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ABSTRACT . -

‘The generally accepted integral and differential forms for analysis of non-isothermal
kinetic data are

T
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very often, these equations do not clearly axd unambiguously indicate the reaction
mechanism involved. The general trend to determine the mechanism on the basis of good-
ness of mathematical fit of data makes the task more formidable. Two other forms of
integral and dxfferentla.l methods have been proposed to obviate this difficulty. These, in
loganthxmc forms, are

A\ E
In g(a) —In(T — To) = m(%) —=r
and
| do
In ) E(T — To) , __ln(ﬁ) RT
- RT* ' T

The analysls, based on these two equations, requires a logical choice of the functions
. f(a) and g(a) by trying out in turn all the known forms available in literature. Amongst all
.the logical possibilities, the one with comparable E and A obtained for both the forms is
suggestwe of the possible reaction mechanism.
‘The equation (vahd for linear rate of heating, f§) is derxved by replacing the tune of
‘reaction, ¢, by (T — T)/8. The different:al form is solved by an ‘iterative method to obtam
consistent values of Eand A
- Experimental data of thermal dehydroxylatxon of Mg(OH)z, as pubhshed by Fong and
Chen, are re-analyzed by these two methods The rwults mdwate that a diffuslon-control-
led mechamsm is involved S o . . .
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For analyses of kinetic problems, two different types of equatlons ate
used. Cme equates the rate of reaction with a function of « as
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Equations (1) and (2) are interrelated and, for isothermal cases, differenti-
ation of egn. (1) gives eqn. (2). The relationship between f(a) and g(a) is
given by

f(a) = () | (3)
where

. d P
g (a) 3 [g(a)] (32)

The relationship between the kinetic constant () and temperature (T) of
reaction is expressed by the well-known Arrhenius equation
k= A exp(—E/RT) | (4)

It is believed that these r ns. (1)—(4)1 o valid for
non-isothermal cases (at least, empirically). It may be argued that in this case,

E and A will not have the same significance as they have for isothermal

vaaT - am s e N vasTg =2 VTT AL SRS aataiss

homogeneous reactions. To bypass thls dilemma, it may be assumed that for
non-isothermal heterogeneous reactions, E is the ‘“‘derived activation energy”’

and A is the “derived frequency factor” (whatever may be their theoretical
meanings).

For a constant heating rate (), the relationship between temperature (T')
and time (t) is

T =T, + Bt (5)

where T, = reaction onset temperature.
In order to obtain an overall relationship for non-isothermal kinetics,
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As the rate of reaction is very slow in the temperature range 0—T,, the be- :
lowing approximation is assumed [1] to be valid

T T '
f exp{(—E/RT) dT = f exp(—E/RT) dT 9
To (1]

Hence, eqn. (8) assumes the form
A T
g(@) = [ exp(~E/RT)dT (10)
o

When the values of a are known as a function of T, eqgn. (10) is used to
determine £ and A. The exponential integral is evaluated with the help of
various approximate solutions suggested [2—6] so far. When the reaction rate
da/dT is known as a function of T, eqn. (6) may be used to determine E and
A.

Apart from egns. (6) and (10), another set of relationships may be formu-
lated if eqns. (2), (4) and (5) are combined to get

A
g(a) g exp(—E/RT) (T — To) (11)
On differentiation, eqn. (11) becomes

g'(a) ——% exp(—E/RT) +“= exp(—E/RT) ey

8 T —To) (12)

7T {
Or, on re-arrangement

dae _A . - E(T —To)] 1

ar g exp(—E/RT) L_1 + BT 2 (@)

Recalling eqn. (3), eqn. (13) mey be rewritten as

(13)

de A T E(T—Ty)
aT " p exp(—E/RT) 1+ BT ]f(a) (14)

Equations (11) and (14) may also be taken as valid relationships for non-
isothermal kinetics if the results obtained by analyzing non-isothermal data
by these two methods can easily be explained logically. Thus, four different
relationships, as tabulated in Table 1, are obtained for non-isothermal kinetics.
To test their applicability some published data are re-analyzed by these
methods. '

ANALYSIS OF KINETIC DATA

Fong and Chen [7] have published some experimental data for the ther-
mal dehydroxylation of Mg(OH),. Their data are reproduced in Table 2. For
a single sample, they have taken duplicate data curves and denoted them as
Traces 1 and 2 [cf. Fig. 2 of ref. 7]. A constant heatmg rateof § = 0 0833 K



179

TABLE 2.
Data for the thermal dehydroxylatxon of Mg(OH), [7]
Data . Trace 1 "Trace 2
point — ' - -
Time T  « (da/dT) X 102 Time T a (da/dT) x 102
(s) (X) ' (K1) (s) (X) (K1)
1 0 618 0.0251 — 0 616 0.0229 —
2 48 622 0.0342 — 36 619 0.0275 —
8 84 6256 .0.0478 0.890 72 622 0.0344 0.336
4 120 628 0.0592 0.443 108 625 0.0528 0.427
5 168 632 0.0797 0.532 156 629 0.0619 0.627
6 204 635 -0.0957 0.622 192 632 0.0780 0.603
7 240 - 638 0.1162 0.736 228 635 0.1055 0.690
8 276 641 0.1435 0.871 264 638 0.1284 0.793
9 324 645 01777 1.077- 312 642 0.1583 0.958
10 360 648 0.2141 1.243 348 645 0.1950 1.103
11 408 652 - 0.2620 1.462 384 648 0.2202 1.261
12 432 654 0.2894 1.666 420 651 0.2661 1.426
13 468 657 0.3486 1.703 456 654 0.3165 1.590
14 504 660 0.4100 1.812 504 658 0.3762 1.787
156 552 664 0.4715 1.897 540 661 0.4289 1.902
16 588 667 0.5308 1.905 576 664 0.4977 1.972
17 624 670 0.5900 1.859 612 667 0.5528 1.982
18 672 674 0.6538 1.710 648 670 0.6147 1.914
19 708 677 07107 1.533 696 674 0.6789 1.668
20 744 680 0.7563 1.305 732 677 0.7294 1.342
21 792 684 0.7950 — 780 681 0.7706 —

s~! was maintained throughout the experiment. Reaction onset temperature
(Ty), which may be defined as a temperature at which « is negligibly small, is
618 K for Trace 1 (here a = 0.0251) and 616 K for Trace 2 (here a = 0.0229).
Using the value of Ty, the time of reaction (i.e. ) may be calculated using

TABLE 3

Kinetic parameters obtained by various methods for the thermal dehydroxylation of
Mg(OH); as reported by Fong and Chen [7] '

Trace 1

Compouting Method Trace 2

B A n E A n
Integral
(i) Coats and Redfem : : _ '
: 4] : : 231.45 0.37E +16 1.6 23591 0.91E +16 1.5
(ii) - Satava [9]" 232.39 0.38E +16 1.5 236.90 0.95E +16 1.5
Differentlal o o _ S
(i) Chen and Fong [8] 221.90 0.12E +16 1.6 223.57 0.16E +16 1.6

'E = Derived activation energy (kJ mole“)
-A = Derived frequency factor (s~ l) :

n = Order ot' reaction.
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the relationship [derived from eqn. (5)]
t=(T—To)lp - (52)

Fong and Chen [7] used both differential and integral methods to analyze
their data. For the differe.tial method [eqn. (6)] they used a combined
numerical method which was proposed by them [8]. To analyze the same
data by the integral method [egn. (10)], they employed the methods of
Coats and Redfern [4] and Satava [9]. They, after all these analyscs, have
concluded that the reaction obeys a kinetic law of the type

fa) =(1 —a)” (18)

where 1 = order of reaction.

Different values of n, £ and A, as reported by Fong and Chen [7], are
given in Table 3. The results presented in Table 3 show that the values of
E and A are comparable by the two methods of analysis — differential and
integral forms; but the exponent n depicting the kinetic law is different. The
reason for accepting n = 1.6 has not been stated by Fong and Chen [7],
except that this value of n gives the best mathematical fit (r = 0.999) of the
experimental data. In order to re-analyze these data by the new type of
integral method as suggested here [eqn. (11)], it would be helpful to rewrite
eqn. (11) in logarithmic form

A E
In g(e) —In(T — Ty) _ln(B ) BT

The data are fitted to egn. (16) by linear least-squares method. Different
published forms of g(a), as tabulated in Table 4, were used. The results ob-
tained are given in Tables 5 and 6.

The new type of differential method [eqn. (14)] is non-linear in nature.
‘This, in logarithmic form, becomes

(16)

da
daT . [(A\ E
In ety L= To) N 1"(?) " RT an

Equation (17) may be solved by iterative method. Any arbitrary value
may be assumed for E (£ > 0) and, using this value, the value of the expres-
sion on the left-hand side may be calculated for each data point. This, when
plotted against (1/7") by linear least-squares method, gives new values of E
(from the slope) and A (from the intercept). This modified value of E is used
as a starting value for the next iteration which yields another modified value
of E. Thus, after a few iterations, consistent values of E and A will be ob-
tained. Using all the forms of f(«), as tabulated in Table 4, these data were
analyzed by eqn. {17) and the results are given in Tables 5 and 6.

The results clearly show that acceptavle values of E and A are obtained
only for the first seven functions (ail of which denote a diffusion-controlled
mechanism), leading to the conclusion that the thermal dehydroxylation
process of Mg(OH), is a diffusion-controlled process—a premise which is
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contra-indicated by Fong and Chen [7]. From a physical point of view also,
it appears probable that on decomposition (in the solid state) Mg(OH),
forms a solid layer of MgO covering the surface of Mg(OH),. So, for further
reaction to occur, the product molecules of H,O must diffuse out through
the solid layer of MgO. With time (¢) the thickness of the product layer (i.e.
diffusion path) will increase. Under such circumstances the likelihood of a
diffusion-controlled mechanism cannot be ruled out.

To pin-point the exact kinetic law, the results obtained should be examined
more critically. It is obvious that for the proper functional forms of g(a:) and
f(a), the results obtained by integral method [eqn. (16)] should closely agree
with these obtained by differential method [eqn. (17)]. This condition is
satisfied when Function No. 3, i.e. Ginstling—Brounshtein’s equation, is used.
So, it may be concluded that the thermal dehydroxylation process of Mg-
(OH), obeys Ginstling—Brounshtein’s equation. It would, perhaps, not be
irrelevant here to note that many other solid-state reactions which are diffu-
sion-controlled follow Ginstling—Brounshtein’s equation [10,11].

Other kinetic parameters for this thermal dehydroxylation process are

(i) E = 256 kd mole™'and A = 7.5 X 105 s™! (Trace 1)
({i)E=267TkImole’and A = 6.0 X 105! (Trace 2)

For comparison, these data were also analyzed by the method of Coats
and Redfern [4] which is based on eqn. (10). The form of the equation pro-
posed by them is

R

All the forms of g(a), as tabulated in ".:ble 4, were used to fit the data to
eqgn. (18). Fong and Chen [7] have also analyzed their data by the method
of Coats and Redfern. As a check, we have independently analyzed these
data by the method of Coats and Redfern and the results obtained by us,
which agree with those reported by Fong and Chen [7], are given in Table 7.
It is seen that the values of correlation coefficients (r) for most of the cases
are greater than 0.990. So, it is rather difficult to pin-point the exact form of
g(a) unequivocally. Fong and Chen [7], however, proposed Function No.
20, i.e. f(a) = (1 —a)!5, as the proper kinetic law. But the idea of ascertain-
ing the kinetic law chiefly from the value of correlation coefficient has been
objected to by Sestdk [12]. Therefore, it is difficuit to draw logically accept-
able conclusions regarding reaction mechanistics from the results tabulated
in Table 7. But, when the results obtained from eqns. (16) and (17) are
examined, it is easily possible to identify the proper kinetic law and to rule
out others. These two methods are therefore more sensitive than other meth-
ods so far as the logical discrimination is concerned.

DISCUSSION

Equation (14) has been derived earlier by various authors [13—15]}. Mac-
Callum and Tanner [13] pointed out that the rate da/dt of a reaction under
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da , (0c)

dt = \at/;
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According to them, eqn. (6) should not be used for non-isothermal reac-
tions and eqn (19) should be used instead; various arguments have been

given {16—18 ] against this proposal. It has been shown [17] that tiie term
(da /dT)t has no phys1ca1 meamng, because one cannot change temperature

nnnnnn e £ £ mddn cnlra ecrn maces

\1. ) nccpulg time U-l constant. Even if, IO arguments’s saxe, we assume that
instantaneous change is possxble, 9« must be zero, because a cannot change

instantanaouslyv. Rut what is more Imnnvh:n'l- is that o is a nath function and
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not a state function, so egn. (19) is not valid thermodynamicaily.

Fevre et al. [14] have published a special review on the methods of analysis
of non-isothermal kinetics. They have pointed out that the rate of reactlon
(de/dt) with non-isothermal kinetics depends upon a supplementary factor:
the heating rate (8). They have stressed on the fact that the degree of conver-
sion (a) of reaction is a function of three variables: T (temperature), ¢t (time)

and 8 (heating rate). Thus the total differential da is, according to them

de = (53)p 2 7). 97 (35), ., 8 20)

Using eqn. (20) they have deduced relationships similar to eqn. (11) [cf eqn.

They have used these relationships to analyze the TG data of the therma.l
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dehydration of gypsum, calcium sulfate hemihydrate and calcium oxalate
monohydrate, under non-isothermal conditions (with various heating rates).

The results obtained with this method of analysis led them to believe that

theoretical formulations of eqns. (11) and (14) are correct.

Latar Norwicz I’1 5] also proposed a relationship similar to egn. (14)

SFRVd g LV VYAV  iaied adeddhad A TEARUVAVIIDAAY 9RiasAiS ==
which is based on eqn. (19) This was subjected to severe criticism [19] The
objections were raised chiefly from a mathematical point of view. But there
is no doubt regarding the applicability of eqns. (11) and (14) for non-iso-
thermal kinetics simply because the results obtained therefrom are logically
acceptable. Still, the deductions of these two equations will not be free from
mathematical discrepancies if eqn. (19) or (20) is used as a starting equation.
‘However, the procedure followed by the present authors to arrive at eqns.
(11) and (14) is free from any mathematical inconsistency.

- A casual glance at egn. (14) will lead one to conclude that insertion of an
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F factor, where

E(T—Ty)
RT?

will give higher values of d«/dT than those predicted by eqn. (6). The pre-
sent authors, however, subscribe to the views expressed by Sestak [19] that
the reactions really do not proceed faster under non-isothermal condltlons,
as was erroneously concluded by Norwisz [15].

Koch et al. [20] have analyzed kinetic data of some uni- and biomolecular
reactions by using eqns. (6) and (14). They observed that the results obtained
closely agree with isothermal experiments when eqn. (6) was used to analyze
non-isothermal kinetic data. But, using the same data, the values of £ and A
become much less when analyzed using eqn. (14) than those obtained from
isothermal analysis. This led them to conclude that eqn. (14) should not be
applied to non-isothermal analyses.

As observed by Sestik [12], it is necessary to focus attention on ‘‘the
reliability of the g(a) function, the correct establishment of which should be
the real goal of chemical kinetics”. Only after havinglogical forms of g(«) and
f(a) should one determine the corresponding £ and A values therefrom. We
therefore believe that Koch et al. [20] would possibly have concluded dif-
ferently had they tried to fit all the functional forms of f(a), as tabulated in
Table 4, into egn. (14); this would clearly indicate the most logically accept-
able form of f(a). After establishing the proper form of f(a), the correspond-
ing E and 4 values should be determined, otherwise one may arrive at a
wrong conclusion. For example, if one analyzes the thermal dehydroxylation
data of Mg(OH), as shown here (Table 2), from eqgn. (6) one obtains [7] a
kinetic function of the form

f(a) = (1 —a)'s (22)

with F =229.14 kJ mole™! (for Trace 1) and E = 234.75 kJ mole™! (for
Trace 2) [cf. Table 7]. But when the same data are re-analyzed by eqn. (14)
using the same f(«) as shown in eqn. (22), it is observed that E = 159.40 kJ
mole™! (for Trace 1; cf. Table 5), and E = 157.63 kd mole™? (for Trace 2; cf.
Table 6). The reason for this drastic decrease in the value of F is not due to
the fault of eqn (14), it is due to the faulty assumption that the process
obeys a kinetir "aw as shown in eqn. (22). If, on the other band, Ginstling—
Brounshtein equation is used for f(a) (cf. Table 4) reasonable values of E
will be obtained, e.g. E = 255.88 kdJ mole™! (for Trace 1; cf. Table 5), and
E = 268.83 kJ mole™! (for Trace 2, cf. Table 6). It thus becomes evident that
if the data are analyzed by eqn. (14), all the forms of f(a) should be used so
as to single out the most probable form of f(a), values of E and A are to be
determined thereafter. '

F=1+ (21)

CONCLUSIONS

Differential {eqn. (14)] and integral [eqn. (11)] methods are proposed for
the analysis of non-isothermal kinetics. Derivations of these two laws do not
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involve any mathematical or thermodynamical discrepancy.

. When non-isothermal kinetic data are analyzed by these two methods,
both the methods yield reasonably good results. The two methods are sensi-
tive enough to enable discrimination of the proper mechanistic model of the
reaction in an unambiguous way.

Various criticisms were raised against these methods when they were pro-
posed earlier. Attempts have been made here to discuss some of those objec-
tions in a logical manner.

Both the methods [egns. (16 and (17)] are suitable for computer program-
ming for fast computations.
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