

Abstract—Natural sodium montmorillonite (NaMMT), Cloisite

Na+ and two organophilic montmorillonites (OMMTs), Cloisites 20A
and 15A were used. Polycaprolactone (PCL)/MMT composites
containing 1, 3, 5, and 10 wt% of Cloisite Na+ and PCL/OMMT
nanocomposites containing 5 and 10 wt% of Cloisites 20A and 15A
were prepared via solution intercalation technique to study the
influence of organic modifier loading on particle dispersion of PCL/
NaMMT composites. Thermal stabilities of the obtained composites
were characterized by thermal analysis using the thermogravimetric
analyzer (TGA) which showed that in the presence of nitrogen flow
the incorporation of 5 and 10 wt% of filler brings some decrease in
PCL thermal stability in the sequence: Cloisite Na+>Cloisite 15A >
Cloisite 20A, while in the presence of air flow these fillers scarcely
influenced the thermoxidative stability of PCL by slightly
accelerating the process. The interaction between PCL and silicate
layers was studied by Fourier transform infrared (FTIR) spectroscopy
which confirmed moderate interactions between nanometric silicate
layers and PCL segments. The electrical conductivity (σ) which
describes the ionic mobility of the systems was studied as a function
of temperature and showed that σ of PCL was enhanced on increasing
the modifier loading at filler content of 5 wt%, especially at higher
temperatures in the sequence: Cloisite Na+<Cloisite 20A<Cloisite
15A, and was then decreased to some extent with a further increase to
10 wt%. The activation energy Eσ obtained from the dependency of σ
on temperature using Arrhenius equation was found to be lowest for
the nanocomposite containing 5 wt% of Cloisite 15A. The dispersed
behavior of clay in PCL matrix was evaluated by X-ray diffraction
(XRD) and scanning electron microscopy (SEM) analyses which
revealed partial intercalated structures in PCL/NaMMT composites
and semi-intercalated/semi-exfoliated structures in PCL/OMMT
nanocomposites containing 5 wt% of Cloisite 20A or Cloisite 15A.

Keywords—Polycaprolactone, organoclay, nanocomposite,
montmorillonite, electrical conductivity, activation energy,
exfoliation, intercalation.

I. INTRODUCTION

ILLING polymers with particles have been widely used as
a method of improving the mechanical properties of the

resulting composite materials, such as heat distortion
temperatures, hardnesses, toughnesses, and mould shrinkages,
as well as their fire resistances and electrical, and thermal
conductivities; at high filler contents (sometimes>50 wt%) [1].
Such high filler levels increase the density of the product and
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can cause deterioration in these properties through interfacial
incompatibility between the filler and the organic matrix [2].

Polymer nanocomposites represent a new class of polymeric
materials [3], [4] that combine the properties of the
nanoparticles (mechanical strength, modulus, and thermal
stability) with processability and the flexibility of the organic
polymer matrix [5]. These materials are particle filled
polymers in which at least one dimension of the dispersed
particles (i.e. length, width, or thickness) is in the nanometer
range. Therefore, more interfacial interactions between the
nanoparticles and the polymer matrix are expected. This will
lead to improved thermal and mechanical properties for the
related composite materials at much low filler contents, 3-5
wt% of the nanosized filler.

The most successful results have been obtained when using
layered silicates (Fig. 1) [6] as nanofiller precursors,
especially montmorillonite [7] (MMT), a mica-type silicate
that consists of sheets arranged in a layered structure. It is
widely used in a range of applications due to its high
achievable surface area (about 750 m2/g), platelet thickness of
1 nm, high cation exchange capacity, swelling capacity, and
resulting strong adsorption/absorption capacities [8]. Due to
the incompatibility between the hydrophilic layered silicates
and hydrophobic polymer matrices, the individual platelets are
not easily separated and dispersed in the organic polymer
phase. Ion-exchange of the hydrophilic cations residing in the
interlayer galleries space (e.g. Na+) with various organic
cations such as alkylammonium salt is needed in order to
provide a partial hydrophobic character (organophilicity) to
the originally hydrophilic silicate surfaces [9]. Intercalation of
organic modifiers between silicate layers not only changes the
surface properties from hydrophilic to hydrophobic, but also
greatly increases the basal spacing of the layers [8]. These
organic modifiers, therefore, lower the surface energy of
silicate layers and enhance the miscibility between the silicate
layers and the polymer matrix. By mechanically mixing it with
the polymer matrix, the organically modified clay can be
dispersed into small silicate stacks, or even into single
platelets with a high aspect ratio (width to thickness). The
resulting nanocomposites show large improvements in barrier
properties [10], flame resistance [11], and dimensional
stability, as well as in mechanical properties such as tensile
strength, tensile modulus, and heat distortion temperature;
without any significant loss of optical transparency, toughness,
and impact strength [6], [12].
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Polymer nanocomposites have gained growing scientific
and practical interest in the materials science community over
the past decade due to their unique mechanical, optical,
electrical, and magnetic properties; resulting from the
homogeneous dispersion of ultrafine individual silicate
platelets throughout the polymer matrix on a nanoscale. One

of the main research and development domains, in which they
are used, is the fabrication of nanocomposites for the
electronics industry, where the rapid progress in computing
technology always demands smaller components. Nano-
technology utilizes objects with particle sizes from less than
one up to hundreds of nanometers [13].

Fig. 1 The structure of a layered silicate [6]

Fig. 2 Possible polymer-layered silicate structures [6]

The literature contains numerous studies concerning
polymer nanocomposites based on various polymer matrices
such as nylon 6 [14], epoxy resin [15], silicone rubber [16],
polypropylene [17], polyethylene [18], poly(ethylene oxide)
[19], PCL [20], polyimide [21], polyurethane [22], poly(vinyl
chloride) [23], polystyrene [24], and poly(methyl
methacrylate) [25].

Because the interaction between the polymer matrix and the
nanoclay plays an important role in determining the phase-
separation behavior and final morphology, it is important to
determine whether the nanoclay intercalates or exfoliates in
the polymer matrix (Fig. 2) [6]. The intercalated structure is a
well-ordered multilayered structure of silicates, where the
polymer chains are just inserted into the interlayer spaces. On
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the other hand, the exfoliated/delaminated structure is more
preferred for the maximum reinforcement of various
properties, where the individual silicate layers in the
nanometer range are uniformly dispersed in the polymer
phase, and are no longer close enough to interact with one
another [26]. Exfoliated nanocomposites usually provide the
best property enhancement due to the large aspect ratio and
surface area of the clay [27].

PCL is a semi-crystalline biodegradable, linear resorbable
aliphatic polyester, whose repeat units are bonded via ester
linkages, which are susceptible to hydrolysis when PCL is
subjected to biodegradation. PCL is currently being studied for
applications in agriculture, biomedical devices,
pharmaceutical controlled release systems, and in
biodegradable packaging purposes [28], [29]. The main
drawback of PCL is its low melting point (65 ºC) which can be
overcome by blending it with other polymers [30], [31] or by
radiation cross-linking processes, resulting in enhanced
properties for wide range of application [32]. The main
limitations of PCL towards its wider industrial application are
also its poor thermal and mechanical resistances and limited
gas barrier properties [33]. These draw backs can be overcome
by the addition of a small quantity of an environmentally
benign material such as nano-sized fillers. Concerning all the
potential nanocomposite precursors, those based on layered
silicates have been the most extensively studied [34], [35] due
to their availability and low cost. Several authors [36], [37]
have recently reported the preparation and characterization of
PCL-based nanocomposites with modified and unmodified
MMTs; achieving greatly improved thermal, mechanical, and
barrier properties compared with pristine PCL.

This article describes the preparation of three kinds of PCL-
based composites and the thermal stability and FTIR
spectroscopic investigations of the obtained products. The
effects of adding 1, 3, 5, and 10 wt% of Cloisite Na+ and 5 &
10 wt% of Cloisite 20A and Cloisite 15A on the electrical
conductivity of PCL are also examined. A study of the
activation energy Eσ of the PCL and its composites has been
carried out. Furthermore, morphological studies of PCL
composites have been conducted using XRD and SEM
techniques.

II. EXPERIMENTAL

A. Materials
In this work, PCL (6-caprolactone polymer) obtained from

Sigma-Aldrich Co. (product of Japan), having average Mw of
14.000 and average Mn of 10.000 by GPC was employed.
MMT obtained from Southern Clay Products (Gonzales, TX,
USA) was used as nanofiller. Its silicate layers are
approximately 200 nm long and 1 nm thick, and the interlayer
spacing between its stacked layers, denoted d001, is about 1 nm
[38]. Two different types of MMT were used: Cloisite Na+, a
natural MMT modified for higher Na content and two
organophilic OMMTs, Cloisites 20A and 15A which are types
of Cloisite Na+ that has been modified with a quaternary
ammonium salt. The organic modifier of Cloisites 20A and

15A is dimethyl dihydrogenated tallow ammonium cation, at a
loading of 90 and 125 meq/100 g clay, respectively (Fig. 3),
where tallow is ~ 65% C18H37; ~ 30% C16H33; ~ 5% C14H29.
The long chain alkyl groups are used commonly in
organoclays since they are within the range of favourable
lengths for expanding the interlayer spacing and improving
compatibility between the polymer matrix and the normally
hydrophilic clay surface [39]. The alkyl groups of the organic
modifier can also form van der Waals interactions with PCL
soft segments [40].

Fig. 3 Chemical modifier of Cloisites 20A and 15 A

Preparation of PCL/Clay Composites
PCL/composites were prepared by the solution intercalation

technique. Initially, PCL was dissolved in chloroform (AR) at
a concentration of 0.1 g/mL. A predetermined amount of well-
dried Cloisitie Na+, Cloisite 20A, or Cloisite 15A was
dispersed in 50 mL of chloroform and stirred by a magnetic
stirrer for 1.5 h. The clay suspension was then sonicated for
0.5 h using a Branson Sonic Power s125 sonicator. This
dispersion was added portionwise to the PCL solution and
stirred vigorously at 60 °C for 1 h. The resulting PCL/clay
solution was poured into a Petri dish and the PCL/clay
composite was obtained after complete removal of
chloroform. The thicknesses of the resulting PCL composite
films ranged from 0.2 to 0.3 cm. The clay content of the
produced film was 1, 3, 5, and 10 wt% of Cloisite Na+ &5 and
10 wt% of Cloisite 20A or Cloisite 15A with respect to PCL.

B. Methods of Testing

1. TGA
The thermal stability of the prepared composites was

studied using a TGA. All TGA spectra were recorded under a
nitrogen and air atmosphere up to 500 °C using a programmed
rate of 10 °C/min.

2. FTIR Spectroscopy
FTIR spectra were conducted by a Perkin-Elmer 1650 FTIR

spectrophotometer using the KBr disk technique and the
solvent used is toluene or chloroform. The FTIR spectrum was
recorded at wave length of 500 to 4000 cm-1 and transmittance
% from 40 to 100.

3. Electrical Conductivity
The electrical conductivity (σ) was calculated using:

σ = L/Rdc A                                        (1)

CH3

N+

HT

HTCH3
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where L is the thickness of the sample in cm and A is its
surface area in cm2, while Rdc is the resistance in ohm.

The samples took the form of discs, 5 cm in diameter and 3
mm thick. The measurements were carried out at temperatures
ranging from 25 to 55 oC using an ultrathermostat.

4. XRD Measurements
XRD patterns were obtained using a Siemens (Berlin,

Germany) D500 diffractometer with a back monochromator
and a Cu anticathode (step: 0.02º; step time: 1 s, temp.: 25 °C).
Special attention was paid to the low 2θ region for accurate
determination of d001 (i.e. the organoclay d-spacing).

5. SEM Testing
Phase morphology was studied using a JSM-5300 (JEOL,

Tokyo, Japan) SEM. For scanning electron observations, the
surface of the polymer was mounted on a standard specimen
stub. A thin coating (~ 10-6 m) of gold was deposited into the
polymer surface and attached to the stub prior to SEM
examination in the microscope to avoid electrostatic charging
during examination.

III. RESULTS AND DISCUSSION

A. TGA
The thermal stabilities of the prepared composites were

studied using TGA, where the weight loss due to the formation
of volatile products after degradation at high temperature is
monitored in function of a temperature ramp. PCL composites
are characterized by a single weight loss with the beginning of
the degradation shifted to much higher temperature. When the
heating is operated under an inert gas flow (nitrogen, helium,
...), a non-oxidative degradation occurs while the use of air or
oxygen allows to follow the oxidative degradation of the
sample. The thermal degradation of PCL in inert atmosphere
takes place through the rupture of the polyester chains via
ester pyrolysis reaction with the release of CO2, H2O, and a
carboxylic acid. In the case of polyester chains such as PCL,
pyrolysis provokes chain cleavages randomly distributed
along the chain and when two pyrolysis reactions occur with
neighboring ester functions, one of the reaction products is 5-
hexenoic acid [41]-[43].

The thermogravimetric behavior could be used as a proof of
the interactions between the organic medium and the inorganic
nanoplatelet surfaces. The results of TGA of the pristine PCL
and PCL composites in the presence of nitrogen flow are
shown in Figs. 4-6. The thermal stabilities of PCL and its
composites from the TGA thermograms in nitrogen flow show
that the temperature at which the PCL decomposition rate is
highest is 410.83 °C. Fig. 4 shows that the introduction of 1
wt% and 3 wt% of Cloisite Na+ into PCL slightly improves its
thermal stability from 410.83 °C to 415.86 °C and 413.78 °C,
respectively. At higher filler contents (5 wt% and 10 wt%), the
thermal stabilization slightly decreases to 408.03 °C and
404.48 °C, probably as a result of the increased catalyzing
effect of the clay itself toward the degradation of the PCL
matrix [18]. Indeed, the incorporation of 5 wt% of Cloisite
15A and Cloisite 20A as shown in Figs. 5, 6 brings some

decrease in PCL thermal stability from 410.83 °C to 394.11 °C
and 385.23 °C, respectively and reaches 368.30 °C and 370.04
°C on further increasing the filler content to 10 wt%. This
decrease in the thermal stability may be due to the moderate
dispersion of Cloisite 15A or Cloisite 20A in PCL matrix
which results from the moderate PCL/organoclay interactions
according to FTIR and XRD results.

Fig. 4 TGA thermograms of PCL and PCL/1,3,5, 10 wt% Cloisite
Na+ composites in nitrogen atmosphere

Fig. 5 TGA thermograms of PCL and PCL/5,10 wt% Cloisite 20A
nanocomposites in nitrogen atmosphere

Fig. 6 TGA thermograms of PCL and PCL/5,10 wt% Cloisite 15A
nanocomposites in nitrogen atmosphere

It has been reported in [44] that the introduction of very
small amounts (1 wt%) of organophilic inorganic material
improves the thermal stability of PCL matrix in the presence
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of nitrogen, delaying the polymer weight loss; while an
increase in the organoclay loading destabilizes the polymer
matrix by decreasing the temperature of the decomposition
initiation. This may be attributed to the rise of the organic
modifier’s content, which exhibits a reduced onset
decomposition temperature compared with the pristine
polymer [45]. Apparently, the layered silicates catalyze PCL
pyrolysis due to the catalytic action of the clays, resulted from
the presence of Lewis acidic sites [46] which are created upon
organic modifier degradation. As a result, the thermal
resistances of PCL/organoclay nanocomposites are lower than
that of pristine PCL, especially those having higher
organoclay loading i.e., higher organic modifiers content.

Fig. 7 TGA thermograms of PCL and PCL/1,3,5,10 wt% Cloisite Na+

composites in air atmosphere

Fig. 8 TGA thermograms of PCL and PCL/5,10 wt% Cloisite 20A
nanocomposites in air atmosphere

Fig. 9 TGA thermograms of PCL and PCL/5,10 wt% Cloisite 15A
nanocomposites in air atmosphere

Thermal degradation studies were also performed in the
presence of air flow. Even though it has been reported [47],
[48] that the presence of well-dispersed inorganic platelets
usually delays the diffusion of oxygen from the air to the
polymer mass and retards the escape of the volatile products
produced during decomposition, thereby improving the
polymer stability, in the present case, the introduction of the
silicate sheets leads to an increase in the rate of PCL mass
volatilization and hence, to a decrease in PCL thermal
stabilization, as illustrated in Figs. 7-9. For instance, Fig. 7
shows that for Cloisite Na+, the thermal stability of PCL
increases from 429.55 °C to 436.91 °C and 433.49 °C at filler
contents of 1 wt% and 3 wt%, respectively and then decreases
to 425.54 °C and 420.32 °C at higher filler contents (5 wt%
and 10 wt%). Figs. 8, 9 also show that for Cloisite 15A and
Cloisite 20A, PCL thermal stability decreases from 429.55 °C
to 409.36 °C and 402.48 °C, respectively at organoclay
loading of 5wt% and then decreases to 370.90 °C and 366.96
°C at 10 wt% loading. It is apparent from these results that the
thermal stabilities of PCL and its composites are higher in the
presence of air than those in the presence of nitrogen. This
means that thermal degradation to volatile products takes
place at a lower temperature in the presence of oxygen than
that in the presence of nitrogen. These results indicate that
Cloisite 15A and Cloisite 20A scarcely influence the
thermoxidative stability of PCL by slightly accelerating the
process [49].

In conclusion, in the presence of nitrogen and air, the
incorporation of filler brings some decrease in PCL thermal
stability in the sequence: Cloisite Na+> Cloisite 15A> Cloisite
20A, and with higher values of thermal stability in presence of
air.

B. FTIR Spectroscopy
Figs. 10, 13, or 15 and 14 or 16 show the FTIR spectra of

pristine PCL, Cloisite 20A or Cloisite 15A and PCL/5 wt% of
Cloisite 20A or Cloisite 15A nanocomposite, respectively. As
seen in Figs. 13 or 15, five new absorption peaks are found at
2923.33 or 2923.36 cm-1, 2851.80 or 2852.24 cm-1, 1471.44 or
1471.35 cm-1, 725.51 or 723.62 cm-1, and 1376.53 or 1372.66
cm-1 in the FTIR spectrum of Cloisite 20A or Cloisite 15A.
The absorptions at 2923.33 or 2923.36 cm-1 and 2851.80 or
2852.24 cm-1 can be attributed to asymmetric and symmetric
stretching vibrations of C-H bands, whereas the absorption at
1471.44 or 1471.35 cm-1 and 725.51 or 723.62 cm-1 can be
attributed to the CH2 methylene bending and rocking
vibrations, and the absorption at 1376.53 or 1372.66 cm-1 can
be attributed to CH3 vibration [18], [50], [51]; indicating that
the organic modifier of Cloisite 20A or Cloisite 15A has been
exchanged into the galleries of the silicate layers of Cloisite
Na+ (NaMMT), Fig. 11.

Figs. 12, 14, or 16 show that PCL/5 wt% of Cloisite Na+

composite, PCL/5 wt% of Cloisite 20A, or Cloisite 15A
nanocomposite have similar bands to those characteristic of
MMT: 1046.95, 1045.44, or 1044.90 cm-1; 520.50, 521.02, or
520.57 cm-1; and 458.57, 458.22, or 457.31 cm-1,
corresponding to the stretching vibration of Si-O-Si, the
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stretching vibration of Al-O, and the bending vibration of Si-
O, respectively [52], [53]. These bands indicate that the PCL
chains have intercalated into the gallery of layered silicates
[54]. It has also been found that the positions of peaks from
distinctive functional groups are nearly identical in both

pristine PCL (Fig. 10) and PCL/Cloisite 20A or Cloisite 15A
nanocomposite (Figs. 14 or 16), which means that the
segmented structure of PCL is not affected by the presence of
organoclay [55].

Fig. 10 FTIR spectrum of PCL

Fig. 11 FTIR spectrum of Cloisite Na+
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Fig. 12 FTIR spectrum of PCL/5 wt% Cloisite Na+ composite

Fig. 13 FTIR spectrum of Cloisite 20A
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Fig. 14 FTIR spectrum of PCL/5 wt% Cloisite 20A nanocomposite

Fig. 15 FTIR spectrum of Cloisite 15A

Fig. 16 FTIR spectrum of PCL/5 wt% Cloisite 15A nanocomposite

World Academy of Science, Engineering and Technology
International Journal of Chemical and Molecular Engineering

 Vol:10, No:2, 2016 

290International Scholarly and Scientific Research & Innovation 10(2) 2016 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
he

m
ic

al
 a

nd
 M

ol
ec

ul
ar

 E
ng

in
ee

ri
ng

 V
ol

:1
0,

 N
o:

2,
 2

01
6 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
06

06
2.

pd
f



The FTIR spectrum of PCL/Cloisite Na+ composite, PCL/
Cloisite 20A, or Cloisite15A nanocomposite (Figs. 12, 14, or
16) also shows a distinct absorption at 1731.13, 1731.84, or
1731.40 cm-1, corresponding to the stretching vibration of free
C=O; and 1176.22, 1176.47, or 1176.19 cm-1, corresponding
to the stretching vibration of C-O; which are the characteristic
bands of PCL (Fig. 10) [56]. These results show that PCL
chains are immobilized inside and/or on the layered silicates,
which may confirm the interaction between the silicate layers
and PCL. Moreover, the presence of the free C=O band
located at 1731.84 or 1731.40 cm-1 and the absence of the
hydrogen-bonded C=O band from the OCL groups which is
usually appeared at approximately 1701 cm-1 in the FTIR
spectrum of PCL/Cloisite 20A or Cloisite 15A nanocomposite
in Figs. 14 or 16, indicate that there is no hydrogen bonding
between the organic modifier of Cloisite 20A or Cloisite 15A
and the PCL. This implies that PCL can be absorbed on the
silicate surface by the van der Waals interaction forces
between the nonpolar alkyl chains of the organically modified
clay and the soft segments of the PCL [40], [57]. In addition,
more favorable interaction between the ester group of OCL:

and the positively charged ammonium headgroup of organic
modifier may be established due to their polar nature. On the
other hand, Figs. 11, 13, or 15 show two peaks at 3631.30,
3631.33, or 3632.58 cm-1 and 1635.87, 1636.11, or 1642.09
cm-1, corresponding to the stretching vibration and bending
vibration of the -OH groups in the clay sample [40]. The
absorption in these bands is relatively small compared to those
due to -CH stretching. The FTIR spectra of the composites
(Figs. 12, 14, and 16) show that most of these structural -OH
groups that exist on the surface of the silicate layers are
disappeared which may indicate that they could have
participated in the clay-PCL tethering reactions [58], [59].

C. Electrical Properties

1. Electrical Conductivity
One of the interesting features of electrical conductivity ( )

is its temperature dependence, which allows us to understand
conduction mechanisms in materials. Figs. 17 and 18 show the
temperature dependences of the electrical conductivities of
PCL and the composites containing Cloisite Na+, Cloisite 20A,
and Cloisite 15A. It is evident from these figures that of
PCL and these composites increases with increasing
temperature from 25 to 55 °C due to the increased mobilities
of ionic bodies that occur as a result of excitation by heating.
This characterizes semiconductor-like conduction in these
composites. Furthermore, Fig. 17, which shows the relation
between and NaMMT content at temperatures from 25 to
55 ̊C and quantitatively summarizes the data presented in
Table I, shows an increase in the values of of PCL with
increasing NaMMT content up to 5 wt%, especially in the
lower frequency region and at higher temperatures and some
decrease with a further increase to 10 wt%. Fig. 18, which
quantitatively summarizes the data presented in Table II, also
shows considerable increase in the values of of PCL with
increasing the organic modifier loading at filler content of 5
wt% in the sequence: Cloisite Na+ < Cloisite 20A < Cloisite
15A. The obtained values are situated between the two
extremities of those of semiconductors (10-10 – 10+2 Ω-1 cm-1)
[60]. At 10 wt% content of the filler, the values of decrease
to some extent. This may be attributed to the formation of
some nanoparticle agglomerates due to more intense
interfacial interactions between nanoparticles rather than
between nanoparticle and PCL matrix upon further increasing
the content of the filler, which may cause some steric
hindrance that partially contributes to decreasing the electrical
charge mobility, and hence to decreasing the electrical
conductivity.

Different conduction mechanisms are possible in polymers
[61], [62]. Almost all of the mechanisms are related to
different types of polarization that can occur in the system.
Each of these mechanisms predominates for a given
temperature range and applied electric field.

TABLE I
ELECTRICAL CONDUCTIVITY (σ) OF PCL MIXED WITH VARIOUS PROPORTIONS OF CLOISITE NA

Temp.(t,˚C)/Sample
x10 10 (Ω -1 cm -1) at various proportions of Cloisite Na+

PCL PCL-1wt% Cloisite Na+ PCL-3 wt% Cloisite Na+ PCL-5 wt% Cloisite Na+ PCL-10 wt% Cloisite
Na+

25 0.35 0.62 1.01 1.37 0.9
30 0.46 0.8 1.27 1.63 1.16
35 0.57 1.06 1.56 2.01 1.39
40 0.74 1.27 1.92 2.55 1.76
45 0.93 1.68 2.49 2.99 2.27
50 1.17 2.02 2.99 3.51 2.73
55 1.49 2.49 3.68 4.13 3.27
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TABLE II
ELECTRICAL CONDUCTIVITY (Σ) OF PCL MIXED WITH 5 AND 10 WT% OF CLOISITE NA+, CLOISITE 20A, AND CLOISITE 15A

Temp.(t,˚C)/
Sample

x1010 (Ω-1 cm-1) at 5 and 10 wt% of Cloisites Na+,20A, and 15A

PCL PCL-5 wt%
Cloisite Na+

PCL-5 wt%
Cloisite 20 A

PCL-5 wt%
Cloisite 15 A

PCL-10 wt%
Cloisite Na+

PCL-10 wt%
Cloisite 20 A

PCL-10 wt%
Cloisite 15 A

25 0.35 1.37 3.27 5.84 0.9 2.49 4.21
30 0.46 1.63 3.85 6.85 1.16 2.86 5.07
35 0.57 2.01 4.51 7.86 1.39 3.43 5.96
40 0.74 2.55 5.44 8.82 1.76 4.12 6.83
45 0.93 2.99 6.53 10.6 2.27 5.19 8.05
50 1.17 3.51 7.86 12.16 2.73 5.96 9.45
55 1.49 4.13 9.02 14.6 3.27 6.83 11.1

Fig. 17 Dependence of the electrical conductivity (σ) on the
temperature (t) for PCL mixed with various proportions of Cloisite

Na+ (0,1,3,5,and 10 wt%)

Fig. 18 Dependence of the electrical conductivity (σ) on the
temperature (t) for PCL mixed with 5 and 10 wt% of Cloisite Na+,

Cloisite 20A, and Cloisite 15A

2. Activation Energy (Eσ)
The temperature dependence of the electrical conductivity

(σ) can be expressed by the Arrhenius equation:

σ = σ o exp (-Eσ/kT)                                   (2)

where Eσ is the activation energy for σ, k is the Boltzmann
constant, T is the absolute temperature, and σo is a pre-
exponential factor depending on the mobilities of the charge
carriers. The corresponding parts of logσ versus 1/T plots were
interpolated by straight lines, as shown in Figs. 19, 20. These
results indicate that the PCL composites of 1,3,5, and 10 wt%
of Cloisite Na+ and PCL nanocomposites of 5 and 10 wt% of

Cloisite 20A and Cloisite 15A tend to behave as
semiconductors. From the slope of the straight line, the
activation energies Eσ were estimated and are given in Tables
III and IV.

TABLE III
ACTIVATION ENERGY (EΣ) OF PCL MIXED WITH VARIOUS PROPORTIONS OF

CLOISITE NA+

Samplesa Activation Energy (Kcal/mol)
PCL-0 4.24
PCL -1 3.97
PCL -3 3.68
PCL -5 3.48

PCL -10 3.73
a The numbers in the names of the samples indicate the content of Cloisite

Na+; for example, PCL-5 means a sample with 5 wt% of Cloisite Na+.

TABLE IV
ACTIVATION ENERGY (EΣ) OF PCL MIXED WITH 5 AND 10 WT% OF CLOISITE

NA+, CLOISITE 15A, AND CLOISITE 20A
Samples Activation Energy (Kcal/mol)

PCL
PCL-5 wt% Cloisite Na+

PCL-5 wt% Cloisite 20A
PCL-5 wt% Cloisite 15A
PCL-10 wt% Cloisite Na+

PCL-10 wt% Cloisite 20A
PCL-10 wt% Cloisite 15A

4.24
3.48
2.85
2.35
3.73
3.14
2.57

Fig. 19 Dependence of log σ on 103/T for PCL mixed with various
proportions of Cloisite Na+ (0, 1,3,5, and 10 wt%)
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Fig. 20 Dependence of log σ on 103/T for PCL mixed with 5 and 10
wt% of Cloisite Na+, Cloisite 20A, and Cloisite 15A

It has been found that the period of excitation depends on
the activation energy to make the substance conducting. If the
activation energy is low i.e., the system is easily excited, the
PCL composite becomes semiconducting at room temperature
or in the presence of indirect light. Hence, it can be used for
electronic devices working at ambient temperature. It is
apparent from Table III that Eσ of PCL decreases with
increasing the clay content up to 5 wt% and decreases to a
lesser extent at 10 wt% content of the filler. Table IV also
shows that the lowest value of Eσ for PCL/5 wt% Cloisite 15A
nanocomposite (2.35 Kcal/mol) indicates that it is easily
excited and tends to behave as a semiconductor, so it can be
better employed for electronic and microwave nanodevices.

D. Morphologies of the PCL/Composites
The dispersed behavior of organoclay particles in PCL

matrix has been identified by XRD and SEM analyses.

1. XRD Analysis
XRD is the most commonly used method to assess the

morphology of the nanoclay in either powder form or when
compounded into a polymer matrix. The X-rays are reflected
from each clay layer within a sample, so there is a relationship
between the angle θ and the physical spacing in the system. At
small angles, the diffraction peak position is related to the
interlayer spacing according to Bragg’s law: nλ = 2d sin θ,
where n is the order of interference, λ is the wavelength of the
X-rays used, d is the spacing between the diffraction planes,
and θ is the measured diffraction angle. One of the limitations
of XRD analysis is that it may not always yield a unique
interpretation of the data. Often, other techniques must be used
to complement the diffraction experiments [63]. XRD
characterization is generally based on a comparison between
the diffraction peak position of the nanoclay powder and that
of the nanoclay in the polymer matrix [17].

The XRD pattern of Cloisite Na+ (NaMMT) shows a
characteristic diffraction peak (d001 plane) at 2 θ = 7.54º,
corresponding to basal spacing of 11.69 Å (Fig. 21). When
NaMMT is modified by organic modifier, the gallery of MMT
is intercalated and expanded by the molecular chain of the
organic modifier. The XRD pattern of Cloisite 20A shows a
characteristic diffraction peak (d001 plane) at 2θ=3.33º,
corresponding to basal spacing of 26.50 Å (Fig. 22) while the
XRD pattern of Cloisite 15A exhibits a characteristic
diffraction peak (d001 plane) at 2θ=2.78º, corresponding to
basal spacing of 31.75Å (Fig. 23).

Fig. 21 XRD Patterns of Closite Na+ and PCL/5 and 10 wt% Closite Na+ composites
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Fig. 22 XRD Patterns of Cloisite 20A and PCL/5 and10 wt% Cloisite 20A nanocomposites

Fig. 23 XRD Patterns of Cloisite 15A and PCL/5 and 10 wt% Cloisite 15A nanocomposites

In compounded samples, the increased clay spacing due to
the addition of PCL between the platelets is evident. The XRD
patterns of Cloisite Na+ and the PCL/NaMMT composites with
5 and 10 wt% of Cloisite Na+ are shown in Fig. 21. For PCL/5
and 10 wt% of NaMMT composites, the shift of the diffraction
peak from the (d001 plane) of Cloisite Na+ from 2 θ = 7.54º to 2

θ = 6.60º and 6.77º shows a slight increase in the interlayer
spacing from 11.69 Å to 13.39 Å and 13.04 Å, respectively
indicating that microcomposites with micron-sized particles
dispersed in PCL are formed rather than nanocomposites with
few nano-sized particles dispersed in PCL; resulting in
partially intercalated structures.
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The gallery spacing of organoclay (OMMT) in polymer
nanocomposites generally depends on the interaction between
the polymer matrix and OMMT [64], [65]. The XRD patterns
of Cloisite 20A and the PCL/OMMT nanocomposites with 5
and 10 wt% of Cloisite 20A are shown in Fig. 22 and those of
Cloisite 15A and the PCL/OMMT nanocomposites of 5 and 10
wt% of Cloisite 15A are shown in Fig. 23. For PCL/5 and 10
wt% of Cloisite 20A nanocomposites, the shift of the
diffraction peak from the (doo1 plane) of Cloisite 20A from 2 θ
= 3.33˚ to 2 θ = 2.47˚ and 2 θ = 2.48˚ shows an increase in the
interlayer spacing from 26.50 Å to 35.73 Å and 35.64 Å,
respectively. For PCL/5 and 10 wt% of Cloisite 15A
nanocomposites, the shift of the diffraction peak from the (doo1

plane) of Cloisite 15A from 2 θ = 2.78˚ to 2 θ = 2.36˚ and 2 θ
= 2.43˚ shows an increase in the interlayer spacing from 31.75
Å to 37.32 Å and 36.31 Å, respectively. These results indicate
that the PCL molecular chains have diffused into the galleries
of silicate layers, expanding the clay structure to form a well-
ordered multilayered structure consisting of layers of PCL
molecular chains alternating with layers of layered silicate [9],
[66]. This means that the morphology of these composites is
mainly intercalated, even though exfoliated clay platelets may
coexist; especially at 5 wt% of organoclay i.e., at low level of
nanoparticle agglomeration. In this respect, a broad peak is
observed at 2 θ = 2.47˚ and 2 θ = 2.36˚ for Cloisite 20A and
Cloisite 15A, respectively which may indicate that both
intercalation and exfoliation exist in the PCL matrix [67]. It is
also apparent from these results that the diffraction peak from
the (doo1 plane) of Cloisite 15A is shifted to lower diffraction
angle than that of Cloisite 20A, indicating that the
nanocomposite of Cloisite 15A has a higher level of
intercalation and exfoliation.

The shift of an XRD peak to a lower angle is not sufficient
to identify a material as only intercalated. Frequently,
mixtures of intercalated and exfoliated structures are obtained
and this requires SEM for characterization [68].

2. SEM Characterization
The degree of nanometer-scale dispersion of silicate layers

in PCL matrix has been confirmed by SEM micrographs. Fig.
24 shows SEM micrographs of PCL/5 and 10 wt% of Cloisite
Na+: PCL-5 (a) and PCL-10 (b), indicating partially
intercalated structures which are in agreement with the
presence of the peak in XRD. Fig. 25 shows SEM micrograph
of PCL/5 and 10 wt% of Cloisite 20A: PCL-5 (a) and PCL-10
(b). Fig. 26 also shows SEM micrograph of PCL/5 and 10
wt% of Cloisite 15A: PCL-5 (a) and PCL-10 (b). Figs. 25 (a)
and 26 (a) show SEM micrographs of PCL/5 wt% of Cloisites
20A and 15A nanocomposites, respectively and reveal that
some of the organoclay layers are finely and homogeneously
dispersed in the PCL matrix, indicating the formation of
nanocomposites having semi-exfoliated structures beside the
semi-intercalated structures [44], [6], and suggesting moderate
interactions between the organoclay nanoparticles and the
polymeric chains [69], [70] in the sequence: Cloisites 20A <
Cloisites 15A. In contrast, when the organoclay content is 10
wt%, the homogeneous dispersion of nanoparticles in PCL
matrix is difficult and the silicate layers’ stacks are less and
less able to exfoliate because they have a strong tendency to
interact together to form nanoparticle agglomerates rather than
to disperse homogeneously in PCL matrix [55] [Figs. 25 (b)
and 26 (b)].

(a) (b)

Fig. 24 SEM micrographs: PCL-5 wt% of Cloisite Na+ (a) and PCL-10 wt% of Cloisite Na+ (b)
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(a) (b)

Fig. 25 SEM micrographs: PCL-5 wt% of Cloisite 20A (a) and PCL-10 wt% of Cloisite 20A (b)

(a) (b)

Fig. 26 SEM micrographs: PCL-5 wt% of Cloisite 15A (a) and PCL-10 wt% of Cloisite 15A (b)

In conclusion, the interaction between the PCL and the clay
particles is an important factor in the morphological
development of PCL/clay composites.

IV.CONCLUSIONS

The thermal stabilities, electrical conductivities, and
activation energies of PCL/Cloisite Na+, Cloisite 20A, and
Cloisite 15A composites have been investigated, with the aim
to study the influence of organic modifier loading on the
dispersibility of the three clays in PCL matrix. The obtained
results lead to the following conclusions:
• The organic modifier of Cloisites 20A and 15A lowers the

surface energy of the silicate layers and enhances the
miscibility between the silicate layers and the polymer
matrix.

• Thermal analysis of the obtained composites shows that in
the presence of nitrogen flow the incorporation of 5 and
10 wt% of filler brings some decrease in PCL thermal
stability in the sequence: Cloisite Na+>Cloisite 15A >
Cloisite 20A, while in the presence of air flow these fillers
scarcely influence the thermoxidative stability of PCL by
slightly accelerating the process.

• The electrical conductivity of PCL is enhanced by
introducing Cloisite Na+, Cloisite 20A, and Cloisite 15A
at 5 wt% in the sequence: Cloisite Na+> Cloisite 20A>
Cloisite 15A. The temperature dependence of the
conductivity shows that the prepared composites are
semiconductor-like.

• The activation energy (Eσ) is determined by measuring
electrical conductivities and it is the lowest for the
nanocomposite containing 5 wt% of Cloisite 15A,
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showing that it is easily excited and can be employed for
electronic and microwave nanodevices as a
semiconductor.

• FTIR spectroscopy confirms the van der Waals interaction
forces between the clay surface alkyl groups and the PCL
chains.

• Studies of XRD and SEM analyses reveal partial
intercalated structures in PCL/NaMMT composites and
semi-intercalated/semi-exfoliated structures in PCL/
OMMT nanocomposites containing 5 wt% of Cloisite
20A or Cloisite 15A.
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