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a b s t r a c t

The kinetic analysis of experimental data obtained in the case of solid-state reactions (thermal decompo-
sitions, reactions of gases with solids) relies on various assumptions among which two are of very high
importance: the steady-state approximation and the rate-limiting step. Both assumptions may be verified
using simple experimental tests. The first one needs the coupling of measurements of the kinetic rate by
vailable online 30 August 2008

eywords:
olid-state reactions
inetics
teady-state

two methods (in general thermogravimetry and calorimetry). The second one is based on sudden changes
(jumps), during an experiment, of the temperature, or of the partial pressure of gases which have an influ-
ence on the kinetic rate. The basic principles of these tests are first explained, then various examples are
given in order to illustrate their application to solid-state reactions.

© 2008 Elsevier B.V. All rights reserved.

a
m
c
t
b
s
t
c
r

i
t
s
c
i
c
u
k
t

ate-limiting step
inetic modelling

. Introduction

Several recent articles have pointed out the difficulty of the
inetic analysis of experimental data for elucidating the mecha-
ism of solid-state reactions, such as decomposition and reactions
f solids with gases [1–3]. Among the reasons that can be involved
n front of the deficiencies of the usual theories and concepts, it is
eally important to consider:

1) the necessity of precise information on the chemical nature of
the transformation,

2) the necessity of measuring the kinetic rate in controlled tem-
perature and pressure conditions (partial pressures of reacting
or/and produced gases),

3) the necessity of precise information on the morphology of the
solid, at various stages of the transformation,

4) the validity of the expression of the rate using equations of the
following form:

d˛ = A(T, P)f (˛) (1)

dt

here A(T, P) is not constrained to vary with T according to the
rrhenius law because A does not have the meaning of a rate con-
tant.

∗ Corresponding author. Tel.: +33 4 77 42 01 23; fax: +33 4 77 49 96 94.
E-mail address: mpijolat@emse.fr (M. Pijolat).
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Feature (1) implies that the kind of transformation, the initial
nd the final phases must be known, and eventually the inter-
ediate solid phases must be precisely characterized. This paper

oncerns only “simple” reactions, i.e. reactions that can be writ-
en as A + . . . = �BB + . . ., where A is a pure solid phase (or possibly
elongs to a solid solution, in which case it is the only reacting
pecies of this solution) and B is the only solid phase produced along
he entire reaction. These solids are supposed to be roughly stoi-
hiometric. We will see in a further paper the cases of “non-simple”
eactions such as competitive and consecutive ones.

Concerning feature (2), it is obvious that the kinetics of chem-
cal transformations of solid compounds may be influenced by
emperature (T) and partial pressure of gases (Pi) and that con-
equently, the rates should be measured in controlled T and Pi
onditions. However, it must be acknowledged that the great major-
ty of kinetic analysis relies on experiments done in non-isothermal
onditions (in general temperature-programmed heating) and/or
nder “inert” gaseous atmosphere. The difficulties linked to the
inetic analysis based on mathematical methods applied to the
emperature-programmed experiments have already been out-
ined and discussed in various articles [4–6]. Studies performed

ith continuous temperature increase have been found to lead
o inconsistent data and are thus inadequate to provide infor-
ation on the mechanism. However some new techniques as
emperature-modulated and sample-controlled procedures (CRTA)
ould prevent from misleading interpretations.

But whatever the experimental procedure could be, it must be
mphasized that since the rate very often depends also of the par-

http://www.sciencedirect.com/science/journal/00406031
mailto:mpijolat@emse.fr
dx.doi.org/10.1016/j.tca.2008.08.013
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ial pressures of the gases involved in the reaction balance, the
xperiments should be done with fixed values of Pi in the gaseous
tmosphere. If these conditions are not fulfilled, for example during
dehydration process, the partial pressure in water vapour pro-

uced by the solid itself will vary as long as the transformation
roceeds, which will in turn affect the measured rate. Moreover, to
nsure constant T and Pi (i.e. to assume rapid heat and mass trans-
er), it appears that the experiments have to be performed with a
ery small amount of sample (typically less than 10–20 mg). From
hese considerations, it becomes rather obvious that the best condi-
ions for the measurement of the rate can be achieved in isothermal
nd isobaric conditions with small amounts of sample.

Feature (3) concerns the characterization of the solid phase
hich is essential for the assumptions of the kinetic model from
hich is based the theoretical expression of the rate. For example,

he core-shrinking model, assuming that the rate-limiting step of
nward growth of the new phase B is located at the A/B interface,
eads to different rate equations for spheres, cylinders or plates.

ore generally, the observation of the morphological changes dur-
ng reaction is very important since it gives indications on the most
uitable kinetic models. Inversely, this makes possible the elim-
nation of some of the rate equations, and gives an idea of the
greement between the hypothetical and real shape of the particles,
ncluding the possibility of taking into account a size distribution
n the calculation of the rate equation.

Finally, concerning feature (4), it must be recalled that the
inetic rate of a “simple” reaction as previously defined can be
xpressed by d˛/dt (where ˛ is the fractional conversion) provided
hat the conditions settled during the reaction make it progress
ithin a steady-state. Effectively, if a steady-state is not reached,

he concentrations of the intermediate species vary with time and
hus it is not possible to define ˛ from any experimental determi-
ation of the rate (mass, pressure, etc.). Moreover, the question of
he validity of the rate equation in the form of Eq. (1), which is
owever used by most of the authors in this research domain, has
lready been discussed in a previous article [7]. An experimental
est was proposed which is based on two experiments: in the first
ne, temperature and partial pressures are maintained constant,
hereas in the second one, it is done a jump, or a sudden change,

f the temperature, or of the partial pressure of the gases possess-
ng an influence on the kinetic rate. It was clearly shown that in
ome cases, Eq. (1) was not valid, which excludes then the use of all
he mathematical methods of kinetic analysis, based on this equa-
ion, for the treatment of temperature programmed experiments.
mong the reasons that may be involved in the non-validation of
q. (1), we can find the steady-state assumption, this is why it is
mportant to verify if this assumption can be done. Another reason
ould be that a rate-limiting step of growth may not exist.

In fact, many investigations were devoted in the past to the
etermination of the reaction mechanism, often identified to the
inetic model itself due to a particular rate equation (typically Rn,
n, An, etc.) [3]. For decompositions or solid-gas reactions, it is well
dmitted that two processes are involved in the development of
he solid product: nucleation and growth. These processes occur
ndependently one another, since the nucleation involves the sur-
ace of the solid, and the growth involves in addition the B phase
nd the A/B interface between the reactant and the product. Conse-
uently the mechanisms of nucleation and growth are not identical,
o that for a given reaction, it will be necessary to access to both
echanisms. As it was postulated for reactions involving a single
hase (homogeneous kinetics), the term mechanism must refer to a
equence of elementary steps through which the reactant chemical
pecies are converted in a nucleus of B for the nucleation process,
nd in chemical species of growing B crystal, for the growth process.
he determination of the mechanism of nucleation and growth will

2
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e the object of a future article. For the reactions concerned with
his paper, the nuclei appear at the surface of the solid phase A and
he solid phase has a finite volume, thus all the rate equations based
n Avrami’s model assumptions can be excluded (bulk nucleation
n an infinite volume).

In Eq. (1), f(˛) depends of the shape of the particles (spheres,
ylinders or plates). If we except Avrami’s laws, the function f(˛)
epends of the kind of rate-limiting step of growth (internal inter-

ace for Rn laws, diffusion for Dn laws, for example). Then the
sual method consists to try all the functions f(˛) listed in a table
nd see what is the best fit with the experimental curves (var-
ous mathematical analyses exist based on either isothermal or
emperature-programmed experiments). In addition, it is possible
o determine the values of the pre-exponential factor and of the
pparent activation energy provided that the A term in Eq. (1) fol-
ows the Arrhenius law. Some other methods propose to get these
alues without assuming a particular expression for f(˛). In fact, it
ppears that all these methods are based on the existence of a f(˛)
unction (even when its mathematical form is not made explicit)
nd thus, on the existence of a rate-limiting step of growth from
he beginning to the end of the transformation. However, in order
o elucidate with realism the reaction mechanisms, it would be
ery interesting to verify if the assumption of a rate-limiting step,
enerally of growth (cf. Section 2) is actually valid.

The aim of the present article is to present experimental tests
ble to validate both assumptions of steady-state and rate-limiting
tep of growth. The principle of the tests is first explained, then they
re illustrated with several types of “simple” reactions.

. Principle of the tests

As recalled in Section 1, a “simple” reaction involves two pro-
esses, nucleation and growth, both having the same balance
quation. Consequently, the kinetic rate, (d�/dt), must be the result
f both contributions such as

d�

dt
=

(
d�

dt

)
n

+
(

d�

dt

)
g

(2)

here (d�/dt)n and (d�/dt)g are the rates of production of B by
ucleation and growth, respectively.

In general, due to the very small size of nuclei, the amount of B
roduced by nucleation can be neglected besides that due to growth
nd the measured rate reduces to (d�/dt)g:

d�

dt

)
≈

(
d�

dt

)
g

(3)

Let us make a remark with respect to this approximation: when
or a powder the nucleation process is a very slow process com-
ared to growth, the measured rate can be given by (d�/dt)n since it
an be considered that the particles of A are quasi-instantaneously
totally) transformed in B as soon as a nucleus appears on their
urface. The theoretical rate corresponding to this situation can be
asily calculated (see Appendix A); in fact we obtain the rate law
1, the so-called “first order” law, for which the word “order” does
ot possess any “kinetic” meaning. In the following we will refer to
eactions corresponding to Eq. (3) (rate-limiting step of growth)
lthough the same methods could be applied to the latter case
rate-limiting step of nucleation).
.1. Steady-state assumption

In homogeneous kinetics, a steady-state corresponds to a reac-
ion during which the concentrations of the intermediate species
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re constant; for example, if [Xi] represents the concentration of
he ith intermediate, we must have:

d[Xi]
dt

= 0 (4)

ince in solid-state transformations, the intermediate species are
reated or consumed in interfacial zones (gas/solid or solid/solid
nterfaces), the amount of Xi, noted nXi

, can be expressed by

Xi
= [Xi]e s (5)

here e and s are the thickness and the area of the correspond-
ng interfacial area. The thickness of the area can be in principle
ssimilated to one of the dimensions of the crystal cell of the B
hase.

Similarly to Bodenstein’s approximation on the quasi-steady-
tates used in homogeneous kinetics, we can define a “pseudo-
teady-state” by Eq. (6):

dnXi

dt
≈ 0 with nXi

≈ 0 (6)

hich gives (using Eq. (5)):

d[Xi]
dt

+ nXi

d Ln s

dt
≈ 0 (7)

When the reaction proceeds according to a steady-state (Eq. (4))
r a quasi-steady-state (d[Xi]/dt ≈ 0), Eq. (7) reduces to:

Xi

d Ln s

dt
≈ 0 (8)

hich will represent the condition for a “pseudo-steady-state” in
eterogeneous chemistry, that we use to call “steady-state” in the

ollowing. The condition corresponding to Eq. (8) is usually satisfied
ecause the intermediate species (point defects, adsorbed gases,
tc.) are most often in small amount and the logarithm of the area
f the reaction zones changes less rapidly than the area itself as a
unction of time.

The principle of the experimental test proposed to validate the
teady-state assumption is based on the measurement of the kinetic
ate by means of two independent techniques, in general ther-
ogravimetry and calorimetry. It is commonly admitted that the

hange in mass (�m) is a measure of the extent of reaction, which
ives by derivation versus time the kinetic rate. Moreover the heat
ux (dQ/dt) is a direct measure of the kinetic rate. It can be shown
hat both measurements of the rate are rigorously equivalent if the
ondition of steady-state is satisfied (see Appendix B). Effectively,
ince the measurement of the mass change versus time provides
s with the kinetic rate of adsorption or/and desorption of one or
everal gases, it comes obvious that in the case of accumulation of
dsorbed species, for example, thermogravimetry will not allow to
easure the rate of production in B phase.
Thus the test consists in comparing the kinetic rates measured

y thermogravimetry and calorimetry: for steady-state conditions
he ratio between them is independent of time, according to Eq.
9):

dQ

dt
= �H∑

jMj�j

d(�m)
dt

(9)

here �H is the enthalpy of reaction, Mj and �j, are respectively,
he mass and the algebraic stoichiometric number of the gas j
nvolved in the balanced reaction. In addition, due to the scale fac-
or used to superimpose both signals, the test provides us with a
easure of the enthalpy of reaction, �H. Of course, once the test
as been validated, we can define the fractional conversion ˛, and
d˛/dt) = (1/n0)(d�/dt)g in which n0 is the initial amount of A.

There exists commercial devices that allow simultaneous
hermogravimetry and calorimetry, as for example TG–DSC

•
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evices, that can be used in isothermal conditions. Temperature-
rogrammed experiments may also be done in order to know the
emperature range over which the steady-state is verified.

.2. Rate-limiting step of growth assumption

We are interested in the expression of the rate of production
f B in the general situation of nucleation and growth in steady-
tate conditions. If in addition, it is supposed that the growth rate
s controlled by an elementary step, then the rate of reaction can
e expressed according to the following expression:

d˛

dt
= �(T, Pi, . . .)E(t) (10)

here �(T, Pi, . . .) is the areic rate of growth (in mol m−2 s−1) which
e use to call “areic growth reactivity”, and E(t) is in general a func-

ion of time (expressed in m2 mol−1) related to the extent reaction
rea where the rate-limiting step of growth takes place. If the rate-
imiting step is the nth step of a linear mechanism and occurs at
n interfacial area, �(T, Pi, . . .) will be expressed by the theoretical
xpression deduced from the mechanism of growth: �n(kn, Kj, Pi,
. .) where kn and Kj are, respectively, the rate constant of step n (in
ense of Arrhenius law) and some equilibrium constants of steps
/= n; E(t) is then the area (per mol) of the corresponding inter-

ace. In the case of a rate-limiting step of diffusion between two
nterfaces, �n involves Dn, the diffusion coefficient, instead of kn,
nd similarly equilibrium constants Kj coming from the concentra-
ion of the diffusing species, and E(t) is the product of the area (per

ol) of one of the interfaces by a function of the symmetry of the
iffusion layer (spherical, cylindrical, or planar).

In Eq. (10), the E(t) function is more general than f(˛) in Eq. (1),
nd similarly, �(T, Pi, . . .) is more general than A in Eq. (1) which is
lways supposed to follow the Arrhenius law. Eq. (10) holds in all
ases provided that a rate-limiting step of growth could be ascer-
ained.

The test that permits to validate the assumption of a rate-
imiting step of growth, and consequently the expression of the
inetic rate according to Eq. (10) is called the “�E test”. It is based on
he method of jumps or sudden changes in temperature, or gas par-
ial pressures, as previously explained for the “f(˛)” test [7]. Here,
n a series of experiments conducted up to various values of ˛s in
ame T and Pi conditions, a jump (in temperature or pressure) is
one, and the ratios of the kinetic rate after the jump (ra) to the one
efore the jump (rb) are experimentally determined (see Fig. 1).
ccording to Eq. (10), one can see that:

ra

rb
= �(Ta, Pi, . . .)

�(Tb, Pi, . . .)
(11)

ince the terms E(t) are eliminated. Thus the values of the ratios ra/rb
etermined in the various experiments (i.e. for various ˛s) must be

dentical in the range 0 < ˛s < 1. If this is not the case, then there is
o possibility to make the assumption of a rate-limiting step for
rowth, and as a consequence, the use of Eq. (10) and a fortiori of
q. (1) is rigorously forbidden.

Inversely, it may happen that the “�E test” would be verified in
ome special situations as those illustrated in Fig. 2:

the growth process is kinetically controlled by two elementary
steps located in the same reaction zone, for example: molecu-
lar adsorption (Fig. 2a) followed by dissociative adsorption (cf.

Fig. 2b), adsorption and external interface reaction (cf. Fig. 2c);
similarly reactions which occur at external and internal interface
with identical dimensions (cf. Fig. 2d);
all the elementary steps take place in the same reaction zone
(same E(t) function); for example if the particles are disinte-
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model of nucleation and anisotropic growth [8–10]. The experi-
ment for the “steady-state” test has been done using simultaneous
calorimetry and thermogravimetry at 973 K and 2.5 hPa in water
vapour pressure in helium. The result, shown in Fig. 3a, indicates
Fig. 1. Jumps done at different values of the fractional conversion (times � an

grated due to cracking after an extensive lattice reorganisation
(cf. Fig. 2e), the external and internal interfacial areas involved
in the growth process can be practically identical (diffusion is so
rapid that it cannot be rate-limiting).

In the next section, we present the results of the “steady-state”
nd “�E” tests for various reactions studied in our laboratory: dehy-
ration of kaolinite, oxidation of magnesium (Mg powder and Mg

n solution in liquid AlMg alloy) and of a Zr-based alloy.

. Application of the steady-state and “�E” tests to several
olid-state reactions

The steady-state and “�E” tests have been applied in our lab-
ratory to various kinds of solid-state reactions among which we
ave selected a thermal decomposition (Section 3.1), two reactions
etween gases and solids, either with powder (Section 3.2) or bulk
aterial (Section 3.4), and a reaction between a gas and a liquid
Section 3.3). These examples have been selected for they are rep-
esentative of different situations with respect to the “steady-state”
nd “�E” tests. It will be shown that even for “simple” reactions, it
appened that the “�E” test was not validated.

ig. 2. Scheme illustrating various cases for which the “�E” test can be verified.

F
H
o

nd corresponding rates measured after the jump, ra, and before the jump, rb.

.1. Dehydration of kaolinite

The dehydration of kaolinite into metakaolinite corresponds to
he following reaction:

l2Si2O5(OH)4 = Al2Si2O7 + 2H2O

e have studied this reaction at various temperatures and pres-
ures and given a complete description of the kinetics using a
ig. 3. Thermal dehydration of kaolinite at 973 K: (a) steady-state test (2.5 hPa in
2O) and (b) kinetic curves ˛(t) with pressure jumps from 2.5 to 10 hPa and values
f the rate ratios.
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ical changes during the reaction. As these changes differed from an
ig. 4. Oxidation of Mg into MgO by oxygen at 783 K: (a) steady-state test (0.2 kPa
n O2) and (b) “�E” test with temperature jumps from 773 to 783 K.

hat the test is validated since the curves of heat flow and mass loss
ate can be rather well superimposed in the range of ˛ between
and 1.

Moreover, it can be seen in Fig. 3b that the values of the ratios
f the rates at various values of ˛ are approximately equal, which
eans that the “�E test” is also validated. The kinetic curves

bserved in Fig. 3b well illustrate the effect of the jumps (here the
ater vapour pressure was suddenly changed from 2.5 to 10 hPa)
n the kinetics.

.2. Oxidation of a magnesium powder

An other interesting example is that of the oxidation of Mg into
gO by oxygen for which the initial large particles (∼400–500 �m)
ere disintegrated since after reaction a fine powder was obtained
ith a specific surface area equal to 50 m2 g−1 (particle diameter
50 nm) [11,12]. This is a common phenomenon which happens
hen it exists some difference between the molar volumes of the

olid reactant and product (the oxide/metal ratio is equal to 0.81

n the present case). Fig. 4a and b show the result of the steady-
tate and “�E” tests, respectively. Both are clearly validated, which
eems surprising if one considers the important morphological
hanges during the reaction. In fact, we could explain this behaviour

e
H
(
a

ig. 5. Oxidation of Mg in Al–Mg 5% in the liquid state into MgO by oxygen at 973 K:
a) steady-state test (0.2 kPa in oxygen) and (b) “�E” test with oxygen pressure jumps
rom 4.0 to 2.0 kPa (circles) and from 2.0 to 4.0 kPa (squares).

y means of a kinetic model (R3 law type adapted to a cylindro-
pherical geometry) with a rate-limiting step of growth located at
he external interface (i.e. the surface of the contracting Mg parti-
les since the MgO particles are continuously ejected, as shown in
ig. 2e). In fact, the function E(t) takes the same expression than
f the oxide formed a dense layer around the metal core. Hence, in
his case, important changes in the morphology of the solid par-
icles do not have any consequence on the rate-limiting step of
rowth.

.3. Oxidation of a liquid Al–Mg alloy

This case consists of a very unusual situation in the domain of
xidation of alloys since gaseous oxygen reacts with AlMg in the
iquid state. The selective oxidation of Mg into MgO, from a liquid
l–Mg 5% alloy has been studied at 973 K under controlled oxygen
artial pressure [12]. The results of the steady-state and “�E” tests
re reported in Fig. 5a and b. It can be seen that the curves are very
rregular, which was attributed to rapid and important morpholog-
xperiment to another, the kinetic curves were not reproducible.
owever the result of the steady-state test for the oxidation of Mg

in solution into liquid alloy) into MgO shows that the steady-state
pproximation seems to be valid (cf. Fig. 5a).
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Considering the “�E” test illustrated by Fig. 5b, it was surprising
o find two distinct domains of fractional conversion in which the
est was verified. The rates ratio was approximatively constant for
< ˛ < 0.2 and then for 0.3 < ˛ < 0.52, but the ratio value changed

rom about 2 to 6.5 from the first domain to the second one. It
s interesting to notice that, even if the kinetic curves were not
eproducible, the ratios of the rates measured from the pressure
umps were well reproducible (cf. Fig. 5b). Moreover, similar values
ere obtained whatever could be the sense of the oxygen pressure

umps, from 2.0 to 4.0 kPa or from 4.0 to 2.0 kPa (squares and circles
f Fig. 5b).

An other interesting feature of this reaction is that the activity
n Mg in the liquid alloy, aMg, varies as ˛ increases, so the constancy
f the ratios ra/rb indicates that either � is independent of aMg, or
can be written as

(T, PO2 , aMg) = f (aMg)g(P, T) (12)

.e. aMg is a separate variable of the growth rate. Thus, the method
ay lead also to interesting results concerning the form of the

xpression of the reactivity of growth.
More details can be found in Refs. [12,13] concerning the origin

f the two domains of validation of the “�E” test. To summarize,
hese have been attributed to two kinds of adsorbed oxygen, prob-
bly due to differences in morphology of MgO particles from the
rst domain to the second one. This result points out the inter-
st of validating the “�E” test before searching for a theoretical
xpression of the kinetic rate when one wants to fit the kinetic
ata.

.4. Oxidation of a Zr-based alloy by oxygen or water vapour

Because of their use in PWR nuclear reactors, the resistance
owards oxidation of Zr based alloys has been extensively stud-
ed. When oxidized by oxygen or water vapour, the kinetic curves
xhibit a break-away attributed to morphological changes in the
xide scale (pores, cracks) and called the “kinetic transition”. We
ave studied these reactions with the objective of detect any change

n the mechanism of ZrO2 growth before and after the kinetic tran-
ition.

The most interesting results were those of the “�E” test which
ndicated in the pre-transition stage the existence of a rate-limiting
tep before the kinetic transition, and a change in the mechanism
fter the kinetic transition [14,15]. Fig. 6a and b reports the results
btained with Zircaloy-4 in the case of the oxidation at 823 K by
ater vapour at 13 hPa. Fig. 6a clearly shows that a steady-state is

stablished during the pre-transition stage since both curves of heat
ow and rate of mass increase are very well superimposed. After
he kinetic transition, the signals are not so well superimposed,
owever with a slight change in the scale factor, it is possible to
ave a reasonably good agreement. Fig. 6b presents the results of
wo kinds of jumps done for the “�E” test, temperature and pres-
ure jumps. It appears that before the kinetic transition, the ratio of
he rates obtained with the temperature jumps is practically con-
tant with a mean value of 2.32; then at the kinetic transition,
his ratio decreases and it does not take a constant value during
ll the post-transition stage. It means that the assumption of a
ate-limiting step of growth of the oxide scale can be done only
efore the kinetic transition. Moreover, in the pre-transition stage,
he water vapour pressure has no effect on the kinetic rate, whereas
he ratios obtained from the jumps in water vapour pressure are not

onstant (cf. Fig. 6b: pressure jumps), which confirms that in the
ost-transition stage, the mechanism is different. So the morpho-

ogical changes in the oxide scale not only induce a change in the
inetic rate, but also modify the mechanism of reaction (after the
inetic transition, the expression of the rate is not of the form �E).

w
1
a
o
a

ig. 6. Oxidation of Zircaloy-4 at 823 K by water vapour (water vapour pressure:
3 hPa; hydrogen pressure: 10 hPa): “�E” test with temperature jumps from 773 to
03 K and pressure jumps from 13 to 33 hPa.

ore details on the elementary steps of the oxide growth mecha-
ism can be found in Refs. [14,15].

. Conclusions

It has been shown that simple experiments allow to vali-
ate important assumptions for the kinetic analysis of solid-state
eactions. Several examples of reactions have been presented illus-
rating the interest of the “steady-state” and the “�E” tests. These
ests may be very useful before any attempt of kinetic modelling.
n particular, they can be used to identify the range of ˛ in which
t will be possible to find a kinetic model based on the assumption
f a rate-limiting step. Moreover it indicates if the rate equation
an be expressed by the product of two functions �(T, Pi, ai, . . .)
nd E(t), and may give interesting information on the � function. In
ase of important modifications of the morphological properties of
he solid during the transformation, it will also be possible with the
E test to know if these changes have an effect or not on the kinetic

ate. Finally these tests may allow to settle the basis of a kinetic
odelling even in the case of non-reproducible experiments, due

o the method of jumps.
Then, as recalled in Section 1 and previously published, it is also

ossible to use the “f(˛)” test [7] to discriminate between kinetic
odels those for which the E(t) function may be formulated as a

(˛) function.
Using the “f(˛)” test, the “steady-state” test and the “�E” test,
hich represents a relatively low number of experiments (about
0 more or less), one is able to get a verification of the basic
ssumptions on which most of the kinetic analyses are based; in our
pinion, this appears to be necessary before searching an appropri-
te rate equation for the kinetic modelling.
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ppendix A. Calculation of the rate of reaction which
ransforms a powder A into B with slow nucleation and
nstantaneous growth (F1 law)

.1. Assumptions

as soon as a nucleus appears on the surface of a grain, its trans-
formation is complete and instantaneous,
the nucleation process is characterized by the areic nucleation
frequency � (i.e. the number of nuclei per unit of surface), which
is supposed to be constant for isothermal and isobaric conditions,
the rate-limiting step of nucleation is supposed to be located at
the surface of the grains.

Notations:

the areic nucleation frequency (m−2 s−1)
0A

the initial volume of a grain of phase A (m3)
0 the initial surface of a grain of phase A (m2)
0 the total initial surface of phase A (m2)
L(t) the total surface of phase A at time t (“free surface” for

nucleation, m2)
0: the initial number of grains of phase A
0: the initial amount of phase A (moles)

During the time dt, the number of grains of phase A that are
otally transformed is equal to the number of nuclei appeared in
he powder, i.e. � SL(t) dt. Thus the amount d� of A having reacted
uring dt is proportional to dt according to Eq. (A.1.1):

� = �SL(t)
v0A

VmA

dt (A.1.1)

.2. Calculation of SL(t):

The decrease in the free surface for nucleation during dt is equal
o the product of the number of grains having reacted (� SL dt) by
he surface of a grain s0:

SL = −�SLs0 dt (A.1.2)

hich leads by integration to

L(t) = S0 exp(−�s0t) (A.1.3)

.3. Calculation of the rate

d˛

dt
= 1

n0

d�

dt
= �v0A

S0

n0VmA

exp(−�s0t) (A.1.4)

ince (n0VmA /v0A
) = N0 and S0 = s0 N0:

d˛

dt
= �s0 exp(−� s0t) (A.1.5)

rom Eq. (A.1.5) we obtain:
= 1 − exp(−�s0t) (A.1.6)

nd

d˛

dt
= �s0(1 − ˛) (A.1.7)

[

mica Acta 478 (2008) 34–40

q. (A.1.7) corresponds to the law F1 mentioned in the literature,
sually called the first-order law. Here it can be seen that the kinetic
onstant � s0 takes a physical meaning.

ppendix B. The proportionality between the rates
etermined from the mass variation and from the heat flow

Notations

0 initial amount of the initial phase A
m mass variation

G algebraic stoichiometric number of gas G involved into
the reaction balance

G molar mass of gas G
enthalpy of reaction

.1. Expression of the rates in steady-state conditions

The rate of mass variation in steady-state conditions can be
xpressed by Eq. (A.2.1):

d(�m)
dt

= −n0
d˛

dt

∑
G

�GMG (A.2.1)

he heat flux produced or consumed in steady-state conditions can
e expressed by Eq. (A.2.2):

dQ

dt
= n0

d˛

dt
H (A.2.2)

t is very easy to see that at any time of reaction, the ratio of the
ates takes a constant value:

(d(�m)/dt)
(dQ/dt)

=
∑

G�GMG

H
(A.2.3)

rom this constant of proportionality, one may find the value of the
nthalpy of reaction H.
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