 
resources and their forms (crude fibers, cellulose, and cel-
lulose nanocrystals). The relatively small residue in cellu-
lose fibers implied the partial removal of hemicellulose and 
lignin from the fibers. The higher char of CNCs compared to 
cellulose fibers was ascribed to the flame retarding of sulfate 
ester groups introduced in acid hydrolysis [44]. The similar 
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pyrolysis behavior was also observed in CNCs extracted 
from garlic straw [45], wheat straw, wood, bamboo, and flax 
[11]. In brief, the different final residues at 800 °C were not 
only influenced by the source of biomass but also by the 
condition of CNCs isolation.

Conclusion

CNCs were successfully isolated from three different by-
product resources, i.e., Nypa Fruticans trunk (NFT), coconut 
husk fiber (CHF), and rice husk (RH) by using chemical 

Fig. 3  TEM images of cellulose 
(a, c, e) and CNC whiskers (b, 
d, f) of Nypa Fruticans trunk, 
coconut husk fiber and rice husk
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treatments with high crystallinity of 76.6%, 79.3%, and 
82.8% for NFT, CHF, and RH respectively. Also, the yields 
of nanocellulose synthesis was determinated at about 
30–40% wt depending on the resource materials (NFT: 
38–40%; CHF: 30–32% và RH: 35–37%). In other hand, the 
sulfuric acid hydrolysis contributed to protect CNCs from 
pyrolysis by the char of sulfate ester groups which are outer 
of CNCs surface acted as a flame retardant. TEM images 
confirmed that the synthesized nanocellulose fibers diameter 
was in the range of 10–15 nm. Thermogravimetric analysis 
showed improved thermal stability for nanocellulose fibers, 
which makes them suitable in the manufacturing of bio-
nanocomposites for various applications such as functional 
paper, versatile support for preparing metal/oxide metal 
nanoparticles, membrane filter [46]. This study demonstrates 
that with the dimensions at nanoscale, cellulose whiskers 
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Fig. 4  TGA and DTG curves of crude fibers, cellulose, CNCs of a coconut husk fiber, b Nypa Fruticans trunk, and c rice husk

Table 2  Thermogravimetric analysis of CHF, NFT, and RH at differ-
ent stages

Fibers Sample Decomposition Temp. Char at 800 °C

Onset/end 
Temp.(°C)

Tmax

Crude fibers CHF 231–437 368 23.7
NFT 163–434 361 30.9
RH 222–415 375 29.2

Cellulose CHF 272–447 389 11.4
NFT 246–457 400 11.9
RH 245–430 370 17.7

CNCs CHF 265–494 322 13.9
NFT 190–694 207 25.9
RH 208–477 286 21.1
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isolated from NFT, CHF, and RH by acid hydrolysis prom-
ise potential resources for the nano-natural material suitable 
for further high value-added applications (optoelectronics, 
packaging, mechanically reinforced polymer composites, tis-
sue scaffolds, environmental remediation, etc.) from agri-
cultural wastes/by-products and also contribute to prevent 
environment pollution by these biomass sources.
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