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A general integral technique for analyzing the first-order kinetics of temperature- 
programmed thermogravimetry has been developed. The method has been successfully 
applied to calculate the kinetic parameters of the thermal decomposition reaction of 
poly(tetrafluoroethylene). 

Thermogravimetry (TG) is a thermal analysis method that has been broadly 
employed in polymer characterizations. Many attempts have been made to use 
the analytical method for kinetic studies of polymer degradation reactions [1 ]. 
However, the success of such an application depends significantly on the data 
interpretation techniques associated with the specific chemical system being inves- 
tigated. It is apparent that an efficient data reduction technique can drastically 
reduce the task that one may encounter in experimental work. 

In the past decade or so, many efforts have been made in data analysis techniques 
for TG kinetics. The topic has been extensively reviewed elsewhere [1 -3] .  In this 
paper, a general integral technique for the first-order reaction kinetics of temper- 
ature-programmed TG measurements is investigated. The data analysis technique 
is applied to calculate the kinetic parameters of the thermal decomposition reac- 
tion of poly(tetrafluoroethylene), Teflon PTFE, in vacuum [4]. 

Kinetic analysis 

A simple decomposition process in the solid phase can be expressed by the rate 
equation [4 -  7]: 

d~ 
V = - d -T  = k n f ,  (l) 

where the symbols and notations are defined under "Nomenclature"; f is a func- 
tion of a* and n. 

* The definition of c~ adopted in this paper make the data processing clearer, but it should 
be realized that the definition used is the opposite of that normally used. 
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With the simplest case of a first-order reaction where n = 1 , f can  be shown equal 
to e; Eq. 1 becomes 

de 
V = - -dt- = kle .  (2) 

Using numerical methods and computer programming techniques, the differen- 
tial form in Eq. 2 was applied successfully to interpret the T G  kinetics of the 
thermal decomposition process of Teflon PTFE [6]. 

However, Eq. 2 cannot be integrated in a closed form when kl is a function of 
temperature as the situation encountered in a programmed-heating experiment. 
In general, the integral method is handled by series expansions [1, 5] or a graphical 
technique [7 ] involving some degrees of approximations. In this work, the integra- 
tion of Eq. 2 is performed by a numerical method. The results obtained should 
be explicit because the increment of integration can be made as small as desired. 

For a temperature-programmed experiment with a linear heating rate r, Eq. 2 
can be expressed in an integral form as described in Eq. 3 after incorporating in 
it the Arrhenius relation, 

T~ 

- l n e  = - -  exp - dT .  (3) 
r 

rz 

Again, the symbols and notations of Eq. 3 are referred to under "Nomenclature".  
For  simplicity, the following definitions for Q and A are adopted: 

Q = - l n  e, (4) 

and 
T~ 

A = exp - ~  dT.  (5) 

r l  

It  is clear that the variable Q can be derived from the measured quantity and that 
the variable A is the term that cannot be integrated into a closed form. 

In the present studies, Eq. 5 was integrated by a numerical method using a 
trapezoidal formula [8] with a 1K increment in temperature. The integration 
was carried out from absolute zero up to the desired temperatures. Similar calcu- 
lations using an integration interval of 0.01 K showed no significant effect on the 
integrated results of Eq. 5. The results of the numerical integration performed on 
Eq. 5 with various E a values are presented in Fig. 1 in a semi-logarithmic form 
so that a wide range of information can be covered. It is interesting to note that 
for large values of E a or at high temperature, the plots in Fig. 1 are practically 
linear. This fact reduces the tedious work involved in the numerical integration 
operation because only two points are needed to complete the plot under these 
conditions. The plots given in Fig. 1 also are necessary for the subsequent data 
reduction processes. 
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If  an arbitrary and convenient reference point " S "  on a TG curve is taken, the 
derivation given in Eq. 6 can readily be arrived at from Eqs 3, 4 and 5. 

O A 
Q-~ = A--~" (6) 

Although it is simple and straightforward, Eq. 6 is the key to the present data 
reduction technique; it gives a direct correlation between the measurable quantity 
Q/Q,~ and the quantity A/A, that can be obtained only by numerical integrations. 
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Fig. 1. --In A vs. Ea plots at various temperatures 

Some significant points of Eq. 6 are that it is independent of the pre-exponential 
factor Z and the programmed-heating rate r; it depends only on the activation 

Ea. Figure 2 is a plot of In A vs. E a with 500 K as a reference temperature. energy 

The use of the semi-logarithmic scale on the ordinate again is for convenience. 
All calculations in Eqs 4 through 6 were incorporated into a FORTRAN program 
that was processed on a timesharing terminal of a Honeywell Computer Network 
System. 

Applying Eq. 6, the term A/A, at a specific temperature can be calculated from 
the measured quantities as indicated in Eq. 4; the value o r e  a then can be derived 
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from a plot similar to Fig. 2. When Ea is known, A can be readily obtained on 
Fig. 1. When both A and Q are known, Z can be computed using Eq. 3. 

It is important to note that the derivation of  Eq. 6 introduces an additional 
A 

root to the l n ~ .  v s .  E a plots as reflected on the curves in Fig. 2. This results 

from the nature of the exponential function in Eq. 5. If  only one point on the 
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As 
vs. E a plots at various temperatures 

T G  curve is used in the calculations, the two solutions of E a would be confusing. 
After checking several points, it should be clear that one of the two E~ values is 
physically implausible. The logical solution is the lower value. 

Applications 

The integral technique that we have discussed was employed to interpret the 
thermal decomposition kinetic data of Teflon PTFE in vacuum [4]. The same 
data were used previously in the differential technique [6]. In the present calcula- 
tion, two reference temperatures corresponding to approximately 40 and 20 per- 
cent reaction were chosen. The data for the computations were obtained from 
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a smooth curve traced through the original data points. These data and the results 
of  the calculations are summarized in Table 1. There is an excellent agreement 
between the kinetic parameters derived from the two reference temperatures. 
However, the precision of  the pre-exponential factor Z appears to be poor in 
each individual standard temperature chosen. It is understandable that a small 
deviation in the measured activation energy can introduce high deviations in the 
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Fig. 3. TG curves of the thermal decomposition reaction of Teflon PTFE in vacuum 
obtained by various computational methods, as tested by Goldfarb et aL; heating rate = 

----- 5,66 K/min. O, original data points 

Z values as indicated in the data given in Table 1. The values of  both E a and Z 
appear to pass through a minimum near the reference temperature. This may very 
well be a consequence of the computational method used. Because of  the complex 
nature of  Eq. 6s we do not have a convincing explanation of  this phenomenon. 

The average value of  the results in Table 1 is summarized in Table 2 together 
with those obtained by different data analysis techniques for comparison. The 
consistency of  the TG curves as calculated from the parameters given in Table 2 
is displayed in Fig. 3. The agreements of Ea values among the three computa- 
tional techniques are excellent. Although the deviations of  the Z values of  each 
separate calculation are high, the average Z value is consistent with that obtained 
by the differential technique. In fact, the differential technique employed a linear 
regression method that calculates only an average value of the same set of  data [8 ]. 
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Table 2 

Kinetic parameters of the data in 
Table 1 as calculated by various methods 

~ z 
Reference 10 ~ joule/mole 1015/sec 

This work 
Wen and Dole [6] 
Goldfarb et al. [4] 

3.01 -t-0.26 
3.01 + 0.06 

2.90 

9.45 
9.20 

117.0 

It must be noted that Goldfarb e t  al.  calculated the pre-exponential factor 
using the Friedman method [9], which involves several TG curves at different 
heating rates for determining the kinetic parameters at a specific percent of reac- 
tion. The Z value they obtained varies from 1013 to 101S/sec. The result presented 
in Table 2 is the average of the values as derived from 10 to 80 percent weight 
loss [4]. 

Conclusions 

Similar to the differential technique, the integral technique is an explicit method 
for solving an implicit equation like Eq. 3. This technique is unique in the respect 
that only one single temperature-programmed TG curve is needed in the data 
reduction. Even though the calculational processes are tedious, the computer 
programming methods help to relieve most of the burden and allow efficient uses 
of the complex data processing technique. 

The integral technique presented in this work was attempted primarily for TG 
kinetics of a first-order decomposition reaction, although very few simple first- 
order reactions in the solid state have been unequivocally identified. Nevertheless, 
it is readily applicable to other simple order reactions of temperature-programmed 
experiments as long as their reaction orders are known and the percent of reaction 
can be monitored as a function of time. Figure 1 is applicable to all first-order 
reactions, while Fig. 2 can be used for ia first-order reaction only when the tem- 
perature of 500 K is well within the temperature range of the measurements. It is 
clear that plots similar to Figs 1 and 2 can be constructed with a different 
reaction order for a specific problem. 

The publication of this paper is made possible by Honeywell, Inc. 

Nomenclature 

A Eq. 5, K 
A s A value at reference temperature S K 
E a Activation energy of a first-order decomposition reaction, KJ/mole 
Q Eq. 4, dimensionless 
Q~ Q value at reference temperature S K 

J. Thermal  Anal. 10, 1976 
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R Gas constant,  8.318 joule/mole/K 
T Temperature,  K 
T a Lower limit of the integration of Eq. 5, K 
T2 Upper  limit of the integration of Eq. 5, K 
V Ins tantaneous  reaction rate, percent reaction per sec 
Z Pre-exponential  factor of a first-order reaction, sec -1 
f A function of c~ and n 
k n Specific ra te  constant  of reaction order n, see -1 
k 1 First-order specific rate, sec - I  
n Order of reaction, dimensionless 
r Programmed-heat ing rate, K/sec 
t Labora tory  time, sec 
c~ Percent of material  remaining at time t 
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RI~SUM~ -- Mise au point  d 'une technique g6n6rale d ' int6gration pour  l 'analyse des ph6no- 
m~nes de cin6tique du 1 er ordre par  thermogravim6trie en temp6rature programm6e. La  m6- 
rhode a 6t6 appliqu6e avec de bolas r6sultats au calcul des param6tres cin6tiques de la r6action 
de d6composition thermique du polyt6trafluoro6thyl~ue. 

ZUSAMMENITASSUNG - -  Es wurde eine allgemeine Integraltechnik zur Analyse der Kinetik 
erster Ordnung bei temperaturprogrammierter  Thermogravimetrie entwickelt. Diese Methode 
wurde zur Berechnung der kinetischen Parameter  der thermischen Zersetzungsreaktion yon 
Poly(tetrafluoriithylen) mit Erfolg eingesetzt. 

PeBioMe - -  Pa3pa6oTaHa o6ma~i rlHTerpa:ibHaa TeXHHKa ~YlH aHann3a Xm-IeTB.KH IlepBoro 
nop~t~ra TeMnepaTypso-nporpaMMrlpyeMo.~ TepMorpaBHMeTprI~I. MeTO)I 61,1:I ycnemno IipI, I- 
MeDea ~Ji~ Bu~incJIenrla i<mleTi~ieci~x ilapaMeTpoB peaKima TepMa~ecxoro pa3nomenmI nozm- 
TeTpaqbTOp3THJleIla. 
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