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Abstract

The quest for sustainability, renewability, manufacturing cost efficiency and environmental
friendliness in composite science and technology is ongoing, due to numerous benefits. In this
research, mature stems of the Cayratia pedata (lam.) gagnep (CPG) plant were harvested, and
their long fibers were extracted through water retting and comprehensively characterized as a
potential reinforcement for polymer matrix composites (PMCs). The results showed that
Cayratia pedata (lam.) gagnep fibers (CPGF) with a lower density of 1158.00+52 kg/m?

supported fabrication of PMCs with less weight and high strengths. Hemicellulose and
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cellulose of 16.47+3.26 and 65.21+5.31 wt.% were obtained from CPGF via chemical analysis,
respectively. Its crystallinity index of 67.84% confirmed comparatively higher crystalline
material. Fourier transform infrared (FTIR) analysis identified the different functional groups
in CPGF. The thermal degradation analysis of CPGF demonstrated its suitability as a
reinforcing material in PMCs up to a fabrication temperature of 250 °C. The higher kinetic
activation energy of CPGF at 97.40 kJ/mol also established its improved thermal stability. The
outer shell of the CPGF had debris and non-cellulosic materials, as examined through a
scanning electron microscope (SEM). Due to impurities, lignin and hemicellulose, untreated
fibers were smoother than desired. The mean tensile strength of CPGF was 424.40+24.45 MPa.
Weibull distribution was employed to statistically investigate the single CPGF tensile
properties. In summary, it can be concluded that CPGF is a better alternative, sustainable,
renewable, low-cost and environmentally friendly reinforcing material when compared

extensively with several similar plant fibers.

Keywords: Cayratia pedata (lam.) gagnep fiber (CPGF), Chemical analysis, Crystallinity

index, Thermal degradation, Surface roughness.

1. Introduction

Environmental protection agencies are making rules and guidelines worldwide to lessen
environmental damage. These laws and regulations insist on reduced consumption of non-
biodegradable materials (Sanjay et al. 2018). Several sectors, such as biomedical, automobile,
defence, building and packaging, use synthetic fiber-reinforced polymer (FRP) composites.
The use of synthetic FRP composite materials is difficult to avoid, because of their advantages.
They are cheaper, lightweight, easy to fabricate, non-corrosive and simple to handle
(Marichelvam et al. 2021; Saha et al. 2023). On the other hand, synthetic FRP composites

damage environments. This drives investigation into developing eco-friendly materials to
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replace synthetic FRP composites (Binoj et al. 2016; Saha et al. 2021a). Synthetic fibers, such
as rayon, spandex, acrylic, polyester and nylon can be substituted with plant fibers. Therefore,
studies on plant FRP composites and the quest to improve their properties and performances

have attracted increasing interest in several industries.

Moreover, plant FRP composites are partially biodegradable. Generally, polymer matrix
composites (PMCs) comprise a matrix and reinforcement (Mansingh et al. 2021). Therefore,
the properties of composites depend on the matrix material, type of reinforcement and binding
strength between the resin and fiber, which is commonly called fiber-matrix adhesion. The
characteristics of plant fibers are determined by various factors. Among the vital factors is their
chemical composition, particularly the quantity of cellulose present. Many factors influence
the chemical constitution of the fiber (Kumar et al. 2020; Amutha and Senthilkumar 2021).
These include, but are not limited to, maturity, grown environment, method of extraction and
part of the plant. Soil nutrients, pH, temperature, humidity, rainfall, mineral content, salinity,
sunlight intensity, environmental stresses, pests, pollutants and agricultural practices impact
the fiber properties of plants grown in a given area. Various parts of the plants yield fibers,
including bark, stem, root, leaf, aerial root and flower. Fibers extracted from the plant stems
are preferred for composite reinforcement, since they yield lengthy fibers. The long fibers can
make unidirectional and multi-directional mats (Senthamaraikannan and Kathiresan 2018a;
Saha et al. 2021c¢). In addition to cellulose, plant fibers have a small quantity of amorphous
fractions: hemicellulose, lignin and wax. Amorphous fractions influence the mechanical,
thermal and crystalline properties; hence, fibers with minimal amorphous fractions are

preferable (Moshi et al. 2019; Bharath et al. 2020; Kumar et al. 2022).

Two different types of plants yield cellulosic fibers. The first is plants cultivated for fiber
extraction, such as sisal, flax and hemp, to mention but a few. The second is fibers from

agricultural wastes, such as banana, coir and aerial root banyan fiber (Saha et al. 2021b; Kumar
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and Saha 2024). The need for plant fiber is increasing, because of its utilization in different
sectors. This increase in demand stimulates researchers to explore other plant fibers. Various
plant fibers, including Derris scandens stem, Rosa hybrida bark, Cissus vitiginea stem,
Mariscus ligularis fibers and Bambusa tulda, were extracted recently. Studies on their
suitability for reinforcement in polymers to produce biocomposites have been widely reported
(Chakravarthy et al. 2020; Perumal and Sarala 2020; Saha and Kumari 2022; Garriba and
Siddhi Jailani 2023; Shibly et al. 2024). In a bid to discover another plant fiber, this work
attempted to extract the plant fiber from the stems of Cayratia pedata (lam.) gagnep (CPQG)
plant. CPG exists in different parts of the world, especially in India, Myanmar, Sri Lanka,

Thailand, Australia, Malaysia, Indonesia and Newland.

Cayratia pedata (lam.) gagnep (CPG) is common in various regions of India, including
Kerala, Tamil Nadu and Andhra Pradesh. It is typically found in natural habitats, such as moist
deciduous and semi-evergreen forest. Locally, the plant is referred to as "Kattu Pirandai" and
"Panni Kodi" and is a climber that attaches itself to the adjacent vegetation with tendrils. CPG
is a climbing plant that can grow over 20 meters long. Among other similar plants, CPG plant
was selected for fiber extraction, because it is highly available in various parts of the globe,
yields around 60 wt.% of fiber, its water retting period is only 10 days and requires no unique
tool, long fibers of around 10 meters can be extracted, supporting possibility of making
unidirectional and multi-directional fiber mats. More importantly, CPGF has not been extracted
from its plant and comprehensively characterized as a potential reinforcement within a
biocomposite material, considering several existing relevant studies. Therefore, this study
bridged the research gap in biocomposite science and technology. After extracting CPGF,
fundamental fiber properties were extensively investigated within the scope of this research
through appropriate techniques to establish its application as a potential natural reinforcement
or biofiber for sustainable, renewable, environmentally friendly and low-cost biocomposite

structures.
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2. Materials and methods

2.1 Fiber extraction

Matured stalks of CPG plants (commonly known as Birdfoot Grape-Vine), existing near
Kottaimalai Falls (Geographical coordinates: 9.771299631204895, 77.65746692522843),
Saturagiri forest area, T. Krishnapuram were manually removed from their plants. The stems
were soaked for 10 days (Sanjay et al. 2019) at around 25 °C. After 10 days, unwanted flesh
surrounding the fibers was retted, and the fibers remained alone. The remaining fibers were
cleansed, using running water and then demineralized water to remove unwanted impurities on
the fibers. Around 60% of the fiber is retained after the water-retting process. The cleaned
CPGF were dried in daylight for three days to undergo dehydration and then packed in zipped
polyethene packaging in preparation for characterization. The extraction process is depicted in

Fig. 1.

Fig. 1. (a) CPG plant, (b) stem of the plant, (c) water retting and (d) extracted fibers.

2.2 Estimation of diameter and density of CPGF
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The diameters of the fibers influence the mechanical characteristics of biofibers and
developed FRP composites. This research employed an optical microscope (Carl Zeiss AG,
Germany) to measure plant fiber diameters (Belouadah et al. 2021), because of its accuracy.
Cellulosic fiber diameters vary slightly from fiber to fiber, because of variations in the maturity
of plants. The diameter of many plant fibers varies from place to place. Therefore, measuring
the diameter of at least 20 single fibers was necessary to find the average diameter of the plant
fibers. The diameter was measured in four different regions on a fiber, and the mean value was
obtained and recorded. Plant fibers generally possess low weight. A liquid-based specific
gravity measurement bottle was an appropriate device to estimate the density of the plant fibers
(Mohan et al. 2022a). Toluene, with a known density of 866 kg/m?3, was used in this experiment.

Five trials were taken, and the average density value was reported.

2.3 Estimation of chemical constitutions of CPGF

Plant fibers comprise various chemical constituents: cellulose, hemicellulose, lignin and
wax. Different plant fibers possess different quantities of chemical components. The chemical

compositions can be quantified, using the following unique techniques.

The cellulose content of CPGF was estimated, using a method established by Kurschner

and Hoffer (Kurschner K and Hoffer A 1933).

= Hemicellulose in the CPGF was determined through the neutral detergent fiber technique
(Jaiswal et al. 2022).

= Following the APPITA P11s-78 standard, the lignin content of the CPGF was determined
(Jaiswal et al., 2022).

= (Conrad's method was used to determine the wax fraction in the fiber (Conrad 1944).

= The ash content of the CPGF was estimated following TAPPI specifications.
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= Mettler Toledo-made (HS153-Model) moisture measuring device is commonly utilized

in the textile industry. Hence, it was employed to determine moisture content in CPGF.

Tests were taken five times to find the accurate values, and mean values were reported.

2.4 Crystallographic study of CPGF

The X'Pert-Pro- (PANalytical, Netherlands) X-ray diffraction (XRD) machine was used for
the crystallographic analysis of CPGF. Initially, CPGF fiber was prepared with the help of
mixture grinder, and it was placed in the sample holder. The X-rays generated by the machine
were directed at the CPGF powder and diffracted upon collision with the CPGF particles. The
diffracted X-rays were detected by a moving X-ray detector between 20 = 10° and 60°. The
movement of the X-ray detector was restricted to 20 = 0.02° per step. The determination of the
crystallinity index (CI) of the CPGF was accomplished, using the traditional peak height

measurement method (Eq. (1))(Segal et al. 1959).

I = zzshses y 1 (1)

Y22.75

Y2275 denotes the intensity of the crystalline peak, and Yis.66 represents amorphous region, at

the minimum in the intensity between the 110 and 200 peaks, at about 18.66.

By substituting values in the following mathematical relation, the crystalline size (CS) of the

CPGF was computed, using Eq. (2) (French and Santiago Cintrén 2013).

0.89 1
FWHM22I75 cos 6

CS22475 = (2)
where A represents 1.54178 A and FWHM,, < stands for full-width at half-maximum of a

predominated peak visualized at 20 = 22.75°, as later shown in Fig. 3.
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2.5 Identification of chemical functional groups in CPGF

Fourier transform infrared (FTIR) analysis is a suitable approach for categorizing chemical
functional groups of plant fibers. JASCO-6300 model (Japan) equipment was utilized in this
investigation. Powder CPGF and potassium bromide (KBr) were thoroughly mixed in a ratio
of 1:10. A thin film was formed from the CPGF and KBr blend, using a manual press (Michell
1993). Infrared light was sent through the film, and transmitted light was recorded. A resolution
of 4 cm™ was maintained throughout the test. A graph was generated between the percentage
of normalized transmission and wavenumber. From the graph, wavenumbers of notable peaks

were marked.

2.6 Thermal degradation behavior of CPGF

To select appropriate composite manufacturing techniques, machining methods and relevant
composite applications, it is necessary to investigate into the thermal degradation behavior of

the plant fibers, as subsequently elucidated.

2.6.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a well-known method for determining the thermal
degradation profile of plant fibers. Specific temperatures and conditions are employed in TGA
to measure weight loss, ensure data consistency, control decomposition rates, prevent unwanted
chemical reactions, and identify thermal stability. These standardized techniques are
indispensable for assessing and utilising plant fibers in various applications, as they offer
comprehensive thermal degradation profiles. Hence, EXSTAR- 6300 TGA machine (Seiko
Instruments Inc. (SII), Japan) was employed to perform the analysis. A small amount of CPGF
was placed in an alumina crucible. The alumina crucible was connected to a sensitive weighing
machine. By applying heat from ambient temperature to 800 °C, the temperature of the crucible

was elevated. A constant rate of heating under 10 °C/min was used. An inert gas was passed to
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avoid unsolicited chemical reactions during the heating. In this experiment, nitrogen (N2) was
circulated with a mass flow rate of 200 ml/min (Felix Sahayaraj et al. 2022). The weighing

machine recorded the fiber weight for every 10 °C/min temperature increase.

2.6.2 Calculation of kinetic activation energy

An alternative method for assessing the thermal performance of plant fibers is by computing
their kinetic activation energy (Ea). The kinetic activation energy of the plant fibers denotes the
thermal energy required to initiate the thermal degradation process. Therefore, the Ea value was
determined, using an easy graphic approach developed by Broido (Broido 1969). At the outset,
Broido's curve was constituted, and its slope was computed with the aid of the Origin Pro

software. The slope value was applied to Eq. (3) to obtain the final Ea value.

In [ln (i)] = - (;;2) [(%) + Reaction rate constant]

€)

where T represents the temperature of the CPGF on the Kelvin scale, and y denotes the
proportion relative to the weight of the CPGF at x temperature and the weight of the CPGF

before the start of the experimentation.

2.6.3 Differential thermal analysis

The TGA machine also recorded the differential thermal analysis (DTA) data points in this
analysis. Using the DTA data, various properties, such as moisture loss and degradation of
different chemical constitutions in the fiber, were obtained by identifying exothermic or

endothermic reactions (Gedik 2021).
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2.7 Surface investigation

The strength of bonding between reinforcement and resin is a crucial determinant of the
mechanical properties of composites. The surface morphology of the plant fibers majorly

influences this adhesion. Impurity-free rough surfaces are preferable for composite fabrication.

2.7.1 Scanning electron microscopic analysis

The examination of the outer surface of the CPGF was carried out by employing a FEG-
200 model (FEI Quanta-Make, United States) scanning electron microscope (SEM). SEM
images were captured with magnifications of 250, 500, 1000 and 1500x. Acceleration voltage
and pressure were maintained throughout the experiment at 15 kV and 50 Pa, respectively. It
was necessary to provide a coating, using conductive materials to obtain clear images of non-
conductive materials. Hence, the gold coating was applied on the CPGF surfaces (Saravanan

et al. 2022).

2.7.2 Energy dispersive X-ray analysis of CPGF

The FEI Quanta-Make (United States), FEG-200 model SEM machine was used for the
energy dispersive X-ray (EDX) analysis. It was an advanced machine with an EDX attachment.
The EDX attachment could record the different elements spread over the fiber exterior. During
the EDX experimentation, acceleration voltage of 20.0 kV was maintained, and magnification

was fixed at around 600x (Boominathan et al. 2023).

2.7.3 Atomic force microscopy analysis

SEM analysis provided qualitative information about the fiber surfaces, whereas atomic
force microscopy (AFM) analysis presented qualitative and quantitative data. The analysis used
a Park-Make (South Korea) XE-70 type AFM analyzer. The experiment was carried out in a

non-conduction mode. Initially, three-dimensional (3D) and two-dimensional (2D) images

10
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were captured. Surface topographical parameters were obtained, using an XEI image

processing software (Narayana Perumal et al. 2023).

2.8 Mechanical testing

The tensile strength of individual plant fibers is a critical determinant in establishing the
mechanical characteristics of composites reinforced with plant fibers. Therefore, utilizing a
Zwick/Roell (Germany) testing machine with a load cell of 2.5 kN, CPGF single fiber tensile
testing was performed. Due to the change in the diameter of each fiber, it was necessary to test
at least 20 fibers. A total of 20 single fibers with gauge lengths of 50 mm were taken for
experimentation. Tensile properties of CPGF were statistically analyzed (Weibull distribution),
using Minitab 18 software (Vijay et al. 2019). The Weibull distribution was selected to analyze
plant fiber mechanical properties, because of its flexibility, effectiveness with small sample

sizes, and ability to model strength and failure rates.

The relationship between the strain rate and microfibril angle (o) of CPGF is given in Eq.
4.

Change in length of the CPGF in mm

Strain rate = In (1 + ) = - In (cos ) “4)

50 mm

3. Results and discussion
3.1 Diameter and density of CPGF

Fig. 2 depicts a sample of an optical microscopic image of CPGF. The mean diameter and
mean deviation of the CPGF were 607 and 27 pm, respectively. The summary of the
comparison of chemical compositions, diameters and densities of CPGF and other similar plant

fibers is presented in Table 1.

11
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Fig. 2. Sample of optical microscopic image of CPGF.
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270  Table 1. Comparison of chemical compositions, diameters and densities of CPGF with other similar plant fibers.

Fiber types Physical properties Chemical properties References

Density Diameter Cellulose Hemicellulose Lignin Wax Moisture Ash

(kg/m?) (um) (Wt.%) (Wt.%) (Wt.%) (Wt.%) content (Wt.%)

(Wt.%)
CPGF 1158.00£52 607.00+27 65.21+5.31 16.47+3.26 11.21£3.45  0.36+0.16 8.5£2.5  6.43£2.66 Present study
Ziziphus 1322 209.06+11.00 5234 18.64 13.43 0.63 10.45 1234  (Gurupranesetal.
nummularia 2022)
Aerial roots 1234 0.09-0.14 67.32 13.46 15.62 0.81 10.21 3.96  (Ganapathyetal
banyan 2019)
Cattail 618.00£105.50  37.50+10.80 22.40+0.70 21.80+0.50 20.60+0.50  11.50+0.10 ~ 8.60+0.10  4.50+0.10  (Wu et al. 2021)
Derris scandens 1430 00+18.00 158.00-169.00  63.30 11.60 15.30 0.81 6.02 4.57 (Perumal and
stem Sarala 2020)
Symphorema
involucratum 1389 542.00 57.32 12.47 13.85 0.56 9.11 -—-- (Raju et al. 2021)
stem
Cocconia (Senthamaraikann
grandis.L 1243 27.33 62.35 13.42 15.61 0.79 5.60 4.39 an and Kathiresan
2018b)

13



Cissus
quadrangularis
root

Tridax
procumbens

Rosa hybrida
bark

Buxus
sempervirens

Mucuna
atropurpurea

Ventilago
maderaspatana

Arial root Ficus
amplissima

Ficus religiosa

Cissus vitiginea
stem

1510

1348

1194

1326

1082.00+£29.00

1236.00+18.42

1340

25.62

1287

610.00-725.00

233.10

214.00-238.00

30.74+0.69

289+21

89.27+6.18

27.93

1246

355.74 +£16.43

77.17

32.00

52.99

51.78

58.74+5.74

56.12+£5.42

52.64

55.58

65.43

11.02

6.80

18.49

18.42

16.31+3.21

14.36+3.56

10.64

13.86

14.61

10.45

3.00

17.34

17.36

14.22+3.36

12.11+ 3.28

13.72

10.13

10.43

0.14

0.49

0.38+0.08

0.42+0.16

0.44

0.72

0.39

7.30 ----

11.20 -—--

11.60 -—--

14.31 16.44

11.12+£2.11 7.66+2.49

8.89+2.66 9.46+1.04

8.68 10.75
9.33 4.86
8.47 12.05

(Indran et al.
2016)

(Vijay et al. 2019)

(Shibly et al.
2024)

(Rathinavelu and
Paramathma
2022)

(Senthamaraikann

an and

Saravanakumar
2022)

(Rathinavelu et al.

2022)

(Ramesh Babu
and
Rameshkannan
2022a)

(Moshi et al.
2020a)

(Chakravarthy et
al. 2020)

14



Grewia
flavescens

Prosopis
Jjuliflora bark

Mariscus
ligularis

Typha angustata

Calotropis
gigantea fruit
bunch

Echinochloa
frumentacea leaf

Cymbopogon
nardus leaf

Hibiscus
canescens stem

1156

580

768.59

1015

457

896.00 +£32.14

1305

1425

29.77+2.81

20

243.60

105.00+10.15

493.09+10.33

115.10 £9.093

447.60 = 7.608

58.46

61.65

26.20-58.32

73.54

64.47

60.31

65.42

68.46

15.32

16.14

19.10-25.85

10.11

9.64

9.30

12.16

14.36

12.51

17.11

9.50-10.74

6.23

13.56

10.11

16.16

12.48

0.86

0.61

0.73

0.23

1.93

0.36

0.62

0.28

9.42

9.48

14.46

6.56

7.27

8.04

8.96

10.44

5.12

5.20

11.74

2.54

3.13

10.14

6.42

5.34

(Tiwari and
Sarangi 2022)

(Saravanakumar
etal. 2013)

(Garriba and
Siddhi Jailani
2023)

(Manimaran et al.
2022)

(Ramasamy et al.
2018)

(Rathinavelu and
Paramathma
2022)

(Durgamalathi et
al. 2024)

(Pradhan et al.
2023)
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The diameter of CPGF was relatively lower when compared with other similar plant fibers,
such as Symphorema involucratum stem (542 pm), Cissus vitiginea stem (355.74 £ 16.43 um)
and Echinochloa frumentacea leaf fiber (493.09+10.33 um) (Mohan et al. 2022b). The density
of the plant fiber is connected with the low weight and high strength ratio of composite
materials. Fiber with lower density is preferable for composite fabrication. The density of the
CPGF was 1158.00+52 kg/m?. The densities of many similar plant fibers are higher (Table 1),
including Cymbopogon nardus leaf (1305 kg/m?®), Ventilago maderaspatana (1236+18.42

kg/m?®), and Cissus quadrangularis root (1510 kg/m?), as earlier reported (Malathi et al. 2023).

3.2 Chemical constitutions of CPGF

The chemical composition of plant fiber is an important parameter that influences its various
properties. The higher cellulose content in the plant fiber is expected, since it provides
improved thermal stability and tensile properties to the fibers. Cellulose in the CPGF was
65.21£5.31 wt.%. Several similar plant fibers, such as Symphorema involucratum stem of 57.32
wt.%, Mariscus ligularis of 26.20-58.32 wt.%, Grewia flavescens of 58.46 wt.% and Rosa
hybrida bark fibers of 52.99 wt.% (Tiwari and Sarangi 2022; Garriba and Siddhi Jailani 2023)
contained lower cellulose content than the CPGF. Higher hemicellulose content in the fiber is
not welcomed, because it is a non-crystalline fraction. 16.474+3.26 wt.% of hemicellulose in the
CPGF was quantified. Hemicellulose fractions of Ziziphus nummularia fiber (18.64 wt.%),
Cattail fiber (21.8 + 0.5 wt.%) and Mariscus ligularis fiber (19.10-25.85 wt.%) (Gurupranes et
al. 2022; Garriba and Siddhi Jailani 2023) are higher than that of CPGF. Lignin in the plant
prevents the plant from bacterial and fungal infections. However, fiber with higher lignin
content is not a desirable reinforcement in polymer matrices. Lignin content of CPGF was
11.214£3.45 wt.%. In general, all plant fibers contain a small amount of wax. Fiber wax content

acts as an oil and disrupts the interaction of the fiber with the matrix. A wax content of

16
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0.36+0.16 wt.% was obtained from the CPGF. The calculated moisture content of the CPGF
was 8.5+2.5 wt.%. A significant quantity of moisture was present in some cellulosic fibers,
including fibers derived from aerial roots banyan (10.21 wt.%), Mucuna atropurpurea
(11.1242.11 wt.%) and Hibiscus canescens stem (10.44 wt.%) (Pradhan et al. 2023;
Senthamaraikannan and Saravanakumar 2023). Ash content of 6.43+2.66 wt.% was present in

the CPGF.

3.3 Crystallographic study of CPGF

The XRD spectrum of CPGF is depicted in Fig. 3. There are three significant peaks in Fig.
3 at20=14.89° 16.53° and 22.67°. The cellulose diffraction pattern was observed to align with
the diffraction pattern of cellulose I3 (ICDD PDF Card No.: 00-056-1718) (Vinod et al. 2023;
Srisuk et al. 2023) . The initial peak at 20 (14.89°) corresponded to the lattice plane (1 -1 0),
and the peak at 20 (16.52°) corresponded to the lattice plane (1 1 0) (French and Santiago
Cintrén 2013). The next diffraction peak at 20 (22.67°) corresponded to the lattice plane (2 0
0) (French 2014). These intensity peaks correspond to the presence of Cellulose If3, which is a
type of plant cellulose. The intensity for the 200 peak and the value of Iam determine the CI
value. The CI value of CPGF was 67.84%. The CS of plant fiber is connected with the water-
uptaking behavior of the fiber. CPGF exhibited a moderate CS value of 2.71 nm. CS values of
various plant fibers, namely; Ficus religiosa (5.18 nm), Mucuna atropurpurea (2.75 nm) and
aerial roots banyan (6.28 nm) have been reported (Moshi et al. 2020a). Importantly, the tensile,
thermal and crystalline properties of CPGF and various biofibers are further presented in Table

2.
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322 Table 2. Comparison of tensile, thermal and crystalline characteristics of CPGF with other similar cellulosic plant fibers.

Fiber type Thermal properties Crystalline Tensile properties References
properties
Thermal Maximum CI CS Tensile strength Tensile Strain rate
modulus
stability degradation (%) (nm) (MPa) (%)
(GPa)
(°O) temperature
°C)
CPGF 250 335 67.84 2.71 424.40+24.45 3.48+0.17 5.62+0.87 Present study
Cymbopogon nardus root 200 368 59.16 2.13 - - - (Sanjeevi et al.
Jibers 2024)
Yucca aloifolia L. leaf fiber 193 357.7 69.43 2.46 801 + 587 39+£28 2+0.5 (do Nascimento et
al. 2021)
Mariscus ligularis 258 72.33 3.15 109.00-134.00 3.27-5.06 3.32-9.13 (Garriba and Siddhi
314 o
Jailani 2023)

Typha angustata 200 799 65.16 6.40 665.00+£7.00 27.45+3.00 3.12+0.50 (Manimaran et al.

2022)
Cymbopogon nardus leaf 200 326 49.69 4.32 435.90+16.05 55.25+6.10 1.33+0.24 (Durgamalathi et al.
fiber 2024)
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Ziziphus nummularia 240 343 - - 247.30+14.09 10.21+1.29 1.54 +£0.43 (Gurupranes et al.

2022)
Aerial roots banyan 230 358 - - 247.30£14.09 10.21£1.29 1.54+0.43 (Ganapathy et al.
2019)
Cissus quadrangularis root 230 329 - - 1857.00- 5330.00 68-203 3.57-8.37 (Indran et al. 2016)
Rosa hybrida bark 290 359 - - 352.01 6.57 1.84 (Shibly et al. 2024)
Ficus religiosa 325 400 - - 440.29+28.00 5.24+1.36 8.74+1.50  (Moshi et al. 2020a)

323
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3.4 Chemical functional groups in CPGF

Fig. 4 shows the FTIR spectrum of CPGF. Wavenumbers in Fig. 4 indicate significant peaks.
The first peak at 3273 cm™ was linked to O—H stretching (cellulose) in the CPGF (Siva et al.
2020). A small peak established at 2921 cm™! was typical C—H stretching (cellulose) of the fiber
(Fu and Netravali 2020). A tiny peak observed at 2336 cm™ was associated with wax content
of the fiber (C=C stretching) (Moshi et al. 2020b). The hemicellulose (C=O stretching) fraction
in the CPGF was confirmed through a sharp peak existing at 1615 cm™' (Rantheesh et al. 2023).
The authorization of OH bending vibration of cellulose in the fiber was indicated by a moderate
peak at 1323 cm™ (Vinod et al. 2020). The C—OH stretching in the CPGF was identified by an
additional sharp peak at 1017 cm™'. The peak accredited beta glycosidic linkages in the CPGF
at 784 cm™! (Dalmis et al. 2020). The final peak recognized C-S stretching in the fiber at 654
cm’! (Rathinavelu and Paramathma 2023). Important constitutions and linked functional groups

in the CPGF are summarized in Table 3.
1.005 -
1.000

2336
0.995 3273

2921 784 654

0.990

1615
0.985

Normalized Trasmittance(%)

0-980 f T iy T ¥ 1 5 T 5 1 s 1 4 1
4000 3500 3000 2500 2000 1500 1000 500
1

Wavenumber (cm™)

Fig. 4. FTIR spectrum of CPGF.
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Table 3. Important constitutions and linked functional groups in the CPGF.

Stretching location Chemical Linked functional References

(wavenumber, cm™) constitutions group

654 -—-- C-S stretching (Rathinavelu and
Paramathma 2023)

784 -—-- beta glycosidic (Dalmis et al. 2020)

linkages

1017 Lignin C—OH stretching (Dalmis et al. 2020)

1323 Cellulose OH bending (Vinod et al. 2020)

1615 Hemicellulose C=0 stretching (Rantheesh et al.
2023)

2336 Wax C=C stretching (Moshi et al. 2020b)

2921 Cellulose C—H stretching (Fu and Netravali
2020)

3273 Cellulose O—H stretching (Siva et al. 2020)

3.5 Thermal analysis

3.5.1 Thermogravimetric analysis

The merged thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
CPGF are shown in Fig. 5. The blue and red curves indicate the TG and DTG results,
respectively. The TG curve of the fiber revealed that the weight of the fiber was reduced as the
temperature increased. The weight reduction occurred in three phases. The initial weight
reduction phase at room temperature to 250 °C can be assigned to rejecting water content in

the CPGF (Stalin et al. 2021). A notable reduction in fiber weight was observed within a
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temperature ranged from 250 to 350 °C, which can be attributed to the degradation of both
hemicellulose and cellulose fractions in the CPGF. The concurrent deterioration of cellulose
and lignin within the CPGF was observed between 350 and 475 °C (Vijay et al. 2019). There
was no change in the fiber weight when the temperature ranged from 475 to 800 °C. From the
DTG curve, three significant peaks were observed at 74, 335 and 424 °C. A peak at 74 °C was
attributed to the ejection of water from CPGF. The dominant peak at 335 °C is called the
cellulose degradation peak or maximum degradation peak, interlinked with eliminating
cellulose fraction in the fiber (Narayanasamy et al. 2020). Different biofibers exhibited the
same type of cellulose degradation peak, namely, Typha angustata at 299 °C, Calotropis
gigantea fruit bunch at 317 °C, Mariscus ligularis at 314 °C and Tridax procumbens at 330 °C.

(Garriba and Siddhi Jailani 2023). Lignin fraction degradation was associated with the peak at

424 °C.
100
0
80 1 74°C
500
60 =
S E
oo L 1000 2
= 40- L
= G
> [
= 2
20 - L 1500
- 335°C
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220
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Temperature °C

Fig. 5. Merged TG and DTG curves of CPGF.

3.5.2 Kinetic activation energy
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The Broido profile of CPGF is depicted in Fig. 6. The estimated slope value of the Broido
curve was -117115.72. The Ea value of cellulosic materials generally ranged from 60 to 150
kJ/mol (Belouadah et al. 2015). The Ea value of CPGF, computed as 97.40 kJ/mol, was
significantly greater than that of previously reported fibers, such as Ficus religiosa of 68.02
kJ/mol, Pennisetum glaucum powder of 88.30 kJ/mol, Albizia lebbeck bark of 8§9.00 kJ/mol

and Acacia concinna of 69.33 kJ/mol (Moshi et al. 2020a).

Intercept = 19.04767, Slope = -11715.72718
Xntercept = 0.00163

-0.20

-0.22

In(In(1/y))
=
=

-0.26

0.2 | S S S S W S .
0.0016440 0.0016448 0.0016456 0.0016464 0.0016472 0.0016480

1T
Fig. 6. Broido profile of CPGF.

3.5.3 Differential thermal analysis

Fig. 7 shows the DTA curve of CPGF, wherein three significant peaks were observed at 363,
433 and 471 °C. Similar peaks were observed in the DTA curve of Limonia acidissima (wood
apple) shell powder, Trachelospermum jasminoides fiber and Zea mays husk (Gedik 2021).
Degradation of a-cellulose in the CPGF occurred at 363 °C. Peaks observed at 433 and 471 °C

were attributed to the lignin in the CPGF.
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Fig. 7. DTA curve of CPGF.

3.6 Surface investigation of CPGF

3.6.1 SEM analysis of CPGF

Cross-sectional SEM images of CPGF captured at various magnifications of 250, 500, 1000
and 1500x are depicted in Fig. 8. The outer surface of the CPGF, as depicted in Figs 8(b) and
(d), was contaminated with wax and impurities. Microfibrils of the CPGF were observed in
Fig. 8(b). Wax, hemicellulose and impurities deposited on surface of the fiber contributed to
its smoothness. Reinforcing with smooth-surfaced fibers is not advised, due to reduced fiber-
matrix adhesion (Raju et al. 2021). The smooth surface of the CPGF is shown in Fig. 8(c).
However, a rough surface was observed in some spots of the fiber. Overall, a suitable fiber
surface treatment or modification is proposed, using chemical solutions, such as sodium
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395  hydroxide, benzoyl peroxide and stearic acid, to enhance the roughness of the fiber

396  (Durgamalathi et al. 2024).
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Fig. 8. Cross-sectional SEM images of CPGF at magnifications of (a) 250, (b) 500, (c¢) 1000

and (d) 1500x.

3.6.2 EDX analysis of CPGF

The outcomes of the EDX analysis of CPGF are shown in Fig. 9. All the biofibers contained
carbon and oxygen elements, since they are associated with the cellulose and hemicellulose
fractions of the fiber. All other elements in the EDX spectrum of fibers, except carbon (C) and
oxygen (O), were contaminants (Tiwari and Sarangi 2022). A considerable quantity of calcium
(Ca) element was spotted in the EDX spectrum of CPGF. Grewia flavenscens and Mucuna
atropurpurea fibers also contained Ca (Senthamaraikannan and Saravanakumar 2022; Tiwari
and Sarangi 2022). Another element in the CPGF was potassium (K), indicating an impurity.
The EDX spectrum of Ficus amplissima aerial root and Ziziphus nummularia fibers possessed
a small quantity of K (Gurupranes et al. 2022). Table 4 presents the quantities of distinct

elements present on the surface of a variety of plant fibers in comparison with CPGF.
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Fig. 9. EDX analysis of CPGF.
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414  Table 4. Comparison of elements present in EDX spectra of CPGF with other similar plant fibers (Senthamaraikannan and Saravanakumar 2022;

415  Tiwari and Sarangi 2022; Gurupranes et al. 2022; Ramesh Babu and Rameshkannan 2022b; Durgamalathi et al. 2024).

416
Elements CPGF Other similar plant fibers
(present study) - — — -
Ficus amplissima Ziziphus Mucuna Cymbopogon Grewia flavenscens
aerial root nummularia atropurpurea nardus leaf
Weight  Atomic  Weight Atomic  Weight Atomic  Weight Atomic Weight  Atomic Weight Atomic
(%) (o) (%) (%) (o) (o) (%) (o) (o) (%) (o) (%)
C 47.75 57.33 62.09 69.27 46.37 54.14 48.63 61.69 46.69 43.40 40.54 50.25
O 44.06 39.71 35.70 29.90 50.89 44.65 31.59 30.09 40.06 49.59 49.46 46.02
Ca 6.34 2.28 -—-- -—-- 0.87 0.30 5.08 1.93 -—-- -—-- 9.18 3.41
K 1.86 0.68 1.63 0.56 0.35 0.13 10.81 4.21 ---- - 0.82 0.31
Al T T 0.04 0.02 0.47 0.24 0.49 0.27 ---- - - -—--
Si - - - -—-- - -—-- - -—--
0.54 0.26 13.25 7.01
P T T T o T o 2.00 0.98 o T T T
cl T T T o 0.57 0.23 T o o T T T
Mg T T T o 0.54 0.31 1.03 0.65 o T T T
S T T T o T o 0.37 0.17 o T T T
417
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3.6.3 AFM analysis of CPGF

AFM micrographs of CPGF are depicted in Fig. 10. The AFM result of CPGF was compared
with the other cellulosic fibers in Table 5. A higher average roughness (Ra) is an expected
quality for a suitable reinforcement. The Ra value of CPGF was 7.549 nm and much smaller
when compared with that of Cyperus pangorei fiber (625 nm), Sida mysorensis fiber (51.567
nm) and Mucuna atropurpurea fiber (27.113 nm). However, the Ra value of CPGF (7.549 nm)
was higher than that of Ficus racemosa fiber (6.763 nm), Carica papaya bark fiber (2.433 nm)
and Areva javanica fiber (0.693 nm) (Manimaran et al. 2019; Maran et al. 2020). The lower Ra
value of CPGF suggested the presence of wax and impurities on its surface. The roughness
skewness (Rsk) of CPGF was -1.784. The tiny holes on surface the fiber can be understood

through the Rsk value, as negative Rsk established the small holes on the surface of CPGF.

R, 7.549 nm
R -1.784
i Ry 6.319
q* i R, 40.402 nm
}L;:.;:_ L ] : ! 5 R, 56.654 nm
Ry or Roms 10.810 nm

Fig. 10. AFM results of CPGF.
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432

Table 5. Comparison of outcomes of AFM analysis of CPGF with other similar plant fibers.

Fiber type Average Roughness Roughness Ten-point Maximum Root mean References
roughness  skewness kurtosis average peak-to-valley square
(Ra) (nm) (Rsk) (Rku) roughness height (R¢) (nm) roughness (Rq
(R2) (nm) or Rims) (nm)
CPGF 7.549 -1.784 6.319 40.402 56.654 10.810 Present study
Cymbopogon nardus 20.876 -2.009 8.195 99.111 175.569 30.117 (Durgamalathi et al.
leaf 2024)
Mucuna atropurpurea (Senthamaraikannan
27.113 -1.747 6.318 185.604 207.532 39.620 and Saravanakumar
2022)
Acacia concinna 11.217 -0.507 3.473 60.083 82.608 14.808 (Amutha and
Senthilkumar 2021)
Aerial roots banyan 2.946 -3.217 14.891 24.320 33.662 4.970 (Ganapathy et al.
2019)
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Cyperus pangorei

Ficus racemosa

Derris scandens stem

Grewia monticola sond

Areva javanica

Pongamia pinnata L.

Ventilago
maderaspatana

Perotis indica

625.000

6.763

105.959

10.425

0.693

4.880

28.000

9.456

-1.740

-0.442

—0.251

-0.594

0.067

-1.350

1.240

-0.996

11.000

2.521

1.400

4.733

3.108

5.100

4.363

4.154

547.000

29.226

721.366

59.793

4.257

29.460

151.000

56.730

104.000

39.504

1446.490

87.258

5.295

35.330

158.000

72.381

918.000

8.231

138.866

13.647

0.877

6.502

38.000

12.544

(Rajini et al. 2021)
(Manimaran et al.
2019)
(Perumal and Sarala
2020)
(Almeshaal et al.
2022)
(Ahmed et al. 2019)
(Umashankaran and
Gopalakrishnan
2021)
(Rathinavelu et al.
2022)
(Prithiviraj et al.

2016)
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434

435

436

Furcraea foetida

Aristida adscensionis

Phaseolus vulgaris

Carica papaya bark

Senna auriculata

Water hyacinth

18.005

12.700

5.000

2.433

75.997

151.000

—0.326

—0.076

-1.584

-1.923

-0.032

-0.125

2.332

3.349

6.347

9.095

0.181

1.606

77.201

33.000

20.014

384.011

310.000

93.845

40.000

27.715

793.165

21.756

7.000

3.887

96.471

(Manimaran et al.
2018)
(Manimaran et al.
2020)

(Babu et al. 2022)
(Saravanakumaar et
al. 2018)
(Ganesh et al. 2019)
(Sumrith et al.

2020)
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The Rku of CPGF was 6.319. The surface of CPGF was considered smooth, since the Rxu of
CPGF was greater than 3.000 (Gokulkumar et al. 2023). The Rku values of many raw plant
fibers, such as aerial roots banyan (14.891), Pongamia pinnata L. (5.100) and Grewia
monticola sond (4.733), are greater than 3.000. However, Derris scandens stem fiber (1.400),

Furcraea foetida fiber (2.332) and Senna auriculata fiber (0.181) have lower Riku values

(Manimaran et al. 2018; Almeshaal et al. 2022).

3.7 Mechanical testing of CPGF

The tensile properties of a single fiber significantly impact the mechanical characteristics of
plastics reinforced with fiber. The single fiber tensile strength of CPGF was 424.40+24.45
MPa. The tensile strengths of Cocconia grandis.L fiber (273.00+27.74 MPa), Rosa hybrida
bark fiber (352.01 MPa), Cissus vitiginea stem fiber (315.47+38.00 MPa) and Grewia
flavescens fiber (276.90+25.43 MPa) are considerably lower than that of CPGF (Shibly et al.
2024). The Young's modulus of CPGF was 3.48+0.17 GPa. Nearly the same Young's modulus
values have been obtained in Mariscus ligularis fiber (3.27-5.06 GPa) and Mucuna
atropurpurea fiber (2.88+1.03 GPa). The strain rate and microfibril angle of fiber are directly
proposal as per equation 4 (Senthamaraikannan and Saravanakumar 2022). The strain rate and
microfibril angle of CPGF were 5.62+0.87% and 18.97+1.48° respectively. Variations in
diameter and other plant parameters induce fluctuations in the mechanical properties of plant
fibers. The results of the statistical testing of the diameter and single fiber tensile properties of
CPGF are depicted in Fig. 11. Weibull analysis is a suitable method for statistical verification.
The results of the Weibull analysis established the suitability of CPGF as a natural
reinforcement, because each parameter was precisely situated within the limit of the Weibull

curve (Tiwari and Sarangi 2022).
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Probability Plot of Diameter of CPGF

Probability Plot of Tensile strength of CPGF
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462 Fig. 11. Statistical testing of diameter and single fiber tensile properties of CPGF.
463
464 4. Conclusions
465 The extraction and characterization of CPGF as a potential reinforcement in PMCs have
466  been investigated. The extracted CPGF had a diameter and density of 60727 pum and
467  1158.00+52 kg/m?, respectively. Its higher cellulose content of 65.21+5.31 wt.% and CI of
468  67.84% were significant properties associated with improved thermal and tensile properties.
469  TGA curve inferred that around 10 wt.% of fiber only degraded at 250 °C. CPGF exhibited a
470  maximum degradation temperature of 335 °C and an Ea of 97.4 kJ/mol. Unwanted elements,
471  including Ca and K in the EDX spectrum of CPGF, indicated impurities in its outer profile. The
472  smooth surface of the fiber was observed from its SEM images. In addition, the results obtained
473 from AFM analysis agreed with the SEM micrographs.
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Using a single fiber tensile testing machine, CPGF exhibited tensile strength of
424.40+24.45 MPa and modulus of 3.480+0.1696 GPa. Tensile testing results were statistically
verified through Weibull analysis with the help of Minitab 18 software. Summarily, based on
the results obtained from this innovative study, the possibility of using CPGF-reinforced
plastics in a wide range of potential applications across many industries, including automotive,
building/construction, paper and furniture as well as lightweight composite equipment in
sports, apparel and biodegradable materials in packaging. However, a suitable fiber surface
modification or treatment is proposed to induce a rougher surface on the fiber, as required for
an enhanced fiber-matrix interfacial adhesion, consequent properties and performances of its

potential PMCs.
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