
Introduction

In sample controlled thermal analysis (SCTA) meth-

ods, the evolution of the temperature is determined by

the reaction progress through a feedback system

[1–3]. Thus, unlike conventional methods were the

temperature follows a predefined function of time,

usually linear increase with time or isothermal, in the

SCTA method the evolution of temperature is not pre-

determined because it depends on the evolution of the

sample with the temperature. The SCTA methods re-

quire monitoring the evolution of the sample. For

thermogravimetry, the mass loss or mass gain (TG

signal) is a direct measure of the reacted fraction,

while the DTG signal gives a direct measure of the re-

action rate [4, 5]. The most conventional SCTA

method is the constant rate thermal analysis (CRTA)

where the reaction rate is maintained constant at a

value previously selected. The kinetic analysis of

solid-state reactions by means of CRTA has been ex-

tensively described in literature [6–12]. A different

approach to SCTA is the High Resolution TG

(Hi-Res) also known as dynamic heating rate method.

The Hi-Res is a combined rate and temperature con-

trolled thermal analysis method where neither the

temperature nor the reaction rate follows a predefined

function, but the heating rate is influenced by the evo-

lution of the reaction rate through an algorithm. Thus

the heating rate varies in a range from a maximum to

minimum selected values depending on the evolution

of the reaction rate [2, 13, 14]. It has been claimed

that this method provides a better resolution power

for overlapping processes as compared with conven-

tional linear heating rate TG [2]. As in dynamic

heating rate, neither the evolution of the reaction rate

nor the evolution of temperature is known, it makes

useless the conventional kinetic analysis methods

proposed in literature for experimental data obtained

under a constant heating rate. The Kissinger method

[15] is extensively used in literature for determining

the activation energy of experimental data obtained

under linear heating rate conditions. Thus, more than

2000 citations can be found for the original publica-

tion, many of them in this journal [16–25]. Recently,

the Kissinger method has been extended [26–30] to

the kinetic analysis of Hi-Res data. The scope of this

paper is to carry out a critical study of the generaliza-

tion of the Kissinger method for determining the acti-

vation energy from data obtained under heating

schedules different than those assumed in the devel-

opment of this method.

Theoretical

For solid-state transformations, the reaction rate can

be written in the form:

d

d
e

–E / RT�

�

t

A f� ( ) (1)

being � the reacted fraction, A the preexponential fac-

tor of Arrhenius, E the activation energy, T the abso-

lute temperature, R is the gas constant and f(�) is the

reaction kinetic model [31, 32]. Under a constant
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heating rate, �, Eq. (1) would be written in the follow-

ing form:
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The Kissinger method [15] is based on the study

of the rate equation at the maximum reaction rate. At

this point d
2
�/dt

2
is equal to zero and, thus, we get

from Eq. (1):
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where Tm, �m and (d�/dt)m are the temperature, re-

acted fraction, and reaction rate at the maximum

while �m is the value of dT/dt at the point in which the

maximum reaction rate is reached. �m would be con-

stant and equal to � only in the case that the experi-

ments were recorded at a constant heating rate as was

it formerly assumed by Kissinger. It follows from

Eq. (3)
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Equation (4) can be rearranged after taking loga-

rithms into the Kissinger equation:
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The expressions of the function f(�) and f�(�) for

the kinetic models used for describing solid-state re-

actions are shown in Table 1. It is clear that in the case

of a first order reaction (F1 model), f�(�)= –1 and

Eq. (5) becomes
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Equation (6) allows to conclude that, provided

that a first order reaction is involved and �m>0, the plot

of the left hand side of this equation as a function of

1/T would lead to a straight line whose slope gives the

activation energy, independently of both the heating

schedule used for reaching the maximum reaction rate

and the value of the reacted fraction, �m, at this point.

If the reaction does not follow a first order ki-

netic model, the slope of the plot of ln /�
m m

T
2

vs. 1/T,

according with Eq. (7), would lead to the activation

energy only in the case that �m were independent of

the heating schedule used. It has been shown in litera-

ture [33–41] that if the �–T plots are recorded under a

constant heating rate � (i.e.; �m=�), the value of �m is

nearly independent of the value of the heating rate.

Criado an Ortega [36, 37, 39] and Budrugeac and

Segal [41] have shown that exists a dependence be-

tween the values of �m of the different kinetic model

quoted in Table 1 resulting from linear heating exper-

iments and the actual value of E/RT, although it has

been clearly demonstrated that the error in the deter-

mination of the activation energy from the Kissinger

plot is lower than 5% for values of E/RT higher than

10. It is noteworthy to remark that under hyperbolic

or logarithmic heating schedules [38] the value of �m

is dependent on the kinetic law obeyed by the reaction

but independent of the E/RT value.

Under dynamic heating rate (Hi-Res) conditions,

heating rate and reaction rate are correlated

[13, 14, 42] by the following equation
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being � the heating rate at the time t; �S the starting

heating rate selected by the user that is decreasing as

far as the rate (expressed in min
–1

) increases; R a pa-

rameter selected by the user and usually called resolu-

tion and S a sensitivity parameter that generally is

fixed at 1. Equation (7) can be also written in the

form:

ln ln .
–
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or
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Table 1 f(�) kinetic functions and their first derivatives
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Salin and Seferis [30] have concluded that the

Kissinger method can be extended to the determina-

tion of the activation energy from experimental data

obtained under the heating schedule expressed by

Eq. (7) [or the equivalent Eqs (8) or (9)]. This method

has been often used for the kinetic analysis of experi-

mental data obtained under Hi-Res conditions by a

number of authors [26–30]. However, it must be

pointed out that Salin and Seferis [12] did not demon-

strated if �m is independent of the experimental pa-

rameters selected in the dynamic heating rate algo-

rithm as demanded by the Kissinger method. Thus,

the validity of this method must be reanalysed. This is

one of the scopes of this work.

Results and discussion

It was mentioned above, that values of �m should be

identical for the different curves to be analyzed by the

Kissinger method. We have tried to resolve the sys-

tem constituted by the differential Eqs (1), (3) and (9)

and we have not found an analytical solution for �m,

what suggests that this parameter is not independent

of the �S and R values selected for recording the

Hi-Res experiments. In order to confirm if the values

of �m are dependent on the experimental conditions

selected for the dynamic heating rate experiments, the

set of curves shown in Fig. 1 have been simulated by

assuming a F1 kinetic model, dynamic heating rate

conditions (�S=50 K min
–1

and R=2, 3 and 5, respec-

tively) and the following kinetic parameters:

A=10
14

min
–1

, E=200 kJ mol
–1

. These curves have

been simulated solving, by numerical integration with

the Mathcad software, the system constituted by the

differential Eqs (1) and (9). The values of �m resulting

at the different values of R selected for the simulation

are included in Table 2 together with the correspond-

ing ones of �m and Tm. These results clearly show that

values of �m are very much dependent on the condi-

tions selected for the high resolution experiment.

However, we must bear in mind that it was concluded

in the theoretical section that in the case of first order

reactions, Eq. (6) would be accomplished indepen-

dently of the heating schedule used for reaching the

maximum reaction rate and whatever would be the

value of the reacted fraction at the maximum. In order

to check this assertion, it has been considered of inter-

est to carry out the combined analysis of the Hi-Res

results included in Table 2 together with those result-

ing for a set of d�/dt–T curves obtained at different

constant heating rates. Figure 2 shows a set of curves

simulated at different heating rates for a F1 kinetic

model by assuming the same kinetic parameters used

for simulating the curves included in Fig. 1. The val-

ues of �m and Tm corresponding to these curves are

shown in Table 2. It can be observed that in this case,

contrarily to what occurs in the case of Hi-Res experi-

ments, the value of �m is nearly independent of the

heating rate as it is well established in literature. On

the other hand, Fig. 3 shows that the plot of the data

included in Table 2 according with Eq. (6) leads to a

straight line with a correlation coefficient equal to

1.000 and an activation energy E=200 kJ mol
–1

in ex-

cellent agreement with the theoretical value. These

results confirm that the use of the Kissinger method

for determining the activation energy of first order re-

actions from rising temperature experiments does not
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Fig. 1 Curves simulated by assuming Hi-Res heating schedule

a F1 kinetic model and the following kinetic parame-

ters: E=200 kJ mol
–1

; A=10
14

min
–1

. A value of �S=

50 K min
–1

and values of the resolution parameter R,

equal to a – 2, b – 3 and c – 5, respectively, have been

assumed

Fig. 2 Curves simulated by assuming constant heating rates of

a – 5, b – 20 and c – 50 K min
–1

, respectively, and the

same kinetic model, i.e. F1, and kinetic parameters,

i.e. E=200 kJ mol
–1

and A=10
14

min
–1

, as in Fig. 1



depend on the profile of the heating schedule used for

achieving the maximum reaction rate because a con-

stancy of the value of the reacted fraction at the maxi-

mum is not required.

The accurate determination of the activation

energy by the Kissinger method for kinetic models

different from F1 requires, according to Eq. (5), an

identical value for � at the maximum reaction rate, �m,

for all the analyzed curves. It is well known [33–41] that

this requirement is fulfilled under linear heating

program but this requirement is not accomplished under

Hi-Res heating program as shown in Table 2. Thus, it

would be interesting to analyse the influence of the lack

of constancy of the reacted fraction at the maximum

reaction rate on the activation energy supplied by the

Kissinger equation when applied to analysis of Hi-Res

results of reactions that follow a kinetic model different

from F1. Figure 4 shows a set of diagrams calculated

with the Mathcad software by assuming an A2 kinetic

model, an activation energy E=200 kJ mol
–1

, a pre-

exponential factor A=10
14

min
–1

and dynamic heating

rate conditions (�S=50 K min
–1

and R=2, 3, 4 and 5,

respectively). The values of �m, �m and Tm resulting

from these curves are included in Table 3. It is clear

again that the value of the reacted fraction, �m, at the

maximum is strongly dependent on the parameters �s

and R controlling the heating schedule. Figure 5 shows

that the plot of the values of ln(�m/T
m

2
) taken from

Table 3 as a function of the corresponding values of

1/Tm does not lead to a good straight line as pointed out

by the poor regression coefficient found (r=0.9575).

Moreover, the apparent activation energy E=

1319.7 kJ mol
–1

obtained from the slope of this linear

plot is considerably higher than the value of

200 kJ mol
–1

assumed for simulating the curves in

Fig. 4. These results suggest that the Kissinger method

cannot be extended for determining the activation

energy from Hi-Res rising temperature experiments

unless that the reaction obeys a F1 kinetic law.

Figure 6 shows the set of d�/dt–T plots simu-

lated by assuming different linear heating rates and

the same kinetic model and kinetic parameters used

for simulating the Hi-Res curves in Fig. 4. The values

of Tm and �m corresponding to these curves are in-

cluded in Table 3. It can be observed that the value of
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Table 2 Values of �m, �m and Tm for the sets of curves in

Figs 1 and 2

Conditions �m

�m/

K min
–1

Tm/

K

�=5 K min
–1

0.612 5 714.2

�=20 K min
–1

0.610 20 743.0

�=50 K min
–1

0.609 50 763.4

�S=50 K min
–1

Res=2 0.501 14.7 736.5

�S=50 K min
–1

Res=3 0.433 5.5 716.2

�S=50 K min
–1

Res=5 0.327 0.5 671.8

Fig. 3 Kissinger plot of the values of ln( / )�
m m

T
2

as a function

of 10
3
/Tm calculated from Table 2

Fig. 4 Curves simulated for an A2 kinetic model by assuming

the same kinetic parameters of Fig. 1, i.e. E=

200 kJ mol
–1

, A=10
14

min
–1

, Hi-Res heating with �S=50

and resolution parameter R, equal to a – 2, b – 3, c – 4

and d – 5, respectively

Fig. 5 Kissinger plots of the values of ln( / )�
m m

T
2

as a function

of 10
3
/Tm calculated from Table 3



�m is practically independent of the heating rate as

would be expected from linear rising temperature ex-

periments. Thus, f�(�) is constant and, according with

Eq. (4), the plot of ln( / )� T
m

2
vs. 1/Tm shown in Fig. 3

leads to a straight line with a regression coefficient

r=0.99999 whose slope gives an activation energy

E=199.7 kJ mol
–1

that matches the value used for the

simulations.

Conclusions

It can be concluded that, unless a first order kinetic

law were involved, the Kissinger method cannot be

directly applied to the kinetic analysis of rising tem-

perature experiments obtained under any heating

schedules without previously checking that the values

of reacted fraction at the maxima remain unchanged

for all analyzed curves. This condition is fulfilled if

the �–T plots are recorded under a linear heating rate

but not if these curves are obtained with a Hi-Res ris-

ing temperature schedule.
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