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Absract

The degree of coordination between the kinetic information from the thermoanalytical meas-
urements and the kinetic theory of the solid-state reactions was investigated through the micro-
scopic study of the thermal dehydration of several inorganic salt hydrates. An accommodation
function was applied to the conventional kinetic model functions f{c), in an attempt to reduce the
disagreement between the actual process and the idealized one assumed in formulating f{ct). The
significance of the non-integral kinetic exponent in the kinetic model function was discussed with
its physico-chemical meanings.
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Introduction

Although thermoanalytical (TA) data are of a macroscopic nature averaged
over the assemblage of sample, the experimentally resolved shape of the TA
curves has widely been used as a possible source for the kinetic understanding
of solid-state reactions [1, 2]. The shape of the TA curve is characterized by the
kinetic model function f{lce) derived on the basis of the physico-geometric as-
sumption of the reaction interface movement [3], because the solid-state reac-
tion is especially characterized by the existence of the specialized zone of
locally enhanced reactivity at the reactant/product contact, i.e., reaction inter-
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face. The kinetics are further characterized assuming the Arrhenius-type tem-
perature dependence of the rate constant. The application of the Arrhenius
equation, as well as mis-estimation and/or over-simplification of the flo), are
likely to be responsible for different kinetic parameters obtained under differ-
ent experimental conditions for a given reaction. It is always important to re-
cognize the deviation of the real process from the idealized process assumed in
formulating the kinetic equation. The problem concerning the Arrhenius-type
temperature dependence of the rate constant is related to the influence of the
factors other than the measured temperature, which, in a strict sense, is not
controlled in conventional TA techniques. The gradients in the temperature and
gaseous pressure generated by the reaction itself seem to be important in evalu-
ating the reliability of the TA curves as a possible source of the kinetic data
[4, 5]. Controlled Transformation Rate Thermal Analysis (CRTA) [6] and/or
Quasi-isothermal Quasi-isobaric Thermal Analysis (QQTA) [7] seem to be a
possible solution. On the other hand, the problem concerning the f{o) is related
to the really heterogeneous and complicated reaction behaviour which we are
interested in. Scanning electron microscopy (SEM) and optical microscopy
have been widely used for such morphological studies. In these techniques,
however, the observation of the textural structure of the reactant/product inter-
face is sometimes disturbed by an opaque product layer. Employing the thin-
section technique [8, 9], the internal surface including the reactant/product
interface can be observed under polarized light. The SEM of the replica makes
it possible to observe the more detailed textural structure of the reaction inter-
face as the replicated view [10, 11]. The systematic observation of microscopic
views of the reaction morphology plays decisive roles in extending the under-
standing of the kinetic characteristics of the solid-state reactions and enables us
to recognize the deviation of the idealized model assumed for the actual proc-
€ess.

In this paper, the problems of TA kinetics connected with the distortion of
the actual process from the idealized model are reviewed. The complexity of
the reaction morphology of the solid-state reaction is recognized through the
microscopic observation of the thermal dehydration process of several inor-
ganic salts hydrates. The possible way to accommodate the complexity of the
actual process in the kinetic equation is briefly discussed by reviewing some
differently oriented studies.

The kinetic equation and accommodation function

Assuming the physico-geometry based kinetic model function f{ot) and the

Arrhenius equation, the TA curves can be analyzed kinetically by the following
equation:
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where A and E are the Arrhenius parameters. Table 1 lists the Kinetic model
functions flo)) employed usually for the kinetic study of the solid-state reac-
tions, together with their integral G(o) and differential f’(o) forms. In practice,
however, the disagreement between the idealized process assumed in formulat-
ing the flor) and the actual process investigated, as averaged by the TA measure-
ments, has always to be taken into account, because the disagreement leads to
the distortion of the Arrhenius parameters expressed by [12, 13]

Eapp _ h(op)f (o) 2)
E  flop)h’ (o)

A __E [ Hop)f (o) —ﬂap)h%o@p)]ﬂnh(ap) 3)

A TRT  flop)h'(op) o)

where Eapp and Aapp are the apparent Arrhenius parameters distorted by the use
of idealized model flor) instead of the function which describes the real process
h(o). The subscript p indicates the values for the maximum of the TA peak. To
avoid the distortion in Eqgs (2) and (3), an empirical function A(c) of the Sestak-
Berggren (SB) model [14] can be used.

h(o) = 0™(1 — o) [-In(1 ~ )P 4)

Applying k(o) in Eq. (4) to Eq. (1) instead of flor), the apparent but charac-
teristic Arrhenius parameters can be obtained from the practical TA curves [15].
The exponents m, n and p are then understood as the kinetic parameters which
precisely describe the shape of practical TA curves. In such a kinetic approach,
however, the physico-geometric feature of the process as assumed in the formu-
lation of floy) is difficult to predict, because of the complicated functional de-
pendence in Eq. (4). Prediction of the physico-geometric behaviour of the
process under investigation is important, as well as the Arrhenius parameters,
especially when the physical properties of the product are influenced by the ge-
ometry of the process as is seen for oxide superconductors [16] and bioglass-
ceramics [17]. Introducing the accommodation function a(c) [18], the SB
model is interpreted as the function accommodating the distortion of the actual
process from the idealized model:
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h(or) = flo)a(or) ()

Then the kinetic expression of the TA curves can be taken as the distorted
case of the homogeneous-like kinetics and of f{o). It is apparent, however, that
a(o) is extremely difficult to formalize, based on the real physical chemistry,
and is possibly expressed by the empirical (analytical) formula.

Reaction morphology and accommodation function

Contracting geometry type reaction

The kinetic model function of the contracting volume controlled by chemi-
cal reaction, i.e., Rs, is derived on the basis of an isotropic shrinkage of the cu-
bic and/or spherical reactant with a constant rate of interface advancement. In
practice, however, the shape of the reactant is usually far from cubic or spheri-
cal and the reactivity of the reaction interface shows more or less anisotropy de-
pending on the crystallographic direction of reactant and/or product.

1.0 mm___ & M*

Fig. 1 Typical polarizing microscopic view of the (010) internal surface of a partially dehy-
drated single crystal of Li2SO4-H20

Figure 1 represents the typical polarizing microscopic view of the (010) in-
ternal surface of partially dehydrated single crystalline Li2SO4-H20. A wavy
front is formed on the reaction front proceeding along the c-axis, whereas a flat
front results on that advancing along the a-axis. This difference in the reaction
fronts seems to arise from changes in the nucleation density on the correspond-
ing original surface and in the degree of stress and/or strain at the phase bound-
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ary, depending on the crystallographic direction {19, 20]. This may lead to dif-
ferent reactivity at the reaction interface and consequently to different kinetic
behaviour. In such a case, the reaction geometry of the overall reaction cannot
be expressed using an integral value of n. Applying a non-integral value N in-
stead of the integral value n, the kinetic equation can accommodate the distor-
tion of the practical reaction geometry from the idealized one. A similar rate
behaviour is also expected for the thermal decomposition of crushed crystals.

e U M

Fig. 2 Typical polarizing microscopic view of the internal surface of partially dehydrated
crushed crystals of K2CuCls-2H20

Figure 2 shows a typical polarizing microscopic view of internal surfaces of
partially dehydrated crushed crystals of K;CuCls-2H;0. The irregularly shaped
reaction interface supports the application of the non-integral values. The Ry
model with non-integral values of N apparently corresponds to the specialized
case of Eq. (4), i.e., m=p = 0. Then the accommodation function a(o) in
Eq. (5) is expressed by

a(0) = (1 - )N 6)

The dependence of the shape of the generalized Rn function on the N value
is shown in Fig. 3. This procedure has been used for describing the kinetic be-
haviour of isothermal decomposition and/or dehydration of solids [9, 19,
21-27], as shown in Table 2. Although the reaction geometry is also influenced
by extensive factors, from a simple geometric consideration, the non-integral
value of N is taken as the value corresponding to the fractal dimension [28].

J. Thermal Anal., 41, 1994
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Fig. 3 Dependence of the Ry function on the non-integral kinetic exponent N
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Practically, the N value does not necessary correspond directly to the fractal di-
mension, because of the macroscopic character of TA curves. However, the Ar-
rhenius parameters obtained seem to be rather characteristic of the pro-cess
under the condition investigated, because the distortion of the Arrhenius pa-
rameters by an inappropriate o) with an integral dimension was reduced by
applying the non-integral value N, which is thought to be reasonable for the
complex reaction geometry observed microscopically.

Using similar considerations, the kinetic model function of contracting ge-
ometry controlled by diffusion, i.e., the D1, D2, D3 and D4 laws, can take a non-
integral exponent Q. Recently, Ozao and Ochiai derived this type of A(c) with
a non-integral value Q [28]:

()1<0<2
h(o) S @)
1-(1-o0¥e!
(i)2< Q<3
Ho) = —————— ®)
(1-o0¥' -1

Assuming the value Q = 1 and Q = 3, Eqs (7) and (8) correspond to the D; and
D4 laws, respectively.

Figure 4 shows a typical polarizing microscopic view of the (010) internal
surface of partially dehydrated single crystalline Cu(CH3COO)2-H20. An opti-
cally different layer can be observed on the reactant side adjacent to the reac-
tion front. This layer provides us with evidence of a strain zone of appreciable
thickness within the reactant extending beyond the interface, which is in ac-
cordance with the demonstration of a metastable structure resulting from water
loss near the crystalline product phase [26, 29-31]. It is suggested that the ki-
netic behaviour of the interface reaction is very complicated and consists of
several stages, e.g., the chemical act of breaking of bonds, followed by destruc-
tion of the reactant crystal lattice, formation of nuclei of the solid product and
growth of these nuclei, adsorption and desorption of gaseous products, diffu-
sion of gases, and heat transfer. It is very possible that the rate of interface ad-
vancement changes during the course of reaction, affected by the self-generated
reaction condition at the reaction interface. In this case, the preliminary as-
sumption of the constant rate of advancement of the reaction interface in the Ry
model can no longer hold. It is assumed here that the rate behaviour of interface
advancement could by described by the p-th order law:

J. Thermal Anal., 41, 1994
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Fig. 4 Typical polarizing microscopic view of the (010) internal surface of a partially dehy-
drated single crystal of Cu(CH3COO),;-H20

(ro—nP =kt ®)

where r, and r are the radii of reactant at ¢ = 0 and at ¢ = ¢ respectively, and k re-
fers to the apparent rate constant. Taking account of the reaction geometry, the
kinetic model function can be expressed as

_ on(l-o
h(or) = T (10)

and

g(0) = jﬁ_“ (1- )P an

Thus the case described above is accommodation by the kinetic model function
with the accommodation function a(o):

1
pl1-(1-o)" P

a(or) = (12)

The effect of the exponent p on the shape of R3 function is shown in Fig. 5.
Having the value p = 1 and p = 2, the shapes of the model function correspond

J. Thermal Anal., 41, 1994
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to those of the R3 and D3 laws, respectively. With p = 2 and n = N, the equation
is also regarded as the fractal description based on the Jander equation, i.e., D3
law.

Nucleation and growth type reaction

The nucleation-and-growth model known as that of Johnson-Mehl-Avrami-
Erofeyev-Kolgomorov [2], is obtained by assuming the following topokinetic
features [32]:

(i) The existence of a potential site for nucleation.

(ii) The nucleation rate can be expressed by a constant or linear law.

(iii) The nuclei grow isotropically.

(iv) The advancement rate of the reaction interface is controlled by chemical
reaction, i.e., the linear law, or diffusion, i.e., the parabolic law.

(v) The reaction interface is simple reactant-product contact and the rate
equation of interface advancement does not change during the course of reac-
tion.

The kinetic model function Ay, can be expressed as [1, 2]
floy = ( + %](1 — o) [~1n (1 — o)) Ex+A-0ABXH0] (13)

and
G(o) =[-In (1 - Oc)]X/(BX”v) (14)

where f3, A and 7 are the kinetic exponents of the rate equation for nucleation (0
or 1), of the growth dimension (1, 2 or 3) and of the rate equation for interface
advancement (1 or 2), respectively.

In the actual process, however, the exponents [3,"A and % are to have the non-
integral values, as is the case with the contracting-geometry model. The expo-
nent 3 has the value ~1 < B < 0 for the deceleratory part of the nucleation rate
and 0 <3 < 1 for the acceleratory part of the nucleation rate [2]. The non-inte-
gral exponents A and y correspond to the exponents N and p in Figs 3 and 5, re-
spectively. Accordingly, the nucleation-and-growth model A, is expressed by
the equation with a non-integral kinetic exponent M instead of the conventional
exponent m (see Table 1). The effect of the non-integral exponent M on the
shape of the Aym function is shown in Fig. 6. The accommodation function a(o)
in Eq. (5) for the nucleation-and-growth model is written as:

J. Thermal Anal., 41, 1994
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Fig. 6 Dependence of the Am function on the non-integral kinetic exponent M
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a(o) = %[—ln (1 — oy Mm/mM (15)

Figure 7 shows the polarizing microscopic view of the (100) internal surface of
a partially dehydrated single crystal of Na3zC¢HsO7-2H,0. The anisotropy dur-
ing the crystal growth is deduced as was discussed above. Employing the ex-
tended Am function, the non-integral value M = 3.49 was obtained from the
isothermal mass change traces for the thermal dehydration of a single crystal of
Na3CsHs07-2H,0 [33].
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Fig. 7 Typical polarizing microscopic view of the (100) internal surface of a partially dehy-
drated single crystal of Na3CsH507-2H20

Conclusions

When the TA curves for the solid-state process under investigation cannot
fully be described by the conventional kinetic model function f{cx), the resultant
kinetic parameters are distorted as a simple mathematical consequence of
Egs (2) and (3). Employing an empirical function, such as the SB model, the
apparent but characteristic kinetic parameters could be obtained. In such a ki-
netic approach, however, the physico-geometry of the reaction cannot be de-
duced from the kinetic results. If the function h(o) which describes the real
process is expressed by the product of f{or) and the accommodation function
a(o), i.e., Eq. (5), the function k(o) is taken as a distorted case of the conven-
tional f{or). The microscopic studies of the solid-state reaction enable us to rec-

J. Thermal Anal., 41, 1994
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ognize the character of the accommodation function in connection with the re-
action geometry, as well as the detailed interface chemistry of the process. The
microscopic observation of the complex textural structure of reaction interface
favours the introduction of a non-integral exponent into the kinetic expression
with an appropriate accommodation function.
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Zusammenfassung — Anhand einer mikroskopischen Untersuchung der thermischen Dehy-
dratation einiger anorganischer Salzhydrate wurde der Grad der Koordinierung zwischen den ki-
netischen Informationen aus thermoanalytischen Messungen und der kinetischen Theorie von
Feststoffreaktionen untersucht. Auf konventionelle kinetische Modellfunktionen f{ot) wurde eine
Akkomodationsfunktion angewendet, um die bei der Formulierung von f{io) vorgegebenen Disk-
repanzen zwischen dem tatsichlichen und dem idealisierten ProzeB zu reduzieren. Es wurde die
Wichtigkeit des nichtintegralen kinetischen Exponenten in der kinetischen Modellfunktion mit
Hilfe seiner physikalisch-chemischen Bedeutung erértert.
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