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Abstract : Thermal decomposition characteristics of ethyl methacrylate (EMA) and Styrene (St.) copolymer was
investigated with synthesis at 80°C in a continuous stirred tank reacto (CSTR) using toluene and benzoyl peroxide
(BPO) as solvent and initiator, respectively. The thermal decomposition was considered to be side scission at below
300°C and estimated 2nd-order reaction kinetics of EMA/St. copolymer. The activation energies of decomposition
on this copolymers were in the ranges of 38~43 kcal/mol for EMA/St. and a good additivity rule was observed in
each composition. The thermogravimetric trace curves agreed well with the theoretical calculation.
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Nomenclature
A pre-exponential factor [min™']
c degree of conversion [—]
Co initial degree of conversion [—]
E : apparent activation energy [kcal/mol]
f : mole fraction of EHA in copolymers [-]
k : rate constant [min']
n : apparent order of reaction [—]
R : gas constant [1.987 cal/(g - mole - K)]
t : time [min]
T : absolute temperature [K]

T, : initial absolute temperature [K]
B : heating rate [°C/min]

1. Introduction

Continuous process offers the advantages of improv-
ing polymer properties and economies of scale, but the
design of continuous systems requires more understand-
ing than that required in designing batch system [1~5].
In the meantime, conversions are generally low in the
continuous process, also the kinetics of a polymerization
reaction is not simple [3].
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Particularly, this continuous copolymerization of EMA
and St. has attracted many interests to prevent unzip-
ping polymerization of EMA by incorporating second
monomer. Generally, the acrylates are added to impact
film- forming characteristics to copolymer.

These polymers and copolymers are used as paints,
adhesive and coatings and so on. The previous studies
revealed that the copolymerization of EMA and St. was
followed by 2nd-order kinetics in a CSTR, regardless of
the copolymer composition. This paper dealt with the
thermal degradation behaviors of the EMA and St. copol-
ymer, which was obtained from our previous CSTR
experiments. We have investigated the following axioms;
the copolymerization process of EMA and St. may fol-
low a reverse order of the unzipping process during the
thermal degradation and then the copolymerization kinics
may be almost the same as that of thermal degradation.
Since the copolymerization of EMA and St. was folowed
by 2nd-order kinetics, of course, the thermal degradation
kinetics would be showed by the 2nd-order kinetics. Thus,
we have studied the kinetics of the thermal degradation on
copolymers between EMA and St. which were obtained
in a CSTR, and investigated the validity of our assump-
tions. The activation energy and order of thermal degra-
dation of the copolymer were analyzed theoretically and
experimentally.



Thermal Decomposition Characteristics of Ethyl Methacrylate and Styrene copolymer 29

2. Theory

The kinetics of thermal degradation of various poly-
mers has been evaluated from thermogravi-metric anay-
sis (TGA) at linear rates of temperature rising in many
studies [7~11]. In this paper, the kinetic calculations are
based on experiments which were carried out at several
different rates of temperature rising according to Fried-
man’s method [12]. The general kinetics equation of
thermal degradation could be expressed as eq. (1)

deldt = A - (1-c)" - exp(-E/RT) ()

Taking logarithms of eq. (1) gives

In(dc/dt) = InA + In(1 ~¢)" - E/RT 2

Let the term, f{1-c) be (1-¢)" of eq. (2) and multiply
pre exponential factor and take logarithms to both sides,
which gives

In[A - f(1 - ¢)] = InA + nIn(1 - ¢) 3)

Taking parameters of the heating rate (f=dT/dt) in
the given conversion, we obtained activation energy, £
from the graph slopes which is related to In(dc/dt) and
1/T of eq. (2). The kinetic order (n) and pre-exponential
factor (A) were calculated from the slopes and inter-
cepts of the graph, which are related to In[A - f(1-¢)]
and In(l-¢) of eq. (3). Introducing heating rate to eq.
(1) and separating the variables, which gives

dcl(1-c¢)" = A/B exp(-E/RT) 4

Taking integration of eq. (4) in the given boundary con-
dition (from c=c¢,, T=T, to c=c¢, T=T), which gives

1/ (n=-1)-[(1-¢,) '=(1=¢)""]=
AE/BR - [P(X) - P(X,)] &)
where, X = E/RT, X,= EIRT,

P(X) = e“X—J.wf;?dX ©)

PX,) = eX,~[

g 7
L X, 7

After taking the integral term of eq. (7) with a serises

expansion, we could obtain eq. (8) by substituting it to
eq. (5) and rearranging the rest.

C=1-1

1 L RA(n-1)
(1-¢)"" BE

)

(74(15— 2RT) g o(E- 2RT0))]W_1>

(EIRT) (E/RT,)
e [4

Assuming that the activation energies of copolymers
with the additivity rule and activation energies of PEMA,
PSt could be obtainable, those could be as the follows.

E, copolymetemasst)=f- E.pema + (1-f) - E,pst )
3. Experimental

3-1. Materials

The EMA/St. copolymer were synthesised in a CSTR.
Detailed of the CSTR experiments are described else-
where [6].

The characteristics of the samples used in this work are
summarized in Table 1.

3-2. Thermogravimetry

The results of thermogravimetric (TG) curves were
obtained by using a Rigaku TGA (Model PTC-10A).
Samples (10 mg) were degraded in a nitrogen atmo-
sphere (50 ml/min) at linear heating rates of 1~20°C/min.
Fig. 1 shows a schematic diagram of experimental appa-
ratus for thermal analysis.

Table 1. The monomer composition in copolymers
(IM1] : EMA, [M2] : St.)

Feed 1
ee. . Element* [wt%] Copo y.n?er
composition composition
(IM, J/[M:])
(mole %) H O [ml] [mZ]
100/0 59.84 8.06 31.96 100 0

80720 68.44 8.64 2292 7455 2545
60/40 73.84 8.46 17.70 58.00 42.00
50/50 76.63 8.45 14.92 4941  50.59
40/60 79.29 8.43 12.28 41.13  58.87
20/80 84.27 8.22 751 2545 7455
0/100 89.21 10.79 - 0 100

*By elemental analysis
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Fig. 1. Schematic diagram of thermogravimetric analyzer.
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4. Results and Discussion

The DTG (derivative thermo gravimetry) curves for
poly (ethyl methacrylate) (PEMA) and polystyrene (PSt.)
at heating rates of 4, 12 and 20°C/min are shown in Fig.
2 and 3. In case of PEMA as shown in Fig. 2, the rate
of weight loss increased as the temperature was increased
and reached maxima in vicinity of the temperatures
160°C, 250°C and 380°C.

The maximum in DTG curves were observed at higher
temperature as the heating rate is increasing. The degra-
dation kinetics of PEMA, showing three stages of deg-
radation breakdown, was already reported by Duval [13],
and Newkirk [14].
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Fig. 2. DTG curves of PEMA degraded in the stream of nitro-
gen gas at various heating rates.
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Fig. 3. DTG curves of PSt. degraded in the stream of nitrogen
gas at various heating rates.

Otherwise, the degradation kinetics of PSt. in Fig. 3
showed one stage of degradation breakdown and the rate
of weight loss increased as the temperature was increas-
ing to maximum around 390°C~420°C range. The maxi-
mum temperature of PSt. was higher than that of PEMA.
The DTG curves for EMA/St. coplymer having the com-
position of 74.55/25.45 (mole%) is shown in Fig. 4. The
degradation behavior for the copolymer showed similar
behavior to the PSt. homopolymer. The maximum degra-
dation temperatures of the copolymer were observed
between both cases of PEMA and PSt. The result implies
that degradation behavior for the copolymers is more
complex than that of the homopolymer.

The activation energies of copolymer (EMA/St.) which
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Fig. 4. DTG curves of Poly(EMA-co-St.) degraded in the stream
of nitrogen gas at various heating rates [EMA/St. = 74.55/25.45].
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Table 2. Activation energy, reaction order and pre exponential
factor for the degradation of PEMA, PSt. and those copoly-
mers ([m;]: EMA, [m;,]: St.)

Copolymer  Average Main stage
composition E E A
([my/my])  [kcal/mol] [kcal/mol] [min™']
100/0 37.0 37.3 1.38 7.56x10"
74.55/25.45 38.1 38.5 1.8 8.90x10™
58.00/42.00 39.3 39.9 1.51 1.20x10"
49.41/50.59 39.9 4.0.5 1.76 1.50%x10'°
41.13/58.87 41.0 419 1.63 2.00x10"
25.50/74.50 425 432 1.62 6.91x10'°
0/100 472 46.4 0.92 1.96x10"
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Fig. 5. Friedman plots at the following fractional weight losses
for the thermal decomposition of copolymer (EMA/St = 49/51).
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Fig. 6. Dependence of the activation energy of copolymer (EMA,

St.) in thermal degradation on copolymer composition.

was derived from Eq. (5) on the plots of Fig. 5, are
listed in Table 2. Fig. 5 shows a typical Friedman plots
at several fractional weight losses for the degradation of
copolymer (EMA/St. =49/51) to obtain activation energy
of copolymer (EMA/St.) degradation. The slope of each
line in Fig. 5 is equal to -E/R. Fig. 6 shows the varia-
tion of activation energy as a function of EMA compo-
sition in EMA/St. copolymer. The activation energy
approaches to the value of PSt. homopolymers respect to 0
and 100 wt% at the copolymer and the additivity rule of
the results is well consistent. Table 2 shows that the acti-
vation energies ranged from 38 to 43 kcal/mole for the
EMA/St. copolymers. The values of the frequency coeffi-
cient, A, were also shown in the Table 2. The degradation
kinetic reaction orders of the copolymers are higher than
those of homopolymers. Cascaval er al.[l5] reported
that the degradation kinetics of copolymers are signifi-
cantly affected by the copolymer composition. The
DTG curves of the copolymers were analyzed. Data from
the degradation experiments were put into the Eq. (5)
presented in the section and the reaction orders of the
degradation kinics were calculated.

It was found that the degradation orders are very sim-
ilar to that of copolymerization reaction.

The average order of EMA/St. copolymer system was
1.66. The value correspond to the kinetic order of copo-
lymerization of EMA and St. in the CSTR used in our
previous work [16]. It was obtained from Fig. 7 that the
reaction order and the pre-exponential factor was calcu-
lated from the slope and intercept of the graph, which
is related to In[A - {1-c)] and In(1-¢) of Eq. (3) for the
EMA/St =49.41/50.59 copolymer.
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Fig. 7. Plot of the determination of A and kinetic order of

copolymer (EMA/St. =49/51) at main stage.
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Fig. 8. Expeimental and calculated TG curves of copolymer
(EMA/St .= 25.50/74.50) in the heating rate of 10°C/min (C.R.=
0.99)
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Fig. 9. Pyrogram of poly(EMA-co-St.) pyrolyzed at 300°C,
where 1 and 2 denote EMA and St. monomer peaks, respec-
tively. [pyrolysis conditions : oven temp.; 30°C (7 min hold) to
300°C(5 min hold), temp. program; 20°C/min, pyro.time; 10 sec]

We was observed a good correlation between experi-
mental and theoretical results for our copolymer systems.
Fig. 8 shows a typical thermograms obtained from the
EMA/St. copolymer of 25.50/74.50 composition theoreti-
cally and experimentally.

In the Fig. 8 the theoretical curve was plotted by Eq.
(8) on the data of E, A and n in Table 2. One can see
well that the experimental TGA curves are well fitted
by the theoretical calculation.

Fig. 9 shows pyrogram of pyrolysis gas chromatography
(PGC) of EMA/St. =49.41/50.59 copolymer, pyrolyzed at
300°C, 1% of gaseous mixtures, S0% of St. and 48% of
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Fig. 10. FT-IR spectra of thermally decomposed poly(EMA-co-
St.) at various temperature.

EMA monomers were observed. This shows that copoly-
mer producted small amount of light gases and the with-
drawing rate of monomer was more than 90%. Fig. 10 is
the FT-IR spectra of EMA/St.(49.41/50.59) copolymer by
decomposing with temperature variation. From the FT-IR
analysis the intensity of characteristic absorption stretching
vibration of aromatic C-H (3050 cm™), strong bend vibra-
tion of aromatic C-H (700 cm™) strong stretching vibra-
tion of C=0 (1750 cm™) and stretching vibration of C-O
of ester group (1200 cm™) was decreased slowly as the
temperature changed. Consequently, the results of PGC
and FT-IR analyses were considered that the thermal
decomposition of the synthesized copolymers was seemed
to be hardly the scission of side chains, instead of the ran-
dom scission of main chains.

5. Conclusions

The thermal decomposition characteristics of copoly-
mers on EMA/St. synthesised in CSTR was investigated
by TGA and DTG. The activation energy and the order
of thermal degradation of the copolymer were analyzed
theoretically and experimentally. The results are as
below follows.

1. The activation energies of thermal decomposition
were in 38~43 kcal/mol and a good additivity rule was
observed in each composition of copolymer.

2. The reaction order of EMA/St. system was esti-
mated as 1.66 and the thermogravimetric trace curve
agreed well with the theoretical calculation.

3. The thermal degradation of copolymer was consid-
ered as the side scission at below 300°C.
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