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Abstract

The kinetics of dehydration of Aly(SeO3); - 6H,0, Ga,(SeO3); - 6H,O and Iny(SeOs)s - 6H,O were studied under non-isothermal
heating on a derivatograph. The method of Coats—Redfern was used with different kinetics models. The values of the kinetics
parameters characterizing the process were calculated. The dependencies observed were interpreted according to the generalized
perturbation theory of chemical reactivity. Kinetic compensation effect was found.
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1. Introduction

It is well known that metal selenites are used in glass
and ceramics industries as pigment for glasses, enamels
and glazes, repellents in forest industry, antioxidants
in pharmacy but mostly in semiconductor techniques
due to their semiconductor properties [1,2]. Besides,
they are precursors for preparation of their corre-
sponding selenides, which also possess semiconductor
properties.

A number of papers have been published on the
preparation [3-6] and structure [6,7] of aluminum,
gallium and indium selenites. The solubility isotherms
of the systems Me>O3—SeO->,—H,0, where Me= Al, Ga or
In have been described in Refs. [8-10] and their IR
spectra—in Refs. [11-13]. No data, however, were found
in the available literature on the dehydration kinetics of
the crystallohydrates of these selenites and the prepara-
tion of the corresponding anhydrous selenites from
which their selenides can be obtained by reduction with
H, or CO.

With regard to this, the aim of the present work is to
study the dehydration kinetics of the hexahydrates of
aluminum, gallium and indium selenites under non-
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isothermal heating and find the values of the parameters
characterizing this process.

2. Experimental
2.1. Materials and measurements

The hexahydrates of aluminum, gallium and indium
selenites were prepared by mixing solutions of the
corresponding chlorides and Na,SeO3; (Aldrich) in
equimolar quantities at room temperature and under
continuous agitation. The solid phase was separated by
filtration; the residue was washed with distilled water
until absence of chloride ions in washed water. Portions
of these residues were placed in glass ampoules together
with SeO, solutions in concentrations selected to be in
the crystallization field of the corresponding hexahy-
drate [8—10]. The ampoules were then sealed and placed
in an oven at 373K for 3 months. Thus, under
conditions of hydrothermal synthesis at autogeneous
pressure, well-crystallized solid phases were obtained.
Further, the ampoules were opened, the solid phase
was filtered, washed with distilled water and dried in
air for 3 days. According to the data obtained from
X-ray powder analysis, the substances could be de-
scribed by the following formulae: Aly(SeO3);-6H,0,
Ga,(Se0;);-6H,0 and In,(SeO3); - 6H,0.
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The thermo-gravimetrical measurements were carried
out in a flow of nitrogen at a rate of 20 cm® min ' under
non-isothermal conditions in a derivatograph system
Paulik—Paulik—Erdey (MOM, Hungary) at heating rate
of 6Kmin' up to 573K. Samples of 100mg were
weighted into a 7mm diameter 14mm high platinum
crucible, without pressing. o-Alumina calcined up to
1373 K was used as a standard reference material. The
TG, DTA and DTG curves were recorded graphically
with 1 mg sensitivity.

2.2. Theoretical background

Dehydration of crystal hydrates is a solid-state
process of the type:

A(solid) — B(solid) + C(gas).

The kinetics of such reactions is described by various
equations taking into account the special features
of their mechanisms. The reaction rate can be expressed
through the degree of conversion o (the ratio between
the weight loss at moment 7 and the total weight
loss by the end of dehydration) and its temperature
dependence:
do
T = k(T (). (1)

The temperature dependence of the rate constant k
for the process is described by the Arrhenius equation:

k:Aexp(—RET>7 (2)

where 4 is the pre-exponential factor, T is the absolute
temperature, R is the gas constant, and E is the
activation energy. Substitution of (2) in (1) gives

G = Ao~ g7 )16 ©)

When the temperature increases at a constant rate,
dT

ik A const, 4)
therefore:

dae A4 E

dr = g eXp <— RT)f(a)' (5)

The conversion function f'(o) for a solid-state reaction
depends on the reaction mechanism and can generally be
considered to be as follows:

f(2) = o"(1 = )" [=In(1 — o)}, ()

where m, n and p are empirically obtained exponent
factors, one of them always being zero [14,15].

After substitution in Eq. (5), separation of variables
and integration, the following equation was obtained:

/o““"’(l_“)”?fln(l—oc)}” - g/OTeXP ( %) d7. (7)

The solutions of the left-hand side integral depend
on the explicit expression of the function f(«) and
are denoted as g(x). Their algebraic expressions are
presented in Table 1.

Several authors [16-18] suggested different ways to
solve the right-hand side integral. For the present study,
the method Coats—Redfern [19] was used. Data
from TG and DTG curves in the decomposition range
o =0.1-0.9 were used to determinate the Kkinetics
parameters of the process and mathematical analysis
was performed by the integral method of Coats—
Redfern. This method has been successfully used for
studies on the kinetics of dehydration and decomposi-
tion of different solid substances [16—-18,20]. The kinetics
parameters can be derived using a modified Coat—
Redfern equation:

o AR E

ln%zlnq—E ~ R (8)
where ¢g(o) is a function, the expression of which
depends on the kinetics model of the occurring reaction.
If the correct g(a) is used, a plot of In [g(«)/T?] against
1/T should give a straight line with the highest
correlation coefficient at the linear regression analysis.
The values of the activation energy E and the pre-
exponential factor A4 in Arrhenius equation can be
calculated from the slope and cut-off on the ordinate
axes. The formal expressions of the functions g(x)
depend on the conversion mechanism and its mathema-
tical model [16-18,20]. The latter usually represents
the limiting stage of the reaction—the chemical reac-
tions; random nucleation and nuclei growth; phase
boundary reaction or diffusion. Table 1 shows the most
common kinetics models and their algebraic expressions
[16-18,20].

The other kinetics parameters of the process can be
calculated using the fundamental theory of the activated
complex (transition state) and Eyring equation [21,22]

£
eX];lBTexp (A; ) exp (— %), 9)
where y is the transition factor, which is unity for
monomolecular reaction, kg is the Boltzmann constant,
h is the corresponding Plank constant, e = 2.7183
is the Neper number and AS* is the change of
entropy for the activated complex formation from the
reagent.

Taking into account Eq. (9) and the pre-exponential
factor from the Arrhenius Eq. (2), the following expres-
sion is obtained:

k:

kg T AS*
A:eXhB exp< R ) (10)
and AS” can be calculated according to the formula:
Ah
AS* = Rln——— 11
N N Ty (11)
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Table 1

2665

Algebraic expressions of f{z) and g(a) for the kinetics models of solid-state reactions considered in the present work

x = kt.

Symbol a) = onj%

S(o)
o"(1=a)"[=Iln (1—a)]”

Reaction model

1. Chemical decomposition process or mechanism non-invoking equations

Fyo (1) 2(1—o) "=

F (1—a)? a/(1—a)

Fy (1—2)" [1—(1—a)"/(1—n)
2. Acceleratory rate equations

P3/2 d71/2 (2/3) 0(3/2

P> al/? 24/

P; o?/3 3o/

Py o/t 414

Ds o Ino

3. Sigmoid rate equations or random nucleation and subsequent growth

A]7 Fl 1—o —ln(l—oc)

Ay (I—o)[=In (1—a)]”*  (3/2)[=In (1—a)]*
4 (=910l 2-l-2)

A3 (1—o[~In (1—2)P%  3[~In (1-o)] 7

Ay (1—a)[~In (1—=)]*/ 4[~In (1-2)]"/

A, o(l—a) In [o/(1—0)]

4. Deceleratory rate equations

4.1. Phase boundary reaction

Ry, Pi, Fy (1-a) o

R, Fi)2 (1—a ;/2 1-(1—a)'?

Rs, Fop3 (1—a)™? 1-(1—a)'”]

4.2. Based on the diffusion mechanism

D 1/a o?/2

D; 1/—In(1—a) o+ (1—o) In (1—a)
D; (1—a)?P/1—(1-0)'  3/2)1—(1-a)'/3?
Dy (l—a);;j/l— l—oc)i;i (3/2)[1—(2/3])%—(12—@2/3]
D (1—a) 3/ 1—(1-)"*  (3/2)[(1—a) 1]
Dy (1+2*7/[1 +oc>‘2‘—11 (3/2)[(1+) =1

Three-halves order kinetics
Second-order kinetics
n-th-order kinetics (n# 1)

Power law (x=kr**)

Power law (o= kz?)

Power law (o= kz°)

Power law (o= kr*)

Exponential law (o= 1-exp (—kt))

Random nucleation or first-order kinetics
Avrami—-Erofe’ev Eq. (n = 1.5)
Avrami-Erofe’ev Eq. (n = 2)
Avrami-Erofe’ev Eq. (n = 3)
Avrami-Erofe’ev Eq. (n = 4)
Prout-Tompkins Eq.

One-dimensional advance of the reaction interface, power law
(=kt) or zero-order kinetics

Contracting area (cylindrical symmetry) or one-half order kinetics
Contracting volume (spherical symmetry) or two-thirds order
kinetics

One-dimensional diffusion or parabolic law (x=kt'/?)
Two-dimensional diffusion

(Valensi equation)

Three-dimensional diffusion

(Jander equation)

Three-dimensional diffusion (Ginstling—Brounshtein Eq.)
Zuravlev—Lesokhin—Tempelman Eq.

Komatsu—Uemura or anti-Jander Eqgs.

where T, is the peak temperature from the DTG curve.
Since

AH” = E—RT, (12)

the change of the enthalpy AH* and Gibbs free energy
AG7 for the activated complex can be calculated using
the well-known thermodynamical equation [21,23]:

AG* = AH* —T AS*, (13)

where AS7, AH” and AG” were calculated at T = T,
since this temperature characterizes the highest rate of
the process and, therefore, is the important parameter.

In the kinetics study of the thermal dehydration
or decomposition of solids, the determination of the
appropriate mechanistic function g(e) is one of the most
important subjects. A proper selection of the formal
expression of this function should give linear depen-
dence between In 4 and E. This relation is referred to as

the “‘compensation effect” or “isokinetic effect” or the 0
rule [20, 24-29], and may be written as follows:

E

In 4 =
RTis,

— Inkigo + (14)

where k;s, is the isokinetic rate constant and Ti, is the
isokinetic temperature. According to Ref. [25], the value
of rate constant depends mainly on AH7# at temperature
below Ti,, whereas above Ti,—mainly on AS”.
Various hypotheses have been put forward to elucidate
the compensation effect [20,25,29]. Two of these
hypotheses may be useful for discussion on the
applicability of Eq. (14) for some reactions of thermal
dissociation. According to one of them, a part of the
reaction is a transfer of electron or proton by means of
tunnel effect. In this case, a transition factor appears in
the formula describing the rate constant. The transition



2666 L.T. Viaev et al. | Journal of Solid State Chemistry 177 (2004) 2663—-2669

factor y is described by following equation [25]:

X:exp{—@[zm(V— W)]l/z}, (15)
3h

where V' is the height of tri-dimensional potential
barrier; W is the energy of tunneling molecule; m is
the molecule mass and r is the barrier width. Consider-
ing Eq. (14), it can be seen that the higher the value of
W (=~ E), the greater the transition probability and the
higher the A value. This hypothesis seems to be valid
only for some electron mechanisms and for reactions of
protons at low temperatures.

The other hypothesis is based on the assumption that
the compensation effect resulting from reaction acts on
active centers of different activation energies according
to exponential distribution.

3. Results and discussion

Fig. 1 shows the TG, DTA and DTG curves of the
dehydration of Aly(SeO3);-6H,O, Gay(SeO3); - 6H,O
and Inz(SeO3)3 . 6H20

As can be seen from the curves in Fig. 1, the
temperature at which the dehydration rate is maximal
was different for the different selenites. It suggests that
the crystallohydrates have different thermal stabilities.
The weight losses determined by the TG curves
correspond exactly to the selenite hexahydrate.

Since dehydration of the hexahydrates studied to their
anhydrides proceeds in single step at relatively low
temperature and within a narrow temperature interval,
the method of Coats—Redfern [19] was used with all the
functions g(a) presented in Table 1. The highest values
of the coefficient of correlation R> of the linear
regression were obtained when mechanism non-invok-
ing equations were used with different values of n. Fig. 2
shows the plot In[g(x)/T?] vs. 1/T for dehydration of
In,(SeOs)5 - 6H,O at three values of n.

Fig. 2 clearly shows that the closest match to linear
dependence was obtained at n = 1.5, i.e., mechanism
F 5. This was considered enough to conclude that the
dehydration occurs as chemically controlled reaction.
For the other two selenites, it was found that their
dehydration can be described best by g(«) functions of
type F, at different values of n (Table 2).

Analyzing the data in Table 2, it can be seen that the
values of the kinetics parameters £ and A4 depend
strongly on the type of the selected function and,
respectively, on the value of n. It means that a certain
value of n must be found, at which the experimental data
obey the linecar dependence. The best linear correlation
of the dependence In [g(«)/T?] vs. 1/T for the dehydra-
tion of Al,(SeO3);-6H,O was obtained at » = 1.33 and
for Ga,(SeO3);-6H,O—at n = 0.66. With the expres-
sion of the function g(«) which was found to give the

DTG
—\_\\W a
]
= 408 438 458
g b
= 383 468
433 c
413 468
a
433
o b
g
) 458
S c
z 408
53 DTA
438
413
428
1 1 1
373 473 573
% T,K
£
g
S
o)
o
H
TG
a
[5 mg
b
C

Fig. 1. TG, DTA and DTG curves at dehydration of: (a)
A12(5603)3 . 6H20, (b) Gaz(SeO3)3 . 6H20, and (C) 11‘12(5603)3 . 6H20

-8
Fa
.10 L
Fap
12} Ry
5
A=)
=
4k
-16
21 2.3 25 2.7

1031, K™

Fig. 2. Evaluation of a model reactions for the thermal dehydration of
Inz(S€O3)3 . 6H20
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Table 2
Dependence of kinetics characteristics of non-isothermal dehydration of some selenite hexahydrates from the values of n
Symbol Alz(SGOg)} . 6H'_;O Gaz(SeO3)3 . 6H20 11'12(5603)3 . 6H20
R? E (kImol™) A (min™") R E (kI mol™) A (min") R E (kJmol™) A (min™)
Foe6 0.9307 19.5 0.14 x 102 0.9929 46.9 1.08 x 10° 0.9574 67.5 3.91 x 107
Fi 0.9669 233 0.61 x 102 0.9884 55.5 1.904 x 10° 0.9858 83.6 6.17 x 10°
Flas 0.9784 26.4 1.90 x 102 0.9809 63.1 2.26 % 107 0.9929 92.04 8.83 x 10"
Fis 0.9976 27.5 2.90 x 107 0.9763 66.8 7.13 x 107 0.9742 102.9 2.52 x 102
Fis 0.9757 29.9 7.10 x 102 0.9697 72.8 4.80 x 10® 0.9956 101.4 1.68 x 10'2
Fig 0.9681 32.3 1.70 x 10° 0.9613 77.6 2.28 x 10° 0.9954 107.9 1.28 x 103
Fi7s 0.9624 33.7 2.90 x 103 0.9563 81.07 6.84 x 10° 0.9946 111.7 4.17 x 10"
P 0.9436 37.9 1.30 x 10* 0.9910 116.8 2.29 x 10" 0.9905 122.8 1.30 x 10"°
Table 3 *
Kinetics characteristics of non-isothermal dehydration of some selenite * * E n
hexahydrates | Em - En | >>0
acceptor

Parameter Al»(SeO3); - Gay(SeO3)s - In,(Se03); -
6H,0 6H,0 6H,0

Feat (A) 0.50 0.62 0.92

T, (K) 408 438 428

R? 0.9976 0.9929 0.9956

n 1.33 0.66 1.5

E (kJmol™) 27.5 46.9 101.4

A (min™") 2.90 x 10° 1.08 x 10° 1.68 x 10"

—AS* Jmol 'K™") 2469 198.5 60.5

AH# (kJmol™) 24.1 42.9 97.8

AG* (kJmol™) 124.9 129.9 123.7

The values of AS*, AH” and AG* were calculated at the peak
temperature T}, from the DTG curves, respectively.

closest match to the linear dependence, the values of the
kinetics parameters characterizing the dehydration
process were calculated (Table 3).

Table 3 clearly shows that the values of the activation
energy E and pre-exponential factor 4 increased with
the increase of cation radius. It means that the thermal
stability of the crystallohydrates studied increased
regularly with the increase of cation radius. To explain
the tendency observed, the approach of Klopman and
Hudson [30] was used as a consequence of the general-
ized perturbation theory of chemical reactivity (GP).
According to this theory the following fundamental
equation can be written:

qcqa
AEou = — L
total Rca8
———
electrostaticterm
my2 n\2 Aﬁczza
+2§ (G E (C3) E —E) (16)
occ unocc m n/average

covalent term

where AFE . is the total change in perturbation energy
due to the partial formation of a bond between an anion
and cation, respectively, ¢, and ¢. are the total initial
charges for anion and cation, R, is the distance between

and |Em —Em | << | Em—En|

donor

Scheme 1. Charge-controlled effect.

acceptor

donor

En

| Em—En|=~0 _
|[Em—Em| >>|En—Enl

Scheme 2. Orbital-controlled effect.

two ions, ¢ is related to the local dielectric constant
of the solvent, (C”)* and (C")* are the frontier

electron density, AfZ is the change in the resonance
integral between the interacting orbitals of anion and
cation, (E}, — E}) is the difference in energy between the
highest occupied orbital of the anion and the lowest
empty orbital of the cation. When the difference
between E;, and E; for the frontier orbitals is large,
|E;, — E;|>0, then very little charge transfer occurs
(Scheme 1).

It is apparent that in such a case the perturbation
energy is primarily determined by the total charges on
the two ions. Very little electron transfer occurs, and the
reaction will thus be called a charge-controlled reaction.
On the other hand, when the two frontier orbitals are
degenerate, i.e., |E; — E;|~0, then, their interaction
becomes predominant (Scheme 2), and strong electron
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transfer occurs between them. When such a case
happens, we well call the reaction a orbital-controlled
reaction.

According to this approach, the interactions between
cations and anions in aqueous solutions may take place
as charge-controlled or orbital-controlled reactions. The
charge-controlled reactions are facilitated when highly
hydrated cations with small radii (Mg>", AI’") take
part. Vice versa, the orbital-controlled reactions are
facilitated when little hydrated cations with big radii
(Ag"®, In’") take place. Since the same anion takes part
in selenites formation (SeO%f), the reaction by which the
interaction with the cation would proceed to obtain the
corresponding selenite should depend on its radius or,
respectively, on its atomic orbital. It has been shown in
the framework of the perturbation model that the most
energy-efficient reactions occur between ions, which
facilitate either electrostatic, interaction only, or orbital
interactions. In the first case, the reacting ions are
denoted as “hard” (hard donor-anions or hard accep-
tor-cations). These are cations with small radii, which
form ionic type of bond. In orbital interactions, the
reacting ions are “‘soft”—these are ions with big radii,
which form covalent type of bond. Using the nucleo-
phility and electrophility orders reported in Ref. [30], it
can be concluded for the formation of Al,(SeO3); - 6H,O
in aqueous solutions that the bond between cation
and anion would be most probably ionic while for the
formation of Iny(SeO3);- 6H,O—the bond would be
covalent. Since SeO3  anion is “soft” donor of
electrons, however, mostly orbital-controlled reactions
would take place with the participation of ‘‘soft”
acceptors of electrons. Such interactions occur during
the formation of indium selenite hexahydrate. It means
that the crystallization water is more strongly bonded
and, therefore, the dehydration would be more difficult
and with higher activation energy. On the contrary, the
bonds in Al>(SeOj);-6H,O would be weaker, the
thermal dehydration would be facilitated and with
smaller activation energy. As it had been shown in our
previous work [31], the thermal decomposition of the
anhydride In,(SeOs3); occurs actually at higher tempera-
ture and at higher activation energy compared to
Ga,(Se03); and especially to Al (SeO3);. The experi-
mental data obtained convincingly showed the existence
of correlation between the thermal stability of the
compounds and the covalent nature of the bond
between their ions, as well as the water molecules in
their crystallohydrates.

A confirmation of the proper choice of the g(«)
function can be obtained with the establishment of the
linear dependence between In 4 and E (Fig. 3).

Fig. 3 confirmed the presence of kinetics compensa-
tion effect described by the empiric equation:

InA4 = —3.1521 +0.3038 x 10 °E. (17)

30

InA

15

10 Ga

Al

5 1 1 1 1
20 40 60 80 100 120
E, kJmol *

Fig. 3. Kinetics compensation effect upon dehydration of some
selenite hexahydrates.

The high value of the correlation coefficient of the
linear regression (R? = 0.9998) sustains the opinion
stated above. Based on this dependence, the values of
the isokinetic parameters (kis, = 4.28 x 1072 min Uand
Tiso = 395.9 K) were calculated. At temperatures higher
than T, the reaction characterized by the highest value
of E proceeds at higher rate compared to that
characterized by smaller £. According to Ref. [25], the
kinetic compensation effect observed can be attributed
to proton transfer due to a tunneling effect. Hydrogen
bonds O---HO existing in these compounds are asym-
metrical and have a double minimum on the potential
energy curve. The passage of a proton through the
energy barrier (8.4kJmol ') is possible due to the
tunneling effect. The dehydration process is a result of
many intermediate processes [29], among which one of
importance is the transition of proton to the conduc-
tance band.

Using Egs. (11)—(13), the values of the changes of
entropy AS7, enthalpy AH” and free energy of Gibbs
AG* were calculated for the formation of the activated
complex by the reagent. As can be seen from Table 3, in
all the cases studied, the change of entropy was negative
which means that the formation of the activated
complex is connected with decrease of entropy, i.e., the
activated complex is “‘more organized” structure com-
pared to the initial molecule. Besides, a tendency of
increase of the absolute value AS* with the decrease of
cation radius was observed. This fact can be explained
with the necessity of major rearrangement during
the dehydration of Al,(SeOs3);-6H,O where the inter-
action between the reacting ions had occurred by the
energetically more inefficient orbital-controlled reaction.
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Fig. 4. Plots of E vs. AS” values for the dehydration of crystal
hydrates.

Besides, linear dependence between E and AS* was also
established (Fig. 4).

It can be seen from Fig. 4 that a system with a
higher entropy change AS* will require less energy
of activation E for its thermal dehydration. Such
dependence was observed also for the thermal decom-
position of other compounds [32-34].

4. Conclusion

The results obtained provide enough grounds to
conclude that there is a connection between the thermal
stability and the kinetics parameters of the selenites
dehydration and the radii of their cations, determined
by their different polarizability and the nature of the
chemical bond in the molecule.
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