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Thermal Stability and Degradation Kinetics of
Polystyrene/Organically-Modified
Montmorillonite Nanocomposites

Grace Chigwada’, Everson Kandare', Dongyan Wang?, Stephen Majoni’,
Darlington Mlambo', Charles A. Wilkie!, and Jeanne M. Hossenlopp® *

' Department of Chemistry, Marquette University, Milwaukee, WI 53201-1881, USA
2 Department of Materials Science and Engineering, Cornell University, Ithaca, NY 14853-1501, USA

Organically-modified montmorillonite (MMT) clays have been prepared using ammonium salts con-
taining quinoline, pyridine, benzene, and styrenic groups. The nanocomposites were prepared by
melt blending and the formation of nanocomposites was characterized using X-ray diffraction (XRD)
and transmission electron microscopy (TEM). Thermal stability and flammability were evaluated by
thermogravimetric analysis (TGA) and cone calorimetry measurements, respectively. The presence
of modified MMT at 5% loading resulted in significant improvement in thermal stability compared
to the virgin polymer. Effective activation energies for mass loss were determined via a model-free
isoconversional approach from TGA data obtained under N, and under air. The additives served to
raise the activation energy, with a more significant impact observed under pyrolysis conditions. The
onset temperature of degradation and temperature of maximum decomposition rate are increased,
while the peak heat release rate and mass loss rates are significantly reduced in the presence of
three of the modified clays. No reduction in the total heat released is observed.

Keywords: Polystyrene Nanocomposites, Thermal Stability, Montmorillonite, Degradation
Kinetics, Activation Energies.

1. INTRODUCTION or octahedral AI** by Mg?* respectively. Because of the
relatively—high cationic exchange capacity (CEC) exhib-
ited by MMT, it is easy to exchange the interlayer cations
with ammonium or phosphonium cations.?# 6-12.15:16 The
intercalation of long chain ammonium salts results in
increased interlayer spacing and/or exfoliation, promoting
easy penetration of monomer or polymer chains. The pres-
ence of organic modifiers is vital for good nanocomposite
formation, improving compatibility between the additive

Polystyrene (PS) has an enormously versatile array of
properties and a wide range of applications. In order to
improve the physical properties of PS such as thermal
stability, flame retardancy, tensile strength, flexural mod-
ulus, reduced gas and moisture permeability, and solvent
resistancy, many researchers have turned their attention
to the formation of polystyrene/modified-montmorillonite
(MMT) clay nanocomposites.'™** In nanocomposite forma-
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tion, modified-MMT clays with nanometer sized galleries
are dispersed into the polymer matrix and the resultant
interfacial interactions between the silicate layers and the
polymer matrix are key to the observed enhancement in
the physical properties. MMT based layered silicates have
been extensively used by virtue of being ubiquitous and
their ease of processing.

Pristine MMT contains alkali and/or alkali earth metal
ions sandwiched between negatively charged layers to bal-
ance the charge deficiency created by isomorphous sub-
stitution within the layers of tetrahedral Si** by AI’*

*Author to whom correspondence should be addressed.
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and the respective polymer.® Various methods have been
employed to prepare MMT based nanocomposites such as
melt intercalation,* ' '"~!” emulsion polymerization,* solu-
tion blending,” suspension polymerization,® and in situ free
radical bulk polymerization.'!-®

Any method involving polymerization in the presence
of the additive opens the possibility of generating differ-
ent molecular weight distributions than would be found
in reference samples synthesized without additives. Wall
and coworkers?® and Carasco and Pages?' have shown
that polymer properties, especially thermal degradation,
are dependent on the polymer molecular weights. In this
paper, polystyrene/modified-MMT nanocomposites have

doi:10.1166/jnn.2008.027 1927
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been prepared using melt intercalation to avoid the prob-
lem of possibly dissimilar molecular weights. The objec-
tives are to

(i) confirm the enhancement in thermal stability following
nanocomposite formation,

(ii) compare thermal stability of various nanocomposites
as evaluated by thermogravimetric analysis, (TGA), and
(iii) compare their flammability properties using cone
calorimetry measurements.

From TGA mass loss derived degradation Kkinetics
of polystyrene nanocomposites, a correlation between
observed apparent activation energies and thermal stabil-
ity, defined here, as the shift of degradation temperatures
to higher values, is examined.

2. EXPERIMENTAL DETAILS
2.1. Materials

Polystyrene (M,, ca. 230 000, M, ca. 140 000 melt index
6.0-9.0 g/10 min at 200 °C/5 Kg), benzoyl peroxide (BPO)
initiator, diethyl ether, tetrahydrofuran (THF), hexadecyl
bromide, acetone, quinoline, and pyridine were obtained
from Aldrich Chemical Co. Montmorillonite (MMT) and
Cloisite 10A were kindly provided by Southern Clay Prod-
ucts, Inc. Cloisite 10A is an organically-modified montmo-
rillonite, containing dimethyl, benzyl, and hydrogenated
tallow quaternary ammonium cation. Hydrogenated tallow
is a mixture of ~65% C18, ~30% C16, and ~5% Cl14
chains. All chemicals were used without further purifica-
tion with the exception of styrene monomer solution where
the tert-butylcatechol was removed by passing through an
inhibitor-removal column (Aldrich).

2.2. Preparation of Ammonium Salts

N,N-dimethyl-n-hexadecyl-(4-vinylbenzyl) ~ ammonium
chloride (VB16),! quinolinium hexadecyl ammonium
bromide (QC16),22 and pyridium hexadecyl ammonium
bromide (PYC16)** were prepared following previously
reported methods. A second batch of QC16 was synthe-
sized using a slightly modified route from that reported in
Ref. [22]. 10.0 g (77.4 mmol) of quinoline was dissolved
in 150 ml of acetone and stirred for a few minutes. To
the resultant solution, 23.6 g (77.4 mmol) of hexadecyl-
bromide (C16Br) was gradually added and the mixture
was refluxed for 48 hrs. Most of the solvent was removed
under vacuum and 20.0 ml of acetone was added to the
remaining solution. The mixture was refluxed for another
24 hours and most of the solvent removed under vacuum.
The remaining solution was cooled in an ice water bath
and the resulting precipitate was washed with ether. The
final yield was 15%. The 'H NMR for the product in
CDCl; was as follows: 6 10.42-10.44 (m, 1H); 6 9.15
(d, J =8.41 1H); 6 8.36 (d, J =9.6 2H); 6 8.13-8.21
(m, 2H); 6 7.89-7.95 (m, 1H); 6 5.36 (¢, J = 7.5, 2H);
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8 1.99-2.09 (m, 2H); 8 1.124-1.25 (m, 26H); & 0.81 (z,
6.72, 3H).

2.3. Modification of the Smectite Clays

Ammonium cations were exchanged for the Na® ions in
MMT by dissolving these respective salts in 100 mL of
THF and then mixing with a calculated amount of clay
dispersed in 200 mL of a 2:1 water/THF solution. The
amounts of the exchange salts were determined so as to
have 20% excess based on the cationic exchange capac-
ity (CEC) of the clay. The mixture was stirred at room
temperature for 24 h and the resultant precipitate was con-
tinuously washed with water until no halide ions were
detected. The modified MMT was dried in a vacuum oven
for 24 hours.

2.4. Preparation of the Polystyrene/Clay
Nanocomposites

Polystyrene/clay nanocomposites were prepared via
melt blending using established methods.?* Polystyrene
nanocomposites were prepared from respective additives
by mixing 5 g of the additive with 95 g of pristine
polystyrene to achieve 5% mass fractions. Melt blending
was then performed on a Brabender mixer for 15 minutes
at a temperature of about 190 °C and speed of 60 rpm.
The prepared composites are identified as PS-QCI16,
PS-PYCI16, PS-VB16, and PS-10A for QC16, PYCI6,
VB16, and 10A additives respectively. A reference sam-
ple of pure polystyrene was obtained following the same
procedure in the absence of any additive.

2.5. Analysis

X-ray diffraction (XRD) patterns of the synthesized lay-
ered materials were obtained from a 2 circle Rigaku
powder diffractometer operating in the parafocusing
Bragg-Bretano configuration, with a (1/2)° divergence
slit, (1/2)° scatter slit, 0.15 mm receiving slit, 0.15 mm
monochromator receiving slit using CuKar (A = 1.54 A)
radiation source operated at 50 kV and 20 mA, with data
acquisition done in 26 steps of 0.036 per 20 s. Powdered
samples were cold-pressed into 1 mm platelets, which
were then mounted onto vertically oriented sample hold-
ers for XRD analysis. Basal spacing of the synthesized
clays and polymer composites were obtained from the 001
reflection after fitting the data to a pseudo-Voight function
with XFIT?* stripping off the CuKa, contributions. Bright
field transmission electron microscopy (TEM) images of
the nanocomposites were obtained at 60 kV with a Zeiss
10c electron microscope. The samples were ultramicro-
tomed with a diamond knife on a Richert-Jung Ultra-Cut E
microtome at room temperature to give ~700 A thick
section. The sections were then transferred from the knife-
edge to 300 hexagonal mesh Cu grids.

J. Nanosci. Nanotechnol. 8, 1927—-1936, 2008
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Thermogravimetric analysis, (TGA) and differential
thermal analysis (DTA) were performed on a SDT 2960
simultaneous DTA-TGA instrument using 21.0+ 1.0 mg
samples contained in aluminum cups. TGA experiments
were performed over a temperature range of 50-600 °C
using constant heating rates of 5, 10, 15, 20, and 25 °C/min
in N, or in air flowing at 8545 mL/min.

Cone calorimetry was performed on an Atlas Cone
2 instrument using an incident flux of 35 kW/m? with a
cone shaped heater; the spark was continuous until the
sample ignited. Approximately 30 g of polystyrene com-
posite samples were compression molded into 10 cm x
10 cm square plaques of uniform thickness (~3 mm)
for cone analysis. All samples were run in triplicate and
the average value, with standard deviation, is reported;
results from cone calorimeter are generally considered to
be reproducible to +10%.%

3. RESULTS AND DISCUSSION

Pyridium hexadecyl ammonium bromide (PYC16), quino-
linium hexadecyl ammonium bromide (QC16), and N,N-
dimethyl-n-hexadecyl-(4-vinylbenzyl) ammonium chloride
(VB16) were used to modify the Na* intercalated MMT
and their chemical structures are shown in Figure 1. These
surfactants were chosen to demonstrate particular points
of interest in nanocomposite formation. Each salt contains
a long organic chain (typically C16) which is chemically
attached to different moieties such as pyridinium, quino-
linium, styrenic group, and a phenyl ring. This enables us
to investigate the effect of the end groups on the thermal
stabilization of PS nanocomposites.

The layered structure of modified-MMT clays, QC16
and PYC16 and their corresponding polystyrene nanocom-
posites were examined by XRD and have been reported
elsewhere.”? Exchanging Na® ions with organic cations
resulted in significant increments in the basal spacing. The

/+/
N+

]

x

PYC16 QC16 VB16 10A

Fig. 1. Structures of the salts used to prepare the organically modi-

fied clays. HT represents hydrogenated tallow, a mixture of ~65% C18,
~30% C16, and ~5% C14 chains.
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Fig. 2. XRD data for Cloisite 10A and VB16 clays. Insert shows XRD
data for Cloisite 10A and VB16 polystyrene/clay nanocomposites. Data
are offset for clarity but otherwise not scaled.

characteristic 001 peak for Na' containing MMT is at
20 = 7.9, corresponding to basal spacing, d, of 11.2 A
while the 001 peaks for the modified clays are shifted
to lower 26 values (e.g., larger d values) confirming a
successful intercalation of the longer cations. The XRD
patterns for 10A and VBI16 clays and their respective
PS nanocomposites are shown in Figure 2. Basal spac-
ing increments of 6.7 and 21.0 A were observed for 10A
and VBI16, respectively, following exchange of Na™ ions.
Upon melt blending, 001 reflections were further shifted to
lower 26 values for PS-QC16,>2 PS-PYC16,% and PS-10A
consistent with formation of intercalated nanocomposites.
The calculated basal spacings are 34.0, 29.0,% 33.0,%* and
24.3 A for PS-10A, PS-QC16, PS-PYC16, and PS-VB16
polystyrene/clay nanocomposites respectively. The inter-
calated polymer chains are known to adopt a flattened
configuration between the silicate layers, since the melt
radius of gyration of PS chains (~95.9 A)"-2 is larger
than the observed increments in d upon melt intercalation
in all cases. Note that a reduction in the basal spacing
is observed for PS-VB16 compared to that in the orig-
inal VB16 additive. This is not uncommon as Jang and
coworkers?”” made a similar observation for polystyrene
nanocomposites made via melt intercalation. The 001
peaks in the polymer/clay samples are broad, suggesting
possible layer disorder and/or exfoliation, however XRD
cannot be used alone to evaluate these possibilities.
Transmission electron microscopy (TEM) can be used
to more directly evaluate whether some exfoliated phases
exist within the polymer matrix. The low magnifica-
tion images provide information about the nano-dispersion
while high magnification images tell whether exfoliation
and/or intercalation have been achieved. Chigwada and
coworkers?? reported the TEM image of PSQC-16 at low
resolution to appear as regions of alternating narrow, dark
bands, and wide light bands. The dark lines correspond
to clustered clay particles (tactoids and agglomerates).
The absence of parallel and equally spaced lines at higher

1929
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resolution suggests no intercalation of PS into QC16 lay-
ers but this is not consistent with the XRD results. They
also observed that the dispersion of clay layers is improved
for the PS-PYC16 as can be seen in the low magnification
image. The higher magnification image permits the obser-
vation of discrete clay layers suggesting co-existence of
exfoliation and intercalation.

At low magnification (not shown) TEM images for
PS-10A and VB16 in polystyrene indicate good dispersion
without the presence of large tactoids. The TEM image of
PS-10A at high magnification is shown in Figure 3(A). The
10A layers in parallel registry (dark regions) reveal period-
ical stacking consistent with intercalation as evident from
XRD results. High resolution TEM image of PS-VBI16 is
shown in Figure 3(B). The overall picture shows that the
modified MMT layers did not occupy the full volume with
regions of pure PS visible. The TEM image suggests the
existence of both intercalated and exfoliated regions.

@ S .|

s d

711

Fig. 3. (A) TEM image at high magnification for PS-10A. The scale bar
(bottom centre) represents 100 nm. (B) TEM image at high magnification
for PS-VB16. The scale bar (bottom centre) represents 100 nm.

1930

Other work on PS-VB16 nanocomposites indicate that
the type of nanocomposites formed depends on the prepa-
ration methodology. Zhu and coworkers assigned the
nanocomposite formed via bulk polymerization to be
totally exfoliated.! There has been some discussion in
the literature concerning the possibility of forming exfoli-
ated polymer-clay nanocomposites using clays with single
chain organic modifiers such as those used here. Initial
work by Gilman and coworkers® suggested that exfoli-
ation would not occur with bulk polymerized polymers
with single-chain modified clays. However, Gilman and
Morgan®® were later able to demonstrate formation of an
exfoliated PS nanocomposite using VB16, a single chain
organic modifier. We note here that different preparative
methods lead to differences in additive dispersion and the
distribution of nanocomposites (intercalated and/or exfo-
liated) within the polymer matrix. However, in all cases
examined here, the presence of a fairly good homogeneous
distribution of respective additives shows that the melt
blending method generally has favorable thermodynamics
of mixing.

Thermogravimetric analysis (TGA) data for pure
polystyrene and its nanocomposites heated under N, are
shown in Figure 4(A) while their corresponding derivatives
(DTG) are shown in Figure 4(B). The onset of thermal

(A)

----- PS
189 o PS-10A
PS-VB16
80 PS-QC16
PS-PYC16
2
% 60
17
]
=
40
20
0 T T T T T
N = =
o PS-10A
— PS-VB16
- PS-QC16
&) + PS-PYC16
< L,
[
%]
3
o
o
o
- 14
0 f T T ' "
300 350 400 450 500 550 600

Temperature/°C

Fig. 4. (A) TGA curves for pure PS (dashed line), PS-VB16 (solid line),
PS-PYC16 (solid diamonds), PS-10A (empty circles), and PS-QC16
(bold line). (B) DTG curves for pure PS (dashed line), PS-VBI16
(solid line), PS-PYC16 (solid diamonds), PS-10A (empty circles), and
PS-QC16 (bold line). Derivatized mass losses are scaled by a factor
of 100.
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Table I. TGA data for polystyrene nanocomposites.

Sample T Ty, ATy, T, Char (%)
PS 3970 42610 0 431+1 1+0(0)
PS/10A 405+1 44240 16£0  445+1 3£1(3)
PS/QC16 409+1 448 £1 2241 450+0 4+1(4)
PS/VB16 407+1 439+0 13£0  440+1 440 (3)
PS/PYCI16 409+1 442£0 160 443+0 3+1(4)

Tyo, temperature at which 10% mass loss occurs; Ts,, temperature at which 50%
mass loss occurs; ATy, Ts, (composite) minus T, (pure PS); 7;,, temperature at
maximum degradation rate. Italicized entries are the expected char based on the
residue obtained from pure PS and additive fractions.

degradation, measured as the temperature at which 10%
mass loss occurs, T, is shifted to higher temperatures
for all nanocomposites relative to pure PS. This behavior
is maintained throughout the thermal decomposition. T,
the temperature at which 50% mass loss occurs, and 7,,,,,
temperature at maximum degradation rate, also shift to
higher values for the nanocomposites; in some cases ATy,
(Ty, for PS nanocomposites minus T, for PS) is as high
as 22 °C. Given the small amount of the clay phase, this
improvement in thermal stability is significant. From DTG
curves, Figure 4(B), significant mass losses are seen from
about 375 °C. TGA data are summarized in Table I. Other
authors have reported similar observations for polystyrene
nanocomposites prepared by melt blending using modi-
fied MMT clays.!®? T, values are consistently lower, by
~12 °C, than found in earlier work?* for melt-blended PS,
PS-QC16, and PS-PYC16, however ATy, values are sim-
ilar, within experimental uncertainty. Use of a different
instrument here may be the source of differences.

Mass difference curves (mass % of PS nanocompos-
ites minus mass % of pure PS at the same temperature)
for polystyrene nanocomposites are shown in Figure 5(A).
The A mass percentages are positive over the entire degra-
dation temperature range for all investigated nanocompos-
ites. This shows that the polystyrene nanocomposites are
more thermally stable than the virgin polymer under the
thermo-degradation processes involved. Maximum stabi-
lization was observed at the temperature at which the high-
est mass loss rate occurs, an indication that addition of
various MMT based additives prevents or retards depoly-
merization occurring via random chain scission. A simple
comparison of the observed shifts in thermal degradation
temperatures suggests the following order regarding ther-
mal stability for the nanocomposites under investigation:
PS-QC16 > PS-PYC16 ~ PS-10A > PS-VB16. The pres-
ence of a quinoline group in QC16 may render it more
effective in thermal stabilization when compared to other
phenyl groups containing additives.

Differential thermal analysis (DTA) curves of pure
PS and its nanocomposites are shown in Figure 5(B).
The DTA curve for pure PS is similar to that of its
respective nanocomposites with the exception that the
endothermic feature at around 440 °C is shifted to rela-
tively higher temperatures and is less pronounced for the

J. Nanosci. Nanotechnol. 8, 1927—-1936, 2008
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Fig. 5. (A) Curves of mass loss differences for PS nanocomposites;
pure PS (dashed line), PS-VB16 (solid line), PS-PYC16 (solid diamonds),
PS-10A (empty circles), and PS-QC16 (bold line) as a function of degra-
dation temperature. (B) DTA curves for pure PS (dashed line), PS-VB16
(solid line), PS-PYC16 (solid diamonds), PS-10A (empty circles), and
PS-QC16 (bold line).

nanocomposites. This is additional evidence of enhanced
thermal stability for the nanocomposites manifested in
the positive degradation temperature shifts. Since the
DTA profiles of nanocomposites have the same fea-
tures as pure PS, it is proposed here that there is no
significant change in the degradation mechanism, how-
ever, the degradation processes are delayed. To eluci-
date mechanistic changes if and/or when they occur,
evolved products were both qualitatively and quantitatively
monitored using gas chromatography-mass spectroscopy
(GC-MS) and thermal gravimetric analysis-Fourier trans-
form infrared (TGA-FTIR) for a PS-10A loaded at var-
ious percentages.’® It was proposed that the degradation
pathway of polymers was modified by the presence of the
clay. Similarly, identification of evolved gas products and
the inorganic residues from the systems being investigated
here are necessary to detect mechanistic changes if they
occur. This will be the subject of future studies.

Thermal degradation of pure polystyrene has been
shown to occur in a single step with styrene monomer and
oligomers as the primary volatile products, together with
smaller amounts of benzene and toluene (combustibles).’!
TGA experiments provide a means to extract estimates of
kinetic parameters such as activation energies, frequency

1931
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factor, rate of decomposition, and, in some cases, the order
of the decomposition reaction. Both isothermal and non-
isothermal methods can be used to estimate the above-
mentioned parameters. In this study a non-isothermal
method was used rather than a conversional isothermal one
for the following reasons;

(i) it is possible to retrieve characteristic information for
a given sample over the entire degradation temperature
range,

(ii) samples might undergo some side reactions during the
process of raising the temperature to the desired isothermal
value, and

(iii) kinetics are established in a continuous fashion over
the entire decomposition profile. Dynamic thermogravimet-
ric analysis (linear temperature increase) was employed in
this study using multiple heating rates kinetics to estimate
apparent activation energies.

There are several mathematical models that could
be used to obtain kinetic parameters from these solid-
state kinetic data and these are conveniently divided
into two groups namely model-fitting and isoconversional
(model-free) methods. Model fitting methods have been
extensively criticized for non-isothermal applications as
regression methods used with these methods sometimes
lead to indistinguishable fits between different models.*>~
Another major disadvantage inherent in model-fitting
methods is that they yield a single average value for the
entire degradation process, while the thermal degradation
of polymeric materials normally involve multiple steps
characterized by different activation energies.>® Isoconver-
sional methods have gained wide spread use as they do
not have modelistic assumptions,**~® however, their use is
governed by assumptions that they are independent of the
dynamic heating rate or temperature.’’ It is therefore pos-
sible to calculate the apparent activation energy, E,, as a
function of the degree of conversion, a.

The multiple heating rate kinetics (MHRK) method is
used in this study to extract effective kinetic parame-
ters, applying the Flynn-Wall-Ozawa* method specifically
derived for heterogeneous chemical reactions under linear
heating rates.***? The derivation of the Flynn-Wall-Ozawa
method from first principles is presented in Ref. [39]. Sim-
plified, the Flynn-Wall-Ozawa method is expressed by the
equation:

log f(x) =1log(AE,/R) —log(B) —2.315—0.4567E,/RT
Q)
where f(x) is known as the conversional functional rela-
tionship; A is the pre-exponential factor (min~'), E,, is the
apparent activation energy (kJ mol~!), R is the gas con-
stant, B is the heating rate (K/min), and T is the absolute
temperature (K). Assuming that the reaction rate is only a
function of temperature, Eq. (1) can be further simplified
to the model-free expression shown in Eq. (2).
log(B) = —0.4567E,/RT + constant (2)
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Fig. 6. Plot of E, versus extent of decomposition, «, for the non-
isothermal degradation of pure PS (empty circles), PS-VB16 (solid tri-
angles), PS-QC16 (empty diamonds), PS-PYCI16 (solid circles), and
PS-10A (empty squares), under nitrogen. Error bars determined by prop-
agation of uncertainties obtained in fitting data to Eq. (2).

Activation energies were calculated from the slopes of
the isoconversional plots of log(83) versus 1/T for frac-
tional conversions o = 0.05-0.90 at intervals of 0.05. The
obtained effective activation energies are plotted as func-
tion of a in Figures 6 through 8.

From Figure 6, the initial activation energy at 10% con-
version signaling the onset of the decomposition process
for pure polystyrene was 170 kJ mol~!. At about 30% con-
version, the E, values has risen to ~190 kJ mol~! and this
activation value is somewhat maintained throughout the
degradation profile. Vyazovkin and coworkers®® observed
E, values, using commercial polystyrene of molecular
weight 124, 000 and polydispersity index of 2.7, in the
range of 100-200 kJ/mol for a pure PS sample heated
under nitrogen. Note that Vyazovkin®*=>% uses a differ-
ent method for analysis of non-isothermal data than the
FWO model employed here. Effective activation energies
are determined by minimizing Eq. (3) over a narrow range
of around « using a step size of Aa.

- JEes Ti(t)]

PE) =D S

i=1 j#i J[Ea’ j( a)]

=[" exp[;—?]dt 3)

where J[E, ., Ti(1,)]

Preliminary results for our data, analyzed by minizing
Eq. (3) in Mathcad® 20011, indicate that the general trends
observed with the Flynn-Wall-Ozawa are also found via
the advanced isothermal method. Figure 7 shows data
for PS and PS-VB16, comparing the Flynn-Wall-Ozawa
(FWO) analysis with Vyazovkin’s method (VYA). As
expected,**38 the PS-VB16 activation energies show more
significant differences when determined via the two mod-
els, since E, depends more strongly upon «. Additional
work is necessary to evaluate uncertainties in fitting these
data to the advanced isoconversional method.
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Fig. 7. Comparison of Flynn-Wall-Ozawa (FWO) and Vyazovkin’s
advanced isoconversional method (VYA) for PS and PS-VB16 decompo-
sition under nitrogen.

The FWO activation energy at & = 0.10 for PS-QC16 is
the highest (260 kJ mol~!) followed by that of PS-PYC16
(220 kJ mol~!), consistent with the observed slight delay
in the onset of thermal degradation, (7}, values, Table I)
for these nanocomposites relative to pure PS, PS-10A, and
PS-VBI16. The E, values for all of the nanocomposites in
the a range of 0.20-0.90 are similar (within experimental
uncertainty). Overall, the E, values for the nanocompos-
ites are higher than for pure PS in the conversion fraction
region of 0.40-0.90 by ~20 kJ mol~!. This is consis-
tent with the observed enhanced thermal stability for the
nanocomposites marked by the shift to higher tempera-
tures of their TGA curves relative to pure PS. The fact
that the £, values for the polystyrene nanocomposites are
similar within experimental error in the o range of 0.2-0.9
suggests that there is no significant shift in the degra-
dation mechanism between the different clays at higher
conversion fractions.

Figure 8 shows a comparison of effective activation
energies obtained for heating under N, versus heating
under air for selected nanocomposites and PS. New sam-
ples were prepared for this analysis, including synthesis of
QC16 (see experimental section for details). PS-QC16 was
chosen to verify the high E, for initial mass loss (i.e., at
a =0.1) and PS-10A provides a comparison with behavior
observed with the other nancomposites. The data obtained
in nitrogen agree with those presented in Figure 6 to within
+10%, indicating good reproducibility in the extraction of
effective activation energy.

The corresponding values for E, obtained in air are
significantly smaller than those obtained in nitrogen. The
PS-QC16 and PS-10A samples have slightly higher E,,
values than PS alone for conversion fractions in the range
of 0.25-0.80 but the difference is much less pronounced
in the case of thermo-oxidative conditions compared to
the pyrolysis under nitrogen. This is consistent with the

J. Nanosci. Nanotechnol. 8, 1927—-1936, 2008

280
m PS-QC16in N, 0 PS-QC16 in air
260 { e PS-10AinN, ©PS-10A in air
240 4 ¥ * APSinN, A PSin air
220 - HER
= { L i L LI
2 200+ ® %5553 35 3;5:
3 180+ { P
= 3
% 160
1 gt EEERRE
140 ~ $ $ by
$ 1 il
120 - ;18
100 - é ] % i
80 T T T T
0 0.2 0.4 0.6 0.8 1

Conversion fraction

Fig. 8. Plot of E, versus extent of decomposition, «, for the non-
isothermal degradation of pure PS (triangles) and PS-QC16 (squares)
and PS-10A (circles) nanocomposites. Open symbols are used for data
obtained while heating in air, closed symbols for heating in nitrogen.
Error bars determined by propagation of uncertainties obtained in fitting
data to Eq. (2).

proposed role of hydroperoxide radicals in the initial
decomposition of PS under thermo-oxidative conditions.>®

Initiation of polymer degradation is attributed to the
existence of weak links, such as head-to-head,* hydroper-
oxy, and peroxy’! structures, within the polymer com-
posites easily yielding at very low temperatures to form
radicals that participate in subsequent degradation process
at elevated temperatures. The increase in pyrolysis acti-
vation energies at lower conversion fractions (a < 0.30)
suggests a shift of the rate-limiting step from disintegra-
tion of these weak links to mainly random scission. Most
researchers have attributed the improved thermal stabil-
ity and fire retardancy in polymer/clay nanocomposites to
the existence of a physical barrier limiting mass trans-
port and energy transfer. However, thermal stabilization of
polystyrene at conversion fractions of less than 0.30, where
no meaningful char formation would have occurred, sug-
gests that chemical effect of clays may also contribute to
the observed property enhancements. However, at higher
degradation temperatures char formation may greatly con-
tribute to the observed enhanced thermal stability via the
“cage effect” phenomenon where the gaseous molecules
formed during thermal decomposition are trapped within
the solid inorganic-organic network. The complexity of
decomposition reactions of polymeric materials precludes
the authors from ascribing the stabilization effect at high
degradation temperatures to char formation alone; several
factors, including chemical reactions, might be at play
as well.

The effectiveness of the additives on reducing the
flammability of PS were measured using cone calorime-
try; the parameters available include the heat release rate
and especially its peak value, the peak heat release rate
(PHRR); total heat release (THR); time to self sustained
combustion (TSC); average mass loss rate (AMLR); and
char yield (CY). Ideally, a decrease in the peak heat release
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Fig. 9. Heat release rate curves pure PS (dashed line), PS-VB16 (solid
line), PS-PYC16 (filled diamonds), PS-10A (empty circles), and PS-
QC16 (bold line) from cone calorimetry measurements at 35 kW/m?.
Curves for PS-PYC16 and PS-QC16 are as reported in Ref. [22].

rate, total heat released and the mass loss rate are desired
along with an increase in char, time to sustained combus-
tion and to reach the PHRR value. The heat release rate
(HRR) as a function of time for pure PS and its composites
at a flux of 35 kW/m? are shown in Figure 9. A some-
what significant reduction in the time to sustained com-
bustion is observed for all the nanocomposites except for
PS-QC16, where TSC remains the same compared to the
virgin polymer. This correlates with the observed delay in
the onset of thermal degradation seen in the TGA profile
and the elevated pyrolysis activation energy for low con-
versions observed for PS-QC16 when compared to other
nanocomposites. The HRR curves for the nanocomposites
show that the evolution of heat is spread over a similar
range of the combustion time as pure PS with the excep-
tion of PS-QC16 showing a prolonged combustion time.
PS-PYC16 did not show any reduction in PHRR while
PS-QC16 gave the greatest reduction, (34%). A significant
reduction in AMLR (~20%) was observed for PS-QC16,
suggesting that a smaller amount of heat is released per
unit time hence the reduction in PHRR. T,zg Was pro-
longed for all the nanocomposites relative to pure PS, with
PS-QC16 showing the greatest delay of ~20%. Addition
of clay promotes char formation** which heavily retards
diffusion of combustible products from low temperature

regime polymer pyrolysis hence the reduction in signifi-
cant heat release rates for nanocomposites relative to the
pure PS. Table II gives a summary of the results obtained
for PS and its nanocomposites with different additives.

Zhu and coworkers' prepared VB-16 containing
polystyrene nanocomposites at various loadings via bulk
polymerization. The TSC for the polystyrene nanocompos-
ite was the same as for the pure PS unlike for the melt
blending sample where a significant reduction is observed
for the nanocomposite. More than two-fold improvements
in PHRR, THR, AMLR, and ASEA were observed with
bulk polymerized samples.! This shows that the fire prop-
erties of polymer nanocomposites produced using different
preparative methods are dissimilar. In making this propo-
sition we assume the molecular weight distributions of
the pure polystyrene and polystyrene nanocomposite are
the same. However, the work reported does not mentioned
molecular weight distributions for the obtained samples.
Jang and coworkers®® reported a 55% reduction for a 5%
loaded bulk polymerized polystyrene/10A nanocomposite.
In this work we observed only a 16% reduction in PHRR
for PS-10A. Gilman and coworkers® suggested that sig-
nificant reductions in the PHRR are a result of good nano-
dispersion of the additive within the polymer matrix. Even
though TEM images show fairly good additive distribu-
tion in the polystyrene nanocomposites, cone calorimetry
results suggest that the dispersion is not enough to cause
remarkable reductions in the PHRR.

No significant percent reductions in the total heat
released are observed for the nanocomposites under inves-
tigation. This suggests that even though a protective barrier
is formed at the surface of the polymeric material its effi-
ciency is not sufficient to effectively inhibit combustion.
The formation of ceramic surfaces during combustion of
polymeric material may serve to slow the flow of com-
bustibles thus successfully reducing the flame intensity,
however, without a significant reduction in the amount of
polymeric material which has burned by the conclusion
of the combustion process. The presence of the inorganic/
organic modifiers in the PS nanocomposites may provide
heat sinks during combustion, perhaps via efficient thermal
transfer of energy to metal components of the additives
hence protecting polystyrene, which has a low thermal

Table II.  Cone calorimetry data for polystyrene nanocomposites at a flux of 35 kW/m?.

TSC PHRR Tourr THR AMLR ASEA
Sample (s) (kW/m?) (%ered) (s) (MJ/m?) (%red) (g/stm?) (m?/kg)
PS 59+4 1284+ 180 113+8 99+9 30+1 1159+50
PS¢ 63+4 135187 126 £21 100£1 31+1 1265+23
PS/10A 48+3 108125 (16) 120+£7 91+£2 (8) 2741 (10) 1187+ 14
PS/QC16“ 602 848 +29 (37) 138+6 94+£3 (6) 24+1 (22) 1328 +24
PS/VB16 43+£2 1017£25 (21) 129+ 12 86+7 (13) 2742 (10) 1150+23
PS/PYC16“ 4942 1319+£77 (2) 126 +7 97+3 (3) 30+2 (3) 1408 £33

TSC, time to sustained ignition; PHHR, peak heat release rate; Tpyyg, time to peak heat release rate; THR, total heat release; AMLR, average mass loss rate; CY, char %;
ASEA, average specific extinction area (a measure of smoke). “Previous work published elsewhere; Ref. [22].
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conductivity. No significant reductions in the smoke con-
tent are observed for the polystyrene nanocomposites rela-
tive to the pure PS. The improvement in fire retardancy is
shown by the reduction in the PHRR, reduction in AMLR
in some cases, the increase in the Tpygg, and char remain-
ing after complete combustion.

Kinetic information used to estimate the activation ener-
gies of polystyrene and its nanocomposites is derived
solely from mass loss profiles of thermal degradation pro-
cesses. The mathematical function used to describe the
degradation process is modeled for the released products,
i.e., from weight loss, and provides no information about
which, or how many bonds are broken at any given con-
version fraction.®® The extracted apparent E, values are
thus useful here to explain the shift to higher threshold
temperatures for PS nanocomposites but not necessarily
their flammability. It is imperative to recognize that kinetic
analysis does not take into account mass transport and
heat transfer during thermal decomposition of polymeric
materials thus no correlation can be expected between acti-
vation energy trends and flammability property measure-
ments from cone calorimetry.

For uninterrupted burning of polymeric material to
occur, the initial heat must be adequate to cause decom-
position of the material, the temperature high enough to
ignite the products of thermal degradation, and the heat
transferred back to the polymer sufficient to maintain the
cycle. An effective fire retardant must be able to break this
cycle somehow. This can be achieved by (i) enhancement
in thermal stability of the polymeric material; (ii) quench-
ing of the flame; and (iii) retardation of heat supply. MMT
based flame-retardants may operate via several modes of
action: (a) sacrificial absorption of heat by metallic Mg
or Al (heat sink) from the intralayer structure of mont-
morillonite preventing heat transfer to polymeric material
thus improving thermal stability; (b) dilution of combus-
tion atmosphere by non-combustible gases (H,O and CO,)
generated from the thermal degradation of the additives
(flame quenching); (c) the inorganic residual products may
act as a physical barrier (cross-linked char) reducing diffu-
sion of combustible matter (mass transport) and/or energy
transfer, hence improving flame retardation. The success
of a fire retardant depends on at least one, some or all of
the modes of action described above.

4. CONCLUSIONS

The thermal stability, degradation kinetics, and combus-
tion behaviors of PS and its nanocomposites have been
studied using both TGA and cone calorimetry. In TGA
experiments, significant increments in T},, Ts,, and T,
are observed for all additives under investigation. Addi-
tion of small amounts of the modified-MMT clays (5%)
to pure PS result in significant reductions in the peak heat

release rate (PHRR) as measured using cone calorimetry

J. Nanosci. Nanotechnol. 8, 1927—-1936, 2008

with the exception of the PS-PYC16 nanocomposite. The
average mass loss rate is reduced by 20% for PS-QC16
and this is consistent with the observed enhanced thermal
stability measured from TGA experiments. However, there
is no significant reduction in total heat release (THR).
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