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Abstract 

Calotropis procera fiber (CPF) is the fruit fiber of C. procera and belongs to a typical cellulosic fiber. In this study, Calotro-
pis procera fiber (CPF) was first purified in the pretreatment process including delignification and bleaching before 
the isolation of cellulose nanocrystal. Chemical composition of Calotropis procera fiber was determined according to 
TAPPI standard method. It was composed of 64.0 wt% cellulose, 19.5 wt% hemicelluloses, and 9.7 wt% of lignin. The 
morphology of the Calotropis procera fiber and fiber after each pretreatment process was also investigated. Cellu-
lose nanocrystal was extracted by classical sulfuric acid hydrolysis of the pretreated Calotropis procera fiber. TEM and 
SEM were used to analyze the morphologies of the obtained CNC. The crystallinity, thermal stability and suspension 
stability of the CNC were also investigated. The interesting results proved that this under-utilized biomass could be 
exploited as a new source of cellulose raw material for the production of cellulose nanocrystal.
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Introduction
Calotropis procera fiber (CPF) is the fruit fiber of C. pro-
cera that can be collected from its mature fruits with 
3–4.5 in. long and 2–2.5 in. wide. This fruit fiber belongs 
to a typical cellulosic fiber but has been overlooked for 
centuries (Kanchan and Atreya 2016; Tarabi et  al. 2016; 
Zheng et al. 2016). Recently, Calotropis procera fiber has 
received more attention in the textile industry and for 
potential application in fiber-reinforced composites. The 
fiber possesses thin cell wall, large lumen and low den-
sity; thus, it exhibits excellent insulation property against 
sound and heat. In addition, this fiber could be used in 
making ropes, carpets, or sewing threads. It has been 
reported that the cellulose content of this fiber was in the 
range of 60–75%; thus, it could be a potential cellulosic 

material to produce cellulose nanocrystal (Kanchan and 
Atreya 2016).

Cellulose nanocrystal (CNC), a kind of nanomaterial 
derived from cellulose, possessed lots of desirable prop-
erty, like extremely outstanding mechanical strength, 
biocompatible and biodegradable, high specific surface 
area and so on (Yu et  al. 2013; Li et  al. 2016). The dis-
tinctive property of cellulose nanocrystals make it use-
ful building block in various applications, for instance as 
reinforcing agents (Ye et al. 2015; Song et al. 2017, 2020), 
biomedical implant (Rueda et al. 2013), rheological modi-
fier (Li et  al. 2015), nanocomposites (Yu et  al. 2014) as 
well as electronic components (Eyley et al. 2012).

Currently, cellulose nanocrystal can be obtained from 
wood, non-wood fibers, algae, tunicates, and agro-indus-
trial residue or biomass. However, cellulosic agro-indus-
trial residue or biomass are the most promising sources 
because of their low cost and availability (Reddy and Yang 
2011; Zhang et  al. 2012; Chen et  al. 2013). During the 
pursuit of naturally abundant, renewable and sustainable 
cellulosic raw materials, lots of researches have already 
been focused on the utilization of agricultural residues 
or biomass for the extraction of cellulose nanocrystal, 
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such as rice straw (Johar et al. 2012; Hsieh 2013), grape 
skins (Lu and Hsieh 2012), pineapple leaf (Dos  Santos 
et al. 2013), sugarcane bagasse (De Morais Teixeira et al. 
2011), banana rachis (Elanthikkal et al. 2010) and so on. 
Calotropis procera fiber could be exploited as a suitable 
new cellulosic material for the production of cellulose 
nanocrystal.

This study was to isolate cellulose from Calotropis pro-
cera fiber and investigate the effect of treatment on the 
properties of the obtained  cellulose nanocrystal. The 
pretreatment process was carried out to remove those 
impurities on Calotropis procera fiber, such as the wax, 
lignin and make cellulose more accessible to chemicals. 
It is the first time that systematical study of pretreatment 
and acid hydrolysis of Calotropis procera fiber for cellu-
lose nanocrystal extraction was conducted. The influence 
of pretreatment on the chemical composition and mor-
phology of Calotropis procera fiber was investigated and 
characterized. The morphology, crystallinity and thermal 
stability of the obtained cellulose nanocrystal were also 
investigated.

Materials and methods
Materials
Calotropis procera fiber as raw cellulose materials was 
kindly supplied by World Agroforestry Centre, Kunming 
institute of Botany, CAS. Acetic acid and hydrochloride 
acid were purchased from Sinopharm Chemical Reagent 
Co., Ltd. (Beijing, China). Sulfuric acid was purchased 
from Pinghu Chemical Reagent Co., Ltd (Pinghu, China). 
All the chemicals used in this research were of analytical 
grade and applied without further purification.

Determination of the chemical composition of Calotropis 
procera fiber
The chemical compositions of Calotropis procera fiber 
(CPF) and the fiber after each treatment were determined 
according to Technical Association of the Pulp and Paper 
Industry (TAPPI) standard. The lignin content was deter-
mined according to the TAPPI norm T222 om-88 (de 
Oliveira et al. 2016; Espino et al. 2014). Briefly, 1 g of CPF 
was added into the 15-mL H2SO4 solution (72 wt%), and 
maintained at room temperature for 2  h. Then, the dis-
tilled water, 560  mL, was added and boiled the mixture 
for 4  h before the centrifuge to get the insoluble lignin. 
The obtained lignin was oven-dried and weighted. The 
lignin quantity was determined using Eq. (1).

where M1 was the obtained lignin mass, M was the initial 
sample mass.

(1)Lingin (%) =
M1

M
× 100,

Hemicellulose content was determined according to 
the TAPPI T257 om-09. Holocellulose content was quan-
tified with sodium chlorite treatment according to the 
reported procedure (dos Santos et  al. 2013). Fiber, 1  g, 
was added into the solution, 30  mL, containing acetic 
acid 0.25 mL, sodium chlorite 0.3 g and kept at 75 °C for 
1 h. The mixture is then cooled down and the residue is 
filtered and washed thoroughly with water. The residue 
was finally dried and weighted. The holocellulose content 
was calculated using Eq. (2).

where M2 was the obtained residue mass, M was the ini-
tial sample mass.

Cellulose content was determined by extracting holo-
cellulose with the aqueous sodium hydroxide (17.5%) for 
5 h before quenching the reaction with ice. The obtained 
white powder was washed with copious amount of water 
until filtrate becoming neutral (Xu and Hanna 2010). The 
cellulose content was calculated using Eq. (3).

where M3 was the obtained white powder mass, M was 
the initial sample mass.

Pretreatment of Calotropis procera fiber
Calotropis procera fiber (CPF) was first washed and 
dried. The pretreatment process of CPF included alkali 
treatment, delignification and bleaching treatment (Ray 
et  al. 2001; Neto et  al. 2013). Firstly, the cleaned CPF, 
1 g, was immersed in NaOH solution (2 wt%), 100 mL, at 
room temperature and stirred for 3 h to finish the alkali 
treatment to remove the impurities including pectin, 
wax. The alkali-treated fiber was washed thoroughly till 
neutral. The delignification process was carried out with 
dewaxed CPF, 1  g, suspended in acetic acid (93% v/v), 
50 mL, and hydrochloride acid solution (0.3% v/v) under 
strong stirring for 3 h at 90 °C and then washed till neu-
tral pH value. The bleaching procedure was performed 
by adding the obtained delignined CPF into the mixture 
of H2O2 (5 wt%) and NaOH (3.8 wt%) at a ratio of 1:50 
and stirred at room temperature for 3 h before washing 
thoroughly.

Extraction of cellulose nanocrystal
Cellulose nanocrystal (CNC) was obtained by sulfuric 
acid hydrolysis according to the reported method (Lin 
et al. 2012). The pretreated CPF powder, 1 g, was slowly 
added into H2SO4 solution (63 wt%), 30 mL, under vigor-
ously stirring at room temperature for 1 h. After that, the 
hydrolysis was quenching by adding iced water, 300 mL, 

(2)Holocellulose (%) =
M2

M
× 100,

Cellulose (%) =
M3

M
× 100,
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into the mixture. The resultant mixture was first centri-
fuged at 1000 rpm for 10 min to remove large particles, 
and then centrifuged at 11,000 rpm for 15 min to obtain 
cellulose nanocrystal. The obtained cellulose nanocrystal 
was washed and centrifuged repeatedly for 3 times before 
dialysis against distilled water for 2  days. The obtained 
CNC was processed by ultrasonic processor (VCX 
500:500 W, Sonics & Materials, Newton, CT) to suspen-
sion better before further application.

Particle size and zeta potential measurement 
of the obtained cellulose nanocrystal
The particle size and zeta potential of the obtained CNC 
were measured by Nano-Z5 Analyzer (Malvern Instru-
ments Co., Ltd., UK). The obtained CNC suspension was 
diluted to 0.1–0.6  wt% concentration firstly. Then, the 
suspension was put into a container for measurement.

Morphology analysis
Morphologies of the obtained CNC were measured by 
Hitachi S-4800 field emission scanning electron micro-
scope (Hitachi Co., Ltd., Japan). CNC powder was 
obtained by freeze drying of CNC suspension and the 
powder was sputter coating with a layer of gold firstly 
before SEM analysis. Also, TEM analysis was carried out 
for morphology measurement. The obtained CNC sus-
pension was diluted to 1–4 mg/mL concentration before 

deposited into copper grid. TEM analysis was carried 
out at 100  kV. The diameter and length distribution of 
the obtained CNC was analysis using Image J software 
(National Institutes of Health Co., Ltd., USA).

Characterization of the obtained cellulose nanocrystal
FTIR analysis of the obtained CNC was performed by 
Nicolet 6700 spectrometer (Thermo Fisher Scientific, 
USA) using KBr pellet methods. TG analysis of CNC 
was performed by TGA-50 thermal stability analyzer at 
a heating rate of 15  °C/min form room temperature to 
600  °C using N2 atmosphere. The crystallinity index of 
the obtained CNC was analyzed by Bruker D4 X-ray dif-
fractometer. The measurement was carried out at 40 kV 
under Cu Kα radiation. CrI of the samples was calculated 
by Eq. (3) (Mariano et al. 2016).

where I002 was the intensity of 200 peak (I200) between 
2θ = 22–23° and Iam was the minimum intensity between 
the peaks at 200 and 110 (Iam) 2θ = 18–19°.

Results and discussion
Pretreatment of Calotropis procera fiber
The preparation process to isolate CNC from Calotropis 
procera fiber (CPF) is illustrated in Fig. 1. The first step 

(3)CrI =
I002 − Iam

I002
× 100,

Fig. 1  Schematic illustration for the process of extraction CNC from Calotropis procera fiber
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was to isolate cellulose from the obtained natural plant 
fiber by removing lignin, hemicellulose and other impuri-
ties. As shown in Table 1, the original Calotropis procera 
fiber consisted of 64.1 wt% cellulose, 19.5 wt% hemicel-
lulose, 9.7 wt% lignin. The cellulose content of Calotropis 
procera fiber is much higher than other reported agri-
cultural biomass, such as 50.7  wt% for kenaf, 61.0  wt% 
for fiber flax, 41.1 wt% for onion skin (Rhim et al. 2015), 
which proved that Calotropis procera fiber could be pro-
posed as a novel and abundant feedstock for nanocellu-
lose production. After alkali treatment, the extractives 
such as pectin and wax were removed without significant 
affect the lignin, hemicellulose and cellulose content of 
the fiber. Almost 83% of lignin was removed after delig-
nification as shown in Table 1. The cellulose content was 
found to be 91.3 wt% after bleaching treatment. In addi-
tion, the content of lignin and hemicellulose was also 
partly reduced as the result of bleaching. Various radi-
cals (HO·, O2, and perhydroxyl anions HOO−) were pro-
duced during bleaching and those radicals could destroy 

the chromophore of lignin (Lee et al. 2009), and further 
resulted the degradation of lignin and hemicelluloses. 

The morphology of the original Calotropis procera fiber 
after treatment is shown in Fig. 2. From Fig. 2a, b, it can 
be seen that the original CPF exhibited smooth surface. 
There is no obvious difference in the appearance of the 
fiber surface except that lots of tiny wrinkles formed after 
the removal of wax and other extractives. After the del-
ignification (Fig.  2e, f ), the surface of the treated fiber 
became rough and lots of wrinkles were formed. The 
bleaching process could further promote the removal of 
the lignin and hemicelluloses from CPF and resulted in a 
rough and coarse fiber morphology as shown in Fig. 2g, 
h.

Figure  3 shows the FTIR spectra of the original and 
pretreated Calotropis procera fibers. The peaks around 
3340  cm−1 and 2907  cm−1 were assigned to O–H 
stretch and C–H stretch stretching of aliphatic moieties 
in polysaccharides. In the spectra of CPF, the band at 
1732  cm−1 was assigned to the ester linkage of carbox-
ylic group of ferulic and p-coumaric acids of lignin; the 
peak at 1502  cm−1 was assigned to the C=C stretching 
of aromatic rings of lignin. The sharp peak appearing 
at 1640 cm−1 in all samples was attributed to the bend-
ing mode of absorbed water in cellulose. The peaks 
at 1163  cm−1 and 899  cm−1 were associated with the 
C–O stretching and C–H vibrations of hemicellulose. 
The presence of those peaks confirmed the existence of 
lignin and hemicellulose in CPF. However, the absorp-
tion band at 1732  cm−1 and 1502  cm−1 disappeared in 
the delignined fiber, suggesting that lignin was success-
fully removed during this process. Additionally, in the 

Table 1  Chemical composition of  Calotropis procera fiber 
and selected common natural fibers

Constituent (%) Lignin Cellulose Hemicellulose

Original fiber 9.7 ± 1.2 64.1 ± 1.6 19.5 ± 1.2

Alkali treated fiber 9.5 ± 1.3 64.1 ± 1.4 20.1 ± 0.8

Delignined fiber 1.7 ± 0.9 74.5 ± 0.5 24.1 ± 1.1

Bleached fiber 0.4 ± 0.1 91.3 ± 1.1 8.2 ± 0.9

Kenaf 15.8 ± 1.9 50.7 ± 1.1 21.5 ± 1.5

Fiber flax 2.2 ± 0.5 61.0 ± 0.9 18.6 ± 1.5

Onion skin 38.9 ± 1.3 41.1 ± 1.1 16.2 ± 0.6

Fig. 2  Morphology of a, b the Calotropis procera fiber; c, d dewaxed Calotropis procera fiber; e, f Calotropis procera fiber after the delignification; g, h 
Calotropis procera fiber after bleaching
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bleached fiber, the disappearance of the band at 899 cm−1 
confirmed the removal of hemicellulose.

Extraction of cellulose nanocrystal
TEM graphs of the obtained CNC are shown in Fig. 4a. 
As can be seen, CNC showed uniform needle-like shape 
with 250-nm length and 12-nm diameter, which was 
similar with the reported works (dos Santos et  al. 2013; 
Rhim et  al. 2015; An et  al. 2016). From Fig.  4d, e, we 
could also see the needle-like cellulose nanocrystal. Fig-
ure  4b, c show the diameter and length distributions of 
the obtained CNC. It could be seen that the length of 
the obtained CNC was ranging from 100 to 400 nm and 
diameter between 4 and 12  nm. Polydispersity of the 
obtained CNC was 0.39 (measured by dynamic light scat-
tering), which was lower than the reported literature (4.1 
for CNC obtained from filter paper and 0.49 for spherical 
cellulose nanocrystals).

The dispersion stability of the nanocrystal in differ-
ent polar solvent is an important parameter to evaluate 
dispersity of CNC as nanofillers in manufacturing nano-
composites. The dispersibility of CNC strongly depends 
on their surface functionalization, aspect ratio, and sur-
face charges. The obtained CNC was ultrasonicated and 

dispersed in water, ethanol and acetone at a concentra-
tion of 10  mg/mL to compare its colloidal stability. As 
shown in Fig. 4f, the nanocrystal dispersed in water and 
ethanol stay stable even after 96 h, which showed that the 
obtained CNC was completely dispersed. After hydroly-
sis, negatively charged sulfate group was introduced onto 
CNC, which contributed to the stabilization of CNC sus-
pension by repulsive forces. However, CNC dispersed in 
acetone solvent started to separate after 24 h due to the 
fact that CNC tends to highly agglomerate in acetone 
solvent.

Thermal analysis
Thermal stability of CPF and the obtained CNC was 
investigated. Their corresponding thermogram is pre-
sented in Fig. 5 and the corresponding degradation tem-
perature is summarized in Table  2. From Fig.  5, we can 
see that CPF showed a weight loss from 300 to 400  °C, 
which could be due to the decomposition of the glycosyl 
units in cellulose fiber (Chen et al. 2012; Vinayaka et al. 
2017). As for the obtained CNC, it showed a lower deg-
radation temperature which could be attributed to the 
introduced sulfate groups on the nanocrystal surface. The 
first degradation step basically corresponding to the cel-
lulose degradation process was between 160 and 250  °C 
and the second degradation step was attributed to the 
oxidation and breakdown of the charred residue to lower 
molecular weight gaseous products. The introduction of 
sulfate groups at cellulose nanocrystal could accelerate 
the depolymerization of cellulose (Camarero Espinosa 
et al. 2013). Also, the reported degradation temperature 
of CNC from Soy hulls and Flax was 170 °C and 186 °C 
(Neto et al. 2013).

XRD and FTIR analysis
XRD analysis of the obtained CNC is shown in Fig.  6a. 
The XRD diagrams of Calotropis procera fiber and the 
obtained CNC showed peaks at 2θ = 16.0°, and 22.1°, 
which could be attributed to the cellulose I character-
istic peaks. Crystallinity index (CrI) of the materials is 
summarized in Table  3. The Crystallinity index of the 
obtained CNC showed a significant increase compared 
with Calotropis procera fiber, indicating that the acid 
digested the amorphous hemicelluloses and the defective 

Fig. 3  FTIR spectrum of the Calotropis procera fiber, alkali treated 
Calotropis procera fiber, delignined Calotropis procera fiber and 
bleached Calotropis procera fiber

Table 2  Onset temperature (Tonset), degradation temperature on  maximum weight-loss rate (Tmax), weight loss (WL) 
for CPF and the obtained CNC

Samples Cellulose thermal degradation Carbonic residue degradation

Tonset (°C) Tmax (°C) WL (%) Tonset (°C) Tmax (°C) WL (%)

Calotropis procera fiber 277 330 79 420 510 31

Obtained CNC 180 205 57 367 406 43
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regions in Calotropis procera fiber. The crystallinity of 
the obtained CNC was similar with the reported litera-
ture as listed in Table 3 (Zhao et al. 2015, 2016; Neto et al. 
2013; Johar et al. 2012).

The FTIR spectra of the original Calotropis procera 
fiber and the obtained cellulose nanocrystal are shown 
in Fig.  6b. The absence of peaks around 1742  cm−1 
and 1522  cm−1 at cellulose nanocrystal was due to the 
removal of lignin after the pretreatment of Calotropis 
procera fiber. The new peak at 1205  cm−1 was resulted 

Fig. 4  a TEM micrograph of the obtained CNC; b, c diameter and length distribution of the obtained CNC; d, e SEM micrographs of the obtained 
CNC; f stability of the CNC dispersed in water, ethanol and acetone (from left to right in each picture)

Fig. 5  a TG and b DTG analysis of Calotropis procera fiber and the obtained cellulose nanocrystal
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from the introduced sulfate groups by sulfuric acid 
hydrolysis.

Conclusion
Cellulose nanocrystal can be isolated from Calotropis 
procera fiber, an under-utilized agriculture biomass. 
The cellulose content of the Calotropis procera fiber 
was 64.1%. The chemical pretreatment which removed 
the non-cellulosic constituents of Calotropis procera 
fiber was found to be an essential and fundamental 
procedure for the isolation  of cellulose nanocrystal. 
The obtained CNC exhibited a needle-like shape with 
an average diameter and length of 12 nm and 250 nm, 
leading to an aspect ratio of approximately 30. The 
crystallinity index of the obtained CNC was 68.7%. 
Furthermore, the obtained CNC showed good thermal 
stability. The CNC obtained from the biomass, Calotro-
pis procera fiber, showed great potential as reinforce-
ment agents during the manufacturing of renewable 

nanocomposites due to their relatively high aspect ratio 
and high crystallinity.

Abbreviation
CNC: cellulose nanocrystals.
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