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Abstract

The exploration of cheaper sources of lignocellulosic biomass as raw material in nanocellulose production is the need of the
time. The present study investigate the potential of a novel, abundant, and environmentally under-utilized plant-Gliricidia
sepium for the extraction of nanocelluloses. Both cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs) were suc-
cessfully isolated from G. sepium fibers (GS fibers). The synthesized nanocelluloses and the untreated raw fibers obtained
were subjected to various characterization technologies, viz., field emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), Fourier transform infrared analysis (FTIR), thermogravimetric analysis (TGA), X-ray
diffraction analysis (XRD), and zeta potential analysis. CNCs and CNFs had an aspect ratio of 38.29 and 148.65, respectively.
Thermal stability was higher for CNC with a major degradation peak at 335 ‘C, whereas for CNF, it was 230 °C, and for raw
fibers, it was 62 “C. The crystallinity index (CI) of the samples were found in the order of CNC (75%) > CNF (70.9%) > raw
fibers (62.4%). Zeta potential measurements showed high negative value, — 51.0 mV for CNC and —68.5 mV for CNF.
High aspect ratio, crystallinity index, and zeta potential value along with better thermal stability traits of the nanocelluloses

extracted from GS fibers make it a novel adaptable material for reinforcements in nanocomposite fabrication.
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1 Introduction

Today, the environmental ecosystem is significantly dis-
tressed and compromised due to the widespread use of non-
biodegradable petroleum-based products. In 2019, global
plastic production amounted to 368 million metric tons (Mt)
and is predicted to double within the next 20 years. Most
of these products are designed for single use, with limited
recyclability that has resulted in increased global produc-
tion and unprecedented waste generation [1]. In this regard,
future materials should align with the principles of circular
economy, where resources are utilized in a sustainable and
regenerative manner, promoting a closed-loop system that
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minimizes waste and environmental impact. The concepts
of sustainable development and circular economy lead to
growing trend of replacing synthetic materials with nature-
derived materials and bio-based products [2].

Amongst all the bio-based polymers, cellulose stands out
as the most abundant in the biosphere, predominantly pre-
sent in algae, plants, fungi, tunicates, and bacteria. Cellulose
is a linear polysaccharide linked by p-1,4-glycosidic bonds,
having molecular formula (C6H1005)n, where n represents
the number of B-glucose monomers. Nanocelluloses isolated
from cellulose with dimensions ranging from 1 to 10 nm out-
perform the native cellulose fibers and have drawn research-
er’s interests due to the unique characteristics they endow
such as high crystallinity, low density, high surface area,
low coefficient of thermal expansion, high purity, unique
optical properties, mesh like entangled structures and high
Young’s modulus [3]. There are two types of plant-derived
nanocelluloses—cellulose nanocrystals consisting needle
like particles with high crystallinity and cellulose nanofib-
ers with long thread/network like structure [4].
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Cellulose fibrils are aligned along the length of the fiber,
embedded in lignin/hemicellulose matrix, and therefore,
lignocellulosic fiber is referred to as naturally occurring
composites. As the components in plant fibers include cel-
lulose, lignin, hemicellulose, and few amounts of pectins
and waxes, the fibers should be pretreated to isolate cellulose
molecules which include alkali treatment and bleaching. The
most frequently used method for the extraction of CNCs is
acid hydrolysis, which can disrupt the hydrogen bonds and
cleave the amorphous domains of fibers to yield crystalline
particles. Steam explosion process is a promising technique
for CNF extraction. It is a thermomechanical process where
the fiber pulp is exposed to pressurized steam for short peri-
ods of time, followed by the rapid release of pressure, caus-
ing the rupture of fiber cell wall and its defibrillation [5].

Nanocelluloses, because of their renewable and sustain-
able nature, remarkable mechanical strength and biodegrada-
bility, represent a promising solution for addressing various
challenges in industries ranging from packaging, textiles, and
biomedical and environmental sectors. Some of the appli-
cations of nanocelluloses include biological-based packag-
ing, superabsorbent soil hydrogel, bone and cartilage tissue
engineering, controlled release combo hydrogel for sustain-
able agriculture, and aerogel for oil spill treatments [6-8].
Recently, a lot of studies related to nanocelluloses focus on
the development of biodegradable biomedical materials, that
includes electrospun nanofiber membranes, nanocellulose-
based aerogel and hydrogel, nanocellulose-based scaffolds,
nanocarriers in cancer therapy, and biologically responsive
nanomaterials for biosensing. Nanocelluloses are biocom-
patible, biodegradable, and versatile and can be engineered
to have controlled porosity, surface chemistry, and mechani-
cal properties, holding tremendous promise in biomedical
field [9-11]. The effective incorporation of biomass nano
pigment into cotton fabric offered a novel approach for the
sustainable application of cellulose fibers, creating fabrics
that are not only colored efficiently but also functional with
qualities such as durability, UV resistance, and antibacterial
properties [12]. These applications underscore the potential
of nanocelluloses across diverse sectors, showcasing their
significant role in driving advancements in material science,
sustainability, and technological innovation.

Gliricidia sepium, commonly called “Mexican lilac,” is
a medium-sized legume tree native to Central America and
belonging to the Fabaceae/Leguminosae family, the third
largest family in the plant world [13]. Its leaves exhibit a
range of beneficial properties. They possess anthelmintic
effects, contain flavanoids, saponins, and tannins acting as
anti-inflammatory agents, and promote wound healing. It
also exhibits caffeine removal and coir pith detoxification
properties [14]. The plant has fibrous stem, which contrib-
utes to its strength and resilience and can be regarded as
a potential source of fiber for various industries. But the
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source remains entirely unexplored for nanocellulose pro-
duction, offering significant research opportunity in this
field. Exploring the economic viability of harnessing the
barks of this plant for cellulose and nanocellulose synthesis
steps can be now undertaken to transform discarded waste
into a value-added product, thereby mitigating pollution
linked to traditional waste disposal methods.

The goal of this work is to extract cellulose and synthesize
both CNFs and CNCs from GS fibers, which will serve as a
blueprint for the exploration of other under-utilized plants.
This study investigated the potential of using GS fibers as
a novel and alternative source of nanocelluloses through
a series of processes, commencing with the separation of
GS fibers from the bast portion of plant, removal of non-
cellulosic components using chemical pre-treatments, and
nanocellulose production via acid hydrolysis, steam explo-
sion, and high pressure homogenization. TEM, FE-SEM,
AFM, FTIR, XRD, TGA, and zeta potential measurements
were used to comprehensively characterize the nanocellu-
loses to provide information on its morphology, size, shape,
chemical structure, crystallinity, thermal stability, thermal
decomposition rate, surface charge, and colloidal stability.

2 Materials and methods
2.1 Feedstock and chemicals

The raw material used for the current study was Gliricidia
sepium fibers. The samples were collected from a household
plantation in Alappuzha district of Kerala. Sodium hydrox-
ide, glacial acetic acid, sodium hypochlorite, citric acid, and
sulfuric acid are procured from Sigma-Aldrich, Merck, and
HiMedia.

2.2 Cellulose extraction from GS fibers

The bast portion of the plant was separated and submitted
to water retting by submerging it in an adequate volume of
water to completely cover the entire basts. After complete
retting of the bast, the plant fibers were isolated, washed,
dried, and grounded into powder. The non-cellulosic com-
ponents in GS fibers were first eliminated to extract cel-
lulose. This was performed by the application of alkali and
bleaching treatment to reduce the amorphous content which
includes hemicellulose and lignin. The alkali treatment was
carried out by soaking the grounded fibers in 5% NaOH
solution for overnight at room temperature, followed by
heating at 70 °C for 2 h with mechanical stirring and then
washed with water and dried. The alkali treated biomass was
then bleached using bleaching mixture (Solution A—acetic
acid, NaOH, and water and Solution B—sodium hypochlo-
rite and water in the ratio 1:1). The biomass was soaked in
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bleaching mixture, heated at 50 °C for 1 h, washed to neu-
tral, and continued till the biomass attained a white color
[15]. The bleached fibers were sealed and stored at 4 °C.

2.3 CNC and CNF isolation from GS fibers

CNCs were prepared from GS fibers via the acid hydrolysis
process. The bleached fibers were hydrolyzed using 65 wt%
sulfuric acid at 45 °C for 30 min. Concentrated sulfuric acid
was slowly added to the fiber placed in a beaker surrounded
by ice-packs with thorough mixing and then kept at 45 °C
for 30 min in a hot plate magnetic stirrer. After the treat-
ment, the suspension was poured into 10-fold volume of
water to stop the hydrolysis reaction. It was centrifuged at
3000 and subsequently at 12,000 rpm for 15 min each. The
residue after centrifugation was subjected to dialysis for the
removal of excess acid and was homogenized at 8000 rpm
for 2 h [15]. CNFs were synthesized by means of steam
explosion technique. Bleached fibers were immersed in 45%
citric acid and allowed to attain 15 1bs pressure at 120 °C in
steam explosion unit. Then, the pressure was released rap-
idly. The steam exploded fibers were then dialyzed against
distilled water of pH 7 to obtain neutral fibers. Following
this, the fibers were homogenized using IKA T25 Digital
ULTRA TURRAX high pressure homogenizer at 8000 rpm
for 2-3 h [16].

2.4 Nanocellulose characterization
2.4.1 Morphological analysis

Morphological analysis and surface characterization of
CNCs and CNFs extracted from GS fibers were undertaken
by TEM, SEM, and AFM analysis. For TEM analysis, an
aqueous solution of both nanocelluloses was deposited on
carbon-coated grids and then observed with TEM (JEOL
JEM 2100 Lab6 type) operating at 200 kV. The size analysis
was done by Imagel software, and 20 TEM images were
taken for each sample. The nanocellulose solution stored
at 4 °C along with raw, alkali-treated, and bleached fibers
were observed using FE-SEM (MAIA3 XMH TESCAN)
operating at 5.0 kV and scanning electron microscope
(JEOL —JSM - 6390) operating at 10 kV. The fiber samples
were initially dropped on a carbon coated tape and dried at
atmospheric temperature. The dried samples were coated
with gold by an ion sputter coater and then observed. AFM
imaging was carried out in confocal Raman microscopy cou-
pled with AFM (WITec ALPHA 300RA) instrument. All
imaging was done in non-contact mode using a silicon tip of
75.0 kHz resonant frequency, 2.80 N/m force constant, and
a radius less than 8.00 nm. The samples were prepared on a
fresh mica sheet, dried under a gentle steam of nitrogen gas,
and subjected to AFM study.

2.4.2 Chemical composition analysis

The chemical composition of GS fibers at each stage of
treatment was determined by the protocol described by
Ramadevi et al. (2012) [17]. Yield of GS nanocelluloses
were noted using the following equation.

Yield % = (W1/WO0) % 100 1)

where WO is the weight of GS raw fibers and W1 is the
weight of nanocelluloses obtained (dried) [18].

2.4.3 FTIR analysis

FTIR spectra were obtained using a PerkinElmer spectrum
two IR version 10.6.0. The sample spectra were recorded
in the wavenumber range 4000-400 cm™'. The raw GS
fibers, alkali-treated, bleached, and nanocelluloses syn-
thesized underwent FTIR analysis.

2.4.4 Thermogravimetric analysis

The thermal stability and degradation of nanocelluloses
and untreated raw fibers obtained were performed using a
thermal analyzer (SDT Q600 V20.9 Build 20). Required
amount of sample was heated till 700 °C under a N2
atmosphere with a flow rate of 99 ml/min. The thermo-
grams of nanocelluloses were compared with that of raw
GS fibers.

2.4.5 X-ray diffraction analysis

X-ray diffraction analysis of the nanocelluloses and raw
fibers were performed with Rigaku Miniflex 600 with
CuKal as the source and 1.5406 A° as the source wave-
length (1) operating at 40 kV and 13 mA. The detection
was carried out using a 26 scan from 10 to 90°. The sam-
ple was filled in a glass slide for analysis. The crystallinity
index (CI) of the nanocelluloses was calculated from the
heights of the 002 peak (1002, 20 =22.6°) and the intensity
minimum between the 002 and 101 peaks (Iam, 20 =18°)
using the Segal equation [19] as described in Eq. 2.

[ 1002 — Jam ]

Crystallinity Index, CI =
1002

x 100 2

where /002 is the diffraction intensity close to 26 =22
and represents a crystalline material; /am is the diffraction
intensity close to 260 =18 and refers to amorphous material
in cellulosic fibers.
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2.4.6 Zeta potential analysis

Stability of nanocellulose suspensions were determined
using zeta potential measurements. It was measured with
a nanoparticle analyzer (HORIBA SZ-100) having DPSS
LASER 532 nm as the light source. Aqueous suspensions
of the samples kept at 4 °C were used for the measurement.

3 Results and discussion

Environmentally undesirable and profusely growing biomass
source like G. sepium utilized for a sustainable promoting
process is the key attraction of the study. The plant can be
regarded as a profound source for nanocellulose isolation
for its novelty value and untapped potential. The cellulose
fibers were successfully isolated via a sequential process
of water retting, alkaline treatment, and bleaching. The
extraction procedures and their corresponding outcomes are
depicted in Fig. 1. The bleached GS fibers were then used
for CNC and CNF preparation. Visual analysis of the fibers
was conducted at each step. Discoloration of the fiber after
each treatment was noticed as gradual change from creamish

white for the initial retted fibers, yellow for the alkali treated
fibers, and pure white for the bleached fibers. Acid hydroly-
sis and steam explosion resulted in the formation of CNCs
and CNFs, respectively, with a white color. The dark color
observed in the fiber is attributed to the presence of lignin
and impurities. These impurities are effectively removed
through pretreatments, resulting in a lighter coloration of
the fibers [18]. Water retting conducted for 2 weeks resulted
in the complete separation of bast fibers, which were then
washed with tap water and oven-dried. Water retting was
followed by alkaline treatment resulting in partial removal
of the binding materials like hemicelluloses, lignin, pectin,
wax, and other impurities. The fibrillation of GS fibers is
attributed to the alkali treatment as it helps in breaking the
linkage of hemicellulose and lignin complex [20]. These
effective pre-treatments resulted in the disintegration of
lignin, cellulose, and hemicellulose complex.

The key factors influencing the extraction efficiency of
nanocelluloses from GS fibers are the duration and concen-
tration of pre-treatments, optimal steam explosion cycle
(5-8), ideal acid hydrolysis conditions (65 wt% H,SO, at
45 °C for 30 min) and high pressure homogenization for
2-3 h. Higher temperatures and longer processing time can

Gliricidia
sepium

Water
retting

High pressure
Homogenization

Nanocelluloses

Dialysis

*

Alkali Bleaching

treatment

Acid
hydrolysis

Steam
explosion

Fig. 1 The schematic representation of different stages in the preparation of nanocelluloses from Gliricidia sepium
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accelerate the breakdown of bond between cellulose and
lignin/hemicellulose complex due to increased reaction
rates and extensive interaction. However, they can also
result in cellulose degradation and side reactions. There-
fore, finding an optimal balance between temperature and
time is crucial for cellulose and nanocellulose production
efficiency. The main challenges encountered while extract-
ing nanocelluloses from GS fibers are the following:
i. Limited understanding

The lack of prior research on utilizing Gliricidia sepium
as a source for nanocellulose extraction posed a challenge,
as it led to uncertainties regarding nanocellulose yield and
a dearth of knowledge regarding its chemical composition.

ii. High hemicellulose content

Hemicellulose is a complex polysaccharide that is
closely associated with cellulose and other components
in plant cell wall. Its efficient removal is required for cel-
lulose purification. This was achieved through the applica-
tion of high concentrations of chemicals (5% NaOH, 45%
citric acid, 65 wt% H,SO,) and by increasing the cycles of
specific chemical treatments.

iii. Unpleasant odor

Gliricidia sepium possesses an inherent unpleasant odor
arising from the presence of various components within
the plant tissues, e.g., saponins, alkaloids, and organic
acids. This presents a challenge, particularly during plant
collection and processing activities like retting.

20kv X150 100pm

3.1 Microscopical analysis

The SEM micrographs of raw GS fibers were found to be
intact and smooth, and without any structural deformations,
this can be attributed to the outer non-cellulosic layer com-
posed of lignin, hemicelluloses, pectin, wax, and oil. The
subsequent pre-treatments lead to the successful elimina-
tion of non-cellulosic impurities which is understood from
the SEM images of alkali-treated and bleached fibers. TEM
and FTIR analysis provided additional substantial evidence
for the removal of amorphous component. Nanocelluloses
synthesized had a distinct morphology and much reduced
diameter. Figure 2 shows the SEM micrographs of raw GS
fibers and alkali-treated and bleached fibers.

Figure 3 represented the SEM, TEM, and AFM images of
CNCs and CNFs synthesized from GS fibers. The morphol-
ogy and dimension of CNCs and CNFs varied each other.
CNCs had short rod shaped structures which are slightly
aggregated at some fields of microscopy, showing similar-
ity with the CNCs extracted from poplar wood via sulfu-
ric acid hydrolysis [21]. CNCs had an average length of
235.887 nm and diameter of 6.16 nm. Acid hydrolysis of
celluloses resulted in the hydrolytic cleavage of glycosidic
bonds between two anhydroglucose units and dissolution
of amorphous part leaving behind the crystalline regions.
Mechanical treatment like high pressure homogeniza-
tion following acid hydrolysis lead to the disintegration of
cellulose structure to nanocrystalline cellulose particles.
CNFs synthesized exhibited web-network structures with
long entangled nanofibrils having an average diameter of
6.81 nm. The length of nanofibrils were difficult to calculate

20V X120 100pm

Fig.2 SEM images of A, B, D raw GS fibers and alkali-treated and bleached fibers in 100-pm scale, respectively. C, E Alkali-treated and

bleached GS fibers in 50-pm scale
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Fig.3 Microscopical analysis.
A-D SEM, TEM, AFM, and
suspension of CNC. E-H SEM,
TEM, AFM, and suspension

of CNF

Table1 Size distribution of CNC and CNF from TEM measure-
ment (calculated using ImagelJ software)

Table 2 Chemical composition of GS fiber at each stage of nanocel-
lulose preparation

Diameter
(D, nm)

Samples Length

(L, nm)

Aspect ratio L/D

Fiber Cellulose Hemicellulose Lignin

(%) (%) (%)

CNC
CNF

235.887 6.16

On an average greater 6.81
than 1012.321

38.29

On an average
greater than
148.65

as they were very long, entangled, and overlapped struc-
tures; however, the average length was approximately greater
than 1000 nm. Multiple and continuous steam explosion of
bleached fibers in acid medium under high pressure lead
to the conversion of microfibrils to nanofibrils. High shear
forces developed during sudden pressure drop caused the
defibrillation [20]. Table 1 summarized the size distribu-
tion and aspect ratios of nanocelluloses. It was apparent
from the values that cellulose nanofibers were having high
aspect ratio. Nanocelluloses with greater aspect ratios have
potential advantages such as improved mechanical strength,
enhanced reinforcement capability, increased surface area,
and in developing high-performance materials [5]. AFM and
SEM micrographs gave supporting evidence for the forma-
tion of nanocelluloses.

3.2 Chemical composition analysis and yield
of nanocelluloses

The yield of G. sepium nanocelluloses was found to be

51.4% and could be considered as a potential source for
nanocellulose production. The chemical composition of GS
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Raw 35.3+0.35

Alkali 45.8+0.95
treated

Bleached

50.3+1.04
384+1.22

15.1+0.66
13.1+0.47
63.1+0.70

36.6+0.94 0.14+0.005

70.00% -

60.00% -
u Cellulose
50.00% - B Hemicellulose
Lignin
40.00% -

30.00% -

20.00% -

10.00% -

0.00% -
Alkali treated
fibers

Raw fibers Bleached fibers

Fig.4 Trend in the chemical composition of GS fibers at each pre-
treatment level

fibers at each level of pre-treatments was summarized in
Table 2 and graphically represented in Fig. 4. It was evident
from the percentage values that each successive treatment
level marked an increase in the concentration of cellulose
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and decrease in lignin and hemicellulose proportion. This
was further supported by the evidences from FTIR results.
The chemical composition of two other plants belonging to
the same family Leguminosae, namely, Acacia arabica and
Cajanus cajan, had similar values. The cellulose content in
Acacia arabica were found to be 36.2% and Cajanus cajan
had its lignin content near to 18% [22]. Table 3 gives a com-
parison on the chemical composition and nanocellulose yield
of GS fibers with some of the traditional fiber sources.

3.3 Functional group analysis

FTIR spectrum of the extracted CNC and CNF was com-
pared with that of raw fibers (Fig. 5a) and pure nanocel-
luloses (Fig. 5b). The band at 1457 cm™" in the FTIR spec-
trum of raw fiber represented CH2 deformation stretching
in lignin/xylan and the peak at 1732 cm™" represented C=0
stretching of the acetyl and uronic ester groups of pectin/
hemicellulose/ester linkage of carboxylic groups of ferulic
acid in lignin [32]. One small peak 2857 cm™" is attributed
to the C-H stretching of hemicellulose [33]. The peaks at
1102 cm™" and 1027 cm™ is related to C-O-C stretching
and C-OH stretching of lignin, respectively [34]. The peak
between 1300 and 1200 cm™' depicts an out of plane C-O
stretching in the aryl group of the lignin [32]. These specific
peaks were reduced in the spectra of nanocelluloses confirm-
ing the removal of hemicellulose and lignin components.
A wide band between 3400 and 3200 cm™! in the FTIR
data of nanocelluloses extracted typically represented the
stretching vibrations of the hydroxyl (-OH) groups present
in the cellulose structure [16]. This region is referred to as
one of the most prominent features in the FTIR spectrum
of cellulose-based materials. This peak narrows following
extraordinary treatments, suggesting the removal of some
amorphous components. The bands in nanocelluloses
near 1050 and 1057 cm™' were associated with the C-O
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Fig.5 FTIR spectrum analysis. a FTIR spectra of raw GS fibers with
nanocelluloses extracted. b FTIR spectra of extracted nanocelluloses
with pure nanocellulose

Table 3 Chemical composition and yield of GS fibers with some of the traditional fiber sources [23]

SI. No. Fiber source Cellulose (%) Hemicelulose (%) Lignin (%) Nanocellulsoe/cel- References
lulose yield (%)

1 Jute bast 62.1 21.8 14.0 50.5 [24]

2 Ramie 69.83 9.63 3.98 89.35 [25]

3 Cotton >95 - 0.08 89.9 [26]

4 Oil palm empty fruit bunch 44.4 30.9 14.2 >80 [27]

5 Sugarcane bagasse 44.55 21.81 22.52 63.5 [23]

6 Pineapple leaf 81.27 12.37 3.46 40.1 [28]

7 Coconut coir 39.3 2 49.2 40 [29]

8 Urtica dioica 41.7 18.4 19.2 88 [30]

9 Acer platanoides 60-70 10-11 8-9 70 [18]

10 Alstonia scholaris 50.3 9.3 7.7 70 [31]

11 Gliricidia sepium bast 35.3 50.3 15.1 514 Present work
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Table 4 FTIR peak positions, corresponding functional groups, and chemical constituent in the GS fiber and nanocelluloses extracted

Peak positions (wavenumber, cm™) Functional group Chemical constituent Reference
1457 CH2 stretching Lignin [32]
Peak between 1300 and 1200 C-O stretching Lignin [32]
1102 C-O-C stretching Lignin [34]
1027 C-OH stretching Lignin [34]
1732 C=0 stretching Hemicellulose [32]
2857 C-H stretching Hemicellulose [33]
Wide band between 3400 and 3200 O-H stretching Cellulose [16]
1057 C-O stretching and vibration Cellulose [21]
1050 C-O stretching and vibration Cellulose [21]
550 C-O-C glycosidic bond Cellulose [35]
2130 Presence of -COO™ and C-O groups Cellulose [36]
1634 O-H bending Adsorbed water molecule [16]
e g Table 5 Crystallinity index of raw fiber and its nanocelluloses
| S l
g N Samples 1200 Tam CI (%)
30000 - =2 il g
— j ‘\Mw Raw fibers Raw fibers 8500.00 3191.67 62.4
¥ f‘ ' CNF 9616.67 2791.67 70.9
%‘ 20000 o CNC 10,633.33 2658.33 75.0
= g i
£ 15000 ,/"'/ \\N.r\; CNF

10000 -

5000 | i\ E
/W L CNC

04

26, °

Fig.6 XRD spectra of raw GS fibers and nanocelluloses extracted

stretching and vibration of pyranose ring skeletal in the
cellulose backbone, respectively [21]. The peak observed
near 550 cm™! in the FTIR spectrum was ascribed to the
bending vibrations of C-O-C glycosidic bond in the cel-
lulose molecule [35]. The presence of carboxylate groups
(-COO-) and carbonyl groups (C=0) could be inferred
from a broad absorption band near 2130 cm™! [36]. These
groups could be formed in the fiber through the application
of various chemical treatments, especially acid hydrolysis.
Moreover, these bands were in good agreement with the
commercial nanocellulose purchased from Sappi Maas-
tricht Mill, The Netherlands.

The peak at 1634 cm™! could be attributed to the OH
bending of adsorbed water molecules [16] and might be
adsorbed on the surface of nanocellulose particles. The
FTIR peak position, its corresponding functional groups,
and chemical constituent of GS fiber and nanocelluloses
extracted are listed in Table 4.
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3.4 XRD analysis

The raw fibers and nanocelluloses synthesized were dried to
powder form and subjected to XRD analysis to investigate
their crystalline behavior. The XRD graphs of all the sam-
ples are shown in Fig. 6. All the diffractograms exhibited
two significant peaks that represented the typical cellulose I
structure, peaks around 260 =16.5° and 22.6° corresponding
to the (101), and (200) crystal planes of cellulose crystalline
structure, respectively [31]. The height of the intensity mini-
mum between the (200) and the (101) peaks ascribed to the
amorphous wood regions (Iam) and the width and intensity
of the peaks at 20=16.5° and 22.6° represented the relative
crystallinity of the samples [37]. The crystallinity index (CI)
of the three samples were calculated by Segal’s equation
and the CI values obtained were 75, 70.9, and 62.4% for
CNC, CNF, and raw fibers, respectively. Table 5 provided
the detailed information on the crystallinity indices of the
samples.

In a lignocellulosic fiber, hemicelluloses and lignin are
the amorphous constituents whereas cellulose constitutes the
crystalline structure due to the presence of inter- and intra-
hydrogen bonding and van der Waals forces between the
adjacent molecules. Raw fiber owns the highest percentage
of lignin and hemicellulose and hence has the lowest crys-
tallinity. The intensity of peaks at 20=16.5° and 22.6° was
relatively high for the acid treated cellulose nanocrystals.
The increased crystalline nature of nanocrystals is due to
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the more efficient elimination of non-cellulosic components
and dissolution of amorphous zones [20]. In the process of
acid hydrolysis, the hydronium ions get penetrated the cel-
lulose chains targeting vulnerable amorphous regions and
accelerates the hydrolytic cleavage of the glycosidic bonds,
ultimately leading to the release of individual crystallites
over time. The high crystallinity index of CNCs indicates
that their cellulose chains are tightly packed together in an
ordered manner [38]. The CI values of nanocelluloses as
given in Table 5 showed 13-20% enhancement when com-
pared to the raw, untreated fibers. A comparison on the
crystallinity indices and nanocellulose extraction process
of various plant sources is presented in Table 6.

3.5 Thermogravimetric analysis (TGA)

Figures 7 and 8 showed the TGA and its differential ther-
mal analysis (DTA) graphs for raw fiber and nanocellu-
loses synthesized. The percentage of weight loss vs. tem-
perature graph displayed three main weight loss regions
for the samples (Fig. 7). The first region (region I) falling
in the range of 20~100 °C was mainly due to the vaporiza-
tion of free and bound water present in the sample. Region
II ranging from 100 to 380 “C depicted a sharp weight loss,
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Fig.7 Weight loss regions of raw GS fibers and nanocelluloses
extracted

analogous to a dominant peak on the DTA curves, repre-
senting the main pyrolysis step of the analyzed samples.
In region III, the less significant weight loss rate could be
attributed to the oxidation and breakdown of char residue
into low molecular weight gaseous products [46].

Table 6 A comparison on the crystallinity indices and nanocellulose extraction process of various plant sources

SIno. Source CNF extraction method

CI of CNF (%) CNC extraction method

CI of CNC (%) References

1 Jute bast Multistage mechanical 67.54
disintegration process

(rotor-stator homogenizer,
high-pressure homogenizer,

ultrasonication)

2 Pineapple leaf Mild acid hydrolysis using 75.38

11% H,C,0,

3 Bamboo Microwave liquefaction 67.4
combined with chemical
treatment and ultrasonic
nanofibrillation

4 Ramie Chemical-ultrasonication 73.65
treatment

5 Banana pseudostem Sonication using ultrasonic 87.5
processor

6 Prosopis julifera Mechanical fibrillation using ~ 70.8
an ultrafine friction grinder

7 Coir Mild TEMPO-mediated oxi-  56.3
dation and ultrasonication

8 Rice straw High pressure grinding witha 54.4
super mass collider

9 Poplar wood High pressure grinding witha 56.4

super mass collider

10 Gliricidia sepium bast Steam explosion using 45%  70.9
citric acid followed by
high-pressure homogeni-
zation

Acid hydrolysis using 64% 75.56 [39]
H,SO,

Acid treatment using 64% 84.34 [28]
H,SO,

Acid treatment using 64 wt% 87 [40, 41]
H,SO,

Acid hydrolysis using 58 wt% 90.77 [25, 42]
H,SO,

Acid treatment using 64 wt%  95.6 [43]
H,SO,

Acid treatment using 64 wt%  76.3 [44]
H,SO,

Acid treatment using 60% 68 [29, 45]
w/w of H,SO,

Acid treatment using 64 wt% 68 [21]
H,SO,

Acid treatment using 64 wt%  72.9 [21]
H,SO,

Acid treatment using 64 75 Present work
wt% H,SO,
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Fig.8 DTA analysis of raw fibers and extracted nanocelluloses

For raw fiber, a sharp weight decline in TGA and a
dominant peak in DTA in the region I corresponded to
the evaporation of water. Lignocellulosic fibers are hydro-
philic in nature due to the prevalent presence of hydro-
philic compounds like cellulose, hemicellulose, and
lignin molecules. This property stems from the numerous
hydroxyl (-OH) groups, which can form hydrogen bonds
with water molecules [5]. The next weight loss region for
raw fiber (region II) fell in the range of 150-380 °C, indi-
cating the thermal degradation of hemicellulose, lignin,
and the breakup of cellulose glycosidic linkages [47]. In
the case of nanocelluloses obtained, region I did not illus-
trate a sharp weight loss which was attributable to the
less hydrophilic nature of them when compared to the raw
fiber. Higher crystallinity and the structural and chemical
changes that occur during the processing steps were found
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to be the main reasons behind this character. Region II in
the TGA curves of CNC demonstrated a higher thermal
stable nature. A high degradation occurred after 290 C,
and more than 80% of its weight was stable by that stage.
Considering region II of CNF, it presented a gentle decom-
position rate. Eighty-eight percent of the total weight was
retained till 200 “C, and then, the graph softly lowered.
Though CNF had reduced thermal stability than CNC, it
still demonstrated greater stability than raw fibers. This
could be validated from the obtained TGA curves. Upon
examining the TGA curves, it was observed that at 315
°C (the temperature at which raw fiber experiences rapid
weight loss in region II), the raw fiber had retained only
50% of its original weight, while CNF had retained 60%
of its weight. DTA of raw fibers, CNF, and CNC shows
major degradation peaks around 60 °C, 230 “C, and 335 C,
respectively, which is depicted in Fig. 8.

Hence, the thermal stability of the samples followed
the order of CNC > CNF > raw fibers. This is due to the
fact that untreated fibers are composed of long cellulose
chains or fibrils, which is surrounded by high concentra-
tion of lignin, hemicellulose, pectin, and other impurities.
These chemical components may create additional active
sites and accelerate the onset of thermal degradation, caus-
ing the raw fiber to degrade earlier than nanocelluloses
obtained [20]. Trache et al. 2020 [48] in their studies on
thermal analysis of lignocellulosic fibers reported that the
higher thermal stability of nanocelluloses was the result
of complete removal of hemicelluloses and lignin. The
enhanced thermal stability and poor hydrophilic nature
of the nanocelluloses can be utilized in the production of
nanocomposites. Moreover, the absence of any degrada-
tion in the conventional polymer processing temperature
range below 200 ‘C was also advantageous.
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Fig.9 Zeta potential measurements of nanocelluloses synthesized from raw GS fibers
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Table 7 A comparison of the nanocelluloses synthesized from GS fibers

S1. No. Comparative parameters CNCs CNFs
1 Preparation Via acid-hydrolysis and high pressure homogeniza- ~ Via steam explosion and high pressure homogeniza-
tion tion
2 Morphological Rod-like/needle-like particles Thread-like bundles of cellulose chain with long,
flexible, and entangled nanofibers
3 Length and diameter Length in the range of 200 nm and diameter of less Length in micrometer and diameter in nanometer
than 10 nm range
Aspect ratio Aspect ratio of 38.29 High aspect ratio (148.65)
Crystallinity High crystallinity with CI of 75% Crystalline with CI of 70%
Thermal stability Thermally stable with major degradation peak at Thermally stable with major degradation peak at
around 335 °C around 230 °C
7 Colloidal stability Colloidally stable with zeta potential of — 51.0 mV ~ Colloidally stable with zeta potential of — 68.5 mV

3.6 Zeta potential measurements

Zeta potential measurements were carried out on aqueous
dispersions of the nanocelluloses extracted from GS fibers
and represented in Fig. 9. Both of the cellulose suspensions,
in distilled water, showed a negative zeta potential value,
viz., CNC with a zeta potential value of — 51.0 mV (Fig. 9a)
and CNF having — 68.5 mV (Fig. 9b). Zeta potential is
defined as a measure of the stability of colloidal suspensions
indicating the repulsion of similarly charged particles in a
dispersion. Khouri in 2010 [49] reported that agglomera-
tion of nanocelluloses occur between a zeta potential value
of — 15 to 15 mV. Nanocellulose suspensions characterized
by a high negative zeta potential value demonstrate excellent
electrical and colloidal stability, making them ideal candi-
dates for serving as effective reinforcing agents in polymer
matrices [50]. The introduction of negatively charged sul-
fate and carboxylic groups during sulfuric acid hydrolysis
and citric acid treatment enhances the stability of nanocel-
lulose suspensions. In this sense, as in the present study, the
nanocelluloses obtained from GS fibers have good colloidal
stability and could be considered a good reinforcing material
for bio-nanocomposite fabrication.

The results obtained such as high aspect ratio, crystal-
linity index, zeta potential value, and thermal stability of
nanocelluloses extracted from Gliricidia sepium offer
several advantages for their use in nanocomposite fabrica-
tion. Nanocelluloses with high aspect ratios provide effec-
tive reinforcement, improving mechanical properties such
as stiffness, strength, and toughness by facilitating stress
transfer within the composite matrix. Moreover, nanocel-
luloses with higher crystallinity indices exhibit stronger
interfacial interactions with polymer matrices, resulting
in improved compatibility, dispersion, and adhesion, lead-
ing to superior mechanical performance and stability of
the nanocomposites. Additionally, the zeta potential value
influences the dispersion and stability of nanocelluloses in
polymer matrices during fabrication, with higher negative

values ensuring more uniform dispersion and minimizing
agglomeration. Furthermore, nanocelluloses with high
thermal stability can withstand processing temperatures
without significant degradation, maintaining the integrity
of the composite structure and enhancing thermal proper-
ties. Collectively, these properties make nanocelluloses from
Gliricidia sepium highly desirable for nanocomposite appli-
cations across various industries, especially in packaging
and automotive applications.

The table given below (Table 7) does a comparison on the
preparation and characteristics of the nanocelluloses (CNCs
and CNFs) synthesized from GS fibers via the above men-
tioned methodologies and characterization technologies.

4 Conclusion

Gliricidia sepium is a medium-sized tree with lignocellu-
losic biomass, containing lignin, hemicellulose, and cel-
lulose in various quantities. The chemical pre-treatments
successfully intensified the cellulose content and made cel-
lulose extraction possible. The SEM and FTIR analysis have
supported the efficient extraction of cellulose by eliminating
impurities. All the microscopical evidences and FTIR spec-
tra confirmed the formation of CNCs and CNFs. The XRD
analysis ratifies the presence of cellulose-I by the four sig-
nificant peaks, with maximum crystallinity index reaching to
75%. The synthesized nanocelluloses were thermally stable,
with highest thermal stability up to 335 °C, which is certified
by the DTA and TGA graphs. Remarkable zeta potential
measurements for nanocelluloses provide them with good
electrical and colloidal stability. Altogether, the nanocellu-
loses synthesized from GS fibers proved to be a good candi-
date in bionanocomposite and biomaterial fabrication.
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