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THE ELECTROLYTIC REDUCTION OF BUFFERED MOLYBDATE SOLUTIONS
CHAPTER I
INTRODUCTION

It has been known for many years (1) that on electrolyeis of
solutions of molybdic acid, Moo3, a blue color appears near the cathode,
upon which there eventually forms a dark blue-black deposit. This
substance was identified as Mo30g*5H,0 by Manchetti (2), but this
identification was not verified by other workers (3). Although
there was no certainty as to the exact composition of the product
there was no doubt that the molybdenum was present in a lower oxidation
state than it was originally. It is thus possible to bring about the
reduction of Mo(VI) electrolytically and the first definite application
of this process to the preparation of lower oxidation state molybdenum
compounds seems to have been msde by Chilesotti (4). This author
electrolyzed solutions of molybdic acid in hydrochloric acid with a
mercury cathode and found that the molybdenum could be reduced to the
(111) state. By the addition of the chlorides of alkali metals or of
ammonium, after reduction, it was possible to isolate from the solution
double salte of the type H3M0016, where M is potassium, and M2M0015'H20,
where M is rubidium, cesjum, or armonium. In view of the ease with .
which trivalent molybdenum compounds are oxidized it was essential
to separate anode and cathode compartments. A further investigation by
Foerster and Fricke (5) showed that the mature of the salt isolated
depended on the acid concentration; in the presence of relatively dilute
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hydrochloric acid the M2M0015-H20 type was obtained on boiling after
reduction and addition of the alkali chloride but if the solution was
warmed to 80° C and kept saturated with hydrogen chloride gas while
cooling, salts of the type M3M0016 crystallized out. The experimental
details of Chilesottl were modified to a slight extent by Rosenheim
and Braun (6) who electrolyzed a solution of 20 g M003'2H20 dissolved
in 150 cc of hydrochloric acid (s.g. = 1.142) and 200 cc of water, with
a mercury cathode. After reduction was complete various fluorides were
added and the following double salts were isoltaed: MMoF) +HO0, where
M is potassium or emmonium, and (NHh)3MoéF9’2H20. By working in
hydrobromic acid solution, and adding ammonium bromide after electrolysis
(Nﬂh)zMoBr5'H20 was obtained.

A number of obsgervations of general interest were made by
Chilesotti (7) in the course of an investigation of the reduction of
molybdic acld solutions of various concentrations in hydrochloric acid.
He found that during thg process the cathode potential always rose
slowly at first, then changed suddenly to a more negative value and
remained in this vicinity for a period of time, Pollo
rise in potential. He concluded that the reduction occurs in the gteges

Mo(VI) > Mo(V)==p Mo(III),
there being no evidence of a Mo(IV) stage. It was noted that if the
hydrochloric acid concentration was about T to 9 N, then after complete
reduction to the trivalent stage the solution was orange-red, but if the
acid was more dilute (2.7 - 4 N), the final solution was deep olive-green.
The difference in color was attributed to the presence of some divalent
molybdenunm in the green solution. Foerster and Fricke (5) concluded,

however, that this is highly improbable and that the color variation is
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due to the presence of different complex ions in equilibrium with
simple Mo(III) ions. Wardlaw and his coworkers (8) have been able to
isolate two isomeric molybdenyl monochlorides of the formula MoOC1°LE,0,
a brown substance separating from the red solution and a green substance
from the green solution.

Moeller (9) states that the lower oxidation states of molybdenum
are quite generally reducing in character and undergo fairly ready
conversion to the (VI) state. The uncomplexeéd tripositive ion of
molybdenum appears to be capable of existence in aqueous solution.
However, all the lower oxidation states are best characterized in
various complex ions and compounds. Information on these materials is
at best incomplete and requires considerable systemitization. A variety
of reducing agents (including Mo(III)) convert molybdates into colloidal
molybdenum blues, the compositions of which approach )(o8023 "XH,0 (11).
In studying the electrolytic reduction of molybdate solutions some idea
of the complexity of the polymolybdic acids that are being reduced is
gained by the following series of ions, reported by Jander, Jahr, and
Hsuksshoven {11), as formed by the addition of hydrogen iom ic an
glksline molybdate solution:

" - '5
Moo,_.'-—-). Mosoﬁ__; Bl!030u3 — mlosoal_.;

A -4 -3 -
B Hog0y) — Edogs — ENop00 —>

' -5 -3 ‘
HHop), 078 —> HgHog), Org — By 07,0,
Glasstone and Hickling (12) indicate that at a smooth platinum

[y
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polarization (0.4 to 0.6 volt) in 8 N hydrochloric scid. This was
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attributed to the formation on the cathode of an oxide containing both
hexa- and pentavalent molybdenum. By coating the electrode, and thus
(liminishing its area, these oxide coatings not only increase the effective
current density, but also prevent access of the ions to be reduced.

These factors all tend to bring about an increase in the measured cathode

Cotton (13) states that the following oxides of molybdenum are
definitely established: MoO,; Hoao H Mooz. However, there are un-

questionably various other stoichiometric oxides, and in the L!oog-noo3

system seven intermediates such as Mog M°h°11 and “°17°h7 are known.

023,
The last of these has been shown to have K006 octahedral and lloo,r
pentagonal bipyramidal unite in the structure. The most important of
the oxides is M003. It is the ultimate product of heating the metal

or other compounds, such as the sulfides, in oxygen. l(o03 is a white
golid at room temperature but becomes yellow when hot and melts to a
deep yellow 1iquid at 795 C. It boils at 1155° C. It is the anhydride
of molybdic acid, but it does not form hydrates directly. The hydrates

Mo0,°2H,0 and uoo3-n20 can, however, be precipitated from approximately

[y ~antivbd Aana af wmatwhdadan Miva Averda
MUWVA UL VhWvAvLs Vi Vi vea ves e - b

very rare type of layer structure inm which each molybdemum atom is
surrounded by a distorted octahedron of oxygen atoms. noaos is a violet
solid soluble in warm acids and is also a good conductor of electricity,
better than MoOs. It can be prepared by heating the required quantity
of finely divided molybdemum with M003 at 750° C. When ammonia is

added to solutions containing Mo(V), MoO(OB)3 is precipitated, and this

can be dried by heating to give Moj0.. Molybdenum (IV) oxide, MoO,,; 1s

5°



5
obtained by reducing Moo? with hydrogen below MTO0 C (above this
temperature reduction proceeds to the metal) and by reaction of molybdenum
with steam at 800° C. It is a brown-violet sclid with a coppery luster,
and it has fair electrical conductivity. It is idscluble in nonoxidizing
mineral acids but dissolves in concentrated nitric acid with oxidation
of the molybdenum o Mo(VI). The blue oxides of molybdenum sre
obtained by mild reduction of acidified solutions of molybdastes or of
in water. The exact nature of these blue substances

3
is not certain (10), but the following facts seem definite. The solid

suspensions of MoO

substances are not of uniform composition; they vary in formula within
the limits 14002.5 and M003. Thus the mean oxidation state of the metal
atoms is between (V) and (VI). This could be due to the presence of
metal stoms in both of these oxidation states occupying metal sites in
oxygen - defective M003 lattices. The intense colors are then not
surprising, since phases or compounds containing an element in two
different oxidation states characteristically have intense colors due
to electron transfer absorption bands. It seems very probable, though
t 1s not conclusively proved, that the aqueous solutions of the blue
oxides ere collicidsl.
NaEMoOh under pressure at temperatures up to 300" C. Ko attempt was
made to characterize the product exactly, but they concluded a hydrated
oxide was formed. Kaycko and Yntema (15) reported that metallic Mo can

be electrodeposited from aqueous solutions of MoO, containing high

3

concentrations of salts. Formates, acetates, propionates, fluorides,

ari phosphates of Na, K. and NH& were used. The optimum pH range as
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meagured with a glass electrode was 5.5 to 6.8. The current density
was varied from 0.06 to 3.3 amp/ch, The temperature was controlled
between 30o and 55° C. Deposits were obtained on Cu, Ni, and Fe
electrodes. They reported oxide formation when bath conditions differed

from those listed above. Senderoff (16) reported that he could not
dnnliecate thege results. He reported only oxide formation. Goncharenko
(17, 18) investigated the cathode deposit obtained during the electrolysis
of aqueous solutions of molybdates. He reported a mean valency of 4.91
for the black oxide obtained on a platinum cathode. This oxide had
been dried to a constant weight at 200° C. His results indicated the
composition of the cathode deposit could be expressed approximately
by the formula M0205‘2H20. He also proposed that some of the molybdenum
atoms could be "brivelent, and some hexavalent, in the ratio Mo(III):
Mo(VI) = 1:2. Evidence for this is found in investigation of the
disproportionation of Mo(V) in alkaline solution (19).

A number of investigators have employed the polarographic
technique in studying the reduction of molybdates. Von Stackelberg (20)

found that molybdate does not produce a wave from neutral or alkaline

sclutions. The polarcgraphic reduction of Mo(VI) im sulfuric,
hydrochloric, perchloric, and phosphoric acid media was studied by
HS1tje and Geyer (21). In all they observed two to four waves,
depending on the acidity, which they ascribed to reduction to Mo(V),

to the red Mo(III), to the green Mo(III), and to Mo(OH)3. Carritt (22)

investigated the polarography of Mo(VI) and Mo(III) in various con-
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metric analysis technique at controlled potential to determine reduction

states. He found that in 0.3 M hydrochloric acid the polarogrem of Mo(VI)
comprises two waves, which result from reduction to Mo(V) and Mo(III),
with half-wave potentials of -0.26 v. and -0.63 v. ve. S.C.E. The first
diffusion current plateau was' incompletely developed but the total
diffusion current wag well defined. In the same medium Mo(V) yielded

a single wave (E% = -.60 v. v8. 8.C.B.) corresponding to a two electron
reduction to Mo(III). When controlled pctential reducticn was done on
hydrochloric acid solutions of Mo(VI) and Mo(V) at a mercury cathode

the green form of Mo(III) was produced with virtually 100% current
efficiency. Solutions of Mo(III) in 0.3 M hydrochloric acid showed

no cathodic wave, but an incompletely developed anodic wave appeared

at -0.22 v. vs8. S.C.E. In 0.8 M hydrochloric acid Carritt observed

three waves on the polarogram of Mo(VI). The half wave potentials were
-0.12 v,, -0.25 v., and -0.55 v. ve. S.C.E. The first two waves were

not completely resolved. He found that controlled potential reduction

of the Mo(VI) solution at a mercury cathode at a potential (-0.15 v.)
between the first and second waves produced a solution of +5 molybdeﬁum
which gh
that the firat two waves in the original Mo(VI) polarogram corresponded
to the reduction to Mo(V) of two different molybdenum species in sluggish
equilibrium. He did controlled potential reduction of Mo(V) solutions

at -0.75 v. which produced a solution of green Md (IV) with nearly 100%
current efficiency. The calculated current consumption for a one elec¢tron
reduction was 401 coulombs and the value observed after the current

decreased virtually to zero was 403 coulombs. He found no cathodic wave
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for the Mo(IV) sclution, but an incompletely developed anodic wave was
observeé. at the seme potential (-0.15 v.) as the anodic wave of Mo(ITI).
Carritt concluded that Mo(IV) is produced only by the reduction of Mo(V),
and that controlled potential reductions of solutions of Mo(VI) at the
same potential proceeds directly all the way to the Mo(III) state.

This lastter condition would be the one that prevails in reduction of
Mo(VI) solutions at the dropping electrode at potentials corresponding

to the total diffusion current. More recently polarograms of Mo(VI)

have been determined in solutions of varying molybdenum and sulfuric

acid concentrations. Kolthoff and Hodara (23) found that, under

suitable conditions, two clearly defined waves A and B are observed.

They attribute wave A to the reduction of Mo(VI) to (V) and wave B to

the reduction of Mo(V) to (III). In 5 M sulfuric acid they found that
wave A was split into two waves, Al and A,, the heights of which were
diffusion controlled. These waves were attributed to the presence of
different species of Mo(VI). In dilute sulfuric acid they found that

wave B is split into two waves, Bl and 32, which were diffusion controlied.
Thege were attributed to the reduction of different species of Mo(V).
iindar the varying conditiong the haif wave poten o
+0.02 to +0.13, A5 from -0.11 %0 +0 ol

B, from -0.55 to -0.Th.

2
The purpose of this investigation was to study the oxide
products obtained upon reduction of molybdate solutions containing
acetate, formate, and oxalate as buffers. This problem was of interest
due to the fact that International Business Machines uses a process

whereby oxide films are plated from a formate buffered molybdate solution.
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These oxide filme are converted to the sulfide and used as lubricating
surfaces on the iron parts. Since little is known of the elecirolysis
process, or the nature of the oxide film, this investigation was
initiated. In general there are three goals of this study:
(1) determining the nature of the oxide film,
{2) determining how conditions of electroiysis {(pH, potential,
and buffer) affect this £ilm,
(3) and obtaining a general idea as to the nature of the
electrode reactions.
The methods used in this investigation were a comblination of polarography

followed by controlled potential electrolysis.



CHAPTER 11

EXPERIMENTAL

Polarography

Preparation of Ammonium Molybdate Solutions
All solutions used in the polarographic invegtigation were 10-h M
in (xmh )6!!0702)4'1&320, They were prepared by diseolving 12.3595 g of
"Baker ‘s Anaiyzed" (NHh)6Mo702h~hHQO in dietilled water and diluting
to the mark in a one liter volumetric flaek. . This 0.01 M stock solution
was used to make further dilution-a to the :equired concentration. For

4 M molybdate solutions a 10 ml aliquot was transferred by pipet

the 10~
into a one liter volumetric flask and diluted to the mark.

Buffered Bolutions. All buffered solutions were prepared by

dissolving the ammonium salt of the desired buffer in the 107% M
ammonium molybdate solution and then adding the acid of the buffering
anion to reach the desired pH. All solutions were made 0.1 M in the
desired buffer. The pH wae measured with a Beckman Zeromatic pH meter
using @ Beckmsn glase electrode and a saturated calomel reference
electrode. The pH meter was gtandardized each time at a pH of 5.0
against pHydrion buffers distributed by the Micro Essential Laboratorys.
The three buffering solutions used in the investigation were acetate,
formate, and oxelate. The respective buffers were prepsred from:

Beker and Adamson reagent grade ammonium acetate ard glaciel acetic acid,

10



Mallinckrodt reagent grade ammonium oxalate and Baker and Adamson
;i'eagent grade oxalic acid.

Potassium Chloride Solutions. These solutions vere prepared by

dissolving 0.1 mole/1 of Mallinckrodt reagent grade potassium chloride

in the 10~ M ammonium molybdate solution.

Acetate, Formate, and Oxalate Solutions
These solutions were prepared by dissolving 0.1 mole/l of the
ammonium salt of each respective anion in distilled water. They were

prepared in 100 ml volumetric flasks.

S8aturated Potagsium Chloride Solution
A saturated solution of potassium chloride was kept prepared
for use in the saturated calomel reference electirode. This solution
was prepared by placing excess Mallinckrodt reagent grade potassium

chloride in distilled water.

Polarograph. All polerograms were run on & Sargent Mecdel XXT
visible recording polarograph.

Constant Temperature Bath., All polarograms were run at 2510.01c

C thermostated by a Sargent model SW thermonitor.

Polarographic Cell. A standard Sargent H cell was used as the

polarographic cell. A satureted calomel reference electrode was prepared
in one side of the celi. A simiered giass disk, augmented by an agar

plug containing potassium chloride, minimized intermixing of the test

gsolution and the soiution in the reference cell.
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Dropping Mercury Electrode. A standard type dropping mercury

electrode with a mercury reservoir adjustable for height, to regulate

drop time, was used.

Polarograms of the Supporting Electrolytes

In order to determine the potential range that each supporting
electrolyte was capable of withstanding without reduction, each one was
checked by running a polarogram over the range 0 to -2.0 v. vs 8.C.E.
In these polarograms, as well as all others, certain standard procedures
were used. All potentisls are versus the saturated calomel (S.C.E.)
reference electrode. The drop time for the dropping mercury electrode
(d.m.e.) was 4.0 sec. per drop. Each test solution was flushed for
thirty minutes with nitrogen before the polarogram was run.

Amonium Formate. A wave began developing at -1.54 v. The

recorder went off scale at -1.97 v.

Ammonium Acetate. A good residual current curve was obtained

past -1.4 v. A large maximm occured between 1.4 and -2.0 v.
Ammonium Oxalate. A wave began to develop at -1.45 v. The

recorder went off scale at -1.98 v.

Potassium Chloride. A wave appears at -1.90 v.

Polarograms of Ammonium Molybdate Solutions

Since the supporting electrolytes are good only out to -1.4 v.

tnese polarog:fams wEre yun ove a one velt range from O to -1.0v. It
was not found neceasary to use any type of maximum suppressor in these
- — e mnmade e e AT o adaanT arda t t'k

po.Larograms The pUJ.urUgruun: il €&ch Suppor Vil SASTVITayws & a8

various pH val'ues all had similar characteristics in that they were not
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good "analytical" polarograms. The waves that appeared did not rise
sharply but were sioping. In practically all cases a sharp diffusion
plateau was not reached. The half-wave potentials were determined by
drawing the best lines poszible parallel and through the center of the
residual current and the diffusion plateau. A line was then drawn
half way between these two, intersecting the wave. This point of
intersection was taken as the half wave potential. These values are

listed in Table 1.

TABLE 1
POLAROGRAPHIC DATA,

Half Wave Potentials

pH KC1l Acetate Formate Oxalate
6.1 0.7,

5.6 0.9

5.2 0.kb 0.65

L 0.62

k.0 0.63 1.0 0:59 0.38 0.65 0.8
3.0 0.58 0.9; 0.5k, 0.25 0.5 .9

8Reduction potentials versus saturated calomel electrode.
Poontains two reduction steps.

Cryo reduction steps not apparent here.

d‘Very small and 111 defined wave.

®Very smali wave, no diffusion plateau.
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Plote of E vs log 1/i4-1. Since the polarograms were all of-

the same general nature a representative group will be used to illustrate
the n values (electron change) calculated by this method. By checking

the simplified equation for the polarographic wave

E =E;-RlIn_ i ,
d.m.e. ~ % 5 1

one sees that a plot of Eq p o, V8 1og 1/14-1 should have a slope of
.059/n at 25° C, where n is the electron change, i is the current,
and 1; is the total diffussion current. Table 2 lists the n values

obtained from three polarograms obtained with the formate buifer.

TABLE 2

PLOTS OF E vs log 1/i3-1 FOR AMMONIUM
MOLYBDATE IN AMMONIUM FORMATE BUFFER

pH Electron Change (n)
5.2 0.238
k.0 0.362
3.0 0.420

The values indicate our inability to get electron change values by

this method due to the irreversibility of the reduction process.

Controlled Potentisl Electrolvsis

Preparation of Ammonium Molybdate Solutions
A1l solutions used in the controlled potential electrolysis
investigation were prepared by dissolving k.40 g of Mallinckrodt
analytical reagent molybdic acid in distilled water and diluting to
the mark in a one liter volumetric flask. These solutions are 0.1 M

in Mo(VI) as shown by reducing the Mo(VI) to Mo(III) in a zinc reductor
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and then titrating with standard potassium permangsnate.
Buffered solutions were prepared in the same manner as those used in

the polarographic investigation.

Standardization of Potassium Permanganate
Potassium permangsnate was standardized against sodium oxalate

by the Fowler-Bright method and stored in a brown glass-stoppered bottle.

Standardization of Ceric Sulfate
A gtandard solution of ceric sulfate was prepared according
to the directions of Williard and Young (24). This solution was

standardized against iron wire using ferroin as an indicator.

Sodium Oxalate Solutions
Standard sodium oxalate solutions were prepared by dissolving
3.3503 g of Mallinckrodt analyticul reagent sodium oxalate in distilled
water and diluting to the mark;:l.n & 500 ml volumetric flask. The sodium
oxalate had previously been dried for two hours at 110° C and then stored

in a desiccator over magnesium perchlorate. These were remade each month.

Sulfuric Aciid
A 1.8 ¥ sulfuric scid solution wes used as solvent and eluent
in the Jones reductor. It was prepared by diluting Mallinckrodt

analytical reagent sulfuric acid with distilled water.

Apparatus

Potentiostat. This instrument is used to maintain constant

potentiel at the working electrode in an electrolysis ceil. The

working electrcde may functicn either ancdically or cathodicelly.
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In a typical electrolysis experiment utilizing the potentiostat there
are three elecirodes; working elecirode, suxiliary electrode, and

reference electrode. (See Figure 1.)

Fig 1 -- Potentliostat Circuit

DOTERTIOSTAT A ——————Wvternel
B Reference
R W A P\ —————>Potential
1 t\K t ¢
A )
Eﬁ:ﬁ:ﬁgﬁ Auxiliary Electrode

Working ﬁ:ctrode
The working electrode is to0 be maintained at some constant potential

with respect to the reference electrode, say -0.5 volt versus the
saturated calomel electrode. Into the potentiostat is fed a potential
of -0.5 v. at terminal E; the instrument will then maintain a potential
of -0.5 v. between R and W (the reference electrode and the working
electrode) with W being negative with respect to R. Current flows
between W and A (the working electrode and the auxiiiary electrode)
in direction and magnitude Bﬁfficient to maintain W at the desired
potential relative to R.

The inatrument used 1

Laboravory of Socony Mobil 0il Co. in Dallas, Texas. It has a rise time
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of 12 micro sec. It can deliver about 4O volte and can flow up to
1 amp depending upon the load into which it works. The potentioétat
hag a very low output impedence; of the order of 0.1 obm. A Fisher
type S potentiometer was used to supply the external reference potential.

Automatic Titrator. All potentiometric titrations were done om

o Metrohm E 336 Potentiograph. It is a variable speed visible recording

titrator capable of plotting potential-volume curves or derivative

curves ( AE/ AV vs. Vol.).

Jones Reductor. A Jones (zinc) reductor was made according to

the instructions of Kolthoff and Sandell (25).

Electrolysis Cell. A 100 ml tall form beaker was used as the

electrolysis cell veésel. A cylindrical platinum electrode was used

as the working electrode with a smaller gauze platinum electrode placed
in the center as an auxillary electrode. The warking electrode had a
circumference of 3.9 cm and a height of 5.4 cm. A saturated calomel
electrode similar to the one described by Lingane (26) was used as

the reference electrode. The solution to be elecirolyzed was stirred

by a magnetic stirrer.

Analysis of Lower Oxidation State Molybdenum Oxidee
The anmalwsie of lower cxid.ation gstate molybdenum oxides hy
normal analytical methods is very difficult due to the insolubility
of these oxides In water and non-oxlidizing acids. The percentage
molybdenum can be o‘bﬁained simply enough by igniting the oxides to
H003 at 500c> C. Here we have

Percentage Mo = Mo/Mo03 (wt. MoO3) x 100 = (0.6666)(g. of Mo0a) x 100.
sample wt. sample wt.
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This method will yleld the percentage molybdenum in the sample, but
glves no indication of the oxidation state, which is of interest in
unknown mixed oxides of molybdenum.

In order to determine the oxidation states of such oxides an
attempt was made to titrate them in hot 6 M nzsoh with KMnOh. A smell
excess of permanganate was added to the solution, coloring it a faint
pink. This speeded up the dissolution of the oxide. When the solution
became colorless, another small amount of permanganate was added. In
th_is manner the sample could be placed in solution and thé number of
equivalentg of oxide determined. The obvious disadvantages of this’
method are the slowness of analysis and the difficulty in reaching a
precise endpoint.

If an attempt is made to add exceas mnoh and then back titrate
with a standard oxidant, such as sodium oxalate, the reaction proceeds
stepwise in the acid solution. This is due to the action of the
mang&aious ion on the reduction of permanganate ion to manganese dioxide.
{27, 28)

2Mn0; + 3Ma ¢ 20 = SHmlp + M
For this reason a quantitative détemination of the excess permangenate
ion is not poasible in the acid solution.

It was felt that ceric sulfate would possibly be more suitable
for the determination, since no intermediate oxidation states could
hinder the reduction of Ce(IV) to Ce(III). 4 check in a reference text
of analytical chemistry (29) revealed two references where such a
wethod had been used to determine Cr{III) amd V{IV). (30,31) In this

method, excess ceric sulfate was added, and the excess titrated with
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sodium oxalste. This end point cannot be determined by usins the
disappearance of ;olor of the Ce(IV) ion, since this precedes the actual
end point. For this reason, & suitable indicator must be used (such
as ferroin), or the end point determined potentiometrically. Since
a Metrohm E336 Potentiogreph was availeble, the latter method wes
chosen in the analysis of the molybdenum oxides. The sodium oxalate
solution was prepared by placing 3.3689 g of reagent grade sodium
oxaléte (previously dried for two hours at 110° C) in solution and
diluting to 500.00 ml. This gives a calculated normalty of 0.1006.

A standard solution of ceric sulfate was prepared according
to the directions of Williard end Young. (24) This solution was
standardized against iron wire and found to be 0.0416+ 0.0001 N.

Three samples were prepared by placing 10 ml of the ceric
sulfate solution in 100 ml of 1.8 N sulfuric acid. These were titrated
potentiometrically at an elevated tempergture (70-80° C). The normality
of the ceric sulfate determined by this method was 0.01&23:0.0003 K.
Simce the reaction of the oxalate wi
31) the deviati;m from the previously determined normciity is in the
expected direction.

The methcd was checked for the amalysis of molybdenum oxides
by determining the ﬁercentage molybdenum in three samples of MoO,. (32)
The MoO, was dried for 1.5 hours at 100° C and three samples weighed
out. These samples were placed in excess ceric sulfate and 1.8 N
sulfuric acid. They will dissolve only slowly (2-3 hours) in this
solution on heating and stirring by a magnetic stirrer-heater combina-

tion. The exceas ceric sulfate was titrated with sodium oxalate at an
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elevated temperature using a potentiometric endpoint. The results are
given in Table 3, followed by a sample calculation.
TABLE 3

ANALYSIS OF M002

Sample | Sample | Vol. of Vol. of Oxalate | Vol. of Percentage
No. | Wt.(g) | Ce(S0y), |to Titrate Ex- | Ce(80y), Re- Mo
Added (@1)| cess (ml) acting With
Oxide (ml)
I, 0.1011 | 45.18 2.95 38.16 75.4%
II 0.1096 45.20 1.8 40.89 Th.b1
III 0.1021 k5,12 2.90 38.22 4. 70

8Used for sample calculation.
PPure ‘Mo0, has percentage Mo = T4.99 versus T4%.85% experi-
mentally determined above as the average.

in determining the excess ceric sul;‘ate. Detem.ning ml of ceric

sulfste/ml of cxalate aided in feducing any error due to the slowness

of the endpoint, or due to decomposition of the oxalate solution.

The normality of the ceric sulfate solution was taken as that deter-

mined versus the iron wire.

(I) Titer of cxa,(soh)2 golution = 2.38 ml of C.e(SOb,)a/ml of oxalate

(a) (2.95 mL of oxalate) (2.38 miL of Ce{S0)),/ml of oxalate )=

7.02 ml of (','e(SO..;)2 in excess ‘

. _ tr - - - -
(b) 45.18ml - T.02 mi = 38.16 ml reacting with the oxide -
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(e) 38.16m '(o.0h16 N) = 1.587 meq. =

(d) K1.59 meq.) (1.97 mg of Mo/meq.)/L01.1 mgx 100 =

Percentage Mo

(e) Percentage Mo = T5.44%

As an additional check on the method a2 sample of Na

1.59 meq.

M
2..oou was

dried to a constant weight at 110° ¢ and analyzed for percentage.moly’o-

. denum. Two samples were veighed out, placed in solution in 1.8 N H,S0,

and passed through a zinc reductor into excess ceric sulfate solution.

The zinc reductor reduces Mo(VI) to Mo(III). The Mo(III) is oxidized

back to Mo(VI) by the Ce(IV) and the excess Ce(IV) is determined as

before by potentimetrié titration with sodium oxalate at an elevated

temperature. The results are given in Table 4, followed by a sample

calculation.

TABLE 4

ANALYSIS OF Nago0,

Sagple Samgle\ Vol. of Vol. Of Sodium | Vol. Ceric Percentage
5o, Wt 8) § Ceric Sul- | Oxalate To Ti- ; Sulfate Re- Koy
' fate Added | trate Excess acting With
(m1) {m1) Ho{ITT) (m1)
I 0.1561 28.75 2.55 25.92 b7.13
II 0.1687 30.43 2.7 27.43 46.82

%Used for sample caiculation.

bﬁazﬁlooh has % Mo = 46.59 versus average of 46.97 experimentally

determined sbove.
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I. Titer = 1.1l ml. of ceric sulfate/ml. of sodium oxalate.
Normality of ceric sulfate = C.09CL.
(a) (2.55 ml. !o:f oxalate)(1.11 ml of ceric sulfate/ml of
oxalate) =2.83 ml.

() 28.75 ml. - 2.83 ml. = 25.92 ml. of ceric sulfate,

(c) NE D wl (Q -

e g i e

oo ) _.a

L0 Ry = .‘33 Sq o
(@) ((2.33 meq.)(31.98 ng/meq.)/158.1 mg] x 100 = % Mo
Percentage Mo = 47.13 ‘ |

By combining the two previous analytical methods, the oxidation
state of the molybdenum oxide cen be determined by taking. the ratios of
the amount of ceric-sulfate required to titrate a sample before and
after it is run through the zinc reductor. If x is designated as the
valence change resulting from the oxidation of Mo (VI - x) to
Mo(VI) by V; ml of ceric sulfate. and V, ml of ceric sulfate are
required to oxidize the Mo(III) to.Mo(VI) after passing the solution
through the zinc reductor, then:

Vlfx = V,/3. A

When this was dome for the MoO, (32) the results are listed in Table 5.

Characteristics of Electrolysis
The obseriations made during the electroilyeis of the ammonium
molybdate solutions containing no buffering agent and those containing
the acetate, formate, and oxalate buffers were very similar. On .
beginning the electrolysis the current would be high and ‘elowly drop
off to near zero as the electrolysis nroeceeded. A typical get of

current-time deta are given in Tsble 6.
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TABLE 5

DETERMINATION OF OXIDATION STATE OF MoO,

Sample Samﬂe Vol. Of Ce(sog)e Vol. Of c-a(soh)2 Oxidation Number
No. | Wt. (g)| For Mo(IV) To For Mo(III) To “ | Change,
Mo(VI) Mo(VI)
1 0.1535 2k.97 42,69 1.75
2 0.1631 26.64 46.20 1.73
3 0.1498 2h. 21 40.95 1.77
8Average of 1.75 vs 2.00 for pure Mooe.'
TABLE 6
CURRENT TIME DATA FOR FORMATE BUFFERED SOLUTION
i Time (min) Current (milliampe) Potential
4.0 0 600 -0.65 v.
5 300
7 200
iz 100
50 ko
60 35
2hs5 20
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As the electrolysis proceeds the electrode becomss covered with a
brovndsh black oxide film., 4s this film covers vhe elecirode, the
current falls off, until eventually the reduction of the molybdate
gpecies is practically zero. During the electrolysis a small

amount of hydrogen gas is produced at the cathode, with either 0o

falls off as the oxide film covers the cathode surface. More hydrogen
is produced as the pH is lowered. During electrolysis the solutions
all change color. Ammonium molybdate solutions change to a very light
blue. The acetate and formate buffered solutions turn blue. The
formate solutions turn a darker blue than the other two solutions.

'As the pH 18 lowered the solutions turn a darker blue. At a pH of
3.0 a clean platinum surface catalyzes the reduction in formate such
that a reaction occurs between the molybdate ion and formate ion at
the electroﬁé surface when it is placed in the solution, with the sub-
sequent production of the characteristic molybdenum "blues" (10).
Investigation revealed that pallsdium and gold would i:roduce this
reaction also, but to a mich smaller extent. Gold will produce onlj

& very smali amount of piue color over a period of hours. The catalytic

<k
[«]

effect of the ciean piatinum surface wes not strong enough to produce
this reactio_n in the acetate and oxalate solutions. The vxalate
buffered solutions turn light brown \upon electrolysis instead of blue.
Thie is probably a colloid also, since tungsten and molybdenum have
similar recsctions in this respect. The tungsten "bronzes" are as

characteristic as the molybdenum "blues.” The amall emount of oxide

}‘.‘.'QR-!.‘.CS‘-‘. Aurdne sn electrolys
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of electrolyses be run to produce enough sample for anelysis.

Ignition of Oxide Samples -

A series of electrolyses were run to obtain samples for
ignition to M°°3', These samples were air driéd at room temperature
and then scraped off the platinum electrode and ‘e’tored in a desiccator
over magnesium psrchlorate. When sufficient oxide was obtained it was
dried to a constant weight at 110° C. The dried oxide wes then placed
in crucibles and ignited in an electric muffle furnace at 500° C. The
lover oxidation state oxides are comverted t Ho03. The data obtained

are listed in Table 7.
'.BA_BIE T

COMPOSITION OF OXIDES OBTAINED AT CONTROLLED  POTENTIAL

Buffering | Potential | pH [Dried Oxide | MoO, Weight | % Mo Lverage
Agent va. 8.C.E. [Weignt (g) 3(e)
None* | 0.60 5.40| 0.1572 0.1550 65.72 | 65.T2
Acetate 0.65 5.30{ 0.1217 0.1184 64.83
0.1293 0.1255 | 64.657| 6h.7h+.13
0.60 4.00] 0©.102% 05.035C 1.8
0.11h4 0.1062 | 61.88 | 61.86+.03
Formate 0.65 5.,26{ ©.1580 0.1527 | es.u2 |
0.155T7 0.150% [ 64.39 | 64.41+.02
0.65 h.,00{ 0.1035 0.0989 - | 63.70
0.1043 0.099% | 63.53 | 63.62+.12
Oxalate 0.75 6.30] 0.1448 0.1323 60.91 | _
0.1727 0.1573 | 60.72 | 60.82+.13
0.75 4.00| o.1017 0.0920 | 60.30
0.1321 0.1187 '| 59.90 | 60.10+.03
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Sample Calculetl on.

(1) Percentage Molybdenum = Mo/MoOy (MoO3 Weight) x 100
(Dried Oxide Weignt

(2) Percentage Mo = (0.6666)(0.1550 g) x 100
0.15T2 g

(3) Percentage Mo = 65.72

Titration of Oxide Samplese
Samples were obtained as before and placed in excess ceric
sulfate. The excéas ceric sulfate was back titrated with sodium oxalate.

The data obtained are gives in Table 8.
TABLE 8

OXIDATION NUMBERS OF DRIED OXIDES OBTAIRED AT CONTROLLED POTENTIAL

Buffer Pot. pH Oxide Vol. of Ceric N of Ceric Ox. No. Average

Weight Sulfate (ml) Sulfate of Mo
None* 0.60 S.40 0.1i26 18.26 0.0576  L4.6h4
. 0.1144 18.93 4.61
0.1236 15.95 L.6% %.63
Acetate 0.65 5.30 0.1110 15.74 0.0576  L4.78
0.1431 20.42 5.78 .78
0.60 4.00 0.1148 8.60 0.0544 5.37
G.1156 8.k 5.38
0.1006 T.25 5.40 5.38
Formate 0.65 5.20 0.103% 15.89 0.0576  L.67
0.1125 17.66 L.65
0.1066 16.70 4,66 L.65
0.65 %4.00 0.100% 12.17 0. 054k 5.01
0.1116 13.49 5.0L
0.1032 12.47 5.01 5.01
Oxalate 0.75 6.30 0.0597 8.65 0.0576  4.68 4,68
0.75 4.00 06.1014 1%.00 C.054k 4,80
0.1030 1%.28 .19 4.80

*Used for sample calculation.
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Sample Calculation.

(1) Percentage Molybdemm = 65.72 (from Table T.)
(2) (o. 6572) (0.1126 g) = 0.0740 g of Mo

(3) (18.26 m1) (0.0576 N) = 1.0518 meq.

(4) T4.0 mg of Mo = 70.36 g/eq.

1.0518 meq.
(5) Change in ox. mo. = at. wt. = 95.94 = 1.36
’ ' eqo Vt. 7 d3

(6) Oxidation number = 6.00 - 1.36 = 4,64

In order tq minimize the possibility of air oxidation a
series of electrolyses were run vhere the samples were not air dried
before analysis. The oxide covered cathode wae rinsed carefully with
distilled water and placed in éicess ceric sulfate solution. The
excess was back titrated with sodium oxalate (Vy). The sample was
then run thi'ough the zinc reductor into excess ceric sulfate and the
excess again back titrated with sodium oxalate (V,). The data
obtained are given in Table 9.

Sample Calculation,

1) T.78mi. _ 1k
x 3.

(2) x = (3. . = 1,57
15,85

(3) oxidation number = 6.00 - 1.57 = k.43
Uncontrolled Potential Electrolyeis

All solutions, equipment, and procedures were the same as used
in the controlled potential electrolysis, The potentiostat was used
as a d.c. power source by connecting only the working and auxiliary

electrode leasds. The reference electrode was left out of the circuit.



In this case the pote
hydrogen gas at the working electrode. During these electrolyses
a large amount of hydrogen gas was evolved and the current remained

constant at TOO ma.

TABLE 9
OXIDATION RUMBERS OF UNDRIED OXIDES OBTAINED AT CONTROLLED POTENTIAL

Buffer Potential pH Elect. Time ‘El) Vo  Ox. No. Average
m .

(min. ) (ml) of Mo
None* 0.70 5.40 30 7.78  14.85 L4.43
} 30 8.7+ 15.83 L4.34  4.38
Acetate 0.60 5.0 60 6.02 11.73 L4.46
’ 3¢ '3.96 7.92 L4.50
30 4,78  10.45 L4.63 4,53
0.60 k.0 30 2.35 5.50 k.72
30 3.6k 7.54 4.55
90 6.47 12,69 4.7 k.58
Formate 0.65 5.0 120 15.06  28.25 L.4o
36 5.68 11.64 L4,5h
30 6.26 12.95 L.55 4.50
0.65 4.0 30 7.25 1%.03 4.4
30 7.31 14,10 k.44
30 T-40  1h.44% 4.46 4.45
Oxalate 0.70 6.3 30 3.6 6.6 k.37 k.37
0.T5 5.0 30 1.90 3.70 L4.46
30 2,16 .37 L.52  L.ho
0.75 L,0 120 5.50 1042 L.b2
60 2.7 5.52 4,51
60 3.67 6.87 L.ho  Lh.44

*Used for vsample calcuiation.
ggle Calculation.

(1) 7.78 ﬂl = 1&985 m.
x 3.00
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(2) x = g3.002§1.18) = 1.57

14,85
(3) oxidation mmber = 6.00 - 1.57 = 4.43

Ignition of Oxide Samples

A geries of electrolyses were run to obtain samples for ignition
0 M-,Bi Thege gamples were alr dried st room temperature and then
scraped off the platinum cathode and stored in & desiccator over
megnesium perchlorate. When sufficient oxide was obtained it was
dried to a conétant weight at 1100 C. The d.riedv oxide was then placed
in crucibles and ignited in an electric miffle furnace at 500° C. The
lower oxidation state oxides are converted to Moo3. The date obtained

are listed in Table 10.
TABLE 10

COMPOSITION OF OXIDES OBTAINED WITH UNCONTROLLED POTENTIAL

Buffer pH Dried Oxide MoO, Weight Percentage Average

Weight (g) - (g) Mo

None 5.40 0.1529 0.1482 6L.61

o.4126 0.500% 6h.565 &k, 65+.08
Acetate 5.30 0.1591 0.1528 64.02 -

0.1538 0.1472 63.80 63.91+.15

4,00 0.1060 0.097% 61.25
0.1023 0.0940 61.25 61.25+.00

Formate 5.20 0.1105 0.1066 64.31
. 0.2kT7 0.2385 64.18 64.24+.09

L, 00 0.1021 0.0981 64.05
0.1049 0.1010 - 6k.18 6k.12+.09

Oxalate 6.30 0.1139 0.1092 - 63.91
0.1188 0.1135 63.69 63.80+,15

4,00 0.1033 0.0981 63.30

0.1211 0.1153 63.h7 63.38+.12
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Titration of Oxids Samplss
Samples were obtained as before and placed in excess ceric
sulfate. The excess ceric sulfate was back titrated with sodium oxalate.

The data obtained are given in Table 11.
TABLE 11

OXIDATION FUMBERS OF DRIED OXIDES OBTAINED WITH UNCONTROLLED POTENTIAL

Buffer pE Oxide  Vol. of Ceric N of Ceric  Ox. No. Average

Weight  Sulfate (mi) Suifate of ‘Ho-
None 5.40 0.1034 16.26 1 0.0576 4,65
0.1033 16.37 k.65

0.1060 16.39 4.68 4.66
Acetate 5.30 0.1221 19.05 0.05T6 L.6
0.1218 19.09 4.6k

0.1237 19.36 L, 6k b,64
k.00 0.1049 12.94 0.05k4 4,95
0.1058 12.99 4.95

0.1127 13.43 4.88 4,96
Formate 5.20 0.1225 18.62 0.05T6 k.70
0.1244 i9.13 4,68

‘ 0.1296 19.78 4,69 4.68
4,060 0.10i5 iz2.83 0. OS5tk 5,97
'0.1499 19.93 h,92

0.1222 i5.29 4.08 L.g8
Ozalste 6.30 0.1285 18.30 0.65T6 L.TT
0,116k 16.79 b.75

0.1808 25.86 k.75 k.75
4,00 0.1033 10.93 0.05uk 5.1k
0.1021 10.88 5.13
0.1105 11.68 5.12

5.13

A series of samples were prepared as before. but were dried for 2k hours
at 110° C under a nitrogen atmosphere. The data obtained are listed

in Table 12 for ignitions and titrations done on three sets of oxides.
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TABLE 12

ANALYSIS OF OXIDES OBTAINED WITH CONTROLLED
POTENTIAL AND DRIED UNDER NITROGEN

Buffer pH Oxide Vol. of % Mo 0x. No. Average

Wt. (g) Ce(sou); of Mo
None 5.4 0.1038 22,32 67.92 4,35

0.1040 22,19 4.36

0.1009 21.32 4.38 4,36
Formste 5.2  0.1018 22.13 66.65 4.30

0.1039 22.4h h.31

0.1055 22.85 4.35 k.32
Oxalate 6.3 0.1033 20.61 61.43 4,26

0.1042 20.87 L.

0.1019 20.62 4,28 4,28

*Mormality of ceric sulfate = 0.05kk.

Since ignitions were not done on all of the oxides the re-

mainder of the data are given in Table 13.

The equivalent weights of

the oxides dried under nitrogen are listed along with the equivalent

welghts of thosge

A series

not controlled.

dried in air.

of electrolyses were run where the samples were not

ATV cmnen - Assmmmom ewmmea =n
ALl PLULCTUUWILTE WSL T viie

able 9, except the pot

The data obtained are given in Table 1k4.
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TABLE 13

EQUIVALENT WEIGHTS OF OXIDES OBTAINED WITH UNCONTROLLED POTENTIAL

Buffer pH Oxide Vol, of Eq. Wt., Average Eq. Wt. Average
Wt. (g)g Ce(Soh)g_b Under Ny in Air
None 5.4 0.1038 22.32 85.78 110.00
0.1040 22,19 85.95 109.89
0.1009 21.32 86.98 86.27 1ll2.77  110.89
Acetate 5.3 0.1017 21.39 87.67 111.00
0.1067 21.96 89.66 110.73
0.1024 20.85 90.62 39.32 110.45 110.73
k.0 0.101% 15.28  122.17 149.85
- 0.1028 15.87 119.53 149,01
0.1280 19.13  123.08  121.59, 154.38  151.08
Formate 5.2 0.1018 22.13 84.83 114,48
0.1039 22,4} 85.16 113.09
0.1055 22.85 85.08 85.02 113.68  113.75
L.0 0.0777 9.k7g 9111 145,00
0.0T79 9.30 92.T4 138.80
0.0836 9.95 92.89 92.35 1h7.23 143,68
Oxalate 6.3 0.1003 20.61 89.55 122.38
0.1042 20.89 92.21 120.00
0.1019 20.62 90.98 90.91 121.3F  121.2%
L0 0.0792 8.554 102.86 175.08
0.0849 8.63  108.85 105.86 172.66  173.87
80xide weights of those samples dried under nitrogen. See

Table 11 for samnle welights dried in air.

PRormality of ceric sulfate = 0.05kk except where indicated.

CNitrogen flow stopped for unknown period of time.

Oeric sulfate normality = 0.0900.
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TABLE 14

OXIDATION NUMBERS OF UNDRIED OXIDES OBTAINED
WITH UNCORTROLLED FOTENTTAL

Buffer pH Elect. Time  Vy Vo Ox. No. Average
(min.) (m) (m) of Mo
None 5.4 30 9.75 18.01 4.38
60 15.15 27.91 L.37 4.38
Acetate 5.3 30 5.3%  10.49 k.47
30 5.0 9.92 L4.48
30 L, 62 9.28 k.51 L, kg
4.0 30 2,13 5.7 L4.76
30 2.75 6.23 4.68
30 2.87 6.60 4.70 k.1
Formate 5.2 30 7.87 14.67 k.39
30 8.k6 15.03 L4.31
30 6.66 12.66 h.h2 k.37
k.o 30 5.61 10.92 4.6
30 5.32  10.75 &4.52
30 h.96 10.15 L4.53 k.50
Oxalate 6.3 30 7.56 12.54 4,19
30 6.59 11.29 k.25
30 5.43 8.90 k.17 k.20
5.0 30 2.39 k.3 4.48
60 4,32 8.01 L.39
90 7.50  1k,23 k. bho
30 2.5T 4.93 444
30 3.42 6.94 k.52 L.45
4.0 30 1.68 3.25 h.b5
30 3.h45 5.46 4,10
60 6.01 10.45 .27
ks 5.08 7.95 4.08 h.23

Spectral Investigation

An ammonium molybdate solution was electrolyzed for two
nours using a platinwa cavthode., Tae cath
oxide film. The oxide covered cathode was plac'ed in a solution of 3 M

suifuric acid. This solution was kept in a nitrogen aimosphere by
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bubbling nitrogen gas through it while being heated and stirred by a
magnetic heater-S't::!.l"r.er° During an elevén hour pericd aliquots were
removed and thelr spectrum run' on a Beckman DK-1 over the range 1700~
350 millimicrons. No absorption peaks were recorded, indicating the

insolubility of the oxide in dilute mineral acids. The oxide would

reflectance spectrum of the black oxide powder was obtained using the
reflectance attachment on the Beckman DK-1. No peaks were recorded.
A gradual increase in absorption, as noted for metals, was recorded

over the range 1T700-350 millimicrons.

Magnetic Susceptibility Study
The magnetic suscéptibility of the black oxide obtained by
electrolysis of an ammonium molybdate solution was done at room
temperature. It was méasu.red with a Curie-Chevenaux tyre balance
where the sample was suspended in a glass bucket by a quartz spring
on a quartz fiber in a magnetic field. The oxide was found to be

diamagnetic.

-

rowder Fatiern X-Ray Study
A z-ray powder pattern was run on oxlide samples and the Ivi003
obtained on ignition of the samples, obtained by electrolysis of
acetate, formate, and oxalate buffered sclutions. A Norelco x-ray

generator mounted with a variable speed diffractometer and a scintillation

The author wishes to express his appreciation to Dr. Wyman K.
Grindstaff for his help in obtaining the spectral data and for doing
the magnetic susceptibility work.
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counter was used to obtain the data. Copper K-alphs radiation was
used in 811 casez. The black oxide is amorpvhous and does not give a
diffraction pattern. The diffraction pattern of the M003 wag found to
match exactly fhe "a" group spacings given for MoO3 in the Index to the

Powder Diffraction File (1964). This indicates that complete oxidation

is oecuring on ignition.

o
a4

Current-Time Study
A current-time plot was obtained on a controlled potential
electrolysis of an ammonium molybdate solution. A Varian G-1k varisble
speed recording potentiometer was used to obtain the plot. The data
obtained was compared with a mathematical evaluation of competing
first or pseudo-first-order reactions done bj Gelb and Meites (33).
This compsrison is done by plotting ln i/io (where i is the current
at time "t" and i, is the current when t = 0) against time. The
data obtained are given in Table 15 and the plots shown in Figure 2.
The experimental data are placed as points on the graph.
This data corresponds most closely to the system where
ky

A+me—B
Lo
B—C
X

-~

C + nog —2 D.
The three calculated plots are for (a) kytkptky = 1:3:2; (b) 1:2.1:0.8;

(¢) 1:0.1:0.5.

The author wishes to express his appreciation to Dr. Raymond L.
Kerns for doing the x-ray powder pattern work, and to the Geology
Department of the University of Oklshoma for the use of their equip-
ment . '
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TABLE 15

CURRENT-TIME DATA*

Time (min) i(ma) . 1/i, In i/i,
0.00 270 1.000 0. 0000
0.25 255 0,945 -0.0566
0.50 2ko 0.889 -0.1177
0.75 225 0.834 -0,1815
1.00 215 0.797 -0.2269
2.00 210 0.7T78 -0.2510
3.00 205 0.759 -0.2758
4.00 190 0.T03 -0.352k
k.25 180 0.657 -0.4050
k.50 180 0.667 -0.4050

*¥Potential controlled at -0.65 v. vs. S.C.E.

Fig 2 -- Plot of 1n i/i  vs time.

’n Iyl:o
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Solubility Study
As indicated previously the oxide was found to be insoluble
in dilute mineral acids, but soluble in concentrated sulfuric and
nitric scid. It was insoluble in concentrated ammonium hydroxide and

potassium hydroxide.

Summation of Data

All of the data listed in previous itables are summarized in
Table 16. In this tsble the dependence of the composition and oxidation
pumbers of the oxides on pH and potential is indicated. A zero (0)
indicates no change occurs, a plus sign (+) indicates the value increased
and a minus sign (-) indicates the value decreased. The changes due to
a change in pH are for those ;)ccuring in going from a pH of 5.0 to
a pH of 4.0. The changes due to a change in potentiél are for those
occuring in going from controlled to uncontrolled potential.

Example. In the acetate buffer the percentage molybdenum
decreases (-) on going from a pH of 5.0 to 4.0 for both controlled and
uncontrolled elecirolyses. The composition does not change (0) with
a change in potential at either a nH of 5.0 or a pH of k.0, The
oxidation number increases (+) in the dried oxide on going from a pH

of 5.0 to 4,0 at both controlled and uncontrolled potential.



TABLE 16

SUMMATION OF DATA

Buffer Compositicn Composition Oxidation ~ Oxidation Oxidation Oxidation

Dependence: Dependence  Number Number Number Number

of Dried of Dried Dependence Dependence Dependence  Dependence

Oxide on I  Oxide on of Dried of Dried of Undried of Undried

Potential Oxide on pH Ox'de on Oxide on pH Oxide on -
. Potential Potential

Cont.-Unc. 5 « L Cont.-Unc, 5 - 4 Cdn‘b.-ﬁnc:. 5 -4
None .acl‘...ll‘ o 0 L N B BN B B Y R ] o 0 ® 0808 0 00 ¢ oo O O
Acetate - - 0 0 + + - - 0 A + 0 +
Formate O 8] 0 0 + + - - 0 - o +
Oxalate O C

+
+
+
4+
+
+
o
O

8t



CHAPTER III

DISCUSSION

The polarographic data obtained in this investigation is in
agreement wi{;h that previously obtained in other systems. Upon
inspection of the "half-wave" values given in Table 1, one sees that
in general the number of waves increases as the pH is lowered. The
only exception to this is in the formate buffered solutions, where a
very emall wave is noted at -0.4lt v. followed by a larger wave at -0.65
v., when the pH is 5.2. On lowering the pH in this buffer a single
wave. results at pH values of 4.0 and 3.0 This is opposite to what
happens in the acetate and oxalate buffers, where more waves appear
at the lower pH values. No quantitative explanation will be attempted
for these dissimilarities, since coulcmetric anelysis techniques would
need to be employed using a mercury cathode to obtain more information
about the reduction steps. In this investigation the author was intar-
ested in the product obtained on a £0lid platinum electrode, therefore
an investigation such as indicated ebove was not done. In general, if
one considers the possible change of species in solution (11) as the
pH is lowered, along with the complexing sbility of the buffers, it

appears quite likely that multiple reduction steps would be noted.
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reduction step does not appear, but instead reduction to the (111)
state occurs in one step. Acetate and oxalate are not as strong
reducing agents and might not possess this ability. The lack of a
sharply rising wave coupled with an indefinite diffusion current plateau
indicate the irreversibility of the reduction procesé. The electron
change values listed in Table 2 verify this when plots of E vs log
i/id-i are made. For these reasons the polarographic data will be
ugsed only to indicate the potentials at which controlled potentisl
electrolyses should be performed. Since mercury and platinum will
posgess very different properties as working electrodes, no assurance
is given that the electrolysis potentials on the platinum working
electrode will be the same as those for the dropping mercury electrode.
A scan of potentials around these values, using the potentiostat,
indicates that they are correct potentials to use, since no appreciable
electrolysis occurs until these potentisls are reached.

The electrolysis process involves the reduction of an anion

n contrclled, The negative ion must

[¢]

species, therefore it 1s dlffusl

LR
st an sdverse

approaci
votential gradient. 'In the reduction of acid solutions of molybdate,
the specles present are very complex. In this discussion no attempt
will be made to discuss the reduction process for a speéific species
and the word "molybdate" will be used to refer to a negatively charged
oxy-molybdenum(¥1) ion. 4s indicated by the data in the previous
tables, the electrolysis process fails off for the reduction of molyb-

date as the working electrode becomes coated with ithe black oxide rilam.

This is in agreement with data obtained by Heston (34) when reduction
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of formate buffered molybdate solutions was done on steel. This can
be attributed to the fact that the oxide film is non~-conducting, and
the reduction process ceases when the electrode surface is covered.
It élso cen be explained by a model wheréby an adverse potenﬁial
gradient builds up as the oxidé film thiékens on the electrode surface,
until a point is reached where the molybdate ion cannot diffuse through
the film to be reduced. A model such és this has been proposed by
Wagner (35). In either case, the result is the same. Only & small
amount (50 to 100 mg) of oxide product iz obtained on the electrode
surface. As a result of this, nothing is to be gained by doing
electrolyses for an extended length of time Most electrolyses in
this investigation were run from 30 to 90‘ minutes.

When electrolyses are done on the different buffered solutions,
the resulfs are quite similar. In all cases a brownish-black oxide
film is formed on the cathode surface. ‘l‘his_film forms with varying
speeds and in varying amounts depending on the buffer. The order of
gppearance in both speed and amount decreasels. in the order: formate>

£i1ma formed from the formate buffer have

a more smooth and lustrous appearance than those from the acetate or

oxalate buffers. The films formed in the oxsilate buffer are more

adherent and more difficult to scrape from the electrode surface.

It appears to be the .tightest film, since it is much thinner. The
st films are obtained from formete and oxslate buffers. Those

formed from acetate buffers have poor adherent properties.

(o}
tod whan tha filme are air dried at 110 C.

- a
EAW Vvl —nsany . - — —

A comndabd Thnam~ 4n
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A further weight loss is noted when the dried oxides are ignited at
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500° C. This is contrary to what would be expected, since the MoO,
formed on ignition has the.highest oxygen 1o molybdenum weight ratio,
It would be expected that the oxide would gain weight on ignition to
the highest oxidation state. This indicates that a hydrated oxide is
formed in the reduction process, and all of the water ané./or hydroxides
aié not. removed on drying to a constant weight at 110° C. Thus a
wei_ght loss is noted on ignition at the higher temperature. The
percentage molybdenum in the dried oxides is found to range from 60-65%.
This range could be expected due to different amounts of hydration
occuring in fhe solutions of d_ifferent buffer and pH. The percentage
molybdenum will be highly dependent on the amount of drying.

When the oxidgt;on numbers for 'the oxides are determined they
are found to lie in the range L4.63 to 5.38 for the dried oxides and
4,20 to 4.7 for the undried’oxides.' These values indicate that a
mixed oxide is formed on reduction, which is then partially reoxidized

in the drying process. Therefore, the oxide obtained on the cathode

(1) oxides were air dried zt 110° C before analysis, (Table 8,
1)
(2) oxides were dried under nitrogen at 110° C before analysis,
(Table 12, 13)
(3) oxides were analyzed before drying. (Table 9, 24)
In all cases the air dryed oxides have a higher oxidation number than

those dryed under nitrogen, or those analyzed before drying.
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Comparable values were obtained for the oxidation numbers of the oxides
dried under nitrogen and the undried oxides. This indicates the values
obtained for the undried oxides by using the zinc reductor are correct,
and the inebility to obtain the exact oxidation number of MoO, (Table 5)
by this method must be due to higher oxidation state species present
in the commercially prepared MoO,. '

The oxides obtained at controlled potential electrolysis have
an oxidation number of 4.50+.05, independent of changes in buffer or
pH. No other overall correlation is found between oxidation number
changes and changes in the electrolysis conditions. No consistent change
in oxidation numbers is noted when going from controlled to uncontrolled
potential, or on lowering the pH, in the different buffers. This,
coupled with the fact that the oxidation number does not change in the
unbuffered solutions, indicates the buffer plays a part in the
electrolysis mechanism, Again, this éould be attributed to the
difference in reducing gbilities of the buffers. Each buffer wilil be
discussed separately. From the data given in the tebles on the dried
oxides it is apparent that an oxide of higher oxidation number is
obtained on drying, due to oxidation. In this discussion the products
formed on the electrode will be considered, by using the data for the
undried oxides, in an attempt to correlate the product formation with
a possible electrolysis mechanism.

In the acetate buffer the oxidation number is not changed by
a change in pH at cohtrolled potential, or in going from controlled to

uncontrolled notential at a pH of 5.0. The oxidation number is

increased from L4.49 to 4,71 as the pH is lowered in an uncomtrolled
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potential electrolysis. The oxidation number is increased from
4,58 to 4.71 in going from coucrolled 10 uacomtrolled potentisl at
a pH of 4.0. Both of these would indicate a dependence on hydrogen
ion concentrgtion for the electrolysis process in acetate buffer.

In the formate buffer the oxidation number obtained is independ-

§
ct

]

1

independent of potential ot s
pH of 4.0. The oxidation number increases from 4.37 to 4.50 when the
pH is lowered in an uncontrolled potential electrolysis, and decreases
from h..SO to 4.37 at é pH of 5.0 when going from controlled to uncon-
trolled potential. Again this could indicate a dependence on the:hydro-
gen lon concentration for the electrolysis mechanism.

In the oxalate buffer the oxidation number is independent of
pH at controlled potentisl in the same pH regions as studied above
for the acetate and formate buffers, but is lower at a pH of 6.3.
This anomaly mi_at be attributed to a difference in complexed species
at the higher pH, since the oxalate is the best complexing agent of
the buffers studies. In the same pH region as studied for acetate ‘
and formate the oxidation number decreased from 4.5 to 4.23 on lowering
the pH with uncontrolled potential and decreases from .44 to 4.23 on
going from controlied to uncontrolied electroiysis at a pH of L.0.
This would indicate more dependence on potential and less on pH in
this buffer.

The changes noted for the three buffers can be represented in

a gequence ag listed:



Acetate Formate Oxalate
Cont. Uneont. Cont.. Uncont. . Cont. Uncont..
pH = 5.0 hi .50 —> 4.37 b 45
p?.‘ =4,0 L4.58— k.71 h.go by —> 1;.%3

For the acetate, lowering the pH produces the same result as increasing
the potential. 1In the formate, lowering the pH reversed the change
brought about by increasing the potential. This indicates the
poseibility that the amount of evolved hydrogen is important in the
electrolysis mechanism, whereby the hydrogen acts as the reducing agent.
The resulting reduction is not taken to as low an oxidation state as
vhen the cathode itself is doing the reduction. This would not be
true in the case of the oxalate, since this effect is not noted in this
buffer. Another piece Aof evidence pointing to this possibility is the
fact that the controlled potential electrolyses, where less hydrogen
is evolved, are independent of buffer and pH.

The x-ray analysis data gave no help on the oxide itself, since
the oxide is amorphous. It did indicate the validity of the camposi-

tiong obtained on igniting the oxides since the M003 produced wag shown

The combinetion of solubility and magnetic susceptibility data
indicates the fact that no (III) or (V) states are present in the oxide.
The solubility data matches that of Moo2 most closely, since MOEOS and
Mo(CH), are soluble in minerel acids. The fact that the oxide is
, diamé;metic indicates no umpalred elecirons present, as would be the
case for the (III) and (V) states. If these facts are considered,
along with Uhe fracvional oxidation svates, the Oxida

the mixed oxide must be (IV) and (VI). A possible reaction scheme,
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that is somewhat like the scheme of Gelb and Meites (33) that fit our
date most closely, is as Tollows:

(1) Mo(VI) is reduced to Mo(V),

(2) Mo(V) can then be reduced further to Mo(IV) or,

1(3‘) Mo(V) can disproportionate to Mo(VI) and Mo(IV).
Since the disproportionation could ocecur to varying degrees in the
different solutions, the fractional oxidation states that were
determined are quite plausible. A reaction scheme is given below for
the controlled potential case where the oxidation number was h.SO_-_f_. 05.

ke + 4 Mo(VI)—2 Mo(V)I

(1) 2 Mo(V) —> Mo(IV) + Mo(VI)

(2) 2¢” + 2 Mo(V) —> 2 Mo(IV)

6e~ + L Mo(VI)—>3 Mo(IV) + Mo(VI).
The part played by the hydrogen, as advocated before, would be consis-
tent with this mechanism since the Mo(V)—»Mo(IV) reduction might be
done by the hydrogen to a sma8ller extent than that done on the electrode
itself. This would allow more disproportionation to occur, increasing

the oxidation number of the oxide.



gation has been done on ammonium molybdate solutions buffered by
acetate, formate, and oxalate in the pH range 4.0 to 6.3. The
investigation indicated that:

(1) the black oxide obtained as yroduct in the electrolyses
is a hydrated, mixed oxide of Mo(IV) and Mé(vx),

(2) the oxidation number of the oxide is dependent ‘on the
potential, pH, and buffer, to varying degrees,

(3) the oxide is subject to air oxidation at elevated tempera-
tures, and the dried product has a higher oxidation number
than that obtained on the electrode.

An electrolysis mechanism was proposed where Mo(V) is formed, followed
by similtaneous disproportionation to Mo(VI) amd Mo(IV), and reduction
to Mo(IV). The possivility of evoived hydrogex acting &5 the reducing

agent in some casges is indicated.
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