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Abstract Effect of magnetite (Fe;O4) nanoparticles on the performance of ethylene
vinyl acetate (EVA) was prepared by a two-roll mixing mill. The morphology of the
nanocomposites was carried out by transmission electron microscopy (TEM). The
processing characteristics and the curing behavior of the nanocomposites were ana-
lyzed by Monsanto Rheometer. TEM images of the nanocomposite showed that
nanoparticles were dispersed uniformly throughout the matrix up to 7 phr of filler
and thereafter the dispersion decreased with further loading of fillers. The magnetite
nanoparticle in EVA matrices was found to accelerate the curing process up to 26 %
compared to unfilled sample. The transport characteristics of aromatic hydrocarbon
through the nanocomposite were studied by simple sorption gravimetric analysis in the
temperature range 28—70 °C. The solvent uptake was minimum for composites with 7
phr of filler and increased with increasing filler content. The transport phenomenon was
found to follow an anomalous mode, the activation parameters were estimated and the
molecular mass was calculated using Flory-Rehner theory. The sorption data were used
to estimate the enthalpy, entropy and free energy of mixing.

Keywords Ethylene vinyl acetate - Magnetite nanoparticles - Morphology - Cure
characteristics - Transport properties

Introduction

Organic- inorganic hybrids with well-defined morphology and structure at the

nanometric scale represent a very interesting class of materials with unique properties.
These materials represent a new class of polymeric materials, which combine the
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properties of the inorganic particle (mechanical strength, modulus,) flame and thermal
resistance with processability and flexibility of organic polymer matrix [1-3]. These
hybrid materials sometimes lead to unexpected new properties, which are not exhibited
by individual compounds and thus open a new avenue for chemists, physicists and
material scientists. In order to prepare such materials either organic molecule can be
embedded into inorganic materials or vice versa.

Polymer nanocomposites consist of a blend of one or more polymer with various
nanomaterials like nanoclays, carbon nanotubes, etc. A well-dispersed nanoparticle into
the polymer is a prerequisite for achieving significant property enhancement. This is
one of the challenging difficulties when preparing polymer nanocomposites [4, 5]. In
this respect, a key factor turned out to be the compatibility between polymer matrix and
reinforcement. Effort has to be put into rendering matrix polymer and nanofiller
compatible. Among various polymeric materials for polymer/clay nanocomposites,
ethylene vinyl acetate copolymer (EVA), a random copolymer consisting of ethylene
and vinyl acetate (VA) as a repeating unit, has been recently adopted for its nanocom-
posite system due to its potential engineering application in the fields of packaging
films and adhesives [6-9].

The sorption and transport behavior of various solvents through polymer—clay
nanocomposite membranes has attracted the attention of many researchers [10—13].
Nanoparticles can be used to control the diffusion and permeation of molecules through
the polymer matrix. It is necessary to understand their performance in various liquid
atmospheres for the application of these polymer membranes. Molecular transport
through polymer nanocomposite depends on number of factors such as the nature of
polymer matrix, size of penetrates, temperature, content of nanoparticles, aspect ratio
and degree of dispersion of nanoparticles. Materials based on nano-sized metal oxide
provide a potential solution to meet the present and future technological demand in
virtue and the novel properties. Among this magnetite (Fe;04) and maghemite (Fe,O5)
have been scientific and technological interest in last few decades. The traditional metal
magnetic materials are replaced by magnetic elastomer because its own characteristics,
such as high saturation magnetic induction, low coercivity, high permeability, low high-
frequency loss and so on, can be widely used in the automobile, petroleum and
chemical industries [14, 15]. EVA, being polar in nature, is a good choice for nano-
composites with the nano fillers and the system offers a lot of properties to explore. The
present work therefore focused on the utilization of magnetite nanoparticles as filler in
EVA with reference to their cure characteristics, morphology and the transport charac-
teristics of aromatic hydrocarbons are studied.

Experimental

Materials and methods

EVA (Pilene 1802) was supplied by Polyolefin Industries Limited, Chennai, India. The
solvents benzene, toluene and xylene were of reagent grade and were distilled before
use to ensure purity. The crosslinking agent was dicumyl peroxide (DCP). Ferrous

chloride tetrahydrate (FeCl,.4H,0) and iron trichloride (FeCl;) was obtained from Nice
Chemicals, India. Magnetite (Fe;0,) nanoparticle with a size of 35 nm was prepared by
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the chemical process described previously [16]. The magnetic nanocomposites based
on EVA have been prepared by adding various amount of Fe;O4 in a two roll mixing
mill. EVA was mixed with ZnO (4 phr), magnetite naoparticles (0, 3, 5, 7 and 10 phr)
and DCP (5 phr). For diffusion studies, circular samples of diameter 19.6 mm and
2 mm thickness were punched out from the vulcanized sheets. Weight and thickness of
the samples were determined before sorption experiments. They were immersed in
aromatic hydrocarbon (15-20 ml) in closed diffusion bottles, kept at constant temper-
ature in an air oven. The samples were removed from the bottles at periodic intervals of
30 min, dried for 5-10 s between filter papers to remove the excess solvent on their
surfaces and weighed immediately using an electronic balance that measured repro-
ducibly within+0.0001 g.

Characterization

Cure characteristics were determined using a Moving Die Rheometer (MDR 2000)
according to ASTM D 2084-93 at 160 °C. The composites were vulcanized to their
respective cure time in a hydraulic press at 160 °C and a pressure of 6.7 MPa on the
mould. Transmission electron micrographs of the samples were carried out using a
Philips CM12 model with an acceleration voltage of 100 kV. The specimens were
prepared using an ultra cut E cryomicrotone. Thin sections of about 100 nm were cut
with a diamond knife at —100 °C.

Results and discussion
Cure characteristics

The torque values of filled and gum EVA compounds with different loading of
magnetite are given in Fig. 1. It is clear from the figure that the maximum (Mh) and
minimum torque (Ml) increases with the increase in concentration of nanoparticles and
these values are found to be the maximum at a concentration of 7 phr of filler. The
increment in torque values suggested that there are good interactions between the
polymer and filler surfaces [17]. The Mh can be regarded as a measure of the
composites modulus, which reveals the cross-link density of the fully vulcanized
sample. Also, significantly increased torque value is an indirect hint for the enhanced
interaction behavior and good interfacial adhesion between matrix and the filler. It is
reported in the literature that for strongly bounded polymers with filler surfaces there
will be an area of high density and thus, high modulus forms next to the surface [18].
Thus if all areas of the filler surfaces are capable of adsorption (high surface area), the
segments of polymer chains will absorbed on the surfaces and form a layer close to the
filler surfaces. This area would have combination properties of fillers (high modulus)
and matrix. Minimum torque value is observed for EVA, which has the minimum
reinforcement effect due to the free movement of polymer chain. Figure 1 shows that
the addition of filler slightly increases the Ml value, which is due to the enhanced
interaction between the filler-polymer that ultimately results in the restriction to
molecular motion of the macromolecules [19]. It is obvious from Fig. 2 that the
optimum cure time and scorch time decreased with increase in concentration of filler
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Fig. 1 Maximum torque, minimum torque and difference in torque for Fe;O, filled EVA

in EVA. Magnetite nanoparticle reinforced EVA is found to accelerate the vulcanization
up to 26 % as compared to unfilled polymer matrix. The reduction in optimum cure
time is due to the effect of increased thermal conductivity and filler’s surface area
available for reaction leads to the cross linkage formation through coordination inter-
action between iron oxide nanoparticles and acetate groups of EVA. Similar results
were reported in the literature that fillers play an important role in accelerating
vulcanization process [20].

Transmission electron microscopy (TEM)

The transmission electron micrographs (TEM) of EVA/Fe;0,4 nanocomposites with
different dosages of nanoparticles are presented in Fig. 3. EVA compound with 5 phr

I Cure time
B Scorch time

Time (min)
©

Fe O, (phr))

Fig. 2 Cure and scorch time of Fe;0, filled EVA
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Fig. 3 TEM images of (a) 5 phr (b) 7 phr and (c) 10 phr of Fe;O, containing EVA

Fe;0,4 composite shows an irregular structure with globular particles is due to the poor
dispersion and adhesion of Fe;O,4 into the polymer matrix. It can be seen that in 7 phr of
sample, the nanoparticles are well dispersed in the matrix with spherical in shape
having very good uniformity and adhesiveness. The more ordered structure of polymer
composite is due to the coordination interaction between 3d empty orbits of Fe atoms in
Fe;0, particles and the oxygen atoms on EVA has important impact on the formation
of the global morphology [21]. When the concentration of filler increases, dispersion of
nanoparticles decreases with an extensive stress wheeled region that extended deep into
the sample and therefore the magnetite nanoparticles exists as large aggregates. The
agglomeration and poor interfacial bonding of filler with polymer leads to poor
reinforcing effect of the composite is due to the poor stress transfer from the matrix
to filler resulting in the deterioration of nanocomposite properties. The above observa-
tion will be analyzed with the help of diffusion studies.

Effect of magnetite nanoparticles on sorption and diffusion

The diffusion curves of magnetite nanoparticles filled EVA, crosslinked by DCP is
expressed as mol% uptake (Qt) of liquid vs. square root of time are plotted and given in
Fig. 4. The experiment is conducted by using benzene as solvent at 28 ° C. It can be
seen from the figure that the loading of EVA with Fe;0, reduces the solvent uptake is
due to the reinforcement of polymer restricts the local freedoms of movement of
macromolecular chain and thereby improves the solvent resistance. It can be
observed that EVA showed the maximum solvent uptake and the composite with 7
phr Fe;0,4 showed the least solvent uptake values. A similar trend is also found to be
with other solvents. Nanoparticles form a chemical crosslinks with the polymer chains
in certain zone and that leads to the immobilization of metal particles due to the
coordination interaction between the Fe;O4 and acetate group of EVA. The

@ Springer



Int J Plast Technol (December 2015) 19(2):368-380 373

2.5 - ..
-
-/
— -/
-/
2.0 _O-O~-0—-0-0—0-0-O
- °
i _/ o/ LA
/ O/&/A
4
1.5 m O
s [
5 Y4
4
1.0 /-
-
| _?8/ — = EVA
_/2 —O—EVA3phrFe,O,
0.5 _72/ —A—— EVA/7 phr Fe, O,
7

0.0 — v T v T v ¥ v I "

0 10 20 30 40

= 1/2 . (12
Time “(min)

Fig. 4 Effect of magnetite nanoparticles on diffusion of EVA with various dosages of filler in benzene

coordination clusters formed would prevent the rearrangement of the macromolecular
chains during solvent ingression and reduces the free volume in the composite, thereby
causing resistance to the path of penetrants. Influence of different dosage of filler on the
equilibrium uptake of solvents (benzene, toluene and xylene) is given in Fig. 5. There is
a systematic trend on the sorption behavior of liquids of different molecular size. When
the size of solvent molecule increases, the solvent uptake found to be decreases. It is
well clear that among the solvent used, benzene uptake is maximum while xylene
uptake is minimum and toluene uptake is intermediate. The decrease in solvent uptake
with increase in size of solvents is due to the greater activation energy required for
activating the diffusion process. Similar trend were observed for other studies [22]. It is
also clear from the figure that the equilibrium uptake of the composite show a minimum
with increase in the nanoparticle content. This would be attributed to the difference in
the dispersion of filler particles in the matrix. TEM images shown in Fig. 3, clearly
reveal that at higher filler loading, aggregation of filler particles occurs due to its poor
dispersion in the matrix. Hence, a phase separation has formed between the polymer
and magnetite nanoparticles, resulting in an increased uptake of solvents.

Temperature effects and arrhenius activation parameters
The dependence of sorption and diffusion behavior of 7 phr Fe;O,4 filled EVA
nanocomposite with various temperatures has been studied by carrying out the exper-

iments at 30, 50 and 70 °C. The change in diffusivity values with temperature for
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Fig. 5 Influence of dosage of nanoparticles on the equilibrium uptake of different solvents

different samples can be obtained from Fig. 6. The rate of diffusion and maximum
solvent uptake increased with the increase in temperature. The disruption of long-range
order in the crystalline region of EVA with enhanced segmental mobility of macromo-
lecular chain at elevated temperature is responsible for the observed activation of
transport process. The kinetic energy of the penetrants also increases with increasing
temperature. All other systems showed the same trend. It is also found that the slope of
the linear portion increases with temperature showing that the transport process is
temperature activated.

The sorption, diffusion and permeation process are activated by temperature and
therefore the energy of activation for diffusion and that for permeation process can be
obtained by using Arrhenius equation [23]

X = Xpe F/RT (1)

where X is P (permeation coefficient, obtained as a product of diffusion coefficient and
sorption coefficient) or D (diffusion coefficient) and X, is Py or Dy which is a constant,
T is the temperature in absolute scale and R is the gas constant . Arrhenius plots of log
P orlog D vs. 1/T are constructed from the slope of the curves; the values of activation
energy for diffusion, Ep and the activation energy for permeation, Ep were estimated by
linear regression analysis. From the difference between Ep and Ep, the heat of sorption,
AHS has estimated for benzene and the values are given in Table 1. The activation
energy for diffusion and permeation for the polymer nanocomposite is higher than that
of unfilled filled polymer membrane. The high aspect ratio of nanoparticles effectively
increased the diffusion path, which ultimately result in high activation energy. It is
obvious that extent of coordination interaction of filler in the composite increases, the
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Fig. 6 Effect of temperature on the sorption behavior of the EVA with 7 phr of Fe;0,4 nanocomposite in
benzene

extent of crosslink is higher and therefore the penetrant molecules require more
activation energy to travel through the nanoparticles. The value of AHS gives addi-
tional information about the molecular transport through the polymer matrix. AHS is a
composite parameter involving both Henry’s law and Langmuir type sorption mecha-
nism. The positive value suggest that the Henry’s type mechanism predominates in the
present system due to holes that are creating first within the polymer matrix and then
the solvent molecules fill them; the formation of newer site involves and the process of
sorption is endothermic [24]. The endothermicity of the reaction supports the fact that
the rate of diffusion and maximum solvent uptake increase with increase of
temperature.

Table 1 Activation parameters of the diffusion of EVA/Fe;0,4 nanocomposite

Properties Dosage of Fe;04 (phr)
(kJ/mol)

0 3 5 7 10
Ep 3.64 15.84 17.32 19.99 19.01
Ep 18.96 26.97 29.27 33.07 31.86
AHg 15.32 11.13 11.95 13.08 12.85
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Diffusion coefficient

Diffusion coefficient is a kinetic parameter related to the polymer segmental mobility,
penetrant nature and extent of crosslinks present in a polymer matrix. The diffusion
coefficient of a polymeric material immersed in a solvent can be calculated using the
Equation

D = ITh[/4Q. ] (2)

where 8 is the slope of the initial portion of the plots of Of versus , h is the initial thickness
of polymer sample and Q. is the equilibrium mole % uptake. The calculated values of
diffusion coefficients are given in Table 2. It is observed that composite exhibit reduced
diffusion coefficient values. The rate of diffusion of a polymer primarily depends on the ease
with which macromolecular chain segments exchange their position with penetrant mole-
cule. Moreover, the mobility of the polymer depends on the amount of free volume in the
matrix [25]. The value of diffusion coefficient shows that the impermeable nanoparticles
produce a wreathed pathway for a penetrant to transverse the composite. Due to the uniform
level dispersion of the organic and inorganic phases, the available free volume decreases and
also the coordination interaction of Fe;O4 with EVA leads to cross-linked path that
ultimately result in lower diffusivity values. The diffusion coefficient values first decreases
upon the addition of nanoparticles up to 7 phr of Fe;O,4 and thereafter the values increases
with further loading of fillers. Composite with 7 phr of Fe;0, exhibits low diffusivity value,
indicates higher polymer filler interaction and it is also due to the restricted chain mobility of
the composite. This fact is reflected in the study of morphology of the composite studied by
TEM. The increase of diffusivity value at higher loading of nanoparticles can be explained
in terms of aggregation of fillers that leads to an increase in free volume of the samples due
to the poor interaction between the nanoparticles and EVA matrix.

Sorption mechanism

The mechanism of transport properties of polymeric membrane can be followed by
using the empirical equation [26]

logQ,/Q, = logk + nlogt 3)

where Q, is the mol% solvent uptake at time ¢ and Q.. is the equilibrium mol% uptake.
The slope of the plot log Qt/Q,, vs. log t gives the value of n, indicating the mechanism

Table 2 Values of diffusion coefficient (D x 10'" m?/sec) of EVA and its composite at 28 °C

Solvent Dosage of Fe;0, (phr)

0 3 5 7 10
Benzene 3.04 248 2.04 1.89 242
Toluene 2.88 2.11 1.75 1.57 2.01
Xylene 1.99 1.69 1.24 1.08 1.72
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of transport and its y-intercept is the value of &, depends on the structural significance
of polymer as well as its interaction with the solvent. The value of n suggests the mode
of transport and the values of n and & for different systems are given in Table 3. It can
be seen that the diffusion process in the present case deviates from the regular Fickian
trend, observed with conventional rubbers, and can be classified as anomalous. These
facts suggest that the nanoparticles effectively reduce the available free volume and
hence the nanocomposite shows higher » values than the unfilled polymeric matrix.
The nano level dispersion of metal particles in the polymer imparts a high degree of
restriction to the macromolecular chain rearrangement. Thus the observed anomalous
diffusion involves the retaliation between the ability of polymer segments to rearrange
in the presence of solvents and the restriction imparted to the composite by the
nanoparticles. The value of k& implies the structural characteristics of polymer and gives
an idea about the nature of interaction between the polymer and solvent. The £ values
decrease with increase in the molecular size of the penetrants from benzene to xylene,
indicating decreased polymer- solvent interaction. The decrease in k values with
increase in molecular size of the penetrants from benzene to xylene, indicating de-
creased polymer- solvent interaction.

Determination of crosslink density
The crosslink density of the vulcanized sample was determined from swelling data. The

molecular weight between crosslinks (Mc) has estimated using the Flory—Rehner
equation [27]

—ppV '/
In(1-¢) + ¢ + X ¢*

Mc = 4)

where p, is the density of the polymer, Vis the molar volume of the solvent, ¢ is the
volume fraction of the polymer in the fully swollen state and x is the polymer—solvent
interaction parameter which is given by Eq. (5) [28]

do ) .
. (S5 ) 1t601-0) + Min(1-0) + vl

5)
a0\, (do (
20| == ) =¢*N | = ) —¢*/T
5 ( 90V - (92) -2
Table 3 Analysis of sorption data of EVA with Fe;0,4 at 28 °C
Solvent n K x 1072
0 3 5 7 10 0 3 5 7 10

Benzene 0.61 0.64 0.67 0.71 0.68 2.78 2.26 1.99 1.75 1.98
Toluene 0.59 0.63 0.66 0.69 0.67 2.63 2.01 1.86 1.63 1.91
Xylene 0.56 0.61 0.59 0.67 0.65 2.39 1.85 1.71 1.55 1.82
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Table 4 Values of molecular weight between crosslinks (g/cm?) of EVA with Fe;0,

Solvent Loading of fly ash (phr)

0 3 5 7 10
Benzene 17386 13014 10945 9980 11889
Toluene 16544 11235 9985 7665 10763
Xylene 15012 10568 7956 6881 8568

in which, N is calculated from Eq. (6)

<7> - (1/3)

e ’

The M, values of EVA and Fe;0, reinforced EVA nanocomposites are given in Table 4.
The decrease in M, values of nanocomposite compared to EVA is due to the reinforcement
of magnetite nanoparticles in the polymer and hence the stiffness of the material increases.
The nanocomposite with 7 phr of sample shows the lower A, values indicating the strong
interfacial interaction between the polymer and Fe;O,4 nanoparticles and this result in lower
swelling of the sample. This result is in good agreement with the rheometric data obtained
from cure characteristics. It is well known that maximum torque is the measure of crosslink
density [29]. In the present study, the maximum torque (from rheometric data) is increased
with the increase in concentration of nanoparticles up to 7 phr and thereafter the maximum
torque value found to be slightly decreases. Similarly in swelling studies, when the
concentration of nanoparticles in EVA increased above 7 phr, the Mc values are found to
be increases due to the poor strain of the network. It is also observed that the molecular mass
(M_.) changes with the solvent and this is due to the variation in polymer chain entangle-
ments density or the filler packing between the macromolecular chains.

Conclusions

EVA/magnetite nanocomposites containing different filler loading have been prepared
and the cure characteristics of nanocomposites were investigated. The rate of vulcani-
zation and maximum torque value of the nanocomposites were higher than the gum
compound. Morphology of the composites was determined by transmission electron
microscopy (TEM). It was found that the incorporation of nanoparticles in EVA have
profound influence on the morphology of the composites and composite with 7 phr of
Fe;04 exhibit uniform dispersion of nanoparticle. The uniform dispersion of nanopar-
ticles decreased with an increase in the filler loading. The liquid transport characteris-
tics of the nanocomposite were analyzed using benzene, toluene and xylene as probe
molecules and the results were compared with unfilled sample. Nanocomposites
showed a reduced swelling rate was due to the enhanced polar-polar interaction
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between filler and the polymer. The solvent uptake was minimum for 7 phr of filler
show the high compatibility with EVA matrices in such a way that the polymer filler
interface greatly hinders the diffusivity process. However, the solvent uptake tendency
increased at higher filler loading. This can be ascribed in terms of poor interaction
between the matrix and filler, leading to aggregation of nanoparticles. The transport
coefficient and activation parameter showed a dependence on the size of penetrant
molecules. The transport phenomenon was found to follow anomalous type mechanism
in all the cases. The values of the polymer-solvent interaction parameter were used to
calculate the molar mass between crosslinks using Flory—Rehner theory.
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