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PRODUCTS AND KINETICS OF NON-ISOTHERMAL DECOMPOSITION
OF VANADIUM(V) OXIDE COMPOUNDS

LT Vlaev*, V. G. Georgieva and S. D. Genieva

Department of Physical Chemistry, Assen Zlatarov University, 8010 Bourgas, Bulgaria

The kinetics of dehydration and decomposition of VOSO4-2H,0, VOSO, and VOSeO5;-H,0 was studied under non-isothermal
heating on a derivatograph. The stages and products of the thermal decomposition were determined. It was proved that
VOSO0,42H,0 decomposes to V,0s while VOSeO3-H,0 — to V,04. A number of kinetic models and calculation procedures were
used to determine the values of the kinetic parameters characterizing the process. The parameters calculated were compared and
analyzed. IR-spectra of the initial substances and the solid residue after decomposition are presented.
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Introduction

According to some authors [1], only carbon forms
more compounds than vanadium. This is a result of
the variable degree of oxidation of vanadium (II, III,
IV, V) and its ability to form stable complex cations
(VO*, V,05", VOi, VO™ etc.), anions (VO;,
HVO;, VO, etc.), as well as complex ions. The
considerable interest shown recently to vanadium
compounds is due mainly to the fact that many of
them have luminescent, magnetic and semi-conductor
properties. A number of vanadium oxide compounds
are known where vanadium is in either 4™ or 5"
degree of oxidation [3—18]. In this connection,
VOSO,4nH,0 where n=2, 3, 3.5, 5 and 6.5 [1, 2] and
VOSeO;-H,O [7] are of special interest since, under
heating in reduction medium (H, or CO), produce
easily the corresponding sulfides and selenides. The
latter also possess valuable semi-conductor
properties. Besides, vanadium systems have been
intensively  studied for their coordination
geometries, which lead to a great variety of potential
polyhedral connectivities. The structures of
inorganic solids containing selenite ion are very
interesting because of the non-bonded electron pair
that places the cation in the asymmetric
coordination. From synthetic and crystal chemical
perspective, it was suggested that there is rich
structural chemistry in metal selenites. Examples of
vanadium(IV) selenites VOSeO;-H,O, AV,SeO;
(A=K and Rb) and Ba(V0),(Se0s),(HSeO;), which
show dimmer, one dimensional antiferromagnetic,
and no magnetic couplings, respectively were
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discussed in the literature. VOSeO; and VOSe,05
were also reported [7, 14]. However, no data on the
thermal stability, mechanism of decomposition under
heating and the kinetics of this process were found in
the available literature.

The aim of the present work is to study the mecha-
nism and kinetics of decomposition of VOSO,-2H,0 and
VOSeO;-H,0 under non-isothermal heating, as well as
the composition of the products obtained.

Experimental
Materials and measurements

The objects studied were VOSO,2H,0 (Riedel-de
Haén) and VOSeO;-H,0. The latter was synthesized
by mixing solutions of VOSO,4 and Na,SeO; at room
temperature and pH=5.5. The precipitate obtained
was filtered, washed with distilled water and dried in
air at 373 K for 6 h. According to the data obtained
from chemical and X-ray powder analysis, the
substance could be described by the formula:
VOSeO;-H,0. Anhydrous VOSO, was prepared by
heating VOSO42H,0 in air at 540 K for 6 h.

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 10 K min ' up to 1123 K. Samples of
100 mg were weighted into a 7 mm diameter 14 mm
high platinum crucible, without pressing. o.-Aluminina
calcined up to 1373 K was used as a standard reference
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material. The TG, DTA and DTG curves were
recorded graphically with 1 mg sensitivity.

The IR absorption spectra were taken over the
region from 400 to 4000 cm”' (resolution 1 cm ™) on a
Specord — 75 spectrophotometer (Carl Zeiss, Jena,
Germany) The experiments were carried out at room
temperature using KBr pellets with concentration of
the substance studied 0.3 mass%.

Theoretical background

Decompositions of the compounds 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 calculation of kinetic
data is based on the following equation:

T
O (1)

0

where o — decomposed fraction, g — heating rate, £
— activation energy, 4 — pre-exponential factor, 7'—
sample temperature, R — gas constant. The first term
of Eq. (1) is easy to solve [19-23]. Their algebraic
expressions are presented in Table 1. The integral of
the exponential does not present an exact analytical
solution; even so, various approximations for the
calculation of this integral have been proposed,
originating from different methods for the calculation
of kinetic parameters.

The kinetics parameters can be derived using a
modified Coats—Redfern equation [24]:
g(a) AR E
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where g(a) is a function, the expression of which de-
pends on the kinetics model of the occurring reaction,
presented in Table 1.

Tang et al. [25] propose new approximate formula
for Arrhenius temperature integral, which give a next
linear equation:
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Wanjun et al. [26] propose another approximate
formula for Arrhenius temperature integral, which
give a next linear equation:

806

ln[g(oc)}=

TZ

=In AR £
(100198882E+187391198RT) | RT

The values of the activation energy £ and the
pre-exponential factor 4 in Arrhenius equation can be
calculated from the slope and cut-off on the ordinate
axes. If the correct g(a) is used, a plot of In[g(c)/T"]
vs. 1/T should give a straight line with the highest
correlation coefficient at the linear regression analysis.
It is well known, that the formal expressions of the
functions g(o) depend on the conversion mechanism
and its mathematical model [19-23]. The latter
usually represents the limiting stage of the reaction —
the chemical reactions; random nucleation and nuclei
growth; phase boundary reaction or diffusion. Table 1
shows the most common kinetics models and their
algebraic expressions [20, 22, 27].

The other kinetics parameters of the process can
be calculated using the fundamental theory of the
activated complex (transition state) and Eyring
equation [26, 27]

exksT AS” E
k= ex exp| —— 5
h p( R j p( RT) ®)

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. (5) and the
pre-exponential factor from the Arrhenius equation,
the following expression is obtained:

A _etkal exp [ Ai j (6)

h

and AS” can be calculated according to the formula:

Ah
exkpT,

AS”=RIn

(7

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

AH” =E-RT (8)
the change of the enthalpy AH” and Gibbs free energy
AG” for the activated complex can be calculated using
the well known thermodynamic equation [27]:

AG”=AH"-TAS” )

AS”, AH" and AG” were calculated at 7=T,, since this
temperature characterizes the highest rate of the
process and, therefore, is the important parameter.
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Table 1 Algebraic expressions of f{a) and g(at) for the kinetic models of thermal decomposition, considered in this work

g(a)=T

Aa)=a"(1-a)" [-In(1-a) ] T

Symbol

do

Reaction model

1. Chemical decomposition process or mechanism non-invoking equations

Fip (1-a)? 2[(1-ot) 1]
F, (1-o)? a/(1-a)
F, (1-a)" [1-(1-0)" ")/(1-n)

2. Acceleratory rate equations

P3p o? 23)0*”
P, o2 2012

P, o2 3013

P, o 4g4

Ps o Ina

Three-halves order kinetics
Second-order kinetics

n"™ order kinetics (n#1)

Power law (a=kt")
Power law (o=kt%)
Power law (a=kz’)
Power law (a=kt*)

Exponential law (a=1-exp(—k?)

3. Sigmoid rate equations or random nucleation and subsequent growth

Ay, F 1-a —In(1-o)

Ay (1=o)[-In(1-)]"? (3/2)[-In(1-a)]*?
A, (1=a)[-In(1-c1)]"? 2[-In(1-c)]"?

As (1-o)[-In(1-a)]*? 3[-In(1-a)]"

Ay (1-o)[-In(1-c)]** A[-In(1-a)]"*

A, a(l-a) In[o/(1-a1)]

4. Deceleratory rate equations

4.1. Phase boundary reaction

Ri,PLF  (1-a) o
Ry, Fip (1-a)"? 2[-(1-0)"?]
R3, F2/3 (17(1)2/3 3[17(1*&)]/3]

4.2. Based on the diffusion mechanism
D, 1/at o2
D, 1/~In(1-a) ot(1-a)ln(1-0)

D; (1-)*/1-(1-o)"? B2)[1-(1-a) 1

D, (1-a)"*/1-(1-a)" B2)[1-2/3)a—(1-a)**]
D; (1™ 1-(1-o) G(1-0) 1T

Dy (1+C()2/3/[(1+(X,)1/3—1] (3/2)[(1+(l)1/3—1]2

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 (o=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 (o=kt"")
Two dimensional diffusion (Valensi equation)
Three dimensional diffusion (Jander equation)

Three dimensional diffusion (Ginstling—Brounshtein
equation)

Zuravlev—Lesokhin—-Tempelman equation

Komatsu—Uemura or anti-Jander equations

Results and discussion

Figure 1 shows the TG, DTA and DTG curves of the
dehydration and decomposition of VOSO42H,0,
VOSO,4 and VOSeO;-H,0.

As can be seen from Fig. 1 (curves 1), the
TG-curves formed three clearly distinguishable steps
while the DTA curves showed three endothermic
effects at 423, 538 and 873 K respectively. The
results from the thermogravimetric analysis (the

J. Therm. Anal. Cal., 88, 2007

mass loss recorded in the TG curve) and the
calculations made with them were considered
enough to suggest a step-wise mechanism of
dehydration and decomposition of VOSO,2H,0,
involving the following stages:

VOSO42H,0—-VO0SO,4+2H,0 Stage [
2VOSO4—)V204(SO4)+SOQ Stage 11
V204(SO4)—)V205+802+1/202 Stage III
807
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Fig. 1 TG, DTA and DTG curves of the samples:
1 —VOSO42H,0; 2 - VOSO, and 3 — VOSeO;-H,O

Stages II and III were assumed to occur on the
bases of both chemical analysis and the mechanism of
thermal decomposition of other sulfates like NiSOy4
and FeSO, described in [22, 28]. Besides, the data from
the chemical and X-ray powder diffraction analyses of
the residual solid phase showed that it was V,0s. The
chemical analysis shows 55.8 mass% contents of
vanadium in solid residue in the third stage.

The TG curve (curve 2) registered by thermal
treatment of VOSO, showed two steps and the DTA
curve showed two endothermic effects at 573 and
878 K. They correspond to the decompositions at
stages 1 and III.

Similarly, the TG curve taken by thermal
treatment of VOSeO3;-H,O (curve 3) had two steps
and the DTA curve — two endothermic effects at 413
and 763 K. The first effect was attributed to the
release of crystallization water and the second effect —
decomposition according to the following scheme:

VOSe05-H,0—->VOSeO5+H,O Stage [
2V0Se03;—>V,04+2Se0, Stage I1

The chemical analysis of solid residue from the
second stage of decomposition shows 61.2 mass%

808

vanadium content. The X-ray powder diffraction
analyses of VOSO, and VOSeO; give patterns,
characteristic for V,0s and V,04 respectively. This
mean that the decomposition of VOSSO, involves
intramolecular oxy-reduction transformation while
the decomposition of VOSeO; takes place without
change of vanadium and selenium degree of oxidation.

On Fig. 2 are presented the IR spectra of the
initial samples and final products.
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Fig. 2 IR spectra of: 1 — VOSO,42H,0; 2 — V,0s;
3 - VOSeO3H20 and 4 — V204

As can be seen from Fig. 2, wide absorption
bands corresponding to stretching vibrations of
OH-groups in the molecules of the crystallization
water were registered in the high frequency region.
The band in the IR-spectrum of VOSeO;-H,O with
maximum at 3400 cm ' was narrower but the same
band in the spectrum of VOSO42H,0 is composite
and, therefore, is quite wider. The reason for this is in
the fact that the two water molecules are not in
equivalent positions; hence they are not energetically
equal according to the scheme [28]:

0,.,H\ /H "0
9
S VO S
NSNS
10" o |
(0] H/ \H (0]
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This was confirmed by the different intensity of
the bands at 1616-1620 cm'. They are due to
deformation vibrations of water molecules in
VOSO042H,0 and VOSeO;'H,0. In the spectra of
V,05 and V,0, (spectra 2 and 4) however, bands with
such frequencies were not observed because both
oxides are not hygroscopic and do not absorb
moisture from the atmosphere.

The absorption bands observed in the low fre-
quency region of the IR-spectrum (1200-400 cm™)
are due to the characteristic absorption bands of SO,
and SeOj; groups and V-0 bonds. It should be noted
for VOSeO;-H,O that this group of bands was ob-
served at frequencies lower by about 380 cm™ com-
pared to VOSO,42H,0. It can be explained with the
higher mass of the SeO3 group compared to SO,. For
clarity, a scheme of SeO:  with angles and bond
lengths between the atoms, as well as a scheme of
VOSe0;, are shown below. Table 2 shows the absorp-
tion bands of SeO3” anion and its assignment [29-37].

0(2)
=
ey 1007 o 1

1705 A
/ 1720 A
wr ()0
O/(1)
1705 A /

O 100°
T -

Scheme of SeO:” anion

Scheme of VOSeOs3

It can be seen from the first scheme that the
electron density of oxygen atoms in selenite anion is
pulled to the selenium atom compared to the isolated
O’ ion. The second scheme shows that, due to the
effect of anion counterpolarization under the influence
of the anion, the electron density of the bond O-Se is
pulled towards the positive charge [38]. Depending
on cation nature and its polarizing ability, the degree
of the counterpolarization effect is different which
results in different vibration frequencies of the
corresponding bonds. For instance, the shoulder at
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828 cm ' is due to the symmetric stretching vibrations
of the Se—O bond(1) while the high intensity band
with absorption maximum at 738 cm' — to the
superposition of symmetric and asymmetric stretching
vibrations of the Se—0(2,3) bonds with these of the
V-O bond. These considerations were confirmed
from the bands observed in the IR spectrum of V,0,
(spectrum 4). This spectrum was substantially
different from that of V,Os (spectrum 2). Thus, it was
once again confirmed that the residual product from
the thermal decomposition of VOSOy, is V,0s5 while
that of the decomposition of VOSeO; is V,0,. It
means that change of the degree of oxidation was
observed neither for vanadium, nor selenium while
during the decomposition of VOSO, the oxidation
stage changed from +4 to +5 and that of sulfur — from
+6 to +4 and the process occurred with release of
oxygen according to stage III. The same mechanism was
proposed for thermal decomposition of NiSO4 [21].
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Fig. 3 Kinetic curves of thermal decomposition of VOSeOs
at different kinetic equations
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Fig. 4 Kinetic curves of thermal decomposition of
VOSO042H,0: 1 —stage I, 2 — stage Il and 3 — stage 111
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Using the corresponding TG curves, the
calculation procedures of Coats and Redfern [24],
Tang et al. [25] and Wanjun et al. [26], as well as the
algebraic expressions for g(a) presented in Table 1,
the calculations were performed and the results
obtained for the values of the activation energy £ and
pre-exponential factor in Arrhenius equation were
compared. The comparison showed minimal differences
between the results from the different methods used
but the procedure of Tang et al. [25] was preferred.
The values of the correlation coefficient of linear
regression R?, however, were found to depend
strongly on the type of the selected g(o) function.
Besides, the so-called mechanism non-invoking
equations (Table 1) turned out to be the most suitable
in this case. This is illustrated by the kinetic curves of
thermal decomposition of VOSeO; obtained at
different values of n, presented on Fig. 3.

The kinetic model for given stage was
established on the base of the best values of the
correlation coefficient R%. Figure 3 shows that linear
dependence with maximum value of correlation
coefficient R* can be obtained at n=1.5. The TG
curves characterizing the thermal decomposition of
VOSO042H,0 and VOSO, were processed by the
same way. The kinetic curves of dehydration and
decomposition of VOSO,42H,0 along the three steps
of the TG curve are presented in Fig. 4.

Table 2 IR absorption bands SeO; and its assignment

Symbol Assignment Frequency/cm
vi(A') SeO(1) sysm. stretch 800
Va(A") 0O(2)-Se—0O(3) sym. bend 450
Vv'3(A") Se-0(2,3) sym. stretch 670
Vv"3(A")  Se-0(2,3) asym. stretch 660
V'4(A") Se-0(1,2,3) sym. deformation 335
v'i(@")  Se—0(1,2,3) asym. deformation 375

The kinetic curves shown in Fig. 4 had maximal
correlation coefficients R* but they were obtained
with different values of n. For instance, for the first
stage n=1.5, for the second one — n=1.0 and for the

00 |
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P
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y
0.85 A
08 ¢ . . " .
0 0.5 I 1.5 2 2.5

n

Fig. 5 Dependence of the coefficient of linear regression R’
the values of n for: decomposition of 1 — VOSO, to
V204(SO4) and 2 — V204(SO4) to VzO5

In[g(a)/T "]

10T /K

Fig. 6 Kinetic curves of thermal decomposition of 1 — VOSOy4
to V204(SO4) and 2 — V204(SO4) to V205

Table 3 Kinetic characteristics of non-isothermal decomposition of some vanadium(IV) oxide compounds, calculated

according Tang et al. procedure [25]

VOSO,2H,0 VOSO, VOSeO5-H,0
Parameter
Stage | Stage 11 Stage 111 Stage 11 Stage 111 Stage 1 Stage 11
Mechanism Fis Fio Fos Fies Fos Fao Fis
R’ 0.9927 0.9974 0.9994 0.9947 0.9894 0.9929 0.9965
E/kJ mol™ 88.2 129.4 183.7 70.4 188.2 58.5 303.0
A/min”! 2.16:10" 346107 6.3510”  1.72:10° 7.17-10%  8.57-10° 2.12:10%
T/K 423 538 873 573 878 413 763
—AS*/T mol™' K 73.2 52.1 51.1 173.3 50.1 195.5 -94.1
AH"/kJ mol ™! 84.7 124.9 176.4 65.6 180.9 55.1 296.7
AG7/kJ mol™ 115.6 153.0 221.0 165.5 224.9 135.8 224.9

"AS”, AH” and AG” are calculated of the peak temperature 7,

810
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third — n=0.5; i.e. there was a tendency of decrease of
the value of n with the increase of the temperature of
the corresponding stage. The same tendency was
observed for the thermal decomposition of the
anhydrous VOSO,. Therefore, the dependence of the
values of correlation coefficient of linear regression
R? on the value of the parameter n are shown in Fig. 5.

As can be seen from Fig. 5 that maximum R
values were obtained at different values of n for the
different stages. For instance, for the decomposition
of VOSSO, to V,04S04) n=1.65 while for the
decomposition of V,04(SOy4) to V,05 n=0.50. Figure 6
shows the kinetic curves for the different stages.

Obviously, the slopes and the cut-offs are
different which implies that the kinetic parameters
characterizing the two stages would also be quite
different. This was confirmed by the values of the
parameters characterizing the kinetics of thermal
decomposition of the different compounds and stages
presented in Table 3.

It can be seen from the data on the thermal
decomposition of VOSO42H,0 shown in Table 3 that
the higher is the temperature at which the stage occurs
the smaller are the values of n and the higher are the
values of £ and A. The same tendency was observed
for the thermal decomposition of VOSO,. The higher
values of £ and A for the decomposition of
VOSO0,-2H,0 at stage IT (129.4 kJ mol™") compared to
the same stage of the decomposition of the anhydrous
VOSO, (70.4 kJ mol™") were considered to be due to
fact that in the first case stage Il overlaps stage [; thus,
the structure of the forming anhydrous VOSO; is still
in process of rearrangement while in the second case
it had reached its equilibrium state. The decomposition
during stage III for both VOSO,42H,0 and VOSO,
showed almost equal values of the parameters n, E
and 4 since, in both cases, stage two began after the
end of stage I.

The thermal decomposition of VOSeO;-H,O
proceeded in two stages — first dehydration and second —
decomposition with release of SeO, and formation of
solid residue of V,0y. It has been reported [39] that at
values of E lower than 100 kJ mol' the processes
occur under diffusion control. Therefore, the water
molecules in the crystallohydrates VOSO42H,0 and
VOSeO;'H,0 are weakly bonded to the crystal
lattice. This was confirmed from the slightly higher
temperatures of dehydration.

The significantly higher values of £ and 4 ob-
served for the thermal decomposition of
VOSeO;H,O compared to these of VOSO42H,0
showed that the bond strength between VO*' and
SeQ? ions was higher than that between VO*" and
SO; ions. This was sustained by the different values
of the change of entropy AS”™ for the formation of the
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activated complex of the reagent. According to [39],
the negative values of AS” indicate that the activated
complex has a more ordered structure than the reac-
tant and that the reaction is 'slower' than normal. The
values of AS™ for all stages of dehydration and decom-
position of VOSO42H,0 and VOSO, were found to
be negative while for VOSeO;-H,0 they were nega-
tive for the dehydration and positive for the decompo-
sition. The latter can be interpreted as a proof that the
structure of VOSeO; was more ordered than the acti-
vated complex. Besides, the decomposition of VOSeO;
did not involve change of vanadium and selenium de-
grees of oxidation, unlike VOSeO;. It should be noted
also that the higher are the values of £ and A4, the
higher are the values of AS”. Similar tendencies were ob-
served from other authors [40], although by thermal de-
composition of other compounds.

Conclusions

Based on the studies carried out, the thermal
decomposition of VOSO42H,0 and VOSeOs5-H,O
was found to proceed by different schemes. The first
compound decomposes in three stages, while the
second one — in two stages. The decomposition of
VOSSO, to V,05 involves intramolecular oxy-reduction
transformation while the decomposition of VOSeO; to
V,0, takes place without change of vanadium and
selenium degree of oxidation. The parameters
characterizing the kinetics of thermal decomposition
of both salts were different because the nature of the
cation exerts significant effect on electron density and
hence, on the strength of its bond to the anion.
Therefore, the thermal dissociation of VOSQO,4 proceeds
in two stages while that of VOSeO; — in one stage.
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