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ABSTRACT: Pyrolyzed oil shale (POS) obtained from the pyrolysis of bituminous rock
was used as filler in poly(ethylene-co-vinyl acetate) (EVA). The effects of the VA content
of EVA and the particle size of POS on the mechanical properties were investigated.
The composites were prepared in a rotor mixer at 180°C with a concentration of POS of
up to 30 wt %. The stress—strain plots of the compression-molded composites are similar
to the EVA (18% VA content) behavior for low concentrations (1-5 wt %) of POS with
a particle size lower than 270 mesh. It was observed that decreasing the POS particle
size and increasing the VA content of EVA produced better compatibility between the
polymer and filler. The mechanical properties, differential scanning calorimetry, and
dynamic mechanical analysis also demonstrated the compatibility between EVA and
POS under the increase of the VA content in the EVA. © 2002 Wiley Periodicals, Inc. J Appl

Polym Sci 84: 15441555, 2002; DOI 10.1002/app.10494
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INTRODUCTION

Pyrolyzed oil shale (POS) is an inorganic material
originating from the oil extraction of bituminous
rock through pyrolysis at approximately 400°C.
The POS with low oil concentration goes back to
the mines after it is extracted, increasing produc-
tion cost and the need for appropriate environ-
mental control in the areas close to the mining.
During the pyrolysis process the organic material
contained in the rock is transformed into oil and
gas, and another part is transformed into a coke
that is retained in the mineral matrix. POS is a
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black mineral consisting of a consolidated orga-
nic—inorganic mixture with most of the inorganic
part being constituted of silicates. Many of the
minerals fillers currently being used in plastics,
such as clay, mica, and talc, also consist of sili-
cates.’ The use of minerals as fillers in polymeric
materials is an economic practice in the polymer
industry today. Most mineral fillers are used in
industry to reduce production cost and, among
them, the most important are alumina, calcium
carbonate, talc, and clay. The use of POS as a
filler in polymer materials is new and few works
referring to the subject are found in the special-
ized literature.! According to the two studies,
the objective of blending oil shale with polymers
is to promote the decomposition of the oil shale
in the pyrolysis process.?? In this case, the use
of POS as a filler in polymers is important be-
cause it is possible to take advantage of this



mineral residue and at the same time generate
new materials.

It is known that in polymeric mixtures and
composites the compatibility among the phases
depends on the miscibility among each one of the
components. Filling poly(ethylene-co-vinyl ace-
tate) (EVA) with inorganic materials is the better
way to attain materials with a low cost and im-
prove the tensile properties and stiffness. Some
studies in this direction have already been re-
ported in recent years on systems such as the
addition of a rigid filler like CaCOj in high-den-
sity polyethylene (HDPE).*® After the oil shale
pyrolysis some residual oil remains in the inor-
ganic matrix, and it can be useful as a compati-
bilizing agent between the inorganic and organic
phase in a compound of EVA/POS. It would also
enhance some mechanical properties of the com-
pound.

With the aim of studying the POS application
as a filler for EVA and to understand the effect of
filler on the properties of the compounds, mix-
tures of EVA with POS were obtained while vary-
ing the filler concentration and its particle size.

EXPERIMENTAL

Materials

The TECPOL Tecnologia em Polimeros S.A. and
Petrobras S.A. supplied the POS. It was dried at
100°C, milled, and classified as 115, 170, 270, and
325 mesh. Petroquimica Triunfo S.A. supplied the
EVA and two different grades were used: one
sample with 8% VA content (EVA-8) and another
one with 18% VA content (EVA-18).

Compound Preparation and Characterization

Compounding of EVA-8/POS and EVA-18/POS
were performed in a Haake Rheomix 600 mixer at
180°C. The rotor speed was fixed at 20 rpm for 15
min. The compounds were compression molded at
180°C for 3 min at 4000 1b in a Carver Monarch
press. The tensile properties were measured at
room temperature in accordance with ASTM D
882-83 using a Wolpert TZZ 771 testing machine
at a crosshead speed of 10 mm/min. Differential
scanning calorimetry (DSC) measurements were
performed in a Polymer Laboratories DSC instru-
ment under an N, atmosphere. The samples were
heated from 40 to 180°C and cooled to 40°C at a
heating and cooling rate of 10°C/min. The melting
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temperature (T,,) values were taken from the sec-
ond heating curve.

Dynamic Mechanical Analysis (DMA)

For the DMA measurements the samples were
melt pressed at 180°C for 3 min at 4000 1b and
allowed to cool at room temperature. Rectangular
films were used that averaged 10 mm wide, 12
mm long, and 0.1-0.2 mm thick. The dynamic
mechanical experiments were performed on a
Polymer Laboratories dynamic mechanical ther-
mal analysis (DMTA) MK II Instrument in the
tensile mode. The measurements were carried out
at a heating rate of 2°C/min at a frequency of 1
Hz. The temperature ranged from —125°C to the
melting point of each compound (100-150°C, de-
pending on the sample used).

RESULTS AND DISCUSSION

Compound Preparation

Figures 1 and 2 show the graphs of torque during
the processing of the EVA-8/POS and EVA-18/
POS composites with different POS particle sizes.
It can be observed that when the POS was added
to the EVA, there was a tendency for the torque to
increase, which has a slight dependence on the
particle size.

Tensile Properties

The tensile properties of the EVA-8, EVA-8/POS,
EVA-18, and EVA-18/POS as a function of filler
are listed in the Table I. For the EVA-8/POS
composites the ultimate tensile strength (UTS) is
smaller than that for pure EVA-8 (Fig. 3). The
same happens for EVA-18 (Fig. 4), and in both
cases the POS 30 wt % filled samples showed a
UTS that was 40% lower than for pure EVA sam-
ples. With respect to the elongation at break (EB),
samples of EVA-8/POS (Fig. 5) quickly collapse
under the test, while an EVA-18/POS (Fig. 6)
sample still maintains a plastic deformation even
under high POS content. Considering only sam-
ples filled with 1% POS, there is a reinforcing
effect when the particle size is 270 and 325 mesh.

From the results of the mechanical properties
of EVA-8/POS and EVA-18/POS, it can be ob-
served that three factors were related to the me-
chanical properties of the mixtures of polymer
and POS:
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Figure 1 The torque versus time of mixing of EVA-8 and POS (115/325 mesh).

1. The POS particle size: the smaller the par-
ticle size the better are the mechanical
properties of the composites when com-

pared to the pure polymer. This behavior
may be explained by the best dispersion of
the particle in the polymer matrix.
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Figure 2 The torque versus time of mixing of EVA-18 and POS (115/325 mesh).
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Table I Mechanical Properties of EVA/Filler Contents

Ultimate Tensile Strength

(MPa) Elongation at Break (%)
EVA POS
(wt %) (wt % — Mesh) EVA-8 EVA-18 EVA-8 EVA-18

100 12.6 = 1.9 16.2 = 2.5 572.1 * 743 620.9 = 67.9
99 01-115 10.7 = 2.6 91=*15 468.1 + 102.8 417.8 = 86.2
95 05-115 7.8+ 1.2 13.6 + 3.8 350.2 *133.5 554.9 + 143.9
90 10-115 6.3 2.0 124+ 14 213.7 *194.2 536.8 = 56.19
80 20-115 29 + 1.3 9.5*+1.6 65.3 = 45.1 488.7 = 77.3
70 30-115 52 +1.1 74+16 249 = 56 365.6 = 177.3
99 01-170 11.0 = 0.6 13.0 = 7.3 537.4 + 2238 462.2 + 352.7
95 05-170 10.3 = 0.8 13.7 = 3.3 518.7 + 43.0 563.1 = 90.4
90 10-170 8.0 £ 2.0 12.7 = 2.0 353.4 *176.2 528.2 = 51.3
80 20-170 8.1+ 1.2 11.8 £ 0.5 340.0 * 139.8 4721 = 177
70 30-170 57+04 9.0 = 0.9 379 = 228 4179 = 36.6
99 01-270 10.8 =14 16.8 = 0.6 520.3 * 214 627.0 = 28.5
95 05-270 10.5 = 1.3 12.7 = 1.8 518.0 = 70.0 534.9 = 65.3
90 10-270 9.8 +1.2 13.4 = 2.3 505.2 + 62.9 533.3 = 78.4
80 20-270 7.7+ 1.2 10.6 + 2.1 341.3 *+ 132.2 489.5 = 94.0
70 30-270 6.0 = 0.3 8.0 0.8 472 * 32.6 371.9 = 46.8
99 01-325 10.8 = 0.8 16.6 = 1.3 539.7 = 53.0 642.2 = 55.4
95 05-325 11.7 £ 0.6 15.0 = 1.1 563.5 * 17.5 601.3 = 44.4
90 10-325 9.8 +20 13.5 = 1.3 416.98 *= 195.8 569.7 = 40.8
80 20-325 8.7+ 0.6 8.9=*35 396.3 * 90.6 412.0 = 263.5
70 30-325 5.7+ 3.2 10.0 + 1.8 152.2 =+ 133.68 464.7 = 84.7

2. The concentration of POS: the amount of
POS or any other filler is very important
for the mechanical properties. The increase
of filler content tends to determine the
losses in the mechanical properties, mainly
when the interface of the polymer—filler
shows poor adhesion.

3. The polarity of the polymer: when increas-
ing the polymer polarity (VA content), the
mechanical properties remained almost
the same at higher filler content if com-
pared with the pure polymer.

Factorial Analyses

All results may be rearranged to produce factorial
designs as illustrated in Table II, which allows
the calculation of the factor effects on the me-
chanical properties. Four factorials were devel-
oped with three factors (% VA, % POS, and POS
size) and two levels to contemplate the four per-
centages of POS in the compound and the four
different POS sizes. It is important to emphasize
that in this case the pure EVA properties were
not included in the designs; only the effects of
changing the POS size and its amount in the
composites were analyzed.

From these designs the effects on the UTS and
EB were calculated (Table III).

The effects in the white cells in Table III were
significant and the effects in the gray cells were
pooled in the experimental error. Factorial de-
signs D1-4 are described in Table III.

These analyses of the factorial suggested the
following:

1. The increase of the VA content in the EVA
increased the UTS and EB in all cases,
except for factorial design number one. In
this case the observed value (positive) was
smaller than the experimental error. The
other results (D2, D3, and D4) were in
agreement with the expected behavior:
when increasing the VA fraction, the UTS
and EB increase with the strength of the
intermolecular interactions.

2. Increasing the POS content caused the
UTS to decrease, as expected, but it took
place only when the POS content was
higher than 10%. From 1 to 5% there was
no effect on the UTS (D1 and D2). At the
same time, the EB was decreased by in-
creasing the POS content, except for design
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Figure 3 The ultimate tensile strength (UTS) ratios (composites/pure EVA-8) as a
function of the POS content for different particle sizes.

number one, where the effect was pooled in

error.

3. When the POS size was decreased, the
UTS and EB showed a tendency to in-

crease, but only the EB value at D2 was
significant. In addition, it may be observed
that all effects (significant or not) of the
POS size were positive, as expected.
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Figure 4 The ultimate tensile strength (UTS) ratios (composites/pure EVA-18) as a
function of the POS content for different particle sizes.
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Figure 5 The elongation at break (EB) ratios (composites/pure EVA-8) as a function
of the POS content for different particle sizes.

4. There was only one significant interaction

effect, which was due to the VA and POS
content (effect 1 X 2 in Table III) acting on
the EB in D2 and D4. When the VA (8-
18%) and POS (1-5%) content increased
simultaneously, the EB decreased 39%. On
the other hand, when the VA was varied
from 8 to 18% and the POS from 10 to 30%,

the EB increased 114%. This means that at
higher POS content the polymer—filler
chemical interactions were able to promote
the increase in the EB, which did not hap-
pen at low filler content. Figure 7 shows
this effect. The interaction between acetate
units and the POS affected the EB. In
other words, the interaction between the
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Figure 6 The elongation at break (EB) ratios (composites/pure EVA-18) as a function
of the POS content for different particle sizes.
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Table II Factorial Designs (D) Built from EVA-8/POS and EVA-18/POS Composites

D1 D2

VA POS VA POS

(%) (%) POS Size UTS EB (%) (%) POS Size UTS EB
8 1 115 10.7 468.0 8 1 270 10.8 520.0

18 1 115 9.1 418 18 1 270 16.8 627
8 5 115 7.8 350.0 8 5 270 10.5 518.0

18 5 115 13.6 555 18 5 270 12.7 535
8 1 170 11.0 537.0 8 1 325 10.8 540.0

18 1 170 13 462 18 1 325 16.6 642
8 5 170 10.3 518.0 8 5 325 11.7 564.0

18 5 170 13.7 563 18 5 325 15 601

D3 D4

VA POS VA POS

(%) (%) POS Size UTS EB (%) (%) POS Size UTS EB
8 10 115 6.3 214.0 8 10 270 9.8 505.0

18 10 115 12.4 537 18 10 270 13.4 533
8 30 115 5.2 25.0 8 30 270 6.0 47.0

18 30 115 7.4 366 18 30 270 8 372
8 10 170 8.0 353.0 8 10 325 9.8 417.0

18 10 170 12.7 528 18 10 325 13.5 570
8 30 170 5.7 38.0 8 30 325 5.7 152.0

18 30 170 9 417 18 30 325 10 464

VA and POS contents could not increase
the strength of the composite, but it could
promote a new flow behavior under load.

These results suggested the role of organic
compounds on the surface of POS in promoting a
better adhesion between the particle and EVA-18.
Such compounds may contribute to the adhesion
development between the filler and EVA by two

mechanisms: a better spreading of the polymer on
the filler surface due to the chemical interactions
and in situ plastification of EVA by the organic
compost on the surface of the POS, which was
fixed in the mineral filler during the pyrolysis
process. The fixed mineral filler was prone to de-
velop adhesions during the processing and af-
fected the mechanical properties; if the particle
size of the POS was smaller than 270 mesh, the

Table III Calculated Effects of Factors on Ultimate Tensile Strength (UTS)

and Elongation at Break (EB)

Ultimate Tensile Strength (MPa)

Elongation at Break (%)

Factors D1 D2 D3 D4 D1 D2 D3 D4
EVA (1) 2.4 4.3 4.1 3.4 31 66 304 205
POS (%, 2) 0.4 -1.3 -3.0 —4.2 25 —28 —-197 —248
POS SIZE (3) 1.7 0.8 1.0 0.4 72 37 48 36
1X2 2.2 -1.6 -1.3 -0.2 94 -39 56 114
1xX3 0.3 0.2 -0.1 0.6 —46 4 —-27 28
2 X3 -0.4 0.9 0.0 0.4 16 19 -17 62
1X2X%X3 -1.5 0.3 0.6 0.6 —34 6 47 —-34
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Figure 7 A plot of the elongation at break as a func-
tion of the POS and VA content.

concentration of POS in the polymer was up to
5 wt % and the content of VA in the EVA was 18
mol %.

The experiment suggested that polar organic
chains from the pyrolysis process of bituminous
rock were available on the surface of the POS and
these polar chains were responsible for the im-
provement of the adhesion among the phases of
the polymer with a larger polarity (EVA-18). This
better adhesion consequently resulted in an im-
provement in the mechanical properties. Nagata
and colleagues® used scanning electron micro-
graphs to show that the BaTiO4 particles were
more easily dispersed in the EVA matrix (7 and
15 mol % VA) than in LDPE. It was observed that
the polar groups introduced into a mnonpolar
LDPE improved the adhesion between BaTiOg4
particles and the polymer. These results suggest
that the degree of dispersion of the BaTiO5 par-
ticles was mainly based on the hydrogen bonding
and/or dipole—dipole interaction between the par-
ticle surface and VA groups of EVA.

In a previous article’” we suggested that the
diameter of the POS particles in HDPE influ-
enced the yield stress and elongation at yield
stress, and the mechanical properties of HDPE/
POS compounds were a function of the particle
size and their concentration in compounds. This
behavior was caused by the loss of the capacity of
the polymeric chains to get organized when sub-
mitted to a deformation and it was intimately
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linked with the existence of adhesion between the
polymer/POS phase, which is promoted by the
existence of an organic residue intimately linked
to the bonded mineral filler. The effect was not
evident in EVA-8 and was pronounced in the
EVA-18 compounds.

DSC Analyses

The DSC curves of the EVA-8, EVA-18, EVA-8/
POS, and EVA-18/POS composites are shown in
Figures 8 and 9. EVA-8 and EVA-18 exhibited a
melting temperature (7,,) in the range of 80 and
63°C, respectively. A physical compound of EVA-
8/POS with a different composition and particle
size presented a T',, range identical to the EVA-8.
However, the physical compound of EVA-18/POS
showed a small displacement in the melting tem-
perature (63-66°C), which was independent of
the concentration or particle size of the POS used
in the mixture.

DMTA Measurements

Figure 10 shows the logarithm of the storage
modulus (E’) versus temperature curves for EVA-
8/POS with different compositions. In general,
the storage modulus of EVA-8, EVA-8/POS-115
mesh (95/05), and EVA-8/POS-325 mesh (95/05)
were the same and the behavior of the storage
modulus was independent of the particle size and
POS concentration in EVA-8. The absence of
change in the storage modulus could not neces-
sarily be linked to the mechanical properties an-
swer for the compounds. The EVA-8 and EVA-8/
POS systems had the same behavior in terms of
the storage modulus, but the mechanical proper-
ties of the mixtures were inferior to the pure
EVA-8. Figure 11 shows the log E’' of EVA-18 and
EVA-18/POS with different compositions. The
EVA-18/POS system showed that the loss in stor-
age modulus was dependent on the particle size if
compared with the storage modulus of pure EVA-
18. It is important that the mechanical properties
of the compounds were better in these com-
pounds.

The DMTA test only determines the answer
capacity of the polymeric phase to a vibratory
tension. The test was sensitive to interactions
among phases, as in the case of EVA-18 and its
compounds. The capacity of the system to store
energy was harmed with the introduction of the
POS, and the module decreased with the decrease
of the particle size in the EVA-18 systems.
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Figure 12 shows the loss tangent (tan 6) versus
temperature curves for the EVA-8/POS, EVA-8/
POS-115 mesh (95/05), and EVA-8/POS-325 mesh
(95/05). Two regions should be considered in the
analysis. The first one at 52°C normally corre-

sponds to the « transition and it was apparently not
affected by the addition of POS. The second region
is at —19°C and corresponds to the B transition.
Both the o and B transition of the EVA-8 and EVA-
8/POS compounds showed the same behavior.
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Figure 9 DSC curves of the EVA-18 polymer and EVA-18/POS composites.
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In the loss tangent versus temperature curves
shown in Figure 13 for the EVA-18/POS, EVA-18/
POS-115 mesh (95/05), and EVA-18/POS-325
mesh (95/05), two regions should be considered in
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the analysis, the « transition at 20°C and the B
transition at —11°C. Both the « and B transition
of EVA-18/POS showed a shift of about —20°C in
regard to EVA-18.
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Figure 11 The storage modulus versus temperature curves for EVA-18/POS, EVA-
18/POS-115 mesh (95/05), and EVA-18/POS-325 mesh (95/05).



1554 VASCONCELOS BARBOSA ET AL.

0,30

+-- EVA-8
~X - EVA-8/POS 325 (95/05)
0,20 ——- EVA-8/POS 115 {95/05)

o
N
[$;]
1 I
e VI

T T T T 1
-150 -100 -50 0 50 100 150

Temperature °C

Figure 12 The loss tangent (tan 8) versus temperature curves for EVA-8/POS, EVA-
8/POS-115 mesh (95/05), and EVA-8/POS-325 mesh (95/05).

unit of EVA. Nagata et al.° showed that the
B-peak shift was about +5°C in the EVA/BaTiO,
composite systems, and the B-peak temperature
for EVA/graphite composite systems was inde-

The B transition corresponded to the glass
transition of both EVAs, and it is known that the
B transition is associated with the relaxation of a
main chain in the amorphous phase of the vinyl
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Figure 13 The loss tangent (tan 8) versus temperature curves for EVA-18/POS,
EVA-18/POS-115 mesh (95/05), and EVA-18/POS-325 mesh (95/05).



pendent of the concentration of filler. The polarity
of POS is closer to graphite than to BaTiO5, and
this was in agreement with the results presented
by the EVA-8/POS system. However, for the EVA-
18/POS system the decrease of the modulus and
the shift of the a,B-peak temperature suggested
an interaction between the EVA-18 and the POS,
as observed by Nagata et al.’ in EVA/BaTiO,
composite systems. This anomalous behavior sug-
gested that there must be a critical concentration
of the acetate group in EVA for the system to
show some polar interaction, and this interaction
with EVA-18 and the polar group in the POS
decreased the elastic answer and induced a dis-
placement of the «,B-peak temperature.

It is known that fillers and reinforcements
have viscoelastic characteristics in plastic mate-
rials. Many fillers and reinforcements therefore
respond as purely elastic systems while the poly-
mer and the filler—polymer interface have vis-
coelastic behavior. The addition of filler or a rein-
forcement to a polymer increases the modulus of
the system.® This behavior was not observed in
the EVA-18 system; perhaps POS also acted as a
lubricant.

CONCLUSIONS

The experiments reported suggested that the or-
ganic compound in the surface of POS can pro-
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mote better adhesion between EVA-18 and POS.
The better adhesion can modify the mechanical
properties with synergism of these properties, but
this synergism is associated with the particle size
and the concentration of POS in the polymer.
However, the VA content of EVA is important for
the property results.
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