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ABSTRACT

Quantitative correlations between kinetic parameters (energy of activation E,
pre-exponential factor 4) and procedural factors (heating rate, sample mass) in non-
isothermal thermogravimetry have been made for the first tim=. The effect of heating
rate and sample mass on the first two stages of thermal decomposition of calcium
oxalate monochydrate in a nitrogen atmosphere

(CaC,0, - H,0 "=’ CaC,0, 5’ CaCOs)

has been evaluated in detail using non-isothermal thermogravimetry. Kinetic para-
meters arc calculated from the TG curves using three integral methods (two “exact”
and one “approximate’™). The values obtained by the “approximate™ method are
higher than the corresponding values from the “exact” integral methods. For the
decomposition of calcium oxalate to carbonate, the kinetic parameters are not much
affected by heating rates or sample masses in the ranges studied. For the dehydration
of CaC,0, - H,O, the parameters show a systematic decrease with increase in either
heating rate or sample mass. The vaiues of E and log 4 obtained by all three equations
are best correlated to heating rate as rectangular hyperbolae of the type:

constant

E (or log 4) = heating rate

+ constant

The best fits for correlation to sample mass are parabolac of the type
E (or log A) = constant X (mass)> — constant X mass + constant

* Part IX, see ref. 14,
** To whom all correspondence should be addressed.
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SYMBOLS USED

A = pre-exponential factor

z — fraction decomposed

& = heating rate in deg min~*

E = encrgy of activation

n = order parameler

R = gas constant

T, = temperature of inception of reaction
T, = temperature of completion of reaction
7, -~ DTG peak temperature

4T --T - T,

INTRODUCTION

The results from dynamic non-isothermal thermogravimetry are affected by
experimental conditions like heating rate, sample mass, sample particle size, packing
and atmosphere'- *. Calcium oxalate monohydrate has been widely used as a standard
substance for studying the effect of several such parzmeters>~3.

Dharwadkar and Karkhanavala® studied the variations in energy of activation
for the dchydration of CaC,0, - H,0, causcd by changes in heating rate and sample
mass; and using Horowitz-Metzger? equation, they obtained the values in the range
of 73-160 kJ mol ™ *. Activation energy values in the range of 85-113 kJ mol~* have
been reported by a number of authors”? ™!, Recently, Segal and Viad'2 have used a
non-linear temperature programme to obtain the kinetic parameters as: E -: 96 kJ
mol™! and A = 7.32 x 10°.

Coats and Redfern® have reported the energy of activation as 259 kJ mol ~*
for the decomposition of CaC.O; to CaCO, and CO. Higher values (310-322 kJ
mol~ ') have been reported ' ! for the decomposition in air where the products are
CaCO; and CO,. In this communication, we wish to present the results of our detailed
studies on both the dehydration of CaC,0, - H,O and the decomposition of CaC,O,
to CaCO; and CO, carried out in 2 pitrogen atmosphere, for different heating rates
and sample masses. It is attempted to evolve, for the first time, mathematical correla-
tions between heating rates/sample masses and the kinetic parameters calculated
from non-isothermal TG curves (Since these reactions arc well known, the DTA
experiments were not dcne. Also, the TG curves are not reproduced here.)

EXPERIMENTAL

Sample

Calcium oxalate monohydrate [CaC,0O, - H,O] powder (DuPont), purity
99.99/, was used.
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Instruments

The TG experiments were carried out with DuPont 990 thermal analyser (2 pen)
in conjunction with 951 thermogravimetric analyser. Computational work was done
with IBM-360 computer using Fortran 1V programme.

Procedure

Six heating rates (1, 2, 5, 10, 20 and 100°C min~ ') were employed to study
their effect; and the sample mass was kept constant at 5 - 0.1 mg in these experiments.
To study the effect of sample mass, the heating ratc was constant (10°C min~ ') and
six sample masses (1.1, 2.5, 5.1, 7.4, 10.0, 15.0 and 20.2 mg) were chosen.

The samples were directly loaded onto the platinum sample pan of the TGA
on which the mass was directly recorded. The particle size of the samples was the same
in all the experiments, and the sample loading was done in as uniform a manner as
possible. The sample mass was shown on the Y-axis of the recorder. Suppression
controls were used in such a way that the first two stages of decomposition of CaC,0; -
H,O were recorded on the entire span of the Y-axis. To expand the X-axis the chart-
drive mode was time base, and the speed was chosen to obtain 1 in. chart corresponding
to 10°C rise in temperature in all the cases. Y-axis was used as an independent
check of sample temperature measured by z chromel~-alumel thermocouple positioned
near the sample pan. The atmosphere was dry nitrogen purged at a rate of 50 cm?

min~'.

RESULTS AND DISCUSSION

The first and second stages of thermal decomposition of calcium oxalate mono-
hydrate correspond to dehydration of CaC,0; - H,0 to CaC,0, and to theconversicn
of CaC,0; to CaCQ,, respectively. The values of T, T; and T, as obtained from the

TABLE |
TG RESULTS FOR DIFFERENT HEATING RATES

Sample mass = 5 2: 0.l mg

Heating Strage { Stage II
rafe —_——— — —— ek ——
{ °C min) Ty(°C) Ti(°C) T3 =C) Ti(°C) Te(°C) Ts(“C)
1 118 145 140 379 456 439
2 114 154 146 391 485 467
5 110 167 156 402 498 483
10 117 188 173 403 513 496
20 115 201 183 407 512 498
50 121 232 206 428 541 518
100 116 276 223 447 570 541
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TABLE 2
TG RESULTS FOR DIFFERENT SAMPLE MASSES

Heating rate -- 10°C min-!

Sample Stage 1 Stage I
mass -
(mg) T:i(*C) Te(°C) Tu(°C) T/ °C) Ty (°C) Te(°C)
1.1 111 159 152 390 493 475
2.5 16 172 162 391 497 480
5.1 117 188 173 403 513 496
7.4 125 190 176 401 508 491
100 121 195 181 405 512 494
150 117 201 184 400 520 496
20.2 125 213 199 410 520 500

TG expeniments are given in Tables 1 and 2. Table 1 gives the values of 7;, 7y and 7,
for different heating rates with constant sample mass, and Table 2 gives the corre-
sponding values for different sample masses at a constant heating rate.

From these tables, it can be seen that the temperature of inception of decomposi-
tion of both the stages is not much affected by changes in heating rate and sample
mass (except that, at high heating rates, 7; for the decomposition of CaC,0, shows
some increase). Both 7; and 7, of the dehydration reaction steadily increase with both
heating rate and sampfe mass. Similar trends were observed earlier also®. For the
decomposition of calcium oxalate to carbonate, there is a similar increase, but to a
fesser extent.

Kinetic parameters
The kinetic parameters, viz., energy of activation and pre-exponential factor
were calculated from the non-isothermal TG curves using the integral method. Three
well-known equations (two “exact’” and one “approximate’) were chosen. They are:
(1) Coats-Redfern equation®

R e

(2) MacCallum-Tanner equation!?

I-(-o'"
i—n

_ (0449 + 0217E) x 10°
T

_ E <0435
log;o = log,o oR 0.485E°

(3) Horowitz—Metzger equation’

_ — 1-= 2
pl-@—a (ART, ) __E £¢i
1—n JE RT, RT?




165

The order parameter, n, was evaluated for both the stages of decomposition
using the Coats-Redfern equation by a computational procedure. Using the computer,
linear plots of
pi=(-—ay™ 1

(1 —-nT? T
were drawn by the method of least squares taking the (I — ) and the corresponding
T values for the two stages of decomposition from a typical TG curve. Curves were
drawn for different values of # in the range of O to 3 and the order parameters wers
fixed from the two values of n which gave the best fit lines for the two stages. The
values were n == 0.65 for the conversion of CaC,0, - H,O to CaC,0, and r - 0.50
for the decomposition of CaC,0, to CaCO,;.

With these values of n and using cach of the three kinetic equations, energy of
activation and pre-exponential factor for the two stages of decomposition of CaC,0O, -
H,O were calculated from the TG curves for different heating rates and sample
masses. The calculations were done with the computer and the correlation coefficient,
r, was determined in each case. Table 3 gives the values of £, A and r calculated from
the TG curves for differcnt heating rates, using the three equations, for the dehydra-
tion of CaC,0, - H,O. The values for different sample masses are given in Table 4.
Similar values for the decomposition of CaC,0,4 to CaCO, are given in Tables 5and 6,
which show the effect of heating rate and sample masses, respectively.

In all these cases, the values of the correlation coefficients are almost unity
indicating nearly petfect fits. Kinetic parameters calculated using the “approximate™
method (Horowitz—Metzger equation) are higher than the corresponding values
calculated using the “exact” methods (Coats—Redfern and MacCallem-Tanner
equations). Similar observations have also been made by us earlier*~.

TABLE 3
KINETIC PARAMETERS FOR DIFFERENT HEATING RATES FOR THE CONVERSION OF CaC20; - H20 10 CaC-0

Sample mass - 5 = 0.1 mg n = 0.65.

Heating Kinetic parameter using equations
""," . S‘oali—Réferi o MacCallum-Tanner Horowirz—Met:=ger
(°C min~1) e A r E= A r B A r
1 2332 884 x 10°%% 0995 2330 R20 < 10°8 (G995 2462 405 x 102 0994
2 151.8 3.07 »x 10'"* 0996 151.1 222 x 10'¢ 0996 165.7 1.71 x 1018 0995
5 109.6 1.39 x 10! 0998 108.7 9.67 x 10'° 09598 1239 8.49 x 10'* 0997
10 106.8 3.75 x 10'* 0998 1]106.1 280 x 10! 0999 1218 229 x 16** 0.997
20 942 123 X 10 0999 935 9434 x 10* 0999 1100 855 x 101 0997
50 874 149 % 108 0998 870 125 x 10 0998 1040 100 x 10:° 0.997
100 740 398 x 10* 0997 73.7 356 x 10¢ 0998 923 401 x 108 0999

a Values of E are in kJ mol-1, : . ,
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TABLE 4

KINETIC PARAMETERS FOR DIFFERENT SAMPLE MASSES FOR THE CONVERSION OF CaC=0¢ - H=0 10 CaC:0;
Heating rate = 19°C min-}, o -= 0.65.

Sample Kinetic paramefter u.tmg equanon.f _ .

mass Coats. kedfem . " MacCallum-Tanner Horowitz-AMer=ger -
(mg) l"—- - A - r _E‘ A r ¥ 2 A r

| | 1229 211 > 1013 0998 1220 146 x 1013 0999 138.1 1.41 x 10'* 0998
25 1260 227 x 1013 0996 1253 1.65 x 1013 0996 1414 1.34 x 10> 0994
5.1 1068 3.75 x 10 0998 106.1 280 x 1019 0999 121.8 229 x 10'2 0997
7.4 1170 606 x 10 0999 116.5 4.64 x 101t 0999 1325 3.23 x 1013 0999
10.0 99.8 3.71 x 1C* 0999 99.2 285 x 10 0999 1150 1.78 x 10! 0.999
15.0 S04 196 x 10 0999 89.7 1.52 x 10% 0.999 106.0 1.37 x I01°® 0.997
202 885 6.76 x x 10° 0999 1058 4.77 x 10* 0998

10° 0999 880 5.47

* Values of E are in kJ mol-1.

TABLE S

KINETIC PARAMETERS FOR DIFFERENT HEATING PATES FOR THE DECOMPOSITION OF CaC:0; 10 CaCOs
Originai sample mass 5 - 0.1 mg, n = 0.50.

Heating Kinetic fic paramelers calculated using equations
"1" - C aals—Red’fern :WacCallum—Tanner Horowit=—Mer-ger
(*Cmiml) B4 r B T4 r B A r
1 2344 1.49 x 10'* 0999 239.1 412 x 101* 0999 2565 6.67 x 101 0998
2 2592 405 x 10> 0999 264.5 1.32 x 10'¢* 0999 2849 258 x 1017 0.997
5 2642 834 x 10> 0999 2698 293 x 10'* 0999 2874 3.68 x 1017 0998
10 2509 1.04 x 10> 1000 256.5 3.49 x 10'> 1000 2807 1.04 x 10'* 1.000
20 2369 1.68 x 10'* 0996 2425 542 x 10t 0996 2652 1.74 x 10'¢ 0998
50 2311 6.17 x 10'2 0998 2369 205 x i0'* 0998 2595 6.25 x 10'S 0998
100 2433 300 x 10** 0999 249.6 1.11 x 1015 0999 2726 2.67 x 101¢ 0999

= Values of E are in kJ mol-1.

TABLE 6

KINETIC PARAMETERS FOR DIFFERENT SAMPLE MASTES FOR THE DECOMPOSITION OF CaC:04 10 CaCOs
Hnlmg rate 10°C min-%, n = 0.50.

Samplz Kmrnc paramefers taltulated using equarions
mass Coats—-Redfern MacCallurmm—Tanner Horowitz-Mel-ger

(mg) e A r E= A r _E‘— .-.1.‘-_ - r

1.1 Z?.S.l 422 x IO“ 0999 230.2 1.23 x 10 0999 251.5 335 x [10** 1.000
25 2147 5.70 x 10! 0997 2198 1.6] x 1013 0997 2422 565 x 10t 0992
5.1 2509 104 x 1015 1000 2565 349 x I0'S 1000 2874 368 x 107 0998
74 2776 284 x 10'3 0997 2329 284 x 1013 0997 2566 3.07 x 1013 0999
10.0 236.8 1.10 x 10'* 0999 2424 3.52 x 10'* 0999 263.8 8.41 x 10> 1.000
150 2111 1.56 x 1012 0997 216.6 4.51 x 10 0997 239.6 1.60 x 104 G.99%
20.2 2188 4.67 x 101 0999 2242 142 x 103 0.999 2463 348 x 10!« 1.000

&= Values of E are in kJ mo!-1.
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A distinction between the decomposition (siage 1) and dehydration (stage 1)

From Tables 5 and 6, it can be noted that the kinetic parameters are not much
affected by either heating rate or sample mass for the decomposition of CaC,0, to
CaCO,. The minor variations are rather irregular here. However, Tables 3 and 4
show that for the conversion to CaC,0. - H.O to CaC,0,, both £ and A calculated
using all the three equations are strongly dependent on both heating rate and sample
mass — they decrease with increase in cither heating rate or sample mass. A similar
observation was made by earlier workers also®. Thus, so far as the kinetic parameters
are concerned, an increase in heating rate for constant sample mass has qualitatively
the same effect as an increase in sample mass for constant heating rate.

Quantitative correlations

An attempt was made, for the first time, to make quantitative correlations
between kinetic parameters and procedural factors, in the case of the dehydration
step. The regular trends of kinetic parameters in this case, relative tochanges in heating
rate and sample mass, make the data amenable to statistical treatment. Different curve
fittings were worked out, using computer, with various functions of these factors, and
the best fit curve giving the correlation coefficient nearest to unity was chosen. It is
found that for all the three kinetic equations, the curves of activation energy for the

dehydration reaction vs. the heating rate are best fitted as rectangular hyperbolae of
the type:

= e ———— 2

heating rate

where C, and C, are different constants for dififerent equations. Their values are
given in Table 7 which gives the correlation coefficient of the corresponding curve also.

TABLE 7

CONSTANTS FOR THE CORRELATIONS OF HEATING RATE AND E (dehydration stage)

Kinetic equation G C: r

Coats-Redfern 148.77 8247 0.993
MacCallum-Tanner 149.02 81.85 0993
Horowitz-Metzger 144.90 88.79 0.994

For the pre-exponential factors, the best fits are obtizined as rectangular
hyperbolae for the curves of log A vs. heating rate. The equation of the curve is of the
type:

Gy

logsod = heating rate ¥

Cz
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TABLE 8
CONSTANTS FOR THE CORRELATIONS OF HEATING RATE AND logied (dehydration stage) ©

Kinetic equation Cy C= r
Coats-Redfern 19.05 7.56 0994
MacCallum-Tanner 19.16 747 0994
Horowitz-Metzger 18.89 9.4s 0.995
TABLE 9

CONSTANTS FOR CORREIATIONS OF SAMPLE. MASS AND E (dehydration stagr)

Kineric equation k1 k= k3 r
Coats-Redfern 0.0618 333 129.3 0934
MacCallum-Tanner 0.0606 329 123.4 0.932
Horowitz-Metzger 0.0724 3.46 144.8 0.925
TABLE 10

CONSTANTS FOR CORRELATIONS OF SAMPLE MasS AND Logiod (dehydration stage)

Kinetic equation Kk k= kz r

Coats-Redfem 00113 0.533 14.11 0.95%
MacCallum-Tanner 00113 0.542 13.97 0.953
Horowitz-Metzger 00124 0.562 1593 0.956

The values of C,, C, and r for the three kinetic equations are given in Table 8.
The best fit curves for the kinetic parameters and sample masses are parabolas.
Here again, E is directly related, whereas it is log A that is related to sample mass. The
equations for the curves are:
E = k, (mass)? — k; mass + kj
log,oA = k, (mass)* — k, mass + k,
where k,, k, etc. are different constants for different kinetic equations. Their values
and the corresponding correlation coefficients are given in Tables 9 and 10.
For all the above curves, the corrclation coefficients are very near unity, in-
dicating the validity of our assumptions for the correlations. It can also be noted that
a more regular trend is obtained with heating rate than with sample mass.

ACKNOWLEDGEMENTS
We thank Mr. N. S. Madhavan for help in computer programming. One of us

(K.N.N.) is grateful to Dr. V. R. Gowariker, Director, Chemicals and Matenials

Group for his keen interest and encouragement.



169

REFERENCES

Voo AW

P. D. Gamn, Thermoanalytical Methods of Investigation, Academic Press, New York, 19€5.

C. Duval, Inorganic Thermogravimetric Analysis, 2nd ed., Elsevier, Amsterdam, 1963.

T. P. Herbell, Thermochim. Acta, 4 (1972) 295.

E. L. Simons and A. E. Newkirk, Zalansa, 11 (1964) 549.

F. Paulik, J. Paulik and L. Erdey, Talanra, 13 (1966) 140S.

S. R. Dharwadkar and M. D. Karkhanawala, Thermal Analysis, Vol. II, Academic Press, New
York, 1969, p. 1049,

H. H. Horowitz and G. Metzger, Anal. Chem., 35 (1963) 1464.

A. W. Coats and J. P. Redfern, Nanwre, 20} (1964) 68.

W. W_ Wendlandt, J. Chem. Fduc., 38 (1961) 571.

E. S. Freeman and B. Carrol, J. PAys. Chem., 62 (1958) 354.

M. S. Subramanian, R. N. Singh and . D. Sharma, J. Inorg. Nucl. Chemn., 31 (1969) 3789.
E. Segal and M. Ylad, Thermochim. Acta, 16 (1976) 115.

J. R. MacCallum and J. Tanner, Eur. Polym. J., 6 (1970) 1033.

K. N. Ninan and C. G. R. Nair, Thermochim. Acta, 15 (1976) X45.



