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Extraction and analysis of cellulose nanocrystals from cotton balls by acid hydrolysis
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Abstract Cellulose is one of the most widely used natural polymers developed in eco-friendly methods, which has
been used in various industrial processes and products since ancient times. The sources of cellulose materials are plant
and wood fibers. Cellulosic materials are converted into cellulose nanocrystals (CNCs) using mechanical or chemical
methods. In this study, the CNCs were obtained from cotton balls by acid hydrolysis method using sulfuric acid. The
sulfuric acid hydrolysis method was performed with 64% (w/w) sulfuric acid and combined using a liquor ratio of
1:20 with cotton balls while being subjected to vigorous stirring at 50 °C for 60 minutes. The cellulose nanocrystals
were characterized by Transmission Electron Microscopy (TEM), Fourier Transform Infrared (FTIR) spectroscopy
analysis and X-ray Diffraction (XRD) techniques. The extracted cellulose nanocrystals had needle-shaped particles
with a 6.35 nm average diameter and a length of 108.8 nm on average. The functional groups of the extracted cellulose
nanocrystals were shown to have been evaluated through analysis of the FTIR spectra. Therefore, it was confirmed
that the cellulose nanocrystals were successfully extracted from cotton balls using sulfuric acid hydrolysis. The

distinctive crystalline cellulose phase of artificial cellulose nanocrystals was recognized using the XRD spectrum.
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Introduction

New environmental regulations and increasing
global environmental concerns have made it
necessary to look for new environmentally friendly
materials. Cellulose is the most abundant natural
polymer available on the earth and naturally
occurring cellulose in wood, natural fibers, tunicate,
algae fungi, bacteria, and invertebrates. Primary
sources of cellulose for manufacturing procedures
are wood and cotton (Rajinipriya et al., 2018; Pandi
et al., 2021). Cellulose is a polysaccharide
composed of linear glucan chains joined together by
-1, 4-glycosidic linkages with cellobiose remnants
serving as the repeating unit at different levels of
polymerization. These glucan chains are bundled
into microfibrils and joined by intramolecular
hydrogen bonds and intermolecular Van-der Waals
interactions (Habibi et al., 2010; Mandal &
Chakrabarty, 2011). Cellulose materials are
extensively used in many industrial applications,
due to their innate properties including

biodegradability, renewability, cost-effectiveness,
lightweight and environmental benefits (Tingaut &
Zimmermann, 2012; George & Sabapathi, 2015).
Cellulose has been also frequently used in various
applications such as food, chemicals, textile,
biomaterials, electronics and pharmaceuticals etc
(Atakhanov et al., 2019; Yang et al., 2019).
Cellulose-based nanomaterials are sustainable
and renewable materials. There are two major
structures of cellulose nanomaterials that consist of
micro fibrillated cellulose (MFC) and cellulose
nanocrystal (CNC) and which differ in extraction
methods and morphology (Fortunati et al., 2013).
The nanoscale configuration of cellulose known as
cellulose nanocrystals (CNCs) can be created in a
variety of morphological shapes such as spherical,
rod, ribbon and needle-like shapes (Lavoine et al.,
2012; Samarawickrama et al., 2021). The CNCs
have strong crystallinity, high levels of molecular
orientation and contain many hydroxyl groups on a
large surface area. The cellulose chains in the CNCs
are packed into a compact and ordered molecular
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arrangement maintained by intramolecular and
intermolecular hydrogen bonds. The micro
fibrillated structure of the CNCs is also highly
reactive, multiscale, and organized hierarchically
(Klemm et al., 2011; Tonoli et al., 2019). Cellulose
nanocrystals (CNCs) have attracted a lot of attention
due to their physical and chemical properties,
renewable nature, sustainability and use in
composite materials (Azizi Samir et al., 2005;
Dimas et al., 2020). The extraction process of CNCs
can be carried out using numerous methods such as
acid  hydrolysis, temp-mediated oxidation,
mechanical disintegration and enzyme-assisted
hydrolysis. The most efficient among these
techniques is the acid hydrolysis method. The fibers
of cellulose are exposed to concentrated acid to
hydrolyse the amorphous regions of the cellulose
chains leaving the crystalline regions unaffected
(Habibi et al., 2010; Sacui et al., 2014).
Furthermore, CNCs can be extracted using a variety
of strong acids including hydrobromic, sulfuric,
phosphoric, hydrochloric, and nitric  acids.
However, the hydrolysis method frequently uses
sulfuric acid, which produces a simple and less
reaction time than other strong acids. Additionally,
CNCs extracted using this method also have a
functionalized surface, excellent crystallinity and
strong colloidal stability in water (Chakrabarty &
Teramoto, 2018; Dimas et al., 2020). Cellulose
nanocrystals are mostly extracted from rich natural
cellulose materials such as wood, straw, bamboo
pulp, coconut husk, rice husk, and sugarcane
bagasse etc. (Tang et al., 2017). The excellent
properties and biodegradability of cellulose
nanocrystals are attractive for numerous
manufacturing applications such as paints, coatings,
adhesives, food, lacquers, cosmetics, transparent
paper and medicines (Klemm et al., 2005; Lavoine
et al., 2012). In this study, we used to extract the
cellulose nanocrystals from the rich cellulose
material of cotton balls and which are made from
100% premium quality cotton fibers. Cotton balls
(Non-Discarded) have a number of applications
such as removing makeup and cleaning wounds (Xu
et al., 2021). The sulfuric acid hydrolysis method is
used in this study to separate cellulose nanocrystals
from the cotton balls. The characterization of
resultant cellulose nanocrystals was performed by
Transmission Electron Microscopy (TEM), Fourier
Transform Infrared Ray (FTIR) spectroscopy and
X-ray Diffraction (XRD) techniques.

24

Methodology
Materials

Cotton balls (Non-Discarded Cotton fiber balls)
were utilized in this study and purchased from the
local pharmacy in Sri Lanka. The 98% Sulfuric acid
(AR Grade — Sigma-Aldrich, USA) and dialysis
membrane tubing (Carolina Dialysis Tubing, USA
— Molecular weight cut off 12,000-14,000 Dalton)
used in this work were purchased from local
chemical suppliers in Sri Lanka. The distilled water
was prepared by using Distilled Water Dispenser in
the laboratory.

Extraction process of cellulose nanocrystals

The cotton balls were hydrolysed in 64% (w/w)
sulfuric acid to extract the cellulose nanocrystals.
The acid hydrolysis was carried out by adding 64%
(w/w) sulfuric acid dropwise to the pulp of cotton
balls (liquor ratio of 1:20) with strong magnetic
stirring in an ice water bath at 20 °C. After the
addition of the acid, the mixture was heated to
50 °C for 60 minutes while being constantly stirred.
After the hydrolysis process, the suspension was
diluted with cold distilled water (at 4 °C) in a ratio
of 1:10 (v/v) to complete the hydrolysis process.
CNCs were separated from the mixture by
centrifuging the suspension at 6000 rpm for 15
minutes and the centrifugation is repeated two or
three times. Followed by the centrifugation, the
supernatant solution was removed and the
precipitate solution was rinsed with distilled water
in a dialysis membrane until the pH was neutral
(pH 6.5 - 7.5). After the dialysis procedure, the
suspension was sonicated with an ultrasonic probe
sonication homogenizer for 30 minutes in an ice
water bath. Finally, the suspension was freeze-dried
to obtain the CNCs and stored at 4 °C.

Characterization of extracted cellulose nanocrystals

Transmission electron microscopy (TEM)

The morphology and diameter of cellulose
nanocrystals were analyzed by means of the
Transmission Electron Microscope (JEM-2100
Transmission Electron Microscope, Japan) with an
accelerating voltage of 200 kV. The copper grid
with carbon coating received a drop of the aqueous
solution of CNCs and before the TEM examination,
the sample was dried at ambient temperature.
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Fourier transforms infrared (FTIR) spectroscopy

The functional groups of the CNCs sample were
identified using Fourier transform infrared
spectroscopy. The analysis of functional groups was
carried out by the Thermo Scientific Nicolet
IS5-ATR  (Attenuated  Total  Reflectance)
spectrometer at wavelengths ranging from 600
- 4000 cm™* with a scanning resolution of 4 cm™ in
transmission mode.

X-Ray Diffraction (XRD) spectroscopy

A spectrum of X-ray diffraction (XRD) was
captured by using Bruker D8 Focus X-Ray
Diffraction Spectrometer at the scanning rate of
2°/min from 26 range of 5° - 60° with Cu Ka
radiation (A = 1.5418 A°®) utilizing 40 kV and 40
mA for voltage and current. The extracted CNC
sample's crystallinity index (CI) was calculated
using the Segal crystallinity index equation given
below (Segal et al., 1959; Liu et al., 2017).

Crl = 2200”am 1

I00

Crl = Crystallinity index

l200) = Maximum intensity value for the crystalline cellulose (26 =22.7°)

lam = Background scatter intensity (20 = 18°)

Results and Discussion

Evaluation of Transmission Electron Microscopy
(TEM) analysis

The morphology and dimensions of CNC samples
were examined by TEM observations (Figure 1).
The image clearly shows that the extracted CNCs
have a morphology similar to needles (or needle-
like) and ascertain their effective extraction from
cotton balls using the 64% sulfuric acid hydrolysis
method. The TEM picture was analysed using the
digital image analysing software of Image J, which
was possible to determine the typical diameter and
length of the extracted CNCs sample and which
verified that the CNCs were extracted at the
nanometre range. Based on the analysis, extracted
CNCs have a diameter of 6.35 nm and a length of
108.8 nm on average.

Evaluation of Fourier transform infrared (FTIR)
spectroscopy analysis
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Several literature papers on the FTIR data of
cellulose nanocrystals provide a list of peak
assignments. Figure 2 shows an FTIR spectrum of
extracted CNCs from cotton balls using the 64%
sulfuric acid hydrolysis method in the wavelength
range of 600 - 4000 cm™. The vibrations recorded
at 3443 cm were assigned to the intermolecular O-
H group present in CNCs (Popescu et al., 2011;
Solihin et al., 2018). The stretching vibration modes
of the -CH, -CH>, and -CHs groups are responsible
for the wavenumber peaks in the wavenumber
range of 2889 - 1651 cm™* (Poletto et al., 2011). The
vibrations of stretching and bending the -CH,, -
CHjs, -OH, and C-0 bonds in CNCs are responsible
for the absorbency bands at 1425, 1366, 1157, 1027,
and 898 cm™. The CNCs' degree of crystallinity is
connected to the band at 1420 - 1430 cm™ (Ponce-
Reyes et al., 2014). These different vibration bands
can be identified correctly and extracted by
purifying cellulose nanocrystals from cotton balls
using the 64% sulfuric acid hydrolysis method.
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Figure 2: FTIR spectra of extracted CNCs from cotton balls using 64% sulfuric acid

Evaluation of X-Ray Diffraction (XRD) analysis

The crystalline structure and the crystallinity index
of extracted CNCs made from cotton balls using the
64% sulfuric acid hydrolysis method shows in
Figure 3. According to the XRD analysis, the main
characteristic peaks occur at 20 values of around
14.8°, 16.5°, 22.7° and 34.6°, which correspond to
the (110), (110), (200) and (004) planes. These
XRD results represent the normal cellulose
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I structure (Plermjai et al., 2018). According to the
Segal crystallinity index equation, the crystallinity
index (Crl) of the extracted cellulose nanocrystal
sample was respectively calculated to be 77.6%,
which was close to that reported in previous studies
for cellulose nanocrystal extracted from the
cellulose sources using the sulfuric acid hydrolysis
method (Plermjai et al., 2018; Bao et al., 2021).



K. G. R. Samarawickrama et al.

Intensity (a.u.)

34.6°

30

20 (degree)

40 60

h
[—

Figure 3: X-ray diffractogram of extracted CNCs from cotton balls using 64% sulfuric acid

Conclusions

In this study, cellulose nanocrystals were
successfully extracted from cotton balls using a
64% (w/w) sulfuric acid hydrolysis method. The
extracted cellulose nanocrystals were characterized
for their morphology, functional groups,
crystallinity structure, and crystallinity index by
using TEM, FTIR, and XRD analysis. The TEM
image showed needle-shaped CNCs with a 6.35 nm
average diameter and length of 108.8 nm on
average. The study of the FTIR spectra showed the
elimination of the functional groups of extracted
cellulose nanocrystals. The results from the X-ray
diffraction analysis showed the crystallinity
structure and index of the extracted cellulose
nanocrystals. The characteristic  crystalline
cellulose phase of synthesized cellulose
nanocrystals was identified using the XRD
spectrum. Additionally, the extracted cellulose
nanocrystal sample showed a crystallinity index
(Crl) of 77.6%. The cellulose nanocrystals have a
lot of potential for engineering and manufacturing
applications.

Funding statement

This work was supported by the University of
Moratuwa Research Grant No. SRC/LT/2021/13.

Author contributions

RS: writing — original draft, methodology, data
curation and visualization. SW: writing — review

27

editing and supervision. NF: writing - review
editing and supervision.

Conflicts of interest
The authors declare no conflicts of interest.
References

Atakhanov, A., Turdikulov, 1., & Mamadiyorov,
B. (2019). Isolation of Nanocellulose from
Cotton Cellulose and Computer Modeling of
Its Structure. Open Journal of Polymer
Chemistry  9(4), 117-129. https://doi.
0rg/10.4236/0jpchem.2019.94010.

Azizi Samir, M. A., Alloin, F., & Dufresne, A.
(2005). Review of recent research into
cellulosic whiskers, their properties and their
application in the nanocomposite field.
Biomacromolecules, 6(2), 612-626. https:/
/doi.org/10.1021/b m0 493685.

Bao, C., Chen, X., Liu, C., Liao, Y., Huang, Y.,
Hao, L., Yan, H., & Lin, Q. (2021). Extraction
of cellulose nanocrystals from
microcrystalline cellulose for the stabilization
of cetyltrimethylammonium bromide-
enhanced Pickering emulsions. Colloids and
Surfaces A: Physicochemical and Engineering

Aspects, 608 (August 2020), 125442.
https://doi.org/10. 1016/j.colsurf a.2020.12
5442,

Chakrabarty, A., & Teramoto, Y. (2018). Recent
advances in nanocellulose composites with



K. G. R. Samarawickrama et al.

polymers: A guide for choosing partners and
how to incorporate them. Polymers, 10(5).
https://doi.org/10.3390/polym10050517.

Dimas, A. A., Kusmono, Muhammad, W. W., &
Mochammad, N. 1. (2020). Extraction and
characterization of nanocrystalline cellulose
(NCC) from ramie fiber by hydrochloric acid
hydrolysis. Key Engineering Materials, 867
KEM, 109-116. https://doi.org/10.4028/www
.scientific.net/ KEM.867.109.

Fortunati, E., Puglia, D., Monti, M., Peponi, L.,
Santulli, C., Kenny, J. M., & Torre, L. (2013).
Extraction of Cellulose Nanocrystals from
Phormium tenax Fibres. Journal of Polymers
and the Environment, 21(2), 319-328.
https://doi.org/10.1007/s10924-012-0543-1.

George, J. & Sabapathi S. N., (2015). Cellulose
nanocrystals : synthesis, functional properties
and applications. Nanotechnology Science
and Applications, 8, 45-54.

Habibi, Y., Lucia, L. A., & Rojas, O. J. (2010).
Cellulose nanocrystals: chemistry, self-
assembly, and applications. Chemical
reviews, 110(6), 3479-3500. https://doi.org
/10.1021/cr900339w

Klemm, D., Heublein, B., Fink, H. P., & Bohn, A.
(2005). Cellulose: fascinating biopolymer and
sustainable raw material. Angewandte Chemie
(International ed. in English), 44(22), 3358—
3393. https://doi.org/10 .1002/anie.2004605
87.

Klemm, D., Kramer, F., Moritz, S., Lindstrom,
T., Ankerfors, M., Gray, D., & Dorris, A.
(2011). Nanocelluloses: A new family of
nature-based materials. Angewandte Chemie -
International Edition, 50(24), 5438-5466.
https://doi.org/10 .1002/anie.201001273.

Lavoine, N., Desloges, I., Dufresne, A., & Bras,
J. (2012). Microfibrillated cellulose - its
barrier properties and applications in
cellulosic materials: a review. Carbohydrate
polymers, 90(2), 735-764. https://doi.org/
10.1016/j.carbpol.2012.05.026

Liu, Z., Li, X., Xie, W., & Deng, H. (2017).
Extraction, isolation and characterization of
nanocrystalline cellulose from industrial kelp
(Laminaria japonica) waste. Carbohydrate
Polymers, 173, 353-359. https://doi.org
/10.1016/j.carbpol.2017.05.07.

Mandal, A. & Chakrabarty, D. (2011). Isolation
of Nanocellulose from Waste Sugarcane
Bagasse (SCB) and Its Characterization.

28

Carbohydrate Polymers, 86, 1291-1299.
https://doi.org/10.1016/j.carbpol.2011.06.030

Pandi, N., Sonawane, S. H., & Anand Kishore, K.
(2021). Synthesis of cellulose nanocrystals
(CNCs) from cotton using ultrasound-assisted
acid hydrolysis. Ultrasonics Sonochemistry,
70(May 2020), 105353. https://doi.org/
10.1016/j.ultsonch.2020.1053 53.

Plermjai, K., Boonyarattanakalin, K.,
Mekprasart, W., Pavasupree, S.,
Phoohinkong, W., & Pecharapa, W. (2018).

Extraction and characterization of
nanocellulose from sugarcane bagasse by ball-
milling-assisted  acid  hydrolysis.  AIP

Conference Proceedings, 2018 (September).
https://doi.org/10.1063/1.5053181.

Poletto, M., Pistor, V., Zeni, M., & Zattera, A. J.
(2011). Crystalline properties and
decomposition kinetics of cellulose fibers in
wood pulp obtained by two pulping processes.
Polymer Degradation and Stability, 96(4),
679-685. https://doi.or /10.1016/j.polymd
egradstab.2010.12.007.

Ponce-Reyes, C. E., Chanona-Perez, J. J.,
Garibay-Febles, V., Palacios-Gonzalez, E.,
Karamath, J., Terres-Rojas, E., & Calderon-
Dominguez, G. (2014). Preparation of
cellulose nanoparticles from agave waste and
its morphological and structural
characterization. Revista Mexicana de
Ingeniera Quimica, 13(3), 897-906.

Popescu, M. C., Popescu, C. M., Lisa, G., &
Sakata, Y. (2011). Evaluation of
morphological and chemical aspects of
different wood species by spectroscopy and
thermal methods. Journal of Molecular
Structure, 988(1-3), 65-72. https://d
0i.0rg/10.1016/j.molstruc.2010.12.004.

Rajinipriya, M., Nagalakshmaiah, M., Robert,
M., & Elkoun, S. (2018). Importance of
agricultural and industrial waste in the field of
nanocellulose ~ and  recent  industrial
developments of wood-based nanocellulose:
A review. ACS Sustainable Chemistry &
Engineering, 6(3), 2807-2828. https://d
0i.0rg/10.1021/ acssuschemeng.7b0 3437.

Sacui, I. A., Nieuwendaal, R. C., Burnett, D. J.,
Stranick, S. J., Jorfi, M., Weder, C., Foster, E.
J., Olsson, R. T., & Gilman, J. W. (2014).
Comparison of the properties of cellulose
nanocrystals and cellulose nanofibrils isolated
from bacteria, tunicate, and wood processed



K. G. R. Samarawickrama et al.

using acid, enzymatic, mechanical, and
oxidative methods. ACS applied materials &
interfaces, 6(9), 6127-6138. https://doi.org/
10.1021 /am500359f.

Samarawickrama, K.G.R., Wijayapala, U.G.S.,
Wanasekara, N.D., & Fernando, C.A.N.
(2021). Nano  Journal, 5(1), 1-8.
https://doi.org/10.32829/nanoj.v5i1.141.

Segal, L., Creely, J.J., Martin Jr., A.E. & Conrad,
C.M. (1959). An Empirical Method for
Estimating the Degree of Crystallinity of
Native Cellulose Using the X-Ray
Diffractometer. Textile Research Journal, 29,
786-794. http://dx.doi.org /10.1177/0040
51755902901003.

Solihin, A., Zaki, C., Yusoff, A., Rohaizad, N.
M., Syairah, K., Sohaimi, A., Mohamed, A.
R., Hasyierah, N., Salleh, M., Nor, S., &
Termizi, A. A. (2018). Isolation and
Characterization of Nanocellulose Structure
from Waste Newspaper. Journal of Advanced
Research in Engineering Knowledge 5(1), 27—
34.

Tang, J., Sisler, J., Grishkewich, N., & Tam, K.
C. (2017). Functionalization of cellulose
nanocrystals for advanced applications.
Journal of Colloid and Interface Science, 494,
397-409. https://doi.org/10.1016/j.jcis. 2017
.01.077.

29

Tingaut, P., Zimmermann, T., & Sebe, G. (2012).
Cellulose nanocrystals and microfibrillated
cellulose as building blocks for the design of
hierarchical functional materials. Journal of
Materials Chemistry, 22(38), 20105-20111.
https://doi.org/10.10 39/c2jm32956e.

Tonoli, G. H. D., Vania Aparecida De, S. A,
Mario Guimaraes, J. R., de Souza Fonseca, A.,
Glenn, G. M., Moulin, J. C., Panthapulakkal,
S., Sain, M., Wood, D., Williams, T., Torres,
L., & Orts, W. J. (2019). Cellulose sheets
made from micro/nanofibrillated fibers of
bamboo, jute and eucalyptus cellulose pulps.
Cellulose Chemistry and Technology, 53(3—
4), 291-305. https://doi.org/10.35812/cellulo
se chem technol.20 19.53.29.

Xu, Z., Latif, M. A., Madni, S. S., Rafig, A.,
Alam, I., & Habib, M. A. (2021). Detecting
White Cotton Balls Using High-Resolution
Aerial Imagery Acquired Through Unmanned
Aerial System. IEEE Access, 9, 169068—
169081. https://doi.org/10.1109/A CCESS.2
021.3138847.

Yang, Y., Chen, Z., Zhang, J., Wang, G., Zhang,
R.,, & Suo, D. (2019). Preparation and
Applications of the Cellulose Nanocrystal.
International Journal of Polymer Science,
Volume 2019, https://doi.org/10.1155/201
9/176 7028.



