
Introduction

Under non-isothermal conditions, with a linear re-

gime of temperature increase in time (�=dT/dt=const.,

where � is the heating rate, T – the temperature, and

t – the time), for a heterogeneous solid-gas reaction,

occurring in a single step, the reaction rate is ex-

pressed by the known general equation:
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where � is the conversion degree, A is the pre-expo-

nential factor, E is the activation energy. f(�) is the dif-

ferential conversion function and R is the gas constant.

The use of Eq. (1) supposes that the kinetic trip-

let (E, A, f(�)) describes the time evolution of a physi-

cal or chemical change. Starting from this equation,

various methods of the kinetic triplet evaluation were

developed. Some relative recent papers [1–14] con-

tain critical analyses of these methods.

Still from 1977, Criado and Morales [15] shown

that an � vs. T curve, recorded at a certain heating

rate, may be relatively correctly described by several

kinetic models (expressions of f(�)). In many cases

[7, 15–24] large differences can be noted among the

activation parameters derived from each kinetic

model. For a single � vs. T curve, the values of the ac-

tivation parameters, obtained for various analytical

forms of f(�), are correlated through the relation of

the apparent compensation effect (CE):

lnA=a+bE (2)

where a and b are constant parameters (compensation

effect parameters).

According to Vyazovkin and Linert [19], Eq. (2)

corresponds to a ‘false’ (artificial) compensation effect.

The literature data discussed in this paper show that

such of CE is inherent to non-isothermal data alone.

Both a and b depend on the heating rate and the

considered set of the conversion functions [20–27].

Starting with these observations, Lesnikovich

and Levchik [28, 29] suggested the invariant kinetic

parameters method (IKP method), which can be used

for the evaluation of the kinetic triplet from non-iso-

thermal data recorded at several heating rates. IKP

method is based on the ‘supercorrelation’ relation-

ship, according to which the CE parameters are corre-

lated by equation:

a�=lnAinv–b�Einv (3)

where the index � refers to the heating rate and Einv

and Ainv are the invariant activation parameters.

In comparison with other methods for evaluation

of kinetic parameters from non-isothermal data, the

IKP method involves many calculations. This could

explain why this method is rarely used. However, the
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IKP method is the single one that associated with the

criterion of independence of kinetic parameters on

heating rate [30], can be used for finding the true ki-

netic model without their choice from a pre-estab-

lished set of f(�) [14]. This very important advantage

determines us to investigate the following problems

concerning the relations that ground the IKP method:

• the cause of the existence of CE for non-isothermal

data and the physical meaning of CE parameters

• the explanation of the dependence of CE parame-

ters on the heating rate, and the considered set of

kinetic models

Nicolaev et al. [31] explained the existence of CE

for a number of chemical reactions taking place in

non-isothermal conditions, starting from the Kissinger

condition of the reaction rate maximum [32] (Kissinger

law). It was pointed out that a and b parameters depend

on both the heating rate and the temperature corre-

sponding to the maximum reaction rate (Tm).

Recently, Mianowski [33] discussed the case of

the apparent CE that arises when varying the reaction

model. Using the Kissinger law, Mianowski [33]

showed that lnA and E are correlated through relation-

ship (2) when �m= –([dlnf(�m)/d�m]
1 (the index m
refers to the maximum reaction rate). For this case,

the following relations of a and b were derived:
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which show that CE parameters depend on the heat-

ing rate, directly by � and indirectly by Tm.

In this paper, starting with Kissinger law, the va-

lidity of apparent compensation effect relationship for

the main kinetic models characteristic for heteroge-

neous processes (reaction order models (Fn),

Avrami–Erofeev models (An), diffusion models

(Dn)) will be discussed. Two new relations of de-

pendence of the CE parameters on � will be derived.

It will be put in evidence the importance of the correct

choice of the set of the kinetic models when IKP

method is used for the evaluation of non-isothermal

kinetic parameters. The theoretical results will be

checked and discussed for three sets of non-isother-

mal data, namely (a) TG simulated data for a single

first order reaction; (b) TG data for PVC degradation;

(c) TG data for dehydration of CaC2O4�H2O.

Theoretical part

The Kissinger law [32] comes from the following

condition of maximum of the reaction rate:
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Applying this condition for the rate equation

(Eq. (1)), we obtain:

ln ln – lnA
E

RT

E

RT
� �

�
�

m

2 m

m

(7)

which is the logarithmic form of the Kissinger law. In

this equation:
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Mianowski [32] pointed out that �m depends on

the kinetic model (Table 1 [30] lists the expressions

of the main differential and integral conversion func-

tions operating in the heterogeneous reactions). For

E/RTm��, it was obtained that �m�1 for Fn and An

kinetic models, and �m�1 for the diffusion kinetic

models (Dn). Consequently, only for Fn and An mod-

els ln�m=0 and the Eq. (7) becomes:

ln lnA
E

RT RT
E� �
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m

2
m

1
(9)

The last equation was also derived by

Nicolaev et al. [31] assuming that the main reaction

occurs around Tm, f(�)=(1–�)n and E/RTm��.

It results that, for a certain heating rate, CE rela-

tionship (Eq. (2)) is checked only for Fn and An ki-

netic models and is not valid for Dn kinetic models.

The dependence of �m on the diffusion model sug-

gests writing the Eq. (7) as:
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(10)

Consequently, for Dn kinetic models, CE rela-

tionship is:

lnAD=lnA+ln�m=a*+b*E (11)

In the above discussion the limit case E/RTm��
was considered. But in the real cases of the heteroge-

neous non-isothermal reactions E/RTm has finite val-

ues (frequently, E/RTm�20). For evaluation of the de-

pendence of ln�m on E/RTm, the following relation de-

rived by Gao et al. [34] will be used:

1
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is the integral conversion function for �=�m.
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This relation is valid for all kinetic models de-

scribing the non-isothermal heterogeneous processes,

excepting D1 model for which �m=1 and �m=0.5.

For each kinetic model, the calculated depend-

ence of �m on E/RTm was used to evaluate the ln�m vs.
E/RTm. Figures 1 and 2 show these dependencies for

some kinetic models.

For Fn and An kinetic models, ln�m�0 when

E/RTm��, and when E/RTm�20, �ln�m�is lower than

the usual errors of lnA evaluation. Consequently, for

these kinetic models, the relation (9) explains the ex-

istence of the apparent compensation effect due to the

change of the conversion function.

On the other hand, for the diffusion kinetic mod-

els D2, D3 and D4, ln�m increases asymptotically to a

constant value (Fig. 2) that is specific for each kinetic

model. For the range of �m determined by

Gao et al. [34], the ln�m values corresponding to D2,

D3 and D4 kinetic models are practically constant

(ln ( )� m D2 = 0.649�0.002; ln ( )� m D3 = 2.296�0.082;

ln ( )� m D4 = 2.231�0.047). Therefore, for these ki-

netic models and a given heating rate, lnAD�lnA+ln�m

vs. E is a straight line.

These theoretical results explain the following

statements put in evidence when IKP method was ap-
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Fig. 1 Curves ln�m vs. E/RTm for the kinetic models R2, F1,

F1.5, A2 and A4

Table 1 Expressions for f(�) and g(�) functions for the most common mechanisms operating in the heterogeneous reactions [31]

Mechanism Symbol f(�) g(�)*

Reaction order model Fn** (1–�)n

–ln(1–�), for n=1
1 1

1

–( – )

–

� (–n 1)�

�n
, for n�1

Random nucleation and growth of nuclei
(Avrami–Erofeev equation)

An n(1–�)[–ln(1–�)](1–1/n) [–ln(1–�)]1/n

One-dimensional diffusion (parabolic law) D1
1

2�
�2

Two-dimensional diffusion
(bidimensional particle shape)

D2
1

1[–ln( – )]� (1–�)ln(1–�)+�

Three-dimensional diffusion
(tridimensional particle shape)
Jander equation

D3
3 1

2 1 1

2 3

2 3

( – )

[ –( – ) ]

/

/
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� [1–(1–�)1/3]2

Three-dimensional diffusion
(tridimensional particle shape)
Ginstein–Brouhnstein equation

D4

3
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is the integral conversion function, **n=1/2 corresponds to phase boundary controlled reaction (contracting area,

i.e. bidimensional shape) (R2 model) and n=2/3 – to phase boundary controlled reaction (contracting volume, i.e. tridimensional

shape) (R3 model)

Fig. 2 Curves ln�m vs. E/RTm for the kinetic diffusion models

D2, D3 and D4



plied for simulated data [14, 26] and for PVC non-iso-

thermal degradation [27]:

• the standard deviations of a and b values are mini-

mal for the sets consisting from Fn and/or An ki-

netic models

• the including of Dn kinetic models into a set con-

taining Fn and/or An kinetic models determines the

increase of the standard deviations of a and b pa-

rameters

• for the set Dn, the standard deviations of Einv and

lnAinv are significantly higher than those corre-

sponding to other sets of kinetic models, which do

not contain Dn kinetic models

The following expressions of CE parameters re-

sults from Eqs (2) and (9):
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where the average values of (1/E) and lnE are evalu-

ated for the considered Fn and An kinetic models. As

it will be shown below for some non-isothermal data,

the standard deviations of lnE and ( / )1 E are relatively

low in comparison with a and b values, respectively.

Table 2 lists the values of
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corresponding to some kinetic models and some values

of E/RTm. One can note that, for all kinetic models, an

increase of E/RTm determines the increase of �a and

�b–1 (for E/RTm��, �a �0 and �b–1 �0). For

the kinetic models Fn and An and E/RTm�20 (the most

frequently cases), the values of �a are in the range of

the errors in a evaluation, and the introduction of �b
factor in relation (13) does not lead to a significant

change of b values. Therefore, we will consider the fol-

lowing approximate relations of a and b:

a E RT
 �ln ln – ln –� m

2 1 (15)

b
RT E
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1 1

m

(16)

In comparison with the relations derived by

Mianowski (Eqs (4) and (5)), these expressions of a
and b contain some supplementary terms.
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Table 2 The values of �a={ln�m–(E/RTm)(dln�m)/[d(E/RTm)]} and �b={1–(dln�m)/[d(E/RTm)]} corresponding to some kinetic
models and three values of E/RTm

Kinetic model
E/RTm=10 E/RTm=20 E/RTm=30

�a �b �a �b �a �b

R2 –0.2059 0.9899 –0.1040 0.9974 –0.0684 0.9999

R3 –0.1337 0.9935 –0.0685 0.9983 –0.0452 0.9992

F1 0 1 0 1 0 1

F1.5 0.1783 1.0083 0.0965 1.0024 0.0650 1.0011

A2 –0.3449 0.9826 –0.1647 0.9958 –0.1062 0.9982

A3 –0.4033 0.9797 –0.1939 0.9950 –0.1253 0.9979

A4 –0.4231 0.9787 –0.2040 0.9948 –0.1319 0.9978

D1 –0.6931 1 –0.6931 1 –0.6931 1

D2 1.0515 1.0259 0.7480 1.0037 0.6888 1.0012

D3 3.3058 1.0596 2.6498 1.0125 2.4676 1.0048

D4 2.8466 1.0379 2.4166 1.0069 2.3127 1.0025



Applications

The theoretical results will be checked and discussed

for three sets of non-isothermal data, namely (a) TG

simulated data for a single first order reaction; (b) TG

data for PVC degradation; (c) TG data for dehydra-

tion of CaC2O4�H2O.

For each set of non-isothermal data, the compen-

sation effect parameters a and b (Eq. (2)) and a* and

b* (Eq. (11)) were evaluated from the parameters of

the straight lines lnA vs. E and (lnA+ln�m) vs. E, re-

spectively. In these calculations we will consider the

following sets of the kinetic models: Fn+An; Dnt (D1,

D2, D3 and D4); Dn (D2, D3 and D4); Fn+Dn+Dnt;

Fn+An+Dn. For evaluation of a* and b* (Eq. (11)) we

will consider that ln�m
0 for Fn and An kinetic mod-

els and ln�m(D1)= –0.693; ln ( )� m D2 =0.649;

ln ( )� m D3 =2.296; ln ( )� m D4 =2.231.

The correctness of the relations (15) and (16)

will be checked by comparing the values of a and b
calculated using these relations with those determined

from the parameters of the straight lines lnA vs. E
plotted for the set Fn+An.

The invariant activation parameters will be eval-

uated by IKP method applied for the parameters of the

straight lines lnA vs. E and lnAD vs. E, and the CE pa-

rameters calculated using Eqs (15) and (16).

Simulated TG curves for a single reaction

The non-isothermal simulated data, which unlike the

experimental data are not affected by noises, were an-

alyzed. The simulated data for f(�)=1–�,

E=167 kJ mol–1, A=1.6�106 s–1 and the heating rates 2,

5, 10 and 15 K min–1 were calculated by Perez-

Maqueda et al. [30] through numeric integration of

the reaction rate equation, using Runge–Kutta proce-

dure in the Mathcad software with an error in calcula-

tion lower than 10–5%.

For the application of the IKP method, the fol-

lowing functions of conversion were used: Fn for

n=1/2 (R2 model), 2/3 (R3 model), 0.8, 1.2, 1.5 and 2;

An for n=1.5, 2.0, 2.5, 3.0 and 4.0; and Dn for n=1, 2,

3 and 4. The evaluation of the activation parameters

corresponding to each conversion function and heat-

ing rate was performed by the differential method

(method D) based on Eq. (1) written in the form:

ln – ln ( ) ln –�
�

�
d

dT
f A

E

RT
� (17)

The plots ln�(d�/dT)–lnf(�) vs. (1/T) for a given

analytical form of f(�) should be a straight line whose

parameters are lnA and (–E/R).

In Figs 3a and b the curves lnA vs. E and

(lnA+ln�m) vs. E for �=2 K min–1 are shown. Similar

curves were obtained for all heating rates. The inspec-

tion of these curves shows: (1) for Fn and An kinetic

models that exhibit ln�m
0, lnA vs. E is a straight line;

(2) the plots lnA vs. E for Dn kinetic models are not on

the straight line corresponding to Fn+An kinetic mod-

els; (3) (lnA+ln�m) vs. E is a straight line for Dn ki-

netic models with parameters different than those for

Fn+An kinetic models. These results are in agreement

with our theoretical considerations according to

which: (1) for Fn+An kinetic models lnA vs. E is a

straight line, while for Dn kinetic models a straight

line is obtained only for (lnA+ln�m) vs. E; (2) the de-

pendence of ln�m on the diffusion kinetic model ex-

plains why the parameters of the (lnA+ln�m) vs. E
straight lines corresponding to Fn+An kinetic models

and Dn kinetic models have different values.

The values of the CE parameters a and b (from

Eq. (2)) and a* and b* (from Eq. (11)) are listed in Ta-

bles 3 and 4, respectively. The inspection of these Ta-

bles shows that: (1) the standard deviations of a and b
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Table 3 Values of the compensation effect parameters a and b (Eq. (2)) for the TG simulated data and the considered sets of
the kinetic models

�/
K min–1

Set Fn+An Set Dnt Set Dn

–a b r –a b r –a b r

2 8.57�0.05 0.1370�0.0003 1 5.79�1.62 0.1159�0.0068 0.9966 5.68�4.64 0.1154�0.0181 0.9880

5 7.73�0.05 0.1319�0.0003 1 4.93�1.62 0.1108�0.0068 0.9963 4.88�4.64 0.1105�0.0179 0.9871

10 7.09�0.05 0.1281�0.0003 1 4.45�1.60 0.1072�0.0067 0.9961 4.22�4.59 0.1067�0.0179 0.9862

15 6.71�0.05 0.1259�0.0003 1 3.93�1.62 0.1047�0.0068 0.9958 3.93�4.53 0.1047�0.0177 0.9860

�/
K min–1

Set Fn+An+Dnt Set Fn+An+Dn

–a b r –a b r

2 7.89�0.49 0.1292�0.0028 0.9968 7.88�0.51 0.1292�0.0029 0.9968

5 7.05�0.49 0.1241�0.0028 0.9965 7.04�0.51 0.1242�0.0029 0.9965

10 6.42�0.49 0.1203�0.0028 0.9963 6.41�0.51 0.1204�0.0029 0.9963

15 6.06�0.49 0.1182�0.0028 0.9962 6.05�0.51 0.1182�0.0029 0.9962



are minimal for the set Fn+An; (2) for the set Fn+An,

r exhibits the nearest value to 1; (3) the including of

Dn kinetic models into the set containing Fn+An ki-

netic models determines the increase of the standard

deviations of a and b, and the decrease of r; (4) for the

sets Dnt and Dn, the standard deviations of a and b are

higher than for a* and b*. These results are also in

agreement with our theoretical considerations.

If a and b and a* and b* respectively, are corre-

lated by a supercorrelation relation (Eq. (3)), one ob-

tains the values of the invariant activation parameters

listed in Table 5. One notes that all Einv values are in

good agreement with the E value for which the simu-

lation was performed. As was expected, the Einv and

lnAinv values closest to those used for simulations

were obtained for the set Fn+An.

Table 6 lists the values of the CE parameters calcu-

lated using the relationships (15) and (16). Taking into

account the approximations used in the derivation of

these relationships, the calculated values of a and b are

in good agreement with those listed in Table 3 for the set

Fn+An. The introduction of these calculated values of a
and b in the supercorrelation relationship (Eq. (3)) leads

to the following values of the invariant parameters:

Einv=172.3(�4.2) kJ mol–1; lnAinv(s
–1)=15.49�(0.56)

with r = –0.9994. The small differences among these last

values could be explain by the approximations used in

the derivation of relations (15) and (16).

The dehydrochlorination of PVC

Powdered samples of PVC were obtained through

mini-emulsion polymerization in the laboratory of

ICECHIM (Bucharest, Romania). The polymer had

an average molecular mass of 172.000 and a number

average of 64.000. The TG and DTG curves were re-

corded on DuPont 1090 equipment, in static air atmo-

sphere, using open aluminum crucibles. The TG and

DTG curves obtained at the heating rates of 2, 3, 4, 5

and 10 K min–1 were reported in a previous pa-

per [35]. The results reported in another previous pa-

per [27] dedicated to the application of IKP method

for the evaluation of the kinetic parameters corre-

sponding to this kind of PVC will be used to check the

theoretical results from the actual work. Like in the

previous paper [27], for application of IKP method,

the following conversion functions are considered: Fn
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Table 4 Values of the compensation effect parameters a* and b* (Eq. (11)) for the TG simulated data and the considered sets
of the kinetic models

�/K min–1
Set Dnt Set Dn

–a b r –a b r

2 11.25�0.52 0.1439�0.0022 0.9998 9.96�0.12 0.1390�0.0005 1

5 10.41�0.54 0.1389�0.0022 0.9997 9.10�0.13 0.1339�0.0005 1

10 9.75�0.51 0.1350�0.0021 0.9998 8.48�0.12 0.1301�0.0005 1

15 9.40�0.55 0.1328�0.0023 0.9997 8.07�0.13 0.1278�0.0005 1

�/K min–1
Set Fn+An+Dnt Set Fn+An+Dn

–a b r –a b r

2 8.42�0.25 0.1343�0.0014 0.9992 8.37�0.17 0.1345�0.0010 0.9997

5 7.58�0.25 0.1293�0.0014 0.9991 7.53�0.17 0.1295�0.0010 0.9996

10 6.94�0.25 0.1255�0.0014 0.9991 6.89�0.17 0.1257�0.0010 0.9996

15 6.57�0.25 0.1232�0.0014 0.9991 6.52�0.17 0.1235�0.0010 0.9996

Fig. 3 The dependencies a – lnA vs. E and b – (lnA+ln�m) vs.

E for TG simulated data and �=2 K min–1



for n=1, 1.2, 1.4, 1.6, 1.8, 2, 2.2, 2.4 and 2.6; An for

n=0.5 and 1.5; Dn for n=1, 2, 3 and 4. The evaluation

of the activation parameters corresponding to each

conversion function and heating rate was performed

by D method based on Eq. (17) and for 0.05���0.70

(in this range of �, E is constant (
104 kJ mol–1)).

In Figs 4a and b the curves lnA vs. E and

(lnA+ln�m) vs. E for �=4 K min–1 are shown. Similar

curves were obtained for all heating rates. The inspec-

tion of these curves leads to observations similar with

those mentioned at the analysis of the TG simulated

data.

By applying the procedures used for analysis of

simulated data, the values of the invariant activation

parameters listed in Table 7 were obtained.

One notes that: (1) the relative errors of Einv is

lower than 10% only for the sets Fn+An , Fn+An+Dnt

and Fn+An+Dn (the last two sets only for the

supercorrelation of a* and b*); (2) the maximum value

of r was obtained for the set Fn+An; (3) for the sets

Dnt and Dn, both plots a vs. b and a* vs. b* are not lin-

ear; (4) taking into account the standard deviations of

lnE and ( / )1 E , and the approximations used in the deri-

vation of these relations (15) and (16), the calculated

values Einv and lnAinv are in a satisfactory agreement

with those corresponding to Fn+An kinetic models.

Dehydration of CaC2O4�H2O

Although the IKP method can be applied only if the

activation energy is independent on �, in a series of

works, from which we mention [20–23], this method

was used without previous evaluation of the depend-

ence E vs. conversion degree. In this paper, we want

to put in evidence the effect of the set of kinetic mod-

els on the values of the invariant activation parame-

ters in the case of CaC2O4�H2O dehydration that ex-

hibit a strong dependence of E on �.

The TG curves corresponding to the dehydration

of CaC2O4�H2O at the heating rates 0.987, 2.353,

4.988 and 9.573 K min–1 were reported in [36]. In a

previous paper [6], it was obtained that E evaluated

by isoconversional differential method suggested by

Friedman [37] decreases from 134.8 kJ mol–1 for

�=0.1 to 66.0 kJ mol–1 for �=0.9.

For application of the IKP method the following

conversion functions were used: Fn for n=1/2
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Table 5 Invariant activation parameters for the considered sets of conversion functions (TG simulated data)

Set of
conversion
functions

a�=lnAinv–b�Einv ��*=lnAinv+ln�m–b�*Einv

lnAinv/s
–1 Einv/kJ mol–1

–r lnAinv+ln�m Einv/kJ mol–1
–r

Fn+An 14.30�0.02 167.0�0.1 1 14.30�0.02 167.0�0.1 1

Dnt
14.48�0.14 166.4�1.2 0.9999 12.87�0.08 167.6�0.6 1

Dn 13.26�0.18 164.0�1.6 0.9999 13.38�0.09 167.9�0.7 1

Fn+An+Dnt
13.65�0.08 166.8�0.1 1 14.02�0.01 167.0�0.1 1

Fn+An+Dn 13.67�0.00 166.8�0.00 1 14.10�0.01 167.0�0.1 1

Table 6 The calculated values of a and b for TG simulated data

�/K min–1 Tm/K lnE/J mol–1
1/E/mol kJ–1 –a/s–1 b/mol kJ–1

2 937.6 11.6�0.7 0.0115�0.0086 8.61 0.1398

5 974.2 11.6�0.7 0.0115�0.0087 7.77 0.1351

10 1003.1 11.6�0.7 0.0116�0.0088 7.14 0.1316

15 1024.6 11.6�0.7 0.0116�0.0089 6.78 0.1291

Table 7 Invariant activation parameters for the considered sets of conversion functions (PVC non-isothermal degradation)

Set of
conversion
functions

a�=lnAinv–b�Einv a�*=lnAinv+ln�m–b�*Einv

a and b calculated using
Eqs (15) and (16)

lnAinv/s
–1 Einv/kJ mol–1

–r lnAinv+ln�m Einv/kJ mol–1
–r lnAinv/s

–1 Einv/kJ mol–1
–r

Fn+An 16.34�1.41 98.4�6.2 0.9942 16.34�1.41 98.4�6.2 0.9942

Dnt
23.46�6.91 114.5�35.8 0.8792 13.89�4.59 110.0�18.2 0.9613 17.22�0.59 101.6�2.6 0.9990

Dn 23.47�6.58 113.2�34.3 0.8854 14.80�3.64 106.0�15.0 0.9711

Fn+An+Dnt
17.21�2.50 98.8�11.4 0.9804 16.89�1.67 99.8�7.4 0.9918

Fn+An+Dn 17.19�2.42 98.6�11.1 0.9816 16.85�1.50 99.5�6.7 0.9934



(R2 model), 2/3 (R3 model) and 1; An for n= 0.5, 1.5,

2.0, 2.5, 3.0 and 4.0; and Dn for n=1, 2, 3 and 4. The

evaluation of the activation parameters corresponding

to each heating rate and conversion function was per-

formed by the Coats–Redfern method [38] that is

based on the relation:

ln
( )

ln –
g

T

AR

E

E

RT

�

�2
� (18)

The plots [lng(�)]/T 2 vs. (1/T) for a given analyt-

ical form of g(�) should be a straight line from whose

parameters E and lnA are evaluated. The range of �
was 0.1���0.9.

In Figs 5a and b the curves lnA vs. E and

(lnA+ln�m) vs. E for �=2.353 K min–1 are shown. Sim-

ilar curves were obtained for all heating rates. The in-

spection of these curves leads to observations similar

with those mentioned at the analysis of the TG simu-

lated data and TG data for the non-isothermal degra-

dation of PVC. It turns out that the theoretical results

concerning the CE are also confirmed for the dehy-

dration of CaC2O4�H2O.

By applying the procedures used for analysis of

simulated data and PVC dehydrochlorination data,

the values of the invariant activation parameters listed

in Table 8 were obtained.

One notes that: (1) the relative errors of Einv are

higher than 10% for the sets Dnt and Dn and the

supercorrelation of a* and b*; (2) a strong dependence

of the invariant activation parameters of the set of con-
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Fig. 4 The dependencies a – lnA vs. E and b – (lnA+ln�m) vs. E

for non-isothermal degradation of PVC and �=4 K min–1

Table 8 Invariant activation parameters for the considered sets of conversion functions (dehydration of CaC2O4�H2O)

Set of
conversion
functions

a�=lnAinv–b�Einv a�*=lnAinv+ln�m–b�
*Einv

a and b calculated using
Eqs (15) and (16)

lnAinv/s
–1 Einv/kJ mol–1

–r lnAinv+ln�m Einv/kJ mol–1
–r lnAinv/s

–1 Einv/kJ mol–1
–r

Fn+An 24.76�1.61 114.0�5.8 0.9974 24.76�1.61 114.0�5.8 0.9974

Dnt
11.86�0.37 50.0�1.6 0.9990 90.46�27.45 341.6�90.2 0.9369

Dn 10.30�0.30 44.9�1.3 0.9992 42.11�7.26 181.1�24.8 0.9817 42.46�7.64 174.7�27.0 0.9769

Fn+An+Dnt
18.32�0.45 91.7�1.7 0.9997 22.02�0.95 104.8�3.5 0.9989

Fn+An+Dn 18.24�0.45 91.4�1.7 0.9997 22.81�1.06 107.3�3.9 0.9987

Fig. 5 The dependencies a – lnA vs. E and b – (lnA+ln�m) vs.

E for dehydration of CaC2O4�H2O and �=2.353 K min–1



version functions; (3) calculated values of a and b are

not correlated through supercorrelation relationship.

An interesting result appears by comparing, for

each considered kinetic model, the maximum devia-

tions of the activation energy, which is due to the

change of this quantity with the heating rate

(e=Emax–Emin/Emin�100). For TG simulated data and

PVC non-isothermal degradation that exhibit E inde-

pendent on �, 0%�e�9.0%, while for dehydration of

CaC2O4�H2O, for which E is strongly dependent on �,

47.9%�e�64.5%.

Conclusions

In this paper, the following problems concerning the

apparent compensation effect (CE) due to the change

of the conversion function and on which IKP method

is based were discussed: (1) the explanation of this

kind of CE; (2) the choice of the set of the conversion

function for which CE is valid; (3) the dependencies

of CE parameters on the heating rate and the tempera-

ture at which the reaction rate has a maximum value.

Starting with the logarithmic form of the

Kissinger law, it was pointed out that CE relationship

is valid only for Fn+An kinetic models, while for Dn

kinetic models and a certain heating rate (lnA+ln�m)

vs. E is a straight line. Therefore, when using IKP

method, one should not include the diffusion models

in the calculations.

The dependencies of CE parameters on the heat-

ing rate and the temperature corresponding to the

maximum reaction rate were derived.

The theoretical results were checked and dis-

cussed for the following sets of non-isothermal data:

(1) TG simulated data for single first order reaction;

(2) TG data for non-isothermal degradation of PVC

and (3) non-isothermal dehydration of CaC2O4�H2O.

References

1 M. E. Brown, J. Thermal Anal., 49 (1997) 17.

2 S. Vyazovkin and C. A. Wight, Thermochim. Acta,

340–341 (1999) 53.

3 P. Budrugeac, A. L. Petre and E. Segal, J. Thermal Anal.,

47 (1996) 123.

4 P. Budrugeac and E. Segal, ICTAC News, 33 (2000) 39.

5 M. E. Brown, M. Maciejewski, S. Vyazovkin, R. Nomen,

J. Sempere, A. K. Burnham, J. Opfermann, R. Strey,

H. L. Anderson, A. Kemmler, R. Keuleers, J. Janssens,

H. O. Desseyn, C. R. Li, T. B. Tang, B. Roduit, J. Malek

and T. Mitsuhasni, Thermochim. Acta, 355 (2000) 125.

6 P. Budrugeac and E. Segal, Int. J. Chem. Kinet.,

33 (2001) 504.

7 P. Budrugeac, Polym. Degrad. Stab., 71 (2001) 185.

8 A. K. Galwey, Thermochim. Acta, 407 (2003) 93.

9 A. K. Galwey, Thermochim. Acta, 397 (2003) 249.

10 S. Vyazovkin, Thermochim. Acta, 397 (2003) 269.

11 B. Roduit, Ch. Borgeat, B. Berger, P. Folly, B. Allonso

and J. N. Aebircher, J. Therm. Anal. Cal., 80 (2005) 91.

12 H. Tanaka and M. E. Brown, J. Therm. Anal. Cal.,

80 (2005) 795.

13 N. Liu, H. Chen, L. Shu and M. Statheropoulos,

J. Therm. Anal. Cal., 81 (2005) 99.

14 P. Budrugeac, Polym. Degrad. Stab., 89 (2005) 265.

15 J. M. Criado and J. Morales, Thermochim. Acta,

19 (1977) 305.

16 Z. Adonyi and G. Korosi, Thermochim. Acta, 60 (1983) 23.

17 N. Koga and H. Tanaka, J. Thermal Anal., 37 (1991) 347.

18 J. Madarász, G. Pokol and S. Gal, J. Thermal Anal.,

42 (1995) 539.

19 S. Vyazovkin and W. Linert, Int. Rev. Phys. Chem.,

14 (1995) 355.

20 N. Rose, M. Le Bras, S. Bourbigot and R. Delobel,

Polym. Degrad. Stab., 45 (1994) 387.

21 S. Bourbigot, R. Delobel, M. Le Bras and D. Normand,

J. Chim. Phys., 90 (1993) 1909.

22 L. R. Campisi, S. Bourbigot, M. Le Bras and R. Delobel,

Thermochim. Acta, 275 (1996) 37.

23 B. Mortaigne, S. Bourbigot, M. Le Bras, G. Cordellier,

A. Baundry and J. Dufay, Polym. Degrad. Stab.,

64 (1999) 443.

24 X. Almeras, F. Dabrawski, M. Le Bras, R. Delobel,

S. Bourbigot, G. Marosi and P. Anna, Polym. Degrad. Stab.,

77 (2002) 315.

25 P. Budrugeac, J. M. Criado, F. J. Gotor, J. Malek,

L. A. Perez-Maqueda and E. Segal, Int. J. Chem. Kinet.,

36 (2004) 309.

26 P. Budrugeac and E. Segal, Rev. Roum. Chim.,

49 (2004) 193.

27 P. Budrugeac, E. Segal, L. A. Perez-Maqueda and

J. M. Criado, Polym. Degrad. Stab., 84 (2004) 193.

28 A. I. Lesnikovich and S. V. Levchik, J. Thermal Anal.,

27 (1983) 89.

29 A. I. Lesnikovich and S. V. Levchik, J. Thermal Anal.,

30 (1985) 677.

30 L. A. Perez-Maqueda, J. M. Criado, F. J. Gotor and

J. Malek, J. Phys. Chem., 106 (2002) 2862.

31 A. V. Nicolaev, V. A. Logvinenko and V. M. Gorbatchev,

J. Thermal Anal., 6 (1974) 473.

32 H. E. Kissinger, Anal. Chem., 29 (1957) 1702.

33 A. Mianowski, J. Therm. Anal. Cal., 74 (2003) 953.

34 X. Gao, D. Chen and D. Dollimore, Thermochim. Acta,

223 (1993) 75.

35 A. L. Petre, P. Budrugeac and E. Segal, Rev. Roum. Chim.,

42 (1997) 753.

36 E. Urbanovici and E. Segal, Thermochim. Acta,

107 (1986) 339.

37 H. L. Friedman, J. Polym. Sci. Part C, 6 (1964) 183.

38 A. W. Coats and J. P. Redfern, Nature, 201 (1964) 68.

Received: January 20, 2006

Accepted: March 31, 2006

OnlineFirst: August 11, 2006

DOI: 10.1007/s10973-006-7514-5

J. Therm. Anal. Cal., 89, 2007 151

THE KISSINGER LAW AND THE IKP METHOD



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


