Thermochimica Acta, 61 (1983) 215-225 215
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

ISOKINETIC CONDITIONS FOR VALUATION OF KINETIC
PARAMETERS

D. FATU and E. SEGAL

Department of Physical Chemistry and Electrochemical Technology, Faculty of Chemical En-
gineering, Polytechnical Institute of Bucharest, Bucharest (Romania)

(Received 22 July 1982)

ABSTRACT

A method was worked out for the valuation of kinetic parameters from two or more « vs.
T curves obtained in isokinetic conditions, i.e. by keeping the reaction rate, da/d¢, at a
constant value. The method was checked by using some theoretical families of calculated
isokinetic curves, as well as by working the experimental data concerning the isokinetic
dehydration of CaC,0,-H,0 and the thermal decomposition of KMnO,.

THEORETICAL BACKGROUND

For a heterogeneous decomposition of the type

A= Byt Cy (I
the reaction rate is given by

da —E/RT

ca 1
;=4 f(a) (1)

where a = conversion degree, ¢t = time, A = the pre-exponential factor, E =
activation energy, R = the gas constant and T = temperature (K). The func-
tion f(a) is usually called the conversion function, and depends on the
particular reaction mechanism. In common non-isothermal kinetics, the
variable ¢ is eliminated by using linear [1], hyperbolic [2] and parabolic [3]
heating programmes. In this paper, we suggest another way to eliminate ¢
from the left side of eqn. (1) by recording TG curves in isokinetic conditions,

for which
da
@ @

where C, is a constant. Through integration for the initial condition a = 0 at
t =0, eqn. (2) leads to

a=Ct (3)
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In order to fulfil the condition in eqn. (2) as « and f(«) change with time, the
experimental device has to provide for such temperature changes that
maintain the validity of the relationship

—E/RT _ i
Ae H(e) (4)
From the thermogravimetric isokinetic curves a@ vs. T, (1 —a) vs. Tor T
vs. a, one can get information concerning the reaction kinetics. Indeed, the
temperature T;, corresponding to a given value of a=«;, or the slope
(dT/da),._, is related to the kinetic parameters. To illustrate such relation-
ships, we shall start from the following variant of eqn. (4)

E
lnA—ﬁ-Flnf(a)-—lnC, (5)
The derivatives of temperature with respect to In C,, E, In 4 and « are
_ [ dT __E R_,
DC_(dlnC,-)w,—RGz_ET (6)
dT 1 T
2= (38 ), " R6"E )
dT RT?
2= (qin)o™ £ ®
(g) __RT?’dInf(a) ©)
da a=a B E da
where G > 0 and
G=InA+Inf(a)—InC, (10)
A general form of the conversion function for the decomposition of solids is
fla)=a™(1 - a)” (11)

where m and n are constants with different values according to the reaction
mechanism. So, the case m = n = 1 corresponds to a branching chain nuclea-
tion mechanism. From eqns. (1) and (11) with m=n =1, through integra-
tion, one gets

= kt (12)

In I~ a
which is known as the Prout and Tompkins equation [4]. For m =0 and
n=12/3, eqn. (1), taking into account eqn. (11), leads to

da

E_=A e—E/RT(l _a)2/3 (13)

which corresponds to the contracting sphere or cube model.
In order to show how parameters m and n influence the position and form
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of the isokinetic curve, one has to introduce eqn. (11) into eqn. (5) and to
perform the derivatives d7/dm and dT/dn. These operations give

dT RT?
- = 14
P = gm E n° (14)
dT _ RT?
= - 1
D, T 3 In(1 — a) (15)

To characterise the sensitivity of the isokinetic curves to the change in
reaction rate and kinetic parameters, we suggest the use of the quantities D,
D, D,, D, and D, defined by eqns. (6), (7), (8), (14) and (15). For a
solid—gas decomposition with the following kinetic and operational parame-
ters: da/dr=17x10"°s" a,=1,4=6.23x10°s""', E =20 kcal mole™ ',
m=1,n=0,o0orn=1, m=0 one gets

D.=15K, D.=19.5mole K kcal ™', D,= — 15K, D,,= D, = 10.4K

Thus, a 2.7 times increase in the reaction rate increases the half conversion
point of the isokinetic curve by 15 K. The temperature interval (separation),
D, between the isokinetic curves for two decompositions which differ only
by the activation energy values, is 19.5 K when E, — E, = 1 kcal mole™!. As
D, <0 and Dg > 0 it follows that the increase of the pre-exponential factor
has on opposite effect on the increase of activation energy. Consequently,
the simultaneous increase of the parameters E and A could mutually
compensate, leaving the position of the isokinetic curve unchanged (com-
pensation effect). Changes by one unit in the parameters m and » shift the
isokinetic curve 10.4 K. Equations (14) and (15) show that n influences the
initial accelerating period of the isokinetic curve where a < 1, but does not
influence the final period (D, = 0, « — 1). On the contrary, the change of
the m parameter induces changes in the final (decelerating) period. The
analysis of the families of isokinetic curves calculated using eqn. (5) and
given in Fig. 1, leads to the same conclusions. The relationship between the
slope of the curve T vs. a and the m and n parameters can be derived from
eqns. (10) and (11). This gives

dT RT?> a(m+n)—m

da E a(l — a) (16)
e |y SURR LR
—2m[2L;(m+n)+l]a+m(2R;m+1)} (17)

The condition for the minimum of the curve T vs. a, (d7/da),,;,, = O leads to

m amin
m l-a (18)
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Fig. 1. The influence of the reaction rate and kinetic parameters on the position and shape of
the isokinetic curves.

(a) C,=1x107%sY; C,=2x107% C=5x10"% C=¥x10"% m,_,=0; n,_,=1,
E,_4=20kcal mole™'; 4,_,=6.23x10%s""

(b) E,=15kcal mole ™ '; E, =20; E;=22; E,=30; E;=40: m,_s=0;n,_s=1; 4, _s=
6.23x10%s7 1 C,_s=1x10"4s""

(c) A, =6.23x10°s""; 4,=6.23x107; 4,=623x10% 4,=6.23%x10% m,_,=0;n,_,
=1;E,_,=20kcal mole™'; C,_,=+x107*s~! A

d) n,=0; ny=1%; ny=1%; ng=3% ng=1; ng=2: m_¢=0; E,_g=20 kcal mole™;

>

@m=n=Lmy=1n,=% my=% ny=1 my=1; n,=0: E,_, =20 kcal mole™';
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Taking into account eqn. (18), eqn. (5) gives
T = E
™ R[ln4+mlin(m)+nin(n)—(m+n)In(m+n)—In ol

(19)

Taking into account all these results, one can outline the way to determine
the kinetic parameters in isokinetic conditions. A family of isokinetic curves
for different heating rates, (C,, C,...), should be recorded with the help of
the experimental device. Then the temperatures, (T,, T,...), corresponding
to the same value of the degree of conversion, as for example for a =3,
should be considered. For the chosen iso-conversion condition, the term
In f(a) from eqn. (5) is constant, so the plot of In C vs. the reciprocal values
of the temperature (1/7T) should be a straight line. The slope of this straight
line gives the activation energy using the relationship

Aln C
A(1/T)

For other iso-conversion conditions (a =, a = 3, etc.) the same value of the
activation energy should be obtained. If the results cannot be linearized in
the above mentioned coordinates, it means that the decomposition consists
of two or more steps with different values of the activation energy. If the
isokinetic curve exhibits a minimum, it means that m =0 and » = 0. To
obtain the values of these parameters one has to consider the characteristic
points of the isokinetic curve (Fig. 2) where a. =4, ap=a,;, and a,=73.
When a, =} and a, =3, eqn. (16) gives

(dT/da), 4 B (3m— n)le/4
(dT/da)s,s  (m— 3n)T),

E- _R (20)

(21)

The valuation of the m and n parameters could be considerably simplified if
the system of eqns. (18) and (21) was transcribed in terms of the modulus of
some segments of straight line which could be measured in arbitrary units

B
ER R i
N ! o
0 6 S 3 1

Fig. 2. The relation between the shape of the isokinetic curve and the parameters of the
conversion function [see egns. (23), (24) and (26)}.
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(such as c¢m) directly on the curve recorded by the experimental device.
Figure 2 shows that

m_JK (22)
n KL

3m —n)T? FH

——————( ) 2= (23)

(3n-m)T}, AF

For every pair of points B and G which fulfil the condition T, = T, and
taking into account eqns. (4) and (11), it is found that

m _ log(1 —ap/1—ag)

"y (24)
n log(ag/ap)
or according to Fig. 2

n  log(MG/MB)
This last relationship is useful in checking the constancy of the ratio m/n for
the entire extent of the isokinetic curve. For symmetrical curves JK = KL,
m=nand a_, = 3.

The curves T vs. a which do not exhibit a minimum (ea,,, — 0), and have
a positive slope (d7/da > 0), are characterized by a conversion function of

the form

fla)=(1-a)";m=0 (26)

For this case (m = 0) eqns. (16) and (17) become

dT RT? n

da E l-« (27)
2 2

d72"= RTn2(2RTn+1) (28)
do> E(1-a)\ E

The parameter n can be estimated from eqn. (27) using the measured slope
of the isokinetic curve for a given value of the degree of conversion. So for
the half conversion, one gets

n=—2_ (d—T) (29)
2RT}, da /1,2

The lack of a minimum on the curve T vs. a (a,,, — 1) together with a
negative slope (d7/da < 0) means that » = 0 and the decomposition can be
described kinetically by

fla)=a”;n=0 (30)
The particular forms of egns. (16) and (17) for the conditions in eqn. (30) are
dT _ RT’m

da = " " Ea (31)
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d*T  RT'm ( 2RTm
= + 1) 32
da? Eo? E (32)
The parameter m can be estimated from half conversion data using the
relationship

 2RTZ,

With the known values of E, m and n, the pre-exponential factor, 4, can be
calculated using eqn. (4).

RESULTS AND DISCUSSION

The method of isokinetic curves simplifies considerably the treatment of
the experimental data for the valuation of the kinetic parameters but raises
difficult experimental problems. According to our information, a thermobal-
ance which records the TG curves in strictly isokinetic conditions has not yet
been built. The only device which fulfils this requirement to a certain extent
is the Derivatograph Paulik—Paulik-Erdey Q-1500 D [5-7], which was used
by us to record the isokinetic TG curves.

The experimental isokinetic TG curve for the dehydration of monohy-
drated calcium oxalate

Ca(COO), - H,0,,, = Ca(CO0)y + H,0, (1)

is given in Fig. 3 (1). The operating conditions used to obtain the curve were:
sample weight m = 0.1059 g; applied reaction rate dm/dz = 0.2 mg min~';
heating rate until the isokinetic region d7/da =3 K min~'; initial voltage
U, =75 V; flat platinum crucible of weight m = 0.740 g; temperature scale

250°C.
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Fig. 3. 1, The experimental isokinetic curve for the dehydration of Co(COQ),-H,0; 2, the
curve C(a); 3, the plot of C, vs. conversion degree.
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To check the extent of fulfilment of the isokinetic condition the curve
C(a) has been given (curve 2) in the same figure. The mean value ¢, of the
dehydration rate with respect to a (the straight line, curve 3) is given too.
The dehydration rate was determined from the a vs. T curve, which was
recorded through points, two successive points being separated by a time
interval A7z = 0.1 min. In order to calculate the mean value of the dehydra-
tion rate we used the formula
C.= —‘—f C(a) de (34)

LG T,
in which the integration was performed graphically for 0.04 < a < 0.98. It
should be noticed that the rate is constant only for 0.4 < a < 0.9. Actually,
the experimental curve consists of three regions
(I) 0 < a < 0.4; region of linear heating; d7/da=3 K min~'; 0 < da/df <
6.4 X 1072 min~!,
(II) 0.4 < a < 0.9; isokinetic reglon with variable heating rate; 0 < d7/d: <
K min~'; da/dt =6.4X10"2 min~",
(III) 0.9 < a < 1; region of linear heating; O
d7/d¢=3 K min~ .
The three regions mentioned can be approximated using one quasi-isokinetic
theoretical curve which corresponds to a constant decomposition rate for the
whole time interval.

To estimate the kinetic parameters it is necessary to record at least two
isokinetic curves. Such curves for the calcium oxalate dehydration are given
in Fig. 4. These curves are characterized by C, = 5.9 X 1072 min’!, C, = 8.6
% 1072 min!, and half conversion temperatures ¢, = 180°C, ¢, = 186°C. The
decomposition rate cannot be changed in large limits to get a family of
isokinetic curves due to the inertia of the thermoregulator as well as to the
mass and heat transfer phenomena which give rise to deformations of the

i R g DY f‘
da/ai< 0.4
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Fig. 4. The changes of the shape and position of the experimental qua51 -isokinetic curves with
the decomposition rate ¢ for dehydration of Co(C,04),-H,0. 1, C=5.1X10" 2 min™"; 2,
C=86x10"2min"".
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experimental curves. Comparison of Figs. 4 and la shows that the shape of
the initial region of the experimental curves is different from that corre-
sponding to the isokinetic theoretical curves.

As the experimental curves a vs. T do not exhibit a minimum and their
slope is positive, it follows that m =0 and f(a) = (1 — «)". The processing of
the experimental data from the middle region of the isokinetic curves, using
eqns. (20), (29) and (5) leads to the following values of the kinetic parame-
ters, which are compared with those obtained by using other methods.

Isokinetic method Hyperbolic heating ATD method [8]
method (8]

n=1.15 n=1 n=1

E =26 kcal mole™! E =23.5 kcal mole™! E =21.8 kcal mole ™!

A=75x10%s"2 A=8x10%s""! A=623x10°s""

Generally, the isokinetic method leads to slightly higher values of the kinetic
parameters. Like all the non-isothermal methods, the isokinetic method leads
to results which are altered to some extent by mass and heat transfer
phenomena. So for a sample with the weight m =300 mg in the usual
crucible for derivatography, the partial pressure of water being close to the
atmospheric pressure, the experimental value obtained for the activation
energy is E =97 kcal mole™. Due to the fact that the dehydration rate is
constant and the conversion function at the half conversion point cannot
vary in large limits, it turns out that according to eqn. (4) the increase of the
activation energy is going to be compensated mainly by the increase of the
pre-exponential factor (4 =2.8x 10® s7') and to a lesser extent by the
decrease of n(n = 0.2). When using a labyrinth type crucible a trend to zero
in the slope of the T vs. a curves has been noticed, and the position of the
curve is no longer influenced by the reaction rate value. From a kinetic
standpoint [see eqn. (27)] this trend to zero of the isokinetic curve means
E — 0 and n — 0. In such conditions the position and shape of the isokinetic
curve is no longer conditioned by the chemical reaction but by a mass
transfer phenomenon which consists of the diffusion of the water vapours
from the sample to the surroundings. The increase of the apparent activation
energy values with the increase of the partial pressure of the volatile
component was reported a long time ago for the isothermal decomposition
of some carbonates. This increase, known as the Zawadski—Bretszneider
effect [9,10], can be explained taking into account the change of equilibrium
pressure with the temperature.

In spite of the limitations inherent in the non-isothermal methods, related
to mass and heat transfer phenomena [11] as well as to the use of Arrhenius
equation [12] in our opinion and experience these methods can offer useful
information concerning the mechanism of the thermal decompositions. To
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illustrate this statement the isokinetic curve for decomposition of a sample of
KMnO, with welght m 0.2194 g is glven in Flg 5 The same operatmg

hydration of Y.y were used. the
conditions as for the enyara tion of \,U\\,2U4) I, were used, the U111_y

1(*C)
200}
270f
"-7‘ ————
—L
250, 275 250 2% !

Fig. 5. The quasi-isokinetic experimental curve for the decomposition of KMnO,.

difference being that we used a covered crucible to avoid weight losses due
to decrepitation of KMnO, crystals. The minimum point exhibited by the
curve 7T vs. a indicates an autocatalytic reaction whose kinetics are described
by a conversion function of the form given in eqn. (11) with m =0 and
n = 0. The autocatalytic character of the KMnO, decomposition was re-
vealed in a lot of isothermal studies [4,13 and 14]. The curve from Fig. 5 is
distorted due to the inertia of the thermoregulator as well as to the mass and
heat transfer phenomena so that the condition da/d¢ = C is fulfilled only in
a very narrow interval of conversion (0.42 < « < 0.69). In such conditions the
kinetic parameters E, m, n and A cannot be determined. Indeed, the use of
eqn. (22) leads to

m _0.75 _3

n 025
which is higher than the corresponding value for a symmetrical curve (m = 1,
n = 1) described by the equation of Prout and Tompkins and reported in the
literature for this reation [4]. Thus, for the KMnO, decomposition, the
isokinetic method can only establish the general form of the conversion
function.

CONCLUSIONS
A general method was suggested for determination of the kinetic parame-

ters of the solid—gas decompositions through recording the a vs. T curves in
isokinetic conditions.
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The advantages of the isokinetic method are
(a) the activation energy can be determined without taking into account

th £ + nd
the analytical form of the conversion function and

(b) the form of the conversion function can be established from the shape
of the isokinetic curve.

The disadvantages are due to the necessity of complicated experimental
devices which can keep the decomposition rate at a given constant value as

ae

WCll as 10 l[lC mass dIlU HCdl lI'd.IlblCI' leCIlOIIlCIld WIll(,Il can d.ucr lﬂC leues
of the kinetic parameters.

The advantages and disadvantages of the method have been tested with
the help of some theoretically calculated isokinetic curves and also by the
experimental isokinetic curves for the heterogeneous dehydration and de-
composition of CoC,0, - H,O and KMnO,.
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