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KINETIC STUDIES OF MULTI-STEP THERMAL DEGRADATIONS
OF COPOLYMERS OR POLYMER MIXTURES*
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A kinetic analysis of multi-step thermogravimetric curves was developed for sepa-
ration of overlapping decomposition steps to determine their individual reaction order,
activation energy and weight loss. The method was applied in three instances: (a)
separation of evaporation from decomposition for an isobutene-butadiene copoly-
mer; (b) effects of drying conditions on the volatile content of a styrene-indene

resin; (¢) separation of dehydrochlorination from cyclodecomposition of poly(vinyl
chloride).

In polymeric systems, multi-step thermogravimetric curves do not correspond
to distinct, well-defined steps, in contrast with most inorganic decompositions.
Steps may overlap so that they cannot be treated separately; they are sometimes
not even visible directly.

The present kinetic method permits a determination of the actual weight losses
in the individual decomposition steps and a detection of possibly latent steps,
together with an estimation of the individual activation energies.

Kinetic procedure

Instantaneous decomposition rate constants can be determined from thermo-
gravimetric curves by the following equation [1]:

k= —— - 6

. . . . .. dw
where w, is the residual weight for the particular decomposition step and ’n

the decomposition rate at the momentary temperature. Both are obtained directly
from the thermogravimetric measurement while the order of reaction (1) is un-
known and must be determined separately.

The present procedure is initiated with the last decomposition step, proceeding
from the highest temperature toward the lower ones.

* Paper presented at the International {Symposium on Macromolecular Chemistry,
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Determination of the reaction order

The orders of reaction of the individual steps are determined in three ways:

(@) According to Horowitz and Metzger [2], the ratio of the residual weight to
the total weight loss in the particular step, w,/w,, at the moment of the maximum
decomposition rate, is correlated with the order of reaction as indicated in
Table 1. A graphical plot of this correlation gives a very simple tool for
estimating the order of reaction.

Table 1

Relation between the order of reaction and the weight
fraction at maximum reaction rate

n ‘ W Wy
0 0.000
12 0.250
1 0.368
3/2 0.444
2 0.500
3 0.576
4 0.630
5 0.669

(b) Kissinger’s method [3]is based on the asymmetry of the derivative thermo-
gravimetric (DTG) curve. Instead of the very complicated calculation, a graphical
method is suggested from the DTG curve, drawing the inflexion tangent of the
peak defining its asymmetry factor: a/b (Fig. 1). For the order of reaction:

= 1.59% @)

{c) The method of Freeman and Carroll [4] is more exact but much more
complicated. Their linearized equation is:

dw 1
4 1nw, R Alnw, ‘

where E = activation energy,
R = the gas constant.

When the measured values are plotted according to this equation, the order of
decomposition is obtained from the intercept. In addition, activation energy can
be calculated from the slope.

In spite of its complexity, this procedure is necessary in cases of strong overlap-
ping, since the n value is estimated from the ultimate stage of the last decompo-
sition step by application of Eq. (3).
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Fig. 1. TG, DTG and DTA curves of an isobutene-butadiene copolymer

Kinetic treatment of the individual decomposition steps

Using the order of reaction, rate constants are calculated in steps of 10 or 20°,
downward from the highest one, according to Eq. (1), and plotted against recipro-
cal temperature (Fig. 2). This plot is linear at higher temperatures, but diverges
at lower ones due to the presence of the previous decomposition step.
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Fig. 2. Arrhenius plot of decomposition rate constants of an isobutene-butadiene copolymer
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The equation of the straight line (Arrhenius equation) for the linear range is
determined by the least squares method. It is extrapolated to calculate the pure
rate constants and decomposition rates of the steps below the measured ones.
Thus, an individual thermogravimetric curve can be constructed for the last
decomposition step. The differences between the measured and calculated weights
result in a thermogravimetric curve without the separated last step.

The whole procedure is then repeated, through the next preceding step, suc-
cessively for the total thermogravimetric trace.

Experimental

Thermogravimetric measurements were carried out with a derivatograph
(Paulik-Paulik~Erdey system, MOM Hungarian Optical Works, Budapest).
The temperature was programmed linearly and thermogravimetric (TG), differen-
tial thermogravimetric (DTG) and differential thermal analytical (DTA) curves
were recorded simultaneously.

Samples could be held in the apparatus by a series of plates in place of the
crucible, permitting a higher amount of material (about 0.5—0.7 g) to be spread
out with great surface area, thereby eliminating the majority of the errors of
diffusion. Alumina was used as inert material under the same conditions.

Before measurements, the sample chamber was flushed overnight with argon.

Samples were heated at a rate of about 3° min~%
. Since the calculated thermogravimetric curves accumulated all the errors in-
volved in the kinetic procedure besides the instrumental errors of the measure-
ment, the low-temperature section of the curve was sometimes recorded at in-
creased sensitivity of the thermobalance and the thermocouples. In these cases,
weight losses in the low-temperature steps were determined more correctly even
if the activation energies calculated from the estimated Arrhenius plots might
be erroneous.

Applications

1. An isobutene-butadiene copolymer of unknown structure (polymerized from
the Cy-fraction of a naphtha pyrolysate) was used as a model for the present
method because of its simple decomposition pattern (Fig. 1).

The reaction order of the main -decomposition step determined by methods
(@), (b) and (c) was 0.96, 0.83 and 1.06, respectively. Thus the order of reaction
was regarded as unity. The activation energy was 32.1 kcal.mole™* from the
Arrhenius plot, and 34.2 kcal.mole™* by the method of Freeman and Carroll
-using Eq. (3). The weight loss in this step was 96.5%; of the total weight.

The initial weight loss of 3.5% was analyzed on the basis of a thermogravi-
metric curve at increased sensitivity. It proved to be a uniform step; its first-
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-order Arrhenius plot was linear throughout with an activation energy of about
8 kcal.mole ~*. This suggests that this weight loss may be evaporation rather
than chemical decomposition.

2. A styrene-indene resin also polymerized from a naphtha pyrolysate could
not be dried to steady weight after polymerization. It was assumed that the de-
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Fig. 3. TG, DTG and DTA curves of a styrene-indene resin

300

DTG

Temperature ,°C
el
o
(=)
T

DTA
100 -

O bl bt 1 ]

ut
T T

]
T

38R
T 1

16

w
a1
I

Weight loss ,mg
z\
Q
T

=~
o
]

I : ] Il [ .
Time

Fig. 4. High-sensitivity thermal curves of the initial part of decomposition of a styrene-
indene resin
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composition started before the unreacted hydrocarbons had got away. The thermo-
gravimetric trace is really quite diffuse (Fig. 3). The kinetic analysis resulted in
three steps. After the main decomposition had been treated, the first part was
analyzed by thermal curves of higher sensitivity (Fig. 4).

Effects of drying on weight losses in the individual steps are shown in Table 2.
Drying was carried out in a vacuum oven at 20 torr.

Table 2

Effects of drying conditions on the decomposition steps
of a styrene-indene resin

Drying Weight loss, %
Tempoeéature, g Time, h Step 1 Step 2 Step 3
154 2.5 1.3 15.4 83.3
205 1.25 1.1 10.6 88.2
210 2.5 1.9 4.4 93.6

It is apparent that with increasing severity of drying, the second step decreases
while the first step is constant within the range of the experimental errors. This
leads to the conclusion that, besides the residual solvent, a less stable fraction
exists in the original resin which decomposes in the course of drying. As drying
is interrupted, a part of the decomposition products is frozen into the resin and
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Fig. 5. TG, DTG and DTA curves of poly(vinyl chloride)
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appears as solvent in the thermogravimetric curve. This may be the reason of
the consistency of the first step. It is also supported by the fact that the activation
energies of steps 2 and 3 are similar (about 18 and 22 kcal.mole %, respectively).

3. Poly(vinyl chloride) shows a very characteristic thermogravimetric curve
[5]. During its dehydrochlorination (step 1), however, some benzene and other
hydrocarbons appear in the escaping HCI [6], especially above 250°. This is due
to a cyclodegradation of the conjugated polyene chains resulting from the dehydro-
chlorination. These consecutive reactions really make the first decomposition
step non-uniform. The DTG curve of Fig. 5 shows a secondary step overlapping
with the main dehydrochlorination.

The present kinetic method is capable of separating the individual processes.
The order of the main decomposition as determined by methods (b) and (a)
was 1.4 and 1.5, respectively. A reaction order of 3/2 is in accord with the dehy-
drochlorination mechanism suggested by Stromberg et al. [6]. The same order was
used for the second step too since its determinations led to inconsistent results
and a first order Arrhenius plot was not linear, suggesting a reaction order
higher than unity. 22% of the weight loss was accounted for in the second step,
and thus 789, of the escaping material was assumed to be HCl. The analytical
data of Stromberg et al. [6] supported this result.

Conclusion

The present method of kinetic calculations is capable of separation and char-
acterization of overlapping decomposition steps in thermogravimetric measure-
ments. Order of reaction, activation energy and separate thermogravimetric curve
can be obtained for the individual steps.

The calculation is tiresome but regular and periodical, and thus it can easily
be computerized including the evaluation of TG and DTG curves.
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REsumié — On a mis au point une méthode d’analyse cinétique des courbes thermogravi-
métriques en plusieurs termes pour séparer les étapes de décomposition qui se chevauchent
et déterminer pour chacune d’elles I’ordre de réaction, I’énergie d’activation et la perte de
poids. On a utilisé cette méthode dans trois cas: a) pour distinguer I’évaporation de la décom-
position du copolymére isobuténe-butadiéne, b) pour étudier 1’influence des conditions de
séchage sur la teneur en substances volatiles d’une résine styréne-indéne, c) pour distinguer la
déchlorhydratation du chlorure de polyvinyle de la décomposition du cycle.
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ZUSAMMENFASSUNG — Eine kinetische Analyse von mehrstufigen thermogravimetrischen
Kurven wurde entwickelt, um iiberlappende Zersetzungsstufen zu trennen, ihre individuel-
jen Reaktionsordnungen, Aktivierungsenergien und Gewichtsveriuste zu bestimmen. Die
Methode wurde in drei Fallen eingesetzt; (a) Trennung der Verdampfung des Isobuten-
Butadien-Kopolymers von der Zersetzung; (b) die Wirkung der Trocknungsbedingungen auf
den Gehalt an fliichtigen Substanzen eines Styrol-Inden-Harzes; (c) Trennung der Dehydro-
chlorierung des Poly-Vinylchlorids von der Ringspaltung.

Pestome — TIpoBeneH XMHETHMECKHH aHAJKM3 MHOTOCTYICHYATHIX TePMOIDABAMETPHYECKUX
KpHUBBIX C LEABIO pazfencHus [EPEKPBITHIX CTYNEHEH pacmaza, onpeldesicHHs NOPSaKa OTOenb-
HBIX Peaknyii, SHEPTUY aKkTUBALMK M NOTepu Beca. Meron GbUT UCTIONB30BaH B TPeX CIyYasiK:
(a) pasgencHMe CTaAWi HCIAPCHNS U Paciana s cononumepa uzobyTed-6yranuen; (6) BuusHAe
YCIOBMH CYIUKA Ha COAEpIaHHe JISTyYMX NpM TepMopacraje CONOIUMEPA CTHPOJI-UHIEH;
{C) pasneneHue AETHOPOXIOPHPORAHAA ¥ LIHKIOPACHIana MONMBHHUIXIOPHIA.
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