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Abstract

In order to improve the soundness of the kinetic analysis of solid-state reactions, we present an experimental test based on a sudden char
(jump), during an experiment, of the temperature, or of the partial pressure of gases, which have an influence on the kinetic rate. This test, denott
“f (@) test” allows to discriminate if the kinetic modelling may or may not involve the rate equati@h=lkf («) for any kind of reaction: thermal
decomposition, solids reacting with gases,Numerous examples are given and discussed according to the answer of the test, mainly based on
the consideration of nucleation and growth processes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction eters by various authors for the same set of kinetic [@t&Vhat
is interesting to notice in all these mathematical methods both

In several recent articles, Galw§l5] has given a critical for isothermal and non-isothermal data, is that they are based on
description of the literature concerned with the kinetics of solid-the assumption that the rate dafifra “simple” reaction obeys
state reactions. Since the publications discussing the results tif the following conditions:
the ICTAC kinetic project6], he has clearly put in evidence
the shortcomings in the mathematical methods generally use@) it varies with temperature according to the Arrhenius equa-
for the analysis of the kinetic data, i.e. for the interpretation of  tion;
the «a(r) curves in terms of a “kinetic tripletE, Ag andf(«) (b) «is aseparate variable in the expression of the rate (cf. Eq.

according to the following rate equation: (1) or an equation of the typg(«) = k7).
% = Agexp <_E) (@) (1) The term “simple” means in general that the reaction stoi-
dr RT chiometry is well established, there are no parallel reactions, no

E andAg being called the “Arrhenius parameters”, respective|y’success:ive reactions, no melting, etc. However, it is worth trying
the activation energy and the pre-exponential fagt@r) can to give a definition of it. A simple reaction is a transformation
take various expressions depending of the model under consifihich satisfies two conditions: (1) There is no intermediate solid
eration. phase from the initial to the final solid phases. For example, oxi-
Among the numerous points discussed and criticized in thegd2tion of copper by oxygen into CuO with formation of the
articles, it appears that the main reasons for claiming that thiitérmediate phase G0 is not a simple reaction but a succes-
present situation is “unsatisfactoryl] come from the great SIoN of two simple reactions, each of them having its own model

disparity observed in the determination of the Arrhenius param@ transformation with nucleation and growth mechanisms. (2)
There does not exist a large departure from stoichiometry in the

initial and final phases.
* Corresponding author. Tel.: +33 477 420 152; fax: +33 477 499 694. One ofthe aims of the present article is to show thatevenin the
E-mail address: mpijolat@emse.fr (M. Pijolat). case of simple reactions, the rate may not fulfil both conditions
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(a) and (b) so that E¢1) is inadequate for the description of the the kinetic “model” and the kinetic parametdtandA. In gen-
kinetic set of data, whatever the experimental operating proceeral, the subscript is related to the geometrical characteristics
dures could be. First, concerning the variation of the rate wittof the reacting solid particles.
temperature, the Arrhenius dependence must be considered as aro account for both nucleation and growth processgiaws
very restrictive assumption, for (at least) the following reasons(which are well known as Avrami—Erofeev equations), which
correspond to sigmoid(r) curves, have been derived upon the
- the rate of a rate-limiting elementary step is the result of twoassumption that one of the two processes was predominant on
kinetic processes, the direct and the reverse one, and unledg other one. On the contra®, andD, laws are used when
the reaction is done within experimental conditions {?, nucleation is supposed to occur instantaneously at the beginning
far from those of equilibrium, the rate of the reverse proces®f the reaction, and thus in this case only growth is involved in
cannot be neglected besides the rate of the direct one; the kinetic modelling. In the case of Avrami—Erofeev laws, the
- solid state reactions involve gaseous species that can liclei are supposed to appear everywhere in the bulk of the par-
adsorbed or/and desorbed; thus, depending of which of thiicles, but this situation is not always encountered as for example
elementary steps is controlling the reaction, the equation givwith many reactions of inorganic compounds (decompositions,
ing the amount of adsorbed species in equilibrium with thesolids reacting with gases,.) where the nuclei are observed to
gaseous phase (very oftenitis the Langmuir isotherm), will béppear at the surface of the particles. In fact, such reactions can
involved in the rate equation, i.e. daforoportional to aterm  be more realistically described using the Mampel's m{gldlor
ofthe type “AB/(1+3_B;P;)",inwhichA andBfollow Arrhe-  Johnson and Mehl's modf]) which is based on the combina-
nius dependence with temperature (see for examplgRgf.  tion of geometrical and statistical approaches: the rate limiting
- intensive variables other than temperature and pressuidgep of growth is assumed to occur at the interface between the
may also be involved such as for example the activity ofreactant and the product phases, and the nucleation process fol-
constituents in solid solutions. lows a Poisson spatial temporal distribution. The calculation of
the rate according to Mampel assumptions can be done for plate-
More generally the rate should thus be expressed as followdike, cylindrical and spherical particles; it involves a couple of
da kinetic “constants” (y¢), related to the rates of nucleation and
— =A(T P;,..) f@) (2)  growth, respectively. The constapis relative to the growth pro-
dr cess and it is defined as the amount of reactant transformed per
inwhichA has notthe meaning of a rate constant, which explainsneter square per second (we have cajlétk “areic reactivity of
why the letter “k” is not used in this article. growth”); for example, iV, represents the molar volume of the
Concerning the proportionality between the rate daldd  reactantVm¢ is the rate of advance of the interface in the case
a functionf(«), we report in this article a method based on anof the core-shrinking model,,. The constany is defined as the
experimental test to settle the validity of Eg) for any reaction.  areic frequency of nucleation, it is a number of nuclei per meter
The principle of this “{«) test” is given in Sectio, and exam-  square per second. These two kinetic parameters are assumed
ples of application to various kinds of solid state reactions arg¢o vary independently versus temperature, partial pressures of
reported in Sectio. In Sectior¥, we discuss the two situations gaseous species, impurities, etc. since the mechanisms of nucle-
that occur according to the result of tfiy) test, i.e. for what ation and growth should be different. In practice, the calculations
reasons the rate follows or does not follow E2). We comment  are greatly facilitated by the use of a dimensionless time vari-
on the shortcomings of the mathematical methods based on tlable (9, which leads to the comparison of (dajti@le/d6),=0 5
use of Eq.(2), and on the interest of making tligr) test for  (the calculated reduced rate) to (da/dr)/(doddg)s (the experi-
choosing an appropriate kinetic model involving nucleation andnental reduced rate, fét; andT constant). The best agreement

growth steps. between experiments and model is found by means of a unique
fitting parameteAy (Am = 4nr8y/¢Vm for spherical particles of
2. Principle of the “f () test” initial radiusrg and molar volumé/y,). It is interesting to notice
that¢ and the facton (in Eq. (2)) are related according to:
2.1. Preliminary justification
A noVm 3)
As mentioned in the introduction part, EqQ.) is at the basis "0

of most of the kinetic analysis of experimental data. How-wheren is equal to 1, 2, or 3 for plates, cylinders, or spheres,
ever, despite of many articles devoted to mathematical methodsspectivelyyyg is the initial radius of the spheres or cylinders,
more and more sophisticated and automated in order to interprahd the half thickness in case of plates.

rapidly the thermal kinetic data, the assumptions on which are It is important to notice that the rate derived from the Mam-
based the various typesfdfr) functions generally used to fitthe pel's model is not consistent with E(2), as it can be very
data, are not enough discussed or commented in relation with tleghematically illustrated ifrig. 1. We have chosen two kinds
geometrical or morphological characteristics of the solid parti-of nucleation and growth which lead to the same conversion
cles[5]. Thef(«) functions are usually classified using capital (« =0.5) of a spherical particle: a single nucleus in (a) and two
letters with a subscript, such ag\,,, F,,, R, D, ... and the best nuclei in (b). Due to Mampel's assumptions, for identical con-
fit between one of these functions and the set of kinetic data giveditions of 7, P;, ... the rate corresponding to the particle in



88 M. Pijolat et al. / Thermochimica Acta 439 (2005) 86-93

da/dt (s

a=035 B reacted a=1035
@ [ unreacted (b)

Fig. 1. Schematic representation of particles with same fractional conversion
(=0.5) and distinct rates of transformation in case of one (a) or two nuclei (b).

(b) is twice the rate in (a) since the surface of the advancing
interface in (b) is twice that in (a). Since the Mampel's model
is able to account for a sigmoid shapedf) curves, it was
possible to interpret our kinetic data in several cases, like for
example Ce(OH)C@[10] and CaCQ@[11] decompositions. As

it will be reported below (Sectiod.2), in case of nucleation

at the surface of the solid, not only Mampel’'s model but other
nucleation—growth models can be proposed that give a rate
which is not in agreement with E@2), i.e. a rate without a

“f (a)” behaviour.

So, considering nucleation-growth reactions may occur with
surface nucleation (and thus without &d¢§” behaviour) or with ;
volume nucleation (with a ‘(&r)” behaviour), it has seemed to us ; , , ;
primordial to be able to choose between both alternatives, since it (b) a
IS m_OSt the” VerY difficult ‘?r quite |mp_oss,|ble to ur]a‘mblguou,S|_yFig. 2. lllustration of the “f«)" test with an isothermal and isobaric experiment
decide it from microscopic observations. More generally, it iScontinuous line) and a temperature jump fraimto 71 (dotted line):a is a
important to know itx a separable variable of the rate, or not, for separate variable of de/ifr () whereas it is not in (b).
any kind of solid-state reaction. We thus propose an experimental
test, called the “f)” test, which does notrely on any assumption 3, Application of the “f («) test” to several solid state
concerning the mechanism or the kinetic model. This test is valigeactions
even if the rate does not follow the Arrhenius law (cf. E2)).

Various kinds of solid-state transformations have been stud-
2.2. The description of the “f(a) test” ied using Eqg.(2) for the analysis of the experimental kinetic
data. Here, we give the results of thedy test” in three cases:
The test is based on two experiments conducted as followsdecomposition (including dehydration), reactions between gases
and solids, and reactions between two solids. It is worthwhile
- during the first experiment, the temperature (7) and the partiaio mention that all the experiments were done with a very small
pressures of all the gaseB;Y reacting with or produced by mass of sample in the crucible of a thermobalance (~25mg) in
the solid are maintained constant upite: 1; order to avoid the issue of mass and heat transfer in the powder
- the second experiment is done with a different temperdtlre bed, and thus to ensure as far as possible isothermal and isobaric
(or pressureP;’) up to a value ofr between~0.2 and~0.7,  conditions during all the reaction.
then a sudden change is done to return to the same conditions
T andP; as in the first experiment. 3.1. Decomposition, dehydration, dehydroxylation

Fig. 2shows the two kinds of results that can be observed by CaCQ decomposition has been very extensively studied
plotting de/drversusa for both experiments: in (a) the curves under various experimental conditions, and there is still a debate
of the rate are superimposed which means thdteafunction  on the precise mechanism and on the elementary step control-
can be used for the choice of the kinetic model; in (b), since thding the growth. Isothermal and isobakigr) curves exhibit a
rates are found to be different for the same value,aindA is  sigmoid shape, indicating a continuous nucleation process. The
unchanged (BndP; are rigorously identical)y is not a separate literature data concerning the values ofithandE are remark-
variable of the rate and E) is not valid. The interest of this ably widespreadil3-14].
method is that it does not require any mathematical analysis of Fig. 3shows the result of the {#) test”, the conditions used
the experimental data. In the next section, we present the resufisr the two experiments are given in the legend (as for the other
of the “f(«) test” for several reactions studied in our laboratoryexamples reported hereafter). It can be seen that the two curves
during these last years. after the pressure jump are not superimposed, and thus the con-
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Fig. 3. “f(«)” test in the case of the decomposition of Ca@mp in CQ,

pressure from 1.333 to 1.066 kPa (the temperature was fixed taCj00

Fig. 6. “f(«)” test in the case of the oxidation of magnesium particles: jump in
temperature from 500 to 52C (the oxygen pressure was fixed to 20 kPa).

0.12 120
100°C — da/drversusy could be done for each of these reactions by means
0.1+ 100 of nucleation—growth models as previously detailed elsewhere
- i O [10-11,15,16].
o [ = These examples show that obviously the kinetic analysis
2 0,06 Je— L 60 g methods based on E{L) would lead to values ofip and E
" g with no real meaning, which is the case of mathematical fitting
0.04 4 40 5 with an erroneous law.
B = 3.2. Reactions between gas and solids
0 r : v : 0
0 0.2 04 0.6 0.8 Since several years, we have been interested (mostly for
o

Fig. 4. “f(«)” test in the case of the dehydration of,804, H2O: jump in

research supported by industry) in two kinds of gas—solid reac-
tions: oxidation of metals and alloys, and reduction of oxides.

temperature from 80 to 10 (the water vapour pressure was fixed to 0.26 kPa). We present, hereafter, the results of thé)ftest” performed

sequence is that the kinetic curves cannot be analysed using theéns.

assumption of #(«) function as in Eq(1) or (2).

during studies on Mg/g Zr/O,, U30g/H; and U;Og/NH3 sys-

The oxidation of magnesium particles (Fig. 6) exhibits a
remarkably “f«)” behaviour of the rate since the curves of do/d¢

In Fig. 4, we have reported the plot of daftlirves versug
obtained for the “f«) test” method applied to the dehydration
of LioSOy, H20. Again the lack of agreement between the two
curves after the sudden change indicate that the usef@f)a
function in the rate equation must be avoided.

Similar conclusions could be drawn from the results obtaine
for the dehydroxylation of kaolinite into metakaolinite (Fig. 5).

after the sudden change Thor P are very well superimposed
[17]. The same behaviour (Fig. 7) was observed in the reaction of
oxidation of zirconium in the alloy Zy4 well known as zircaloy

in nuclear energy productidi8]. It can be seen ifrig. 7 that
é;\fter each jump of temperature from 500 to 580 all the rate
curves (dm/dplotted versus:%, wheren is the weight change)

The interpretation of the shape of the experimental curves o

re very well superimposed after the jumps. An explanation to
this “f(«)” behaviour in the case of these two reactions is that

0.0007 - dm/dt (mg/min)

il = T=460°C 0.012

’ isotherm 530°C
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Fig. 5. “f(«)" test in the case of the dehydration of kaolinitex8i,Og(OH)4):

Fig. 7. “f(a)” test in the case of the oxidation of zircaloy by water vapour:
jumps in temperature from 500 to 530 or inversely as indicated by the arrows

jump in temperature from 450 to 46Q (the water vapour pressure was fixed (the partial pressures in water vapour and hydrogen were fixed to 1.3 and 1 kPa,

to 0.25kPa).

respectively).



90 M. Pijolat et al. / Thermochimica Acta 439 (2005) 86-93

dm/dt (% min’")
0.07

isotherm 560°C

0.06

0.05

0.04

0 I 1 I I 0.03

0 0.2 0.4 0.6 0.8 1
o

Fig. 8. “f(«)" test in the case of the reduction 0§0g by hydrogen into U@:
jumps in temperature from 550 to 540 (the partial pressures in hydrogen and 0.01
water vapour were fixed to 2.0 and 0.6 kPa, respectively).
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metal surfaces are always covered with a very thin film of oxideFig. 10. *f(«)" test in the case of the reduction 060g by carbon intoU@:
so only the growth process is at the origin of the variations ofump in temperature from 550 to 56C (the partial pressures in G@vas fixed

T o . 10 5.0kPa).
a with time of oxidation (the nucleation process does not take' %)

partto the reaction). 3.3. Reactions between solids
We have also studied the transformation of uranium oxide ™"
powders from |JOg into UO, using reducing gases such as
H> or NHs. The system U-O is known to exhibit a very com-
plex chemistry with various intermediate non-stoichiometric
oxides. In the case of the reduction o@ by hydrogen,
?nfttgrr a previous erroneous k'T‘e“C analygis), we ha\{e re- gas produced by the reactidrig. 10shows that the ‘(&) test”
preted the kinetic data (isothermal, and isobaric curve .
i : ; is validated.

which means that the partial pressures in hydrogen and water
vapour were maintained constant during the course of the trans-
formation) to take into account three successive simple readt:
tions: UsOg — U3Og_, — U409 — UO, [20]. The “f(«) test”
applied to this transformation was found to be validated in eac
of the three reactions as showrHig. 8. In the case of the reduc-
tion of U3Og into UO, by ammonia (there the partial pressures
in NH3, H,O and N were fixed during all the experiments) we
observed only two steps:d@s — U3O0g_, — UO, (no UsOg
phase could be detected in the X-ray diffraction patterns). The
variations of da/dversusa have a sigmoid shape (which was 4 /. « is a separate variable of do/dt
not the case for those obtained with hydrogen as the reducing
gas). The f(«) test” shown inFig. 9indicates that the rate does ~ Whenthe “f«) test”is successful, it means that an expression
not Vary as expressed by EQ') or (2) forf(()[) can be found among the “kinetic mOdeJS,'[, Rn, Dn,l

etc. of the literature, that fits correctly the kinetic data obtained in

isothermal and isobaric conditions, taking into account the geo-
metrical shape of the initial particles, and if necessary a particle
size distribution. It is only when the rate follows the Arrhenius
equation that non-isothermal data could be also correctly inter-
preted, otherwise whatever the mathematical method could be,
it would lead toE values varying withx (or 7). In most cases,

The synthesis of U@powders may also be achieved by the
reduction of 3Og by carbon; in this case a mixture of;0g
and C powders is heated in a gaseous flow containing a fixed
partial pressure in C&since CQ was observed to be the only

Comments and conclusions

h The application of the ) test” to various kinds of solid
state reactions leads to a possible classification in two families,
according to the answer “yes” or “no” to the question Bsep-
arate variable of dw/ds? Various situations may be distinguished
within each of both families as commented below.

0.0002

T =550°C

0.00015

0.0001

dm/dt (mg.s™)

1 D3 andDy4 laws are proposed in the case of growth controlled by a diffusion
step in the product layer. Thes law (or Jander’s law) for spherical particles
5 results from the combination of the equation of the contracting volRgneith
| the parabolic law of diffusion (established for plates), and has no really physical
0 0.2 0.4 0.6 0.8 1 meaning. OnlyD,4 law should be used in case of spherical particles (Ginstling
Am/Am,, and Brounstein’s law) or a modification 6 law when the ratio of the molar
volumes of the reactant and the product is differentfrom 1 (Valensi—Carter’s law).
Fig. 9. “f(«)" test in the case of the reduction 00g by ammonia into UQ: We think thatD3 law should disappear from the tables in the articles relative to
jumps in temperature from 530 to 550 (the partial pressures in ammonia, Kinetic analysis, as well as from the software joined to the commercial devices
nitrogen and water vapour were fixed to 0.625, 0.275 and 0.85 kPa, respectivelyyf thermal analysis.
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Table 1
Various assumptions useful in kinetic models for solid state transformations and related answg(apteet
Rate limiting step of growth Shape of the particles
Spheres Cylinders Plates
Instantaneous growth continuous nucleation - F1 F1 F1
f(a) test=yes
Instantaneous nucleation Inward development Internal interface R3 Ry Ry
f(a) test=yes External interface (a) (a) (a)
Diffusion Dy Dy D1
Outward development Internal interface (a) (a) (a)
External interface (@) (a) (&)
Diffusion (€) (a) (a)
Surface nucleation-anisotropic growth Inward development Internal interface €) @ (€)
f(a) test=no External interface (@) (a) (@)
Diffusion €) (@ (€)
Outward diffusion Internal interface (a) (a) (a)
External interface €) [€)) @
Diffusion (a) (a) (a)
Surface nucleation-isotropic growth Inward development Internal interface Mampel Mampel Mampel
f(a) test=no External interface (b) (b) (b)
Outward development Internal interface (c) (c) (c)
External interface (c) (c) (c)
Bulk nucleation-isotropic growth Internal interface A3 Ao A1

f(a) test= yes

(a): calculated foZ=1 andZ + 1 in CIN2?; (b): calculated foZ=1; (c): not yet calculated.

this can be at the origin of many of the shortcomings outlined The transformation under study is not simple and results
and largely discussed in R¢L-5]. from consecutive or parallel reactions. This last situation has
Moreover, it appears also that the mathematical methods already been discussed in the case of simulated kinetic data of
based on isothermal kinetic data appear well adapted for find- the ICTAC projec{6]. The formation of intermediate phases
ing the expression gf(«) provided the experiments are done in  during the transformation of a reactahinto a productB is
isobaric conditions with respect to all the gases participating to not always easy to detect (amorphous phase, melting phase,
the reaction. In such cases, it is interesting to mention that the ...) but it is a quite frequent situation, as for the reduc-

variations of¢ versus temperature and partial pressrean tion of uranium oxide by hydrogen (cf. Secti@®2). When
be obtained from the kinetic analysis of the experimental data three consecutive reactions happen, each of them will pro-
acquired in various settled conditions ;). ceed according to their own rate equation, i.e. a particular

An other possible situation is that of a reaction for which the couple of¢ andf(«) functions. In the example illustrated in
“f (o) test” is valid but none of th&«) functions of the literature Fig. 8, the “f«) test” is verified in each domain of the extent of
appears to satisfactorily fit the isothermal kinetic data. This may conversionx, which is in fact an “apparent” resulting from
happen in (at least) two situations: the combination of three “real” degrees of conversion defined
with respect to the three successive react[@0%
- The “kinetic model” (i.e. the expression ffx)) has not yet
been established or reported in the literature. It could be, fo#.2. « is not a separate variable of do/dt
example, the case of particles with inward growth controlled
by an elementary step located at the external interface like As previously discussed in Secti@nthis situation may cor-
for example an adsorption or desorption step, or a reactiorespond to the reactions involving continuous nucleation and
between adsorbed species. So it has been possible to establggiowth, when the nucleation process occurs at the solid surface.
expressions of («) different from the usuaR,, or D, ones,  The (simple) reactions for which the nucleation and growth pro-
taking into account also the possible change in the molar voleess occur according to the assumptions of the Avrami—Erofeev
ume between the reactant and product phases. In the table, wgquation would verify the “{) test”. In all other cases, two
have reported the various assumptions from which the mattkinds of models can be used to interpret the variations of the
ematical expressions gf«) can be derived. rate with time or withx (cf. Table 1):

2 |n our laboratory, we are using a software tool “CIN2” for several years in (Mampel, anisotropic growth) for plates, cylinders and spheres. More recently,
which the various assumptions listed in the table can be selected before calculdtonte-Carlo simulations for nucleation-growth models in case of cubes have
ing @ and de/dwvariations. It allows the calculation of nucleation-growth models been developef?6].
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- The Mampel’s model, which relies on the assumptions of Finally, an advantage of the models of nucleation-growth
isotropic growth of the nuclei and a rate-controlling step (surface nucleation and either isotropic or anisotropic growth)
of growth located at the internal interface (cf. Sectionpresented above, is that the values of the kinetic “constants”
2.1). y and ¢, related to respectively the nucleation and the growth

- A model of nucleation at the surface of the particles fol-can be obtained from the confrontation of the measured rate to
lowed byanisotropic growth: in this case the lateral growth the calculated rate for each set Bf P; conditions prevailing
(i.e. tangentially to the surface of the particles) is supposeduring the isothermal isobaric experiments. So in general, from
to be “quasi” instantaneous compared to the radial growththe determination of the kinetic model we can get the variations
the calculation ofxr and do/dican be done in a similar man- of y(7, P;) and¢(T, P;), propose corresponding mechanisms,
ner than in the Mampel's model (i.e. using a dimensionless.e. sets of elementary steps, then calculate the possible laws
time 6 and a parametety) for plates, cylinders and spheres, for y and ¢ assuming that one of these steps is rate-limiting
assuming either inward or outward development, and thal6—20]. Moreover, we have also shown in various studies how
the rate-limiting step of growth could be an interface stepthe variationsp(7, P;) can be obtained directly from experi-
(external or internal interface) or a diffusion step. For exam-ments and without any assumption, using (again) the sudden
ple, we reported in a previous article that the kinetic curvesshange methoL0,12,16-19,25]. It will also be interesting to
obtained for the dehydration of a powder o8&y, H,O detail the basis and the advantages of this method in future
in isothermal and isobaric conditions, could be accountedrticles.
by the model of nucleation and anisotropic growth con- As a concluding remark, we hope that this attempt to investi-
trolled by an elementary step located at the internal interfacgate solid state transformations using experimental tests in order
[15]. to choose the appropriate kinetic assumptions and the appropri-

ate kinetic model will contribute to overcoming some of the
As in Section4.1, it must be mentioned that in the case ofdifficulties frequently encountered in this research field.
parallel or consecutive reactions, none of these models could

obviously account for the variations of the rate versus time.
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