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THE CRYSTAL GROWTH AND DISSOLUTION OP MINERALS

George H. Nancollas
Chemistry Department, State University of New York at Buffalo, New York

U.S.A.

The mechanism of crystal growth from aqueous solution is of im-
portance in such areas as desalination technology, bone and tooth formation,
pathological stone formation and electrocrystallization. Many investi-
gations have dealt with spontaneous precipitation processes. However,
since both crystal growth and nucleation occur simultaneously, this method
is not suited for the quantitative study of crystal growth. In an attempt
to eliminate uncertainties caused by heterogeneous nucleation, a series of
investigations in our laboratory have been concerned with the growth of
well-characterized seed crystals in stable supersaturated solutions. By
careful control of experimental conditions, it is possible to prepare
supersaturated solutions which are stable for periods of days. Following
inoculation of such solutions with seed crystals, the rate of crystal
growth is determined by measuring the concentrations of lattice ions in
the solutions and by microscopic examination of the growing crystals. In
some systems, particularly those involving calcium, hydrogen and fluoride
ions, specific ion electrodes are especially useful for monitoring the
ionic concentrations = The possibility of using potentiometric measurements
with such electrodes for the control of concentration, is of particular
importance in crystal growth systems in which one of the lattice ions is
also involved in equilibria with other ions in the supersaturated solutions.
In order to be able to analyse kinetically the results of crystal growth
experiments, it is necessary to characterise the ionic species present m
the supersaturated solutions. For this purpose, potentiometric measure-
ments with specific ion electrodes offer some unique advantages as compared
with the more conventional methods.

The growth of a number of sparingly soluble salt crystals in-
cluding those of calcium sulphate, calcium carbonate and calcium hydrogen
phosphate, follows a rate equation second order with respect to suyer-
saturation suggesting a surface controlled process. Much other evidence
also points to the absence of bulk diffusion as the rate determining step.
In many systems, the introduction of minute amounts of additives to the
supersaturated solutions has a marked effect not only upon the rate of
crystal growth but also upon the crystal habit. The icachanism of both
the crystal growth and dissolution of electrolytes in aqueous solution
will be discussed.



SYNTHETIC COPPER SULPHIDES AS COPPER-SELECTIVE

ELECTRODES

T, Biegler and D. C, Constable
Division of Mineral Chemistry, C.S.I.R.O.

Several copper sulphides have been synthesised and their

response to copper ions in the concentration range 10~x to 10~6 M

determined. The sulphides tested were Cu2S, Cui.geS, Cui.eS, CuS

and CuFeS2. Two forms of electrode were used: (1) Massive pieces

of the sulphide embedded in epoxy lesm in a glass tube. Direct

electrical connection was made with mercury and a contact wire.

(2) Pellets fabricated from powdered sulphide and PTFE. These were

used in a PTFE holder with a spring-leaded electrical contact.

All sulphides tested showed a selective response to copper

ion and interferences in common with other copper-selective electrodes.

From a practical point cf view, the properties of chief interest were

response at low copper concentrations, response time, stability, drift,

long term reproducibility and freedom from physical deterioration.

In these respects, the most satisfactory electrode was the CuzS/PTFE

pellet electrode.



SULPHIDE ANALYSIS WITH A SPECIFIC-ION ELECTRODE

L. C, Gruen and B- S- Harrap,
Division of Protein Chemistry, CS.I.R.O.

The Nernstian variable of electrode potential with sulphide
ion is now well established for silver sulphide (Ag/S) specific-ion
electrodes. Successful use of the method has hitherto relied on daily
calibration of the electrode with standard sulphide solutions and, as
the measured potential is a function only of the sulphide activity,
information regarding the prevailing ionic strength and also of the pH
is required before calculation of the total sulphide concentration can
be effected.

Following a detailed survey of the suitability of the Ag/S
electrode for sulphide determination in aqueous solution, it has been
found preferable to use a titrimetric method with the electrode as
indicator, rather than to measure the potential at the electrode and
interpolate from a calibration curve, When a standard silver
nitrate solution was titrated into the sulphide solution, the solution,
the titration curve was complicated by the presence of a hump, the
position of which was variable with respect to both volume and potential.
Precise location of the end-point was thereby extremely difficult. A
possible explanation will be proposed for the presence of this hump.

No such problems were encountered when the titration was per-
formed in the reverse direction (i.e., using sulphide as titrant). In
this case the end-point was sharp and there were no discontinuities in
the titration curve. The titration could be performed satisfactorily
over a wide range of pH and ionic strength No serious interferences
have been observed, with the exception of thiosulphate, the presence
and concentration of which c&n "-••- •-: '_in.'.ated from the shape of the
titration curve. Conditions will be described whereby this technique
enables the ready detection of sulphide ion concentrations of the order
of 5 p.p.m.



IMPROVED TECHNIQUE FOR HIGH PRECISION pH MEASUREMENT

A- N Durksbuty and B. C Telford,
Kodak 'Australasia' Pry. Ltd , Melbourne

Routine pH measurements performed using existing standard methods
are subject to errors cf up to 0.07 pH units, because the potential of the
measuring cell is dependent not only on the pH of the solution being measured,
but also varies with temperature and time and the physical arrangement of the
cell components such as the reference electrode and the liquid junction.
Previous work in oar laboratory has led to the design of a novel flow
through cell which largely overcomes the limitations of previous cells by
allowing for accurate control of these variables.

The ceil incorporates a miniature calomel electrode and extended
xree diffusion liquid junction, and has a small contained volume and thus
a low thermal mass Accurate -oritroj. cf the above mentioned variables is
thus possible and since the :ea is of the flow through type, machine
handling of samples and standard solutions is possible, thus reducing the
role or the operater in the measurement procedure.

A semi-automatic pH measurement system, based upon the flow
through cell, has been developed. Functionaljy, it is composed of five
modules:

1 Sampie and Buffet selection, whereby standard solutions and samples
are selected as required and sampled anasrobicaily.

2, Temperature Control, which -emprises a thermostat both for the wash
water and reference electrolyte reservoirs and a heat exchanger for
the sampled solutions, providing ccntroi of tne cell temperature to
Wxthm 0.: ;C-

3- The Solution Delivery and Measuring Cell module, including dual
pumps to feed the sampie and reference electrolyte into the cell at
precisely controlled rates

4, A control module which includes a bank of five electronic timers
to interlock the operation of the other modules with each other and
with the display panel

5, Readout, The output of the cell is displayed on a three place

digital pH meter.

The operator may select either of two operation sequences;
'standardise' for standard buffers and 'read' for cross-checking buffers
and samples, The timing for these sequences is automatic, thus elimina-
ting the influence of operator judgement during the measurement.

The results obtained with this instrument indicate that the per-
formance of the cell is limited only by the response characteristics of
the glass electrode- Potential fluctuations due to the liquid junction
are less than 0-1 mV and cell reproducibility is better than 0.005 pH
units for two standard buffers. It is possible to obtain high precision
pH measurements rapidly and with little dependence on the skill of the



operator and measurements may be made under non-equilibrium conditions.
Under these conditions, the reproducibility of the whole system is about
± 0.015 pH units for photographic processing solutions which have a pH in
the range 9 to 13. It has been found that the use of 3.5 M potassium
chloride as the reference electrolyte is to be preferred to the use of
the saturated solution.

Further, it is shown that the reliability of the glass electrode
may be substantially improved by the use of appropriate storage media and
that for alkaline solutions of high ionic strength the system is limited
by the availability of suitably reproducible standards.
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IMPROVEMENTS IN pH MEASUREMENT

A. N. DucKsbuzy and B, D. Telford
Kodak (Australasia} Pty. Ltd., Melbourne

This report describes an examination of the factors affecting pH
measurements, particularly of high pH high ionic strength solutions.

The cell used in routine determination of pH and with which we are
primarily concerned is

Ag; AgCl , HC1iM)I |glass I|Soln XJKC1 , HgzCl: v; Hg...
S Sett (s> ' ** I

and its potential depends net only en the pH of solution X but also on the
temperature, value and stability of the liquid junction and the efficiency
of the glass membrane- We therefore decided to examine these parameters.

Temperature effects in the saturated calomel electrode -

Out data shows that a temperature gradient along the calomel stem
of the saturated calomel reference electrode can be responsible for a poten-
tial variation of 0.17 mV/=C. We observed that the typical technique of pH
measurement could result in a temperature gradient of 2CC under equilibrium
conditions with a resultant pH error of 0-01 pH. In a non-air-conditioned
laboratory the error might well be greater-

Under non-equilibrium conditions when the temperature gradient
along the calomel stem was caused to fluctuate rapidly 2-c in 30 secss
potential variations of 4 mV were observed- Slow fluctuations of a larger
nature i6;C/120 sees) resulted in similar potential variations. These
effects are non reproducible in magnitude and can be responsible for pH
variation as high as 0.1 units- Cooling curves of solutions equilibrated
in open and closed vessels are cited as evidence that the above conditions
could easily occur during routine pH measurements.

Reference electrode designs to overcome these problems are
presented=

The data presented were obtained using a standard design calomel
electrode which was modified so that the temperature conditions described
could be imposed along the calomel stem.

Junction Systems

We investigated the application of

(1) a slowly flowing (constrained diffusion) junction
(2) a controllable flowing junction
(3) a static free diffusion junction.

For conditions *2i and (3) the apparatus essentially as Lamb and



Larsen l was used; for condition (1) the constrained diffusion junction
was termed by sealing a platinum wire in the electrode body so that a fine
crack was formed on coding. The results presented will show that the
liqoi-d junction potential is affected by

(a> variation in flow rate, particularly in (1) above
ib, variation in nature and/or concentration of the

electrolytes
izi turbulance at the boundary.

The potential of the free diffusion junction was found to be
equally stable and reproducible and much easier to prepare and remake
than that of the flowing junction. The stability of this junction was
found to be within 0.02 mV at pH 7 and 0.07 mV t pH 12 and its re-
producibility of subsequent remaking of the junction was within ± 0.06 mV
at both pH levels. This indicates that when pH measurements are made
against a reference electrode utilising the free diffusion junction, and
providing temperature stability is maintained, the uncertainty in the
measurement due to variations of .-.]-,- '.iquid junction potential is reduced
to t 0.001 pH.

Reference Electrolyte Concentration

Using a szatic free diffusion junction large measured pH variations
were observed when che reference electrolyte was changed. Stirring of the
reference electrolyte to prevent striation improved reproducibility but
subsequent experiments revealed unexpected difficulty in preparing saturated
potassium chlozxde solution. Similar results were obtained with 3.5 M
potassium chloride, a phenomenon we still find difficult to explain
especially as great care was taken with temperature equilibration. We
report that it is necessary to continuously agitate the reference electrode
solution and that 3-5 M potassium chloride solution is preferred over the
saturated solution.

Glass Electrode

Our week is particularly directed towards measurement of pH values
m the pH region 9-12

We ha.i observed, as h?^--•- jtber workers, that the glass electrode
when used continuously appears to •fatigue'. That is, its efficiency
measured as % Nernstian response appears to decrease and its sodium ion
error apparently to increase. Work done elsewhere using conventional
methods (the 'standard procedure1 described earlier) has shown the need for
'resting' the electrode for several days after one day's continuous use,
and in our laboratory we presently find that continuous measurements by the
standard procedure in the range 9 - 12 pH will affect the electrode charac-
teristics in a matter of hours; when pH sensitive membrane is being
continuously irrigated these effects are even more obvious. To overcome
this problem, we have investigated the effect of various storage solutions
on the glass electrode characteristics.

Our data illustrates that storage of glass electrodes in lithium
solutions has enabled us to operate one glass electrode continuously for
several months without change and with excellent stability.

Reference: 1. A, B. Lamb and A. J. Larsen, J.A.C.S., 42_, 229 (1920)



SPECIFIC ADSORPTION OF ANIONS FROM TENSAMMETRIC MEASUREMENTS

Henry H. Bauer,- H. R, Campbell, M. Langhorst and A. K, Shallal,
Department of Chemistry, University of Kentucky, Lexington, Ky. 40506, U.S.A-

Tensammetric measurements conveniently show the potentials at which
uncharged surfactants are desorbed from the electrode, at both positive and
negative charge on the electrode. We have found that these potentials are
quite sensitive to the nature (and concentration) of the electrolyte present
as background, and that data so obtained can provide information about the
relative specific adsorption of ionic species as a function of electrode
potential,

At sufficiently large coverages of the electrode, the dependence of
peak potential on logarithm, 'aicchoi activity) is linear. Lines obtained
for a given alcohol in various electrolytes were coincident for the negative
desorption peaks, but varied widely for the positive peaks; the slopes of
the lines also depended on the electrolyte, and were always greater for the
positive waves than for the negative.

Thus, with increasing positive charge, the alcohol is desorbed more
quickly than with increasing negative charge. This results from the fact
that desorption at a negatively charged electrode occurs by displacement of
alcohol by water in view of the difference in dielectric constants; at
positive charges, desorption results from this effect and also from com-
petitive adsorption of alcohol and inorganic anion.

Conclusions concerning specific ionic adsorption are drawn from the
variation of desorption potentials of the alcohols as the electrolyte con-
centration changes; from the relative positions, for different salts, of the
lines showing desorption potential as a function of log (alcohol activity);
and from the relative slopes of these lines.

Results obtained show specific adsorption to increase in the
sequence F~_< Ciol < SO^ < No! < Ci~ at potentials anodic to the S.C.E.,
and F~ < SO^ < Ciol < NO7 < Cl~ at more cathodic potentials. There are also
indications of reversal of this order for SO^ and NO3 at +0.17 V; for NO3
and Cl~ at -0.31 V; for C10~ and Cl" at -0.42 V. The specific adsorption
increases more rapidly with increasingly positive charge on the electrode
in the sequence ClO^ < NOl, F~ < Cl~ < SO^, which can be rationalized in
terms of the type of interaction between ion and electrode.

Studies of this type offer a rapid method for obtaining data on
specific adsorption of ions at those solid electrodes where tensammetric
peaks can be observed.



POLAROGRAPHY IN ANHYDROUS HYDROGEN FLUORIDE

T. A. O'Donnell, A. M, Bond and I, D. MacLeod
Department of Inorganic Chemistry, University of Melbourne

Prior to this work there had been no reliable polarographic studies
in hydrogen fluoride. There have been some accounts of non-reproducible
observations in a small number of conference and technical reports, but
nothing in refereed literature. The solvent used contained unknown amounts
of water and other impurities and construction of a dropping mercury elec-
trode from Teflon was based on a complicated and difficult procedure
published from the Oak Ridge laboratories.

A very simple and reliabJe xn°thod has been developed for construc-
tion of Teflon DME's. Such a Di<iE can r>e incorporated into a cell constructed
from Kel-F and fitted with a Cu-CuF2 reference electrode and a platinum
auxiliary electrode, A vacuum system, constructed from Kel-F, can be used
to introduce anhydrous solvent and supporting electrolyte into the cell
without exposure to the moist atmosphere. The Kel-F vacuum system allows
solutions of reducible or oxidizable species to be titrated into the cell
to provide working solutions of varying, known concentrations and also
allows used mercury and solutions to be removed and the cell to be washed
with hydrogen fluoride. Using this procedure, polarographic investigations
can be carried out under anhydrous conditions over a period of several weeks.

Small amounts of water in the solvent would be likely to lead to
oxo- or hydroxo-complexing of the low concentrations of species under
investigation. The experimental procedure outlined here provides the
possibility of studying relatively simple species which are fluoro-
complexed and/or solvated by hydrogen fluoride.

The drop characteristics of the Teflon DME have been investigated;
and the limits of the useable potential range for hydrogen fluoride have been
established, as well as the effect on tais range of impurities, the one of
major interest being water, A preliminary survey has been carried out of
polarography of several species including metal ions and the halides other
than fluoride. Exhaustive and detailed studies have been concluded on
systems such as Sn(II)-Sn(O) , Sn(II)-Sn(IV), T1(I)-T1(O) and Tl(I) and
Tl(III).
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ELECTROANALYSIS AND ELECTRODICS AT A HANGING DROP

ELECTRODE IN MOLTEN SALTS

A, D- Graves and D- Inman
Imperial College of Science and Technology, London, U K .

Most electroanalytical and elect-rodic measurements in molten salts
have been made at solid eieetredes- The results have therefore been affected
by the usual uncertainties associated with such electrodes, e g., 'real1 ver-
sus apparent surface area, the reproducibility of the surface, etc- The
uncertainties have-been mitigated to some extent by the use of pulse tech-
niques and standard methods of electrode preparation However, when it is
important to be able to deadly separate the processes under investigation
occurring in the diffusion laye.1: and the double layer, frcm interfering pro-
cesses which may be occurring on the electrode surface "eiectrccrystallisation,

'•• formation of oxide layers, etc 's it is desirable to use a liquid metal sub-
'. strate with seme facility for renewing the metal surface-

S The use of the dropping mercery sie^trode ±s usually restricted
I • to temperatures below about 250'C, although this range could probably be
5 extended by employing elevated pressures- Thus, in order to make measure-
I ments with molten alkali metal haiides, e t c , it is necessary to employ
'; metals such as lead, bismuth, zinc, cadmium, etc These metals suffer from
I the disadvantage that they do not appsar tc exhibit ideally polarisabie
5 behaviour m contact with molten salts, although they may approach ideality
I under cartam conditions - •*-

I Nevertheless these metals have been used as electrodes in the
"I form of a sessile dicp 2 and a falling drop 3 The former electrodes
I are rather unsatisfactory because the melt tends to seep between the liquid
I metal and the insulating-support (generally glass), and the metal surface
"I is difficult to renew. The latter electrodes have been made to work well

at temperatures up to 500°C but are of complex construction and, for that
reason, may be difficult to extend to higher temperatures.

Most of these disadvantages -.are avoided by the use of a hanging
drop electrode. This kind of electrode has been used previously but only
with mercury where the syringe., mechanism could be at room temperature, '
The important features of the electrode, designed in this laboratory, are a
syringe mechanism which is located close to the melt in a region of uni-
form temperature, and a relatively wide-bore capillary. The drop tends to
'neck1 and fall off if the capillary is too narrow- Also there is less
tendency for a wide-bore capillary to become blocked with metal oxide, etc

The electrode is filled by suction from a metal pool in the
electrolysis cell and the liquid metal prevented from running out by
maintaining the pressure in the syringe at about 20 cm Hg below that of
the surroundings.
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The construction of this relatively simple electrode from glass
and tungsten components will be described in detail. A modification of
the design for use at high frequencies will also be described. The use
of both forms of the electrode will be illustrated with voltaitimetric,
chronopotentiometric, double layer and kinetic measurements.
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POLAROGRAPHY OF PYRIDYLAZO COMPOUNDS AND THEIR METAL COMPLEXES

T, M, Florence and D. A. Johnson
Chemical Technology Division, Australian Atomic Energy Commission

Research Establishment, Lucas Heights, N.S.W.

The polarographic behaviour of di-o-hydroxyazo compounds and
their metal complexes has been the subject of many studies because of
the considerable analytical importance of such compounds. Many metals
react with hydroxyazo dyes, and the metal complex is often found to
undergo polarographic reduction ar a potential considerably more nega-
tive than that of the free dye. The height of this discrete wave is
then a measure of the concentration of metal. This principle provides
probably the most sensitive chemical method known for aluminium, which
can be determined down to 0-1 parts per billion using a single sweep
polarograph.

The reduction mechanism of these dyes was shown to involve a
2-electron potential-determining step to the hydrazo derivative, which
then disproportionates to the amines. The regenerated azo compound is
available for further reduction.

Based on kinetic studies, it was suggested that disproportiona-
tion of 4-aminohydrazobenzene-4'-sulphonic acid proceeds via a rate-
determining step to form a quinonediimine intermediate which then
oxidizes a second molecule of hydrazo compound to yield the azo dye
plus amine.

The rate of disproportionation depends on the nature and
position of substituent groups in the aromatic rings- An hydroxyl
group ortho to the azo linkage was invariably found to result in very
rapid disproportionation, so that the polarographic wave height cor-
responds to a 4-electron reduction at all pH values. If the hydroxyl
group, or another substituent with a large negative Hammett constant,
is para to the azo linkage, the hydrazo derivative is again unstable,
but depending on pH may be sufficiently stable to allow direct
measurement of its rate of disproportionation.

* The present study was directed at pyridylazo compounds, which
are important chromogenic reagents for the determination of uranium
and other metals. Ortho-hydroxy pyridylazo dyes such as l-(2-pyridy-
lazo)-2-naphthol (PAN) and 4-(2-pyridylazo)-resorcinol (PAR) were found,
like their benzene analogues, to form metal complexes which gave re-
duction waves at a more negative potential than the free dye. However
an unexpected difference was observed between the polarographic
behaviour of o_-hydroxy-pyridylazo and c^-hydroxy-benzeneazo compounds,,
in that the pyridyl dyes in acid media yield 2-electron waves, while
the benzene dyes have a wave height corresponding to four electrons.
At very high pH values, where the hydroxyl groups are ionized, both
classes of dyes yield four electron waves, A thorough study of the
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APPLIC

behaviour of several pyridylazo compounds using controlled-potential
D.C, polarcgraphy, controlled-potent1al coulometry, and cyclic
voltammetry, has shown that pyridylhydrazo compounds are invariably
more~stable than their benzene counterparts^ and it:is suggested that
this increased stability results from hydrogen bonding between an
hydrazo hydrogen and the pyridyl nitrogen.

The polarographic behaviour of azo compounds can be divided
into the following five groups:

(1) 2-electron waves are obtained at all pH values, i.e., the
hydrazo compound is stable in the range pH 1 to 13 - e.g. ,
azobenzene, 4-(2-pyridylazo)-phenol, 4-(2-pyridylazo)-
aniline.

Depar

consid
graphi

(2) 4-electron waves are obtained at all pH values, i.e., the
hydrazo compound is very unstable in the range pH 1 to
L3 - e.g., 2-hydroxy-azobenzene, benzene-azo-2-naphthol.

(3) 4-electron waves are obtained at low pH, 2-electron waves
at high pH values - e.g., 4-aminoazobenzene and
4-hydroxyazobenzene. -

f4i 4-electron waves are obtained at low and high pH values,
and 2-electron waves at; intermediate acidities (pH 8) -
e.g., benzene-azo-1-naphthol-

(5) 2-electrcn waves are obtained at low pH values, and 4-
electron waves at high pH values - e.g., pyridyl-azo-2-
naphthol, pyridyl-azo-tesorcinol.
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APPLICATION OF PHASE-SENSITIVE DETECTION TO RAPID AC POLAROGRAPHY

# *
D, R, Canterford and A. M= Bond

# *
Department of Physical Chemistry, Department of Inorganic Chemistry,

University of Melbourne

In routine analytical work the use of short controlled drop times
and fast scan rates of potential, and thus short analysis times, are of
considerable advantage. This constitutes the so-called "rapid" polaro-
graphic technique.

Many of the extensions to polarographic techniques developed
in the last 20 years have aimed at providing means of discriminating
against the charging current.. For instance, in ac polarography, the
employment of phase-sensitive detection provides considerable improvement
in the detection limit and precision of measurement at low concentrations.
Other techniques such as Tast (current-sampled) and pulse polarography
also provide discrimination against the charging current. With Tast
and pulse polarography it has been shown that the use of short drop times
decreases the ability of these techniques to discriminate against the
charging currents With ac polarography, however, an investigation of
the application of phase-sensitive detection to the rapid method has
shown that excellent discrimination against the charging current is
obtained even with drop times as short as 0.16 sec.

It is evident that theoretical relationships derived for ac
polarography, with normal drop times of between 2 and 8 seconds, can be
extended to short controlled drop time ac polarography, Because of the
lower iR drop associated with the short controlled drop time technique,
better discrimination against the charging current is obtained with rapid
phase-sensitive ac polarography than with the corresponding natural drop
time technique.

The high sensitivity and precision and the short analysis times
possible make the technique of rapid phase-sensitive ac polarography
extremely attractive for routine analysis.
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ELECTROCHEMICAL BEHAVIOUR OF o and p SUBSTITUTED HYDROXY AND METHOXY

AZOBENZENES

J, F, Brennan,
Chemistry Department, Macquarie University, N,S.W.

The halfwave potentials obtained by polarographic reduction
of substituted hydroxy and methoxy azobenzene compounds, with tetra-
ethyl ammonium perchlorate as the electrolyte in dimethyl formamide
are shown in the table below. The -OH group has the same electron
donating withdrawing effect on a ring system as the -OCH3 group, sc any
differences in their behaviour is due to the effect of the -H in the
-OH group, or that the hydroxy compound may exist as the quinone form.

Compound

o_-0H

oj-OCH,

p-OH

p-OCH.

2,4D-OH

2,4D-OCH3

2,2'D-OH

2,2'D-OCH<

2-OH,4-OCH,

Azobenzene

Azobenzene

ti

ii

•I

•I

ii

it

it

ii

(1st wave)

-1.78

-1.48

-1.80

-1, 76

-1.88

-1.47

-1.90

-1.37

-1.84

-1.55

h
(2nd wave)

-2.17

-1.95

-2-22

-2,12

-2.33

-2.03

-2-28

-1.64

-2.25

-1.98

h
(3rd wave)

-2.10

-2.27

-2,21

-1.82

-2.23

The methoxy azobenzene compounds were reduced in two dif-
fusion controlled one electron/molecule steps. The product on complete
reduction on the plateau of the first reduction wave was an intense red
brown colour which gave a strong electron spin resonance signal. This
species was shown to be the radical anion.

Reduction on the plateau of the second wave gave a colourless
species which did not give an E.S.R. signal and was shown to be the
corresponding dianion. Cyclic voltammetry and ultra violet spectro-
scopy studies were also carried out in an attempt to elucidate the
mechanism.

The hydroxy azobenzene compounds show on reduction the
presence of three waves, the second of these is extremely small and
decreases with increasing temperature. Cyclic scan studies show that
no oxidation waves are present.
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Coulometric reduction on the plateau of the first wave
required 1 electron/molecule' and ~the~species~ formed was deep red
in colour and E.S.R. inactive. The U«V. absorption peak occurred
at 5200 A.

Complete reduction required two electrons/molecule in
the presence and absence of proton donors.

The reduction mechanism of both hydroxy and methoxy azo-
benzene compounds in the presence and absence of proton donors will
be presented in detail.
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POLAROGRAPHIC CATALYTIC HYDROGEN WAVES

OF IRIDIUM(IV): USE IN CYSTINE ANALYSIS

P. W. Alexander, G. N. Coady and D. Hadisobroeto,
School of Chemistry, University of N.S.W.

Iridium(IV) has been shown to give a well-defined polarographic

catalytic hydrogen wave highly sensitive to changes in cystine concen-

tration when in the presence of excess Ni(II) in an ammonia buffer at

pH 9.3. A sharp catalytic maximum is obtained at -1.75V, superimposed

on the Ni(II) reduction wave and the broad catalytic wave of the Ni(II)-

cystine system. The height of the Ir wave is dependent on the concen-

trations of all three solution components, Ni(ll), Ir(IV) and cystine

and also on buffer pH, the presence of surfactants, temperature and

height of the Hg-column. The effect is not specific for cystine, and

other sulphur-containing compounds show similar catalytic properties,

viz., cysteine, glutathione and thioglycollic acid, analogous to the well-

known Brdicka catalytic waves. However, interferences from other ammo

acids such as histidine, lysine, arginine and tryptophan are not serious

with the Ni-Ir system, and concentrations 100-fold in excess of the

cystine have little effect on waveheight. On the other hand, sulphur-

containing proteins do not give a catalytic wave with the Ni-Ir system

and, when present in large excess, eliminate the cystine catalytic waves

due to complex formation with Ni(II).



IS POLAROGRAPHY DEAD ?

T. M. Florence,
Chemical Technology Division, Australian Atomic Energy Commission

Research Establishment, Lucas Heights, N-S.W,

Death closes all: but something ere the end,
Some work of noble note, may yet be done,
Not unbecoming men that strove with Gods.
....................... Come my friends,
'Tis not too late to seek a newer world.

Tho' much is taken, much abides: and tho'
We are not now that strength which in old days
Moved earth and heaven; that which we are, we are;
One equal temper of heroic hearts.
Made weak by time and fate, but strong in will
To strive, to seek, to find, and not to yield.

There is little doubt that while polarography and related
electroanalytical techniques continue to be popular subjects for
university research, their popularity as methods of practical chemical
analysis has fallen to an all-time low. Before discussing the reasons
for this decline it is relevant to ask whether polarography did at any
time in its history achieve the same status with analytical chemists
as did, say, molecular spectrophotometry, or more recently, atomic
absorption spectrophotometry. The answer to this question is almost
certainly, no - at least in the English-speaking countries. Polaro-
graphy is a technique that in general is used by one or two enthusiasts
in any organization, and if they happen to leave, the instrument will
as likely as not rust on a shelf, A spectrophotometer, on the other
hand, can usually be operated by almost everyone in the laboratory.
The reasons for this situation range from basic problems inherent to
the polarographic method to poor undergraduate training in electro-
analytical techniques. The dropping mercury electrode, while giving
polarography its start, and being the heart of any polarograph, never-
theless has undesirable properties that are detrimental to the wide
acceptance of the technique as a routine analytical tool.

There is a feeling however, that in the last few years polaro-
graphy and voltammetric techniques in general have made something of
a comeback. This is a result of some significant advances in commercial
instrumentation which have made available smaller and more reliable
voltammeters having facilities for advanced techniques such as deriva-
tive D.C., phase-sensitive A.C., and pulse and square wave polarography.
These new instruments not only make polarography a more convenient
analytical tool, but allow it to compare favourably with many other
techniques on the basis of sensitivity and selectivity. Important
advances in the area of anodic stripping voltammetry have enabled
this close relative of polarography to become one of the most sensitive
and useful methods available to the environmental chemist for study of
the occurrence and distribution of heavy metals in the biosphere and
hydrosphere.



SOME ELECTROCHEMICAL AND CHEMICAL STUDIES RELEVANT TO FROTH FLOTATION

J, Leja,
Mineral Engineering Department, U.B.C., Vancouver, Canada

I
I Examples of elect*c.hsmical behaviour in mineral systems will be
I briefly reviewed and contrasted with chemical mechanisms.

Galvanic dissolution of unliberated mineral composites has been the
subject of considerable amount of research in the last decade. The recent
results of E, Peters et al and H. Maxima et al. on dissolution of complex
sulphides will be presented and related to conditions prevailing in a flota-

I tion system.

Some work on chemi:^! and electrcrnemicai reactions of xanthate
species in solution (by R N Tipman:, and on the decomposition of metal-
xanthates (Cu, Pb and Ft - by K. Sheikh, rained out in the last few years
at Mineral Eng- Dept-, U.B C.J concerns the composition and the stability of
collector films deposited on the mineral surfaces and their bearing on the
selectivity o£ separation will be disrussed.

The extent of interactions between negatively charged xanthate
ions and the positively charged amine Type surfactants (studied by J- H.
Schulman et al. by monolayer penetration on a Langmuir-Adam trough} has been
investigated by J- Czarnecki :n an attempt to determine the stability con-
stants for these ion-pairs. Applying a number of different techniques
(changes in surface tension and aux.ia.ee potential, electrocapillary curves
and double layer capacitance studies on dropping mercury electrode) A. Pom-
lanowski et al. and J. Czubak confirmed the interactions of these types of
ions at electrode interfaces. Depending on the degree of electrode polar-
ization in polarogzaphic studies a number of changes have been observed and
these have been interpreted in terms of oxidation, re-orientation of ad-

1 sorbed species and formation of a bulk compound in a xanthate-mercury system.
Similar re-orientation of adsorbed species (from a vertically oriented mono-
layer to a horizontally oriented multilayer) has been observed by G. W.
Poling and E, Coelho using the polarized IR reflectance technique, when
fully solidified monolayers of carboxylates were deposited on Au mirrors;
in contrast, no re-orientation was found to take place when identical fully
solidified monolayers were deposited on oxidized Cu mirrors.

Zeta potential studies on quartz, carried out by J. Kloubek, have
indicated a possible explanation of minimum ;'or maximum) in zeta potential/
electrolyte concentration relationships (frequently reported in literature)
as being due to an uncontrolled presence of CO 2 in the solution used in
mobility or streaming potential measurements

The possibility of utilizing electrochemical or chemical means to
facilitate the liberation of finely disseminated mineral aggregates (thus
minimizing the power requirements for grinding or ores) will be mentioned
in purely speculative manner.



18

THE ELECTROCHEMISTRY OF SULPHIDE FLOTATION

J- R- Gardner and R. Woods
Division of Mineral Chemistry, C.S.I.R.O.

Xanthates have been utilized as collectors for the flotation of
sulphide minerals for many years. The process whereby xanthates render
the mineral hydrophobic and bubbles can adhere no the surface, is electro-
chemical. The interaction proceeds through a mixed potential mechanism,
consisting of simultaneous anodic oxidation of xanthate and cathodic re-
duction of oxygen. A material must be an electronic conductor in ordec
to float with xanthates but this is not a sufficient requirement.

The anodic oxidation of ethyl xanthate has been studied on
platinum, gold, copper, lead and galena electrodes. Dixanthogen is
formed on platinum, gold, copper and galena at potentials more anodic
than the reversible potential of the xanthate/dixanthogen couple. The
oxidation proceeds through an absorbed xanthate radical. The adsorption
step can be studied separately from the overall reaction on galena and is
found to obey Elovich adsorption kinetics. The dixanthogen is not chemi-
sorbed but builds up to form multilayers on the electrode surface. Pro-
longed electrolysis yields some metal xanthate in addition to dixanthogen
on gold, copper and galena electrodes, the quantity of xanthate formation
increasing from gold to galena. Lead xanthate alone is produced on lead
electrodes at all potentials up to where the metal xanthate is oxidized
to lead oxide at which point dixanthogen becomes the major product.

Gas bubbles will only adhere strongiy to the electrode when
dixanthogen is present on the surface- Metal xanthates alone are not
sufficient for bul'ile contact; although there is weak attachment in the
case of the chemisorbed xanthate layer on galena

The electrochemical nature of the interaction of xanthate with
surfaces can be demonstrated by rendering a bed of particles of the
material floatable with nitrogen bubbles by adjusting the potential of
ti = bed- Gold spheres and galena particles float only at potentials at
whxoh dixanthogen is formed. When oxygen was bubbled through the bed
to render the material floatable, the open circuit potential was in the
region where dixanthogen is formed. On the other hand, only a small
proportion of metallic lead particles floated when lead xanthate was
produced on the surface either by adjusting the electrode potential or
by the action of oxygen.

These observations support the conclusion that the presence of
dixanthogen on the surface is required for efficient flotation with
etnyl xanthates.
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THE CATHODIC ELECTROCHEMISTRY

OF CHALCOPYRITE

T. Biegler and D« A. Swift
Division of Mineral Chemistry, C.S.I.R-O.

Sintered discs of both synthetxc and natural chalcopyrite

(CuFeS2) , have been used as cathodes in acid electrolytes. Electrodes

of natural chalcopyrite were formed by hot-pressing Mt. Lyell copper

concentrate. The discs of synthetic chalcopyrite were prepared by

not-pressing eguimolar mixtures of synthetic ccvellire CuS': and

troilite (FeS) . During electrolysis, Ĥ -S was evolved and ferrous

ion dissolved; no copper dissolution occurred.

The solid products were detected by v-ray diffractometry

either of the surface of partially electrolysed discs or of powdered

cross-sections of samples where all the chalcopyrite had been reduced

X-ray analysis of the surface after short periods of electrolysis

showed that pyrite (FeSz) and chalcocite iCujS' were formed concurrently.

With longer electrolysis times, complete reduction to these sulphides

was achieved although copper sulphide was mainly in the form of djurleire

At higher current densities, reduction to elemental copper

occurred but with low current efficienty. As well as detection of the

solid products, measurement of the amounts of HoS and Fe formed

during the course of the electrolysis were carried out in order to

establish the reaction stoichiometry and mechanism.
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REDOX EQUILIBRIA AT THE ZnS-WATER INTERFACE IN RELATION

TO SULPHIDE FLOTATION

D, R. Dixon and T, W. Healy
Department of Physical Chemistry, University of Melbourne

In contrast to the earlier flotation theories of surface

exchange or adsorption, the more recent postulates all involve the solid

itself in a key role. The recent models can be considered to involve

the mineral as either

!a> a semi-conductor, thus focussing attention on the

energetics of the solid and the factors controlling

this, or

(b) an electrode, on the surface of which these are at

least two redox reactions producing a so-called

mixed potential, or

(c) a catalyst providing not only a site for the redox

reactions but also participating in the heterogeneous

processes, or

(d> a surface and therefore subject to any influence which

is capable of changing the surface free energy.

Each of these models will be discussed and examined in an

attempt to elucidate the important steps in sulphide activation in flota-

tion process„ In particular, recent experiments on metal ion activation

and xanthate adsorption at the zinc sulphide surface will be discussed

in relation to the problems or intentional and unintentional activation.



THE ELECTROCHEMISTRY OF DITHIOCARBAMATES AND THEIR COPPER COMPLEXES

T« H, Randle, T. J. Cardwell and R. J. Magee,
Department of Chemistry, La Trobe University, Melbourne

1 Because of their wide-industrial application and strong chelating

(| ability with metals, most of the-ehemical properties of dithiocarbamates

jl have been extensively investigated. However, little work has been done on

l?| their electrochemical behaviour. Most of the electrochemical work carried

1 out consists of a polarographic study of the sodium or potassium salts,

'4
.1

'J mainly the diethyl compound. Electrochemical studies of the metallic

! complexes of dithiocarbamates appear limited to the mercuric diethyl-

I dithiocarbamate.

4
; | The material presented in this paper deals with the polarographic
I and chronoamperometric study of a series of dithiocarbamates, and their
•i

corresponding cupric complexes. The data obtained will be used to deduce

and compare reaction mechanisms for the electrode processes occurring at

the mercury drop electrode, and to investigate the effect of the structure

of the dithiocarbamate ligand on the reduction of the cupric complexes.
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GIBBS FREE ENERGIES OF COLLECTOR SPECIES AT SULPHIDE MINERALS

Chemistry Department, Indian'Inttitute of Technology,
New Delhi-29, India

The work was undertaken tc determine the Gibbs free energy
values of ethyl xanthate and diethyl dithiocarbamace at two sulphide
minerals, galena and pyrite and relate these ro the collector mechanism.
The technique used was similar to the one described previously by the
present author C > .

The mineral electrode was equilibrated with a solution of the
sulphoxylate of potassium such as K£SO_, Kr3O:, and K^S^O, and then the
collector solution lethyl xanthane oi diethyl dithiocarbamate) was intro-
duced. From the emf vaiues of the system the activity of the metal ion
was calculated using the appropriate form of the Nernst equation. From
this the solubility product of the adsorbed collector species and hence
its Gibbs free energy were found oat. Such results obtained for pyrite -
xanthate, and pyrite - dithiocarbamate systems are recorded in the follow-
ing table.

Mineral-Collector
System

AGC adscrpnon
/Kcal mole

AG' adsorbed species
/Kcal mole"1

Galena-xanthate
(from ref. 1/

Galena-carbamate

Pyrite-xanthate

Pyrite-carbamate

35.6

33.6

38.9

39. S

-100.1

-57.7

-117.9

-78.3

The results obtained broadly support the ion exchange mechanism.
It is further seen that AG1 of the adsorbed xanthate has higher negative
value as compared to that of the adsorbed dithiocarbamate. This accounts
for the excellent floatability of galena with xanthate as compared to
that with dithiocarbamate (2,3). Furthermore, AG° at pyrite is more
negative than for galena from which it is concluded that pyrite is floated
by lower collector concentration than that, required for galena. This is
known in flotation practice.

References:

1. S. R- Rao, Surface Science, Q, 413-425 U970) .

2. 0. Mellgren, Trans A.I M.E-, 215, 16 (1966!-

3. 0. Mellgren and S. R. Rac, Trans. Inst. Mining Met., 7_7_, C65-C71
(1968).
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IONIC SURFACE ACTIVE AGENTS

THEIR ROLE IN INTERFACIAL PROCESSES

R, H. Ottewill

School of Chemistry, University of Bristol
Briston, England

I

The adsorption of cationic and anionic surface active agents at

various types of interfaces will be discussed and the effect of the

adsorption on electrokinetic potential, coagulation, contact angle and

flotation will be considered, The nature of the solid surface and, in

particular, the distribution of hydrophobic and hydrophilic sites will

also be discussed as a means of correlating information obtained on

different materials.

Studies of contact angles at the air-aqueous solution-thin

crystalline film interface have recently been made as a function of the

charge on the solid interface. Interps.er.at.ion of these data can be

made in terms of the normal forces acting across the interface and the

thickness of the aqueous wetting layer. In fact, it can be shown

that the forces which control the thickness of the wetting layer play

a critical role in determining the contact angle.

Finally, some recent experimental work which has been carried

out to measure directly the force between two surfaces with adsorbed

layers of surface active agent will be described.
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ELECTROKINETIC PROPERTIES AND FLOTATION BEHAVIOUR OF APATITE

S. K, Mishra and J. M, W. Mackenzie
School of Mining Engineering, The University of New South Wales

As Christmas Island is the main source of apatite mineral to
Australian industry, apatite from this source has been used for the electro-
kinetic and flotation studies.

Zeta Potential measurements show the z.p.c of this apatite being
at pH 3.5, however some earlier studies on Broken Hill apatite shows the
z.p.c. at pH 6.9. This difference in behaviouc might be due tc lattice
impurities. _ However, main potential determining ions for both the apatites
are Ca++, PO^ , H1" and 0H~.

The effect of long chain ions on the zeta potential of apatite
shows sodium dodecyl sulphate, cetyl t.rimethyl ammonium bromide and dodecyl
ammonium chloride adsorb in a similar pattern The adsorption seems in-
fluenced only slightly by coulombic forces. Cham-chain interaction
forces seem to be more significant. Sodium oleate may be strongly
chemiadsorbed which influences the zeta potential of apatite quite con-
siderably. At low concentrations, up to 10 " mole/liter, of sodium laurate
there is little change in zeta potential of apatite but at high molar
concentration some significant change is observed.

As Calcite is one of the main gangue minerals of apatite its
electrokinetic and flotation studies were felt important. The electro-
kinetic data show the z.p.c. of calcite at about pH 8.2 and the potential
determining ions being Ca1'*, cot, KT and 0H~. The mode of adsorption of
Long chain ions on calcite surface is similar to their adsorption on apatite.
However, stronger adsorption of oleate and laurate result in their greater
influence on the zeta potential of calcite compared to apatite.

A modified Hallimond tube has been used to study the quantitative
flotation behaviour of apatite and calcite. The flotation results have
been interpreted in terms of the electrokinetic properties of these
minerals. Some interesting results have been obtained which show that
selectivity of apatite-calcite flotation could be possible.
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COAGULATION AND FLOCCULATION STUDIES ON A KIMBERLITE SUSPENSION

Ĵ  M, W. Mackenzie,
School of Mining Engineering, University of N,S.W.

A study has been made of the surface charge properties of a
kimberlite-material. Electrophoresis measurements and light trans-
mission measurements have been used to examine the effect of cation and
polyelectrolyte additions on the zeta potential and stability of
kimberlite particles.

Kimberlite particles found in diamond washing circuits are
mixed oxides with significant content of Al, Mg, Si and Fe, The par-
ticles are extremely small in size and water suspensions of kimberlite
possess a very high stability. Electrophoresis measurements were used
to determine the effect of H"' and 0H~ ions (potential-determining ions
for oxide minerals) on the zeta potential, The kimberlites did not
exhibit a P,Z.C. and, therefore, the Parks model of the surface charging
mechanism is that there are contributions from both a brcken bond structure
and from a lattice defect/substitution struccure- The surface charge
resulting from the lattice substitution/defect structure is not influenced
by FT" adsorption and this explains the absence of an experimentally
determinable P=Z=C.

The effect of calcium, aluminium and magnesium ions on the ?era
potential and stability of the kimberlite has been studied ever ranges of
pH values. The zeta potential results reflect the importance of metal
cation hydrolysis on the adsorption of these cations.

D.LcVcO, theory has been applied to coagulation results for both
H and multivalent metal cations. The theory describes the effect of H
satisfactorily but for some of the metal cations the correlation between
predicted and observed stability is not good and reasons for this are
discussed.

The effect of cationic, anionic and non-ionic polyelectrolytes on
the stability of kimberlite suspensions has also been examined and the
results are discussed in terms of the possible adsorption mechanisms of
these reagents.
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HETEROCOAGULATION AND SLIME COATING IN MINERAL OXIDE SYSTEMS

G. Re Wiese and T, W, Healy,
Department of Physical Chemistry, University of Melbourne

The slime fraction of a mineral processing stream is not only the

most difficult to float but is also able to coat or coagulate with flotation

size particles. Such slime coating is usually non-selective with subse-

quent loss of selectivity in flotation systems.

The present study relates to the coagulation of hydrous oxide

colloids such as gecthite (FeO(OH;5, cassiterite (SnO2), alumina (AI2O3},

silica (SiO2) and the amorphous, hydrated colloidal oxides of Fe(III),

Mn(II), etc. Mixed (binary) systems of these colloids exhibit hetero or

mutual coagulation so that, if the two colloids are designated M(OH)2 and

M1. fOH)2, solution conditions can be adjusted so that coagulation can be

observed for M(OH)^ - M{OHi c ox. M
1 (OH) 2 - MCOH)2 or M

1 (OH) 2 - M'fOH}?.

The study to be reported is in three parts:

1. A theoretical consideration of the interaction of dissimilar double

layers on two different colloidal particles. Equal sized particles

are considered as well as the case where one particle is very much

larger than the other,

2. Experimental observation of heterocoagulation in simple, ideal

systems to illustrate the accord between theory and experiment.

3. Experimental observation of heterocoagulation in mixed oxide systems

where soluble species from each oxide alter the electrical double

layer properties of the other oxide.

The important slime coating problems in mineral processing are

considered under item 3. For example, solubility of both A12O3 and SnO2

colloids and adsorption of Sn aqueous species on AI5O3 and Al aqueous

species on SnO2 force the system of AI2O3 - 5nO2 to become composed, at

equilibrium, of SnO2 and A12O5 particles with Al-Sn hydroxide coatings of

the same composition on both parent colloids. The initial, (mixed),

dispersion acts as if it were composed of identical particles.
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APPLICATION OF REFLECTANCE SPECTROSCOPY TO THE STUDY OF ELECTRODE-

SOLUTION INTERFACES

Ernest Yeager,
Chemistry Department, Case Western Reserve University

Cleveland, Ohio, U.S.A.

A major problem confronting the electrochemist is acquiring
knowledge of the electrode-electrolyte interface on a molecular level.
In situ optical reflectance methods are among the most promising for ob-
taining such information because of their sensitivity to the surface state
of the electrode.

This lecture is concerned with the use of specular reflectance
(external) and attenuated total reflectance (internal) to study electrode-
solution interfaces. The specular reflection method requires much less
sophisticated optical equipment than ellipsometry. While multiple re-
flection has been used in some studies, the reflectance changes are
relatively large and the single reflection technique usually is much
preferred. Both d.c. and a.c. electro-modulation methods have been
used. The latter is particularly advantageous for measurements of small
changes of reflectance with potential and for kinetic studies of adsorp-
tion-desorption.

The internal attenuated total reflection method requires trans-
parent electrodes and is especially well suited to studies in the infra-
red where most solvents are essentially opaque. The electrode phase may
be either a semi-conductor such as germanium which is infra-red trans-
parent or a very thin metal film on an infra-red transparent substrate.
A large number of reflections above the critical angle (e.g., ̂  50) are
usually required to obtain good sensitivity. A.c. electro-modulati-<n
methods have been used with the usual optical chopper of the infra-red
spectrometer replaced functionally by the a=c. modulated electrode-
solution interface-

Specular Reflectance of Gold Electrodes: On oxide-free gold electrodes,
the relative change of reflectance with potential [ QR/8E)(1/R)] exhibits
a maximum at a wavelength approximating that where the 5d - 6s interband
transition has its threshold. 2» 3 Various explanations have been
offered for the mechanism for the electro-modulation of the reflectance
including changes in the energy and density of 5d surface states with
potential, changes in the charge density in the tail of the 6s band
extending into the interface, and interaction of the electric field
and dielectric at the interface with surface plasmons. The author
favours the first as the principal factor but the quantitative treatments
necessary to resolve the importance of these factors are for the most
part lacking. The contributions arising from the modulation of the
optical properties of the ionic double layer seem to be far too small to
account for the observed effects.
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The specific adsorption of halide ions has been studied on gold
in acid solutions using specular reflectance. The reflectance changes
are proportional to the amount of halide ion specifically adsorbed and
can be used to determine adsorption isotherms. The change in reflectance
per mole of adsorbed halide ion increases in the order Cl~ < Br < I .
The kinetics of the adsorption-desorption of these halide ions also have
been examined using a potential step-function technique with the specular
reflectance as the read out. In alkaline solutions a marked shift in
OR/dE) (1/R) has been noted near the point of zero charge and has been
used to study the Esin-Markov effect attending the adsorption of iodide
ions on gold. The adsorption of other anions including phosphate,
nitrate, and sulfate also has been examined.- Neutral adsorbed species
such as benzene also produce substantial changes in the reflectance,

The formation of oxide on gold produces a significant decrease
in reflectivity. The relative change xn reflectivity is directly
proportioned to the number of rcjUoinbi, of charge corresponding to oxide
formation (evaluated from simultaneously recorded voltammetry curves) up
to monolayer coverage where a change occurs in the slope of the reflec-
tance changes vs_. charge.

Monolayer and sub-monolayer quantities of metals such as lead,
cadmium, copper, and bismuth can be electrodeposited on gold at potentials
far more positive than the reversible potentials of these metals in bulk
form. Pronounced changes are produced in the electro-modulation co-
efficient (3R/3E)(1/R) and its wavelength dependence with the formation of
these layers. It is hoped to obtain further evidence as to the mechan-
ism for the electro-modulation of the reflectance as well as the surface
electronic properties from these studies.

Infra-red Internal Reflection Studies of Germanium Electrodes: When the
potential of a germanium electrode is a..c. modulated; most of the poten-
tial change occurs across the space charge region within the semiconductor
with the result that the carrier concentrations in the space charge region
is modulated. Such modulation methods have permitted the study of the
infra-red spectral properties ci ;_..•;. carriers in the space charge region
at the germanium-electrolyte interface. In most instances the experi-
mental results for the potential and wavelength dependence of the
modulation coefficient deviate substantially from theoretical predictions,
presumably because of the surface degeneracies.

An attempt has also been made to examine the C-H stretch in
large organic molecules adsorbed at germanium/electrolyte-solution
interfaces. D?0 was used as the solvent to reduce IR interference from
the solvent^ While it has been possible to detect the C-H stretch at
ca_. 2920 cm l in monolayers of stearic acid and Triton X114 (Rohm and
Haas Co.), the sensitivity was not sufficient for quantitative measure-
ments of the small changes associated with fractional changes in surface
coverage.
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THE DOUBLE-LAYER AT THE SILICA-WATER INTERFACE

J. W. Perram
Department of Applied Mathematics, Research School of Physical Sciences,

The Australian National University

The double layer surrounding a colloidal particle of hydrated
silicon.dioxide possesses certain anomalies compared with the more ideal
systems such as silver iodide. The total absorbed charge is much higher
than-would be ̂predicted from the surface potential ty0, and the adsorption
of-potential determining ions (protons) is not even approximated by the
well known Nernst equation

. Al{)o = -(2.303kT/e)ApH

where A refers to changes from the p.z.c.

... (1)

(1)The recent work of Leyine and Smith XJ"' is extended to take
account of ionic equilibria in, and the penetration of extraneous ions
into the hydrated silica phase. Since most of the potential drop occurs
-in-the silica phase, where the ionic strength is low, the double layers
in both phases behave as diffuse layers and the necessity of incorporating
a Stern layer modification disappears. Alternatives to equation (1) are
derived and compared with their results. Asymptotic forms, valid in the
various pH-indifferent electrolyte regines, are derived. Extension of
the theory to consider the interaction of two such silica phases is reported,
including a discussion of the way the electromagnetic fluctuation (Van der
Waals) forces ^2'3' are modified by the presence of water in the inter-
vening gap.

1. S. Leyine and A. Smith, Disc. Faraday Soc., [52], 1971, to appear.

2. I. E. Dzyaloshinskii, E. M= Eifshitz and J. L. P. Pitaevskii,
Adv. Phys., [10], 165 (1961>.

3^ B. W. Ninham and V. A. Pa r seg i an , Biophys. J . , 10_, 646 (1970).
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NOBLE METAL ALLOY SURFACES

D.A.J. Rand and R. Woods
Division of Mineral Chemistry, C.S.I.R.O.

In previous studies of the reactivity of catalysts attempts have
been made to correlate catalytic phenomena with geometric and electronic
properties of the solid phase. In attempting to establish such relation-
ships it has been the common practice to assume that the surface composition
of the alloy is the same as that of the bulk. However, there is evidence
that considerable differences in surface properties can arise from various
chemical, electrochemical and thermal pretreatments. These differences
have been attributed to changes in surface composition. A measure of surface
composition is therefore essential before meaningful relationships can be
derived between catalytic behaviour and other properties of the solid
material.

An electrochemical method for determining the surface composition
of binary noble metal alloys from their oxygen chemisorption characteris-
tics is described. Adsorption properties are examined by cyclic voltammetry,
" a technique where the electrode potential is varied linearly with time and
the current recorded. The resulting voltammogram for the first cycle
of a homogeneous alloy (platinum - rhodium, palladium - rhodium or platinum
- gold) yields a single cathodic current peak for the reduction of ad-
sorbed oxygen. The potential of this peak shows a linear dependence on
alloy composition.

Changes in surface composition are observed during continuous
potential cycling and are associated with the preferential dissolution of
a component metal. Comparison of the change in electrosorption properties
with the amount of metal dissolved leads to the conclusion that the 'surface'
involved in chemisorption reactions consists of no more than a few atomic
layers,

The characteristics of the chemisorption of hydrogen and oxygen
on homogeneous alloys are a composite of the properties of the individual
metals. Thus the various adsorption and desorption current peaks of a
cyclic voltammogram occur at potentials between those at which the corres-
ponding peaks appear for the separate component metals. This is in con-
trast to the behaviour of heterogeneous alloys where peaks characteristic
of both pure metals are observed, showing that for these systems the two
components retain their individual electrosorption properties. The dis-
similarity between the electrosorption behaviour of homogeneous and
heterogeneous alloys can be used to detect phase separation at the surface.

The electrochemical oxidation of methanol on noble metal alloy
electrodes of known surface composition will be discussed.



APPLICATION OF HIGH ENERGY RADIATION TO THE STUDY OF ELECTRODE

PROCESSES AT PLATINUM

P. Ii „ Airey,
Isotope-Division, A,A.E„C = R.E., Lucas Heights, N-.S-.W.

In previous studies, Pt electrodes have usually been irradiated
in deoxygenated acid solutions. The observed potential changes were
due to the radiolytic H
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Quantitative studies were impracticable since the stable electrochemically
active species were present in varying relative concentrations.

In this work, simplifications have been wrought by using
hydrogen saturated solutions which facilitate the efficient radical
chain decomposition of the radiolytic OH radicals and H
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Since the H' concentration is too low to be kinetically significant,
quantitative studies can be made of the effect of irradiation on the
H

2
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+
 exchange.
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Both
 5 0

Co γ-ray and 1 MeV electron beam irradiation were used.

The electrolyte was dilute H
2
S0t or HClOij without supporting electrolyte.

The results provide additional evidence for the hydrogen exchange

mechanism.
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2
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H
2
 (Pt)

H
2
 (Pt)

H
+

... (5)

... (6)

... (7)

It was found that radiation (i) reduces anodic, but has no

effect on cathodic polarizability at moderate overvoltages; (ii) in-

duces dose rate proportional enhancements in the exchange current

densities calculated from low overvoltage anodic polarization data;

and (iii) induces small negative shifts in the rest potential which

are independent of total dose but are proportional to the dose rate

and to the polarization resistance of the electrode.
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The magnitudes of the effects are too large to be explained
by the electrochemical act iv i ty of the radiolyt ic bulk hydrogen atoms

(equations (1) and (3)). I t i s therefore proposed that the effect
of radiation i s to generate electrochemically active s i tes by the dis-
placement of surface Pt atoms. Atoms in the bulk are not involved,
as insufficient kinetic energy i s transferred by 1 MeV electrons or
60Co γ-rays to induce displacement.

The H2 oxidation r a t e i s enhanced radiolyt ical ly since the
rate determining step i s the surface catalyt ic reaction (6) . The
hydrogen evolution reaction i s limited by the mass transport, process
(5) and is unaffected by radiat ion.. _ The negative potential shi f t s
are due to the greater sensi t iv i ty towards radiation of:the anodic
compared with the cathodic reactions. The magnitudes of the shi f ts
are such that i t i s necessary to postulate some radiolytic enhance-
ment of the cathodic component. Thus, at equilibrium, in contrast
to the s i tuation at moderate overvoitages, the reduction component
of the exchange reaction (4) i s limited by the catalyt ic combination
reaction (6).
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SURFACE STRUCTURAL EFFECTS IN ELECTROCATALYSIS

T. Biegler
Division of Mineral Chemistry, C.S.I.R-O.

Platinum electrodes were prepared, pretreated and activated in
various ways and the anodic oxidation of methanol used as a test reaction
for investigating surface structural effects on electrocatalytic properties.
Linear sweep voltammetry in 1 M H2SOij was used both to characterize the
surfaces of electrodes and to determine their true area.

The specific activity of a new untreated electrode or one pre-
treated by flaming, etching in aqua regia, holding in boiling HC1 or cold-
working reached a steady value after one or two of the multi-pulse programmes
used to measure the rate of methanol oxidation. For such nominally smooth
electrodes, the steady activities were very similar; the small differences
observed could not be correlated with the information on surface structure
obtained frora linear sweep voltammetry. It was concluded that either the
influence of structure on activity was small or that any surface structural
changes produced by these treatments were transitory and easily removed by
one or two anodic excursions of the electrode. Treatment in hot HNO3 was
found to have a longer term effect on activity. Annealing in vacuum at 800°C
produced interesting changes in surface characteristics but had no
significant effect on activity.

Platinized electrodes gave rather different behaviour in that
their specific activity did depend on the mode of preparation and treatment,
especially the potential of platinization. Interpretation of results was
complicated by rapid changes in surface properties, the influence of con-
centration polarization with rough electrodes and the appearance of certain
kinds of anomalous behaviour, particularly in the hydrogen adsorption
method for area determination with electrodes platinized at low potentials.
Freshly prepared electrodes gave activities between 25% and 50% of that
for smooth platinum but became as active as smooth platinum after prolonged
anodic-cathodic cycling.
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ELECTROCHEMICAL PROCESSES AT SEMICONDUCTORS

H. Gerischer,
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin-Dahlem

The principal differences between metals and semiconductors in
their electrode behaviour can be summarized in the following 2 statements:

1. The low concentration of mobile electronic charge carriers in a semi-
conductor causes a completely different distribution of excess charge at
the interface solid/electrolyte. Space charge effects inside the semi-
conductor are much more important than the effects of diffuse double layers
in the electrolyte. Fixed charges in electronic surface states replace or
have to be added to the specifically adsorbed ionic charges in the inner
Helmholtz layer. Varying voltages applied to the electrode change
primarily the surface concentration of electronic charge carriers by many
orders of magnitude but have little or even negligible effect on the elec-
tric field strength in the interface.

-2- . . At a metal, electrons in the energy range of the Fermi level which
corresponds to the mean free energy of the electrons in the solid are pre-
dominantly responsible for all electronic interactions in electron transfer
and-ion transfer processes. In contrast to this, at a semiconductor or
;.eVen,':insulator,. the Fermi level is located within the band gap and no
electronic states are available there. Only electrons of the conduction
band or of the valence band can take part in reactions. This corresponds
to reactions of excited electronic states with much higher energy than
available in.thermal equilibrium of the electronic system in a metal.

These two distinctions are clearly manifested in the electrode
behaviour. The first point is reflected directly in double layer capacity
measurements and in other phenomena where the distribution of charges inside
the solid is the deciding factor. The variation of surface charge concen-
tration further controls the current voltage curves for many electrode re-
actions at semiconductors in contrast to the field strength influence in the
case of metals.

The second point is shown by the unusual types of electrode re-
actions at semiconductors where, especially under the influence of photo-
sensitization, processes can be studied which need high activation energies.
This is further demonstrated by the distinction beyween redox processes
with electron exchange in either the conduction or the valence band. The
electrode behaviour of insulators can also be explained in this way.

Various examples are given and discussed which demonstrate the
typical features of processes which are characterized in the sentences
above.
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ELECTRIC FIELD EFFECTS ON REACTIONS AT THE METAL-ELECTROLYTE

INTERFACE

Dennis B. Matthews,
School of Physical Sciences,; The Flinders University of South Australia

Electric fields at the metal-electrolyte interrace are very high

(of the order 107 volt/cm) and one intuitively anticipates that these fields

should have a profound influence on the movement of charted species such as

ions and electrons at the interface. Qualitatively, such field effects

manifest themselves as deviations from linearity of Tafel plots or as a

dependence of the symmetry factor on electrode potential „ It is shown

that Gurney's potential energy curve representation of charge transfer re-

actions yields only small changes in 3 over a wide range of potential, with

the anharmonic (Mors^e)Lcurves showing smaller changes than the harmonic

(parabolic) curves. Superposition of the double layer electric field on

these potential energy curves increases the curvature of the Tafel plots,

but the effect is still not very large, being within the limits of un-

certainty in determining the correct form of the potential energy curves.

The effect of electric.field on electron transfer is also considered, both

from the viewpoint of change.in electron transfer distance arising from a

dependence of coordinates of the activated state on potential and from the

viewpoint of a direct effect on the electron transfer barrier (analogous

to field electron emission). The effects on electron transfer are found

to be even less than the effects of the field on the proton transfer

potential energy barrier.
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TRANSPORT -PROCESSES AT THE DsM-E, BY LASER INTERFEROMETRY

R. N. O'Brien and F. P, Dieken
Department of Chemistry, University of Victoria, Canada

The concentration of electro-active species encountered by the

mercury drop on emerging from the capillary has been measured by an iterative

computer program from measured perturbations to interference fringes immedi-

ately after drop fall. . The volume investigated divides naturally into two

/
regions, that which had been trapped around the neck of the drop between

the drop and the glass of the capillary and the diffusion layer which

stripped off as the drop fell. By using the values found in the corrected

theoretical expressions a better fit to the experimental data was

obtained. The values corresponded most closely to those assumed by

Markowitz and Elving.
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A MECHANISM FOR CURRENT INJECTION INTO ANTHRACENE FROM

ELECTROLYTE SOLUTIONS

J. Sc Bonham and L» E. Lyons,
Chemistry Department, University of Queensland

A positively biased solution of a strong oxidising agent, such

as Ce(SOit)2 in H2SO4 is known to inject holes into anthracene crystals.

At low voltages, the current flowing through the crystal is space charge

limited, but at sufficiently high voltage the current drawn becomes

equal to the injection rate and the electrode is said to saturate. It

is frequently assumed that beyond the onset of saturation the current

becomes constant„ However, closer study has shown that in this region

the current is a function of voltage, following a type of Poole-Frenkel

emission relationship. It can be demonstrated that this is not a bulk

process and so must occur at or near the surface. Therefore it is

suggested that the rate limiting process for injection from a variety

of electrolytes into anthracene is thermionic emission from a charge

transfer complex at the surface.
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CHARGE TRANSFER COMPLEXES BETWEEN DDT AND IODINE

A. Brau, J,-P. Parges and P. Gutman
Laboratoire de Biophysique, Universite de Nice, Prance

It is shown by conductimetric titrations that DDT forms a green

charge transfer complex with iodine in dimethylsulfoxide (DMSO) as well as

in an equimolar solution of water in DMSO. There is no evidence for such

complexes in acetonitrile, formamide and formamide-water media, neither is

there a solid state reaction, nor complexation with the acceptor

tetracyanoquinodimethane (TCNQ).

The complex is non-stoichiometric; upon dilution with solvent

its conductivity varies linearly with concentration. The results are

interpreted in terms of a solvent mediated charge transfer complex yield-

ing a solvent shared ion pair; each molecule of complex yields one

majority carrier having a mobility of 2 = 1 * 10~6 cmVv-sec. in DMSO and

8.6 x 10"6 cm2/V-sec. in equimolar DMSO-water. Though DDT is shown to

be a far weaker electron donor than phenothiazine, the complex in the

above media is completely dissociated at room temperatures.
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ELECTROCHEMISTRY OF CHARGE TRANSFER COMPLEXES

F c Gutmann
Laboratoire de Biophysique, Universite de Nice

The phenothiazine-ij complex in many ways represents the arche-
type of a charge transfer complex between a strong donor and a strong
acceptor. The conductivity of the freshly prepared yellow adduct in
acetonitrile is due in about equal parts to a 2:3 and 1:2 stoichiometry
at 20°C. In CH3CN the complexes are completely dissociated. The
equivalent conductivity remains constant, independent of concentration
at a value of 130 QT~ cm2 equiv."" which is of the same order as that of
strong electrolytes.

The mean mobility of the carriers was found to be 6.2 x 10"**
cm2/V-sec. Transport, numbers were obtained from electrolysis in a
Hittorf-type cell as t + = 0,17 and t~ = 0.83, yielding for the mobilities
y~ = 1.0 x io~3 and y + = 2.1 * 10"^ cm2/V-sec= The anions, identified
as l7, are thus the majority carriers. It is estimated that the mean
radius of the cations is about 2 to 4 times that of a hypothetical benzene
ion in the same solvent, viz., acetonitrile. Further electrolysis experi-
ments show that the complex formation/dissociation equilibria are re-
versible.

Ageing and/or illumination or addition of water causes the colour
of the adduct to change first to green, then to blue and eventually to
violet.

A new absorption initially at 650 my and considered as a charge
transfer band shifts upon ageing to 625 my for the green and to 550 my
for the violet adduct-. The conductivity of the complex dissolved in
acetonitrile rises with temperature at a rate considerably less than that
of the pure solvent, the activation energies being 0.003 and 0.06 eV,
respectively: this is considered as indicating the probability of re-
combination to rise with increasing'temperature=

The ground state of the complex in acetonitrile solution is shown
to be predominantly ionic and its electronic structure to resemble that
of the excited state of the isolated complex molecule.
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THE REACTIONS OF SOME SOME SULPHIDE ORES WITH MOLTEN POTASSIUM NITRATE AND

SODIUM NITRITE

S. Ao Tariq,
Chemistry Department, La Trobe University, Melbourne

The role of chemical analysis in mineral processing is of utmost
importance. Different wet and dry methods are used for the purpose of de-
composition of ores and minerals. ̂  The application of the relatively
newly developed field of molten salts has not yet been fully appreciated
and extended to the field of mineral chemistry.

Molten nitrates and nitrites have been shown to possess oxidative
properties and act as lux-flood bases, i.e., donors of oxide ions, '2-4)
Due to their low auto-ionising equilibria, nitrate and nitrite melts provide
reaction media better than a fusion mixture of oxide, peroxide, carbonate,
etc. which is highly corrosive and requires the use of a special inert
container and often as high a temperature as 700-800°C.

Pyrites ores of iron and copper were decomposes using either molten
potassium nitrate or sodium nitrite in ordinary pyrex glass test tubes at
about 400°C. The mass spectral, infra-red, X-ray diffraction and chemical
analyses of the reaction products showed that oxides of sulphur were absent
from the gases evolved during the reactions. The sulphide sulphur was
quantitatively oxidised to sulphate and the metals of the pyrites to their
respective oxides. Determinations of sulphur and metals in the pyrites
by the molten salt technique gave consistent results as shown in the table.
The reduction products of the nitrate melt consisted of nitrite and oxides
of nitrogen while sodium nitrite melt was reduced to nitrogen, oxides of
nitrogen and sodium oxide. The analysis of the reduction products gave
variable results. This may be taken to indicate that during the decompo-
sition of these ores in the melts a number of reactions takes place, overlap
with one another and are sensitive to small variations in the experimental
conditions. The exact stoichiometries of the reactions of iron and copper
pyrites with molten nitrate and nitrite are therefore difficult to determine.
The possible reaction paths and overall stoichiometries will be discussed.

Melt

NaN02

Calculated for FeS2#

Table

Iron Pyrite

Percentage of:

Iron = 44.27±0.02

Sulphur = 53.78±0.13

Iron = 44.31±0.04
Sulphur = 53.68±0.09

Copper Pyrite

Percentage of;

Copper = 32.97±0.08
Iron = 31.06+0.18
Sulphur = 34.16±0.11

Copper = 32.68±0.07
Iron = 30.85±0.07
Sulphur = 33.93±0.13

Fe = 46.54
S = 53.45%

Calculated for CuFeSj, Cu = 34.62
Fe = 30.45
S = 34.94%
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THE SOLUBILITY OF METALLIC OXIDES AND THE FREE-ENERGY OF

SOLVATION OF OXIDE-ION IN MOLTEN ALKALI-METAL NITRATES

M. Fredericks and R. B. Temple
Department of Physical Chemistry,

University of Sydney

A reversible oxygen-electrode has been established in an

equi-molar Na/KN03 melt over the temperature range 250-350°C and has been

used to measure the solubility of CuO, ZnO, PbO and MgO.

By combining these results with lattice free energies calculated

by using Born-Haber cycles and the Sackur-Tetrode equation, the free

energies of solvation have been determined for these oxides.

Making certain assumptions it has proved possible to estimate

the absolute free energy of solvation of 02~ ion in the melt. The value

of -422 kcal mole"1 obtained has been compared to the value calculated

by the Born equation which is based on purely electrostatic

considerations.
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PHYSICO-CHEMICAL PROPERTIES OF MOLTEN SALTS OF SIGNIFICANCE TO
MAGNESIUM ELECTROLYSIS

K. Grjotheim, J» L. Holm and H. A. 0ye, v*-
Institute of Inorganic Chemistry, The Norwegian Institute of Technology,

University of Trondheim, Norway

At our Institute work has been done on the physico-chemical pro-
perties of mixtures of alkalichlorides with alkaline earth chlorides.
These mixtures are well-suited for studying the structural problems of
molten salts. The wide range of properties of the salts, from the par-
tially covalent MgCl2 to the purely ionic CsCl, make these mixtures useful
for evaluating structural models in ionic salts. A molten salt mixture
of MgCl2-CaCl2-NaCl-KCl often forms the basis for the electrolytic pro-
duction of metallic magnesium, so these chloride mixtures are also of
considerable technical interest.

The electrolyte used in the industrial production of magnesium
is a compromise between material costs and several physico-chemical
properties such as high electrolytic conductivity, high density, low
viscosity and low vapour pressure of magnesium and its chloride. Suitable
surface properties that facilitate a good separation of liquid magnesium
and chlorine gas are also important. With the present improved control
of the electrolysis it is, however, possible to deviate from the more
classical composition and add other exotic components, for instance BaCl2
and LiCl.

The following properties have been investigated:

(a) Electrical conductivity by using an aluminium oxide capillary with a
cell constant of about 50 cm 1, coupled to a Wheatstone-Wagner
bridge.^

(b) Density by measuring the buoyancy of a platinum bob immersed in the
melt. *>

(c) Surface tension by determining the force needed to free a platinum
rod attached to the platinum bob. The surface tension was calcu-
lated from the weight of liquid lifted by the pin. 4'7

(d) Viscosity from the measurement of the damping of an oscillating
platinum sphere.

(e) Gibbs free energy of magnesium chloride from the EMF of formation
cells with magnesium and chlorine electrodes.

(f) Phase diagrams from differential thermal analysis.

(g) Wetting properties by measuring the contact angles between: Solid-
salt melt-gas, solid-molten magnesium-gas, and solid-salt melt-
liquid magnesium, the solids being iron, graphite and LAVA (basi-
cally a magnesium silicate produced by The American Lava Co.) and
using argon and chlorine as the gas.
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The discussion of the results is based on the relative influence
of the change in Coulomb forces by the mixing of cations of different
sizes, the asymmetric polarization of the anion by the smallest cation,
the reduction of the covalent character of pure MgClz by addition of CaCla
or an alkali chloride and the negative first order deviation from simple
additivity of the surface tension.
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MOLTEN CAUSTIC SODA ELECTROCHEMISTRY

W. T. Denholm, R. Dorin, H. J. Gardner and Mrs. S. Saunders
Division of Mineral Chemistry, C.S.I.R.O.

Molten caustic soda is a potentially useful commercial

electrolyte owing to its relatively low melting point and its tolerance

to contact with air. Certain heavy metals readily form complex anions

which permit electrorefining by cathode-to-anode transfer. As an example,

bismuth may be removed from lead by this mechanism.

The range of potential for electrochemical reactions is approxi-

mately two volts, being limited by the discharge of sodium at the cathode

and discharge of oxygen, water and peroxide at the anode. However if

water is dissolved in the melt it is reduced to hydrogen at the cathode

and thereby decreases the potential span to approximately.1.3 volt.

Water may also be reduced to hydrogen by the presence of soluble

metals such as iron, and so water may be considered as an acid in the melt.

On the other hand, in dehydrated melts, iron is passivated by insoluble

oxides but these oxides dissolve to form a ferrite in the presence of

excess sodium oxide. It is therefore probable that the self ionization

reaction

20H = H20 + O

occurs. However the forward reaction appears to be slow and it has

proved difficult to establish the acid/base equilibrium constant by

electrochemical methods.

Experimental work relating to the establishment of an acidity

scale for the melt and to the study of complex formation by some heavy

metals will be discussed.
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VAPOUR PRESSURE AND MASS SPECTROMETRY STUDIES OF RECIPROCAL MOLTEN SALT

SYSTEMS AND SALT ROASTING REACTIONS

H. Bloom , R. G. Anthony and s. R. Richards
* Chemistry Department, The University of Tasmania
# School of Chemical Technology, The University of N.S.W.

** B.H.P. Central Research Laboratories, Shortland, N.S.W.

Reciprocal molten salt systems are very important for at least
two reasons:

(a) testing of activity models of molten salt mixtures
(b) preparation of salts, e.g., PbCl2 by the reaction

2NaCl PbCl2 (g)

Various reactions involving such equilibria are employed in salt
roasting in which a sulphide ore may be extracted by a high temperature
reaction such as

PbS + 20 2 + 2NaCl -»• PbCl2 (g) + Na2SO.*

We have investigated both types of reaction by transpiration vapour
pressure measurements. The results of several systems will be presented.

The thermodynamic activities of the various species can only be
calculated from the vapour pressure measurements if the molecular species
j.n the vapours are known. In many systems, e.g,, PbCl2 + NaBr this
calculation is made difficult by the existence in the vapour of many
complex species such as Na 2Cl 2, Na 2Br 2, NaPbCl3, NaPbBr3, NaPbCl2Br etc.
as well as the reciprocal pair PbBr2 and NaCl.

The paper will correlate the results of determinations of vapour
pressures of a number of reciprocal ternary systems involving Na, K, Pb,
Cd, Zn/Cl, Br, SO^. By means of mass spectrometric investigations the
nature of the complex vapour species has been partially elucidated. The
combined results have been used to gain information on thermodynamic ac-
tivities in these systems. The results will be discussed in terms of
various models of mixing of molten salts.

Various mechanisms for salt roasting reactions will be
assessed.
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COMPLEXATION AND ELECTRICAL RELAXATION IN MOLTEN SALT SYSTEMS

C. A. Angell, I. M. Hodge and A. J. Easteal,

Department of Chemistry, Purdue University, Lafayette, Indiana 47907

Taking advantage of the way in which substitution of large asymetric

cations for alkali metal cations in binary molten halide mixtures leads to (a)

low liquidus temperatures and (b) supercooling ability, we have been able to

demonstrate some new and striking physico-chemical consequences of acid-base

('complexing') interactions in molten salt systems.

In the first place, an electrical conductance study has shown that

instead of the weak conductance minima characteristic of the systems commonly

studied, the lower temperature systems yield sharp maxima in conductance at

the stoichiometry of the most obvious complex species. Thus, in the system

α-picolinium chloride_+ ZnCla, a sharp conductance maximum occurs at the stoi-

chiometry of the ZnCli; species, whereas in the α-picolinium chloride + AICI3

system, an even more pronounced maximum occurs at the stoichiometry of the

AlCl£ anion. The reason for this dramatic reversal in phenomenology is

evidently the fact that in these lower temperature systems the effect of the

acid-base process on the cohesive energy of the liquid (and hence on the

particle mobilities at constant temperature) is a dominant effect. It must

outweigh any changes in conductance due to a decrease in the number density

of charged particles occurring when chloride ions from the pure monovalent

halide are lost in forming the larger metal complex anions. The effects

observed are so pronounced that there seems little reason to doubt that some

very well defined new and undoubtedly long-lived species is produced in the

cases. A loss of cohesive energy is believed due to the nulling of electro-

static charge associated with covalent bond formation. A parallel study

using lithium chloride as the second chloride shows no anomalies, as expected

for a case in which no covalent interaction between the added cation and the

chloride ion occurs.

By cooling such liquids down to low temperatures vitreous solids

may be obtained over wide regions of composition, and the determination of

the glass transition temperatures for these solids provides a basis for the

above interpretations. The simpler glass transition measurements have been

made on a large number of systems and show quite clearly that the stronger

the complexing interaction the greater the decrease in cohesive energy and

therefore presumably the larger the resultant conductivity increase at

constant temperature.

By taking the non-crystallizing solutions down to temperatures

within 20 to 30° of their glass transition temperatures, a new phenomenon

associated with the charge transporting mechanism itself can be observed.

In this temperature region the relaxation time for the ionic migration

mechanisms becomes so long that it is of the order of the a.c. bridge

frequency (i.e., the frequency of the electrical stress on the system) used

in standard a.c. conductance measurements. By scanning conductance at
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different frequencies the details of the relaxation mechanism can therefore
be investigated. Using a combination of bridges we have been able to
follow the frequency dependence of conductance over seven orders of magnitude
in frequency and, thus to map out the whole frequency response spectrum for
the charge transporting mechanism. The manner in which this has led to
the identification of protonically semiconducting glasses will be described,
and the possibilities of extending these frequency response measurements
to the determination of lifetimes of complex species in solutions will be
discussed. -»
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CONDUCTION AND DIFFUSION IN MELTS

P. L. Spedding,
Chemistry Department, University of Auckland, Auckland, New Zealand

The difference between the conduction and diffusive transport

modes in melts is discussed in terms of the movement of the basic entities

of which the melt is composed. Data for the conduction and diffusion in

Tl CI are used to illustrate a suggested method of separating up the

contributions of ions, ionic agglomerates and molecules to the conductive

and diffusive transport modes. Indications are that individual ions are

the predominant conductive vehicle about the melting point of the salt

while ionic agglomerates are the predominant diffusive entity in the same

region. About 800°C the molecular character of the melt commences to

become significant; thereafter it increases in importance up to the

critical point where it is predominant=

•ft
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THE ELECTRICAL CONDUCTANCE OF MOLTEN ORGANIC SALTS AS A

FUNCTION OF VOLUME AND TEMPERATURE

A. Fo Mo Barton and R̂  J; Speedy,
Chemistry Department, Victoria University of Wellington, New Zealand

A method has been developed to measure simultaneously the conduc-

tance and volume of conducting liquids, and has been applied to a series of

molten salts with large quaternary ammonium cations from 100°C to 230°C and

up to 2 kilobars. The measured densities conform to the empirical Tait

equation. The effects of volume and temperature on electrical conductance

are separable and the data are sufficiently precise to yield meaningful

second derivatives of conductance with respect to these variables.

Implications of the observed trends are discussed in terms of current

theories.
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THE DETERMINATION OF ACTIVITIES IN SOME MOLTEN SALT

MIXTURES BY MASS-SPECTROMETRY

Go R= Belton, R. C. Svedberg and R. F. Maguire
School of Metallurgy and Materials Science

University of Pennsylvania
Philadelphia, Fenna. 19104, U.S.A.

The determination of the thermodynamic properties of liquid

metallic solutions by mass-spectrometric analysis of the equilibrium

vapors is now a well-established technique. In the present paper, the

application and extension of these methods to the study of activities in

fused salt systems is examined. Results are reported of studies of the

NaCl-AgCl, KCl-AgCl, and LiCl-AgCl systems.

The major vapor species in these systems are MCI, M2CI2, AgCl,

Ag3Cl3, MAgCl2, M2AgCl3, and MAg2Cl3, where M represents the alkali

metal. Fragmentation ionization results in a complex series of ions

from these precursors. Application of the integration of ion-current

ratios technique to complex liquid-vapor equilibria permits the

determination of activities which are not subject to undertainty due to

fragmentation phenomena. It is shown how advantage can be taken of

the several independent routes to the activities to examine the frag-

mentation phenomena and correct, where necessary, the simple monomer-

dimer ratio method of activity determination„

The modification and application of the techniques to

industrially important salt and slag systems are considered.
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DETECTION OF LOCAL CORROSION CELLS DUE TO MICROPHASES

IN STEEL

R. M. Johnston, C. P. Lloyd and N. White
BHP Melbourne Research Laboratories

The corrosion behaviour of mild steel is markedly influenced by
the nature of its inorganic impurity phases (inclusions). In batches of
steel from the same melt, the composition, size and distribution of in-
clusions will vary depending on the solidification rate and subsequent
processing. Recently the singular nature of sulphide inclusions in con-
tinuously case steel has been reported as the cause of significantly
enhanced pitting corrosion in comparison with that encountered in steel
processed by conventional methods.

The present work employs a rotating electrode technique in which
a stationary micro-reference electrode is mounted within 25 utn of the
rotating surface and detects the corrosion potentials developed at the
sites of pit initiation. This differs from the technique originally
described by having the specimen in the form of a horizontal, rotating
disc, thus enabling mass transfer conditions in solution to be accurately
defined. The potential distribution around a circle on the disc surface,
determined by the position of the probe tip is displayed on an oscillo-
scope .

The system has been calibrated by potential measurements made on
model galvanic systems. These were prepared by laminating a 25 ym thick
sheet of copper, platinum or zinc between the two halves of a pure iron
specimen. While the zinc provides an anodic site to the iron, the copper
and platinum provide cathodic sites. The effect of probe size and mass
transfer conditions on the resolution of the potential peaks due to these
local cells has been investigated,

Commercial steels are readily distinguishable from inclusion
free material by the frequency and magnitude of the point to point
variations of potential» Work is continuing to correlate these
variations, which are considered to reflect the severity of local cells,
with metallographic and electron microprobe analyser observations.
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THE REACTIONS OP ALUMINIUM WITH OXYGEN AND NITROUS OXIDE IN THE TEMPERATURE

RANGE 50-400°C

G. L. Hunt and l= M. Ritchie,

Department of Physical Chemistry, University of Melbourne

A comparative study of the reactions of aluminium with oxygen and

nitrous oxide in the temperature range 50-400°C is described.

The oxide formed in both of these reactions is essentially amor-

phous, with traces of γ-alumina appearing at oxidation temperatures in

excess of about 300°C.

The reaction kinetics were followed by measuring the rate of in-

crease of resistance along a thin evaporated film of aluminium. In the case

of oxygen, the kinetics were found to conform to the complete Mott-Cabrera

equation of oxide growth over the whole temperature range. With nitrous

oxide, two distinct regions of parabolic growth were observed below 380
s
C,

the growth law above this temperature being linear. The transition between

one parabolic region and the other was at 230°C.

The effect of applying an electric field across the growing oxide

was studied using both oxygen and nitrous oxide as oxidants. In all cases,

the oxidation rate was accelerated when a porous platinum electrode located

at the oxygen/oxide interface was made negative with respect to the metal.

The opposite effect was observed at temperatures of less than 100°C when a

porous gold electrode was used to apply the field in the presence of nitrous

oxide.

The effect of suddenly changing the gas pressure over the oxidiz-

ing metal was also investigated. It was found that increasing the pressure

nearly always caused an increase in rate, but the magnitude of the effect

was dependent upon the time and temperature of oxidation, as well as the

oxidant.

Most of these results can be interpreted in terms of a modified

version of the Mott-Cabrera theory of metal oxidation. However, it would

appear that the oxidation of aluminium in nitrous oxide below 230°C is con-

trolled by a reaction at the oxygen/oxide interface.
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STRUCTURAL AND ELECTRICAL CHARACTERISTICS OF IRRADIATED

OXIDE FILMS ON ZIRCONIUM ALLOYS

P. J. Shirvington and S. G. Barton
Australian Atomic Energy Commission, Lucas Heights, N.S.W.

Zirconium alloys are used as pressure tubes and as cladding for

uranium oxide fuel in nuclear power reactors. As such they are exposed to

water and steam at > 270°C and to fast neutron flux > 2 x_io13 n cm"2 sec"1.

Zirconium, intrinsically a highly reactive metal, owes its good oxidation

resistance in these environments to the protection afforded by a crystalline,

adherent and electrically insulating zirconia film which grows rapidly on

the metal for a short time after exposure and thereafter very slowly for

periods of many months or years. Concern has arisen within the Nuclear

Industry following the disclosure that the protectiveness of zirconia films

may be destroyed under the combined attack of radiation and oxygen (produced

in some nuclear plants as a product of the radiolysis of water) .

Some proposed mechanisms of radiation enhancement of zirconium

oxidation are discussed in the light of recent results from this laboratory

pertaining to the structure and electrical properties of ZrOa films formed

under conditions of oxidation enhancement.

Enhancement of oxidation may result from either:

(i) The occurrence of holes in the oxide film which allow direct access

of molecular oxidant (H 0 or O2) to the metal

or (ii) The formation of an oxide crystal structure possessing high concen-

trations of ionic defects through which oxygen ions and electrons

(or holes) may pass with ease.

The occurrence of the above phenomena may be deduced from the elec-

trical characteristics of the oxide film provided the measurements are taken

at > 270°C and provided the outer contact to the oxide is both a liquid and a

source of oxygen at this temperature. A molten nitrate/nitrite eutectic

meets these requirements.
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By combining the results of laboratory electrical measurements on

specimens pre-oxidized in pressurised water in a neutron flux with electron

microscope observations it has been possible to show that the transport of

molecular oxidant down micro-fissures in the oxide film is the chief factor

involved in oxidation enhancement of most Zr alloys.

The Zr - 2.5 wt % Nb alloy exhibits a radiation suppression of

oxidation although the out-of-flux oxidation rate is enhanced by molecular

oxygen. This apparent anomaly can be attributed to an oxide structure

possessing few micro-fissures but icaicaily defective due to doping by

Nb5+. • ' "
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CHROMATE CONVERSION COATINGS

L. F, G= Williams
Physical Chemistry Division, Defence Standards Laboratories

Chromate conversion coatings on zinc, aluminium, cadmium and other

metals are extensively used in the manufacture of .cars, electrical equipment,

defence equipment et cetera.. premature corrosion of zinc plated and

chromate passivated service components have frequently occurred. A detailed

research programme has been ̂ initiated and two aspects of the present work

will be presented.

The chromating reaction and the resultant film will be discussed.

The effects of sulphate > chloride and hydrogen ion on the reduction of di-

chromate at an inert electrode and zinc electrodes have been examined by

cyclic voltammetry and open circuit potential measurements. In the absence

of.sulphate no chromate conversion coating is formed on zinc. The weight

of the chromate coating conversion is dependent on the concentration of

sulphate.

Two of the factors which affect the corrosion resistance of zinc

plated and chromate passivated steel components are the thickness of zinc

deposit and the impurities in the deposit. As the thickness of zinc

electroplate is increased from 5 to 25 the corrosion resistance of otherwise

similar panels is doubled, Copper impurities have-been examined with the

electron probe and these results will be presented together with electron

scans showing the mode of corrosion of zinc plated and passivated steel

panels.
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ELECTRODEPOSITION OF UNUSUAL COATINGS

David Schlain
Bureau of Mines, U.S. Department of the Interior, College Park, Maryland

The Bureau of Mines has conducted several research projects on
the electrodeposition of coatings during the past few years. At present
our chief interest is the formation of adherent, coherent deposits of
titanium diboride in order to take advantage of its hardness and non-
sparking properties. Previously, the Bureau has conducted research on
electrodeposition of refractory metals, chiefly tungsten, molybdenum,
and tantalum, in order to bypass the difficult and expensive fabricating
techniques that would normally be required„ Methods for electro-
depositing thick coatings of the platinum-group metals — platinum, palladium,
iridium, rhodium, and ruthenium — were also developed for the protection
of substrates such as tungsten, molybdenum and graphite against high-
temperature oxidation. Earlier work was also done on the effects of
high-frequency sound (ultrasonics) on electrodeposition of brass and other
copper alloys.

This paper deals with the electrodeposition of coatings of
titanium diboride, tungsten, molybdenum, and tantalum from molten baths
containing sodium and lithium metaborates and the oxysalts and oxides
of the particular metal. Concentrations of the bath ingredients are
critical and varied with the material deposited. Optimum temperature
was found to be about 900°C and current density 0.4 ampere per square inch.
Soluble anodes made of the particular metal to be deposited were generally
used. Substrate materials included molybdenum, tungsten, graphite,
copper, nickel, and an alloy of nickel, chromium, and iron. Up to the
present time the baths have been agitated by rotating the cathode, but a
larger cell now being planned for titanium diboride will have a separate
stirring device. An essential feature of each of these processes which
are operated in an argon atmosphere, is to keep air and moisture from
contact'with the electrolyte and the deposits while at elevated tempera-
tures. Coatings deposited were.as much as 26 mils thick.. Deposits all
had a columnar structure and good bonding to the substrate, with no
indication of diffusion between deposits and substrates. Effects of
variations in electrolyte composition, current density, and temperature
were determined.

Coatings of platinum, palladium, iridium, rhodium, and ruthenium
were electrodeposited from molten sodium cyanide or sodium cyanide-
potassium cyanide baths. Air is a key factor. Iridium, rhodium, and
ruthenium can only be electrodeposited in the absence of air. On the
other hand, air is required for electrodeposition of platinum and
palladium — apparently because air is essential for proper ion formation.
However, when cyanide baths containing platinum or palladium ions are in
contact with air, cyanide is oxidized to cyanate and carbonate. In
palladium baths, the rates of oxidation are rapid, and in less than
20 hours the bath becomes inoperable because of the formation of volu-
minous precipitates. The rate of bath deterioration is much lower for
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platinum baths but the development of precise operation conditions
could extend the life of the platinum bath indefinitely.

The Bureau's program included a variety of evaluation techniques
electron probe studies of ihterdiffusion and thermogravimetric.evaluation
of oxidation protection, microhardness and adherence measurements, and
metallographic techniques.
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ELECTROCHEMICAL STUDIES INSIDE THE BASKET

CATHODE

H. J. Gardner and Ch. Sridhar Rap,
Division of Mineral Chemistry, C.S;IiRcO.

When titanium is electrolytically deposited on a perforated

cathode the deposit grows on the side remote from the anode. The possible

reactions in this type of system are being studied by the use of a platinum

microelectrode, in chloride melts at 850°C?. Comparison with the electro-

deposition of aluminium from molten chlorides has been helpful in under-

standing the mechanism of titanium deposition.
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ELECTRODEPOSITION OF COBALT ALLOYS FROM THE

PYROPHOSPHATE BATH

T= L<, Rama Char
Electrochemistry Laboratory, Department of Inorganic and Physical Chemistry,

Indian Institute of Science, Bangalore

The pyrophosphate bath has been found to be suitable for the de-

position of binary alloys of cobalt with iron, copper and zinc, and ternary

alloys of cobalt with nickel-iron, nickel-copper, nickel-tungsten and iron-

tungsten. Detailed studies on the effect of the variables on alloy com-

position, cathode.efficiency and cathode potential have established the

optimum operating conditions for each alloy. In the cobalt-zinc system

there were sudden changes in plate composition and cathode potential at

low current densities due to the deposition of alloys of different phases.

There was a tendency for constancy of composition in most cases in the

higher current density range. The deposition of tungsten alloys was

characterized by a low tungsten content and low cathode efficiency.

Anode behaviour and structure of deposits have been touched upon. The

single metal potential curves have been reconstructed from alloy com-

position and potential, in order to get a picture of the mutual influence

of the metals during alloy plating. The experimental data have been

discussed with reference to the theoretical aspects including the

mechanism of the tungsten plating process.
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THE PROCESSING OF COPPER VIA CUPROUS IONS

A.Jo Pa rke r , J ,H. Sharp, B.G* Cox, D.M. Muir, WiEj. Waghorne and I . T i l l e y
Research School of Chemistry, Aus t r a l i an N a t i o n a l Univers i ty ,

Canberra, A.C.T.

Section A - The Effect of Solvent Transfer on Equilibria Involving the Proton,

Copper, Cuprous; Cupric, and Sulphide Ions. (Presented by B. G, Cox.)

The following equilibria are influenced drastically by transfer

from water to solvents containing organic nitriles.

Cu2S+

Cu2S+

Cu

CuS+

+ 2H+ «*

+ C u 2 + «-•*

+ CU2+ 4+

+ 2H+ *->

2Cu+ +

2Cu+ +

2CU-

Cu 2 + +

H2S

CuS4-

H5S

The effect of solvent on these equilibria will be examined and

some applications to the processing of copper will be demonstrated.

Section B - Electrorefining, Electrowinning and Powder Electrorefining of

Copper through Cuprous Ions. (Presented by A. J. Parker.)

Copper can be electrorefined using an electrolyte of cuprous

sulphate, sulphuric acid, an organic nitrile, additives and water. Copper

can be partly electrowon from the same electrolyte by using an inert anode.

If the cupric sulphate in the anolyte is passed over copper powder, a new

process, known,as powder electrorefining takes place.

These processes will be described and compared with conventional

methods of electrorefining or electrowinning copper.
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ELECTROCHEMIGAL ALLOYING IN ORGANIC-ELECTROLYTES

A. N. Dey
P,, R. Mallory and Co. Inc., Laboratory for Physical Science,
Northwest Industrial Park, Burlington,. Massachusetts, 01803

It was observed in our laboratory that lithium metal under-
went spontaneous electrochemical alloying (SEA) at ambient temperature
with various metals including noble metals at appreciable rates in the
organic electrolytes containing lithium salts. The phenomenon resulted
in the dissolution of lithium"anode and the simultaneous deposition and
alloying of lithium on the metal cathode with the evolution of electrical
energy in a manner similar to a primary cell.

For example, the cell (1) ,

- Li/1 M LiClOit in Propylene Carbonate/Pt + ... (1)

exhibited a reproducible voltage at open circuit with the lithium as the
negative and the platinum as the positive terminal. The closing of the
external circuit resulted in a current flow through the external circuit
and a decrease in the cell voltage. The electrochemical reactions that
sustained the current flow were determined to be:

(a) The anodic dissolution of lithium, e.g.,

Li -> Li + + e ... (2)

(b) The cathodic deposition of lithium on Pt and alloying, e.g.

Li+ + Xe + Pt •* Li Pt . . . (3)
x y x y

The flow of current continued as long as the alloying continued and it
finally stopped when all the Pt was converted to Li-Pt alloy (in the
case of excess lithium anode). The apparent short circuit current
densities were of the order of 0.1-1.0 ma/cm2 depending upon the metal.

The phenomenon generally does not occur in aqueous systems.
For example, in the case of a;cell (4) such as,

Zn/ZnCl2, H20/Cu . ... (4)

although the anodic reaction involves the dissolution of zinc, e.g.,

Zn -*• Zn++ + 2e ... (5)

the reaction on the Cu cathode involves the evolution of hydrogen due
to H 0 decomposition, e.g.,

H2.0 + e -> h H 2 + 0H~ ... (6)

rather than the Zn deposition and alloying. Thus, in aqueous systems,
the metals such as Zn are used for cathodic protection of metals from
corrosion.
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The electrochemical^alloying phenomenon, described here,
appeared to be peculiar to the nonaqueous electrochemical systems,
where solvent; decomposition is not predominant. The (SEA) lithium
alloying occurred with metals such as Sn, Pb, Al_, Au, Zn, Cd, Ag and
Mg quite readily. The coulombic efficiency of such alloying process
was found to be.high. (80-100%). The x-ray diffraction studies showed
that the alloys were similar to the well known thermally prepared
intermetallic compounds.

The phenomenon appears to be.quite general in nature and can
be termed as cathodic lithium embrittlement of metals (as the alloys
are extremely brittle) in contrast to the normally expected cathodic
protection of metals. •*•

References:

1. A. N. Dey, J. Electrochem. Soc., 118, 1547.(1971).
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S O L I O N S

A. K. Ni Reddy
Department of Inorganic and Physical Chemistry,

Indian Institute of Science, Bangalore

Solions, a family of liquid-state devices, are based on the
electrochemistry of redox cells in which the current is controlled by
the mass transfer of the oxidant from the anode to the cathode. Since
all solion devices can be considered to be. composed of one or more two-
terminal solions operated in either the voltage-controlled or current-
controlled mode, an understanding of the electrical response of two-
terminal solions is crucial to the design and operation of solion devices.

• :.. - As part of a programme of basic research on solions, a study was
made of the factors controlling the electrical response of solion diodes.
A voltage ramp and a current step have been chosen as examples of a voltage
and current stimulus.

••--. Firstly, a theoretical and experimental analysis has been carried
out of the current passed by a two-'-terminal diaphragmless solion in response
to the stimulus of a voltage ramp. On the basis that the mass transfer
of the oxidant from the anode to the cathode occurs solely by diffusion,
the boundary value problem under.the appropriate initial and boundary
conditions has been set up and solved by Laplace transformational methods.
Digital computer calculations were made to obtain theoretical current-
time curves. These theoretical predictions have been confirmed by
experiments on the manner in which the characteristics of the ramp and the
solion affect the response.

••-. - Secondly, a presentation is made of a theoretical and experi-
mental study, of the voltage response of a diaphragmless solion diode
to a current stimulus in the form of a current step. The time variation
of the voltage has been experimentally demonstrated to reveal the exis-
tence, of a transition time associated with a rapid rise in voltage. To
provide a theory for the dependence of the transition time on the design
parameters of the solion diode; the partial differential equation for
diffusion '(Fick's second law) has been solved by. Laplace transformation
techniques. Digital computer calculations demonstrate the consistency
between theory and.experiment.

The transition-time studies have been employed for the design
of-1 a. solion wave-form generator which has been .described and analysed.

Solion devices usually incorporate semi-permeable membranes
to minimize the mass transfer of the oxidant from the anode.to the cathode,
compartment. The theoretical elucidation of the effect of these membranes
on the electrical response of two-terminal solions is discussed next.
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Finally, a new electro-analytical technique -— termed
Soliometry —^ has been described and applied to a number of
estimations. Despite its simplicity, the technique permits
considerable sensitivity and, precision.


