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ABslRAcT 

Quantitative correlations between kinetic parameters (energy of activation E, 
pre-exponential factor A) and procedural factors (heating rate, sample mass) in non- 
isothermal thermogravitnetry have been made for the first timt The effect of heating 
rate and sample mass on the first two stages of thcd decomposition of calcium 
oxalate monohydrate in a nitrogen atmosphere 

has been cvaiuated in detzil using non-isothermal thermogravimetry. Kinetic para- 
meters are cahzuiated from the TG curves using three integral metbods (two ‘exact” 
and one “approximate”). The values obtained by the ‘approximate” method are 
higher than the corresponding values from the yexact” integral methods- For the 
decomposition of calcium oxalate to carbonate, the kinetic parameters are not much 
a&cted by heating rates or synple rnas3es in the ranges studied- For the dehydration 
of C&,0, - I&O. the parameters show a systematic decrtzrse with increase in either 
heating rate or sample mass. The vaiues of Eand log A obtained by all three equations 
are best correlated to heating rate as rectangular hyperbolae of the type: 

E (or log A) = 
constant 

heating rate 
+ constant 

The best fits for correlation to sample maSS are parabolae of the type 
E (or log A) = constant x (rn24ss)’ - constant x mass i c43nstant 

. 



SYMBOLS USED 

A = pre-exponential factor 

; 

-: fraction decomposed 
= heating rate in deg min- ’ 

E - ener_q of activation 
n == order parameter 
R = 2s constant 
Tj - temperature of inception of reaction 
Tr = temperature of completion of reaction 

7, --- DTti peak temperature 
AT=: T - T, 

I3iiRODtiCHOS 

The results from dynamic non-Lsothermnl thermogavimetry are affected by 
experimental conditions like heating rate, sample mass, sample particle size, packing 
and atmosphere ’ - ‘_ Calcium oxaIate monohydratc has been widely used as a standard 
substance for studying the effect of several such panmeters3-5. 

Dharwadkar and KarkhanavaIa6 studied the variations in energy of activation 
for the &hydration of CaCIO, - H,O, caused by changes in huting rate and sample 
mass; and using Horowitz-.Metzger’ equation, they obtained the values in the range 
of 73-160 W mol- ‘_ Activation energy values in the range of 85-I 13 kJ mol- L have 
been reported by a number of authors” * *_ Recently, Seggl and Wad” have used a 
non-linear temperatu- a_ programme to obtain the kinetic parameters as: E .--: 96 kJ 
mol - ’ and ~4 :== 7.32 x 10’. 

Coats and Redfern’ have reported the energy of activation as 259 kJ moI- ’ 
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 producti are 
C&O, and CO,. in this communication, we wish to present the results of our detailed 
studies on both the dehydration of CaC20, - Hz0 and the decomposition of CaC=O, 
to C&O, and CO, mrried out in a nitrogen atmosphere, for different heating rates 
and sample masses. it is attempted to evolve, for the first time, mathematical correla- 
tions between heating ratcsjsarnple 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 arc not reproduced here.) 

EXPFRIMEhiAL 

Sample 

Calcium oxalate monohydrate [CaC20, - Hz01 powder (DuPont), purity 
99.9%. was used. 
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hsmunenls 

The TG experiments were carried out u4.h DuPont 990 thermal analyser (2 pen) 
in conjunction with 95I thermogravimetric analyser. Computational work was done 
with IBM-360 computer using Fortran IV programme 

Procedure 

Six heating rates (1, 2. 5, 10, 20 and 100°C min- ‘) were employed to study 
their effect; and the sample mass wss kept constant at 5 p 0.1 mg in these experiments_ 
To study the effect of sample mass, the heating rate was constant (10% 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 Ioadcd 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 tivo sta_ees of decomposition ofCaC,04 - 
t&O were recorded on the entire span of the Y-axis. To expand the X-axis thr: 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 czses. Y-axis was used as an independent 
check of sample temperature measured by e chromel-alumel thermocouple positioned 
near the sample pan. The atmosphere wils dry nitrogen purged at a rate oi 50 cm3 
min- ‘. 

RESULTS A?*‘D DISC’USSIDN 

The first and second stages of thermal decomposition of calcium oxalatc mono- 
hydrate correspond to dehydration of tiC204 - Hz0 to CaC,O, and to theconversion 

of C&,0, to CaCO,, respectiveiy. The values of T,, Tf and T, as obtained from the 

TABLE 1 

Samgk mass -- 5 ::: 0.1 mg 
--_---_-s-m.- - - w---w - ------_----- -- 

ffeahfg sragc I stage If 
fare A__ ._.- - -- - _-..- - -_----- _- 

(“C mh-‘) Tlf “Cl Td ‘Cl W’C) Td ‘C) Tzf “Cl TSPC) 

1 118 145 140 379 4% 439 
2 114 1% 146 391 485 467 
5 110 167 156 452 498 483 

10 117 188 173 403 513 496 
20 115 Ml 183 407 512 498 
50 121 232 206 428 541 518 

100 116 276 223 447 570 WI 



TABLE 2 

Hearing rate - - 1O’C min-’ 

.smpzc sragc 1 smge II 
trm _.-- --- 

fW?l TIlTI Tl( “Cl 7x”Cl TIPCJ Td”CJ Td°CI 

I.1 111 159 152 390 493 475 
2.5 116 172 162 391 497 480 
5.1 117 188 173 403 513 4% 
7.: IX 190 176 401 508 491 

IO-0 121 195 IS! as 512 49s 
I S-0 117 201 184 400 520 4% 
a.2 I25 213 199 410 520 500 
__--- .__ -_.-- 

TG experiments are rjven in Tabies 1 and 2. Table 1 gives the values of Ti. Tr and T, 
for different heating mtes 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 ofdecomposi- 
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 decomposilion of CaC20a shows 
some increaa). Roth Tr and T, of the dehydration reaction steadily increase with both 
heating rate and sample mass. Similar trends were observed earlier al&‘. For the 
decomposition of calcium oxalate to carbonate, there is a similar increase, but to a 

lesser extent. 

Kinetic parazneters 

The kinetic panmeters, viz., encr_gy of activation and pre-cxponential factor 
were d~lc?t~d from the non-isothermal TG curves using the integral method. Three 
well-known equations (two “exact” and one “c?pproximate’*) were chosen. They arc: 

(I) Coats-Redfern equation’ 

1 - (1 - z)‘-B = ,n AR 

In (1 - n) T= [ ( 

1 2RT E --- -- 
4E E RT 

(2) MacCallum-Tanner equation * 3 

log o AE 
o.485Eo”3 s - 

(0.449 + 0.217iX) x 10’ -_- - 
r t$R T 

(3) Horowitz-Metzger equation’ 

Inl-(l--)‘-==,n E -- ._- --- -- + _E4 -_--- 
1 --n RT, RT: 
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The order parameter, n, was evaluated for both the stages of decomposition 
using the Coats-Redfem equation by a computational procedure. Using thecomputer, 
linezir plots of 

Ill 
i - (1 -- a)‘-” 1 
--- - v$$_ .- 

(1 - n) T* T 

were drawn by the method of least squares taking the (I - z) and the corresponding 
T values for the two stages of decomposition from a typical TG curve. Curves were 
drawn for different values of II in the range of 0 to 3 and the order parameters were 
fixed from the two values of n which _nve the best fit lines for the two stages. The 
values were n = 0.65 for the conversion of CaC20~ - Hz0 to CaC20, and n z-2 0.50 
for the decomposition of CaC,O, to CaC03. 

With these valuc~ of n and using each of the. three kinetic equations, ener_gy of 
activation and pre-exponential factor for the two stages of decomposition of CaC,04 - 

Hz0 were calculated from the TG curves for different heating rates and sample 
masses. The calculations were done with the computer and the correlation cocffLzient, 
r, was determined in each case. TabIe 3 gives the values of E, A and r calculated from 
the TG curves for different heating rates, using the three equations, for the dchydrz- 
tion of CaC,O, - H,O. The values for different sample masses arc given in Table C 
Similar values for the decomposition of CaCzOJ to C&O3 are given in Tables 5 and 6, 
which show the effect of heating rate and sample ma-, respectively. 

In all these cases, the values of the correlation coefficients arp almost unity 
indicating nearly perfect fits. Kinetic parameters calculated using the “approximate” 
method (Horowitz-Metzger equation) are higher than the corresponding values 
ca!culated using the uexact” methods (Coats-Redfern and MacCalJcm-Tanner 
equations). Similar observations have also been made by us earlier”_ 

TABLE 3 

sim1pk mass -- 5 5 0.1 mg R -= 0.65 
-._.--- _-.- _.__ -- -_--- 

ifcorikg Kiiaezic pammeter using rquatiom _---_ ______ ______ __ _____ ______________ _ -__.-._ 
rate Coats-Rrdfmn MpccOhn-T-r 
(‘C m&-‘J Lx --- .A __,._. .--_‘-r. 

Xortndz-_Met:ger 
tr_ -_..-_ -___; ~ 

_ 
A 

f 

1 233.2 8.84 x IOr 0.995 233.0 P.20 x IO- 0.995 246.2 4.05 x lG= 0-W 
2 151.8 3.07 x lo’= 0.996 151.1 222 x 10“ 0.996 165.7 1.71 x 10” 0.995 
5 lW.6 1.39 x IO” 0.998 108.7 9.67 x IO“’ 0.998 123.9 8.49 x IO” 0.997 

ii 106.8 94.2 3.75 1.23 x x JG’O 1G’ 0.999 0.998 106.1 93.5 9.44 280 x x 10“’ ICP 0.999 0.999 121.8 110.0 229 8.55 x x JO’O JG” 0.997 O-997 
50 87.4 1.49 x JW 0.998 87.0 I.25 x 1P OH8 JO+0 1.00 x IO’O 0.997 

JGO 74_0 3.98 x IOI 0.997 73.7 3.3 x JO‘ 0.998 923 4AM.x MP 0.999 

* Values of &are in W nml-1. , 
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TABLE 4 

m?xtlc rARAYlxiss FOR DrFFERl3i-r SAMPLE Mm FOR THE awnmsos OF cacto4 - H-d3 TO ticad 

Heating face =- Ir)‘C min-1, n -= 0.65. 
___-.--_ -- --- - _._..__.__--_-------------_-.---_- 

spmplr Kinetic parameter using equations ____.._______._._ -..-_-_. ..--_-_._ ..__ _.- . .._ -_---..._.___-_--__- 
r?zaU caa1s.-R?d/cm MocCalha+Tnnrrcr Horomk-Mezz,pr _. . __ - ---.- - .-___ -- -- -.--- 

I? A I E A r E- A I 

---- ._--_.._---_ 
1.1 1229 211 x 10’3 
2.5 126-O 227 x IO” 
5.1 106.8 3.75 x 10’0 
7.4 117.0 6.06 x IO” 

10.0 99.8 3.71 x IW 
15.0 90.4 1.96 x 10 
20.2 88.5 6.76 x 10; 

0.998 
0.996 
0.998 
0-W 
0.999 
0.999 
0.999 

--_. ._. .--- --.- --- 
1220 1.46 x 10’1 0-M 138.1 
1253 1.65 x 10’3 0.996 141.4 
106.1 280 x 1010 0.999 121.8 
116.5 4.64 x IO” 0.999 132.5 
99.2 285 x 10’ 0-W II5_0 
89.7 1.52 x IW 0.999 106.0 
88.0 5.47 x 10; 0.999 105.8 

,-.--_ 
I.41 x 10’5 
1.34 x IO” 
2.29 x 10” 
3.23 x IO” 
1.78 x 10” 
1.37 x 10’0 
4.77 x 10, 

-- 
0.998 
0.994 
0.997 
0.999 
0399 

0.997 
0.998 

--- --__-,--_- .- - --- -- 
= Values of Eare in W mol-I. 

_ ---.---- - _--_... ._ . - .._ _._ 

TABLE 5 

KI?ciC PAILUILTERS FOR DIFFEXF?iT t#EATl.SG RATES FOR lliE DECOHFOSTWIN OF cac#; TO etch 

Origid sampk mass 5 + 0.1 mg. R = 0.50. 
-- ---- 
Heating Kinetic parame~en caicutked using equations __-_ --___-- .._. __,___.---.-__-__ 
rate MacCalhn-Tonncr 
( ;‘c min. 1) 

Caars-Redfmn Iforowitz-.UG& ___ ___. ._- ..__ ---.-- _ _ ._.. - ._.. - --_._-- _ _ ._---__ --- 
E= A r P A 1 t= A r 

-- 
1 
2 
5 

10 
20 
50 

100 

.---_-- 
234-4 1 A9 x IO’ 8 
259.2 4.05 x 1vs 
264.2 8.34 x 10’5 
zw.9 1.04 x IW 
336.9 I.68 x 10’4 
231.1 6.17 x 10” 
243.3 3.00 x 10” 

0.999 239.1 
0.999 7a.s 
0.999 269.8 
l-o00 256.5 
0.996 242s 
0.998 236.9 
0.999 249.6 

-- 
4.12 x 10’1 
1.32 x 10’6 
293 x IO” 
3.49 x 10’5 

5.42 x 10” 

205 x 10” 
I.11 x IO” 

-- 
0.999 
0.999 
0.999 
1.uoo 
0.996 
0.998 
0.999 

--- 
2S6.S 
281.9 
‘?!.4 

zz 
259.5 
272.6 

--- - -- 
6.67 x lOlO 0.998 
2.58 x IO” 0.997 
3.68 x 10” 0.998 
1.04 x 10’7 1.000 
1.74 x IO“ 0.998 
623 x IO” 
2:67 x IO“ 

0.998 
0.999 

.- _-.----_-- - -__.-_ . .___. -_.-. ..-----.- ._-__.- _--- 
L VaiuesofEareinWmoi-l. 

TABLE 6 

iCSMilC PASLAML~ H>R DSFtkRE.‘T SAHPLE YASFES FOR THE DEUXWCl6JTION OF cZlct01 TO C&OS 

Hearing rate IO’C min-i. n = 0.50. 
-._ _ .____ ..__ -- -_. _- _...._. _.-_.- -- - 

*P& Kineric porruzters cakulared uring equtuiom _._-_-_ --_---_-_- 
mass 
IJQ?) 

GawKedfern MacCalhm-7iir florowifz-Merzger 

-k A--‘-’ --r 
_ _ _-__---_._ -.. _._- .._. ..__ _-- _- 
I? A r k!? A r 

--.__ _ ._ __. _______.. - ._ _- _-_-_-.-_ --.---..---.- .----_--.----- 
1.1 225.1 4.22 x IO:= 0.999 230.2 1.23 x IO” 0.999 251.5 3.35 x IO’+ l_ooO 
25 214.7 5.70 x IO” 0.997 219.8 1.61 x IOU 0.997 2422 5.65 x lO’( 0992 
5.1 7x0.9 1.04 x IO’S l_oal 256.5 3.49 x IOII l_ooo 287.4 3.68 x IO” 0.998 
7.4 227.6 7,W x 10’3 0.997 2329 284 x IO’J 0.997 256.6 3.07 x 10’5 0399 

10.0 9Z6.8 1.10 x IO” 0.999 2.l2.4 3.52 x 1O11 0.999 263.8 8.41 x 10ls l.ooO 
15.0 211.1 I56 x IO= 0.997 216.6 4.H x 10” 0.997 239.6 1.60 x IO” 0.999 
202 218.8 4.67 x IO” 0.999 224.2 1.42 x IO= 0.999 246.3 3.48 x 10’4 l_OW 

m Value 0fEarc in W mo!-1. 
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A dirGncrion between the decomposiikm (s;age II) and dehydration (stage I) 

From Tables 5 and 6, it can be noted that the kinetic parameters arc not much 
affected by either heating rate or sample mass for the decomposition of CaC,O, to 
C&O,. The minor variations are rather irregular here. However, Tables 3 and 4 
show that for the conversion to C&,0, - Hz0 to CaC20+, both Eand A calculated 
usink all the threz equations arc strongly dependent on both heating rate and sample 
mass- they decrease with increase in either 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. 

Quan firarive correlations 

An attempt was made, for the first time, to make quantitative correlations 
between kinetic parameters and proccdura1 factors, in the case of the dehydration 
step. The regular trends of kinetic parameters in this case, relative tochanges in heating 
t-ate and sample mass, make the data amenable to statistical treatment Different curve 
fittins were worked out, using computer, with various functions of these factors, and 
the best fit curve giving the correjation coefhcient nearest to unity was chosen. it is 
found that for all the three kinetic equations, the curves of activation ener_gy for the 
dehydration reaction vs. the heating rate are best fitted as rcctanguIar byperbolae of 
the type: 

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

TABLE 7 

coss~~~Ts ER IME coRREuno~o~Hi3msG RATEASD E(d&ydrstionstagrc) 

--_--.-.-_ - - -_ -_ __ ~_____ 

Kkfic equadon Cl c-r I 

C&US-RCdlkl 148.77 82.47 0.993 
5tbccalIlJm--l-m 149.02 81.85 0.993 
Horowitz-Mctzgcr 144.90 88.79 0_9W 

for the pre-exponential factors, the best fits arc obtained as rectangular 
hyperbolae for the curves of log A vs. heating rate. The equation of the cume is of the 

type: 

log,,A = 
Cl 

heating rate + c2 



iABLE 8 

-AS= FOR TECE amwATloELs & iiEATIW5 RATE MD hgd (-0’d=th S-1 . 
-__-------.-- --_ .-_-_ -__ e_ 

Xi&tic equafbn Cl C-Z r 
-_-m- - ._ 

cuacs-Redzan 19.05 7.56 0.994 
M~l~Tanncr 19.16 7.47 OS94 
Horouiu-Mttrgsr IS-89 9.45 0.995 

TABLE 9 
cam~,wrs FOU CLXREIATMES OF SUPIT. MASS ND 6 (dehydration stage) 
_________ . _--_-_. -~----.._.-_. .._.~ _--_- 

Kitcdc equals kr kt b 

. S-F 

I 

CoasRcdfan 0.0618 3.33 129.3 O-934 
hfaKalllJm-Tanna 0.0606 329 128.4 0.932 
Hom~irz-Merzgcr 0.0724 3.46 144.8 0_9.?!i 
-.- -- _.__.- .__. _. _-__.__ _____-_ ____- -- _--._ e_________ 

Kineric equalion k:I kr 
..- .._._____ -._. ..-_ ---,_ _._ _ ____ ____., __ _ 

Caacs-Kcdfem 0.0113 OS3 
hfaccxhm-Tanm 0.01 J 3 0.512 
Horowitz-%fer-rgrr 0.0124 0.562 

--se 

ks r 

14.11 0.9% 
13.97 0.953 
1593 o-956 

The vaJues of Cl, C, and r for the thnze kinetic equations arc $vcn in Table 8_ 
The best fit curves for the kinelic parameters and sampJe masses are ~xrabolas. 

Here again, E is directly related, whereas it is log A that is related to sample rns The 
equations for the curves are: 
E = k, (mass)* - k, mass f k, 

10&J -2 k, (mtiass)’ - k, mass f k, 
where k,. k, etc. arc different constants for different kinetic equations. Their values 
and the corresponding correlation coefficients axz given in Tables 9 an& 10. 

For all the above curves, the correlation coefficients are very near unity. in- 

dicating the vaIidiLy of our assumptions for the correlations. It can also be noted that 
a more reguJar trend is obtained with heating rate than with szmpIe mass_ 
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