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Evaluation of Kinetic Parameters from TVA Data. 
A Computer Simulation Approach 

RODNEY S. ROCHE, Department of Chemistry, The 
University of Calgary, Calgary, AZberta, Canada 

Synopsis 

A simple computer simulation of linear temperature-programmed thermal volatiliza- 
tion analysis (TVA) provides useful insights into the effects of the order of reaction n, 
the Arrhenius preexponential factor A ,  the overall activation energy AE, and the linear 
rate of heating 0 on the position and shape of TVA thermograms. Analysis of the 
numerical results of simulation experiments leads to a method for evaluating AE, A ,  
and n from TVA data. The computer-simulation approach can easily incorporate 
mechanistic complexity. The latter possibility is applied to cases where n and AE are 
changing during the course of reaction, and it is shown that the proposed method gives 
good recovery of AE for such reactions. 

INTRODUCTION 

The use of the dynamic molecular still in kinetic studies of the thermal 
degradation of high polymers was pioneered by Grassie and Melville1 in 
their classical study of the degradation of poly(methy1 methacrylate). 
The principle of the method is the following. If a sample of a polymer is 
heated to degradation temperatures in a continuously evacuated vessel in 
which a liquid nitrogen trap is interposed between the hot reaction zone and 
the pumps, a readily measurable transient pressure will be created by 
those degradation products volatile enough to distil molecularly to the 
liquid nitrogen trap. Up to pressures of the order of 0.1 torr, the transient 
pressure is linearly proportional to  the rate of volatilization. Under iso- 
thermal degradation conditions, therefore, the dynamic molecular still is 
capable of providing the same data as a derivative thermogravimetric 
curve with the added advantage of experimental simplicity. Under a 
linearly programmed temperature regime, the dynamic molecular still 
provides anaIogous data to that obtained by dynamic derivative thermo- 
gravimetric analysis (DDTGA) . 

The latter use of the dynamic molecular still was developed by McNeill*.* 
and has been termed thermal volatilization analysis (TVA) . In a number 
of very careful and elegant studies, M ~ N e i l l ~ - ~  has clearly elucidated the 
factors determining the optimum design of the apparatus for TVA and the 
effect of the experimental variables on the TVA thermograms obtained. 
The analogies between DDTGA and TVA have been recognized for some 
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time, and this has prompted Cameron and Fortune' t o  examine the ap- 
plicability to  TVA data of the methods8 developed for deriving kinetic 
parameters from TGA data. In  this paper, the same question is examined 
using a computer-simulation approach which simplifies the discussion of the 
problem significantly and leads to  a method of evaluating Arrhenius 
parameters from TVA thermograms which obviates the problems associated 
with the need to  calibrate the Pirani gauge and accurately measure rates of 
volatilization. 

COMPUTER SIMULATION OF THE TVA EXPERIMENT 

The TVA experiment is very simply simulated if the linear increase in 
temperature is approximated by a series of equal temperature steps at each 
of which the reaction is assumed to  proceed isothermally. The length of 
time spent at each temperature is defined by ,EIAT, where fi-l is the 
reciprocal of the linear heating rate and AT is the temperature step length. 
In  this way we avoid the problem, which has been the focus of much earlier 
work18 of finding suitable integral approximations to  the TGA equationg: 

where x = -AE/RT and all other symbols have their usual meaning. 
In  the sense that the approach adopted here provides a numerical integral 
approximation to  eq. (l), it is completely analogous to  earlier at- 
tempts to  develop techniques for the evaluation of kinetic parameters from 
TGA and TVA data using eq. (1) or one of its differential variants. 

However, by focusing on the processes occurring in the TVA experiment 
itself, our approach lends itself in a straightforward way to  the inclusion of 
any level of mechanistic complexity in the calculation of TVA thermograms. 
For example, changes in n, the order of reaction, or AE, the overall activa- 
tion energy, as the reaction proceeds, which can conceivably arise in the 
degradation of complex systems such as high molecular weight polymers, 
are very readily programmed into the computer simulation procedure. 

We follow established practice by assuming that a given volatilization 
process is accurately described throughout it's course by the Arrhenius 
equation: 

-d(W/Wo)/dt = A exp ( - A E / R T ) ( W / W ~ ) ~  (2) 

A CDC 6400 computer was programmed, using FORTRAN IV, to 
select n, A ,  AE, and p over a range of values and to  calculate, from eq. (a), 
the rate, in weight per cent volatilized per minute, and W/WO, the residual 
weight fraction at the end of each step, for a series of isothermal reaction 
steps occurring at temperature intervals AT of 0.1"K for equal intervals 
of time given by @-'AT min, where @-I is the reciprocal of the linear heating 
rate and AT is the temperature interval in the simulation. The residual 
weight fraction a t  the end of one step was carried over as the initial weight 
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fraction for the next isothermal reaction step. In  this way, the linearly 
increasing temperature regime of the TVA experiment can be simulated for 
a variety of conditions. 

It has long been recognized in the TGA and DTA fields that data ob- 
tained a t  different heating rates are the best basis for obtaining Arrhenius 
parameters from such experiments.s We have therefore run a large number 
of simulations, systematically varying the linear heating rate p for a range 
of values of n, A ,  and AE, in order to  explore in numerical detail suitable 
approaches to  obtaining kinetic parameters from the TVA experiment. 
We have applied the methods so developed to  a variety of data, and tjhe re- 
sults are reported here. 

A Calcomp plotter was used to  draw TVA thermograms showing the de- 
pendence of shape, amplitude, and position on n, A ,  AE,  and 0. For the 
latter purpose, a 1.O"K step in the simulation program was found to  be 
adequate. A 0.10"K step was used routinely in order to  achieve more 
precision in the numerical experiments. In  order to  minimize computer 
time, we visually located extrema and other features of interest in the 
calculated TVA output. This approach proved to be particularly useful 
in the development of procedures for evaluating kinetic parameters from 
TVA data. The values of T ,  and (W/WO), (the maximum temperature 
and the residual weight fraction at  the maximum of the calculated TVA 
thermogram) were substituted into eq. (3) [cf. eq. (9) of Kissinger'O]: 

(3) 

This equation contains all the variables of interest and provides a good 
check on numerical accuracy. The "residuals" found were of the order 
of 5 x lo-* in most simulation experiments. 

~- AEp An(W/Wo)Mn-l  exp (- AE/RTM) = 0. 
R TMz 

EXPERIMENTAL 

The TVA apparatus used in this laboratory is similar to  that described 
by M ~ N e i l l . ~  Samples for TVA were placed in the dynamic molecular still 
and pumped to  10-4 torr. After establishment of a stable background 
pressure, the temperature-programmed oven (Perkin Elmer F11) was 
switched on and stabilized at, 40"C, in order to  provide a good temperature 
reference point before starting the linear temperature increase. The Pirani 
gauge (Bendix GP001) was coupled to  a CVC Type G1C-111A Ionization 
Gauge Amplifier, the output of which was fed to  a Hewlett Packard re- 
corder Model 7102A. All TVA studies on a given material were per- 
formed a t  linear heating rates of 1,2,3, and 5"C/min. 

RESULTS AND DISCUSSION 

A typical computer-simulated TVA thermogram, illustrating the 
negligible effect on its characteristics of the size of the temperature in- 
crement used in the simulation program, is shown in Figure 1. The effect 
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Fig. 1. Computer-similated TVA thermograms. Effect of increment size in 
simulation program; n = 1, AE = 25 kcal/mole, A = 1OI2 min-', f l  = 5"/min. 
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Fig. 2. Computer-simulated TVA thermograms. Effect of order of reaction; 
AE = 25 kcal/mole, A = 10l2 min-', p = 5"/min. 

of the order of the reaction n on the shape and amplitude of a typical TVA 
thermogram is shown in Figure 2. These curves are similar in shape to 
those reported by Flynn and Wall8* for a different set of Arrhenius param- 
eters and using Doyle'sg integral approximation to eq. (1). One note- 
worthy feature of Figure 2 is that, while the shape and amplitude of the 
TVA thermogram are sensitive to n, the value of T M  is not. Detailed 
numerical analysis revealed that the maximum shift in T,, for a given set of 
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0.48. 

A ,  AE, and p ,  was 3.3"K when the order is varied between n = 0.5 and n = 
2.0 (Table I). 

It is clear from Figures 3 and 4 that, even with dat,a obtained at a 
single heating rate, considerable insight into the volatilization process can 
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Fig. 3. Computer-simulated TVA thermograms. Effect of Arrhenius preexponential 
factor: (a) n = 1, AE = 25 kcal/mole, p = 5"/min; (b) TI = 1, AE = 40 kcal/mole, 
p = 5"/min. 
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Fig. 4. Computer-simulated TVA thermograms. Effect of activation energy; 
n = 1, A = 1012min-1, p = 5"/m' in. 

be gained from an examination of the position and shape of the TVA 
thermogram, without the necessity of calibrating the Pirani gauge used to 
measure transient pressures in the dynamic molecular still. The single 
heating rate experiment is critically dependent on the accurate measure- 
ment of temperature, a measurement which has to be made with some care.3 
For the latter reason, we have not explored in detail the possibility of re- 
trieving Arrhenius parameters from TVA thermograms obtained a t  a single 
fixed value of @ and instead have explored in more detail the use of several @ 
values for such purposes. It is perhaps worth pointing out, however, 
that the width AT,,, a t  half-height is directly proportional to  AE and that 
log AT,,, is inversely proportional to log A .  Thus, given that AT,,, = 
35°C (for n = 1, A = 1012 min-', AE = 25 kcal/mole, and @ = 5" min-') 
and that ( A  log AT1/JA log A) ,  averaged over AE = 25-40 kcal/mole and 
A = 108-1014 min-I, is approximately -0.06, it is possible to set up a single- 
thermograni analysis yielding approximate values for A and AE from data 
obtained at @ = 5" min-I. 

Evaluation of A and AE from TVA Thermograms for "Normal" Reactions 

The advantages of doing experiments a t  a number of different heating 
rates have been pointed out by several authors.8 We have therefore ex- 
plored the effects of @ on TVA thermograms in some detail. The effect 
of increasing @ over a 25-fold range is shown qualitatively in Figure 5. 
It is clear that the sensitivity of the method is increased by increasing P.  
In  the range of values up to @ = 25"C/min, the sensitivity increases ap- 
proximately with However, the choice of /3 should be made with care 
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Fig. 5. Computer-simulated TVA thermograms. Effect of heating rate; n = 1, 
AE = 25 kcal/mole, A = 1012/min. 

in view of the temperature lag of the sample behind the linearly increasing 
temperature of the oven, which becomes quite large a t  high p.3 We have 
observed lags as high as 40°C a t  @ = 25 min-'. Because the observed lag 
is much lower a t  lower /3, heating rates in the range of 1"-5"C are routinely 
used in this laboratory. 

The results of the numerical simulation experiments clearly reveal the 
utility of varying ,f3 in a TVA study of a given system. In  Table I, we 
present in summary form some of the results of simulation experiments in 
which the simulation temperature step was 0.10"K and in which the model 
system is assumed to  behave uniformly, with constant n, A ,  AE,  and p, 
throughout the course of the reaction. We define such a reaction as a 
"normal" reaction. 

In  Table I, attention is focused on the behavior of the maximum of 
the TVA thermogram. A number of useful features of the behavior of the 
TVA experiment are revealed by these results. The exact linearity of the 
plot of In p versus TM-l0K over a 210-fold range of p values, the slope of 
which is proportional to AE, provides the basis for a method for evaluating 
the latter parameter from TVA experiments conducted a t  a number of 
different heating rates. For all values of A and AE examined, the results 
of Table I reveal that the slope of In /3 versus !!',-'OK plots are virtually 
independent of the order of reaction and lie within 0.2% of the values 
averaged over n = 0.5 to  2.0 for a given set of A and AE values within the 
ranges of A = 1010-1016 min-I and AE = 25-65 kcal/mole. 

Within the precision of the numerical procedures used here, it is reason- 
able to  further conclude, from the results presented in Table I, that the 
plot of the slope of In @ versus TM-l ,  A In @/A(T,-')  versus AE is also 
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TABLE I1 
Values of [Aloglo A/A(TU-')] X lo5 from Computer-Simulated TVA Data in 

the Temperature Range of 200-1000°Ka 

A E  n p = 0.1 p = 0.6 p = 1.1 p = 1.6 p = 2.1 p = 21 

0.5 
25 1 .o 

2.0 
0.5 

35 1.0 
2.0 
0 .5  

45 1 .o 
2 .0  
0.5 

55 1 .o 
2.0 
0.5 

65 1.0 
2.0 

5.780 
5.807 
5.817 
8.084 
8.127 
8.139 

10.395 
10.445 
10.457 
12.652 
12.708 
12.721 
14.921 
14.960 

5.793 5.802 
5.809 
5.845 

8,110 8.117 
8.196 
8.174 

10.423 10.433 
10.438 
10.452 

12.692 12.696 
12.703 
12.718 

14.936 14.959 
14.968 

5.805 5.808 
5.869 
5.820 

8.126 8.126 
8.164 
8.146 

10.437 10.441 
10.490 
10.466 

12.709 12.712 
12.761 

14.978 

8.168 

10.487 

12.728 

14.933 

a Derived in the range of A = 1010-1016 min-l. 

linear. The slope of the latter plot, A In P/A(TM-')AE, is not very sensitive 
to  A over the range of A = 1010-1016 min-l. All values of A In p/(TM-l)AE 
lie within 2% of the global average of 5.313 X 102. We can, therefore, 
propose a method for determining AE which is dependent only on accurately 
determining the maximum temperature TM of TVA thermograms run at 
several different p values. The value of AE can be read off a plot of Aln P/ 
ATM-l versus AE using the appropriate values given in Table I. 

The noteworthy feature of this method is that accurate measurement of 
the rate of volatilization a t  TM which, as Cameron and Fortune' have 
pointed out requires careful calibration of the Pirani gauge, is not required. 
The method described here is applicable, perhaps with reduced accuracy, 
even in the nonlinear part of the Pirani response curve because this non- 
linearity will only have the effect of flattening the maximum of the TVA 
thermogram. Clearly, because of the need for the highest accuracy in 
locating T M ,  it is preferable to operate in the linear range of the Pirani 
gauge. 

For a given value of AE, 
our results indicate that the plot of loglo A versus TM-l is linear, the slope of 
which is not very sensitive to P or n. The results presented in Table I1 can 
be used to evaluate A once a value for AE has been established using the 
method described above. 

The evaluation of A is also straightforward. 

Evaluation of AE for Complex Reactions 

So far in this discussion of the results of our simulation experiments, we 
have emphasized the behavior of the extremum of the TVA thermogram 
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TABLE IVa 
Results of Simulation of TVA Experiment with Changing Activation Energy8 

P TM,  OK (w/w@)M 
1 590 0.543 
2 602 0.548 
5 620 0.544 

10 634 0.544 

a A E ~ ~  = 35 + 5[1 - (W/Wo)]; n = 1 ;  A = 1012min-1; AT = l.O°K in simulation 
program. A E ~ ~  is the input value for AE to the simulation program. 

and have proposed a method for evaluating A and AE which relies on locat- 
ing T,. It is trivial to demonstrate, for what we have defined as "normal" 
reactions, that A and AE values are recoverable from the In 0-versus-T-' 
plot a t  all values of W/WO. The TVA study of complex systems in which n 
and AE are changing throughout the course of the reaction requires equally 
reliable methods for evaluating n, A ,  and AE. The computer-simulation 
approach is particularly useful for dealing with complex systems. All that 
is required is a minor modification of the simulation program which sys- 
tematically modifies either n or AE as a function of [l - (W/Wo)],  the 
extent of reaction. 

We have chosen to vary n or AE linearly with the extent of reaction in 
order to evaluate the In 0-versus-T-' method for recovering the input-AE 
value. The results of such a simulation are presented in Table I11 for the 
case where the order of the reaction changes from 0.5 to 1.0 as the reaction 
proceeds. It is clear from the 
results of Table I11 that the In p-versus-T,-l method is applicable in situa- 
tions where the order of the reaction is changing as the reaction proceeds. 
It is also clear that the simulation technique can provide a predictive basis 
for a TVA study designed to confirm a complex volatilization mechanism 
that may be suggested by the results of other experimental approaches. 

We have also tested the In P-versus-T-' method for the situation in 
which the activation energy AE increases as the reaction proceeds. The 
results of such a test are presented in Tables IVa and IVb. The In p- 
versus-T-' method is therefore shown to be reliable for two typical complex 
situations. It is clear from Table IVb, however, that if the TVA maximum 
method is used, only the AE a t  the maximum is obtained. Although this 
value will be reliable, it can in no way reveal the complexity of the reaction 
if AE is changing during the course of the reaction. I t  is therefore neces- 
sary to apply the general In P-versus-T-' method a t  various extents of 
reaction in order to detect complexity in AE. In  practice, this requires 
either complementary TGA data or, a t  least, the experimental verification 
that the Pirani response is linear. If the latter condition is met and the 
composition of the volatile phase does not change appreciably during the 
course of the reaction, then it is possible to assess quite accurately the value 
of [I - (W/Wo)] from the integration of the TVA thermogram using 
standard techniques and hence AE as a function of conversion (Table IVb). 

In  this case, n = 0.5 + 0.5[1 - (W/Wo)]. 
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TABLE IVb 
Recovery of AE by In p-Versus-T-l Method for the Simulation Experiment of 

Table IVa at Various Extents of Reaction 

1 - (W/%) AEIN AEOUT 

0 . 1  
0 . 2  
0 . 3  
0 . 4  
0 .  4558 
0 .5  
0 . 6  
0 . 7  
0 .8  
0 . 9  
1 .o 

35.50 
36.00 
36.50 
37.00 
37.276 
37.50 
38.00 
38.50 
39.00 
39.50 
40.00 

35.37 
36.20 
36.47 
37.16 
37.10 
37.49 
38.02 
38.30 
39.29 
39.40 

The Evaluation of the Order of Reaction n 
Because the position of the TVA thermogram on the temperature axis is 

not sensitive to  the order of the reaction (Fig. 2; Tables I and lI), we cannot 
derive a value for n from TM measurements. It is obvious from Figure 2, 
however, that the shape of a given thermogram is fairly sensitive to  the 
order of the reaction. In  this connection, the analogy to  DTA thermo- 
grams is clear, and the shape index defined by Kissinger for DTA data is 
applicab,lc to  TVA as well. However, the residual weight fraction at the 
maximum, (WIW,),, is a more sensitive index of n for "normal" reactions 
(see Table I). The average values for this quantity, ((W/W,),), are fully 
consistent with the earlier observations of Kissinger,'O Horowitz and 
Metzger," and, more recently, of Gyulai and Greenhow.'2 Perhaps the 
best experimental approach to  evaluation of n is to use a combination of 
methods* with TVA as an adjunct providing a sensitive and accurate local- 
ization of T,. 

It is clear from the results of Tables 111 and IV that the (W/W,), 
method is misleading for complex reactions, and more detailed analysis 
would be required in order to  properly define n in such cases. 

Application of the In p-Versus-T,-' Method 

There is a dearth of published data for reactions conducted a t  various 
heating rates. The data of Kissinger on the DTA of magnesite, calcite, and 
brucite are presented in such a way that the method proposed here can be 
directly compared with his method. Kissinger reports three sets of TM 
data a t  five values of p. We have found that his data give reasonably good 
h e a r  In P-versus-TM-loK plots which thus indicate that his temperature 
measurements are accurate. From the slopes of these plots, we evaluated 
A E  for each compound using the data of Table I. We compare the results 
of our method for AE with those reported by Kissinger in Table V. The 



3568 ROCHE 

TABLE V 
Results of In p-Versus-TM-l'K Method Applied to Kissinger's'O DTA Data 

AE, kcal/mole 

Kissinger's method Our method 

Magnesite 
Calcite 
Brucite 

32.4 
43.7 
31.4 

34.72 
43.92 
34.42 

TABLE VI 
AE Values Obtained from TVA Compared with Literature Values 

AE, kcal/mole 
~~ ~~ 

Sample This work Literature values 

Polyformaldehyde (Delrin) 40.4 20-52lS 
Poly(methy1 methacrylate) 29.7 29.5-52 '3 
Polystyrene (MW 863,000) 56.8 5518 
CaCzO .HzO (dehydration) 18.5 20.211 

agreement between the two methods is satisfactory and illustrates the 
applicability of the In @-versus-T,-' method to DTA as well. 

In  Table VI, we summarize the results of a number of TVA studies con- 
ducted in this laboratory and compare the values obtained for AE by the 
In @-versus-T,-'O K method with literature values. The comparisons 
presented in Table VI do not, of course, provide a very reliable check on our 
method, but the results obtained with well-characterized samples such as 
calcium oxalate suggest that it is valid. 

CONCLUSIONS 

The insights into the potentialities of the TVA method provided by the 
computer-simulation results presented here prompt us to suggest that the 
TVA technique could be more widely exploited than it is a t  present. The 
analogy between DTG and TVA is complete, the latter method having the 
marked advantage of being a direct differential method. 

The exact linearity of In @ versus T,-l"K, or T-l"K at a given extent of 
reaction, provides a basis for evaluating AE in a straightforward way for 
reactions of any complexity. Similarly, the linearity of In A versus T,-l0K 
for a given AE and 0 provides the basis for evaluating A once AE has been 
established. 

The determination of the order of reaction is less straightforward when 
the reaction is complex, and in such cases recourse to  complementary meth- 
ods such as isothermal TGA is advisable. The latter comments notwith- 
standing, the widely ignored diagnostic value of (W/Wo)M10.11*12 provides a 
simple and direct evaluation of n for "normal" reactions. The simplicity of 
the computer simulation technique outlined here allows the prediction of 
the TVA characteristics of reactions involving any level of mechanistic 
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complexity in a straightforward way. For the latter reason, the TVA 
technique has a largely unexploited potential for the evaluation of the 
Arrhenius parameters of polymer degradation reactions. 
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