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a b s t r a c t

A theoretical simulation of the influence of mass-transfer effect on the kinetics of solid–gas reactions
has been carried out. The influence of mass-transfer phenomena on the shape of the thermoanalytical
curves and on the apparent activation energy, calculated by advanced isoconversional methods (Vyazovkin
method) is discussed. The Vyazovkin equation has been adapted to CRTA data and, a modification of this
equation, to account for pressure correction term in the reaction rate was achieved. To check the equations
developed in this paper, the standard isoconversional procedure has been modified, instead of a set of
experiments performed under different heating rates (or reaction rates C in the case of CRTA) for a given
artial pressure
dvanced isoconversional method
ressure correction term
ass-transfer effect

an’t Hoff equation

conversion we use a set of experiments under different pressure of the gas self-generated in the reaction
at one heating rate ˇ (or reaction rate C), respectively.

The results obtained allow for trustworthy estimates of the activation energy from advanced iso-
conversional method in reaction systems whose kinetics are affected by the pressure of the gases
self-generated by the reaction. Theoretical considerations are verified on simulated non-isothermal TG,
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have been used.

. Introduction

It is well known that the major failures of dynamic methods of
A arise from the influence of the experimental factors. The source,
ature and magnitude of random and systematic errors in experi-
entally determined values of ˛–t have been the subject of detailed

iscussion in the literature. The weak control of the external param-
ters (gas atmosphere, sample size, heating rate. . .) on thermal
nalysis may be expected to be the cause of uncertainties and dis-
repancies concerning the kinetic results. A pronounced influence
f such factors on the course of the reaction has been reported in
great numbers of papers [1–8]. A serious drawback of the ther-
al analysis techniques is the lack of reproducibility because of

he influence of these external factors. Among these factors the
ressure of the gases generated by the reaction play a prominent
ole, and the kinetics of reversible solid-state reactions are often
ighly sensitive to the mass-transfer phenomena provoked by the

ncrease of pressure. If the gaseous product of a reversible reaction
s not being effectively and completely removed from the sam-

le environment the activation energy may be strongly influenced.
or example the decomposition of calcite shows wide variations of
he kinetic parameters [9–14] owing to the sensitivity of reaction
ate to the availability of CO2. It is worth noting that the reported
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controlled rate thermal analysis (CRTA) data. Experimental data of calcite
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inetic results were distorted by the effect of the partial pres-
ure of evolved CO2 which is usually neglected in the conventional
inetic calculation. Accordingly, the kinetic measurements at a slow
ecomposition rate under high vacuum are strongly recommended.
he mass-transfer effects on the activation energy are strongly
ependent on the experimental conditions, the influence of pres-
ures of CO2 on the rates of calcite decomposition is important
bove 10−2 × Peq [15] at lower pressure, the rates are independent of
(CO2), in atmosphere of CO2 very large apparent values of the acti-
ation energy are found [11]. Criado et al. [16] have demonstrated
hat the removal of the gases generated during the thermal decom-
osition of solids is not attained even by using a very large flow of
n inert gas. In the literature there are a few theoretical concepts
escribing the relation between the pressure in the system and the
ate of the reaction.

The purpose of this study is to investigate the relation
etween pressure and the reaction rate and to analyze the
ass-transfer effect on the activation energy, obtained from iso-

onversional methods, of reversible solid–gas reactions of the type:
(solid) ↔ B(solid) + C(gas). The equilibrium constant of this kind
f reaction has been frequently determined from direct measure-
ents in which the solids A and B are allowed to equilibrate with
he gas C at different temperatures. A theoretical simulation of the
ass-transfer phenomena has been used to investigate the influ-

nce of the above phenomena on the shape of non-isothermal TG
nd CRTA (controlled rate thermal analysis) curves in order to make
comparison with the experimental behaviour.

http://www.sciencedirect.com/science/journal/00406031
mailto:aortega@us.es
dx.doi.org/10.1016/j.tca.2008.06.014
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Table 1
Set of reaction models to describe the reaction kinetics in solid-state reactions

Symbol Model Differential f(˛) function Integral g(˛) function

JMA (An) Nucleation and growth (n = 0.5, 1, 1.5, 2, 2.5, 3, 4) n(1 − ˛)[−ln(1 − ˛)]1−1/n [−ln(1 − ˛)]1/n

Rn Phase-boundary controlled reaction n = 0, 1/2 and 2/3 (1 − ˛)n (1 − (1 − ˛)1−n)/1 − n
D1 1D-diffusion 1/2˛ ˛2
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2 2D-diffusion
3 3D-diffusion (Jander Eq.)
4 3D-diffusion (Ginstling–Brounshteinn Eq.)
n Power law (n = 1, 2, 3, 4)

In the CRTA experiments the temperature profiles required to
aintain the partial pressure of the evolved gases constant during

he course of the reaction are recorded as a function of time. Because
he partial pressure is proportional to the rate of overall mass-
hange, in a constant volume vacuum apparatus with a constant
umping rate, the reaction proceeds at a constant overall decom-
osition rate under a constant partial pressure of evolved gas. In
his study we assumed that the gas self-generated in the reac-
ion is not chemisorbed on the surface of the corresponding oxide
ecause in this case the active phase boundary would be expressed
y introducing in the rate equation the adsorption coefficient.

. Theoretical equations

Most of the kinetic data are collected under non-isothermal con-
itions for which the basic kinetic equation takes the form:

d˛

dT
= A

ˇ
f (˛) exp

(−E

RT

)
(1)

here ˇ is the heating rate and the functions f(˛) most frequently
sed in solid-state reactions are included in Table 1. It is well known
hat almost any f(˛) can satisfactorily fit data at the cost of drastic
ariations in the activation energy [17]. For this reason the anal-
sis of a single thermoanalytical curve tends to produces highly
ncertain values of activation energies.

The ambiguity can be overcome when using multi-heating rate
ethods (isoconversional methods) that are known to allow for
odel-independent estimates of the activation energy. In many

eterogeneous reactions there is a dependence of the effective
ctivation energy on the extent of conversion ˛ [18] and usually
nvolves multiple steps that contribute to the overall reaction rate,
hus the detection of multi-step processes allows drawing certain

echanistic conclusions. Integration of Eq. (1) leads for a linear
eating rate, ˇ = dT/dt, to:

(˛) = A

∫ t

0

exp
( −E

RT(t)

)
dt (2)

he integral form of Eq. (2) is represented as:

(˛) = AE

ˇR
p(x) (3)

(x) is the temperature integral and is given by:

(x) =
∫ ∞

x

exp(−x)
x2

dx (4)

here x = E/RT. This function does not have an exact analytical
olution and a large number of approximate equations have been
roposed in the literature for performing the kinetic analysis of
olid-state reactions. In the theoretical simulations of this paper

he Senum–Yang [19] approximation was used which even at x = 5
ives only 0.02% deviation from the exact value of the temperature
ntegral and such deviations do not practically affect the values of
he activation energy. Vyazovkin [20] has developed an advanced
on-linear integral procedure which uses integration over small

i
c
h
P
p

−1/ln(1 − ˛) ˛ + (1 − ˛) ln(1 − ˛)
[3(1 − ˛)2/3]/[2[1 − (1 − ˛)1/3]] [1 − (1 − ˛)1/3]2

3/2[(1 − ˛)−1/3 − 1] 1 − 2˛/3 − (1 − ˛)2/3

n˛(n − 1)/(n) ˛1/n

ime segments as follows, as a result the constancy of E is assumed
or only a small segment �˛:

g(˛) = g(˛ − �˛, ˛) = A˛J[E˛, T(t˛)] (5)

here:

[E˛, T(t˛)] =
∫ t˛

t˛−�˛

exp
( −E˛

RT(t)

)
dt

Using a general assumption [21,22] that the reaction model is
ndependent of the heating rate, for a set of experiments performed
t different heating rates the g(˛) is canceled. According to this
rocedure [20] the value of E˛ is determined as the value that
inimizes the function:

n

i=1

n∑
j /= i

J[E˛, Ti(t˛)]
J[E˛, Tj(t˛)]

(6)

.1. Mass-transfer equations

It is worth noting that the reported kinetic results are distorted
y the effect of the partial pressure of evolved gases which are usu-
lly neglected in the conventional kinetic calculation. In this work
wo situations are considered: (i) The pressure of gases generated
y the reaction is assumed nearly constant and (ii) The pressure
hange and is proportional to the reaction rate.

.1.1. Case (i)
It was indicated experimentally [23] that the kinetics can be

escribed by taking account of the partial pressure, P, with respect
o the equilibrium pressure, Peq. Assuming the experimentally ver-
fied linear dependence of the reaction rate on partial pressure
24,25] one obtains the influence of the residual pressure, P, self-
enerated in the reaction at temperature T and, Eq. (1) can be
onveniently expressed as:

d˛

dt
(or C) = Af (˛)

[
1 − P

Peq

]
exp

(−E

RT

)
(7)

here C is the constant reaction rate for CRTA experiments. The
ressure term in Eq. (7) can be estimated by monitoring the partial
ressure of the evolved gas. The temperature dependence of the
quilibrium pressure Peq is given by the Van’t Hoff relationship:

eq = Z exp
(−�H

RT

)
(8)

ne can deduce from Eq. (7) that the reaction rate decreases with

ncreasing partial pressure P and, therefore, the corresponding
urves move to higher temperatures. The pressure term in the right
and of Eq. (7) is neglected for a negligible P value with respect to
eq, this is required for reducing the influences of the mass-transfer
henomena on the kinetics.
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.1.2. Case (ii)
The theoretical bases of both Evolved Gas Analysis (EGA) and

emperature Programmed Desorption (TDP) techniques [26] indi-
ates that the partial pressure of the gas in the close vicinity of the
ample at the reaction temperature is proportional to the reaction
ate. Altorfer [27] found that the partial pressure P can be written
n terms of flow gas parameters:

= Pf
VM

Qf

m0

mM
ˇ

d˛

dT
(9)

here:

Pf = Pressure of flow gas.
VM = Molar volume of flow gas at normal conditions.
Qf = Volume flow of flow gas.
m0 = initial mass of sample.
mM = molar mass of sample.

q. (9) can be conveniently expressed as:

= a
d˛

dT
(or aC) (10)

here a is a temperature independent constant given by:

= Pf
VM

Qf

m0

mM
ˇ

rom Eqs. (7), (8) and (10) the reaction rate takes the form:

d˛

dt
(or C) = A exp(−E/RT)f (˛)

1 + (aA/Z) exp[(�H − E)/RT]f (˛)
(11)

.2. Simulations

In a previous paper [23] it has been concluded that the
hermal decomposition of calcium carbonate under high vac-
um (5 × 10−3 mbar) and very small sample mass obeys the R3
contracting sphere) kinetic model yielding the following kinetic
arameters: E = 167 kJ/mol and A = 2 × 108 min−1. Vyazovkin [18]
as shown that in this reaction there is a dependence of the activa-
ion energy on extent of reaction under a pressure of 0.5 mbar. In
his paper we use the calcite as a model compound and we simulate
process that involves a linear variation of the effective activation
nergy with ˛, such as:

= Eo + b˛ (with b = 30 and Eo = 167 kJ mol−1) (12)

his was explained in reference [28]. On the other hand when E
epends on the degree of conversion, the apparent kinetic param-
ters (E and A) are correlated through the compensation effect
elationship which is the consequence of the application of the
rrhenius equation. In accordance with this, only one value of A,
orresponds to each E value. Thus, in this paper the compensation
ffect has the following functional form:

og10A = mE + n = m(Eo + b˛) + n (with m = 0.07 and n = −3.3)

(13)

These parameters have been used because they are in accor-
ance with the initial activation energy Eo = 167 kJ/mol and the

nitial value of the preexponential factor A = 2 × 108 min−1 in high
acuum [23]. Eqs. (7), (8), (12) and (13) give for case (i):
d˛

dt
(or C) = 10m(Eo+b˛)+nf (˛)

[
1 − P

Z exp(−�H/RT)

]

exp
(−(Eo + b˛)

RT

)
, with f (˛) = (1 − ˛)2/3 (14)

F
b
r
T
v

ig. 1. Effect of pressure on theoretical non-isothermal TG curves constructed from
q. (14) with ˇ = 1 K min−1.

Eq. (14), was used in the present paper to simulate the mass-
ransfer effect on the non-isothermal and CRTA thermoanalytical
urves when there is a dependence of E and A on the conversion
egree ˛, the experiments are carried out with a conventional open
ystem under a controlled flow of the sweep gas and the pressure
f the gases generated by the reaction is assumed to be nearly con-
tant. When the pressure is proportional to the reaction rate Eqs.
11), (12) and (13) give for case (ii):

d˛

dt
(or C) = 10m(Eo+b˛)+n exp(−(Eo + b˛)/RT)f (˛)

1 + (a10m(Eo+b˛)+n/Z) exp[(�H − (Eo + b˛))/RT]f (˛)

(15)

. Results

.1. Case (i): use of Eq. (14)

Taking the decomposition of calcium carbonate as a model
xample, between 500 and 1000 ◦C, Eq. (8) is very closely fitted
ith Z = 4 × 107 and �H = 169 kJ/mole. Eq. (14) can be numer-

cally integrated in order to determine the influence of mass
ransfer on the effective activation energy calculated by means
f isoconversional methods. The equilibrium pressure was cal-
ulated from Eq. (8). It must be taken into account that the
irect measurements of the equilibrium constant of this kind of
olid–gas reaction are frequently unreliable since in some cases
pseudo-equilibria” appear, i.e., different constant pressure are
btained depending on whether the equilibrium is approached
rom above or below. This behaviour can be understood by
onsidering that when the forward and reverse reactions are pro-
eeding, a progressive decrease of their rate take place; thus
quilibrium is not reached and the reaction merely becomes very
low.

.1.1. Effect of pressure on the shape of curves
If there is no significant change in the partial pressure P of the

as generated in the reaction, we use Eq. (14), in order to check the
alidity of the above arguments and to show that the pressure in the
lose vicinity of the sample plays an important part in determin-
ng the shape of thermoanalytical curves, we have constructed in

igs. 1 and 2 the non-isothermal TG and CRTA diagrams calculated
y assuming a constant heating rate ˇ and a constant reaction rate C,
espectively, and the kinetic parameters given by Eqs. (12) and (13).
he non-isothermal TG curves in Fig. 1 are almost insensitive to the
ariation of pressure within the range considered (10−5–10−3 atm).
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and decomposition under an uncontrolled atmosphere of CO gives
ig. 2. Effect of pressure on theoretical CRTA curves constructed from Eq. (14) with
= 10−4 min−1.

owever, the CRTA curves in Fig. 2 become narrower with the
ncrease of pressure, and at P ≈ 10−3 atm the reaction takes place

ithout any change in temperature, i.e., isothermally. The above
onclusions are supported by the experimental data of the ther-
al decomposition of calcite using the derivatograph developed by

aulik and Paulik [29]. The CRTA curves under high vacuum and the
-TG (Quasi-isothermal and Quasi-isobaric techniques by using the

o-called labyrinth crucible) are shown in Fig. 3. We can see that in
he case of Q-TG curve, the transformation takes place at a defined
emperature in a quasi-isothermal manner. This is in agreement
ith the forecast from Eq. (14).

.1.2. Influence on the activation energy
Thus, now we examine the influence of the pressure term on

he calculated value of the activation energy, from non-isothermal
G data, using the advanced isoconversional method of Vyazovkin
20]. Fig. 4 shows the non-isothermal TG curves constructed by

eans of Eq. (14) and the kinetic parameters given by Eqs. (12)
nd (13). The activation energies of kinetic data of Fig. 4 are deter-
ined at any particular value of ˛ by finding E˛ which minimizes

he function given by Eq. (6) for a linear heating program (dT = ˇ dt).
ig. 5 shows the relative error obtained in this activation energy
f the pressure correction term (1 − P/P ) in Eq. (7) is neglected.
eq

e can see in Fig. 5 that the error is very large (the same error is
btained from the differential Friedman method [30] but for the
ake of brevity is not included here). The error decreases when

increase to an asymptotic value. If the effect of pressure is

ig. 3. (a) CRTA curve under high vacuum and (b) CRTA (Q-TG) curve using a
abyrinth open crucible for the thermal decomposition of calcite. Ref [13].

c

t

F
i
m

ig. 4. Non-isothermal TG curves obtained from Eq. (14) at 10−3 atm. The heating
ate is indicated by each curve.

aken into account, it is possible to obtain correct kinetic param-
ters. To achieve this goal, the Vyazovkin equation (6) must be
odified to account for pressure correction term in case (i). The

ollowing relationship is obtained from Eq. (6) for a linear heating
rogram:

n

i=1

n∑
j /= i

ˇj[J(E˛, T˛,i) − (P/Z)H(E˛, T˛,i)]
ˇi[J(E˛, T˛,j) − (P/Z)H(E˛, T˛,j)]

(16)

here:

[E˛, T˛,i)] =
∫ t˛

t˛−�˛

exp

(
�H − E˛

RT˛,i

)
dT

If the pressure correction term (1 − P/Peq) in Eq. (7) is neglected,
he calculated value of the activation energy is overestimated par-
icularly at low temperature and high pressure. When the pressure
orrection term is included into Vyazovkin equation, Eq. (16), the
rror is eliminated and a true value of the activation energy is
btained. This explains the well known fact that the decomposi-
ion of calcite in vacuum leads to reasonable values of E [31,32]
2
ompletely misleading values [33].

The same results were obtained from CRTA curves (Fig. 6), at
he same pressure value (10−3 atm) in a similar range of tempera-

ig. 5. Dependence of the relative error in E on the extent of reaction for non-
sothermal TGA data of Fig. 4 evaluated by isoconversional method (a) Vyazovkin

odified equation (Eq. (16)) and (b) Vyazovkin equation (Eq. (6)).
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ig. 6. Non-isothermal CRTA curves obtained from Eq. (14) at 10−3 atm. The reaction
ate C is indicated by each curve.

ures. In this special case of non-linear non-isothermal data, such
s CRTA experiments, where the reaction rate C is constant and
he time dependence of the temperature T(t) is not simple (or
ot known), it is not possible to use Eq. (6) and consequently the
yazovkin equation must be adapted to CRTA data because the

ntegral form cannot be used. For CRTA experiments we can write
his equation, when pressure correction term is neglected, in the
orm:
n

i=1

n∑
j /= i

Cj exp(−E˛/RT˛,i)
Ci exp(−E˛/RT˛,j)

(17)

The activation energies of CRTA data of Fig. 6 are determined at
ny particular value of ˛ by finding E˛ which minimizes the func-
ion given by Eq. (17). Fig. 7 shows the relative error obtained in
he activation energy if the pressure correction term in Eq. (7) is
eglected. We can see in Fig. 7 that the error is, as in the case of
on-isothermal TG data, very large. Following the same procedure
s above a modification was introduced in Eq. (17) to account for
ressure correction term:

n n∑Cj(1 − (P/Z exp(−�H/RT˛,i))) exp(−E/RT˛,i)
i=1 j /= i
Ci(1 − (P/Z exp(−�H/RT˛,j))) exp(−E/RT˛,j)

(18)

The same trend (Fig. 7) as above was observed in the rela-
ive error. Thus, a good value of the effective activation energy is

ig. 7. Dependence of the relative error in E on the extent of reaction calculated for
on-isothermal CRTA data of Fig. 6 by (a) Vyazovkin CRTA modified equation (Eq.
18)) and (b) Vyazovkin CRTA equation (Eq. (17)).
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ig. 8. Relative error in the activation energy for isoconversional TG data of Fig. 1
circles) computed by Eq. (16) and CRTA data of Fig. 2 (triangles) evaluated by Eq.
18).

btained from CRTA data when the pressure correction term is not
eglected.

Finally, we take advantage of the above equations, to check if the
rue effective activation energy can be calculated from a series of
hermoanalytical curves under different pressures of the gas gen-
rated by the reaction by using the pressure correction term. In
his calculation the advanced isoconversional method has also been
pplied but, in this case, the procedure of the standard isoconver-
ional method has been modified, instead of a set of experiments
erformed under different heating rates (or reaction rates C), for
given conversion ˛, we use a set of experiments under differ-

nt pressures (data from Fig. 1 or Fig. 2) of the gas generated in
he reaction at one heating rate ˇ (or reaction rate C), respectively.
ig. 8 shows the relative error in the activation energy computed
y Eq. (16) (non-isothermal TG data) and 18 (CRTA data) with this
ew procedure.

We can see that when the correction of pressure (1 − P/Peq) is
aken into account, the effective activation energy of thermoana-
ytical data, when the effect of the pressure self-generated in the
eaction is important, can be properly calculated.

.2. Case (ii): use of Eq. (15)

When the pressure is proportional to the reaction rate, Eq. (15)
nstead of Eq. (14) was used. The same procedure as above was
ollowed to assess the effect of the pressure on the shape of curves
nd on the activation energy.

.2.1. Effect of pressure on the shape of curves
We have presented in Figs. 9 and 10 the non-isothermal TG and

RTA diagrams calculated by assuming a constant heating rate ˇ
nd a constant reaction rate C, respectively, with kinetic parameters
iven by Eqs. (12) and (13) and different values of the parameter a
n Eq. (10) conveniently choose to limit the pressure to the same
ange as that in Figs. 1 and 2. We can see that the shape of curves
ollows the same trend as that in Figs. 1 and 2. The non-isothermal
G curves in Fig. 9 are almost insensitive to the variation of pressure
ithin the range considered (10−5–10−3 atm). However, the CRTA

urves in Fig. 10 become narrower with the increase of a, and for
= 1.0 (10−3 atm) the curve becomes isothermal.
.2.2. Effect of pressure on the activation energy
The advanced isoconversional method [20] can be used to cal-

ulate the error in the activation energy when the pressure varies
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Fig. 9. Effect of pressure on theoretical non-isothermal TG curves constructed from
Eq. (15) with ˇ = 1 K min−1, and different values of a which are indicated by each
curve. The pressure ranges from 10−5 to 10−3 atm.
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Fig. 12. Relative error in the activation energy as a function of ˛, evaluated by iso-
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ig. 10. Effect of pressure on theoretical CRTA curves constructed from Eq. (15) with
= 10−3 min−1, and different values of a which are indicated by each curve. The
ressure ranges from 10−5 to 10−3 atm.
ith the reaction rate. Figs. 11 and 12 show the dependence of the
elative error on the conversion ˛ for non-isothermal TG and CRTA
ata obtained at different values of the parameter a in Eq. (15). The
rror increases with the parameter a (i.e., by increasing the par-

ig. 11. Relative error in the activation energy as a function of ˛ evaluated by
soconversional method (Eq. (6)), from conventional TG data simulated for dif-
erent values of the constant a in Eq. (15) (indicated by each curve). Range of
ressure = 10−1–10−4 atm.
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onversional method (Eq. (17)), from CRTA data simulated for different values of the
onstant a in Eq. (15) (indicated by each curve). Range of pressure = 10−1–10−4 atm.

ial pressure of the gases generated in the reaction) and follows
similar trend to that of the reaction rate, the maximum error is
btained at ˛ ≈ 0.9. On the other hand, by increasing the constant
(i.e., by decreasing the efficiency of the experimental system for

emoving the gases yielded in the reaction), the curves are shifted
o higher temperature. Similar trend is obtained from TG and CRTA
ata. In a theoretical strict sense, using CRTA technique instead of
onventional TG, a much greater sensitivity could be achieved, thus
t is expected that the influence of the mass-transfer effect on the
rror in the activation energy should decrease in CRTA experiments
ecause in CRTA the partial pressure of the gas self-generated in
he reaction is kept constant, since the reaction rate C is constant
ver the whole range of conversion. This result has been confirmed
xperimentally in numerous papers [13,34–37], where it has been
hown that CRTA permit to lower to a negligible extent the pressure
nd temperature gradients within the sample, and consequently
his technique allows to carry out more meaningful experiments.
ut the result obtained in this simulation is not in agreement with
his statement, where the relative error in the activation energy
s similar in both techniques. Consequently the advantage of CRTA
echnique can be explained by considering that CRTA traces are

ost sensitive than conventional non-isothermal TG to the effect
f pressure of the gases self-generated in the reaction such as
igs. 2, 3 and 10 show.

As above, a reliable determination of the activation energy can
e expected by using the Vyazovkin equation modified to account
or the effect of pressure in case (ii). This modification is not pos-
ible for non-isothermal TG experiments since an analytical form
f the g(˛) function cannot be achieved from Eq. (15). For CRTA it
s possible this modification and can be expressed by the following
elationship:

n

i=1

n∑
j /= i

Cj(1 − (aCi/Z exp(−�H/RT˛,i))) exp(−E/RT˛,i)
Ci(1 − (aCj/Z exp(−�H/RT˛,j))) exp(−E/RT˛,j)

(19)

As above, when this modification is used, a proper value of the
ffective activation energy is obtained, for CRTA data, computed
rom Eq. (19) This may be considered as an interesting argument to
xplain the advantage of CRTA technique for calculating the acti-

ation energy of solid–gas reaction when the pressure of the gases
elf-generated in the reaction is variable and proportional to the
eaction rate such as in case (ii).
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. Conclusions

The lack of agreement and reproducibility in many solid-state
eactions and the large deviations in the value of the activation
nergy for the thermal decomposition of many solids (these devia-
ions are exemplified by the reported values of calcite) are probably
ue to the weak control of experimental parameters. Thus, the use
f the pressure correction term in the reaction rate could resolve
he problem of disagreement between non-isothermal results. The
dvanced isoconversional method provides a sound way of estimat-
ng the effective activation energy for thermoanalytical data when
his correction term is included in the computation. Accordingly,
he kinetic measurements at a slow reaction rate under a high vac-
um are recommended for simplifying the kinetic calculations by
eglecting the pressure term.
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