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Abstract

A unique class of nanocomposites containing organoclays modified with catalytically active transition metal ions (TMI) and ethylene vinyl
acetate (EVA) copolymers was prepared. The morphology, thermal and rheological properties of these nanocomposites were studied by thermal
gravimetric analysis (TGA), transmission electron microscopy (TEM), extended X-ray absorption fine structure (EXAFS) spectroscopy, X-ray
scattering/diffraction and oscillatory shear rheometry. TMI-modified organoclays were thought to possess pillaring of multivalent TMI in the
interlayer silicate gallery, leading to a notable reduction of the interlayer d-spacing. The resulting nanocomposites exhibited significantly
improved thermal stability and fire retardation properties, but similar morphology (i.e., an intercalatedeexfoliated structure) and rheological
properties comparable with EVA nanocomposites containing unmodified organoclays. It appears that the compressed organic component in
the TMI-modified organoclay can still facilitate the intercalation/exfoliation processes of polymer molecules, especially under extensive shear-
ing conditions. The improved fire retardation in nanocomposites with TMI-modified organoclays can be attributed to enhanced carbonaceous
char formation during combustion, i.e., charring promoted by the presence of catalytically active TMI.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoplastic nanocomposites with improved barrier, me-
chanical, thermal, and fire retardation properties have attracted
a great deal of attention from both academic and industrial
laboratories in the past several years [1,2]. Polymer nanocom-
posites can be considered as filled materials with at least one
dimension of the filler in the nanometer range. Organoclays
are organically modified layered silicates, which have been
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widely used as nanoscale fillers [3]. As organoclays can be
intercalated or exfoliated by polymer molecules, the enhance-
ment in modulus, toughness, and barrier properties may be
obtained. Typically, the improved properties can be achieved
at relatively low filler loading (f< 10 wt%) in nanocompo-
sites as compared to 30e50 wt% of fillers in conventional
composites.

Although organoclays have been frequently mentioned as
effective fire retardant agents, their fire retardation (FR) prop-
erties are not sufficiently high [4]. The FR activity of organo-
clay is usually attributed to its ability to drastically enhance
the melt viscosity of filled materials, thus slowing down the
diffusion of highly combustible products and promoting the
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formation of silica-rich carbonaceous char to starve the flame
of fuel [4e7]. Charring is an important mechanism of the FR
activity, yet it is not well understood. It was suggested that
charring in nanocomposites could be partially attributed to
their catalytic activity, facilitating processes such as oxidative
dehydrogenation and aromatization [5,6,8e11]. In this study,
we hypothesize that the catalytic efficiency of organoclays
based on montmorillonite mineral can be improved by incor-
poration of common transition metal ions (TMI), such as Cu
or Fe. This is because the addition of TMI complexes to poly-
mers has been proven to enhance fire retardancy [12,13]. It
appears that the presence of TMI promotes crosslinking of var-
ious polymers, enhances charring and slows down thermal
degradation. On the other hand, TMI may also catalyze chain
scission, thus making polymers more volatile and degradable.

Recently, we demonstrated that organoclays modified with
TMI can significantly improve the thermal stability, reduce the
release rate of volatile products from thermal degradation, and
increase the content of solid residue upon heating at 900 �C in
air [14]. These characteristics suggest that TMI-modified orga-
noclays may also improve the fire retardation properties of
corresponding nanocomposites. Currently, as the FR activity
of organoclay is insufficient to replace conventional FR addi-
tives, they are often used in combination with proven FR
agents such as hydrated alumina (Al2O3$H2O) or carbon nano-
tubes [15e17]. Insufficient FR activity of organoclays can be
attributed to thermal degradation of surfactant components via
Hoffman elimination [18], resulting in the emission of combus-
tible volatile products. We hypothesize that the TMI-modified
organoclays can at least partially overcome this problem.

The overall purpose of this work was to determine the
effect of TMI-modified organoclays on structure, rheology,
thermal stability and fire retardation properties of EVA-based
nanocomposites. For this purpose, small-angle X-ray scatter-
ing (SAXS), scanning and transmission electron microscopies
(SEM/TEM), thermal gravimetric analysis (TGA) and ex-
tended X-ray absorption fine structure (EXAFS) spectroscopy,
rheological and fire testing techniques were used. The specific
goal of this study was to verify the effect of catalytically active
TMI on the thermal stability of EVA/organoclay nanocompo-
sites. We suggest that the TMI modification of organoclays,
taking advantage of the unique surface chemistry and adsorp-
tion capacity of organoclays, may lead to effective fire
retardant materials. In particular, we expect TMI-modified
organoclays to have dual physico-chemical mechanisms of
fire retardancy [14]. In the physical mechanism, organoclays
can act as barriers for gas diffusion and physical crosslinks
that hamper the flow of polymer melt, resulting in flammabil-
ity reduction [1,2,4e6]. In the chemical mechanism, TMI-
modified organoclays can promote a variety of reactions
during combustion, thus facilitating the formation of carbona-
ceous char. These reactions may include oxidative dehydroge-
nation, olefin dimerization and aromatization [8e11]. In
addition, we demonstrate that TMI-modified organoclays can
remain compatible with the polymer matrix, similar to unmod-
ified organoclays. This is usually not the case for conventional
FR agents.
Two TMI systems based on Fe and Cu salts were selected
to modify a commercially available organoclay (C20A). The
chosen polymer system was ethylene vinyl acetate (EVA) copol-
ymer. We have recently studied the miscibility, rheology and
morphology of EVA/C20A nanocomposites [19], which can
be viewed as a good model system for comparison of nanocom-
posites containing TMI-modified organoclays. The motivation
for the selection of Cu2þ and Fe3þ TMI is as follows. (a) As
Cu2þ compounds have been extensively demonstrated as effec-
tive FR agents and smoke suppressants [20], one may expect
that the FR activity of Cu-modified organoclays can be im-
proved. (b) The literature data suggest that the FR activity of
Cloisite-based organoclays may be partially due to the presence
of iron [21], through the formation of iron oxides during thermal
degradation. Thus, Fe-modified organoclays and the corre-
sponding nanocomposites were also investigated in this study.

2. Experimental

2.1. Materials and preparation

The organoclay sample (Cloisite� 20A or C20A) used in
this study was manufactured by the Southern Clay Company.
Based on the data provided by Southern Clay, C20A contained
montmorillonite mineral clay (Wyoming Cloisite) and di-
methyl di-hydrogenated tallow ammonium chloride (DMDTA)
surfactant. The content of the surfactant in C20A was 35 wt%.
DMDTA is a blend of surfactants by Akzo Nobel. The major
component in this blend is di-methyl di-octadecyl ammonium
chloride (DMDOA); minor components included (in the order
of decreasing content) di-methyl octadecylhexadecyl ammo-
nium chloride, di-methyl di-hexadecyl ammonium chloride,
and a small amount (<3 wt%) of tertiary ammonium chlorides
(such as di-methyl octadecyl ammonium chloride and di-
methyl-hexadecyl ammonium chloride). Solvents and transi-
tion metal salts used in this study were purchased from
Aldrich Chemicals. These salts were acquired in their hydrated
forms as CuCl2$2H2O and FeCl3$6H2O. The polymer used for
making the nanocomposite was ethylene vinyl acetate (EVA
was a member of Elvax� by DuPont Company). The polymer
contained 8 mol% of vinyl acetate, its molecular weight (Mw)
was 110 kg/mol and the polydispersity was Mw/Mn w 6.0.
It had an LDPE-like structure, i.e., containing long chain
branches.

Modified organoclays were prepared by treating the orga-
noclay suspensions in alcohol (ethanol or methanol) with a
TMI solution in the same solvent. The general preparation
procedures were described below. Organoclay samples were
thoroughly washed before the TMI treatment. The washing
step was necessary to remove excess surfactants in organoclay.
The typical washing procedures were as follows. Clay sample
(organoclay, 2 g) was placed in 40 ml of solvent (methanol).
The pH value for each organoclay suspension was maintained
above 7 for cationic exchange to take place. The organoclay
suspension was vigorously stirred for 24 h. Upon stirring for
few hours, the dispersion turned into a viscous slurry due to
the swelling of the clay. The slurry was then filtered and dried
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in vacuum for 12 h at 80 �C (the weight loss observed for each
washed organoclay sample was negligible). The washed and
dried samples were then placed in appropriate TMI solutions
(0.30 M, using the same solvent as in the washing process)
for ion exchange. The clay suspension was kept in a closed
container to prevent solvent evaporation under vigorous
stirring for 36 h. After the TMI treatment, the samples were
filtered, washed again and dried in vacuum for 12 h at 80 �C.
For TMI-treated organoclay, after the washing step, the recov-
ered solvent was checked for chloride ions using 0.1 N
AgNO3. The washing step was repeated several times until
there was no precipitate formation upon the addition of
AgNO3, which ensured the absence of unbound surfactants.

Nanocomposites were prepared by melt blending of EVA
copolymer with unmodified organoclays or TMI-modified
organoclays using a microprocessor (DACA, US). The com-
bined weight of TMI-modified organoclay and polymer was
3.0 g/load. Mixing was performed at 170 �C at 200 rpm under
the flow of nitrogen. The mixing time was 10 min unless spec-
ified otherwise. After mixing, the polymer nanocomposite was
extruded and subsequently pressed by a carver pressing appa-
ratus at 170 �C and 4000 psi pressure. Samples were left for
annealing for 30 min and were allowed to cool down to
room temperature. Typical size of polymer nanocomposite
film made for X-ray measurements was 4 mm� 4 mm with
1 mm thickness.

2.2. Sample characterization

2.2.1. Synchrotron X-ray scattering and diffraction
Simultaneous SAXS (small-angle X-ray scattering) and

WAXD (wide-angle X-ray diffraction) measurements were
performed using two 1D linear position sensitive detectors
(EBML, Grenoble, France) at the X27C beamline in the
National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL). The wavelength of the X-ray was
1.366 Å. Silver behenate was used to calibrate the scattering
angle in SAXS and aluminum oxide was used to calibrate the
diffraction angle in WAXD. X-ray measurements for all TMI-
modified organoclays and nanocomposite samples were taken
under the same conditions. In situ high temperature X-ray mea-
surements were carried out in a custom-made environmental
chamber, where the maximum temperature was around 350 �C.

2.2.2. 2D and 3D transmission electron microscopy
All nanocomposite samples were cryo-microtomed at

�150 �C using a diamond knife to obtain sections of 100 nm
thickness for transmission electron microscopic (TEM) charac-
terization. No staining was applied. 2D TEM images were
acquired on a JEOL 2000FX TEM instrument at 160 kV accel-
erating voltage. Multiple images from various locations at dif-
ferent magnifications were collected to provide an overall
assessment of dispersion uniformity. For 3D TEM, the FEI Tec-
nai TEM instrument (G2 F20 Super Twin TMP) was used. All
samples were run on the scanning transmission electron micros-
copy high-angle annular dark field (STEM-HAADF) mode to
minimize the sample damage, while maximizing the contrast.
The image acquired in such a way is also known as STEM-
HAADF tomography. During the measurement, the sample
was tilted from a 0� to �60�, which took about 90 min, and
the samples were tilted back from 0� to 60�, which took another
90 min. The total exposure time was 3 h. The images were
reconstructed using the Voltex 3D volume rendering software.

2.2.3. Extended X-ray absorption fine structure spectroscopy
Extended X-ray absorption fine structure (EXAFS) spectro-

scopic measurements were performed to determine the oxida-
tion states of metal ions in the TMI-modified organoclays
using a PIPS detector at beamline X18B in the NSLS, BNL.
Copper and iron foils were used as calibration standards for
the EXAFS data interpretation. In this experiment, a Si(111)
channel cut monochromator was used for data collection.
The beam size was 10 mm� 1 mm. The energy resolution,
corresponding to the vertical opening, was approximately
1 eV at the copper edge. The monochromator was positioned
at 18 m from the source and the samples were placed inside
the hutch, 2 m downstream from the monochromator. This
is an unfocused beamline with a photon flux of 2� 1010 pho-
tons/s at the copper edge. Sealed ion chambers (30 cm long)
from Oxford-Danfysik Instruments were used for the determi-
nation of the incident intensity (I0) and the transmission inten-
sity (It). The PIPS detector (Canberra) was used to collect the
fluorescence data. The I0 detector was filled with 50% He and
50% N2, and It with 90% N2 and 10% Ar, all at the atmo-
spheric pressure. The sample or the reference foil was placed
between the It and Iref (sample chamber) ion chambers, where
flowing N2 was used in the sample chambers. In a typical
measurement, the monochromator was detuned to 30% at
the iron edge to minimize higher harmonics. All detectors
were checked for linearity and the offsets were taken into
account to eliminate the electronic noise.

2.2.4. Rheological measurements
Rheological measurements were performed using a Physica

MCR301 rheometer (Anton Paar Inc., Austria) to determine
the viscoelastic behavior of nanocomposites in the molten
state. A 25 mm parallel plate fixture was used and a constant
strain amplitude (g¼ 0.06) was applied in all dynamic
measurements. The frequency scan (0.1<u< 100 rad/s) for
acquisition of oscillatory shear data was repeated 4 times at
each temperature. Isothermal rheological properties such as
storage (G0) and loss (G00) moduli were determined, which
were very much reproducible in each run. All measurements
were performed in the controlled strain regime under the
flow of nitrogen to avoid thermal decomposition.

2.2.5. Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) measurements were

performed using a TA 7 thermal analyzer, manufactured by
PerkineElmer. All measurements were carried out in the
temperature range of 40e800 �C and at a heating rate of
20 �C/min. TGA data collection for all nanocomposite
samples was taken under identical conditions.
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2.2.6. Flame test
Extruded cylindrical rods (2 mm diameter; 100 mm long)

of polymer nanocomposites were ignited for 5 s and were
allowed to burn in air, whereby the char was collected after-
wards. The experimental setup closely resembled that of the
standard UL94 test [22] with the exception that thinner
samples were used in order to reduce the amount of nanocom-
posite tested. The ignition and burning examinations of nano-
composites were carried out in an environment without air
drift and the flame was calibrated according to the UL94
procedures. Five samples were burnt according to UL94 test
description [22] for each of polymer nanocomposite samples
and these results are averaged to determine the rate of burning.

3. Results and discussion

3.1. SAXS/WAXD to determine the structure of
nanocomposites

In a publication described elsewhere [14], the TMI modifi-
cation was shown to have a profound effect on the d-spacing
of organoclay. The amount of TMI in modified clays is shown
in Table 1. The measured values of d-spacing for organoclays
and TMI-modified organoclays in this study are listed in
Table 2. It is seen that the d-spacing values for Fe- and Cu-
modified organoclays (prepared in methanol) were notably smaller
(d-spacing¼ 2.32 nm for Cu-modified C20A and 1.40 nm for
Fe-modified C20A) than that of unmodified C20A (2.56 nm).
However, these values are still larger than that of pristine
montmorillonite clay (d-spacing¼ 1.28 nm). This suggests
that TMI penetrated into the gallery of organoclay, resulting
in the collapse of intercalated layers. The argument that TMI
were predominantly confined in the interlayer space rather
than deposited on the surface of clay particles was further
verified by SEM and WAXD techniques and elemental analy-
sis [14]. From the above results, it appears that TMI can form
pillar-like aggregates in the interlayer gallery of the organo-
clays, whereby the structure enhances the binding of neighbor-
ing clay layers and decreases the d-spacing. This notion has
raised the following concern. Since some ‘‘weak’’ surfactant
molecules are replaced by TMI, the modification process
seems to impose an adverse effect on the resulting nanocom-
posite, i.e., the reduced concentration of surfactant molecules
may hinder the intercalation and exfoliation of polymer mole-
cules. To verify this concern, simultaneous SAXS and WAXD
measurements on nanocomposites based on TMI-modified

Table 1

Elemental analysis results for unmodified C20A and TMI-modified C20A

Material analyzed C20A C20A washed C20A Cu C20A Fe

Carbon 28.9 27.23 23.13 25.11

Hydrogen 6.02 5.53 4.92 5.2

Nitrogen 0.89 0.84 0.79 0.84

Copper 0.0 0.0 3.42 0.0

Iron 1.74 1.56 0.94 4.13

Chloride 0.01 0.01 3.5 0.1
organoclays were carried out and the results are described as
follows.

Fig. 1a shows SAXS profiles of various nanocomposites
(EVA/C20A and EVA/TMI-modified C20A) prepared by
melt mixing for 10 min. In EVA/C20A nanocomposites, the
scattering peak at 0.24 nm�1 (d-spacing¼ 4.16 nm) represents
the intercalated structure induced by EVA chains, since the
d-spacing of C20A is only 2.56 nm (Table 2). However, it is
interesting to note that all three profiles in Fig. 1a (EVA/
C20A, EVA/Cu-modified C20A and EVA/Fe-modified
C20A) exhibit similar scattering features (i.e., similar peak
shape and position), suggesting a nearly identical layered
structure. These results indicate that the intercalation of
TMI-modified organoclays by EVA chains took place, just
like in the system of unmodified organoclays. Broadening of
SAXS peaks was found in the scattering profiles of all nano-
composites, indicating that the average stack size was
decreased due to partial delamination of organoclays. The
above results verify that there is a reasonable compatibility
between TMI-modified organoclays and the EVA matrix.
The corresponding WAXD profiles of various nanocomposites
(EVA/C20A and EVA/TMI-modified C20A) are shown in
Fig. 1b, which also exhibit similar diffraction features mainly
from the clay structure. No crystal structure from the Cu or Fe
phase was observed, confirming that no large Fe or Cu crystals
were formed. This is consistent with the notion that TMI have
penetrated into the gallery of organoclay.

Fig. 1c shows that shorter shearing time (3 min) in melt
mixing led to an intermediate layered structure with relatively
sharp SAXS peaks positioned in-between those in organoclays
(or TMI-modified organoclays) and corresponding nanocom-
posites. This suggests that inefficient delamination of clay
stacks (i.e., intercalation) took place in the matrix. It is evident
that the pillaring effect of TMI on the collapse of the layered
structure, while notable in the pure filler form, can be over-
come by sufficient shearing. All the following results were
obtained from shearing for 10 min since longer time shearing
did not affect the layer structure in TMI-modified clays. In
addition, as we did not observe a noticeable change in the
structure of the nanocomposites when the weight percentage
of clay is increased from 5 to 10 wt% (Fig. 1d), all the follow-
ing results were also obtained using 10 wt% of nanofillers
unless specified otherwise. The temperature dependence of
nanostructure in nanocomposites was investigated using in
situ SAXS techniques. Our previous results indicate that the
d-spacing in EVA/C20A nanocomposites always decreases
with temperature, which can be attributed to the reduced
compatibility between polymers and organoclays (i.e., the
LCST-like phase behavior) [19]. It is seen that as temper-
ature is increased from 80 to 200 �C, the SAXS peaks in
EVA/C20A (Fig. 2a), EVA/Cu-modified C20A (Fig. 2b) and

Table 2

The d-spacing values of unmodified C20A and TMI-modified C20A

Sample Montmorillonite

clay

Unmodified

C20A

Cu-modified

C20A

Fe-modified

C20A

d-Spacing (nm) 1.28 2.56 2.32 1.40
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Fig. 1. (a) SAXS profile of EVA/C20A and EVA/TMI-modified C20A mixed for 10 min. (b) WAXD profiles of EVA/C20A and EVA/TMI-modified C20A mixed

for 10 min. (c) SAXS profile of EVA/C20A and EVA/Cu-modified C20A mixed for 3 min. (d) SAXS profile of EVA/C20A containing various percentages of

unmodified C20A.
EVA/Fe-modified C20A (Fig. 2c) all shifted towards higher s
values (i.e., the d-spacing decreased). The d-spacing values of
various nanocomposites at different temperatures are listed in
Table 3. From these results, it appears that EVA/TMI-modified
C20A nanocomposites also exhibited the LCST-like polymere
clay phase segregation behavior [19]. Several interesting fea-
tures were noted from the above results. (1) The loss of
peak features in SAXS profiles after the heatingecooling cy-
cle was less pronounced in EVA/TMI-modified C20A than
that in EVA/C20A. (2) The broadening of SAXS peaks during
heating cycle within the temperature range of 120e280 �C and
subsequent cooling cycle was more significant for a system
containing non-modified organoclay than in its TMI-modified
analogs. (3) In EVA/C20A, after the heatingecooling cycle,
SAXS peaks drastically broadened and the maximal positions
did not recover upon cooling to 30 �C. Previously, the loss of
scattering features in SAXS for EVA/C20A at temperatures
above 200 �C was attributed to thermal degradation of organic
surfactants in organoclays [23]. The above results confirm that
EVA/C20A nanocomposites, containing unmodified or TMI-
modified C20A, can undergo thermally reversible phase segre-
gation upon heating above 180 �C, resulting in de-intercalation
of organoclays and decrease of the average d-spacing. How-
ever, as the temperature decreases, the compatibility between
organoclay and EVA increases, which results in only partial
re-intercalation of clay layers by EVA [19]. This can be ex-
plained by the surfactant loss during the heating cycle that
leads to the loss of periodicity during re-intercalation, thus
the original structure cannot be recovered completely. This
process can also explain the weakening of scattering features
in SAXS. At high temperatures, further desorption and
degradation of the surfactant component may cause the
complete collapse of organic layers. The resulting loss of
periodicity in the layer structure can cause the shift and broad-
ening of SAXS peaks, as observed in the chosen EVA8-C20A
(with and without TMI modification) systems as well as in
montmorillonite-based organoclays undergoing heating in
the absence of polymers [19,23].

The persistence of SAXS features in EVA/TMI-modified
C20A nanocomposites (Fig. 2) indicates that TMI-modified
organoclays have higher thermal stability than unmodified
organoclays. This was further supported by the following obser-
vations. (1) Only moderate broadening of SAXS peaks was ob-
served in TMI-modified systems, (2) after the heatingecooling
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Fig. 2. Temperature resolved SAXS profile for EVA organoclay nanocomposites in a heatingecooling cycle: (a) EVA nanocomposites containing unmodified

C20A, (b) EVA nanocomposites containing Cu-modified C20A, and (c) EVA nanocomposites containing Fe-modified C20A.
cycle, positions of SAXS peaks mostly recovered. For exam-
ple, the SAXS profile from EVA/Cu-modified C20A showed
that scattering peaks moderately broadened and weakened

Table 3

The d-spacing value in EVA nanocomposites containing unmodified C20A and

TMI-modified C20A at different temperatures

Temp. (�C) d-Spacing (nm)

of neat C20A

d-Spacing (nm) of

Cu-modified C20A

d-Spacing (nm) of

Fe-modified C20A

30 4.16 3.97 4.13

100 4.01 3.96 4.13

200 3.60 3.69 3.70

280 3.51 3.27 3.59

200 �C cooling 3.54 5.29 3.56

30 �C cooling 4.26 4.40 4.53
at temperatures above 200 �C (albeit to a lesser degree than in
the EVA/C20A nanocomposite). However, in EVA/Fe-modified
nanocomposites, these peak features remained almost un-
changed, i.e., all peaks were sharp during the heatingecooling
cycle. We hypothesize that the pillaring of organoclays by
TMI does not allow for the complete collapse of organic layers,
even when surfactant loss is significant. In addition, TMI were
shown to increase the thermal stability of organoclays and
reduce loss of organic component via formation of volatile
products, thus preserving the periodical structure of layered
systems during heatingecooling cycle. This suggests that
even higher structure stability at high temperatures (<260 �C)
can be achieved in an EVA/Fe-modified C20A system as
compared to that in EVA/Cu-modified C20A.
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(a) EVA/C20A 5 wt (b) EVA/Cu-modified C20A 5 wt

(d) EVA/Cu-modified C20A 30 wt(c) EVA/C20A 30 wt

Fig. 3. 2D TEM images of EVA nanocomposites containing various weight percentages of organoclays: (a) 5 wt% of unmodified C20A, (b) 5 wt% of Cu-modified

C20A, (c) 30 wt% of unmodified C20A, and (d) 30 wt% of Cu-modified C20A.
3.2. TEM examination of TMI-modified clay
morphology

TEM micrographs of EVA/organoclay (with and without
TMI modification) nanocomposites are shown in Fig. 3. Excel-
lent spatial resolution with a clear definition of the layered
structure in intercalated C20A could be seen in these micro-
graphs. Fig. 4 shows the 3D TEM image of cryo-microtomed
EVA/C20A (10 wt%) nanocomposite samples with the thick-
ness of about 100 nm. The examined 3D volume was
1.6� 1.6� 0.1 mm3. The 3D TEM view of extracted clay
phase provides a good estimate of the dispersion state of orga-
noclays in the bulk sample. It is clear that the clay stacks were
not completely exfoliated in these nanocomposites, which is in
accordance with the SAXS data indicating the existence of the
intercalatedeexfoliated structure. In Fig. 3a and b, 2D TEM
micrographs of EVA containing 5 wt% C20A and 5 wt% of
Cu-modified C20A were compared. Both systems exhibited a
similar intercalatedeexfoliated structure. With C20A loading
increased to 30 wt%, strong local planar orientations in some
locations were seen, which were also observed in the 3D view
(Fig. 4). Based on the 2D images from EVA/Cu-modified C20A
(which was also the case of EVA/Fe-modified C20A, data not
shown), we again verified that there were no aggregates of TMI
crystals in EVA/TMI-modified C20A nanocomposites.
3.3. EXAFS to investigate the oxidation state of TMI in
modified organoclays

Polymer nanocomposites containing Cu- and Fe-modified
C20A organoclays were investigated by EXAFS to determine
the oxidation state of TMI, which was essential for the cata-
lytic activity that could improve the FR properties. Results
from the EVA/Cu-modified C20A nanocomposites showed
that the Cu edge was slightly shifted towards a lower energy
value than that of the Cu2þ standard. The Cu K-edge EXAFS
(or X-ray absorption near edge structure, XANES) profile in-
dicated that Cu appeared predominantly in the þ1 oxidation
state (Fig. 5a). In addition, the Cu K-edge EXAFS profile in-
dicates the absence of elemental Cu. Due to the heterogeneity
of the sample, it is not possible to state unambiguously which
Cu complex is present. The theoretical K-edge value for Cu is
8979 eV and for Cu2þ is 8990 eV. The K-edge value for orga-
noclays modified with copper was found to be between 8979
and 8990 eV (more towards 8990 eV). This suggests that in
EVA/Cu-modified C20A nanocomposites, the adsorbed copper
is not Cu2þ but probably in a mixed state [14]. In other words,
it is more likely that the adsorbed copper is in more than one
form, i.e., partial reduction of Cu2þ to Cu1þ may take place.

In our previous study [14], we showed that the oxidation
state of Fe in Fe-modified C20A was very close to that of
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Fe3þ and was thermally stable. Fig. 5b illustrates Fe K-edge
EXAFS profiles of EVA/Fe-modified C20A nanocomposite
and Fe3þ standard. Although the EVA/Fe-modified C20A
nanocomposite also exhibited the high degree of oxidation
state for Fe, there were some differences between the oxida-
tion state of Fe-modified C20A and that of corresponding
nanocomposites. It appeared that Fe was in different oxidation
states in the EVA/Fe-modified C20A nanocomposite, i.e.,
a mixed state of Fe3þ, Fe2þ and Fe0. The reason for the reduc-
tion mechanism of Fe3þ to Fe2þ and to Fe0 is still not clear and
will be the subject of a future study. Residual solvent, metha-
nol can be responsible for reduction of TMI in the organoclays
but we doubt that there could be any effect on oxidation state
of TMI during the processing of nanocomposites.

It has been shown that the presence of Cu promotes cross-
linking of the polymer matrix (PVC) during combustion [20].
Although the choice of polymer is different (EVA) here, we
expect a similar behavior to take place, i.e., the crosslinking
reaction will occur in the presence of TMI. It was suggested
that the state of Cu(I), irrespective of the state of oxidation, ex-
hibited better burning efficiency (thus better flame retarding
properties as less volatile combustible products are produced)
than Cu(II) and Cu(0), which also improve the fire retardation
but in a lesser degree. Our results generally support this
conclusion.

3.4. Rheological characterization of nanocomposites

It has been shown by us earlier that the introduction of
C20A into the EVA matrix would result in physical gelation
of EVA [19,24], whereas the rheological behavior of pure
EVA is typical of linear polymer melts. The thermo-rheological
responses of storage modulus (G0), loss modulus (G00) and
dynamic viscosity (h) for EVA and EVA/organoclay

Fig. 4. 3D TEM images of EVA nanocomposites containing 10 wt% of unmod-

ified C20A.
nanocomposites with unmodified C20A and TMI (Cu and
Fe)-modified C20A are shown in Figs. 6e8, respectively.
The rheological behavior of pure EVA was consistent with
our previous publications. In brief, the EVA melt followed
the timeetemperature superposition (TTS) principle, where
the slope in G0(u) curve in the terminal zone (low frequency)
was close to 2 (Fig. 6a) and that in G00(u) was close to 1
(Fig. 7a). The frequency dependence of the dynamic viscosity
h*(u) exhibited a Newtonian region at low frequencies and
a power-law region at higher frequencies (Fig. 8a). Further-
more, the viscoelastic parameters of EVA (i.e., G0, G00 and
h*) strongly depended on the temperature, and their magni-
tudes decreased upon heating, which could be described by
the Arrhenius law.

In contrast, the EVA/C20A nanocomposite exhibited the
pseudo-solid rheological behavior [19]. In this nanocomposite,
the Newtonian region in h*(u) was absent and the viscoelastic
response followed a power-law relation with frequency
throughout the tested range (Fig. 8b). The most notable feature
of thermo-rheological behavior of EVA/C20A nanocomposites
was the sharp deviation from the TTS principle, whereby the
temperature dependence of viscoelastic functions was very
weak. For example, the value of h* at 0.1 rad/s in pure EVA
decreased to three orders of magnitude when temperature
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increased from 110 to 200 �C, whereas the corresponding
decrease in the same temperature range was only 30% in the
EVA/C20A nanocomposite (Fig. 8b). The weak temperature
dependence of viscoelastic properties could be beneficial for
the FR performance of nanocomposites. It has been well docu-
mented that burning polymers (e.g., EVA) can easily spread
the fire due to the low melt viscosity. The physical gelation
characteristics of nanocomposite melt would hinder the flow
properties, thus retarding the fire spread.

Fig. 6a shows the G0(u) vs. u profile of molten EVA. The
slope of G0(u) was less than 2, higher than that of G00(u), which
was less than 1. This behavior is typical of linear polymer melts
with the characteristics of a single Maxwell component. One can
argue that the terminal domain of EVA, positioning at frequen-
cies below 0.1 rad/s, can be experimentally obtained. In con-
trast, in the presence of organoclay (modified and unmodified
in Fig. 6bed), the appearance of a plateau region at low frequen-
cies in G0(u) was seen. In this case, the slope of G0(u) became
less than that of G00(u). The plateau region in G0(u) was more
pronounced at higher temperatures, which is consistent with
the occurrence of physical gelation [19]. Another interesting
feature in nanocomposites was the relatively weak temperature
dependence of viscoelastic responses compared to that of poly-
mer melts, which could also be explained by the thermally
induced physical gelation behavior.
In our previous study [19], we have shown that the introduc-
tion of organoclays imposed a strong effect on the rheological
properties of EVA, even though the EVA/montmorillonite blend
formed only a mixed intercalatedeexfoliated state. The misci-
bility between EVA and organoclays decreased as temperature
increased in the range 120e240 �C because the EVA/organo-
clay system had a tendency to undergo phase segregation at
elevated temperatures (due to the escape of surfactant in organo-
clays). The occurrence of phase segregation would result in the
formation of a network of clay tactoids in the polymer matrix,
which could lead to thermally induced physical gelation. As
a result, the EVA/C20A nanocomposite system exhibited the
Bingham-like rheological behavior, which manifested itself by
divergence of zero-shear viscosity and power-law character in
the h*(u) profile over the entire range of experimentally ob-
served frequency u. Due to the formation of a tactoid network,
the rheology of EVA/C20A nanocomposites was determined by
the viscoelastic properties of organomineral aggregates rather
than by the relaxation behavior of a polymer matrix. Thus, the
temperature dependence of viscoelastic properties in EVA/
C20A was rather weak as compared to unfilled EVA. The above
phenomena were more pronounced at higher temperatures
(T> 180 �C) and higher organoclay loads f> 5 wt%.

The EVA nanocomposites containing TMI-modified C20A
generally showed the similar viscoelastic behavior as that of
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EVA/C20A. For example, both EVA/Cu-modified C20A and
EVA/Fe-modified C20A also exhibited weak temperature
dependence of viscoelastic properties and the power-law be-
havior of the h*(u) curve throughout the whole range of tested
frequencies (Fig. 8c and d). Although both EVA/TMI-modified
C20A nanocomposites exhibited the pseudo-solid rheological
behavior, when compared to that of EVA/C20A, the G0 and
G00 values of EVA/TMI-modified C20A systems were rela-
tively low (Figs. 6 and 7).

Based on our previous works [19,23] as well as the TGA
results in this study, it is apparent that a fraction of surfactant
is permanently lost at elevated temperatures. This loss was
significantly less than the overall surfactant content (40 wt%).
The thermally reversible intercalation process in organoclay-
based nanocomposites has been discussed previously and
will not be repeated here [19]. We argue that the reason for
the decrease in miscibility between polymer and organoclay
at high temperatures is mainly due to desorption of some sur-
factant molecules from the organoclays. However, a faction of
these surfactant molecules can be reabsorbed by the mineral
surface upon cooling, resulting in the partial recovery of the
intercalated structure. The presence of TMI can cause pillaring
of the mineral phase in the gallery, which slightly decreases
the extent of clay exfoliation in EVA after melt mixing.
However, we believe that modification of clay surface by
TMI does not make it less compatible with polymers as
compared to unmodified organoclays. Thermally reversible
intercalation was observed in nanocomposites containing
both TMI-modified and unmodified organoclays.

Due to pillaring of clay, there is a reduction in the amount
of tactoids available to the formation of tactoid networks. In
Fig. 8, it is seen that the phenomena related to the formation
of a tactoid network (such as power-law rheology and weak
temperature dependence of h*) were notable in the whole
range of tested temperatures and frequencies in Cu-modified
systems as well as in composites containing non-modified
organoclays (Fig. 8b and c). In contrast, EVA containing
Fe-modified organoclays (Fig. 8d) showed relatively weak
temperature dependence of h*, only at highest temperatures
(above 200 �C). We hypothesize that more efficient pillaring
and stronger binding of clay layers by Fe ions (carrying higher
charge as suggested by EXAFS) caused the decrease in exfo-
liation efficiency as compared to EVA nanocomposites con-
taining non-modified and Cu-modified organoclays. This
hypothesis is consistent with the observation of sharper
SAXS peaks in Fe-modified systems, which implies the exis-
tence of larger clay stacks or less exfoliation. This further
suggests that the gelation behavior in EVA/TMI-modified
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C20A systems was less efficient than that in EVA/C20A. In
fact, the rheological behavior of EVA/Cu-modified C20A
was closer to that of EVA/C20A, and the rheological behavior
of EVA/Fe-modified C20A was closer to that of pure EVA.

The transition to the Bingham-like behavior may be bene-
ficial for FR properties as it essentially causes physical gela-
tion of a polymer matrix at high temperatures, reducing the
spreading of fire through dripping of polymer melts. Thus,
the rheological behavior observed in Cu-modified systems is
preferred to that observed in Fe-based systems. However, the
overall FR performance will depend on the whole spectrum
of physico-chemical properties of tested composites rather
than the rheological response alone.

3.5. Thermal stability evaluation by TGA

In our previous study [14], the modification of TMI signif-
icantly increases the thermal stability of organoclays, i.e., the
onset temperature of thermal degradation (in the region of
260e360 �C) shifts towards a higher value (by ca. 30 �C)
and the content of solid residue increases substantially. TGA
thermograms (in accumulative and derivative modes) of nano-
composites containing unmodified C20A and TMI-modified
C20A are illustrated in Fig. 9. It is seen that all nanocompo-
sites exhibited a similar two-stage weight loss behavior. In
the first stage of degradation, only a moderate improvement
in thermal stability was found in nanocomposites. For
example, the onset temperature of degradation (between 260
and 360 �C) for EVA/TMI-modified nanocomposites increased
by about 15 �C when compared to pure EVA. Even the organic
content did not change much after the first stage of degrada-
tion; the formation of char significantly increased with the
presence of TMI in the second stage of degradation. It is inter-
esting to note that the maximum amount of char was formed
when Cu was used in modification of C20A, while Fe-modi-
fied C20A produced char weighing less than that from
Cu-modified C20A (Fig. 9a). In addition, the presence of
Cu-modified C20A in nanocomposites resulted in the highest
content of non-volatile residue at temperatures below
800 �C. On the other hand, the nanocomposite with Fe-modi-
fied C20A showed the largest shift (about 40 �C) of the onset
degradation among all nanocomposites (Fig. 9b). This differ-
ence can be attributed to the secondary effect such as the
catalytic activity of iron oxide on the combustion process,
which will be discussed next.

3.6. Flame retardation test and char formation

The overall content of solid residue after combustion of
nanocomposites in air was strongly affected by the TMI mod-
ification of organoclay (results are given in Table 4). The solid
residue content in Cu-containing systems was higher than that
in nanocomposite containing unmodified organoclays. It was
interesting to note that the Fe treatment resulted in decreased



838 P. Nawani et al. / Polymer 48 (2007) 827e840
solid residue content compared to the Cu-containing system,
as well as the nanocomposite containing unmodified organo-
clays. The observed trends are consistent with the TGA data
for nanocomposites in air, however, the exact content of
char measured in the combustion test was found to deviate
from the values obtained in TGA. It is conceivable that the dif-
ference may be due to the effects of heating rate, air humidity
and sample shape during the combustion process.

The relationships among the thermal properties, the amount
of char formed during combustion of nanocomposites and the
corresponding organoclay structure are essential for the

Fig. 9. TGA thermograms for pure EVA, EVA nanocomposites with unmodi-

fied and TMI-modified C20A: (a) cumulative weight loss and (b) derivative

curves at high temperatures.

Table 4

Content of char in nanocomposites determined from the combustion test in air

Organoclays in EVA nanocomposites Weight of char (%)

C20A (5 wt%) 19.4

C20A (10 wt%) 34.2

C20A (20 wt%) 42.8

Washed C20A (20 wt%) 26.2

Cu-modified C20A (5 wt%) 35.1

Cu-modified C20A (10 wt%) 44.1

Cu-modified C20A (20 wt%) 57.7

Fe-modified C20A (10 wt%) 21.8

Fe-modified C20A (20 wt%) 32.4
mechanism of FR activity. The EVA matrix without C20A
burned and dripped, while nanocomposites with C20A and
TMI-modified C20A showed visible FR activity, i.e., they
formed char upon burning. The FR activity of nanocomposites
with TMI-modified C20A was notably better than that of nano-
composites with unmodified C20A. For example, the rates of
burning for EVA and three different nanocomposites (with
C20A, Cu-modified C20A and Fe-modified C20A) are shown
in Table 5. It was found that the rate of burning for the Cu-
containing system was significantly reduced when compared
with that for the unmodified C20A system (Table 5). Similarly
improved FR activity was also found in the Fe-modified sys-
tem but its effect was lower than that of Cu-modified system.

The SAXS data for the resulting char showed the absence
of any scattering maxima (Fig. 10a), suggesting that periodic-
ity in organoclay stacks was completely lost during combus-
tion. On the other hand, WAXD results revealed distinct
peaks from the clay structure (Fig. 10b), indicating that the
structure of montmorillonite clay mineral persisted in the com-
bustion process. No graphite peaks were observed in WAXD
traces of char samples, suggesting the amorphous nature of
char formation.

Based on the literature data, the mechanism of thermal deg-
radation for EVA involves two major steps [25,26]: (1) the loss
of vinyl acetate units via a de-acylation process resulting in the
formation of double bonds and (2) the degradation of resulting
unsaturated material. It is conceivable that the presence of
TMI-modified organoclays in the EVA matrix may promote
crosslinking of unsaturated products formed during degrada-
tion, thus hindering the decomposition process. However, the
Lewis acidity of clay surface in the presence of TMI may
also facilitate the chain scission in EVA. As evidenced from
TGA results, the content of char formed in the presence of
Cu was substantially more than that in the presence of Fe. It
is conceivable that in Cu-modified organoclays, Cu does not
promote the combustion reaction. Instead, it forms a complex
with the surfactant and results in more charring. However, the
increase in the Fe content in the interlayer space may promote
both charring and combustion, which would affect the FR
activity in an opposite way. The nanocomposite with Fe-modified
C20A showed the largest shift in the onset degradation tem-
perature (Fig. 9b) and the resulting char content was less
than the nanocomposites containing Cu-modified C20A. The
SAXS results indicate that the extent of intercalation is similar
in nanocomposites of Fe-modified and Cu-modified organo-
clays, so EVA chains should have similar access to the active

Table 5

Rate of burning in various EVA nanocomposites containing unmodified C20A

and TMI-modified C20A

Sample Time

(s)

Rate of burning

(10�2 cm s�1)

% Char

formed

Neat EVA 55 18.18 0

EVA with C20A (20 wt%) 102 9.80 42.80

EVA with Cu-modified C20A (20 wt%) 146 6.85 57.70

EVA with Fe-modified C20A (20 wt%) 118 8.47 32.4

Ignition time¼ 5 s, sample length¼ 10 cm, sample diameter¼ 1.2 mm.
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sites on clay surfaces. Thus, the difference in the FR perfor-
mance may be attributed to the difference in the TMI catalytic
reactivity. Since the higher degradation temperature is indica-
tive of greater fire retardation activity, the Fe-modified system
may be viewed as more FR than the Cu-modified system, but
can result in more enhanced char formation. It is clear that the
thorough understanding of the thermal degradation mechanism
for polymer nanocomposites is rather complex as this material
crosslinks, forms char and degradation of material depends on
the absorption characteristic of polymer nanocomposites when
exposed to heat sources. While it was shown that the FR activ-
ity of organoclays might be improved by the presence of TMI,
further research will be needed to elucidate the heat absorption
characteristic of polymer nanocomposites in the presence of
various TMI and the physical mechanism responsible for
thermal degradation.

4. Conclusions

Results in this study indicate that organoclays modified by
transition metal ions (TMI) may be used as effective fire
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retardant (FR) agents for thermoplastic polymers to form
nanocomposites with all expected characteristics and en-
hanced FR properties. TEM and SAXS results indicate that
TMI-modified organoclays exhibited strong pillaring effects,
which decreased the interlayer d-spacing. However, the shear-
ing force during melt mixing could overcome the pillaring
effect of TMI such that polymer chains would penetrate the
TMI-modified organoclay stacks. Polymer nanocomposites
containing TMI-modified organoclays were found to possess
higher thermal stability than their counterparts containing
unmodified organoclays. It is interesting to note that the effect
of TMI on the thermal stability of nanocomposites was not
always in accordance with their influence on corresponding
organoclays (i.e., more stable clay always forms more stable
nanocomposites). For example, while the CuCl2 treatment
greatly increased the thermal stability of organoclay, the FeCl3
treated system showed a greater shift of thermal degradation
temperature towards higher values. The physico-chemical mech-
anism behind these phenomena is not yet completely under-
stood. We hypothesize that crosslinking of non-saturated
products of thermal degradation, as well as oxidative dehydro-
genation processes that would result in aromatization, may be
catalyzed by TMI. The catalytic effect may play a role in the
increased thermal stability of nanocomposites. Further work is
necessary to elucidate the influence of TMI modification on
the products of thermal degradation using chromatographic
(GC/MC) techniques and on the optimization of catalytic
properties of TMI modifiers. It should be noted that nanocom-
posites containing catalytically active organoclays might also
find their use in a handful of applications other than making
FR materials.
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