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Catalytic Polarographic Currents of Oxidants

P.M.Zaitsev, S.I.Zhdanov, and T.D.Nikolaeva

The state of the theory and practice in an important field of polarography—the catalytic currents of oxidant-substrates—is
examined. It has found extensive applications in the last ten years in the development of highly sensitive methods for the
determination of a large number of substrates, catalysts, and polarographically inactive ligands. Attention has been given to
the problem of the electrocatalytic reduction of molecular nitrogen for its fixation under mild conditions.
A systematic account is given of data for a series of inorganic and organic substrates and catalysts which transfer an electron
to the substrate.
The bibliography includes 242 references.
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1. I N T R O D U C T I O N

Catalytic currents in polarography, due to the regeneration
of the depolariser via a chemical reaction, still attract much
attention, mainly because they make it possible to increase
appreciably the sensitivity of the analytical method and per-
mit the determination of electrochemically inactive substances.
However, the importance of catalytic currents goes beyond
the analytical applications of polarography. In essence,
these phenomena constitute the basis of the coulometric
titration method and electrochemical synthetic processes with
participation of electron transferring agents 1 .

It is very likely that the fixation of atmospheric nitrogen,
occurring in plant cells with participation of specific metal-
containing enzymes2·3, as well as many oxidation-reduction
reactions constituting the basis of respiration, oxidative
phosphorylation, and other processes important to life also
occur under the conditions of the catalytic action of micro-
elements. For this reason, examination of the available data
on the mechanism of the occurrence of catalytic phenomena
in polarography, to which this review is devoted, may be of
general interest.

The review deals mainly with the reduction of a substrate
by variable oxidation state metals; catalytic systems involv-
ing the oxidation of the substrate as well as catalysis by
ligands (the complex is reduced or oxidised more readily
than the aquo-ions) and the catalytic evolution of hydrogen
are not discussed, because these two cases have been
described quite adequately in other reviews'*'5 and mono-
graphs 6 ' 7 .

Catalytic currents of the type considered are manifested on
polarograms as a rule by an increase of one of the diffusion
waves of the catalyst metal and only in systems with hydro-
gen peroxide as the substrate does a separate reduction
wave of the metal peroxide appear.

In the simplest case the mechanism of generation of the
catalytic current can be represented schematically as follows:

A 4- nc
t

B + S 4 A , (2)

where A is the depolariser (the oxidised form of the
catalyst), Β the reduced form of the catalyst, and S the rea-
gent (substrate or oxidant-substrate) participating in the
chemical depolariser regeneration reaction. The catalytic
current is determined by the rate of chemical reaction (2).

For a quantitative description of the catalytic currents aris-
ing via this scheme, an approximate solution was proposed
initially8'9 and then an exact solution10, both based on the
concept that the chemical depolariser regeneration reaction
occurs in a thin layer of solution adjoining the electrode in
the presence of an excess of the substrate.

When the reverse reaction (2) is neglected and when
?C[S]OT > 10, the exact solution leads to the asymptotic equa-
t i O n _ rc/7d =0.8l(*[S]0x)" , _ ( 3 )

in which ic is the average limiting catalytic current, i^ the
average limiting diffusion current of the catalyst metal, k the
rate constant for the forward reaction (2), [S]o the substrate
concentration, and τ the drop period. The expression in
square brackets in Eqn.(3) includes the stoichiometric coef-
ficients, which depend on the nature of reaction (2).

A number of reviews have been devoted to the state of the
theory and applications of catalytic polarographic currents'*'
1 1 ~ 1 9, but examination of the literature shows that many
important factors are still not clear. In particular, the
causes of the differences between the rates of reduction of
the substrate directly at the electrode and by reaction (2)
have not been altogether elucidated. Andrieux et al . 2 0 con-
sidered the quantum-mechanical approach of Hush and Marcus
to the relation between the rates of electronic transitions in
the heterogeneous and homogeneous reactions. Attention
has also been drawn21 to the electrostatic factor, which
increases the rate of interaction of the substrate and catalyst
bearing different charges.

Studies have appeared in recent years in which the genera-
tion of the catalytic currents of the substrates is attributed
to the formation of a complex BS and to electron transfer
within the complex from the reduced form of the catalyst to
the substrate. Such a mechanism has been proposed for
both inorganic catalysts [W(VI)-C1O7 2 2 and Mo(VI)-ClO7-
mandelic acid2 3 systems] and for organic catalysts (dithio-
carbamate—IOj, 2h haemoglobin—Η2O2, and iron(III) phthalo-
cyaninetetrasulphonate—O2

 2 5 systems), as well as for organic
substrates in the Y(III)-L-dimethylformamide (DMF) sys-

(1) tern26, which consist of carbonyl compounds: benzophenone ,
benzaldehyde, and crotonaldehyde.

The so-called coordination mechanism of the generation of
catalytic currents has been proposed 1 6 ' 1 7 ' 2 7 " 3 0 and developed:

A + nxc -> Β ,

(4)
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According to this mechanism the catalyst does not transfer
electrons from the electrode to the substrate but merely acti-
vates the latter, increasing its reactivity in relation to
reduction at the cathode. An equation has been derived for
the description of the proposed mechanism1 6 '2 7"3 0; despite
the fundamental difference between the mechanisms , its form
is close to that of Eqn.(3).

In order to account for the appreciable change in the
catalytic current after the introduction of complex-forming
substances into the solution, the formation of a ternary com-
plex of the type BLS has been assumed in the last two con-
cepts. One cannot rule out also another interpretation of
this effect. Complex formation frequently accelerates elec-
trochemical reaction (1) in both directions, so that irre-
versible reactions can actually become reversible. This
should lead, in principle, to the acceleration of the homogen-
eous reaction (2) also.

Electron exchange within the complex is a reasonable
alternative to the simple mechanism based on reactions (1)
and (2), but we believe that the arguments adduced in its
support in relation to the coordination mechanism are weak.
Firstly, there is no direct evidence for the reduction of the
substrate within the complex at the electrode. Secondly,
the majority of substrates interact too weakly with the com-
plex-forming metal to undergo an appreciable alteration in
their reactivity. Nor is it clear why the interaction pre-
cisely with the reduced form of the catalyst are not with the
initial. oxidised form is important for the generation of
catalytic currents. Nevertheless, the coordination mecha-
nism does not lack internal logic. Formally, systems with
hydrogen peroxide behave seemingly in conformity with the
coordination scheme: the metal peroxide compounds are
reduced at the electrode.

An invariable condition for the appearance of the catalytic
current of the substrate is its high electrochemical overvol-
tage. Many organic compounds do not exhibit a catalytic
effect21, because the electron transfer stage is in the vast
majority of cases rapid (without overvoltage); on the other
hand, the reason for the general irreversibility of the reduc-
tion of organic compounds is the occurrence of consecutive
chemical reactions leading to the formation of covalent, inert
C—H, C-C , etc. bonds. In such cases a significant increase
of electron transfer to the substrate, with participation of
the catalyst acting as an electron transferring agent, is
impossible. The catalytic effect in polarography can be pro-
duced only by compounds in the electrochemical reduction of
which the electron transfer stage is in fact slow. The
reduction of the substrate can be accelerated by catalysts
with a fairly high reduction potential and the necessary
structure. The catalysts (among inorganic substances,
these are usually transition metals) exist in aqueous solution
in the form of monomeric or polymeric forms with different
degrees of hydrolysis, depending on the conditions31""35.
The activity of the catalyst depends on its s ta te 3 6 " 3 9 .

The wide variety of forms of the catalysts and the rela-
tively few substrates make it possible to arrange the available
literature data in terms of the nature of the oxidant-sub-
strate.

I I . CATALYTIC CURRENTS OF OXIDANTS

1. Catalytic Currents of Hydrogen Peroxide

The catalytic currents of H2O2 for the first row of trans-
ition metals are represented by the following systems:
Ti(IV)-H2O2 and Ti(IV)-H2O2-L, where L = EDTA,

nitrilo- triacetate (NTA), sulphosalicylate (SAL), and
4-(2-pyridylazo)-resorcinol (PAR);1*0'1*1 V(V)-H2O2-H2SO lt,'t2

Fe(III)- H2O2-H2SO l 4,' l 3~5 2 and Fe(III)-H 2 O 2 -L, where
L = bis-salicylidene-ethylenediamine and triethanolamine53;
Cu(II)-H 2 O 2 -L, where L = Cl" and α,α'-bipyridyl51*'55-
The second row of transition metals is represented by the
first three numbers: Zr(IV)-H 2 O 2 , 5 6 Nb(V)-H2O2,

 5 7

Nb(V)-H2O2-H2C2O l t,
 5 8 and Mo(VI)-H202-L , where

L = E^SO^ or acetate, phosphate, and hydrogen phthalate
buffer mixtures'*2 '5 9 '6 0. The third row of transition metals
is represented by the systems Hf(IV)-H 2O 2, 6 1 Ta(V)-
Η2Οζ-Η202Ο^,&2>63 and W(VI)-H2O2-L, where L = H2SO,,,
HJCJO,,, Η3ΡΟ4, and H3AsCV 1*2>61* and the Os(VIII)-H2O2

system6 5. The H2O2 catalytic reduction wave has also been
observed for La(III). 6 6

When the above transition metals are introduced into an
aqueous solution of hydrogen peroxide, a catalytic wave
appears on the polarogram whose height greatly exceeds the
diffusion current of the metal and which is located at more
negative potentials than the non-catalytic reduction wave of
hydrogen peroxide and the transition metal. Os(VIII), for
which the H2O2 catalytic wave coincides with its first two-
electron reduction wave, is an exception6 5. The H2O2

catalytic wave has the form of a sharp or smooth peak, which
is not due to adsorption effects, since the introduction of
surfactants into the system does not cause the disappearance
of the maximum in the polarographic wave'*2'61. The catalytic
wave has the normal form without a maximum only for the
Fe-H2O2 system1*5"50. Therefore the assignment of the
M—H2O2*systems67 to the group with a normal form of the
limiting catalytic current plateau is incorrect.

A test of Koutecky's theory1 0 in relation to the catalytic
currents of the Fe(III)—H2O2 system demonstrated its valid-
ity1*6. The catalytic process in this system is described by
the Haber—Weiss scheme68 in which the rate-limiting stage
involves the oxidation of Fe(II) to Fe(III) by hydrogen
peroxide with formation of OH· radicals, which also oxidise
Fe(II). Subsequently, this mechanism was confirmed also
in relation to sulphuric and nitric acid solutions6 9. The
presence of OH· radicals in the system was demonstrated by
numerous instances of the decrease of the catalytic current
in the presence of various organic substances1*5'52 and mono-
mers 7 0 " 7 2 which react with OH* .

In order to explain the catalytic H?O2 reduction currents
in sulphuric acid solutions of the Fe(III)-H 2O 2-L system,
investigators1*8"5 0 '5 3 proposed a coordination mechanism of
their generation consisting in the fact that the iron(II)
obtained at the electrode forms with H2O2 or HOJ the inter-
mediate complex [Fe(H2O)5(HO7)] + , which is rapidly con-
verted into [Fe(H2O)5O]2 + and the latter is reduced at the
electrode with regeneration of the Fe(II) aquoion. The slow
stage of the process is the formation of the intermediate com-
plex [Fe(H 2O) 5O] 2 +, which is identical with the ferryl ion
FeO2 ; this complex has properties analogous to those of the
OH' radical. As already mentioned, the authors do not
present direct evidence for the reduction of the oxygen atom
(hydrogen peroxide) in [Fe(H2O)5O ] 2 + .

Titanium(IV) catalyses the reduction of H2O2 but at higher
pH values than many other multicharged ions, even when a
graphite rotating electrode is used1*0. The catalytic current
in the Ti(IV)—H2O2 system is described by Koutecky's theory
and is limited by the formation of TiO(H2O2)

2 + and the two-
electron reduction at the electrode at pH 2—4 of the complex
[TiO(HO2)] + , whose yield increases with pH as a consequence
of the increase of the degree of acid dissociation of TiO(H2O2)

2H

The current ic depends on the nature of the ligand: the
presence of EDTA, SAL, and NTA increases ic, while the
addition of PAR decreases it.
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The activating effect of ligands is due to the formation of
Ti(IV) complexes, which react with hydrogen peroxide faster
than the TiO2 + aquo-ions1*0. The catalytic activities of lig-
ands increase in the sequence SAL < NTA < EDTA, which can
be accounted for by the increasing stability of the complexes
formed. Other metals of the titanium subgroup (zirconium56

and hafnium61) catalyse the reduction of H2O2; the ease of
reduction increases in the sequence Ti < Hf < Zr. As for
titanium1*0, the catalytic current is limited by the rate of
formation of the intermediate complex between zirconyl56

or hafnyl61 and hydrogen peroxide. The current ic in
Zr(IV) and Hf(IV) solutions has a maximum (at pH 2.0 and
2.6) under the conditions of the maximum yield of the most
active zirconyl or hafnyl ions7 3.

Vanadium subgroup metals (vanadium, niobium, and tanta-
lum) are readily hydrolysed31* and tend to form many perox-
ide complexes71* with different catalytic activities. The
catalytic currents of the above elements are limited by the
rate of formation of the peroxide compound. The vandium(V)
peroxide compounds contain between one and four Η2Ο2(θ|~)
molecules75. The catalytic waves of vanadium, niobium, and
tantalum have the form of a peak and are observed at less
negative potentials than the waves due to metals and the
non-catalytic reduction of H2O2; E1/z depends on the pH.
As was to be expected, there is a complex dependence of i c

on the pH; the catalytic current has a maximum at the
following pH:

Eleme
pH

V(Vj Nb(V) TaiV)
5.0 5.2 6.2

This behaviour of ic for V(V) has been attributed1*2 to the
presence of its polymeric forms, which manifest different
activities, and for Nb(V) and Ta(V) by the change in the
composition of their peroxide compounds56. Since the
vanadium(V) concentration in the above study1*2 was very
low (8 χ 10~8 M), the maximum on the i c-pH curve is most
probably due to the presence in solution of various hydrolysed
monomeric forms of vanadium(V) and not polymeric forms.
In the presence of oxalic acid, the Nb(V) 5 8 and Ta(V) 6 2 ' 6 3

electrode processes are limited by the formation of the perox-
ide compound HMO3.C2O1+, which is reduced to HMO^C^O^
(where Μ = Nb or Ca) with participation of two electrons.

The Cr(III)/Cr(II), Mo(VI)/Mo(V), Mo(V)/Mo(III),
W(VI)/W(V), and U(IV)/U(III) systems, which possess
reducing properties, are of greatest interest for the inves-
tigation of the catalytic currents of substrates in the pres-
ence of chromium subgroup elements (Cr, Mo, W and U).
The H2O2 catalytic currents are known only for the Mo(VI)-
H2O

 1*5'59 and W(VI)-H2O2 "*5 systems. The formation of
monomeric and polymeric forms of Mo(VI) 3 1 ' 3 3 > 7 6 ' 7 7 and
W(VI) 3 1 ' 3 3 > 7 8 in solution as well as a number of peroxides7 6 '
7 8 ' 7 9 and complex compounds having different compositions
are responsible for the complex form of the dependence of
i c on the pH and the catalyst concentration. The presence
of a maximum on the i c -pH curve1*5, the dependence of its
position and intensity on the nature of the buffer solution1*5,
the presence of a maximum on the ic~cbuff c u r v e f ° r the
phosphate buffer solution at pH 4.0, 5 9 and the decrease of
t c on passing from HCIO^ to H3PO4 solutions1*5 have been
explained on the basis of these ideas. The decrease of i c

in the phosphate buffer solution at pH 4.9 k5 on passing
from vanadium to tungsten has likewise been accounted for
from this standpoint.

The rate-limiting stage is the formation of the peroxide
compound, which is reduced with participation of two elec-
trons. The attempt1*5 to explain the dependence of i c on
the pH by the presence of different polymeric forms reacting
with H2O2 at different rates is in our view incorrect, since
the Mo(VI) concentration was so low (3.2 χ ΙΟ"6 Μ) that

Mo(VI) was present only in the monomeric form3 3 '7 6. The
dependence of i c on the pH is therefore associated with the
presence of its different hydrolysed forms interacting with
H2O2 at different rates.

In the manganese subgroup (Mn, Te, and Re) a catalytic
H2O2 polarographic reduction wave is observed only for
Te. 8 0 It is believed that in the homogeneous catalytic reac-
tion the H2O2 oxidises the Te(V) formed to Te(VII).

The metals oJ the platinum subgroup (Ru, Rh, Pd, Os, Ir,
and Pt) are characterised by a high oxidation potential and
and extremely high capacity for hydrolysis and complex
formation3 1 '7 9 '8 1"8 1*, which complicates the observation of the
H2O2 catalytic currents. Ruthenium(VIII) is a stronger
oxidant than osmium(VIII),85 so that, in contrast to OsO^,
RuO^ cannot give rise to H2O2 catalytic waves. The aquo-
and hydroxo-complexes of certain platinum subgroup metals,
for example Rh(III) and Ru(IV) (Ginzburg et al.81* p . 99) are
extremely inert in processes involving the substitution of
water molecules in the inner sphere of the ion by other lig-
ands, which is probably the reason for the small number of
examples of catalytic currents in platinum metal-oxidant
systems; only two such examples are known: Os(VIII) —
H2O2

 6 5>8 6 and Ru(III)-NH2OH. 8 7

The H2O2 catalytic wave in osmium(VIII) solutions6 5 '8 6 is
observed in the positive range of potentials; with increase
of c , the current i passes through a maximum. The

C
electrode process is determined by the rate of oxidation of
Os(VI) to Os(VIII). 6 5 In unbuffered solutions this process
may be limited by the formation of the peroxide compound
OsO l t.H2O2.8 6

The metals of the copper subgroup (Cu, Ag, and Au)
exhibit a considerable tendency towards complex formation.
Ag(II), Ag(III), and Au(III) compounds show no catalytic
activity with respect to the electrochemical reduction of
H2O2, which can be explained by their high oxidising
capacity. The high rate of exchange of water molecules in
the first coordination sphere (k = 8 χ 109 s"1) of copper (II)
aquo-complexes (Basolo and Pearson3 5, p . 138) favours the
generation of the catalytic currents of the substrate. The
catalytic wave in the Cu(II)—H2O2 system5 4 at pH < 7 is
located in the range of potentials of the first one-electron
copper(II) reduction wave and is described by the Koutecky
equation1 0. The rate-limiting stage is the oxidation of
Cu(I) by hydrogen peroxide with formation of the initial
depolariser and the OH· radical, the latter being consumed in
the oxidation of Cu(I) and Cl~.

In neutral unbuffered chloride media the catalytic wave
incorporates both Cu(II) reduction waves51*, which is prob-
ably associated with a change in the composition of the layer
near the electrode as a consequence of the oxidation of Cu(I).
The possibility of the oxidation of the metallic copper formed
under these conditions cannot be ruled out either.

In an acetate medium55 the catalytic wave, having the
form of a maximum, arises at potentials more positive (by
0.1 V) than the copper reduction wave (pH 4.6), while in the
presence of α,α'-bipyridyl the catalytic wave coincides with
the copper reduction wave. A coordination mechanism has
been proposed (but not justified experimentally) for the
catalytic currents in the systems investigated5 5.

The catalytic H2O2 reduction current is observed in solu-
tions of copper salts also in anodic processes. It has been
found87 that, at the potential of the anodic peak associated
with the dissolution of the copper amalgam (at Ε = -0.18 V),
a cathodic current maximum is observed in the presence of
H2O2 or O2, which is due to the fact that the catalytic H2O2

reduction current is much greater (by a factor of 10—15)
than the anodic copper dissolution current. The catalytic
reduction current is due to the oxidation of the Cu(I) formed
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to Cu(II), which is reduced to Cu(I) at the amalgam dissolu-
tion potential. An analogous behaviour has been observed
also for lead 8 7 " 8 9 , the only representative of non-transition
elements catalysing the reduction of H2O2. The electrode
process generating the catalytic current includes the reac-
tion where the pH(II) at the electrode is oxidised by hydro-
gen peroxide to Pb(IV), which is reduced electrochemically
to Pb(II). 8 7 The catalytic H2O2 current is also observed in
the reduction of oxygen at platinum90 and gold91 microelec-
trodes. The exaltation of the limiting current can be
explained by the generation of oxygen as a result of the oxi-
dation of the superoxide ion by hydrogen peroxide.

Thus the appearance of ic in many systems is due to the
formation of peroxo compounds (of Ti, V, Mo, W, Nb, Hf, Zr,
and Ta) which are reduced at less negative potentials than
the metal in the highest oxidation state. The rate-limiting
stage is the formation of the peroxo-compound (complex).
In many systems incorporating Cu and Pb hydrogen peroxide
is reduced by the ion of the catalyst metal.

The catalytic H2O2 currents make it possible to detect very
low concentrations of catalysts (from 1 χ 10~5 to 1 χ 1(Γ9 Μ)
and have found extensive applications in the determination of
vanadium1*2, iron1*5 '4 7 '5 0, copper5 5 '8 7, zirconium56, niobium57'58,
molybdenum in soils59 and granits 6 0, hafnium61, tantalum5 7 '6 2,
tungsten1*2, osmium65'85, and technetium7 9. Molybdenum92

and titanium1*1 (using a graphite electrode), copper8 7, lead8 7 '
8 9 (in combination with amalgam polarography), and oxygen
(using a rotating platinum90 or gold91 microelectrode) can be
determined with a high sensitivity (to within 1 χ 10~6 Μ).
The catalytic H2O2 currents have been used successfully also
for the investigation of the complex formation reaction
between tantalum and oxalic acid62 and between tungsten(VI)
and oxalic, phosphoric, and arsenic acids614.

2. Catalytic Currents of Hydroxylamine

The oxidising properties of hydroxylamine93'91* have also
been used to obtain its catalytic reduction currents. The
first row of transition elements is represented by the systems
Ti(IV)-NH2OH-H2C2O4,

 9 5 Ti(IV)-NX2OH (where X = Η or
D), 9 6 ' 9 7 V(V)-NH2OH, 9 8 Fe(III)-NH2OH-N(CH2CH2OH)3,

 9 9

Ni(II)-NH 2OH-CN, 1 0 0 and Ni(II )-NH2(CH2)2NH2-CN , 10° the
second row is represented by the system Nb(V)—NH2OH 1 0 1 >

1 0 2 and Ru(III)-NH 2OH, 1 0 3 while among the third row ele-
ments there are literature data only for tungsten: W(VI) —
NH2OH 1Oi* and W(VI)-NH2OH-L, where L = ascorbic acid,
salicylic acid, catechol 1 0 5 " 1 0 7 , etc. In the case of titanium-
containing systems the catalytic current is limited by the
rate of oxidation of titanium (III) ions by hydroxylamine with
formation of titanium(IV) and the NH2 radical and is
described by Koutecky's theory 1 0 . This is proved by the
agreement between the rate constants for the oxidation reac-
tion obtained by chemical and polarographic methods. The
oxidation rate constants have the following values: 42.0, 9 5

41.3, 9G 42, 1 0 8 32.0, 1 0 9 and 43.4 litre mol"1 s" 1 . 1 1 0 The
mechanism adopted is also supported by data for the synthe-
sis of α-aminosuccinic acid from maleic acid under the condi-
tions of electrochemical generation of NH2 radicals1 1 1.

The catalytic reduction of hydroxylamine in the presence
of vanadium(V) in solutions at pH 1—5 is represented by a
wave at a potential -0.3 V more negative than E1/z for the
V(V) -> V(IV) waves98. According to the authors 9 8 , the slow
stage of the process is the formation of a complex between
polymeric vanadium(V) and NH+OH; the complex V(V)n .
.NH2OH is then reduced to V(V)n and NH2. It is difficult
to agree with this, since the concentration at the electrode
of the V(V) not bound in the complex at the potentials of the
catalytic wave is zero and the mechanism involving vanadium(V)

is therefore altogether impossible. We believe that the
regeneration of the depolariser is due to the oxidation
by hydroxylamine of the V(IV) formed. The introduction of
EDTA and trans-1,2-cyclohexylenediaminetetra-acetate into
the solution reduces i c as a consequence of the formation of
catalytically inactive complexes.

In the presence of the second representative of the
vanadium subgroup, namely niobium, the catalytic hydroxyl-
amine waves are observed in hydrochloric acid solutions with
high HC1 concentrations 1 0 1 ' 1 0 2, where the catalyst exists pre-
dominantly in the monomeric form, which exhibits a higher
catalytic activity than the polymeric and colloidal species.
The authors 1 0 1 explained the generation of the catalytic cur-
rent in terms of a coordination mechanism in which the rate-
limiting stage is the formation of the intermediate complex
NbdV^NH+OH, which is reduced to Nb(IV) and NH^;
proof that the complex Nb(IV) .NHijOH is reduced is not pre-
sented.

The catalytic hydroxylamine current in the Fe(III) —
NH2OH-N(CH3CH2OH) system at the Fe(II) oxidation potential
(-1.05 V relative to the saturated calomel electrode) has been
studied in 0.01-4.0 Μ NaOH. 9 9 The rate-limiting stage is
the oxidation-reduction reaction of Fe(II) with NH2OH. The
validity of the mechanism adopted is demonstrated by the
agreement between the rate constants for the reaction
obtained by the chemical and polarographic methods. At
25 °C in 1 Μ NaOH they are respectively 205 + 25 9 7 and
198 ± 8 litre mol"1 s"1. 9 9

The catalytic hydroxylamine current in the Ni-CN—NH2OH
system100 in neutral and alkaline media can be accounted for
by the involvement of Ni(I) and Ni(0). The current ic is a
maximum at pH 8.5—9.5. Under these conditions, the system
contains an appreciable amount of the hydrolysed form NiOH +

(pKx = 9—9.5). 3 3 We therefore believe that one cannot rule
out the involvement of the above form also in the reactions
determining the catalytic current. When hydroxylamine is
replaced by ethylenediamine, a catalytic current is also
observed, but is smaller100. Thus the complexes incorpora-
ting elements with the d 8 configuration, which are fairly
inert in the ligand exchange reaction in conformity with the
crystal field theory 3 5, exhibit a fairly high reactivity after
the introduction of one or even two electrons. Among the
elements of the platinum group, the catalytic hydroxylamine
current is observed only in the presence of ruthenium (III) 103

and is due to the oxidation by hydroxylamine of the Ru(II)
formed and is described by the Koutecky theory; the rate
constant for the rate-limiting stage in this process is 3 χ 103

litre mol"1 s"1. Since the ruthenium(II) aquo-complexes
are inert (Cotton and Wilkinson31, p . 42), their observed
reactivity is probably associated with the formation of a
mixed complex.

A distinctive feature of tungsten, the only representative
of the third row of transition elements, is the presence on the
polarograms of the test systems of two catalytic hydroxyl-
amine waves and of the catalytic wave of hydrogen ions101*~107;
the authors explained the appearance of the catalytic hydrox-
ylamine waves in terms of a coordination mechanism . The
rate-limiting stage for the first catalytic wave is the conver-
sion of the intermediate tungsten(V) complex H2WCvNH2OH
into the activated complex Η^Ο4.ΝΗ3Ο~ , while for the second
catalytic wave the rate-limiting stage involves the conversion
of the intermediate tungsten (III) complex HWO.L .NH3OH~ into
the activated complex HWOL.NH3O. 1 0 5 ' 1 0 6 The charge of the
species involved in the rate-limiting stage was determined
using the dependence of the rate of reaction (the current i c )
on the ionic strengths 1 1 2 . The authors 1 0 5 ' 1 0 6 do not present
direct evidence for the reduction of the above species.
One cannot rule out the possibility that the observed complex
pattern may be associated with the presence of polymeric
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forms of tungsten in solution, since at the concentrations
investigated (5 χ ΚΓ1* Μ) a considerable proportion of the
tungsten exists in the polymeric form78. This is indicated
indirectly also by the decrease of the number of catalytic
waves with decrease of the W(VI) concentration 1 0 5 ' 1 0 6.

The rate constants for oxidation reactions with participation
of substrates calculated from their catalytic polarographic
currents in the presence of various catalysts and ligands at
20-25 °C.

Table (contd.)

Catalytic system Reaction conditio ktot, litre moH s~l

F e ( I I l ) — HoSO 4—H 20,
F c ( I I ) — H2SO4—H2O2-

S

F c ( I I I ) — HoSO.,—H2O2

F c ( I I I ) — H2SO4—H2O2

F e ( I I ) — H2SO4—H2O2*
Fe(III)-complexone (IV)-HX>2

Fe:IID—H 3 Citr—H 2 O 2

FedII)--iNIl,OC 2O 4 — H , O ,
Fe(III)-PG-H20,
ledlD-CA-HjO*
Fe(III)-AA-H2O2

Fe(III)-SAL-H2O2
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*The rate constants for reactions involving oxidation by
hydrogen peroxide were determined by a chemical method.

**The stoichiometric coefficient of the oxidation reaction
was 5.5.

***The stoichiometric coefficient of the oxidation reaction
was 6.

****The stoichiometric coefficient of the oxidation reaction
was 3.

*****The stoichiometric coefficient of the oxidation reaction
was 8. For the calculation of the oxidation reaction rate
constant, it was necessary to divide k̂ -Ol- by the correspond-
ing stoichiometric coefficient of the oxidation reaction.

Notation: H3Citr = citric acid; EDTA = ethylenediamine-
tetra-acetic acid; PG = pyrogallol; CA = catechol; AA =
ascorbic acid; BSED = bis-salicylidene-ethylenediamine;
TEA = triethanolamine; NTA = nitrilotriacetate;
SAL = sulphosalicylic acid; bipy = α,α'-bipyridyl;
HA = hydroxylamine; SA = salicylic acid; H2Trihydrox =
trihydroxyglutaric acid; H2Malic = malic acid; H2Tartr =
tartaric acid; H2Malonic = malonic acid; H2Glucar= saccharic
acid; HG1 = glycolic acid; H2Tartron = tartronic acid;
HMandelic = mandelic acid; HDPPA = ct-hydroxy-a-dibutyl-
phosphinoylpropionic acid.

Complex formation greatly influences the activity of the
catalyst in the reduction processes, which also depends on
the nature of the oxidant. Thus the activities of the Fe(II)
and Ti(III) aquo-complexes in the reduction of H2O2 and
NH2OH are comparable, while the triethanolamine complexes
of Fe(II) are more active by three—four orders of magnitude
than the Ti(III) complexes (see Table).



Russian Chemical Reviews, 51 (6), 1982 557

The catalytic hydroxylamine waves are used in analytical
practice mainly for the analysis of model solutions of
niobium1 0 1 '1 0 2, ruthenium1 0 3, tungsten 1 0 4 ' 1 0 6 , and the polaro-
graphically inactive CN~ ions1 0 0.

3. The Catalytic Currents of Chlorate and Bromate Ions

Reactions involving oxidation by chlorates, bromates,
iodates, perchlorates, and periodates are catalysed by vari-
able oxidation state elements (molybdenum, osmium, etc.)
(Kolthoff et a l . 1 1 3 , pp.97, 607), which can lead to the
appearance of the catalytic currents of the above oxidants in
the presence of transition elements. The ClO"̂  and BrO^
catalytic currents with participation of the transition ele-
ments of the first row, i .e. in the systems Ti(IV)—C1O~3-L, Uk~
1 3 2 Ti(IV)-BrO~3-L,1 3 3"1 3 5 V(V)-BrO7-L,136 Fe(III)-
ClCTj-L,137 and Fe(III)-BrO7, 1 3 8 with participation of
transition elements of the second row, i.e. in the systems

Mo(VI)-ClO,-L and Mo(VI)-BrO3-L, a n d

with participrtion of the elements of the third row, i.e. in
the system W(VI)-C1O^-L ι ε 7 have been described in the
literature. In addition a system involving a non-transition
element, namely H2SeO3-ClO3-L, 1 6 8 ' 1 6 9 has also been
described.

The catalytic CIO" currents in the Τΐ(ΐν)-αΐΟ1-Η2Ο2Ο4-
H2SO4 system were first investigated by Koryta and TenyglULf,
who established that 5.5 molecules of the titanium(III) com-
plex participate in the reduction of ClO^ ions. The oxida-
tion rate constant proved to be 1 χ 101* litre mol"1 s"1; this
value was confirmed by many investigators1 1 5"1 2 1 4.

Since the rate constants for the oxidation with chlorates of
Ti(III) in HC1C\ and of the Ti(III) oxalate complex in Η28(\
are virtually equal (see Table), the Ti(III) aquo-ions are
involved in the oxidation reaction responsible for the cataly-
tic polarographic C1O7 current 1 2 6 .

In the presence of an excess of oxalic (H2Ox), citric
(H3Citr), and tartaric (H,Tart) acids, EDTA, and CNS~ ions,
titaniurn(IV) is reduced with a single reversible one-electron
wave at less negative potentials than in the absence of the
above ligands39. At low ligand concentrations a Ti(IV)
reduction prewave is observed (catalysis by the ligand).
In the presence of KC1O3 the height of both the aquo-ion
wave and the prewave increases121*"126. Among other acids,
dicarboxylic acids comprising malonic acid (H2Malonic) and
carboxylic hydroxyacids comprising malic, trihydroxy-
glutaric (Il2Trihydrox), and glucaric (d-saccharic) acids also
exhibit a catalytic activity (ligand catalysis). In the Ti(IV)-
KCIO3—L systems the catalytic ClO^ current is superimposed
on the Ti(IV) ->• Ti(III) reduction wave 1 2 7" 1 3 2. The current
i'c is a maximum at pH 1—1.1, which can be explained by the
involvement of the Ti(OH)~ species1 2 7. With increase of the
KCIO3 concentration, the current i also increases and
reaches a constant value, while with increase of the ligand
content it passes through a maximum121*'125'127'128. The
catalytic waves in Ti(IV) solutions have the usual form with a
distinct limiting current plateau and are described by the
Koutecky theory1 0.

The rate-limiting stages in the processes are the oxidation
Of Ti(OH) 3 + 125-127,130,132 Q r o f i t g c o m p l e x 1 2 B b y c n l o r a t e

ions. At low ligand concentrations, where a prewave is
observed, the mechanism of the generation of the catalytic
current involves the oxidation of both the titanium aquo-ion
and its complex ion121*'126, in which the organic ligands inves-
tigated exist in the form of uncharged species 1 2 5 ' 1 3 2. The
ligands (see Table) can be arranged in the following
sequence in terms of their increasing influence on the cataly-
tic C1O7 current in the Ti(IV)-ClO7-L system: H2Malonic <
H.Malic < H,Tart < H,Citr < HDPPA < Η,Οχ < Ph < H,0 <

H2Trihydrox < HMandelic « CNS . The appreciable increase
(by approximately four orders of magnitude) of the rate of
oxidation of Ti(III)L on passing from an organic to an inor-
ganic ligand (CNS") is probably associated with the faster
formation of the complex Ti(CNS) 2 + . 1 2 6

The current ic in the Ti(IV)-KBrO3-EDTA system
diminishes with increase of pH and at pH > 3 reaches a con-
stant value which is independent of the acidity of the solu-
tion1 3 3.

As a representative of the titanium subgroup, zirconium
does not give rise to a catalytic BrO^ wave in the presence of
EDTA.1 3 3

In an acetate buffer solution at pH 5.0 the polarogram of
vanadium(V) shows the catalytic BrO7 wave with a sharp
maximum at £ = 0 V, 1 3 6 which hardly changes after the
introduction into the solution of 0.05 Μ resacetophenone
oxime (2 ,4-dihydroacetophenone oxime), which forms a com-
plex with V(V). The appearance of this wave is probably
associated with the oxidation of the V(IV) formed by BrO3

ions to V(V), since it is located at the potentials of the
V(V) + V(IV) reduction wave. The catalytic CIO7 and BrO^
currents in the Fe(III)-KCl system1 3 7 '1 3 8 are due to the
interaction of ClO^ and Β1Ό7 with the colloidal hydroxide
Fe(OH)2.

A large series of studies on the catalytic CIO7 currents in
the presence of Mo(VI) have been carried o u t 2 3 ' 1 3 9 " 1 6 4 . The
first catalytic chlorate currents in the presence of Mo(VI)
were investigated by Kolthoff and Hodara139 at various
sulphuric acid (0.01-2 M), sodium chlorate (0.2-1.2 M), and
molybdenum(VI) concentrations. In weakly acidic F^SO^
solutions (up to 0.1 M) in the absence of chlorate, a single
wave corresponds to the reduction of Mo(VI) to Mo(V) and
two waves correspond to the reduction of Mo(V) to Mo(III).
On the other hand, in strongly acid solutions (c > 1M)

Γ1 2 b CJ ^

the reduction of Mo(VI) to Mo(V) is character i sed by two
waves, while the reduction of Mo(V) to Mo(III) is character-
ised by a single wave, which can be explained by the r e d u c -
tion of various hydrolysed Mo(VI) and Mo(V) forms1 1*0. Two
catalytic waves, due to the reduction by the Mo(V) and
Mo(III) species of the chlorate ions formed at the electrode,
are observed in the presence of chlora te . The rate of
oxidation of Mo(III) to Mo(V) by chlorate , calculated from the
data of Delahey and Stiehl1 1*1, is independent of c c .

In the presence of organic compounds (malic, t a r t a r i c ,
t r i h y d r o x y g l u t a r i c , mandel ic 1 3 0 , citric11*'*, glucaric 1 1* 7,
glycolic1"*8, t a r t r o n i c 1 5 3 , oxalic1 1*5, and malonic1'*3 acids and
catechol 1 1* 9), the Mo(VI) polarogram at pH 1.7 in the 0.1 Μ
H2SOit + 0.2 Μ Na2SO l t system consists of two or three waves.
The catalytic wave in the form of a peak is located at the
potentials of the fi r st

1 '*3-1 1*V1*7> l l*V5 3

 O r second 1 " 8 reduction
wave of Mo(VI) and in oxalic acid solutions two peak-shaped
catalytic waves, corresponding to the Mo(VI) and Mo(V)
regenerat ion processes , are observed. In all cases the cur-
rent i'c passes through a maximum with increase of the ligand
concentrat ion and the pH of the solution ( p H m a x 0 .9-1.0).
In the case of oxalic acid the heights of the first and second
catalytic waves are maximum in 0.1 and 0.5 Μ HjSO^. With

increase of c the c u r r e n t i increases in all cases and
KC1O3 c

reaches a limiting va lue. The dependence of ic on the
acidity of the medium and other parameters can be explained
by the different catalytic activities of the hydrolysed forms
of molybdenum 2 3 ' 1 1 * 5 ' 1 6 1 . Many investigators 1 1* 3" 1 1* 5 ' 1 1* 7" 1 1* 9 '
i5i 153 Relieve that the rate-limiting stage in the generation
of catalytic c u r r e n t s is the oxidation of the molybdenum(V)
complex by the chlorate ion. However, in some investiga-
t i o n s 1 3 0 ' 1 5 5 a coordination mechanism has been proposed,
according to which the complex Mo(V)L.ClO3 formed is
reduced at the e lectrode.
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The organic ligands investigated can be arranged in the
following sequence in terms of increasing catalytic activity
(see Table): H2O « H3Citr < HG1 < H2Tart < H2Malic <
H2Tartron < H2Trihydrox < H2Glucar < Ph « HMandelic.
A detailed study 2 3 ' 1 6 1 of the catalytic currents in the pres-
ence of mandelic acid (the most active and the most readily
sorbed ligand on the surface of mercury) showed that the
catalytic currents are described by a mechanism in which the
slow oxidation of various molybdenum(V) complexes incor-
porating the chlorate ion takes place on the surface of the
electrode and not in the layer near it, as follows from Kou-
tecky's theory 1 0.

In a study of the W(VI)—ClO^ system, where two catalytic
peaks, observed in the presence of pseudotungstate, are due
to the oxidation of HW6O|̂ " and H2W6O2^, Hodara and Glas-
ner 1 6 7 also concluded that the reaction responsible for the
catalytic chlorate current occurs on the surface of the elec-
trode ; metatungstate does not exhibit a catalytic activity.

The joint influence of molybdenum(VI) and tungsten(VI)
salts on catalytic ClO^ currents is of interest. The first
catalytic ClO^ peak, due to the involvement of molybdenum(V),
appreciably increases after the introduction of tungstate(VI)
into the solution, which can be explained by the appreciable
contribution of tungsten(V) to the catalytic activity of the
heteropolyacid formed, which comprises tungsten(VI) and
molybdenum(VI).162

On passing from titanium to molybdenum, the catalytic
activity increases appreciably (see Table). The electro-
chemical reduction of BrOJ is catalysed by molybdenum(VI)
in acetate buffer solution at pH 5.0. In the presence of
resacetophenone isoniazid hydrazone the catalytic wave
shifts towards more positive potentials and has the form of a
peak with E p = -0.7 V. 1 6 5 The authors 1 6 5 do not explain
the generation of the catalytic BrO^ current.

The catalytic BrO^ current for selenium (a non-transition
element) in solution at pH 2.5—4.0 is observed at the poten-
tials of the second wave of selenium. It corresponds to the
oxidation of H2Se to zerovalent selenium1 6 8 '1 6 9 and obeys the
Koutecky theory.

The catalytic chlorate currents have been used to determine
C1O7 ions 1 1 4 ' 1 2 9 and admixtures of titanium in trichlorosilane121,
in metallic aluminium of type Al 74a, in steels 1 2 7 ' 1 3 1 ' 1 6 0 , in
natural waters and soil solutions 1 3 3 ' 1 6 3, in rocks 1 5 8, in
soils1 5 9, in pure solutions11*7'11*8'153, in technical sulphuric
acid161*, and in tungsten 1 6 2 . Furthermore, the catalytic
ClOJ currents are widely used in the determination of the
polarographically inactive pyrogallol, salicylic and sulpho-
salicylic acids and catechol1 2 3 '1 2 5 '1 1*9, and citric121*, glucaric11*7,
glycolic11*8, tartronic 1 5 3 , and mandelic156 acids. Isopentyl
alcohol, agar-agar11*8, Τ ween 80, 1 5 3 and phenol1 5 7 can be
determined from the decrease of the catalytic current.
Mandelic acid has come to be most widely used as the ligand
for analytical purposes 1 5 8 " 1 6 0 ' 1 6 3 ' 1 6 1 *.

The catalytic bromate currents are used for highly sensi-
tive determinations of titanium1 3 3 '1 3 1*'1 3 5, vanadium136, and
molybdenum165 (in solutions, and biological objects1 6 6) and of
selenium168»169.

4. Catalytic Currents of the Perchlorate Ion

In an acid medium perchlorates have a lower standard
oxidation-reduction potential than chlorates, which is one of
the causes of their low reactivity at room temperature. The
catalytic perchlorate currents are therefore observed only
for highly active catalysts such as molybdenum and tungsten.

The catalytic C1O4 currents are not observed in the presence
of titanium(IV) in view of the low rate of oxidation of titani-
um(III) by C1C\ ions; k = 8.9 x 10~2 litre mole"1 s"1 at
40 °C. 1 7 0

The catalytic current in the Mo(VI)-ClC\ system has been
observed by many investigators 1 3 9 ' 1 7 1 " 1 8 0 . This phenomenon
was first noted 1 7 1 in the polarography of Mo (VI) in HC1G\
solutions.

The formation of molybdenum(VI) and tungsten(VI) com-
plexes with chloride ions 1 7 6 ' 1 8 1 and carboxylic acids (tartaric,
citric, and oxalic)1 8 0 decreases i c . Numerous mechanisms
have been proposed for the catalytic current, according to
which the current is due to the oxidation of Mo(IV) 171*>175

or the reduction at the electrode of the complex Mo(V) .C1G\;176

these mechanisms have been inadequately justified. We
believe that the mechanism according to which the current is
due to the oxidation of Mo (III) by perchlorate ions, proposed
by Kolthoff and Hodara1 3 9, is most correct. The catalytic
current in the W(VI)—C1C\ system corresponds to the oxida-
tion by perchlorate of the W(V) formed on the electrode1 8 1.

The Table shows that the activities of molybdenum and
tungsten in the catalytic reduction of ClO^ ions are approxi-
mately the same. The catalytic perchlorate currents make
it possible to determine Mo(VI) at concentrations down to
1 χ 10~6 M ; 1 7 2 " 1 7 5 to increase the sensitivity of the methods,
the solutions are polarographed at 40 °C 1 7 7 or time—cur-
rent polarography is used 1 8 2 .

The catalytic perchlorate currents have been used for
analytical purposes in the determination of admixtures of
molybdenum in iron and steels 1 8 2, in HC1O,,,170 in plants 1 7 3 ,
in rocks171*'175, in various industrial and biological objects177,
and in soils1 8 3.

5. Catalytic Currents of lodate and Periodate Ions

Catalytic currents of iodate and periodate ions are observed
in systems with sulphur-containing organic substances such
as cystine181*, dithiocarbamate, and xanthate21*. The ClOj",
BrO^, NO^, and H2O2 species do not exhibit catalytic effects
in these organic systems. In the cystine—IO~3(IC\) system
the catalytic wave is combined with the first cystine reduc-
tion wave and has the form of a peak whose height is a maxi-
mum at pH 8.6—9.2. The current t c can be greatly increased
by the preliminary concentration of cystine at a stationary
mercury microelectrode or by introducing ammonium or
magnesium ions, which behave as activators3 7.

The electrode process is described by the Koutecky theory
and includes the oxidation of cysteine to the initial depolariser
as the rate-limiting stage 1 8 5 . The introduction of IO^ at pH
7-11 into diethyldithiocarbamate (DTC) and ethyl xanthate
(EX) solutions, which give rise to anodic polarographic
waves, results in the appearance of a cathodic catalytic wave
at potentials in the range between -0.5 and -0.6 V, which is
much larger than the anodic wave and has the properties of
surface waves2"*. The catalytic IO3 and IC\ currents make
it possible to determine very low concentrations of sulphur-
containing compounds: when cystine is initially concentrated
at a stationary mercury microelectrode, its concentrations
down to 10"8-10~6 Μ can be determined181*.

The catalytic halogenate and perhalogenate currents tend
to increase with increase of the number of the d orbital of
the transition element (see Table). In catalysis by non-
transition elements and organic substances, the catalytic cur-
rent is observed only for bromate, iodate, and periodate.
The rai.es of reduction of the substrates are then high and
comparable to the rates characteristic of the Ti(IV)—C1O3.
.(BrO3)—organic ligand systems.
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6. Catalytic Currents of Nitrate and Nitrite Ions

The catalytic currents of nitrate and nitrite ions are
observed in the V(V)-NH1(C1,186 V(V)-EDTA,1 8 7 Cr(III)-
glycine1 8 8, Cr(III)-EDTA , 1 8 9 molybdenum(VI),1 3 9 '1 7 7 '1 8 0 '
1 9 0 ~ 1 9 5 , a n d u r a n i u m ( v i ) 2i>i96-202 s y s t e m s jn various media.

The catalytic currents for all the systems investigated are
described by the Koutecky theory1 0 and the reaction involv-
ing the oxidation of the depolariser reduction product by the
nitrate or nitrite ion is rate-limiting. When the elements of
the first transition series (vanadium and chromium) are used,
V(II) or Cr(II) is oxidised to vanadium(IV) or chromium(III).
The mechanism adopted is shown to be valid by the agree-
ment between the rate constants for the Cr(II) oxidation
reaction obtained by the chemical and polarographic meth-
ods 1 8 9 .

The product of the reduction of NO^ by Cr(II) ions is
NH^. 1 8 9 The catalytic wave for the Mo(VI)-NO7 systems
in acid sulphate 1 3 9 ' 1 8 6 ' 1 9 2 , perchlorate 1 7 7, and chloride1 9 2

solutions is located at the potentials of the Mo(V) ->- Mo(III)
second wave i.nd is due to the oxidation of Mo(III) to Mo(V).
In contrast to nitrate ions, nitrite ions are involved in the
oxidation of the Mo(V) formed to Mo(VI). 1 9 2

The catalytic current in the U(VI)-NO7(NO2) systems is
due to the oxidation of the U(III) formed to U(IV) 2 1 ' 1 9 6 - 2 0 2

and the NO^ reduction product is hydroxylamine203. It has
been established for the U(VI)-NO7 system21 that the differ-
ent signs of the charges of the reacting species exert an
appreciable influence on the rates of the reactions responsible
for the catalytic currents: the substrate has a negative
charge and the catalyst has a positive charge. The rates of
the NO7 or NOJ reduction reactions in the systems inves-
tigated (see Table) increase with increase of the number of
the d or f orbital [sic], which is probably caused by the
formation of labile systems capable of giving up electrons
more readily on interaction with the oxidant.

The catalytic currents of nitrates are used for analytical
purposes in order to determine the admixtures of molybdenum
in technical and biological objects1 7 7, in steels and reagents193,
in high-purity indium191*, in propene epoxidation products1 9 5

and for the determination of uranium at very low concentra-
tions, down to 1 χ 10~8 Μ , 1 9 5 ~ 1 9 7 ' 2 0 2 traces of uranium in
rocks and untreated phosphates 2 0 1, NO^ and NO2.1 9 8

results, a mechanism has been proposed in which the sulphate
radical-anions formed are consumed in the oxidation of not
only Cu(I) but also of As(III) and the other species inves-
tigated 2 0 7 ' 2 0 8 .

Catalytic Currents of Vanadium(IV)

In the generation of the catalytic oxygen currents
described the oxidant-substrate is reduced at the electrode at
much more negative potentials than the catalyst. However,
there are systems in which part of the oxidant is reduced at
the limiting current potentials of the catalyst wave and the
oxidant reduction product is the catalyst itself, as, for
example, in the V(IV)-V(III)-V(II)-H2SC\ system2 0 9. The
polarogram of V(III) has a distinct diffusion wave with
E\li = -0.5 V. When V(IV) is introduced, the V(III) reduc-
tion wave becomes indistinct and I\[m at the potentials corre-
sponding to the V(III) diffusion current plateau exceeds the
sum of i(j for V(III) and the V(IV) reduction current at this
potential. The catalytic current is due to the oxidation of
V(II) to V(III) by V(IV) ions. This process is accelerated
by increase of pH in the range 0—1.3, which is due to the
different oxidising capacities of the VO2+ and V(OH).HSO2~
cations, which predominate under the given conditions. The
catalytic currents, complicated by the reduction of the
oxidant itself, are observed also in the Mo(VI)-V(V)-EDTA
system at pH 4-6. 21°.

In the Mo(VI)-V(V) mixture in the presence of EDTA, the
three-electron molybdenum(VI) wave increases and the
second vanadium(V) reduction wave, corresponding to the
process V(IV) -> V(III), disappears, which can be explained
by the involvement of V(V) ions in the catalytic Mo(III)
oxidation reaction2 1 0. However, it is difficult to agree with
this , since the potential corresponding to the reduction of
the complex V(V).EDTA to V(IV).EDTA is more positive by
-0.7—0.8 V than the reduction potential of molybdenum(VI).
The involvement of V(IV) complexes as the oxidants is most
probable. The V(IV) catalytic currents, observed in the
U(VI)—V(IV) system2 1 1, are used to determine low uranium
concentrations.

7. Catalytic Currents of Persulphate Ions

The persulphate ion S2O£~ is reduced to SO2~ at positive
potentials with participation of two electrons3 9. The specific
adsorption of Br and I~ anions201* or the formation of a
sparingly soluble film of mercury iodide2 0 5 have an inhibiting
effect on its reduction. Chloride ions produce the same
effect2 0 6. A catalytic wave, coinciding with the first
copper(II) reduction wave, is observed in the Cu(II)-S2O§~-
KC1 system2 0 6. It is described by the Koutecky theory and
is determined by the rate of oxidation of Cu(I) by persulphate
ions with formation of Cu(II) and the SO4 radical-ion, which
is consumed in the oxidation of Cu(I) or is reduced at the
electrode. Interesting phenomena have been observed 2 0 7 ' 2 0 8

in the study of the catalytic currents in the Cu(II)—S2Og"
system in 0.1 Μ NaC)C\ + 0.01 Μ HCIO4. A minimum arises
on the polarogram in the presence of As(III) at Ε = 0.1 V,
whose depth increases with increasing As(III), Cu(II),
S2Ol~, methanol, ethanol, and propanol concentrations and
diminishes in the presence of acetonitrile, allylacetone, and
F e ( I I I ) . 2 0 7 A minimum is also observed in the region of the
reduction potential of the copper complex of EDTA (at
£ = -0.5 V) in NaNO3 solutions containing 1 Μ ethylenedi-
amine in the presence of As(III). To account for the

9. Catalytic Currents of Sulphuric and Certain Carboxylic

Acids

The limiting reduction currents of sulphur dioxide, bro-
mine, and iodine against the background of concentrated
sulphuric acid are catalytic in nature 2 1 2 owing to the oxidation
of the electrochemical reduction products of these depolar-
isers to their initial state by sulphuric acid.

Among carboxylic acids, oxalic and glyoxylic acids are
known as oxidant-substrates2 1 3. Oxalic acid is reduced to
glyoxylic acid at the mercury dropping electrode211*. In
the presence of uranium(VI) the reaction takes place at
more positive potentials with formation of glycolic acid 2 1 3.
Under these conditions, the catalytic wave of oxalic acid
coincides with the second uranium(VI) reduction wave:
UO2 + 2e -*• U(III). The same catalytic wave is observed also
in the presence of glyoxylic acid. The catalytic reduction
currents of the above acids are due to their reaction with
U(III) to form glycolic acid and U(IV). The latter is
reduced electrochemically to U(III) and the reactions
described are then repeated 2 1 3.

The catalytic currents in the U(VI) — glyoxylic acid system
can be used to determine U(VI) and glyoxylic acid 2 1 5.
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I I I . THE FIXATION OF ATMOSPHERIC NITROGEN—A POS-
SIBLE APPLICATION OF THE CATALYTIC CURRENTS OF
SUBSTRATES

The intensive development of agriculture requires the use
of considerable amounts of inorganic fertilisers. Thus,
from 1st July, 1938 to 30th June, 1939, 9.2 χ 106 tonnes of
nutrient elements were produced in the world in terms of
N2, P2O5, and K2O,216 while in the period 1977-1978 the corre-
sponding figure was 106.1 χ 106 tonnes, including 40.9 χ 10b

tonnes of N 2 . 2 1 7 The present capacity of the world nitrogen
industry meets less than 10% of the requirements of agricul-
ture for nitrogen fertilisers2 1 8.

The industrial methods of producing bound nitrogen are
energy consuming and are carried out at high temperatures
and pressures, while the enzymic fixation of nitrogent takes
place in nature under very mild conditions. Consequently,
the fixation of atmospheric nitrogen under mild conditions is
possible in principle and the development of industrial fixa-
tion methods is an urgent problem in modern chemical science.

The fixation of atmospheric nitrogen under mild conditions
is a reaction catalysed by electron-transfer reagents 2 1 9 .
It is therefore interesting to consider them under the condi-
tions of the electrochemical regeneration of mediators,
together with the catalytic currents of molecular nitrogen as
the substrate. The non-enzymatic fixation of nitrogen under
mild conditions was first described by Vol'pin and Shur 2 2 0 .
Numerous studies (surveyed in reviews221~221) ) on this ques-
tion were published over a short period.

Thermodynamically feasible nitrogen fixation reduction
processes are difficult because in the dissociation of the
triple bond in the N2 molecule most of the energy (131 kcal 2 2 5

out of 225 kcal 2 2 6 ) is consumed in the rupture of the first
bond. In the direct reduction one must therefore use
particularly powerful reductants. The formation of com-
plexes of nitrogen molecules with transition elements 2 2 7 ' 2 2 8

makes it possible to distribute more uniformly the dissociation
energy of the π-bonds in the N2 molecule among separate
stages.

Nitrogen can be reduced stepwise with participation of two,
four, and six electrons, leading to the formation of N2H2,
N2H^, and NH3. The four-electron process, involving the
reduction of nitrogen to hydrazine, is energetically most
favourable222. The N2—reductant (transition element and
others) system under the conditions of the electrochemical
generation of the reductant resembles the systems already
considered, in which the catalytic currents of oxidant sub-
strates are observed. One cannot therefore rule out the
possibility that the study of the oxidant catalytic currents,
including the molecular nitrogen current, may lead to the
refinement of the mechanism of the nitrogen fixation process
or may lead to the discovery of new principles for the selec-
tion of nitrogen-fix ing systems "working" under mild condi-
tions.

Vol'pin and Shur 2 2 0 , who observed the fixation of nitrogen
at room temperature also in aprotic (etheral and hydro-
carbon) media, used powerful reductants such as LiAlH^,
C2H5MgBr, and (iso-CitH9)Al. Nitrogen fixation was
observed in the presence of transition metal salts (CrCl3,
MoCl5, WC15, FeCl3, and TiCl^). Ammonia was evolved in
the hydrolysis of the products formed. Many investigators
whose studies have been surveyed221"221* used transition ele-
ments (V, Mn, Co, Zr, Ru, Os, and Nb), apart from the
elements in the above salts, as catalysts and the reductants

were alkali, alkaline earth (Mg) and lanthanide (La and Ce)
metals, alkali metal naphthalides and hydr ides 2 1 9 ' 2 2 2 " 2 2 4 , and
sodium amalgam229; electrochemical reduction has also been
employed230"231*. As expected, hydrazine and ammonia were
obtained in the hydrolysis of the products of the nitrogen-
fixing systems. In the systems investigated the transition
elements played the role of catalysts or, in rare instances,
the role of both catalysts and reductants [for example, in the
V(II)-Mg(II)-N2 system 2 3 5 ' 2 3 6 ]. The catalytic effect of the
transition element is manifested under a rigorously specific
combination of conditions: the standard potential of the
reductant must be greater or equal to the potential of the
catalyst and greater than the potential of hydrazine; the
reductant must exhibit a specific activity in relation to nitro-
gen 2 2 2 .

Under the conditions investigated, the nitrogen activation
stage consists of the formation of the dinuclear complex
MN2M,237 in which the transition element Μ is in the d 1 or d 3

state. In subsequent steps electrons are transferred from
the reductant to the activated nitrogen. This mechanism is
identical with that of the catalytic reduction of nitrogen in
biological processes catalysed by nitrogenase/1 9 '2 2 2 and other

enzymes' In electrochemical systems the cathode is a

tBy the fixation of nitrogen, we understand a process
involving the complete or partial rupture of the Ν Ξ Ν bond.

universal reductant, at which one can establish any poten-
tials for the reduction of substances, including molecular
nitrogen. It is not therefore fortuitous that investigators
have resorted to electrochemical methods2 3 0"2 3 1*, including
polarography, to study the fixation of nitrogen.

The fixation of molecular nitrogen has also been studied by
the molecular orbital (MO) method in relation to reactions in
the [N2 + H]·, [N2 + Η·] + , and [N2 + H T model systems21*0.

The nitrogen fixation mechanism presented above can
ensure the appearance of the catalytic polarographic cur-
rent of nitrogen. The behaviour of the nitrogen-fixing
systems VdO-catechol21*1 and Mo(III)-Mg(II)-Na(Hg) 2k2

has been studied. The lack of literature data for the cataly-
tic polarographic currents of molecular nitrogen as the oxi-
dant-substrate in nitrogen-fixing systems is probably asso-
ciated with the fact that the rate of oxidation of the
intermediate transition metal complex by molecular nitrogen
is not high enough to be appreciable under polarographic
conditions. However, in principle, it will be possible to
observe the catalytic polarographic current of molecular
nitrogen under certain conditions and to use it as an indica-
tor for the selection of nitrogen fixation conditions.

Thus transition and certain non-transition elements are
used as catalysts of the reactions responsible for the catalytic
polarographic currents of substrates. The catalytic activity
of an inorganic catalyst increases with the number of its d
orbital. Complex formation in most cases leads to an
increase in activity of the catalyst, but sometimes the oppo-
site phenomenon takes place.

The maximum activities of many catalysts are observed at
pH values close to the pK for their hydrolysis, which can be
used to estimate the activities and the degrees of involvement
of various hydrolysed forms of catalysts in the catalytic
process.

The properties of oxidant-substrates are shown by H2O2,
CIO7, BrO3, IO7, ClO^, IO^, NO";, NO3, NH2OH, V(V), V(IV),
S2O|-, HjSO,,, H ^ O , , , COHCOOH, and saturated compounds,
organic halogeno-compounds , sulphur-containing compounds ,
and amino-compounds. The strongest oxidants can be
arranged in the following sequence in order of increase of
their reactivity. ClO^ < NH2OH < NO2 < NO^ < H2O2 <
S2OfT < ΙΟΙ; < ΙΟ7 < BrOj < C1O3 (see Table).

The generation of catalytic currents is in most of the cases
examined due to the oxidation of the reduced form of the
catalyst by the substrate in the layer near the electrode or
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on the electrode surface. In systems with hydrogen perox-

ide one cannot rule out the possibility of the reduction at

the electrode of the substrate bound in a complex with one

of the forms of the catalyst.

The catalytic currents have found extensive applications

in analytical practice for the analysis of admixtures of the

catalyst, substrates, and polarographically inactive sub-

stances forming complexes with the catalyst, and also in the

study of complex formation. One cannot rule out the pos-

sibility of using the catalytic currents also in the study of

the molecular nitrogen fixation processes under mild condi-

tions.
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