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ABSTRACT

The electrochemical behaviour of sulphur and its ions was examined
in molten Pbczz, PbCzZ-KCQ and PbCRZ-KC2~Na62501vents. In particular the
electrooxidation of the sulphide ion, Sz-, was extensively studied at a
variety of electrode substrates.

Electrochemical studies were carried out in the temperature range
410-550°C by Tinear sweep voltammetry, chronoamperometry, steady-state I-V
relationships, chronopotentiometry, controlled potential electrolysis and
open circuit decay techniques. The electrooxidation of PbS was primarily
observed at planar vitreous carbon and graphite electrodes, although the
behaviour -at platinum and gold electrodes was investigated for comparison.

At vitreous carbon and graphite electrodes, two primary oxidation

processes were observed corresponding to the reactions: -

2= 0, og E = 0.45V wrt Ag/Ag”*

n

(1) s
and

(2) 25+ 200" » S,Ce, + 26*  E = 0.97V wrt Ag/Ag”

n

The sulphur generated from reaction (1) under pulse conditions was shown to
be reversible with respect to the electron transfer and to be diffusion
controlled. However, at lower temperatures the oxidation process appears
to be inhibited by the formation of a passive sulphur film. The nature and
formation of sulphur films (at temperatures well below the boiling point of
sulphur) on carbon, platinum and gold electrodes are discussed. Long time
electrolysis of suiphide containing melts under both potentiostatic and
galvanostatic conditions did not yield any insoluble anodic products.
Sodium polysulphide additions (NaZSZ’ Na,S, and
NaZSS) were found to be unstable in PbCQZ—KCR and PbCA,-KCa-NaCL melts.
Decomposition resulted in gaseous sulphur evolution. The resultant solutions

were characterised by linear sweep voltammetry.



-iii-
An attempt to quantitatively study the electroreduction of sulphur
and its solubility in a PbCQZ-KCz-NaCQ eutectic melt over the temperature
range 420-500°C is reported and discussed.
Complementary studies include (a) the electrochemical characterisation
of the solute species PbO, PbO2 and PbSO4 in a PbCQz-KCQ melt and 450°C and
(b) contact angle measurements of PbCz2 based molten salts on a variety of

carbon substrates.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

The 'art' of extracting metals from their ores dates back to
the dawn of human civilization. The first metals used by man were
undoubtedly those of copper and gold which could be found in metallic
form. Subsequently ( 4000 B.C.) man learned to produce copper and
bronze by the smelting of copper and tin ores in a charcoal fire.
Throughout history the progress made in extractive metallurgy h;yé bet
been one of trial and error and it is only relatively recently that
the application of sound scientific priciples has enabled a detailed

understanding of the complex systems involved.

The most common of the non-ferrqus metals are those of copper,
lead and zinc. (the base metals) which are principally extracted from
their sulphide ores. Metal sulphides are the most important group of
minerals found in the earth's crust, constituting the raw materials
from which most of the worlds supply of non-ferrous metals are

obtained.

In addition, metal sulphides, particularly those obtained in a
pure form and those synthesised with carefully controlled non-stoi-
chiometry or impurity content have particular industrial application
in the field of electronics. The unusual electrical and magnetic
properties of metal chalcogenides have contributed significantly to
the electronic revolution of today, through the fabrication of semi-

conductors and magnetic memory units etc.



1.2 The Extraction of Metals from Sulphides

1.2.1 General

Many text books (1)(2)(3), review articles (4)(5) and journals
(6) are devoted to the general subject of extractive metallurgy. Here
a brief description of the general processes employed in extracting

the metals copper, lead and zinc will be given.

Prior to the extraction of any metal from its sulphide mineral
a considerable number of stages are required to remove the large
amounts of gangue material associated with the ore. In addition many
valuable impurity minerals must also be separated and recovered; for
example galena (PbS) ores contain profitable amounts of silver, anti-
mony and bismuth. The benefication or concentration stages invelve
extensive crushing, grinding, flotation, thickening‘and drying proces-
ses before a suitable concentration of mineral is obtained for subse-
quent reduction to the metal. However, mineral ores are not always
in the optimum chemical or physical state for conversion to metal;
oxides are generally more conveniently reduced than are sulphides.
The physical state of the concentrate may be too fine, and may require

agglomeration by sintering prior to charging to a blast furnace.

1.2.2 The Smelting of Metal Sulphides

The roasting and smelting of concentrates is a process in which
the sulphur is partially or completely removed from the metal as

sulphur dioxide. A generalized reaction may be written as:

MS+ 0, = M + SO

2 2



with an equilibrium constant:

. . S0
aye. P

MS 02
Other reaction products may also be formed during the roasting
operation which are largely dependant upon temperature and the oxygen
potential. Thermodynamic plots of log P502 versus log P02 clearly

show the conditions of phase stability.

1.2.2.1 Copper Smelting

Copper smelting processes normally involve 2 or 3 steps to
produce blister copper from sulphide ore concentrates. In the first
step, a portion of the sulphur content of the concentrate is removed
in a roaster; about 20-50% is rénd&ed at a concehtration of Tess
than 1% for conventional multiple hearth roasters, 6-10% for fiuid
bed roasters. The second operation involves smelting the roasted
concentrate and fluxes in a reverberatory furnace to form slag and
a copper-bearing matte. About 10-30% of the sulphur content of the
ore is released in the smelting operation and approximately 20-40%
is released in plants feeding the roasted concentrate to the smelter.
The concentration of 502 in the off gas from the smelting furnace is
in the range of less than 0.5-3%; the volume depending on the type
of furnace used. The final pyrometallturgical step is oxidation of
the matte to form blister copper in the convertor. Copper converting
normally accounts for 40-50% of the sulphur released in the above
3-stage process. Sulphur dioxide is usually removed (50-90%) by
the sulphuric acid plant; however weak SOz-containing gases with

+-1% 502 are released, untreated into the atmosphere at a rate of



170-340 NM3h per ton of concentrate daily.

1.2.2.2. Lead Smelting

Lead is produced from sulphide ore concentrates in a 3-step
operation. The concentrate (55-70% Pb, 13-19% S) is sintered to
produce a Tead oxide sinter and to eliminate sulphur as S0,. The
sinter machines may be operated with two off-gas streams, one rich
(4-6% 502) and the other weak ( 0.5% SOZ). The sinter is fed to a
blast furnace for reduction of oxide to molten bullion. Approxi-
mately 15% of the concentrate sulphur remains in the charge to the
blast furnace and about 7% is released in the off-gas at less than
1% 502 concentration. The remaining sulphur is retained in the
slag. The final step is the refining of the metal bullion i.e. to

eliminate impurities such as antimony, gold and silver.

In the dual stream sinter machine operation, approximately
75% of SO2 released is in the strong gas stream, accounting for
about 25-50% of total gas volume and is easily handled by conven-
tional sulphuric acid plants (7-11). To achieve a greater than
90% 502 removal from the various smelter off gases either the weak
502 containing streams must be treated or a more efficient 502
extraction plant installed. The weak gas streams are large in
volume (1000-1300 NM3h per ton Pb produced daily) containing 0.5%

5020

1,2.2.3 Zinc Smelting

Zinc is produced from sulphide ore concentrates (62% Zn,
32% S). The initial step in zinc smelting is roasting the concen-
trate to remove sulphur and to form a zinc oxide calcine. More than

90% of the 502 released in zinc smelting results from the roasting



step. Several different types of roasting systems are used, the
Ropp roaster produces a gas of less than 1% 502; other processes
(Multiple Hearth, fluid-bed etc) produce 5-14% SO2 gas streams

which can be fed to a conventional sulphuric acid plant. Sintering
in the pyrometallurgical route accounts for the remaining sulphur

in the off gas streams at concentrations of 0.2-0,05% SO2 (7-11).
With the exception of Ropp roasters, zinc smelters have been able to

remove more than 90% SO2 using conventional. sulphuric acid plants.

It is evident from the above discussion that large quantities
of SOz—containing gases are generated during the pyrometaliurgical
treatment of su1phiae ores; much of which is eliminated (via acid
plants). However there remains significant amounts of 502 gases

>

which are emitted, untreated into the atmosphere.

1.2.3 The Control of S0, Emissions

In these days of environmental awareness the non-ferrous
metallurgical industry is under increasing pressure from Governmental
Agencies to reduce atmospheric emissions of 502. At the present time
most smelters have some degree of SO2 control for their strong gas
streams which generally reduce 502 emissions by 50-80%. However,
further reductions of 90%+ are proposed; to achieve this aim existing
smelters must either introduce "scrubbing" processes on the gas

streams or install new, more efficient but more costly equipment.

During the past ten years (and undoubtedly the future) the control
of sulphur oxide emissions has been a key factor in the economic

performance of many smelting operations (12)(13).



The most widely used process to reduce atmospheric SO2 poliution
is via the sulphuric acid plant which may only be used for gases
containing more than 3.5-4% SO2 which is a major constraint in its
application. An inherent problem with the production of sulphuric
acid is its low market value and the difficulties involved in its
transportation over long distances (smelters are usually sited in
remote areas). Sulphuric acid cannot be easily disposed of without

serious poliution.

Many alternative processes to the sulphuric acid plant have
been investigated, these have included the major redesign of existing
smelters and indeed the evolution of new processors which smelt the
sulphide concentrates more efficiently and which produce a main off-
gas stream of at least 5% 502° Such processes have included oxygen
enrichment, fluid bed roasting, electric furnace and flash or continuous
smelting. In the case of lead, continuous smelting techniques develo-
ped have included the Kivert, QSL (Queneau- Schuhman- Lurgi),
Sirosmelt, and TRBC (Top Blown Rotary Converter processes (14,15).
The Kivert process is the most developed and several installations are
probable in the near future; this process produces lead by direct
smelting of sulphide concentrates with simultaneous electrochemical

production of zinc from the slag.

Other alternatives have included enriching the gas stream with

further SO the continued gas stream may then be handled by conven-

2;
tional means. The supplementary SO2 is generally produced by burning
sulphur or sulphur bearing minerals. This technique has been used on

some molybdenum roasters in the U.S.A. (16).

The "Throwaway" system is becoming widespread, and popular for

treating weak SO, containing gases for both smelters and other indus-



tries (16). The process involves the use of lime or limestone to
scrub the SO2 containing gas stream to produce a clean gas for

release into the atmosphere and a calcium sulphate/sulphite slurry.

A process which is rapidly and successfully being employed in
Japan involves the formation of gypsum, a valuable produce marketed
at a profit (7-9).

From the above discussion it is clear that enormous effort and
capital is being spent by the smelting operators to eliminate 502
gases in order to conform with the imposed environmental regulations.
The quest for new, more efficient processes continues and many
ingenious systems have been devised. An ‘'ideal' extraction system
would jhcilitate the formation of a high purity liquid metal, suitable
for further processing i.e. casting and the direct formation of elemen-
tal sulphur which could be readily marketed or disposed of readily.
The process should be non-polluting, easy and clean and above all

economically viable.

The electrowinning of sulphide-containing molten salt electro-
lytes offers such an 'ideal' process. The electrowinning of high
purity lead from PbS - PbC1 mixtures has been shown to be viable
and has been demonstrated up to pilot plant scale on several occasions
at Halkyn (Wales), in Canada and at Port Pirie in Australia - the
latter produced 1500 tons of 99.5% Pb per year. The use of electro-
winning operations combined with molten salt systems possess many
advantages over conventional pyrometallurgical routes and are discus-

sed fully in section 3.10.

It is the aim of this work to help elucidate the governing
reaction mechanism(s) by which sulphur is generated at an anode

during electrolysis operations at high temperatures.



CHAPTER 2

ELECTROCHEMICAL TECHNIQUES

2.1 Introduction

Characterisation of electrochemical oxidation and reduction
processes may be achieved by the application of several techniques
of which cyclic sweep voltammetry, chronopotentiometry and chrono-
amperometry are commonly used. Several books (17-19) and review
articles (20-22) are available describing theoretical and experi-

mental aspects.

2.2 Cyclic Voltammetry -

“Cyclic voltammetry is an electrochemical technique in which
the potential of a stationary indicator or working electrode in an
unstirred solution containing electroactive species is varied
linearly with time. Assuming that the solution contains only the
oxidized form (Ox), the potential sweep is started at some potential
anodic of the standard potential of the redox couple (a -potential
at which there is zero current flow). As the standard potential is
approached, species Ox will begin to be reduced. Species Ox will
tend to diffuse towards the electrode because a concentration
gradient is established between the bulk solution concentration and
that at the electrode surface. As the potential is swept past the
standard potential the current increases rapidly until a maximum is
reached, and then the current decreases. This increase in current
due to the electrode reaction is opposed by the depletion of the ele-

ctroactive species at the electrode surface as a result of the



gradually increasing thickness of the diffusion layer. Depletion
of electroactive species therefore causes the current to decay.
Reversal of the direction of the potential sweep will Tead to the
reoxidation of the reduced species, resulting in an anodic peak.
The current-potential curve (cyclic voltammogram) for a simple
reversible reduction process is shown in Figure 2.1. with the

measurable parameters obtained.

The peak current ip for a simple reversible, diffusion con-

trolled process is given by the Ré?]es-Sevcik equation (17).

(nk A.n.D%.C.v2

o o] w

Ip = 0,452

where I = the faradaic current (mA), n = the number of electrons
involved in the electrode process, F = the Faraday (96,487 coulombs),

R = the universal gas constant (8.315 joules/mole /degree),

T = absolute tempearture (K), A = area of the working electrode

(cmz), D = the diffusion coefficient (cmz/sec), C = bulk concentra-

tion of the reactant (mol1/1), v = voltage scan rate (v/sec).

The peak potential Ep(v) for this process is independent of
the concentration of the reactant and is related to the polarographic
half-wave potential E% by the equation (17)

Ep = E% - 1.11 RT/nF

The value of E, may be estimated from a voltammogram of a simple

2
reversible process as it occurs at the point corresponding to 0.85 ip
(23). The half-peak potential Ep/2 is a convenient reference point

and is related to E% and Ep/2 by the equation (23).
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Fig_2,1. Cyclic voltammogram for the reversible reduction
of a soluble product indicating the measurable

parameters obtainable.
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m
|

p/2 = Eé + 1.09 RT/nF

AE = E - Ep = 2.20 RT/nF

p/2
The above equations are only valid for a reversible electroreduction
process where the product is soluble. Mamantov et al (24) have shown
that in linear sweep voltammetry for the reversibie process where
both the reactant and product are soluble, a plot of log (ip - i)/i
vs potential should be linear in the range 0.35 - 0.70 ip with a

slope of 0.58 (nF/RT).

The theory of linear sweep voltammetry has been extended to
electrode processes involving irreversible electrode processes
(17,23,25,26), chemical reactions couple to reversible or irrgversib]e
charge transfer (23,27-36), chemical reactions coupled between two
charge transfers (27-29), mu}ticharge transfer (37), adsorption
of reactants or products (38), and several other mechanisms. In
these theoretical treatments, convenient diagnostic criteria, such
as variation of ip/v%, Ep and ig /i; with scan rate have been deve-

loped for both qualitative and quantitative characterization of

unknown systems. A compilation of these is given by Dudley(39).

Linear sweep voltammetry has become a very powerful tool for

the investigation of unknown systems.

2.3 Chronopotentiometry

Chronopotentiometry is an electrochemical technique characterized
by the application of a controlled (usually constant) current between
two electrodes in an unstirred solution containing an electroactive
species; the resulting variations of potential of the working

electrode are measured as a function of time. As the electrolysis,
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proceeds, the concentration of the electroactive species near the
electrode decreases until it is too small to sustain the imposed
current; at this point the potential changes to some other value
corresponding to another reaction (i.e. second charge transfer
step or the decomposition of the solvent). The time elapsing
between the sudden changes of potential is called the transition

time T,
For a reversible process the transition time is related to
the current and concentration by the Sand equation (17):
1

¢ = minFADiC
21

The value of the transition time is controlled by the rate of
diffusion and is independent of the rate of the electron transfer.
However the shape of the potential-time curve (the chronopotentiogram)
is dependent on the reversibility of the electrode process. For a
reversible process 0 + ne = R, where both 0 and R are soluble in
solution or in the electrode, the potential time relationship is
given by the Karaoglanoff equation (17):

1
.R_T_ n (12____

E=E +
T/4 nF t

where ET/4 is equivalent to the polarographic half-wave potential
1.1
E, (17). A plot of potential (E) vs log (T% - t2)/t¢ for a reversible
2

system, where both reactant and product are soluble in solution or

in the electrode, yields a straight line with a slope of 2.3 RT/nF.

The theory and applications of chronopotentiometry have been
received by Paunovic (20), Davis (40),Lingane (41), Adams (18) and

Murray (42). This technique has been extended to irreversible
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processes, consecutive and stepwise processes, kinetic processes,
coupled chemical reactions and adsorption processes. Diagnostic
criteria for different cases have been discussed and summarized

by Reinmuth (21,43,44) and Adams (18).

2.4 Chronoamperometry and Construction of Stationary Electrode

Poltarograms.

Chronoamperometry is an electrochemical technique characterized
by the application of a potential step to a stationary working electrode
in an unstirred solution containing an electroactive species; the
resulting current decay is measured as a function of time. For a
reversible process the resulting current is governed by the rate of
diffusion of the electroactive species from the bulk solution to the
electrode surface. The relationship between current and time for a

simple Tinear diffusion process is given by the Cottrell equation (17).

n FAD:C

3

It? =

Applications of this technique have been reviewed by Adams (18) and

Murray (42).

This technique has been used for the construction of polarograms
from current-time curves (45)(46). The potential is stepped from a
value at which no electrochemical reaction is taking place to some
chosen value. The current is subsequently measured at time intervals
ranging from a few m/sec to several seconds. The polarogram is
constructed by plotting current values corresponding to a given time
vs the applied potential steps. The analysis of these polarograms is

analogous to that of conventional polarograms (47)(48)(49).
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CHAPTER 3

LITERATURE SURVEY

3.7 Introduction

An 'in-depth' understanding of the process(es) of electrolysing
molten sulphide/chloride solutions in particular with respect to the
design of new processes, requires a knowledge of the physico-chemical
properties of metal sulphide compounds, their solution in molten
inorganic chlorides and the electrolysis products. Indeed many
fundamental studies have been motivated from this point of view. It
is therefore intended within this literature survey to review as
briefly as possible the main areas of both applied and fundamental
studies which relate to a greater understanding of molten sulphide/

chloride electrolysis.

3.2. Sulphur

3.2.1 Liquid Sulphur

On melting sulphur (58) gives first a yellow, transparent,
mobile ]iquid which becomes brown and increasingly viscous at
temperatures above 160°C. Both the viscosity and specific heat (50)
reach a maximum at approximately 200°C and decrease gradually as the
temperature is raised to the boiling point (444.40C). Although 58
rings persist in the liquid upto approximately 193°C, the changes
in viscosity are attributed to the ring cleavage and the formation
of catenasulphur species, i.e. very long sU]phur chains. At any
temperature an equilibrium between chains and rings of varying
lengths will be established. E.s.r studies have shown the presence

of the radical ends of these chains in molten sulphur at temperatures
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greater than 160°C. It is assumed that these chains reach their
greatest average length (5-8 x 105 atoms) at 200%C at which the
maximum in viscosity occurs. The colour change upon melting is
due to an increase in the intensity and a shift of an adsorption
band to the red. This is associated with the formation ( T 250°C)

of the red species 53 and S4 which comprise 1-3% of sulphur at its

boiling point.

3,2.2 Sulphur Vapour

Saturated sulphur vapour is known to be composed mainly of
molecules in the range 52 - Sg» and like the other phases has a

complex composition.

Several workers have determined the vapour pressure of sulphur
(51)(52). Baker (53) found the overall vapour pressure, over the

temperature range 340-1046°C to obey the relationship:-

2

6.00282 - 3584.42T 1 - 2.23934 x 10> +1.14662 x 1007

10g P(atm)
(T=K

Below 340°C the data of West and Menzies (51) should be used.

Berkowitz and Marquart (54) from mass spectrographic studies of the
vapour, evaluated the composition of the saturated vapour upto the
normal boiling point, and determined a set of six independent equations
for the sulphur species. (see Appendix 1). Recent computations by
Tegman and Eriksson (%) give the free energy change (AGO) as a

function of temperature for the reaction:-

as
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GO J/mol = 44621 - 946.18T - 7.2029 x 107212 - 1.2864 x 107/T
+ 143777 In T

For (473 <T <273K)

The energy per bond in a molecule (assumed to be ring shaped)
increases from 52 (51.5 Kcal/mole) to S3 (55.5), 54(57.5), 55(60.5)
and then levels off at 56(6].5), S7(62), 58(62.5), 39( 62) and

S, ( 62.5).

10(

3.3 Ionic Sulphides

3.3.1 Monosulphides

The alkali and alkaline earth metal sulphides ( the monosulphides)
in their anhydrous form exhibit the antifluorite type structure. The
cation is tetrahedrally coordina ted whilst the sulphide ion (32—) is

surrounded by eight nearest M*'neighbours forming a cube,

3.3.2 Polysulphides

In addition to the monosulph ides (MZS)’ the alkali metals form
polysulphides of the general formulea Mzsn' The following compoun ds

are well established :-

LiS , NayS,(n =24,5), K5, (n=2-6), Rb,Sy (n = 2,3,4)

and CSZSn (n=2,3, 4, 6).

Cleaver and co-workers (56,57) have measured a range of physical
properties of molten polysulpnides. A pure sodium polysulphide melt
has been determined (58)(59) to comsist of an equilibrium mixture of
522', 832', 542_, 552_ and 562'; the relative amounts of which being

dependent upon both the temperature and overall composition.
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3.4 Metal Sulphides in General

3.4.1 Introduction

Virtually all of the known metal elements react with sulphur
in various proportions to form sulphides and polysulphides. In
addition to laboratory produced compounds a whole range of mineral
sulphides exist many of which are industrially important. Many
books and review articles are available covering the many diverse
properties of these compounds; including structure (60-62}),
structural classification (63), electrical properties (64,65),

spectroscopic data (66) and thermochemistry (67).

Two particularly relevant areas of interest will be reviewed

here a) structure and b) electrical properties. .

3.4.2 The Structures of Metal Sulphides

A wide range of structures and stereochemistries are exhibited
by metal sulphides. Generally many minerals are crystalline solids
and may be represented using ijonic models, in which the ions are

considered to be charged spheres of definite radii.

The most common coordination polyhedra of metals in sulphides

are tetrahedra and octahedra and distortions thereof. The cations

2+, Ga3+, A55+ and Sb5+ are nearly always tetrahedrally coordinated

3+

Zn
by sulphur whilst In® and Sn4+ may occur in either tetrahedral or

octahedral environments.

Sulphide ions commonly prefer asymmetrical surroundings which leads
to the marked structural differences between sulphides and the
corresponding oxide system; the oxide jon being much less polarizable.

The ability of sulphur atoms to form S-S bonds (as in pyrite) is much
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less important in the oxide systems (but see Cu20 R Zn02). Simple
monosulphides with the sodium chloride (e.g. PbS) and zinc-blend

(e.g. B-InS. CdS) structures are analogous to their oxides. In the
case of the above groups, both cations and anions have octahedral

and tetrahedral coordination and may be described as close-packing

of sulphide ions with the cations situated in octahedral or tetra-
hedral interstices. Many other sulphides can be described in terms

of the packing of sulphide ions. Wells (60) has classified the
sulphide structures (Table 3.1) although more detailed classifications

are available in the literature (see ref. 66).

The sodium cloride structure is perhaps the best known of all
crystal structures (Fig. 3.1). Both lead sulphide (galena) and
calcium sulphide exhibit this structure. The structure is baseg on
cubic close packing of the anions in planes parallel to the (111)
direction; both anions and cations are in regular octahedral six-
fold coordination (68). The M-S distance in galena is 3.13. The
homogeneity of PbS and its semiconducting properties have been studied
in detail (69)(70). At a pressure of 25 K bars it undergoes a phase
transition (71) and may possibly have the SnS structure. A large
group of complex lead sulphide containing minerals of general compo-
sition xPbS. yM% S3 (M2 = As, Sb, Bi for example) and their deriva-
tives containing Cu or Ag exist and have been discussed (72).

The sphalerite ( B~ ZnS) structure is also one of the fundamental
structure types. The structure was determined in the early X-ray
diffraction experiments of Bragg, and consists of a unit cube with
Zn atoms at the corners and face centres (Fig 3.2); the four sulphur
atoms within each unit cell are coordinated such that each tetrahedron

2+

of zinc atoms and each Zn®" ion at the centre of a regular
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The Crystal Structures of some Sulphides

Type of Structure Coordination Name of Example
number of Structure
Mand S
Infinite 4:8 Antifluorite LiZS, NaZS, KZS’ RbZS
3-dimensional 6:6 Rock Salt MgS, CaS, BaS, MnS, PbS
complexes
6:6 Nickel FeS, CoS, VS, FeS2
Arsenide
6:6 Pyrites or NiS,, MnS,, FeS,, CoS
Marcasite 2 2 2 2
4:4 Zinc-blend BeS, ZnS, CdS, ZnS, CdS,
Wurtzite MnS
4:4 Cooperite PtS )
Layer structure 6:3 Cadmium TiSZ, ZrSz, SnSz, PtS2
Iodide
6:3 Molybdenum Mosz, ws2
Sulphide
Chain structure Sb253, B1253, 5152

Molecular structure

A1l sulphides consisting
of finite molecules
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Fig. 3.1: The crystal structure of galena (PbS) or halite (NaCg)

structure showing the coordination of ions and the
linking of octahedral units.

@
Zn

Fig. 3.2: The sphalerite (B-ZnS) structure
showing the coordination of ions

and the linking of tetrahedral units.
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sulphur tetrahedron. Chalcopyrite (CuFeSZ), an important suiphide
mineral exhibits this structure (73,74). The disulphides ZnS2 and
CdS2 (with pyrite structure) have been prepared at high pressures

(75), and both cations form amorphous polysulphides.

A closely related structure to that of sphalerite is the
hexagonal a-7nS or Wurtzite structure (77)(78). As in sphalerite
each atom is tetrahedrally surrounded by four atoms of the other
kind, but the arrangement of the tetrahedra is such that a Tlattice

of hexagonal rather than cubic symmetry is formed.

The hexagonal NiAs structure is one of the most important
structures in transition’neﬁu;hemistry; indeed over 100 compounds
crystallise with this structure (Fig. 3.3). The cations and anions
lie respectively on interpenetrating simple hexagonal and close”
packed hexagonal sublattices. The transition metal atoms occupy all
octahedral holes in the close-packed hexagonal array of anions; the

anions are surrounded by 6 transition metal atoms in the form of a

trigonal prism. The NiAs structure has two important features:-

(a) the ability to accomodate additional transition metal
atoms in the trigonal bipyramidal holes at a maximum
composition of MZX‘

and (b) to omit metal atoms, either randomly or on planes
perpendicular to the c-axis until the Cd(OH)Z—type

structure is reached.

The true NiAs structure has been shown to be mainly a high temperature/
high pressure phase (66) which is rarely retained at low temperatures;
for example FeS, CoS and NiS have a true NiAs structure at high

temperatures and a slightly distorted one at low temperatures.
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Fig. 3.3: The NiAs-type structure showing

(a) linkage of ions in a unit cell;

(b) stack ing of octahedral units
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Probably FeS is one of the most important compounds exhibiting this
structure and the metal-deficient iron sulphides which make up the
pyrrhotite group. A comprehensive review of the NiAs and related

phases has been published by Kjekshus and Pearson ( 79).

The Cd(OH)2 structure type (@l1so known as the Mg(OH)2 or Cdl,
structure) occurs in many minerals.e.qg. MoS2 (80) and Covellite
(CuS). The latter contains layers which are nets of planar CuS3

triangles (81).

Other important structure types are those of the metal-excess
group in which a large number of unique crystal forms exhibiting
M-M bonding; e.q. Nizsz, AgS2 and the copper sulphides CUZS, Cu] 965’
CuqS5 and Cu5FeS4 (66) .

3

Non-stoichiometry in metal sulphides is particularly prevelant;
the general theories of this phenomenon have been considered by

Wadsley (82), Anderson ( 83) and Fender (84).

3.4.3 Electrical Properties of Metal Sulphides

The great diversity of electrical and magnetic properties
exhibited by the metal sulphides has both scientific and practical

application.

To the mineral technologist they offer methods for benefication
and extraction of metals; whereas to the applied physicist they are

a class of compounds important to the electronics industry.

As pointed out by JdelTinek (72 all sulphides of main group
(i.e. non-transition) including Zn,Cd, Hg are diamagnetic insulators
or semiconductors; this is because the valence and conduction bands

are respectively filled and empty and do not overlap. Galena (PbS)



-24-

and Sphalerite (ZnS) are the two most important examples of this
group of sulphides. For the case of transition metal sulphides,
the electronic structures and hence the magnetic and electrical

or

properties are complicated by the presence of 'd' electrons (85).

Galena is a diamagnetic semiconductor, and its properties
have been reviewed by Dalken (86). The forbidden energy gap of
PbS at 300K is 0.41 eV (87). A simplistic representation of the
type of band structure found in galena is shown in Fig. 3.4;
although its structure is known in detail. The conduction
mechanism and carrier concentrations (as in the case of all such
compounds) are very sensitive to both precise stoichiometry and
impurity levels. Thus, slightly metal rich PbS with n-type semi-
conductivity or sulphur rich (p-type) are readily synthesised. -
Most natural galenas exhibit n-type conductivity although carrier
concentrations are strongly influenced by the presence of Ag, Bi

and Sb (88).

Pure ZnS 1is a diamagnetic semiconductor although the band gap
is sufficiently large that it is sometimes described as an insulator.
The forbidden energy gap has been reported to be between 3.2-3.9 eV
at 300K (89)(90). An increase in pressure has been found to decrease
the forbidden energy gap (91) and also by the substitution by Cd or
Ag ions. The mechanism of intrinsic semiconduction in ZnS may be
p- or n-type depending upon the stoichiometry (92)(93); sphalerite
exhibits p-type and wurtzite n-type. The effect of transition metal
impurities upon the magnetic and electrical properties of ZnS has been
examined extensively (94)(95). Probably the most important substitu-
tion is that of Fe in ZnS (natural ZnS may contain upto 20% Fe);

addition of substituted Fe substantially reduces the forbidden
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Fig. 3.4: A simplified band model for galena (PbS)
' is typical of an intrinsic semiconductor
at OK. Energy (E) is plotted versus
the density of states. Occupied states
shaded and empty states open. Ef = the
Fermi level.
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energy gap (96). The electrical and magnetic properties of many
other sulphides are reported in the literature e.g. MnS, (97),

(98), Cu,S (66), FeS (99) and NiS (100).

FeS. (65), NiS )

2 2

3.5 Molten Salts

The numerous aspects of molten salt chemistry have been
discussed in several books and review articles (101, 102, 103-108,
112, 115, 117). The topics include the thermodynamic studies
(101-112), transport properties (101, 102, 104, 105, 108, 109, 113,
114), spectroscopic studies (101, 102, 105, 115, 116), theoretical
and structural studies (101-103), electrochemical studies (101, 102,
105, 109, 113, 117-125) and experimental techniques (106, 108, 126-

3

128).

The term molten salts applies to a wide range of liquid compounds
and covers a temperature range from about 100°C to over 2000°C. Three

main categories may, however, be distinguished:

(a) simple ionic melts, such as the alkali halides,
(b) simple oxy-anionic melts, for example nitrates, and

(c) complex polymeric melts, such as phosphates and silicates.,

lonic melt systems are the most wncentrated electrolytes available ,
which is reflected in the very large number of electrolytic investi-
gations reported. The particular advantages of these electrolytes

may be summarized by the following:

1. Awide range of electroinactivity, ie., a large decomposition

voltage as conpared with other solvent systems.
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They are good ionic conductors of electricity.
Powerful solvents for inorganic materials.

Voltage losses due to polarization are small

TP e o

Chemical and electrochemical reactions are generally fast due

to the high operating temperatures.

Several fundamental ideas are important for an understanding
of the interactions between solute species and the solvwent compo-
sition. Compl ex ion formation and acid-base interactions, which

may be further interpreted in terms of the S.H.A.B. concept.

The structure of molten ionic salts is one of interlocking
anionic and cationic quasi lattices which satisfies the condition
of local electrical neutrality. The 1iquid structure is therefgre
continuous, and the concept of complex ions in this medium cannot
be interpreted in the dilute aqueous sense. Flengas and
Kurcharski (129) discussed the difference between a complexed and
non-complexed state containing cation M™ and anion X~ as simply a
'shorter' bond distance MX* for the complexed state as compared with
MX bond distance for the non-complexed state, Using this definition
the continuous structure of the liquid is maintained. The inter-
action of a Tigand X* in a complex sz with surrounding cations may

be diagramatically represented by

>
l
>
|
>
Xe— X<
>
*
I
p~}
l
>

where anion X is always a cation bridging species. Therefore the
tendency to form complexes depends upon the size of the solvent

cation.
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The acid-base concept for molten salts was first introduced

by Lux and Flood for the molten oxide containing systems (130,131):
Acid + 02' = Base
and may be extended to the molten halide systems in the form

Acid (acceptor) + X~ == Base ( donor)

An acid may be defined as a chloride ion acceptor and a base
as a chloride ion donor in the modified Lewis sense. Furthermore,
the acid-base theory may be extended to include the S.H.A.B.
concept (132, 133), i.e. using the concepts of 'soft' and 'hard'
acids and bases. Using this system for example, 'hard' acids are
characterized by ions of small size and high positive oxidation
state. Thus the effects of solvent cation composition may be
explained in terms of a modification of the 'hardness' of 'softness'

of the solvent anions.

3.6 Identification of Sulphur Species in Molten Salts.

A knowledge of the exact nature of sulphur species present in
sulphur/sulphide containing molten salts is obviously a prerequisite
to a quantitative understanding of their electrochemical properties.
Thus, numerous investigations have been undertaken using a variety
of spectroscopic and/or electrochemical techniques. Although it is
the‘intention to review those studies concerning moliten salt solutions,
some evidence from aprotic solvents is given to provide a fuller

description of the solvated sulphur species.

The characteristic blue colour of the molten potassium thiocyanate

salt is a well known phenomenon and the absorption spectra has been
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measured by several workers (134, 135). Greenberg et al (134)
found that the same absorption peak occured with solutions of
sulphur in KSCN, LiBr - KBr and LiCl - KC1, thus inferring that

the same sulphur species was responsible for the blue colour.

Both groups of early workers, Greenberg et al (134) and Lux and
Anslinger (135) postulated a neutral sulphur species (52) to be
responsible for the blue colouration. It has subsequently been
shown, quite clearly, by Plambeck and Bodewig (136) that both
sulphur and sulphide must be present before the blue colouration

is observed. The same authors demonstrated that sulphur is

quite insoluble in the molten LiCl - KC1 eutectic melt (137).

The extensive spectroscopic investigations by Giggenback (138, 139)
in both aprotic (138) and molten salt systems (139) concluded th;
blue colour was due to the Sé ion. In alkali-halide and sulphate
melts; the observed colour disappears below 400°C and was attributed

to the dimerization reaction:

/
Recent investigations by Gréuh et al (140) found the species

52 and Sg predominate in equilibria in the LiCl - KC1 melt at 600°C.

For sulphur/sulphide solutions they propose the two equilibria between

sulphur and sulphide as:-

2527 4 25, = 45

N

and 2527 4 55, = 45
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The characteristic blue colour (600mm) was further concluded to be
due to the Sg ion and the green colour to the Sé ion. In the
aprotic solvent DMSO, Martin et al (141) have demonstrated using
spectrophotometric and electrochemical evidence for various poly-
sulphides in the above solvent that the Sg ion was responsible for
the blue colouration. However, Giggenback (142) has attributed the

blue colour to the 52 ion in both DMF and DMF-H20 mixtures.

Mamantov et al (143) investigated the solution chemistry of
sulphur in chloroaluminate melts using Raman spectroscopy. A single
band at 218cm™" was observed for sulphur in a 63 - 37@6 (AIC1, -
NaCl) solution at 175°C.  Three further bands at 476, 215 and 149
cm-] were observed upon increasing the temperature to 250°C; th?y
were not due to the solvent species A]Cl& and A12C1; . The predo-
minant sulphur species in solution was attributed to the 58 molecule,

the solubility of which increases with both temperature and the

Lewis acidity of the solvent.

3.7 The Solubility of Metal Sulphides in Molten Salts.

Several recent studies ‘have determined the solubilities of LiZS
and the solubility products of FeS2 and PbS in the LiCl - KC1 and

LiCl - LiF eutectic mixtures. Potentiometric titrations were used.

r qu et al (144), using an Ni/NiS (1:1 mole ratio) electrode
demonstrated that sulphide (SZ_) could be successfully generated
(coulometrically) into a LiCl - KC1 eutectic. The same authors
further demonstrated the system Ni/NiS/SZ' cell to behave as an

electrode of the second kind obeying the Nernst equation:-
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_ 0 _RT
E = Eyjsoni " 27 10 3g2-

The solubility product of NiS was calculated using the relation

- g9 PLANS P

EO
NiS-Ni Ni(11)-Ni 2F SP

The Ni/Ni electrode was successfully used by Lui et al (144) to
measure the solubility of LiZS over the temperature range 375-475°C.

The results for both NiS and LiZS are shown in Table 3.2.

The solubility of Li,S and the solubility product of FeS in the

2
LiCl - KC1 melt over the temperature range 673-773°K has been deter-

mined (145). Potentiometric titration based on the reaction

Li,S + FeCl

9 o ™ FeS(¥) + 2LiCi

using the cell

Ag | AgCl - LiCl - KCY || LiCl - KC1 (eut) - FeCl, - Li,S | Fe

was used. The results are shown in Table 3.2. Blander and co-workers
(146) have subsequently measured the solubility product of PbS in the

LiCT - KC1 and the LiCl - LiF eutectic melts using the cell.

Ag | AgCl + Eut [[Eut + PbCl, + Li,S | Pb(1)

The results of the above investigations are compiled in Table 3.2.

Cleaver et al (147) found Nazs to be insoluble in the LiCl -

KC1 melt at 450°C based upon the absence of any detectable voltam-

metric waves.
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Table 3.2: Measured solubilities of LiZS (Mole Fraction Basis),
solubility products of PbS (Ion Fraction Basis) in the
LiC2-KC2 and LiC%-LiF Eutectics
(1) reference (145,146) (2) reference (144)
T,K LiZS(l) LiZS(Z) PbS(1) Solvent
673 0.95x1073 | 0.67x107° | 7.3x107"° | Lice-Kce
723 1.56x1072 | 1.3x1073 | 3.9x10712 "
773 2.5x1073 2.0x1073 | 2.2x10711 "
823 3.5x1073 1.0x10710 "
823 1.95x1072 6.8x10°" | Lice-LiF
Table 3.3: Calculated solubility products (Ion Fraction Basis) of some

sulphides in the LiC2-KC& eutectic (from reference (146))

Metal sp

Ag(1) 3.17 x 10710
Cu(1) 1.72 x 10716
cr(11) 3.18 x 107"
Fe(11) 2.98 x 10712
Mg(11) 1.70 x 1077
Mn(11) 2.86 x 10711
Ni(11) 4.2 x 10716
Pb(11) 3.22 x 10712
Ti(11) 6.29 x 10710
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Blander (146) has discussed in detail the steps involved in
calculating the solubility products of metal sulphides in molten
chloride solvents from thermodynamic principles using an exact

cycle. The three main steps involved may be written as:-

1. MS + 2LiC1 (Eut) F£=MC12(]> + LiZS(s)

2. MC1 MC]2 (e diln: Eut)

21y T

3. LiZS(s) == LiZS (e diln: Eut)

where M is a divalent metal.

The solubility product of the sulphide MS, is then given by

the equation:- .

-RT 1In KSP = AG.I + AG2 + AGg

Using these principles Blander (146 ) has calculated the solubility
product KSP for many metal sulphides in the LiCl - KC1 eutectic
mixture, these are given in Table 3.3; similar reasoning was used

to explain the solvent effect on solubility and solubility products.

3.8 Molten Mixtures of Halides and Chalcogenides.

3.8.1 Introduction

A knowledge of the solution chemistry of molten halide/chalco-
genide mixtures is particularly pertinent to this work. A recent,
comprehensive review by Brookes (148) is available, detailing the
properties of a wide range of chaleogenide/halide mixtures with
particular emphasis upon structural understanding. This section of

the literature survey will, however be confined to a description of
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the physical properties of molten metal sulphide-metal chloride
systems with a common cation. In particular the molten mixtures

Ag,S - AgCl, PbS - PbC]z, CUZS - CuCl and FeS - FeC]Z.

2

3.8.2 5925 - AgCl Mixtures

The phase diagram for the AgZS - AgC1 system has been determined
by Flengas et al (149) using cooling curves, and by Blachnik and
co-workers (150) using the D.T.A. method; both are in good agree-
ment. The phase-diagram shows a single eutectic occuring at
35.8“6 AgZS at a temperature of 377°C. At approximately SGWO
composition a weak, incongruently melting compound of unknown
composition was found (149), however this has not been confirmed
by subsequent investigations (150, 151). Dilute solutions of Agzs
( 8m/0) were found (from cryoscopic calculations (149), to be ade-

quately described by the simple Temkin model for ionic liquids.

Solutions containing more than 8m/o AgZS showed positive devia-
tion from ideality. Silver sulphide rich solutions could not be
described in terms of a simple, completely dissociated, ionic liquid
and evidence for covalent association was inferred. The measured
densities and calculated molar volume isotherms (149) indicated
ideal behaviour (as do AgBr - AgZS mixtures (152), although negative
deviations occured at temperatures greater than 750°C. The activities
of both AgC1 and AgBr in molten AgZS, as determined by mass spectro-

metry indicated positive deviations from ideafity (153.).

Electrical conductivity measurements (154) have shown pure,
Tiquid AgCl1 to be ionically conducting with a very low activation
energy for conductance (1.35 at 500°C). In the case of solutions

containing more than 20m/0 AgZS the conductivity was found to rise
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rapidly with both increasing temperature and increasing sulphide
concentration; thus representing the onset of electronic conduc-
tivity. Above SOm/0 AgZS an extreme increase in conductivity
occurs due to structural changes in the melt markedly influencing

the electron mobility.

3.8.3 PbCl, - PbS Mixtures

2

The phase relations, densities and conductances for the molten

PbCL, - PbS mixtures were investigated by the Flengas group (155,

2
156).
The croscopic data obtained from cooling curves indicated
pure molten PbS to be dissociated and that pure PbC]2 contained ijons

other than C1~ and PbZ*.

Dilute solutions of PbS in PbCl, (upto
12m/o) were found to have positive deviations from ideality. Compa-
rison with other reciprical PbC]2 containing melts (i.e. PbC]2 -
NaF; PbC12 - KBr) and to systems with a common ion e.g. PbC?2 -
NaCl similarly showed positive deviation. The PbC]2 - NaCl mixture
was found to be virtually ideal. It was therefore concluded that
the positive deviations were due to the tendency of PbC]2 to asso-
ciate in the liquid. Calculated molar volume isotherms also indi-
cated slight positive deviation from ideality. Determination of the
phase diagram (155) by the cooling curve method revealed a single,
simple eutectic system; the eutectic occuring at ZOm/o PbS at a
temperature of 450°C. Pelton and Flengas (157) have similarly
investigated the phase relations of lead sulphide - alkali chloride
mixtures (MC1 = NaCl, KC1, RbC1 and CsC1). A large range of liquid

immiscibility was found in all the systems; they behaved as quasi-

binary solutions. Monoeutectic temperatures were found to be
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independent of the PbS concentration and to occur within 1°C of each
other for the four alkali chlorides considered. The results of
decantation and chemical analysis studies showed a distinct trend
towards increasing PbS solubility as the alkali cation size increased
i.e. from NaCl -~ CsCl, see Table 3.4. The measured solubilities
were found to be relatively small and thus these solutions may be

expected to be pure ionic conductors.

The electrical conductivities of PbS - PbC]2 molten mixtures was
measured by Fiengas and Bell (156). . Lead chloride rich solutions,
at temperatures ranging from 500-860°C showed a decrease in specific
conductivity with increasing RbS concentration (Fig. 3.5a; reaching
a minimum at approximately 40m/o PbS at all temperatures. A rapid
increase in specific conductivity was found to occur at higher tempe-
ratures viz ~900°C and at about 60-65"/0 PbS (Fig. 3.5b; reaching
values of 110 - 120 ohm-]cm—] the value reported for pure molten PbS.
A1l the PbS melts were found to have a positive temperature dependence
of pecific conductivity, unlike the AgpS - AgCl system which showed
a typical metallic dependence for solutions containing more than

50m/0 Agzs. This difference between the two systems may be due to

the greater ionic bonding of the PbS.

The measured conductivities for mixtures upto 36m/o-PbS may be
described by the quadratic equation:-
K=a+b (T - 500) - ¢ (T°¢ - 500)2
In order to determine the effect of dissolved lead metal upon

the electronic conductivity, initial solubility measurements were

required (156). In pure PbCI2 the solubility of Pb was very small
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TABLE 3.4

Solubilities of PbS in various alkali-halides. The
Effect of alkali cation and increasing temperature.

Data evaluated from the results of Flengas and Pelton

(157).

1% Na® Kt Rb* cs”
molas /L

850 0.23  0.60 0.9 0.48
900 0.25  0.67 1.22 0.80
950 0.4 0.8 1.55 1.18
1000 0.65 1.2 1.86 1.79
1050 0.92 1.68  2.19 2.56
1100 .20  2.22 2.50 3.36
1150 1.48  2.78 2.82 4.16
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viz 0.008"/0 at 583°C - 0.056"/0 at 886°C. The effect of increasing
temperature and/or lead sulphide concentration was to increase metal
solubility, viz 0.65m/o in 50m/o PbS at 886°C. Only a small increase
in the electronic conductivity of PbS - PbC]2 - Pb melts was observed;
thus establishing that soluble lead was not acting as an electron

donor to the system.

3.8.4 Qyzs - CuCl and FeS - FeC]2 Mixtures

Garbee and Flengas (158) have measured the density, molar volumes,
phase relations and electrical conductivities of the molten mixtures

CUZS - CuCl and FeS - FeC]z.

The Cu25 - CuCl phase diagram was found to be of the simple,
eutectic type; the eutectic occuring at 12.1m/o CQZS and at a tempera-
ture of 389.5°C. The measured liquidus was in poor agreement with

previous workers (159) by some 60°C.

A single eutectic occured in the FeS - FeC]2 system (upto 40m/0
FeS) at 674°C and at 2"/o FeS. The solubility of FeS in FeCl, was
found to be very limited as measured by decantation and chemical

analysis methods, viz 0.032"/0 FeS at 697°C - 0.138"/0 FeS at 898°C.

Cryoscopic calculations on the copper system indicated positive
deviations from ideality upon increasing CuZS concentrations. It
was inferred, from the above calculations that (Cu25)2 dimers were
present in solution; and for mixtures upto 5m/o CUZS it was estimated
that 80% of the CUZS was present in this form. Molar volume isotherms
for the copper system showed a prominent minimum to occur at appro-

ximately 30m/o Cu,S at 1000°C and was found to shift to lower Cu25

2
concentrations as the temperature decreased. The electrical conducti-
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vity measurements of the CUZS - CuCl systems were found to be in
excellent agreement with earlier workers (160, 161). A non-

linear increase in the conductivity of pure CuCl, (reaching a maxi-
mum at 9500C) with increasing temperature was observed. The
magnitude of the conductivity was typical of an ionic conductor.
For temperatures upto 700°C, the addition of Cu25 to liquid CuCl
resulted in a decrease in the conductivity of the solution reaching
a minimum and then rising significantly. A rapid increase in the
specific conductivity was observed at high temperatures and when
the sulphide content exceeded 30m/o CuZS and represents the onset
of electronic conductivity at 1000°C. The composition found for
the onset of electronic conductivity by F]eﬁgas and Garbee (158)

is not in good agreement with the results of Derge and Pound (162).
The latter workers considered mixtures below 50"/0 Cuzs to be ionic

conductors even at ]ZOOOC.

3.9 The Electrochemistry of Sulphur and Sulphur Species in Molten Salts

3.9.1 Introduction

The electrochemical behaviour of sulphur and sulphur species
has been investigated using a variety of solvents, aqueous (163-166)
and molten inorganic liquids including pure polysulphides melts
(167 - 170), cyanide (147) and chloride based melts (171-177). A
recent, comprehensive review by Ludwig and Tisher (170) describes

the electrochemistry of sulphur species in non-aqueous media.

A brief review of the literature concerning halide solvents is
given here; the reader is referred to those references above for

details concerning other solvent systems.
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3.9.2 The LiC1 - KC1 Eutectic Solvent

The early voltammetric studies of sulphide solutions in the
LiC1 - KC1 eutectic melt made by Delarue (171), attributed the
oxidation of sulphide to an anodic wave with a half wave potential
E} = -0.45 (vs Pt/Pt2+ 1M reference electrode). This has not

been confirmed by more recent workers (see below) and may possibly

be attributed to the 'poorly' purified melt used.

Voltammetric investigations by Bodewig and Plambeck (137)
when sulphur only was present in the melt, found a single cathodic
wave on graphite at -0.92V and an anodic wave at +0.03V (vs Pt/Pt2+
IM). The anodic wave was sugéested to be due to the formation of
sulphur chloride via the reaction u

2S + 2017 + S.CI

L1, + 2e

Unfortunately, repeated attempts to collect the sulphur chloride
product were unsuccessful. Su]phur/squhide solutions (the sulphide
being coulometrically generated from a sulphur pool) gave linear

i-v relationships under stirred conditions. The slope of these lines
gave a cell resistance of 10-15 chms. A single anodic chronopoten-
tiogram was obtained in sulphide containing solutions at a gold elec-

trode and was attributed to the reaction

52’+ S + 2e

Reasonable fit to the Sand's equation held and by further assuming
an n = 2 reaction a diffusion coefficient of D = 3.12 x 107° cn? 7]
at 420°C was obtained; a value much lower than is normally determined

for species in molten salts. During their work both platinum and
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tungsten electrodes were found to be unsatisfactory; for the case

of platinum an insoluble PtS film was produced.

Adamo and Kennedy (172) studied the electro-reduction of sulphur
using cyclic voltammetry and controlled potential coulometry at a
gold electrode at 420°C. The sulphur was added to an isolated
(fritted) working electrode compartment as pellets. Cyclic volta-
mmetry showed two reduction waves to occur with peak potentials of
-1.0V and -1.3V; upon reversing the scan direction two reoxidation
waves were observed at -1.10 and -0.83V (vs S.M.P.E.)}. The processes
were not found to be strictly reversible according to the peak
seperation criteria (i.e. AE = ES - Eg # 132/n at 420°C). Controlled
potential electrolysis for each of the reduction waves resulted in
an n = 1 value for both processes. Based upon the similarity with
results obtained in the DMSO solvent, Kennedy and Adamo postulated
a general reaction mechanism:

+ le” o - le 2-
Sn — Sn —_— Sn

where n < 2.

It is interesting to note that during both the voltammetric and constant
potential electrolysis of the first reduction wave the characteristic
blue colouration was observed in the solution immediately adjacent to
the working electrode. The most likely reaction mechanism would be:-

-

S

$™ 4+ 3e - 2587
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The deep blue colour was found to disappear upon electrolysis at a
potential corresponding to the more cathodic process; upon electro-
lysis at a potential of the first anodic wave the blue colour

reappeared and upon further oxidation sulphur was formed.

Birk and Steunenberg (173) employed cyclic voltammetry to

investigate the oxidationand re-reduction of Li, S (0.002 - 0.065m/o)

2
in the LiC1 - KC1 eutectic. A graphite working electrode was used

1

and the effect of increasing sweep rate (6.6 - 660mV s '), Li,S

2
concentration and temperature (410 - 462°C) were obtained. In
general two oxidation and three reduction waves were observed; the

following corresponding reactions were proposed:-

Anodic 1. 2827 » sg‘ + 2e .
2..
2. S + 25 + 2e
Cathodic 35 + §2° F==255 = SZ'

Kam and Johnson (174) subsequently reinvestigated the oxidation of LiZS
packed into a hole in a carbon support at a temperature of 450°¢C .

The results obtained did not agree with those of Birk and Steunenberg
(172); three oxidation waves were observed at -1.22, -0.91 and

-0.41V vs SMPE via cyclic voltammetry. Repetitive cycling indicated

a further oxidation process to occur at -1.45V., Assuming all the

above processes to be simple diffusion controlied reactions an n = 1

for the processes at -0.91 and -0.4V and an n = 1-2 for the process
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at -1.22V was calculated. The general reaction sequence was proposed.

The general morphology of the voltammograms was the same over the
the temperature range 420 - 450°C. The cyclic voltammetry results
obtained by Raliegh et al (175) using both stationary and rotating
graphite, Pt and Mo electrodes in a LiZS saturated melt at 450°C
support the observations of Birk and Steunenberg, (173). It is
interesting to note that the former authors consider all three )

electrodes to be suitable for the study of metal sulphide redox

processes.

Bernard et al (1706) employed both chronopotentiometry and
adsorption spectroscopy to elucidate the electrochemical behaviour
of CaS in the LiC1 - KC1 eutectic. Three oxidation processes were
observed with quarter wave potentials of -0.2, -0.1 and +0.3V
(vs. Ag/Ag+) and a single reduction process at E% = -0.5V. The
three oxidation products were attributed to the species, S, Sx
and s* with corresponding adsorption bands at 320, 390 and 590 nm.

Cleaver et al (147) have mainly investigated the electro-
oxidation and reduction of alkali metal polysulphides in fused
KSCN although some results were obtained using the LiCl - KCI
eutectic. Platinum electrodes were generally found to be unsatis-
factory due to the formation of a black PtS film; gold electrodes

were preferred. The addition of anhydrous NaZS was found to be
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practically insoluble in this melt. at 420°c, higher polysulphides

were unstable resulting in the immediate evolution of gaseous sulphur.
Addition of NaZSZ.Z however formed solutions which were stable long
enough to record cyclic voltammetric data. The lime-green solution
gradually lost sulphur. Two oxidation and reduction waves were
observed. A sharp sulphur deposition wave at +0.2V (w.r.t. Ag/AgZS)

and a second wave at -0.2V. The first oxidation wave was assigned

to the reaction

Both oxidation and reduction processes were found to be diffusion
controlled (ip vs v criterion) and an apparent diffusion coefficient
2- 3

for the S27 fon was calculated as 5.7 x 1072 cm® 57! assuming n = 1.

The chronopotentiometric oxidation and potentiometric behaviour
of nominally NaZS solutions in a LiCl - KC1 eutectic at several
electrode substrates (vitreous carbon, gold and platinum) was studied

by Weaver and Inman (177).

The sodium sulphide was found to dissolve in the melt quite
readily and well defined open-circuit potentials were obtained on all
electrodes thus clearly indicating the presence of a redox couple.
The yellow coloured solution probably indicates the presence of
sulphur as an impurity element in the sodium sUTphide. The poten-
tial was found to be linearly dependent with the nominal NaZS concen-
tration and a two electron (2.3 RT/2F) Nernst slope was determined.
The Nernstian behaviour was interpreted in terms of the redox equili-
2, (2-

brium 252" S5
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Complex electrode behaviour was observed by Weaver and the chrono-
potentiometric data was interpreted in terms of sulphur film
formation. The sulphur film was thought to back react with the
sulphide ion to form a polysulphide Si— which could subsequently
diffuse into the bulk solution. A soluble product passivation

model was involed to explain the constant ir% product at Tow

current densities but with an increasing it at higher current
densities. Good agreement with the Sand's equation was observed and

-1 was obtained.

a calculated diffusion coefficient of 3.4 x 10—5 cm2 S
Analysis of the potential-time plots generally indicated a two
electron transfer process. Frequently, quite different anodic beha-
viour was observed which was attributed to changes in the form of
the sulphur film which lead to the formation of species such as«

Sé via a one electron transfer reaction. The concept of the build
up of an inhibiting film was further supported by the use of steady-

state voltammetry, potential-time galvanostatic build up and open-

circuit decay techniques.

3.9.3 The AICT, - NaCl System

Many investigations have been concerned with the electrochemical
characterization of sulphur and sulphur ions in chloroaluminate melts
(183-187). It is well etsablished (178-182) that the acid-base
properties of this melt near the 1:1 A]C13/NaC1 mole ratio composition

can be described by the equilibrium:-

2A'IC]4 = A12C17 + Cl

and

Ky = [A1,C1,7] [€17] / [AICT 12
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The Lewis acidity of the solvent may be expressed in terms of the
pC1 (pC1 = -Tog {C17| ). Thus the ATZCT; and the C1~ ijons are the
dominant Lewis acid and base species respectively. The electro-
chemistry of sulphur and its ions are dependent to a large degree

upon the acidity of the chloroaluminate solvent.

Sulphur solutions are generally a pale yellow colour (]75-3000C)
both in the absence and presence of sulphide (52—) and would there-
fore tend to suggest that an equilibria producing anionic sPecies
such as 55 or Sé (the species responsible for the blue and green .
solutions respectively) is absent. Raman investigations (143) of
sulphur solutions (see section 3.6) indicated a dominant 58 species
to be present and that the sulphur solubility increases with increa-
sing temperature. The sulphur solubility (as S) in A]C]3 - NaCl.
(sat) at 175°C is reported to be less than 2.1 x 1072 molal (186).

Marassi et al (183) studied the electro-oxidation and reduction
of sulphur and selenium at a Pt electrode. A single oxidation and
two reduction waves were observed; the oxidation wave was found to
be quasi-reversible and to occur close to the anodic limit of the
solvent. No interpretation was given for the results. The electro-
oxidation of sulphur in the A1C12 - NaCl (63 - 37m/o) solvent over
the temperature range 150 - 200°C was found to be complex (184).
Cyclic voltammetry, chronoamperometry and controlled potential
coulometry were employed to elucidate the mechanisms involved at
Pt, W and vitreous carbon electrodes. Four oxidation processes with
four corresponding reduction waves were observed, the voltammetric
waves were clearly defined by the use of differential pulse voltamme-
try. The single reduction wave and its reoxidation process was

attributed to the SZ—/S redox process; agreeing with the work of
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Osteryoung et al (185). Although the first oxidation process could
not be resolved easily the variation of the voltammetric parameters
with sweep rate suggested a simple process to be involved. The
apparent n value involved in this electron transfer step was found
to be 0.125 and to be concentration dependent . A mechanism invol-
ving the formation of both Sg and S§+ was involved; the likely

reaction being formulated as:-

S8 = Sg + e
255 ~ s
Sg = S§+ + e
ane Sg = S5* + 2e )
S5+ Sg = Si¢

The results of the voltammetric log plots giving an n = 1 value and
additional spectroelectrochemical studies currently in progress favour

the Sg (S%g ) mechanism to be the most Tikely. The second oxidation

process results in an S (1) product (from coulometry); the most
probable overall reaction consistent with the electrochemical results

in
+

g * 8A1C1

S 4

— + =
= 4SZC1 + 4A12C17 + 6e

The final oxidation process resulted in the formation of S(1V) species,
which from Raman spectroscopy studies is believed to be the SC1§ ion.
Supporting evidence was obtained by the addition of SC1§ A]Cli to the

melt, the same electrochemistry resulted. The overall reaction:

s.c1t + 1081C13

+ -
2 4 25C13 + 5A1,C1, + 6e

2777

was proposed.
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Mamantov et al (186) using a NaCl saturated chloroaluminate
melt at 175°C containing 1.8 x 1072 molal sulphur (as monomer)
found a single oxidation and reduction wave; being independent
of electrode substrate. The limiting current ratios of the oxi-
dation wave to that of the reduction wave was found to be 0.5.
The results obtained for sulphur only solutions were supported
by those obtained for NaZS containing melts. Two oxidation
processes were observed for the 82_ ion and the simple reaction

sequence postulated:-

ST+ S + 2e

s - 155t e

A generalised model consistent with overall variations of voltamme-
tric parameters is illustrated below and which invokes the fragmenta-

tion of sulphur rings initiated thermally or by electron transfer.

Sulphur
chain

2Sn &= =>nS, - 2e

2

-2e sulphur
2Sn = ZSh = chain

Osteryoung et al (185) investigated the electrochemistry of sulphur
as a function of melt acidity. The electroreduction of sulphur was
found to be a two electron transfer process and to be independent of
the solvent acidity. The coulometric titration of Cu(1) into
sulphide containing solutions enabled the solubility product of

5 2t 175°C in a basic

Cu,S to be determined; a value of 6.8 x 107
melt was evaluated. No Cuzs precipitation was observed in acidic
melts, however upon addition of NaCl, Cuzs precipitation readily

occurred. Thus the sulphide activity in acid melts is much lower
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than in the basic melts presumably due to the 52- species being
complexed in the acid melt. Similar results were obtained with
silver. The sulphur/sulphide redox couple showed Nernstian

behaviour in both acid and basic solutions giving a slope of RT/

4F and was attributed to the couple

2

S, + 4e = 2S° (at constant pCl).

2

At Tow sulphur concentrations, values lower than the RT/4F Tine
were obtained, an equilibrium with sulphur species containing more
than two molecules was thus inferred. The potential of the S/Sz"
couple was linearly dependent upon solvent acidity, a slope of
3RT/2F being obtained. The overall behaviour of the S/Sz_ couple

suggests the reaction -

82 + 2A1C14 + 4e = 2A1SC1 + 6C1~
to be determining. Because of the change in the copper and silver
solubilities with melt acidity, the free s2- activity must be a

function of melt acidity. Thus the change in sulphide activity is

governed by a reaction of the form:-

AISCT + 3C17 = S%7 4 AlCT;

with an equilibrium constant written as:-

k=57 aicy 7 msen e

Osteryoung et al (187) have subsequently extended their investigations
of the acid-base dependence of anionic species to include the ions
02-, 52", se?” and Te?™. In general these ions were found to be

trichloro bases in acidic melts, the determining equilibrium being
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given by the reaction:

- 2- . -
3A]2C17 + X© == A1XCl + 5A1C14

However in basic melts 'these ions become dibases according to the

equilibrium

- 2- . - -
2A]2C17 + X7 = A]C]Z + 3A1C14

The relative strengths of the tribases appear to be in the order

25 5elm < 27 ¢ 2o

T , Se” < ST <0

3.9.4. The PbCl, - MC1 System

2

Here the electrochemical behaviour of lead sulphide in PbCl2 -
MC1 (alkali-chloride) solvents, with particular reference to the anodic
oxidation reactions will be given. The more applied investigations

i.e. electrowinning studies are discussed in section 3. 10.

Two oxidation processes (via chronopotentiometry) were observed
by Welch and King (188) at a vitreous carbon electrode immersed in a
quiescent solution of a molten PbC]2 - NaCl eutectic containing lead
sulphide (6.8 - 471 x ]0—5 mole cm'3) at 450°C. The quarter wave
potential of the first process was found to be approximately 0.5V
w.r.t. a Pb/Pb2+ reference electrode, and attributed to the overall
reaction

n=2

1
PbS = Pb+v

Sy (9)

The quarter wave potential for the second process being 1.05V and
was thought to be the formation of sulphur chloride. The sulphur/

sulphide reaction was found to obey the Sand's equation upto a
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PbS concentration of 4.1 x 10} mole m™S and is thus diffusion

controlled. A diffusion coefficient of 1.13 x 1074 cm2 s_1 was

calculated assuming n = 1 and 2.8 X 10_5 cm2 s_] for n = 2.

Analysis of the E-t profile showed a linear relationship between

the potential (E) and 1n Cré'- t%) with slopes ranging from

RT/0.95F to RT/1.1F. Steady-state i-v measurements using both
galvanostatic and slow potentiodynamic scans (200 mV/min) indica-
ted Tafel behaviour, a limiting current was obtained at high
potentials. A decrease in current noted at high overpotentials

was attributed to the formation of a solid layer on the electrode
surface which dissolved slowly in the melt. An average Tafal
constant of RT/1.5F was determined. It is noteworthy that the

solid film was hot always observed but "required considerable -
electrolysis to bring about its formation". Galvanostatic electro-
lysis at 500°C using a melt almost saturated with PbS was conducted
to identify the anodic, insoluble product. It was found that
relatively high current densities were required to form a film

whose morphology was dependent upon the applied current density.

The product was found to be highly passivating; however its chemical
composition could not be determined. The saturation solubility

of anodically generated sulphur in a 7m/o PbS - PbC]2 - NaCl solution

4 moles S cm'3 at 500°C was

was determined; a value of 5 x 10~
obtained. However several assumptions were required to obtain this

value.

Recent chronopotentiometric investigations by Skyllas and Welch
(189) confirmed the earlier work (188); the oxidation of PbS
solutions (PbC]2 - NaCl eutectic) was found to be diffusion controlled

and to be described by the general scheme:-
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where kf kb’ kf and kb being the forward and reverse rate constants.
Detailed current reversal chronopotentiometric studies revealed two
reduction transitions; the first reduction corresponded to the
oxidation process and the second occurred at a potential of 0.13V
positive of the lead reduction. The latter process was found to be
independent of the oxidation process but dependent upon the presence
of lead sulphide. The ratio of the reverse to forward transition
times was found to be less than unity and to be independent upon

current density. The increase in the ratiorf/tf with tf was

diagnostic of the generalized reaction: .
A*T = B + ne B = insoluble product
AT+ B =D

Increasing the temperature above the beiling point (444.4°C) did not

alter the trend.

The use of an interupt period between the forward and reverse
current pulses enabled the rate of the dissolution reaction (by
comparison with theoretical relations) to be evaluated; assuming the
rate of dissolution to be first order with respect to species A a
value of K = 8s~1 was obtained. The overall reaction was conciuded

to be:-
2 sTow

s<” == S + 2e

- = 85-1 -
2 k =85 S2

S +5S MR 5
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The reduction of sulphur and its solubility in the PbS - PbC]2 - NaCl
melt at 430°C has been investigated, again using the chronopotiometric
technique (190). The sulphur was generated by two means a) the
'in-situ' electrochemical generation via- oxidation of PbS and

b) the addition of sulphur pellets. Subsequent chronopotentiometric

3

investigation (after galvanostatic electrolysis of 0.55 x 10~ mole

3 for 30 mins at 4mA/cm2) failed to reveal a sulphur reduc-

PbS cm~
tion process and was taken to confirm the idea of an insoluble sulphur
product. However the observed increase in the transition time for

the 'pre-lead' process inferred the reduction of polysulphide according

to

2-

2
a1t 2e = (n+1)S

S

-

The presence of this process immediately after the addition of
PbS to a fresh melt would seem to suggest sulphur impurity. Analysis
of the E-t profile suggested the (n+1)52' species to be present as a
Pb containing solution revealed two reduction waves, the more anodic
of which was attributed to the dissolution of sulphur. The satura-
tion solubility of sulphur was assumed to be reached when the transi-
tion time for this reduction process became constant. Saturation

5

solubilities of 5.4 x 107> mole S/cm° in a 1.2 x 10™° mole PbS/cm>

4 mole S/cm3 upon increasing the PbS concentra-

solution and 2.3 x 10~
tion to 2.4 X 10—3 moie PbS/cm3. The investigations conducted by
Plichon and co-waorkers into the electro-oxidation of PbS in the

PbC1, - KC1 (77 - 23m/o) using the techniques of double step chrono-

2
amperometry (191), a.c. impedance measurements (192) and by controlled
potential electrolysis coupled with visible adsorption spectrophoto-
metry (193-194) are in 'broad' agreement with those of Welch and

co-workers (188-189). The impedance studies did not, however, provide
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any evidence for a passivation mechanism.

3.10 Electrowinning from Metal Sulphide/Metal Chloride Solutions

The electrowinning of liquid metals (Al, Mg, Pb and Zn) from
molten chloride electrolytes, including metal sulphide containing

salts has been the subject of a recent review by Skeaff (195).

Particular emphasis was given to practical aspects including electro-
lyte composition, cell design and operating conditions with respect
to current efficiencies and energy consumptions. Here, however a
general discussion of the feasabllity of winning 1liquid metals and

elemental sulphur by electrolytic techniques is presented.

The feasability of directly electrolysing metal sulphide contai-
ning molten salts has been demonstrated on numerous occasions for

the systems Pb (199-208), Cu (209), Mo (210) and, Sb (211).

The electrolysis of lead sulphide (galena) dissolved in lead
chloride was first proposed by Townsend (196) in 1906). A major
patent was subsequently awarded to the National Smelting Company
Limited in 1934 (197). The electrolytic processing of lead using
molten salt electrolytes was developed to pilot plant scale on
several occasions. The first plant was situated at Halkyn in Wales,
which produced some 300 tons of lead per year and 40 tons of sulphur
using a commercial galena concentrate as the cell feed. Unfortunate-
ly the plant was closed down during World War II. Since this time
the name Halkyn has become synonymous with the molten salt electro-
winning of lead from galena. Subsequent plants were built in
Canada and at Port Pirie in Australia; the latter produced 1800 tons

of lead per year.
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Unfortunately little information is available concerning the

operational conditions and parameters used for these plants.

Although the lead was reported (198) to be of high purity (99.94%)

and that a 'scum' (presumably gangue) developed on top of the
electrolyte causing loss of solvent through entrapment during de-
scumming. However an interim report by Gibson (199) at National
Smelting describes the operation and difficulties encountered of

a small scale (0.75 ton) unit cell. Evaluation of two 'brick’

cell configurations was attempted viz cylindrical and horizontal
types, each unit contained ten graphite electrodes arranged in the
bi-polar fashion, thus facilitating internal heating. After pro-
longed electrolysis, lasting several ddys no sign of any significant
wear 6f the electrodes was observed. Typically some 1500 1bs of lead
could be produced during a 73 day run with an energy consumption of
777 k.M. Hrs per ton of Pb. Analysis of the e]eciro]ytic 1ead‘
indicated 99.92 - 99.96% Pb. A sulphur condenser was employed on

the cover of the cell from which several pounds of sulphur was collec-
ted during a run; during earlier experiments sulphur was allowed

to burn at the electrolyte surface. Sulphur chloride evolution

tended to occur when the operating temperature was less than 570°C

and upon partial exhaustion of the solute. It was stated that no
contamination by sulphur chloride was obtained under 'normal' working
conditions. Removal of the gangue material was required during
extended electrolysis and various methods were investigated to recover
the entrapped lead chloride. The distillation of PbC]2 leaving a
residue of ZnS, FeS and S1‘O2 was found to be Satisfactory; alternative
processes were envisaged and the recovery of PbC]2 was not considered
a major obstacle. A marked decrease in both lead and sulphur yields

were noted with increasing galena concentration viz upto 20m/o.
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A concentration of 5% was recommended for efficient working of the
cell. An optimum current density of 400-450 A/ft2 was proposed by
Gibson although higher current densities (660 - 700 A/ftz) was used
in the above studies. The liquid lead was easily and satisfactorily

removed by a simple iron tube gyphon.

Due to the promising results and the near commercial success
of the pilot plant studies many subsequent current efficiency investi-.
gations have been conducted on a laboratory scale (200-206). More
recent and extensive current efficiency studies have been conducted
by Welch and co- workers (204-206). A1l of these studies were based
soley upon cathodic yields and unfortunately corkesponding sulphur
yields have not been measured. The effect of melt composition,

I

temperature and current density may be summarised:-

1. Improved cathodic yields are obtained at lower PbS concentrations
(204).

2. For a given PbS concentration, higher current efficiencies are

obtained with high current densities (204) .

3. Although the influence of temperature and solvent have not been
determined independently. The addition of an alkali chloride
reduces the solvent melting point and generally increases the

lead yield.

4. The influence of electrode arrangement has shown "the incorpo-

ration of diaphrams between the electrodes to be beneficial (204).

The above observations are consistent with the concept qf back
reaction between the electro-generated sulphur and lead (205).

The very low solubility of metallic lead in PbS - PbC]2 solutions (198)
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would not be an attributing factor. The influence of anionic impu-

rities (207) e.g. SOZ- upon cathodic efficiency has also been reported.

A variation of the direct electrolytic route has been investiga-
ted by the U.S. Bureau of Mines (208) and successful recovery of
Tead and sulphur could be achieved by using a combined chlorination
and electrolysis process utilizing a galena feed. Electrolysis of

PbS in PbC1, - MC1 (MC1 = KC1, NaCl) melts at 600°C with an anodic

2
current density of 13A/sq in showed the highest cathodic efficien-
cies (70%) to be obtained with the PbC]2 - NaCl melt; the electro-
lysis of a pure PbC]2 solvent was relatively straightforward.

Maximum sulphur removal from the galena was achieved at 350°C, the
incorperation of cold traps into the system enabled the sulphur and
sulphur chloride products to be collected. Electrolysis of the-lead
chloride product was performed in large graphite containers which
also acted as the cathode at 600 - 650°C. A cell potential of 11-12V
was used with a current density of 12.5 A/cmz. The lead produced
during extended electrolysis ( 6 hrs) was >99% pure and contained

Zn, Fe and Si as the major impurity elements. Current efficiencies
were greater than those for electrolytes containing galena.

Approximately 99% of the silver impurity could be recovered from the

initial electrolysis product as a rich Ag-Pb alloy.

Hoar and Ward have demonstrated the feasibility of recovering
liquid copper and gaseous sulphur by electrolysis of Cuzs anode and
cathodes in a BaC]2 solvent at 1100°C (209). The cell may be

represented in the form:-

Cu, Cu,S | BaCl, | Cu,S, S, (9)
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During electrolysis sulphur was found to evolve rapidly from the
CuZS anode, a vigorous reaction with the carbon construction
material resulting in the formation of carbon disulphide was
observed. Cell modifications, i.e. removal of hot carbon surfaces
enabled a pure sulphur product to be collected; no evidence for
chlorine contamination (e.g. from C]2 or SC]Z) was found from the
product analysis. Generally current efficiencies 'greater than

90% were achieved at current densities of 0.95 A/cmz. Violent
instability of the cell voltages at current densities >1Amp/cm2
were attributed to the growth and seperation of gaseous sulphur

bubbles. Sulphur efficiencies were virtually 100%. The overall

electrode reactions may be written as:

Cathode: 2Cu,S + 4e =+ 4Cu + 252"

Anode : 2Cu.S - 4Cu®*

5 + Sz(g) + 4e

Garbee and Flengas (158) have successfully electrolysed Cu25 - CucCl
electrolytes to yield copper metal with high current efficiencies.
The selective leaching of FeS from FeS - Cu23 matte in liquid CuCl

was also demonstrated and was attributed to the reaction:

FeS(S) + 2CuC1(]) > FeC]Z(]) + CUZS

which has a Gibbs free energy of AG® = -4100 KJ/mole at 1000°C.
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3.11 DISCUSSION

A potentially, viable and clean alternative to the melting of
base metal sulphides is available via the molten salt electrowinning
route. The usage of molten salt solvents combined with an electro-

lytic route offer many advantages which may be summarized:-

1. The selective solubility of metal sulphides in molten saits
may be employed as a leaching process to further concentrate

the required metal sulphide.

2. High purity (>99%) metal products are readily achieved with
high current efficiencies. The use of a high operating tempera-
ture combined with the relatively lTow melting point of base
metals enables the liquid product to be produced and to be )
easily removed from the cell for further direct processing
e.g. casting. The major problems associated with solid deposits

(211), i.e. entrapment of solidified salt and dendritic growths;

are therefore eliminated.

3. Sulphur gas may be obtained directly at the anode and thus
eliminates additional expensive processing of SO2 emissions.
Furthermore the solidified sulphur may readily be transported

or easily and safely disposed of (i.e. buried) without being

detrimental to the environment.

4. The inherent electronic conductivity of metal sulphides combined
with their selective solubility in molten salts may be conve-
niently used to advantage. Thus molten (or solid) metal
sulphide electrodes may directly be used with encouraging

results (209).
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The advantages and disadvantages of using molten salt systems
has been discussed (212). Generally the combination of high opera-
ting temperatures; the corrosive nature of many molten inorganic
liquids and the inherent difficulties in handling them (many salts
are hygroscopic) has unfortunately prevented their greater usage .
This is particularly true of the electrolytic production of refrac-
tory metals where molten salt processes (winning, refining and
plating) may be used to great advantage (213)(214)(215). The
problems associated with the drying and handling of molten ionic
Tiquids has recently been extensively discussed (217). With parti-
cular reference to the anodic evolution of sulphur from sulphide
solutions, the formation of insoluble polysulphides have been

observed (188).

The recombination of sulphur gas with, for example electro-
reduced lead has been shown to reduce current efficiencies (205);
recombination reactions are however an inherent problem with the
formation of reactive gases (e.g. Mg production (218).- However the
use of suitable electrode seperators may significantly reduce this
problem. The evolution of gaseous products do, under certain
circumstances lead to the onset of the 'anode effect', again it is
a general phenomenon, e.g. Al electrolysis (219-221). The well
known intrinsic semiconducting properties of metal sulphides do
not persist in dilute chloride solutions (153, 155, 157). The
conductivity of, for example PbS-PbC]2 solutions upto 50m/o a£
900°C are burely' ionic; the onset of electronic conductivity
occurs at higher metal sulphide concentrations. Thus electrolytic
processes may be used at Tow sulphide concentrations, the onset

of significant solution electronic conductivity is to substantially
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reduce current efficiencies, see Figure 3.6.

It is interesting to note, that all commercially adopted molten
salt electrowinning processes (e.g. Al, Mg, Na) produce as their
products a liquid metal and an evolved gas. The 'near' success
(in a commercial sense) of a similar process being adopted by
industry for the extraction of metals from metal sulphides has
clearly been demonstrated by the investment and operation of the
pilot plants at Halkyn and those in Australia and Canada. However
a complete understanding of the electrokinetics of anodically

evolved sulphur remains elusive.
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CHAPTER 4

EXPERIMENTAL

4.1. Apparatus

4.1.1. Furnace and Temperature Control

The furnace and temperature control were the same as that used
by earlier workers in this laboratory. The vertical furnace consis-
ted of a Kanthal wire (18 s.w.g.) wound silicatube with a maximum
operating temperature of 950%C. An arfangement of pulleys and
counterweights enabled the furnace to be raised and lowered about
the clamped electrochemical cell. To minimise electrical noise, a
Nimonic earth shield Tined the inside of the furnace tube. The
temperature was controlled by a P.I.D. 15 Eurotherm controller i
which monitored a Pt/Pt-13%Rh thermocouple located within the

furnace tube. A temperature control of i_]OC was maintained with

this arrangement.

4.1.2. Electrochemical Cell

The electrochemical cell consisted of a round bottomed Pyrex
or Silica envelope, 80mm diameter and 320mm long, capped by a water-
cooled brass head. A pyrex pot, 65mm diameter and 70mm long was
used to contain the molten salt. The crucible sat upon a bed of
glass beads. For temperatures above 500°C a vitreous carbon crucible
was employed. A vacuum tight seal was achieved between the brass
cell head and the glass by means of an '0' ring. Seven holes
located within the brass cell head enabled the fixture of seven -
Quick fit SQ13 screw cap joints through which the cell components

(electrodes, gas bubbler etc) were passed. A vacuum tight seal
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Photo 4.1: The High Temperature Electrochemical Cell
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Photo 4.2: The electrochemical cell head showingthe solute
addition assembly
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was- produced by compressing, by means of the screw cap a P.T.F.E.
washer backed by a rubber sieeve. The cell arrangement is shown
in Photo 4.1. Using this system the electrodes could be more
readily raised and lowered than with previous simple ‘0O’ ring
designs. The cell components were made of 6mm o.d. pyrex tubes
through which electrode contact wires could run; seals were made
with epoxy resin.

3 Torr could be achieved.

With this system a vacuum of 5 x 10~
Solid materials were added to the cell by means of a special addi-

tion assembly (see Photo 4.2).

4.1.3. The Sulphur Gas Electrochemical Cell

The electrochemical cell used to determine the influence of
sulphur gas upon the electrochemical characteristics of PbS contai-

ning melts is shown in Figure 4.1.

The cell was of an entirely closed design, the main chamber
being 80mm high and 80mm in diameter. The whole assembly was made
from pyrex glass and was therefore limited to a maximum working

temperature of 550°C.

The liquid sulphur pool was held within a small (25mm diameter)
pyrex beaker and was thus isolated from the solvent melt. The
beaker was attached to the main cell by means of a glass bead.
Thus by varying the temperature of the cell, the partial pressure of
gaseous sulphur in equilibrium with the liquid sulphur could be varied.

No liquid sulphur was therefore in contact with the melt.

The electrode system was the conventional 3 electrode system.

The silver reference electrode consisted of a straight 10mm bore
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Fig. 4.1: A Diagramatic Representation of the Sulphur
Electrochemical Cell

A, Pyrex Cell; B, Pyrex beaker containing liquid
sulphur (K); C, Solvent addition tube; D, Sealing
positions; E, Sulphur powder addition tube; F, Pyrex
internal seals; G, Graphite counter electrode;

H, Reference electrode; I, Working electrode;

J, Thermocouple well; L, Molten Salt.
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tube with a thin glass bulb blown on the end; inside the bulb a

solution of AgC1-PbC1,-NaC1-KC1 was added in which a silver wire

2
was immersed. The working electrode was a planar vitreous carbon
electrode sealed into pyrex; the exposed surface was ground and
polished as described in section 4.2.1.3. The counter electrode
consisted of a 1cm diameter, high density graphite rod sealed

into pyrex; a one centimeter length of graphite protruded from
the seal. Electrical contact was provided by a copper wire and

graphite powder. A closed end tube was incorporated into the

cell in which a thermocouple was placed.

A1l the electrodes were incorporated into the cell by means
of internal glass seals, the electrode surface was arranged to be
5mm from the bottom surface. The electrode tubes were extended
well outside the furnace and electrical connections were made in

the normal way.

The cell was designed so that the main chamber (A in Fig. 4.1)

was wholly contained within the hot zone of the furnace.

4.1.4. Vacuum and Gas Supply Systems

Three vacuum and gas line assemblies were employed during these
studies. A single line for the electrochemical studies and a further
two separate purification vacuum lines enabled virtually continuous
operation. All three systems were approximately the same although
with minor variations. However, the principal and general construc-
tion were the same; thus only the line used for the electrochemical

experiments will be described in detail.
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Photo 4.3: Assembly for the purification of Cg
(a) HCL cylinder, (b) C2
(d) activated charcoal

and HCQ gases

2

) cylinder, (c) molecular sieve,
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The vacuum system consisted of an Edwards oil diffusion pump
backed by an Edwards EDS50 rotary pump, a liquid nitrogen cold trap
was also incorporated in the system. With this arrangement cell
pressures of 5 x 10_3 Torr could be achieved as measured by an
Edwards G5 B2 Pirani Gauge. The cell could be filled with Argon
by rotating a two-way stopcock from the vacuum line to the gas
line; the flow of argon was regulated by a needle valve. Pressures
inside the cell and gas lines were measured by a mercury manometer.
High purity B.0.C. Argon was further purified by drying over magne-
sium perchlorate, residual oxygen was removed by passing over
heated (SOOOC) copper turnings. The whole apparatus was made of
glass except for a small length of flexible copper tubing connecting

the vacuum/gas line to the cell. -

The vacuum lines employed for melt purification used much higher
pumping rate vacuum pumps; typically ED200. The chlorine and hydro-
gen chloride gases used were further purified by passage through

molecular sieve and through activated charcoal at 550°C (see Photo 4.3).

4.1.5. Contact Angle Apparatus

The apparatus and experimental arrangement used for measuring
contact angles via the sessile drop technique is shown in Photo 4.4.
The apparatus consisted of a horizontal tube furnace through which
high purity argon was continuously flushed. A platform situated
within the furnace hot zone was attached by an arm to a stopper at
one end of the furnace tube. The platform carried the carbon discs
(1cm diameter, 2mm thick) which acted as the substrate for the sessile
drop, see Fig. 4.2, A camera was set in horizontal alignment with

the furnace tube and was used to obtain photographs of the drop profile.
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Contact angle apparatus

Photo 4.4:

(a) furnace, (b) inert gas inlet, (c) bellows camera,

(d) temperature controller, (e) Ar purification
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A Diagrammatic Representation of the Contact Angle Apparatus
A furnace; B window; C Silica support tube; D silica support plate;

\
:

E carbon substrate;

f bead of molten salt; G thermocouple; H cone socket enabling alignment of sample.
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The argon gas was purified by passing through molecular sieve and
heated copper turnings at 500°C. The furnace was regulated by
means of a Eurotherm P.I.D. 15 temperature controller which moni-
tored a Pt/Pt-13% Rh thermocouple within the furnace tube. A more
accurate measure of the 'drop' temperature was obtained from a
chromel/alumel thermocouple situated directly below the silica

platform,

4.2. Electrodes

4.2.1. Micro Electrodes

4.2.1.1. Gold Electrodes

Two types of gold electrodes were used in these investigatjons,
a flag type electrode and a small sphere electrode. The former
electrode was found to be unreliable in its electrochemical perfor-
mance. The small sphere electrode was made by using an all gold
wire electrode (0.5mm dia) and melting one end in an oxy-gas flame
until a sphere of approximately 2mm diameter was formed, Fig. 4.3b.
The use of this electrode was restricted in its usage since the
exact surface area was unknown. However it was found useful for

comparative studies.

4.2.1.2. Platinum Electrodes

Platinum flag electrodes were cut from 0.125mm sheet giving a
2mm square edge, which was spot welded to 0.05mm diameter platinum
wire, which in turn was spot welded to a copper lead (Fig. 4.3a).

The surface of the electrode was flame polished by heating the plati-
num in a reducing flame until bright red and dipping into 12M HCI;

the process was repeated several times after which the platinum was
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Fig. 4.3: (a) Gold sphere micro electrode
(b) Pt flag, micro electrode
(c) Tungsten micro electrode
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finally washed with distilled water and acetone.

4.2.1.3. Carbon Electrodes

Several types of sealed carbon electrodes have been employed
during the course of these experiments. In all cases the principle
of electrode manufacture was the same. However, vitreous carbon
electrodes required considerably more care and attention than those

of the graphites in order to produce reliable seals.

A length of carbon ( 4cm) was placed in a 6mm diameter closed
end pyrex tube and connected to a vacuum line by means of an adaptor.

3 Torr for several hours at

The tubing was then evacuated to 5 x 10~
room temperature. The end requiring the seal was.placed in a small
vertical wire wound furnace, and the temperature slowly increaged
(3 hrs)'to red heat by an 8-amp Variac Controller. The assembly

was at this point closely observed. The pyrex glass gradually
collapsed around the carbon and slowly extended upwards. When the
seal was approximately 1cm from the top of the carbon rod, the

power was switched off and the furnace slowly cooled to room tempera-
ture. In the case of the vitreous carbon electrodes, a further heat
treatment (SOOOC, in air) for 20 hrs was found to be beneficial in
removing residual stresses within the seal. The pyrex covering the
carbon end was carefully removed by grinding using silicon carbide
powder. The grinding stage was the most critical period when the
seal was likely to fracture. Successful electrodes were subsequently
polished on 3u and 1y diamond wheels to produce a 'mirror-like'
finish. The electrodes were then cleaned with distilled water,
acetone and vacuum dried. The vacuum drying operation was found

necessary particularly for the porous graphite electrodes. Electrical
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Fig. 4.4
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contact to the carbon was made by inserting a length of copper wire
and ensuring close contact by pushing the wire between the carbon
and the glass; fine powdered graphite was added to further ensure
good contact (Figs. 4.4a and 4.4b). The copper wire was sealed
into the glass with epoxy-resin. The resistances of all electrodes
was measured prior to use, and were typically of the order

0.01 - 0.12. Using this type of electrode assembly good seals could
be made which lasted for several 'runs' before any deterioration
could be detected; usually melt seepage within the seal. Alterna-
tive methods have been proposed for making good, reproducibie
vitreous carbon/pyrex seals (284,285 ); however these techniques

were not attempted.

4.2.2. Counter Electrode

The counter electrode consisted of a %" diameter graphite rod
connected to a stainless steel rod which was sealed into 6mm Pyrex
tubing. The graphite was contained in a fritted compartment using
a No. 0 pyrex frit. The use of this compartment was found to be
essential in order to prevent loose carbon particles from 'contami-
nating' the electrolyte, i.e. providing an alternative current
pathway. During the course of the experiments it was also found
necessary to add a small amount of electrolyte to the counter
compartment to aid wetting of the frit. Failure to do so generally
resulted in a non-wetted frit and thus an isolated compartment
finally requiring termination of the experiment. Consistent results
were obtained using the number O porosity frit. Figure 4.5a illus-

trates the arrangement used.
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4,2.3. Reference Electrode

The silver-silver ion couple was used for the reference electrode.
The solution of silver chloride in the electrolyte (either PbC]2 -
KC1; PbC12 - KC1 - NaCl, or PbC]2 depending upon the experiment)
was contained in a pear-shaped pyrex bulb with a very thin end; a

silver wire was immersed into the solution (Fig. 4.5b).

This type of reference electrode arrangement was first developed
by Inman (286) for use in chloride melts and has subsequently become

a standard arrangement for use in halide melts.

The silver ion solution 0(0.5m) were prepared by adding the
appropriate amount of silverchloride to a pre-purified melt. After
cooling, the mixture was transferred to a dry box where the soltdi-
fied melt was crushed and stored in a desiccator. A single batch of

100gm of each electrolyte lasted for a whole experimental period.

4.3, Chemicals and Materials

The grades and suppliers.of he chemicals and materials used for

these experiments are shown in Table 4.1.

4.4, Melt Purification

Two types of purification procedure were employed during the
course of thesz experiments. Normally a vacuum drying and melting
coupled with bubbling of the melt with HC1 gas and filtration were
used. An alternative method simply employed slow vacuum drying,
melting and filtration Photo 4.5. The former method employed both
pyrex apparatus (for the electrolytes PbC]2 - KC1 and PbC]2 - KC1 -
NaCl) and silica apparatus for the PbC]2 melt. The relatively



-81-

TABLE 4.1

The grade and supplier of chemicals and materials used.

Chemical or Materials Grade Supplier
PbC]2 Puriss Koch-Ligh Laboratories
Limited.
KC1 Analar B.D.H. Chemicals Ltd.,
NaCl Analar B.D.H. Chemicals Ltd.,
PbS 99.9% Alpha Chemicals Ltd.,
_ Reagent B.D.H. Chemicals Ltd.,
NaZS . 9H20 Analar Hopkins and Williams.
S Optran B.D.H. Chemica]s Ltd.,
Pb0 Analar Hopkins and Williams
PbO2 Analar Hopkins and Williams

PbSO4 Analar Hopkins and Williams
Pt wire/sheet Spec Pure Engelhard Limited.

Au wire Spec Pure Johnson Matthey.
Vitreous Carbon - Fluorocarbon Limited
‘Graphite rod Spec Pure Johnson Matthey

Other graphite rods EYA9,EYAT10,EYA9 Morganite Sepcial Carbons
Limited.
Graphite Powder Spec Pure Johson Matthey

Argon High purity B.0.C.
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simple 'Non-HC1' melt employed an all pyrex apparatus and was used

for the eutectic mixtures only.

Two sets of apparatus were employed, their design and experi-
mental operation being essentially the same and thus only the 'HC1'

procedure will be discussed in detail.

The purification apparatus and arrangement is shown in Fig. 5
and Photo 4.6. A1l glassware in contact with the melt, i.e. melt
receiver, filter tubes and container etc. were soaked in a 1:1
sulphuric/nitric acid bath for 12-24 hours, washed with distilled

water and acetone and dried at 200°C in an air oven. Particular

attention was given to cleaning the glass frit. The filter tube
was lowered into the main assembly and sealed by a '0' ring. The
melt receiver was placed underneath the filter tube and held in
position with an '0' ring-sealed brass cooling plate. The eutectic
mixture was weighed and thoroughly mixed, added to the melt
container and inserted into the filter tube. The gass cell head,
containing the gas bubbler, outlet, and breaker was quickly fitted
and sealed with an '0' ring; the head was also directly connected

to the vacuum line by means of a ball and socket arrangement.

The whole apparatus was slowly evacuated, initially through
the lower entrance and finally through both. A pressure of less
than 10u was generally achieved and maintained for at least two
days before siowly heating the cell to 300°C. This temperature was
maintained overnight. The mixture was then melted under vacuum at

450°C for PbCl, - KC1 - NaCl (480°C for PbCl, - KC1 and 530°C for

2

the PbC]Z-me]t) and the pressure allowed to fall to its original

value. The apparatus was then 'let-down' to atmospheric pressure
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Photo 4.6: Purification Apparatus
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by leaking purified high purity Argon into the system. Dry hydrogen
chloride gas was then slowly introduced into the system, and subse-
quently bubbled through the melt for one hour. Residual HCl1 was

then removed by purging with argon and finally evacuating the assembly.
The thin glass bulb on the filter tube was then broken by the glass
breaker and the melt allowed to run onto the glass frit (No.4 pososi-
ty). A slight pressure of argon was then introduced into the upper
part of the cell, whilst a vacuum was pulled from the bottom, this
enabled filtration of the molten salt which was suitably collected.
In the case of the higher temperature PbC]2 system S1’O2 wool was
employed as the filter which'was tightly packed into a special

container through which the melt was vacuum filtered.,

The whole apparatus was finally cooled uhder vacuum overnight.
The purified melt was transferred to the dry box by using the argon

filled polythene bag.

Using this procedure, approximately 600 gms of salt could be
purified in one batch from which four runs could be obtained. A1l
melts were checked for electrochemical purity by cyclic voltammetry,

and those which were not satisfactory were disgarded.

4.5. Experimental Procedure

4.5.1. Preparation of Electrochemical Apparatus

A11 glassware and all components i.e. crucible, reference bulb,
gas bubbler etc., which contacted the melt were soaked for 24 hours
in a 1:1 concentration sulphuric/nitric acid.bath. They were then

thoroughly washed with distilled water and acetone.

Electrodes were cleaned as mentioned before and new electrodes

were used for each experiment. The brass cell head was polished
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with a commercial polishing compound to produce a mirror like surface
for the '0' ring seating. The p.t.f.e. washers .and silicone rubber
sleeves used to 'seal in' the electrodes were thoroughly cleaned with

chloroform,

After assembly of the cell, it was placed in the furnace support
stand and connected to the vacuum line and evacuated to 10u. The
whole assembly was thus checked for vacuum tightness. The cell was
then removed and the purified melt added (typically 150 gms) and the
reference bulb filled. The closed cell was then reconnected to the
system and evacuated overnight as before. Argon was then introduced
into the cell, providing a small flow at a slight positive pressure
before melting the salt . The argon outlet stream was passed through
dibutylphalate which acted as an indicator of the gas flowrate and

also prevented back diffusion of air into the system.

After melting, the electrodes were then lowered into the melt
and allowed to equilibriate for approximately one hour. The electro-
lyte was then checked for electrochemical purity by cyclic voltam-
metry prior to the addition of solute ions. A1l solid additions were
added as pellets made in the dry box with a small hand press

(Gallenkamp).

The whole electrochemical and assembly apparatus is shown in

Photo 4.7.

4.5.2., The Sulphur Electrochemical Cell

Initially suiphur powder was added via the addition tube to the
small beaker contained within the cell; the addition tube was then
sealed. The powdered, pre-purified solvent was then carefully added

through the side arm addition tube. The cell was then connected to



Fig. 4.7:

The Experimental Arrangement showing the vacuum line, furnace, electrochemical
cell and the electrochemical instrumentation
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the vacuum line and evacuated overnight; a vacuum of 10u was
achieved. The following day the side arm was sealed. The
electrode wire connectors were then carefully inserted as
described previously and sealed with epoxy-resin. The cell was
initially placed into a cold furnace and rested upon a bed of
'safron' blanket. The cell and furnace was slowly heated to the
operating temperature. Once the solvent awas molten, the system

was allowed to come to equilibrium overnight.

4.5.3. Contact Angle Measurements

The solvents employed for the contact angle studies were
purified in the normal manner (see section 4.4). The required
PbS solutions were made by vacuum melting followed by argon -
bubbling to ensure homogeneity. The carbon discs used were
carefully ‘parted' from stock material in a lathe to ensure
para11e1 faces. The discs were subsequently bo]ished on
diamond wheels (3u and Tu) and finally washed with acetone and
vacuum dried. A1l discs and solvent materials were kept in a
desiccator. The carbon disc was placed on the 51'02 platform onto
which a small piece of salt ( 0.5 cm edge cube) was placed; the
whole arrangement was then inserted into the cold furnace and
carefully aligned. Purified argon was continuously flushed
through the system and the furnace gradually heated to just below
'the melting point of the salt. The cell was allowed to come to
an equilibrium temperature for 20 minutes before slowly melting
the salt. The temperature of the platform was then measured and
a photograph of the drop profile taken. A melting/cooling cycle

was repeated several times. The furnace was allowed to cool to
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room temperature during which time the plate film was processed
according to the manufacturer's instructions. The contact angle
0 was measured by scribing a tangent at the appropriate point on
the emulsion of the photograph using a sharp point. The angle
was measured with a protractor (see Chap.10 for a discussion on

this method).

4.5.4. Electrochemical Procedure

Cyclic voltammograms were obtained by applying a linearly vary-
ing potential ramp to the electrode and measuring the resultant
current flowing between the working and counter electrode as a
function of potential ramp. The range of sweep rates employed
varied between 0.02 - 20 V/S. A schematic diagram of the app]iéa
signal and response is shown in Fig. 4.6a, a block circuit diagram
in Fig. 4.7. Potential scans were started at initial potentials

at which essentially no current was observed to flow.

Steady-state currént-vo]tage relationships were obtained by
using a sweep rate of 1mV/s, thus the experimental arrangement was

exactly the same as that used for cyclic voltammetry.

Current-time transients (chronoamperometry) were obtained by
stepping a voltage from an initial potential at which no current
flows to a predetermined voltage which was held constant for a
pre-determined time before stepping back to the original value.
Thus both the magnitude of the applied potential step and its time
of duration may be varied over a considerable range using the
voltage pulse generator. The current-time profiles were recorded
on a Transient Recorder. A schematic diagram of the applied

signal and response is shown in Fig. 4.6b and the circuit diagram
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in Fig. 4.7.

Chronopotentiometry (E-t transients) was accomplished by
employing a potentiostat operating in the 'galvanostatic mode .
The current pulses were a direct result of varying the potential
step from the pulse generator and the value of the external
resistor according to Ohm's law. In principle a range of currents

“6 to 1A. The resistors used

may be generated ranging from 1.10
were either 5 or 10 watt wire wound and their exact resistance was
measured prior to use. The schematic signal and response is
shown in Fig. 4.8a. and the block circuit diagram in Fig. 4.9.
The potential between the working and reference electrodes was
recorded on either a Transient recorder or directly on the storage
oscilloscope. In both cases it was necessary for the voltage td’
be 'buffered', that is the voltage must be measured by a floating
input device. In the case of the transient recorder and the
oscilloscope inputs one side of the potential must be earthed.
Therefore a high input and -Tow output impedance buffer was built
to counter this difficulty. The circuit diagram of this unit is

shown in Fig. 4.10. Prior to use, the buffer unit was checked for

unity gain and linearity.

Open circuit decay measurements, as a result of a constant
current pulse, employed the same circuitry as that described above

for chronopotentiometry.

The electrochemical instrument 'rig' is shown in Photo 4.8 and
comprised of the following:-
EG and G Parc Model 175 Universal Programmer, Wenking Potentiostat
Model PCA 72L, Datalab Transient Recorder Model DL 905, Solartron
Digital Voltmeter LM 1420.2, Bryants 29000 X-Y(t) recorder, and a
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(d) Sweep Generator, (e) Potentiostate, (f) DVM/Integrator, (g) Oscilloscope,
(h) X-Y Recorder
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Tektronix Type 564 Storage Oscilloscope with Type 3A8 plug in unit

and a Type 2B67 time base.

4.6. Sodium-Polysulphide Preparation

The sodium polysulphides NaZSZ’ Na254 and NaZS5 were prepared
by the reaction between an Anhydrous Nazs and elemental sulphur,
according to the reaction:

NaZS + nS = Na25n+] (s,1)

Anhydrous NaZS was initially prepared from NaZS- 9H20 which
involved prolonged vacuum pumping at room temperature for many days
followed by slow heating to 300°C, which was maintained for 24 Dours.

The Na,S was then transferred to the dry box and .finely ground,

2
and subsequently dried at 700°C. under vacuum. The dehydrated NaZS

was a very white colour which may itself be a strong indication of
the high purity of the product; contamination by as little as 0.1%

polysulphide gives a faint but distinct colouration to the material.

Stoichiometric amounts of Nazs and sulphur were then weighed
and carefully mixed by grinding and then put into pyrex tubes

(previously flamed under vacuum), evacuated and sealed.
The reaction proceeded through three stages:

a) Reaction at 200-230°C for 12 hours.
This is a solid state reaction during which 80-90% conversion

takes place.

by Liquid reaction at 300-500°C for 3 hour. Complete reaction occurs.

c) lempering at 200-220°C for 12 hours.
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During this period well crystallized phases may be obtained.

The reaction tube was furnace cooled, transferred to the dry
box and the content removed. The ground samples were then stored in
a dessicator within the dry box. The sodium polysulphide products

were subsequently analysed by X-ray diffraction and compared with

the data of Tegman (287).
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CHAPTER 5

ELECTROCHEMICAL BEHAVIOUR OF PbS IN THE BINARY PbC2,-KC%

EUTECTIC MELT

5.1 Introduction

The PngZ-KCQ (77-23 m/o) eutectic system was initially selected
as the solvent for an 'in-depth' electrochemical characterisation study of
lead sulphide solutions. The addition of KCg to PbCQ2 results in the

following:

(a) a decrease in the liquidus temperature to a range
(430°C +) in which standard pyrex apparatus may be
used;

(b) an increase in the conductivity of the melt, and ~

(c) a significant decrease in the PbCs, vapour pressure.

At a temperature of 450°C, for example, Pbczz-Kcz melts are liquid within
the composition range 15-55 m/o KCR; pure PbC22 melts at 501°C. Furthermore
the eutectic composition 77-23 m/o (PbCQz-KCQ) was particularly chosen
because it corresponds to the composition of maximum PbS solubility (201).

Characterisation of PbS-PbCQz-KCQ solutions were undertaken using
primarily the technique of cyclic voltammetry. Additional and supplementary
information was gained from steady-state I-E curves, polarographic I-E
relations, I-t transients and controlled potential electrolyis. Electro-
chemical data were obtained as functions of the bulk PbS concentration,
temperature and electrode structure.

Two principal types of carbon electrodes were used, these being
vitreous carbon and spec-pure éraphite; all the carbon electrodes were

sealed into pyrex glass. The vitreous carbon substrate presents an electrode
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Photo 5.1: A stereomicrograph of the surface of polished vitreous

carbon

Photo 5.2: A stereomicrograph of the surface of a polished spec-

pure graphite rod



Photo 5.3: A stereomicrograph of the surface of a polished
EYA110 graphite rod

Photo 5.4: A stereomicrograph of the surface of a polished EYAS
graphite rod
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surface which is smooth and of theoretical density, the graphite electrode
on the other hand may be viewed as a porous electrode. Photographs 5.1
and 5.2 show scanning electron micrographs of the surfaces of polished
vitreous carbon and graphite respectively. The structures typify the
surfaces of the electrodes as used in this study. Photographs 5.3 and
5.4 show for comparison the surfaces of two commercially available graphites,
one of which, EYA 110, is used as an anode material in aqueous electrolysis
processes, The high degree of porosity of the graphites (10-20%) thus
represents an electrode surface with a high roughness factor as compared
to the vitreous carbon.

A comparison of the electrochemical properties of sulphide oxidation/
reduction processes on the two electrodes is thus of both fundamental

and applied interest.

5.2 Results

5.2.1 Cyclic Voltammetry

Fig. 5.1 shows a typical cyclic voltammogram obtained within the
available ‘'potential window' and thus describes the system. The rapid
increases in current at potentials > 1.1V wrt Ag+/Ag corresponds to the
chlorine evolution reaction and hence the anodic limit of the solvent. Two
primary oxidation processes occur, the first at ~0.45V and the second at
0.9V, A possible further oxidation process may be observed as an ill-
defined shoulder or inflection on the first process. A single reduction
wave corresponding to the first process occurs at ~0.35V. No further
reduction processes Were observed up to the limiting Pb2+ reduction potential.

The absence of any polysulphide or sulphur impurities was further
confirmed by the floating open circuit potential of the electrodes which
was monitored after each successive PbS addition.

Fig. 5.2 shows the two primary oxidation processes in greater

detail; in this figure the pre-wave is shown to be more prominent than
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—8.33

1.67

- J
1.2 . ) , -0.1

Fig. 5.1: A cyclic voltammogram obtained at a vitreous carbon electrode
in a PbS-PbCSL2 - Kgé melt up3td the anodic solvent limit.
[Pbs] = 4.511 x 10 ~ mole/cm”; T = 457°C. FElectrode area
= 0.08553 cn’; Solvent = PbCL, - KC2 (77.23 m/o).



-103-

— 0.4

—0.33

—0.267

[/mA

—0.132

—10.067

1.2 1.0 0.8 0.6 0.4 0.2 0 -0.2

E/Vwrt Ag/Ag
— -0.067

Fig. 5.2: A cyclic voltammogram showing the two anodic processes for
the oxidation of PbS containing melts at carbon based
electrodes [PbS = 1.573 x 107 mo]e/cm3; T = 460°C;
Electrode = vitreous carbon (0.08553 cm3): Solvent =

PbCSL_2 - KCg (77-23 m/o).
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was usually obtained. Detailed electrochemical investigations were
confined to the first anodic process, i.e. sulphur formation. The more
anodic process most probably corresponds to that of sulphur chloride

formation according to the reaction (136):

2S + 2CL° -+ SZCSL2 + 2e!

The pre-wave was observed primarily at the vitreous carbon electrode
and was indeed found to occur in all the experiments undertaken. The wave
could not be resolved sufficiently to yield any worthwhile analytical data
either by varying the sweep rate, PbS concentration or temperature. The
occurrence of the wave could not be attributed to any impurity of either
the bulk solvent or to the type of lead sulphide employed. The only
observation that could be made was that it occurred mainly at the highly
polished vitreous carbon electrode rather than the 'rough' graphite electrode
~and would, therefore, indicate a possible surface induced phenomenon.
However, no statistically meaningful results were obtained by varying the
surface roughness or cleaning procedure of the vitreous carbon.

The effect of increasing sweep rate (typically v = 0.02 - 20 V/s)
(see Figs. 5.3 and 5.4) upon the various voltammetric parameters obtained
at vitreous carbon and spec-pure graphite electrodes are given in Tables 5.1

and 5.2 respectively.

a
p

at all concentrations (4.5 x 10~

increases linearly
2

Fig. 5.5 shows that the anodic peak current I
with increasing (sweep rate)é - 1.573 x 107!
mole/1). The results of linear regression aha]ysis gave correlations of
> 0.995. At the higher PbS concentrations used, slight positive I intercepts
were obtained rather than the zero intercept as would be expected on the
basis of Randles Sevcik equation. Similar relationships were obtained at

3

the graphiteelectrode, indeed no deviation from the Ig-v dependency was

obtained in any of the numerous experiments undertaken.
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50
7=0,4'V/[s
T=0.3V/s ;
V=015V 1?3 <
~—~—
{167

| |
0.8 0.6 0.4

EIV w.rt. Ag|Ag

—-3.33

—-6.67

—1-8.34

—-10.0

Fig. 5.3: The effect of sweep rate upon the I-E curve for
the 52—/5 oxidation/reduction process [PbS] =
8.754 x 1072 mole/cm>; T = 457°C; Electrode
vitreous carbon (area = 0.0855 cm2): Solvent
PbCSL2 - KC& (77-23 m/o).
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¥ =0.05Vs —8.0
— 6.0
—40 <

£
— 2.0
L ]
08 0.6
E/VwrtAg/Ag

Fig. 5.4: A typical voltammogram obtained at a spec-pure graphite
electrode for the oxidation of PbS containing melts
over the voltage range 0 - 0.7V wrt Ag+/Ag°.

[PbS] = 1.577 x 1074 mo]e/cm3; T = 445°C; Area =

0.0707 cm: Solvent = PbC2, - KCL (77-23 m/o).
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TABLE 5.1

Effect of increasing sweep rate (V) upon the cyclic voltammetric parameters for
2-

5

the oxidation of S~ ion at a vitreous carbon electrode. T = 457°C;

PhS = 4.511 x 107 mole/cm3; Electrode = vitreous carbon; Area = 0.0855 cmz.

v tp? it | 1p%1p° £p? £pS £
v/s m * * mv
0.02 | 0.667 4.7 | 1.901 450 390 60

0.05 | 1.10 4.919 | 2.108 475 395 80

0.1 1.40 4.43 2.351 474 400 75

0.2 1.917 4.29 2.317 485 400 85

0.3 2.292 4.18 2.296 490 395 95

0.4 2.58 4.08 2.304 490 390 100
0.5 2.83 4.0 2.344 480 395 85

1.0 4.0 4.0 2.224 183 375 108
2.0 5.7 4.03 7.044 488 365 123
5.0 9.0 4.03 1.773 439 357 142
0.0 | 12.25 3.87 1.710 513 335 178
20.0 | 16.5 3.69 1.652 533 316 219

* £/mV w.r.t. Agt/Ag
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TABLE 5.2

Effect of increasing sweep rate (V) upon the cyclic voltammetric parameter for

the oxidation of SZ' jon at a planar spec pure carbon electrode.

T - 440%: PbS = 8.068 x 10”5 mole/em; Area = 0.707 cml

v p? | i | | Epd ep’ 6E | Ep’-Ep/2
v/s mA my my
0.02 | 1.583 | 11.19 | 0.833 | 0.45 | 0.355 90 75
0.05 | 2.4 10.723 | 0.766 | 0.45 | 0.355 95 75
0.10 | 3.3 10.44 | 0.906 | 0.45 | 0.380 70 75
0.15 | 4.0 10.33 | 1.026 | 0.455| 0.375 80 80
0.20 | 4.5 10.06 | 1.133 | 0.455{ 0.370 85 80
0.25 | 5.0 10.0 1.203 | 0.46 | 0.370 90 80
0.30 | 5.33 9.732 | 1.273 | 0.465| 0.370 95 80
0.35 | 5.75 9.72 | 1.295 | 0.465} 0.360 105 80
0.40 | 6.08 9.61 | 1.324 | o0.460{ 0.350 | 105 80
0.50 | 7.0 9.90 | 1.337 | 0.453] 0.360 93 80
0.60 | 7.625 | 9.84 | 1.382 | 0.457| 0.358 59 .
0.80 | 8.625 | 9.64 | 1.408 | 0.461 0.344 nz .
1.0 9.375 | 9.38 | 1.438 | 0.475] 0.320 155 .
2.0 | 12.75 9.02 | 1.430 | 0.495 | 0.30 195 .
3.0 |15.375 | 8.877 | 1.415 | 0.503 | 0.29 214 -
a0 |75 8.75 | 1.420 | 0.510 | 0.279 231 .
5.0 | 19.5 8.7z | 1.385 | 0.523 | 0.278 245 .
6.0 |21.125 | 8.63 | 1.388 | 0.526 | 0.274 252 .
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* = 4,511 x 1072 mole/cms.

ion

AL



-110-

Values of the diffusion coefficient calculated at different PbS
concentrations for both types of electrodes are shown in Table 5.3. The

X

calculations were based on the value of dlg/dv obtained by linear
regression analysis. Table 5.3. further provides values calculated for

n =1 and n =2 processes using the relevant formulas for soluble and
insoluble products. The results.from two independent experiments show the
diffusion coefficient values to decrease with increasing concentration.
These values were independent of the type of electrode used and the type
of calculation performed. Assuming an n = 2 value the D values for both

6

soluble and insoluble calculations are very low, i.e. 10~ cmz/s as compared

to normal diffusion coefficient values obtained in molten salt media, i.e.

5

- 2 . .
10 ¥ cm~/s. However, assuming n = 1, more reasonable D values were obtained.

3

The more sensitive current plot of Ig/v versus v, Fig. 5.6, shows
Ig/\)é to be virtually independent of sweep rate at low PbS concertrations
but gradually to decrease with increasing v at high PbS concentrations.

The dependency of the parameter Ig/Ig with increasing sweep rate is a
particularly interesting one. The ratio may be considered as a collection
efficiency parameter and thus may be used to distinguish between those
systems in which coupled chemical reactions to the electron transfer reaction
take place. Low I;/Ig ratios may occur as the direct result of the physical
removal of the product, e.g. as in the case of gas evolution reactions.

The I;/Ig ratios were calculated from the modified Nicholson empirical

formula (18):

C C
* 5
b .___(IP)O . _______0 % Usylo + 0.086
S 6 &9 (1) '
P p’o P'o

Fig. 5.7 shows the variation of I;/Ig obtained at a vitreous carbon electrode
with increasing sweep rate,and .various PbS concentrations and which typifies

the behaviour of systems at temperatures <~470°C, At Tow sweep rates the
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TABLE 5.3

Values of the diffusion coefficients obtained at VC and SPG electrodes as a
function of the PbS concentration. VC = 457°C; SPG = 440°C. The values are
calculated from the Randles Sevcik equation for soluble and insoluble products

and forn =1and n = 2,

Vitreous Carbon

PbS Soluble Product Insoluble Product

mole/1 n=1 n=2 n=1 n=2
4.51 x 1072 3.06 x 10°° 3.83x 1076 1.68 x 1072 2.1 x 1078
8.754 x 1072 2.30 x 10°° 2.88 x 1078 1.27 x 107 1.58 x 1070
1.235 x 107! 1.82 x 107° 2.28 x 10°° 1.0 x 107° 1.25 x 1078
1.573 x 107! 1.74 x 1070 2.20 x 1075 0.95 x 1073 1.19 x 1078

Spec Pure Graphite (SPG)
-

8.068 x 1072 7.02 x 1075 8.76 x 107 3.85 x 107°  4.82 x 1076
1.350 x 107! 5.97 x 1072 7.46 x 1078 3.27 x 107° 4.09 x 1075
2.151 x 107! 5.95 x 107° 7.43 x 107 3.26 x 107° 4.08 x 1078
2.553 x 107 5.65 x 107° 7.07 x 1075 3.1 x 1070 3.88 x 1076
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current ratio increases with increasing sweep rate until either a plateau

is reached or a maximum is reached after which the ratio gradually decreases.
It is noted that typical IS/IS ratios vary (for T s ~ 470°) from 1.4 - 3;
this hence infers the formation and subsequent stripping of an insoluble
product.

Similar behaviour was observed at the graphite electrode although the

a

D occurred over a wider range of sweep rates and

initial increase in IS/I
culimated in a plateau.
The variation of the potential peak values Eg and Eg and in particular
the AE value with increasing sweep rate may provide both qualitative and
quantitative information concerning the reversibility of the system. At the
vitreous carbon electrode and particularly for those solutions at temperatures
< 470°C, the oxidation peak potential Eg remains essentially constant at low
sweep rates, i.e. <~v1V/s. A further increase in v causes the Egﬂto shift
anodically and that of Eg cathodically. Figs. 5.8 and 5.9 show the shift of
Eg to be linearly dependent on log v. The peak separation value AE shows a
similar trend with increasing v, Figs. 5.10 and 5.11. At Tow sweep rates
AE = 80 mV and increases to 150 mV at 10V/s. Plots of Eg vs Togv may yield
several useful kinetic parameters, namely the value of an, which may be obtained
from the value of dE/dlogv and secondly the critical sweep rate at which the
transition from reversible to irreversible behaviour occurs, 1i.e. 1ogvc. The
electrochemical rate constant k may be obtained from a knowledge of 1ogvc.

Table 5.4 shows typical values of an_, 109VC and k which were either

a
measured or calculated from Eg-1ogv plots obtained at various PbS
concentrations. At high temperatures, two linear sections of dE/dlog v # O
were obtained and thus values of ]ogvc could not be obtained. Typical

E; - log plots obtained at the graphite electrode are shown in Fig. 5.12.
Two linearly dependent Eg-logv sections are obtained corresponding to low

and high potential scan rate regions. Typical values of the slopes and
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The variation of the peak potential E2

with increasing log y at a PbS
concentration of 4.511 x 10-5 mo]e/cmg. T = 457°C; electrode = vitreous

carbon; area = 0.0855 cmz.
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The variation of the peak potential ES with increaing log v at a PbS

concentration of 1.573 x 10-4 mo]e/cm3. T = 457°C; electrode = vitreous

‘carbon; area = 0.0855 cm2.
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Figs. 5.10 and 5.11: The variation of the peak separation voltage AE
(= Eg - Eg) with increasing log v.

(a) [PbS] = 4.511 x 1072 mole/cm’
(b) [PbS] = 8.754 x 1072 mole/cm’

T = 457°C; Electrode = vitreous carbon

(area = 0.855 cm2).
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TABLE 5.4.

Values of the critical sweep rate for the oxidation of PbS

and derived parameters obtained at a vitreous carbon electrode

at 457°C.

PbS mole Tog ve k s
4.511 x 107 0.34 7.0 x 1073
8.754 x 107 0.32 1.04 x 1072
1.235 x 107% 0.32 1.14 x 1072
1.573 x 1074 0.20 1.04 x 1072

dE/d log v
0.046

0.074
0.089
0.104

2a

3.15
1.96
1.63
1.39

Note R, the rate constant was calculated assuming a soluble

reactant and product scheme.
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The effect of PbS concentration upon the shift of the peak

potential Eg with increasing log v at a spec-pure graphite
electrode.
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AE [mV

L0o

300

200

100

-1.0 0 1.0
Logv" V/s

Fig. 5.13: The effect of increaisng PbS concentration upon the peak

separation value AE ( = Eg - E;) with increasing log v.
[PbS] mole/cmS; O = 8.07 X 1072,
¥ -1.35 x10°% 8 =2.151 x 107 4 = 2.553 x 107

Electrode = spec-pure graphite (area = 0.707 cmz); T = 440°C
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The influence of increasing temperature upon the cyclic voltammetric parameters

TABLE 5.5

of the oxidation of the SZ' ion at a vitreous carbon electrode.

4

PbS = 1.573 x 10~ mo]e/cm3; Sweep rate = 0.2 v/s; Switching potential
(Ex) = 0.8V; Vitreous Carbon electrode Area = 0.0855 em?

T | y1a0° 1p* | tog 12| 1p5/1% | @ | o | /@ | Ep® | ES | E
°C K mV mC mC * * mv
432 4.18 5.125 0.71 3.276 9.0 7.5 0.833 425 285 140
445 1.392 15.375 0.730 | 3.080 9.75 | 7.625 0.782 445 305 140
468 1.349 |5.75 0/760 | 2.971 10.875) 7.625| 0.701 470 330 140
491 1.309 |6.50 0.813 | 2.618 12.875| 7.25 | 0.620 490 350 140
513 1.272 |7.50 0.875 | 2.41 15.375; 8.25 | 0.550 510 365 145
538 1.233 [9.125 0.910 | 2.201 17.0 8.5 0.500 535 395 140
560 1200 9.625 0.983 | 1.895 20.625| 8.125| 0.394 555 415 140

* E/mV w.r.t. Ag+/Ag

-1Z1-
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Fig. 5.15: A typical voltammogram obtained at a wvitreous
carbon electrode at higher temperature (538°C)
for the oxidation of PbS containing melts.

[Pbs] = 1.573 x 104 mole/cm°; ARea = 0.0855 cm2.
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for the oxidation of PbS containing solutions
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Electrode = vitreous carbon (area = 0.0855 cm2)
sweep rate = 0.2 v/s
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of the calculated on, values are 0.044 for v = 0.02-0.8 V/s and 0.118
for v = 1.0 - 20V/s. Fig. 5.12 shows that the electrochemical oxidation
of sulphide at the graphite substrate does not behave as reversibly at
low sweep rates as on the vitreous carbon electrode. Plots of AE versus
logv show the effect of PbS concentration (Fig. 5.13) and temperature
(Fig. 5.14). An increase in either the PbS concentration and/or temperature
results in an increase in the irreversibility of the process.
The influence of increasing temperature (440-550°C) upon the
cyclic voltammetric parameters at the vitreous carbon electrode are shown
in Table 5.5. Fig. 5.15 shows a typical voltammogram obtained at the higher

temperatures. Two observations may be made, firstly the currents at

a
P

the scan direction, hysteresis occurs. Secondly, the corresponding

-

potentials greater than E_ exhibit vigorous fluctuations and upon reversing
reduction wave was drastically smaller than that obtained at lower temperatures.
Both phenomena may be directly attributed to the evolution of sulphur gas.

A typical Arrhenius plot for the oxidation process, i.e. log IS
versus 1/T°K is shown in Fig. 5.16, a straight line is obtained and on the
basis of a linear regression analysis an activation energy of Z3. 62}9‘/»\0(2
was calculated. Figs. 5.17 and 5.18 show that both the Qa/Qc and IC/Ia
ratios decrease with increasing temperature. The peak potentials E; and

Eg shift linearly towards more anodic potentials; the AE value remaining

constant (Fig. 5.19).

5.2.2 Potarographic I-E Curves

Polarographic I-E curves were constructed from I-t transients as a
result of various pre-determined potential pulses, and are shown in
Figs. 5.20 and 5.21.

The polarograms clearly show the current to rise and reach a
diffusion limiting current plateau, only one oxidation process was observed

up to the anodic limit, viz. 1.2V. Fig. 5.20 shows the effect of temperature.
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Figs 5:21: The effect of PbS concentration upon the polarographic I-E curves constructed from I-t transients
(t =95 ms). T =450°C; electrode = vitreous carbon (area = 0.0855 cm2). [PbS] mo]e/cm3:-
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Analysis of the rising current portion of the I-E curve according to
standard polarographic procedures, viz. plots of log (1d-i) and

Tog (id—i/i) versus E, show that the latter plot yields a linear relation
whilst the former yields a curve, Fig. 5.22. No significant difference
was obtained by constructing the polarograms from current values at either

short (10 ms) or long (2s) times.

5.2.3 Chronoamperometry (I-t Transients)

Typical anodic I-t transients obtained from the oxidation of PbS
containing solutions are shown in Fig. 5.23 for various applied potentials,
It is noteworthy that during these experiments no peaks were observed at
any potential or time span (~10 ms > 100 s). Fig. 5.23 shows the currents
to decay with time, the decay being linearly dependent upon t-é, Fig. 5.24,
The reverse I-t profiles showed unusual behaviour. At short times the
reverse current remained virtually constant for a certain period-before
rapidly falling to zero current. To clearly show this effect Fig. 5.25
shows a plot of IC/Ia versus 6 where 9 is dimensionless time parameter, i.e.
g = (t-t)/t where 1 is the time of the forward pulse. At short times, e.q.
10 ms the current extends to ~0.38 before rapidly decreasing. As the
pulse length (1) increases the current plateau dissapears and the point at
which the rapid decrease occurs moves towards lower o values. Fig. 5.26

shows a similar plot illustrating the effect of PbS concentration.

5.2.4 Steady-Statel-E Relations

Steady-state I~E curves were obtained using slow potentiodynamic
sweeps, i.e. 1 mV/s and two different methods were used to record the

response:

(a) An integral I-E plot obtained to produce the
overall I-E curve, and
(b) A much more accurate current measurement was made

by initially potentiostating the electrode at a
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Fig. 5.23: Typical I-t transients obtained at a vitreous carbon electrode for the oxidation of PbS containing

solutions. T = 450°C: [PbS] = 9.780 x 10°° mole/em’. Area = 0.0855 cn’.
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potential step technique; the effect of PbS concentration.
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potential at which zero current flowed using

the most sensitive current range available.

The I-E curve was measured on an X-Y recorder and as the sweep progressed
the current scale was changed periodically to give the most accurate
current measurement. The high accuracy particularly in the low current
region is particuarly necessary because it is in this region, i.e.

i/id <~ 0,05 that activation control and therefore Tafel behaviour occurs.

During the many experiments and measurements undertaken a few
[-E curves similar to that shown in Fig. 5.27 were recorded. However the
conditions under which this type of behaviour occurred could not be
quantified.and indeed seemed to be a random phenomenon. Fig. 5.27 shows
that upon increasing the potential the current rises to reach a peak value
and then rapidly falls to a very low current value which was maintained
for several hundred millivolts before again increasing at a potential
corresponding to the anodic limit. Although,as explained above,this type
of behaviour was infrequently obtained it is an important observation and
is discussed fully in section 5.3.

Tafel plots, i.e. E-logi were constructed from the precision I-E
curves at both lTow and high potentials using both types of electrodes and
various PbS concentrations and temperatures. The current at high potentials
usually resulted in the expected limiting diffusion current although
sometimes a broad current peak was obtained after which the current decreised.

At the vitreous carbon electrode and in solutions at temperatures
< 470°C two Tafel regions were observed, see Fig. 5.28. The Tow Tafel
region extended over ~100-200 mV whilst that of the upper region extended
over a 200-300 mV range. At higher temperatures the transition between
the two Tafel regions becomes more pronounced and the upper Tafel region
more difficult to discern (Fig. 5.29). The Tafel slopes (b) obtained at ‘

a vitreous carbon electrode are shown in Table 5.6, as a function of PbS
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Fig. 5.27: A slow (1 mV/s) potentiodynamic scan obtained for the
oxidation of PbS containing solutions at a vitreous carbon electrode
[Pb] = 2.429 x 107" mole/em®. T = 450°C; Area = 0.0855 cnl,
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TABLE 5.6

Values of the Tafel Slope obtained at a vitreous carbon

electrode for various PbS concentrations at 460°¢

[PbS] mole/1 Low E High E
dE/d log i Correlation dE/d log i Correlation
1.140 0.0469 0.996 - 0.589 0.995
1.327 0.0540 0.995 0.224 0.999
1.502 0.0538 0.996 0.291 0.999
1.695 0.0542 0.995 0.252 0.998
1.883 0.0533 0.997 0.311 0.998
TABLE 5.7

Values of the Tafel Slope obtained at a vitreous carbon electrode

for various temperatures at a [PbS] = 1.883 mole/l.

7% Low E High E

dE/d 1log i Correlation dE/d log i Correlation
718 0.0512 0.996 0.270 0.995
725 0.0490 0.995 0.229 0.998
733 0.0532 0.997 0.310 0.998
753 0.0570 0.995 0.227 0.999
779 0.065 0.988 0.2401 0.999
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TABLE 5.8

Values of the Tafel Slope obtained at a graphite electrode for

various PbS concentrations at 48000

[PbS] x 10! mole/T dE/d log i
1.747 0.0604
3.747 0.0556
6.338 0.0806
7.65 0.0937

9.425 0.0635
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concentration and in Table 5.7 as a function of increasing temperature,
The Tafel values were obtained from a linear regression analysis which
gave correlations of Tlinearity > 0.995.

The Togi-E plots obtained at the graphite electrode did not
usually show well defined Tafel regions, see Fig. 5.30 for example. Even
so, two regions may be distinguished, the transition between the two occurring
at the same potential as was observed at the vitreous carbon electrodes.
However low overpotential Tafel behaviour could sometimes be observed,
see Fig. 5.31, and Table 5.8 gives the values of b obtained from linear
regression analysis as a function of PbS concentration at 480°C. The
values obtained show significant scatter, although no obvious trend is
noted.

No discernible influence upon the Tafel behaviour was caused by

-

stirring the solution.

5.2.5 Controlled Poténtial Electrolysis

A value for the overall number of electrons involved in the
oxidation of PbS containing solutions corresponding to the first anodic
process was obtained by exhaustive constant potential electrolysis. The
electrolysis employed a large graphite working electrode and the solution
was stirred by Ar gas bubbling to increase the rate of mass transfer. Prior
to electrolysis voltammograms were obtained before and after the addition
of PbS, and from the latter the exact potential for electrolysis was
selected. During electrolysis the current was integrated digitally and
electrolysis was continue until a low current was attained. Voltammograms
obtained after electrolysis were similar to that of the bulk solution thus
indicating that all electroactive species were removed during the electrolysis.
Exhaustive electrolysis was carried out at potentials of +0.45, +0.5 and
+0.6V at solution temperatures of 460 and 490°C. An n = 2 value was |

calculated using Faraday's Law and assuming 100% efficiency. After
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dismantling the cell, yellow sulphur powder had formed on the cold

brass cell head.

5.3 Discussion

The cyclic sweep voltammograms for the oxidation of PbS-PbCRZ-KCZ
solutions at both vitreous carbon and graphite electrodes have clearly
shown that two oxidation processes occur at peak potentials of 0.45 and
0.95V wrt Ag(1)/Ag reference electrode (Figs. 5.1 and 5.2). The chlorine
reaction occurs at ~1.15V. The exhaustive controlled potential electrolysis
studies have shown that the first anodic process corresponds to a two
electron transfer reaction and that a gaseous sulphur product is produced
and which condenses upon the cooler regions of the electrochemical cell.
A voltammetric examination of the electrolyte after the complete electrolysis
at potentials corresponding to the first wave did not reveal the_ presence
of any electroactive species. Thus the two oxidation processes must
correspond to a consecutive electron transfer scheme. The overall

reaction for the first anodic process may be represented by:

S{ao1n) = 15, * € E = 0.45V

The more anodic process did not show any reverse wave and most probably
corresponds to the sulphur chloride formation reaction as first proposed

by Plambeck (136):
25 + 2C4 —— SZCRZ(g) + 2e

No further electrochemical data was obtained for this reaction.
De Guibert et al [191] have however investigated the sulphur chloride
reaction in more depth using the chronoamperometric technique.

The single reduction wave with a peak potential of 0.3V corresponds
to the reduction.of sulphur to form the sulphide ion. The absence of any

further reduction waves signifies that the sulphide ion is not further
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reducible and that reducible polysulphide jons of the form Si- (x = 2-6)
are not formed. The observed electroreduction behaviour of sulphur is
further confirmed by the reduction of dissolved sulphur, see Chapter 7.
The above behaviour is in complete contrast to the reduction of sulphur
in, for example, the LiC2-KCL melt where according to Adamo and Kennedy
[172] two reduction waves occur. The observed voltammetric reduction of
sulphur obtained in this work and that of de Guibert et al [193]do not
agree with that of Skyllas and Welch [189]. The Tatter authors employing
the PbCzZ-NaCQ eutectic melt found chronopotentiometric evidence for a
further reduction wave some 100 mV positive to the lead deposition potential
and ascribed it to the reduction of the polysulphide ion Sgt The Tatter
ion was supposedly formed by reaction of the electrogenerated sulphur and

the sulphide ion according to

$27 —— S+ 2e

s + 85— 55

The presence of a single reduction wave for sulphur in the PbczZ-KCQ meit
must imply that the sulphide ion is stabilised in this melt more strongly
than in either the PbCRZ-NaCQ or the LiC2-KCQ melts. The addition of sodium
polysulphides (Nazsx, x =2,4,5) to the melt and also to a PbCJL2 - KC2~NaCgr
melt were found to decompose yielding solutions containing only the sulphide
ion, see Chapter 8.

Although the short time scale electrolysis of PbS solutions, i.e.
via cyclic voltammetry have not shown any evidence for polysulphide formation
the Tong time potentiostatic electrolysis coupled with *in-situ’ spectroscopy
has provided some indication that a further intermediate species is formed
(194). Thus Plichon et al (194) found that the optical density of a
PbS-PbCZZ-KCQ solution (at A = 500 nm) remained virtually constant during

prolonged electrolysis at 440°C. After an exchange of ~1.3 moles of electrons
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a rapid decrease in optical density occurs to a value corresponding to

the pure PbC,-KCZ melt after an exchange of 2 moles of electrons. It

2
was further established that this behaviour was independent of the melt
composition. The authors explained this in terms of the formation of a
low degree polysulphide,

The overall morphology of the cyclic voltammograms obtained in
this work and in particular their position upon the potential axis are in
very good agreement with the data of Plichon and de Guibert (193), as are
the electrolysis studies. Unfortunately the same authors have not provided
any further electrochemical information with which to compare and contrast
the present results.

The voltammograms obtained at the vitreous carbon electrode for
the sulphur evolution reaction further reveal a possible additional
oxidation process (Fig. 5.3). The latter is exhibited as a pre-wave or
shoulder to the main anodic wave; however it could not be resolved
sufficiently to provide any useful electroanalytical information. It is
notable that the pre-wave was not observed at the graphite electrode.

The overall sulphide oxidation process has been shown to be
diffusion-controlled. This is substantiated from the linear Ig versus ué
plots (Fig. 5.5) with corresponding zero intercepts over the concentration
range 4.511 x 107 - 1.573 x 10”2 mole PbS/cm® and hence obeys the
Randles Sevcik equation (17). Further evidence for diffusion control is
given by the linear 1-¢~2 chronoamperometric plots (Fig. 5.24) and the
observed diffusion 1imiting current plateaux obtained from the polarographic
I-E plots (Figs. 5.20 and 5.21). The gradual decrease in the current
3

function Ig/v with increasing sweep rate at higher concentrations may
however suggest further kinetic or chemical complications. As to the
nature of the anodic product, i.e. suluble or insoluble, the results
obtained are in conflict. On the one hand the I;/Ig > 1 criteria obtained

at both carbon electrodes in the medium sweep rate range and at lower
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temperatures (<~460°C) suggest an insoluble product, some further
evidence is given from the reduction I-t transients (see below). However
the independence of the peak potential E; with the bulk PbS concentration
and the Tinear log ip-i/i versus E polarographic plots (Fig. 5.22) suggest
a soluble product. Linear log ip-i/i versus E plots are predicted for the

case where both the products and reactant are soluble according to the

equation (47):

E=Eé+%;2n 1_?:
the same result is expected for an irreversible reaction in which case a
slope of on_F/2.303RT is predicted (47). The presencé of a reverse wave
clearly shows the process to be reversible and hence the latter criterion
is not applicable. The slope of the log ip-i/i versus E plot (Fig. 5.22)
yielded a slope of 12.5 from which an n = 1.8 was calculated and”hence
substantiates the n = 2 process. For the case of the reversible deposition
of an insoluble product, the Kothoff and Lingane equation (47) applies,
i.e.

E = E, + ap (i - i)
Fig. 5.22 clearly shows that this equation does not apply.

The variation of the peak current ratio Ig/Ig (as calculated
from the modified Nicholson equation (17)) with increasing sweep rate
(Fig. 5.7) clearly shows that at Tow sweep rates the sulphur product is
removed from the vicinity of the electrode and hence less product is
available for reduction. This is typicai behaviour predicted for the case
of a post chemical reaction (39). However in the present case sulphur
vaporisation and physical dissolution into the melt are the most probable
reasons for this. For the particular case of the graphite electrode

the increase in I;/Ig with increasing sweep rate to form a plateau is

consistent with this simple mechanism. In the case of the vitreous carbon



-148-

electrode the initial low I;/Ig values at low sweep rates and the gradual

increase with increasing sweep rate is also consistent. However the

a
p
decrease in I;/Ia is consistent with the results obtained at carbon and

formation of a peak in the I;/I versus ¥V plot with a subsequent gradual
metal electrodes in the lower temperatures (see Chapter 6) and which is
consistent with the formation of an insoluble film followed by a dissolution
process.

The diffusion coefficient calculated from the Randles Sevcik

3

equation from a knowledge of the dIg/dv values, shows the diffusion
coefficient to decrease with increasing PbS concentration. This behaviour
was confirmed at both types of carbon electrodes and indeed was consistent
between experiments. Thus it must be inferred that a more complex and

less mobile species is formed in solution at the higher PbS concentrations.
It is tentatively suggested that PbS dimers of the form (PbS)2 are. produced;
some cryoscopic evidence has been given for the formation of CuS dimers

in the CuS-CuC%, system (158). However similar cryoscopic studies on the

2

PbC2.,-PbS system do not evidence dimer formation (155). The diffusion

2
coefficients calculated for an n = 2 process using both the soluble and
insoluble criteria yield values of D 10-6 cmz/s, a value much lTower than
is normally found in molten salt media although it is consistent with the
value obtained by Plichon and de Guibert from their chronoamperometric
studies (191). The reduction I-t transient of electrogenerated sulphur
shows unusual behaviour at temperatures <~ 460°C. The I-t behaviour does
not show any diffusion contribution as one would expect for a soluble
product species. Instead a virtually constant current plateau is produced
and is maintained for a certain time before rapidly falling to zero current.
The effect is particularly prominent at low time scales. Fig. 5.25 shows

the relation of the reverse current to that of the forward current as a

function of a dimensionless time parameter 6=t -t1/t. Exactly the same

behaviour was obtained in the studies of Plichon and de Guibert (191) who
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further showed that similar behaviour occurs for the oxidation of an
electroreduced Ni film. The same authors also determined that the
anodic change in the I-t transient reached a peak with increasing
electrolysis time after which the charge decreased before finally becoming
constant. The maximum charge value corresponded to a sulphur deposit
of 0.23u thick. The value of Qmax was found to decrease with increasing
temperature.

The independence of both the anodic and cathodic peak potentials
(Eg and E;) with increasing sweep rate up to~1V/s indicates the electron
transfer reaction to be reversible (Figs. 5.8 and 5.9). As the sweep rate
is further increased both peak potentials shift, the anodic peak potential
being linear with 2nv. The latter behaviour is consistent with the onset
of irreversible conditions, the dependency of the peak potential with

-

sweep rate being given by (19):

) - Togk + 3logv ]

olo

Ep = Eé -b[0.52 - %log (

where k is the specific rate constant and b the Tafel slope (2.3 RT/anaF).
The transformation from reversible to irreversible behaviour is an
indication of the departure of the system from equilibrium and occurs at
a characteristic sweep rate Ve which depends primarily on the value k and
to a lesser extent on D and b. Table 5.4 shows that the value of 1ogvC
remains virtually constant with increasing PbS concentration. The value
of the rate constant k, may be obtained from the value of 1og\)C using

the relation

RT b
Eé - 1.1 T Eé - b{0.52 - é]og(ﬁ) - logk + } logy. ]

The above equation is only valid for a soluble product and indeed only for

kinetic
first order charge transfer reactions with no kineetié or catalytic

complications.
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The Eg versus logy plots obtained at the graphite electrode
(Fig. 5.12) did not show reversible behaviour in the slow sweep rate
region, thus signifying the electron transfer reaction to be less
reversible on this electrode. Using the variation of the peak separation,
AE, (= ES—ES) as a criterion of irreversibility, Figs. 5.13 and 5.14 show
that a greater degree of irreversibility occurrs with increasing
concentration and temperature. Conway et al (222) have shown how the
potentiodynamic sweep method (in particular E versus logv plots) can
provide quantitative kinetic information and reversibility parameters for
surface processes.

The cyclic voltammetric results at temperatures >~ 470°C clearly
show that gas —evolution occurs which is inferred from the current
oscillations and the expected low Ig values. The oxidation process was
found to obey a simple Arrhenius type relation (Fig. 5.16) from ahich an
activation enthaipy of{iézkzéhebwas calculated. The analysis of the
slow sweep potentiodynamic I-E curves has clearly shown linear regions in

the transcribed E versus logi plots (Figs. 5.28 - 5.31) and thus may be
analysed according to the Tafel equation (223):

n =a+B Wi

At the graphite electrode a single low overpotential Tafel region was
observed (Fig. 5.31), the slope of which was calculated to vary between
2.303RT/2.7F - 2.303RT/1.6F over the concentration range 0.175-0.9425 mole
PbS/2 at 480°C. At the vitreous carbon e]ectrode‘two Tafel regions were
shown to occur (Figs. 5.28 and 5.29), the slope of the low overpotential
region was calculated as 2.303 RT/3.0F - 2.303RT/2.5F at a single tehperature
of 460°C and over the concentration range 1.14-1.88 mole PbS/%. At a
concentration of 1.883 mole PbS/% and over the temperaturé range 718-779K

the Tow overpotential Tafel slopes varied between 2.303RT/3.0F - 2.303RT/2.5F,

The slope of the high overpotential Tafel region varied between
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2.30RT/0.7F - 2.303RT/0.47F.

The value of the Tafel slope may be used to distinguish between
various kinetic schemes and is indeed a powerful approach. The value
of the intercept a (the exchange current density io) may further be used,
however the values of the Tafel slope obtained in this work are considered
to be more accurate and reproducible and hence of greater use.

The most likely kinetic scheme that describes sulphur gas evolution
may in the first instance be approached in an analogous manner to that
used to describe C2,, H, and 0, evolution (224, 225, 226). Thus it has
been shown from the electrolysis studies that the overall reaction may be

given as

2 - ————— t
2S(so]n) A 52(9) + de

b

The above reaction may be composed of three simple reaction steps:

(1) The discharge reaction:

2—

ST = S(ads)

+ 2e

(2) The combination reaction:

S(ads) * S(ads)gi 52(9)
(3) The ion and atom reaction:

2- .
S + s(ads)f_ Sz(g) + 2e

The above reactions may be combined to form two possible reaction

pathways:

(a) Reaction 1 followed by reaction 2, or

(b) reaction 1 followed by reaction 3.
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Thus following the derivation given by Bockris (226) for the anodic

evolution of 02 from water then:

(1) If the SZ_ discharge reaction is rate determining

and surface coverage is small then

-

V. = ky a ,- exp(20A¢F/RT)
1 1 S2
and thus
T = 2F Ky @ o- exp(2aA¢F/RT)
S
(2) If the combination reaction is rate determining

and if the surface coverage of the adsorbed species

is given by ¢ = k'a,. (MS refers to the
(MS)ads MS
adsorbed state of sulphur atom and does not imp]j

a chemical species MS) then

-

at low overpotential, A¢, i.e. a,. K1

MS
then
T = 4FK$ k, azz_ exp (4a4F/RT)
where K] = k]/k_]

at high overpotential, A9 ays = 3ug(sat)

then K

7 o= a4 %

k" aMS(sat)

(3) If the ion + atom reaction is rate determining and

the surface coverage given by Oys = k' s then

-
v, = k] asz_ (1-eMS) exp(20A¢F /RT)
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and for smaill

T = 4FK .k, a%. expl2(1 + o) A¢F/RT]
172 52

and for large

K
= 4F % exp 2000F/RT

-+
1

The Tafel slopes predicted for the above mechanisms

assuming o = 0.5 yield:

Tafel Slope
Ion discharge 2.303 RT/F

Ion discharge + combination reaction 2.303 RT/4F g > 0

aMS+1

L
Ion discharge + ion/atom reaction 2.303 RT/3Fd A small

2.303 RT/F A9 large

The above analysis is quite a simple one and more complex
adsorption isotherms may be used, i.e. Temkin or Langmuir either activated
or non-activated (227). However, from the above analysis the results
obtained at the vitreous carbon electrode are in reasonable agreement with
the mechanism of ion discharge followed by ion-atom combination. The
presence of any adsorbed species has not been confirmed by the cyclic
voltammetry results using sweep rates 0.02-20V/s. Further evidence to

distinguish between the kinetic schemes may be obtained from the value of

the stoichiometry number v' from the equations:

i =i exp a(lr) F/RT at high A

and

e
1]

10(%) F/RT at Tow A¢

However to obtain v' a knowledge of io is required. The io values
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obtainable from the E-logi plots in this work are not considered to be
analytically useful since a the true value of the overpotential

(n = E-ESZ_/S) is not known. Thus further analysis based upon the
stochiometric number is not possible.

The single Tafel region obtained at the graphite electrode of
slope 2.303RT/2.7F - 2.303RT/1.6F is more difficult to explain. It must
be noted, however, that Tafel behaviour was not generally observed at
the graphite electrode and thus further experiments should be conducted
to determine if the above values are really true. A single Tafel region
was also obtained by King and Welch (188) for the oxidation of PbS-Pbczz-
NaCg melts at a graphite electrode with Tafel slopes of RT/1.2F-RT/1.7F.
Again Tafel behaviour was found to be irreproducible, and Timiting currents

were obtained at high overpotentials. The same authors explained their

results on the basis of a one electron transfer mechanism:

Asx + AS T— S(ads) * Azs(melt) v

m S(ads);:::\ S, (gas)

where AS represents the dissolved sulphide ion and AS is a sulphur product
of fixed activity, i.e. a heterogeneous phase on the electrode surface..
Assuming the electron discharge reaction to be rate determining then a
Tafel slope of RT/(1 + a)F is predicted and thus corresponds to their Tafel
slope.

The combined electrolysis and optical experiments undertaken by
King and Welch (204) have clearly demonstrated that sulphur evolution
occurs, in particular that evolution continues to occur even after the
current is switched off. The latter phenomenon is usually referred to
as residual gas evolution (r.g.e.) and may be indicative of Volmer-

Heyrovsky type reaction mechanisms, e.g. ion discharge + ion/atom combination.
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Jansenn and Hoogland (228) have investigated the r.g.e. phenomenon in
depth for the evolution of chlorine from aqueous electrolytes. The
difference between Tafel behaviour at the vitreous carbon electrode and
graphite electrodes may be attributed to the structural difference between
the two substrates. Thus Tunold et al (229) have shown that significantly
different Tafel slopes may be obtained for the chlorine evolution reaction
from molten chloride media at different carbon substrates and indeed at
different crystal faces. Higher Tafel slopes at graphite may, for example,
be due to ohmic voltage drop or a change in the transport process in the
pores. A further contribution may be caused by variation in the active
surface area due to bubbles adhering to the electrode (230,231).

The slow potentiodynamic I-E curves have shown that the 'anode
effect' (A.E.) may occur during the sulphur evolution reaction (Fig. 5.27).
However the onset of theA.E.was quite irreproducible and no information
concerning critical current densities or potentials could be obtained.
In general diffusion 1imiting currents were observed. This is in complete
contrast to the highly reproducible A.E. obtained for chlorine or fluorine
evolution. in either aqueous or molten salt media (220,222). The A.E. is
however a complex process and many theories have been proposed in an attempt
to fully understand this phenomenon. One of the theories considers the
formation of a film or a compound on the electrode surface. The electrode
then becomes non-conducting or the interfacial energy is decreased such
that the electrode is not wetted by the melt (232,233). For example,
intercalation compounds detected by observed increase in lattice parameter
have been found in both the fluoride and chloride electrolysis (234-236).
However the formation of an insoluble film during sulphur evaluation has
not been observed during ‘this work, either under prolonged potentiostatic
or galvanostatic conditions. The same conclusion has been reached by Plichon

and du Guibert (194) during their prolonged e]ectro]ysiS studies, impedance
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studies by the same authors (192) do not indicate an increase in the
resistance of the electrode. The above results are in complete contrast
to the earlier electrolysis studies of Welch and King (188) who found
insoluble films to build up during electrolysis of PbS-PbClZ-NaCQ
electrolytes, the morphology of the film being dependent upon the
applied current density.

A further cause of the A.E. is via a pure bubble phenomenon and
may be directly compared to the case of nucleate boilding heat transfer
processes. The nucleation and growth of gas bubbles at an electrode is
only possible if the electrolyte in the vicinity of the e]ectro?e is
supersaturated with dissolved gas. The results of Shibata (237) for the
case of H2 evolution have shown that the gas concentration in the electrolyte
at zero distance from the electrode may reach 160-fold the saturation value.
The degree of supersaturation depends upon the current density ;nd on
the number of bubble nuclei at the surface and hence upon the surface
condition of the electrode. An increase in the surface roughness of the
electrode results in lower supersaturation values (238). Vogt (239) has
given a detailed but generalised account of the supersaturation of gases
in the concentration boundary layer of gas evolving electrodes and has
shown the degree of supersaturation (C‘CS) to be dependent upon the
current density through the relation:

¢ _ +0.25
c ¢, =1

Thus on the basis of the above, bubble nucleation and growth of sulphur
should be more favourable on the rough graphiteFelectrodes.

The A.E. as caused by a pure bubble effect is obtained as a
consequence of a change in the morphology of the growth and separation
of the gas bubbles. At Tow current densities the gas evolves in the form
of separate bubbles (nucleate boiling). and it is in this region that bubble

size increases with increasing current density. A transition period is
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then reached-.in which coalescence of the bubbles occurs and the
electrode becomes covered with an irregular gaseous blanket in violent
motion. Under the latter conditions there occurs a drop in the current
density and an increase in the electrode potential. Finally the A.E.
occurs when the electrode becomes enclosed with a'permanent, continuous
gaseous envelope. Mazza et al have given a detailed description of the
hydrodynamic instabilities in electrolytic gas evolution (240). The
same authors have shown that the critical current density for A.E. is
given by

Tepit = OF ‘%% %z '%E )x' Re

g

where x = 0.25 (for chlorine and oxygen evolution), M = the molecular
weight, N = equivalent concentration, C = supersaturation of gas and R.
is the critical gas evolution rate which is dependent upon the f}pe of gas
flow conditions prevailing. A description of the A.E. is further
complicated by the effects of a change in the interfacial tension of the
three phase boundary during electrolysis. Gesler has stated that the
chemical factors affecting the interfacial energy can only increase or
decrease the probability of the A.E. and that a certain amount of electrical
energy is necessary for neutralising the wetting (241). Drossbach (242,231)
has suggested that the A.E. is the result of gas bubbles being pressed
against the anode surface by an electrostatic field. The most significant
effect of the change in potential is upon the bubble contact angle, ¢,
as was first shown by Lipmann (243) and has been further demonstrated by
the experiments of Mdeler (244). For the specific case of sulphur it has
been shown that the contact angle of a droplet of liquid sulphur upon a
vitreous carbon electrode may be significantly changed by a change in

potential (245).
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The oscillations obtained on the I-E curves in this study
clearly indicate gas bubble formation. The oscillations arise from
a change in the active electrode area during bubble growth and break off.
A measure of the break off diameter of bubbles in a quiescent liquid
is 'given by the equation (246):

2y 0.5
d = 0.837 e[E(w—L_-—w-—)— ]
9

where g = acceleration of gravity, 6 the contact angle, y the interfacial
tension and Y the density. A very comprehensive and mathematical account
of mass transfer to gas evolving electrodes has been given by Stephan and
Vogt (247).

From the above brief discussion it is evident the A.E. is a complex
phenomenon involving the ‘interplay’ of several effects. It is thus
impossible to draw any definite conclusions as to why the A.E. is so

irreproducible for sulphur evolution.
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CHAPTER 6

ELECTROCHEMICAL BEHAVIOUR OF PbS IN THE TERNARY PbC,-KCg-NaCg
EUTECTIC MELT '

6.1 Introduction

The study of the electrochemical behaviour of lead sulphide
solutions using the PbCRZ-Kcz-NaCQ (48-35-17 m/o) ternary eutectic melt
was undertaken in an attempt to understand better the formation of
insoluble sulphur or sulphide films on the electrode surface(s). The
lower operating temperature available (v410°C) using this meit system
(MPt = 399°C) should facilitate film formation. Two fundamentally

different electrode systems were employed:

(1) 'Inert' carbon based electrodes, e.g. vitreous
carbon and spec-pure graphite planar electrodes.

(2) ‘Reactive' metal electrodes, e.g. platinum and gold.

The results obtained using these electrodes are presented individually

and compared and contrasted in the discussion section (6.5).

6.2 Results: Vitreous Carbon and Graphite Electrodes

6.2.1 Cyclic Voltammetry

The effects of increasing sweep rate (0.01-0.4 V/s) and PbS bulk

2 7.335 x 10_2 M) upon the voltammetric

concentration (1.08 x 10~
parameters for the initial oxidation of PbS and subsequent reduction were
studied at a single temperature of 417°C. Generally, two distinct
morphological types of voltammetric waves were obtained. At Tow

concentrations, i.e. 1.08 x 1072 M), see Fig. 6.2.1; a single, well-

defined oxidation wave was obtained up to a potential of 0.6V vs Ref.
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A slight inflection on the forward wave generally occurred at approximately
+0.25V; it was not possible to resolve further this wave by a change of
sweep rate or PbS concentration. A single reduction process corresponding
to that of the main oxidation wave was observed up to the limiting Pb2+
reduction potential.

Upon increasing the bulk PbS concentration the oxidation wave was
observed to broaden significantly; this broadening was further enhanced
by an increase in sweep rate (see Fig. 6.2.2). A similar effect upon the
reduction wave is apparent. The above behaviour was confirmed during many
separate experiments using freshly made electrodes.

The effect of increasing sweep rate upon the voltammetric parameters
may be presented in terms of (i) current and (ii) potential dependent
functions. )

Fig. 6.2.3 illustrates the effect of increasing sweep rate at a PbS
concentration of 1.08 x 10-2M and Table 6.2.1.1ists the values of the
vo]tamﬁetric parameters. The anodic peak current (I;) increases linearly
with increasing (sweep rate)é, Fig. 6.2.4; for all concentrations used.

A zero intercept was obtained at the lowest concentration used; as the
concentration increases a progressively larger current intercept was
obtained. The results of a linear regression analysis (using the Randies
Sevcik equation and assuming n = 2) are given in Table 6.2.2. The sweep
rate range that could be usefully employed at high concentrations was
severely limited by the appreciable anodic shift in peak potential. The

3

more sensitive plots of Ig/v vs v exhibits a virtually constant value

at low concentrations (Fig. 6.2.5) but shows a significant decrease at low
sweep rates with increasing concentration. A useful analytical tool is
the variation of the Ig/I: ratio as a function of both sweep rate and
concentration. Fig. 6.2.6, shows the variation of the I;/Ig ratio (as

calculated by the Nicholson's empirical formula (19)) as a function of sweep
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Fig. 6.2.1: A typical cyclic voltammogram obtained at a vitreous carbon
electrode for the oxidation of PbS containing solutions over
the voltage range 0 > 0.6V w.r.t. Ag+/Ago.

[PbS] = 1.077 x 10-2M, electrode area = 0.0855 cmz; sweep
rate = 0.25 V/s; T = 417°C.
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Fig. 6.2.2: The effect of increasing sweep rate at 'high'

PbS concentrations (5.352 x 10'2M) upon the
cyclic voltammetric response.

Electrode: vitreous carbon (area 0.0855 cmz):
T = 417°C.
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Fig. 6.2.3: The effect of increasing sweep rate upon the
voltammetric response at 'lower' concentrations
(1.077 x 1072m).
Electrode: vitreous carbon (area 0.0855 cmz);
T = 417°C.
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The effect of increasing sweep rate upon the cyclic voltammetric parameters for

the oxidation of PbS at a vitreous carbon electrode. Melt: PbClz-KCI-NaCI:

T =4a17°, PbS = 1.08 x 107 mole/Kg, Electrode Area = 0.0855 cm,
v v 1p? et | S| Bt | eS| e | epleeps2®
v/s (v/s)5 mA my my my mv
0.01 0.1 3.67 3.667 | 2.006 | 375 | 225 | 150 | 80
0.02 0.1414 | 0.467 | 3.30 2.236 | 375 | 205 | 10| 90
0.0 0.2 0.633 | 3.167 | 2.30 |38s5 | 1@ | 205 | 90
0.06 0.245 0.75 3.062 | 2.21 400 | 180 | 220 | 100
0.08 0.283 0.825 | 2.917 | 2.188 |405 | 170 | 235 | 105
0.1 0.316 0.916 | 2.899 | 2.087 |410 | 170 | 240 | 105
0.15 0.387 v.223 | 3188 | 1.807 435 | 155 | 280 | 120
0.2 0.447 1.367 | 3.05 | 1.760 |440 | 145 | 295 | 125
0.25 0.5 1.633 | 3.067 | 1.470 [450 | 140 | 310 | 130
0.3 0.548 1.633 | 2.982 | 1.680 [460 | 130 | 330 | 135
0.35 0.592 1.767 | 2.986 | 1.634 {470 { 125 | 345 | 140
0.4 10.632 1.867 | 2.951 | 1.613 |475 | 120 | 355 | 150
TABLE 6.2.2

Analytical data obtained from the Ipa versus vé plot for the oxidation of S

at a vitreous carbon electrode T = 417°C, Area = 0.0855 cmz.
PbS x 10%M 1p%/ v} ImA Corr
intercept
1,08 2.9006 0.05 0.998
2.52 5.273 0.42 0.998
3.918 7.878 0.68 0.999
5.35 10.446 0.86 0.999
7.335 11.351 1.51 0.999
b i -

2-
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rate and concentration. A general feature observed at all concentrations
is a rapid rise in the current ratio at low sweep-rates, culminating in a
maximum at v v 40-60 mV/s, the current ratio finally becoming virtually
independent of sweep rate as the latter is increased. The observed
maximum appears to be dependent upon concentration. A more interesting
plot is that for the corresponding charges ratio OC/Q$ with increasing
sweep rate. Fig. 6.2.7 shows this relationship for two lead sulphide
concentrations from which a similar trend to that obtained with the current
ratio can be seen, although a sharp maximum is not obtained. It is further
noted that QC/Q? + 1 as the lead sulphide concentration is increased.
The measured anodic charge Qa increases linearly with increasing (sweep
rate)”? (Fig. 6.2.8) with zero intercept.

The effect of increasing sweep rate upon the potential functions
Eg, AE (= E; - E;) and Eg-Eg/z was significant. Fig. 6.2.9 shoWs quite
clearly a linear anodic shift of the E; value with increasing vé; the rate
of increase, i.e. aEg/avé increasing with increasing concentration. A

non-linear trend is noted at the highest lead sulphide concentration used.

The results of a linear regression analysis are given below (Table 6.2.3).

Table 6.2.3: Linear regression analysis of voltammetric potential/sweep
rate relations with increasing PbS concentration

[PbST x 10°M aEg/avé Corr a(Eg-E;/z)/av% Corr
1.08 0.202 0.995 0.124 0.994
2.52 0.370 0.998 0.209 0.997
3.918 0.461 0.899 0.306 0.998
5.35 0.698 0.999 0.427 0.99%
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Fig. 6.2.12:

A slow potentiodynamic (Im V/s) I-E curve obtained at a vitreous
carbon electrode in a PbS-CbCQZ-KCQ-NaCQ melt at

[PbS] = 2.624 x 10~

2

417°C.
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M; electrode area = 0.0855 cm .
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A similar relationship was obtained for the value of the half-
peak width (ES-E;/Z), see Fig. 6.2.10 and Table 6.2.3. The peak separation
function AE ( = E; - ES) does not however show a linear variation with
increasing vi (see Fig. 6.2.11). Although the cathodic peak potential
shifts cathodically with increasing sweep rate, the rate of shift decreases
upon increasing the sweep rate (see Table 6.2.1) as inferred by the trend
in AE.

Pseudo steady-state I-E relationships, obtained using slow (1 mV/s)
potentiodynamic sweeps did not show diffusion limiting current plateaux
as would be expected under pure diffusion control of, say, a soluble product.
Fig. 6.2.12 shows two noteable features. Firstly the pre-wave or inflection
has been resolved and exhibits a peak and secondly a decrease in current
very low values occurs for the major oxidation process as the potential

is further increased. The steady-state voltammograms were quite }eproducib1e

between different experiments.

6.2.2 Chronoamperometry

The measured current-time transients as a result of an applied

potential pulse clearly show diffusion controlled behaviour, i.e. linear
I-E-% relationship, see Fig. 6.2.13. No peaks or increases in current with
time were observed at any potential or pulse Tength (10 ms-10s) were
obtained. Unusual reverse I-t transients were observed as may be seen in
Fig. 6.2.13. Upon returning the potential pulse to zero the resultant
I-t transient did not decay as would be expected for a soluble product.
A Targe current is maintained for a period of time before rapidly falling
to zero. The time at which this rapid decrease occurs was dependent upon
the time of the forward pulse as can be seen from Figs. 6.2.13 and 6.2.14.
The ratio of the respective charges, i.e. QC/Qa was virtually constant at
0.7-0.8. The relationship between the transients for the forward and

reverse processes are shown in Fig. 6.2.14 as a plot of the current function
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Fig. 6.2.14: The effect of increasing the forward switching time + upon the current

ratio 1S/1%. [PbS] = 7.335 x 107°M; T = 417°C; electrode = vitreous
carbon (area = 0.0855 cm2).
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I;/I; as a function of the dimensionless parameter 6, where o =

(t-1)/t and t = switching time or pulse length.

6.2.3 Galvanostatic and Open Circuit Decay

Additional information concerning the electrochemical oxidation

of 52- at both vitreous carbon and spec-pure graphite electrodes and the

possible formation of insoluble sulphur films was obtained using the
galvanostatic charging technique and open circuit E-t profiles. The lead

2

sulphide concentration was varied over the range 1.119 x 10 ° - 6.944 x

2M. The purity of the solvent melt was initially checked using linear

10
sweep voltammetry. During the galvanostatic regime and prior to the
application of a current pulse the open circuit potential was monitored.

In all cases a random emf was obtained thus indicating an absence of any
potential-poising redox systems. -

The forward E-t transients obtained using both forms of carbon
electrodes were well defined and quite reproducible. The influence of
current density upon the transition time (1) was obtained as a function
of lead sulphide concentration. The transition time was measured according
to the method of Reinmuth (248).

The relationship between current density and transition time for

2

a PbS concentration of 1.119 x 10" “M at a vitreous carbon electrode is given

in Table 6.2.4. Fig. 6.2.15 shows the traditional Sands plot, i.e.
3

vs 1/I for the four concentrations studied using a vitreous carbon

3

T

occurs with increasing 1/I and the

3

electrode. A linear increase in T
extrapolated intercept was zero. The more sensitive plot of it vs T
(Fig. 6.2.16) similarly shows a linear relationhip with extrapolated zero
intercepts. Similar results were obtained with a spec-pure graphite
electrode, although a greater scatter of results is noted, see Figs. 6.2.17

and 6.2.18.
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TABLE 6.2.4.
Chronopotentiometric data obtained for the oxidation of Xa

at a vitreous carbon electrode. Solvent = PbClz-KC1-NaC1:

PbS = 1.119 x 10°2M: Electrode Area = 0.0855 cm?: T = 417°C

i 1 T r% iT v 2

mAcm™2 1 (s) mCem™

6.893 . 1450 1.290 1.1357 8.8925 7.8294
8.042 0.1243 1.00 1.00 8.0423 8.0423
9.191 0.1087 0.72 0.8485 6.618 7.799
10.34 0.0967 0.59 0.7681 6.101 7.9424 ]
11.49 0.087 0.49 0.70 5.6296 8.0423
12.638 0.0791 0.40 0.6324 5.055 7.993
13.787 0.0725 0.343 0.585 4.722 8.069.
14.936 0.0669 0.2925 0.541 4,369 8.078
16.085 0.0621 0.260 0.5099 4,182 8.202
17.234 0.058 0.230 0.4795 3.964 8.265
18.383 0.054 0.205 0.453 3.768 8.323
20.680 0.0483 0.1625 0.403 3.361 8.337
22.978 0.0435 0.130 0.3605 2.9871 8.285
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During the chronopotentiometric studies at low current densities,
and in particular when a vitreous carbon electrode was used, a constant
dE/dt portion was noted after the initial rapid rise in potential as a
result of charging the electrode. Fig. 6.2.19 clearly shows this
phenomenon. The influence of current density upon this initial dE/dt is
shown in Fig. 6.2.20 in which the pseudo-capitance i/(dE/dt) is plotted
against i, from which the capacitance is observed to decrease with increasing
current density. A notable feature of the constant dE/dt section of the
chronopotentiogram was its dependence upon the initial surface state of
the electrode. The influence of surface state was obtained by consecutive
anodic charging of an initially ‘electrochemically clean' surface, and
interposing between pulses an open circuit decay regime. The resultant
E~t profile is shown in Fig. 6.2.21. The E-t transient obtained at the
initially clean electrode exhibits the constant dE/dt section wh;reas
that correéponding to a partially covered electrode does not show any
initial region of constant dE/dt. The graphite electrodes did not show the
above behaviour, Fig. 6.2.22.

The open circuit decay response, as a result of galvanostatic
charging, showed two distinct trends which were dependent upon overpotential,
see Fig. 6.2.23. Decay from low overpotentials . (v < 360 mV vs Ref)
exhibited a linear decrease in potential with the logarithm of the decay
time, Fig. 6.2.24. The slopes of these plots, i.e. E(decay) vs logt(decay),
as obtained from a linear regression analysis, were linearly dependent
upon the initial overpotential although approximately independent of lead
sulphide concentration, see Fig. 6.2.25. As the overpotential was
increased an initial constant dE/dt transient was observed during the
initial decay period after which the ‘normal' logarithmic decay occurred
The dependence of dE/dt upon overpotential is shown in Table 6.2.5 below.

A linear regression analysis provides a high correlation (0.98) between
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Fig. 6.2.19: A typical E-t transient obtained for the

oxidation of low concentrations of PbS in the
PbC22~KCQ-NaC2 melt at a vitreous carbon
electrode. I = 1.474 x 10™%A; electrode

area = 0.0855 cn’; T = 417°C; [PbS)M =

1.119 x 10™2M.



-186-

o= IS0 ES TI#lera

":: IllT"]lllllTll(lll’llll]ll|l!llr]|llllllll(llFTlllr'fr‘l'('-
- + v :
- -
[ N
- . _
L= e
. -
I N
& - -
1-...' - “':
¥ ;
: \\31\
I #* B d ]
- ¥ % \\\\ *
- . -
1 - . +
L # i ]
Q:E' [~ h,_
- .
A ]
X ]
1 'lllllll!lljlllllllllllll)llllllllll111J||J|||llll‘lllllllll'

+ Rl + « T + 1.44 + 2.1 +  2.88 + B SA + 4.2
o= T#10Td
FIGURE HUMEER 6.2.20: A plot of the pseudo-capacitance (I/dE/dt)
vs I for the oxidation of PbS containing
solutions at a vitreous carbon electrode.
Electrode area = 0.0855 cn’; T = 417°C;

[PbSIM: + 2.472 x 1072 «1.119 x 10°2.



5 F

615

515

415

w
wyl

E/mV wrt Ag/Ag

N
—
Ul

115

15

CURRENT ON’ CURRENT OFF’ CURRENT ON’
r_‘| 1 l | I I I | l | 1 | I
0 2 A 6 8 10 12 14 16 18 20 22 24
T/s :

Fig. 6.2.21: The effect of electrode's surface state upon the anodic E/t transient during oxidation of PbS containing

solutions at a vitreous carbon electrode.

[Pbs] = 1.119 x 10~

2

M.

[ =2.456 x 10'4A; electrode area = 0.0855 cm;

2

T = 417°C;

-(81-



E

N
(o
O

/mV wr.t Ag/Ag

600

500

400

w
[enn]
O

100

|

= ]

CURRENT ON’ CURRENT OFF’

——
e
—
.
e
—

CURRENT ON’

1

1 l

2 A 6 8 10 12 14 16
T/s

18 20

~-881L-

Fig. 6.2.22: The effect of the electrode's surface state upon the anodic E/t transient during the
oxidation of PbS containing solutions at a graphite electrode. I = 6.876 x 10-4A; area = 0.0707
en?y T = 417°C; [PBS] = 1.119 x 10”2M,



500

400

o
< 300}

[l
(=]
(==}
|

E/mV wrt.Ag

T
—
T

-

l I | I | |

0 7 A 6 8 0 12 1 16 18 20
T/s

Fig. 6.2.23: The effect of the oxidation potential upon the open-circuit decay of a vitreous carbon electrode.

I = 2.456 x 10'4A; electrode area = 0.0855 cm2; T = 417°C; [PbSIM = 1.119 x 10'2.

-681-



-190-

o ECFALLY

-4 .
:—4|i.-1 T_"K‘Tllllllllil"lllllll(lIllTl]l‘l]‘l(lll‘llllIIl‘lllYlfr]llT

4 # # 1

e #* -

#

7
[x]
i
X
i
s

LllllllllllIIIIIIJI!IIIIIS!IIll'lllll!!lllLllllllll llllJlLll:
- » - I 4 P + « 3 + . B -+ P M + 1. 20
Moo= LOGCT DECAY? &
FIGURE HUMEBER 6.2.24: A plot of E(fall) vs log(t decay) from
E = 0.362V vs Ag'/Ag during open-circuit

Xx)
x

conditions.

Electrode = vitreous carbon (area = 0.0855 cmz);

T = 417°C; [PbSIM = 1.119 x 1072,



lT 1

il

-}
i

N
[ex]

A1)
[

g E.

-191-

FIGURE HUMEER 6.2.25:
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dE/dt and 1/E(decay = 0); the derived relationship was:

dE/dt = 400 + 499/E(decay = 0)

The above behaviour was quite reproducible.

Table 6.2.5: The effect of overpotential upon the rate of open-circuit

decay
E(fall) Decay Slope
mV w.r.t. Ref -dE/dt mV/s
414 76.92
426.5 45.45
439 26.32
449 18.18
459 16.67 )
469 14,77
494 11.20

6.3 Results: Gold Working Electrode

6.3.1 Cyclic Voltammetry

The electrochemical oxidation and reduction of the sulphide ion
was also investigated using a gold sphere electrode. The results were
obtained primarily as a comparison to those obtained at a platinum electrode;
thus an extensive electroanalytical programme was not involved. The
results presented are those obtained using potentiodynamic sweep techniques
on a melt system at 417°C only; the normal effect of increasing sweep rate
and bulk PbS concentration are given. The use of a gold sphere type
electrode, in terms of implicit values of current and charge function is
obviously limited due to an inexact knowledge of the electrode surface

area.
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A typical cyclic voltammogram obtained for the oxidation of
sulphide and its subsequent reduction is shown in Fig. 6.3.1. Within
the anodic potential window of 0 + 0.5V w.r.t. Ref two anodic processes
may be discerned; an initial ‘pre-wave' occurring at a potential of
0.23V and a main wave at ~0.35V. The latter wave exhibits a very sharp
rise in current over a small potential range, i.e. small half-peak width
which is generally typical of what one might expect for the deposition of
an insoluble product. A single very narrow and sharp reduction wave
corresponding to that of the more anodic process was observed, typical of
the stripping of an insoluble product. No further reduction processes
whether as. a result of the oxidation process or for the reduction of the
initial 52- jon were detected within the cathodic potential range available.

The resolution of the anodic pre-wave was found to be variable
between experiments and no statistically meaningful information was gained
concerning the initial surface state, i.e. roughness and the pre-wave.
Fig.6.3.1 shows the wave to occur as a limiting current plateau rather than
a separate peak; however in depth analysis of this wave (see below) was
obtained from voltammograms in which the pre-wave was 'fully' resolved.
No corresponding reduction wave was associated with this process.

The effect of increasing scan rate (0.02 - 0.4V/s) for each of

2

the five concentrations (1.077 x 1072 - 7.335 x 107°M) upon the main

oxidation and reduction process is given in Table 6.3.1. Fig. 6.3.2 shows

that the anodic peak current (I2) increases linearly with (sweep-rate)%,

p
zero current intercepts was obtained at the lowest concentration whilst
slight positive intercepts were obtained using higher lead suiphide

concentrations. A linear regression analysis of the data from Fig. 6.3.2

is shown in Table 6.3.2 below.
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Fig. 6.3.1: Typical I-E curves obtained under voltammetric
conditions for the oxidation and reduction of PbS
at a gold sphere electrode.

T = 417°C; [PbSTM = 1.077 x 1072, Au electrode

v 2mm dia.
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TABLE 6.3.1.

The effect of increasing scan rate upon the various voltammetric parameters
for the oxidation of 52' at a gold sphere electrode in the PbClz-KC]-NaCI ternary
eutectic melt at 417°C.  PbS = 1.077 x 102M.

v Vi Ipa Ipa/V! Ipc/Ipa Epa EpC AE
v/s mA my
0.02 G.1414 1.05 7.425 2.98 350 280 70
0.04 0.2 1.33 6.667 2.845| 350 280 70
0.06 0.245 1.6 6.532 2.582| 350 280 70
0.08 0.283 1.8 6.364 2.8221 350 280 70
0.1 0.316 2.0 6.325 2.814¢( 350 280 70
0.15 0.387 2,417 6.24 2.767] 350 280 70
0.2 0.447 2,792 6.242 2.735) 350 270 80
0.25 0.5 3.083| 6.167 2.7271 350 270 | 80
0.3 0.548 3.46| 6.238 2.73 350 270 80
0.35 0.592 3.75 6.339 2.60 350 270 | 80
0.4 0.632 3,917 6.193 2.53 350 270 | 80
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Table 6.3.2: Linear regression analysis of the Ia-u5 plots for

the oxidation of PbS at a gold sphere electrode

[PbST x 102M aIg/avé I(mA) intercept Corr
1.077 5.9751 0.137 0.999
2.52 13.475 0.183 0.942
3.918 19.625 0.527 0.999
5.35 26.960 0.414 0.999
7.335 34.755 1.130 0.999

The Ig/vé current function was independent of sweep rate at high
sweep rates, e.g. > 0.1V/s. The current function decreases as the scan
rate increases at low scan rates and was dependent upon concentration
(Fig. 6.3.3). The evaluated I;/Ig ratio exhibits several types of behaviour
with increasing scan rate and lead sulphide concentration (Fig. 6.3.4).

2 and 2.52 x 10-2M, a non-Tinear

At low concentrations, e.g. 1.077 x 10
decrease in IS/IS occurs with increasing scan rate. At higher concentrations
the I;/I; function initially increases to a maximum and then decreases

with increasing sweep rate. No regular trend in terms of the position of
the peak maximum with sulphide concentration was observed.

The potential functions E: and E; were independent of sweep rate,
see Table 6.3.1. The small peak separation AE ~ 70-80 mV suggests the
process to be highly reversible. The concentration dependency of various
potentials obtained from the cyclic voltammograms is of interest. Fig. 6.3.5
shows a diagrammatic voltammogram which further defines these potentials.

A11 the potentials considered vary in the Nernstian manner, i.e. E vs
log [Pbs] and all have essentially the same slope, Fig. 6.3.6. Table 6.3.3

gives the slopes of these functions as obtained from a linear regression

analysis.
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E 5m37k1 |

A schematic anodic voltammogram defining the

various potentials measured during the oxidation

of PbS solutions at Pt and Au electrodes.

1.
2.

3.

m the nucleation potential
No the peak potential for process A (the pre-wave)

N3 the potential corresponding to the current
minimum between the two anodic processes

g the peak potential for process B

. n_g the potential at which reduction commences
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Table 6.3.3: The concentration dependency of various voltammetric
potentials obtained at a gold sphere electrode

Potential Function dE/d(Tog[PbS] Correlation
N -0.07844 0.996
Ny -0.07747 . 0.991
nj -0.08504 0.999
ng -0.0705 0.990
n_g -0.07206 0.996

Subsequent to obtaining general information concerning the electro-
chemical oxidation of the sulphide ion additional 'in-depth! experiments
were undertaken to obtain electrochemical details of the 'pre-waye' and
its relationship to the main oxidation wave.

The results presented here correspond to those voltammetric
experiments in which the pre-wave was found to be highly resolved, i.e.
to be well defined and exhibit a separate peak. The definition of the pre-
wave is considered to be dependent upon the condition and presumably initial
preparation of the electrode. Unfortunately no quantitative information
could be discerned with regard to the initial preparation of the electrode.

The effect of increasing sweep rate upon the pre-wave was
determined by reversing the sweep at a potential just beyond the corresponding
peak and before the onset of the main oxidation process. Fig. 6.3.7
illustrates several typical I-E curves obtained employing scan rates
between 40-250 mV/s. It is immediately evident that no corresponding
reduction wave is associated with this process. Table 6.3.4 shows the

effect of scan rate upon the voltammetric parameters for this process.
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” —1.333
% —1.00
<
£
—0.667
—0.333
| ]
0.4 0.2 0 -0.2
E/V wrt Ag/Ag

Fig. 6.3.7: The effect of increasing sweep rate
upon the 'pre-wave' obtained at a
Au sphere electrode.

v o= 0.04, 0.06, 0.08, 0.1, 0.15, 0.2
and 0.25 V/s.

T = 417°C; [PbSTM = 5.814 x 107°.
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Table 6.3.4: The effect of increasing scan-rate upon the 'pre-wave'
observed during the oxidation of 52- ion at a Au
sphere electrode in the PbCQZ-Kcz-NaCQ ternary solvent
melt at 417°C.

v I Q2 34 Ep - Eo/p
V/s mA mC mV mv
0.01 0.333 1.667 145 35
0.02 0.425 1.002 145 30
0.04 0.583 0.625 145 30
0.06 0.700 0.486 150 30
0.08 0.800 0.406 150 30
0.10 0.883 0.350 150 30
0.15 1.083 0.295 150 30 .
0.20 1.234 0.246 150 30
0.25 1.367 0.213 150 30

Fig. 6.3.8 shows that the ‘pre-wave' peak current increases
linearly with increasing (sweep rate)% with a corresponding slope of
2.6164 mA/(V/s)é and an intercept of 0.062 mA; a linear correlation of
0.999 was obtained from a Tinear regression analysis. The measured charge
Qa for the process decreased exponentially with increasing sweep rate
reaching a virtually constant value at v >~ 150 mV, see Fig. 6.3.9.
Both the peak potential Eg and the half-peak width remained constant (within
experimental accuracy) at 145-150 mV wrt Ag+/Ag and 30 mV respectively.

The effect of increasing sWitching potential (EA) upon the reduction
process is illustrated by the I-E curve given in Fig. 6.3.10 and the
results obtained in Table 6.3.5. The composite I-E curve was constructed

by allowing a ‘settling' period of 5 minutes between each scan. Fig. 6.3.10

clearly demonstrates the good reproducibility of the system and further
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Fig. 6.3.10: The effect of increasing the switching potential upon the

reduction wave obtained at a gold sphere electrode.

T =417°C; [PbSIM = 5.814 x 10-3; sweep rate = 0.05 V/s.
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Table 6.3.5: The Effect of the Anodic Switching Potential Ei
upon the Voltametric Parameters for the oxidation/
reduction of PbS at a Au sphere. Electrode T = 417°C,
v =50 mV/s; Solvent = Pbsz-Kcz-NaCR;

[PbSIM = 5.814 x 107

o | & |5 |5 |
mvV mC mA mv mC
450 3.183 0.383 363 0.150
500 4.233 0.767 352 0.417
550 4.750 1.07 350 0.700
600 5.150 1.367 340 1.00
650 5.583 1.617 335 1.30
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indicates that both oxidation waves are independent of 'history' and
cycling. It is observed that the reduction process does not begin to
occur until anodic potentials greater than the E; value of the main
oxidation process are obtained. It is further noted that the potential
corresponding to the onset of reduction is independent of the anodic
switching potential. After the peak reduction potential has been reached
the current decreases rapidly,crosses the zero current line and forms an
anodic current loop. The charge within this loop and the potential at
which i = 0 is crossed 1is sensitive to EA’

Figs. 6.3.11 or 6.3.12 show that the reduction peak current is not
linearly dependent upon either the switching potential or the total anodic
charge. The peak potential is observed to shift cathodically with
Fig. 6.3.13.

A’ -
The effect of increasing sweep upon the reduction peak current and

increasing E
the charge ratio QC/Q$ as a function of E; is shown in Figs. 6.3.14 and
6.3.15 respectively. Fig. 6.3.14 shows the reduction peak current Ig

to increase linearly with vé although a non-zero intercept is obtained

which increases with increasing E The charge ratio QC/Q? increases with

a
3
increasing sweep rate, although not in a linear manner, Fig. 6.3.15. The
ratios are noted to be quite low thus indicating that the recovery of

material is low and that the ratio is dependent upon Ei.

6.3.2  Chronoamperometry

Several I-t transients as a result of a preselected potential pulse
were recorded primarily to verify the voltammetric studies. The potentials
employed were confined to those corresponding to the 'pre-wave' and main
wave potentials, e.g. +300, 340 and +420 and 450 mV wrt Ag+/Ag respectively.
Fig. 6.3.16 shows that the current for each process decreases linearly with
t-% in a typical diffusion-controlied manner. Surprisingly, during this

work no peaks were observed in the I-t transient at any potential (0~ +500 mv)

and at any time scale between 10 ms and 100 s which could be attributed to



[Xe]

0

i

A

-
e

-213-

~

FIGURE MUMEER 6.3.16:

‘IITTTI"Y'(l'(l"rlllT"fTifTT'[(Yllilllflrr‘rll’l"l'lvjl‘(‘llll_

' i

0 1

L]

- —

L ]

[ -]

: (] -

+ 3

[ L ]

[ ]

X N

3 ~

X (a] - :‘

[ ]

i ™ i

- + —

[ i

L W] ]

L ]

i - N

(| + ]

e ]

L .

+ -

E: .

i ) 1

. -+ o -

X ¥ -

s . ]

) # |

lllllllllllllllllll IlJlIIIIIlllll||IIIIII\LllIIIIIIIl||l|L—
iR +  2.56 +  H.Aaa +  Y.5a + 1, an + 12,58 + 15, a5

o= TR, S CSat-@. S
A plot of I vs t° obtained from constant
potential I-t transients for the oxidation
of PbS at a gold sphere electrode. Applied potential:

«0.3V, + 0.34V; @ 0.42V and 0 0,45V wrt Ag*/Ag°.
T = 417°C; [PbSIM = 5.814 x 10 3.



-214~
nucleation and growth phenomenon.

6.4 Results: Platinum Electrode

The oxidation of PbS-containing solutions at a Pt flag electrode
were investigated using the technique of cyclic voltammetry, chrono-

amperametry, chronopotentiometry and open-circuit potential decay transients.

6.4.1 Cyclic Voltammetry

Cyclic voltammetric studies were undertaken to determine the effect
of increasing sweep rate, PbS concentration and temperature upon both the
oxidation and reduction behaviour. Fig. 6.4.1 shows a typical voltammogram

2M at 417°C. Two oxidation

obtained at a concentration of 1.077 x 10
(labelled A and B) and three reduction waves (A', B' and C') were obtained.
The reduction wave A' corresponds to the oxidation process A and that of

B' to B. The third very cathodic reduction wave was ill-defined and
rarely observed and thus no quantitative data were obtained. The general
morphology of the main oxidation and reduction waves B and B' is typical of

that expected for the deposition and stripping of an insoluble product.

The analysis of the voltammograms may be divided into the following:

(a) the behaviour of the main process B/B';
(b) the formation of process A;
(c) the effect of increasing anodic switching potential

(Ei) upon processes A and B and their interrelation.

The above factors are evaluated as a function of increasing sweep rate,
PbS concentration and temperature. The voltammetric results for process B
will be presented first.

Table 6.4.1 summarises the effect of increasing sweep rate upon

2

the voltammetric parameters obtained in a 1.077 x 10 “M PbS solution at

417°C., Fig. 6.4.2 shows that the peak current IS increases linearly with

increasing (sweep rate)é at all five concentrations. The slopes of these
plots together with their intercepts and correlation values,as calculated

from linear regression analysis, are given in Table 6.4.2.
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Fig. 6.4.1: A cyclic voltammogram obtained for the oxidation
of PbS containing solutions at a Pt flag electrode.
[PbSTM = 1.077 x 107%; electrode area -
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TABLE 6.4.1.

The effect of increasing sweep rate upon the voltammetric parameters for the main
oxidation wave obtained at a Pt electrode. Electrode Area = H

PHS = 1.077 x 10'2 M; Melt = PbCIZ/KCl/NaCI Ternary Eutectic; T = 417,

v v 1 vt | S| el Ep© E

v/s
0.02 | 01414 { 1.667 | 11.785 | 2.437 | 345 | 280 | 65
0.04 | 0.20 2.233 | n.aer | - 345 R -
0.06 | 0.245 | 2.667 | 10.89 - 350 - -
0.00 | 0.283 | 3.067 | 10.84 - 350 - -
0.1¢ | 0.316 | 3.40 | 10.75 - 350 - -
0.0 | 0.316 | 3.45 ] 10.91 |2.607 | 355 | 280 | 7°
0.i5 | 0.387 | 415 | 10.715 |2.560 | 355 | 280 | 75
0.20 | 0.447 | 4.75 | 10.62 {2.510 | 355 | 280 | 75
0.25 | 0.5 5.30 | 10.60 j2.455 | 355 | 280 | 75
0.30 | 0.546 | 5.90 | 10.77 |2.374 | 355 | 280 | 75
0.35 | 0.592 | 6.30 | 10.65 |2.260 | 355 | 280 | 'S
0.4 | 0632 | 6.75 | 10.67 |2.175 | 355 | 280 | 75
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Table 6.4.2: Linear regression analysis of Ig VS vi plots for the

oxidation of SZ— at a Pt electrode for various PbS

concentrations
[PbS] x 102M d I;/dvé Intercept Correlation
mA/(V/s)é mA

1.077 10.448 0.117 0.999
2.52 24.541 0.280 0.999
3.918 35.750 0.859 0.999
5.352 47.907 1.030 0.999
7.335 59.174 2.294 0.992

The more sensitive current function Ig/vé

is shown in Fig. 6.4.3Jto be
virtually independent of sweep rate at low PbS concentrations. At

higher concentrations an initial decrease in the current function occurs

at Tow v values, and becomes virtually independent at high v. Table 6.4.3
further indicates the potential functions Eg, ES and AE to be approximately
constant with increasing scan rate with values of +0.35V, 0.28V and 75 mV
respectively. The concentration dependence of the various potentials
defined previously (see Fig. 6.3.5) shows a linear relation with log(PbS),

Fig. 6.44. The slopes dE/d(10g[PbS]) and correlations are given in
Table 6.4.3 below.

Table 6.4.3: A linear regression analysis of voltammetric potential
parameters with increasing PbS concentration

Potential dE/d(Tog[Pbs]) Correlation
n -0.0612 0.989
o -0.0732 0.992
N3 -0.0731 0.984
na -0.0489 0.989
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The Voltammetric Formation of Peak A/A'

The gradual formation of the anodic product corresponding to
reaction A and its subsequent reduction process (A') was investigated by
the gradual increase in Ei. The anodic switching potential (Ei) was
stepped in 20 mV increments from potentials corresponding to the foot of
the wave (i.e. + 260 mV) to a potential at which the second oxidation process
may be discerned to be occurring, i.e. +400 mV. Fig. 6.4.5 shows the
influence of E° upon the subsequent reduction wave and Table 6.4.4 the

numerical parameters obtained.
Table 6.4.4: The effect of increasing switching potential, limited to

the potential range 0.26 - 0.4V upon the reduction wave A'.
[PbS]= 5.814 x 10_3M; sweep rate = 0.2V/s; electrode

area = 0.2 cm2; Ei, E; w.r.t. Ag+/Ag
Ei E; I; Q°
mV mV mA -mC
260 90 0.392 0.4167
280 85 0.508 0.4167
300 77 0.592 0.375
320 73 0.667 0.375
340 67 0.717 0.4167
360 64 0.767 0.4167
380 60 0.80 0.5418
400 55 0.833 0.6251

It is clear from Fig. 6.4.5 that as a consequence of an increase in

a
A

towards more cathodic potentials. Fig. 6.4.6 shows that the reduction

E, the peak current for reduction increases and that the whole wave shifts

peak current I; does not increase linearly with E;; the corresponding change

QC remaining constant up to Ei = 0.36 - 0.38V after which a rapid increase
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Fig. 6.4.5: The effect of increasing the anodic switching potential
g8 upon the voltammetric response for process A.

A
Pt flag electrode; area = 0.2 cm2. [PbSIM = 5.814 x 10‘3;

sweep rate = 0.2 V/s.
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The peak potential
-0.247

is obsered with a further increase in E;, Fig. 6.4.7.
E; shifts linearly with increasing EA by a factor of dEg/dEA =
(correlation = 0.994), Fig. 6.4.8.

The effect of increasing scan rate and to a limit extent PbS
concentration upon the overall process, A, was obtained by switching the
potential at a value intermediate between the peak potentials of processes
A and B. The resolution of the oxidation wave and in particular that of
reduction was best observed in very dilute solutions and the concentration

3 and 1.4213 x 1072,

effect was limited to two concentrations of 5.814 x 10~
Fig. 6.4.9 clearly shows the influence of increasing scan rate upon the
oxidation and reduction peaks for process A; the results are tabulated

in Table 6.4.5.

Table 6.4.5: The effect of increasing sweep rate upon the voltammetric
parameters for process A: Ei = 0.35V. [PbS] = 5.8141 x
10'2M; electrode area = 0.2 cm2. E values w.r.t. Ag'/Ag.

v 1 I o Q¢ £ a3
V/s mA mA mC mC )

0.01 0.5 0.417 6.168 0.667 0.31 0.065
0.02 0.717 0.73 4.0 0.708 0.315 0.065
0.04 1.017 1.217 2.667 0.625 0.32 0.065
0.06 1.4 1.10 2.331 0.5 0.32 0.075
0.08 1.6 1.467 1.956 0.5 0.325 0.073
0.10 1.867 1.75 1.798 0.5 0.33 0.071
0.12 2.033 2.033 1.554 0.458 0.33 0.070
0.14 2.20 2.30 1.403 0.476 0.33 0.070

with increasing (sweep rate)é with

is noteworthy that the IS/I; ratio

Both peak currents, i.e. Ig and Ig for process A increase linearly

n

1.

a zero intercept (Fig. 6.4.10).

It

The ratio of the corresponding
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charges QC/Q$ is shown in Fig. 6.4.11, from which it can be seen that
the charge ratio increases from~0.1 at 10 mV/s to ~0.35 at 140 mV/s.
The anodic peak potential shifts slightly positive with increasing sweep
rate although the reduction peak potential remains essentially constant.

The effect of concentration upon the current and charge ratios
was evaluated at two concentrations, 5.8141 x 107M and 1.4213 x 107°M.
Although ideally detailed information would have been preferred for a
larger number of PbS concentrations, well defined and therefore analytically
useful data were only obtained at the above concentrations. Fig. 6.4.12
shows the anodic peak current to be linearly dependent upon vé for both
concentrations. The slopes, i.e. dIg/dvé were 6.158 and 11.854 mA v'ﬁs'5
for the two concentrations respectively. The stability of the product
formed by this oxidation process was evaluated by a constant potential
electrolysis at + 0.3V followed by a reverse voltammetric scan. " The charge
Qa of the forward electrolysis and that of the reduction peak were recorded.

The waveform used is illustrated below:

+ 0.3V t

m
il

dE/dt

50 mV/s

m
n
o
rf.
]

1-80s

Table 6.4.6 shows the results obtained, from which it can be seen
that for electrolysis times up to ~10s (or Qa = 9.2 mC) the reverse charge
Qc remains constant at 0.65 mC. With increasing electrolysis time (and
therefore charge) the value of QC decreases and was associated with a
decrease in the reduction peak current. The decrease in QC was not a
simple result of product stability either of a chemical or a physical nature.
Fig. 6.4.13 shows three responses corresponding to electrolysis times of

1,20 and 80 seconds. The response at 1s clearly shows that a single
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Constant potential Electrolysis at +0.3V at a Pt electrode.

Area = 0.70.
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TABLE 6.4.6.

S

(S B S O A ]

10
20
30
40
50
80

O W ~N O o

14

20.
22.
26.
38.

.083
712
.826
.294
.208
.44

51
62
53
37

mC

.65
.65
.65
.65
.65
.65
.55
.50
.45
.40
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Fig. 6.4.13: The effect of an anodic, controlled potential
electrolysis (0.3V) upon the reduction wave for

process A. Pt flag electrode (0.2 cm2).
[PbSTHM = 1.4213 x 1072, T = 417°C.
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reduction process, i.e. A', is occurring. However as the electrolysis

was continued at the same potential, some reduction product from process B
becomes significant. Thus it may be inferred that the potential for the
start of process B has shifted cathodic as a result of prolonged electrolysis
of process A.

The influence (and interrelation between) of the oxidation process A
upon B and vice versa for the reduction sequence may be conveniently studied
by voltammetric methods. The effect of concentration and EA may be
evaluated as functions of sweep rate.

The effect of concentration upon the two processes was evaluated
at 5.8141 x 107M and 1.4213 x 10™M using an Ei of + 0.5V. Fig. 6.4.14
shows that the ratio of anodic charges Qa(A)/Qa(B) increases steadily with
increasing sweep rate, although at v 2 200 mV/s at the higher cogcentration
the ratio decreases and therefore Q®(B) becomes more predominant. The
total cathodic to anodic charge 'Q%/Q? gradually increases with increasing
sweep rate, the rate of increase being greater at low sweep rates (Fig. 6.4.15).
A slightly lower ratio was obtained with increasing concentration. The
ratio of the two cathodic charges tends to increase with increasing sweep
rate, the rate of increase being greater at the Tower concentration and
hence Q(A) predominates at lower concentrations (see Fig. 6.4.16). This
relation is also confirmed by the ratio of the two cathodic current peaks
IS(A)/I;(B), Fig. 6.4.17, that is the peak current for process A is more
significant and increases more rapidly than I;(B) at the lower concentration.

The influence of increasing Ei upon both reduction processes at a
given sweep rate (0.1V/s) is shown in Fig. 6.4.18 and Table 6.4.7. It is
observed that upon increasing Ei through the oxidation process B so that
more of product B is being formed the reduction wave for process A increases
slightly and gradually shifts towards more cathodic potentials. The relation

between the total anodic charge Qa and the individual cathodic charges QC(A),
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FIGURE HUMEER 6.4.15:
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Fig. 6.4.18: The influence of increasing the anodic switching potential upon

the reduction waves of process A and B at a sweep rate of 0.1V/s.

Pt flag electrode (0.2 cmZ). T =417°C; [PbSIM = 5.8141 x 10-2.
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Q%(B) and Q%(a) + QC(B) are shown in Fig. 6.4.19. The charge corresponding
to QC(A) remains virtually constant whereas QC(B) increases much more
rapidly. The total reduction charge Q“(A) + Q%(B) is noted to be much less

than Q? the difference becoming larger as EA increases.

Table 6.4.7: The effect of the anodic switching potential upon the
reduction of sulphur at a Pt electrode. Electrode area =
0.2 cn®, [PbS] = 5.8141 x 1072M; T = 417°C.

ey | QF | 1o | oSre | EC(A) | If8) | Q%(B) | EC(B)
v mC mA mC v mA mC v

0.35} 1.875 - 0.417 - 2.0 - 0.065
0.4 | 3.042 - 0.458 - 2.25 - 0.057
0.45 3.958 | 1.375 0.542 0.367 2.33 0.5 0.05

0.5 | 5.458 1 2.708 0.583 0.355 2.458 0.667 0.045
0.551 6.667 | 3.75 0.583 0.35 2.542 1.5 =~ 0.042
0.6 | 7.875| 4.5 0.625 0.345 2.583 1.875 0.039
0.651 8.75 5.29 0.708 0.341 2.625 2.167 0.037
0.7 | 9.667| 5.917 0.750 0.338 2.725 2.625 0.035

In addition to the effect of progressively increasing the anodic
switching potential upon the voltammetric parameters at a constant sweep
rate a series of experiments were undertaken to determine the overall
effect of increasing sweep rate (0.02 - 0.4 V/s) at three different switching
potentials, i.e. + 0.5, + 0.6 and + 0.7V. For this series of results the
PbS concentration was 5.1814 x 1073M at 417°C.

Fig. 6.4.20 shows that the ratio of total cathodic to anodic
charges Q%/Q? increases with increasing sweep rate and that higher values are

obtained at the higher E The peak current for the reduction process A

a

X
1

increases linearly with increasing (sweep rate)® but more importantly is

virtually independent of Ei (Fig. 6.4.21). The cathodic peak current

for process B does not, however, increase linearly with \)é and Fig. 6.4.22
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shows that the I;(B) is very dependent upon the anodic switching potential.

The combined effect upon both reduction currents is shown in Fig. 6.4.23

a

from which it is observed that the I;(A) is more prominent at the lower Ek

value. The ratio of the reduction charges Q“(A)/Q%(B) shows a similar
trend (see Fig. 6.4.24) to that of the current ratio.

The influence of temperature (414°C-523°C) upon the oxidation and
reduction voltammetric parameters and their inter-relationship was also

2M PbS was used. At temperatures

studied. A solution containing 1.20 x 10~
greater than 424°C the reduction wave corresponding to process A was no
longer observed and could not be re-established by returning the temperature
to the lower value. Thus the results given here concern the temperature
dependence of the two oxidation processes and the reduction process B. It
is also notable that at temperatures > ~430°C the oxidation wavedA became
less distinct and may be the cause of the scatter obtained at the higher
temperatures.

Figs. 6.4.25 and 6.4.26 show that the Ig - \)é relations for both
oxidation waves is maintained with increasing temperature, and that an
increase 1in Ig for a given sweep rate occurs. The reduction current
IS(B) shows a decrease with increasing temperature, Fig. 6.4.27. Both
oxidation processes show linear Arrhenius type, i.e. Tinear logl vs 1/T°K
behaviour (Fig. 6.4.28). The activation energies for processes A and B
were calculated to be.Z?.H{}‘/mc,and W b2k [mkrespectively. The influence of
increasing temperature upon the charge values is shown in Fig. 6.4.29.

Both the total anodic charge Q? and the charge for process B, Q%(B) increase
rapidly with increasing temperature whilst Qa(A) remains virtually
c-nstant. The cathodic charge shows a rapid decline for temperatures 430°C.

The effect of temperature upon the charge efficiency is shown in

Fig. 6.4.30.
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charge efficiency Q%/Q?.
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6.4.2 Chronoamperometry

The I-t transients obtained for both anodic processes exhibited
typical diffusion-controlled behaviour, i.e. linear I-t"é plots, Fig. 6.4.31.
Transients that could be attributed to nucleation and growth phenomenon
were not obtained under any conditions of applied potential, time or

temperature.

6.4.3 Chronopotentiometry

E-t transients were obtained to determine if any significant
adsorption process(es) was occurring. Chronopotentiograms were recorded
as a function of current density over the PbS concentration range 1.20 -
7.391 x 10—2M and over the temperature range 410°C to 520°C. Fig. 6.4.32
shows a typical transient obtained in which two oxidation processes occur
(see below). The influence of increasing current density upon the main
transition time T, and the effect of PbS concentration is shown in
Fig. 6.4.33. It is observed that Sand's plot is Tlinear with an extrapolated
3

zero intercept. The more sensitive plot of it vs t° similarly exhibits
a zero intercept at all PbS concentrations (Fig. 6.4.34) and temperatures
(Fig. 6.4.35) employed.

Upon close inspection of the initial portion of the E-t transient,
particularly those obtained at low current densities, i.e. 1, a further
transition may be discerned (11)., Unfortunately analytically useful
information for this wave and its relation to ) with, for example, increasing
current density was not observed due to its low resolution. The presence
of Ty Was, however, noted to be more prominent at the lowest concentration
used. However an estimate of the relation between the two transition times

was obtained, i.e. Ty = 7.37511. A ratio of the two n values for the

oxidation processes may be obtained from the relation (20):



R AR

xH

|‘_lJ

-, =

KT
el ow o

.-
A

-253-

Bl Bk R il S S S G S A | I T TTTTTU I LR AL A N I A A A l T 7T T 171 oerTT ‘ 17T Y ' =r-yyr-rr1rayrer

. Y -

: “1

¥

[ -1
- .

- .

L )
L -
- 7

i
1.
1

\+
¥
\\
\
\\
NERENEETY ST

A .

. — ]
N /«¢ .
- / . i

E -*E 7
"/Jrl"lllllllillllllllIllllllLl||l||]|llllllllLllllll‘lLlllllllu
. 2 + 2, o S I & 1 + Pl EE + 14, 86 + 12, 55 + 15,8050

Vo= TT—-8,5 (ST, 5

o T
FIGURE MUMEER 6.4.31: A plot of 19 vs t'% for the oxidation of PbS
at a Pt flag electrode.

* £ =0.2V; +E =0.31V; @& E = 0.35V w.r.t.
Ref.
Solvent PbCQz-KCR-NaCQ, T = 417°C; area = 0.72

em?. [PbSIM = 1.200 x 1072,



E/V w.r.t Ag/Ag

0.6

0.5

0.4

0.3

0.2

0.1

—
o
ow——
—
—
—

_.
p—
-
L
e
L

I

Fig. 6.4.32:

t/s

A typical chronopotentiogram obtained for the oxidation
of PbS in the PbCQZ—KCQ-NaCQ eutectic melt of 417°C.
Electrode: Pt flag (area 0.72 cm?). [PbsIM = 1.200x10"
I = 2.95 mA.

2,



i1

-255-

D

."; ;o
1/
i

’/i/||||»|||||||||||||

- ltllrrxxt‘llrrIIIIllllvtlxul|||1|||.xrxilxr:rrT“‘T‘l“"""l"‘r”l'l'l"'T""l'""l""l‘:‘

O] /

(-3

IIIIIlIIlllllIllllllillllllllll\lllllllv-

SEB O LEGED e 2V

FIGURE HUMEER 6.4.33:

S+ 41,5+ SHELED o+ R le o+ B ug

AR R IS N T T R RN S T
A plot of Té vs I/I for the oxidation of PbS at a

Pt electrode in the PbC22—KC£—NaC2 eutectic at

417°C e]egtrode area = 0.72 cm~2. [PbSIM:-
*1.20x107%; + 2.728x1072; ¢ 4.463x10°2,
0 7.391x1072,



27a

24

PR R

R

1568

£

T

-256-

fHH#ﬂ-

) P '”l"'l”'"l'"I"'I“'T"T"I"'I'""""'l'"l""l"1"1’l' .]...,'.,4".._' B e T o l B i e R B IR ,]._Ivl Tl

/" e o

4 e - L
//Iw ///4- 'w//%/// i

{/._i .l.‘l o e -
e —

el

L

i
-
e

/ﬁr—)//lll||!'ll|llllllliliilll|lll||$l|||l|Illtlllll‘lllllllll.

W AR + o + o VER + R R + LS EE + 1.2y L TRE

I I S R

PbS at a Pt flag electrode in the PbCQ%—KCQ—NaCQ

ternary melE at 417°C. Area = 0.72 cm_é [PbSIM:~ *7.200x10"
£ 2.728x107°; @ 4.463x10"2, ( 7.39x10 “-

2

y

2



1

L

cwm KT
xRN

Ve
i 15

=1a

1=

—
0
3]

f—y
1A
i)

JAx]
i

T
=

e
a1

10

RIS

4

e

N Ak SN S0 R R AR B B e 1 I £ e Y A Bl (i S e SN It (R A S A A A S U | 1 LA S NN SR A S A A |

-257-

/Illlllllllllllllll III||!IIllIIIi|\'l|ll|l|l|1|l'|||ll|!lI“

LI Bt R Sl S B A ' Ak Bt S S Bt S B

-

o HAE

FIGLIRE

4

PowE =
e

HLIPEE R

e

6.4.35:

STE b lLas 1,43+ LTS

Mo TTELS G50
A plot of Itvs Té for the oxidisation of

e LK

PbS at a Pt electrode at various temperatures.

Solvent = szZ-KCR-NaCQ: area = 0.72 cmz;

*x 431°C; + 450°C; 0 464°C; O 487°C.



n, +n, 2
1 2 -
Ty ¢ m ) =101 = Ty
from which
n, + N, un
(—2) - 8.375
M

Thus with a n]/n2 = 0.5, a rz/r = 8.0 is predicted, which is very close

to the observed value considering the low resolution of Ty

6.5 Discussion

The results obtained for the oxidation of the sulphide ion will be
discussed in two parts. Firstly the results obtained at the carbon based
electrodes which may be considered to be inert electrodes, and secondly
the results obtained at the metal electrodes gold and platinum will be
discussed. In contrast to that of the carbon-based electrodes the
reactivity of gold and platinum with sulphur may lead to the formation of
semiconducting films of PtS and AuS, the ease of formation being given
by the thermodynamic free energy (AG) values. The calculated AG values
for the formation of PtS, PtS, and Aus from the data provided by Mills (67)

for a temperature of 450°C are given below:

- I+86 Kcal/mole

Pt(s) + éSz(g);zzze PtS(s) AG®

Pt(s) + Sz(g);:::f PtS,(s) AG® - 23,42 Kcal/mole

PtS(s) + ész(g);:::? PtSz(s) AG® = 5.56.Kcal/mole

Au(s) + 52.97 Kcal/mole

-+

éSz(g);::r+ AuS(qg) AG

The above values indicate that the formation of platimum sulphides may
readily occur and this is indeed substantiated from electrochemical studies
(177). The formation of AuS is however thermodynamically unfavourable
according to Mills (67); no solid gold sulphides have been reported in

the literature, although AuS species have been detected in mass spectroscopy
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studies. However it may be reasonable to suggest the formation of AuS

intermediates at an electrode surface during an electrochemical perturbation.
Prior to discussing the results in detail it is of interest to

comment upon the effect of a post-chemical dissolution reaction upon the

voltammetric response. There is strong evidence in the literature to

suggest that electrogenerated sulphur may react with the sulphide ion to

form electroactive polymeric sulphide species (170) according to the general

reaction scheme

n+1

Skylas and Welch, for example, have given some evidence for this reaction
in a PbCR,~KCL melt (189) as has Weaver in the LiC2-KCL melt (177) in
which sulphur itself is known to be insoluble (176). If a dissolution

reaction occurs then the following voltammetric behaviour may be expected:

(a) Qp > QC for the formation of the initial surface
sulphur (sulphide) film, and it may be afunction of
the sweep rate v, and the anodic switching»potentia]
E;. At high v, QC may tend to become equal to QA
if the dissolving species have insufficient time to
diffuse appreciably into the solution. At Tow sweep
rate however, QA will generally tend to be greater
than QC‘

(b) When QC/QA is measured as a function of E;, QC/QA =
in the double layer region or if the sulphur (sulphide)
film formed is virtually insoluble in the solution.
At intermediate potentials QC/QA <1 1if the film
formation is followed by a dissolution reaction.

(c) The formation of a soluble electroactive species

may result in additional reduction waves in the return
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scan. The chemical stability of these species
determines the scan rate at which the extra waves

may be observed.

However the predicted response of (a) and (b) above may also occur as
a result of the physical removal of the film by, for example, a physical

dissolution process.

Carbon
The cyclic voltammetric results for 52_ oxidation and reduction of

carbon-based electrodes has indicated a single main process to occur. At

low PbS concentrations the position on the potential axis was the same

as that obtained using the PbCzZ-KCQ melt and may therefore be attributed

to the same overall reaction, i.e.

2T, s+ 2

The absence of any additional reduction waves indicates that the sulphur
product does not back react with the 52— present in solution to form
reducible polysulphide species. This observation is in contrast to those
results obtained by Skylas and Welch (189) for the PbCe,-NaCg melt.

The results obtained show that the oxidation of 52- is diffusion-
controlled. This is substantiated from the linear Ig-v% plots (Fig. 5.24),
Tinear Ig-t-% chronoamperometric plots and, under galvanostatic conditions,

2 vs 1/1 plots, Figs.

by the applicability of Sand's equation, i.e. linear t
5.2.15 and 5.2.17. The more sensitive galvanostatic it vs i plots were
found to be linear (Figs. 5.2.16 and 5.2.18) with extrapolated zero
intercepts at both vitreous carbon and graphite electrodes thus inferring
the absence of any adsorption process, the presence of the Tatter being
manifested by a positive it intercept. The absence of any adsorption or

double layer effects under potentiostatic conditions is evidenced from

the plot of the anodic charge QA Vs v—% (Fig. 5.28) with an extrapolated
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zero intercept according to the equation (249):

A - Lt -3
¢ =KV T+ Qags * Qiam + Oy

where k' is a sweep rate independent constant.

However, a consideratfon of the voltammetric behaviour upon
increasing scan rate and in particular as the bulk PbS concentration was
increased shows both the oxidation and reduction waves to become extended
(Fig. 6.2.2). A shift and flattening effect upon the cyclic voltammetric
response with increasing scan rate may occur as a result of a solution
ohmic drop. As a consequence of the latter neither the true peak potential

E nor the true potential sweep rate v are the same as that

p’true true

applied to the cell, i.e.

Ep,true = BE- IRy

and ‘ -

= R, (d1/dt)

Vtrue

where I is the total current flowing and R the resistance of the solution.
The sweep rate dependency upon the voltammetric response of a charge

transfer reaction with uncompensated resistance leads to a linear Ep Vs

2nv dependency (250).
The voltammetric results obtained in this present study show that

both the peak anodic current I;, the peak anodic potential ES and the
half-peak width are linearly dependent upon vé.

} relation may be used

Although as was mentioned above the I; VS v
as a criterion for diffusion control, other mechanisms may give the
same dependency. Thus, for example, film formation and growth under Tow
fie]d conditions limited by ion migration through the film results in the
relation

. (2nEyE 2

Vi

\Y
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However, considering the further v° dependency of the potential functions
Eg (Fig. 6.2.9) and Ep - Ep/2 (Fig. 6.2.10), the electron transfer reaction
cannot be considered as simple reversible or irreversible processes. For
the former mechanism Eg is independent of v and for the latter case Eg is

dependent upon 2nv (19). In both cases Ep - Ep/2 is constant.

The only mechanism known to the author which theoretically predicts
the observed behaviour is that for film formation under ohmic resistance
control (251). The theoretical analysis derived and experimentally
substantiated by Calandra et al (251) assumes a Mueller type passivity model
in which two types of layer growth occur. Initially a solid layer of
low conductivity forms at constant thickness and extends across the electrode
surface until only small pores in the layer remain; the film subsequently
thickens with a constant pore area. Thus the insoluble film starts to
crysta]lige out at certain points and extends outwards over the é]ectrode
surface as a layer of uniform thickness §. The resistance of the pores R'
threading the layer is given by:

RU = 8
koA, (1-6)
where kS is the specific conductivity of the electrolyte solution in the

pore, AO the electrode area and & the surface coverage. The current flowing

as a result of an applied potential, E, is given by:

E = I(R' + Ro)

where RO is the resistance of the cell without film formation, thus

Ry + ———
kSAO(l-e)

If one next considers the simple fast electrode reaction
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involving the formation of an insoluble species X of low electrical
conductivity on the electrode surface, then when a potential sweep,
i.e. v = dE/dT is applied both E and 8 change with time. If it is

assumed that § is sweep rate independent then the current is given by the

equation:
nFykA0 3 }
Ip = (-'—M——) (1 "6p)\)
and
kA M
o= R+ —S 7 (—2p)? (16
P k Ay(1-6)) nFYs P

The voltammetric results are in reasonable agreement with the above
equations, although no current intercepts are predicted. Howerver it is
“known that positive current intercepts may occur as a result of a ghemical
(nucleation process) in the absence of a change in potential with time (252),

3

some supportive evidence of linear Ip -v® relations with positive intercepts
has been given by Conway et al (253) for the formation of Ag0 and Ag,0 porous
films.

In general the mechanism for the spreading of an insoluble layer

over the electrode surface may involve three fundamental steps:

(1) Electrochemical reaction at the uncovered metal surface
to form an adsorbed oxidised species.

(2) Surface diffusion of this to the periphery of a spreading
insoluble patch.

(3) Incorporation into the spreading patch.

If the first step is rate controlling then the rate is proportional to the:
uncovered area, but if the last step is rate controlling then the rate is
proportional to the length of the edge of the growing patch. A transient

peak is expected in the potentiostatic response but not in the galvanostatic
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response. Surface diffusion control relates to the average distance
between a discharge site and the edge of a patch and no transient peak
is predicted (254).

The galvanostatic and potentiostatic transients obtained in the
present study did not show any evidence of any peaks. This is particularly
true of the I-t transients although many experiments were conducted in an
attempt to find typical nucleation and growth transients. On the whole
typical diffusion control potentiostatic and galvanostatic plots were
obtained thus indicating,on the basis of the above points, either electron
transfer or surface diffusion but not lattice incorporation to be the
rate determining step. Some of the I-t transients obtained, particularly
those at high PbS contents and high overpotentials were found to be virtually
constant after the initial current decay due to the double layer charging
and this would be more consistent with the Mueller passivity type of mechanism.

Further evidence for the formation of an insulating sulphur film
was obtained from the very slow potentiodynamic scans. The resultant I-E
curve (Fig. 6.2.12) exhibits the classical shape expected for the formation
of an insulating film such as may be obtained in corrosion studies for
example. The current for the process continues to increase until the
surface coverage, 9, of the insulating product equals unity. Thus the
electrode surface is blocked to further electron transfer and hence the
current decreases to very low levels. The kinetic theory of inhibition
and passivation in electrochemical reactions has been given in depth by
Gilroy and Conway (255). The shift in the reduction peak potential towards
more cathodic potentials may also be related to the reduction of an
insoluble insulating film (251).

The reduction I-t transients obtained (Fig. 6.2.13) are very
unusual. The current transients do not exhibit any peak as may occur for

the reduction of, for example, silver oxides (252), nor do they show any
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significant diffusion contribution. The curves show (Fig. 6.2.13) an
initially large current which remains virtually constant with time before
rapidly falling to zero, the time at which the current decays being
dependent upon the anodic charge. Similar curves for the reduction of
sulphur at a vitreous carbon electrode in a Pbsz-KCQ melt have been
obtained by du Guibert et al (191) and, indeed, have been substantiated by
this work (see Chapter 5). The former authors found similar curves to be
obtained upon the oxidation of a reduced Ni film in the same electrolyte (197).
The low charge ratios of the voltammetric reduction to oxidation
process, i.e. QC/AA <1 (Fig. 6.2.7), clearly indicates that some of the
sulphur product is being removed prior to reduction. The absence of any
additional voltammetric reduction peaks suggests that the formation of stable,
reducible polysulphide species is not occurring. However, sulphur has been
shown to be quite soluble in this melt within the temperature ranjé'u420-

4 mole S/cm3, see Chapter 7. It

500°C with solubility values of 1-10 x 10
is further known that sulphur exhibits a very high vapour pressure at these
temperatures, thus the low charge ratios, i.e. charge efficiencies, may be
explained in terms of either sulphur dissolving into the melt or loss through
vapourisation. At low scan rates both of these mechanisms will contribute to
the small QC/QA and Ig/I; values. As the scan rate is increased the
effectiveness of these two processes becomes smaller. Similar plots to those
obtained have been determined for the formation of an insoluble film followed
by a chemical dissolution reaction (253). A value of QC/Qa =1 will only be
obtained if the sulphur film is virtually insoluble in the melt.

The galvanostatic transient obtained as a result of low applied
current densities revealed some interesting detail. Thus at Tow temperatures
and PbS concentration a Tinear E-t region may be observed prior to the main
oxidation transition wave (Fig. 6.2.19). The presence of the constant dE/dt

region was clearly demonstrated to be dependent upon the initial condition
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of the electrode surface (Fig. 6.2.21). It is tentatively suggested

that this phenomenon is related to an initial nucleation stage. Nucleation
and growth phenomenon are well known to be highly sensitive to the condition
of the electrodes substrate and that surface microroughness and the presence
of any adsorbed species may alter the electrochemical response. It is
interesting to note that the constant dE/dt transients were only observed

at the very smooth vitreous carbon electrode rather than on the rough
graphite one. The energy required to form nuclei will be much greater on the
former electrode and indeed fewer nucleation sites would be available. If
the constant dE/dt transition could be attributed to a surface phenomenon
then it may be analysed according to a pseudo-capacitance model, i.e.

CS = i/[dE/dt], a constant CS value would, for example, be expected for a
pure coulombic, i.e. adsorption type process. However it was shown

(Fig. 6.2.20) that the value of CS decreases with increasing current

desntiy and that it was to some extent concentration dependent. A similar
decrease in Cs with increasing current density has been obtained for the
nucleation of oxide films upon bismuth in aqueous solutions (254). No
physical reason for this decrease can be made.

The state of an electrode surface may be conveniently examined by
open-circuit decay E-t transients after galvanostatic charging (256). The
results obtained in this study show two distinct types of behaviour
(Fig. 6.2.23). For a given current density, at low overpotentials, a normal
exponential decrease in EO.C with t occurs (Fig. 6.2.24). Analysis of the
transients shows linear EOC (fall) vs log tdecay plots which conform to the

equation (257):
E = K+ b log (t +pg)

where K and b are constants and 6 is an adjustable parameter. The slope

of the dE/dlog t plot being approximately linearly dependent upon the

decay
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initial potential, i.e. E at t 0 (Fig. 6.2.25). However as the

decay ~
overpotential is increased to beyond 0.4V (w.r.t Ag+/Ag), upon switching
the current off a sudden drop in potential occurs in a typical resistance
mode, the extent of the voltage drop being dependent upon the anodic charge
Qa which hence may infer the existence of a surface film. Subsequently a
linear dEoc/dt region is observed (Fig. 6.2.23), both the time and the
value of the slope over which this region extends being dependent upon
either the overpotential or the charge passed. Finally the open-circuit

potential decays with log t To the author's knowledge only two types

decay’
of surface phenomenon may give rise to a constant dEOC/dt Region.

(1) As a consequence of an adsorbed species via a
Temkin type isotherm (258).
(2) As a result of the dissolution of a porous film (259).

The high overpotential and charge passed infer that process (1) above

is unlikely, the constant dEOC/dt region would therefore be consistent with
the idea of the formation of a porous sulphur film followed by a physical
dissolution process. Similar open-circuit plots have been obtained for the

dissolution of porous oxide films of AL (260) and Zn (261).

Platinum and Gold

The voltammetric behaviour for the oxidation of 52- at Au and Pt
electrodes has clearly shown the presence of two anodic processes which may
be resolved at low PbS concentrations and low temperatures. The observed
response at these two electrodes is quite different to those obtained at
carbon-based substrates. The nature of process A, i.e. the pre-wave was
found to be dependent upon the electrode substrate. The high reactivity
of Pt and Au with sulphur to form the metal sulphides .together with the
observed difference in the voltammetric response on these substrates may

infer a nucleation and growth of a metal sulphide film prior to the main
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sulphide oxidation process. Indeed it is known that anodic peaks are
formed as a result of the process of spreading of, for example, oxide
nuclei to cover the electrode surface (262). The existence of multiple
peaks may be interpreted as the nucleation and spreading of successive
layers (263). A simplified view of the latter model should result in the
charge in each peak corresponding to a monolayer charge. A consideration
of simple nucleation theory shows that the formation of a film or indeed
of a monolayer will occur at less negative potentials than that of the
equilibrium potential for the main redox reaction.

However, before discussing the results in detail it is worth noting
that several alternative mechanisms may be invoked to explain the existence
of the two oxidation waves. The first and most obvious mechanism involves
a consecutive electron transfer reaction which may be represented by the

-t

general scheme:

L . A(x+1)- ‘e

A(X+])______

<

A+e

The above mechanism would be expected to occur at all bulk PbS concentrations
and to yield a constant peak current ratio, this being dependent upon the
ratio of the number of electrons involved in each reaction (19). Furthermore
the voltammetric response should be virtually independent of the electrode
substrate. The above mechanism is not in accord with the results obtained.

A second mechanism which may be invoked involves the presence of two
anodically active species in solution. The general reaction scheme describes

the system:

A == A + xe E;

Y™

.

> B + ye E2
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Two situations may arise to give the above scheme. First, one of the
two electron transfer reactions may result from the presence of an
electroactive impurity species. However no ‘common‘ anionic impurity
species was found to correspond to process A (see Chapter 9) and furthermore
it is unlikely that the resultant voltammetric wave would be so dependent
upon the nature of the electrode substrate. The second situation may arise
from the presence of two anodically active sulphur species. An equilibrium
between the two species corresponding to a redox reaction and thus a poised
open-circuit potential would result at an inert electrode. The addition of
Na25 containing sulphur aszgn impurity to a LiCg-KCe solvent resulted in
the redox reaction 252;=::=: Sg_ (177). No poised open-circuit potentials
were measured during these investigations, thus the above mechanism does not
operate in the present system.

The more anodic of the two oxidation processes occurs at fhe same
potential and exhibits, in general, the same voltammetric morphology on both
electrodes and indeed compares well with the result obtained at the carbon-
based electrodes. Thus process B must correspond to the same oxidation/
reduction process and is attributed to the formation of sulphur. The
morphology of the voltammetric I-E curve for process B and the Ig/lg > 1
values signify the mechanism to be one of the deposition and stripping of
an insoluble product. The oxidation process at both electrodes was shown
to be dfffusion-contro]]ed by the Tinear I; Vs v% plots (Figs. 6.3.2 and
6.4.2), the Tinear I vs t—;‘e (Fig. 6.4.31) and the linear chronopotentiometric
Sand's plots, i.e. ré vs 1/ (Fig. 6.4.34). The latter results did not
reveal the presence of any associated coulombic processes, i.e. adsorption
which yields positive it ihtercepts (42). The decrease in the current
parameter Ig/vé with increasing sweep rate particularly in the Tow sweep rate
region may be diagnostic of a following chemical reaction. The low charge
ratios measured and the trend in the current ratio IE/IS with increasing

sweep rate would initially support the above hypothesis. However, as
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mentioned in the above discussion section for the carbon electrodes,
sulphur exhibits a relatively high solubility in this melt and indeed has
a high vapour presence. Thus at Tow sweep rates both processes act to
remove the sulphur product and hence a very low current and charge ratio
is obtained. As the sweep rate is increased further the two ‘dissolution’
mechanisms become less important and the charge ratio should tend to unity.
The effect of increasing the anodic switching potential Ei
(Figs. 6.3.10 and 6.4.18),shows that sulphur deposition does not substantially
occur until a potential very close to the 2 value is reached. As E2 is

P A

2 then a greater amount of sulphur is deposited and

P
presumably a greater degree of polymerisation occurs. At the gold electrode

increased beyond E

it is clear from Fig. 6.3.10 that the potential at which film reduction
commences is independent of the amount of deposited sulphur. However the

potential at which the stripping of the deposit is completed is dépendent

a
A

(Figs. 6.3.10 and 6.4.18). The peak potentials for both the oxidation Eg

upon E; and hence Q% and indeed shifts towards more cathodic potentials,

and reduction E; processes remain constant with increasing sweep rate over
the range 0.02-0.4 V/s. The small peak separation and the constancy of E;
with sweep rate indicate the process to be highly reversible. The shift in
peak potential with the bulk concentration for an insoluble product is

given by the equation (264):

RT
nF

- ; RT
E, = Ey - 2.303 1 Tog(xpCp) + 1.1

The various potentials measured, both for process A and B at béth electrodes
are in accord with the above relation (Figs. 6.3.6 and 6.4.4) and indeed
the sTopes for each of the potentials are approximately the same at 0.06-
0.07V. A value of 0.069V for a 2-electron process is predicted at 417°C.

Thus the number of electrons involved in each process is two.
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Consider now the electrochemical behaviour of the pre-wave
or process A.

At the gold electrode the cyclic voltammetry shows that no reverse
wave is associated with this oxidation wave (Fig. 6.3.7). The absence of
a reverse wave may be a consequence of the irreversibility of the electron
transfer reaction, however a predicted shift in the forward peak potential
(Eg) should be linear with increasing 2nv (19). The observed independence
of Eg of sweep rate does not substantiate an irreversibie electron transfer
mechanism. The absence of a reverse wave may be explained in terms of the
instability of the proposed AuS film. The peak current for process A was
found to be linearly dependent upon v%,(Figs. 6.3.8 and 6.4.10), and the
corresponding charge to be linearly dependent upon % (Fig. 6.3.9) both
criteria confirming diffusion control.

At the Pt electrode a well defined reduction peak was associated
with process A. The influence of increasing the surface coverage or ‘build-
up' of the proposed PtS film may be observed by increasing the forward Ei
potential through process A (Fig. 6.4.5). The increase in Ei causes the
whole of the reverse wave to shift towards more cathodic potentials, the

shift in Eg being linearly dependent upon E The effect of increasing

a
A"
scan rate clearly shows process A to be diffusion controlled according to

the linear Ig Vs v% plots (Fig. 6.4.10). This is further confirmed by the
chronoamperometric I-t"% results (Fig. 6.4.31). The peak potential exhibits
a slight shift with increasing sweep rate although this is within the
experimental precision. It is thus inferred that the reaction is quite
reversible. This is further substantiated by the small peak separation

value ~0.25V. It is notable that the ratio of the two peak currents for

this process I;/I; equals unity (as measured from i = 0). However the charge
ratio QC/Q$ is less than unity thus indicating that either (a) the reaction

product has been removed, or (b) that only a portion of the product is reduced.
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The Tlatter is supported by the combined constant potential electrolysis
and cyclic voltammetric wave form studies (Fig. 6.4.13 and Table 6.4.6).
The reduction process also exhibits diffusion controlied behaviour.

The discussion of the results for process A has thus far indicated
that the process is diffusion controlled and in no case is a linear relation
corresponding to a direct reduction or formation of a monolayer indicated
(265). The charge values for the formation of the presumed sulphide film
are much in excess of the value for a monolayer 700 uC/cm2 (177), as found
in most other galvanostatic and controlled-potential investigations (266).

} relations may

Thus if a crystalline film of PtS is formed then the Ip -V
infer that solid state diffusion controls both the growth and reduction of
the PtS phase under potentiostatic conditions. The presence of solid-state

diffusion may be inferred from the independence of I values of stirring

p

rate. In the case of monolayer formation and reduction, the curreﬁt peaks

are predicted to be Tinearly dependent upon v, corresponding to a constant

adsorption pseudo-capacitance, C_, at a given potential (i = CS dv/dt).

The peak arises in such cases simply because 1in the positive direction the

surface is eventually blocked by the species being electrochemically adsorbed,

while in the negative direction the rate of monolayer reduction initially

increases due to the increasingly negative potential but the reduction

current must eventually fall with continuing increase of potential as the

surface layer is consumed. In the case of Pt and possibly Au sulphides

further electrochemical reaction may occur because of the semiconducting

properties of the metal sulphides, thus the surface does not become blocked.
The effect of process B upon the reduction process may be clearly

observed by increasing Ei beyond the peak potential for process A (Fig. 6.4.18).

It is noted that the reduction of process A increases with increasing anodic

charge thus indicating that the film continues to thicken as further sulphur

is deposited on the electrode.
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As further sulphur is deposited the potential at which the main
reduction process occurs shifts towards more positive values and reaches
a constant value of 0.41V. Both the peak reduction potential and the
potential at which reduction is complete shift toWards more cathodic
potentials.

The interrelation between the two processes may be observed by

a
A

The gradually increasing value of Q%/Q?

employing a switching potential E. > Eg/B) and examining the effect of

increasing sweep rate and Ei.
with increasing sweep rate suggests that a greater proportion of the total
anodic charge is captured upon reversing the scan, however the charge
ratio remains quite low, i.e. < 0.5. Fig. 6.4.22 shows that the main
reduction wave for sulphur on Pt does not exhibit diffusion control although
a greater degree of linearity (Ig ' vé) occurs as E; is increased. The
ratio of the two cathodic peak currents shows that no simple relation between
the two exisfs, i.e. I;(A)/IS(B) # constant v. (Fig. 6.4.23). As the

3 the IE(A)/I;(B)
ratio decreases (Fig. 6.4.23), thus indicating that the reduction procss A

amount of anodic charge is increased via an increase in E

is not significantly enhanced by the sulphur product. The relative cathodic
charge ratios show a similar trend (Fig. 6.2.24).

Both the two anodic peaks and the reduction peak current for process B
exhibit diffusion control over the temperature range 417-530°C (Figs. 6.4.25
and 6.4.26). A plot of Tlog Ip vs 1/T K shows that an Arrhenius type relation
is obeyed by the two oxidation waves but not by the cathodic wave (Fig. 6.4.28).
The relation between the respective charges for processes A and B with
increasing temperature (Fig. 6.4.29) shows that the total anodic charge
increases in an exponential manner with increasing temperature and that
the charge for sulphur deposition follows a similar trend. The charge for
process A shows a very slight increase with increasing temperature. The

decrease in the cathodic charge clearly shows that as the temperature is



-274-
increased the amount of reducible product at the electrode or within
the diffusion layer decreases. This must be attributed to the physical
removal of the sulphur product.

The I-t transients obtained at both Pt and Au electrodes always
exhibited diffusion control and under no circumstances‘z:getypica1 nucleation
and growth transients obtained (262). Thus if one infers PtS formation
then on the basis of the general mechanisms outlined on page 263 then
either electron transfer or surface diffusion but not lattice incorporation

is the rate determining step.
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CHAPTER 7

THE ELECTROCHEMISTRY OF DISSOLVED SULPHUR GAS

IN THE PbC2, - KCf - NaCg EUTECTIC MELT

7.1 Introduction

A knowledge of the solubility and resultant electrochemistry of
sulphur gas in lead chloride-based melts is an obvious pre-requisite to a
fuller understanding of the oxidation and subsequent reduction of the
sulphide jon in these melts.

Initial attempts were made to repeat the work of Skyllas and Welch
who estimated the solubility of sulphur in PbS-PbClZ-NaCQ melts by the
addition of sulphur pellets. The addition of sulphur pellets to either

pure PbCR,-KCL or PbCzZ-KCQ-NaCZ melts with and without additions-of PbS

2
over the temperature range 417-440°C were not successful. Considerable
vapourisation of the sulphur occurred resulting in the rapid attack of all
metallic components of the cell. Even after arranging for suitable
protection from the sulphur the solutions were not stable for sufficient
time in which to gather electrochemical information.

The experimental technique adopted was to use a small entirely
enclosed cell situated in the hot zone of the furnace in which a separate
beaker held a quantity of liquid sulphur, see section 4.1.3. Consequently
thé only sulphur in contact with the melt was as a direct result of the
sulphur vapour pressure. The system may be represented by:

S = 3§ = 15
(2) 2(g) 2(9)(1'n solution)

The vapour pressure of the sulphur may only be changed by a
corresponding increase in temperature of the cell. The melt employed was

the PbCQz—KCQ-Nacz ternary eutectic melt; a sealed planar vitreous carbon
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working electrode was used.

7.2 Results

The PbC22~KC2-NaC2 salt was initially melted at 414°C after which
a period of two hours was allowed for equilibrium to be attained prior to
initiating electrochemical measurements. During the slow &nd very careful
melting period, the brown sulphur liquid pool was clearly observed. Brown
gaseous sulphur could also be seen to be permeating the solid salt. Once
molten the melt was a dark brown colour rather than the intense yellow
colour of the pure PbCZZ-based melts.

Unfortunately the design of the cell does not allow for an initial
voltammetric evaluation of the melt purity. However melt from the same
'batch' as that used in this experiment was found to be of acceptable electro-

“chemical purity. Thus one may be confident that the melt employed-was free
of electroactive impurities.

An initial voltammogram obtained at the vitreous carbon electrode
after the two hour equilibrium period is shown in Fig. 7.1. A single
reduction wave with a peak potential of 0.3V was observed with a corresponding
oxidation wave at 0.45V. No further reduction processes were observed up
to the Timiting Pb2+ reduction potential. The voltammetric response was
found to be highly variable as a consequence of this and also from the fact
that the sulphur gas penetrated the voids in the solid eutectic powder prior
to melting. Therefore the system was allowed to equilibriate for a further
18 hours. A considerable improvement in the reproducibility of the
voltammograms resulted. Fig. 7.2 shows a series of voltammograms obtained
indicating the typical reproducibility of the system. The I-E curves were
recorded at 5 minute intervals. Fig. 7.3 shows that upon cycling the
reduction peak current decreases and the peak potential shifts towards

more positive potentials. The anodic response was very reproducible.
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Fig. 7.1:

An initial voltammogram obtained for the reduction
2-KCQ-NaC£ ternary

eutectic melt at 414°C. Electrode: vitreous carbon;

area = 0.0855 cm2.

of dissolved sulphur gas in a PbCQ

I/mA
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fig. 7.2: A series of typical sweep voltammogram detailed for the reduction and oxidation of dissolved sulphur

gas at a vitreous carbon electrode.

Voltammogram 1 obtained after 2 hours equilibrium at temperature;

subsequent I-E curves were abtained after 3 minute intervals.
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Fig. 7.3: Effect of scan rate on the voltammetric behavioyr of dissolved sulphur
in the Pngz-KCQ-NaCQ eutectic. The effect of continuous cycling
is also shown. T = 414°C.

-6L¢-



-280-

The results of increasing scan rate at a temperature of 414°C are
shown in Fig. 7.3 and Table 7.1 in which the results of voltammograms Nos.
1 and 5 and cycles 1 and 5 have been analysed. Clearly as a consequence
of the irreproducibility of the response care must obviously be.exercised

as to which I-E curves are to be analysed. The first voltammogram and
cycle No. 1 should directly represent the concentration of sulphur in the
melt, however it was this cycle which was the least reproducible. The fifth
voltammogram was found to be the most reproducible.

Fig. 7.4 shows the cathodic peak current Ig to increase with sweep
rate and although there exists a considerable scatter in the results and

3

Randles-Sevcik IS vs v® relation may be discerned at the higher scan rates.

P
Table 7.2 shows the effect of increasing temperature upon the

cyclic voltammetric parameters. Fig. 7.5 shows the results of the 5th
c
p

with increasing 1/T°K. However upon increasing the cell temperature a

¢

corresponding change in partial pressure of sulphur occurs and hence the

voltammogram in which the peak current I  decreases approximate]y'ﬁinearly

concentration of dissolved sulphur changes. Fig. 7.6 shows the relation

between IICJTé and Pé . The latter was calculated from the formula obtained
2

by Baker [53], i.e.

log Pg (atm) = 6.00282 - 31584.42T7 - 2.23934 x 10737

2
+ 1.14662 x 107872

Clearly the peak current is not quite linearly dependent upon the Pé .

Tables 7.3 and 7.4 show the calculated values of the concentration o?
gaseous sulphur dissolved in the melt as a function of increasing
temperature. The values were calculated from the Randles-Sevcik equation
for a soluble reactant and‘product assuming n = 2 and a value for the

diffusion coefficient. Table 7.3 assumes DS =D o- and a value of
S
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TABLE 7.1

The effect of sweep rate upon the voltammetric parameters for the reduction and

oxidation of dissolved sulphur in the PbC12-KCl-NaCl eutectic melt at 414°C.

Voltammogram 1
Cycle 1 Cycle 5
I
v o€ | 1p%e0pS | EpS [Ep® EpC-Emd 1p¢|1p%/1p%| B0 | Ep® |EpC-g£ps2?
v/s mA y* ' mv mA v v* my
0.05¢{ 5.0 0.724 0.05 {0.23| 50 5.0 0.60 |0.13} 0.23 50
0.1 8.4 0.61 0.11510.22| 100 }6.6]| 0.69 {0.11] 0.21 60
0.151 6.1 0.73 0.11510.25| 70 4.71 0.77 ]0.15} 0.25 40
0.2 6.5 0,75 0.1 0.25| 65 4.6 0.75 | 0.15] 0.25 40
0.3 8.6 0.76 0.1 0.25) 80 5.74 0.76 |0.14] 0.25 60
0.4 | 1.2 0.76 0.1 0.25( 80 7.1 0.74 [0.14] 0.25 40
Voltammogram 5
0.05| 5.5 0.52 0.14 }10.25{ 50 4.5| 0.65 {0.14 | 0.25 50
0.1 7.1 0.57 0.12 {0.24| 60 5.8{ 0.60 [0.15{ 0.24 50
0.151 5.5 0.68 0.13 }|0.25| 60 4.1 0.78 |0.16} 0.25 50
0.2 6.2 0.72 0.13 |0.25| 60 4.4 0.80 |0.15{ 0.25 60
0.3 8.0 0.73 0.12 ]0.25] 65 5.5] 0.77 J0.15] 0.25 55
0.4 9.3 0.76 0.11 (0.25( 80 6.41 0.74 [0.14{ 0.25 60

+ The first voltammogram recorded

* E/v w.r.t. AgT/Ag
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TABLE 7.2

The effect of increasing temperature and hence ps, upon the voltammetric parameter

for the reduction of gaseous sulphur in the PbC12-KCl-NaCl melt at a sweep rate of

0.lv/s. Electrode = vitreous carbon ; Area = 0.0855 cmz.
Voltammogram 1
Cycle 1 Cycle 5
T oes, | 105 |1p%1p¢ | EP° £pd Epji 1p¢ |1p%/1p%EpS | Ep? |Ep*Ep/2
p

% atm mA v v mv | mA v v mv
716 0.957 5.8 0.61 0.17 0.29 60 | 5.0 | 0.67 ]0.18 | 0.29] 50
737 1.2934| 6.6 0.64 0.22 0.35 60 | 6.2 | 0.66 [0.22 | 0.35} 70
753 1.6091| 11.25 | 0.56 0.2 0.36 70 {13.0 { 0.49 (0.2 0.36{ 70
772 2.063 | 13.0 0.49 0.22 0.37 70 [14.5 1 0.52 }0.2 0.37] 70

Voltammogram §
716 0.957 6.5 0.63 0.15 0.25 70 { 5.3 | 0.72 |[0.17 | 0.25] S0
737 1.29341 8.7 0.57 0.21 0.35 70 1 8.0 | 0.60 |0.21 | 0.35{ 60
753 1.6091{ 14.25 | 0.50 0.19 0.34 80 (13.75( 0.51 0.19 | 0.34] 75
772 2.063 | 25.5 - 0.14 0.36 100]22.0 - 0.18 | 0.36] 80
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| | | | |
1.0 1.1 1.2 1.3 ' 14 1.5
PS1£2 /afm1/2
Fig. 7.6: The effect of increasing the partial pressure of

sulphur gas upon the peak current for sulphur
reduction.
Electrode = vitreous carbon; area = 0.0855 cm2;

solvent = PszL2 - KCe- NaCg.

0 Voltammogram 1, Cycle 1
8 Voltammogram 5, Cycle 5
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TABLE 7.3

Calculated values of the solubility of gaseous sulphur in the PbC]Z-KU-NaC]

ternary melt as a function of temperature. Assuming n = 2 and D = 3 x 10'6cm2/5.

Voltammogram 1 Voltammogram 5
%
Cycle 1 Cycle 5 Cycle 1 Cycle 5
bone 2.9 x 107 | 2,150 x 1070 | 2,795 x 107 [ 2.279 x 107
1
E 737 | 2.879 x 1074 | 2.705 x 107% | 3.796 x 1070 | 3.490 x 107
| 753 |a.961 x 107 | 5.7327 x 107%] 6.284 x 10°* | 6.063 x 107°
|
[ 72 | 5.805 x 107 | 6.470 x 107 11,386 x 107* | 9.823 x 107°
|
|
TABLE 7.4

Calculated values of the solubility of gaseous sulphur in the PbCIZ-KCI-NaCI

ternary melt as a function of temperature. Assuming n =2 and D = 2 x 10'5cm2/s.

Voltammogram 1 Voltammogram 5
1%

Cycle 1 Cycle 5 Cycle 1 Cycle 5
-5 -5 -4 -5

716 9.659 x 10 8.327 x 10™° | 1.0825 x 10°% | 8.827 x 10
737 1.5 x 1074 | 1,048 x 107% | 1.469 x 107% | 1.352 x 107¢
753 1,921 x 1074 | 2.223 x 107* | 2.4337 x 107% | 2.3a8 x 107¢
772 2.2481 x 107 | 2.5075 x 107* [ 4.441 x 107% {3.804 x 107
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Fig. 7.7: An I-t transient obtained for the reduction of dissolved sulphur

gas at a vitreous carbon electrode showing typical ‘diffusion
control' behaviour. T = 414°C.
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5]
o= Tr-a, 5535
A plot of I vs t'% for the reduction of dissolved
sulphur in the PbCRZ-KCQ-NaCQ ternary eutectic
melt at 414°C.

Electrode: vitreous carbon; area = 0.0855 cm2.
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3 x 10_6 cmz/S was used whereas Table 7.4 employs a more reasonable

5 cm2/S value for molten salt systems. The results show that

D=2x10
the concentration of dissolved sulphur increases with increasing
temperature and hence P ? with values of the order of 2 - 9 x 10_4 mole
S/cm3 assuming D = 3 x ?0_6 cm2/S over the temperature range 716-772°K.
A typical I-t transient obtained for the reduction of sulphur is
shown in Fig. 7.7. The current decays linearly with t-é as would be

expected for a diffusion-controlled process (Fig. 7.8).

7.3 Discussion

The voltammetric examination of the molten Pbczz-Kcz—NaCR salt
containing dissolved sulphur gas clearly indicated a single reduction wave
up to the limiting Pb2+reduction potential. The reduction process may be
directly attributed to the electroreduction of sulphur. The results obtained
further support the evidence of the single reduction wave obtained for
electrochemically formed suiphur obtained during the oxidation of PbS-
containing solutions, see Chapters 5 and 6. The overall evidence obtained
from these studies suggests that the 52_ jon is much more stable in Pbczz—
based melts than in the LiC2-KCg eutectic melt where further reduction to
form polysulphide ions occurs, see Chapter 8. An attempt to ascertain the
reduction mechanism via the cyclic voltammetric technique was not successful
due to the relative irreproducibility of the response. This variance may
be attributed to the difficulty which the sulphur solute species has to
re-establish the original equilibrium concentration profile after the
voltammetric perturbation. However from the very roughly linear increase

3

in peak current with increasing v° a diffusion-controlled process may be
inferred. This is more reliably confirmed from the linear I-t-% plot.

The primary objective of this experiment was to obtain a measure
of the saturation solubility of sulphur gas in Pbczz-based melt and further

to determine the influence of the partial pressure of the gas phase.
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Previous workers [190] estimated the saturation solubility of sulphur

4 mote s/cm® in a PbS-PbCL-NaCa (2.4 x 1073 mole PbS/cm)

5

to be 2.3 x 10°
melt at 430°C and 5.4 x 10 ° mole S/cm3 inal.2x 10-3 mole PbS/cm3 solution.
These authors found that upon adding sulphur pellets to the PbS—PbCQZ—
NaC% solution a further additional reduction transition time was observed
at a vitreous carbon electrode which was directly attributed to the reduction
of sulphur. The saturation solubility was computed from the maximum transition
time t which was obtained upon continuous addition of sulphur. However
the technique of adding sulphur pellets via a capillary tube even at a
temperature of 430°C leads to the continuous vapourisation of sulphur from
the melt. It is, therefore, unlikely that a true saturation solubility of
sulphur can be obtained using this procedure.

In any explicit evaluation of gas solubility in a melt both the
partial pressure of the gas phase and temperature must be 1nc1ude5. The
techniques and experimental arrangement required to vary the partial pressure
of sulphur at any particular temperature has been fully analysed and perfected
by the Flengas group [170]. However the apparatus required is very complex
and was not applied in this present study. The experimental technique

employed here relies upon the fact that the saturation pressure of gaseous

sulphur in the cell is fixed by the equilibrium reaction:

K
s(e) = 1 5,(q)
K = =-RT log Péz

The value of the equilibrium constant K and hence P 2 is dependent upon
the temperature of the system. The above equi]ibr?um reaction assumes

the gaseous sulphur species to be 52, although it is well know that an
equilibrium distribution of sulphur species (Sn, n = 2-8) occurs within the
gas phase, see Section 3.2.2. Thus the true pressure of sulphur may be

represented by:



The AG® functions for the equilibrium

7 S,(g) == s;(q)

have been given by Eriksson and Tegman [55]. However within the temperature
range employed in this experiment the S2 species is expected to be the
most dominant. Thus the dissolved sulphur gas consists primarily of the
Sy species although a distribution of other Sn (n = 3-8) is most Tikely.

Since an '‘all enclosed' cell design has been employed the results
obtained reflect a truer equilibrium and hence saturation condition. The
computed values of the saturation solubility of sulphur in the pure Pbczz-
KC2-NaC2 melt are slightly higher, but of the same magnitude to those obtained
by Skylas and Welch [1907 in Pbs~containing solutions. One would expect
a greater solubility in PbS melts since both a physical and chemical
dissolution mechanism is implied.

The increase in sulphur solubility with increasing P ? is shown
(Fig. 7.6) as a plot of I;Té Vs Pé . The value of I; is degendent upon
both temperature and concentrationzof solute species and is expressed through
the Randles Sercik equation, i.e.

0.42 n3/2F3/2y Vi
p R%Té

The peak current may be normalised with respect to temperature by plotting
the parameter IET%. The concentration CS may to a first approximation

be related to the partial pressure of sulphur gas by Henry's law, i.e.

C

3
H(T) P
S So

where H(T) is the Henrian constant.
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An approximately linear relation between ISTé Vs Pé was obtained for
the fifth cycle of the fifth voltammogram. A 1arge2discrepancy occurs
between the above relation and that for the initial cycle obtained at
each temperature. However, allowing for the relatively large scatter

3

obtained from the voltammograms a reasonably linear plot of ISTi Vs PSz was
obtained, thus confirming the principle of the cell design.

The computed values of CS are much higher than one would expect for
a ‘pure' physical dissolution mechanism. For example, the solubilities
of inert gases in alkali halides are of the order of 10-7 mo]es/cm3.
Reactive gases, i.e. exhibiting a chemical dissolution mechanism on the other
hand exhibit larger solubilities and a very wide range of values may be
obtained depending upon the system. Typical examples may be cited, e.g.
1.33 x 107 moles Cay/cm® in KC4 at 823°C to 12.80 x 10 °mole HF/cm® in

NaF (0.195) - ZrF, and of course chemical synthesis reactions may“occur,

4
e.g. TiCg,(g) + 2NaCe(g)==Na,TiCe. (s) [267].

A word of caution should, however, be added concerning the possibility
of an experimental artefact when using a cell of this design. Gaseous
solubility in molten salts may, as was outlined above, be described as
either 'chemical’ or physical and in some systems both types may be present
[267]. A physical solubility arises from the concept that the molten
salt structure contains voids or 'holes'. The measured solubilities of,
for example, inert etes in alkali halides are in good agreement with the
values predicted from ‘hole' theories [267] even though many assumptions
are made in the latter theories. The present experimental arrangement
used an initially powdered salt and there exists therefore a large voidage
fraction into which sulphur gas may permeate prior to the melting of the
salt. It is, therefore, feasible that excess sulphur gas may become physically

entrapped in the liquid salt and thus contribute to a higher CS value.

During the experiment some very gentle shaking of the cell and a prolonged
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zquilibrium time was sued in an attempt to eliminate, as far as possible,
the above condition. Obviously the effect of voidage may be eliminated

by the use of a solid mass of salt.
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CHAPTER 8

THE ELECTROCHEMISTRY OF POLYSULPHIDE

CONTAINING SOLUTIONS

8.1 Introduction

The aim of the work repor;ed here was to electrochemically characterise
PngZ-based melts containing various polysulphide ions, i.e. Sg_ (n = 2-6,8)
using the techniques of cyclic voltammetry and chronoamperometry. Sulphur is
known to chemically react with the sulphide ion to yield polysulphide ions

according to the general reaction:

s 4 D) 5 (g) = ¥ (n = 2-6,8)

< n

-

Indeed the above reaction is the basis for the synthesis of, for example,
alkali metal polysulphides. It is clear therefore that electrochemically
generated sulphur may back-react with the Szj-containing solution to yield
reducible polysulphide ions.

The polysulphides employed in this present study were those of

S

N Na,S, and Na255. The compounds were prepared by heating stoichiometric

32%2> N92%
quantities of dry NaZS and S according to the method of Tegman (58), see
section 4.6.

Initially pellets of the polysulphide compounds were added to the
purified PbCL,-KCg (77-23 m/o) eutecic at 460°C. Decomposition of all the
polysulphides uccurred immediately with the evolution of gaseous sulphur.

As a result the metal parts of the cell (i.e. electrode contacts) were
attacked and as a consequence the ‘run' was terminated. Further experiments
were undertaken using the PbCQZ-KCQ—NaCQ ternary eutectic melt, initially

at 440°C. Again the polysulphides decomposed yielding sulphur gas. However

adequate protection of the electrodes allowed some useful data to be
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collected. The 'runs' were again terminated after prolonged attack of
the metal parts by the sulphur gas.

Upon adding the polysulphides, dark precipitates were initially
formed and the solution within the vicinity of the particles became green
in colour. However upon prolonged Ar bubbling the green colouration
disappeared and the sulphur gas removed from the system. The collection of
electrochemical data was usually Timited to a 2 hour -period after the
complete removal of the sulphur gas.

The voltammetric response obtained at a vitreous carbon electrode was
exactly the same for all of the polysulphides added. Thus to avoid unnecessary
repetition only the results for the polysulphide Na254 will be given in
detail.

Cyclic voltammograms were obtained as a function of increasing sweep
rate (0.02 - 0.4 V/s) and polysulphide concentration, i.e. 1.496 x 1072 -
6.21 x 107 mole Na,S,/Kg; 5.69 x 107> - 1.76 x 107° mole Na,S,/Kg and

7.564 x 1073

- 3.10 x 10-2 mole NaZSS/Kg. A sealed planar vitreous carbon
electrode was used.

The measured open circuit potential of the inert electrode was found
to vary in a random manner after each polysulphide addition, thus indicating

the absence of any redox poising reactions in solution.

8.2 Results

8.2.1 Cyclic Voltammetry

Fig. 8.1 shows a typical voltammogram obtained at a vitreous carbon
electrode after the complete removal of sulphur gas from the solution. The
upper switching potential was limited to +0.6V wrt Ag+/Ag. The voltammogram

c1éar1y shows the presence of a single oxidation wave occurring at a peak

a
Y

E; = 0.33V. The morphology of the I-E curves are typical of that expected

potential of E_ = 0.4V. A single corresponding reduction wave occurs at

for the deposition and stripping of an insoluble product.
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7'=0.04 V/s ~1.67
<
=
—
- 0.83
L ] J
0.6 0 0 -02
E[Vwrt AgJA
0,63
-1.67
2.5
=3.33
=417
~=5.0

Fig. 8.1: A cyclic voltammogram obtained at a
vitreous carbon electrode in an initial
solution of NaZS4 in the P?EQZ-KCQ-NaCQ
melt. [Na254] = 1.26 x 10 ~ mole/Kg )
T = 440°C. Electrode area = 0.0855 cm .
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TABLE 8.1

The effect of increasing sweep rate upon the cyclic voltammetric
parameters for an initial 5.691 x 10-3 mole Na254/Kg in the
ternary PbC12-KC1-NaC] melt at 440°C. Electrode = vitreous

carbon; Area = 0.0855 cmz.

Y 1p? | 1p?/vE |1p€/1pY Ep° | Ep© AE  |Ep®-Ep/2
v/s mA v v v v
0.02 | 0.425| 3.01 |3.47 | 0.4 |0.335 | 0.065 | 0.05
0.04 | 0.575| 2.88 |3.22 |0.4 |0.330 | 0.06 |0.05
0.06 | 0.666| 2.72 |3.38 |0.4 |0.330 | 0.06 |0.05"
0.08 | 0.766| 2.71 |3.27 |0.4 |0.330 | 0.06 |0.05
0.10 | 0.833| 2.64 |3.28 |0.4 [0.335 | 0.065 |0.05
0.15 | 1.00 | 2.58 |3.19 |0.4 |0.330 | 0.06 |0.05
0.20 | 1.21 | 2.70 |3.01 |0.4 [0.330 | 0.06 |0.05
0.25 | 1.33 | 2.67 {2.98 |0.4 [0.330 | 0.06 |0.05
0.30 | 1.50 | 2.74 |2.84 |0.4 |0.330 | 0.06 |0.05
0.35 | 1.60 | 2.71 {2.81 0.4 |0.330 | 0.06 |0.05
0.40 | 1.75 | 2.77 |2.70 |o0.4 |0.325 | c.075 |0.05
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FIGURE HUMeER 8.3: A plot of IS vs Na,S  concentration for a sweep

274
rate of 0.1 V/s. Solvent = PbCQZ-KCQ-NaCQ;

temperature = 440°C; electrode = vitreous carbon;
area = 0.0855 cmz.
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The effect of increasing scan rate upon the voltammetric parameters
is given in Table 8.1 for an initial Na254 concentration of 5.691 x 10_3
mole/Kg. Fig. 8.2 shows the oxidation peak current to increase linearly with
increasing (sweep rate)é with zero current intercepts. The more sensitive
current function 13/\)1‘t remains virtually constant with increasing sweep rate
thus inferring the absence of any kinetic or chemical complication to the
electron transfer stop. The ratio of the reverse to forward peak currents,
i.e. IS/IS was found to be much greater than unity as calculated from the
modified Nicholson equation (18). The latter result confirms the oxidation
product to be of an insoluble nature. The peak potentials ES and E; remain
constant with increasing sweep rate with values of 0.4V and 0.33V respectively.
Thus the peak separation E = E2 - E¢ remains constant with increasing sweep

p P
rate as does the half peak width (Eg - Ep/2) with values of 70 mV and 50 mV

>

respectively.

The effect of increasing the initial Na254 concentration upon the
anodic peak current is shown in Fig. 8.3. The peak current I; increases
linearly with increasing Na254 concentration with an extrapolated zero

intercept.

8.2.2  Chronoamperometry

A typical I-t response as a result of a small (0.5s) constant potential
pulse is shown in Fig. 8.4, and the analysed results in Table 8.2. Fig. 8.5
clearly shows that the current 12 decreases linearly with decreasing t-%

and hence obeys the Cottrell equation, i.e.

3
a D
I = nFC (?t-)
3

The product It® remains constant throughout the current decay.
No peaks in the I-t transients were observed at any applied potential

which could be attributed to a nucleation and growth phenomenon.
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Fig. 8.4: A typical I-t response obtained at a vitreous carbon electrode for the oxidation of an initial
solution of 1.76 x 10-2 mole Na254/Kg. Solvent = PbCQZ—KCR-NaCQ. Temperature 440°C;

area = 0.0855 cm’; E = 0.45V wrt Ag’ /Ag.
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TABLE 8.2

The results obtained from an I-t transient for the oxidation
of an initial solution of 1.76 x 10'2 mole Nazsq/Kg at 440°C.
E = +0.4V wrt Ag+/Ag. Electrode = vitreous carbon;

Area = 0.0855 cm2.

1 £ 72 1t
mA (s) st mAs?
5.75 0.05 4.472 1.286
4.0 0.10 3.162 1.265
3.25 0.15 2.582 1.259
2.75 0.2 2.236 1.230
2.458 0.25 2.00 1.230
2.375 0.30 1.826 1.301
2.208 0.35 1.690 1.306
2.08 0.4 1.581 1.318
1.958 0.45 1.491 1.314
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applied potentials.

* E =0.28V wrt Ag'/A; + E = 0.3V; @ E = 0.35V.
[NayS,] = 1.76 x 107° mole/Kg; Solvent = PbCa,-KCi-
NaC%; electrode =
T = 440°C.

Typical I-t 2 diffusion plots obtained at various

vitreous carbon; area = 0.0855 cm2;
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8.3 Discussion

The results have shown that alkali metal polysulphides decompose
when added to Pbsz-based melts, the most probable reaction being:

NagS, =+ NapSigorny * D%l S,(9)

However the free energy values for the above reaction calculated from the
data given by Tegman (268) are quite positive, i.e. Na252 AGr =+ 41,3 Kd/mole,
Na254 AGr = +91.5 kd/mole and Na285 AGr = +101.9 KJ/mole at T = 723K.
The above decomposition reaction goes to completion because of the removal of
gaseous sulphur from the system.

The voltammetric response of the resultant solutions compares very
well with those obtained from PbS containing solutions at the same temperature,
thus inferring the presence of the 52_ ion. However a notable difference
between the two sets of I-E curves is the absence of a pre-wave on the present
voltammograms.  The general shape of the I-E curve suggests the deposition
and stripping of an insoluble product and is confirmed by the I;/I; > 1
values. The insoluble product is presumably S. The oxidation wave conforms
to the Randles Sevcik equation, i.e. Ig increasing linearly with both

3

increasing v° and concentration (both exhibit extrapolated zero current
intercepts) and this clearly shows the process to be diffusion-controlled.
Further confirmation is obtained from the I-t response and the Cottrell
equation.  The very small potential peak separation, i.e. E = 0.07V indicates
the electron transfer step to be highly reversible. The number of electrons
(n) involved in the oxidation process may be obtained from the half peak

width value, i.e. Ea - E

p p/2:
insoluble product (19):

Using the appropriate equation for an

a
-k = 0.77 RT
Ep b/2 /nF

an n =1 is obtained.
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The n value calculated by this means is clearly inconsistent with the

proposed mechanism

s2 . s+ 2
Unfortunately the n value was not confirmed by an exhaustive controlled
potential electrolysis.

The work of Cleaver et al (147 ) has similarly demonstrated the
decomposition of sodium polysulphides to occur when they were added to a
LiCR-KC2 eutectic melt at 420°C yielding sulphur gas. The same authors
concluded that NaZS was completely insoluble in the LiC2-KCL melt. However
Cleaver et al (147) found that the addition of Nazsz.2 led to stable solutions
for a sufficient period to allow the collection of voltammetric information.
The cyclic voltammograms obtained at a gold electrode revealed two oxidation
and reduction processes. The more anodic of the two oxidation waves was
demonstrated to be due to the deposition and stripping of insoluble sulphur,
The less anodic wave was determined to be a n = 1 process and by comparison
with their results obtained in the KSCN melt this was attributed to the
reaction:

2-

2———_355 + g

S

Both oxidation and reduction waves were found to be diffusion controlled and

5

aD=5.7x10 cm2/s was calculated for the disulphide ion.
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CHAPTER 9

IDENTIFICATION OF ANIONIC IMPURITIES IN

THE PbCg,-KCg EUTECTIC MELT

9.1 Introduction

During the electrochemical examination of PbS—PbCRZ-KCQ solutions a
pre-wave associated with the main SZ— oxidation wave was noted. It was
subsequently decided to determine if the presenée of the pre-wave could be
directly attributed to any anionic impurity species. The impurity compounds

studied were Pb0, Pb0O, and PbSO4 over the corresponding concentration, ranges

4 5 4

2

4.31 x 1072 - 1.90 x 10”4 mole PbO/cm3, 3.61 x 1077 - 1.74 x 10" mole

Pb02/6m3 and 5.29 x 10™° - 1.91 x 10~%

mole PbSO4/cm3 respectively. The
solvent melt was the PbC22~KC2 (77-23 m/o) eutectic at 450°C; a planar

vitreous carbon electrode was used.

9.2 Pb0 and Pb0, Solute

9.2.1 Results

Both Pb0 and PbO2 pellets were found to dissolve rapidly in the solvent,
A voltammetric examination of the resultant solutions showed the same response
for both types of solute species. Fig. 9.2.1 shows a typical I-E curve
obtained. A single oxidation wave with a peak potential of ~0.9V w.r.t.'Ag+/Ag
was observed and no corresponding reduction wave was obtained within the
available pdtentia] window of the solvent or within the range of scan-rates
employed (0.02-0.4 V/s). A precise electrochemical evaluation of the oxidation
process was hampered by the irreproducibility of the voltammetric response;
see for example Fig. 9.2.2. The influence of increasing scan rate is shown
in Fig. 9.2.3 and some approximate voltammetric parameters are given in

Table 9.2.1 below.
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Fig. 9.2.1:

A cyclic voltammogram for the oxidation of PbO in the

PbCQZ-KCR (77-23 m/o) melt at 450°C.
-k
[PbO] = 8.17 x 10~ mo]e’cm3; electrode = vitreous carbon;

area = 0.0855 cm2.
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I/mA

l | l 1 — 0
12 10 0.8 0.6 0.4 0.2 0
EIV wrt Ag'[Ag

Fig. 9.2.2: The influence of cycling on the voltammetric response
2= . .
for 0° oxidation.
[Pb0] = 1.90 x 107" mole/cm®. T = 450°C; solvent = PbCg,-

KCZ; electrode = vitreous carbon; area = 0.0855 cmz.

8
.
6
0.05 V/s <
=
=" =
0.02V/s
—{2
L I | ] 0

12 1.0 0.8 0.6 0.b 0.2 0
E/V wrt Ad/Ag

Fig. 9.2.3: The influence of increasing scan rate upon the oxidation
of 02_ at a vitreous carbon electrode.
[PbO] = 1.90 x 1074 mo]e/cm3; solvent = PbCQ
T = 450°C; area = 0.0855 cmz.

Z—KCQ;
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TABLE 9.2.2.

The influence of Pb0 and PbO2 concentration upon the voltammetric

parameters. Sweep rate = 0.1V/S. Electrode = Vitreous Carbon

Area = 0.0855 cm2

C mo]e/cm3 Ipa Epa Epa-Ep/Za
mA v mV
PbO 4.31 x 107> 1.3 1.05 300
PbO 8.17 x 107° 2.87 0.95 220

PbO 1.34 x 1074 4.08 0.90 210
PbO 1.90 x 107% 5.7 0.87 210
PbO, 3.61 x 107> | 0.3 0.94 240
PbO, 7.98 x 107 | 0.3 0.92 230
PbO, 1.27 x 10°* | 2.2 0.94 250
PbO, 1.74 x 107* | 3.9 0.935 250
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Table 9.2.1: The influence of increasing scan rate (V) upon the

oxidation of Pb0 in the PbCQz-KCQ (77-23 m/o) melt at
450°C. [Pb0O] = 1.9 x 1074 mo]e/cmB; electrode =

vitreous carbon; area = 0.0855 cmz.

a a a d a
v I Ip/"i ) E Ep " Bpre

V/s o mA V72 s v v
0.02 2.9 20.51 0.73 200
0.05 5.15 23.03 0.79 200
0.15 7.6 19.62 0.87 230
0.20 6.85 15.32 0.9 255
0.30 8.1 14.79 0.94 260

It is noted that the peak potential Eg shifts anodic with increasing
scan rate which possibly indicates an irreversible electron trans;er step.
The variation of the peak current value and the half-peak width may be due
to the irreproducibility of the voltammograms.

The influence of increasing solute concentration upon the voltammetric

parameters is given in Table 9.2.2 for a scan rate of 0.1 V/s. The results

correspond to the initial cycle.

9.2.2 Discussion

Lead oxide (Pb0) is known to be highly soluble in PbCJL2 and indeed
the phase diagram indicates a solubility of ~20 m/o Pb0 at 450°C (269). .
Thus Pb0 may be a significant impurity element in any inadequately purified

PbCe, based electrolyte. Furthermore, the PbCR,-KCL (77-23 m/o) melt has

2 2
been shown to dissolve many metal oxides to a significant degree (193). Thus

Plichon and de Guibert (193 ) determined the solubilities of BaO, Ca0, CdO,

Ag20, MnO and Cu,0 to be > m/o at 440°C and those of Sn02, Co0 and Ni0 to be

2

< 10_2 M. The metal oxide Cr203 was found to be totally insoluble in this

melt. The slow scan (5 mV 5_1) voltammetric response at a vitreous carbon



-311-
electrode of PbO-Pngz-K62 solutions obtained by the same authors showed
a single very broad wave to occur at ~1.2V w.r.t. sz/Pb. This is in
agreement with the results presented here. The number of electrons involved
in the oxidation process was determined as n = 2 (per mole Pb0) via constant

potential electrolysis. The overall reaction scheme

20+ C(s) > CO,(g) + 4e"

was proposed.
It is interesting to note that the voltammetric response for both
Pb0O and PbO2 solutes was the same (at least to within the experimental

precision obtained in these experiments). The decomposition reaction

PbOz(s) + PbO(s) + 502(9)

has a free energy of AG = -5.333 Kcal/mole at 450°C (723K) and this probably
explains this observation. Solutions containing both Pb0 and PbO2 did not
result in any redox poising reactions, which could be attributed to the
above reaction. However, these experiments were conducted under an
atmosphere of purified Ar and thus any gaseous O2 formed would have been
displaced. No further experiments were undertaken using PO2 atmospheres.
The results obtained within this brief study are not sufficient
to provide any reliable mechanistic information. Indeed the sole purpose
was to identify the oxidation waves due to Pb0 and PbO2 solutes, the peak
potentials for which occur at much more positive potentials than that for

the S275 oxidation.

9.3 PbS0O, Solute

9.3.1 Results
The addition of PbSO4 pellets to the purified solvent initially
results in a very 'cloudy' solution which cleared upon prolonged Ar agitation.

No insoluble species was observed. A voltammetric examination of the resul tant
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solution at 450°C did not reveal any electroactive species to be present
in the melt. The I-E curves were exactly the same as those obtained in
the pure solvent melt. The PbCQ,Z-PbSO4 phase diagram (269 )shows that at a

temperature of 500°C the solubility of PbSO, is approximately 10 m/o. A

4
further experiment at 530°C similarly showed the absence of any electroactive

species.

The addition of 1.91 x 10°%

5

mole PbSO,/cn> to a PbS-PbCA,=KCL
solution (5.414 x 10 > mole PbS/cm3) at 450°C did not in any way change the

voltammetric charadteristics of the 52_/5 reaction.

9.3.2 Discussion

The voltammetric examination of PbSO -containing solutions has shown

4

the 503- anion to be electrochemically inactive within the potential range of
the PbC22—KC2 solvent at temperatures of 450°C and 530°C. "

Pure sulphate melts are known to undergo anodic decomposition of
inert electrodes to form sulphur trioxide and oxygen (270-274). However

the results obtained in the present study do not agree with those of Rempell
2—
4
active) at a potential less positive than that for chlorine evolution in the

(275) who reported the SO ion to be oxidised (and hence e]ectrochemicé]]y

NaCe-KC2 melt. This may be explained by a compariéon of the thermodynamic

decomposition potentials for the reactions:

PbC% -~ Pb(2) + sz(g) AG = 58.486 Kcal/mole

2 773

and

PbSO4(s) + Pb(g) + 503(9) + 502(9) AG773 = 74.074 Kcal/mole

Using the relation AG = -nFE, the calculated decomposition potentials for

PbCe, and PbSO, are 1.268V and 1.606V respectively. Thus the anodic

2 4
decomposition of PbSO4 will not occur within the potential window of Pbcz2

unless a very significant depolarisation reaction occurs. Several authors
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have concluded that the Soz-anion is cathodically inactive in the LiCg-
KCe melt (270-276), although Senderoff [277] and Woodwall (278) found that
the 502- anion could be reduced via a two electron, diffusion-controlled
process. Legey, (279) observed that the addition of 502- to a 1.44 x 10—2
molar Cr3+ solution did not affect the chronopotentiometric response for

chromium deposition. Similarly Tran Kim Hoa (207 ) showed that the addition

of PbSO, did not affect the Pb2+/Pb chronopotentiometric response although

4
the Tow current efficiencies were explained in terms of secondary reactions
occurring between the Pb metal and PbSO4.

Burrows and Hills (280) have suggested that the corrosion of many

metals in melts containing soi may be enhanced by the presence of SO3 as a

consequence of the reaction

2- , 2-
50 S0, + 0 )

The equilibrium of the above reaction 1is clearly dependent upon the
solubility of the metal oxide formed and indeed some supporting evidence
has been given by Kochergin et al for the increased corrosion of iron in

ZnS0,-containing baths (281).

4

In the case of PbSO,, the high solubility of Pb0 should enhance

49
the reaction

PbSO4————~h PbO + 503

However an estimated AG for the above is quite positive, i.e. AG = + 40.39
Kcal/mole at 773K, thus indicating the PbSO4 to be a stable compound. Legey
has further reviewed and investigated the techniques available for the

removal of the sog’ anion from melts (279).
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CHAPTER 10

RELATED STUDIES

CONTACT ANGLE MEASUREMENTS

10.1 Introduction

A knowledge of the wetting characteristics of solvent electrolytes
upon electrode substrates is very pertinent to an understanding of gas
evolving electrodes, both from the technological and fundamental points
of view. In particular the design of more efficient anode structures with
a consequent improvement in the overall electrolytic ﬁgiéﬁié may result
from a detailed description of the physico-chemical properties of the three
phase boundary. Consequently a series of experiments was undertaken to
measure the contact angle of 1iquid Pbczz-alka1i halide based me]ig upon
various commercially available graphite materials. The effect of both
increasing PbS concentration and temperature was studied. The types of

substrates employed and a brief description of their properties and usage

are given in Table 10.1.

10.2 Results
The measured contact angles for droplets of the purified solvents

PbCQZ, PbC,~-KCL and PbCA,-KCL-NaC& at the temperatures of 501°C, 450°C

2 2
and 400°C are given in Table 10.2. Al1 the pure solvents are observed to
wet the vitreous carbon substrate, i.e. 6< 90°. For the particular case
of PbCQz, non-wetting (& > 90°) occurs on all the graphite substrates except
EYA110. For the ternary eutectic melt non-wetting occurs on all the
substrates except EYA4 at both temperatures of 400°C and 450°C. The binary
melt wetted the substrates EYA4 and EYA9 but did not wet EYA110, CYA9 and
boron nitride. The influence upon the contact angle of the addition of PbS

to the melts PbCQZ-KCQ-NaCQ, PbCZZ—KCQ and PbCL, is shown in Tables 10.3,

2
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TABLE 10.1

data for the graphites employed as contact angle subs-

strates. EYA grades: ash less than 0.1%.

CYAQ:

EYA9:

EYA110:

EYA4:

A general purpose ungraphitized fine grained carbon
graphite which can be used under oxidizing conditions
to 250°C. It is a strong form of carbon with high

electrical resistance and thermal conductivity.

Is the graphitized counterpart of CYA9. It tends to
have a higher hardness, strength and electrical resis-

tance, good thermal conductivity and oxidation rates.

Is a highly developed electro-graphite which has a good
resistance to oxidation and good thermal conductivity .
It is used mainly in metallurgical applications due to

its fine grain structure.

Is a medium textured highly graphitic material, having
lower hardness and strength properties than commercial
hard carbons. With comparatively low electrical

resistance and good thermal conductivity.
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TABLE 10.2

The measured contact angles of droplets of pure solvent melts

upon carbon substrates.

Pure Solvent Melt.

Substrates PbCT,, PbCT,-KC1 PbC1,-KC1-NaCl | PbC1,-KC1-NaC]
501°C 450°C 400°C 450°¢C
Ve 17.0 37.5 48.75 45.8
EYA4 100.5 48.5 21.0 23.0
CYA9 118.5 112.5 114.0 123.5
EYA9 93.0 82.75 108.0 106.75
EYAT10 49.0 129.0 97.5 98.0
BN 105.0 122.0 - 70.0

VC = Vitreous Carbon:

BN = Boron Nitride
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TABLE 10.3

Contact Angle as a function of PbS concentration in the

PbC12-KC1-Na01 eutectic melt.

PbC1,~KC1-NaCl + "o Pbs  450°C
Substrate Om/o Zm/o 4m/0 6m/o 8m/o
ve 45.8 0 0 0 0
CYA9 123.5 72.5 40 77.5 | 44.5
EYAT10 98.0 42 39 44.25 | 35.5
PbCT,=KC1-NaCl + ™o pbs 500°C
Substrate Om/o Zm/o 4m/0 Gm/o 8m/o
Ve - 0 0 0 0
CYA9 - 70.25 | 37.5 94 49.5
CYAT10 - 45.5 42 49.75 | 37.0
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TABLE 10.4

Contact Angles as a function of PbS concentration in the

PbC]z-KC} eutectic melt.

PBCT,-KCT + ™o pbs  450°C
Substrate Om/o Zm/o 4m/0 6m/o Bm/o
Ve 37.5 0 17.5 0 0
CYA9  [112.5 | 92.5 45 37.5 18.25
EYAT10 | 1290 | 38.25 | 41 52 46.5
PBCT,-KCT + X™ 4 Pbs  500°C
Substrate Om/o Zm/o 4m/0 6m/o 8m/o
Ve - 0 30 0 0
CYA9 - 88.5 | 56 | 35.5 | 12.75
EYATO - 45 42 54.3 | 44.5
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TABLE 10.5

Contact angles as a function of PbS concentration in the

PBCT, melt at 501°C.
PbC1, + X o Pbs 501°C
Substrate Om/o Sm/o 10m/0 15m/o 20m/o
Ve 17.0 0 0 18.25 16.5
CYA9 118.5 87.5 16.5 101.75 106.
EYA110 49 61 91 14 38.5
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10.4 and 10.5 respectively. In all cases the addition of lead sulphide

to the solvent melt resulted in compiete wetting (6 = 0) of the vitreous
carbon substrate. The addition of PbS to the melts PbClZ-KCQ and PbCRz-
KC&-NaCe results in the melting of all the substrates although no
statistically meaningful trend was noted, the exception being the CYA9
graphite which shows a decrease in g with increasing PbS concentration
added to be binary eutectic salt. The addition of PbS to the pure PbCSL2
melt at 501°C does not result in any specific change in contact angle. On
the vitreous carbon substrate 8 values < 20°C were obtained whereas contact
angles on the EYAT10 substrate indicated wetting behaviour and on the CYA9

non-wetting.

10.3 Discussion

Fig. 10.7 shows the equilibrium shape of a drop of Tiquid on a solid
surface. The liquid drop is in equilibrium as a consequence of the interaction
of three boundary forces, Y6 the interfacial energy between liquid and
93s, Yogq the interfacial energy between solid and gas, and YsL the interfacial
energy between solid and liquid. The three forces are related to the contact

angle, 0, by the Young Dupré equation (282):
Yo T YsL T Ypg €08 ©

If 6 is less than 90° then the liquid wets the solid and if 6 = 0 then
complete wetting occurs and the liquid spreads over the solid surface at a
rate dependent upon the liquid viscosity and the surface roughness. When
8 > 90° no wetting occurs.

The surface free energy of a solid and hence the values of Y »
Ygq 2re very sensitive to both the physical and chemical states of the solid
surface. Even the smoothest surfaces contain microscopic imperfections, i.e.

a surface roughness (r) which affects the value of 6. Wenzel (283) has
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GAS
XLG
LIQUID
el e S
SOLID ¥, Yeg
Fig. 10.1: A diagramatic representation of a liquid drop

on a solid substrate. The system is in mechanical
equilibrium as a result of the interaction between
the boundary forces Y6 Vs and Yo -
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shown that the true contact angle 6 may be calculated from the measured

contact angle '0' and the surface roughness (r) by the equation

Adsorbed species on the surface also act to decrease the surface free energy
and hence affect ¢ (284). The solid substrates chosen in this study
reflect the type of electrode materials that have been used in the electro-
chemical studies, and those which are commercially available would most
probably be used as industrial anode materials. The photographs given in
Chapter 5 give an indication of the surface roughnesses exhibited by some
of these materials. The results have shown that for a pure solvent melt
non-wetting occurs on all the graphite substrates except EYA4 and wetting
- occurs at the vitreous carbon electrode. However upon adding PbS .to the
eledtrolytes a significant decrease in the contact angle occurs. At the
vitreous carbon electrode complete melting occurs, i.e. 8= 0, the graphite
sdbstrates generally yielding 6 values less than 90°. The overall decrease
in contact angle with the addition ofPbS to the solvent which occurs for
all solvent/substrate combinations must indicate that the effect is a real
one. Thus the lowering effect cannot simply be attributed to differences in
the initial substrate interfacial free energies as a consequence of the
cleaning procedure or of local surface roughness. Nevertheless, the
cleaning procedure of graphite fibres has been shown to be very critical with
regard to the contact angles of sulphur droplets. Thus for example a non-
chemically treated substrate may yield 6 values of v90°, whereas chemically
treated fibres showed complete wetting (245). The further influence of
adsorbed organic compounds is considered to be very small at a temperature
of 400°C + .

For a given three phase system in which the Ys/6 value remains

constant, then a decrease in 6 must be associated with a decrease of either
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or (most probably) both YS/L and YL/G' A very tentative reason may be
the adsorption of sulphide ions at the s/& and/or 2/g interfaces leading
to an overall decrease in 6.

Hall has investigated in some depth the effect
of electrode polarisation upon the wettability of liquid sulphur droplets.
upon a vitreous carbon electrode in both KSCN and the LiC2-KCL electrolytes
(245). The contact angle was found to change from ~30° to +160° over the
potential range 0 - - 1.6V wrt Pt/Pt [11]. He also found that the large
change in 9 was not due to a change in the s/% or the g/¢ interfacial
tensions. The large increase in the free energy of the carbon/sulphur
interface upon cathodic polarisation was though to be due to a coulombic
repulsion between the negatively charged electrode and the negatively
charged long chain polymeric species adsorbed on the bulk Tiquid sulphur

interface.
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CONCLUSIONS

(1)

Electrochemical investigation of the sulphide ion (PbS) in the binary
PbCQZ-KC£(77-23 m/o) eutectic melt over the temperature range 440-530°C
at carbon electrodes (vitreous carbon and spec-pure graphite) has
revealed two primary oxidation processes to occur within the available

potential window. These reactions may be represented by the equations:

2- —— t a -
(a) S(so]n)‘_"' 552 + 2e Ep = 0.45YV
(b) 25 + 2087 + S,Ce,(g) + 2e Eg = 0.95V

At temperatures <~460°C, reaction (1) was found to be highly reversible
with a reduction wave at E; = 0.33V. Using the techniques of cyclic
voltammetry and chronoamperometry, reaction (1) was determined to be
diffusion controlled. The diffusion coefficient for the sulphide ion
calculated from the Randles Sevcik equation were found to decrease

6 cmz/s at

1

with increasing PbS concentration, i.e. D = 2.1 x 10~
4.51 x 1072 mole PbS/% to D = 1.19 x 107 at 1.573 x 107 mole PbS/s
assuming n = 2 and an insoluble reaction product. This was tentatively

explained in terms of PbS dimer formation.

The voltammetric response did not reveal the presence or formation

of reducible polysulphide species. At temperatures <~460°C the
morphology of the voltammograms was consistent with the formation and
stripping of an insoluble product. However extensive investigations
using I-t transients did not reveal the presence of any nucleation

and growth phenomena. The Tow voltammetric charge efficiency obtained

was explained in terms of the dissolution of sulphur in the solvent.

At higher temperatures, sulphur gas evolution was verified from

the voltammetric response and the formation of condensed sulphur on
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the cool parts of the cell after prolonged electrolysis. Some
evidence for the existence of an 'anode effect’ was obtained
under steady-state conditions although this effect was quite
irreproducible. A possible kinetic scheme describing sulphur

gas evolution was made on the basis of the observed Tafel slopes.

The oxidation of PbS in a Pbsz-KCR-NaCR eutetic melt was examined
electrochemically at a temperature of 417°C. The use of this melt
enabled a lower operating temperature to be employed and thus the
possibility of sulphur/sulphide film formation could be examined.

Two electrode systems were employed (a) non-reactive carbon electrodes
and (b) reactive platinum and gold electrodes. Al1l three electrode

systems were electrochemically characterised.

5

At the carbon based electrodes unusual cyclic voltammograms were
obtained. The I-E curves were found to be extended with both an
increase in sweep rate and bulk PbS concentration. Although, on the
basis of the voltammetric current functions abdiffusion controlled
process was inferred, analysis of all the parameters revealed the
presence of the formation of an insoluble film under ohmic resistance
control. The results were found to agree reasonably well with those
predicted theoretically. Further evidence for possible film formation
was gained from the chronopotentiometric and open circuit decay

results.

The results obtained at the reactive platinum and gold electrodes were
found to be complex. At both electrodes two oxidation waves were
obtained at peak potentials of ES(A) = 0.3V and EE(B) = 0.4V. At

the gold electrode no reverse wave was associated with process A and
indeed this oxidation wave was manifested as a ‘shoulder' to the

main anodic process. Both oxidation processes occurring at the gold
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electrode were found to be diffusion controlled and the more

anodic process to be highly reversible.

At the Pt electrode process it was found to be a quite distinct
and separate wave with a reduction wave at Eg(A) = 0.09V. This
reduction wave was only observed in very dilute solutions at

T >~430°C. Again analysis of the electrochemical responses was

found to be diffusion controlied.

The results obtained at the reactive electrodes were interpreted
in terms of the formation and growth of a sulphide film or
intermediate via a diffusion controlled process. No evidence for
any monolayer or adsorption type process(es) was obtained.u
The addition of the sodium polysulphides Na252, Na254 and Nazs5 to
either the Pbsz-KCR or the PbCRz—KCR-NaCR eutectic melts at

T > 460°C were found to completely decompose. Addition of the
polysulphides to the ternary melt at 440°C similarly underwent
decomposition forming a stable SZ— containing solution according

to the reaction
Na,Sp, -+ Na,$ + 1o (9)
2°n 27(soln) 2 2

Electrochemical characterisation of the resultant solutions was
in good agreement with those obtained for the sulphide ion in
the binary melt at the same temperature. These results
substantiate the earlier electrochemical conclusions that the

polysulphide ion is not stable in this melt.

Attempts to obtain electrochemical information concerning the

solubility of sulphur in PbC&,-MC& melts by the addition of

2
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sulphur pellets was not successfu].' However the use of an
'all-enclosed' cell design enabled qualitative information

to be gained. Using this cell, a single reduction wave for

the dissolved sulphur was obtained up to the solvent Timit.

The voltammetric peak height was found to be highly sensitive

to cycling and on the whole irreproducible results were obtained.
However the reduction of dissolved sulphur was found to be
diffusion controlled. The peak height was found to increase

with the partial pressure of sulphur (pé ).
2

The calculated solubilities of sulphur in the Pbczz-Kcz-Nacz

eutectic over the temperature range 716-772K was found to vary

4

between 8.827 x 10'5 - 3.804 x 107" mole S/cm3 assuming an

5

n=2process and a D = 2 x 10° cmz/s. The results are in*good

agreement with previous workers.

The possibility of anionic impurities was assessed. Thus the
electrochemical characterisation of the species Pb0, Pb0, and

PbSO, was undertaken using cyclic voltammetry. Both the oxides

4
Pb0 and PbO2 were found to dissolve rapidly in the PbCQZ-KCR
solvent. The I-E curves for both species %:énidentical; yielding
a single oxidation wave at Eg =z 0.95V. No corresponding reduction
wave was observed. The overall oxidation process was found to be
diffusion controlled.

The PbSO, solute was found to be soluble in the melt although

4
electrochemically inactive within the potential window available.
This conclusion is in agreement with the calculated thermodynamic

potentials.
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A brief study of the melting characteristics of the solvent

25 PbCQz-KCQ and PbCSL2

carbon substrates was evaluated over the temperature range

melts PbCR -KC2-NaCg on various polished
400-500°C. On the vitreous carbon substrate, all the pure
melts were found to wet the substrate yielding contact angle
between 17-50°. On the graphite electrodes a & > 90°, i.e.
non-wetting, was obtained. The results of adding PbS to the
solvents over the range 0-8 m/o resulted in a significant
decrease in the contact angle. No statistically meaningful
variation was noted with increasing concentration. On the
vitreous carbon substrate complete wetting generally occurred,

i.e. 8 = 0.
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APPENDIX 1

The most comprehensive data on sulphur vapour comes from the mass
spectrometric studies of Berkowitz and Marquart [s%]. Their results show
in graphical form the equilibrium constants relating the various partial
pressures as functions of temperature. These generate the following six

independent equations:

(1) 3logp - 2log Py = =6.00 x 103 771 + 8.50
2

(2) 2logp; - logP, = -5.73x 10 177 + 6.49
2 .

(3) logPg - 5/8 TogP = 122 x 108 T 4152
5 8

(4)  logPg - 3/4 TogPg = -1.22x 108 T 4152 .
6 8

(5) logPg - 7/8 TogPg = 116 x 102 771 4 1.55
7 8

(6) 4logp - logP = 20,9 x 10° TV 4 23.6
2 8
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