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Abstract

Acacia caesia (L.) Willd (soap bark) fiber is an abundant natural resource, that
is rich in cellulose. The study reports the effective utilization of underutilized
Acacia caesia fiber for the isolation of nanocellulose whiskers. The
nanocellulose whiskers were isolated successfully from Acacia caesia fibers by
following alkali, bleaching, and sulfuric acid treatment. The obtained
nanocellulose whiskers were carefully investigated for its chemical composi-
tion, structure, morphology, crystallinity, and thermal stability. The chemical
composition and Fourier transform infrared spectra of nanocellulose whiskers
showed the elimination of the non-cellulosic parts present in the raw Acacia
caesia fibers. The X-ray diffraction analysis showed an upsurge in the crystal-
linity of the cellulose fibers after the chemical treatments. The isolation of
nanocellulose whiskers from Acacia caesia raw fiber was confirmed by elec-
tron microscopy analysis. The thermogravimetric analysis showed remarkably
high char residue for the nanocellulose whiskers compared to raw fibers.
Based on the properties of nanocellulose whiskers, it can be concluded that
the nanocellulose whiskers produced from Acacia caesia raw fibers are poten-

tial reinforcing material for developing high-performance green composites.
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1 | INTRODUCTION

Nanocellulose has gained enormous interest among
researchers in academia and industry owing to its easy
availability, renewability, cheap, lightweight, good rigid-
ity, easy processing, eco-friendly, biodegradability, non-
toxic, good thermo-mechanical properties, large surface
area, and lower thermal expansion."” With the recent
technological advancement, the isolation of nanocellulose
from plant fibers attracted more attention.>”> Plant fibers
consist of cellulose, hemicellulose, pectin, lignin, and
wax. Plant fibers such as flax (71.0), hemp (70.2-74.4),
ramie (68.6-76.2), pineapple (70.0-82.0) and sisal
(67.0-78.0) have very high cellulose content.® Many natu-
ral fibers such as Helicteres isora (east Indian screw tree),”
sugarcane bagasse,2 wood, bamboo, wheat straw fibers,
flax fibers,® cotton,’ banana,'® banana peel,'! Jute,'* coco-
nut husk fibers,"® wheat straw and soy hulls,"* water
hyacinth,'® and oil palm"® have been used for the isola-
tion of cellulose. Cellulose is poly(p-p-glucopyranose) and
the monomer units are connected by p-1-4-linkages. The
degree of polymerization in cellulose is ca. 2000 and in
nature, it exists as cellulose fibers rather than cellulose
molecules.'” The cellulose component offers strength and
rigidity to the plant fibers and it exists in microfibrils
along with hemicellulose and lignin in the cell wall of the
plants.'® Several methods are available for the isolation of
nanocellulose from the plant fibers such as high-pressure
homogenization,’®  steam  explosion,®  ultrasonic
technique,” enzymatic pre-treatments,” and chemical
treatments.>**>*

High-pressure homogenization is a common mechan-
ical treatment method used to isolate cellulose from raw
natural fibers. In this method raw fibers are passed
through the homogenizer at high pressure and high vis-
cosity, causing fiber fibrillation. The disadvantages of this
method are high energy consumption, clogging, low
aspect ratio, and poor thermomechanical properties.
However, this method is environmentally friendly and
is used for the industrial production of cellulose
fibers.'®2°>7%” Steam explosion is an effective method for
the extraction of nanocellulose from raw natural fibers.
Here chemically treated fibers are subjected to high pres-
sure in an autoclave. The rapid release of pressure cause
fiber fibrillation. The process is repeated multiple times
for good results. The advantage of this method is that it is
a sulfur-free process and hence less hazardous. The draw-
backs of this process are low pulp yield, wastage of chem-
ical reagents, corrosion of apparatus, and high energy
consumption.'>?*?®*  Recently, the ultrasonication
method has become more popular for the fibrillation of
natural fibers. In the ultrasonic technique, the fibers
soaked in distilled water were subjected to

ultrasonication. The hydrodynamic forces generated from
the ultrasound is used for the fiber fibrillation. This
method is relatively simple and environmentally friendly.
However, ultrasonication has many drawbacks such as
low thermal stability and crystallinity of the prepared
nanocellulose fibers and also chemical pre-treatment is
necessary for effective fiber fibrillation.?*”*" In enzymatic
pre-treatments, the raw fibers were treated with enzymes
like cellulase, ligninase, xylanase, pectinase, laccase, and
so forth. The action of these enzymes results in the degra-
dation of hemicellulose, lignin, and pectin. Enzymatic
technology ensures effective and green synthesis of cellu-
lose fibers. The major limitation of this technique is the
cost of enzymes.***

Different chemical agents like sulfuric acid,
hydrochloric acid, phosphoric acid, and so forth, are com-
monly used for the extraction of nanocellulose from natu-
ral fibers.***° Among the various chemical methods,
sulfuric acid hydrolysis is the most commonly used
method for the extraction of cellulose from plant fibers.
Hydrochloric acid is also used for the acid hydrolysis of
raw natural fibers. The thermal stability and the yield of
nanocellulose produced by hydrochloric acid hydrolysis
is better than sulfuric acid, however, the generated
nanocellulose may flocculate in the absence of any sur-
face charge.?”** Phosphoric acid is an another commonly
used acid for the extraction of nanocellulose. The
nanocellulose obtained by this method forms a stable sus-
pension and is also thermally stable.*’

Previous studies have shown that sulfuric acid hydro-
lysis of natural fibers can produce cellulose nanocrystals
or long cellulose nanofibrils from different cellulose
sources and hydrolysis conditions.*"** Jiang et al.**
showed that the sulfuric acid hydrolysis of pure rice straw
cellulose resulted in highly crystalline rod-like cellulose
nanocrystals (CNCs) with 90% crystallinity. Later Jiang
et al.*® utilized sulfuric acid hydrolysis for the extraction
of CNCs from tomato peels. The CNCs have cellulose I
structure with 80.8% crystallinity. Morais et al.** isolated
nanocellulose from raw cotton linter using sulfuric acid
hydrolysis. The percentage crystallinity of raw cotton
linter is 64%, and this value increases to 90% for
nanocellulose whiskers. Azani et al.*> prepared CNC
form oil palm frond using sulfuric acid hydrolysis. The
CNCs have 90 nm long, and 6 nm diameter with a crys-
tallinity index value of 60%. Recently Septevani et al.*
synthesized nanocellulose from oil palm empty fruit
bunch via sulfuric acid treatment. Thus, studies revealed
the successful extraction of nanocellulose from raw natu-
ral fibers by sulfuric acid hydrolysis treatment. It is
important to point out that the nanocellulose produced
from various plant sources are used in many potential
applications such as super adsorbent for wastewater
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treatment, transparent films, food packaging industries,
and biomedical materijals.!”*™48

Plants are abundant however their characteristic
properties are different due to the difference in their
structural features; therefore, it is worth to extract and
characterize nanocellulose from different plant species.
Acacia caesia (Incha) is a widely grown tree in the West-
ern Ghats, India.*® It is easily available, biodegradable,
low cost, and ecofriendly. It belongs to the family
Mimosaceae and grows up to 15 m tall. Acacia caesia is
famous for its medical value and is widely used as a natu-
ral body scrubber. Leaves are used for the treatment of
asthma, and skin diseases.*>**° The wood is used for mak-
ing furniture, boats, and so forth. Acacia caesia is an
agro-waste after its application as a scrubber or after
some ayurvedic treatment. Even though Acacia caesia
fibers are known for centuries, it is underutilized in com-
mercial high-performance applications.

Among the various methods used for the extraction of
nanocellulose, the chemical method is most attractive
because it is cheap, highly effective, and fast process."’
Also, chemical treatment of the plant fibers can effec-
tively modify the physical structure together with the
improvement in thermomechanical properties. Moreover,
chemical treatment will reduce the hydrophilicity of the
fibers thus enhances the interfacial interaction between
the fibers and polymer.'*'®>'>* As per literature, the
extraction of nanocellulose from Acacia caesia fibers has
not been reported to date. In this work, an attempt has
been made to isolate cellulose nanowhiskers from Acacia
caesia raw fiber by alkali treatment, bleaching, and acid
hydrolysis.

2 | MATERIALS AND METHODS

2.1 | Materials

The raw Acacia caesia (L.) Willd stem fibers (soap bark)
were obtained from the local market in Ernakulam, Ker-
ala, India. The chemicals such as NaOH, H,0, and
H,SO, were purchased from Merck for the chemical
treatment of Acacia caesia fibers.

2.2 | Methods
2.21 | Preparation of cellulose
nanowhiskers from Acacia caesia

Acacia caesia fibers were powdered well and about 50 gm
of the sample was treated with 1000 ml 20 wt% NaOH
with stirring for 24 h. The fibers were then washed well

in distilled water and the procedure was repeated four
times to remove most of the lignin, wax, and pectin con-
tent from the fiber. The alkali treated fibers were
bleached with 200 ml 20% H,0O, and 40 ml 10% NaOH
solution with stirring for 24 h. The bleaching was
repeated four times or until the fibers become white.
Later bleached fibers were thoroughly washed with dis-
tilled water and dried at room temperature. The dried
fibers were treated with 64 wt% H,SO, at 45°C with stir-
ring for 1 h. Finally, the fibers were washed thoroughly
with distilled water until the pH of the sample is neutral.
The cellulose exists as alternate crystalline and amor-
phous regions. Acid hydrolysis helps the dissolution of
non-crystalline (amorphous) parts.

2.2.2 | Characterization of cellulose
nanowhiskers

The chemical composition of Acacia caesia fibers was
measured in accordance with ASTM standards. The
ASTM standards D 1103-55T, D 1104-56, D1106-56, and
D 4442-92 were used for the evaluation of cellulose,
hemicellulose, lignin, and water content respectively.”
FTIR spectrum of the treated and untreated fibers was
recorded using Avtar 370 spectrometer (Thermo Nicolet,
USA). The powdered fibers were mixed thoroughly with
KBr and pressed to form KBr pellet. KBr was used for
making sample pellets because it is transparent for the
light in the IR range. The sample pellet was scanned from
400 to 4000 cm™*. Bruker, D8 advance rotaflex diffraction
meter was used to record the X-ray diffraction pattern of
raw fibers and cellulose nanowhiskers using CuKa radia-
tion at a A = 1.5406 A. Scanning electron microscopic
(SEM) images were taken with a JEOL-JSM 5800 scan-
ning electron microscope to study the microstructural
characteristics of the fibers. The fibers were sputtered
with gold before SEM analysis. The nanoscale morphol-
ogy of the cellulose nanowhiskers was taken using JEOL
JEM3010 transmission electron microscope (TEM). The
thermal behavior of the raw fibers and cellulose nano-
whiskers was measured using a Perkin Elmer, Diamond
TG/DTA. The experiments were carried out at 30-700°C
at a constant heating rate of 20°C/min.

3 | RESULTS AND DISCUSSION

3.1 | Chemical composition of Acacia
caesia fibers

The chemical composition of Acacia caesia fibers is
given in Table 1. The raw Acacia caesia fibers have a
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TABLE 1 Chemical composition of Acacia caesia fibers

Cellulose (%)
54.08

Samples
Acacia caesia raw fibers

Cellulose nanowhiskers
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FIGURE 1 FTIR spectrum of (a) raw Acacia caesia fiber, and
(b) prepared cellulose nanowhiskers

cellulose content of 54.08%, hemicellulose content of
21.52%, lignin content of 18.14%, and water content of
5%. While that of treated Acacia caesia fibers have a
cellulose content of more than 92%. On the other
hand, a substantial reduction of hemicellulose and lig-
nin is observed after the chemical treatment. The
increase in cellulose and the decrease in hemicellulose
and lignin in the treated fibers confirms the removal
of non-cellulosic parts from the raw Acacia caesia
fibers.

Hemicellulose (%)
21.52
92.35 0.32

Lignin (%) Moisture (%)

18.14 5
0.395 7

3.2 | Fourier transform infrared
spectroscopy (FTIR) studies

The FTIR spectra provide an easy understanding of the
structural features of plant fibers. The FTIR spectra of
raw Acacia caesia fiber and prepared cellulose nano-
whiskers are given in Figure 1(a, b). The peaks position
of the raw fiber is shown in Figure 1(a). The broad
band/peak at 3430 cm™' represents the OH stretching
vibrations of the cellulose.'® The peak at 2931 cm™ cor-
responds to C—H stretching vibrations of cellulose.'
These two peak positions are common for cellulose
nanowhiskers and raw fiber. The shoulder at 1740 cm™"
in the raw Acacia caesia fiber is due to the presence of
hemicellulose and lignin and is absent in cellulose
nanowhiskers demonstrating the elimination of hemi-
cellulose and lignin from the raw fibers during the
chemical treatment.>® The peak at ca. 1619 cm™' is
associated with the absorbed water molecules.” The
band at 1510 cm™' corresponding to the stretching
vibrations of lignin is disappeared in the case of cellu-
lose nanowhiskers indicating the dissolution of lignin
from the raw fibers during the chemical treatment.'
The band at 1240 cm™' corresponds to hemicellulose
and lignin, is vanished in the prepared cellulose nano-
whiskers further confirms the elimination of lignin and
hemicellulose from the nanocellulose.’®>” The peak at
1043 cm™" is assigned to the ether linkage from lignin
or hemicellulose in the raw fiber.” This peak is absent
in the prepared cellulose nanowhiskers due to the dis-
solution of lignin or hemicellulose from the fibers after
the chemical treatments. The appearance of a new band
at 890 cm ™" in the prepared cellulose nanowhiskers cor-
responds to p-glycosidic linkages of glucose units in cel-
lulose, represent an upsurge in the cellulose content in
the treated fiber.? Thus, the FTIR study reveals the
removal of non-cellulosic parts from the natural fiber
during the chemical treatment and the major content of
the prepared nanofiber is cellulose.

3.3 | X-ray diffraction (XRD) studies

The crystallinity of cellulose nanowhiskers is critical
for polymer reinforcements as it provides strength and
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FIGURE 2 XRD pattern of (a) raw Acacia caesia fiber,
(b) cellulose nanowhiskers

stiffness to the composites. The crystalline behavior of
the raw fiber and cellulose nanowhiskers were investi-
gated by XRD. The XRD pattern of raw fiber and pre-
pared cellulose nanowhiskers are shown in Figure 2(a,
b). The XRD of the samples tested shows two broad dif-
fraction patterns at 20 = 16° and 20 = 22.6°, rep-
resenting cellulose I structure.®'? This indicates that the
crystalline structure of the fiber did not change during
chemical treatment.'* The diffraction peak at 20 = 22.6°
corresponds to crystalline cellulose. From Figure 2, the
intensity of the crystalline peak increases with chemical
treatment, the intense peak proposes the removal of the
noncellulosic part from the raw natural fibers. These
results suggest an increase in the crystallinity of the cel-
lulose nanowhiskers.”® The crystallinity index (Ic) of the
raw fiber and prepared cellulose nanowhiskers was cal-
culated using the following Equation.®>’

[1(200)—I(am)]

Ic=
¢ 1(200)

%100, (1)

where I 500y is the peak intensity at 20 = 22.6° and I, is
the intensity minimum between 200 and 110 plane
(Iyms 20 = 18°).

The Ic of the raw fiber and prepared cellulose nano-
whiskers are given in Table 2. The crystallinity of the raw
fiber is lowest because it is embedded in the amorphous
matrix. On the other hand, the crystallinity remarkably
increases after the chemical treatments in prepared cellu-
lose nanowhiskers. The treatments cause the dissolution
of the amorphous phase. That means the increase in the
crystallinity is due to the removal of the non-crystalline
component from the fiber. It is reported that the alkali
treatment causes the dissolution of some of the amor-
phous portion of the fibers.®® This causes the
rearrangement of the crystalline phase and the remaining
amorphous phase. The bleaching followed by the acid
hydrolysis removes the remaining amorphous phase. This
is because during acid hydrolysis treatment the hydro-
nium ions penetrate into the fiber causing the hydrolytic
cleavage of glycosidic bonds of cellulose, allowing the dis-
solution of non-crystalline part and hence resulting in
highly ordered crystallites.®>®* The high value of crystal-
linity provides strength and stiffness and will be more
effective as a reinforcement with the polymer matrix. The
crystallinity index (Ic) of the raw fiber and prepared
nanocellulose from various sources are given in Table 2.

3.4 | Morphology of the nanocellulose
whiskers

The SEM images of Acacia caesia fibers at the various stages
of chemical treatment are given in Figure 3(a-d). From the
micrographs, it is clear that the chemical treatment reduced
the fiber dimension from macro to nanoscale. Figure 3(a)
showed an irregular structure of raw Acacia caesia fibers
with an average diameter of ca. 50 pm. The uneven surface
of the raw fiber is due to the presence of cementing mate-
rials such as hemicellulose, lignin, pectin, and wax. The
treatment with NaOH removed some part of the cementing
material and hence a reduction in the diameter of the fibers
is observed. After NaOH treatment, the fiber becomes more
rough and the fiber diameter reduced to ca. 10 pm. The
bleaching of the alkali-treated fiber surface with NaOH and
H,0, further reduced the size of the fibers to ca. 300 nm,
because of the defibrillation of the fibers. Finally, after the
sulfuric acid treatment, the crystalline rod-like
nanocellulose whiskers are observed (Figure 3(d)) in the
form of a classic web-like network structure.”® As stated in
the XRD studies, the acid hydrolysis causes the hydronium
ion to penetrate into the fibers resulting in the hydrolytic
cleavage of glycosidic bonds of cellulose and also removed
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TABLE 2 Crystallinity index (Ic) of the raw fiber and prepared cellulose nanowhiskers from various sources

Samples

Acacia caesia
Helicteres isora
‘Wood

Bamboo

Rice straw

Flax

Cotton fiber
Banana Fiber

Jute fiber

Coconut fibers
Wheat straw fibers
Soy hulls
Sugarcane bagasse
Wood fibers
Curaua fibers

Alfa fiber

Rice husk
Arecanut husk fiber

Sugar palm fibers

20kV X500

20kV  X5,000 5um

50pum

Method of treatment

Chemical treatment

Chemical treatment and steam explosion

Chemical-ultrasonic process
Chemical-ultrasonic process
Chemical-ultrasonic process
Chemical-ultrasonic process
Chemical treatment

Chemical treatment

Steam explostion

Chemical treatment

Chemical treatment

Chemical treatment

High pressure homogenization
Ultrasoniaction

Enzymatic treatment (pectinase)
Chemical-ultrasonic process
Chemical treatment

Chemical treatment

Chemical treatment

13 46 SEI 20kV

13 46 SEI

X1,000

THOMAS ET AL.
Raw fibers (Ic) Nanocellulose (Ic) Reference
56.67% 79.65% Current work
38.0% 90.0% 7
56.0% 71.0% 8
55.5% 64.9% 8
50.9% 63.4% 8
78.3% 81.6% 8
77.0% 91.0% 9
60.05% 80.13% 10
46.32% 62.54% 12
38.9% 65.9% 13
57.5% 77.8% 14
59.8% 69.6% 14
60.0% 36.0% 19
52.74% 69.34% 30
68.2% 69.7% 34
45.0% 75.0% 37
44.1% 54.2% 43
37.0% 73.0% 60
55.8% 85.9% 61

10um

12 46 SEI

FIGURE 3 SEM images of

(a) raw Acacia caesia, (b), NaOH
treated Acacia caesia, (c) bleached
Acacia caesia and (d) H,SO, treated
Acacia caesia [Color figure can be
viewed at wileyonlinelibrary.com]|
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FIGURE 4 TEM image of
cellulose nanowhiskers (a) lower
resolution (scale bar- 0.5 pm)

(b) higher resolution (scale bar-
100 nm)
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FIGURE 5 TGA (2) and DTG (b) curve of raw fiber and cellulose nanowhiskers

the rest of the binding materials.® Thus, highly ordered
crystallites are formed. For a better understanding of the
morphology of the nanocellulose whiskers, TEM images are
taken. TEM images of the highly ordered crystallites of
nanocellulose are shown in Figure 4(a, b). Nanocellulose
whiskers with ca. 30 nm are observed from the TEM
images. Thus the TEM images confirm the dissolution of
hemicellulose, pectin, wax, and other cementing materials
from the raw fibers with alkalisation, bleaching, and acid
hydrolysis resulting in the nanowhiskers.” These results
suggested that the nanocellulose whiskers are successfully
obtained after chemical treatments.

3.5 | Thermogravimetric analysis

Thermal stability of raw Acacia caesia fiber and pre-
pared cellulose nanowhiskers is studied for the under-
standing of the thermal degradation behavior of raw
Acacia caesia fiber and cellulose nanowhiskers. The
thermogravimetric analysis curve and derivative

thermogram of raw Acacia caesia fiber and cellulose
nanowhiskers are shown in Figure 5(a, b). The degrada-
tion of raw fiber and treated fiber took place in multiple
steps, suggesting the presence of different fiber compo-
nents which decompose at different temperatures. The
weight loss at 100°C is because of the evaporation of
moisture content present in the raw Acacia caesia fiber
and cellulose nanowhiskers. The degradation at 120°C
in cellulose nanowhiskers may be due to chemisorbed
water or intermolecularly H-bonded water in the cellu-
lose nanowhiskers.” Interestingly, from the TGA and
DTG curve, the moisture absorption is more in the case
of cellulose nanowhiskers. This is because the moisture
may get entrapped in the open spaces created on the
removal of the non-cellulosic part with the acid hydroly-
sis. Other than the minor degradation at 100°C, the raw
Acacia caesia fibers and cellulose nanowhiskers show
two major degradation steps and are reflected in the
DTG curve. The first major degradation at ca. 300 °C is
due to the decomposition of cellulose, hemicellulose,
and some portion of the lignin.'>*>%3
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A careful examination of the results revealed that the
first major degradation temperature of the cellulose nano-
whiskers decreases to lower temperatures after the chemi-
cal treatments. This is because the acid hydrolysis dissolves
both the amorphous phase and the crystalline phase mak-
ing them more susceptible to thermal degradation.'® It may
also due to the reduction in the molecular weight of the cel-
lulose caused by the chemical treatments.” The degradation
at 480°C is due to the decomposition of lignin along with
the carbonaceous residue.’>®**"°® The mass loss of the oxi-
dative degradation of lignin and other carbonaceous resi-
due is reduced from ca. 30% to ca. 10% in cellulose
nanowhiskers and the degradation temperature shifted to
higher temperatures with chemical treatment. These results
indicate the removal of the amorphous components from
the raw Acacia caesia fiber during the chemical treatment
supporting the chemical composition, FTIR, XRD, SEM
and TEM results. It is important to add that the prepared
cellulose nanowhiskers show a remarkably high char resi-
due of ca. 20% compared with untreated fiber (ca. 1%), this
is owing to the presence of sulfate groups in cellulose nano-
whiskers, here the sulfate groups act as a flame retardant.'

4 | CONCLUSION
The important conclusions of the present work are as
follows.

« Cellulose nanowhiskers are isolated from Acacia
caesia, a common medicinal plant by following alkali,
bleaching, and sulfuric acid hydrolysis treatment.

« Chemical composition and FTIR analysis of prepared
cellulose nanowhiskers confirmed the dissolution of
non-cellulosic part from the raw Acacia caesia fiber
during the chemical treatment.

« XRD studies showed high crystallinity for cellulose
nanowhiskers compared to raw fibers.

« SEM and TEM images demonstrated the formation of
the nanosized rod-like structure of cellulose.

« Thermal studies revealed the higher char residue for
the prepared cellulose nanowhiskers. Thus, the pre-
pared cellulose nanowhiskers possesses high crystallin-
ity and good thermal stability.

The future work of this research is about the potential
utilization of cellulose nanowhiskers for various compos-
ite applications.

ACKNOWLEDGEMENTS

Seena K. Thomas thank CSIR for research fellowship.
Jyotishkumar Parameswaranpillai would like to thank
King Mongkut's University of Technology North

Bangkok, Thailand for research funding. Contract
number: KMUTNB-64-KNOW-03 and KMUTNB
BasicR-64-16.

ORCID
Jyotishkumar Parameswaranpillai
0000-0002-3809-8598

https://orcid.org/

REFERENCES

[1] J. F. Beecher, Nat. Nanotechnol. 2007, 2, 466.

[2] A.Mandal, D. Chakrabarty, Carbohydr. Polym. 2011, 86, 1291.

[3] M. R. Sanjay, S. Siengchin, J. Parameswaranpillai, M. Jawaid,
C. L. Pruncu, A. Khan, Carbohydr. Polym. 2019, 207, 108.

[4] R. Vijay, D. L. Singaravelu, A. Vinod, M. R. Sanjay, S.
Siengchin, M. Jawaid, A. Khan, J. Parameswaranpillai, Int.
J. Biol. Macromol. 2019, 125, 99.

[5] N. Premalatha, S. S. Saravanakumar, M. R. Sanjay, S.
Siengchin, A. Khan, J. Nat. Fibers 2019, 16, 1. https://doi.org/
10.1080/15440478.2019.1678546.

[6] S. K. Ramamoorthy, M. Skrifvars, A. Persson, Polym. Rev.
2015, 55, 107.

[7] C. J. Chirayil, J. Joy, L. Mathew, M. Mozetic, J. Koetz, S.
Thomas, Ind. Crop. Prod. 2014, 59, 27.

[8] W. Chen, H. Yu, Y. Liu, Y. Hai, M. Zhang, P. Chen, Cellulose
2011, 18, 433.

[9] E. de Morais Teixeira, A. C. Corréa, A. Manzoli, F. de Lima
Leite, C. R. de Oliveira, L. H. C. Mattoso, Cellulose 2010,
17, 595.

[10] R. Kumar, S. Kumari, S. S. Surah, B. Rai, R. Kumar, S. Sirohi,
G. Kumar, Mater. Res. Express 2019, 6, 105601. https://doi.org/
10.1088/2053-1591/ab3511.

[11] P. Khawas, S. C. Deka, Carbohydr. Polym. 2016, 137, 608.

[12] M. G. Thomas, E. Abraham, P. Jyotishkumar, H. J. Maria,
L. A. Pothen, S. Thomas, Int. J. Biol. Macromol. 2015, 81, 768.

[13] M. F. Rosa, E. S. Medeiros, J. A. Malmonge, K. S. Gregorski,
D. F. Wood, L. H. C. Mattoso, G. Glenn, W. J. Orts, S. H.
Imam, Carbohydr. Polym. 2010, 81, 83.

[14] A. Alemdar, M. Sain, Bioresour. Technol. 2008, 99, 1664.

[15] M. T. Sundari, A. Ramesh, Carbohydr. Polym. 2012, 87, 1701.

[16] M. M. Haafiz, A. Hassan, Z. Zakaria, I. M. Inuwa, Carbohydr.
Polym. 2014, 103, 119.

[17] L. Brinchi, F. Cotana, E. Fortunati, J. M. Kenny, Carbohydr.
Polym. 2013, 94, 154.

[18] J. I. Morén, V. A. Alvarez, V. P. Cyras, A. Vazquez, Cellulose
2008, 15, 149.

[19] J. Li, X. Wei, Q. Wang, J. Chen, G. Chang, L. Kong, J. Su, Y.
Liu, Carbohydr. Polym. 2012, 90, 1609.

[20] E. Abraham, B. Deepa, L. A. Pothan, M. Jacob, S. Thomas, U.
Cvelbar, R. Anandjiwala, Carbohydr. Polym. 2011, 86, 1468.

[21] H. P. Zhao, X. Q. Feng, H. Gao, Appl. Phys. Lett. 2007, 90,
073112. https://doi.org/10.1063/1.2450666.

[22] M. P4dkko, M. Ankerfors, H. Kosonen, A. Nykinen, S. Ahola,
M. Osterberg, J. Ruokolainen, J. Laine, P. T. Larsson, O.
Ikkala, T. Lindstrom, Biomacromolecules 2007, 8, 1934.

[23] A. Dufresne, Mater. Today 2013, 16, 220.

[24] F.Jiang, Y. L. Hsieh, Carbohydr. Polym. 2013, 95, 32.

[25] A. N. Nakagaito, H. Yano, Appl. Phys. A Mater. Sci. Process.
2004, 78, 547.


https://orcid.org/0000-0002-3809-8598
https://orcid.org/0000-0002-3809-8598
https://orcid.org/0000-0002-3809-8598
https://doi.org/10.1080/15440478.2019.1678546
https://doi.org/10.1080/15440478.2019.1678546
https://doi.org/10.1088/2053-1591/ab3511
https://doi.org/10.1088/2053-1591/ab3511
https://doi.org/10.1063/1.2450666

THOMAS ET AL.

Applied Polymer wiLEy-L >

[26] O. Nechyporchuk, M. N. Belgacem, J. Bras, Ind. Crop. Prod.
2016, 93, 2.

[27] H. Xie, H. Du, X. Yang, C. Si, Int. J. Polym. Sci. 2018, 2018,
7923068. https://doi.org/10.1155/2018/7923068.

[28] E. Ahmad, K. K. Pant, Lignin conversion: a key to the concept
of lignocellulosic biomass-based integrated biorefinery. in
Waste Biorefinery Potential and Perspectives, Elsevier, Amster-
dam, The Netherlands 2018, p. 409.

[29] Q. Cheng, S. Wang, T. G. Rials, Compos. Part A Appl. Sci.
Manuf. 2009, 40, 218.

[30] W. Chen, H. Yu, Y. Liu, P. Chen, M. Zhang, Y. Hai, Car-
bohydr. Polym. 2011, 83, 1804.

[31] Z. Hu, R. Zhai, J. Li, Y. Zhang, J. Lin, Int. J. Polym. Sci 2017,
2017, 1. https://doi.org/10.1155/2017/9850814.

[32] Y. Karaduman, D. Gokcan, L. Onal, J. Compos. Mater. 2013,
47,1293.

[33] S. Nie, K. Zhang, X. Lin, C. Zhang, D. Yan, H. Liang, S. Wang,
Carbohydr. Polym. 2018, 181, 1136.

[34] L. Sisti, S. Kalia, G. Totaro, M. Vannini, A. Negroni, G.
Zanaroli, A. Celli, J. Environ. Chem. Eng. 2018, 6, 4452.

[35] J. De Prez, A. W. Van Vuure, J. Ivens, G. Aerts, I. Van de
Voorde, Biotechnol. Rep. 2018, 20, €00294. https://doi.org/10.
1016/j.btre.2018.00294.

[36] M. de Oliveira Taipina, M. M. F. Ferrarezi, M. do Carmo
Gongalves, Cellulose 2012, 19, 1199.

[37] C.J. Huntley, K. D. Crews, M. A. Abdalla, A. E. Russell, M. L.
Curry, Int. J. Chem. Eng. 2015, 2015, 658163. https://doi.org/
10.1155/2015/658163.

[38] Y. Sun, L. Lin, H. Deng, H. Peng, J. Li, R. Sun, S. Liu, Front For
China 2008, 3, 480. https://doi.org/10.1007/s11461-008-0072-1.

[39] A. N. Hanani, A. Zuliahani, W. I. Nawawi, N. Razif, A. R.
Rozyanty, IOP Conf. Ser.: Mater. Sci. Eng. 2017, 204, 012025.
https://doi.org/10.1088/1757-899X/204/1/012025.

[40] S. C. Espinosa, T. Kuhnt, E. J. Foster, C. Weder, Bio-
macromolecules 2013, 14, 1223.

[41] S. Elazzouzi-Hafraoui, Y. Nishiyama, J. L. Putaux, L. Heux, F.
Dubreuil, C. Rochas, Biomacromolecules 2007, 9, 57.

[42] A. C. Corréa, E. de Morais Teixeira, L. A. Pessan, L. H. C.
Mattoso, Cellulose 2010, 17, 1183.

[43] F.Jiang, Y. L. Hsieh, Carbohydr. Polym. 2015, 122, 60.

[44] J. P. S. Morais, M. D. F. Rosa, M. D. S. M. De Souza Filho,
L. D. Nascimento, D. M. Do Nascimento, A. R. Cassales, Car-
bohydr. Polym. 2013, 91, 229.

[45] N. F. S. M. Azani, M. M. Haafiz, A. Zahari, S. Poinsignon, N.
Brosse, M. H. Hussin, Int. J. Biol. Macromol. 2020, 153, 385.

[46] A. A. Septevani, A. Rifathin, A. A. Sari, Y. Sampora, G. N.
Ariani, D. Sondari, Carbohydr. Polym. 2020, 229, 115433.
https://doi.org/10.1016/j.carbpol.2019.115433.

[47] R.J. Moon, A. Martini, J. Nairn, J. Simonsen, J. Youngblood,
Chem. Soc. Rev. 2011, 40, 3941.

[48] M. J. John, S. Thomas, Carbohydr. Polym. 2008, 71, 343.

[49] J. Thambiraj, S. Paulsamy, Asian Pac. J. Trop. Biomed. 2012, 2,
S732.

[50] G. Benelli, S. Kadaikunnan, N. S. Alharbi, M. Govindarajan,
Environ. Sci. Pollut. R. 2018, 25, 10228.

[51] M. M. Haafiz, A. Hassan, H. A. Khalil, M. N. Fazita, M. S.
Islam, I. M. Inuwa, M. M. Marliana, M. H. Hussin, Int. J. Biol.
Macromol. 2016, 85, 370.

[52] D. Hammiche, A. Boukerrou, H. Djidjelli, Y. Grohens, A.
Bendahou, B. Seantier, J. Adhes. Sci. Technol. 2016, 30, 1899.

[53] M. El Achaby, Z. Kassab, A. Barakat, A. Aboulkas, Ind. Crop.
Prod. 2018, 112, 499.

[54] Y. G. T. Girijappa, S. M. Rangappa, J. Parameswaranpillai, S.
Siengchin, Front. Mater. 2019, 6, 226. https://doi.org/10.3389/
fmats.2019.00226.

[55] W. Chawalitsakunchai, P. Dittanet, S. Loykulnunt, S.
Tanpichai, P. Prapainainar, IOP Conf. Ser.: Mater. Sci. Eng.
2019, 526, 012019. https://doi.org/10.1088/1757-899X/526/1/
012019.

[56] A.Kaushik, M. Singh, Carbohydr. Res. 2011, 346, 76.

[57] E. Abraham, B. Deepa, L. A. Pothen, J. Cintil, S. Thomas, M. J.
John, R. Anandjiwala, S. S. Narine, Carbohydr. Polym. 2013,
92, 1477.

[58] F. M. Pelissari, P. J. do Amaral Sobral, F. C. Menegalli, Cellu-
lose 2014, 21, 417.

[59] L. G. J. M. A. Segal, J. J. Creely, A. E. Martin Jr., C. M.
Conrad, Text. Res. J. 1959, 29, 786.

[60] J. Chandra, N. George, S. K. Narayanankutty, Carbohydr.
Polym. 2016, 142, 158.

[61] R. A.Ilyas, S. M. Sapuan, M. R. Ishak, Carbohydr. Polym. 2018,
181, 1038.

[62] M. M. de Souza Lima, R. Borsali, Macromol. Rapid Commun.
2004, 25, 771.

[63] B. Deepa, E. Abraham, N. Cordeiro, M. Mozetic, A. P.
Mathew, K. Oksman, M. Faria, S. Thomas, L. A. Pothan, Cellu-
lose 2015, 22, 1075.

[64] S. Ouajai, R. A. Shanks, Polym. Degrad. Stab. 2005, 89, 327.

[65] P. Rantuch, T. Chrebet, Cellul. Chem. Technol. 2014, 48, 461.

[66] E. Syafri, A. Kasim, H. Abral, G. T. Sulungbudi, M. R. Sanjay,
N. H. Sari, Int. J. Biol. Macromol. 2018, 120, 578.

How to cite this article: Thomas SK,

Begum PMS, Midhun Dominic CD, et al. Isolation
and characterization of cellulose nanowhiskers
from Acacia caesia plant. J Appl Polym Sci. 2020;
€50213. https://doi.org/10.1002/app.50213



https://doi.org/10.1155/2018/7923068
https://doi.org/10.1155/2017/9850814
https://doi.org/10.1016/j.btre.2018.e00294
https://doi.org/10.1016/j.btre.2018.e00294
https://doi.org/10.1155/2015/658163
https://doi.org/10.1155/2015/658163
https://doi.org/10.1007/s11461-008-0072-1
https://doi.org/10.1088/1757-899X/204/1/012025
https://doi.org/10.1016/j.carbpol.2019.115433
https://doi.org/10.3389/fmats.2019.00226
https://doi.org/10.3389/fmats.2019.00226
https://doi.org/10.1088/1757-899X/526/1/012019
https://doi.org/10.1088/1757-899X/526/1/012019
https://doi.org/10.1002/app.50213

	Isolation and characterization of cellulose nanowhiskers from Acacia caesia plant
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Materials
	2.2  Methods
	2.2.1  Preparation of cellulose nanowhiskers from Acacia caesia
	2.2.2  Characterization of cellulose nanowhiskers


	3  RESULTS AND DISCUSSION
	3.1  Chemical composition of Acacia caesia fibers
	3.2  Fourier transform infrared spectroscopy (FTIR) studies
	3.3  X-ray diffraction (XRD) studies
	3.4  Morphology of the nanocellulose whiskers
	3.5  Thermogravimetric analysis

	4  CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES


