Journal of Thermal Analysis, Vel. 25 (1982) 423— 431

DIFFERENCE METHOD OF EVALUATION OF DYNAMIC INTEGRAL
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A new differential method of evaluating integral thermogravimetric records of the
formation of volatile products during the degradation of polypropylene in air is pre-
sented. The method, applied to 0— 100 % conversion of the polymer to volatile products,
may distinguish the initial presence of low molecular compounds in the polymer, as
well as changes in the mechanism of degradation of the material.

At the present time a fairly large number of methods exist with which we can
evaluate the dynamic integral thermogravimetric (TG) records obtained in the de-
composition of various polymers. The most frequently used procedures of Coats—
Redfern [1], Horowitz— Metzger [2], Doyle [3], etc. [4—6] are more or less exact
approximations of the integral
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which stands in the general relation
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where the left side is a suitable function of the mass w of the examined polymer, f is
the constant rate of heating in deg/min, 4 is the pre-exponential factor of the Arrhe-
nius dependence of the rate constant &k for the release of volatile products at the
temperature 7, and E is the activation energy of “evaporation” of the material.
The aim is usually determination of the activation energy and pre-exponential fac-
tor, and subsequent estimation of the mechanism of decomposition of the polymer.
The shape of function f{(w) can, of course, vary; most frequently it is assumed that
the release of volatile products follows the scheme
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where n i3 the reaction order and k is the rate constant;
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for n = 1: flw) = In (w,/w),
and for n # 1: f(w) = (Wi — w01 — ) ©)

where w), is the initial weight of sample corresponding to the temperature 7, and w
is the weight of sample at the given temperature 7.

Besides the uncertainty in the determination of s, each of the proposed approxi-
mations is valid with sufficient exactness only in the given region of the values E,
which are, however, “a priori” unknown in the investigation of new materials.
In order to reach agreement between theoretical and experimental curves for given
E and A4, it is necessary to optimize the values # and E, which is mostly impossible
without the use of a computer.

In the present paper we describe the procedure of difference approximation
which was found suitable for the thermogravimetric study of the degradation of
polypropylene in air. The procedure was proposed in connection with research into
the flammability of this polymer, and in our experience it is sufficiently sensitive
even to the changes of mechanism during degradation, and possibly to the presence
of the more volatile additives in the polymer. A necessary feature of the integral TG
record for the possibility of determination of the temperature on the temperature
axis with a minimum precision of 0.2° is the assumption of the use of integral dif-
ference approximation.

Experimental

The changes in weight of samples of polypropylene Tatren TF-411 (the polymer
was purified in boiling n-heptane), a product of Slovnaft, Bratislava, were measured
on Perkin-Elmer TGS-1 thermobalance. Samples with initial weight of 1—2 mg
were placed on aluminium pans and heated in the given atmosphere at the maxi-
mum heating rate, 160 deg/min, to the temperature T = 470 K, from which the
given rate of heating was applied. The records were followed until practically com-
plete evaporation of the polymer.

Results and discussion

Integral difference method of evaluation of TG records
If we represent the value of integral I by the area under the curve

s = e~ERT (see the scheme) 4

and as long as the values s; and s, correspond to two different temperatures 77 and
T,, then the area under the given curve in the interval {T'y,T5) can be express-
ed approximatively as the area of the tetragon ABCD as follows:
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For n = 1, this expression simultaneously equals
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where w; and w, are the mass of the sample at the temperature T and T.
In order that the expression

Wy

In Wy 1
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M

can be linearized, it is necessary to choose the temperatures 7y and Ty in such a way
that the function m

m = ——— —
I
is constant.

It is suitable to change T; for example, by 5 or 10° and, for the chosen m, to cal-
culate Ty as Ty = T3/(1 — mT). (By the value m we also determine the precision of
the approximation.)

After transformation of relation (7) to

In (wy/wy)
In =
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which represents a straight line in the coordinates
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Fig. 1. Course of mass changes of isotactic polypropylene in air at various heating rates in

deg/min: 1.25(1), 2.5(2), 5 (3),10(4), 20 (5). The initial sample weights w, are: 1.028 mg (1),

0.954 (2), 1.090 (3), 1.078 (4), 1.060 (5). The points in the individual curves are theoretical
values determined from known values of E and 4 with Simpson’s method

we can determine the values E and A from its slope and the intercept. Provided
that the left side of Eq. (1) is a general function f(iv), the given curve can be linear-
ized in coordinates

0 f(ws) — f(wy) 1

US. ——

1 .
Tg_T] T]_

Evaluation of the integral TG records in the decomposition of polypropylene

The course of the experimental dependence of the mass of isotactic polypropylene
on the temperature in air at various heating rates g is illustrated in Fig. 1. Their
linearjzation in the coordinates of Eq. (8) for heating rates 2.5 and 10°/min is to
be seen in Fig. 2. For illustration, we give in Table 1 the values w; and w, for the
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Fig. 2. Linearization of curves (2) and (4) from Fig. 1 with the integral difference method
— straight lines 1 and 2 (n = 1) — and the Coats— Redfern method — lines 3 and 4
(n=1
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Table 1

Linearization of integral records of mass changes of iPP samples in air at a heating rate of
2.5°/min with the integral difference method (ID) and the Coats—Redfern method (CR)

ID CR

11"2’ In K Y1, m8§ We M8 In(wy/w,) 1n(wy/w,)
—In——= — 3

T, — T, 7
480 490 0.9366 0.9105 5.8692 16.3432
490 500.4 0.9105 0.8714 5.4671 15.4539
500 510.9 0.8736 0.8062 4.9108 14.8584
510 521.3 0.8127 0.7149 4.4785 14.2995
520 531.8 0.7279 0.5931 4.0540 13.8152
530 542.2 0.6149 0.4388 3.5879 13.3684
540 552.7 0.4714 0.2888 3.2549 12.9327
550 563.2 0.3257 0.1866 3.1653 12.5479
560 573.7 0.2149 0.1236 3.2094 12.2567

570 584.2 0.1475 0.0823 3.1914 12.0670

m = (1/480) — (1/490) = 4.2517x 10~5 K -1

pairs of temperatures 7y and T, (T; chosen, T, calculated) for line 1 of Fig. 2 (the
value m was chosen in the region of the first observable decrease of polymer mass
in such a way that T, — 77 = 10°). It may be shown that in the degradation of
polypropylene in air the order n = 1 is the most suitable. This is also indicated in
Fig. 3, where the corresponding functions are plotted for line 2 of Fig. 1, forn = 0,
n = 1 and n = 2, respectively.

The values of the approximation of Coats and Redfern for » = 1 have a tend-
ency to deviate from linearity in the initial stages and to give higher values of E
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Fig. 3. Rectification of curve (2) from Fig. 1 for reaction orders n =0, n =1, and n = 2
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(Fig. 2). In the integral difference method the deviation of the experimental points
from linearity may be observed only at conversions of the polymer to volatile prod-
ucts in excess of 65%. The lower the heating rate f, the sooner this deviation oc-
curs. At the higher heating rate 20°/min, the corresponding dependence remains
linear up to 80— 909, conversion.

The observed deviation at the end of the process is evidently caused by partial
dissolution of the degradation products in the polymer, and the chemistry of the
escape of the volatile products thus begins to coincide with the physical process of
“evaporation” of the degradation residues.

By means of the least squares method, the values £ and 4 were determined from
the linear parts of the dependences

In (wy/wy) 1

In —————= uvs. —-
n A vs T

for the individual heating rates.

For the known E and A, the values of the integral on the right side of Eq. (1) were
calculated by the Simpson method at divisions of 1 degree on the temperature axis
and thus theoretical curves of mass changes in the polypropylene samples were re-
constructed (points in Fig. 1). It is to be seen again that for the low heating rates
the agreement of the theoretical and experimental curves is reached only in the
medium parts of the curve. In contrast, at higher rates of heating the agreement is
very good.

The values of activation energies E and pre-exponential factors 4 determined
with the integral difference method at various heating rates § for the samples of
polypropylene TF-411 are given in Table 2. It is to be seen that the E values show
a certain scattering around the average value £ = 101 + 6.8 kJ/mol. Plotting the
E values against In 4, we may notice that the increase of In 4 leads simultaneously

A

3
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€ ,k3fmol

90—

| L ! -
16 18 20 22
InA

Fig. 4. Compensation of E and In A values determined with the integral difference method
for degradation of polypropylene in air. (Point 1 corresponds to a roughly fourfold initial
weight compared to the other points of the set.)
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Table 2

Values of activation energies E and pre-exponential factors A determined with integral
difference method of evaluation of dynamic TG records for decomposition of polypropylene
in air (the m values determine the scale division on the temperature axis)

R e memwme AN g
1.25 0.992 89.5 0.21 4.2517
1.25 1.028 96.8 1.45 4.0816
2.5 0.954 99.7 3.47 4.2517
2.5 1.024 102.6 5.69 4.2517
5 1.090 102.0 7.85 4.0816
5 0.986 112.6 74.11 4,0816

10 1.040 96.5 2.07 3.9216
10 1.046 94.5 1.08 3.0766
10 1.078 98.7 3.98 4.0816
20 1.010 111.8 43.83 3.7707
40 0.956 106.8 12.61 3.4941
40 4.186 105.6 1.16 3.3670
80 1.042 109.1 11.61 3.1328

to the increase of the E values and vice versa. The sample with an approximately
fourfold weight does not correspond to a given compensation. From the compen-
sating straight line for the value E = 101.7 kJ/mol, a corresponding pre-exponen-
tial factor value of 5.92 x 10® min~! was determined. The first-order rate constant
of the release of volatile products in the degradation of polypropylene in air there-
fore has the form

Ko = 5.92x 108 ¢ 7101700RT i =1, ©

For the decomposition of iPP followed in an atmosphere of technical N, (ca.
0.5% 0,), the described method also gives linearization of the course of the mass
change of the sample with temperature (Fig. 5) (up to a conversion of 60%). The
values of activation energies and pre-exponential factors for two rates of heating
are given in Table 3. It may be seen that in an atmosphere with a low concentration
of oxygen, both the activation energy and the pre-exponential factor are higher.

Table 3

Values of activation energies E and pre-exponential factors 4 determined with integral differ-
ence method for decomposition of polypropylene in an atmosphere of technical nitrogen

sz:ﬁi;ate © w, mg E, kJ/mol A, min-1 méfgs’
2.5 1.014 155.6 5.6x 1012 3.6284
5 0.960 163.9 8.4x 1012 3.3670
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Fig. 5. Integral difference evaluation of decomposition of isotactic polypropylene in technical
nitrogen. Heating rates 2.5 (1) and 5 (2) deg/min

It has been stated that the described process of evaluation of TG curves is sensi-
tive not only to the atmosphere in which the degradation preceeds, but also to the
presence of low molecular compounds dissolved in the polymer. As a consequence
of the greater amount of the products of degradation which dissolve in the polymer,
at low heating rates or in isothermal experiments we generally obtain lower activa-
tion energy.

The advantage of the integral difference method consists in the ability to distin-
guish to a certain degree the physical evaporation of low molecular additives from
the chemical process of polymer degradation. If the decomposition of iPP is per-
formed in air in the presence of 8%, decabromodiphenyloxide, 8% tricresylphos-
phate and 0.2 %, ionol, by integral difference evaluation we can observe a break in
the corresponding plot, the position of which corresponds to the overall amount of
additive in the polymer (Fig. 6). With the Coats— Redfern method for the given
experiment we obtain only one straight line (Fig. 6). The values of the activation
energies determined from the individual parts of dependence 1 of Fig. 6 are 58.6
and 157.3 kJ/mol the value determined with the Coats—Redfern method is 68.6
kJI/mol. The higher values of E after the “evaporation” of the additive, however,
indicate that the additive does not remain chemically inert in the thermooxidation
reaction.

In comparison with the other methods of evaluation of integral TG records, the
integral difference method renders it possible to change the precision of the choice
of m. In the other methods this is possible only by consideration of additional
members of the corresponding approximative expression which is accompanied
by complications in the linearization of the substantially more complicated func-
tion.
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Fig. 6. Comparison of evaluation of decomposition of polypropylene in air in the presence of
89, tricresyl phosphate and 0.2%; ionol at 8 = 40 deg/min, with the integral difference method
(line 1) and the Coats— Redfern method (line 2)
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ZUSAMMENFASSUNG — Es wird eine neue differentielle Methode zur Auswertung der die Bil-
dung von fliichtigen Produkten wihrend der Zersetzung von Polypropylen in Luft widerspie-
gelnden integralen thermogravimetrischen Kurven dargelegt. Mit der im Bereich 0—100%
Konversion von Polymer zu fliichtigen Produkten anwendbaren Methode kénnen sowohl die
Anwesenheit niedermolekularer Verbindungen im Polymer als auch Verinderungen im Abbau-
mechanismus des Materials erkannt werden.

Peszrome — INpencrasien HoBeI# nudbepeHIHATBHBIN METO], BEIYACIICHAS HHTETPATIBHBIX TEPMO-
TPaBEMETPHYECKAX JAHHBIX 00pa30BAHEA IETYYMX MPONYKTOB, OGPA3YIOIIMXCA Ipd pacmane
IONMUIPONHIIEHA B aTMOChepe Bo3nyxa. MeToI, HCHOJIB30BaHHbI JUTst 00IacTH 0-—100%-}[01'0
TpeBpalieHns DOJUMEPA B JIETY4Ue IPOAYKTHI, HO3BOJIACT Pa3NiaTh HAYAIHLHOS IIPHCYTCTBHE B
HONEMEPE HU3KOMOJICKYJIAPHBIX COCHMHEHM, a TAKKe H3MeHeHHMs B MeXaHusMme pachana
moJmMepa.
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