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Molybdenum and tungsten find widespread application in
the manufacture of high-grade steels, electrical engineering
electroplating, and other fields. These metals play an
important part in improving processes of chemical tech-
nology, where they are employed as catalysts. Their com-
pounds will probably also find application in semiconductor
technology. The preparation of the metals in an extremely
pure state therefore acquires great significance. Electro-
chemical methods occupy a prominent place in solving this
problem. At the same time, it becomes necessary to
determine traces of molybdenum and tungsten in various
materials and industrial products. Electrochemical
methods of analysis have an important role in this connec-
tion also.

A systematic account of the large amount of published
information which has accumulated on the electrochemistry
of molybdenum and tungsten will considerably ease the
labour of researach workers in this field.

1. POTENTIALS OF REDOX SYSTEMS

The peculiar structure of the electron shells of molyb-
denum and tungsten is responsible for the variety of types
of compounds, in which the metals exhibit a valency vary-
ing from two to six. Compounds with hydrogen, which
are so typical of elements of the sulphur subgroup, are
unknown with molybdenum and tungsten1. These metals
form a series of redox systems, characterised by definite
potentials. Owing, however, to the instability of several
compounds in aqueous solution, the redox potentials of
these systems have not been evaluated. In particular, no data
have been published for the systems MV/MIV, Μ ΐ ν /Μ Π Ι ,
and M m / M n in aqueous solution. Quadrivalent compounds
of molybdenum and tungsten are extremely unstable in
aqueous solution, undergoing disproportionation with the
formation of trebly charged and quintuply charged ions.

The potentials of other redox systems have been stu-
died quite thoroughly. Thermodynamic calculations of
potentials yield the values 2>3

o mM o m / M o s o l i ( J - 0.20 V; Mo V /Wo m — 0.0 V;

W l " / W 8 o l i d > - 0 · 0 5 V '
m

WO,/Wm < - 0.05 V; WO,/WO>+ + 0.26 V.

Careful measurements of the potentials of various sys-
tems containing molybdenum were made by Foerster and
his coworkers4, a selection of whose results is given in
Table 1.

Table 1 shows the potential of the MoVI/Mov system
depends on the relative concentrations of oxidised and re-
duced forms. This relationship should be consistent with
the formula

φ = φ 0 + 0 , 0 5 8 log -
[M v ]

(1)

in conformity with the potential-determining process
A\O.,C17+2H++2C|- + e -» MOCIg" +H..O. (2)

The measured potentials differ somewhat from those cal-
culated theoretically by means of Eqn. (1). The theoretical
shift in potential produced by doubling the hydrochloric acid
concentration should be 0.058 x 2 log2 = 0.035 V. The
changes in potential found experimentally on passing
from 2 Ν to 4 Ν and 8 Ν HC1 were respectively 0.039 V and
0.190 V. The potentials of this system in 4 Ν and 8 Ν HC1
should be +0.628 V and +0.663 V.

The discrepancy between theoretical and experimental
values was attributed partly to variation in the activity of
hydrochloric acid with change in its concentration. On the
other hand, these workers postulated the formation of more
stable chloride complexes of quinquevalent molybdenum,
which would have inevitably produced a positive shift in the
potential with increase in concentration of the chloride ion.

The normal oxidation potential of this system was found
to be +0.400 V.3 The material of the indicator electrode
(platinum, iridium, gold) had practically no effect on the
potential.

The potential of the Mov/MoIU system was calculated by
means of the equation

Ψ = <Ρο +0.029 log

in conformity with the reaction

ΜοΟ·>++2Η++2β ^

[Mo v

[Mo l u ]
(3)

(4)

The data in Table 2 show that the potentials of this system
are more negative than those of the previous system. The

TABLE 1. Potentials (on standard hydrogen
scale) of the MoVI/Mov system in
hydrochloric-acid solutions.

MoV1/MoV

ratio

99:1
99:1
99:1
97:3
50:50

3:97
1:99

Acid concn.,
Ν

8
4
2
2
2
2
2

Potential
Pt.V

-4-0.822
-(-0.632
+0.593
+0.576
+0.532
+0.484
+0.470
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TABLE 2. Potentials (on standard hydrogen
scale) of the Mov/Mon system in
hydrochloric-acid solutions.

TABLE 3. Potentials (on standard hydrogen scale) of redox sys-
tems in hydrochloric-acid solutions.

MoV/Mom

ratio

97:3
97:3
97:3
50:50

3:97
1:9

Acid concn.,
S

8
4
2
2
2
2

Potential
Pt.V

+0 322
+0.258
+0.188
+0.114
+0.054
+0.054

same features were observed in the variation of the poten-
tial with the concentration ratio of oxidised and reduced
forms, and also with the concentration of hydrochloric acid.

Doubling the hydrochloric acid concentration should pro-
duce a shift in potential of 0.029 x 2 log2 = 0.017 V. For a
concentration ratio of 100 between oxidised and reduced
forms, the corresponding potentials should be +0.205 V
(4 Ν HC1) and +0.232 V (Β Ν HC1). The measured values
were more positive, +0.258 and +0.322 V. Thus the
changes in potential accompanying increase in concentra-
tion of hydrochloric acid considerably exceeded the theo-
retical values.

The redox potentials of systems involving molybdenum
had been measured by Chilesotti5 before Foerster' s investi-
gations . The measurements were made in the titration
of tervalent molybdenum with potassium permanganate. The
results obtained by the two workers differ considerably.

The MoVI/Mov system has been studied also by other
workers6 '7, who explained the variation in potential with
the concentration of hydrochloric acid not only by the in-
fluence of the hydrogen-ion concentration but also by the
occurrence of two different forms of quinquevalent molyb-
denum.

Syrokomskii studied the potentials of redox systems as
functions of the concentrations of complexing agents 8>9. He
showed the effect of the concentration of the anions POf",
C2O^~, and Ĉ IL̂ Og" on the potential, which becomes more
negative on addition of the complexing agent. The shift in
potential produced by the different anions varies in the
above sequence.

The effect of thiocyanate on the redox potential of the
MoVI/Mov system was studied by Tarayan and Ekimyan10,
who found that the potential becomes more positive with
increase in the thiocyanate concentration.

The potential of the WVI/WV system was first measured
by Collenberg and Guthe11, who obtained a value of +0.26 V,
differing from that calculated by means of Eqn. (1). The
experimental results have been reproduced by Chernikhov
and Goryushina12?13 in the potentiometric titration of sexi-
valent tungsten with bivalent chromium. Some lack of
reproducibility in the potentials of systems containing
quinquevalent tungsten has been explained by its rapid
oxidation in air. According to some workers1 4, however,
solutions of quinquevalent tungsten are stable, and can be
employed as working solutions in oxidimetric titration. A
systematic study of the redox potentials of tungsten sys-
tems in hydrochloric acid solutions has been made by
Geyer and Henze1 5 '1 6, some of whose results are listed in
Table 3.

Tungsten was obtained in lower states of oxidation by
electrolysis with platinum, mercury, and amalgamated

ratio

90:10
50:50
10:90

Potential,

12.5

+0.42
+0.36
+0.37

V

8.0

+0.29
+0.20
+0.16

w v/wm

ratio

90:10
50:50
10:90

Potential

12.5

+0.13
-1-0.05
—0.02

,V

9.5

4-0.03
—0.03
—0.11

lead electrodes. With a platinum electrode (at a cathodic
current density of 0.01-0.3 A cm-2) quinquevalent tungsten
was obtained. A sharp jump in potential occurred only
when the quinquevalent state was reached. The subsequent
conversion of Wv into W m was not accompanied by a sharp
change in potential. In phosphate solutions reduction
occurred with difficulty to quinquevalent tungsten.

In contrast to molybdenum, the potential of the wYw111

system was calculated on the basis of

2WOC1'-+4H++4e ^ WjC

as the potential-determining process.
equation

(5)

Consequently the

(6)

was used for the calculations.

It is evident from Eqn. (6) that variation in the hydrogen-
-ion concentration should have a more marked effect on the
potential than in the case of the analogous molybdenum sys-
tem. Measurements of potential for these systems con-
taining different concentrations of hydrochloric acid show
that the potential shifts to more positive values with in-
crease in the hydrogen-ion concentration, but no exact
relationship is observed. The potentials of both systems
are affected by the concentration ratio of oxidised to re-
duced forms.

Nevertheless, the total concentration of oxidised and
reduced forms has hardly any effect on the potential. Addi-
tion of phosphoric acid makes the potential more negative17.
Oxalic acid and other organic complexing agents have the
opposite effect. The potentials of the redox systems were
not studied in alkaline solutions owing to hydrolysis of the
salts with the formation of precipitates. However, the
potential of the W(CN)|"/W(CN)|- system was measured in
the presence of potassium cyanide, and found to be +0.57 V.
Several authors regard the presence of WIV in these solu-
tions as certain2 '1 8.

Methods for the oxidimetric determination of molyb-
denum and tungsten have been developed on the basis of
potential measurements in redox systems containing these
elements12'13»19-27.

The potential of metallic molybdenum in solutions of
various electrolytes has been measured by Akimov28,
Shatalov29, and others. A characteristic feature of Aki-
mov1 s results (Table 4) is their dependence on the previous
mechanical treatment of the electrode surface: an electrode
having an uncleaned surface shows far more positive poten-
tials than does an electrode which has first been cleaned.
This indicates the presence of oxide films on the electrode
surface.

The influence of the nature of the electrolyte on the
potential is most probably linked in some way with the for-
mation of oxide films. In conformity with this, the poten-
tials are more positive in acid than in alkaline solutions
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(dissolution of the film). With time the potential in an
alkaline solution becomes more positive, obviously owing
to the accumulation of alkali-insoluble oxidation products
of molybdenum.

Shatalov2 9 considers the concentration of hydrogen ions
to be the main potential-determining factor in the case of
molybdenum. Potential measurements over the pH range
1-8 have shown a linear relation, which can be expressed
by the empirical formula

φ = °J*U —0.045 pH.
0.40 H

Table 5 gives results obtained by Shatalov29 for the
dependence of the potential on the nature of the anion. The
results resemble those in Table 4. Chloride and hydrox-
ide ions exert the greatest depolarising effect on molyb-
denum.

Kruger and Kahlenberg30 have studied the potentials of
molybdenum in solutions of various electrolytes saturated
with inert gases (Table 6). It is difficult to compare
Table 6 with Table 5 because of differences in the elec-
trolyte concentrations. However, comparison of certain
data (for KOH and HCl) indicates considerable negative
shifts in potential when a solution is saturated with an inert
gas. The reason for these shifts is obscure.

A similar variation in the potential with the nature and
concentration of the anion has been obtained by several
workers for tungsten28»29'31"33, results of Korner31 and
Shatalov29 being listed in Tables 7 and 8 respectively.
Table 7 shows the depolarising action of anions on the
potential. In the presence of chloride, bromide, iodide,

TABLE 6. Potentials (V, on standard
hydrogen scale) of molyb-
denum in electrolyte solu-
tions saturated with inert

Gas

N,

Ha

Ar

He

gases.
Electrolyte

KCl
KOH
HCl
HCl
KOH
HCl

KCl
KOH
HCl
KCl
KOH
HCl

Potential

-0,246
-0.695
+0.085

—0.228
—0.680
+0.094
-0.245
—0.680
+0.080
—0.250
—0.645
+0,074

TABLE 7. Potentials (V, on standard
hydrogen scale) of tungsten
in electrolyte solutions.

Electrolyte

H2SO4

HCl
HNO3

KOH
NaOH
ΝΗ,ΟΗ
KCN
KF
KCl
KBr
Kl
KNO3
K2SO,

Potential

+0.193
+0.256
+0.311
—0.315
—0.316
—0.238
—0.647
+0.522
+ 0 563
+0.589
+0.733
+0.300
+0.719

TABLE 4. Potentials (V, on standard hydrogen scale) of metallic
molybdenum in electrolyte solutions.

3%NoCI

1 min

-t-0.103

5 min

+0-080

cleaned

- 0 362

0.1% ΛΓ HNO,

1 min

+0,349

5 min

+0.323

c leaned

—0 022

0.1 Ν HCl

1 min

+0.338

5 min

+0.318

cleaned

—0.072

0.1 Ν NaOH

1 nin

—0.326

S min

—0.242

cleaned

— 0 . 6 0 2

TABLE 8. Potentials (V, on standard hydrogen scale),
of tungsten in electrolyte solutions.

Electrolyte

HCl

HNO,
KOH

Potential

+0.345
+0.305
+0.311
—0.370
-0.320

Atmosphere

H 2

N,

H a

N 2

Electrolyte

KI
H2SO4
KCl
KF
ΝΗ4ΟΉ

Potential

+0.170
+0.193

0.00
—0.045
-0.238

TABLE 5. Potentials (V, on standard
hydrogen scale) of metallic
molybdenum in solutions of
various electrolytes.

Electrolyte concn.

3% NaCl

0.1 ,V HCl

0.1 ,V HNO,

0.1 .V NaOH

1.0 S HCl

1.0 -V KOH

Potential

+0.105*
—0.362**
+0.330*
—0.092**
+0.329*
—0.019**
—0.228*
—0.660**
+0.372*
+0.305·*
—0.320*
-0.400·*

* After 5 min.
** Cleaned.

and cyanide ions the potential becomes more negative. A
considerable negative shift in the potential is observed
also in ammoniacal and alkaline solutions. Shatalov1 s re-
sults (Table 8), obtained for tungsten in the same solu-
tions, differ somewhat from those of Korner. The diffe-
rence is most probably explained by some irreproducibility
in the surface state of the tungsten electrode.

The dependence of the tungsten potential on the pH of the
solution was studied by Holven34. In view of the direct
interdependence of these properties, tungsten was recom-
mended as an indicator electrode for the determination of
pH3 5.

2. COMPOSITION AND SPECTROPHOTOMETRY OF
COMPLEX COMPOUNDS

A vast literature exists3 6"7 6 on the composition of com-
pounds formed by sexivalent molybdenum and tungsten with
inorganic and organic reagents. The composition is greatly
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dependent on the nature and concentration of the xigand.
Thus the compound H2Mo4O13 is assumed36 to be present in
dilute hydrochloric acid solutions. With increasing con-
centration of the acid, the cationic form HMo2Oe * s pro-
duced. Further increase in the concentration of hydro-
chloric acid to 5-6 Ν promotes formation of the complex
MoO2Cl2 by the reaction

HMo.,O+ +3H++4C1- — 2MoO2Cl2+2H aO.

The formulae WCL,, WOCl*, and WOgCLj have been attri-
buted11»77 to the chloride complexes of sexivalent tungsten.
In aqueous solution the complexes are unstable, undergoing
hydrolysis to form a precipitate of tunstic acid. The chlor-
ide complexes of sexivalent molybdenum and tungsten have
their maximum light absorption in the ultraviolet. The
complex H+[MoO3.H2SO4] can be formed in sulphuric-acid
solution.

Numerous heteropolyacids of molybdenum and tungsten
are know», and a fair amount of information has been pub-
lished 37-39̂ 50-53 o n their composition and structure. The
composition of the heteropolycompounds is represented by
the general formula HgfElHMgO^J.wHgO or H4[El2(M3O10)4].
.«H2O, where El1 = P, As, Sb, etc. and El2 = Si, Ge, Sn,
etc.

Sexivalent molybdenum and tungsten form many com-
plex compounds with organic reagents. Some of these
are brightly coloured, and are used for the absorptiometric
determination of molybdenum. In several cases the com-
position of the compounds which are formed has not been
established4 0"4 8 '5 4-7 6.

The chloride complexes of quinquevalent tungsten possess
a blue colour and their maximum absorption lies in the
range 600-700 nm. These compounds, and the corres-
ponding molybdenum derivatives, are stable to the action
of atmospheric oxygen78. The composition of the chloride
complexes of quinquevalent tungsten has not been ade-
quately studied79"81.

In contrast to Wv, the chloride complexes of Mov exist
in two forms — monomeric (> IN HC1) and dimeric (<
< 2.5 Ν HC1) — which coexist in equilibrium in the inter-
mediate range (2.5-7 Ν HCl).46»78'82-87 However, as
Babko points out82, the composition of the chloride com-
plexes of Mov and their equilibrium conditions have not
been established at concentrations of hydrochloric acid of
3-6 N. The compounds MafMoOClg], where Μ is an alkali
metal, have been isolated from solutions of concentrated
hydrochloric acid. According to this author82, quinque-
valent molybdenum does not form stable chloride com-
plexes in solutions of dilute hydrochloric acid, but is most
probably present as the cation MoO2. As the concentra-
tion of hydrochloric acid increases, the cation MoO3* is
formed:

MoO+ +2H+ ϊ:

Further increase in the concentration of the acid results in
the formation of the complexes MoOCl2+, MoOCl£, and
MoOCl3.

Many investigations have been made of the conditions of
formation and the composition of the thiocyanate com-
plexes of molybdenum and tungsten8 8"1 2 7. Several workers
assume that the thiocyanate complex of tungsten is repre-
sented by the formula W(CNS)5, while other results indi-
cate that the tungsten is tervalent121, the formula of the
complex being WOCNS. Maximum light absorption occurs

at 400 nm. Contradictory views are held on the valency
of molybdenum in the thiocyanate complex: Maas 9 0 and
Krauskopf91 state that molybdenum is tervalent in such
compounds, Markle93 regards it as quadrivalent, and
finally Sand92 considers it to be quinquevalent. Babko1 s
investigations94»95, together with those of other workers9 9,
indicate that molybdenum is quinquevalent in this com-
pound, whose composition corresponds to the formula
Mo(CNS)5 (λπκχ = 420 nm).

There are indications of the existence of halide com-
plexes of quadrivalent tungsten and molybdenum128 having
the formulae MCI*, MBrCL,, etc., which are unstable in
aqueous solution.

The halide complexes of tervalent tungsten129 and molyb-
denum1 3 0"1 3 3 have been studied the most thoroughly. Vari-
ous authors state that tervalent molybdenum exists in two
forms — green and red — in hydrochloric-acid solution.
The green form is produced in dilute hydrochloric acid.
Some workers have therefore assumed that it corresponds
to the cation Mo3+ or MoO+, and that the red form, which is
present in concentrated solutions of hydrochloric acid, re-
presents the anion MoC]|". Other workers1 3 1 regard the
occurrence of two forms of tervalent molybdenum as due to
cis-trans isomerism of a complex having the same compo-
sition MoOC1.4H2O or [ ] *

The green form is unstable, being converted into the
red form by increasing the acidity or raising the tempera-
ture. A characteristic property of tervalent molybdenum
is its comparatively ready oxidation by hydrogen ions to
yield quinquevalent molybdenum. As a consequence,
aqueous solutions of tervalent molybdenum are unstable.
Spectrophotometry of the solutions confirms the presence
of two forms: the D-λ curves exhibit two absorption maxi-
ma, at 420 and 520 nm (7 Ν HCl).132»133. Dilution of the
solution results in a shift in the maximum to shorter wave-
lengths, which corresponds to a change in composition of
the complexes, with the ultimate formation of tervalent
molybdenum hydroxide.

The chloride complexes of tervalent tungsten also exist
as two forms — H5W3C114 and HgWjjClg — with absorption
maxima in the region of 515 and 462 nm (red and yellow
respectively). According to other workers1 2 9, however,
the occurrence of two forms of tervalent tungsten is due,
as in the case of molybdenum, to cis-trans isomerism.

Tungsten and molybdenum blues constitute a peculiar
group of compounds134"139, whose exact composition has
not been established.

3. ELECTROLYSIS OF SOLUTIONS

The first work on the electrolytic reduction of sexivalent
molybdenum was done by Gahn140. This work was qualitative
in character, as were investigations by other workers1 4 1 ~145.
In particular Grotthus141, who reduced sexivalent molyb-
denum in sulphuric-acid solution, noted the appearance of
blue oxides of molybdenum on the cathode, metallic molyb-
denum not being isolated. The first attempt to isolate
metallic molybdenum by electrolysis with a mercury cathode
was made by Feree 1 4 6 , who used a current density of
5 A cm"2 in the cold. The reduced molybdenum dissolved
in the mercury to form an amalgam. Later Meyer147»148

obtained molybdenum amalgam by the electrolysis of sul-
phuric-acid solutions. This work was repeated by Rus-
sell1 4 9 and by Bock150, who found the optimum conditions
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(1-1.5 W H2SO4, cathodic c.d. 0.6 A cm"2) for the quanti-
tative deposition of molybdenum. Electrolysis with a
mercury cathode was used for the quantitative separation
of molybdenum from several elements which do not form
amalgams. Electrolysis with solid cathodes, on the other
hand, proved useful for the quantitative isolation of molyb-
denum as the oxide Mo2O3

 151>152 with subsequent quantita-
tive determination.

Detailed investigations of the electrolytic reduction of
sexivalent molybdenum were made by Chilesotti 5 ) 1 3 0> 1 5 3 and
byFoerster4»1 5 4, who studied the effect of several factors —
the material of the electrode, the nature and concentration
of the electrolyte, the current density, etc.

Chilesotti's results showed that the current efficiency is
close to 100% at not very high current densities (0.047 A cm-2),
but it falls considerably with increase in current density.
The variation in current efficiency with the concentration
of hydrochloric acid is irregular: the efficiency decreases
on passing f rom 9Ν to 6N HC1, and then increases again on
passing to more dilute solutions of the acid. The time
variation in the current efficiency shows considerable
irregular fluctuations. The initial decrease in efficiency
is most probably associated with the formation of insoluble
products on the mercury surface, which lower the hydrogen
overpotential. Chilesotti explained the subsequent rise in
the curve by the formation of molybdenum amalgam. The
process was accelerated by raising the temperature, the
current efficiency being increased. The maximum current
efficiency was observed on a lead electrode; values of the
same order were obtained on mercury and platinum elec-
trodes.

Chilesotti regarded the high current efficiency on lead
as possibly due to the discharge of lead ions which had
passed into solution under the influence of an oxidant (molyb-
denum). During electrolysis with platinum, mercury, and
iridium cathodes, the cathode potential became more nega-
tive, reaching 0.40 V. No change in potential was observed
on tin and lead cathodes.

It follows from the above survey that metallic molyb-
denum was not deposited when solutions were electrolysed
with solid electrodes. However, a series of papers have
shown that metallic molybdenum can be deposited in
the presence of added iron, nickel, or cobalt salts1 5 5"1 6 1.
The additives are usually regarded as depolarising the
discharge of MoVI by forming an alloy on the cathode.
Furthermore, the hydrogen overpotential on the alloy is
greater than that on pure molybdenum, which also favours
the process. According to Ernest and Holt161, the mec-
hanism of the electrode reaction is

MoO;j- +4H.O4- ne-* Mo (OH),_ n + (2-f- n) OH",

Mo (OH)e_,, -+- (6— n) H + M — MMo-f- (6— n) H2O,

where η = 1-3. This scheme is seen to involve the parti-
cipation of atomic hydrogen in the reduction of MoVI.

Many workers have investigated the electrolytic reduc-
tion of WVI. One of the first papers on the electrolysis of
tungsten162 contains a brief mention of the possibility of
obtaining an amalgam by electrolysing acid solutions of
tungstates containing hydrofluoric acid. This possibility
has been confirmed in later work163. Leiser1 6 3 made a
systematic investigation of the electrolytic reduction of

WVI with platinum and lead cathodes, nickel being used as
anode. In all cases sparingly soluble blue products were
formed, whose composition could not be established. The
current efficiency was low, not exceeding 3%.

A broad investigation was made by Rosenheim164, who
used phosphoric, arsenic, and organic acids (H2C2O4,
H2C4H4O6) as complexing agents. Lead, platinum, mer-
cury, and zinc were examined as cathodes. Reduction
took place in stages. From the colour changes occurring
in the solution (blue, brown, cerise), this worker con-
cluded that quinquevalent, quadrivalent, and tervalent tung-
sten was formed. Neither changing the current density
nor varying the temperature resulted in further reduction.
Collenberg165»166 showed that, when a mercury cathode was
used, the current efficiency did not exceed 24%, and fell
sharply with time. It increased slightly with decrease in
the current density. Reduction took place at negative
values of the cathode potential. Thus at a current density
of 0.016 A cm"2 the initial potential was -0.70 V, and at
0.004 A cm*2 it was close to zero.

Tervalent tungsten was obtained as the final product of
reduction on mercury, lead, and tin cathodes. The current
efficiency was far smaller on a mercury cathode than on
lead.

Rosenheim suggested the following mechanism of reduc-
tion

2 e - W

On a platinum cathode the final reduction product is merely
quinquevalent tungsten.

It must be noted that molybdenum and tungsten redox
systems, although reversible in the equilibrium state, are
appreciably polarised during electrolytic reduction1 5 4'1 6 9.
This is presumably due to the formation of insoluble films
on the electrode surface.

Neumann and Richter167 investigated cyanide solutions
of tungsten, and attempted to deposit the metal on a mer-
cury cathode, but were unsuccessful. However, Jackson
et al.168 confirmed Feree's preparation162 of tungsten
amalgam, and pointed out that no acid other than hydro-
fluoric should be present in the solution. The optimum
acid concentration was 4.6 Ν HF, and the current density
0.60-1 A cm"2.

As with molybdenum, metallic tungsten is not deposited
from aqueous solution on solid cathodes. However, it has
been deposited from solutions in organic solvents170'171.

The need for tungsten coatings of high corrosion resis-
tance led to comprehensive investigations of the conditions
for the deposition of metallic tungsten from aqueous solu-
tion. The problem was first solved by Fink1 7 2. The
tungsten deposits obtained were dense, bright, and stable
to the action not only of hydrochloric and sulphuric acids
but even of nitric acid. Holt173 proposed an alkaline elec-
trolyte for this purpose. In the cold a deposit of tungsten
oxides was obtained from an alkaline solution. At 85° the
cathode became covered with a silver-white film of metal-
lic tungsten. The current efficiency was ~ 1%, which
diminished with increase in current density, the optimum
value of which was 0.1 A cm"2. Phosphate solutions also
were useful for the deposition of metallic tungsten, but the
weight of the deposit did not exceed 0.0077 g.
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Holt showed174"176 that metallic tungsten can be de-
posited from aqueous solution only if the solution contains
traces of iron (0.001 g per 75 ml of solution). The cathode
deposit contains up to 35% of iron. The quality of the
cathode deposit is equally affected by raising or lowering
the concentration of iron in the solution: in both cases
oxides of varying composition, not metallic tungsten, are
deposited.

Nickel, cobalt, and copper have also been proposed 177~179

as impurities promoting the deposition of metallic tungsten.
The tungsten content of the cathode deposit did not exceed
50%. In later work Holt180 has examined aluminium,
beryllium, zinc, manganese, tin, cadmium, etc. as addi-
tives, and other workers1 8 1"1 8 5 have also investigated this
problem.

The mechanism by which the additives exert their effect
has not yet been elucidated. Various views have been
expressed1 8 0 '1 8 6-1 8 8.

1. The discharge of W
cesses at the cathode:

VI involves two alternating pro-

(a) M i + + 2e—

WO?" +8H+ + Ge W -f H.fi.

Reaction (a) continues until the surface is completely
covered with a thin layer of the impurity metal, which then
catalyses the discharge of WVI ions, reaction (a) giving
way to reaction (&). Thus the processes alternate. The
hydrogen overpotential is lower on the pure metals (iron,
cobalt, nickel) than on their alloys with tungsten, ιβο,ιββ,ιββ,ι»

2. An alloy is formed by the discharge of mixed com-
plexes of tungsten with the impurity metal. Holt186 used
a polarographic method to test this hypothesis. He found
that the half-wave potential of the second reduction wave of
nickel ( -2.02 V) is displaced to more positive values
( -1.67 V) in the presence of tungsten. In his opinion this
indicates the discharge of a mixed complex of nickel and
tungsten.

3. A layer of impurity metal deposited on the cathode
promotes formation of an active form of hydrogen, which
reduces the WVI. The theory that several compounds are
hydrogenated by atomic hydrogen formed on the cathode
surface is supported by Kobozev190"193. It has been
shown194 that tungsten trioxide placed a short distance
from the cathode surface acquires a blue colour as a re-
sult of its reduction by atomic hydrogen emitted from the
mercury surface. However, Bagotskii and Iofa state 1 9 5

that the trioxide is not reduced when not in immediate con-
tact with the cathode, which they explain by the direct
reduction of WO3 to W2O5:

2WO3+2H++2e

4. Depolarisation of the discharge of WVI is due to the
formation of an alloy of tungsten with the impurity metal,
a view supported by Solov'eva and Vagramyan187, who
reject the theory that the metals are deposited layer by
layer. If this did occur, fluctuations should be observed
in the cathode potential, but these are not in fact observed.

The electrolytic oxidation of tungsten passes through the
stage of formation WO2, W2O5, and WO3.

196'197

Several papers have appeared 198-200 on the electrolysis
of non-aqueous solutions and of melts of tungsten salts, but
these fall outside the scope of the present review.

4. REDUCTION WITH METALS AND AMALGAMS

Reducing agents of various strengths have been used for the
non-electrolytic reduction of sexivalent molybdenum2OX ~223

and tungsten224"253. Such electronegative metals as lead,
cadmium, and zinc were used as reducing agents in the
early work. Reduction with zinc was first employed by
Pisani2 0 1 and by Pfordten224. This method has subse-
quently been tried by a number of investigators 202,203,211,225-231

Tervalent molybdenum and tungsten were obtained as the
final products. Reduction involved the successive forma-
tion of quadrivalent and quinquevalent molybdenum and tung-
sten. Some workers did not achieve a definite degree of
reduction203"205.

More recently206»207 metallic aluminium has been used
as reductant. According to Riegel and Schwartz206 reduc-
tion in 2 Ν HC1 or 1.25 Μ H2SO< solution first yields orange
quinquevalent molybdenum and then green tervalent molyb-
denum. When this work was checked207, it was actually
found that reduction extended only to the quinquevalent
state. However, further reduction is achieved by adding
a tin(n) salt. The mechanism of the process was assumed207

to be

Mo v '+Sn»-*Alo I V+Sn I v.

• ΙΛο" +M0111,

Mov-rSn"<f

M o l f I + S n I V

(1)

(2)

(3)

Reaction (3) takes place after Mo V I has been completely
converted into Mo .

Electropositive metals such as silver and mercury have
also been studied 2 0 8 " 2 1 2 as reducing agents, reductors
filled with the freshly deposited metals being used. F u r -
m a n 2 1 2 observed the quantitative conversion of sexivalent
into tervalent molybdenum in solutions in concentrated
hydrochloric acid. In more dilute (1.5-3.5 N) acid only
quinquevalent molybdenum was formed. Silver had a
similar effect. Holtje and Geyer 2 0 5 found results for the
reduction of molybdenum(VI) by mercury and silver to be
reproducible and reliable. Reduction of WVI with silver
and mercury in concentrated hydrochloric ac id 2 4 8 " 2 5 0

yields W v. A method based on preliminary reduction of
Mo and W with silver has been used for the quantitative
determination of molybdenum and tungsten in iron-molyb-
denum, iron-tungsten, and iron-molybdenum-tungsten
al loys 2 5 3 .

Someya's work2 1 7»2 3 2»2 3 6 was based on the use of liquid
amalgams as reducing agents, and during subsequent years
many workers have studied the reduction of Mo and WVI

with amalgams 2 1 3 "2 2 3 >233 " 2 3 5 >237 ~252.

Bismuth amalgam reduces Mo v l to the tervalent or the
quinquevalent state depending on the acidity of the solu-
t ion 2 1 7 . Sexivalent tungsten is reduced to W vonly in con-
centrated hydrochloric acid.

The amalgams of lead, tin, cadmium, and zinc reduce
molybdenum and tungsten quantitatively to the tervalent
state 2 2 3 » 2 3 4 . According to other workers, however, quad-
rivalent tungsten is formed on reduction with cadmium
amalgam 2 3 5 and with metallic cadmium 1 7 . The reduction
of tungsten is prevented by the presence of phosphates and
fluorides 2 3 7 . Different authors have divergent opinions on
the degree of reduction of WVI by lead amalgam. Thus
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Someya236, Holt237, Babko238, and Vlasak239 state that at
60° lead amalgam converts W into W . According to
Polotebnova240, however, lead reduces WVI to WIV. The
lack of agreement among the results may be due to diffe-
rences in the temperature conditions.

Most authors tend to regard the method based on pre-
liminary reduction of tungsten followed by oxidimetric
titration as unsuitable for quantitative purposes. Never-
theless, the method has recently been applied to the ana-
lysis of steel2 4 5.

Work has been done on the reduction of WV! by lead,
zinc, and sodium amalgams in non-aqueous solution247.
Zinc amalgam effects complete reduction to W m , lead
amalgam to WIV, and sodium amalgam reduces WVI incom-
pletely to WIV.

5. POLAROGRAPHY

Several papers have been published on the polarographic
reduction of molybdenum254-291 and tungsten292"312 at a drop-
ping mercury cathode. The first work in this field was
done by Uhl2 5 4, who effected reduction in nitric-acid solu-
tions, using lactic and oxalic acids as complexing agents.
The MoVI polarograms comprised two waves having half-
-wave potentials of -0.35 and -0.50 V (relative to the satu-
rated calomel electrode, s.c.e.). The proportionality of
the height of the first wave to the concentration of molyb-
denum formed the basis of a method for the quantitative
determination of molybdenum and phosphorus. Stern2 5 5

applied Uhl's method to the analysis of biological materials,
and obtained two wave^ with half-wave potentials of -0.40
and -1.20 V. A well defined pH dependence of the wave
heights was observed. The wave height is strictly pro-
portional to the molybdenum concentration only within a
narrow range of the latter2 5 6, and hence the polarographic
determination of molybdenum with nitric acid as supporting
electrolyte is not very promising. According to Gokh-
shtein257 the reduction of molybdenum in nitric-acid solu-
tion is complicated by polymerisation phenomena. He sug-
gested phosphoric acid as supporting electrolyte for the
polarographic determination of molybdenum.

Stackelberg et al.2 5 8 found that sharp molybdenum waves
are obtained in sulphuric acid, whose concentration should
be a least 18 N. Molybdenum gives one wave with a poten-
tial of -0.26 V. The wave height is proportional to the
molybdenum concentration, which also permits the method
to be used for quantitative analysis259. A detailed investi-
gation of the process occurring in aqueous sulphuric acid
has been made by Kolthoff260.

As Stackelberg points out2 5 8, the molybdenum reduction
wave appears also in aqueous hydrochloric acid. Accord-
ing to him, however, it corresponds to the reduction not
of molybdenum but of mercuric chloride resulting from the
oxidation of metallic mercury by molybdic acid.

Kanevskii and Shvartsburd261 obtained cathodic waves of
MoVI in 88-90 vol. % phosphoric acid. A method was
worked out for determining molybdenum in ores containing
0.005-50%.

Molybdophosphoric heteropolyacid undergoes reduction
in phosphoric acid solution. The polarography of hetero-
polyacids of molybdenum — molybdosilicic, molybdoger-
manic, etc. acids — has formed the subject of several
recent papers. Grasshoff and Hahn2 6 2"2 6 5 state that, when
these acids are reduced at a dropping mercury cathode,

tervalent and quinquevalent molybdenum is formed. They
find that the wave heights depend on the acid concentration.

A few papers have been published on the polarography of
the lower states of oxidation of molybdenum. In particular,
Deshmukh266 has studied the reduction of quinquevalent
molybdenum, a solution of which he obtained by reduction
with hydrazine. The polarogram obtained with sulphuric
acid as supporting electrolyte consisted of two waves,
which he regarded as due to stepwise reduction to quad-
rivalent and tervalent molybdenum. The half-wave poten-
tials are greatly dependent on the acidity of the solution,
becoming more positive with increasing acidity.

Meits267 obtained polarograms in a citrate buffer solu-
tion. Sexivalent molybdenum gives a single wave with a
half-wave potential of -0.927 V. Tungsten is not reduced
under these conditions, so that the method can be used for
the quantitative determination of molybdenum in the pre-
sence of tungsten. This worker assumes that reduction
involves the formation of quadrivalent molybdenum. Parry
and Yakubik268 consider that polarographic reduction in
tartrate solutions yields tervalent and quinquevalent molyb-
denum. A similar opinion is held by Pecsok and Park-
hurst2 6 9. Pantani2 7 0 has made a polarographic investiga-
tion of the citrate, oxalate, and tartrate complexes.

Complexone III has also been proposed as complexing
agent2 7 1"2 7 3, and it masks the interfering effect of tungsten.
Ammonium fluoride has been proposed for a similar pur-
pose2 7 4.

Sinyakova and Glinkina275 obtained two MoVI reduction
waves (with half-wave potentials of -0.27 V and -0.73 V)
using acetic acid as supporting electrolyte. With increas-
ing concentration of the acid, the second wave disappears,
while the half-wave potential of the first wave becomes
more positive. Two sharp waves are obtained also in a
solution containing Complexone ΠΙ. The half-wave poten-
tials depend on the pH. The reduction of molybdenum
takes place also in neutral medium (ammonium oxalate), but
the shape of the wave depends on the concentration of the
supporting electrolyte276.

With mixed supporting electrolytes (HC1 + HC1O4, HC1 +
+ H2O2) catalytic polarographic currents have been observed.
Thus Jones2 7 7, while reducing MoVI with a supporting elec-
trolyte comprising 0.75 Μ H2SO4 + 1 Μ HC1O4, observed a
catalytic wave due to reoxidation of tervalent to quadrivalent
molybdenum by the perchloric acid, the half-wave potential
being -0.21 V.

Holten278 used this supporting electrolyte for the quan-
titative determination of molybdenum in minerals and ores.
The method proved convenient in the analysis of titanium
alloys279. Tungsten does not interfere with the determina-
tion.

The catalytic reaction in perchloric-acid solutions has
been studied by Rechnitz and Laitinen280, who found that
the rate of the process depends on several factors, in
particular on the concentrations of molybdenum and per-
chloric acid.

Sinyakova and Glinkina281 explained the appearance of a
catalytic current in solutions of perchloric acid containing
MoVI by the reoxidation of quadrivalent to quinquevalent
molybdenum by the perchloric acid. To confirm this hypo-
thesis they recorded polarograms of molybdenum which
had been prepared by reducing sexivalent molybdenum by
iron(II) sulphate, with perchloric acid as supporiing elec-
trolyte. The polarogram comprised one wave having a
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half-wave potential corresponding to the second MoVI wave
in the same supporting electrolyte. Tervalent molyb-
denum gave a small wave having a more negative half-wave
potentialt.

Haight282"284 also believes that quadrivalent molybdenum
catalyses the reduction of perchloric acid. Catalytic cur-
rents representing the reduction of perchlorates and nitrates
are used for the polarographic determination of molyb-
denum2 8 5 '2 8 6.

Kolthoff and Parry 2 8 7 obtained catalytic currents with
HC1-H2O2 supporting electrolytes. The current was pro-
portional to the concentration of Mo * and hydrogen per-
oxide. According to these workers, the MoO|~ ion forms
a peroxo-compound MoO2,", which is then reduced at the '
dropping mercury cathode to

-|-2H+-f-2e + H 2 O .

V IVlcek288 assumes that the MoVI polarographic currents
in concentrated sulphuric-acid solution are also catalytic
in character, being due to reoxidation of Mov to MoVI by
the sulphuric acid.

In addition to the acid and neutral supporting electroly-
tes mentioned above, those of basic character have also
been suggested289 for the reduction of molybdenum.

Polarography has been used to study the composition of
the citrate, tartrate, and phosphate complexes of molyb-
denum, with perchloric and nitric acids as supporting elec-
trolytes 29°. Thus various supporting electrolytes have
been used in studying the polarographic reduction of Movr

in order to find conditions which are of practical conveni-
ence for its quantitative determination.

In several of these papers suggestions have been made
concerning the mechanism of the process. However, diffe-
rent authors hold contradictory views on this topic, which
suggests that insufficient study has been made of the polaro-
graphic reduction of molybdenum291. This applies equally
to catalytic processes.

Little study has been made of the mechanism of the elec-
trolytic reduction of molybdenum with a large mercury
cathode and its reduction by amalgams.

Relatively little work has been done on the polarographic
reduction of tungsten. Stackelberg292 found that Wv is not
reduced at a dropping mercury cathode in neutral and
alkaline solutions, whereas in concentrated hydrochloric-
-acid solutions it gives a wave having a half-wave poten-
tial of -0.42 V. A sharp wave appears also in the presence
of phosphoric acid. This workers does not indicate the
degree of reduction of the tungsten to which this process
corresponds.

Lingane and Small293 made a detailed investigation of
the polarographic reduction of WVI in concentrated hydro-
chloric acid. The degree of reduction of the tungsten was
determined coulometrically or by titration with potassium
iodate solution. They also used electrolysis with a mer-
cury cathode at a controlled potential to elucidate the mech-
anism of the process. The individual forms of reduced

t The method employed by these workers is incorrect: (1) they
do not exclude the effect if iron and cadmium on the polarograms;
and (2) mixing Mo111 with perchloric acid before polarography should
result in the instantaneous oxidation of the former by the CIO4 ions.
An intermediate reduction product of perchloric acid, chlorine,
will then appear in the solution.

tungsten were identified spectrophotometrically. These
workers found that in 12 Ν HC1 the tungsten(VI) gives two
waves, the first beginning at zero applied e.m.f., and the
second wave having a half-wave potential of -0.56 V (s.c.e.).
In less concentrated solutions the potential of the second
wave becomes more negative. From the ratio of the con-
stants for the diffusion currents of first and second waves
it was concluded293 that reduction extends to the quinque-
valent and tervalent states respectively. The coulometric
measurements at the corresponding potentials (-0.40 and
-0.67 V) and titration with iodate support this view.

Laitinen et al.294 studied the polarographic behaviour of
WVI in hydrochloric-acid solutions containing perchloric
acid and lithium chloride. The half-wave potential and
the number of electrons involved in the reaction were
determined from the slope of the linear plot of log [i/(id - i)]
against the electrode potential. These workers consider M 4

that quinquevalent and tervalent tungsten is formed during
the polarographic process. However they do not exclude
the possibility of the formation of quadrivalent tungsten,
since the reverse process passes through this stage. A
catalytic current due to reduction of the perchlorate ion
was observed on a portion of the first wave in these solu-
tions. Laitinen and Ziegler295 explained the appearance
of the catalytic current by reoxidation of the quinquevalent
tungsten ion, formed during polarography, by perchloric
acid. The catalytic current is large, and depends not only
on the concentration of WVI but also on the concentrations
of hydrochloric and perchloric acids. A catalytic current
has been observed also in the polarography of solutions
containing hydrogen peroxide. Kolthoff and Parry 2 8 T estab-
lished that the magnitude of the catalytic current depends
on the concentrations of tungsten(VI), hydrogen peroxide,
and acid. The maximum catalytic current was observed
in sulphuric-acid solution. These workers tend to think
that the variation in the catalytic current with change in
acid concentration is due to different degrees of polymeri-
sation of the tungsten(VI).

The catalytic current is suppressed by the presence of
complexing agents in the solution, and this effect has been
used to determine the composition of the oxalate com-
plexes296.

Souchay297'298 studied the polarographic reduction of
sexivalent tungsten in solutions of various inorganic com-
plexing agents (POT, AsO3", GeO2", SeO§-, BO3,", etc.).
Other authors have discussed the mechanism of this pro-
cess 2 9 9 ' 3 0 0.

Souchay301 has recently studied the polarographic reduc-
tion of metatungstates in aqueous hydrochloric and sul-
phuric acids. Electrolysis using a mercury cathode,
combined with spectrophotometry, suggests a stepwise
reduction of W to W and WIH in concentrated acid solu-
tions. In dilute solutions of the acids three or more waves
appear. The half-wave potentials and the wave heights
depend on the acid concentration. Souchay attributes this
to different degrees of polymerisation of the metatungstate
and hence to variation in the number of electrons taken up
by each molecule, which he regards as fluctuating between
21 and 36.

A polarographic method has been used in several investi-
gations to determine the composition of complexes302'303.
According to Pantani and Desideri304 WVI gives a well
defined wave in solutions of phosphoric acid (> 4 N). In
dilute solutions the polarograms consist of three or more
waves. These workers assume that reduction extends to
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the quinquevalent state. The occurrence of more than one
wave, however, they attribute to variation in the diffusion
coefficient of large complex molecules with increase in the
acid concentration.

Two waves are present in the reduction of sexivalent
Umgsten from hydrochloric-acid solutions containing ammo-
nium thiocyanate, their appearance being explained by suc-
cessive reduction of the chloride and the thiocyanate com-
plexes305.

In the presence of organic complexing agents (oxalic,
tartaric, citric acids, etc.), too, WVI is reduced at a
dropping mercury electrode in acid solutions306"310. The
wave heights vary with the acid concentration. The opti-
mum pH depends on the nature of the complexing agent.

A method based on the use of concentrated hydrochloric
acid as supporting electrolyte has been recommended for
the analysis of steels, alloys, etc. 2 9 2 ' 3 1 1 ' 3 1 2 .

The published information shows that the mechanism of
the polarographic reduction of sexivalent molybdenum and
tungsten has not yet been thoroughly elucidated. There-
fore no indication is given in reference works as to the
degree of reduction of tungsten. The point is reflected
in the treatise by Krykova et al.291
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