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Abstract

This work focused on the preparation of chlorinated nitrile rubber (CI-NBR)/
hydroxyapatite (HA) nanocomposites by an open two-roll mixing mill. The forma-
tion of nanocomposites was characterized by Fourier transform infrared (FTIR),
X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermogravimet-
ric analysis (TGA). The dielectric properties and flame retardancy of polymer nano-
composites were analyzed with special attention to the loading of HA nanoparticles.
Diffusion and permeation properties of petroleum solvents through the prepared CI-
NBR/HA composites were also investigated in detail as a function of filler content,
different temperatures and nature of solvent. The incorporation of HA in CI-NBR
has been endorsed by FTIR analysis. The XRD showed the crystalline peaks of HA
in the polymer chain. SEM images revealed that the nanoparticles were uniformed
distributed in the polymer network with spherically shaped particles. TGA results
indicated that the thermal stability of nanocomposites was remarkably higher than
the pure CI-NBR and the thermal stability increases with the loading of nanoparti-
cles. The dielectric study observed a decreasing dielectric constant with increasing
frequency, and the maximum property was obtained for 7 phr HA filling in CI-NBR.
The flame resistance of the polymer composites was greatly enhanced by the incor-
poration of nanoparticles. The diffusion, sorption and permeation constants were
found to decreased with increase in HA content. The solvent uptake decreases with
the size of the penetrant molecules, and the mechanism of transport of CI-NBR com-
posite was anomalous in nature. The enthalpy and entropy changes of the nanocom-
posites were analyzed from the diffusion data. The composite containing 7 phr HA
sample showed higher dielectric properties and better solvent resistance properties.
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Introduction

Over the last two decades, nanocomposites open a new perspective in the field of
science to upgrade the structural and functional properties of existing polymers.
The inherent high surface area of nanomaterials increases their dispersion capa-
bility in the matrix which offers ample scope for the improvement in properties
as compared to conventional micro- and macrocomposites [1, 2]. Many investiga-
tions are carried out for the processing of thermoplastic elastomer-based compos-
ites with enhanced performance without recourse to expensive synthetic proce-
dures [3, 4]. Also, earlier articles on this topic have indicated that the physical and
chemical interaction of fillers with the rubber matrix, the crosslinking chemistry
of rubber, nature of nanofillers are the key factors affecting the processability and
performance of elastomeric nanocomposites [5, 6]. It is a great task to configure
appropriate density of crosslinking networks in material because it determines
the elasticity, mechanical reinforcements and solvent resistance of rubbers. It was
reported that noncovalent chemical bond and supramolecular interactions such as
metal ion crosslinking, electrostatic attractions seem to improve the properties of
elastomer-based composite [7, 8].

Different research work was carried out on NBR-based composites using
various kinds of nanofillers such as nanoclay, nanosilica, nanocalcium carbon-
ate, carbon nanotube [9—11]. Composite of NBR with waste dispersion phases
from fly ash powder was used for the production of high strength materials in
polymer industry [12]. In the majority of these works the effective reinforcement
is achieved by the surface modification of fillers with organo-modifiers through
ion exchange reactions since the strong interparticle interaction in nanomateri-
als due to high surface energy and the hydrophobicity of rubber is not favora-
ble for blending of these two phases [13]. Reported studies on matrix-modified
elastomer composites are scarce. Previous studies revealed that the polarity and
hydrophilicity of elastomer surface can be considerably improved by simple and
inexpensive chlorination and result in a product with enhanced chemical and
mechanical properties. The chloro group will increase the compatibility of filler
with the matrix [14].

Higher demand for environmental protection along with new technology and
business opportunities leads to a continuous increase of research on bioresorbable
polymer nanocomposite [15]. It includes either a biodegradable matrix or filler.
There are a lot of reports based on polymer/HA composite materials [16]. Dong
et al. investigated the thermal properties and flame retardancy behavior of poly-
carbonate/hydroxyapatite nanocomposite [17]. Bhowmik et al. studied the load-
carrying behavior of polymer and response of interfaces when the load is applied
in ex situ HAP composites using MD and SMD simulations [18]. Hydroxyapatite
acts as nucleating agent for crystallization of polyamide and also improved the
osteogenic and morphological characteristics of polyamide composite, reported
by Velazco et al. [19].

This work focused on the fabrication of CI-NBR/HA nanocomposites by sim-
ple, inexpensive two-roll mixing techniques. The structural characterization,
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morphology and thermal behavior of new CI-NBR/HA nanocomposites were
done by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and thermogravimetric analysis
(TGA). The electrical properties such as dielectric constant and dielectric loss
tangent were also evaluated with respect to the different loading of nanoparticles.
Moreover, this work demonstrates the effect of nanohydroxyapatite on the trans-
port properties of chloro-functionalized NBR.

Experimental
Materials and methods

The nitrile rubber with 18% acrylonitrile content was purchased from Synthetics
and Chemicals Ltd, UP, India. Tetrabutyl ammonium bromide (TBAB), chloro-
form (CHCl;), sodium hydroxide (NaOH), dicumyl peroxide (DCP), toluene, cal-
cium chloride (CaCl,), ammonium hydrogen phosphate (NH,),HPO,), ammonium
hydroxide (NH,OH) and isopropyl alcohol were obtained from Merck, India. For
the diffusion studies, the solvents such as petrol (mol. wt. 100), kerosene (mol. wt.
170) and diesel (mol. wt. 230) were procured from Bharat Petroleum Corporation
Limited, India.

Synthesis of chlorinated NBR (CI-NBR)

Chlorinated NBR (22% chlorine) was prepared through a phase transfer catalysis
method as described previously [20]. Briefly, nitrile rubber was dissolved in toluene
and it was then mixed with TBAB and CHCIl;. Aqueous NaOH solution was added
drop by drop to the above reaction mixture and stirred it for 8 h. Chlorinated NBR
was separated from the solution by coagulating with isopropyl alcohol and finally
dried.

Preparation of hydroxyapatite (HA) nanoparticles

A simple co-precipitation technique was used for the preparation of hydroxyapa-
tite nanoparticles [21]. Briefly, the aqueous solution of CaCl, and (NH,),HPO, was
mixed under vigorous stirring. NH,OH was added to the reaction mixture and stirred
it for 24 h. The precipitate formed was filtered and washed. Finally, the hydroxyapa-
tite (HA) particles were sintered at 600 °C for 6 h.

Preparation of CI-NBR/HA nanocomposites

The CI-NBR/HA nanocomposites were prepared by a simple two-roll mill mixing
technique. C1-NBR was first masticated for 6 min, followed by the addition of differ-
ent loading of nano-HA powder (0, 3, 5, 7, 10 and 15 phr). The crosslinking agent
DCP (6 phr) was incorporated in accordance with the ASTM D-15-627 method with
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special attention paid to maintain the uniform mixing of filler in the rubber matrix.
The prepared samples were named as NO for unfilled CI-NBR, N3, N5, N7, N10 and
N15 for CI-NBR with 3, 5, 7, 10 and 15 phr of HA-filled rubber nanocomposites.

Characterization

Fourier transform infrared spectrophotometer (JASCO 4100 model FTIR) in the
range 4004000 cm™! was used to explore the formation of CI-NBR/HA nanocom-
posite. XRD patterns of HA and CI-NBR/HA composites were recorded using a
Rigaku D/MAX 2200 Model X-ray diffractometer operated 26 range of 10-70° at a
scanning speed of 1°/min. The surface morphology of CI-NBR composites was ana-
lyzed by Hitachi SU 6600 scanning electron microscope (SEM). Thermal property
analysis of CI-NBR with different contents of HA particles were performed using
a PerkinElmer Pyris 1 under the nitrogen atmosphere at a heating rate of 10 °C/
min and at a flow rate of 100 mL/min from 25 to 650 °C. The dielectric properties
of polymer composites were measured by a fully automatic Hewlett Packard LCR
meter (HP: 4284A) at different frequencies. The diffusion and transport mechanism
of CI-NBR/HA nanocomposites was carried out by using a circular-shaped vulcan-
ized sheet, and these samples were immersed in various solvents, like petrol, diesel
and kerosene taken in the diffusion bottles. The solvents absorbed by the compos-
ites were weighed at particular time intervals and again inserted in the solvents. The
weighing of the sample was continued up to equilibrium weight obtained. These
studies were carried out at different temperatures, and the diffusion experiments
were conducted duplicates or triplicates in most cases.

Results and discussion
FTIR Spectroscopy

The chemical structure characteristics of CI-NBR/HA nanocomposite are identified
by Fourier transform infrared (FTIR) spectroscopic measurement, and all the spectra
are given in Fig. 1. The IR spectrum of CI-NBR shows characteristic bands of nitrile
group, butadiene segment and dichlorocarbene group. Chlorinated NBR shows
absorption peaks at 802 cm™! (assigned to C—Cl stretching vibration), 1062 cm™!
(corresponding to cyclopropyl ring) along with significant absorption at 2239 cm™!
are the characteristic—CN stretching vibration. The bands at 972 cm™' and 692 cm™~1
are the corresponding —CH stretching vibration of cis and trans counterparts of buta-
diene segment, respectively [20, 22]. The —OH stretching and bending vibrations of
hydroxyapatite nanoparticles are present at 3482 cm™! and 1683 cm™' due to OH
stretching and OH bending vibrations, respectively. The vl, v2, v3 and v4 vibra-
tion modes of phosphate group present in HA are obtained at 940, 540, 789 and
665 cm™!, respectively [23]. The FTIR peaks of CI-NBR/ HA nanocomposites are
manifested by most of the peaks present in both CI-NBR and HA nanoparticle with
a slight shift in the absorption. For example, the major peak of HA at 540 cm™!
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Fig. 1 FTIR spectra of CI-NBR and different contents of HA-filled CI-NBR

is found to be shifted to 567 cm™!. A significant increase in intensity of 557 cm™!
can be observed from Fig. 1 (N5 to N15). IR absorption spectra reveal that increas-
ing HA content induces more efficient interaction between HA and CI-NBR chains.
In addition to this, the chlorinated absorption band of CI-NBR is slightly shifted
from at 802-811 cm™! by the insertion of nanoparticles in the macromolecular
chain of CI-NBR. Similarly, the CN stretching of the sample also shifts from at
2239-2230 cm™!. These shifts in polar segments of rubber after the inclusion of
nanoparticles clearly indicated that the polar group of nanoparticles undergo strong
intermolecular interaction with the chlorinated segment of NBR.

X-ray diffraction analysis (XRD)

X-ray diffraction pattern of hydroxyapatite and Cl1-NBR is given in Fig. 2. The dif-
ferent diffraction peaks of hydroxyapatite obtained at 260=25.7°, 31.6°, 32.7°, 34.1°,
39.7°,46.6°, 49.5° and 53.09° are the diffraction of (002), (211), (300), (202), (310),
(222), (213) and (321) crystal planes, respectively [21]. The XRD peak of CI-NBR
shows that the 26 value at 19.85° indicates its amorphous region, and a weak reflec-
tion at 260=40.72° is the chlorinated segment of NBR. Figure 3 shows the XRD
profile of various loading of HA-filled CI-NBR composites. The XRD pattern of
CI-NBR with HA particles retained all the peaks of HA nanoparticles with the
amorphous peak of CI-NBR. The intensity of the XRD peaks of HA in the poly-
mer increases with an increase in the loading of nanoparticles and reveals that the
nanoparticles are uniformly located in the macromolecular chain of the composite
matrix. The ordered arrangement of nanoparticles in the polymer matrix is due to
the strong intermolecular interaction between the hydroxyl group of HA with polar
segments of CI-NBR. The average particle size of 5, 7, 10 and 15 phr dosage of
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Fig.3 XRD patterns of different contents of hydroxyapatite-filled CI-NBR
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HA-filled CI-NBR rubber was estimated automatically from corresponding XRD
data using Scherrer formula, D=0.894/f cos 6, and the average particle size is
23.62, 27.58, 27.97 and 31.89 nm, respectively. It can be seen from the figure that
the amorphous peak of CI-NBR (20=19.85°) is slightly shifted to a lower diffrac-
tion angle at 260=19.36° and also the amorphous region of polymer decreases with
the addition of nanoparticles. This shift in XRD peak along with the reduction in
amorphous region of composite is an evidence for the formation of nanocompos-
ite. A dilution effect is operated during the effective mixing of crystalline nanofiller
with the amorphous CI-NBR which leads to the shift or reduction in amorphous
region of the polymer matrix. Besides, the proportion of effective amorphous com-
ponent decreases with the increase in content of HA particles during the processing
of polymer composites. The percentage of crystallinity induced by the dispersion
of 5, 7, 10 and 15 phr of hydroxyapatite nanoparticles in the rubber is found to be
46.53%, 56.62%, 65.58% and 77.41%, respectively.

Scanning electron microscopy (SEM)

The morphology of the fabricated composite materials was evaluated by using scan-
ning electron microscopy. The SEM micrographs of Cl- NBR and CI-NBR with dif-
ferent contents of HA nanoparticles are presented in Fig. 4. It is reported that [20]
chlorination of matrix induces surface roughening is paralleled by a reduction in
surface friction [Fig. 4 (NO)]. From the micrograph, it is visible that in the lower
loaded sample [Fig. 4 (N3 and N5)], the nanoparticles are more dispersed in the
jaggy matrix with few stacks of HA, while the surface morphology is changed into a
uniform structure [Fig. 4 (N7)] as the loading of nanoparticles reached to 7 phr. This
uniform dispersion of filler is due to the polar interaction between rubber matrix
and —OH group of the nanoparticles. In addition to this, the increased surface area
provides more sites for interlocking of HA particles in the polymer composite. This
will enhance the homogenous distribution of nanoparticles in the polar rubber. As

Fig. 4 SEM images various loading of HA-filled CI-NBR
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the HA content increases to 10 phr in Fig. 4 (N10), the uniform dispersion of filler is
slightly changed into a wavy nature with the initiation of flocculation tendency of the
nanoparticles that is due to the stress developed in the composite material. A cluster-
like morphology is clearly visible at higher loading (15 phr) of filler [Fig. 4 (N15)].
This behavior is attributed to the strong interparticle interaction through hydroxy-
lated edge which will extend the interface and the increased domain size and thereby
decreases the interfacial interaction between matrix and filler. These agglomerated
HA heaps create an irregular structure in CI-NBR/15phr HA composite.

Thermogravimetric analysis (TGA)

In TGA, the loss in weight after decomposition due to the formation of volatile
products is monitored as a function of temperature. The TGA curves of CI-NBR
and CI-NBR/HA nanocomposites with different contents of HA are given in Fig. 5.
All the samples show a minor and major thermal decomposition pattern. The minor
decomposition of all samples is assigned to the removal of hydrogen chloride and
the compounding ingredients from the polymer. The major rubber degradation is
the cleavage of long-chain molecules and producing short polymer chains. It is well
clear from the figure that the degradation rate of nanocomposites is very slow as
compared to the degradation of neat CI-NBR and the thermal stability of the com-
posite increases with the loading of nanoparticles. This is due to the homogeneously
incorporated hydroxyapatite nanoparticles having a high aspect ratio that may hinder
the thermal degradation of rubber in the earlier stages of decomposition by acting as
a superior insulator. The significant weight loss delay is attributed to the intimate
contact between rubber and HA through polar attraction which may slow down the
volatilization as well as assist the formation of char after decomposition. The vola-
tile products generated retard the diffusion of oxygen into the polymer matrix and
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Fig.5 TGA thermograms of CI-NBR and CI-NBR/HA nanocomposites

@ Springer



Polymer Bulletin (2021) 78:6999-7018 7007

shift the decomposition to a higher temperature and thus increase the thermal stabil-
ity of the nanocomposites [24]. At a temperature of 650 °C, the chlorinated NBR
has a residue of 22.53%, whereas 5, 10 and 15 phr of HA-loaded composite, char
residues are 36.59%, 40.12% and 44.78%, respectively, at the same temperature. The
char residue of polymer composite is higher than the neat CI-NBR and showed that
hydroxyapatite acts as char promoter, thereby enhancing the flame retardant of the
composite system.

Flame retardancy

Flame test (LOI) is widely used to evaluate the flame-retardant properties of poly-
mer composites. The LOI values of CI-NBR with 0, 3, 5, 7, 10 and 15 phr HA-
loaded samples are 27.6, 28.4, 30, 32, 33.8 and 35, respectively. The unfilled Cl-
NBR rubber showed the lowest LOI value among all composite materials. The flame
resistant of the nanocomposite increased with the loading of nanoparticles. The
interaction of halogenated components of NBR with hydroxyapatite nanoparticles
retards the burning of the polymer. Also, during the burning of polymer, a thick
char is coming out from the halogenated polymer (intumescent effect) which pro-
tects the surface of the polymer from further burning [25]. The amount of char layer
is less at lower loading of nanoparticles; hence, it cannot act as an efficient barrier.
On the other hand, the content of char layer formed at the polymer surface is higher
at higher loading which leads to higher LOI values. Thus, it can be concluded that
the HA particles can impart better flame resistance to chlorinated NBR.

Dielectric constant

Dielectric measurement detects the fluctuation of dipoles derived from atomic, elec-
tronic, interfacial and orientation polarization. Figure 6 compares the variation of
relative dielectric constant (€,) with frequency for CI-NBR and CI-NBR/HA nano-
composites having different loading of HA at room temperature. It is obvious that
at a lower-frequency region a strong dispersion of permittivity is observed, while
at higher frequency €, becomes nearly constant. The sharp decrease in dielectric
constant with an increase in frequency may be attributed to the electrical relaxation
processes which are the result of lag in the orientation polarization [26, 27]. That is
the orientation of dipoles belonging to different polar groups takes more response
time to reach the equilibrium static field compared with electronic and atomic
polarization. The CI-NBR/HA nanocomposites show higher dielectric values than
the neat CI-NBR. This may be due to the presence of large number of permanent
dipoles spontaneously following the direction of polarization which increases with
the increase in filler content. The dielectric constant of rubber composite increases
with the loading of nanoparticles up to 7 phr. The strong interaction between the
polar groups of HA and the chlorinated segment of NBR reduces the cohesive force
of macromolecular chains which enhances the dielectric constant [28]. This result
suggests that the polymer and HA nanoparticles are compatible due to the interac-
tions between them and the shear stresses generated during the processing of rubber
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Fig. 6 Dielectric constant of CI-NBR and CI-NBR /HA nanocomposites

nanocomposite. The decrease in dielectric constant beyond 7 phr loading is due to
the formation of small clusters in the nanocomposite (which is well clear from the
SEM analysis) which resist the segmental mobility of the elastomeric chains [29].

Dielectric loss (Tand)

It is generally believed that dielectric data of elastomer nanocomposite provide
information on molecular relaxation of the polymer backbone. Figure 7 shows the

Tan s

4
Log F (Hz)

Fig. 7 Dielectric loss of CI-NBR with various contents of HA-filled CI-NBR

@ Springer



Polymer Bulletin (2021) 78:6999-7018 7009

variation of dielectric loss with the frequency of CI-NBR and CI-NBR/HA nano-
composites having different loadings of HA at room temperature. Dielectric loss
decreases rapidly with increase in frequency up to 10° Hz and then decreases slowly
that shows low loss with further increase in frequency. Dielectric loss may occur by
the localized motion of charge carriers [30, 31]. The higher dispersion of dielectric
loss at lower frequency is attributed to the easy flow of charge carriers within the
materials due to their low inertia and binding forces between the molecules [32].
Beyond a certain critical frequency, the exchange energy of dipoles connected with
electric charge carriers in the system cannot follow the alternation of applied AC fre-
quency. Specifically, being a function of relaxation process dielectric loss increases
with an increase in filler loading due to interfacial polarization [33]. The difference
in conductivity of CI-NBR and HA leads to local displacement of electrons in the
direction of applied electric field which induces polarization at the anchoring region
of filler and polymer matrix. The conductive network thus formed will allow easy
motion of trapped charge carriers through the electrically heterogeneous system so
that tan & shows a slight decrease after sample containing HA above 7 phr.

Diffusion studies
Effect of filler loading

The transport of solvents through the elastomer materials depends on the nature and
loading of filler, interfacial interaction and morphology of the system, temperature,
etc. The effect of various loadings of nanohydroxyapatite on the transport proper-
ties of polymer composites is characterized by their swelling behavior in industrial
solvents such as petrol, kerosene and diesel. The solvent sorption of CI-NB/HA
nanocomposites has assessed by calculating their mol percentage uptake (Q,) using
Eq. (1)
(M,/M,)
o = M, % 100 €))

where M, represents the mass of solvent absorbed at a given time ‘¢, M, is the molar
mass of the solvent, and M, is the mass of elastomer matrix. Figure 8 represents
the sorption curves (Q, Vs. \/ t) of petrol through CI-NBR/HA nanocomposites for
varying nanohydroxyapatite contents. It is clearly seen from all the curves that an
initial increase in solvent uptake is speedy due to the large concentration gradient of
the solvent and the mass of the absorbed solvent levels off near the saturation equi-
librium. Also, the percentage of weight gain is much reducing in nanocomposites
than that of the chlorinated rubber. The decreased sorption of filled composites can
be explained in terms of the homogenous dispersion of nanoparticles in the rub-
ber matrix. The strong polar interaction at the interface along with the C—-C cova-
lent bond formed as a result of DCP vulcanization restricts both the local segmental
mobility and long-range movements of rubber chain which creates a tortuous path
for the transport of the penetrant molecules [34]. Further, it is to be noticed that
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Fig. 8 Solvent uptake of different contents of HA-filled CI-NBR in petrol

beyond 7 phr the solvent uptake increased slightly which indicates the effective rein-
forcement in the composite occurs up to 7 phr of HA content. The slight increase in
sorption beyond 7 phr HA-loaded samples is due to the agglomeration of nanohy-
droxyapatite which is evident from the SEM micrographs. The diffusion trend is the
same for other industrial solvents under this study [35].

Effect of penetrant size

Solvent properties such as structure, molecular weight and polarity seem to exert
a considerable effect on sorption phenomena. The percentage uptake of petrol,
kerosene and diesel by CI-NBR/7 phr HA is given in Fig. 9. Here, petrol shows
higher sorption than that of kerosene and diesel and the equilibrium sorption trend
observed in the order petrol > kerosene > diesel. This can be explained on the basis
of the size and molecular weight of probe molecules. The molar volume of petro-
leum fuels taken follows the order of petrol <kerosene < diesel. Based on free vol-
ume theory, the penetration of molecules mainly depends on the free volume inside
the matrix so that the penetrants can easily exchange the position of polymer chain
segments. As the penetrant size increases, the exchange of chain segments becomes
difficult and that needs more energy, particularly in the case of nanoparticles-filled
rubber compounds [36].

Effect of temperature

The mol percentage uptake of CI-NBR nanocomposite containing 7phr HA is
compared at various temperatures by conducting the experiments at 27, 40 and
50°C in petrol. From the figure (Fig. 10), it is obvious that the amount of sol-
vent uptake and thus the diffusion rate increases as the temperature is increased.
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Fig. 10 Solvent uptake of CI-NBR/7 phr HA in petrol at different temperatures

Similar diffusion behavior is observed with other industrial solvents also. This
is due to the combined effect of increased segmental mobility of the elastomer
chain and kinetic energy of penetrant molecules. This will lead to the weaken-
ing of filler matrix adhesion, and thus, the voids generated will increase the free

volume of the system.
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Kinetic parameters

The transport properties such as diffusion, sorption and permeation coefficients have
been evaluated for the system in order to study the nature of interfacial interaction
between CI-NBR and HA.

Diffusion coefficient (D)

The diffusivity D of the rubber nanocomposites is measured using the equation [37]

2

D= 7I<ﬂ> 2)

40,

where £ is the initial sample thickness, 6 is the slope of the linear portion of the
sorption curve of the plot of % Q, versus \/ t, and Q is the equilibrium absorption.
The estimated values of D for the nanocomposites are given in Table 1 for industrial
solvents. It is obvious from the table that the diffusion coefficient of nanocompos-
ite greatly reduced as compared to the bare CI-NBR and a systematic decrease is
observed up to the nanocomposite with 7 phr HA, after that a slight increase in D
value is observed. The solvent diffusion through the nanocomposite materials is a
kinetic parameter which depends on the concentration, orientation, size distribution
and interaction of filler with the matrix at the interface [38]. The diffusion of probe
molecules through a membrane occurs due to random motions of the individual
molecules. As the solvent molecule diffuses into the elastomer matrix, the system
will expand and weaken the molecular interaction between the chains. However, the
nanoparticles-reinforced matrix restricts chain flexibility. The evenly dispersed nan-
oparticles orient in a regular manner in the macromolecular chain which decreases
the free space inside the system [39]. Also, the high aspect ratio of the nanofiller
ensures better interfacial adhesion which further reduces the D values for the nano-
composite. The minimum value of the diffusion coefficient for the CI-NBR/7 phr
HA is attributed to its maximum reinforcement effect due to optimum crosslink

Table 1 Diffusion, sorption and permeation values of CI-NBR/HA nanocomposites in petroleum fuels

Samples  Diffusion coefficient Sorption coefficient Permeation coefficient
Dx 10° (cm?/s) () Px10° (cm%s)

Petrol Kerosene Diesel Petrol Kerosene Diesel Petrol Kerosene Diesel

NO 3.12 3.09 3.06 1.61 1.38 1.04 5.023  4.264 3.182
N3 3.09 3.04 3.01 1.56 1.32 1.01 4820 4.013 3.040
N5 3.01 2.93 2.89 1.51 1.28 0.99 4545 3.750 2.861
N7 2.87 2.81 2.76 1.32 1.17 0.86 3.788  3.288 2374
N10 2.92 2.89 2..85 1.38 1.23 0.96 4.029  3.555 2.736
N15 2.98 2.94 291 1.40 1.24 0.98 4.158  3.645 2.852
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density. Also, diffusivity decreases when going from petrol to diesel in case of fuels
due to the increased molar volume.

Sorption coefficient (S)

The diffusion of industrial solvents such as petrol, diesel and kerosene through CI-
NBR/HA can be explained in terms of sorption coefficient (S), and it can be meas-
ured using Eq. (3)

S=Wp A3)

where W, is the mass of the solvent at equilibrium swelling and W, is the mass of
the polymer sample. The S value obtained for equilibrium swelling data is presented
in Table 1. From the table, it can be seen that the sorption coefficient decreased with
increase in the filler loading and the lowest value is obtained for nanocomposite con-
taining 7 phr HA. This may be due to the regular orientation of nanoparticles in the
polymer matrix which retard the penetration of solvent molecules.

Permeation constant (P)

Since the permeation of the penetrant into an elastomer membrane is a combination
of the diffusivity as well as sorptivity, the permeation coefficient (P) has been com-
puted as the product of diffusion and sorption coefficients as

P=DxS @)

The permeation constant values obtained for the CI-NBR/HA are also given in
Table 1. It is followed that P value shows the same trend as that of D and S with
respect to filler loading. Sample with filler loading 7 phr shows minimum perme-
ability due to the increased chain packing densities which decreased the free volume
available in the matrix to accommodate the penetrant molecules. However, above
7 phr loading of fillers, there is an increase in permeation due to aggregation of
nanofiller which decreases the interfacial adhesion.

Arrhenius parameters

From the temperature dependence of D, P and S, the activation energy needed for
the process of diffusion, E or permeation Ep of the solvent molecules was com-
puted using Arrhenius equation [34]

X = Xoe—(Ex|2.303RT) (5)

where X can be D or P and X, is D, or P, R is the universal gas constant, and 7 is
the temperature.

The estimated Ep, and Ep values obtained from the diffusion data are displayed in
Table 2. These values are found to be increasing with the loading of nanoparticles
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Table2 E} (KJ/mol) and E,

(KJ/mol) values of CL-NBR/HA Samples Petrol Kerosene Diesel

nanocomposites in petroleum Ep Ep Ep Ep Ep Ep

fuels
NO 5.18 3.92 5.57 421 5.72 4.26
N3 5.36 4.06 5.65 4.26 5.78 4.29
N5 5.43 4.09 5.74 431 5.87 4.34
N7 5.73 4.18 6.05 4.49 6.1 45
N10 5.66 4.16 5.96 4.44 6.05 4.46
N15 5.59 4.15 5.88 441 5.96 443

and also with the molecular size of the penetrant molecules. Besides the high aspect
ratio of nanoparticles, the dipolar attraction between chlorine segment of CI-NBR
and —OH group of HA leads to enhanced matrix—filler interaction resulting in
enhanced reinforcement. CI-NBR/7phr HA has the highest activation energy which
can be explained on the basis of maximum reinforcement and greater crosslink den-
sity in this sample. As filler content increases above 7 phr, the homogeneity of the
distribution of filler decreases which creates voids in the interface and lesser energy
may be required for the percolation of solvent molecules.

Thermodynamic parameters

The equilibrium sorption constant K has been determined from the amount of liquid
sorbed by a given mass of rubber. Mathematically, it is the ratio of number of moles
of solvent sorbed at equilibrium to the mass of the polymer sample.

Using the values of K|, the enthalpy of sorption AH_ and entropy AS; can be
determined by van Hoff equation

Lok = ( AS ) AH
0% =\ 2303R 2303RT ©)

The value of AH_ and AS| of sorption for industrial fuels is given in Table 3. The
table clearly depicts that all the samples show positive AH value in all the solvents.

Table3 AH, AS and AG values of CI-NBR/HA nanocomposites in petroleum fuels
Samples  AH (KJ/mol) AS (J/mol) —AG (KJ/mol)

Petrol Kerosene Diesel Petrol Kerosene Diesel Petrol Kerosene Diesel

NO 1.28 1.38 1.46 28.74 2645 23.08 7.342  6.555 5.464
N3 1.31 1.39 1.49 2473 23.28 2197  6.109 5.594 5.101
N5 1.34 1.44 1.53 2299  20.88 20.17  5.557 4.824 4.521
N7 1.52 1.56 1.61 19.89 1831 1541 4447 3.933 3.013
N10 1.49 1.53 1.58 20.74  19.68 17.74 4732 4374 3.742
N15 1.44 1.47 1.53 21.25  20.02 19.06 4935 4.536 4.188
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That is the sorption follows an endothermic reaction pathway. The positive AS val-
ues indicate that the penetrant molecules sorbed are retained as liquid structures
within the rubber. The feasibility of sorption process has been ascertained by calcu-
lating the Gibbs free energy of the process by the equation

AG, = AH,—TAS )

The free energy (Table 3) values are influenced by the loading nanoparticles, and
the maximum value is obtained for CI-NBR/7phr HA, indicating a decrease in spon-
taneity upon filler addition. This may be because the tortuosity of penetrant mol-
ecule increases through the highly packed nanohybrid vulcanized samples.

Mechanism of sorption

To investigate the sorption mechanism, the solvent uptake results of the nanocom-
posites are fitted to the equation

Log<QQ—t> =logk +nlogt )
where Q, and Q, are the respective mass uptake of solvents at time ¢ and equilib-
rium, k and n are constants. The k values given in Table 4 (for petroleum fuels)
depend on the structural characteristics of the matrix and measures the extent of
interaction between the rubber and solvent [40]. On comparing with the unfilled rub-
ber all the filled samples show lower k value, and in the case of composite, this value
slightly decreases with increase in nanoparticles up to optimum loading (7 phr) and
then a slight increase is obtained, indicating lower rubber-solvent interactions due to
the insertion of nano-HA. The values of n propose the mechanism of sorption. The
value of n is 0.5 for normal Fickian mode of transport where the rate of chain relaxa-
tion is greater compared to the diffusion rate of the solvent. When the chain relaxa-
tion becomes slower than the rate of diffusion, then n value reaches unity and the
transport approaches non-Fickian behavior. If the value of #n is in between 0.5 and 1,
the mode of sorption is said to be 0.5 and 1. It is noted that the values of n vary from
0.5 to 1 and clearly point out an anomalous mode of transport. It is well established

Table4 n and & values of

CI-NBR/HA nanocomposites in Samples  Petrol Kerosene Diesel
petroleum fuels n k (min™!) =& k(min™) n k (min™!)

NO 0.74 0.17 0.79 0.13 0.78 0.13

N3 0.78 0.14 0.84 0.11 0.82 0.11

N5 0.79 0.14 0.85 0.10 0.84 0.10

N7 0.82 0.12 0.89 0.06 0.87 0.05

N10 0.80 0.15 0.87 0.07 0.86 0.07

N15 0.78 0.16 0.86 0.08 0.85 0.08
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that the macromolecular chain relaxation decreases with the degree of reinforcement
and becomes comparable with the concurrent penetrant diffusion rate.

Conclusions

Chlorinated NBR/hydroxyapatite nanocomposites were prepared by an open
mill mixing technique. The FTIR study confirmed the interaction between rubber
and HA nano-filler through the shift in position and presence of HA particles at
567 cm™~!. The XRD characterization confirmed the existence of XRD peak of HA
in the polymer with a decrease in amorphous domain. The SEM images revealed the
insertion of nanoparticles into the macromolecular chain with a uniform dispersion
of fillers. The thermal stability of CI-NBR/HA nanocomposites was significantly
larger than that of the virgin polymer due to the reinforcing of nanoparticles into
the polymer chains. The results from LOI measurements indicated that the addi-
tion of HA to rubber could impart excellent fire resistance which can be suitable for
the fabrication flame-retardant materials. The dielectric constant of all the samples
decreased with the frequencies and reached a constant value at a higher frequency.
The maximum dielectric constant was observed for the sample with 7 phr HA load-
ing. Diffusion, permeation and sorption coefficient of HA-filled rubber decreased as
a function of the increase in loading of filler. The activation energy for the diffusion
of the penetrant molecule was found to be higher of composites than pristine poly-
mer. The minimum solvent swelling was noted for 7 phr loading of HA particles.
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