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a b s t r a c t

The thermal degradation of MMA–St random copolymer and EPS lost foams was studied by thermal
gravimetric analysis (TGA) oxygen atmospheres and the results were compared with nitrogen one. The
stabilizing effect of oxygen on thermal degradation of both foams and consequently possible mechanism
was investigated. The activation energy was calculated under nitrogen and oxygen atmospheres by the
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Flynn–Wall–Ozawa method as a reliable way of determining the kinetic parameters. In this study the
correlation method and isokinetic relationship (IKR) were used to estimate a model-independent pre-
exponential factor (ln A) corresponding to a given degree of conversion under both atmospheres.

© 2009 Elsevier B.V. All rights reserved.
egradation
hermo-oxidative

. Introduction

Lost foam casting (LFC) is an economic and new method to pro-
uce complex metal parts. Although this technology has several
dvantages compared to conventional casting methods, it still suf-
ers from some inherent disadvantages, including surface carbon
efects, melt penetration, surface and bulk pinholes [1]. This tech-
ology has different advantages compared to conventional casting
ethods in which the cast is made of expanded polystyrene (EPS)

n aluminum casting or expanded methyl methacrylate–styrene
MMA–St) copolymer in iron casting [2]. LFC presents many advan-
ages over other methods such as green sand or die castings. From
he practical point of view, it simplifies the casting process and
nables the manufacturing of complex shapes without the need for
ores, which are useful in classical casting to produce holes or pas-
ages. LFC provides tight-dimensional tolerances, smooth surface
nish and does not present parting lines (the lines which separate
mold into several parts). It therefore enables the reduction of the
achining costs and the save on energy costs are higher than 30%
ith respect to standard castings.

Several techniques based on thermal gravimetric (TG) are com-

only used in the study of pyrolysis kinetics. In polystyrene

PS) and EPS, the chain scission is the main thermal degradation
echanism which produces styrene monomer, dimer and trimer,

hrough an intra-chain reaction [3]. The detectable product in poly-

∗ Corresponding author. Tel.: +98 412 3459086; fax: +98 412 3444355.
E-mail address: rezaei@sut.ac.ir (M. Rezaei).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.01.026
methyl methacrylate (PMMA) thermal degradation is monomer
that strongly indicates a depropagation (unzipping) mechanism [4].
Furthermore the thermal degradation of PMMA has been studied
under nitrogen and oxygen atmospheres in which the stabilizing
effect of oxygen on the thermal degradation of PMMA has been
reported [5]. In spite of various researches about thermal degrada-
tion of PS and PMMA, so far there is no particular study on thermal
degradation of MMA–St copolymer foam except our previous work
under nitrogen atmosphere [2].

The oxidative degradation of polymers is a free radical reaction.
In this case, besides the usual degradation reactions, i.e., initiation,
depropagation and termination, two additional important steps
must be considered. These steps contain the main oxygen con-
suming reaction or conversion of formed hydrocarbon radicals to
peroxy radicals and degenerate chain branching which are shown
as follows [6]:

Radical conversion (stabilization):

R• + O2 ⇔ RO2
• (1)

Degeneration of chain branching:

RO2H → F(RO• + HO•) + (1 − F)(RO + H2O) (2)

RO• + RH → + R• + ROH (3)
HO• + RH → R• + H2O (4)

The initiation of thermo-oxidative degradation was conducted by
direct reaction of the substrate and molecular oxygen and produced

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:rezaei@sut.ac.ir
dx.doi.org/10.1016/j.tca.2009.01.026
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eroxy radicals. The very mobile products of the initiation step
asily react with the active hydrogen of the polymer. The con-
ersion of the hydrocarbon radical to a peroxy radical (Eq. (1)) in
hich is sometimes reversible, is an important step in degradation
nder oxygen atmosphere and in this step the majority of oxygen is
bsorbed by polymer. The alkyl radical that is generated in initiation
eaction, react with oxygen, it means that a radical coupling reaction
s occurred. The chain propagation reaction consists of the hydro-
en abstraction reaction of the peroxy radicals. The decomposition
f hydroperoxides to radicals is the most important step in polymer
xidation that is called “degeneration of chain branching” (Eq. (2)).
he tertiary alkoxy radicals (RO•) and HO• react with active hydro-
en of the polymer and transforms to initial radical (R•), ROH in Eq.
3) and H2O in Eq. (4). In these reactions, F denotes the efficiency of
nitiation in which after dissociation of the initiator molecule the
aired radicals may either recombine (cage effect). This effect is
ore important especially when the media for polymer oxidation

s viscous. Finally unimolecular or bimolecular termination of free
adicals in polymer oxidation occurs almost exclusively by partici-
ation of peroxy radicals because the reaction of alkyl radicals with
olecular oxygen (Eq. (1)), is very fast. At low oxygen pressures,

ermination reactions of the alkyl radicals are also important [6].

. Theory

The kinetics analysis of non-isothermal data is generally per-
ormed by the following equation [7]:

d˛

dt
= ˇ

d˛

dT
= Af (˛) exp

(−E

RT

)
(5)

here ˛ is the degree of conversion and commonly defined as; ˛ =
w0 − wt)/(w0 − wf ) in which w0, wt and wf are the initial, actual
nd final weight of the sample, respectively; t is the time, f(˛) is the
ifferential conversion function (kinetics model), E is the activation
nergy (J/mol), A is the pre-exponential factor (s−1), R is the gas
onstant (8.314 J/(mol K)) and ˇ (ˇ = dT/dt) is the constant heating
ate.

Rearrangement of Eq. (5) gives the following relationship for
on-isothermal degradation corresponding to the given conver-
ion:

(˛) =
∫ T˛

0

d˛

f (˛)
= A˛

ˇ

∫ T˛

0

exp
(−E˛

RT

)
dT (6)
n which E˛ and A˛ are related to a given conversion. One of the iso-
onversional methods is Flynn–Wall–Ozawa method in which the
ctivation energy is estimated without the knowledge of reaction
odel. This method is useful for the kinetics interpretation of the

G data obtained from complex reactions. From Eq. (5) and Doyle

able 1
eaction mechanisms to represent the solid-state process [9–11].

odel Symbol

ucleation and nuclear growth
Mapel unimolecular law A1
Avrami–Erofe’ev equation A2
Avrami–Erofe’ev equation A3
Avrami–Erofe’ev equation A4

iffusion
Parabolic law D1
Valenci equation D2
Jander equation D3
Brounshtein–Ginstling equation D4

hase boundary controlled equation
One-dimensional movement R1
Contracting area R2
Contraction volume R3
a Acta 488 (2009) 43–48

approximation [8], the result of the integration is:

ln ˇ = ln
(

AE

R

)
− ln g(˛) − 5.3305 − 1.052

(
E

RT

)
(7)

This equation generates a straight line when ln ˇ is plotted against
1/T for iso-conversional fractions. The slope of the line will be equal
to −1.052E/R during a series of measurements with different heat-
ing rates at a fixed degree of conversion. If the determined activation
energies change with conversion increment, the existence of a com-
plex reaction mechanism can be concluded. Otherwise a single-step
reaction may be occurred during pyrolysis.

To study the degradation mechanisms of the samples, in Eq. (6)
various expression of differential, f(˛), and integral, g(˛), forms of
the different solid state mechanisms (Table 1) have been proposed
[9–11] and several analytical models have been used to estimate
the Arrhenius parameters. One of such models is Coats–Redfern
equation [12] in which with considering that ln(1 − 2RT/E) → 0 for
Doyle approximation [8], the following equation will be written:

ln
g(˛)
T2

= ln
(

AR

ˇE

)
− E

RT
(8)

The linear plot of ln[g(˛)/T2] versus 1/T makes it possible to deter-
mine E and ln(A) from the slope and intercept of the graph,
respectively. In some researches has been shown that these meth-
ods are unable to reveal the complexity of the process in which
the obtained average value of parameters do not reflect changes
in the mechanism and kinetics with the temperature and con-
version [9,13,14], whilst the Flynn–Wall–Ozawa and Friedman
iso-conversional methods are free model techniques which evalu-
ate the dependence of the effective activation energy on conversion.

A model-independent estimate of the pre-exponential factor can
be obtained through an artificial isokinetic relationship (IKR), in
which in this method a common point of intersection of Arrhenius
lines is defined as Tiso and kiso. These values are isokinetic tem-
perature and rate constant, respectively, in which the relationship
between these parameters is written as:

ln(kε) = ln(kiso) − Eε

R(T−1
iso − T−1)

(9)

where the subscript ε refers to a factor that produce a change in
Arrhenius parameters. In a general case the actual value of ln A˛

can be determined by this method:

ln Aε = a + bEε (10)
where a = ln(kiso) and b = (RTiso)−1 are coordinates of the intersec-
tion point of Arrhenius lines. It is important that this approach
is based on a completely artificial IKR derived from results of the
model-fitting method [9,15].

f(˛) g(˛)

1 − ˛ −ln(1 − ˛)
2(1 − ˛)[−ln(1 − ˛)]1/2 [−ln(1 − ˛)]1/2

3(1 − ˛)[−ln(1 − ˛)]2/3 [−ln(1 − ˛)]1/3

4(1 − ˛)[−ln(1 − ˛)]3/4 [−ln(1 − ˛)]1/4

l/(2˛) ˛2

[−ln(1 − ˛)]−1 ˛ + (1 − ˛)ln(1 − ˛)
3(1 − ˛)1/3/2[(1 − ˛)−1/3 − l] [1 − (1 − ˛)1/3]2

3/2[(1 − ˛)−1/3 − 1] l − 2˛/3 − (1 − ˛)2/3

Constant ˛
2(1 − ˛)1/2 1 − (1 − ˛)2

3(1 − ˛)2/3 1 − (1 − ˛)1/3
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Iso-conversional methods are reliable techniques which deter-
ine the activation energy at fixed conversions [9]. Different

inetics models with reaction mechanism fitting method have been
sed for estimating the kinetics parameters of different polymers
nd copolymers [10,11,16–21]. In some researches the effects of
mportant parameters like oxidative environment and heating rate
ave been investigated [22,23].

In this work, the thermal degradation kinetics of MMA–St ran-
om copolymer and EPS lost foams are investigated under oxygen
tmosphere and compared with nitrogen atmosphere [2]; the acti-
ation energies of lost foam copolymer have been calculated using
lynn–Wall–Ozawa [24] method and compared with those for EPS
nder both atmospheres. Furthermore the isokinetic relationship
IKR) were used to estimate a model-independent pre-exponential
actor for each degree of conversion.

. Experimental

.1. Materials and methods

The materials and methods used in this study were the same
aterials, methods and characterization procedures which were

onducted in our previous work. MMA–St random copolymer was
ynthesized by suspension copolymerization. The MMA–St molar
atio in all runs was kept constant at 70/30 [2]. MMA and styrene (St)
Merck, Germany) were washed twice with 5 wt% aqueous solution
f sodium hydroxide followed by washing twice with distilled water
o eliminate the inhibitors. The monomers then were dried over
nhydrous calcium sulfate. n-Pentane (Merck, Germany) was used
s blowing agent.

Average molecular weights (Mn, Mw) and polydispersity index
PDI) for copolymer were, 4.9 × 104, 1.18 × 105 and 2.38, respec-
ively. Copolymer foam density was at the range of 19–22 g/l.

Commercially available expandable polystyrene (EPS) with a
oam density of 18–21 g/l and average molecular weights (Mn,

w) and polydispersity index (PDI) of 8.25 × 104, 1.75 × 105 and
.12, respectively, was supplied by Tabriz petrochemical company
Tabriz, Iran).

.2. Thermogravimetric analysis

Thermal gravimetric analyses were carried out for MMA–St and
PS foams by a thermogravimetric analyzer (TGA). The experiments
ere carried out on a PerkinElmer Pyris Diamond TG/DTA ana-

yzer to study the non-isothermal degradation kinetics. 5 mg of fully
xpanded lost foam (MMA–St copolymer or EPS) was placed in an
luminum crucible and heated from room temperature to about
00 ◦C under nitrogen and oxygen atmospheres with a flow rate of
00 ml/min at different heating rates of 10, 15, 20 and 25 ◦C/min
nd weight loss versus temperature was recorded.

. Results and discussion

.1. Thermal degradation behavior

The weight loss versus temperature curves of dynamic ther-
al degradation of MMA–St copolymer and EPS foams obtained

t different heating rates and under both nitrogen and oxygen
tmospheres. In both foams, delay in degradation and shift of the
urves to the higher temperatures with increasing of the heating

ate is observed. It was evident that the thermal decomposition of
MA–St copolymer foam proceeds uniformly in the temperature

ange of 150–500 ◦C.
Under oxygen atmosphere after T = 400 ◦C a small amount of

sh contents remained for EPS foam whilst for MMA–St foam after
Fig. 1. Mass (%) versus temperature at ˇ = 10 ◦C/min under different atmospheres
for MMA–St copolymer and EPS foams.

this temperature there was no observable char residue. The residue
for EPS foam may be is due to some secondary reactions in high
temperatures.

The decomposition initiation temperature and the rate of weight
loss for copolymer foam under both atmospheres are lower than
that for EPS in all heating rates. Clearly, EPS foam is thermally more
stable than copolymer foam, because the thermal decomposition
of EPS foam initiates at higher temperatures compared to copoly-
mer foam. This may be ascribed to the incorporation of MMA into
St in copolymer that interfere with the degradation mechanisms of
MMA and St and affect the degradation pathway of copolymer foam
[2,25]. This phenomenon occurs due to special unknown mecha-
nism in this random copolymer foam degradation process.

To investigate the effect of oxygen on thermal degradation, the
weight loss versus temperature curves at ˇ = 10 ◦C/min are plot-
ted in Fig. 1, for both foams under two different atmospheres. As
it is shown in this figurer, the initiation degradation temperature
is delayed under oxygen atmosphere for MMA–St foam compared
to nitrogen atmosphere in which after this small temperature delay
interval, the rate of degradation under oxygen is higher than that the
corresponding nitrogen atmosphere. This stabilizing effect of oxy-
gen on the initiation of thermal degradation was observed as well as
in thermal degradation of PMMA [5], in which the produced poly-
mer alkyl radical under oxygen-containing atmosphere, is likely to
react with oxygen to form a new stable polymer radical that is called
peroxy radical. The initiation at both the vinylidene end group and
the head-to-head linkage results in formation of the polymer rad-
ical. In an oxygen-containing atmosphere, this radical is likely to
react with oxygen to form a new polymer peroxy radical which
is more thermally stable than polymer radical about 100 kJ/mol
and thus inhibits unzipping of the polymer chain. If unzipping is
suppressed, degradation occurs through random scission that pro-
duces only a small amount of low molecular weight species capable
of vaporizing [5]. Formation of the peroxy radical is reversible. In
all experiments performed under oxygen-containing atmospheres,
the reversible process is shifted toward formation of peroxy radi-
cal. Because this reaction is exothermic, an increase in temperature
should favor the reverse reaction. Therefore, further heating should
cause peroxy radical to ultimately decompose to oxygen and an
original polymer radical. The onset of the depolymerization reac-
tion is thereby shifted to higher temperatures [5]. The presence

of –(COOCH3) groups in MMA structure of copolymer cause this
stabilizing effect on the initiation of MMA–St foam degradation,
whilst there is no oxygen containing group inside of EPS structure
so this effect is not observed and the thermal degradation of EPS
foam is occurred earlier and the rate of decomposition is higher
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eters under oxygen atmosphere, it is clear that the whole of
ig. 2. Variation of activation energy (E) and pre-exponential factor (ln A) versus
onversion for both foams under nitrogen [2] and oxygen atmospheres.

nder oxygen atmosphere compared to nitrogen atmosphere. Any
ther group with a low electron affinity should also demonstrate a
tabilizing effect [6].

The probable mechanism for thermal degradation of copoly-
er foam under oxygen atmosphere is that formation of peroxy

adical, which is exothermic and reversible. The initiation degra-
ation temperature for copolymer under nitrogen atmosphere is
bout T = 242 ◦C. The new radical is more thermally stable than
he first polymer radical in which up to nearly T = 255 ◦C, oxygen
elays degradation by preserving the reaction centers in copoly-
er foam. At this temperature the accumulation of peroxy radicals

r reaction centers are high in which after this with increasing of
emperature, the reverse reaction is favored and caused the peroxy
adical decompose to oxygen and radical. Produced peroxy radi-
als decompose fast and release highly reactive reaction centers,
hich consequently, this quick releasing of a great number of orig-

nal radicals over a short period of time accelerate the degradation
ate under oxygen atmosphere [5].

.2. Degradation kinetics

TG curves (Fig. 1) show that up to T = 230 ◦C, the weight loss
ecomes stable for copolymer and EPS lost foams. To eliminate
he effect of pentane and water release on the degradation kinet-
cs, the weight loss before T = 230 ◦C was ignored and the degree
f conversion was modified for kinetics calculations in all heating
ates.

The Flynn–Wall–Ozawa analysis under both atmospheres (ln ˇ
ersus 1/T curves) for the conversion values in the range of 5–95%
ere conducted on both MMA–St and EPS foams. These results

howed that the best fitting straight lines are nearly parallel for
arious heating rates and in various extent of conversion. Activation
nergies, E, corresponding to the different conversions and under
itrogen and oxygen atmospheres, determined from the slope of
hese lines, are shown in Fig. 2 for MMA–St as well as EPS lost
oams.

In our previous work [2] it was evident that under nitro-
en atmosphere and in the case of MMA–St foam, the activation
nergy, E, increases in the range of 0.05 ≤ ˛ ≤ 0.15 then decreases
n the range of 0.15 ≤ ˛ ≤ 0.70 and finally reaches to 313.74 kJ/mol
n ˛ = 0.95. The variation of activation energy versus conversion

s an evidence of the complex degradation mechanism (probably
arallel or consecutive reactions [6,7,26]) of MMA–St copolymer
oam. This behavior was observed in the range of 0.05 ≤ ˛ ≤ 0.15,
.40 ≤ ˛ ≤ 0.70 and so distinctly in the range of 0.70 ≤ ˛ ≤ 0.95 [2].
a Acta 488 (2009) 43–48

For EPS foam under nitrogen atmosphere, the values of E
decrease to 63.24 kJ/mol at ˛ = 0.20 and then increase regularly in
the conversion range of 20–95% to 105 kJ/mol. This behavior is an
evidence of multi-steps degradation reactions and consequently
changing of the reaction mechanisms at the selected conversion
range [2].

According to Fig. 2, for MMA–St foam under oxygen atmosphere,
it is evident that the activation energy decreases over the whole
conversion range. This behavior may indicate the changing of the
mechanism to some endothermic reversible reactions [7]. As it is
clear, nearly after ˛ = 0.20 the values of E decrease. As it was men-
tioned before the formation of peroxy radical is exothermic and
reversible. With temperature increment, the reverse reaction is
favored and heating of the samples cause the peroxy radicals to
release highly reactive reaction centers (original alkyl radical) and
oxygen (after ˛ = 0.25) consequently accelerates the degradation
rate and decreases activation energy.

In the case of EPS foam under oxygen purge (Fig. 2), the varia-
tion of activation energy (E) with conversion is small in the range
of 72–76.5 kJ/mol over the whole conversion range of 5–95%. There
are no significance differences between the activation energy val-
ues in degradation of EPS foam under both atmospheres. The small
difference between activation energy values is due to the oxygen
atmosphere outside of the EPS foam in which the alkyl radicals
react with oxygen to produce peroxy radicals and accelerate the
degradation rate.

Furthermore the values of E for MMA–St copolymer foam in
most conversion ranges are higher than EPS foam under both atmo-
spheres. Due to unknown mechanism in this random copolymer
foam degradation process, there is no explanation for this behav-
ior.

An increasing dependence of E on ˛ is found for competing
reactions, some independent and consecutive reactions or the
decreasing dependence of E on ˛ corresponds to the kinetic scheme
of an endothermic reversible reaction followed by an irreversible
one [15]. The concave shape of decreasing of E on ˛ may corre-
spond to changing the mechanism from kinetic to a diffusion regime
[6,24]. In this work according to Fig. 2 and the shape of E versus
˛, under both atmospheres, the diffusion degradation mechanisms
(Table 1) were ignored in the following calculations for degradation
of MMA–St copolymer and EPS foams.

Based on the various reaction mechanisms given in Table 1, the
kinetics parameters obtained from the non-isothermal TG data for
MMA–St copolymer and EPS foams, using Coats–Redfern equation
under different atmospheres, are given in Table 2. These data are
used in isokinetic calculations. As it was investigated in our previ-
ous work [2], the model-fitting method results in only one single
pair of Arrhenius parameters in which the most solid state reactions
are not simple one-step processes and consist of multiple steps dur-
ing pyrolysis process, so the obtained kinetic parameters from the
models in Table 1 are just used for simulating of experimental date
and are not reliable [9].

The results of Table 2 obviously indicate the strong dependence
of the kinetics parameters on the selected reaction mechanism. The
values of correlation factors under nitrogen purge for the whole
models in Table 2 are between 0.83 and 0.95 [2], whilst the cor-
relation factors for these models under oxygen purge, are between
0.809 and 0.999. It is difficult to make a decision about exact thermal
degradation mechanism.

In the case of EPS foam, the correlation factors for An type
models are in acceptable ranges. From the calculated kinetic param-
kinetic data and correlation factors are higher than the corre-
sponding data determined under nitrogen atmosphere. As it is
clear from the results of Table 2, the values of Arrhenius param-
eters corresponding to those models that have high correlation
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Table 2
Arrhenius parameters for non-isothermal pyrolysis of MMA–St copolymer and EPS foams at 10 ◦C/min under nitrogen [2] and oxygen atmospheres.

Foam samples Mechanism E (kJ/mol) ln A (min−1) Correlation factor

Nitrogen atmosphere
MMA–St copolymer A1 73.35 13.1340 0.9498

A2 31.75 4.0384 0.9322
A3 17.89 0.7119 0.9050
A4 10.96 −1.1543 0.8605
R1 48.00 7.1021 0.8317
R2 59.19 9.1020 0.8983
R3 63.56 9.7342 0.9176

EPS A1 116.37 21.05887 0.9920
A2 53.08 8.2476 0.9901
A3 31.98 3.7322 0.9876
A4 21.43 1.3275 0.9840
R1 83.49 13.9655 0.9444
R2 98.25 16.4607 0.9747
R3 103.9 17.2771 0.9821

Oxygen atmosphere
MMA–St copolymer A1 97.93 18.9355 0.9332

A2 44.14 7.1439 0.9180
A3 26.21 2.9580 0.8973
A4 17.24 0.7067 0.8690
R1 63.62 10.9052 0.8093
R2 78.67 13.7666 0.8772
R3 84.59 14.7451 0.8977

EPS A1 138.59 26.2509 0.9994
A2 64.31 10.9721 0.9943
A3 39.55 5.6491 0.9990
A4 27.17
R1 98.89
R2 116.52
R3 123.35

Fig. 3. Arrhenius lines plotted by data given in Table 2 under oxygen atmosphere to
calculate isokinetic parameters: (a) MMA–St and (b) EPS foams.
2.8551 0.9988
17.5797 0.9658
20.7577 0.9758
21.8433 0.9836

factors vary significantly. Such an uncertainty in the kinetic param-
eters cannot lead to suitable kinetic predictions and reasonable
mechanism.

The model-independent estimate of the pre-exponential fac-
tor obtained through an artificial isokinetic relationship (IKR), in
which in this method a common point of intersection of Arrhenius
lines was defined as Tiso and kiso. These values were isokinetic tem-
perature and rate constant, respectively, in which the relationship
between these parameters and the calculation procedure has been
discussed in theoretical section (Eqs. (9) and (10)).

The Arrhenius lines using IKR method are plotted in Fig. 3(a) and
(b) by the parameters of Table 2 under oxygen atmosphere, for both
MMA–St and EPS foams, respectively. As it is shown in these figures,
like nitrogen atmosphere [2], there is an intersection interval in
both foams, therefore an average intersection point corresponds to
the isokinetic parameters (a and b) were used in which nearly all the
plotted lines converge. These temperature intervals are indicated
in Fig. 3 and corresponding to these temperatures, the values of a
and b (isokinetic constants) can be determined. According to Eq.
(10), the preexponentioal factors, ln A˛, corresponds to E˛ for each
degree of conversion were calculated for copolymer and EPS foam
(Fig. 2).

5. Conclusion

The thermal decomposition of MMA–St copolymer and EPS
foams under oxygen atmospheres at different heating rates has
been studied by TGA in non-isothermal condition and compared
with nitrogen atmosphere. The initiation decomposition temper-

ature and rate of weight loss for copolymer foam is lower than
EPS at all heating rates. The main reason for this behavior was
the interference of degradation mechanisms of MMA and St in
copolymer which affects the pathway of degradation process for
copolymer foam.
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The stabilizing effect of oxygen was observed in thermal degra-
ation of MMA–St foam in which the produced alkyl radical under
xygen atmosphere, react with oxygen to form a stable polymer
adical which is called peroxy radical. In initial stages of thermal
egradation of MMA/St copolymer, the activation energy in oxygen
tmosphere is higher than nitrogen atmosphere. Up to 50% conver-
ion there is no significant difference at both atmospheres, after
his conversion with increasing of temperature, peroxy radicals
uickly release high reactive centers and oxygen which acceler-
tes the degradation rate of copolymer and decreases the thermal
egradation activation energy. Any other group with a low electron
ffinity should also demonstrate a stabilizing effect. This effect was
ot observed in thermal degradation of EPS foam because there is
o oxygen-containing group inside of EPS structure.

The complexity of the pyrolysis reaction was shown by
lynn–Wall–Ozawa method in which the activation energy was
hanged with degree of conversion for both foams under differ-
nt atmospheres. The values of activation energy decreases under
xygen atmosphere for copolymer whilst under nitrogen atmo-
phere, nearly the opposite behavior was observed. Furthermore
n the case of EPS there was not any significant difference between
ctivation energy values under both atmospheres. It was concluded
hat the activation energy calculated by Flynn–Wall–Ozawa method
n whole rang of degree of conversion, for MMA–St copolymer

oam was higher than EPS foam. The values of ln A˛ were deter-

ined using correction method and iso-kinetic relationships (IKR)
nder both atmospheres. Consequently, the model-free methods
an be suggested as a suitable way of determining consistent kinetic
arameters.
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