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Oxovanadium(IV) was found to develop a fairly stable oxidation wave as well as a reduction wave at the

dropping mercury electrode in an aqueous solution containing M potassium oxalate.

The predominant entity in

the solution was [VO(o0x),]2~, and both the oxidation wave with one-electron transfer, and the reduction wave

with two-electron transfer were irreversible.

The anodic transfer coefficient evaluated from the logarithmic plot

and Tafel plot was 0.60—0.63, and the exchange current density estimated tentatively from the Tafel plot was

1.8x10-% Ajcm?.

The effect of aerial oxidation of V(IV) to V(V) and the photochemical reduction of V(V)

to V(IV) were investigated through the controlled potential electrolysis, absorption spectroscopy and ESR studies.

The polarographic kinetic current of the oxidation process was observed under ultra-violet light irradiation.

The

apparent rate constant of the photochemical reduction evaluated from the kinetic current was (0.02—0.04) /ed, s,
where ¢ is the molecular extinction coefficient, ¢ the quantum yield and I, the intensity of the incident light.

Since vanadium shows various oxidation states from
—1 to 5, numerous electrochemical investigations on
its oxidation and reduction processes have been reported.
However, only a limited number of papers refers to the
oxidation process of oxovanadium (IV).

Lingane!) has investigated the polarographic behaviors
of vanadyl ion in various media, and has found the
oxidation wave in a strongly alkaline medium. He
has observed both the oxidation and reduction waves
in an ammoniacal solution. However, the solution is
very unstable and form a precipitate even in the presence
of sodium sulfite added in order to avoid the oxidation.
Bishop and Hitchcock® reported the oxidation of V(IV)
in an acetate buffer of pH=4 at a platinum electrode,
and suggested the possible chemical step coupled with
the electrochemical oxidation. On the other hand,
Dean and Herringshaw® have studied the oxidation
of vanadyl ion by aerial oxygen. In relation to the
photochemical reaction Setapathy et al.9 have studied
the photolysis of the aqueous suspension of V,0; in
oxalic acid. In general, the electrode processes of
oxovanadium (IV) involve complications due to the
aerial oxidation and coupled chemical and photo-
chemical reactions.5:®)

Our findings are that a stable polarographic oxidation
wave as well as the reduction wave of oxovanadium
(IV) can be observed in the solution containing M
potassium oxalate, and that the oxidized entity is
easily reduced by the irradiation of ultra-violet light.
The kinetics of the polarographic oxidation process of
oxovanadium (IV) and that of the photochemical
reduction of V(V) are presented in this paper.

Experimental

The test solution was prepared by mixing the deaerated
stock solution of vanadyl sulfate and M potassium oxalate
solution unless otherwise noted. All reagents were of an
analytical grade.

The electrochemical experiments were carried out by using
a Shimadzu Model RP-50 polarograph and a Model PS-2
potentiostat. A quartz cell with a dropping mercury electrode
(DME) and a saturated calomel electrode (SCE) were used
for the measurement. The characteristics of the DME were
as follows; the rate of flow of mercury=0.72 mg/s, the life-

time=9.1 s under the head of mercury=40 cm at the applied
potential of +0.15 V us5. SCE.

A xenon lamp (500 W) and Toshiba UV-D25 filter to pass
250—350 nm light were used for the photochemical study.

The spectrophotometric measurements were carried out by
using a Shimadzu Model UV-200 dual beam spectrometer.
For the ESR studies a Nihon Denki Model JES-ME ESR
spectrometer was used under the following conditions; X-band
microwave, modulation frequency of 100 kHz, modulation
width of 6.3 gauss, the sample tubing of 1 mm diameter with
6 ul test solution.

The temperature was 281 °C.

Results and Discussion

Polarographic Behaviors of Oxovanadium(IV) in M Potas-
sium Oxalate. The predominant entity of oxovana-
dium(IV) in M potassium oxalate solution (pH=8.4) is
considered to be [VO(ox),]2~.® It develops the
polarographic oxidation wave as well as the reduction
wave as shown in Fig. 1.
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Fig. 1. Polarograms of oxovanadium(IV) in M Potas-
sium oxalate.
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The oxidation wave appeared at 40.025 V vs. SCE.
The wave form was rather extended along with the
potential axis than the well-defined reversible wave.
The wave-height was approximately one half of the
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reduction wave.
as follows:

The electrode process can be expressed

V(IV) — e = V(V) (1)

Bishop and Hitchcock?® have suggested the kinetic
complication due to the coupled chemical reaction.
However, no evidence could be observed so far as the
effect of the mercury head on the wave-height was
concerned as shown in Fig. 7.

The reduction wave of the two-electron transfer
process appeared at —1.35V wvs. SCE. The wave
form was also extended along with the potential axis,
and the process was irreversible. It is noteworthy that
the reduction wave showed the trend to split into two
steps when the concentration of vanadyl ion was higher
than 4 mM.

The dependence of the wave-height on the concen-
tration of the vanadyl ion is illustrated in Fig. 2. Both
the oxidation and reduction wave-heights showed good
linear relationship with the vanadyl ion concentration.
However, the linearity was no longer observed when
the concentration exceeded 2 mM. The value of the
diffusion coeflicient estimated from the Ilkovic equation
was 6.6 X 10-8 cm?/s.
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Fig. 2. Dependence of polarographic wave-height on
concentration of oxovanadium(IV).
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Fig. 3. Logarithmic plot of oxidation process of oxo-

vanadium(IV).
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Fig. 4. Tafel plot of oxidation process of oxovanadium-
(IV). E,: equilibrium potential

Electrode Kinetics of Oxidation Process of Oxovanadium(IV).
The polarographic oxidation current was recorded at
each potential controlled by the potentiostat, and the
log[i/(iq—1)] versus the potential plot was obtained as
shown in Fig. 3. From the inclination of this linear
plot the anodic transfer coefficient of 0.63 was
estimated.”? On the other hand, the Tafel plot was
obtained from the foot of this oxidation wave as shown
in Fig. 4. The inclination of this Tafel plot gave the
value of the anodic transfer coefficient as great as 0.60.
Both data showed a fairly good agreement.

The value of the equilibrium potential for V(V)—
V(IV) couple was tentatively evaluated assuming that
the Tafel plot will be an asymptote along with the
potential coordinate at the equilibrium potential as
shown in Fig. 4. The exchange current density
estimated from the intercept was 1.8 10-¢ A/cm2.

Oxidation of Oxovanadium(IV) by Aerial Oxygen, Elec-
trolytic Oxidation of V(IV) and Photochemical Reduction of
viv). When dissolved oxygen was contained in
the oxovanadium(IV) solution, the wave-height of the
polarographic oxidation decreased and a new reduction
wave appeared at —0.13 V us. SCE as shown in Fig. 1.
The height of the new wave was exactly equal to the
decrement of the oxidation wave. The oxidation
process of V(IV) by aerial oxygen in an alkaline solution
was studied by Dean and Herringshaw?® as formulated
in the following;

O, + 2VO,2~ + H,0 = 2VO;~ + 20H! + H,0, (2)
followed by
H,O, + 2VO,?~ = 2VO,;~ + 20H’ (3)

In view of their results, the new reduction wave appeared
at —0.13 V us. SCE seems to be the reduction of V(V)
to V(IV).

The solution color changed from light blue to light
yellowish green by the aerial oxidation. A similar
color change was observed by the electrolytic oxidation
at the controlled potential of +0.15 V vs. SCE. The
absorption band at 4,,,=600nm disappeared com-
pletely by the oxidation and the band at 4,,,=310 nm
decreased simultaneously in its intensity as shown in
Fig. 5.89 The ESR spectra of oxovanadium(IV) in
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Fig.5. Absorption spectra of oxovanadium(IV) and (V). 5' 46 ’.i é

Curves 1 and 2: 10 mM, Curves 3 and 4: 1 mM, Curves
1 and 3: deacrated or irradiated solution, Curves 2 and
and 4: oxidized solution

200G

H

Fig. 6. ESR spectra of oxovanadium(IV).
Curve 1: deaerated solution, Curve 2: oxidized solution,
Curve 3: irradiated solution

M potassium oxalate solution showed eight components
corresponding to the nuclear spin of 7/2 as shown in
Fig. 6.9 The ESR spectrum also decreased and
disappeared in its intensity as the oxidation proceeded.
It is noteworthy that vanadium of +5 oxidation state
has no more spin in its d-shell. These changes in
color, electronic absorption and ESR spectra were
restored to the original state by the irradiation of
ultra-violet light as shown in Figs. 5 and 6. The
increase of the oxidation wave-height and disappearance
of the new reduction wave were observed by the ultra-
violet light irradiation as shown in Fig. 1. The photo-
chemical reaction can be expressed as follows;

V(V) + hv = VAV) — e )
and the oxidation of oxalate to form carbon dioxide
seems to be coupled with Reaction (4), i.e., 1/2C,0,2~—
e=C0,.

Kinetics of Photochemical Reduction of V (V) in M Potassium
Oxalate Solution. The effect of the mercury head
of the DME on the polarographic oxidation and reduc-
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Fig. 7. Dependence of polarographic wave-height on
DME mercury head.

Broken line: oxidation wave under ultra-violet light
irradiation

tion wave-heights is illustrated in Fig. 7. Both waves
showed the linear increase with the square root of the
mercury head. This characteristic corresponds well to
the polarographic diffusion-controlled current. How-
ever, when the solution was irradiated by the ultra-
violet light in the course of the polarographic oxidation,
the inclination of the plot decreased slightly as shown
in Fig. 7. 'This reveals the characteristic of the polaro-
graphic kinetic current, namely, the oxidation process
of oxovanadium(IV) is coupled with the regeneration
of V(IV) by the photochemical reduction of V(V),
which is the product of the electrolytic oxidation. The
reaction scheme is expressed by the combination of
Reactions (1) and (4).

Assuming that the Lambert-Beer’s law holds for the
light absorption of the V(V) species, the differential
equation relating to the semi-infinite diffusion at the
vicinity of the electrode-solution interface can be ex-
pressed as follows;

Gy _ 9*Cry 3{ 0Cry kg1, (1 _ a—eCyl
ot TV o2 3% ax 0 (I—e™) ()
3Cy _ 5 0°Cy | 2% 3Cy kPl . o
9t Y ox? + 3t ox I (I—e ) 6

where C’s are the concentration of respective species,
k the rate constant of the photochemical reduction,
¢ the quantum yield, ¢ the molecular extinction coeffi-
cient, I, the intensity of the incident light, the thickness
of the reaction layer and the other symbols are of the
usual significance. Egs. (5) and (6) can be simplified
by the approximation that exp[—eCyl]=~1—eCyl and
that Dyy=~Dy.19 The explicit equation for this case
has been derived by Henke and Hans.1?) The numerical
data of i /iy were in the range from 1.04 to 1.10, where
i, is the mean limiting current under ultra-violet light
irradiation and 74 the mean diffusion-controlled current.
From the data the rate constant of the photochemical
reduction, £, was evaluated as (0.02—0.04)/e¢l,s™%
The evaluation of the molecular extinction coeflicient,
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¢, the quantum yield, ¢, and the intensity of the incident
light, 1,, involves complication in this case so that it
will be remained for the future.
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