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Temperature variation of the
solubility of the oxidation
products of the spinel.
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Fig.6. Dependence of the degree of oxidation of the spinel

on the duration of heat treatment at 400°:

1) without additive; 2) with 0.5% KCl.

of the iron-vanadium spinel. As a result of the forma-
tion of iron orthovanadate, the R,0, becomes enriched in
chromium but does not consist of pure Cr,0,, as shown by
the calculation of the lattice parameters.

The results of the treatment of the oxidation products .
of the spinel with hot water and 10% sulphuric acid are
presented in Table 2. Their examination shows that
samples containing the R,0, phase and chromium ortho-
vanadate are virtually insoluble in both solvents. This is
also shown by experiments on the solubility of chromium
orthovanadate: when CrVO, is treated with cold and boil-
ing sulphuric acid for 40 min, not more than 1% of the
substance dissolves. The presence of chromium in con-
verter slags during their oxidative heat treatment favours
the conversion of the vanadium into an insoluble form and
chromium is therefore an undesirable constituent of the
charge.

At heat-treatment temperatures in excess of 800° the
degree of extraction of vanadium in the form of acid-soluble
compounds increases sharply (Table 2). = This is due to the
formation (when the charge is cooled) of iron orthovanadate,

~ whose solubility in boiling sulphuric acid is 50~60%. )

The thermogram for the oxidation of the spinel in the
presence of 0.5% of potassium chloride is identical with
that for the oxidation of pure FeVCrO,. The phase com-
position of the oxidation products is also the same. Mea-
surements of the rates of oxidation by continuous weighing
at 400° showed (Fig. 6) that the presence of small amounts
of potassium chloride in the spinel accelerates the rate of
the process by a factor of 1.3-1.5 during the first few
minutes.
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SUMMARY

1. The oxidation of a spinel with the composition FeVCrO,
has been investigated. The first effect on the thermo-
gram corresponds to the formation of an R,O; phase,
the second to the formation of chromium orthovanadate,
and the third to incongruent fusion of chromium ortho-
vanadate.

2. The R,O, phase consists of a solid solution of vanadium
and chromium in hematite.

3. Slow crystallisation of the melt results in the formation
of iron orthovanadate, the R,O, phase becoming enriched
in chromic oxide.

4, Addition of 0.5% of potassium chloride to the spinel
accelerates the oxidation process.
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REDUCTION OF ORGANIC COMPOUNDS AT
A GERMANIUM CATHODE

E.A.Efimov and I.G.Erusalimchik

Organic compounds were reduced at 20° at a germanium
electrode of n-type with p =3 2 ecm and p-type with p =
= 15 © ¢cm and also an electrode with a p-» junction 1,2,
Preparative electrolysis was carried out for 100 h in a cell
with a porous glass partition and germanium electrodes of
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large area (up to 5 cm®). The compounds obtained were
isolated and identified by the usual methods of organic ana-
lysis®,

Reduction of Benzoic Acid

The reduction of benzoic acid was studied in 0.1 N H,SO,
solution containing 80% of ethanol. It took place over the
entire current density range investigated, 10-5-10-2 A X
X em~2?, its rate depending on the concentration of benzoic
acid and the conductivity type of the electrode (Fig. 1).
When the concentration of benzoic acid was increased from
0.01 to 1 M, the potential shifted towards positive values
by 50~60 mV. In this range the curves followed the Tafel
equation with a slope b = 0.13 V.

The reduction of benzoic acid on p-type germanium
took place with much greater difficulty, but under strong
illumination the curves for p- and n-type germanium
almost coincided. It may be supposed that, at potentials
more positive than -0.1 V, the rate of the process is deter-
mined by the addition of a conductivity band electron to a
benzoic acid molecule:

o] 0
ol & )

()/ \OH e 4 H* _{j/ +H,0.

The radical thus formed becomes linked to the electrode
surface, and can be subsequently removed in two ways:

[0}
!
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Analysis of the catholyte showed that the main reduction
product was benzil CgH,COCOC H; (m.p. 94-96°), accom-
panied by a very small amount of benzaldehyde.

At i » TXx 10-% A cm~2 the reaction on both p- and
n-type germanium is retarded, probably due to accumula-
‘tion of the acid dimer on the electrode surface.

If the electrochemical reduction products are desorbed
with difficulty, i.e. are fairly firmly bound to the electrode
surface, the potential jump at the germanium-electrolyte
boundary should be affected. Fig. 2 shows that, after the
electrode has been maintained at potentials more negative
than -0.2 V, the potential of the flat bands is displaced
towards negative values as the concentration of benzoic
acid in the electrolyte is increased (Figs.2a and 2b), the
phenomenon disappearing completely at potentials of about
0.1 V, i.e. when current is passed in the anodic direction.
In the reduction of benzoic acid at a germanium electrode
with a p-n junction (Fig. 1b) the proportion of hole current
is zero up to ¢ =~ -0.6, but after the electrode has been
maintained at this potential for some time the hole current
increases. The reverse current of the p-n junction can
be restored to the previous value only after brief anodic
treatment of the electrode. The reduction products accu=
mulating on the electrode surface are bound to it via nega-
tive atoms, which give rise to a positive space charge in
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Fig.1. DPolarisation of p-type and n-type germanium cathodes (a)
and an electrode with 4 p—n junction (b) in the reduction of benzoic
acidin 0.1 N HgSOU

1) n-type (80% ethanol);

2) n-type (80% ethanol + 0.01 M benzoic acid);

3) n~type (80% ethanol + 1 M benzoic acid);

4) p-type (80% ethanol);

5) p-type (80% ethanol + 1 M benzoic acid);

6) variation of 4yey.dark Of the p—n junction (80% ethanol + 1 M
benzoic acid);

7) variation of Aircv = il-ev‘“ght = frev.dark (80% ethanol + 1 M
benzoic acid),
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Fig.2. Variation of the photopotential of n-type (a, b) and p~type
(c) germanium electrodes with their potential in 0.1 N H,80;

(80% ethanol):

a) in the presence of 0.01 M benzoic acid;

b) in the presence of 1 M benzoic acid;

1) without additive;

2) in the presence of 1 M benzoic acid.

the semiconductor, These may be oxygen atoms of keto-
~groups or carbon atoms with unpaired electrons. Anodic
‘oxidation converts these products into benzoic acid and
removes them from the electrode surface., When these
compounds are adsorbed, the rate of surface recombina-
tion does not change markedly; atomic hydrogen is not
appreciably adsorbed on the germanium surface. Other-
wise there would have been an immediate decrease of
A@ugn. At metallic electrodes benzoic acid is reduced to
benzyl alcohol or hexahydrobenzoic acid®, and only a few
investigators have found benzaldehyde ® and dimerisation
products? in the reduced material. Benzaldehyde is
virtually not reduced at all at a germanium electrode. In
alkaline solutions benzoic acid and benzaldehyde are not
reduced at potentials lower than about -1.2 V.
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Reduction of Benzoquinone

The limiting current shown in Fig. 3a is due to diffusio-
nal phenomena in the electrolyte, increasing from 5x 10~
to 2.5 10-3 A cm™2 when the concentration of benzoquinone
is raised from 0.01 to 0.05 M. At low current densities
the kinetics of the electrochemical reaction obey the Tafel
law and are virtually independent of the concentration of
benzoquinone in the electrolyte. According to the litera-
ture 89, the reduction of benzoquinone at metallic elec~
trodes in acid solutions takes place via the formation of the
C,H,0} ion (by the reactionof a benzoquinone molecule with
ahydrogenion)and its subsequent reduction. This mecha-
nism is also valid for the germanium electrode.

The adsorption of the CgH O} ion on the surface of ger-
manium leads to a downward bending of the bands (Fig. 4),
particularly in the case of p~type germanium. The extent
of the bending of the bands increases with the concentration
of benzoquinone in solution in the potential range where the
polarisation curves show a limiting diffusion current. This
is easy to understand, since under these conditions the
extent of adsorption of benzoquinone increases,

Fig. 3a shows that the reduction of benzoquinone on
p-type germanium at positive potentials is somewhat more
difficult than on n-type germanium. When the electrode
is illuminated, the polarisation curve for p-type german-
ium completely coincides with that for n-type germanium,
which shows that conductivity band electrons participate in
the electrode reaction {ogether with valence electrons,

The proportion of hole current varies with the concen-
tration of benzoquinone and the electrode potential (Fig. 3b).
When the germanium electrode is illuminated in solution
containing 0.05 M benzoquinone, the steady-state potential
of p-type germanium undergoes a positive shift of 30 mV
and that of n-type germanium a negative shift of 70-80 mV,
which indicates appreciable dissolution of germanium at
positive potentials, its extent increasing with the concen-
tration of benzoquinone. Since the rate of dissolution of
germanium at a constant potential is also constant regard-
less of the concentration of benzoquinone in solution, the
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Fig.3. Polarisation of p-type and n-type germanium in the reduc~

tion of benzoquinone: : )
a): 1) n-type in 0.1 N HyS0, without benzoquinone; 2) n-type,
0.01 M benzoquinone; 3) n-type, 0.05 M benzoquinone; 4) p-type,
0,06 M benzoquinone; 5) p-type, 0.01 M benzoquinone;
b): variation of the proportion of hole current with the potential of
_ the electrode with a p—n junction: 6) 0.01 M benzoquinone;

7) 0.05 M benzoquinone,
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1) without benzoquinone in 0.1 N Hy80;
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overall fraction of hole current, measured with the aid of
the electrode with a p—n junction, should be higher for
solutions with a high benzoquinone content (Fig.3b), which
is actually the case at positive potentials, i.e. when the
spontaneous dissolution of germanium takes place at an
appreciable rate.

The increase of the hole component of the benzoquinone
reduction current with polarisation for concentrations 0.01
and 0,05 M begins at potentials of 0.0 and -0.02 V respec-
tively. At these potentials the rate of reaction is indepen-
dent of the conductivity type of germanium and is deter-
mined by diffusional phenomena in the electrolyte. At
potentials more negative than -0.6 V the reduction of
benzoquinone is accompanied by evolution of hydrogen,

i.e. by an increase in the rate of surface recombination.
This leads to a decrease of the hole component of the over-

all cathodic current,

Reduction of Acetone

The reduction of acetone at the germanium electrode
was investigated in 0.1 N solutions of H,S80, and KOH
(Fig.5). It takes place on p-type and n~-type germanium
in both acid and alkaline media. In all cases the products
are isopropanol, hydrogen, and a certain amount of resin
which decomposes at 300°. Germanium enters into the
composition of the resin, the germanium cathode after the
electrolysis being corroded and pitted. In the reduction of
acetone at lead and mercury cathodes ¥ organic compounds
of lead and mercury are algo formed. Probably, one of
the first stages of the reaction is the formation of an active
radical, which reacts with the electrode:

OH
CH;COCH; + e~ -+ H* - CHy — cl. — CHs. (4}

Since the electronegativity of germanium is lower than that
of carbon !, the electrons of outer germanium may ap-
proach go closely to the carbon radical that their bonds
with the neighbouring germanium atoms are weakened and the
compound formed passes intothe electrolyte. Thisprocess
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Fig.5. a) Polarisation of p~type and n-type germanium in the
reduction of acetone in 0.1 N H,S0,4: 1) n-type, without acetone;
2) p-type, without acetone; 3) p-type, 1 M acetone; 4) n-type,
1 M acetone in the dark; 5) n-type, 1 M acetone in the light;
b) variation of the proportion of hole current with the potential of
the electrode with a p-n junction in 0,1 N H;SO, + 1 M acetone,

is accelerated in the presence of holes on the surface
(Fig. 5a).

All the polarisation curves in Fig. 5a, characterising
the reduction of acetone, consist of three sections: the
region of low current densities where the curves follow the
Tafel equation with a slope 0.11-0.14, a rising section, and
a region of high current densities where the electrochemi-
cal reaction is appreciably accelerated.

Decrease of the concentration of acetone to 0.2 M has
almost no effect on the polarisation curves, which indi-
cates a high degree of surface coverage of the electrode by
the organic compound. At fairly high current densities
the rate of formation of this compound may be lower than
the rate of discharge. The reaction is then retarded and
the surface concentration of the organic substances in-
creases. The rise observed on the polarisation curves
may be explained similarly.

At negative potentials (more negative than -0.6 V) hy-
drogen is evolved:

H+ <4 &= — Hadas
Hads+ Ht + e~ —Ha.

There is then a possibility of the reaction of the adsorbed
hydrogen with the radical or the occurrence of the electro-
chemical reaction :

[CH; —@—CHy] 4 H*+ e~ CHy— CH —CH,
. OH ]Adl H

in which isopropanol is formed.

The reduction of acetone at the germanium electrode
with a p-n junction takes place with participation of elec-
trons from both the valence and conductivity bands (Fig. 5b).
As the potential shifts in the negative direction, the pro-
portion of hole current increases, in agreement with
Dewald's findings 2, Measurements of the photopotential
in solutions containing acetone showed that Agug: is small
for both p-type and n-type germanium, decreasing appre-
ciably when the concentration of acetone is increased.
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Fig.6. a) Polarisation of n-type and p-type germanium in the re-
duction of nitrobenzene in 0.1 N H,80,:

1) n-type, without nitrobenzene; 2) n-type and p-type, 0.01 M
nitrobenzene; 3) n-type and p-type, 0.05 M nitrobenzene;

b) variation of the proportion of hole current with the potential of |
the electrode with a p~n junction in 0.1 N H,S0O,;

4) 0.01 M nitrobenzene; 5) 0.05 M nitrobenzene.

This phenomenon is associated with a sharp increase of the
rate of surface recombination when acetone or its reduction
products are adsorbed on the electrode.

Reduction of Nitrobenzene

The reduction of nitrobenzene ongermanium in 0.1 N H,SO,
stops at the stage in which phenylhydroxylamine and azoxy-
benzene are formed. The polarisation curves (Fig. 6) for
the reduction of nitrobenzene in 0.1 N H,SO, on p-type and
n-type germanium coincide and vary with the concentration
of nitrobenzene in solution. The slopes b of the initial
sections of the curves in Fig. 6z are about 0.06-0.07 V,
i.e. are the same as the values obtained by Antropov and
Vagramyan B for a platinum electrode. At high current
densities the polarisation curves show characteristic
sections corresponding to the limiting current associated
with the diffusion to the cathode of the substance under-
going reduction,

Experiments using the electrode with a p-n junction
(Fig. 6b) showed that the reduction of nitrobenzene involves
the participation of both free and valence electrons. The
hole component of the overall cathodic current is small
(y £70.25). As in the reduction of benzoquinone, it in-
creases with decrease of the concentration of the test sub-
stance to a maximum in the region of the limiting current.

SUMMARY

1. The use of a semiconductor electrode in the investiga-
tion of the reduction of organic compounds provides
more detailed information about the interaction of the

initial compounds and electrolysis products with the -
electrode surface.

2. In its reducing properties the germanium cathode is

close to metallic electrodes whose hydrogen overvoltages
are not particularly high.
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CALCULATION OF THE PRE-EXPONENTIAL
FACTORS FOR CERTAIN ELEMENTARY OXI-
DATION REACTIONS

E.T.Denisov and V.P.Kosarev

In liquid-phase chain oxidation of organic compounds the
bimolecular radical reactions

L]
R 4 0,— RO;, (1)

hy
RO; + RH— ROOH -+ R, 2)
RO; + RO; — P, (3)

play an important role. The absolute values of the con-
stants k,, k;, and k; have been measured for a number of
substances. Transition state theory ! makes it possible to
calculate the pre-exponential factors for elementary chemi-
cal reactions, Although such calculation is approximate
for reacting species (particles) of complex configuration,
even in this case it makes it possible to arrive atdefinite
conclusions concerning the structure of the transition
state. The possibility of calculating the pre-exponential
factors for radical reactions has been demonstrated by
Stepukhovich?3, The present paper deals with the calcu-
lation of the pre-exponential factors for reactions (1)-(3),
using methane and cyclohexane as examples. Theresults
of the calculation are compared with the experimental
results. '

According to the transition state theory, the pre-
-exponential factor k, for a bimolecular reaction is %, =
= (kT/h)(f*/fafs), where k is the Boltzmann constant,
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_ trons.

k the Planck constant, T the absolute temperature, f* the
partition function of the activated complex, and fa and fp
are the partition functions of the initial substances; f=

= furang X frot X fum&/0, where g is the degree of electronic
degeneracy and ¢ the symmetry number of the particle.
The partition function for translational motion depends only
on temperature and the mass of the particle: firana =

= (2rmkT)*2/k%. The present calculation has been made
for only one temperature, T = 400°K, when (RT/h).
-(f*/fAfB Jtrang = 3.3 X 10¢ (M"‘/IWAA'IB)SI2 litre mole=! 8-1,

M being the molecular weight. 'The partition function for
rotational motion depends on the product of the principal
moments of inertia of the particle I,I,I; (on its configura-
tion) and on temperature, For a polyatomic molecule

(radical),

. 2 (8, h *%h
o= SECRIEHEIE. — qa0yETE,

when the moment of inertia I is expressed in mole Az,
The partition function for free rotation of an atom or group
of atoms about any axisis fireewt = (87IpkT)Y2/h, where Ip
is the moment of inertia (mole A2) of a group of atoms
rotating relative to the given axis, and fwee rot = 7.2Ip.
At low temperatures the vibrational partition function may

be taken as unity.

The Reaction CH; + O, — CH,0,

The methyl radical has a planar configuration:

froo =400, 0 =6, g =2,
‘ 24
For oxygen, 6—0, we have fir = 192, 0 =2, and g =3,
and for the transition state: .

H
1.1A | 3.0A

1{\k 'g 1.3

III,=55x 104, f% = 2.8x 104, =1, g = 2.

The partition function for free rotation of CH, about the
C-0 axis i8 frme ot = 13. The C~O distance in the transi-
tion state was taken to be 3.0 A on the basis of the follow-
ing considerations; on recombination of two radicals (for
example, methyl radicals) the distance between the react-
ing atoms is 4,5-4.8 A.4  This large distance is due to the
strong interaction between the spins of the unpaired elec-
It is to be expected that in the reaction of a radical
with an oxygen molecule, which has a spin equal to unity,
the spin interaction will also lead to a configuration of the
transition state in which the C-O distance will be much
greater than in the product radical in which v¢_g = 1.35 A
(as in the hydroperoxide molecule). On the other hand,
this distance will be smaller than in the reaction between
two radicals, and therefore we have taken the mean value:

. 4.65 - 1.35 —

rg-o0 =
2

3.0A.



