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ABSTRACT

Nanocellulose has been receiving tremendous attention due to its unique properties such as high
strength, flexibility low density, biocompatibility, and natural hydrophilicity with numerous hy-
droxyl groups effortlessly modified for different purposes. Lignocellulosic biomass, especially co-
conut residues like coconut shells, coconut fibers, coconut husks, etc., has been effectively uti-
lized for cellulose production in various sizes and morphologies such as microcrystalline cellulose,
nanocellulose crystals, nanocellulose fibrils. In this study, novel chemo-mechanical production of
nanocellulose from coconut pith (CP) is developed by implementing two-stage alkaline pretreat-
ment, ball milling, acid hydrolysis, centrifugation, and dialysis. Nanocellulose obtained from CP
is evaluated for its particle size distribution, zeta potential, chemical composition, crystalline and
chemical structure. All parameters of ball-milling time, solid-to-liquid ratio, and hydrolysis dura-
tion greatly affect the formation of cellulose nanoparticles from CP as well as the stability of the
particle system. Based on the experimental results, the cumulative intensity of particle size below
300 nm and in the range of 300 — 600 nm is respectively 40.93% and 59.08%, indicating the evi-
dent effectiveness of the developed chemo-mechanical approach in nanocellulose synthesis from
cellulose-rich CP with an initial high holocellulose content of 49.07%. Remarkably, the crystallinity
index of our nanocellulose from CP is as high as 72.08% compared to that from coconut husks.
The present work demonstrates the potency of combining ball milling and acid hydrolysis in sta-
ble nanocellulose synthesis from CP and lays the foundation for further investigation to apply the
formulated technique in industrial production.
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INTRODUCTION

Cellulose, which is commonly found in plants and
microorganisms, is the most abundant polymer on
Earth. The chemical structure of cellulose consists of
repeating 3-D-glucose monomers linked by -(1,4)
glycosidic bonds. Natural cellulose chains are typ-
ically bundled together to produce a fibrous mor-
phology with highly ordered crystal and amorphous
regions that are consequently isolated as cellulose-
based nanoparticles for useful applications in futur-
istic materials!. Recent efforts have focused on ex-
tracting cellulose from lignocellulosic biomass and
converting it to nanoscale materials having different
morphologies of crystals, fibers, rod-like shapes, and
spheres. Nanocellulose has emerged as a prominent
and outstanding material due to its outstanding prop-
erties such as extremely high crystallinity, low den-
sity, excellent mechanical strength, high surface area-
to-volume ratio, biocompatibility, hydrophilicity, and
ease of chemical modification depending on the ap-
plication orientation 1. As a result, nanocellulose has
been extensively studied in varied advanced materi-
als such as biomedical devices, food and fruit packag-

ing films, textiles, Pickering emulsifiers, energy stor-
age, paper transistors, solar cells, and even wastewater
treatment sorbents 12,

Agriculture plays a crucial role in developing coun-
tries like Vietnam, India, Indonesia, and Malaysia.
Since the worldwide population continues to grow,
the demand for food production increases, and subse-
quently, the capacity for agricultural waste also sub-
stantially rises. These residues contribute to various
environmental problems as the current solution in-
volves burning them on-site or landfilling them, lead-
ing to greenhouse gas production of methane, car-
bon monoxide and dioxide (COx), and polycyclic
aromatic hydrocarbons, to name a few>. These by-
products must be recycled and processed into renew-
able high-performance materials not only to mini-
mize the emission of environmental pollutants but
also to increase the value of agriculture. Nowadays,
coconut palm is planted in more than 90 countries
with a cultivation area of up to 12.25 million hectares
and consumption of fresh water, coconut oil, coconut
milk-based foods, nuts, soap, cosmetics, and mar-

4

garine®. In Vietnam, coconut ranks fourth among
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perennial industrial crops, following rubber, pepper,
and cashew.

Coconut pith (CP) is a valuable by-product derived
from post-harvest coconut processing. It is obtained
during the separation of coconut fibers from coconut
shells and constitutes approx. 70% of the weight of
the shells. CP is presently utilized to nourish plants
and enrich soil, making it a popular choice in modern
farming, landscaping, and greenhouse cultivation.
The major composition of lignin (35-50%), hemicel-
lulose (2-6%), and cellulose (24-30%) in CP varies
among different species and cultivated regions”. The
presence of hydroxyl, carboxyl, ether, phosphate, and
amino groups within its constituents ® makes CP a po-
tential source of raw materials to recover value-added
products, synthesize nanocellulose, and be function-
alized for a variety of applications.

A few previous studies reported the ability to fabricate
nanocellulose from CP. The common method used
in nanocellulose fabrication from CP is acid hydrol-
ysis to dissolve the amorphous regions of the cellu-
lose chains and retain the acid-resistant crystalline re-
gions. Subha et al. utilized a mixture of HCI and
H, S04 at a solid-to-liquid ratio of 1:40 g/mL for 8 h to
synthesize and purify nanocellulose from CP. The re-
sulting nanocellulose exhibited the total crystallinity
index of cellulose I and cellulose II up to 83.7% and
an average size of 144.22 nm based on scanning elec-
tron microscopy’. Later, Kumar et al. synthesized
cellulose nanocrystals from CP by applying abso-
lute HpSO4 hydrolysis on pretreated CP-derived pulp.
The crystallinity index of the as-fabricated nanocel-
lulose was around 75.17%. The morphology of the
nanocellulose showed its rod-like structure with an
average width and length of 12-20 nm and 112-308
nm, respectivelys.

The typical methods for producing nanocellulose
from lignocellulosic biomass involve chemical, me-
chanical, and enzymatic treatments, either individu-

9. To the best of our knowl-

ally or in combination
edge, there has been no research work in develop-
ing a green chemo-mechanical procedure for fabricat-
ing nanocellulose from CP without the consumption
of harsh ingredients and investigating the influence
of synthesis parameters on the production efficiency
and characteristics of the nanosystems. In this work,
the combination of ball milling and acid hydrolysis
at a low concentration of 64.0% has been studied for
the first time to synthesize a stable nanosystem from
pre-treated pulp of CP. Different aspects, including
particle size distribution, zeta potential, crystal and
chemical structure, and holocellulose content of the
intermediate products as well as final nanocellulose

are comprehensively evaluated by advanced analysis
methods.

MATERIALS AND METHOD

Materials

Coconut pith (CP) was collected from Ben Tre
province, Vietnam. Sodium hydroxide (NaOH, 98%),
hydrogen peroxide (H,O, 30%), and sulfuric acid
(H,S04, 98%) were purchased from Xilong, China.
A dialysis membrane with a molecular weight cut-
off (MWCO) of 14 kDa was used to dialyze acidic
nanocellulose suspension. All solutions were pre-
pared in distilled water (DW).

Cellulose recovery from CP

Raw coconut pith (RCP) was rinsed with DW, dried
under sunlight, and ground into powder by a blender
in 5 min. Cellulose recovery from CP was con-
ducted via a two-step procedure of alkali treatment
and bleaching. For the first period, CP was immersed
in 4.0% NaOH at 80 °C with a solid-to-liquid ratio
(SLR) of 1:20 g/mL and the mixture was continuously
stirred for 2 h. After that, the mixture was separated
by using a filter cloth to obtain the alkali-treated co-
conut pith (ACP). The second stage was conducted by
using a mixture of 10.0% H>O, and 1.0% NaOH. The
treatment condition was SLR of 1:30 g/mL, tempera-
ture of 80 °C, and time of 1 h. The mixture was then
separated by filter cloth, washed with DW until neu-
tral pH, and dried to obtain the bleached coconut pith
(BCP).

Nanocellulose synthesis from BCP

Nanocellulose synthesis from BCP was conducted by
chemo-mechanical procedure of ball milling and acid
hydrolysis. Firstly, an aqueous suspension of BCP was
ball-milled at different points of time from 4 to 8 h
to mechanically reduce the cellulose length. The sus-
pension was then hydrolyzed with 64.0% H,SO4 at 50
°C. The SLR and hydrolysis time were investigated in
the range of 1:10-1:50 g/mL and 30-90 min, respec-
tively. After the appropriate time, the suspension was
diluted with DW to stop the hydrolysis. Finally, the
suspension was centrifuged and dialyzed with a dialy-
sis membrane to remove excessive acid and yield neu-
tral nanocellulose. Table 1 tabulates the experimen-
tal design for studying the effects of synthesis con-
ditions on the characteristics of CP-based nanocellu-
lose. The images of raw CP, intermediate products
and nanocellulose obtained are illustrated in Figure 1.
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Figure 1: Images of raw CP (a), ACP (b), BCP (c), and nanocellulose (d).

Table 1: Experimental design for nanocellulose synthesis by ball milling-acid hydrolysis.

Ball-milling time (h) SLR (g/mL) Hydrolysis time (min)
4;5,6;7;8 1:30 60

6 1:10; 1:20; 1:30; 1:40; 1:50 60

6 1:30 30; 45; 60; 75;90

Characterization of cellulose and nanocel-
lulose derived from CP

The holocellulose content of samples was determined
by following the National Renewable Energy Labora-
tory procedure (NREL/TP-510-426) as described in
our previous work '’. The chemical structure of CP-
derived specimens was analyzed by Fourier Trans-
form Infrared spectroscopy (FTIR, Bruker Alpha II)
over the wavenumber range of 4000-500 cm~! at a

1

resolution of 4 cm™". Particle size distribution and

zeta potential of nanocellulose synthesized under dif-
ferent conditions were obtained by utilizing Dynamic
Light Scattering (DLS, Zetasizer Nano ZS90). The
crystallinity profile of RCP, BCP, ACP, and nanocel-
lulose obtained from coconut pith was collected by X-
ray Diffraction analysis (XRD, D8 Advance Bruker)
with Cu-Ka radiation (A = 1.5418 A), scanning range
20 of 5-80° and a scan rate of 0.02°. The crystallinity

index (Crl) of specimens was also calculated by Eq.
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(1), as suggested in the previous work '*:

Too2 — 1am
002

Crl = x 100% (1)

where Iy and Iy, are, respectively, the intensity of
002 lattice diffraction and at 26 of 18°.

RESULTS AND DISCUSSION
CP purification

To demonstrate the efficiency of cellulose recovery,
the chemical composition of raw coconut pith, alkali-
treated, and bleached cellulose pulp is analyzed. In
particular, the holocellulose content of RCP, ACP,
and BCP is 49.07 + 0.77%, 65.42 + 0.80%, and
76.31 £ 1.53%, respectively. After two-stage chem-
ical pretreatment with NaOH solution and a mix-
ture of NaOH:H, 05, the holocellulose content of CP
pulp significantly increases, indicating that the un-
desired non-cellulosic components like hemicellulose
and lignin are effectively eliminated. However, the
solid recovery yield is as low as 43.87% due to the mass
loss at filtration and rinsing to collect the cellulose-
rich pulp.

Nanocellulose synthesis from BCP

After ball milling and acid hydrolysis, the synthesized
nanocellulose samples in suspension were measured
for their particle size distribution and zeta potential
by DLS assay. According to Figure 2, the particle size
distribution of CP nanocellulose is greatly influenced
by the ball-milling time, but no significant variation
is observed in its zeta potential, which ranges from
-16.5 to -21.4 mV. Ball-milling time of 4 h and 6 h
at the same hydrolysis condition results in nanocellu-
lose having consistent particle size of below 600 nm, in
which the respective cumulative intensity for particle
size of below 300 nm is 44.37% and 40.93%. Besides,
cellulose particles obtained at ball milling periods of
5h, 7 h, and 8 h are distributed into three particle size
regions: below 300 nm, 300-600 nm, and 600-900 nm,
especially the intensity of particles having a size of be-
low 300 nm is only about 5.40 to 8.61%.

Sofla et al. proposed that there was a possibility of
a fibrous cellulose layer forming around the grind-
ing balls during milling. As a consequence, the im-
pact power of the balls on the particles decreased,
leading to an increase in particle size''. Therefore,
the cumulative intensity for particle size of below 300
nm at 7 and 8 ball-milling time is significantly low,
whereas that for 600-900 nm size region is up to 23.55
- 40.60%. Moreover, the particle size distribution of
all nanocellulose particles prepared at different ball-
milling conditions shows two separate peaks of below
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Figure 2: Cumulative intensity, zeta potential

(@), and particle size distribution (b) CP-derived
nanocellulose with increasing ball-milling time. The
SLR and hydrolysis time are respectively fixed at 1:30
g/mL and 60 min.

100 nm and greater than 200 nm, suggesting the di-
ameter and length of CP nanocellulose in that order.
Figure 3 shows that the SLR between BCP and H,SO4
has a strong influence on the formation of nanocellu-
lose particles. Only SLRs of 1:30, 1:40, and 1:50 g/mL
yield a particle size of below 300 nm. Unexpectedly,
the synthesized cellulose nanoparticles at the SLR of
1:40 and 1:50 g/mL tend to aggregate into larger ones
with size of over 300 nm. This phenomenon can be
attributed to hydrogen bonds on the cellulose surface,
which cause the nanoparticles to aggregate and sub-
sequently impact their size '>. The results show that
an SLR of 1:50 g/mL results in a diverse distribution
of size regions below 300 nm, 600-900 nm, 900-1200
nm, and above 1200 nm along with the lowest zeta po-
tential of -12.6 mV. Because of the highest cumulative
intensity at the particle size of below 300 nm (69.04%)
and the second lowest zeta potential of -17.5 mV, the
SLR of 1:30 g/mL is chosen as an appropriate condi-
tion for nanocellulose synthesis from CP.

Hydrolysis time is also a significant parameter affect-
ing the production of nanocellulose in terms of parti-
cle size and zeta potential. As seen in Figure 4, the
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Figure 3: Cumulative intensity, zeta potential

(@), and particle size distribution (b) CP-derived
nanocellulose with varied SLR. The ball-milling and
hydrolysis time is respectively fixed at 6 h and 60
min.

short hydrolysis duration of 30-45 min inefficiently
yields nanocellulose suspension based on the cumu-
lative intensity for size above 900 nm up to 89%. Pre-
vious studies on other categories of lignocellulosic
biomass reported that the appropriate hydrolysis time
was about 45-55 min at H,SO4 concentration above
60% and SLR of 1:20 g/mL'?. Indeed, when the
hydrolysis time is longer from 60 to 90 min, more
nanocellulose particles below 900 nm are produced.
In particular, the hydrolysis duration of 60 min only
creates nanocellulose particles with a size below 600
nm, it is chosen as the hydrolysis time to fabricate
nanocellulose from CP in this study.

Similar to the phenomenon witnessed in the exper-
iment of investigating the influence of SLR on the
characteristics of nanocellulose 2, aggregation occurs
at the hydrolysis time over 75 min and results in
the high cumulative intensity for size above 900 nm
(77.50 - 84.96%) even though nanocellulose particles
with their size below 600 nm are obtained. Figure 4b
clearly shows the excellent nanocellulose synthesis ef-
ficiency at an acid hydrolysis time of 60 min because
no intensity peak is found at the particle size over 500
nm.
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Figure 4: Cumulative intensity, zeta potential
(@), and particle size distribution (b) CP-derived
nanocellulose with increasing hydrolysis time. The
ball-milling time and SLR are kept at 6 h and 1:30
g/mL, respectively.

FTIR and XRD spectra of nanocellulose

The nanocellulose suspension resulted from the hy-
drolysis condition of ball-milling time of 1 h, HySO4
64.0%, SLR of 1:30 g/mL, hydrolysis duration of 60
min was characterized in terms of chemical structure
and crystallinity. According to Figure 5, there are
characteristic peaks of cellulose at 3340 cm— L, 2900
cm 1, 1030 cm ! and 897 cm ! in the FTIR spectra
of BCP and nanocellulose !*. The absence of peaks at
1605 cm ™! and 1250 cm ™! in the FTIR spectrum of
nanocellulose indicates the effectiveness of eliminat-
ing non-cellulosic compounds like hemicellulose and
lignin. In particular, the peak at 1605 cm~! might be
assigned to C-O bonds in hemicellulose or aromatic
ring vibrations in lignin'*. The peak at 1250 cm™!
is attributed to the Syringyl ring and C-O stretching
of lignin and xylan '°. The high intensity of signals at
1030 cm~! and 897 cm™! demonstrates the evident
presence of 3-(1,4)-glycosidic linkages in the cellu-
lose chains ' only when non-cellulosic components
are eliminated.

Finally, the crystallinity profile of RCP, ACP, BCP,
and nanocellulose is analyzed by using the XRD
method. Asshown in Figure 6, there are characteristic
peaks at 26 of 15.5°, 22°, and 34.5°, respectively, rep-
resenting the (110), (101), (200), and (004) planes of
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Figure 5: FTIR spectra of raw coconut pith, alkali-
treated and bleached CP, and CP-derived nanocel-
lulose.
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Figure 6: XRD spectra of raw coconut pith, alkali-
treated and bleached CP, and CP-derived nanocel-
lulose.

cellulose chains. After chemical pretreatment, the in-
tensities at these peaks are witnessed in the BCP spec-
tra. The crystallinity index of RCP, ACP, and BCP
is 32.08%, 42.58%, and 60.35% in that order, indi-
cating that the pretreatment removes the amorphous
regions in the CP structure. It should be noted that
the crystallinity index of BCP in this work is much
higher than that of bleached pulp from coconut shells
(51.49%) and coconut husks (56.73%) °. Nanocellu-
lose obtained from the chemo-mechanical procedure
developed in this study exhibits its significantly in-
creased crystallinity index of 72.08% which is com-
parable to that of nanocellulose crystals from coconut
husk (79.3%) !, but higher than that of nanocellu-
lose fibrils from coconut shells (57.61%) and coconut
husk (49.20%) [16]. Therefore, CP-derived nanocel-
lulose offers a wide range of applications such as ex-
cellent oxygen barriers in food packaging, electronic
devices, inks for 3D printing, oilfield servicing fluids,
and strengthening additives in composites’.

CONCLUSIONS

In summary, cellulose nanoparticles are successfully
fabricated from coconut pith using the novel two-
stage chemo-mechanical procedure of ball milling
and acid hydrolysis. The bleached coconut pith
should be ball-milled in 6 h and then hydrolyzed by
H,SO4 64% at SLR of 1:30 g/mL within 60 min to yield
a stable suspension of nanocellulose having 100% par-
ticle size of below 600 nm and zeta potential of -17.5
mV. The analysis demonstrates that the holocellulose
content and crystallinity index of bleached pulp are
correspondingly up to 76.31 £ 1.53% and 60.35%.
By utilizing a developed chemo-mechanical process,
the crystallinity index of CP-derived nanocellulose re-
markably increases to 72.08%. Further studies should
investigate the feasibility of scaling up this effective
chemo-mechanical process to implement it in the
industrial manufacturing of nanocellulose from co-
conut residues.
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Phuong phap két hop co-héa hoc méi trong téng hop
nanocellulose t* mun dufa

D6 Nguyén Hoang Nga'-2, Nguyén Thi Xuan Chi'2, Nguyén Thi Anh Huy'2, Mai Thanh Phong'2,
Lé Van Thang3?2, Lé Thi Kim Phung'-%"

TOM TAT

Nanocellulose da nhan dugc su cht y rat Ién do cac dac tinh déc ddo clia nd nhu do bén cao, tinh
linh hoat, khoi lugng riéng thap, kha nang tuong thich sinh hoc va tinh ua nudc tu nhién véi nhiéu
nhom hydroxyl co thé dé dang bién déi cho cac muc dich khac nhau. Sinh khéi ligno-cellulose, dac
biét Ia phu phdm dita nhu vé dura, xo dira, manh dia, vv. da dugc tan dung hiéu qué dé san xuat
cellulose vai nhiéu kich ¢& va hinh théi khac nhau nhu cellulose vi tinh thé, nanocellulose dang
tinh thé va dang sai. Trong nghién clu nay, qud trinh san xuat nanocellulose t& mun dira (CP) dugc
thuc hién theo phuong phap hoa-ca hoc mdéi bang cach thuc hién tién xa ly kiém hai giai doan,
nghién bi, thly phan axit, ly tam va thdm tach. Nanocellulose tr CP dugc danh gia vé phan bé kich
thudc hat, thé zeta, thanh phan héa hoc, cau tric tinh thé va hda hoc. Tat ca cac théng s6 vé thai
gian nghién bi, ty 1& rdn-léng va thai gian thly phan déu anh hudng I6n dén su hinh thanh hat
nanocellulose tir CP cling nhu @6 én dinh cla hé hat. Dua trén két qué thuc nghiém, cudng do
tich Gy clia cac hat co kich thudc dudi 300 nm va trong khoang 300 — 600 nm lan lugt la 40,93%
va 59,08%, cho thay hiéu qua ré rét ctia phuong phap co-hoda hoc dugc phat trién trong téng hop
nanocellulose tir CP giau cellulose cé ham luong holocellulose ban dau cao dat 49,07%. Bang chu
y, chi s& tinh thé clia nanocellulose c6 nguén géc tir CP cao dén 72,08% tuong ducng vdi cac tinh
thé nanocellulose lam tir méanh dira. Céng trinh nay ching minh hiéu qua cla viéc két hop nghién
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oc Bach khoa Tp. HCM, Viet Nam cliu sau hon dé &p dung ky thuat da xay dung vao sdn xuét cong nghiép.
*Pgi hoc Quéc gia Thanh phd H6 Chi Tu khoa: Mun dira, Nanocellulose, Qua trinh co-hda hoc, Nghién bi, Thiy phan acid

Minh, Viét Nam

*Khoa Cong Ngh¢ Vit Li¢u, Trudng Dai
hoc Bdch khoa Tp. HCM, Viét Nam

Lién hé
Lé Thi Kim Phung, Khoa Ky Thuat Hoa Hoc,
Truong Pai hoc Bach khoa Tp. HCM, Viét Nam

Dai hoc Quéc gia Thanh phé HE Chi Minh,
Viét Nam

Email: phungle@hcmut.edu.vn

Lich su

o Ngay nhan: 13-11-2023

® Ngay chép nhan: 12-4-2024
e Ngay dang: 30-9-2024

DOI:
https://doi.org/10.32508/stdjet.v7i2.1306

‘W) Check for updates

Ban quyén

© DHQG Tp.HCM. Dy la bai bdo cong bé
ma dugc phat hanh theo cac diéu khodn cua
the Creative Commons Attribution 4.0
International license.

‘ Trich ddn bai bdo nay: Nga D N H, Chi N T X, Huy N T A, Phong M T, Thang L V, Phung L T K. Phuong

e —— phap két hop co-héa hoc méi trong tdng hop nanocellulose tit mun dira. Sci. Tech. Dev. J. - Eng. Tech.
VNUHCM PRESS 2024; 7(2):2230-2237.

1



	Novel Chemo-Mechanical Production of Nanocellulose from Coconut Pith
	INTRODUCTION
	MATERIALS AND METHOD 
	Materials 
	Cellulose recovery from CP
	Nanocellulose synthesis from BCP
	 Characterization of cellulose and nanocellulose derived from CP 

	RESULTS AND DISCUSSION 
	CP purification
	Nanocellulose synthesis from BCP
	FTIR and XRD spectra of nanocellulose 

	CONCLUSIONS 
	ACKNOWLEDGMENT 
	ABBREVIATION 
	COMPETING OF INTERESTS 
	AUTHORS' CONTRIBUTIONS 
	References


