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Abstract

Temperature shifts which are due to the experimental setup are taken into account in the
present study in the evaluation of kinetic procedures. When the temperature shifts considered
have a linear relationship with heating rate, it is found that the coefficients in such
relationships will decide the changing trend of the calculated activation energy and frequency
factor values. This can explain some published results.

However, in the above case the evaluation of the kinetic mechanism is rendered extremely
difficult. In such cases there is a high possibility that a kinetic analysis will result in the
prediction of an incorrect reaction mechanism. While the problem can be solved by
minimizing the coefficients mechanically, performing experiments in a very narrow heating
rate range is strongly recommended.

INTRODUCTION

The kinetic interpretation of solid state decomposition reactions can be
achieved by using isothermal and/or non-isothermal methods [1-5]. The
isothermal methods are considered to be the classical methods although
such kinetic evaluation procedures are very time-consuming. The non-
isothermal methods are however much easier to apply. In solid state kinetic
analysis, it is often the preferred choice. The design of modern thermo-
balances often precludes an accurate and precise isothermal experiment
because it always takes time to raise the sample under study to the desired
isothermal temperature. As a consequence there are many Kinetic studies
reported which use non-isothermal methods [6—12]. One of the existing
problems is the inconsistency of kinetic results from different studies on the
same material. General explanations offered are the differences in the
experimental conditions and the kinetic evaluation procedure. Nevertheless,
the main reason for this inconsistency comes from the inaccurate measure-
ment of temperature in most thermal methods while other signals can be
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collected accurately [13—15]. This inaccurate temperature measurement can
be due to the accuracy of thermocouple, the position of thermocouple in the
furnace, the shape of the sample pan and sample size, etc.

From published kinetic reports using the non-isothermal methods
[11,12,16-19], it is apparent that in some cases [11, 12, 16, 17] the calcu-
lated activation energy E decreased when the programmed heating rate f
increased, but in other cases [18, 19] the opposite was found. This demon-
strates a deviation from the general assumption in the use of multi-heating-
rate kinetic evaluations that the activation energy is unchanged while the
heating rate is changing. An attempt to explain this phenomenon theoreti-
cally is made in this article. Furthermore, the proposed kinetic evaluation
procedure [20] is supported with more results.

There are studies about the position of thermocouple in conventional TG
equipment [13—15}, but one interesting factor that must be considered is the
temperature difference AT between the programmed temperature and the
recorded temperature, changing as the programmed heating rate changes.
Figure 1 shows the recorded temperature against time at linear heating rates
of 10 and 50°C min~"' from a TA SDT 2960 thermal analyzer. The dashed
line is the programmed temperature or theoretical furnace temperature. It
can be seen that the temperature difference increases as the heating rate
increases. Based on the literature [13-15], the temperature difference be-
tween that of the furnace and the thermocouple can be expressed as

AT, =T;—T,=a, + b, (D
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Fig. 1. Recorded temperature against time at heating rates of 10 and 50°C min~".
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where a; and b, are constants related to the work station, T; is the furnace
temperature and 7 is the temperature recorded by the thermocouple. If the
temperature difference between that of the thermocouple and the sample
follows the same relationship, then

AT, =T, —~T,=a,+b,p (2)

where T is the sample temperature; a, and b, are constants. The combina-
tion of eqns. (1) and (2) will give the relationship of the temperature
difference between that of the furnace and the sample in the form of

AT =AT, - AT, =T~ T;=a +bp (3)

where a and b are constant. Both @ and & can be positive or negative and
are decided by the work station being used.

Other theories and related equations for non-isothermal kinetic evalua-
tion can be found in refs. 11, 12 and 20.

EXPERIMENTAL SECTION

Computer programs applied to kinetic evaluation and symbols used in
this article are the same as those published [11, 12, 20]. The data files were
created as before [11, 12, 20] and the temperature shift was introduced into
those files by inputting the appropriate temperature difference according to
eqn. (3). T, 1s the temperature to be used in the calculation and T is the
programming temperature. g and b values used were 5 and 0.5, 10 and 0.5,
5 and 0.1, —5 and —0.5, 40 and 0.5. The reaction mechanisms applied
were A2 and R2 (see refs. 11, 12 and 20 for meaning) with heating rates
of 5, 10, 20 and 40°C min!. The theoretical activation energy values are
200.00 kJ mol~!. The frequency factor values are 1 x 10'%s~7,

The calculation of kinetic parameters was performed by using programs
named as, the single-heating-rate differential method (SHRD) [11, 12, 20],
the single-heating-rate integral method (SHRI) [21], the Friedman method
(MHRD) [22] and the Ozawa method (MHRI) [23]. The single-heating-rate
methods (SHRD and SHRI) need only one set of experimental data while
the multi-heating-rate methods (MHRD and MHRI) need at least two sets
of experimental data.

RESULTS AND DISCUSSION

The calculation results from the SHRD, SHRI, MHRD and MHRI
methods for correct reaction mechanisms are listed in Tables la, 1b, 2a, 2b,
and 3. In the following discussion the influence of a temperature shift of the
kind noted above is shown to influence various kinetic features, notably
(1) the mechanism determination from the proposed kinetic evaluation
procedure [20], and (2), the changes in the calculated activation energy and
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TABLE 3

Average activation energy values ® from the multi-heating-rate methods

D. Chen, D. Dollimore|Thermochim. Acta 239 (1994) 115-126

AT = A2 R2
MHRD MHRI MHRD MHRI

0 200.01(+£0.06)  204.21(+0.31)  200.01(+0.01)  203.79( +£0.91)
54058  269.92(+7.89)  275.70(+8.25) 277.83(+7.59)  283.21(+12.47)

54018 20891(+0.85  213.31(+023)  209.78(+1.02)  213.77(+0.76)
104+0.58  266.72(+7.28)  272.43(+£7.45)  274.40(+13.24)  279.71( £15.39)

—5-0.58 159.83(+1.52)  163.16(+3.45) 157.24(+4.89)  160.18( +3.56)

40 —0.58  143.79(+2.80)  146.78(+330)  140.87(+4.03)  143.51(+4.57)
—40+0.58  299.61(+897)  306.02(+5.62)  309.66(+19.59)  315.65( +20.55)

2 Theoretical activation energy values for A2 and R2 mechanisms are 200.00 kJ mol~'; the
values in parentheses are the standard deviation ranges.

frequency factor values. Finally solutions for the influence of such tempera-
ture shifts on kinetic evaluation procedure are proposed.

Mechanism determination

From Tables la, 1b, 2a and 2b, it can be seen that under a certain
condition, SHRD and SHRI methods provide very good agreement of the
activation energy and frequency factor values. This shows that both meth-
ods can be used to obtain kinetic information from a single heating rate
experiment. However, when results from multi-heating-rate methods given
in Table 3 are taken into account, it can be seen that there is a significant
difference in the activation energy values when they are compared with
those from the single-heating-rate methods for certain conditions. For
instance, when AT =5+ 0.58, the calculated activation energy values for
the A2 mechanism from SHRD and SHRI methods at 5°C min~' are
196.38 and 196.17 kJ mol™' respectively which are different from those
calculated from the MHRD and MHRI methods of 227.58 and
238.21 kJ mol~! respectively. The kinetic evaluation procedure that has been
advocated previously includes the use of kinetic parameters derived from
the single-heating-rate and the multi-heating-rate methods. Therefore in the
above situation the determined reaction mechanism will not be A2 and the
final kinetic results will be wrong. This means that if the temperature shift
already discussed is present then the results from the single-heating-rate
technique and the multi-heating-rate methods will produce results which are
at variance with the A2 mechanism of the model system.

When the b value (see Tables 1a, 1b, 2a and 2b) is positive, the calculated
activation energy values from the multi-heating-rate methods are larger than
those from the single-heating-rate methods for the theoretical mechanism.
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From the activation energy values at » =0.1 and » = 0.5 when g =35, it can
be seen that the larger the b value, the bigger the difference in the activation
energy values. Also, when b = 0.5 and « increases from 5 to 10, a bigger
difference in the activation energy values is found.

When b < 0, the opposite trend to that for b > 0 is found. When b equals
0 however, there will not be any difference in the activation energy values
from the single-heating-rate methods and the multi-heating-rate methods
[20].

The application of the proposed kinetic evaluation procedure in these
conditions will give totally inaccurate results [20]. The main error is in
the determination of the reaction mechanism. For example, when AT =
54 0.58, the indicated reaction mechanism determined from the proposed
procedure will be A1.5 for data from the A2 mechanism and F1 for data
from the R2 mechanism. This means that the accuracy of kinetic determina-
tion is largely dependent upon the accuracy of temperature measurement.
Under the conditions being considered, the instrumental setup will largely
affect the final results.

Changes in the calculated activation energy and the frequency factor values

When the relation between the activation energy value and the heating
rate used is taken into account, the calculated results from the SHRD
method listed in Tables la, 1b, 2a and 2b are shown in Figs. 2 and 3. From
the figures it can be seen that when b > 0, the calculated activation energy
value decreases as the heating rate increases. When b < 0, the opposite is
found. The changes are much more related to the » value. The larger the b

220
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£ —— AT=5+0.58
& —u—  AT=5+0.18
% 2004 B—= 2 —a —o— AT=10+0.58
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§ 190 —O——  AT=40-0.58
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Fig. 2. The calculated activation energy value against the heating rate at different tempera-
ture shift conditions for A2 mechanism.
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Fig. 3. The calculated activation energy value against the heating rate at different tempera-
ture shift conditions for R2 mechanism.

value, the larger the changes in activation energy values. These two cases are
in accordance with those found in literature [11, 12, 16—19]. Results from
refs. 11, 12, 16 and 17 have shown that the calculated activation energy
decreased when heating rate increased which in this article is likely to
happen when b has a positive value. Results from refs. 18 and 19 might have
a negative b value.

If a temperature shift occurs as noted above then the correct reaction
mechanism may not be determined. However, it is also found that when
there is temperature shift in the experimental system, the calculated activa-
tion energy value will show the same trend as above whichever reaction
mechanism is chosen.

Solutions for temperature shift effect in the kinetic evaluation procedure

From the above discussions, it can be seen that the b value will decide the
trend of changes in the calculated activation energy and frequency factor
values while the a value will decide the overall shift of the calculated values
[20]. The combination of them will probably change the reaction mechanism
determined and the calculated activation energy and frequency factor
values. It is then very easy to find the first solution for this problem: if a and
b values can be made to be very small, such problems found in kinetic
evaluation procedures due to temperature shift will not exist. This is an
engineering problem rather than a kinetic evaluation problem.

Another solution for this problem is as proposed before [20], namely to
perform experiments at a narrow range of heating rates. In Figs. 2 and 3 it
can be seen that the calculated activation energy values at heating rates of
5 and 10°C min~' have closer values for the single-heating-rate methods.
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TABLE 4

Average activation energy values ® from the multi-heating-rate methods of data at heating
rates of 5 and 10°C min

—1

AT = A2 R2
MHRD MHRI MHRD MHRI
0 200.00(+£0.03)  209.34(+0.25)  200.00(+£0.01)  209.21( +0.84)
54058  227.58(+3.42)  23821(+4.02)  23025(+3.59)  240.84( +5.28)
S+0.18  20292(+0.58)  212.40(+0.20)  203.26(+0.86)  212.61( +0.67)
10+0.58  224.84(+321)  23534(+3.15)  227.37(+£424)  237.83(+6.25)
—5-058  179.21(+0.89)  187.59(+1.72)  177.71(£2.46)  185.89(+1.76)
40—-0.58  160.66(+1.03)  168.17(£1.46)  158.64(£2.12)  165.94(+2.16)
—40+0.58  25297(+4.21)  264.78(+2.82)  256.96(+7.68)  268.78( +9.25)

2 Theoretical activation energy values for A2 and R2 mechanisms are 200.00 kJ mol~'; the
values in parentheses are the standard deviation ranges.

When the multi-heating-rate methods are taken into account, the results
coming from the data at heating rates of 5 and 10°C min~' are listed in
Table 4. It can be seen that the calculated activation energy values are much
closer to those from the single-heating-rate methods. At the same time, the
standard deviation ranges (Table 4) become smaller than those by using
large heating rate range (Table 3). This process can minimize the possibility
of obtaining incorrect reaction mechanisms and finally the wrong activation
energy and frequency factor values. When combined with the above solu-
tion, the best results will be obtained.

CONCLUSIONS

When there are temperature shifts due to the experimental setup, the
kinetic evaluation may be in error. If the temperature shift between the
programmed and sample temperature is not related to the heating rate, then
kinetic evaluation is possible. If, however, the temperature shift is heating
rate related, then the kinetic evaluation needs experiments performed at a
narrow heating rate range.

REFERENCES

1 M.E. Brown, D. Dollimore and A.K. Galwey, in C.H. Bamford and C.F. Tipper (Eds.),
Comprehensive Chemical Kinetics, Elsevier, Amsterdam, 1980, p. 340.

2 A K. Galwey, Chemistry of Solids, Chapman and Hall, London, 1967, p. 210.

3 W.E. Garner, Chemistry of Solid State, Academic, New York, 1955, p. 417.

4 D.A. Young, Decomposition of Solids, Pergamon, New York, 1966, p. 209.

5 D. Dollimore and M. Reading, in J.D. Winefordner (Ed.), Treatise on Analytical
Chemistry, Part I, John Wiley, New York, 1993, 1.

6 E. Eftimie and E. Segal, Thermochim. Acta, 105 (1968) 247.



126

7
8
9
10
11
12
13

14
15

16
17
18
19

20
21

D. Chen, D. Dollimore|Thermochim. Acta 239 (1994) 115-126

J.P. Elder, Thermochim. Acta, 95 (1985) 41.

O. Carp and E. Segal, Thermochim. Acta, 185 (1991) 111.

N. Dragoe and E. Segal, Thermochim. Acta, 185 (1991) 129.

A.N. Peregudov, T.V. Peregudova and L.G. Karpov, Thermochim. Acta, 197 (1992) 21.
D. Chen, X. Gao and D. Dollimore, Anal. Instrum., 20 (1992) 137.

D. Chen, X. Gao and D. Dollimore, Thermochim. Acta, 215 (1993) 65.

J. Akiyama, in H.G. Wiedemann (Ed.), Thermal Analysis (Proc. 3rd ICTA), Vol. |
Birkhauser Verlag, Basel and Stuttgart, 1972, p. 45.

B. Wunderlich, Thermal Analysis, Academic Press, Boston, 1990.

W.W. Wendlandt, Thermal Analysis, Vol. 19, 3rd edn, Wiley Interscience, New York,
1986.

K.N. Nina and C.G.R. Nair, Thermochim. Acta, 37 (1987) 161.

H. Tanaka, N. Koga and J. Sestak, Thermochim. Acta, 203 (1992) 203.

M.R. Alvarez, M.J. Tello and E.H. Bocanegra, Thermochim. Acta, 43 (1981) 115.
M.R. Alvarez, J.J. Icaza, E.H. Bocanegra and M.J. Tello, Thermochim. Acta, 12 (1975)
117.

D. Chen, X. Gao and D. Dollimore, to be published.

P.M. Madhusudanan, Thermochim. Acta, 97 (1986) 189.

22 H. Friedman, J. Polym. Sci., 50 (1965) 183.

23

T. Ozawa, Bull. Chem. Soc. Jpn., 38 (1965) 1881.



