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Abstract

The kinetics and mechanism of the dehydration and decomposition of heteropolyacids of
molybdenum, tungsten and vanadium (H;,,Y**M,0,,mH,0; ¥=Si, P; M=Mo, W) were stud-
ied. The data obtained on the dehydration kinetic parameters correlate with the expected struc-
tures, of these crystal hydrates, the IR data and X-ray phase analysis.
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Introduction

The prospects for the wide use of the crystalline heteropolyacids (HPAs) are
due to their catalytic activity, proton conductivity and thermal stability [1].
These important features are observed at relatively high temperatures. Thus, for
the use of HPASs in practice, detailed information should be available on the ther-
mal stability, with quantitative characteristics of their dehydration and decompo-
sition.

Experimental

Materials

The initial HPA reagents, with the common formula H3:x Y "M;2040-mH-0
(Y=S81, P; M=Mo, W; m=0-31; x=degree of central atom oxidation) were recrys-
tallized and purified from saturated aqueous solutions. Vanadium HPAs
H3:,PMo012.4V,O40-mH20 (n=1-3) were synthesized according to literature
method [2]. The compositions of the compounds obtained were established by
dissolution of the HPA samples in D,O, followed by elemental and X-ray phase
analyses and identification via the IR and Raman spectra. Deuteration was
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achieved by water distillation in vacuum. The treatment was repeated a number
of times. As the HPAs are strong acids and easily dissociated into ions, proton ex-
change by deuterium takes place in full. Complete deuteration was controlled by
NMR and IR methods.

Apparatus

Thermoanalytical investigations were conducted under dynamic and quasi-
isothermal conditions with a derivatograph (MOM) in air. The sample mass was
0.1-0.2 g. Kinetic studies were carried out under non-isothermal conditions ac-
cording to two independent versions. The first version involved use of a plate
crucible derivatograph to ensure dehydration at a maximum surface with mini-
mum layer thickness. The second version involved a flow reactor with no diffu-
sion braking, ensuring the minimum contribution of back-reaction. The experi-
mental data were compared. In the determination of kinetic parameters, the ther-
moanalytical curves relating to mass loss and gas isolation were used.

The flow reactor design is described in [3]. IR spectra werc recorded on a Spe-
cord-75 IR provided with a thermoset which allows spectrum recording in the
temperature range 20-250°C. The heating rate was the same in TG, DTG and
DTA experiments. LiF or CaF, was used to make final samples in the form of a
tablet.

X-ray diffractograms were obtained on a Dron-2.0 diffractometer, with
CuK, radiation.

Results and discussion

Crystalhydrate stability is usually determined on proton aqua complexes and
the mode of their decomposition [4]. The dehydration of HPA samples with high
water contents (m=29-31) comprises several stages, with the rapid loss of more
than 50% of the water during the first stage. Even quasi-isothermal conditions do
not allow an estimation of the temperature range of stability of the intermediate
phase. This suggests the slight association of some water molecules in the HPA
hydrates with high water contents with the anion and the formation of an inde-
pendent framework.

The initial stages of the thermal dehydration of the PHAs do not differ from
the processes of ice sublimation or water vaporization. It is impossible to iden-
tify the intermediates of these transformations, which might be connected with
the similar kinetic stabilities of the initial and intermediate phases and parallel-
consecutive reactions of dehydration and decomposition of the crystal hydrate
phases.

For the tungsten HPAs, two stable phases are formed after the first stage of de
hydration, containing 14 and 6 water molecules per molecule of the acid phase.
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In contrast with the tungsten HPAs, the molybdenum HPAs have the second and
third stages of dehydration slightly divided. These can be separated under quasi-
isothermal conditions. On the whole, the water molecules are interdependent
rather than depending on the Oupa atoms. However, some quite short contacts
Oupa+Onyo, equal in length to hydrogen-bonds, stabilize the structure. The HPA
crystal hydrates are therefore more stable in air than those with high water con-
tents. The dehydration process is reversible; it takes place on the surface and
moves towards the centre of the spherical nucleus. Accordingly, in order to allow
more specific conclusions about the kinetics, a prior evaluation of the most obvi-
ous reaction mechanism was undertaken according to Satava [5]. For this pur-
pose, a linear function of the temperature integral logg(a) was plotted vs. 1/7 for
five different mechanisms of solid-phase reactions, including nucleation, inter-
phase boundary movement and diffusion. Analysis of the data showed that in
HPA dehydration with a transformation degree of 0=0.05-0.55, the rate-limiting
process is a chemical reaction at the phase boundary. It is described by the topo-
chemical equation of a contracting sphere with reaction order 2/3. The deviation
from a linear dependence at @20.55 is connected with a change in the solid-phase
reaction mechanism. During dehydration the HPA structure shrinks, this process
being regulated by the anions as they come together. It becomes difficult to re-
move water from the resulting surface. In this case, the rate is determined by the
diffusion of water molecules through the product layer. Thus, kinetic analysis
cannot be performed here. Nucleation at a low transformation degree is insignifi-
cant, It coincides with the solid body processes, as the dehydration mechanism
can hardly be described by the topochemical equation alone.

To establish the kinetic parameters the Coats-Redfern integral method [6]
was applied, using the reaction order obtained by the Satava method. Kinetic
analysis of the TG curve for a transformation degree o=0.05-050 reveals the lin-
ear dependence on 1/7. This proves the topochemical mechanism determined
with the Satava method.

To treat the isolated gas curves obtained in the continuous flow reactor, the
computer program TA IB [3] was used. The linearity of logg(a) vs. 1/T was tested
for 13 different mechanisms for solid-phase reactions. The analysis demon-
strated that the dehydration in the conversion range 0=0.05-0.65 was best de-
scribed by the equation of a contracting sphere. This confirms the data obtained
by TG, DTG and DTA.

The kinetic parameters for the HPA dehydrations investigated with the two
different versions are presented in Table 1. The difference between the data does
not exceed +8%.

The activation energy and exponential factor correlate reasonably with the
structural ideas on the HPA crystal hydrates [7]. Via these structures, it is easy to
explain the removal of the weakly bound ‘tunnel’ water between the anions. The
On,0-Oupa bond length is 2.9-3.44 A. The removal of water molecules coordi-
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nated to the HPA atoms leads to increased kinetic parameters. The Og,o--Onpa
bond length for low-water HPAs is 2.3-2.5 A, which indicates the strong stabil-
ity of the bonding of the HPA with the water molecules.

Table 1 Kinetic parameters of HPA dehydration

EJ E,

HPA kI mol™'  der/il. react logA, Es logA,
H,SiW ,0,,30H,0 12-24  75.2/802  4.8/104  120.6/1244  11.2/12.9
H,PW,,0,,-29H,0 12-24  87.6/96.8  4.9/12.7 143.6/1567 11.5/16.2
H,PMo,,0,,31H,0 12-24 66.8/- 4.6/- 86.0/— 16.9/—
H,SiMo,,0,,31H,0 12-24 59.8/~ 4.9/- 79.3/— 18.8/-
H,PMo,,VO,,31H,0 12-24 50.0/- 4.6/~ 65.0/- 10.7/~
H,PMo,,V,0,,31H,0 12-24 50.0/- 4.5/- 65.0/- 10.5/~
H,PMo,V,0,,31H,0 12-24 46.4/- 4.4/- 60.4/— 9.9/-

The kinetic results on HPA dehydration were confirmed by the findings from
X-ray phase analysis and IR spectroscopy. The elementary cell volume de-
creased sharply during the dehydration process, e.g.

H3PW12040-29H20, V=12600.54 A3:
H3PW 12040 14H20, V=3159.59 A3:
H3PW12040-6H20, V=1953.12 A°.

As the anions come together, coordinate bonds are formed with water mole-
cules, which changes the whole system of hydrogen-bonds. The new bonds are
formed between outer sphere protons and hydroxylanions.

The IR spectra of the HPAs were studied in a thermocell. The double structure
of the water molecules (deformational vibrations at 1660 and 1720 cm'l) was
clearly seen for the initial samples of HPA crystal hydrates. A broad absorption
band with an isolated maximum was observed in the region of the OH valent vi-
brations, at 3380 and 3550 cm™, with a shoulder at 3180 cm™.

On heating, the intensities of the absorption bands at 1660, 3380 and
3550 cm™ decreased sharply, while the absorption bands relating to HsO," at
1720 and 3180 cm™' remain unchanged [8]. This also suggests a more stable
character of the water molecules bound in the low-water HPAs.,

Isotope substitution was applied to distinguish the stage limiting the rate of
HPA thermal decomposition. The primary isotope effect in the reactions involv-
ing the limiting stage of proton transfer was caused by the sharp energy of the
zero vibrations and was determined by the activation energy increase. The differ-
ence Ep—Ey was approximatcly 6 kJ mol™,
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TG, DTG and DTA analysis indicated that complete H-D substitution led to
a temperature increase for the maximum reaction rate in all stages of water re-

moval. The E values obtained were 6—15 kJ mol™ higher for the deuteroacids.

The results point to the important role of proton transfer in the stage of crystal

water removal. Experimental methods are described in detail in [9].

* ok k

The authors are grateful to Prof. V. A. Logvinenko for help in the research work on the flow re-

actor and for discussions on the final results of the experiment.

References

1 U. Chowdhry and I. R. Barkley, Mat. Res. Bull,, 17 (1982) 917.
2 M. T. Pope, Heteropoly and Isopoly Oxometalates, Springer-Verlag, Berlin, Heidelberg,
New York, Tokyo, 1983,

V. A. Logvinenko and V. F. Myachina, Izv. Acad. Sci. USSR, 247 (1979) 121.

H. J. Lunk and V. F. Chuvaev, Dokl. Acad. Sci. USSR, 247 (1979) §83.

V. Satava, Thermochim. Acta, 2 (1971) 423.

A. W. Coats and I. P. Redfern, Nature, 201 (1964) 64.

V. 1. Spisin and I. P. Kazanskii, Soviet Scientific Review, 3 (1982) 111.

G. V. Yucknevich, Infrarcd Spectroscopy of Water, Nauka, Moscow 1973.
V.

3
4
5
6
7
8 V.

9 V. Khakhinov, 1. N. Pinchick et al., Izv. Acad. Sci. USSR, Ser. Chim., 8 (1987) 1705.

J. Thermal Anal., 53, 1998



