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ABSTRACT: In this work, the impedance spectroscopy study has been carried out for the naturally woven coconut sheath fiber rein-

forced composite with the effect of adding different weight percentages of montmorillonite nanoclay and chemical activation of fiber.

The dispersion mechanism of nanoclay with polyester, and the modification of the fiber surface have been studied by using X–ray dif-

fractogram, transmission electron microscope and scanning electron microscope respectively. Infra-red spectra have also been taken to

study the reactive compounds of treated fibers. The impedance spectrum shows significant improvement in A.C. conductivity, dielec-

tric constant and loss tangent values by the fiber modification, using alkali and silane treatments, due to the structural topography

changes at the fiber surface. The highest dielectric strength was found in alkali-treated coconut sheath/polyester composite due to

increase in orientation polarization by the absorption of moisture content at fiber surface. The addition of different weight percen-

tages of nanoclay with coconut sheath in all the treated conditions shows significant changes in the dielectric properties. VC 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 129: 3746–3756, 2013
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INTRODUCTION

The use of polymer nanocomposites offer incredible opportuni-

ties to develop revolutionary materials in the field of military,

aerospace, electronics, automotive, and commercial applica-

tions.1–3 The incorporation of plant fibrous reinforcements in

thermoset matrix with nanofillers leads to high performance

composite materials having good mechanical properties as well

as suitable for electrical applications. Nowadays natural fiber-re-

inforced composites have been found to be more popular

dielectrics to meet applications, such as suspension insulators,

bushings, studs, sleeves, and switch boards.4 Cellulose-based

fibers as reinforcement in matrices have been used to develop

more innovative products in automobile, construction, chemi-

cal, and paper industries.5–7 Owing to their light weight, less

cost, easy availability, and eco-friendly nature, plant fibers can

be a suitable replacement for synthetic fibers in such applica-

tions, where they are subjected to low load bearing capacity.8–10

Natural plant fibers have a moisture absorbing nature as they

are received from lignocellulose, which is occupied by strongly

polarized hydroxyl groups.11,12 The major drawback of using

natural fibers as reinforcement in hydrophobic resins is that

they provide poor interfacial adhesion, due to poor wettability

between the fibers and matrix. Suitable surface modification of

natural fibers can improve their interfacial adhesion and hydro-

philic character, which in turn, make them more compatible

with thermosetting matrix. The interfacial properties also

strongly affect the characteristics and performance of these com-

posites.13–15

The dielectric properties of natural fiber composites are influ-

enced by many factors, such as the weight percentage of the

fiber, fiber orientation, dispersion of fillers and chemical modifi-

cation of fibers.16,17 The effect of fiber loading on the dielectric

behavior of sisal-low density polyethylene has been studied in

ambient temperature conditions. The authors found that dielec-

tric constant values improved with fiber loading.18 Navin

et al.19 have reported that the dielectric properties are affected

by the orientation of sisal fiber (0 and 90� to the electric field)

with increasing frequency. The interfacial bonding and
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resistance to moisture absorption of natural fiber composites

can be changed by a suitable chemical treatment of the fiber.

Augustine et al.20 have suggested that different types of chemical

treatments can influence the dielectric properties, by creating ef-

ficient interfacial adhesion between sisal and low density poly-

ethylene. The dielectric properties of Roystonea regia fiber rein-

forced epoxy matrix have been reported by Govardhan et al.21 It

was found that the conductivity of alkali-treated composites is

lower than that of untreated composites, and gets increased

with frequency. The enhancement in dielectric properties associ-

ated with the interfacial adhesion of non-woven alfa fiber mixed

with wool fibers, over a temperature range of room temperature

to higher temperature has been studied by Triki et al.22

Only limited research has been carried out on dielectric proper-

ties through chemical modifications of natural fiber reinforced

composite, having short fiber as reinforcement. Therefore, the

need of fiber reinforced composites as dielectrics with better

mechanical strength is essential for suitable industrial applica-

tions. There are no articles reported by the combine effect of

nanoclay and chemical treatment on dielectric behavior of the

coconut sheath fiber reinforced polymer composites. Hence, in

this investigation, the attempt has been tried to study the im-

pedance spectroscopy analysis by the influence of Montmoril-

lonite (MMT) nanoclay as secondary reinforcement in naturally

woven coconut sheath. Impedance spectroscopy is an effective

and versatile technique, to analyze the electrical property of a

composite material, as it distinguishes between the fiber–matrix

interface, dispersion of filler, and chemical treatment of fiber. In

the impedance technique, the real and imaginary parts of im-

pedance of the sample were measured simultaneously, as a func-

tion of frequency. The study of dielectric properties, such as

A.C. conductivity (rac), dielectric constant, loss tangent (tan d)
in this hybrid nanocomposite, will lead to assessing its conduc-

tivity and insulating character for suitable applications.

EXPERIMENTAL

Material

Naturally woven coconut fiber mat is used as a reinforcement,

which is directly extracted from the outer bask of the coconut

tree. Figure 1 shows the sized naturally woven coconut sheath.

It contains thick and thin fibers arranged in a random architec-

ture. Thick fibers are oriented in a fish bone shape, with the

main fiber at the center. The thin fibers are arranged between

thick fibers, which are made into a randomly oriented woven

mat. Unsaturated isophthalic polyester resin was used as a ma-

trix, which was procured from M/s Vasivibala resins (P) Ltd,

Chennai, India. The organically modified MMT clay was

selected as reinforcing filler for strengthening the matrix, and

obtained from M/s Sigma Aldrich (P), Bangalore, India. For

100 g of resin, 1.5 mL of Methyl Ethyl Ketone Peroxide (MEKP)

and Cobalt Naphthenate were taken for curing at room

temperature.

Fiber Modification

Coconut sheaths were cut into the form of mats of 300 mm x

130 mm in size, and were immersed in a 4% NaOH solution at

room temperature. The fiber mats were placed in the alkali

(NaOH) solution for 1 h, and then washed several times with

fresh water until all the NaOH deposition over the fiber surface

was removed. The coconut sheaths were then dried at room

temperature for 24 h followed by hot air oven drying at 80�C
for 1 h. In the case of silane treatment, the pretreated NaOH

coconut sheaths were immersed in 0.5% trichlorovinyl silane

with an alcohol water mixture solution for 30 min. The pH

value of the solution was maintained as 3.5.

Composite Preparation

Different weight percentage inclusions of clay, i.e. x wt % (x ¼
1, 2, 3, and 5) have been added as secondary reinforcement to

coconut sheath reinforced polyester composites. The fabrication

of coconut sheath/MMT clay fiber reinforced hybrid composites

was carried out in two steps. In the first step, the varying

weight percentages of nanoclay were taken with unsaturated iso-

phthalic polyester resin, and the above mixture was uniformly

dispersed with the help of a high speed mechanical shear mixer

at 500 rpm for about two hours with a radial turbine blade;

they have been identified as optimum parameters from the pre-

liminary investigation study.23 The final product collected from

the high shear mixer was allowed for the degassing process. In

the second step, the nanoclay mixture was mixed with a curing

agent and spread over the fiber mat with a steel brush in each

layer, which were placed inside the closed mould of size 300 x

125 x 3 mm3 by keeping one over another, up to six layers (48

6 2 wt %). The mold was first coated with white wax so that

the cured specimen can be taken out of the mold with ease.

The mold was closed by applying 100 kgf/cm2 pressure using a

compression molding machine, and allowed curing at room

temperature for another 24 h. The post curing was also done

for all the composites in hot air oven at 60�C for about 2 h.

Test Sample Preparation

After the composite plates were fabricated, the specimens were

cut according to the dimensions specified in24 for dielectric

studies, in a CNC wood carving machine. The test samples were

cut into pieces of 5 mm diameter. Uniformity of surface was

obtained by rubbing the surface against 600-grade SiC emery.

Figure 1. Architecture of fibers in sized naturally woven coconut sheath.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The circular surfaces of the test samples were coated with con-

ductive silver paste.25,26

Characterization Analysis

An x-ray diffraction (XRD) pattern has been taken with a SHI-

MADZU, XD-DI unit with Cu Ka radiation. Transmission elec-

tron microscope (TEM) measurements were taken by Technai

Sprit, FEI, Netherlands instrument. Scanning electron micros-

copy (SEM) images are taken with a Hitachi S-3000 model. A

Fourier transformer infra-red (FTIR) spectrum was taken to

characterize the chemical modifications of fiber with an infra-

red spectrophotometer (Shimadzu, Japan). Electrical measure-

ments have been taken by means of a computer controlled

HIOKI model 3532 LCZ Meter (frequency range 42 Hz to 1

MHz) at room temperature with silver as an blocking elec-

trode.26,21 The maximum of 6 5 % error was detected in the

dielectric measurements.

RESULTS AND DISCUSSIONS

Chemical Analysis

The chemical analysis of the untreated, alkali- and silane-treated

coconut sheath fiber is presented in Table I. The determination

of the lignin content in the treated coconut sheath was carried

out according to the Klason method.27 According to Kurshner

and Hoffer’s method, the percentage of cellulose content in the

chemically treated coconut sheath was measured.28 The wax

content in the treated coconut sheath was determined following

the method developed by Conrad.29 Based on the procedure

reported by Sreenivasan et al.,30 the moisture content in the

chemically treated coconut sheath was determined. From the ta-

ble it is evident that after NaOH treatment percentage of cellu-

lose considerably decreased. The percentage of moisture and lig-

nin content is higher in the case of alkali-treated fiber,

compared with the silane and untreated coconut sheath due to

the destruction of cellulose structure. NaOH treatment removes

the impurities and wax content in the coconut sheath; further

silane treatment increases the wax concentration, and this may

be due to the presence of trichlorovinyl silane.

IR Spectrum

The IR spectra of the untreated and treated (NaOH, Silane) co-

conut sheath are given in Figure 2. The broad spectrum at 3316

cm�1 is the characteristic band for OAH stretching and the

peak at 2900 cm�1 is the characteristic band for CAH stretch-

ing. The breadth of the peak at 3316 cm�1 is related to OH

stretching for hydroxyl group present in polysaccharide.31 How-

ever, this peak gets broader and less intense in the case of al-

kali-treated fiber. This may be due to the formation of more

OH groups as a result of the breaking of crosslinks of hemicel-

lulose with cellulose after alkali treatment.20 It could have had

more moisture content and ultimately higher polarity on fiber

surface. The peak at 3316 cm�1owing to OAH stretching in the

IR spectrum of the silane-treated coconut sheath is less broad,

than that for the NaOH-treated fiber, and broader than that of

the untreated coconut sheath. As a result of silane treatment,

the hydrophilic nature of the coconut sheath is partially

reduced, and the water content therefore decreases.

Structure and Morphology

Figure 3 displays the XRD pattern of untreated and chemically

treated coconut sheath. From Figure 3 it is observed that the

two peaks situated at 2h ¼ 15.4� and 2h ¼ 22.5� can be

Table I. Chemical Analysis of Naturally Woven Coconut Sheath

Fiber treatment Cellulose content (wt %) Lignin content (wt %) Wax content (wt %) Moisture content (wt %)

Untreated (UTC) 68.36 20.63 0.4062 8.79

Alkali-treated (ATC) 52.89 33.29 0.1224 12.66

Silane-treated (STC) 59.99 26.96 0.2653 11.50

Figure 2. IR spectra of untreated, alkali- and silane-treated coconut

sheath. Figure 3. X-ray diffraction patterns for chemically treated coconut sheath.
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attributed to cellulose I and IV, both of which exhibit a mono-

clinic structure, which was already reported by many

authors.32,33 These two peaks are attributed to the (2 0 0) and

(1 1 0) crystallographic planes.30 The crystallinity index (CI)

was estimated by eq. (1) using the following expression34:

CI ¼ ðI22:5 � I18:5Þ=ðI22:5Þ (1)

where I22.5 is the height of the peak at 2h ¼ 22.5�. This is due
to the contribution of both the amorphous and the crystalline

fractions. I18.5 is the diffracted intensity at 2h ¼ 18.5� and is

attributed to the amorphous fraction. The CI of the alkali-

treated coconut sheath (42%) exhibits the highest percentage of

CI compared with silane (38%) and untreated coconut sheath

(34%). It is evident that NaOH treatment removes the noncellu-

losic amorphous components (hemicelluloses, wax, and impur-

ities) leads to better packaging of cellulose chain and thus

increases the degree of crystallanity in the alkali-treated coconut

sheath. The density of the alkali-treated coconut sheath gets

reduced from 1.3753 g/cm3 (UTC) to 0.9796 g/cm3. This may

be attributed to the increase in the absorption capacity of the

alkali-treated fiber.

Figure 4 shows the X-ray diffractograms of virgin MMT nanoclay-

and clay-filled polyester nanocomposite, with varying weight per-

centages of nanoclay. From the XRD pattern for pure nanoclay, a

definite sharp peak at 4.5� (2h) has been observed and it is attrib-

uted to the (0 0 1) crystallographic plane.3 However, on adding

different weight percentages of MMT nanoclay with the polyester

nanocomposite, it shows a completely amorphous nature, due to

the uniform distribution of nanoclay. This shows that the inter-

layer distance of organically modified clay layers are expanded,

and randomly dispersed in the matrix. So that it forms interca-

lated/exfoliated structure of the nanocomposite.

Figure 5 shows the TEM images of different weight percentages

of MMT nanoclay with the polyester matrix. [Figure 5(a–d)]

show the separation of the clay platelet (1, 2, and 3 wt %) of

MMT nanoclay in polyester by means of beach mark patterns,

which attributed to the formation of intercalated/exfoliated

structure. The distance between the clay platelets gets increased

by the delamination at lower clay content from the clay tactoid

sheet. When the wt % of MMT nanoclay (5 wt %) increases the

presence of clay aggregates have been noticed from the appear-

ance of a dark black band river pattern [Figure 5(d)]. This

could happen due to the immobility of clay in a highly viscous

clay mixture, and it was constrained by the presence of the sur-

rounding clay platelets.

Figure 6 shows the SEM images of an untreated (UTC), alkali-

treated (ATC) and silane-treated (STC) coconut sheath. The

presence of a waxy layer over the coconut sheath leads to a lack

in bonding between the fiber and the resin. The SEM image

with higher magnification [Figure 6(a)] reveals the presence of

curling white colored ribbon like layers which are termed as

waxy layers. The presence of waxy layers over the fiber prevents

the formation of a strong interface between the fiber and resin.

NaOH treatment has been done before silane activation to

remove the waxy layer, and to create a rough surface over the

fiber. This roughness could be observed in Figure 6(b). It can

provide better mechanical interlocking between the fiber and

matrix due to the exposure of a large contact surface. On the

other hand, a coating of thin film deposition over the surface of

silane-treated coconut sheath could be seen in Figure 6(c). Once

the surface of the coconut sheath was covered by a thin film of

trichlorovinyl silane, it promotes a good adhesion between the

fiber and the polyester matrix. It leads to a strong covalent

bond, which could happen by the good physical adhesion. Con-

sequently, it can improve the adhesion force and surface energy

at the fiber-matrix interface.5,7

To study the morphology of the individual fiber in the coconut

sheath, the SEM photographs were taken with higher magnifica-

tion. Figure 7 shows the SEM micrograph of the individual (a)

UTC, (b) ATC and (c) STC thick fiber. The deposition of

impurities and white dot circular protrusions were seen in the

surface topology of the untreated thick fiber [Figure 7(a)]. After

the NaOH treatment, the impurities are removed and it is

attributed to the formation of a rougher surface on the fiber

[Figure 7(b)]. From Figure 7(b), it was also seen that a large

number of circular pores is present on the surface, which is

obtained from the removal of protrusions after the treatment.

These pores can enhance the hydrophilic nature of the alkali-

treated fibers by means of the water absorbing molecules. The

separation of loosely bonded polished fiber structure with a

thin film deposition was observed in silane-treated condition as

shown in Figure 7(c). The removal of cementing material like

waxy and artificial impurities exposes the segregation of fibers

in fiber bundle called as fibrillation.22 It induces an increase in

surface area available for contact with silane. Thus better fiber/

matrix interface adhesion has occurred. This silane coating

could shield the voids over the pretreated NaOH fiber surface.

Hence, the water sorption in silane-treated fiber gets lesser than

in the NaOH-treated fiber and higher than in the untreated co-

conut sheath, and this was already confirmed from the percent-

age of the moisture content in chemical analysis (Table I). The

density values for untreated (1.013 g/cm3), alkali-treated (1.1305

g/cm3) and silane-treated (1.099 g/cm3) composites were identi-

fied for without clay condition.

Figure 4. X-ray diffraction patterns for polyester and clay-filled polyester

composite.
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Impedance Spectra Analysis

Figure 8 shows the Cole-Cole plot of all three specimens (UTC,

ATC, and STC) with and without the addition of nanoclay.

According to the Figure 8(a), a single semicircle in the high fre-

quency region followed by low frequency spike was found for

ATC and STC samples in without clay condition. In the case of

UTC samples only a semicircle was obtained in high frequency

region. It may happen due to the reduction in the carrier mobil-

ity. The same kind of observations was also reported by Anna-

purna et al.26 on sisal fiber reinforced polyester composites. For

all spectra the semicircle with their centre lying below the real

axis indicates the non-debye type relaxation in the material before

and after treatment due to distribution of relaxation times.35,36

Conductivity Spectra Analysis

Figure 9(a) depicts the variation of A.C. conductivity of UTC,

ATC, and STC coconut sheath at room temperatures. The spec-

tra of two specimens (ATC, STC) exhibit ‘‘two well- defined

regions’’. From Figure 9(a) it is clear that the A.C. conductivity

depends strongly on the treatment of the coconut sheath.

Because of the restricted motion of the hydroxyl ions and other

cuticle waxy layers in the untreated fiber surface represents the

A.C. conductivity region. NaOH-treated and silane-treated co-

conut sheaths show higher conductivity when compared with

the untreated sample. Owing to chemical modification the waxy

layers are removed, and this ensures better structure formation

at the fiber surface. Hence, it results the variations in dielectric

behavior due to the network formation by the packing of mate-

rials with different density. The different type of treatment

increases the transition from the D.C. plateau to an A.C. con-

ductivity dispersion region, shifting towards the higher fre-

quency range when compared with the untreated one. This

could be owing to the increase in carrier mobility at the inter-

face between the high polarity-treated coconut sheath fiber and

polyester matrix.37 The dispersion region is characterized by the

random hopping of mobile ions. Figure 9(b–d) shows the varia-

tion of the ac conductivity of the addition of different weight

percentages of nanoclay with UTCþ x wt %, ATCþ x wt % and

STCþ x wt % coconut sheaths at room temperatures. The addi-

tion of MMT nanoclay can influence the A.C. conductivity in

ATC and STC reinforced composites than that of UTC compo-

sites. Whereas, in the case of UTC only the small variation was

Figure 5. Transmission electron microscopy images of nanoclay-filled polyester composite (a) 1 wt % (b) 2 wt % (c) 3 wt % (d) 5 wt %. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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noticed with the addition of clay. It could be due to the hinder-

ing effect of waxy layers over the conductive interfacial regions.

It is reported that the electrical conductivity38 is mostly affected

by the presence of the two interfacial layers in the polymer

Figure 6. The SEM image of (a) UTC, (b) ATC and (c) STC coconut

sheath. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.] Figure 7. The SEM images of individual (a) UTC, (b) ATC, and (c) STC

thick fiber. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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nanocomposites. Due to the formation of an electrically con-

ductive interface, these free charge carriers will be moving in

the bulk of the material rather than accumulate at the interface

region. For the untreated coconut sheath, the addition of nano-

clay will enhance the conductivity due to the randomly oriented

delamination of the nanoplatelet with the waxy layer. The high-

est conductivity is achieved by the addition of a lower weight

percentage of clay content (< 3 wt %) and further addition can

decrease the conductivity, but not lesser than the unfilled clay

composite. This could happen due to the agglomeration of clay

platelets [Figure 5(a,d)] and it can act as a barrier of the charge

mobility by creating a torturous path that could decrease the

conductivity. The amount of liquid absorbed by the coconut

sheath varies with the nature of the chemical treatment. It is

also realized that the moisture uptake of NaOH-treated coconut

sheath is higher than that of silane and untreated samples. The

presence of pores in the SEM image as shown in Figure 7 of

NaOH-treated coconut sheath fiber could be the probable rea-

son for absorbing more moisture content compared to UTC. In

most of the cases the conductivity values are decreased for dif-

ferent weight percentages of nanoclay added to the NaOH-

treated coconut sheath. This is possibly due to the decreased

hydrophilicity of the NaOH-treated coconut sheath. This may

have happened owing to the nanoclay platelets in the polyester

resin diffusing into the voids of the fiber surface, and hence the

possibility of further liquid penetration is reduced. Geethamma

et al.39 have reported that the sorption of alkali-treated coir

fiber is higher in distilled water than in artificial seawater. They

also suggested that salt particles in artificial seawater diffuse

into the voids of the compound, and in turn, the chances of

additional water absorption are reduced.

The Experimental data of Figure 8(a–d) is found to obey

Jonscher’s power law.40 The Jonscher’s power law equation may

be written as

rðxÞ ¼ rdc þ Axn (2)

where n is the frequency exponent in the range 0 < n < 1.

Both rdc and A are constants. The frequency-independent

conductivity is observed in the low frequency region, which

indicates the dc conductivity of the material. In the high fre-

quency region, the power law feature r (x) a Axn is observed.

Dielectric Analysis

The frequency dependent electric parameters such as the com-

plex dielectric constant (er) and the tangent loss factor (tan d)
can be related to the dielectric constant (er) expressed in the

complex formalism

e� ¼ e0 � je00 ¼ 1=ðjxCoZ�Þ (3)

Figure 8. Cole-Cole plots for the composite in different conditions (a) UTC, ATC, and STC coconut sheath. The addition of different weight percentages

of nanoclay with (b) UTCþ x wt %, (c) ATCþ x wt% and (d) STCþ x wt% coconut sheath at room temperatures.
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tan d ¼ e00=e0 (4)

where e0 is the real part of complex permittivity or dielectric

constant and e00 is the imaginary part of the dielectric permittiv-

ity or dielectric loss, Z* is the complex impedance, Co is the vac-

uum capacitance of the empty measuring cell, x (x ¼2pf where f
is the frequency) is the angular frequency and j ¼ (�1)1/2.

Figure 10(a–d) shows the variation of the dielectric constant for

UTC, ATC, and STC coconut sheaths and the addition of differ-

ent weight percentages of nanoclay with UTCþ x wt%, ATCþ x

wt% and STCþ x wt% coconut sheaths at room temperatures.

Generally, the dielectric constants of the natural fiber reinforced

polymer composites depends on the atomic, electronic, interfa-

cial, and orientation polarization.41 The effect of atomic and

electronic polarizations are seen only at high frequencies. The

influence of interfacial polarization arises in low frequency

region due to the heterogeneity of composites. Hence, the

dielectric constant value can be explained in terms of interfacial

polarization. The observed variation in dielectric constant with

frequency could be attributed to the formation of a space charge

accumulation at the fiber/matrix interfaces.42 The dielectric con-

stant was found to decrease sharply at low frequencies, followed

by an intermediate plateau, and a leveling off at higher frequen-

cies. At high frequencies, due to high periodic reversal of the

field at the interface, the contribution of charge carriers towards

the dielectric constant decreases with increasing frequency. The

effect of orientation polarization and interfacial polarization will

depend upon the chemical treatment of fibers. Hence, the

chemical treatment of coconut sheath increases the dielectric

constant in low frequencies. It is clear from Figure 10(a), that

the NaOH-treated coconut sheath shows higher dielectric con-

stant at low frequency, when compared with the silane-treated

and untreated coconut sheath. The possible reason for the high

dielectric constant is due to NaOH treatment and it can remove

the waxy layer and impurities, to create a rough surface over

the fiber. In the NaOH-treated composite, the decrease in the

dielectric value is observed to be higher for low frequencies and

lower for high frequencies, compared to the other two cases. In

NaOH treatment, the fiber / matrix interfacial adhesion was

improved through proper bonding between the effective surface

area of the coconut sheath and resin. The exposure of the

increased surface roughness leads to fiber fibrillation in the co-

conut sheath after the NaOH treatment. In NaOH-treated com-

posites, the number of interfaces is greater due to the seperation

of fibers from the fiber bundle. Hence, the contribution of

interfacial polarization is increased, and, therefore, the dielectric

constant values are maximum. The alkali solution influences

not only the noncellulosic components but also the cellulosic

Figure 9. The variation of AC conductivity with angular frequency for (a) UTC, ATC, and STC coconut sheath. The addition of different weight percen-

tages of nanoclay with (b) UTCþ x wt %, (c) ATCþ x wt %, and (d) STCþ x wt % coconut sheath at room temperatures.
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components inside the plant fibers.43 In alkali treatment much

of the swollen cellulose frequently does not recrystallizes result-

ing in a large fraction of disordered amorphous cellulose at the

expense of crystalline cellulose.43,44 However, the relative wt %

of amorphous cellulose should be less than that of the crystal-

line cellulose.44 This amorphization of cellulose might be also

responsible for more hydroxyl group in fiber surface. Fraga

et al.45 have reported that dielectric constant of natural fiber re-

inforced polymer composites increased with the liquid uptake.

In the alkali-treated condition, the dielectric strength values are

decreased with the addition of different weight percentages of

nanoclay. This is due to the decreased possibility of liquid

uptake in the NaOH-treated coconut sheath/clay nanocompo-

site. However, lower dielectric constant values are obtained for

alkalized silane-treated composites, as compared to the NaOH-

treated composites, as shown in Figure 10(d). The reason for

the lower dielectric constant for the silane-treated coconut

sheath was the formation of silanol groups, obtained by the

reaction between the hydroxyl groups and trichlorovinyl silane

at the fiber surface. The silane coupling agent diffuses into the

cell wall through voids, and is coated in the interfibrillar region

as shown in Figure 6(c). Hence, silane can act as a bridge

between the fiber and matrix and create good fiber/matrix adhe-

sion. This strong interfacial bond changes its hydrophilic nature

and decreases the dielectric constant, compared to the NaOH-

treated condition. The same trend was also observed in the

dielectric property with the addition of nanoclay in all types of

composites. The lower dielectric strength was noticed for 2 wt

% of nanoclay addition in alkali-treated coconut sheath rein-

forced composite, and hence, it possesses enhanced mechanical

properties.46

Dielectric Loss Factor (d)

Tan (d), termed as the loss tangent, is the measure of power

lost by a material. Like dielectric strength the loss tangent also

decreases with an increase in frequency in all types of compo-

sites. The variation of the loss tangent tan (d) with angular fre-

quency at room temperature is given in Figure 11. The pattern

of variation is characterized by the occurrence of well defined

peaks, which shift to higher frequencies with NaOH treatment,

when compared with silane-treated and untreated coconut

sheath. These loss peaks and their shifts with treatment, suggest

a dielectric relaxation phenomenon in the material. Also, the

shifting of peaks toward the higher frequency sides with treat-

ment can be attributed to a gradual decrease in resistance with

increasing frequency. Figure 11(a) presents the variation of the

Figure 10. The variation of the dielectric constant for (a) UTC, ATC, and STC coconut sheath. The addition of different weight percentages of nanoclay

with (b) UTCþ x wt %, (c) ATCþ x wt % and (d) STCþ x wt % coconut sheath at room temperatures.
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dissipation factor in chemical modifications. A large increase in

the loss tangent was noticed in NaOH-treated composites,

which is probably due to the increased orientation polarization

by the formation of moisture clusters at the voids of the fiber

surface. In general, crystallinity results in a decreased dissipation

factor, due to less amount of heat release.47 However, we found

an increase in the loss tangent value for NaOH-treated compo-

sites where it possesses a high crystallinity index compared to

the other two cases. It is realized that the dissipation factor not

only depends upon crystallinity, but is also affected by the pres-

ence of the hydroxyl groups. The increase in percentage of the

polar groups was identified in alkali-treated fiber due to voids

and amorphous cellulose. The variation of the dissipation factor

with frequency as an addition of different wt % of nanoclay is

presented in Figure 11(b–d) for untreated, NaOH- and silane-

treated composites. In the case of NaOH-treated composites,

the addition of clay can reduce the dissipation factor due to

decrease in hydroxyl groups by the prevention of micro-cavities.

But only the anomalous trend was noticed with the varying wt

% of clay addition. It could be due to the change in state of

combined morphology of intercalated and exfoliated structure

with varying wt % of clay addition. In the case of silane

treatment, the coating and interlocking of silane over the fiber

surface can increase the dissipation factor with the addition of

nanoclay. It may be due to the decreasing percenatge of pores

over the fiber surface by the silane coating. Similar to ATC

composites, the nonlinear trend was also been observed in sil-

ane-treated condition with respect to the wt % of nanoclay.

CONCLUSIONS

The coconut sheath/clay reinforced hybrid nanocomposites was

successfully fabricated by the compression molding technique.

X–ray diffractogram (XRD), Transmission electron microscope

(TEM), and Scanning electron microscope (SEM) have been

used and the results show the exfoliated/intercalated clay struc-

ture of the polyester nanocomposites. In all the composites, the

dielectric constant decreased with frequency upon chemical

modifications. The maximum increase in dielectric properties

such as, A.C. conductivity, dielectric constant, and loss tangant

was observed in NaOH-treated composites at lower frequency

region than that of silane and untreated composites. This

implies that the increase in polar groups and conductive net-

work at interfaces can arises the orientation and interfacial

Figure 11. The variation of loss tangent tan (d) for (a) UTC, ATC, and STC coconut sheath. The addition of different weight percentages of nanoclay

with (b) UTCþ x wt %, (c) ATCþ x wt %, and (d) STCþ x wt % coconut sheath at room temperatures.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39149 3755



polarization after the NaOH treatment. The addition of nano-

clay increases the dielectric behavior in untreated coconut

sheath reinforced composites, whereas it decreases in the alkali-

and silane-treated coconut sheath reinforced hybrid composites.

The nonlinear trend was observed in varying weight percentages

of clay in all treated composites. From this research, it is

revealed that coconut sheath reinforced polyester composites

not only act as insulators in as-received condition, but also ex-

hibit charge holding conduction in composites fabricated with

alkali-treated coconut sheath, filled with 2 wt % of clay.
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