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Abstract
The increasing global need to achieve sustainability in product development demands the use of
biodegradablematerials from renewable resources inmany engineering applications. Accordingly,
various natural fibers were explored as suitable reinforcement in polymermatrixes due to their low
density and biodegradability. Hence, in this present work, a novel fiber reinforcement was extracted
from the stemof theCryptostegia grandiflora (CG) plant through a retting process andmanual
intervention. The extractedCryptostegia grandiflora fibers (CGFs)were chemically treated using
NaOHand silane. Various properties like crystal structure, chemical composition, surface
morphology, and thermal degradationwere studied using x-ray diffraction (XRD, Fourier transform
infrared spectroscopy (FTIR) Scanning electronMicroscopy (SEM) andThermogravimetric analysis
(TGA). The increasing cellulose content and the removal of hemicellulose after the chemical treatment
indicate the potential for this CG fiber as a better reinforcement element in polymers. The increasing
trend of tensile strengthwas observed for theCG fiber in the following order: silane>NaOH>
untreated conditions. Two-stage thermal degradationwas observed in all the cases where the
maximum thermal degradationwas found at the silane-treatedCGfibers. Based on their performance,
the chemically treatedCG fibres can bemade into composites and used for structural applications.

1. Introduction

Nowadays, due to the increasing demand for petroleum resources, leading to rapid depletion and its adverse
effects, the need for eco-friendlymaterials is indispensable. Hence, researchers, scientists and industrialists are
increasingly using natural fibers as potential reinforcements in various polymermatrix composites [1]. The
advantages of natural fibers include, but are not limited to, lightweight, nontoxic and biodegradability.
Development of several biocompositematerials for construction, automotive,marine and other sectors is
increasing, after being inspired by the need for ecologically acceptedmaterials as well as awareness of
environmental pollution, global warming and energy crisis [2–4]. Natural fibers are called plantfibers, which
can be obtained from the stems, fruits, leaves and seeds of the plants. The plant fibers are composed of cellulose,
lignin, hemicellulose, pectin andwax.Natural fibersmainly consist of cellulose, which provides structural
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stability, stiffness and strength. The crystallinity of natural fibers is based on their cellulosemolecules [5]. In
addition, the interfacial bonding between thematrix and the fibersmakes amajor contribution to the
mechanical properties of the composites. The presence of hydroxyl groups (OH) in natural fibers reduces the
effectiveness of load transfer between thematrix and the fibers and obstructs proper bondingwith the
hydrophobic polymer [6].

Besides, thehighmoisture absorption, low reactivity, hydrophilic nature and compatibilitywith a polymeric
matrix are characteristics of lignocellulosefibers. These characteristics can be improved by applying chemical
treatments, such as acetylation, alkalization and silane [7]. The treatments clean surfaces of natural cellulosefiber by
removing impurities andnon-cellulosicmaterials and activating the hydroxyl groups in their surfaces [8].

Both silane and alkali treatments have been reported to be themost efficient and extensively utilized
treatments for improving the properties offibers. Both surface treatmentsmodify themicrostructure of the
natural fiber and increase the interfacial compatibility among the fiber andmatrix [9, 10].

The alkali treatment is themost affordablemethod for reducing amorphousmaterials, including
hemicellulose and lignin. It also improves the chemical composition, surfacemorphology, interfacial bonding,
thermal stability, crystallinity index andmechanical properties offibers [11]. It has been reported that treatment
of natural fibers with 5%ofNaOH improved fiber property changes [12]. The silane treatment is themost
efficientmethod for reducing the volume of hydroxyl with the help of silane coupling agents. The presence of
moisture in the fiber helps to form the silanols from the hydrolysable alkoxy group, and these react with the
hydroxyl group to produce stable covalent bonds on thefiber surface. The hydrocarbon chains created by the
silanols limit the swelling of the fiber [13].

There aremany natural fibers extracted fromdifferent parts of plants and transformed into low-density
polymer composites for various applications [14–18].Most importantly, the performance of the composites is
based on the functional properties of the reinforcement element, interfacial bonding betweenfiber and polymer,
and the type of polymermatrix used for the composite fabrication.Hence, the need of the hour in the field of
natural fiber-reinforced polymer composites is to explore and characterize natural fibers from various new
plants. Therefore, a novel natural fiber fromCryptostegia grandiflora (CG) belonging to theApocynaceae family
has been discovered in this research. Its commonname is rubber vine, which is native to southwestMadagascar.
When it grows as a shrub and a vine, a rubber vine can reach a height of 2 and 30meters, respectively [19–21].
Considering the aforementioned report on relevance of silane and alkali treatment to composite structures,
surfacemorphology, thermal stability, chemical andmechanical properties of untreated as well as alkali and
silane solution treatedCryptostegia grandiflorafibers (CGFs)were investigated in this present study. The
properties of the treated and untreated fibers were compared, as obtained through the followingmethods: x-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, Scanning electronmicroscope (SEM), a
universal testingmachine, and thermogravimetric (TGA) analysis.

2.Materials andmethods

2.1.Materials and extraction
CGplant stemswere collected fromVirudhunagarDistrict, Tamil Nadu, India. Thefiber extraction process was
carried outmanually by amanual peeling process, after soaking the fiber inwater for ten days at a room
temperature. To eliminate excess wetness and safeguard the fiber frombiological attacks, the fibers were washed
with runningwater after separation and exposed to Sunlight for two days. Afterwards, various analyses were
performed on the driedfibers. Figure 1 shows the process flowoffiber extracted fromCGplant stem tofiber
treatment.

2.2. Chemical treatments
2.2.1. Alkali treatment
To reduce the non-cellulosic and other contaminants present on surfaces of the CGFs, the driedCGFswere
immersed in a 5%ofNaOH solution for four hours at a room temperature. To prepare the fibers for further
analysis, theywere cleaned in runningwater and dried for three days [22].

2.2.2. Silane treatment
Toprepare a silane solution, 2%of 3-aminopropyltrimethoxysilane was added to amixture of ethanol andwater
in a ratio of 80:20. Acetic acidwas used to adjust the pH value of the silane solution andmaintained between 4
and 5. Thefibers were thenwashed and dried for three days at a room temperature after being immersed in the
silane solution for four hours [23].
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2.3.Opticalmicroscope
The opticalmicroscopemodel LeicaDM750Mwas used tomeasure the single CGF diameter at a room
temperature. An accurate diameter of a natural fiber is difficult to obtain, because it is irregular in shape and
non-uniform in thickness [24]. Therefore, the diameter at various locations of 10 samples had beenmeasured
and its average value had been reported.

2.4. Chemical analysis
Theweight percentage (wt%) of theCGF cellulose was determined, usingKurshner andHoffer’smethod, while
theNFT12-008 standardwas used tomeasure the percentage of hemicellulose. Thewax content was calculated
by theConradmethod, and an electronic analyzer was utilized to estimate themoisture content. The density of
CGFwas calculated according to the ASTMD2320-98 (2003) standard, while the ash content wasmeasured,
using the IS 199method. The proportions of density, cellulose, hemicellulose, wax, lignin, pectin and ash of the
CGFwere similarly determinedwithin the scope of this study. Five CGF samples were taken into consideration
for each test, and the average results were reported.

2.5. X-ray diffraction (XRD) analysis
To study the crystallinity of the CGF, x-ray diffraction experiments were performed on both treated and
untreatedCGFs. TheX-pert Pro diffractometer recorded data from10° to 80° by generatingmonochromatic
CuKα radiationwith awavelength of 0.154 nm. In addition, the crystallinity index (CrI)was computed, using
equation (1).

( )=
-

CrI
H H

H
122.6 16.61

22.6

WhereH22.6 andH16.61 represent the height of the peaks at 2θ= 22.6 and 2θ= 16.61 [25].

2.6. Fourier transform infrared spectroscopy analysis
FTIR can be applied to discover the type of chemical bonds in thefiber specimen. Thefine crystal offiberwas
mixedwith potassiumbromide tomake granules for testing through a Shimadzu spectrometer. A scanning rate
of 32 scans perminute was used to record the spectrum at a resolution of 2 cm−1, from400 cm−1 to 4000 cm−1.

Figure 1. Fiber extraction process: (a)CGplant, (b) retting process, (c)CGF extraction, (d) extractedCGFs, (e) chemical treatment of
CGFs and (f) treatedCGFs. Reproduced from [1]. CCBY 4.0.
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2.7. Tensile testing
According toASTMD3822-07 standards, the tensile strength of theCGFwas obtained, using a universal testing
machine (ZwickRoell)with a cross head speed of 5 mmmin−1, the ambient temperature of 28 °Cand the
relative humidity of 65%. The total length of 150 mmfiber lengthwas used for the testing as shown infigure 2. A
scriber was used tomark the gauge length of 50 mm to determine themaximum stress and strain. In order to
ensure the accuracy of the data, the CGF sample was replicated 25 times, and average values were reported.

2.8. Thermal analysis
The thermogravimetric (TG) techniquewas conducted as per ASTME1131 to determine the thermal stability of
CGFs. At a temperature between 30 °C and 700 °Cand a heating rate of 5 °Cmin−1, the Perkin Elmer STA 8000
model was employed to scan each sample, weighing about 6 mg. The inert atmosphere was controlled by passing
pure nitrogen through the furnace at a rate of 19.8 mlmin−1.

2.9. Surfacemorphology analysis
To evaluate the changes on theCGF surfaces caused by alkali and silane treatments, themorphology of the
treated and untreatedCGFswere compared, using aCARLZEISSmodel scanning electronmicroscope (SEM)
with 1.5 nm resolution.

3. Results and discussion

3.1. Physical and chemical analyses
Table 1 summarizes the chemical composition of untreated, alkali (NaOH) and silane treated CGFs.Methods of
fiber extraction fromplants, plant age, growing climate and soil characteristics are significant factors that
determine the chemical and physical properties of naturalfibers [26]. Themechanical characteristics of natural
fibersmainly depend on the cellulose content of thefiber.While comparing the cellulose content of the treated
CGFswith that of the untreatedfibers, the cellulose content of the silane treatedCGFs increased approximately
by 10%, due to surfacemodification. Chemical treatments, such as silane andNaOHreduced the hydrophilic
behavior of thefibers by reducing the percentages of hemicellulose, pectin and lignin in all themodifiedCGFs,
when comparedwith the untreated fibers. The percentage of wax in all themodifiedfibers was lower, when
comparedwith the untreated fibers; it has been utilized in composites to confirm and enhance the bonding
strength betweenmatrix andfibers [27]. The decrease in the percentage of ash has a substantial impact on the
mechanical properties of the treatedfibers. The densities of silane andNaOH treatedCGFs increased by 27 and
44%, respectively, when comparedwith the untreated counterpart. The improvement in density values of
chemically treatedCGFswas achieved by removing some of the hemicelluloses and lignin from the fibers as well
as by the densification of the cell walls [28]. Through opticalmicroscope, diameter of the CGFwas determined
which is shown infigure 3.When comparedwith the untreated fibers, the diameters of the chemically treated

Figure 2.CGF samples used for tensile test.

Table 1.Chemical composition of treated and untreatedCGFs.

CGF

Density

(g/c.c.) Cellulose (%)
Hemi

cellulose (%) Pectin (%) Lignin (%) Wax (%) Ash (%)
Moisture

content (%)

Untreated 1.02 79.20 17.20 3.60 2.50 0.54 3.20 10.20

NaOH treated 1.47 82.60 12.10 0.09 1.50 0.28 2.40 11.70

Silane treated 1.30 87.40 11.80 1.50 1.00 0.31 1.30 8.30
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fibers weremore consistent and smaller. Silane treatment provided better results when comparedwith the
alkaline treatment.

3.2. XRDanalysis
Figure 4 shows the x-ray pattern diffraction for the treated and untreatedCGFs, which exhibited significant
peaks at 2θ angles of approximately 14.72, 16.64, 22.58 and 34.24, respectively. The above angles corresponded
to the lattice planes of the cellulose I crystallites, peaks 1 (1–10), 2 (110), 3 (200), and 4 (004), respectively [29, 30].
The prominent peaks 1, 2 and 3were the cellulose I characteristic peaks [31, 32]. Due to their full width at half-
maximum, peaks 1 and 2 seemed to overlap and appear as a single broad peak [33]. According to the XRD
analysis, the surface treatments did not seem to impact the transition from cellulose I to II polymorphically. The
determinedCrIs of silane andNaOH treated and untreatedCGFswere 69.95, 66.34 and 62.00%, respectively.
The non-crystallinematerials, such as hemicellulose or ligninwere partially removed by the chemical treatment
of the naturalfiber. Thismight allow cellulose fibers to acquire amore crystalline structure [3]. The surface
treatment rearranged the cellulosemolecules and caused the degradation of amorphous constituents in the
natural fiber, whichmight have been responsible for the increase in the crystallinity of the plant fibers. Finally,
themechanical properties improved by enhancing the crystallinity of the naturalfiber [8].

Figure 3.ACGFdiameter,measurement takenwith opticalmicroscope.

Figure 4.Treated and untreatedCGFXRD—spectra.
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3.3. FTIR analysis
The FTIR spectra of both treated and untreatedCGFs are shown infigure 5. BothNaOH treated and untreated
spectra show a significant absorption band at 3414 cm−1, which can be attributed to theOH stretching
vibrations of hydrogen bonded hydroxyl groups from cellulose [30]. The peak concentration of 2940 cm−1

caused theCH stretching vibration in cellulose and hemicelluloses, although the intensity was reduced in
optimally treated fibers [34]. For untreated and treatedfibers, the peak at 2887 cm−1 was identified, as associated
with theCH2 group of cellulose and hemicellulose, which corresponded toCH stretching [35]. The band of
2831 cm−1 represented the bending of theCH2 hemicellulose component of the chemical treatedCGFs [36]. At
1645 cm−1, a wide and strong peak caused byC=Ostretching vibration in the ligninwas observed [37]. CH2

bending vibration in the cellulose was associatedwith a peak of 1431 cm−1 [38]. TheC–O–Casymmetrical
stretching of cellulose was responsible for the distinctive peaks at 1161 cm−1 [39]. The symmetric C–OH
stretching in ligninwas represented by the noticeable peak at 1060 cm−1 [25].When silanewas adsorbed on to
thefibers, the peak signals at 1024 cm−1 were observed to be the symmetric C–OHstretching of lignin [34]. The
silanol groups formed during the hydrolysis of silanewere responsible for the observed peak at 895 cm−1 with
the silane treated sample [40]. Thewide absorption band at 610 cm−1 was recorded, as caused by theOH
bending of the cellulose [41].

3.4. Tensile testing
The tensile strength of the treated and untreatedCGF are shown infigure 6 and presented table 2, respectively.

The tensile strengths of the untreated, alkali and silane treated CGFswere 791, 853 and 994MPa,
respectively, which showed that chemically treatedCGFs treated significantly exhibited an increasedmechanical
property. The chemical treatments reduced the compositions, including hemicellulose, lignin and pectin, which
in turn improved the amount of cellulose, thereby improving themechanical properties and crystallinity of
CGFs [42]. The proper removal of non-cellulose constituentsmight increase elasticmodulus and tensile
strength of the naturalfibers [12]. The stress transmission frommatrix to natural fibers and significant
improvement in interfacial adhesionwere achieved by treating the fiber surface [43]. The reduction of impurities
andmore non-cellulosic composition caused by higher chemical composition triggered the degradation and
breakage of CGFs by decreasing elongation [44]. This analysis showed that CGF strands are suitable reinforcing
elements in various biocomposite structures.

3.5. Thermal analysis
Figure 7 depicts the TGA curve for the treated and untreatedCGFs. Fiber degradationwas described in three
stages. The initial weight loss was observed during the first stage between 30 °Cand 140 °C for both treated and
untreated fibers. Aweight loss of approximately 5.6%was estimated, due to surfacewater evaporation. It was
observed on the untreated fiber at about 120 °C [3, 4]. In this first stage, theweight loss of silane treatedCGFwas
55.89% lower than the untreated and alkali treated CGFs, but alkali treatedfiber recorded aweight loss that was
mostly equal to the untreated fibers. It was evident that silane treatedfibers became less hydrophilic. The second
stage established the degradation of hemicellulose, lignin and cellulose at temperatures between 180 °Cand
370 °C.During this second stage, the hemicellulose began to degrade before the cellulose, due to a lower degree

Figure 5.Treated and untreatedCGFFTIR - spectra.
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of polymerization [4, 35]. Theweight loss of untreated fibers was 66.96%,whichwas 34.9%more than that of
silane treated CGFs.

More also, the third stage occurred between 370 °Cand 700 °C,whichwas related to the combustion of the
degradedmaterials, lignin andwax decomposition. The lignin degradation started at a low temperature of
160 °Cand extended to awide range up to 900 °C [45]. The silanols present on the surface of the silane treated
fibers improved the heat resistance and degradation temperature of the fibers, which shifted the peak
degradation temperature of cellulose to a higher temperature. Themaximumweight loss at 550 °C for silane
treatedfiberwas 59.13%and theweight loss of untreatedwas 89.91%,while that ofNaOH treatedfiberwas
99.20%, indicating a considerable improvement in the thermal stability, as the silane layer prevented structural
damage to theCGFs [40].

Figure 6.Tensile strength of treated and untreatedCGFs.

Figure 7.TGA curve of untreated and treatedCGF.

Table 2.Tensile properties of untreated and treatedCGFs.

CGF

Diameter

(μm)

Tensile

strength

(MPa)
Elongation at

break (%)

Untreated 117 791 3.1

NaOH treated 108 853 2.9

Silane treated 97 994 2.7
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3.6. SEManalysis
The surfacemorphologies of treated and untreatedCGFswere compared under SEManalysis. Amorphological
microscopic examination is best suited to describe thefiber surface structural changes. Thefiber surface
contributes an important role in increasing the interfacial bonding between the resin and the fibers, which
improvesmechanical properties of composites [46]. Figures 8(a) and (b) show an untreated fiber surface with
many impurities. The surfaces of the fibers could be cleaned, smoothed or roughened through chemical
treatments, such as alkali and silane.

When treating thefiber surface with alkali, the fiber surfaces were roughenedmore than the untreated fibers
by reducing the hemicellulose, lignin and ash, as shown infigures 8(c) and (d) [44]. According to the previous
study, the interfacial bond or strength of the sisalfibers was enhanced between thefiber and thematrix by surface
roughening, aided by alkali treatment [47]. The silane treated CGFs infigures 8(e) and (f) exhibited a rougher
andmore uncontaminated surface than the alkali treatedCGF surfaces. The ethanol/water present in the silane
solution reduced the hemicellulose and pectin partially, and the fiber surface was roughened by chemisorbing
the silanols. According to the results, the alkali and silane treatedfibers recorded bettermechanical properties
than untreatedfibers [3].

4. Conclusions

Anovel reinforcement CGfiberwas extracted and subjected to various testing and characterizations under alkali
and silane-treated conditions. The optimumof 5%was used for the alkali treatment to avoid structural
deterioration of the fiber surface. Amaximum increase of 10% in cellulose was obtained in the silane-treated
condition, whichmay have happened due to the removal of holocellulose, thewaxy layer, and surface impurities.
The removal of hemicellulose was clearly visible through the absence of peaks in the FTIR result. The
crystallinity index for theCGfiberwas found in the following decreasing order: silane (69%)<NaOH
(66%)< untreated (62%). The removal of weak amorphous constituents leads to the exposure of crystalline
structure in the formoffibrils. The tensile strength of silane andNaOH-treated fibers exhibited a 25%and 7%
increase, respectively, in comparisonwith the untreatedCG fiber. Themaximum thermal degradationwas
found in the untreated case compared to alkali and silane-treated CGfibers. Themaximum thermal resistance
was found in the case of silane-treated fibers which is 50%higher at the elevated temperature. Summarizing this
investigation, CGF can be used as a potential reinforcement in various biopolymeric composites that can be used
in the aviation, aerospace, sports, and automotive industries.

Figure 8. SEM images of: (a), (b) untreatedCGF, (c), (d)NaOH treatedCGF and (e), (f) silane treatedCGF.
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