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PREFACE

The original purpose of this investigation was to perfect and
compare coulometric methods of analysis for low level amounts of
metals in alloys and lowTevel concentrations of metallic species dis
solved in nonaqueous media.

Coulometric titrations at constant cur

rent were first considered but were later abandoned since they

possess the disadvantage of being primarily limited to those systems

in which the species being determined are reacted with an electro-

generated reagent. Attention was then shifted to the more flexible
and precise technique of controlled potential coulometry with
electronic integration of the current-time data.

During the constant

current coulometry phase of the work, however, considerable time

was spent in possible applications for the determination of alloy
constituents, and this work was pursued to a logical end with the

perfection of a method for the determination of tin in Zircaloy by
means of electrolytically generated iodine.

The results of this work,

done with the financial support of the Wah Chang Corporation,

Albany, Oregon, are presented in the Appendix of this dissertation.

1
CONTROLLED POTENTIAL COULOMETRIC AND POLAROGRAPHIC
INVESTIGATIONS OF METALLIC IONS IN FUSED SALTS

I.

INTRODUCTION

Analytical procedures capable of direct application to molten
systems at high temperature are of increasing importance to pre sentr
day technology.

The need for such procedures is evident, for

example, in metallurgical slagging, manufacture of glasses, electrorefining, research on molten salt fuel cells, and the use of fused

salts in some types of atomic reactors.

The existence of species,

often stable only in the high temperature solvent, make in situ

methods of analysis mandatory.

Although fused salts constitute the

largest class of nonaqueous inorganic solvents, chemical reactions

are virtually unexplored in these media.

The development of a

solution chemistry in fused salts depends very largely upon know
ledge concerning the oxidation states and redox behavior of the
solute ions, many of which may not exist in aqueous solution, and

upon their qualitative and quantitative determination directly in the
solvent.

Considerable work has been done in the past ten years in the

study of pure molten salts and mixtures of salts with respect to
conductance, transport numbers, density, surface tension, and other

physical properties.

The solutions to which they give rise, however,

comprise an entirely separate field of study, most of which deals with
the electrochemistry of metallic ions dissolved in various fused salt
solvents.

The present investigation was undertaken with a two-fold

purpose in mind: (1) to lay the groundwork for a long term study of
the electroanalytical chemistry of metallic ions in a series of molten

solvents; and (2) to explore the analytical utility of controlled potential
coulometry in such solvents.

In controlled potential coulometric

analysis the solution to be analyzed is electrolyzed at an electrode
whose potential is carefully controlled.

Conditions are maintained

such that quantitative reaction of the substance occurs at 100 percent
current efficiency, the total charge required to effect the reaction is

determined precisely with a suitable coulometer, and the quantity of
substance reacted is then computed by Faraday's Law.
In addition to lending itself to in situ measurement of solute

concentration and having the superior precision and sensitivity in
herent in all coulometric procedures, the controlled potential
approach possesses three desirable features: (1) endpoint detection

is eliminated; (2) both the oxidized and reduced forms of a given
reversible system may be determined either separately or in the

presence of one another; (3) an electroactive species may be
determined in the presence of one or more others if the redox

potentials are sufficiently far apart.

Such a technique lends itself

well to analysis in fused salts where the mechanical arrangement of
electrodes and associated materials in the solvent melt often

becomes a problem.
In order to accomplish the objectives stated above it was first

necessary to assemble and construct the necessary glassware,
electrodes, and associated equipment, including a controlled

potential coulometer for the coulometric studies.

Much could be

said concerning the problems involved with working in a solvent at

high temperatures.

The usual techniques so well established for

aqueous solutions, and even less well described for nonaqueous solu

tions at room temperatures, become increasingly difficult to apply

as the temperature is increased.

Such techniques, along with

description of equipment and materials,will be described where
appropriate.

II.

ELECTROANALYTICAL CHEMISTRY IN FUSED SALTS

The purpose of this review is to present a survey of recent

work having application to the electroanalytical chemistry of metallic
ions in fused salts.

The literature of fused salt research in general

has been reviewed in monographs and review articles published

during the past few years (32) (35) (36).

The recently published English

edition of Delimarskii and Markov' s text on fused salt electro

chemistry (20) is of particular interest to the electroanalytical
chemist, since it contains chapters on electrode potentials and

polarography.

More than 600 references are cited by the authors.

Considerable detailed discussion on the application and theory of

reference electrodes in molten systems, along with much practical

information concerning equipment, techniques, and a discussion of

standard electrode potentials is presented by R. W. Laity (51) in a
monograph dealing with reference electrodes in general.

Some 149

references dealing primarily with reference electrodes and standard

potentials in many different fused salt systems are listed.

Spindler

and Panzer (68) have compiled 85 references concerned specifically

with electrode potentials and electrode reactions in voltaic and

electrolytic cells utilizing fused salt electrolytes.

The selected

references cover the period from about 1920 to April, 1959, and they
include short one or two sentence abstracts.

Since these extensive

bibliographies are readily available, only a discussion of the more
recent publications having to do with the work in this dissertation will
be presented here.

Much of the work now being done on the electrochemistry of
molten salts is concerned directly or indirectly with analytical
chemistry.

Thus far, the analytical techniques employed are

extensions of those used in aqueous solutions, namely, potentiometry,
polarography, chronopotentiometry, and coulometry.

A. Potentiometry
The majority of the work falling under this classification is
chiefly concerned with the establishment of EMF series for metals
in different solvent melts, particularly the alkali halide melts.

There are some excellent examples, however, of conventional

potentiometric titrations.

Flengas and Rideal (26) performed titra

tions of silver nitrate in fused equimolar KNO,-NaNO, by adding
KC1, KBr, KI, KCN, and K-,CrO, in separate experiments.

Hill and

co-workers (31) employed potentiometric end point detection in the
titration of uranium (III) with electrogenerated platinum (II) in fused

MgCl2-NaCl-KCl eutectic at 450°C, and Laitinen and Bhatia (5) (43)
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used a carbon rod electrode to detect the end point of the titration of
chromium (II) and vanadium (II) in fused LiCl-KCl eutectic at 450°C.

Laitinen and Rhodes (49) employed a potentiometric titration of V O
2

with K CO

5

in LiCl-KCl eutectic melt, using a gold indicator

electrode plated with Li O- 2V204« 4V20 , to demonstrate the forma
tion of vanadate species.

Delimarskii and Andreeva (14) measured

the EMF of cells of the type:

Pt(02)/NaP03-PbO//NaP03/Pt(02)
to determine the solubility of lead oxide in fused NaPO,.

With the

exception of the solubility studies of Delimarskii and Andreeva, the

examples cited above have utilized potentiometry simply as a means

of end point detection in a titration or as a means of determining the
stoichiometry of a chemical reaction.

Application to the quantitative

determination of solute ions is possible when only one electroactive
species determines the potential.

Determination of the standard electrode potentials for a large
group of metals in various solvent melts has made possible, or
greatly enhanced, the use of other electroanalytical methods.
Laitinen and co-workers (43) (47) (50) have established an EMF series
for twenty-three metals and three redox couples in the

LiCl-KCl

eutectic at 450 C.

Dilute solutions of the metal ions in contact with

pure metals, or a platinum or carbon electrode in the case of redox

couples, were carefully prepared and the potentials measured over

a range of concentrations versus a platinum (Il)-platinum (0)
reference electrode.

The logarithms of the concentrations were

plotted against the cell EMF' s and the straight line plot extrapolated
to a value of log° (C ox'/C r e d ) = 0.

The standard ^potential E° was

defined by the Nernst equation

E = E° + RT/nF In (C
where the symbols have their usual meaning.

ox

/C

red

)

(1)

The electrode sys

tems studied closely obeyed the equation, showing that the activity
coefficients for the ions are either unity or constant in value over

the concentration ranges employed.

Concentration was expressed

in units of molarity, most of the solutions being in the range of
0. 001 to 0. 5 molar.

Flengas and Ingraham (25) established an

EMF series for 14 metals in equimolar KCl-NaCl eutectic at

700, 800, and 900°C.

They chose to define the pure metal

chlorides at the temperatures of the experiments as the standard
state, and used standard electrode potentials calculated from

thermodynamic data of the formation of metal chlorides.

Using

their experimental electrode potentials obtained from experiments
much like those of Laitinen and co-workers, they then calculated
activity coefficients for the metal ions studied.

Similar studies

have been made by several authors using a variety of solvent melts
(13) (22) (24) (27) (31) (53) (60) (65) (72) (73).
In surveying the work done to determine standard electrode
potentials in molten salts, one is confronted with the fact that dif
ferent workers use different, definitions of the standard states of

the solutes studied.

This can be seen quite readily in comparing

work by Laitinen and co-workers (47) (50) with that of Flengas (25)

and Yang and Hudson (72).

Standard electrode potentials defined by

Laitinen are called " apparent" standard electrode potentials by the
latter authors.

It should be noted, however, that the convention

used in establishing a particular EMF series is arbitrary and de
pends chiefly upon the experimental conditions and the type of
information sought.

Laity (51, p. 559-566) has clarified the situa

tion nicely in his discussion of reference electrodes in fused salt

systems.

The standard potential is found by tabulating values of

the function E - (RT/nF) In (C
'

/C

ox'

,) as a function of C

red

/C

ox'

red

until a constant value is obtained during successive dilutions of the
solute ion concentration.

Such a constant value of the function is

usually obtained at concentrations not far removed from unity, as
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the work by Laitinen confirms, for example.

Thus, the selection of

concentration units is entirely arbitrary; the extrapolation at infinite
dilution can be made to a one molar concentration or to a mole frac

tion of unity (pure salt).

The E° values obtained by either system

may be used to calculate cell potentials at different concentrations

within the given reference frame.

The E° values obtained using

concentration units of molarity are of more practical value to the

electroanalytical chemist since he is more likely to be concerned

with dilute solutions.

Laitinen and Liu (47) observe that extrapola

tions made from dilute concentrations to mole fraction of unity can
result in a loss in precision of the values obtained.
The standard state of unity molarity with the reference medium
taken as the fused salt solvent will be used in all work described in

this dissertation along with the sign convention as recommended by
the International Union of Pure and Applied Chemistry (8).

B. Polarography
Polarography at solid microelectrodes has been found to be a

useful technique in following solute ion concentration and investiga
ting the electrochemical behavior of ionic species in molten salts.

Laitinen and co-workers (48) made an extensive study of the polar
ography of twelve metals in fused LiCl-KCl eutectic using electrodes

\
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of carbon, platinum, and tungsten.

A more recent work by

Maricle and Hume (57) describes a study of four metals using
" Tungsten-in- Vycor " electrodes at temperatures in excess of

600°C. Delimarskii and co-workers (1 5)(16)(17)(2 1)(37 )(38)
investigated the electrochemical behavior of a series of metal
oxides in molten borax, and Delimarskii and Kuz' movich (19)
described similar work in the NaCl-KCl equimolar eutectic.

Delimarskii and co-workers apparently used non-enclosed platinum
wires dipping into the melts, since no descriptions of microelectrode dimensions or construction

are given.

The current state

of polarography at solid, stationary electrodes is well represented
by the work cited above.

A dropping bismuth electrode was

employed by Heus and Egan (30), and it was found to give reproduc
ible results for the determination of lead, zinc and cadmium in the

LiCl-KCl eutectic.

Dipping, or gas flushed, electrodes have been

discussed by Flengas (23), Hills and Oxley (33), and Lyalikov (55),
but are not too successful, because the electrode area being exposed

to the melt tends to vary during the course of a given experiment.

Many workers not dealing with polarography exclusively have em

ployed the technique as a means of following the concentration of
electroactive species or defining their electrochemical behavior
(5) (12) (18) (31), or simply measure the decomposition potentials of

11

solutions of metallic ions (21).

Examples of the polarography of a

non-metal in fused melts are described by Novik and Lyalikov 09)
who determined iodide in molten nitrates.

The shape of the polarographic wave obtained at the solid,
stationary microelectrode is dependent upon several factors,

viz..

temperature, viscosity of the melt, rate of voltage scan, alloy for
mation of deposited metal and electrode, reaction of the deposited
metal with the melt, and factors concerned with the kinetics of the

electrode reaction (20, p. 305-341).

If it is assumed that the cur

rent is directly proportional to the difference between the concen
tration of solute ion at the surface of the electrode and in the bulk

of the solution, that the electrode reaction is reversible, and that

the metal is deposited at unit activity, the polarographic wave is
given by the well-known Kolthoff-Lingane equation (40, p. 203):

E =E°M -nF
^ In

ks
+ -^JIn (i.-i)
f
nF
d '

(2)
vw

s

where the symbols have their usual meaning.

If k

s

and f

s

are

constants, a plot of E versus log (i-,-i) should produce a straight

line with a slope of 2. 3 RT/nF.

This has been verified for metal

deposition in several melts (1 9) (48) (57).

On the other hand, if the

deposited metal forms alloys with the electrode, or other processes
occur which lead to cathodic depolarization, the Heyrovsky-Ilkovic
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equation (40, p. 192)

E =E,_L - -nF
M_ In (~i-)
l ,-i
2

(3)

d

has been found to apply (15) (16) (17) (18) (20, p. 307-3 10) (37 ) (38).

In

the case of the reduction of a simple metal ion to a lower oxidation
state an equation identical in form to equation (3) has been derived

(40, p. 206).

Thus, in the latter two cases a plot of E versus log

( ___i___) should also yield a slope of 2. 3RT/nF.

It is interesting

to note that Maricle and Hume (57) found that the polarograms of
Ag(I), Cu(I), and Fe(II) obeyed equation (2) when working in the
NaCl-KCl eutectic at 740°C, whereas Delimarskii and Kuz' movich
(19) showed that the wave for Cu(I) was better described by equation

(3) when working in the same solvent at 710°.
found to yield waves described by equation (2).

Ag(I), however, was
The only difference

in experimental conditions appeared to be the electrode material,
as Maricle and Hume used tungsten and Delimarskii platinum.

Apparent verification of the Heyrovsky-Ilkovic equation has been
attributed to conditions in which steady states have not been

achieved during the polarization of the electrode (5, p. 4), probably
due to too rapid a voltage scan when using automatically recording
polarographs, but Maricle and Hume found that scan rates up to

0. 3 volts/minute produced curves differing little from manually
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recorded ones.

The apparent discrepancy between the data of

Delimarskii and Maricle is most probably ascribed to alloy forma
tion when the platinum electrode is used.

C. Chronopotentiometry

Voltammetry at constant current, or chronopotentiometry, has
been utilized with considerable success by Laitinen and co-workers

(44) (46) (49) who demonstrated that cathodic chronopotentiometry at
solid electrodes in the LiCl-KCl eutectic may be used for analysis

with an accuracy of about ± 3 percent. Anodic chronopotentiometry
at a liquid bismuth electrode in the same solvent was employed by

Van Norman (71). Both zinc and lithium were anodically stripped
from the bismuth pool electrode after depositing the metals from
solutions of their respective ions in the fused eutectic.
D. Coulometry

The most successful analytical method described up to this date

is that of secondary coulometric titrations with electrolytically
generated oxidants using suitable end point detection methods.

Hill and co-workers (3l)determined uranium (III) by reduction with
generated platinum (II) in both the LiCl-KCl andthe MgCI -KCl-NaCl
eutectics. Laitinen and Bhatia (42) generated iron (III) in the

LiCl-KCl eutectic by anodizing a carbon rod in a solution containing
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an excess of iron (II) and determined chromium (II) and vanadium (II).

The end point was detected either potentiometrically or amperometrically using a single indicator electrode or two indicator

electrodes.

Results with ± 1 percent accuracy were reported.

The use of controlled potential coulometry as a reliable means

for the determination of metals was quite recently described by Van
Norman (70). Zinc and cadmium were determined by anodic strip
ping from a bismuth pool electrode and nickel was determined by
stripping the predeposited metal from a platinum gauze electrode.

In all cases the analyses were performed with an accuracy of ± 1
percent.

Uranium in bismuth-uranium alloys was determined by

stripping in a like manner to give results accurate to within ± 2

percent.

No attempt was made to measure the nickel content by

cathodic deposition at controlled potential, but comparison of the

cathodic and anodic processes for the zinc analysis showed a large
positive bias attributable to high residual currents in the cathodic

process.

Bhatia (5, p. 28-29) studied the deposition of copper

metal on a platinum electrode in the LiCl-KCl eutectic by allowing
electrolysis to proceed for about 20 minutes until the current had

decayed to less than one percent of its initial value.

No quantitative

data were presented, but the validity of the first order decay law,

15

H=io10'kt

(4)

(iQ equals initial current, i the current at time t, and k a constant)
was verified.

In view of the inherent precision and analytical utility of the
controlled potential approach, considerable work using this tech
nique will undoubtedly be done in the future.

Accurate and

precise data obtained by the controlled potential deposition of

metals in fused salts is yet to be found, since the high residual
currents found at the potentials negative enough to plate out the
solute ions being determined usually invalidate the results.

Since

the stripping process takes place rather rapidly and at more favor

able potentials, the effects of residual current are greatly mini-

zed.

The constant, k, in equation (4) may be given by the following

expression (52, p. 227):

k = 0. 43DA/V6

(5)

where D is the diffusion coefficient of the reacting substance, A

the electrode area in cm2, V the cell volume in cc. , and 5the
diffusion layer thickness in cm. It is easily seen that increasing
the electrode area, reducing the cell volume, and reducing the

diffusion layer thickness (by vigorous and efficient stirring) all

16

contribute to reducing the time required for the electrolysis to

reach completion.

Consideration of these parameters in the design

of cells and working electrodes is a necessity if the maximum bene
fits of controlled potential coulometry are to be realized.

It is quite

possible that the effects of residual currents may be minimized by
shortening the electrolysis time, since the steady residual current
is reached at an earlier stage of the electrolysis and may be cor

rected for by extrapolation to zero time.
The theory and application of controlled potential coulometry,
along with much of the associated equipment involved, have been

described by Lingane (52, p. 296-350, 450-483) and Delahay (11,
p. 282-298, 391-401).
Controlled potential coulometry of redox couples of the type
M

^-^ M

+ (m-n)e

in the literature.

in fused salts have not yet been described

Studies of two such systems,

Cr (II)/Cr (III) and

V(II)/V(III), form a portion of the investigations described in this
work.
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III. EXPERIMENTAL

A- Construction and Calibration of the Controlled Potential
Coulometer

Although simple manually controlled potentiostats have been
used by a number of workers, the use of an automatic device offers

the advantages of requiring less operator time and providing more
precise potential control.

The instrument constructed for use in

this investigation was similar to the one described by Booman (6)
and contains the circuit modifications described by Scott and
Peekema (64).

A block diagram of the instrument is shown in

Figure I. The triangles in the figure represent chopperstabilized operational amplifiers (Philbrick Researches K2-X, K2-P

combination) with their accompanying passive circuitry.

The out

put signal of each amplifier is proportional to the difference between

its two inputs, and is of such a sign that it can be fed back to reduce

the difference voltage between the two inputs.

With one of the in

puts grounded, as indicated in Figure I, the output will assume

whatever potential is necessary to hold the other input at essentially
ground potential.

Thus, amplifier 2 maintains the controlled

forking) electrode at virtual ground potential, while amplifier 1
holds the reference electrode at some pre-set value with respect to

+ 125 V

BIAS

it

I MEO

X"

ISOLATED
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CELL

CONTROLLED
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IKa <

50 A S

Figure I.

Block Diagram of the Controlled Potential
Coulometer
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ground by passing current between the controlled electrode and the
isolated electrode.

Since the current output of the operational

amplifiers is low, they are used to control the grids of a bank of

6AS7 triodes.

Higher current is then available from the ±125 VDC

power supply.

Current flows through the cell or through the power

triodes as determined by the output voltage of the operational ampli

fiers seen on the 6AS7 grids.

Amplifier 3 integrates a portion of

the current that flows through the cell as determined by the current

dividing resistors R, and R .

The output voltage of this amplifier

is directly proportional to the number of coulombs of electricity
passing through the cell, and it is measured by means of a record
ing or manual potentiometer.

During the actual coulometric " titra

tion*- the current falls off exponentially until it reaches some

residual value, at which time the electrolysis may be considered
complete.

The output of the integrating amplifier then becomes

constant or increases slowly in a linear manner due to the low
residual current.

The instrument, as constructed in this laboratory, consists of

three sections which are mounted on a single relay rack.

The

coulometer chassis houses the ± 125 VDC power supply, 6AS7 tubes,
integrating capacitor, and all the operating controls along with their
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associated circuitry. A Philbrick Researches R-100B power supply
powers the operational amplifiers which are mounted on a separate

chassis or manifold.

This section contains all amplifier bias con

trols, associated circuitry, and the 6. 3 VAC filament supply for
the Philbrick amplifiers.

The amplifiers are connected to the

coulometer chassis by means of dual conductor shielded cables

which plug into the front panel of the manifold.

The instrument is

connected to a large copper plate which is grounded by means of a

heavy gauge wire which is soldered to a water pipe.

The copper

plate is used to make any other ground connections for associated
equipment such as a recording potentiometer.

After construction was completed and all operational difficulties

were corrected, the instrument was calibrated using a "dummy"

cell and precision timer shown in Figure II.

Sufficient voltage bias

was set at the reference electrode bias control (Figure I) such that

the current flowing through the dummy cell would produce a reason
able voltage drop across the calibrated resistor (General Radio

series 500).

The coulometer was set to the "titrate" position and

the DPDT switch closed to start the calibration run which usually
took 10 minutes.

A series of runs in random order were made for

each integrator range setting.

The results of two calibration series

taken over 13 months apart are shown in Table I.

The stability and
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reliability of the instrument are demonstrated by the calibration

data which remained virtually constant over the period of time the
calibrations were performed.

Table I.

Calibration Factors for the Controlled Potential
Coulometer

Date

Integrator
Range

Average Value Standard

Relative

of 6 Runs

Standard

Deviation

volts/coulomb volts/fcoulomb Deviation,
percent

5/60

8/61

1

11.6032

0. 0051

0. 044

2

4.6437

0. 0060

0. 129

3

2. 3199

0. 0008

0. 034

4

1. 1622

0. 0004

0. 031

5

0.46763

0. 00020

0. 043

6

0. 23211

0. 00009

0. 040

1

11. 608

0.00520

0. 045

2

4. 6443

0.00105

0. 023

3

2.3187

0.00165

0. 071

4

1.1623

0. 00051

0. 044

5

0.46729

0.00022

0. 047

6

0. 23190

0.00008

0.034

B. Purification of the Fused Salt Solvents

The LiCl-KCl (41 mole percent-59 mole percent) eutectic

(melting point 352°C) was used for the coulometric studies of

chromium, vanadium, and niobium at a temperature of 45 0°C.

The

preparation of an anhydrous, impurity free alkali chloride melt has
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been the subject of several investigations, and as work has progres
sed in the field of fused salt chemistry various refinements and time
saving techniques have evolved.

The method described here is a

combination of several techniques perfected by different workers.

Since the problem at hand has been discussed thoroughly else
where (5, p. 13-15) (45) (6l, p. 27-33), only a brief discussion of the
evolution of fused salt purification will be presented before discus
sing the purification procedure used here.

Hydrolytic

decomposition of the melt with production of hydrox

ide ion causes the major contamination of alkali halide melts, and
varying amounts of heavy metals contribute to a lesser degree.

The

presence of hydroxyl impurities gives rise to high residual currents,
and several procedures have been described for its removal since it

interferes seriously with electrochemical studies (28) (32, p. 94-95)

(45)(56).

Purification procedures have involved extensive vacuum

treatment followed by fusion under anhydrous hydrogen chloride

to merely fusing the salts under chlorine.

The latter process has

been employed by Maricle and Hume (56) who showed that fusing the
salts under chlorine, with no pre-drying treatment whatsoever, will
yield melts free of hydroxide impurities.

Polarographic detection

of the hyrdoxide impurity has been described by Laitinen, Ferguson,
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and Osteryoung (45), and their method is generally used by all
workers to establish the purity of the solvent system.

Heavy metal

contamination is removed by addition of Grignard quality magnesium

to the melt, after removal of hydroxide impurities, followed by
filtration to remove the displaced heavy metals (5) (31 )(6l ).

The

presence of magnesium chloride in the melt will not be detectable

since its reduction potential is sufficiently negative and its concen
tration low enough that it will not deposit before lithium is dis

charged at the cathodic end of the voltage decomposition span for
the melt.

The procedure of Maricle and Hume, followed by treatment
with magnesium metal, was selected for purification of the

LiCl-KCl eutectic used in the work described here.

Although bub

bling chlorine through the melt will produce a hydroxide-free
solvent, it was found that a certain amount of predrying treatment
was necessary to prevent etching of the Pyrex purification container

as the salts started to melt.

When small pieces of magnesium

were added, some of them adhered to the glass and appeared to

attack it, as evidenced by dark stains and localized crazing of the

surface of the glass.

With these results in mind, the following

purification procedure was used.
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Reagent grade lithium chloride and potassium chloride were

dried in five pound quantities in a vacuum oven overnight.

After

drying, the salts were transferred to a dry box, mixed in the cor
rect portions, and the mixture transferred to screw cap bottles in
250 gram quantities, the amount used for each purification batch.

The contents of a bottle were then added to a purification apparatus
which was described by Hill and co-workers (31).

Their apparatus

was modified by using a removable reaction head on the top instead
of the enclosed assembly.

The reaction head was identical to the

one to be described for the fused salt cell assembly shown in Figure
III, except that it only had two glass ground joints on the top, one

for a bubbler tube and the other to admit the magnesium.

Kel-F

No. 90 lubricant was used to grease the large standard taper joint
where the container fitted into the outer jacket.

The same lubri

cant was used for the flat-ground flange on the reaction head. After
adding the charge of eutectic mixture, dry hydrogen chloride was ad
mitted through the bubbler tube and the furnace slowly brought up to just
below the melting point of the mixture.

During this period the con

tainer was alternately evacuated with a water aspirator for 15-20

minute periods followed by 5-10 minute flushes with dry hydrogen
chloride.

This portion of the process took about three hours.

The
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hydrogen chloride was then turned off and chlorine admitted as the

temperature of the furnace was raised to 400°C.

After the mixture

had completely melted, chlorine was bubbled through for one hour,
followed by a 20 minute flush with argon to remove the chlorine.

Argon flow was continued throughout the remainder of the process.
A large spiral of pure magnesium ribbon was then lowered into the
melt and allowed to react for 45 minutes, after which it was with

drawn and discarded.

The magnesium was covered with a black

deposit of heavier metals, some of which had peeled off into the
melt.

Equal portions of the purified melt were then filtered through

the medium porosity Pyrex frit at the bottom of the container into
three 200 mm. Pyrex test tubes by evacuating the outer jacket of

the apparatus.

The resultant melt was water-clear and free from

basic impurities.

The purification container remained essentially

unetched over a period of time in which about 1. 5 kilograms of the

eutectic were prepared.

The filled test tubes were withdrawn, in

turn, from the apparatus and transferred quickly to a glass con
tainer where they were cooled under a flow of argon, after which

they were stoppered and stored in a desiccator.

When required,

the solid eutectic could be easily slipped out of a test tube and into
the fused salt cell where it was melted under chlorine before
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beginning an experiment.

Polarograms of the purified melts at a platinum micro

electrode showed current densities of less than 3 microamps per
square mm. at -2. 2 volts versus a molar platinum (II)-platinum (0)
reference electrode.

Coulometric reduction at -1.1 volts versus

the molar platinum reference electrode indicated a concentration of

less than 1. 3 x 10
the melt,

equivalents per liter of reducible impurities in

If the coulometric working electrode was removed from

the melt compartment in which the residual determination was made

and placed in the bulk of the solvent, the reducible impurity could
be stripped off.

Reinsertion of the electrode into the original

compartment, followed by alternate reductions and oxidations at -1. 1

and -0. 3 volts versus the molar platinum reference electrode,
usually indicated a remaining impurity concentration of less than
3 x 10

_5

equivalents per liter.

No purification of the alkali metaphosphate melts was neces

sary because hydroxyl contamination canbe removedby ignition of the

melts at temperatures high enough to drive off water and phosphorus

pentoxide. The LiPOjKPO eutectic (64 mole percent - 36 mole per
cent)1, having a melting point of 518°C (4), was used for a solvent in
some of the work. The mixture was preparedby melting the required
portions in a platinum dish, igniting at 95 0°C for a few hour s, and
pouring out onto a polished nickel slab to solidify. The product was
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crushed and stored in screw-capped bottles.

C. Electrolytic Cell
The cell assembly used for the work m the LiCl-KCl eutectic

is shown in Figure III.

The container, which measured 67 x 260

mm. , was constructed of Vycor glass, but the remainder of the

components were made of Pyrex.

The solvent, kept under an argon

atmosphere at all times during the experiments, was divided into
separate portions using 10 mm. diameter Pyrex tubes with fritted-

glass bottoms.

The medium porosity frits acted as salt bridges,

but still prevented diffusion of compartment contents into the bulk

of the melt.

The small glass spoon was occasionally used to add

substances to the compartments by lifting them to the upper part of
the cell with a glass hook and rotating the inner glass joint to invert
the spoon and dump its contents into the compartment.

Various

electrodes were inserted through the tubes on the cell cover and

held firmly in place with sleeves of gum-rubber tubing which were

lubricated with Kel-F No. 90 grease.
were kept closed with glass plugs.

Access tubes not being used

The thermocouple was protected

by a Pyrex sheath and the thermocouple wires separated with
ceramic insulators.

The side-arm to the cell cover was connected

to a drying tube filled with anhydrous magnesium perchlorate to
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prevent possible back-diffusion of moisture into the cell.

Before

use the compartments were boiled in perchloric acid, rinsed, dried
in a vacuum oven, and transferred to a vacuum desiccator while hot.

The desiccator was vented to argon before opening and the compart
ments transferred to the cell as quickly as possible.

The following procedure was used when performing an experi
ment.

The prepurified eutectic solvent (about 83 grams) was slip

ped from its tube, placed in the cell, and slowly brought up to 400°C
under an atmosphere of chlorine.

After the solid had melted,

chlorine was allowed to bubble through the melt for about 30 min

utes.

The fritted compartments were then inserted slowly into the

cell, one at a time, and allowed to heat up for at least two minutes
before placing them into the melt itself.

Various electrodes were

inserted into the cell, but not into the melt.

Chlorine bubbling was

continued for an additional 10-15 minutes and then shut off.

Pre

purified argon was then bubbled into the melt for the remainder of

the experiment.

The compartments would start filling by gravity

flow after the chlorine had been displaced from the solvent.

The

pretreatment of the compartments with chlorine was found to help
remove any traces of water adsorbed on the glass.

After the

compartments had all filled, the various electrodes to be used were

pushed down into their respective compartments.

From that point

31

on care was taken not to expose the solvent to the atmosphere, the

argon flow being increased somewhat if samples or additional com

partments were added from the outside. All experiments were per
formed at a temperature of 450°C.

Solvent volumes in the com

partments were determined by dumping the melted contents into a

100 ml. beaker, cooling, leaching out the remaining solids,

diluting to 500 ml. with distilled water, and titrating a 25. 00 ml.
aliquot with standard silver nitrate solution.

The volume could then
(N

be calculated using the following expression: Volume =——

)(55. 59)

-L-——'

1.648

where N

is the total number of gram atoms of chloride in the

compartment, 55.59 the average molecular weight of the solvent,
and 1. 648 the density of the melt at 450°C.
The cell was modified slightly for the work with molten alkali

metaphosphates.

The metaphosphate melts were contained in a

platinum crucible which was held in position with ceramic wool

placed at the bottom of the Vycor container. A simpler cell cover
was used, since only two electrodes and the thermocouple entered
the container, the thermocouple tip being placed in the ceramic

wool next to the platinum crucible. An argon atmosphere was main

tained in the container when necessary. Since experiments were

conducted at temperatures in excess of 700°C it was necessary to
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cool the cell cover with two jets of compressed air.

D. Electrode Design
Three types of electrodes, described in detail below, were

required for the coulometric work: (1) reference electrode; (2) a

working electrode at which the desired electrolysis takes place;
(3) an isolated electrode which completes the circuit.

Several

microelectrodes , used in the polarographic work, will also be
de s crib ecu
1. Reference Electrode.

A review of the different kinds of

reference electrodes which have been used in various solvent melts

has been given by Laity (51, p. 585-599).

Of the many now in use,

the silver (I)-silver (0) and platinum (Il)-platinum (0) have been the
most popular.

The silver electrode falls under two general class

ifications? the glass-enclosed type in which the glass acts as the
salt bridge to establish contact with the solvent (41 )(54)(72)(73), and

the type in which contact is made with an asbestos fiber or porous

plug (24)(25)(26)(65).

The platinum (II)-platinum (0) reference elec

trode, proposed by Laitinen and Liu (47), has been used with suc

cess by Laitinen's group and several other workers (27) (31 )(57 ) (70)

(7 1), and it has been shown to be stable, reliable, and easily pre
pared by electrolytically generating platinum (II) in solution at
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constant current, usually in a glass compartment having a fritted
glass bottom.

The quantity of metal in solution is then determined

by the coulometric data.

Maricle and Hume (57) employed an all-

glass reference electrode for use at 740°C and used a Vycor tube

having a closed end of Pyrex glass which acted as the salt bridge.
At such high temperatures the Pyrex bridge had a resistance of only
40 to 60 ohms.

The platinum (II)-platinum (0) electrode was used in all work in
LiCl-KCl eutectic done here, and will henceforth be referred to as

the Pt(II)/Pt reference electrode. The one molar Pt(II)/Pt
reference, called the MPE, is assigned the value of zero volts.
The nominal concentration of platinum (II) used in the electrodes was

0. 05 molar. For precise potential measurements the platinum (II)
was generated in the melt in a fritted compartment, but for routine

coulometric work either a glass enclosed electrode or one having a
small asbestos fiber sealed into the glass was used.

The latter two

electrodes were prepared by filling 5 mm. OD Pyrex tubing with
eutectic which was about 0. 05 molar in Pt(II),

The method of

preparation was as follows: A weighed amount of potassium

chloroplatinate was added to a previously weighed portion
of purified eutectic which was maintained at 500°C under an atmos

phere of argon.

The platinum salt was not very soluble in the melt,
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but it slowly decomposed to give a platinum (II) solution and chlorine.

After the effluent gas from the cell no longer gave a test for
chlorine,the melt was held at 500°C for a few more hours to insure

complete decomposition of the platinum (IV) chloride.

A Pyrex

tube containing the platinum lead,terminated with a small piece of
platinum foil (shown in Figure IVa\ was flushed with argon and then
inserted in the melt.

Gentle suction was applied and the tube tap

ped until it filled to a depth of about one and one-half inches.

The

tube was then drawn into the upper part of the vessel until its
contents had solidified, after which it was capped and withdrawn

from the vessel.

The small side-arm was immediately sealed off

at its connection to the tube as shown in Figure IVb, and the
electrode stored in a vacuum desiccator until used.

Several of

these electrodes, having either a glass end or an asbestos fiber,

were constructed and tested as follows: The electrodes were placed
in a portion of the eutectic at 450°C and their AC resistance

measured versus a large platinum electrode placed in the melt. The
glass enclosed electrodes had a resistance of 2000 to 4000 ohms and

the asbestos fiber electrodes a resistance of 400 to 500 ohms.

The

potential difference between a glass electrode and a fiber electrode
were measured over a period of 24 hours.

The data are shown in
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Table II.

Table III shows a

series of measurements for four

electrodes measured against a single glass electrode.

Two of the

electrodes were used from the previous comparison, and the con

centration of platinum (II) in all electrodes was 0. 047 9 molar.

Table II.

Comparison of a Glass Pt(II)/Pt and Asbestos Fiber
Pt(II)/Pt Electrode.

Time, hours

Potential difference,
millivolts

0

1.8

0. 25

0.2

0.5

0.7

1

0.7

1.5

1.2

2

0.8

4

0.0

24

5.5

Table III. Comparison of Glass and Asbestos Fiber 0. 0479 M

Pt(II)/Pt Electrodes versus a Glass 0. 0479 M PT(II)/Pt
Electrode

Time, hours

Potential, millivolts
Glass- 1

Glass-2

Fiber - 1

F ib e r - 2

1.8

0. 2

-0. 5

1. 0

0. 25

2. 0

0. 2

-0. 6

1. 2

1.75

2. 2

0. 8

0.7

1. 1

2

1.6

1. 2

0. 3

0. 3

4.5

-4.7

0. 8

0. 1

-0. 8

5. 5

-4. 3

1.8

0. 0

-10. 0

3. 3

2. 9

-0. 1

1. 1

0

6.75
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The comparisons show that the electrodes are reasonably stable and
can be used for routine measurements when values to within a few

millivolts are required.

Since these electrodes could be withdrawn

from the melt and cleaned of adhering eutectic by washing in water,

they could be used repeatedly throughout the course of several

experiments.

Several electrodes were used in this manner during

all the routine coulometric work where deviations of a few milli

volts were of no consequence.

After use the electrodes were cooled

to room temperature, washed, dried, and stored in a vacuum desic
cator over anhydrous magnesium perchlorate.

Table IV shows the

results of several comparisons made after three of the electrodes
had been used over a period of time.

The data show that all of the

glass electrodes were stable, even though they had been withdrawn
from the melt and reused several times.

It should be noted, how

ever, that the one electrode which had been used for about 40 hours

deviates considerably from the others.

Each of the electrodes

contained a 0. 0479 M Pt(II) solution, giving a theoretical difference
of 0. 0096 volts between them and the electrolytically generated

0. 0349 M Pt(II)/Pt electrode.

Only the new glass electrode and the

asbestos fiber-tipped electrode yielded values falling near the
theoretical one.

Fluctuations in the potentials of these electrodes are probably
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Table IV. Comparison of Assorted Reference Electrodes
Time in
hours

Potential , millivolts,

versus a 0. 0349 M

platinum (II)-platinum (0)
Glass-3

electrode

Glass-2

Glass-1

F ib e r - 2

8. 2

0

6.7

24. 1

12. 4

0.25

6.7

24. 5

12.4

8. 2

0.5

6.7

24. 6

12.4

8.4

1

6.5

24. 6

12. 5

8.5

2

7. 1

24. 6

12. 6

8. 6

24.7

12. 9

8. 3

10

8. 1

10.5

8. 1

24. 8

12. 8

7.5

11

8. 2

24.6

12. 6

8. 0

11.5

8. 2

24.7

12. 6

8. 3

12.5

7.7

24.7

12. 6

8. 3

13

8. 2

24.7

12.5

8. 6

14

9.2

24. 6

12.7

7. 1

15

9. 2

24. 6

13. 9

7.4

15.5

9.2

24.7

14.4

7.5

16

9.2

24. 9

14. 9

6.4

16.5

9.2

24. 9

14. 9

6. 8

17.5

9.2

25. 0

15. 0

6. 8

18

9.4

25. 0

14. 9

6.7

19

9.4

24. 9

14. 9

6.7

19.5

9.5

24. 9

15. 3

6.6

24

9.5

25. 2

15. 0

5.6

25

9.5

25. 2

15.5

5.7

26

9.5

25. 2

15.7

5. 8

Condition of electrodes:

Glass-1: Used for 10 hours in one

prior experiment

Glass-2: Used for 40 hours in 4 sep
arate experiments
Glass-3: New

Fiber-2: Used for 15 hours in 2

separate experiments
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due to formation of asymmetry potentials and gradual build-up of
impurities.

Whenever precise and critical potential comparisons

were made, the electrolytically generated Pt(II)/Pt reference
electrode was employed.

The latter electrode was also used as a

non-polarized working electrode during all the polarographic work
in the LiCl-KCl eutectic since the glass-enclosed electrode had too
high a resistance.

2. Working electrodes. The coulometric working electrodes

shown in Figure V were constructed of platinum gauze, platinum
sheet, or high-density spectographic grade carbon.

Before use,

the platinum electrodes were boiled in concentrated hydrochloric
acid, heated to redness in a flame until the flame indicated the

absence of alkali metals, and stored in a vacuum desiccator over

anhydrous magnesium perchlorate.

The graphite electrodes were

cleaned by boiling for several hours in concentrated hydrochloric

acid, heated in a stream of argon for one hour at 600°C, cooled,
and stored in the vacuum desiccator.

The working electrodes were constructed so that a maximum

surface area could be obtained.

Stirring was accomplished by

bubbling argon up through the center of the electrodes, which were

cylindrical in shape.

Splattering was minimized by regulating

the argon flow so that the bubbling appeared to pump the melt
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up through the center of the electrode.

Rapid stirring was then

obtained, as evidenced by the fact that electrolysis times were
sometimes as low as four minutes when the steady residual current

was reached.

Stirring was not as effective for cylinders of plati

num sheet; therefore, the platinum gauze was used for the majority
of the work where the use of the metal could be permitted.

3. Isolated electrode. These electrodes, used as the auxiliary
electrodes in coulometric work , consisted of one-eighth inch diam
eter spectrographic carbon rods held in Pyrex tubing.

Electrical

connection to the rods was made with tungsten wire.

4.

Microelectrodes.

Platinum microelectrodes used to obtain

the polarograms were constructed by sealing 30 gauge wire in

Supremax glass tubing.

This tubing is manufactured by the JENAer

Glaswerk Schott of Mainz, West Germany, and v/as obtained from
the Fish-Schurman Corporation, New Rochelle, New York.

It

appears to be nearly identical to Corning No. 1720 glass, an
aluminosilicate glass used for ignition tubing.

Good seals between

the glass and the platinum wire were obtained, probably because of
the small diameter of the wire used.

Two types of electrodes were

used -- one consisting of a small tip of straight wire protruding
from the glass, and the other a small bead of platinum on the end of
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a one millimeter length exposed portion of wire.

Measurement of

electrode areas was accomplished with the use of a microscope and
calibrated micrometer eyepiece.

5. Electrode contacts. All electrode contacts were made in

such a manner that thermocouple effects were minimized, if not
completely eliminated.

If two electrodes made of different materi

als are immersed in a medium at high temperature and are allowed

to make contact at some other point not at the same temperature,
the potentiometer, for example, a thermoelectric potential will be
produced and will be superimposed on any cell potential which is
being measured.

Many workers have corrected for this, but others

have made no reference to it.

The thermal EMF, however, is

produced in a circuit only if the dissimilar metals are within the

thermal gradient, which, in this case, exists between the high
temperature part of the cell (melt) and the part at room tempera
ture (potentiometer contacts).

Therefore, if the leads within the

thermal gradient are of the same composition no thermal EMF will

be generated.

Platinum leads were used in all work done here,

contact being established with dissimilar metals in the isothermal

portion of the cell. Contact with instrumentation was made by
connecting the platinum leads to copper leads outside the cell and at
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room temperature.

A copper and a silver electrode, immersed in

the melt at some high temperature, T,, and connected to a

measuring device at room temperature, T?, could be represented
by the following circuit, contact points being indicated by an
asterisk:

9~

-Pt *Ag *Cu *Pt-

Cu * Pt-

measuring device

T-

Tl

Cu * Pt

Such an arrangement was employed in all work.

E. Equipment and Reagents

1. Furnaces and temperature control. A Multiple Unit Electric
al Furnace, 660 watts, manufactured by the Electrical Heating

Apparatus Company was used for all the work with the exception of
the melt purification.

The furnace was modified by installing an

auxiliary heating coil in the bottom of the cavity.

This coil account

ed for 10 percent of the total heating capacity and was regulated by
the temperature controller.

Voltage to the main coils was adjusted

with a variable transformer such that the furnace operated about

ten degrees below the desired temperature.

The auxiliary coil was

operated through another variable transformer which was connected
to the controller.

This arrangement allowed the temperature to be
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controlled to within ± 1°C. A stainless steel beaker was placed in
the cavity to protect the heating cell in the event the cell broke.

The beaker was grounded to a water pipe to remove the possibility
of any induced voltages being formed within the cell by the furnace

coils.

Temperature control was provided by a Minneapolis Honey

well Potentiometer Pyrometer, Model No. 156C16PS-21, from

which the temperature could be read directly.

A Chromel-Alumel

thermocouple, located in the melt, was used as the sensing element
for the controller as well as for measuring the temperature.
A special furnace, open at both ends, was constructed for use

with the purification apparatus by v/inding two 31.2 ohm coils of
20 gauge Nichrome wire in parallel upon a Norton No. 6699 alundum

core and mounting the core inside a Transite cylinder.

The furnace

core had an inside diameter of 3 inches and was 12 inches long.
The furnace had an outside diameter of 13 inches and was enclsoed

at both ends with circular pieces of Transite. Diatomaceous earth
was used for insulation.

2. Miscellaneous equipment.

Potential measurements were

made with a Gray Model E-3042 potentiometer.

A Beckman Zero-

matic pH Meter was modified to read 14 millivolts full scale, as

described by Keegan and Matsuyama (39), and used to measure the
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small potential differences during the reference electrode compari
sons.

A Sargent Model 21 polarograph was used to record the

polarograms.

A Minneapolis Honeywell 50 millivolt recorder was

used for recording the integrator output of the controlled potential
coulometer.

3. Reagents.

Anhydrous chromium (III) chloride was prepared

by reacting the reagent grade hexahydrate with carbon tetrachloride

at 650°C (29).
Lithium oxide was prepared from reagent grade lithium car

bonate according to a procedure described by Brauer (7, p. 735736).

Anhydrous vanadium (III) chloride was prepared by the thermal

decomposition of vanadium (IV) chloride (74) which was prepared by
the chlorination of vanadium metal (66).

High purity copper, chromium, vanadium, and niobium metals

(99. 9 percent plus) were used to prepare solutions of the metals in
the LiCl-KCl melt by anodization.
Potassium and sodium metaphosphates were prepared by fusing

the reagent grade alkali dihydrogen phosphates in platinum dishes

and heating at 950°C for four hours.
Lithium metaphosphate was prepared by adding the
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stoichiometric amount of phosphoric acid to lithium carbonate,

evaporating to dryness, and fusing in a platinum dish at a tempera
ture of 950°C.

Anhydrous silver metaphosphate was prepared by precipitating
the salt from a solution of lithium metaphosphate, filtering, wash
ing, and fusing in a platinum dish at 95 0 C.

All metal oxides and salts added to the phosphate melts were of
reagent grade quality.

Argon was passed through copper wire and titanium sponge heated

at 600 C in order to remove any oxygenpre sent.

The gas was then

dried by passing through columns of magnesium perchlorate.
Anhydrous hydrogen chloride and chlorine were passed through
magnesium perchlorate columns and used without further purifica
tion.
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IV. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

A. Coulometry of Metallic Ions in Fused LiCl-KCl Eutectic

During a controlled potential electrolysis, the applied potential

must be sufficiently far removed from the formal electrode potential
of the system to insure that the reaction goes to completion.

The

Nernst factor, 2. 3RT/nF, has the value of 0. 1434/n volts at 450°C;
therefore, if a 1000:1 conversion from one oxidation state to another

is desired, the applied potential must be set at least 430 mv. above

or below the formal electrode potential (standard potential in fused

salts) for oxidation or reduction respectively.

The reaction is then

allowed to proceed until a constant limiting current is reached.

In

aqueous solutions, with vigorous stirring and optimum cell design,
the electrolysis may be completed in 15 to 30 minutes.
times were lower in fused salts, however.

Electrolysis

This could be expected,

provided that a reasonable cell design is employed, since it has
been shown by Roe (6l) that exchange current densities for electrode

reactions at high temperatures in fused salts are considerably

higher than in aqueous solution.

During the following determina

tions the electrolysis was allowed to proceed until the constant

limiting current was reached.

The recorded integrator output
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of the instrument then gave a straight line plot which was extra

polated back to zero time to give an integrator reading corrected
for residual current.

Known amounts of metal salts were added to

the compartments by anodization of the metal in the melt or by ad
dition of a weighted quantity of the salt.

In addition to the determin

ation of several metals, the standard electrode potentials of the

Cr (III)/Cr (II) and V(HI)/V(II) systems were determined, using the
same technique described by Stromatt and co-workers (69, p. 8-11).
Portions of a given species in the melt were converted from one

oxidation state to the other at controlled potential and the concentra

tion ratios calculated from the coulometric data.

At any given

applied potential the electrolysis was allowed to proceed until a low
residual current was reached.

This applied potential was con

sidered to be equivalent to the potential measured under equilibri
um conditions.

When the coulometer leads were disconnected and

the potential of the working electrode measured against the refer
ence electrode, values to within a few tenths of a millivolt of the

applied potential were obtained, thus showing that the assumption
made above was correct.

1. Platinum and copper. Coulometric determinations of plati
num and copper were performed to determine if the instrument

49

would function properly when used with a highly conducting solvent
given by the melt.

Varying quantities of platinum were anodized

in the compartments at 0. 100 volts versus a 0. 0479 M Pt(II)/Pt
reference.

The platinum was then plated out at -1. 00 volts versus

the reference to give the data shown in Table V. Copper was
determined in a similar manner.

Copper (I) was added to the melt

by anodizing the pure metal at -0. 850 volts versus the reference
and was plated out on a platinum electrode at -1. 300 volts versus

the 0. 0479 M reference.

The metal was then stripped off at -0. 600

volts. Gradual loss of the copper was noted because of splattering
caused by the argon bubbler.

Table VI shows the results of three

analyses, a graphite working electrode being used for the first
sample.

Repeated plating and stripping analyses could not be done

when the platinum electrode was used, since it became increasingly
difficult to strip off the copper as the determinations continued.
This may have been due to alloy formation.

2. Chromium.

Milligram quantities of anhydrous chromium(III)

chloride were added to a series of compartments and the amount
of the chromium present determined by reduction of the
solutions at a graphite electrode.

Since the standard electrode

potential of the Cr (III)/Cr (II) couple in this solvent is -0. 525 volts
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Table V.

Coulometric Determination of Platinum
Platinum found,

Platinum added,

milligrams

Percent

milligrams

0.439
0. 860

error

0.435

-0. 91

0. 856

-0.47

1.441

1.432

-0. 62

2. 302

2. 370

2. 85

2. 270

2. 283

0. 57

2. 329

2. 311

-0.77

Table VI.

Coulometric Determination of Copper

Copper added,
milligrams

Copper found,
milligram s

Percent
error

Plating

3. 270

3. 240

Mode

3. 198

3. 273
3. 243
mean

3. 245

0. 15

Stripping

3. 219

3. 237
3. 300

3. 264
mean

2.786

3. 272

0. 99

Plating
Stripping

2. 789
2. 786
mean

2.

787c

0. 054

0

1,326

1. 340
i

mean

Plating

328

1. 334

0. 60
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on the molarity scale (47) versus the MPE, electrolyses must be

performed at -0. 525±0. 430 volts for 1000:1 conversion.

A graphite

electrode was used because platinum would dissolve during the
oxidation of chromium (II) at -0.095 volts versus the MPE.

During the earlier determinations it was noted that the

chromium concentration in the melt slowly decreased during
a series of successive oxidations and reductions on the same

sample.

Inspection of the compartment showed that green chromic

oxide was being precipitated.

Obviously hydroxyl or oxide ion

contamination was present, probably due to moisture and air

trapped in the graphite electrode.

To eliminate this difficulty the

graphite electrode was heated in an argon stream at 600°C, cooled,

and stored in a vacuum desiccator which was vented to argon before
removing the electrode.

After immersing the electrode in the melt,

it was connected to the coulometer and electrolyzed for 5 minutes

at 1. 00 volts versus the MPE to generate chlorine.

Argon was then

bubbled over the electrode for 20 minutes to displace the chlorine

from the cell, followed by electrolyzing the electrode at a potential
of -0. 100 volts versus the MPE to reduce any adsorbed chlorine.

The electrode was then inserted into the compartment and the
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chromium determination made.

The prior treatment eliminated the

formation of the chromic oxide, although slight amounts would
start forming again after about two hours, probably because of

slow contamination from within the electrode or from the glass.
The results of several trials are shown in Table VII.

All but

the last value were obtained by reduction of weighed amounts of
chromium (III) chloride.

During the course of several of the determinations, varying
ratios of chromium (III) and chromium (II) were generated coulometrically, and the potentials obtained for these ratios tabulated and

plotted against the function log (C

ox

/C

,).

red

The total chromium

concentration of the solutions ranged between 0. 016 and 0. 04 molar.

The data are shown in Table VIII. The least squares plot gave a
mean value of -0. 5392 versus the MPE for the standard electrode

potential, with a slope of 0. 1423 as compared to a theoretical
Nernst slope of 0. 1434 at 450°C.

The standard deviations of the

EM value and the slope were ±0. 0007 and ± 0. 0021 respectively.
The value reported by Laitinen and Liu was -0. 525 with a standard
deviation of ±0. 010 (47).

3. Vanadium.

The determination of vanadium was made in the

same manner, except that a platinum gauze working electrode was

53

Table VII.

Coulometric Determination of Chromium

Chromium added,
milligrams

Chromium

found,

Percent

milligrams

error

5. 197

5. 204

0. 13

2.092

2. 094

0. 10

1. 033

1. 025

-0. 60

1.587

1.574

-0. 82

1. 920

1. 915

-0. 26

3.839*

3.840

0.026

*Added by anodizing the pure metal in the melt.

Table VIII.

Standard Potential Measurement of the Chromium (III)•
Chromium (II) System

Experiment

C7^~^

__nurnbe_r^
la

lb

lc

2a

E versus Pt Molarity EP , volts
£_?ll.»_Y_<^kLs

^

re^-

0.4063

-0.500

0. 2366

-0.533

-0.538

0. 0591

-0. 620

-0. 539

0. 047 89

-0.539

0.5903

-0.477

0.8151

-0.456

-0. 538

0. 04789

-0. 539

1. 202

-0.4323

-0. 5384

3.419

-0. 3705

-0. 5417

0. 9494

-0.4478

0. 04789

-0. 5392

0. 6712

-0.4699

0. 5691

-0.4820

-0. 5415

0.4430

-0.4957

-0. 5396

0.4097

-0.4952

0.5253

-0.4804

-0. 5334

0.7295

-0.4602

-0.5337

1. 362

-0.4190

-0.5313

-0. 5396

0. 05031

-0.5327
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Table VIII (Continued)
Experiment

CI

/C,

ox'

red

number

2b

4a

4b

4c

4d

4e

E versus Pt

Molarity

ref. , volts

Pt ref.

1*411

-0..4183

1. 039

-0.4390

0.05031

E° , volts

-0.5328
-0. 5345

0. 8242

-0.4530

-0.5341

0.6981

-0.4650

-0. 5367

2.755

-0.3828

0. 04530

-0,5425

2. 040

-0.3995

-0.5399

1.249

-0.4300

-0.5402

0. 680

-0.4702

-0.5426

0.5692

-0.4986

0.9384

-0.4635

-0. 5528

2. 056

-0. 4040

-0. 5424

5.726

-0.3366

-0.5385

0. 05012

-0. 5576

0. 9348

-0.447 0

1. 197

-0. 4340

-0.5384

1.496

-0.4210

-0.5393

1.773

-0.4165

-0. 5454

0.05012

-0. 5360

1. 007

-0.4520

0. 8405

-0.4635

-0. 5459

0. 6932

-0.4737

-0.5441

0.7320

-0.4658

0. 8938

-0.4523

-0. 5385

1. 168

-0.4353

-0. 5382

0. 05012

0. 05012

-0.5448

-0. 5388

1.213

-0.447 5

0. 8907

-0.4668

-0. 5418

0. 6691

-0. 4859

-0. 5431

Least squares plot: E

0. 07418

-0. 5417

= (-G. 5392±0. 0.0067) + (Q. 1423±0. 0.0210)
C
ox

log

c

*
red

55

used.

Various amounts of vanadium were added to the melt by

anodization of the metal.

Before use the metal was cleaned by

immersing in a 1*1 concentrated hydrofluoric-dilute nitric acid
solution, rinsed with distilled water, dried, and stored in a vacuum

desiccator.

The generated vanadium (II) was oxidized coulometric-

ally at -0. 30 volts versus the MPE and vanadium reduced at -1.18

volts versus the MPE.

The results of a series of analyses are

shown in Table IX.

When the vanadium metal was anodized in the melt its surface

generally became covered with a black coating which could easily
be rubbed off.

This was undoubtedly a layer of finely divided

metal, as Roe (61, p. 43) observed that the metal tended to dis

perse when anodized in the LiCl-KCl eutectic.

When performing

the controlled potential oxidation of vanadium (II) to vanadium (III),

high residual currents were noted during the first few runs, but
residual currents for reductions appeared normal.

This was

apparently caused by the presence of finely divided vanadiur? metal

which slowly reacted with the vanadium (III) to form additional

vanadium (II) during the oxidation runs.

After about 30 minutes the

high residual currents disappeared and high results for total vana
dium present were noted for the remaining runs.

Several n-values

for the anodization of the metal were calculated from coulometric
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data and the loss in weight of a vanadium electrode to give an
average value of 1. 96.

The low value indicates that small amounts

of the metal were being lost from the electrode.

The high errors

for some of the determinations shown in Table IX were due to an

uncertainty in extrapolation of the integrated residual current to
zero time.

The standard electrode potential of the V(II1)/V(II) couple was
determined in the same manner as described for chromium.

Vana

dium metal was anodized in the melt to produce vanadium (II)
solutions, and varying fractions of the vanadium (II) were oxidized

coulometrically to vanadium (III) at a platinum gauze working
electrode.

After a given concentration ratio of the two ions was

attained, the potential applied to the working electrode was adjusted
to give zero electrolysis current through the cell.

The standard

electrode potential was calculated from the Nernst equation using
the value of the applied potential and the corresponding concentra
tion ratio of vanadium (III) and vanadium (II).

referred to the MPE.

All values were

The validity of using the applied potential

readings was checked occasionally by disconnecting the leads from

the controlled potential coulometer and measuring the potential of
the working electrode versus the reference electrode by means of a
potentiometer.

The two different readings did not differ by more
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than one millivolt during all the determinations.

The concentra

tions of vanadium in the solutions ranged from 0. 0l6 M to 0. 031 M.

In several of the determinations data were obtained during the
reduction of vanadium (III) to vanadium (II) and were found to be

consistent with data obtained during the oxidation of vanadium (II)
to vanadium (III).

The concentration ratios of the two ions were

obtained directly from the coulometric data.

The mean value of

EM ' obtained from the least squares plot of the measured potential
—
Cox
(referred to the MPE) versus log ~^
, was -0. 7402 volts with a
red

standard deviation of ± 0.0014 volts.

The least squares slope was

found to be 0. 1482 with a standard deviation of ±0. 007 3.
and calculated values of E° are shown in Table X.

Pankey (50) found E

M_

The data

Laitinen and

to be -0. 7483±0. 0042 with a Nernst slope of

*

0. 1516*0.0001.

Several experiments were performed in which a given vana
dium (II) solution was quantitatively oxidized at -0. 300 volts versus
the MPE and then quantitatively reduced at -1. 18 volts versus the

MPE.

The cycle was then repeated several times on the solution

to determine the reproducibility of repeated measurements.

The

results of successive determinations generally became lower due
to spray losses caused by the argon bubbler; however, anomalous
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Table IX. Coulometric Determination of Vanadium

Vanadium added,

Vanadium found,

milligrams

milligrams

Percent
error

52. 98

52. 51

-0. 89

8. 15

7. 90

-3. 07

3.47

3. 51

1. 15

3.47 3

3.468

-0. 14

3.523

3. 556

0. 94

3. 382

3.888

0. 18

1. 171

1. 154

-1.45

1. 135

1. 133

-0. 18

Table X.

Standard Potential Measurement of the Vanadium (III)
Vanadium (II) System

Experiment
U
_^iumbe_r_
la

lb

2a

C

°X

"
red

E versus Pt
t , volts
!*
ref.

0. 3906
0.3906

-0.705

0. 7438

-0.661

0.5720
0. 5720

-0.684

Molarity
™ ref.
/
Pt
0.04571

E° . volts
M^
-0.743
-0.738

0.0457 1

-0.745

0. 7780

-0.660

1. 133

-0.634

-0.738

1. 915

-0.603

-0.739

0. 9555
0.9555

-0.6573

-0.740

0,07831

-0,7336

169

-0.6475

-0.7353

1. 664

-0.6263

-0.7373

0.5697
0. 5697

-0.6940

0. 87 87

-0.6752

-0.7465

1. 156

-0.6615

-0.7498

1.

2b

/C

0.07831

-0.7383

Least squares plot:E=(-0. 7402±0. 0014)+{0. 1482±0. 0073 )log

Cox
red
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behavior was soon noted as the series of oxidations and reductions

proceeded.

It soon appeared that the reduction step and the oxida

tion step differed considerably with respect to the time of electroly
sis necessary to reach the limiting residual current.

The reduction

at -1. 18 volts versus the MPE was characterized by short electroly
sis times of six minutes followed by low residual currents upon
completion of the electrolysis, but the oxidation at -0. 300 volts

became drawn out and sometimes required an electrolysis time of
thirty minutes before a steady limiting current was attained.

Such

behavior was easily noted when referring to the shape of the
curves produced when the output of the current integrator was

recorded on a strip chart. Fast electrolyses gave steeply rising
curves which leveled off when the steady residual curves were

reached, but the slow electrolyses gave curves which were rounded

and reached a linear state very slowly.

Normally the appearance of

the current integration curves were the same during alternate
oxidations and reductions; therefore, the alteration of their shapes

indicated some change in the nature of the electrolyses taking place.
Inspection of the working electrode and the vanadium solution
during these electrolyses showed that different reactions were

indeed taking place.

During the reduction at -1.18 volts of what

was thought to be vanadium (III), the characteristic violet color of
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vanadium (II) was not produced.

working electrode instead.

A black deposit was formed on the

The deposit could be stripped off dur

ing the oxidation step at -0. 300 volts to give a yellow-green solu

tion instead of the green solution normally found after oxidizing
vanadium (II) to vanadium (III). The slow nature of the electrolysis
at this point could be caused by a very low solubility of the deposit
or a non-reversible electrode process.

The color of the solution

did not differ considerably from that of a vanadium (III) solution,
however, and it was assumed at first that vanadium (III) was still

being produced during the oxidation step at -0. 300 volts.

Since it

was also thought that the black deposit formed at the electrode

during the reduction at -1. 18 volts consisted of some kind of

vanadium (II) compound, an attempt was made to collect some of the

substance for identification. Approximately ten milligrams of
vanadium were added to a separate compartment by anodization of
the metal, and the resulting solution was oxidized and reduced
repeatedly at the controlled potentials of -0. 300 volts and -1. 18

volts versus the MPE respectively. After three days of such treat

ment the total vanadium content of the compartment finally appeared
as the black deposit during a final reduction step. The platinum

working electrode was then removed from the cell, and the deposit

collected after it had been washed free of adhering melt. An X-ray
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powder diffraction pattern of a portion of the deposit was obtained
and compared against all patterns of vanadium compounds available

in the literature.

At first inspection the deposit appeared to be

different from any vanadium compound previously described, but
closer examination revealed that the unknown substance consisted o

of a mixture of vanadium (III) oxide and platinum rnetaL Table XI
compares the d-values of the unknown with literature values for

vanadium (III) oxide and platinum.

In a different experiment,

anhydrous vanadium (III) chloride was added to two compartments
and the oxide precipitated by addition of lithium oxide to one

compartment and lithium carbonate to the other.

X-ray diffraction

patterns for the two preparations are also shown in Table XI.

The appearance of the vanadium (III) oxide during the reduc
tion step at -1. 18 volts versus the MPE indicated that the complete

nature of the V(III)/V(II) system had been drastically altered, prob
ably by the presence of oxide or hydroxyl ion impurities.

Laitinen

and Rhodes (49) studied the electrochemistry of vanadium (V)
oxide dissolved in the LiCl-KCl eutectic and demonstrated that the

higher valence states of vanadium are stable when oxide ion is

present.

In the absence of oxide ion one would normally expect

vanadium (IV) and vanadium (V) to be strong oxidizing agents in the
melt, since vanadium (III) itself does not show any indication
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Table XI.

Comparison of X-ray Powder Diffraction
Vanadium (III) Oxide Prep arations

Unknown

V

°3

2
No .

d

i/i.

3.65 •

20

2.70
2.47

50
20

2. 26

90.

2. 18
2.04

10

1. 96

70.

1.83

1.69

1.47
1.43

V2 °3
No .

1

i/i,

d

3.66 • "50
2.71
70
50
2.48

10

.

.

50

3. 65 '

60

90

2.70
2.47
2. 32

80

2. 18
2. 03

20

50

d

I/I,

3.65 '

10

.

1
•

. . . .

0

1.83
1.70

20
100

1. 83
1.70

10
100

1. 62

1
1

1. 62

1
1

1.57
1.47

1.58
1.47
1.43

20

1.43

1. 32

2

1. 33

5

1.24
1. 22

40
000

20.
5

I/Ij

60
2

.

.

.

o

•

O

•

2

1.24

1

1.22

O

o

0

0

a

e

0

o

s

1.962
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1.387

31

25
100
2

3
25

1.43
o

5

q
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•

1. 33

2

«

1. 69
1.61

20
.

0
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15

.

•

30
0

a

0

0

1. 33

10

2

1. 24

4

I

1. 22

2

1. 19

2

o

60,

1. 1826 33
1. 17

1.09

(2)

d

2.71
2.47

2.03
>

20
50.

1. 13

I/I j

2. 19

20

1. 39

1. 18

Platinum

(1 »

2. 265 100
2. 19

1

10
100

v2o,

2

d

Patterns for
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.

5
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.

6

1. 17
.

000000

O

O

O

1. 13

1

1. 13

1

1. 13

3

1. 09

5

1.09

5

1.09

6

1. 06

5

1.06

5

1.06

6

0. 948

1

0. 946

1

0

1. 1325 12

0. 9808

0.899

30.

0.877

30.

0. 936

5

0.936

4

0.906

10

0.906

10
0.9000 22
0. 8773 20

0.868
0.801

6

10

0.868

10

40,

0.8008 29

Preparation no. 1: Lithium oxide added to vanadium (III) chloride in
melt.

Preparation no. 2: Lithium carbonate added to vanadium (III)
chloride in melt.

All patterns taken with a G.E. XRD-1 camera using a Cu

source.

K
a

1
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of being oxidized to some higher valence state at potentials in the
neighborhood of -0. 30 volts versus the MPE.

Since the coefficient

of the Nernst equation is 0. 1434 at 450°C, the absence of vanadium

(IV) at applied potentials of -0. 30 volts indicates that the V(IV)/V(III)
couple might be as much as 430 millivolts positive to -0. 30 volts.

This estimation is based on the assumption that the V(III)/V(IV)
concentration ratio is not greater than 1000:1 at a potential of -0300

volts versus the MPE.

Vanadium (V) would probably be unstable in

the oxide-free melt if the above assumptions are correct.

The

presence of oxide ion, however, alters the siutation considerably
by allowing stable oxygen-containing vanadium (V) and vanadium(IV)
species to exist in the melt.

It appears, then, that slow contamina

tion by oxide or hydroxyl ion impurities, either from the glass
container or from exposure to the atmosphere, severely alters the

V(III)/V(II) system by allowing different ionic species to be formed.
The oxide concentration will finally build up to the point that
vanadium (III) oxide will be deposited at potentials where vanadium

(II) was previously the only species present.

The exact nature of

the soluble species formed when the oxide is stripped off the
electrode at more positive potentials was not determined, but it is

most likely that a reaction similar to the following is taking place:
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V90-^=± 2VO+++0= + 2e
The presence of metallic platinum in the original oxide deposit
indicates that the metal was being dissolved during the oxidation
cycles and being plated out with the vanadium (III) oxide during the
reduction at -1. 18 volts.

These observations are in agreement

with the fact, that considerable oxide contamination had occurred,
since the presence of oxide ion has been shown to shift the

Pt(II)/Pt couple to more negative values (5, p. 45-47).
When lithium carbonate was added to a vanadium (II) solution

in the melt, a black precipitate was also formed.

Subsequent X-ray

diffraction analysis of the compound showed only faint, diffuse

lines, if any.

Titrimetric analysis of the " amorphous" solid

showed that all the vanadium was in the form of vanadium (III).
If a vanadium (II) oxide or basic salt had been formed in this melt,
it is quite conceivable that it may have been oxidized after the

sample had been withdrawn from the melt and exposed to the

atmosphere. All titrations were performed by adding the precipi
tate to excess standard eerie sulfate solution and back-titrating

with standard ferrous ethylenediamine sulfate solution using
potentiometric endpoint detection.

The above observations show that rigorous exclusion of
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oxide ion contamination is a necessary when attempting to obtain ac

curate EMF data on the V(III)/v" (II) couple or when attempting to per
form coulometric analyses of solutions of the two species.

Such

precautions were taken during the determination of the standard

electrode potential of the couple, but some contamination was

present during a portion of the routine coulometric analyses.

B. Electrochemical Investigation of Niobium
The electrochemical behavior of niobium in the LiCl-KCl

eutectic was studied with the following objectives in mind:

(1) to

determine the nature of the species stable in solution; and (2) to
explore the possibility of controlled potential coulometric determin
ation of any such species found.

Cozzi and Vivarelli (9)(10) re

duced concentrated hydrochloric acid solutions of niobium (V)

chloride at a mercury pool electrode to obtain chloro-complexes
in which the metal exhibited valence states of four, three, and

possibly two.

It would be expected that similar species might exist

in the fused LiCl-KCl eutectic in which the chloride molarity is
29.7 at 450 C.

In the work discussed below, all solutions of nio

bium in the melt were prepared by anodization of the pure metal.

1. Number of electrochemical equivalents per mole of metal
anodized.

Niobium was anodized at -0.60 volts versus the MPE
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and the number of electrons involved in the process were calculated from
coulometric data and the weight loss of the metal.

The values 3. 86,

3.42, 3.42, 3.76, and 3.75, having an average of 3.64, were
obtained during separate experiments.

The variation could have

been caused by the presence of oxide or hydroxyl impurities in the
melt, but no correlation between the condition of the melt and a

particular n-value was observed. An average value of 3. 64 indi
cates that the solutions contained a mixture of niobium (V) and ni
obium (III), niobium (IV) and niobium (III), or all three of the valence

states.

The presence of niobium (II) is very doubtful, since this

species would react with any niobium (V) or niobium (IV) to produce
niobium (III).

A remaining possibility, of course, is that in which

niobium (V) or niobium (IV) is produced along with physical loss of
metal from the electrode surface.

The latter process would be

accompanied by a darkened electrode surface, a cloudy solution, or

flakes of metal on the bottom of the compartment; however, none of

these conditions were noted. All solutions were clear and a pale
orange in color.

2. Polarography. Polarograms of dilute solutions of niobium

in the melt are shown in Figure VI. The first wave was always

found to be partially anodic, indicating the presence of both species
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of a redox pair, and was found to be reproducible.

The second

wave, however, was not reproducible and was always accompanied
by the deposition of a black substance on the microelectrode.
Dozens of such current-voltage curves were made, some in which
the second wave took the form of a steeply rising curve with a
rounded top, characteristic of deposition processes in. which the
deposit is not soluble in the metal, and some in which this wave

appeared symmetrical.

The results obtained from the analyses of

the two waves are given in Table XII.

Table XII. Least Squares Slopes Measured from Plots of

Log .•*• .versus Applied Potential for Polarograms of
ld~1
Niobium in Fused LiCl-KCl Eutectic

First wave

0.. 182

Second wave

0.062

0.170

0.081

0.142

0.045

0. 167
0. 148

0. 082*

0. 146

* From plot of log (ij-i) versus applied potential

The theoretical value of the slope at 450°C is 0. 1434 for a
one-electron process and 0. 0717 for a two-electron process.

The

plots obtained for the analyses of the first and second waves are
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given in Figures VII and VIII respectively.

corresponds to a one-electron process.

The first wave clearly

When a large platinum

electrode was inserted into the compartment and the contents re

duced for varying periods of time at a controlled potential of -1.0
volts versus the MPE,

the anodic portion of the wave increased in

magnitude at the expense of the cathodic portion.

The shape of the

wave was not altered and the curve crossed the zero current axis

without hesitation, verifying the reversibility of the electrode re
action taking place.

The analytical utility of the first wave was

studied by measuring the diffusion current at different concentration
levels.

The data plotted in Figure IX show that the limiting current

is directly proportional to the concentration.

The half wave

potentials for the two wave s are -0. 77± 0. 05 and - 1. 35±0. 02 volts.

The reaction taking place where the second wave appears is
not clearly defined, but it seems to be a process involving two or
three electrons per ion.

When the voltage scan was reversed, after

reaching the region of -1.5 volts, the deposit did not start stripping
off to any great extent until a potential of -1.1 volts was reached.

The hesitation in the stripping curve indicates an irreversible
reaction.

The deposit was easily cleaned from the electrode by

immersing it in a mixture of concentrated hydrofluoric and dilute
nitric acids, leaving the original bright surface of the platinum
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electrode. The poor reproducibility of the second wave was prob
ably due to formation of the deposit which increased the area of the

microelectrode. Scan rates of 34 mv./min. were used in recording
most of the waves.

3. Coulometry. Attempts to completely reduce the species in
solution and make the first polarographic wave completely anodic
were complicated by the formation of the black deposit.

At best,

only about 85 percent conversion could be effected by reducing the
solution at controlled potentials corresponding to the beginning of

the second wave. A series of color changes was observed during
the reduction, the solution changing from the pale orange to a light
blue.

Oxidation of the solution at -0. 30 volts versus the MPE

produced a yellow solution which gradually faded in color.

Sub

sequent polarograms taken after the oxidation indicated that the

niobium concentration was lowered.

This could be explained by the

formation of volatile niobium (V) chloride.

Oxidation at -0. 35 volts

versus the MPE converted approximately 75 percent of the niobium

to niobium (V) presumably. During one experiment approximately
0. 3 grams of pure niobium (V) chloride was added to a compartment
in the presence of a large platinum working electrode.

The

solution became an intense yellow-orange in color, but rapidly
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faded.

A deposit of the volatile niobium (V) chloride was formed

in the cool upper portion of cell. A polarogram of the resulting
solution showed a cathodic current at -0. 30 volts, followed by a
small wave which coincided with the first wave for niobium.

Qualitative analysis of the compartment contents, after withdrawing
from the melt, confirmed the presence of considerable amounts of

platinum. The niobium (V) apparently attacked the electrode, even

though it did not remain in solution for any great length of time.
Reduction at potentials more negative than -1.2 volts produced
long, drawn out current integration curves and high residual cur
rents. Analysis of two deposits obtained by reducing at -2.4 and

-2. 1 volts showed that the deposits had a niobium composition of
75. 8 and 75. 2 percent respectively. The total composition of the

deposits was not determined. It could be possible that the deposit
consists of a mixture of the metal and compounds of the lower
oxidation states. Clearly the chemistry of the second reduction
wave is complex, and considerably more work should be directed

toward fixing the composition of the deposits formed at different
applied potentials.

4- Nature of the species present after anodization of the metal.

Since aqueous niobium (IV) solutions are known to disproportionate

75

rather easily into niobium (V) and niobium (III), the same behavior

might be predicted for solutions of niobium (IV) in the chloride melt;

however, the volatility of niobium (V) chloride precludes its pres
ence in the melt for any length of time, and a solution which is

predominately niobium (III) should result. The oxidizing ability of
niobium (V) in the melt, as shown by its reaction with platinum,
obviates the formation of any anodic-cathodic reduction wave of the

kind observed in the polarographic work. If niobium (V) were initial

ly present, the current-voltage curve would be expected to start at
some point on the cathodic portion of a Nb(V)/Nb(IV) wave, as

suming that one electron is involved in the first reduction process.
Moreover, if the niobium (V) were completely volatilized by the time
that any of the polarograms were recorded, the first wave would

consist of the reduction of the remaining niobium (III) to niobium (II).
No anodic character should be evident if the latter condition existed.

If any niobium (IV) initially formed by the anodization of the metal
were slowly disproportionate^, the first wave should become more

anodic in character as the niobium (III) concentration built up.

This

was not observed over the periods of time that the experiments were

conducted (one to two hours); nevertheless, it may have occurred
over extended periods of time.

Fifteen separate recordings of the first reduction wave, taken
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during six different experiments, were analyzed with respect to the
relative magnitudes of the anodic and cathodic portions.

The n-

values necessary for the relative heights were calculated, and they
ranged from 3. 62 to 3. 84, with a mean of 3. 76.

These values are

in excellent agreement with the ones calculated from coulometric
data taken during anodization studies.

Further reduction of the niobium species at more negative
potentials gave inconclusive evidence.

If the first wave consists of

the Nb (IV)/Nb(III) couple, no more than three electrons canbe
involved in the reaction taking place at the second wave.

No con

clusions can be made concerning the composition of the deposit
formed here, except that it appears that an insoluble compound or
mixture of the metal and a compound are formed.

The drawn-out

integration curves recorded for controlled potential reductions

between -1.1 and -2. 0 volts could be interpreted in light of reduc
tions taking place in the solid state.

The only conclusions that can be made with the existing
evidence is that anodization of the metal in the melt produces a
mixture of niobium (IV) and a small amount of niobium (III).

The

presence of the niobium (III) could possibly be caused by one or

both of the following side reactions taking place during the
anodization of the metal:
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a.

Nb

+

Nb(IV)

>

2Nb(III)

b. 2 NbCl 4 —* NbClrt
+NbCl,3 (as a chloro-complex)
5
f
i
2 Nb (TV) chloro-complex

C.

Polarography of Metallic Ions and Sulfate in Fused Alkali
Metapho sphate s

Fused alkali metaphosphates are well known for their ability
to dissolve metal oxides; moreover, they have been used from
time to time to "open up" complex minerals in order to make them
water soluble.

The sodium metaphosphate bead test has been used

for quite some time as a means of qualitative analysis in determin
ative mineralogy, since the fused salt enters into chemical combin

ation with many metal oxides to give characteristic colors (67, p.

56-59).

Little is known concerning the nature of the species

present when metal oxides are dissolved in such solvents, although

some work is now being done by Soviet electrochemists.

Andreeva

(3) determined the decomposition potentials of a series of metal
oxides dissolved in fused sodium metaphosphate and fused sodium
pyrophosphate at 1000 C, and Delimarskii and Andreeva (13)(14)

have used sodium metaphosphate as a solvent in studies of galvanic
concentration cells.

A polarographic study of titanium dioxide (18)

was discussed previously.

Most of the work on decomposition
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potentials involved relatively concentrated solutions of the oxides,
however, and no discussion or evidence of the formation of inter

mediate oxidation states was given by the author.

Preliminary

experiments in this laboratory indicated that intermediate oxida
tion states did exist, and that the electrode reactions of metallic

ions in more dilute solutions did not necessarily involve simple
deposition of the metal.

The chemistry of alkali metaphosphates is complicated by
the fact that the compounds are polymerized in varying degrees
(34, p. 213-222).

The molecular formulas of most of the metal

metaphosphates have not been determined; therefore, only
empirical formulas will be used throughout the discussion in this

section.

The metal oxide, when dissolved in a metaphosphate melt,

probably undergoes one of the following types of reactions:

M20 + NaP03

> NaM2P04

(1)

MO

> NaMP04

(2)

+ NaP03

M2Os + 3NaP03—> 2MP04 + Na3PO

(3)

MOz +6NaP03—> 2Na3P04 f M(P03)4

(4)

Other equations could be written for oxides having different formu

las.

The reactions are oversimplified since various complex ions

are probably formed.

Many reactions are acid-base in nature, as
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exemplified by the reaction of sulfates in the melt:

MSO

+ NaPO —s- NaMPO
4

3

+ SO f
4

(5)

3

Sodium and lithium metaphosphates form glasse s whenmelted,
and if cooled rapidly they do not crystallize; hence the melts are

viscous, even at temperatures several hundred degrees above their
so-called melting points.

Initial work was done using sodium metaphosphate at
750 C, but the LiP03 - KP03 eutectic described previously was
used at 730°C during most of the work. The procedure used was as
follows: Weighed amounts of the metal oxides or salts were added
to weighed amounts of solid solvent and the mixtures fused in a

platinum crucible until all the oxide or salt had dissolved.

The

crucible, with its contents, was then placed in the Vycor cell and
polarograms taken at a microelectrode.

No reference electrode

was employed; the platinum crucible served as a massive and non-

polarizable anode, connection to the outside of the cell being made
with a piece of 18 gauge platinum wire.

The microelectrodes

varied from one to four square millimeters in area. A weight
dilution method was used in some of the work. A prepared melt
was poured out onto a polished stainless steel slab in the form of

beads which were then weighed and added to the pure solvent as
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needed.

The two melts were found to have a potential span of 0. 95±
0. 01 volts between the solvent decomposition processes.

When

the melts were electrolyzed with two platinum electrodes, the
electrode reaction at the anode appeared to be

2P03^i02 + P205 +2e-.

(6)

Continuous evolution of gas occurred at current densities above 5

milliamps/cm. . Identical results were obtained with graphite
anodes.

The cathodic process was complicated and appeared to

involve the reaction

PO" + 5e~ "=± P + 30" .

(7)

Reactions yielding products such as phosphite and phosphide ions
could occur, but the only one observed was the evolution of

phosphorus which ignited spontaneously in the air.

The white

fumes obtained during the burning of the gas bubbles evolved at the

cathode were collected, dissolved in water, and gave a positive
test for phosphoric acid.

Delimarskii stated that the cathodic

reaction was the deposition of alkali metal, but this was not obser

ved, even at current densities as high as 250 milliamps/cm. 2.
Zinc metal reacted with the melts to produce phosphorus and a

solution of the zinc salt.

Other active metals exhibited the same

behavior, including aluminum, iron, and nickel.

Platinum cathodes

were severely attacked when phosphorus was evolved, but no

discoloration or corrosion was noted during the polarographic work.
This could be due to the formation of other products at lower cur
rent densities.

1. Uranium.

Weighed portions of U O

B

*

3 8

were added to both

metaphosphate melts and produced a well defined wave which was
partially anodic in character.

The solidified solution was emerald

green, indicating the presence of uranium (IV), but the characteris

tic yellow-green color of the uranyl species was produced when the
melts were heated in the open air and then solidified.

The solid

exhibited the typical fluorescence of uranyl salts when exposed to
ultra-violet light.

Addition of uranyl nitrate, which immediately

decomposed, produced reduction waves which were completely
cathodic.

Typical curves are shown in Figure X.

potential is -0. 3 volts.

log

1

The half wave

Plots of applied potential versus

t also shown in the figure, gave least squares slopes of

0. 110 and 0.087 in sodium metaphosphate and the LiPO -KPO
eutectic respectively, compared to theoretical slopes of 0. 102 and
0. 0995 for a two-electron electrode reaction.

The reduction

o

3
en

O

\i?~Vl)/^\ 6°l

<_

>

c
<D

CO

O

3
en

3

0

rO

en

Q_
s^

o

_

£
m

•

c\j

F
O

O

0

O
m
k

<_"

-H

>

C
CiJ

o
rO

</)

o
o

Q.
Z.

o

CM

OvJ

-+->

i

in
-J
—

CO

tjiY 'juajjn^

O

b

d

o"

Analysis of Polarograms for Uranium (VI) in
Fused Alkali Metaphosphates

O

Figure X.

V)

>

o

c

2
Q.

"o.
<

82

appeared to be

U(VI) + 2e" ^=±U(IV.) .

(8)

The limiting current was found to be proportional to concentration.
Figure XI shows the relationship of diffusion current as a function

of concentration, using a microelectrode of approximately 3 m

2
m..

area.

2. Copper.

melts.

Cupric oxide produced reduction waves in both

Addition of cuprous oxide or cuprous chloride shifted the

waves in the anodic direction, as shown in Figure XII.
of applied potential versus log —

The plots

— had least squares slopes of

0. 198 and 0. 182 in the sodium metaphosphate and eutectic melts
respectively, compared to theoretical values of 0. 203 and 0. 199

for a one-electron reduction process. No deposition of copper
metal was observed at the highest concentration level, two percent
copper by weight.

The half-wave potential is about -0. 4 volts.

The heights of the waves appeared to be proportional to concentra
tion.

3. Iron.
the two melts.

Both ferric and ferrous oxides produced waves in
The waves for ferrous oxide were anodic when

care was taken to exclude oxidation by oxygen in the air.

When air

Figure XI.

T>iY 'iuajjn3
Concentration Dependence of the Diffusion
Current of Uranium (VI)
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was admitted into the cell the waves slowly shifted upward until

they were identical to ones produced by ferric oxide.

Typical

polarograms and the analyses of the waves are shown in Figure XIIL
The least squares slopes of the plots were 0. 179 and 0. 216 for

waves in sodium metaphosphate and the LiP03 - KPO

solvent

respectively, implying a one-electron electrode reaction.

The

half wave potential is about -0. 37 volts.

4. Vanadium. Vanadium (V) oxide dissolved in the melts to

produce stable solutions giving the two reduction waves shown in
Figure XIV.

Two melts were prepared, one in which the solution

was heated over a Meker burner, and a second which was heated

in the furnace under an atmosphere of air.

The former solution

was green when cold, and gave a polarogram in which the first

reduction wave was anodic.

The latter solution was yellow when

cold, and gave curves in which both waves were above the zero

current axis.

Addition of a small piece of zinc to the completely

oxidized solution shifted the first wave anodically.

Apparently the

gases from the burner were able to reduce the vanadium in the

melt to a lower valence state.

No analysis of the first wave could

be made since it was partially obscured by the anodic decomposition
reaction for the solvent, but an analysis of the second wave
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indicated a one-electron electrode reaction.

The least squares

slope of the plot in Figure XIV was found to be 0. 193 for data
obtained in the LiPO

-KPO
3

melt.
3

When vanadium (V) oxide was added to the melts it went into

solution accompanied by the evolution of gas.

oxide decomposed to give vanadium (IV).

A portion of the

This was confirmed by

allowing the melt to solidify, dissolving a portion in water, and

testing for the presence of reduced species.

The yellow-orange

glass dissolved to form green solutions which contained both
vanadyl and vanadate species.

Reduction of the solution with sulfur

dioxide produced a blue solution of the vanadyl salt.

Oxidation of

the hot solution with potassium permanganate produced yellow
vanadate solutions.

Solutions of the reduced melt were solidified

and the green glass which formed was found to give aqueous solu

tions containing vanadium (IV) only.

Therefore, the polarograms

obtained in the non-reduced vanadium solution contain an initial

cathodic wave for vanadium (V) followed by a reduction wave for

vanadium (IV).

After reduction of the melt, either by heating in a

reducing flame or by addition of small increments of zinc metal,
the first wave became anodic, but the second wave remained

cathodic.

The half wave potential of the second wave is -0.46 volts.
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5. Silver. Weighed portions of silver metaphosphate were

added to the LiPC>3 _ KPO solvent to give the deposition curves
shown in Figure XV. No analysis of the waves could be made,

since the upper portion of the curves became obscured by the cath
odic decomposition of the solvent.

The stability of the silver metal

in the melt indicates that a silver-silver metaphosphate reference
electrode could be used for future studies in this melt.

6. Sulfur (VI). Two waves were produced when sodium sulfate
was added to the melts.

The first wave appeared to be the reduc

tion of sulfate ion to sulfite ion, and the second the reduction of

sulfite to sulfur or sulfide ion. Liu (53) showed that the electrolysis

of sulfate melts produced sulfide ion instead of sulfur, but the poor
reproducibility of the second wave in the metaphosphate solvents

frustrated any attempts to deduce the nature of the product formed.

A few milligrams of silver sulfate were added to another portion of
the melt, and polarograms of the kind shown in Figure XVI were

recorded.

The second wave was well defined and was accompanied

by the deposition of a black compound which was soluble only in hot,
concentrated nitric acid. Analysis of the waves by means of a plot

of E versus log id
. 1.

for the first wave and a plot of E versus

log( xd " i) for the second wave gave least squares slopes of 0. 094
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and -0.0328 respectively.

The theoretical slopes should be 0. 102

and -0. 0038 for a two- and six-electron process respectively.

The

deposit, which was apparently silver sulfide, could be stripped off
anodically by reversing the voltage scan at approximately -0. 8

volts.

The stripping curve is shown by the dotted line in Figure

XVI, and indicates that the reaction

2 Ag

+ S03

+6e T

Ag2S + 30~

is reversible under the conditions of the experiment.

(9)
The half

wave potentials for the first and second waves are -0.45 and -0. 6l

respectively.

Deposition of silver metal was not observed since

the concentration of the silver was very low.

7. Other metals studied. Chromium (VI) oxide and potassium

chromate reacted vigorously with the melt with evolution of oxygen
to give melts which contained chromium (III).

No reduction waves

or cathodic currents were observed.

Manganese dioxide reacted vigorously with evolution of
oxygen to give dirty-violet solutions which became clear-violet

upon cooling.

The solid was amethyst colored.

No reduction

waves were observed, but a steady cathodic current which was
proportional to the manganese concentration was noted.
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Manganese (II) sulfate gave violet solutions when the melt was

heated in the air, but the melt became colorless in the reducing
flame.

The violet solutions appeared to be manganese (III).

Red-

violet manganese (III) complexes are also formed in concentrated
phosphoric acid (58, p. 135).

Zinc oxide, lead oxide, nickel oxide, cobalt chloride,

zirconium dioxide, niobium pentoxide, and sodium tungstate did
not produce noticeable waves or cathodic currents. Not all metals

were studied, but it appears that most of them are not deposited

as the metal because of their activity in the melt. Undoubtedly

many metals could be plated out when present at sufficiently high
concentrations, since the decomposition potential of a metal will

be shifted to more positive values as the concentration is increased

Copper metal did not react with the solvents, but no deposition of
the metal was noted except at relatively high concentration levels.

It appears that species forming redox couples are the only ones

which provide diffusion limited current-voltage curves at relatively
low concentrations in the metaphosphate melts. The difficulty
in obtaining similar waves for the metals may well be caused by a
highly stable complex formation which shifts the decomposition
potentials of the metals in the negative direction. A survey of the
properties of silver compounds shows that most silver salts

95

decompose before melting, but silver metaphosphate solutions in
sodium metaphosphate were found to be stable up to, if not above,

950 C.

This is probably another example of increased stability

due to complex formation.

Therefore, the presence of current-

voltage waves for redox couples may be aided considerably by the
fact that the oxidized and reduced species are both complexed to
nearly the same degree.
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V.

SUMMARY

Two types of platinum (II) - platinum(O) reference electrodes,
used in the lithium chloride - potassium chloride eutectic,were

compared and tested with respect to their stability with repeated
use.

One type was completely enclosed in a Pyrex glass tube

which served as the salt bridge to the solvent melt, and the other

contained a small asbestos fiber sealed into the end of the Pyrex
tube.

Both electrodes were found to be reasonably stable over

long periods of time and capable of withstanding repeated use over

periods of several months.

One electrode, used for sixty-six

hours and in five different experiments, showed a final deviation of
15. 6 millivolts.

Small drifts of several millivolts were noted for

new electrodes, but such deviations were not considered significant

when the electrodes were used as references in controlled potential
coulometric analyses.

The controlled potential coulometric analyses of platinum

were performed with an average error of ±0. 67 percent by plating
out the metal on a platinum working electrode.

Controlled

potential analyses of copper (I) solutions were performed with an
average error of ±0. 45 percent, both by plating out the metal and

stripping it off a platinum or a graphite working electrode.

Use of
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cylindrical electrodes with inert gas bubbling through the center of

the cylinder provided efficient stirring and allowed electrolyses to
be completed in four to five minutes.

These times are consider

ably shorter than any others previously reported, with the excep
tion of stripping determinations which do not require efficient

stirring.

Controlled potential analyses of chromium (III) and

chromium (II) were made at a graphite electrode, and analyses of
vanadium (III) and vanadium (II) at a platinum electrode.

The

determination of chromium (III) by reduction to chromium (II) was
performed with an average error of ±0.38 percent, and the
determination of vanadium (II) by oxidation to vanadium (III) with an
average error of ±1. 0 percent.

All the coulometric work was

performed in the LiCl-KCl (41 mole percent - 59 mole percent)
solvent at 450°C.

The standard electrode potentials of the Cr (III)/Cr (II) and

the V(III)/V(II) couples in the LiCl-KCl eutectic at 450°C were
evaluated using a controlled potential coulometric procedure.

The

values obtained from the least squares plots of applied cell
C

potential versus log

——

are given in Table XIIL

Values

Cred
obtained by Laitinen and associates (47)(50) are shown for

comparison purposes.

The values obtained in this study agree

quite well with those obtained by Laitinen and appear to have better
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Table XIIL Standard Electrode Potentials for the Cr (III)/Cr (II)
and V(III)/V(II) Systems in Fused LiCl-KCl Eutectic

CouPle

This study
E° and
itfLi^LYj

Cr(III)/Cr(II)

V(III)/V(II)

Laitinen

Nernst slope E° and
Nernst slope
and_sj;d._dev_1_£tdJ__d£v._and std. dev.

-0.5392

0.1423

-0.525

±0.0007

±0.0021

±0.010

-0.7402

0.1482

-0.7483

0.1516

±0.0014

±0.0073

±0.0042

±0.0001

precision and agreement with the theoretical Nernst slope of 0. 1434.
The presence of oxide ion contamination in the LiCl-KCl was

found to cause considerable interference in the vanadium determina

tions by shifting the redox potentials and stabilizing other vanadium
species. As oxide or hydroxyl impurities slowly built up in the
melt, vanadium (III) oxide was deposited on the working electrode at
-1. 18 volts versus the molar platinum reference electrode.

The

oxide could be stripped off the electrode by oxidizing at -0. 300
volts. Vanadyl species were probably formed during the oxidation.
The electrochemical behavior of niobium solutions in the

LiCl-KCl eutectic was studied by anodizing the metal in the melt
and recording polarograms taken at a platinum microelectrode.
Anodization of the metal indicated that 3. 64 electrons were involved
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in the dissolution of the metal, and the formation of stable niobium

(IV) and niobium (III) species in the melt was postulated. The polarograms exhibited two waves, the first of which appeared to be a com

posite wave formed by the presence of niobium (IV) and niobium (III)

in the approximate concentration ratio of 3:1. The second wave ap
peared to be a two- or three-electron deposition process which was

not clearly ascertained; moreover, chemical analysis of the deposit
indicated that niobium metal alone was not being plated out. The half
wave potential for the first wave was found to vary between -0.72 and
-0. 82 volts, and that of the second wave between -1. 33and -1. 37 volts
versus the molar platinum reference. The diffusion current of the

first wave was directly proportional to the concentration of niobium
added to the melt.

Polarographic studies of several metal oxides and sulfate

ion in fused alkali metaphosphates demonstrated the formation of
several stable species which exhibited diffusion controlled current-

voltage curves.

The wave heights of the uranium (VI) reduction

wave were proportional to the concentration of uranium, thus

demonstrating the analytical utility of polarography for the
determination of the metal in the melts.

The other metallic ions

studied gave diffusion currents proportional to concentration, but

the relationship was only observed qualitatively. The results
obtained from the analyses of the polarograms are summarized in
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Table XTV.

Table XTV.

Least Squares Slopes Measured from Plots of
Log
versus Applied Potential for Polarograms
of Metallic Ions and Sulfate in Fused Alkali Meta

phosphates
Observed

Ion

NaPO
Solvent, 75T)0C

Theoretical

LiP03~KPO
Solvent,

750°C

730°C

730° C

U(VI)

0. 110

0. 087

0. 102

Cu(II)
Fe(III)
V(IV)

0. 198

0. 182

0. 203

0. 199

0. 179

0. 216

0. 203

0. 199

S°4

0. 094

0. 102

0. 0995

so =

-0. 033*

0. 193
0. 090

0. 0995

0. 193

0. 034

* From plot of log (i-, - i) versus E

The work done in the metaphosphate melts is summarized in
Table XV.
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Table XV. Summary of Polarographic Studies of Metallic Ions and

Sulfate in Molten NaPO? and L1PO3-KPO3 Eutectic at
750°C and 730°C Respectively
Compound

added to
melt

u3o(

Nature

of

Number of

Color

electrons in E A, of melt

Remarks

wave(s) the electrode
2
when
reaction
volts co^
anodic-

two

•0.30

gi

cathodic

UQ,(N03)2- 6HzO cathodic

two

-0.30 y. -gr

'"•'
CuO

under u. v.
cathodic

one

Cu O, CuCl

anodic

one

Fe Oq

cathodic

one

FeO

anodic

one

(1) cathodic

one

(2) cathodic

one

2

3

V2Os(d. )

fluorescent

•0.4

blue

pale gr.
•0.

37

c.

y. -or.
•0.42

Color green
after reduction.V O

AgP03
MnOJd. )

cathodic

only partially
to V(IV)
Ag metal
deposits

one

continuous

v.

cathodic

Mn(III)
formed

current

Na^SO
2

4

CrOs(d. )

(1) cathodic
(2) cathodic

two
six

none

K2CrO (d. )
TiO,

-0.45

c.

-0. 61
(r.

Cr(III)
formed

high residual
current only

d.
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Table XV. (Continued)

Compound

added to
melt

Nature

of

Number of

electrons in E1 , of melt

wave(s) the electrode
,•
reaction

CoCl

none

NiO

none

PbO

none

Nb?0
L

Color

volts

Remarks

when
, ,
cold

red

y-

none
5

Zr°2

none

wh.

Oxide ap
pear s to be
insoluble

Na WO_
2

4

none

Abbreviations: d. -decomposes; gr. -green; y. -yellow;
c. -colorless; or. -orange; v. -violet
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APPENDIX

PROJECT REPORT: COULOMETRIC DETERMINATION OF TIN
WITH ELECTROLYTICALLY GENERATED IODINE:
APPLICATION TO ANALYSIS OF ZIRCALOY

INTRODUCTION

The development and increased utilization of zirconium alloys
have resulted in ever increasing demands for faster and superior
methods of analysis of the metal and its alloys.

Coulometric

methods, where applicable, permit the accurate determination of
minor constituents in a minimum of time. Coulometric titrations
are concerned with the generation of a reagent which react?

immediately with the species being determined; they may be looked
upon as titrations in which the electric current is the titrant. The
current is shut off at the end point, and by means of a suitable

integration process applied to the current-time data, the number of

coulombs is determined and the quantity of electroactive species
calculated. Coulometric methods are well suited to automatic
instrumentation, and several such devices are available commer
cially.

Constant current methods require only the basic apparatus
shown in Fig. A-1. A very reliable and accurate constant current
source is described by Reilley and co-workers ( 12) . Modification
of the Beckman automatic titrimeter for use in automatic coulo

metric titrations has been described by Lingane ( 10), and a modi

fication of Reilley's constant current supply employing the Beckman
automatic titrimeter for automatic control has been described by
Gerhardt and associates ( 8). Other instruments have been described
by Booman ( 1 ), Carson (2), and Richter ( 14 ), and have been used
for different precise determinations.

A sensitive end point detection system is required for the

titration of very small quantities of material. Since ordinary
indicator electrodes usually fail to establish potential rapidly in such
analyses, other means of end point detection must be used.

Greatest sensitivity is obtained by the amperometric method (3)(4)
(7)(14), but often the less sensitive method employing polarized
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electrodes will offer great advantage over the use of conventional
indicator systems (13).

Coulometric titrations of ionic species easily oxidized may be
performed in several ways. Methods involving the oxidation with
generated halogens are popular because of the ease with which the
halogens may be generated with 100 per cent current efficiency (5)

(11).

Electrolytically generated eerie ion is also used, but condi

tions must be kept within relatively narrow limits if accurate work
is desired (6). In view of the above considerations and the fact that
macro amounts of tin are determined iodimetrically, the coulo
metric determination with a generated halogen should offer a
reliable means of determining low level amounts of the metal.

APPARATUS AND REAGENTS

Instrumentation

The Fisher Coulomatic Titrimeter was used during all the
work.

This unit consists of a constant current source, a timer,

and a basic titrimeter.

By setting the potentiometer dial at a

predetermined potential reading, the constant current supply and
timer are automatically shut off when the indicating electrode pair
reaches the preset potential value. The precise value of the current
output of the instrument was found by measuring the voltage drop
across a calibrated Leeds & Northrup 10-ohm resistor with a Leeds

& Northrup No. 8667 potentiometer.

A magnetic stirrer of constant

speed, supplied with the titrimeter, was used throughout.

Titration Cell

The titration cell assembly shown in Fig. A-2 was a 200-ml
electrolytic beaker with a rubber stopper to hold the various
electrodes. The generator anode was a 7 by 7-mm piece of plat
inum foil joined to several centimeters of platinum wire which was

silver soldered to copper wire and sealed into a 6-in. length of
glass tubing below the soldered joint. The generator cathode was a
15 by 18-mm piece of platinum foil constructed in a similar fashion
and kept isolated from the solution in the cell by immersion in a
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glass tube closed with a sintered glass plug at the end. Before use,
the plug was impregnated with silicic acid to minimize flow of the
catholyte into the cell. If appreciable catholyte is allowed to flow
into the cell, traces of oxygen will enter the cell and cause low
results during analyses.
The indicator electrode was a piece of platinum wire sealed
into a glass capillary tube.

A Beckman saturated calomel electrode

was used as the reference electrode.

After three or more titrations

the indicator electrode response became sluggish and it was neces
sary to clean it. This was accomplished by connecting it to the
negative terminal of a 3-v battery and immersing in dilute sulfuric
acid for a few minutes. Another platinum electrode was used for
the anode during the cleaning process.

Reductor Column

The reductor column, shown in Fig. A-3, was filled with 20to 30-mesh reagent grade antimony which had been previously
washed with boiling 6N hydrochloric acid. When not in use the
column was kept filled with 6N hydrochloric acid, and before use it
was rinsed three times with hot 6N hydrochloric acid. A variable
voltage transformer was used to control the temperature of the
column.

Carbon Dioxide

A tank supply of carbon dioxide was used. To remove any
traces of oxygen, the gas was passed through a scrubber containing
amalgamated mossy zinc and a concentrated solution of chromous
sulfate before passing into the titration cell.

Reagents

All chemicals used were, reagent grade. A stock solution of
tin was prepared by dissolving previously cleaned and dried tin in
HC1 and making up to volume with 6N hydrochloric acid. Pure
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zirconyl chloride, ZrOC^ • 8H2O, was prepared by recrystallizing
the salt three times from 9N hydrochloric acid, and a zirconium

stock solution was prepared by dissolving the salt in 6N hydrochloric
acid. Standard chromium solutions were prepared by dissolving
potassium dichromate in concentrated hydrochloric acid and boiling
until all traces of chlorine were removed.

Standard iron and

nickel solutions were prepared by dissolving the wire and shot,
respectively, in hydrochloric acid. The dissolved reagents were
diluted to proper volume with 6N hydrochloric acid and the re
sultant stock solutions used to prepare all standards and synthetic
Zircaloy solutions. All solutions were 6N in hydrochloric acid.
A 0.01 stannous chloride solution was prepared by dissolving
the. required amount of tin in hydrochloric acid, reducing with test
lead by boiling for 1 hr under an atmosphere of carbon dioxide, and
diluting to volume with deaerated distilled water. The solution was

stored under hydrogen as shown in Walton, (15, p. 296).

When

kept in this manner the tin (II) concentration remained fairly
constant over a period of several months. This solution was used
for pretitration purposes and for removing traces of iodine which
usually formed in the cell electrolyte when it was first made up.
The. generator electrolyte, prepared fresh before each

analysis, consisted of 50 ml of 6N hydrochloric acid plus 5 ml of
1M potassium iodide. The potassium iodide solution was made
slightly basic with a pellet of sodium hydroxide for stability to
oxidation.

EXPERIMENTAL PROCEDURE

The volumetric determination of tin consists essentially of
reducing the tin with lead, aluminum, iron, or antimony followed
by titration with iodine or potassium iodate-potassium iodide
solutions. The preliminary reduction step usually requires 15 to

60 min of boiling the sample with the reducing metal, and consi
derable care must be taken to avoid contact of the solution with

oxygen in the air. In the determination of milligram quantities
of tin (II), even the dissolved oxygen in the titrant causes low
results. To avoid time-consuming and elaborate steps in trans
ferring the reduced sample to the titration cell under an inert
atmosphere, an electrically heated reductor column was used for
the coulometric procedure. The sample could then be introduced
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directly into the titration cell under an inert atmosphere and
titrated.

Initially, test lead was used in the heated reductor col

umn, but results were not found to be reproducible. Antimony metal
gave precise results and was used for the remaining work. Huber

and co-workers recently described a micro method for tin using
antimony as the reductant (9).

Preliminary work consisted of titrating tin (II) with electrolytically generated iodine, bromine, and chlorine. The end points
were followed with a platinum electrode-saturated calomel electrode

pair at the same time. The platinum electrode pair, polarized with
a constant current of about 2fia, was prepared as described by
Reilley and co-workers (13). Iodine and bromine were generated in
0. 5M solutions of potassium iodide and potassium bromide in 3N
hydrochloric acid, repectively, and chlorine was generated in 3N
hydrochloric acid. Typical titration curves obtained with each of

the halogens at a generating current of 10 ma are shown in Fig. A-4.
Although the polarized electrode system gave sharper breaks than
the platinum-calomel pair, end point response was slower. In addi

tion, reproducible results were not obtained during automatic
titrations when using the polarized electrode system since the
instrument used during this investigation was designed to shut off
automatically when the potential changed rapidly in only one direction

at the end point. This condition was not fulfilled when the polarized
electrodes were used to detect the end point, as the end point occur
red at the peak of the titration curve.

The titration curves obtained

with the platinum-calomel pair exhibited large breaks in the case of

bromine and chlorine, but electrode response was not as rapid as in
the titration with iodine. Titration of tin (II) with generated iodine
and end point detection with the platinum-calomel pair, then, were
selected for the coulometric procedure.

During actual determinations of tin in Zircaloy, presence of
the dissolved sample tended to lower the potential at the start of the

titration but did not shift the end point potential, which generally
fell between 120 and 150 mv (platinum versus saturated calomel).
The instrument was set to shut off automatically at the. foot of the

titration curve in order to minimize errors caused by slightly slow
electrode response. After shut-off the potential rose rapidly to the
end point value. The optimum setting for automatic titration was
checked occasionally by titrating a few drops of the standard stannous

chloride solution with generated iodine. Before analysis of each
sample a few drops of tin (II) solution were added to the titration cell

and titrated automatically. Such a pre-titration technique partially

119

10

20

30

40

50

60

70

80

90

100

110

120

SECONDS

Figure A-4.

Typical Titration Curves for Titrating Tin(II)
to Tin(IV)

A. Platinum versus saturated calomel electrode
B. Polarized platinum electrodes

C. Titration of Zircaloy samples, platinum versus
saturated calomel electrode

120

eliminated any errors caused by terminating the titration at a poten
tial slightly removed from the true end point potential. Before

making a series of runs, the reductor column was checked out by re

ducing a known quantity of tin and titrating it.
Procedure

Zircaloy samples were dissolved in 6N hydrochloric acid

and a few drops of hydrofluoric acid. Individual 0. 1 g samples

were dissolved in 50 ml flasks and added directly to the reductor
column. On other occasions 1-g samples were dissolved and diluted

to 100 ml and 10-ml aliquots taken for analysis. After allowing the
instrument to warm up, the following procedure was followed:
Fill the titration cell with enough 6N hydrochloric acid to

just cover the electrodes and pass carbon dioxide through for at least
10 minutes. Fill the cathode compartment up to the rubber stopper
with 6N hydrochloric acid. Add 5 ml of 1 M potassium iodide solu
tion to the cell. If any iodine is formed, remove by adding a small
amount of stannous chloride solution.

If the sample to be titrated contains approximately 1 mg of

tin, set the constant current source to deliver 10 ma. For samples
containing over 3 mg of tin the 20-ma setting should be used to avoid
excess titration times.

The instrument should be set so that it will

automatically shut off when the potential increases at the end point.
Carbon dioxide should pass into the cell during the entire

analysis. The presence of oxygen may be checked by adjusting the
solution to the end point potential by addition of small increments
of iodine or Sn(II). The potential should remain constant for at

least 30 minutes if no oxygen is entering the cell.

Insert the reductor column into the stopper, add the sample
to the top of the column, and bring the column temperature up to the
point where the solution just comes to a boil.

Set the potentiometer dial on the titrimeter at a potential

reading corresponding to the foot of the titration curve (usually in the
region of 0 to 30 mv). Add 10 drops of 0. 01 N Sn(II) solution, turn
on the instrument to the » titrate" position, and allow titration to
continue until automatic shut-off occurs. The potential should rise
quickly to the region of 120 to 170 mv after the titration ceases. The
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same shut-off setting at the foot of the titration curve should be used
for analysis of the sample.

Allow the sample to pass through the column and into the
cell at the rate of one drop per second.

The column should be

maintained at a low enough temperature to avoid boiling and erratic
delivery.

After the sample has passed into the cell, allow titration

to proceed automatically, and rinse slowly with three 5-ml portions

of 6N hydrochloric acid. A fourth washing of 10 ml of 6N hydro
chloric acid should be made after the instrument shuts off so that

completeness of rinsing may be noticed by any decrease in potential
at the indicator electrode. Check the current value during the course
of the titration. Several samples may be analyzed without changing
the electrolyte. Calculations are made using the formula:

mg of tin =

(0.6l5)(time in sec)(ma)
———.

1000

RESULTS

Analysis of Zircaloy Samples

The results obtained in the titration of tin in four Zircaloy
samples and two standard solutions, using a lead reductor column,
are shown in Table A-l.

Results obtained with the lead column

were low unless the samples were boiled through the column.

Con

siderable lead chloride precipitated out in the titration cell during
the runs, and it was necessary to change the column filling from
time to time in order to prevent low results. The presence of nickel
caused the lead to become black and accelerated its solution in the

hydrochloric acid. Although the results initially obtained with the
lead reductor appeared to be satisfactory, use of this column was
not found to give reproducible results over a period of several
months. The antimony column used in further work gave reproduc
ible results, did not become clogged with precipitated salts, and
could be operated at a lower temperature.
Ten-milliliter aliquots of a standard tin solution were

passed through the antimony column and titrated.

Twenty runs were

made over a period of 3 weeks, and the results are shown in Table

A-2. Results for the analyses of six Zircaloy samples are also
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Table A-l.

Coulometric Determination of Tin with Generated Iodine
Following Reduction in Heated Lead Reductor Column
Tin Present,
percent

Sample

Tin Found,

Number

average

of

percent

runs

Standard
Deviation

Sn standard

2. 825 mg

2. 832 mg

9

0. 012

Synthetic
Zircaloy

1.412

1.405

8

0. 009

]. 38

4

0. 01

1. 32

9

0. 038

1.37

9

0. 008

1. 37

5

0. 031

1.39

7

0. 044

1. 39

7

0. 007

W

(1.35)a

X

(1. 30 to
1. 37)
(1. 30 to
1. 37)
(1.43)
(1.43)
(1.39)

xb
Y

Yb
zb

Values in parentheses indicate an average of values obtained with the
volumetric method.

Samples boiled through the lead reductor column.

shown in Table A-2. The data were obtained in two ways: (a) A 1-g
sample of the alloy was dissolved and aliquots containing 0. 1 g taken
for analysis; (b) separate 0. 1 - 0. 3-g samples were weighed out,
dissolved, and analyzed.

Standard deviations of the results obtained

by the latter method were slightly larger, as would be expected. Data
obtained by several laboratories using the volumetric method are
also shown, and results agree well in most cases.

Recovery Studies

Aliquots of a standard tin solution were added to previously
weighed and dissolved samples of Zircaloy sample No. FZ-649 and
the amount of recovery determined.

The recovered tin was

calculated by subtracting the established tin value found by prior
analysis from the total tin found in the spiked samples.
shown in Table A-3.

The data are
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Table A-2.

Coulometric Determination of Tin Heated with
Generated Iodine Following Reduction in a Heated
Antimony Reductor

Sample
Designation
Number of
Analyses

FZ-649
S4837K
S4837K

FZ-292

FZ-292
KE-13

7
9
5
9
5
5
10

KE-13

aliquots
aliquots
samples
aliquots
samples
aliquots
samples

5Y303

4 aliquots
3 aliquots
5 samples

5Y303

8 aliquots

KE-13

Tin Found

Tin Found

Standard

Volumetric

Coulometric

Deviation

Method,

Method,

Percent

Percent

1. 35

1.47 3

0. 0113

1.43

.1. 402

0. 0030

1. 50±0. 05a

0. 25±0. 01b
1.73±0. 01C
1.72±0. 01d

1. 34±0. 03b

1. 568

0. 0067

1. 565

0

0. 239

0. 0028

0. 241

0. 0047

1.728

0. 0089

1.724

0. 0013

0060

1.722

0. 0015

1. 353

0. 0093

1. 357

0. 0033

1. 35±0. 01e

,,

9 aliquots at 0. 764 mg
,.
20 aliquots at 1. 528 mg

Tin standai'd{ „_

0.766 mg

0. 0079

1. 530 mg

0.0076

aAverage of 18 analyses over a period of 18 weeks, U.S. Bureau of
Mines, Albany, Oregon.

Best value by lead reduction method, Westinghouse Electric Corp. ,
Bettis Division.

^Reported by Westinghouse Electric Corp., Blairsville Laboratory.
Reported by Carborundum Metals Co.

eBest value by aluminum reduction method, Westinghouse Electric
Corp. , Bettis Division.
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Table A-3.

Recovery of Tin Added to Zircaloy Samples
Number of

Sample__

Tin Added,

_I?Jl^£roHmtLion_s_

Tin Recovered, Standard

m§

mg

Deviation

FZ-649, 0. 1049 g

8

0. 764

0. 759

0. 014

S4837K,0. 1098 g
S4837K, 0.0587 g

9
9

0. 764

0. 750

0. 011

0. 764

0. 754

0. 010

A second recovery experiment was conducted as follows:

To

each of five 50-ml volumetric flasks 0.5000 g of Zircaloy sample
No. S4837K was added.

Increments of a standard tin solution were

added to four of the flasks such that each 10-ml aliquot taken from
the flasks contained a multiple of 0. 375 mg of Zircaloy. Analyses
were performed in blocks of 5, one sample being withdrawn for
analysis from each flask in a random order.

constituted a replication.

Each block of 5

The process was repeated 5 times, after

arranging the flasks in a different random order each time.

The

data are shown in Table A-4. The least squares plot of the 30
values obtained gave a slope of 1. 0022 which agreed very well with
a theoretical slope of one for a plot of milligrams of tin found on the
ordinate versus milligrams of tin added on the abscissa.

The aver

age amount of tin recovered was well within the experimental error
for the determination.

Interferences

The effects of chromium, nickel, and iron on the coulomet

ric determination of tin were studied by means of a factorial design
experiment. Such a design permits the effects of each single factor
(Cr, Ni, or Fe) to be examined in the presence of different combina

tions of the other factors, in addition to yielding information about
possible interactions of any two of the factors or all three combined

(16, p. 106). Synthetic Zircaloy solutions were prepared for eight
possible combinations of the three factors as shown in Table A-5.

The concentration levels of the three metals were made up to be four
times the amount normally found in Zircaloy, and each aliquot taken
for analysis contained 0. 1 g of zirconium and 1. 500 mg of tin, along
with different combinations of chromium, nickel, and iron.
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Table A-4.

Recovery of Tin Added to Zircaloy Sample S4837K
Tin

Solution

Tin

Added

Found,

x,

average,

mg

Tin Recovered
average,

mg , from
Least Squares

Plota

mg

A

mg

Tin Recovered

0.770

0. 000

B

0. 375

1. 134

0.364

0.376

C

0.750

1.517

0.747

0.752

D

1. 125

1.887

1. 117

1. 128

E

1.500

2. 272

1. 502

1.503

.

aLeast squares plot: y = (0. 7645 ± 0. 0030) + (1. 0022 ± 0. 003l)x.

The eight solutions were made up and one aliquot was taken
for analysis from each flask. Three such sets of flasks were made
up, the eight analyses from each set constituting a replication. The
replications were performed on different days, and the order of
sampling was randomized within each replication. The data ob
tained are shown in Table A-5. The analysis of variance, shown in
Table A-5, consists essentially of breaking down the total variation
in the amount of tin found into the variations caused by each factor
and the interactions of the factors. The hypotheses made in this
experiment are: (a) The factors produce no effect, and (b) there are
no interactions.

The mean square terms are estimates of variance,

and the F values are obtained by dividing the factor mean squares by
the error mean square. The F values are then compared to
critical values listed in statistical tables, and a hypothesis is
rejected if the F value in the experiment exceeds the critical value.

Consider the F value for replication in Table A-5.

The criti

cal value is 3. 74 for 2 and 14 degrees of freedom at the 5 percent
significance level (there is a 5 percent probability that the value of
3.74 will be exceeded by chance alone).

With the value of 7. 69 it is

concluded that the replication effect contributes significantly to the
total variation. Any differences in experimental conditions or
environment during the three days that the replications were made
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Table A-5. Study of Interferences by Factorial Design
Solutions Used

Tin Found, Mg

Amount of Added Metal,
mg, per 0. 1 g Zr and
1. 5 mg Sn

•

Replication
I

II

Ill

Average

Chromium Nickel Iron
No.

1

0

0

0

1.480

1.476

1.499

No.

2

0

0

0.4

1.500

1.481

1.491

1.491

No.

3

0

0. 2

0

1.505

1.484

1.491

1.493

No.

4

0

0. 2

0.4

1.506

1.488

1.489

1.494

No.

5

0.4

0

0

1.490

1.491

1.501

1.494

No.

6

0.4

0

0.4

1.500

1.494

1. 504

1.499

No.

7

0.4

0. 2

0

1.495

1.470

1.488

No.

8

0.4

0. 2

0.4

1.508

1.489

1.498
1.494

Average

1.498

1.484

1.496

1.485

1.497

ANALYSIS OF VARIANCE
Source <of

Sum of

Degrees

Mean

Van ation

Squares

Freedom

Square

F

Crit ical

Fo.

05

Repl icat ion

0. 0008936

0.0004468

7.69

3. 74

Chromium

0. 0000807

0.0000807

1.38

4. 60

Nick el

0.0000040

0.0000040

0.07

Iron

2

-

0.0001707

0.0001707

2.94

,

Ni

0. 0001603

0.0001603

2.75

,

Cr x Fe

0.0000240

0.0000240

0.41

Cr x

Ni x

Fe

0. 0000003

0.0000003

0.01

Cr x Nix Fe

0.0000280

0.0000280

0.48

Error

0.0008138

0.0000581

----

Total

0. 0021754

14

-

-

.

_

_

_

_

_

- -

- -

- -

- -

23
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would cause this variation. Solutions stood longer before analysis
and indicator electrode response was sluggish during the day the
second replication was made, and these conditions could be
responsible for the low results obtained then. In the case of
chromium, nickel, iron, and the four interactions, it can be said that

there is insufficient evidence of any significant variation due to the
presence of the metals in the concentration ranges employed,
since the critical F value (4. 60 for 1 and 14 degrees of freedom) is
not exceeded.

DISCUSSION

A precise method for determination of tin in Zircaloy was
needed. In this investigation the coulometric analysis of several
samples of Zircaloy gave results which agree well with the values
obtained by the volumetric method and show better reproducibility.
A study of interferences showed that chromium, nickel, and iron
do not interfere when present in concentration levels which are

about four times the amounts found in Zircaloy.

In addition, the

recovery data obtained by addition of known amounts of tin to two

Zircaloy samples indicate that the presence of the sample does not
interfere with the tin determination.

Use of the heated antimony reductor column provided a fairly
rapid means of reducing the tin prior to titration and eliminated the
time-consuming step of boiling the sample with a reducing metal.
The sample was added directly to the titration cell by way of the
column, and contact with the air was eliminated by continually bub
bling carbon dioxide into the cell. Any error caused by air oxida
tion was undetectable.

The weighted mean of the standard deviations for all the anal

yses of Zircaloy samples was 0. 0068 mg of tin, and it is believed
that the major part of this variation was caused by errors in end

point detection. The end point detection system could bear improve
ment, since the platinum electrode often became sluggish in
response and had to be cleaned frequently.
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