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ABSTRACT

The authors present their results concerning the approximate dependence of the activation
energy of CaC,0,-H,0 on the conversion degree and heating rate.

INTRODUCTION

In our previous papers and notes [1-3] some methods have been de-
scribed to obtain the non-isothermal kinetic parameters using several heat-
ing rates and integration over small changes of the variables, or in short
+—3 [4]. One of the methods allowed us to prove a significant change of the
activation energy with conversion degree for the non-isothermal dehydration
of CaC,0, - H,0(s) and decomposition of KMnQ,(s) [5].

This paper aims to present our results concerning the change of the
activation energy of dehydration of CaC,0, - H,0(s), with conversion degree
and heating rate.

METHOD AND CALCULATION PRINCIPLES

“Classical” non-isothermal kinetics uses the fundamental equation [6]:
da A
dT B
where a stands for the conversion degree, T for the temperature, A for the
pre-exponential factor, f(«a) for the conversion function, E for the activation
energy and R for the gas constant, with 4 = const, E = const and f(«)
keeping the same form for all the values of the conversion degree. In the
following, we shall use the same equation but in the more general form:
da  A(v)
aT B

f(a) e 5/RT (1)

f(v, a) e EC/RT (2)
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where v is a set of variables on which the pre-exponential factor, the
activation energy and the conversion function could depend. In the most
general case,

v={(a, T, B...) (3)

We shall consider several approximately constant heating rates 8, (/=
1, 2, 3,..., h). The values B, correspond to average values calculated for the
whole range of values. Taking into account that 8, (/=1, 2, 3,..., h) values
are not rigorously constant, some local heating rates B,, (/=1,2,3,..., h)
corresponding to the closed interval a € [«,, a,] should be introduced.

The following notations will be introduced for the isoconversion tempera-
tures and times:

T, Ty,.... T,

re
o=aq,
PR PYNRNS

The local heating rates can be calculated from the formula:

T'Ik - 7-'11
ey — 1

lek = (4)

Integration of the differential equation (2) over the interval a € [a,, a;] for
two heating rates 8, and B, gives:

%  da 1 T,
— A —E(U)/RTdT
a, f(U, (X) thk ‘/;"‘, (U) © (5)
1 /T
= | “A(v) e BOV/RTAT 6
./ f(v, a) ,B},,k ./T” (v) e (6)

The difficulty in solving the integrals from eqns. (5) and (6) arises because
the analytical dependences A(v), f(v, a) and E(v) are unknown.

In order to solve this problem we should use for the moment a first rough
approximation by substituting in the integrals from (5) and (6) the functions
A(v), f(v, @) and E(v) with some average constant values corresponding to
an average conversion degree given by

o, + o,

a= 2 (7)
as well as to an average heating rate 8, ,, given by:

thk + B 1k
Bxytk = —2—y_ (8)
with x <y.

For the interval:
Aalk =a, — «, (9)
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we recommend such values that the condition:
Aa,;, <03-04

is fulfilled.
Thus, according to our first approximation

A(v) > A(5) = 4 (10)
f(v, a) > (0, a) =f(a) (11)
E(v) > E(3)=E (12)

keeping in mind that without considering identical notations the right-hand
side values are average values and should not be confused with those from
eqn. (1).

Taking into account (10), (11) and (12), from (5) and (6) it turns out that:

[ gl mar 2
fa‘ o KfT e E/RT QT (14)

Thus the first rough approximation led to results which are equivalent to
those obtained by applying the classical model. As far as the interpretation
is concerned our nonclassical model shows that E = E(a, 8). The same
dependence is exhibited by the classical model, thus showing its incon-
sistency.

Using the results obtained in the first rough approximation, by applying
the nonclassical model, a second approximation can be obtained.

From (13) and (14) one gets:

Tl —
‘e E/RT qT

T, _ Bylk
T =
f ‘Ae_E/RTdT Bx:k
T,

(15)

a relationship which allows evaluation of the activation energy E. Depend-
ing on the approximations used to solve the temperature integral we get
various formulae to evaluate E.

A good approximation uses the average theorem to solve the temperature
integral [7,8]. In this case one gets the following formula:

T;IijWk L — 1t

E=R n 16
T_'vlk T)'ak tyk - t_vx ( )
with
+ T
Y;,k k 5 x1
(17)
7 = It T,
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A very good approximation for the temperature integral can be obtained by
using Simpson’s formula for » = 2 [8,9]. Introducing this approximation in
(15) it turns out that,

(T — T,,/6)(e™ ¥/FT 4 de™ B/ RTn + e7E/RT0) B,

== (18)
(7;.,‘ - T\,I/6)(C_E/RT" + 4C_E/RT"" + e_E/RT‘A) led\
or taking into account relationship (4),
—E/RT, —E/RT, —E/RT, _
e v+ 4e "4 e ' tep — !
_ xk X1 (19)

e E/RT. 4 4e=E/RTus 4 o= E/RTw 1, —1,

The differences T,, — T, and T, — T,, should not be higher than 15-20 K
or lower than 4-5 K.
Although the errors concerning the values of the determined activation
energy are beyond the aim of this article, one should emphasize that:
(a) the errors due to the mathematical approximations are not essential;
(b) the errors due to the inaccuracy of the measurements of the variables are
quite significant, the most dangerous being the inaccurate determination
of the temperature.
As an example let us consider formula (16) and suppose that the dif-
ference T,,, — T, was erroneously evaluated with AT. The relative error of
the difference T,,, — T.,;. e,. is given by:

AT
O T T T+ AT (20)

Xtk

were AT can be either positive or negative.
ForT, ,—T,=6Kand AT=1K

e, =1 x100 =14.3%

thus a significant error.

Formula (20) shows that e,, and correspondingly the error in the evalua-
tion of the activation energy, decreases with the increase of the difference
T,« — T, This is why the results obtained for close 8, and B, (to which
correspond small values of the difference T,,, — T,,,) should be carefully

yik
considered.

APPLICATIONS

The method was applied for the dehydration of CaC,0, - H,O using four
heating rates: 8,=0.987 K min~', 8,=2.353 K min™', 8,=4988 K
min ', B,=9.573 K min~'. The thermogravimetric curves have been re-
corded with a Du Pont 1090 thermal analyser.

The experimental data are listed in Table 1.
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TABLE 1
Experimental data for the dehydration of CaC,0,-H,O(s)
No. « B,=0.987 B, =12.353 B, =4.988 B, =9.573
K min ™! K min™! K min~! K min !
T(K) ¢(min) T(K) ¢(mn) T(K) ¢@mn) T(K) ¢ (min)
1 0.10 4122 11995 4209 27.02 4253  26.40 430.8 1396
2 020 4184 12630 4281  30.14 4340  28.27 4411 15.02
3 030 4228 130.60 4331 3230 4402  29.54 4476 15.76
4 040 4262 13400 4372 3404 4453  30.58 4532 1635
5 050 4292 137.10 4410  35.58 449.2 3146 4580 16.87
6 0.60 4319 139.65 4438 3692 4531 3221 4624 1731
7 070 4340 142.05 4466  38.18 456.8  32.92 466.2 1775
8 0.80 436.2 144.55 449.6 39.36 460.5 33.63 470.6 18.18
9 0.90 4390 147.10 4529 40.62 465.1 34.38 475.6 18.64

In Table 2 the local heating rates B, (/= 1. 2, 3, 4) for several intervals
a €[a,, a;] are given. The results of the calculations using formulae (16)
and (19) as well as the values B, ., for various combinations between x and
y (x#y; x<y; x, y=1,2,3,4) are listed in Tables 3-8. The calculated
values of the activation energy using formula (16) have been noted by E’

and those calculated with formula (19) have been noted by E. From Tables

TABLE 2
Local heating rates 8, (/=1, 2, 3, 4) for pairs a,, a,

No. a, O o B B Bs.y Baus
Kmin™") (Kmin™") (Kmin™") (Kmin™ ")
1 010 020 015 0976 2.308 4,652 9.717
2 010 030 020 0.995 2.311 4745 9.333
3 020 030 025 1.023 2.315 4.882 8.784
4 020 040 030 1.013 2.333 4.892 9.098
5 020 050 0.35  1.000 2.371 4765 9.135
6 030 040 035  1.000 2.356 4.904 9.492
7 030 050 040 0.985 2.409 4.688 9.369
8 030 060 045 1.006 2.316 4.832 9.584
9 030 070 0.50 0978 2.296 4911 9.347
10 040 060 050  1.009 2.292 4.785 9.583
11 040 070 0.55  0.969 2.271 4915 9.286
12 040 080 060 0948 2.331 4.984 9.508
13 050 070 060 0970 2.154 5.206 9.318
14 050 080 065 0940 2.275 5.207 9.618
15 050 090 070 0980 2.361 5.445 9.944
16 060 080 070 0.878 2.377 5.211 9.425
17 060 090 075 0.953 2.460 5.530 $.925
18 070 090 0.80 0990 2.582 5.685 10.562
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TABLE 3

E’ and E values for x=1and y=2

E’ (kcal mol™1)

E (kcal mol™")

No. ¢, a, a Biay (Kmin™1)
1 0.10 0.20 0.15 27.06 26.98 1.642
2 0.10 0.30 0.20 26.16 25.97 1.653
3 0.20 0.30 0.25 24.78 24.75 1.669
4 0.20 0.40 0.30 23.86 23.78 1.673
5 0.20 0.50 0.35 23.34 23.16 1.686
6 0.30 0.50 0.40 22.90 22.82 1.697
7 0.30 0.60 0.45 22.55 22.45 1.661
8 0.30 0.70 0.50 21.79 21.63 1.637
9 0.40 0.60 0.50 22.10 22.07 1.651

10 0.40 0.70 0.55 21.28 21.21 1.620

11 0.40 0.80 0.60 21.32 21.17 1.640

12 0.50 0.70 0.60 20.09 20.07 1.562

13 0.50 0.80 0.65 20.62 20.56 1.608

14 0.50 0.90 0.70 20.56 20.46 1.671

15 0.60 0.90 0.75 21.05 20.97 1.707

16 0.70 0.90 0.80 21.41 21.38 1.786

3-8 one can conclude that the values £’ and E are very close, most of the
differences not exceeding 0.05-0.50 kcal mol~'. Thus formula (16) leads to
correct results, as the errors with respect to the exact value of E calculated
according to formula (19) are exceptionally higher than 3%, most of them

being 0.05-1.5%.

TABLE 4

E’ and E values for x=1and y=3

E’ (kcal mol™ 1)

E (kcal mol 1)

Biax (Kmin™")

No. a, a «
1 010 020 015 30.20 30.00 2.814
2 010 030 020 2875 28.27 2.870
3 020 030 025 27.00 26.93 2.953
4 020 040 030 2560 25.40 2.953
5 020 050 035 2548 25.16 2.883
6 030 050 040 2455 24.45 2.837
7 030 0,60 045 2399 23.80 2.919
8 030 070 050 2317 22.88 2.945
9 040 060 050 23.62 23.57 2.897
10 040 070 055 2273 22.61 2.942
1 040 080 060 2219 21.98 2.966
12 050 070 060 2216 2211 3.088
13 050 080 065 2178 21.65 3.074
14 050 090 070 21.06 20.84 3.213
15 060 050 075 2072 20.59 3.242
16 070 090 080  20.29 20.24 3.338
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E’ and E values for x=1and y=4
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E’ (kcal mol™ 1)

E (kcal mol 1)

No. «q, ay a B4 (Kmin™1)
1 0.10 0.20 015 31.19 30.92 5.347
2 0.10 0.30 0.20 29.85 29.30 5.164
3 0.20 0.30 0.25 27.52 27.46 4.904
4 0.20 0.40 0.30 26.51 26.34 5.056
5 0.20 0.50 0.35 25.94 25.62 5.068
6 0.30 0.50 0.40 25.28 25.16 5177
7 0.30 0.60 0.45 24.66 24.44 5.277
8 0.40 0.60 0.50 24.06 23.88 5.296
9 0.40 0.70 0.55 23.22 23.08 5.128

10 0.40 0.80 0.60 22.58 22.35 5.228

11 0.50 0.70 0.60 22.44 22.39 5.144

12 0.50 0.80 0.65 21.96 21.84 5.279

13 0.50 0.90 0.70 21.32 21.12 5.462

14 0.60 0.80 0.70 21.43 21.38 5.152

15 0.60 0.90 0.75 20.84 20.73 5.439

16 0.70 0.90 0.80 20.61 20.56 5.776

Besides, one notices that when working

and a,,, a,, such as:

a =

a,tay

a,+ o,

2

TABLE 6

2

E’ and E values for x=2and y=3

with two pairs

of values a,, a;,

(21)

No. a, o a E’ (kcalmol™!)  E (kcalmol™')  By3,, (K min~1)
1 010 020 015 36.02 35.47 3.480
2 010 030 020 3319 32.00 3.528
3 020 030 025 3056 30.39 3.599
4 020 040 030 28.28 27.84 3.613
5 020 050 035 2887 28.27 3.568
6 030 050 040 27.03 26.91 3.549
7 030 060 045 26.02 25.69 3.574
8 030 070 050 2509 24.58 3.604
9 040 060 050 2572 25.63 3.539

10 040 070 0.55 24.70 24.47 3.593

11 040 080 060 2337 23.04 3.658

12 050 070 060 2506 24.91 3.680

13 050 080 065 23.39 23.15 3.741

14 050 090 070 21.73 21.34 3.903

15 060 080 070 2173 21.66 3.794

16 060 090 075 2030 20.13 3.995

17 070 090 080 18.89 18.82 4.134
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TABLE 7
E’ and E values for x=2and y=4
No. a, a, a E’ (kcalmol™!)  E (kcalmol™') By, (Kmin™")
1 0.10 0.20 0.15 34.67 34.17 6.013
2 0.10 0.30 0.20 32.87 31.92 5.822
3 0.20 0.30 0.25 29.62 29.53 5.550
4 0.20 0.40 0.30 28.52 28.25 5.716
5 0.20 0.50 0.35 27.91 27.47 5.753
6 0.30 0.50 0.40 27.05 26.90 5.889
7 0.30 0.60 0.45 26.16 25.85 5932
8 0.40 0.60 0.50 25.46 25.33 5.938
9 0.40 0.70 0.55 24.59 24.39 5.779
10 0.40 0.80 0.60 23.47 23.17 5.920
11 0.50 0.70 0.60 2412 24.04 5.736
12 0.50 0.80 0.65 22.91 22.75 5.947
13 0.50 0.90 0.70 21.85 21.58 6.153
14 0.60 0.80 0.70 21.57 21.51 5.901
15 0.60 0.90 0.75 20.70 20.58 6.193
16 0.70 0.90 0.80 20.07 20.00 6.572

the E values calculated for the two intervals are in good agreement in most
cases. If (21) is valid the values of E’, FE and 8,,,, will be considered as
averaged for the two cases.

TABLE 8
E’ and E values for x=3 and y=4
No. a, o a E’ (kcal mol 1) E (kcal mol™ 1) B34, (K min™1)
1 010 020 015 33.54 33.08 7.185
2 010 030 020 3238 31.85 7.039
3 020 030 025 2875 28.74 6.833
4 020 040 030 2875 28.65 6.995
5 020 050 035 2703 26.72 6.950
6 030 040 035 2936 29.32 7.198
7 030 050 040 27.07 26.89 7.029
8 030 0.60 045 2630 26.01 7.190
9 040 0.60 050 2515 25.03 7.184
10 040 070 055 2447 24.31 7.101
11 040 080 0.60 2359 2331 7.246
12 050 070 0.60 23.14 23.12 7.262
13 050 080 065 2241 22.32 7.413
14 050 090 070 22.00 21.85 7.695
15 060 0.80 070 21.38 21.36 7.318
16 0.60 0.90 0.75 21.16 21.09 7.728
17 070 090 080 2146 21.40 8.124
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DISCUSSION: AN APPROXIMATE DEPENDENCE E = E(a, B)

To find an approximate dependence E = E(a, ) we shall start with
a = ct, and study how the values of E calculated with formula (19) depend
on B, ie. the dependence E = E(B). The next step is to establish the
dependence E = E(«) for an approximately constant 8., (x. y =1, 2. 3, 4)
with B, = (B, + B,)/2 for x <.

Before giving the solution of our problem, we take the liberty of removing
the unreliable pairs of data (as for example the combination x =2, y =3,
due to the fact that 8, and B, are quite close).

To consider the dependence E = E(B) for a = ¢t, in a first approximation
we shall admit that with the exception of one point ( £, B.;,,) or (E, Bys,0)
the remaining points lie on a straight line. The results obtained using the
least-squares method [10] as well as B,,,, values for which the pair of data
(E, B) is removed as statistically unreliable, are listed in Table 9. As seen
from these data, in a first approximation E depends linearly on 8, i.e.

a=c E=a +bp (22)

A linear dependence can be obtained for £ = E(a) too., when B, =ct
(x,y =1, 2, 3, 4). The results using the linear regression method are given in
Table 10. There are no pairs of data to be removed as statistically unreliable.
The linearity E(a) is better than the linearity E(f). This statement is
supported by the values of the correlation coefficients. Thus, for 8 = ¢t

E=a,+ b, (23)

TABLE 9

Constants a, and b, of the linear dependence E(f)

No. « Tey a, (kcalmol™") b, (kcalmol ' K™' min)  B.,,, for which
the point is
removed

1 0.15 0.9083 2593 1.11 Baan
2 020 09504 24.56 1.09 B
3 0.25 0.8992 2397 0.80 Bain
4 0.30 09692 2240 0.91 B
5 035 09537 2207 0.85 Bas
6 0.40 09530 21.86 0.75 Basu
7 0.45 09606 21.61 0.63 Basis
8 0.50 09390 21.17 0.59 Bask
9 0.55 09444  20.58 0.56 Basus

10 0.60 09068  20.23 0.47 Basin

11 0.65 0.8754 20.37 0.31 Brsn

12 0.70 09823 20.16 0.21 Bk

13 075 0.7427 19.86 0.15 Bz

14 0.80 0.6740 18.36 0.33 Bk

r, ., is the correlation coefficient.

xy
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TABLE 10

Constants a, and b, of the linear dependence E(a)

No. B., (Kmn 1) re, a, (kcal mol™ 1) b, (kcal mol™")
1 B, =1.670 —-0.9155 26.96 -9.10
2 13 =2.987 —0.9754 30.50 —13.81
3 B3 =3.670 -0.9762 36.20 —21.50
4 B,4=75.280 -0.9777 31.58 —14.92
5 B4 = 5.960 —0.9835 35.20 —19.63
6 By =7.281 —0.9808 34.45 —18.05

Taking in (22) the derivative of E with respect to 8 it turns out that
oF
B b, (24)
Taking into account that for every value of « one gets a particular value of
dE /9B = b, one concludes that 3E /08 should depend on «, i.e.

dE oE
@—@(a)—bl(a) (25)
As seen from Fig. 1 the plot of 3F /98 against « is a straight line, whose
parameters, obtained using the least-squares method, are given in Table 11.
Thus,

doE

‘5‘5 =ay+ b3(! (26)
Now taking in (23) the derivative of £ with respect to «, one gets:

dF OF
S =2 (B) = b:(B) (27)

o 9 9O = o
N o v O -

o
)

() (Kcat mot™ k™' min)

Wiy 05

D
04r
0.3

0.2+

0a

Q.2 0.4 Q.6 Q8 1.0

Fig. 1. The dependence [(3E/38), a].
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TABLE 11

The constants a5 and b, of the linear dependence (26)

No. r, a, (kcalmol ' K™' min) b, (kcal mol ™' K™ ' min)  « for which
points are
removed

1 —0.9940 1.4023 —1.6425 0.25
0.80

where

B+ B,
B = Bxy = 2 - (28)

As shown in Fig. 2, the plot [(0E/d«), B] is quite linear with the exception

of one point (b,, 8,;) which lies far away from the straight line. The

parameters of the straight line obtained using the least-squares method are

listed in Table 12. Thus in a first approximation,

Y (29)
In order to obtain the dependence E = E(«, ) through integration of the

differential equations (26) and (29) one gets the following two particular

solutions:

E,=a +bB+caf (30)

E,=a"+b"B+ c"afB (31)

B (K min-")
1 2 3 4 5 6 7 8 9

-~

-1k

JE o
P (B) (Keal mol™)
G

Fig. 2. The dependence [(3E/3a), B].
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TABLE 12

Constants a, and b, of the linear dependence (29)

No. ., a, (kcalmol ') b, (kcalmol ' K™ min) B, for which
points are removed
1 ~0.9034  —7.5686 —1.6251 By

144

where a’, b’, ¢/, a”, b"”, ¢” are constants. A general solution can be
obtained as a linear combination of E, and E,.

E(a, B)=CE (a, B) + C,E,(a, B) (32)
or taking into account (30) and (31),
E(a, B)=E,+ E,a+ E,B+ E;af8 (33)

where E,, E,, E, and F, are real constants.
To confirm our results, the derivatives of relationships (26) and (29) with
respect to « and B, respectively, should be considered. One gets:

9°E

a8 D (34)
82
355 = b (35)

As the two variable functions E(a, B8) fulfil the conditions of Schwarz’s
theorem [11], it follows that:

92E 9°E
32 38 _ 3B da (36)
or
by =b, (37)

Our results are in fair agreement with (37), as
by = —1.6425 kcal mol ™! K™™' min

and

b, = —1.6251 kcal mol~! K™! min

SUGGESTION FOR A NEW EQUATION IN NON-ISOTHERMAL KINETICS

If one supposes that:
In A =a+bE (38)
then for E given by (33) it follows that:

A=A, eki* il gFioh (39)
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where A, E|, E; and E; are real constants. Taking into account relation-
ships (33) and (39) from eqn. (2) one gets:

da A4 , , ; _ _ _ _
H?—, — 'Eo"f(v» a) eEla eEZB eE3aB e E,/RT e EIQ/RTe E,B/RT e Eya8/RT (40)

which is the equation we have been looking for.

CONCLUSIONS

The experimental data and the method of working them, presented in this
paper, shouid be considered as an illustration of an idea which has penetrated
non-isothermal kinetics according to which the non-isothermal kinetic
parameters are, to a certain extent, influenced by the experimental condi-
tions [12].
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