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ABSTRACT

Polymer composite has contributed tremendously for energy efficient technologies in automotive and
aero industries. Environmental and health concerns related to the carcinogenic nature of artificial fiber
in polymer composite needs a retrofit. Eco friendly natural cellulosic fiber extract from the stem of Cis-
sus quadrangularis plant is extensively characterized to consider as a viable alternative for man-made
hazardous fibers. Anatomical study, chemical analysis, physical analysis, FTIR, XRD, SEM analysis and
thermo gravimetric analysis were done to establish the certainty of using them as reinforcement fiber.
Its light weight and the presence of high cellulose content (82.73%) with very little wax (0.18%) provide
high specific strength and good bonding properties in composite manufacturing. The flaky honeycomb
outer surface revealed through electron microscopy contributes for high modulus in CQ stem fiber and
thermo gravimetric analysis ensures thermal stability up to 270°C, which is within the polymerization
process temperature.

Thermal properties
SEM

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The applicability and adaptability of fiber reinforced poly-
mer composite materials (FRP) for various industrial applications,
especially in automotive and aerospace industries are highly appre-
ciated and supported by researchers. Synthetic fibers such as
glass fiber, aramid, ceramic fiber, carbon fiber, etc., are not only
costly, but also carcinogenic in prolonged exposure. Studies have
shown occurrence of DNA damage at high dosage and the ten-
dency for genotoxic and cytotoxic effect in persons exposed to glass
fiber particles. Furthermore, reduction in microvilli membrane and
oxidative stress on mesothelial cells were also reported (Cavallo
et al., 2004). Stimulation of T-cell was observed while working
with rock wool. Similarly both T-cell and B-cell stimulation were
observed in fiber glass workers causing depression of lymphocyte
in blood. Noted increase in expression of eosinophil activators lead-
ing to allergy was also observed in fiber glass workers. Exposure to
mineral fibers relevantly increases the expression and function of
adhesion molecules, which was pathologically verified (Tulinska
et al., 2004).

Synthetic fibers are in general non-degradable, whereas natu-
ral fibers are degradable and non-pollutant to the environment.
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Since the global warming potential and toxicity of the environ-
ment are increasing it is good to look up to the nature and to learn
what it can offer for our sustainable living conditions. Most of the
properties of natural fibers are excellent, whereas some are nego-
tiable, which makes them attractive to replace synthetic fibers in
all applications (Thiruchitrambalam, Athijayamani, Sathiyamurthy,
& Thaheer, 2010). Some of the natural fibers investigated in lit-
erature have reported low specific strength in comparison with
synthetic fibers due to its texture and hydrophilic nature (Reddy,
Uma, Mukul, Song, & Varada Rajulu, 2013; Mehta, Mohanty, Misra,
& Drzal, 2004). Many natural fibers such as coir, bamboo, jute,
borassus, flax, banana, etc., were characterized for their mechani-
cal properties (Faruk, Bledzkia, Finkb, & Sain, 2012; Sathishkumar,
Navaneetha krishnan, & Shankar, 2012). Jayant and Palit (2013)
reported that “It is hard to define the quality of a bast fiber”. The
Cissus quadrangularis stem fiber (CQSF) is characterized for the first
time comprehensively in this paper. Its mechanical properties are
on par with synthetic fibers and some of them are even better when
their densities are considered.

C. quadrangularis (CQ) is a perennial plant belonging to the
Vitaceae (grape) family. It is commonly known as Perandai in tamil
language, which has its origin in India/Srilanka, howeveritis widely
available in Africa, Arabia and south-east Asia. CQ is a climber
reaching to a height of 2.5m and has quadrangular sectioned
branches with internodes of 1.5-1.8 cm width and 10-15cm long
(Indran, Edwin Raj, & Sreenivasan, 2014). They grow rapidly even in
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Fig. 1. Cissus quadrangularis plant with its extracted stem fiber.

very adverse weather conditions. CQ is long known for its medicinal
values and is widely used to strengthen bones and to treat ligament
tears. CQSF is extensively investigated for its anatomy, mechani-
cal, thermal, chemical and physical properties. The experimental
results were significant and encouraging for employing CQSF as a
reinforcing material in the manufacture of polymer composite.

2. Materials and methods
2.1. Extraction of CQ stem fiber

The CQ plants were collected from Asarivilai, Kanyakumari Dis-
trict, Tamil Nadu, India. They were soaked in water for two weeks
to undergo microbial degradation. They were then washed and
dried in natural sunlight to remove moisture content. Once the
fleshy layer gets withered, combing was done with a metal brush to
remove unwanted particles from the fiber surface and long uniform
fibers were obtained (Fig. 1).

2.2. CQ stem anatomy

Isolated healthy stems were examined under the polarized
microscope to study its microstructure. The stems were cut into
small pieces (10 x 10 mm) and immersed in FAA solution (5ml
formaldehyde +5 ml acetic acid + 90 ml 70% ethyl alcohol) for 24 h
to preserve the tissues. They were then dehydrated through a
graded tertiary butyl alcohol series and embedded in paraffin (Sass,
1940). Microstructural specimens were then prepared by section-
ing them of 10-12 wm size using rotary microtome. It was then
affixed to a glass slide stained with a mixture of toluidine blue solu-
tion for clarity picture (O’Brien, Feder, & McCull, 1964). Polarized
light microscope unit (Nikon, Japan) was used for polarized light
microscope histochemistry study.

2.3. Chemical properties

The cellulose, hemicellulose and lignin contents of CQSFs were
determined using standard test procedures (Doree, 1950; Pearl,
1967). The sample was dried in an oven at 104°C for 4h to
determine the moisture content (Sreenivasan, Somasundaram,
Ravindran, Manikandan, & Narayanasamy, 2011). The wax con-
tent was quantified as per the standard protocol (Conrad, 1944).
Samples examined on wet and dry basis, especially on soxhlet
apparatus were 2-5% and 6-8% error, respectively, are bound
to occur, which are acceptable (Satyanarayana, Thais, Lucas, &
Juliana, 2013).The chemical compositions of other natural cellu-
losic fibers are compared from the available data and tabulated
in Table 1 (Ku, Wang, Pattarachaiyakoop, & Trada, 2011; Faruk
et al,, 2012; Jawaid & Abdul Khalil, 2011; Sathishkumar et al.,
2012; Hejazi, Sheikhzadeh, Abtahi, & Zadhoush, 2012; Fernando
Pacheco-Torgal & Jalali, 2011; Ho et al., 2012; Dittenber & Ganga
Rao, 2012; Mantia & Morreale, 2011; Koronis, Silva, & Fontul, 2013;
Sreenivasan et al., 2011; Satyanarayana, Sukumaran, Mukherjee,
Pavithran, & Pillai, 1990; Saravanakumar, Kumaravel, Nagarajan,
Sudhakar, & Baskaran, 2013; Sathishkumar, Navaneethakrishnan,
Sankar, Rajasekar, & Rajini, 2013; Indran et al., 2014).

2.4. Physical properties

2.4.1. Fiber density

The density was determined by liquid immersion test using
pycnometer with tolune (Béakou, Ntenga, Lepetit, Ateiba, & Ayina,
2008). The fibers were dry stored for further testing in a desicca-
tor containing silica. The density of CQSF was calculated using the
relation:

(my —my)
ms —my)(my —my)

PCQsF = i Or (1)

where, pcqsr is the density of CQSF (g/cm?), p; is the density of
toluene (g/cm3), m; is the mass of empty pycnometer (kg), m; is the
mass of pycnometer with fibers (kg), ms is the mass of pycnometer
with toluene (kg) and my is the mass of pycnometer with fibers and
toluene (kg).

2.4.2. Single CQSF tensile test

The tensile tests for CQSF were conducted using INSTRON 5500R
type UTM as per the ASTM D 3822-07 standard. Tests were con-
ducted at various gauge lengths of 10 mm, 20 mm, 30 mm, 40 mm
and 50 mm with 20 samples for each gauge length. A constant cross
head speed of 0.1 mm/min was used for the testing and it was con-
ducted at an ambient temperature of ~28 °C and relative humidity
of ~65%.

2.5. Fourier transform infrared spectroscopy (FTIR)

Perkin Elmer Spectrum RXI Fourier transform infrared spec-
trometer was used to derive the FTIR spectra of the CQSFs in
KBr matrix with a scan rate of 32 scans per minute at a resolu-
tion of 2cm~! in the wave number region between 400 cm~!and
4000cm~!. Over-fills in the detector due to the divergence of
beam may end up with cumulative transmittance percentage of
100+ 15% (Anvar & Mazza, 2010; Saravanakumar et al., 2013). The
chopped fiber samples were grounded to fine powder using a mor-
tar and pestle and then mixed with KBr powder. They were then
pelletized by applying pressure to prepare the specimen to record
the FTIR spectra. The presence of free functional groups in CQSF are
determined by FTIR.



Table 1

Properties of CQRF in comparison with cellulose based natural fibers and Man-made synthetic fibers.

Fiber Chemical properties Physical properties
Cellulose (%) Hemi cellulose Lignin (%) Wax (%) Moisture (%) Density Diameter (jpm) Gauge length Elongation (%) Tensile strength Young's modulus

(%) (g/em?) (mm) (MPa) (GPa)
CQ stem 82.73 7.96 11.27 0.18 6.6 1.22 770-870 10-50 3.75-11.14 2300-5479 56-234
CQ root 7717 11.02 10.45 0.14 7.3 1.51 610-725 10-50 3.57-8.37 1857-5330 68-203
Cotton 82.7 5.7 - - 1.0 1.6 - - 7-8 400 5-12
Coir 32-43 0.15-0.25 40-45 - - 1.2 100-450 100 30 593 4-6
Jute 64.4 12 11.8 0.7 1.1 13 40-350 60 1.5-1.8 393-773 26
Flax 64.1 16.7 2.0 33 3.9 1.5 - - 2.7-3.2 500-1500 27
Hemp 68 15 10 0.8 6.2 147 - - 2-4 690 70
Kenaf 45-57 8-13 21.5 0.8 6-12 131 65-71 10 1.6 427-519 23.1-271
Ramie 68.6-85 13-16.7 0.5-0.7 0.3 7.5-17 1.5 50 - 2-3 220-938 44-128
Sisal 60-78 10.0-14.2 8.0-14 2.0 10-22 1.5 50-300 50 2-25 511-635 9-22
Pineapple leaf 70-83 - 5-12.7 - 11.8 14 20-80 10 0.8-1 413-1627 34-82
Banana 56-63 20-25 7-9 3 - 135 50-250 150 1-3.5 529-759 17.85
Palmyrah 40-52 42-43 - - - 1.09 70-1300 40 7-15 180-215 7-60
Bamboo 73.83 12.49 10.15 3.16 - 0.91 240-330 100 14 503 35.91
Sansevieria cylindrica 79.7 10.13 3.8 0.09 6.08 0.915 230-280 10-40 12.3-13.7 666-706 6-8
Sansevieria ehrenbergii 80 11.25 7.8 - 10.55 0.887 10-250 50 2.81 278.82 2.81
Curaua 70.7 9.9 7.5-11.1 - - 14 170 10 3.7-43 500-1150 11
Bagasse 55.2 16.8 253 - - 1.2 200-400 - 1.1 20-290 19-27
Phormium tenax 45.1-72 30.1 11.2 0.7 10 - 100-200 - - - -
Agave 68.42 485 485 0.26 7.69 1.2 126-344 - - - -
Sea grass 57 38 5 - - 15 5 - 13-26.6 453-692 3.1-3.7
Alfa 454 38.5 14.9 2 - 0.89 - 100 5.8 350 22
Wheat straw 51 26 16 - - 145 - - - - -
Qil palm 65 10.12 17.5 4 - 1.55 - - 25 248 3.2
Henequen 60 28 6 0.5 - 1.20 - - 3.7-5.9 430-570 11.1-16.3
Coconut tree leaf sheath 27 14 27.7 - 4.7 1.20 140-990 50 2.84 46.4 2.3
Piassava 28.6 25.8 45 - - 14 - - 7.8-219 134-143 1.07-4.59
Prosopis juliflora 61.65 16.14 17.11 0.61 9.48 0.58 20 - 1.77 558 -
E-glass - - - - - 2.5 5-20 - 0.5 2000-3500 70
Aramid (std.) - - - - - 14 12 - 3.3-3.7 3000-3150 63-67
Carbon (std. PAN-based) - - - - - 14 8 - 1.4-1.8 4000 230-240
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2.6. XRD analysis

The powdered samples were subjected to X-ray diffraction in
Rigaku X-ray diffractometer D/Max Ultima IIl with monochromatic
CuKa radiation to determine the crystallinity index (CI) and crystal-
lite size of the CQSF. The XRD analysis was carried out in 2-6 range of
10°-80° with goniometer speed of 5°min~!. The integrated intensi-
ties of the Bragg peaks in the spectrum of the CQSFs were identified
and their crystallinity indices were estimated.

2.7. SEM analysis of the CQSF

The surface morphology of CQSF were examined using a scan-
ning electron microscope (HITACHI Model S3000H). The specimens
were coated with a layer of platinum to avoid electron beam charg-
ing effects during examination. The SEM studies were conducted
with an electron beam accelerating potential of 3 kV.

2.8. Thermo gravimetric analysis
The thermal stability behavior of the CQSF was assessed by

Thermo gravimetric analysis (TGA) using Jupiter Simultaneous
thermal analyser (Model STA 449 F3, NETZSCH, and Germany). To

avoid oxidation effects TGA analysis were carried out in nitrogen
atmosphere at a flow rate of 20 ml/min. Ten milligram of CQSFs
were crushed and kept in alumina crucible to avoid the tempera-
ture variations measured by the thermocouple. The heating rate is
maintained at 10°C/min for heating it from 28 °C to 1000°C.

3. Results and discussion
3.1. Anatomy of CQ stem and fiber

Well-developed matured CQ stem was studied for its anatom-
ical structure through optical microscope. The stem is four angled
with thick radiating arms which render the ridged internode and
furrowed configuration (Fig. 2a). The central axis is about 2 to 3 mm
thick. The wings are 3 mm long and 1 mm thick and the tapering
ends are 500 wm thick. The stem consists of this epidermal layer of
small squarish thick walled cells with prominent cuticle (Fig. 2c).
The ground tissue consists of large, circular, compact thin walled
parenchyma cells. The vascular strands are located in the wings of
the stem. There are five vascular strands arranged in an arc in the
sub marginal part of the wing (Fig. 2b), of which one median bun-
dle is significantly larger while the other lateral strands are smaller.
All the bundles are collateral comprising an outer circular mass of

SR N G
-—=—-350Um----—— =

Fig. 2. Optical microscopic transverse section of Cissusquadrangularis stem - (a) transverse section of winged inter node entire sectional view 10x, (b) one wing enlarged 40 x
and (c) vascular systems of the stem—enlarged 60x. (VB—vascular bundle, W—wing, CAX—central axis, GT—ground tissue, Ep—epidermis, CB—cortical bundle, LB—lateral
bundle, MB—median bundle, Sc—sclerenchyma, SC—secretory cavity, MR—medullary ray, Ph—phloem, Ve—vessels).
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Table 2
Mechanical properties of Cissus quadrangularis stem fiber.

Gauge length (mm) Tensile strength (MPa)

Young's modulus (GPa)

Strain to Failure % Cross sectional area (mm?)

10 2300 + 735 56 £ 17
20 2823 + 831 59 +19
30 3466 + 1143 83 £ 32
40 4203 + 1276 131 £ 37
50 4157 + 1224 130 + 44

3.75 £ 249 0.4752 + 0.1689
5.46 + 2.88 0.4661 + 0.1598
7.75 + 2.39 0.4657 + 0.1196
478 +£1.24 0.4229 + 0.1262
6.46 + 2.88 0.4462 + 0.1681

sclerenchyma cap; middle mass of phloem and inner conical seg-
ment of xylem (Fig. 2c). The phloem element is wide and compact
which includes sieve element and parenchymatous cells. Xylem
strands consist of wide circular and angular thin walled vessels and
xylem sclerenchyma (Fig. 2¢). Calcium oxalate crystals of raphides
are frequently seen in the ground parenchyma cells. The raphides is
a thick cylindrical bundle comprising several thin pointed needles
and are located alongside the elongated wide parenchyma cells.
There is a wide thin arc of less prominent sclerenchyma cells over-
arching the five vascular strands scattered throughout the ground
tissues. However, sclerenchyma cells are thick at the extreme tips
of the wings (Fig. 2b). The average diameter and strength of fiber
varies with aging and the plantation environment.

3.2. Chemical properties

Chemical analysis of CQSF showed high cellulose content of
82.73% which ensures good mechanical properties (Baley, 2002).
The hemicellulose content is quite low (7.96%) when compared
with other natural fibers. Higher levels of hemicellulose lead to
disintegration of cellulose microfibrils (Morvan, Jauneau, Flaman,
Millet, & Demarty, 1990) which decrease the fiber strength. Lignin
constitutes 11.27% which is moderate, and it is well known for its
negative influence on fiber structure and its morphology. The wax
content is low at 0.18% which is good, as higher levels can lead to
smooth fiber surface morphology and reduce the bonding capacity
of the fiber with the matrix.

3.3. Physical properties

3.3.1. Fiber density

The investigated CQSF was found to have an average density
of 1.22 g/cm3 which is significantly lower than widely used syn-
thetic fibers such as E-glass fiber (2.56 g/cm3) and carbon fiber
(1.4-1.8 g/cm3) (Rita, Sarkar, & Bose, 2001). The specific strength

~= 100+

°\° . g(ﬁzt bi C=C stretching

3 C- t

~ g5 OH spr stretching 1663

L

Q o}

g 804 HO! To 0
B OH ™ 3308

E O-H stretching

17

§ 1609
[n . SHH C=C aromatic

H )_0\ stretching
704 H
\f OH H é\ o
. \H/“
H OH\ C=C alkynes

2342

alkoxy C-O

of CQSF is very high with an average value of 3445 kNm/kg in com-
parison with synthetic fibers.

3.3.2. Tensile behavior of the CQSF

The average fiber diameter was determined from 30 sam-
ples through optical microscope images taken in the longitudinal
direction using Image-pro software (Indran et al., 2014). Table 2
shows that the tensile strength and Young’s modulus values, which
increases with increase in gauge lengths from 10 mm to 40 mm. As
the gauge length increases the deviation from the mean value for
various samples increases, which was expected for any natural fiber
characterization. The variation in Young’s modulus was rather high
which is due to artifacts.

3.4. FTIR analysis

FTIR spectra show eight well-defined peaks of CQSFs at 3328,
2922,2342,1663,1609,1313,1030and 778 cm~! (Fig. 3a). The peak
at 3328 cm~! belongs to the carboxylic acid O—H stretching due to
the presence of cellulose I (Jayaramudu, Guduri, & Varada Rajulu,
2010) and sp3 C—H stretching occurred due to the vibration of cel-
lulose, which is noted by a moderate peak at 2922 cm~! (Kiruthika
& Veluraja, 2009). The peak at 2342cm~! in the CQSF indicates
the presence of C=C alkynes group. A small peek at 1663 cm™!
is attributed to the presence of alkene carboxyl group of C=C
stretching, which shows the presence of hemicellulose. The smaller
peak indicates less percentage content of hemicellulose, which is
advantageous, because higher content will affect the mechanical
properties of CQSFs. The peak at band 1609 cm~! indicates the C=C
aromatic stretching with strong conjugated C—C bond and this peak
is attributed to lignin content in the fiber (Saravanakumar et al.,
2013). Similarly, the peak at 1313 cm~! band is ascribed to strong
acyl C—O with overlapped C—H stretching of phenols and esters. The
band 1030cm~! corresponds to alkoxy C—O ordinary bond bend-
ing vibration (Venkata Prasad et al., 2010; Saravanakumar et al.,
2013) and the smaller peak at 778 cm~! represent the presence
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Fig. 3. (a) FTIR and (b) XRD spectrum of the CQSF.
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of saline content (Khan & Drzal, 2004). The natural fiber bands
can vary around +16 cm~! from their position for different studies
(Zhbankov et al., 2002).

3.5. XRD analysis

The XRD spectrum of the investigated CQSF showed two major
peaks at 15.7° and 22.85° which are ascribed to the presence of
cellulose type I, exhibiting monoclinic structure (Fig. 3b). These
peaks can be further related to the crystallographic planes (200)
and (110), respectively (Sreenivasan et al., 2011). The Cl was calcu-
lated using the expression (2) as 47.15%, where H;, g5 and Hyg 5 are
the height of the peaks at 22.85° and 18.5°, respectively.

Cl— Hjz.85 —Higs )
Ha2.85

Higs is the diffraction intensity 18.5° which is related to the
amorphous fraction and Hy; g5 is that of the crystalline fraction. The
Cl of various natural fibers reported are Wrighitia tinctoria seed fiber
(49.2%), ramie fiber (58%), Sansevieria cylindrica leaf fibers (60%),
Raffia textilis (64%), sisal (71%), jute (71%), flax (80%) and hemp
(88%) (Sreenivasan et al., 2011). The crystallite size (L) was esti-
mated using Scherrer’s formula (Elenga, Dirras, Goma Maniongui,
Djemia, & Biget, 2009; D’Almeida, Aquino, & Monteiro, 2006):

K
~ Bcosh

where K=0.89 is Scherrer’s constant, 8 is the peak’s full-width half-
maximum (FWHM) and A is the wavelength of the radiation. The
crystalline size was calculated as 31.55 nm for the first crystallo-
graphic plane (2 00) and that of the second crystallographic plane
(110) is 3.91 nm. The crystallite size for some natural fibers are R.
textilis (32 nm), ramie fibers (16 nm), cotton fibers (5.5 nm), corn
stalk fibers (3.8 nm) and flax fibers (2.8 nm) (Sreenivasan et al.,
2011; Reddy & Yang, 2005).

3)

3.6. Surface morphology

The surface morphology of a fiber is a very important factor
in determining the ability of the fiber to act as a good reinforce-
ment and to resist fiber pull out. Images from the scanning electron
microscope (SEM) reveal the presence of shallow pores which
increases the surface roughness of the fiber (Fig. 4). The surface
roughness contributes for increased contact surface area to ensure
better adherence of the fiber with the matrix in composite manu-
facturing. The presence of starch grains and impurities are noted,
which can be cleaned by pre-casting fiber treatments. The presence
of complex structured lateral pores provides the extra stiffness to
this fiber. The microfibril angle («) was also calculated using the
global deformation equation (4) as 4.95° 4+ 0.32.
e=1In [l + &}

| = —In(cose) (4)

where ¢ is the strain, « is the microfibril angle in degree, [AL/L,| is
the ratio of elongation. The reported microfibril angle for jute, flax,
hemp, banana and Prosopis juliflora fibers are 8.1°, 5°, 6.2°, 11-12°
and 10.64°, respectively (Kulkarni, Satyanarayana, & Rohatgi, 1983;
Perry, 1975; Saravanakumar et al., 2013). Lower microfibril angle
gives better mechanical properties.

3.7. Thermal analysis

Fig. 5a shows the TGA and DTG curves of the investigated CQSF.
The first drop in mass was noted at 89 °C which is attributed to the
removal of moisture and wax. The next drop occurring at 294 °C,
indicate the degradation of hemicellulose and glycosidic links of
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Fig. 4. Scanning electron micrographs of Cissusquadrangularis stem-(a) 50x, (b)
100x, (c) 300x and (d) 500x.
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Fig. 5. Thermal analysis (a) TG and DTG curves of the CQSF, (b) Broido’s plot of the CQSF.
Table 3

Degradation temperature of CQSF along with other man-made and natural fibers.

excellent properties. The density of CQSF is significantly lower than
that of the popular glass fiber, carbon fiber, etc. and also gives 20%

T(°C) 25% T(°C) 50% T(°C) 75% better specific strength. The tensile strength and Young’s modu-

Weight loss % T(°C)5%

CQSF 91 345 405 495
CQRF 88 328 395 481
Hemp 104 329 341 457
Kenaf 64.3 313 340 370
Henquen 61 301 337 391
Flax 88 322 338 441
Prosopis juliflora 110 331 380 480
Jute 60 290 340 470
Sisal 52 275 345 465
Wood 107 270 367 400
Cotton 55 280 330 410
Glass’ 586

" Ultimate fiber weight loss was 1.6%.

polymer composite.

cellulose and the subsequent third and largest drop was noted at Acknowledgement
342 °C where the fiber starts to burn and the a-cellulose degrades

(Sgriccia & Hawley, 2007; Azwa, Yousif, Manalo, & Karunasena,
2013). Similar drops were reported for various other fibers such as
bamboo, hemp, jute, and Kenaf at 321 °C, 308 °C, 298 °C, and 307 °C,

respectively (Saravanakumar et al., 2013). Further, the less promi-
nent drops at 476 °C and 695 °C are the result of lignin degradation

and oxidative degradation of charred residue of the fiber. At the end
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equation:

- fn ]

where R is the universal gas constant (8.314]/molK), T is the
temperature in Kelvin, y is the normalized weight (w¢/w,), w
symbolizes the weight of the sample at any time t, whereas
W, indicates the initial sample weight. The kinetic activation
energy E, =65.23 k]J/mol was interpolated from the Broidio’s plot
of In[In(1/y)] verses (1/T) in Kelvin (Fig. 5b). The activation energy
of CQSF is within the range specified for natural materials, i.e.,
60-170Kk]/mol, which signifies that the CQSF fiber has thermal sta-
bility to withstand polymerization process temperature in making

T
0.001632

1
0.001634

lus are 4203+ 1276 MPa and 131437 GPa which is significantly
higher than any other natural fibers ever investigated and also on
par with widely used synthetic fibers. The high cellulose content
(82.73%) and lower lignin content (11.27%) ensure better mechan-
ical strength. The honey comb surface morphology and lower wax
content (0.18%) enhance the bonding strength when they are used
as reinforcement for composite manufacturing. The thermal analy-
sis confirms its stability to withstand polymerization temperature.
Thus this characterization results firmly confirms the possibility of
using this fiber for the manufacture of sustainable fiber reinforced
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