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ABsrRAcr 

Correlations which permit computation of the activation energy E, the “reaction 
order” n, and the frequency factor from non-isothermal thermogravimetric curves 
have been derived for reactions obeying the relation 

dx - = k,-(l-aa)“exp 
dr 

and for a non-linear temperature rise during the heating of a samp!e_ For the experi- 
mental data processing, a corresponding algorithm has been prepared in the GIER- 
ALGOL language. In order to test the computation program, the pubIished theoretical 
data for the dehydration of -gypsum have been processed. In addition, our thermo- 
grams for the dehydration of calcium oxalate monohydrate have been evaluated. All 
results have been compared with the published values. 

INTRODUClION 

When studying the kinetics of the decomposition of solids, a thermogravimetric 
method is frequently emp!oyed in which the temperature is either kept constant or 
linearly increased. Most decomposition rates of solids may, under certain conditions, 
be formally described by the differential equation 

dz 
- = k, -(l-x)mexp 
dr 

(1) 

where CC is the degree of conversion, 7 is the time, T is the absolute temperature, 
R is the gas constant, and E, n, k are the constants of Eqn. (I), characterizing formally 
the kinetics of the process studied. 

The caIculation of the three constants from the measured experimental values of 
the variables involved in the above equation is relatively time consuming and Iabo- 
rious and, therefore, computer programs have been written for some simpliEed 
cases1 l =. 

A computer program by Schempf et al.’ permits calculation of the activation 
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energy E and the frequency factor, provided that the order of the reaction studied is 
equal to unity. SestAk in his papers3-4” has required that the experimental device be 
designed so as to fulfill that the conditions of strictly linear temperature rise in the 
sample studied- In order to satisfy this requirement, the author4” has developed a 
special experimental technique. 

In a huge majority of cases, the above-mentioned requirement of a linear rise 
of the temperature in the sample cannot be practically fulGlled with reactions which 
can be studied successfully by means of the thermobalance because, owing to the 
reaction heat, the heating rate of the sampIe increases and decreases in comparison 
with the temperature program for the furnace heating or the heating of the standard 
sampIe (which is inserted in the furnace together with the sample in a place which has 
the same temperature conditions as affect the sampIe). This phenomenon, which 
manifests itself as a change in the heating rate of a sampie taking part in some reaction 
and is accompanied by heat evolution or absorption,.is, as known, the fundamental 
principle of the differential thermal analysis (DTA). It can, according to the exper- 
imentai conditions, be either suppressed or, on the contrary, strengthened. When the 
heat effect is suppressed, the so-called integra1 method can be employed for the eval- 
uation of the kinetic measurements_ Flowever, after such an effect has once occurred 
during an experimental run, any use of the integral methods in the calcuiation of the 
kinetic parameters becomes unusually difhcult, because the practical solution of Eqn. 
(1) by these methods requires the course of the sampIe temperature to be expressed as 
a linear function of time. In fact, this requirement cannot be fulfilled with usual ther- 
mobalances because of the above-mentioned reasons and this is true especially when 
the DTA is performed simultaneously with the thermogravimetric measurement. 
Therefore, we have decided to base the evaluation of our experimental curves for the 
calcuIation of the kinetic constants in Eqn. (1) on the employment of the differential 
method. The reIevant mathematical procedure does not require that the special and 
diflicuh-to-achieve experimental conditions be strictly maintained, and thus it does 
not become the controlling factor of the measurement method as has been the case in 
some cited papers, but, on the contrary, it heIps in describing and analyzing the 
processes in the same manner in which they really proceed, 

The differential methods of calculation require data on the instantaneous 
velocity of the process studied, i.e., the derivative of the dependence of the degree of 
conversion of the studied substance on time, to be obtained in a convenient way. 
Unfortunately, it has not yet become customary to produce commercial thermogravi- 
metric devices which, besides recording weight changes, also permit direct recording of 
their rate. Thus, it is often necesszy to empIoy some frequently laborious numerical 
or even graphical methods in order to obtain a differential dependence from the 
integral experimentaI curves. Some authors who have employed the differential 
method, e.g., Freeman and Carroll’, have used in practical calculations only the 
di&rences of the changes of the anaIyzed dependences at given time intervals. This 
method makes the evaluation of the curves considerably easy, though the accuracy 
of the resuhs is questionable. 
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According to the authors of program~‘~, it is very convenient to use computers 
to obtain a derivation curve from discrete values of the degree of conversion, 

from instantaneous weight changes of a sampIe, etc. However, we know from our 
own experience that the accuracy and correctness of the courses of the derivation 

curves computed in this way depend considerabiy on the accuracy and carefulness of 

the reading of individual discrete values from the thermogravimetric curves and on the 

magnitude of the chosen reading step. This fact has aIso been reported by &st&k 
et al.*. A small step leads to a large deviation of the computed values and a huge 

step leads to an incorrect course of the derivation curve. A formulation of the 

courses of the found time dependenccs of the degree of conversion and the tempera- 

ture as some functions of time, and a computation of the derivation curves by direct 

derivation of the found functions or a computation of “corrected” discrete values of 

the experimental dependences by means of the functions, and a numerical derivation 

by means of the “corrected” values proved to be most convenient. 

This report describes a method which has been used by us for the evaluation of 

the kinetic constants from thermogravimetric curves in which the differential compu- 

tation is employed. This method takes aIso into account the fact that the thermal 

effects of reactions result in a deviation of the sampIe temperature from the program- 

med values of the linear heating. 

REIATIOXS FOR CALCULATING KlKXTIC CGN!!XA.?.?S 

As a basis for the derivation of convenient relations for the calculation of the 

kinetic constants from the experimental data, we regard the differential Eqn. (I). 

Taking the logarithm of this equation, we obtain 

In da -= 
dr 

In k,+n -ln(l -CC)-E 
RT 

Considering that a and T are functions of time and differentiating with respect 

to t 

d’cz 

dr= da E dT - = ---- 
dCz (I:@ dr +s’df 

z 

(3) 

By rearranging this relation, a Iinear equation can be obtained 

d=a_ T2 dz 

dtt ;TT T2 E 

dcr dT = 
-_n-_---_ +- 

(l--a) dT R’ 

ds’z dr 

(4) 

by means of which the “reaction order” n can be calculated from its slope and the 

intercept on the axis of ordinates gives the activation energy E. 
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For simplicity, the variables in Eqn. (4) will be denoted by simpIe symbols and 
thus we write 

Y= 
E 

--++ii 
(5) 

When evaluating the thermogravimetric curves, it is more convenient to use 
directly the experimental data of the sample weight in the calcuIation. For such a 
case, Eqn_ (I) can be expressed by 

where M,, is the molecular weight of the initial compound; IV, is the weighed portion 
of the sample before the reaction ; ?V is the sample weight at time T, and rt;, is the 
sample weight after the reaction. 

Similarly, an equation of a straight line can be obtained 

d” W_ Tz diY 
dr2 T2 

dW dT = 
n- 

_dS+L 

W-W, dT R 

dr-dr ds 

which gives after simplification 

Y, = 
E 

n-X,+--. 
R 

(7) 

After inserting the calculated values for X and Y, which correspond to certain 
instants of an experimental run, in Eqn. (5) or (8), we can determinethesoughtvalues 
of n and E; this can be accomplished in the best way by the least-squares method. 

Upon expressing numerically the reaction order and the activation energy, we 
proceed by the same method when deterinining the k, and k-, coefficients from modi- 
fied Eqns_ (1) and (6): 

dr - 

and 
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PROGRAM FOR COMPUTING KINETIC CONSTANTS 

The simplest procedure of the computation according to relation (S) is our 
program denoted by VACHVO 116, which has been prepared for the GIER computer. 
By this pro-mm, the first-order or also the second-order derivatives of the time 
dependences of the sample weight and temperatures, read at regular time intervak, are 
computed numerically with respect to time from the experimental values of these 
quantities. Further, the computer computes the i-th vaIues of X and Y for the corres- 
ponding instants, the data being then processed according to Eqn. (5) or (8) using the 
Ieast-squares method, and it estimates the E and n parameters as well as the corres- 
ponding standard deviations_ From the expressed E and n values, the computer 
computes the i-th vaIues for the frequency factor, that are finahy ako processed by 
the k&-squares method. Besides the estimate of the frequency factor, the computer 
also estimates the standard deviation of the frequency factor in a manner similar to the 
above. The computed correlation coefficient r, which indicates the degree of the 
mutuaI linear dependence of the experimental valutx in reIation (S), helps in the 

decision about the applicability of relation (I) to the process studied. 
As mentioned earlier, the experimental data need to be read with the maximum 

possibIe accuracy in order to obtain a reasonabIe result from the numerical derivation. 
This requirement must be fuhiiied especiaily in our computation method, in which 
even the second-order derivative of the dependence of the weight change on time is 
computed. Another program, denoted by VYRVACHVON’, is an improved version 
of the aigorithm VACHVO II, to which a modified procedure has been added’. 
Using the former procedure, a certain polynomic function is laid through the experi- 
mentaI points and its course is determined by means of the least-squares method. The 
computer then caIcuIates the “corrected” input data from a given expressed function 
and, using these data, it numericahy d#erentiates. ObviousIy, the derivatives may aiso 
be computed directly by a convenient procedure using the coefficients of the poly- 
nomic function, a method which corresponds stiff better to the logic of the procedure 
derived by us. 

Both the programs mentioned are written in the GIER-ALGOL language. 
Besides these programs, the CALVACHVO program’ has been written which 
incIudes with the computations a graphical record of the course of the computed 
dependences according to relation (8). 

The input data for the computer evaluation are taken from the thermogravi- 
metric lines by reading the instantaneous vaIues of the sample weight W and the 
sample temperature t (“0 at regular time intervals. These values are supplemented 
by other vahes required for the computation, such as the molecuiar weight of the 
initial substance, the initial weighed portion, etc. The number and order of the input 
data is the same for all of the above-mentioned variants of the program. 

The input data are inserted in the computer in the foIIowing order: 
(1) m, the total number of the experimental data for the time-sample weight 

-temperature triad, 
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(2) R, the gas constant (R = I.937 cal -grad-l -mole-‘), 

(3) irivA, the molecular weight of the initial substance A, 
(4) 1%X, the final change in the weight after the reaction (?VK= W, - W,, 

the unit-like with 157, 
(5) p_ the range of the _mphical record of the weight in grams @), 
(6) d, the range of the _mphical record of the weight in the units for 1%’ (the 

unit-like wit& W), 
(7) WP, the initial weighed portion of the sampIe (WP = W,) (g), 
(S) L, the time of the graphical record (the unit-like with q), 
(9) A, the time of the graphical record (min), 

(IO) q, the reading step (the unit is arbitrary but the same as with L), 

(11) I W, a series of m data of weight gains (losses) of the sample determined 
at individual time intervals (the unit is arbitrary but the same as with WK 

and 6), 
(12) T, a series of m temperature data measured at individual time intervals 

(‘c)- 
Further, words making the experiment description accurate are inserted in the 

computer input, riz.: 

(a) the designation of the curve (7 letters), 
(b) the date of the experimental run (6 letters), 
(c) the date of the computation (6 letters)_ 

These wcrds, enclosed by brackets, which specify the evaluated experiment, are 
printed by the computer directly into the Iegend of the computation record. 

The complete program VACHVO II, which is the basis for all versions mentio- 
ned, is presented in Tab!e IL Sufficiently accurate experimental data can be processed 
by this program directly. Expanded versions of the programs VYRVACHVON and 
CALVACHVO can be supplied by the authors of this report on request. 

RESULTS A3D DISCjSSIOX 

The present method of evaluation of the thermogravimetric curves permits, 
in contradiction to Refs. I,2 and 3a, processing of the experimental data obtained 
under usual conditicns, when the thermal effects of reactions can fully manifest 
themselves in the course of the temperature dependence of the sample heating. 

The correctness of the procedure suggested has been verified by employing the 
experimental data and results of %stQk * _ The experiments described in this paper have 
theoretically been performed under ideal conditions, the strictly linear rise of the 
sample temperature being maintained also during the time of the heat effect of the 
reaction_ The data mentioned have been modified to obtain the input data for the 
VACHVO II program and the computation has been made on the GIER computer 
similarly to all other computations. The record of the computer output for this 
computation is shown in Table I. 
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When comparing the resulting values* of Refs. 1 and 4a with those calculated by 
means of the VACHVO II program, it is evident that, with all kinetic parameters, an 
excellent agreement has been reached. 

TABLE II 

THE VACHVO II CO.MPUl-ATIOS PROGRAM 

AI’d: 
drrev:=pZacetin +iCCXJ3; 

prL*pege; 

inpit(R,!flA,‘%,D,d,h? L A 
reserve{ drrev >;- 

t , r9rW,T)i 

8 : 72 : *nstring; 

printer; 
of iw;t 6ata+);~irxtcr;prlntcr; 

flti(+nSd$,m);~rintcr; 

),A,printspi2l,q); 
printcr;printcr; 

W[Jl,printsp(2)); 

:=l sten 1 until m do 
l?%! pr~~~~,T~~,~l~sp(2)); 
+ f j/5=33 t& Sri&r; 

r;prlrrtcr;prirrttext(a,prirrtcr,b,printr, ,c 1; 

'E=26.82 IO+", err E=1.12710*', n=9.39210-I, err n=2_51010-*, Z=5.7g9101x, err 
Z= I.899 I09. 

l'%ermdchim. AC% 2 (1971) 379-392 
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TABLE II (conrincrui) 

J_ VACHUkA., M. VOEKlitIL 

WC: -p/d: 
1 until m do 

Ij+3J:=DEZ(T,j)/q; 

SUKY: =5~3!4Y+Y cj ; ; 
suw2:~~+xrjl 
i3IJm!:=s~+Yrjl 
SUMXY:SWXY+X~j]XY~j]; 

n:~~-(S~UHY)/N)/(SLXQ-(So l/W; 

)/N-nx( SU?%Y-S~I~/N >; 

N:=tn-3: 
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TABLE II (confinrred) 

printcr;>rintcr;printcr; 
~rintsT;(2);~rintte*( 
jxintsp(3I;printteZ! 

~rintcr;printcr; 
f"T J:=r 
*-a 

step1 uztil El& 
GeCSIn 

)ig?Wtsp(2); 
if j>m*-2 then 
-Twin 

print<&n.dddm-dd$ II41 ijl urintsD(2),i%J2[jl, 
?rirhsD(2));print(~+nd.d~~~~[jl;rrintSc(2}); 
IJTi~(a-n.dddcidS,XEjl,;jrints?(2);Yijl)- 

end; 
end;7 
arlntCrj_tirl~CrjZrrintCrj~~ntsp(6)i 
~rinttext(&correistion coef. :rrr=A$); 
~ri~t(4-n.dd~,r);~~~nts?(~); 
~rinttext(+residLieI 5x3 of squeres,=L)I; 
prirrt(~n.dddsad~~:~;~~~); 
~intcr;Irri~~Crj~rir;tsp(9!; 
grinttexL!+activatL~n eneri;y:&e 
~rint(~~,ddd~cd~,X);DrilltsF(10 

=&I+); 

~rinttext(a<errur~e~=~~~; 
f; 

~rirrt(4n.ddd~ctdd~,cc-~s)i 

end; 

Thernrochinl. km. 2 (1971) 379-392 



In addition. our espcrimental data for the dell>-dration of calcium oxafate 
monohydrate obtained from the 3l_O_~l_ -Perivatograph” have been processed by 
the VACHVO II program. Tile M.O.M. Derivatograph permits relatively accurate 
recording of the temperature of the heated sample and it is suitable for recording 
sensitively ail deviations from the linear temperature rise due to the thermal effects of 
reactions. 

The osafate samples have been prepared by precipitation from calcium chloride 
and potassium osafate solutions. After washing. filtration. and drying in air. they 
have been ground to $ve a fine po\vder_ \vhich has been laid in thin layers on 
fittfs plates of a muftiplate platinum boat and inserted in the heated space of the 
derivatograph- During the heating time. argon has been allowed to pass through this 
space at a steady ffow rate of about 50 ml - min- I_ The average rate of the sample 
heating has been 4.75 -C - min - ’ _ The numerical \-afue of the activation ener_gq- of the 
dehydration of calcium osalats monohydrate computed h>- the VACHVO II program 
tequafed 21.6 kcaf- mole- I and the “reaction order” ~1 = 0.W. For comparison. the 
values of these quantities determined by the method of differential thermal ana- 
lysis can be mentioned*“_ The author of the cited paper has reported activation 
ener,oies of 2 I 5.2 I -6 and 1 I .S kcaf - mole - * _ He has obtained these values by evaluating 
the DT.4 experiments. empfoving three independent methods The order of the 
reaction has been found to be II = I _ Other authors’“- * I have reported for the acti- 
vation energy values of 20-E kcaf -mole- ‘_ 

As mentioned above, it is not a common practice to measure the temperature 
directi- i.1 the studied sample during the thermogravimctric anaf_vsis. Alany commer- 
cial devices do not permit this measuring and so the measured furnace temperature 
is taken for the sampfc temperature_ In such a case. the presented linear course of the 
sample heating is obvious!_v only apparent_ 

We have been interested in the c‘ikt which this incorrect measurement of the 
sample temperature may have on the computed values of the kinetic parameters. 
Therefore. we ha\-e computed these parameters for the case of the above-mentioned 
dehydration af caIcium osafate in which we have. of course. substituted another 
dependence with an average constant rate of the sample heating, ix.. a dependence 
similar to the court of the furnace heatins for the actual temperature dependence_ 
In this case, the result of the computation of the activation ener_q has been a value 
of 15.6 kca1 - mole- ’ _ ix__ a value I-19;& lower than that computed earlier: the computed 
vafue for the “reaction order” has been II = OS6. The maximum deviation of the 
-_ average ‘* temperature from the measured one has been about 2’C. On the basis 
of this findins. we may assume that the similar existing differences which occur in 
the values of the kinetic parameters of some other reactions published b_v various 
authors are caused_ besides other reasons. primarily by neglecting the deviations of 
the real values of the sample temperature from the measured data. These differences 

are obviously greater. the stronger the thermal effects of the heated substance 
conversion_ 

As can he seen from relations c:4j and (7). the heatins rate. expressed in the 



XON-ISOTHER!b¶AL THERMOGRA~IMETRIC CC’RVES 391 

computations as d7;‘dz. is important_ Therefore. changes in this rate due to thermal 
effects cannot be neglected without consequences on the resulting values of the com- 
putations_ We know from experience that. under entirely common conditions for 
performing the DTA and TGA. such a chanse in the course of the effect may attain 
multifold or only negligible proportions of the initial value of the linear heating 
rate before the effect occurs. When takin 8 into consideration also the strongly 
exothermic reactions, then even the sign of the rate of heating of the reaction sample 
may change under such an effect. Nevertheless. the deviation of the real temperature 
value from the progammed one may be small and - in comparison with the absolute 
value of the temperature - negli+ble_ 

It may be assumed that the suggested method of evaluation of the thermo- 
gravimetric curves will lower the errors in the calculated values of the kinetic para- 
meters because it takes into account also the effects that deform the linearity of the 
heating. 

In addition. the authors are aware that Eqn. (I) has no _general validity* ’ owing 
to the term (I -z’)“. Therefore a more general prosram is in the course of preparation 
where the function xrn (1 --CL)” is employed. Using identical input data as above. the 
same values of kinetic parameters have been obtained (-including n-+1 and nz-*O). 

A procedure of evaluating the kinetic parameters from the thermogravimetric 
curves has been suggested for processes obeyins the relation 

dr 
- = /ix-(I--;r;“exp 
dr 

and that also for cases when the thermal effects of reactions deform the initially 
linear course of the rise of the reaction temperature_ In order to simplify the processing 
of the experimental data accordin ,g to the derived relations, programs have been 
written for the GIER computer. The results of the evaluations of some dehydration 
processes by means of the present algorithm agree entirely with the published values 
obtained by other experimental methods. Moreover, the present method points to 
one of the possible sources of the de\-iation in the data of the kinetic parameters of 
some reactions which appear in the present-day literature_ 
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