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1.1 GENERAL INTRODUCTION

Eiectrocﬁemiséry‘in fused salt media has definite
advantages over electrochemistry in agueous and non-agqueous
media. The development of chemistry, in the beginning, has
been shaped largely on the use of water and other room tem-
perature liquids as solvents. This fact and the influence of
the conventional chemistry has impeded the progress in many
preparative problems. Actually molten salts are often Ymuch
better and more versatile solvents than room temperature
solvents, being capable of dissolving such diverse substan-
ces as organic compounds, metals, oxldes ahd non-metallic
elements, In fact molten salts are now extensively used in
electrometallurgy, in the field of nuclear technology as
coolants in reactors, in fuel reprocessing systems, in salt

extraction systems etc.

Modern electrochemistry has introduced many organic
liquids as solvents and this has extended the range of pot-
entials which could be applied, Even there the limitation
was temperature range which normally would have to be kept
within 60~ 70K from the room temperature. The use of molten
salts have allowed the use of as large a temperature range
as 500K and temperatures as low as 362K and as high-és
1273K . This together with the fact that the range of poten-

tial is variable from 0 to -3V, a fange much higher than



what can Se obtained with organic solvents, has embellished
the use of molten salts as electrochemical solvents. These
molten salts have higher electrical conductivities arising
from their high degree of ionisation and mobilities of ions.
Other properties are also important such as faster electrode
kinetics indicated by high exchange current densities with-~
out the need to use excessive cell §oltage, absence of~ H+
and OH ions from the solvent enabling electrolytic recovery
of metals that are high in electrochemical series. The above
ﬁentioned advantages make molten salts versatile electréche~

mical solvents.

The molten salts have also been used with advantage
in not only electrochemistry, but also in electroanalytical
chemistry., However most of the work has been done working
with high temperature eutectics. Excellent reviews of such
work are available; a short summary of the work done in the

field will be given below.
1.2 ELECTROANALYTICAL CHEMISTRY IN FUSED SALTS

Thomas B. Reddy(l) has made an extensive review of
the electrochemistry of molten salts. He has shown that
studies of transport processes have served to elucidate_the
nature of some ligands. The application of modern techniques
to study the electrode kinetics in fused salts has proved

3

necessary because of high values of exchange currents for



electrode reactions at high temperature., Electroanalytical
methods have been used to the study of electrode processes
under conditions where the mass transport is limiting. Fused
salt electrolytic procedures hold considerable promise for
preparation of several compounds, metal and alloys. There
has been much recent research on high temperature power sy-
stems, Advances have been made in the field of fused salt
fuel cells but many practical engineering problems must be
solved before long term trouble-free operation with inexpen-
sive fuel is possible, Thermally regenerated galvaniccells

using molten salts are in early stage of development.

Gaur and Sethi(z) in an extensive review have obser-
ved the methodology of ;olarography in molten salts. They
have described the various methods of preparation of sol-
vents, indicator electrodes and reference electrodes. The
theory of polarography in molten salts in unstirred and
stirred solutions has been given in detall, as well as the
technique of oscilloscopic polarography. Various applica-
tions of this method have been cited together with studies
of polarography of complexes in molten salts, anodic, deri-
vative, oscillographic polarography and polarography with

retatihg disc electrode,

Electroanalytical chemistry of molten salts has been

. extensively reviewed by Liu, Johnson and Laitinen(3) The

-

authors have reviewed the subject thoroughly with respect



to polarography, chronopotentiometry, titrimetry and coulo-
metry. On the theoretical side, they have paid emphasis on
electrical double layer and electrode kinetics.

(4)

An excellent review by Inman on the subject covers
the work in the field upto 1968 and larger partof 1969, Studies -
have included transport processes, determination of transport
‘numbers, self-diffusion coefficients and electrical conduct=-
ances. Processes at equilibrium have been studied in detail
with respect to electrode potentials and electromotive forces.
Solubility and complex formation have also been studied in
detail., The acidic and basic characteristics of these melts
have been exploitéd in the potentiometirc titrations. In non-
equilibrium systems, various techniques of polarography, vol-

tammetry, chronopotentiometry etc., have been used.

(5)

Laitinen briefly reviewed polarography in melts.

The subject has been studied in detail with reference to gas

electrodes and passivation.

Another field in which lot of work has been done is
the electrodeposition of refractory metals., Again in the field
of electrolysis, batteries and fuel cells, also molten salts
have found application. The theoretical side has been restri-

cted to double layer and rapid charge transfer processes.

1.3 ELECTROANALYTICAL CHEMISTRY IN NITRATE MELTS

The literature on the chemistry, electrochemistry and



electroanalytical chemistry of fuse& salts or melts is too
extensive to be quoted here fully. No justice can be done
to this subject unless a full review of the work is repor-
ted. And this will be out of context in the present case.
Hence the present review is restricted t; the literature on

nitrate melts.

Molten nitrates have been widely used as solvents
for electrochemical studies. The low melting characteristics
coupled with the relatively non-hygroscopic nature of nitra-
tes have made these melts popular., The disadvantages of using
these melts are a limited potential span and their oxidising
properties., The purity of the melt is easily obtained‘ by
simply melting the dried recrystallised salts under vacuum
and éontinuing the evacuation for several hours,

(6-8)

Inman et. al have studied the nitrate melts ex-

tensively using dropping mercury electrode. In the first part
of the series half~wave potentials and diffusion coefficients
for the reduction of Pb++, Cd++, Ni'H'&Co"'+ have been deter-

mined at a dropping mercury electrode in molten (Li, Na, K)N’O3
eutectic at 418K . The results were compared with those obtaw
ined previously by other workers. The discrepancies, where
'they exist, were related to the effects of appreciable quanti-
ties of water, arising from the use of incompletely dried

solvents and solutes added as hydrates, and chloride present

in the nmelt used in previous investigations.



In the second pért of the series, tﬁey studied the
stability constants of halide complexes in (Li, Na, K) NO4
eutectic. Some preliminary experiments were carried out in
meltg containing fluoride and cyanide ions. The stability
constants Of chloro and bromo complexes of Ni*+, Co++,Pb++
and ca‘t were calculated. They used the method of ' half

wave potential shift ' to measure these stability constants

of complexes.

In the third part of the series, they studied the
adsorption of complex ions at dropping mercury electrode.

++

The systems cd’¥, pb'™", cott and Ni*t with €17, Br” ion 1i-

gands in (Li, Na, K) NO, at 418K . It was difficult to meas-

3
ure the stability constants because of the formation of po-
larographic maxima. It was concluded that the maxima was
pronounced as a result of adsorption of complex ions on mer-

cury surface.

Gaur(g) has studied the association equilibria  with
precipitation of single and combined halide complexes with
Ag+, Pb™ and cd*t in melts of molten alkali and alkaline °

earth nitrates,

Barker and Faircloth(lo) have made the application of
square-wave polarograph to study the electrode reactions tak-
ing place at a dropping mercury electrode in molten nitrate

electrolyte. The diffusion coefficients of a number of ions



which are reversibly reduced have been measured and the vari-
ation, with potential, of t};xe differential double layer capa~
city of the mercury surface in contact with the melt has been
'investigated.

(11-17)

Francini, Martini and co-workers have studied

thé classical and linear sweep polarography with droppiné

mercury electrode at temperatures upto 543 K. Their review( 14)

‘ on molten alkali me’;al nitrates includes an assessment of method
of determining stability constants. The reduction of 'l‘l+, Cd'H',

11) (13)
pott, zntt, ittt and Eutt in (Li, Na, K) NO, melt, mt,

(12)

*+ and catt and the oxidation of C1™, Br~ and I~ in

Pb
(Na, K) NO3 melt were described and diffusion data presented
for each system. All the systems obeyed the simple theory at

1, although Zn++ and Ni++ in the ter-

sweep rates upto 10Vs~
nary melt and pbtt and cat™ in the binary melt began to show
some irreversibility at this point, |

Braunstein and co-workers (18,19)

have extensiveiy stu-
died associated equilibria in molten nitrates, Lammers and
Braunsten(ls) determined the association constants for the
complexes formed between cadmium ions and bromide ions in
molten equimolar LiNO3 --KNO3 containing various concentrations
of water at 391K and 441K . The decrease in association con-

stants when water content was increased was attributed by them

to the competition between hydration and association equilibria



in aqueous melts. Flaherty and Braunstein(lg) determined the
association constants for complexes formed between catt and
Cl” ions in molten LiNO, and in mixture of LiNO, - KNO,. This

was worked out from measurement of solubility of silver'chlo-

ride .

(

Mazzocchin, Bombi and Fiorani 20) determined the sta-

ndard electrode potentials of Hg/MgI and Hg/MgII in molten
(L1, K) NO, in the temperature range of 420~ 480K . The HgI
oxidation state at 450K was slightly more stable than in
watelr at room temperature. The difference increased if data
given were extrapolated to room temperature, They also obser-
ved that equilibrium constant for the reaction Hg + Hg+2-.,=>.. Hg;'z,

if extrapolated to room temperature, was more than one order

of magnitude different from that in water,

Sacchetto, Bombi and Fioran(21) determined the stande
ard potential for redox couples I3/I", I,/I3 in molten
| (Li, K) NO, in temperature ran‘ge’of 435~ 490K, by employing
cells of the following type '

AgNO, KI

/ glass/ i /Iz(g)/c/ét
3 (Li, K) NOg  ©

Pt/ Ag/
(Li, X) NO

They also determined the equilibrium constants for the
reactions
I,(g)..== I, (soln.)
. _1 N
I,(g) + I"" = I,

S - -, -
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and thermodynamic parameters (a6, an® ~8%. comparison'
was made with the results obtained in molten nitrates by
other workers.

Forcheri and Monfrini(zz)

have measured the mobili-
ties of some alkali metals and alkaline earth metals in va-
riety of nitrate melts. They empioyed thin layers of melts
supported by alumina p&&der sprayea onto a non-porous alumina
support., No correction was made for labyrinth factor. However
their results agreed with those obtained by other techniques.
Two interesting observations were made. In the ternary eute-
tic (Li, Na, K) NO, containing one mole of KCl at 433K, two
111 defined bonds of 3601 were obtained., On repeating the
experiment at 513 K these two bonds were not observed, only
that due to normal 3601 migration was seen. The results were
tentatively interpreted in terms of'ionic association involv-

ing 3%C1. It is unlikely that this is an adsorption effect

since no adsorption of 36Cl on‘)u-Ales is reported.

41(23)

Berlin et. . obgerved that migration of catt ion

in (Li, Na, K)NO3 melt containing 0.8M KCl1 and 0.1M Cd(N03)2
was towards anode, whereas in pure melt the cadmium migrated
to the cathode, The results are Iln agreement with other stude

ies on such a reciprocal system where complex ions are postu-

lated.
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Lovering and.Oblath(24? have stﬁdigd the influence of
water on Ni (II) /Ni (Hg) electrode procesé in molten LiNO, -
KNO3 eutectic, The D C pulse, différentialypulse:and l;near
sweep polarographic methods have been used to characterise the
Ni (1I) /Ni (Hg) reduction as a fﬁnction of water content in
(Li-K) NO, eutectic melt at 418K.

Miles and Fletchér(zs)

he:we studiedj' #he cétion effects
on the electrode reduction of molten nitrates, Cyclic volta-
mmetric, potentiostatic and galvanostatic methods have been
employed using a platinum electrode. The cation of nitrate
salt plays an important role in reduction reaction as well as
in determining the ultimate fate of the oxide ioﬁ produced.
Nitrate reduction occurs most readily in LiNO; melts and
L120 formed appears to bé‘relatively stable. Overvqltages for
nitrate reduction increasec with increasing size of metal cat-
ion involved and the oxide ions produced by the reduction Se—
come more prone to oxidation to form peroxide or superoxide,
The rate of removal of water by purging'the nitrate melt with
helium gas was monitored by the water - wave on platinum, Sur-
prisingly no water - wave was detected using a nickel electrode.
The solubilities of several substances were determined in LiNO

3
and KN03 and compared with ideal solubility calculations.

S, Casadio et. al(26) studied the reduction of catt

‘ions at platinum microelectrodes in fused alkali nitrates,
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Current reversal chronopotent;omefrf'wgs used ﬁb investigate
the cathodic reduetion of catt in molten (Na, K) NO, at diff-
erent temperatures. The high:rate of igfevefsible oxidation
of cadmium metal by the nitrate éolvent maée it difficult to
‘interpret data quantitatively.i' |

W.E. Triaca(27)

studied electrochemical oxidation of
iodide dissolved in (Na, K) NO,- eﬁtectic melt on platinum ro-
tating disc electrode. The E/ I curves related to thé elect~
rochemical oxidation of iodide dissolved in molten nitrates
involves two anodic waves. The first corresponds to a rever-
sible two electron process. A definite ratio betwéen tﬁe ano-
dic limiting currents is established suggesting that the
second anodic wave is not independeﬁt from the first oﬁe.The
parameters related to the diffusion of thé specles participat-

ing in the reaction are evaluated.

(28)

Susic et, al studied the polarograph;c behaviour

of some metal ions in molten (Li, K) NO, in presence of com-

plexone - III,

(29)

Narayan and Valsraj studied the reduction of pb*™

ion in molten Ca(NO3)2.4HZO and the influence of bromide,
chloride and thiourea on their reduction.Theyalso investigated

the electrochemistry in molten acetamide.
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l.4 DISCREPANCIES IN THE REDOX PROCESS OF METALS IN

NITRATE MELTS

In spite of'the obvious advantages cited above, of
using nitrate melts as solvents in electroanalytical chemi-
stry, many fundamental aspects of the problem are still
controversial. This is, primarily, due to the fact that the
nitrate ion of the melt itself often takes part in electro-
lysis process. The role of other electroactive cations, other
than those which are present in the melt itself, is shrouded
in controversy. The nitrate ions in the melt often form com-
plexes with these electroactive ions and may get reduced,
thus complicating the issues. A comprehensive study of "oxide
chemistry® in molten sodium potassium nitrate eutectic was

made by Zamborin and Jordan 30

. In this study, the results
were critically dependent on tﬁe moisture in the melt and
the container material, They used a rotating electrode in a

'specially designed cell made from platinum; the moisture
level was decreased to less than 10'6bi to avoid the side
reactions of oxide ions with silica and water. Ogide ions
added to the melt as Na20 were almost completely converted

to peroxide and superoxide ions in accordance with the equa-

tion
No; + 02" p— 022" + Noz" 1.1
022" + No; pr—— 202 + 2NO£' 1.2
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o~ . - -

The presence of 02 ’ 02 apd N02 was deduced from
the comparison of the voltammetric results with the volga-
mmograms obtained by dissolving NaéOz, K02 and NaNOz,,respe~
ctively, in the pure melt, The peroxide ion cpuld be conver-
ted almost compietely to superoxide ions by bubbling oxygen
through the melt.

- R -
02 + 02 ¢-~.202

In view of the work of Zambonin and Jordon, previous

and some recent results(31“33)

pertaining to the behaviour of
oxide ions in molten nitrates are apparently incorrect.

Zambonin(34) carried on further studies in pure molten

sodium potassium nitrate eutectic and in the melt con&aining
species produced in situ by massive electrolysis, The tempera-
ture range was 500~ 555K and he concluded that the electroche~
mical reduction of NOg"at a platinum cathode can be substan-

tiated by the following processes.

2

N03 + 2e = NIO2 + O 1.3
2- +

0 4+ 2Na'& = NaZO (solid.) 1.4
2- - - 2 -

0 + NO; = NOS + O, 1.5

0.2 4+ 2NOT = 2NO." + 20.” 1.6
2 3= 2 T <49, .

According to him the oxide ions, produced according to

equation 1.3 precipitate on the electrode because of the low
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solubility of Na20 and the kinetic prevalence of process 1.6
over process l1.,5. On the other hand, process 1.5 is suffici-
ently fast to accelerate considerably (subtracting oxide ions)
the physical redissolution in the melt of Na20 accumulated on
the electrode. Equation 1.6 represents a slow reaction which
cannot influence the processes at the electrode. The Na20 for-
- med on the electrode surface can be electrooxidised according
to the consecutive reactions 2Na,0 (solid.) = 2Nat+ 07 + 3e”

2
and Oi' =0, + e , responsible for two distinct anodic peaks.

The solubility and detection of water in molten

(35)
(Na, K)NO3 eutectic were studied by Zambonin and co-workers

using a rotating platinum electrode, Zambonin(36)

also repor-

ted the voltammetric study of the interaction between 05' and

H,0 (40,7 + 2H,0 ¥4 0H™ + 30,) in the same solvent. He demon-
strated the possibility of determining the four species in the
above equlibrium. The presence of NOQ’ in the melt(37) formed

by self - dissociation, NOé':;: N03'+ Oé’, which cannot be

detected by direct measurement because of its extremely low

concentration was shown indirectly by Zambonin by measuring

the concentration of OH obtained from 0, .
The complex nature of the electrolysis of nitrate melts

is clearly understandable from the above discussion. The pre-

cautions which are to be taken consists mainly of the use of a

limited potential range at which the nitrate ions are not

reducible., Use of pyrex vessels will not cause any serious
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problem, because the elec£roactive,species added will be more
redﬁcible and such reactions will have kinetic prevelence over
the'chemical reaction. In spite of these comple#ities these
melts have been widely used in elecfroanalytical chemistry .
To the list of references about the redox reactions of metals
in nitrate melts, already cited in the earlier section, could

be added some more work(38'46) which has been published.

A pecularity which is most noticable in these publi-
cations is that most of the:yorkers have used either a sta-
tionary (hanging) or a dropping mercury electrode as the
indicator electrode and the common technigques used were d.c.
polarography, oscillographic polarography and inm a ﬁew cases,

. c¢hronopotentiometry and cyclic voltammetry. Two opinions exist
‘ on the redox process. Whilé one school insisted that the catho-
dic reaction led to the reduction of these metal ions to the
metal which got deposited on the electrode, another school
insists that there is no firm evidence for the deposition of
any element in nitrate medium in the electrostability region
of the melt of course, Ag' ioms are quoted as a $triking
exception by the second school., According to some in the

(26,42-44)

second school the postulation is that the reduction

. to the metal is followed by the rapid oxidation of the deposi-

ted metal phase by the nitrate melt, according to the reaction

M+ N03 = MO + N02 1.7
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(47) refutes this state-

In a very recent étudy; Miles
ment in a detailed cyclic voltammetric study of pbtt and ca™t
on platinum and mercury elec%rodes.rﬁe suggests that the ca-
thodic deposition of the metal does not occur in (Na, K)N03
melt and the cathodic wave produced by the addition of these

metal ions to the melt is due to the ilrreversible reduction

of the nitrato complex according to the equation

+
(MONO,) + 2 e —> MO + NO, : 1.8
. -£48) | v s
In a previous study™ . involving (Li, K)NO3 melt

also, it was shown that reduction to the free metal never
occurs for pbtt or catt iéns. Reactions 1.7 and 1.8 yield
the same final products but do not involve any change in the
oxidation state of the metal ion. The investigations(49) of
Miles of Tl+, Cd++, Pb++, zn™* and In™** metal ions in

(Li, K) NO, melts yie;déd similar conclusions.

(50)

However, recent studies reported by Inman and

Baret(51) have challenged the nitiato complex reduction model,
Evidence for the direct electrodeposition of Pb't and ca™
metals is claimed from linear sweep voltammetric and chrono-

potentiometric experiments on mercury electrodes in the

(50)

equimolar (Na, K) NO, melts at 533K . However, in resp-

3
onse to this claim of metal deposition, M;les(47) has focussed
his studies of Pb++, catt ana Ag+ ions on both platinum ‘and

mercury electrode in the - -equimolar (Na,IK)NO3 melts., He has,
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by exhaustive electrolysis of Pb(N03}2 and Cd(N03)2 in the
molten electrolyte using a mercury cathode, shown that no
appreciable quantity of metal is deposited on the electrode.

Thus the situation remains very complex.
1.5 SCOPE OF THE THESIS

In spite of the ebvious advantages of using a ternary
nitrate (alkali metal) as an electrochemical solvent, there
exist serious complexities in their use in electroanalytical
chemistry, as explained in the earlier section. These comple-
xities pertain to the region where the cathodic and anodic
background limits are transgressed. The behaviour of these
electrolytes and the potential limits of cathodic and anodic
background are a matter, yet to be studied, when an electro-
active substance is present in the melt, which could be an
impurity in the salts of the ternary eutectic itself or which
is added as a solute, These effects, even though to .a slight
extent, may be visible, under these conditions, in the ele~
ctrostability region, itself and cannot be corelated to the
experimental results obtained in the absence of these electe-
roactive solutes. The appearance of the waves for peroxides
and superoxides lons is another phenomenon connected with the
presence of the solutes, In fact of more importance is the
mechanism of the actual redox reactions taking place. In the
earlier section a clear picture of the discrepancies that exist

in the exposition of the mechanism of not only nitrate reduction
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but also of the redox reactions of electroactive solutes in
the nitrate melt has been given., One school of thought has
gone to the extent that all the electrochemical work ﬁsing
nitrate melts must be invalidated due to the present contro-
versy about the mechanisms, Doubts have been expressed about
the very nature of reaction product itself. One school of
thought has already relegated to the background the theory
of metal deposition, after a decade of work confirming - the
same and switched on to the theory of an instantaneous pro-
duction of metal immediateiy followed by the reduction of
the metal to the nitrato - complex. The other school is not
even ready to acknowledge the formation of a zero valance
state and insists on a complex formation theory in .which
metal formation is not envisaged. Most ¢f the discrepancies
have come to the fore-front from the use of mercury (either
dropping or hanging drop) as the working electrode and from
the use of the transient technique of cyclic voltammetry.
Earlier work in this laboratory has shown that this eutectic
(Li, Na, K) N03 can be successfully used as electrochemical
solvent for anodic stripping voltammetxry, which would be
possible only if metal deposition takes place. In the light
of the above discrepancies it was thought that a more compre-
hensive study and investigation of redox reactions in nitrate
melts was desirable not only with respect to more elements

but also with respect to more electrochemical techniques.
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Hence the techniques of chronopotentiometry, cyclic voltammea
try, chronoamperometry and sampled current voltammetry were

++ ++
'Ni [

chosen for the study of redox reactions of Pb++, Co
"rett™ and cu™ ione in nitrate melt at 423K . Of these ele-
ments, some work has been done on pb™t ions using polarogra-
phy and cyclic voltammetry; practically no work exists on the

+ gyt +++

redox reactions of Co+ s N and Cu++ ions in nitrate

» Fe
melts by any electrochemical method. Chronoamperometry and
sampled current voltammetry have been used for the first time

to study any system in nitrate melts. Fe'TF

was specially

chosen because unlike other elements under study, here, no
metal formation was envisaged. co™ and wi*t exhibit special
peculiarities in electroanalytical chemistry and ca™ is a

system in which some reversibility was predicted. The fore-

going statements justify the present invesﬁigation.

The thesis is divided into 5 chapters, with the first
chapter dealing with a short introduction on electroanalytical
chemistry in ﬁelts and in nitrate melts, paying speciai empha-
sis on the discrepancies that are reported in redox processes
in these melts, Chapter 2 deals with the fundamentals on the
four eiectrochemical techniques used in tﬂe preéent investiga-
tion, viz., chronopotentiometry, cyclic voltammetry, chrono-
amperometry and sampled current voltammetry. The bulk of the
thesis pays emphasis on the experimental work, results and

conclusions, The apparatus and the cell assembly were all home
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made and thus lacked the sophistication of =~ computer or
microprocessor based modern instruments. But this disadvan-
tage was easily matched by the advantages accrued from the
full knowledge of the working of the apparatus. The present
work should be appreciated to the extent that the whole
apparatus was home made. Chapter 3 glves the full details of
the circuitry  of the apparatus, cell assembly etc. While
chapter 4 details the extensive results obtained on these 5
elements by the 4 electrochemical techniques, the Sth and
final chapter contains a comprehensive discussion of tﬁé re-

sults with conclusions on the results obtained and some sugg-

estions for future work,



