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Abstract

This article reports the preparation of a series of EVA nanocomposites employing solution casting
methods using different types of organo-modified montmorillonite clay. The effect of the organoc-
lay type on the structural organization and thermal behavior of EVA nanostructured materials
were systematically investigated. Regarding thermal behavior, the thermogravimetric analysis
showed that the nanocomposites presented a slight decrease in thermal degradation temperature
compared to EVA, while differential scanning calorimetry, in general, did not show a significant
change in the thermal transition temperatures such as glass transition, melting temperature and
crystallization temperature of the nanocomposites, regardless of the type and proportion of or-
ganoclay in the systems. With respect to structural aspect, the X-ray diffractograms showed that
all systems presented a heterogeneous distribution of the nanoparticles, containing part interca-
lated. Nuclear magnetic resonance relaxometry data provided complementary information for the
X-ray results, showing that the EVA systems containing 5 wt% of both studied organoclays pre-
sented a mixture of intercalated and exfoliated structures, evidencing that there was a surface in-
teraction between polymer chains and clay lamellae.
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1. Introduction

Polymer nanocomposites are extremely attractive in both science and industry because these materials often ex-
hibit better physical and mechanical properties than isolated polymers, such as increased modulus, reduced gas
permeability and enhanced thermal stability, among others [1]-[5]. One of the best advantages of nanocompo-
sites is related to the quantity of nanoparticles added to the polymer matrix compared to the normal composite.
In a conventional composite, the quantity of filler must be as high as possible (i.e., over 30 wt%), whereas in a
polymer nanocomposite the quantity of filler varies from 1 to 5 wt% or less than 1%, because the nanometric
dimensions of the particles provide a larger surface area in relation to volume, generally causing good improve-
ment in the polymer’s properties [6].

When polymer-layered silicate nanocomposites (PLSN) are prepared, some structure types are obtained: in-
tercalated nanocomposites, where the polymer chains are intercalated in the galleries, but the periodicity of the
clay lamellae is still intact; delaminated or exfoliated nanocomposites, where the lamellae are far apart from
each other so that the periodicity of this layer arrangement is totally lost, allowing that delaminated silicates are
uniformly dispersed in the matrix [7] [8]; or a mix of both, which is more common, since the dispersion and dis-
tribution of nanoparticles are not straightforward. One important point to obtain good nanomaterials is the po-
lymer/nanoparticle pair, and consequently the nanoparticles’ dispersion in the polymer matrix [9], which de-
pends on the chemical structure of the polymer and nanoparticle and the mixing process as well. For PLSN, the
properties are directly correlated with the exfoliated/intercalated regions, which in turn result from the disper-
sion/distribution of the nanoclay layers in the polymeric matrix [10].

Several polymer nanocomposites using many types of matrixes have been studied, including ethylene-co-
vinyl acetate (EVA), polyethylene (PE), polypropylene (PP) polyamide-6 (Ny6) and polystyrene (PS) [11]-[15].
Among them, nanocomposites based on EVA are of great interest, mainly because EVA/clay nanocomposites
can be easily prepared since EVA contains a certain quantity of the polar group, vinyl acetate, which can effec-
tively interact better with clays [16].

In this study, the first objective was to obtain hybrid nanocomposites based on EVA prepared by the solution
casting method containing two organo-modified montmorillonite clays (OMMT) with different intercalating agents.
The nanomaterials prepared were evaluated and compared according to the interaction forces between nanopar-
ticles and EVA matrix.

The use of modified montmorillonites containing intercalating agents aims to promote better dispersion and
distribution of nanoparticles in the polymer matrix, since the intermolecular interactions are strong enough for
that.

The second objective was to characterize the nanocomposites obtained employing thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), X-ray diffraction and mainly nuclear magnetic resonance re-
laxometry, using the spin-lattice relaxation time parameter (T,), which is an innovative and advanced method to
determine the degree of clay intercalation and/or exfoliation in polymeric nanocomposites [17] [18].

The proton spin-lattice relaxation time has been used for Tavares group because it is a parameter very sensi-
tive to the nanomaterials’ organization and it also allows understanding the intermolecular interaction between
polymer matrix and nanoparticles forces, which will promote better dispersion and distribution of the clay la-
mellae in the polymer matrix. Generally speaking, when exfoliation processes are predominant, the value of
proton spin-lattice relaxation time decreases in relation to the polymer matrix. This happens because of the pa-
ramagnetic metals present in the clay lamellae. In this process the polymer molecules are around one clay la-
mellae, and the paramagnetic metals act as a relaxing agent. In contrast, when the intercalation process is pre-
dominant, the values of this parameter increase compared to the polymer matrix, due to the fact that the polymer
chains have their movements constrained among clay lamellae, being not free to move [18]-[24].

2. Experimental

2.1. Materials

Commercial EVA containing 28 wt% VA was supplied by Polietilenos Unido (Brazil). The organoclay types
(Viscogel S7° and Viscogel S4™) were supplied by Bentec-Laviosa (Italy). These nanoparticles are organo-
modified montmorillonite clays. Information on their intercalating agents is presented in Table 1.
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Table 1. Organoclays employed as nanoparticles and their respective interlayer agents.

Organoclays Interlayer Agent Interlayer Agent’s Chemical Structure
CH,
Bis(Hydrogenated Tallow Alkyl)
Viscogel® S4 Dimethyl Ammonium R——N——-=R
(BHTADMA)
CH,
CH,
Dimethyl Benzyl Hydrogenated |
Viscogel® S7 Tallow Ammonium ©7N*—CH2—(CH2)IN .—CH,
(DMBHTA) |
CH

3

2.2. Nanocomposite Preparation

All nanocomposites were prepared by solution casting using 1,1,2,2 tetrachloroethane (TCE) as solvent. A
weighed amount of EVA (4 g) was dissolved under stirring and then refluxed in TCE (35 mL) at 70°C. The na-
noclay dispersions of varying concentrations (1, 3 and 5 wt%) were prepared in the same solvent (5 mL) under
stirring for 1 h at room temperature. These dispersions were then added to the polymer solutions and stirring was
continued for 1 h at 70°C. Finally, a portion of each final solution was poured into a Petri dish and kept in an
oven at 50°C for 5 days to eliminate the solvent.

2.3. Thermogravimetric Analysis

The thermal stability of the EVA nanocomposites was investigated by thermogravimetric analysis, using a TA
Instruments Q500 thermogravimetric analyzer with precision of +1°C, in order to determine the decomposition
profile of the material. The measurements were obtained by heating the samples from 40°C to 600°C at a rate of
10°C /min under continuous flow of nitrogen.

2.4. Differential Scanning Calorimetry

The DSC analyses were carried out using a TA Instruments Q1000 calorimeter (with temperature accuracy of
+0.1°C) under a nitrogen flow rate of 50 mL/min. The temperature range for the test was from —80°C to 250°C,
with heating and constant cooling at 10°C/min. The thermal transitions and crystallinity of EVA were evaluated
after subjection to a second heating ramp designed to remove the effect of prior thermal history. Percentage
crystallinity was calculated using the following equation:

Xe(%) = 2n 100 (1)
100

where AHm is the specific enthalpy of fusion for the studied composite and AHjy is the specific enthalpy of fu-
sion for 100% crystalline polyethylene (AHm, 293 J-g™") [21] [25].

2.5. X-Ray Diffraction

XRD was performed using a Rigaku diffractometer with CuKa radiation generator (4 = 0.154 nm, 40 Kv, 120
mA) at room temperature, scanning over the 20 range from 2° to 40° in 0.05° steps, at a rate of 1°/min.

2.6. NMR Relaxometry

A Maran Ultra 23 low-field NMR spectrometer (Oxford Instruments), operating at 23 MHz (for protons) and
equipped with an 18 mm NMR tube was used to determine proton spin-lattice relaxation times (T H). The pulse
sequence used was inversion-recovery (recycle delay-180°-z-90° acquisition data) and the 90° pulse of 4.5 pus
was calibrated automatically by the software supplied with the instrument. The amplitude of the FID was sam-
pled for 20 7 data points, ranging from 0.01 ms to 10.0000 ms; using 40 data points with 4 scans for each point
and 5 s of recycle delay. The relaxation values were obtained by fitting the exponential data with the aid of the
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WINFIT program, and the domain distribution was obtained by the WINDXP software. The equipment’s preci-
sion is £2%. The relaxation values were calculated employing the following equation:

M, :Mz<l—exp’T/T‘> 2

3. Results and Discussion
3.1. Thermogravimetric Analysis

The TG and DTG curves of the EVA/S4 and EVA/S7 nanocomposites with different nanoclay amounts are pre-
sented in Figure 1 and Figure 2, respectively. They show that the thermal degradation of EVA and its nano-
composites undergoes two stages. The first stage is attributed to deacylation, which corresponds to the elimina-
tion of acetic acid and the formation of double bonds. Radical and anionic beta-elimination mechanisms
(scheme 1) have been proposed for this reaction. The second stage is the main-chain degradation [7] [9] [16]
[26]. Table 2 shows the values of the temperature of initial weight loss (Ti) and the temperature of maximum
weight loss rate (Tmax) found for EVA and its nanocomposites. The results showed that the introduction of both
OMMT types into the EVA matrix caused a decrease in the thermal stability of the nanocomposites studied. The
most critical result was found for EVA systems containing 5 wt% OMMT compared to the other EVA systems
prepared with the same type of organoclay. The EVA/S7 5% and EVA/S4 5% presented reductions in the initial
degradation temperature (T;) of 42°C and 27°C, respectively, compared to the EVA. This behavior was expected
and it is common in EVA nanocomposites prepared with OMMT, because during thermal degradation their
deacylation is accelerated and may occur at lower temperatures than those for pure EVA, due to catalysis by the
strongly acid sites created by thermal decomposition of the silicate modifier (intercalating agent) [7]. These sites
are active when there is contact or interaction between the polymer and the silicate.
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Figure 1. TG degradation curves for EVA/S4 (a) and EVA/S7 (b) systems with different nanoparticle ratios.

Table 2. Temperature of the initial weight loss (T;) and the temperature at which weight loss rate is maximum (Ty,,,) for the
EVA copolymer and its nanocomposites.

Samples T (°C) Tuax (°C)

EVA 325 447
EVA/S4 1% 304 430
EVA/S4 3% 306 428
EVA/S4 5% 298 428
EVA/ST 1% 295 431
EVA/S7 3% 303 443
EVA/S7 5% 283 431
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Figure 2. DTG curves for EVA/S4 (a) and EVA/S7 (b) systems with different nanoparticle ratios.

3.2. Differential Scanning Calorimetry

The DSC analyses were performed to monitor the effect of adding two different OMMTs on the thermal transi-
tion temperatures and also to evaluate the degree of crystallinity from the EVA matrix. Table 3 shows the values
found for all thermal parameters studied. According to the results obtained from DSC (Table 3), addition of
both OMMT types caused no significant change in the thermal transitions temperatures, meaning that the values
found for glass transition temperature (Tg), melting temperature (Tm) and crystallization temperature (Tc) of the
EVA nanocomposites prepared were similar to those obtained for EVA copolymer. In contrast, crystallinity data
indicated that the addition of nanoparticles in the EVA matrix altered the crystallinity profile of some of the
systems. The data reported in Table 3 show that the EVA/S7 systems had a tendency for declining crystallinity
with increasing OMMT ratio. For these systems, the crystallinity of the formulation containing 5 wt% nanopar-
ticles was 32% lower than for the EVA. This tendency was not observed for the EVA/S4 systems, although the
one containing 5 wt% nanoparticles had 21% lower crystallinity comparing to EVA. These results indicate that
the 5 wt% proportion of both nanoparticles caused the most pronounced changes in the EVA matrix, by pre-
venting the packing of the molecules to form crystals.

3.3. X-Ray Diffraction

The X-ray diffractograms obtained from the two OMMT samples and their corresponding nanocomposites are
shown in Figure 3. Table 4 presents the characteristics of the clays used in this study. XRD patterns supply very
useful information on the gallery size of the final intercalated hybrids by measuring the increase of the basal
(001) d-spacing [27].

From Figure 3 it is possible to observe that the EVA/S4 and EVA/S7 systems presented a heterogeneous
structure, where a part of these systems was intercalated and the other one was aggregated. The presence of the
intercalated portion was identified from the shift in the d0O1 peak to lower angles, indicating an increase in basal
distance as a consequence of the interpenetration of polymeric chains inside the OMMT lamellae, but the d001
peak also appeared in the same position found for the OMMTs, showing the existence of an aggregated portion
(Figure 3(a) and Figure 3(b)). Comparing the materials prepared with the two OMMT types, it was possible to
observe that the EVA/S4 systems presented more significant decrease in intensity of d001 peak than the
EVA/S7 systems, indicating better nanoparticle dispersion. This behavior was expected because the intercalating
agent of the S7 clay has aromatic rings in its structure (Table 1), which are not chemically compatible with
EVA.

For the systems studied in this work, the XRD results show that the intercalating agent of the clay was an im-
portant factor for the performance of the materials formed.

3.4. NMR Relaxometry

NMR relaxometry data can provide important insight into the molecular structure of systems containing nano-
particles [22]. Both OMMT clays used in this study (Viscogel S4 and Viscogel S7) caused a small decrease in

864
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Figure 3. XDR patterns for EVA/S4 and EVA/S7 systems with different nanoparticle ratios.
Table 3. Thermal parameters and crystallinity degree obtained by DSC.
Samples Tg (°C) Tc (°C) AHc (J/g) Tm (°C) AHm (J/g) Xc (%)
EVA —24 52 72 74 42 14
EVA/S4 1% -23 52 42 73 36 12
EVA/S4 3% =25 52 57 73 42 14
EVA/S4 5% —26 52 48 74 33 11
EVA/ST 1% —24 52 83 73 41 14
EVA/S7 3% -24 52 44 73 31 11
EVA/S7 5% -23 52 47 73 26 9
Table 4. Characteristics of the clays used in this study.
Sample 26 Peak Basal Distance (nm)
S4 3.95 2.23
S7 5.00 1.76

the proton relaxation times (T;H) of the EVA nanocomposites compared to EVA (Table 5). This phenomenon is
expected when there is good interaction between the system components, generated in this case by the presence
of an exfoliated phase in the material that makes possible the presence of molecular chains around the clay la-
mellae, promoting good dispersion/distribution of nanoparticles in the polymeric matrix. The decrease of T;H
values occurs because of the presence of the paramagnetic metals in the clay lamellae, which influences the
proton relaxation time, promoting changes in the chains’ molecular mobility. This phenomenon is reflected in
the T{H values, which give an idea of distribution of the clay lamellae, through the time that a proton system
takes to recover (relax) to its original position state after being submitted to a radiofrequency. These results are
in accordance with the findings of other studies [18]-[24].

The decrease in the T,H values was more pronounced in the EVA/clay nanocomposites containing 5 wt% of
OMMTs, independent of the clay surfactant type, which means that the polymer/nanoparticle ratio together to
the mixing method (solution intercalation) were more important than surfactant’s structure. This result can be
seen in Table 5 and also in Figure 4, where the distribution curves for EVA/S4 5% and EVA S7 5% systems
present a more pronounced displacement. The lower relaxation times indicate that this proportion of the Visco-
gel S4 and Viscogel S7 nanoparticles was predominantly exfoliated. The most significant changes in the EVA
matrix containing 5 wt% of both OMMT types were also observed by the DSC investigation, which indicated
greater reduction in crystallinity, and also in TGA analysis, which showed a more pronounced decrease in ther-
mal stability of these systems. The results obtained from NMR relaxometry were complementary to the XDR
results and allowed the conclusion that EVA/S4 5% and EVA/S7 5% systems presented a multiphase structure
with polymer intercalated in the clay lamellae and also a predominance of exfoliated OMMT clays in the EVA

matrix.
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Figure 4. Domain curves for EVA/S4 (a) and EVA/S7 (b) with different nanoparticle ratios.

Table 5. T,H values for EVA and its nanocomposites.

Samples T H (ms)

EVA 58
EVA/S4 1% 56
EVA/S4 3% 57
EVA/S4 5% 53
EVA/S7 1% 56
EVA/S7 3% 55
EVA/S7 5% 53

4. Conclusion

The data obtained in the present study showed that the proposed solution intercalation method allowed obtaining
nanostructured films with both OMMT clays used and also that the characterization techniques applied were ef-
fective for thermal and structural characterization. The thermal evaluation indicated a slight decrease on the de-
gradation temperature and no change on the transition temperatures for the studied systems. In addition, a more
pronounced change in the crystallinity profile was observed for the systems with 5 wt% OMMT. The structural
characterization by XDR showed that partly intercalated nanocomposites were formed. On the other hand, the
parameters obtained by spin-lattice relaxation time of hydrogen, T\H, provided important and complementary
information for the X-ray diffraction, due to the measurements’ sensitivity and range of observation, showing
that both systems prepared with 5 wt% OMMT presented a multiphase structure, with aggregated and interca-
lated portion and also an exfoliated phase.
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