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SUMMARY 

The objective of this research was the oxidation 
of organic compounds in molten alkali metal nitrates 
containing manganates. It has been shown that controlled 
oxidation can be readily achieved with high specificity to 
give products in high yield with very short reaction times. 

In order to monitor concurrent changes in the melt 
a novel vibrating platinum indicator electrode has been 
successfully developed. The electrode was operated with a 
vibrational frequency of 50Hz and an amplitude of 
approximately imm, Using the simple metal/metal ion couple 
Ag/Agt in molten (sodium-potassium) nitrate at 523K the 
vibrating electrode has been practically and theoretically 
tested. 

The electrochemistry of manganates in molten 
(sodium-potassium) nitrate at 523K has been studied using 
the vibrating platinum electrode. Voltammetric waves with 
E half values of -0.05V and -0.60V vs Ag/Agt (0.07m) 
reference electrode have been shown to be due to the reaction 
of Mn(VII)/(VI) and eae respectively. The existence 
of the species Mn(VII), Mn(VI) and Mn(V) has been studied 
in the nitrate melt containing periodate, hydroxide and 
peroxide resvectively. The stability of Mn(VII) and Mn(VI) 
with time was monitored at various OH:Mn molal ratios in 
molten (sodium-potassium) nitrate at 523K. A minimum OH:Mn 
molal ratio of 3:1 has been found below which Mn(VI) is 
unstable. 

A range of organic chemicals has been passed 
through molten (sodium-potassium) nitrate at 523K containing 
stabilized Mn(VI) or Mn(VII) without any violent reactions. 
Ethanol, 2-propanol, benzyl alcohol and benzaldehyde were 
oxidized by lMn(VI) and Mn(VII); toluene was only oxidized 
by Mn(VII) and n-hexane, cyclohexane and ethene were 
unchanged by both mn(v1$ and Mn(VII). -Detailed experiments 
have been performed on the reactions of 2—propanol, benzyl 
alcohol and benzaldehyde in molten (sodium-potassiun) 
nitrate containing stabilized Mn(VI). 
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Molten Salts offer many possible advantages as 

reaction media for the industrial synthesis of chemicals. 

They have high thermal stability, an extremely wide liquidus 

range, have high electrical conductivity, and are excellent 

solvents for salts, metals, metal oxides and gases. They 

are also generally cheap. The excellent heat transfer 

properties of molten salts enables easy control of 

exothermic and endothermic reactions. Molten salts also 

have the ability to stabilize unusually high and low 

oxidation states of various chemical species. It is an 

interesting comparison that molten NaCl at 1100K is a clear 

water-like liquid whose viscosity and refractive index are 

nearly identical to those of water at 289K. 

The major disadvantages in the use of molten salts 

are the problems associated with handling, hydrolysis, 

corrosion and vapour explosions caused by the accidental 

addition of liquids such as water. It is difficult to 

handle high temperature liquids such as molten salts and 

special equipment has to be designed to deal with the 

associated problems; for example valves, pumps and pipes 

must be heated so that the molten salt does not solidify. 

If water is present in the system hydrolysis of the salt may 

occur. The equipment must also be constructed of a material 

which resists the corrosion of the molten salt system and 

which is able to withstand the required working temperatures. 

The possibility of accidents due to the formation of a solid 

cap of molten salt followed by a pressure increase and 

finally an explosion must also be eliminated. In FIG. 1-1 

are presented some of the present and projected industrial 

processes using molten salts where these problems, and 

others have been overcome.
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Figure 1-1 Some Present and Projected Industrial 

Applications of Molten Salts 

Process Type: Example 

Blectrowinning: electrorefining and pyrometallurgy (1) 

Nuclear Power: coolent, fuel, breeding blanket and fuel 
processing (23 

Pyrolysis: production of aromatic compounds (3) 

Dehydration: production of aromatics and alkanes in 
LiOH-LiI melt (4) 

Production of Chlorine: Deacon Process (5) oxidation of 
HCl in copper chloride melt 

Isomerization: te at antimony trichloride melt catalyst 

Nitration: alkanes, molten alkali nitrates (7) 

Production of Vinyl Chloride: Transcat Process (8) copper 
chloride melt 

Production of Phthalic Anhydride: pyrosulphate melt 
catalyst (9) 

Production of Sulphur Trioxide: vanadium pentoxide melt 
catalyst (10) 

Nitriding and Carburization of metals (11) 

Heat Storage and Transfer (12) 

Fuel Cells (13)
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Gentaz and Bonomi (14) have reviewed molten salt processes, 

molten salt technology, and commented on possible future 

trends in the use of molten salt media. 

Molten salts provide a suitable environment for 

a wide range of chemical reactions. According to 

Sundermeyer (15) chemical processes in molten salts may be 

divided into the following categories. 

(a) Reactions in which the melt acts as a catalyst. 

For example (16) in a melt containing KCl and ZnCl,, methyl 

chloride is formed according to 

H,0-0-CH., + 2HC1l —> 20H, 01 + H,0 (1-1) 

(b) Reactions involving the participation of the melt 

and the consumption of one or more of its components with 

no simple means for regenerating the latter. For example, 

the formation of ethylchloride (16) according to 

3(HeC,-0-CoH,) + 2AlCl1,—+A1,0, + 60, 

(1-2) 

cl 

which takes place in a low melting ternary melt containing 

ALC1L,-KC1-Nacl. 

(c) Reactions in which the melt acts as a solvent for 

the reactants. For example the synthesis of silicon 

hydride from silicon tetrachloride and lithum hydride 

according to (17) 

4LiH + SiCl, —+SiH, + 4Li¢1 (4-3) 

which takes place at 700K in a melt containing (Li-K)01l. 

In this reaction one of the melt components is formed as a 

result of the reaction. Reviews of chemical reactions in 

molten salts have been made by Sundermeyer (18), Kerridge 

(19) and Parodi, Bonomi and Gentaz (20). 

This project set out to investigate an area of
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organic reactions in molten salts with a view to develop a 

basis for an industrial process. Surprisingly although many 

chemical reactions have been studied on a laboratory scale 

in molten salts few have been aimed at a commercially viable 

application. 

With a basic knowledge obtained from the 

literature on chemical synthesis and the possible ways in 

which a molten salt medium could be usefully employed in a 

chemical synthesis, it was decided to survey possible 

reaction areas with a view to the study of one of these 

areas in the research project. The suitability of the 

reaction area was a difficult problem as very little 

research on most reaction areas had been performed in molten 

salt media. To help choose the most suitable area for 

research a list of practical aspects for the project was 

drawn up; 

(C3) The reaction must be done in a molten salt. 

(33) The reactor will be made of glass, which is cheap, 

and quick and easy to fabricate and enables visual monitoring 

of the process. Glass also has a low pressure resistance 

and therefore will not allow a dangerous internal pressure 

build up in the reactor. 

(ii) The reaction must take place below 800K (softening 

point of pyrex glass approximately 1000K). 

(iv) The reaction must take place at atmospheric 

pressure, higher pressures in glassware are hazardous. 

(v) The reaction must not be too dangerous. 

(vi) The reaction must provide a suitably varied area 

for research. 

(vii) The reaction must give products which are volatile 

at the molten salts operating temperature.
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(viii) The molten salt can act as a catalyst. 

(ix) The molten salt can act as a heat transfer medium. 

(x) Electrolysis of the molten salt can provide an 

active reactant species. 

(xi) The project must have industrial potential. 

These practical considerations were then applied 

to various chemical reaction areas. Oxidation reduction 

reactions were chosen as the most suitable. It was thought 

than an organic oxidation reaction would be performed with 

an inorganic oxidizing agent dissolved in the melt and that 

reactions might be more specific than if pure oxygen or air 

was used, and of course it would probably be sefer. The 

possible regeneration of the oxidizing agent using oxygen 

or electrolysis was also considered as practically possible. 

It was known that unusual oxidation state of 

chromium and manganese had been found in some molten salts. 

Various oxidation states of chromium had been found in 

molten chlorides (21,22). These were however mainly 

insoluble and formed precipitates. Manganates seemed more 

promising as most of the oxidization states were formed in 

solutions, Kerridge et al (23,24,25) had found that several 
  

manganese oxidation states could be stabilized in molten 

nitrates. Kerridge had also performed some organic 

oxidation reactions in molten nitrates (26,27). Alkali 

metal nitrates have low melting points and are normally 

stable towards water. They have been the subject of 

chemical and electrochemical investigations by several 

workers (see Chapter 2). 

The aim then of the research project was to study 

the oxidation of organic compounds in molten nitrates by 

stabilized oxidation states of manganese.
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Ca OXIDE ION AS THE BASIC SPECIES IN MOLTEN NITRATES 

2wiet Acid-Base Concepts 

The theory of acid-base reactions in aqueous 

solution was first developed by Bronsted (28); he proposed 

the following definition. 

Acid $ Base + Ht (2-1) 

This was then later expanded by Lewis (29) in 

order to formulate a wider acid-base concept. Lewis 

connected the acid-base reactions with the formation of a 

coordinate bond. 

bY Pe e s 2 
Acid + Base < . Acid Base (2-2 oo ure aie t6 ) 

The Lewis concept of acid-base reaction when applied to 

molten oxide systems was found to have only limited validity. 

In an oxide system the Lewis definition gave only one single 

base, the 2a ion. However oxides, such as CaO and Na,0, are 

not bases but Na’ and catt are acids. 

Later Lux (30) developed a more precise acid-base 

definition in order to account for oxides in molten salt 

systems. The Lux acid-base definition was 

6 
Base $ Acid + 0 (2-3) 

which when applied to molten oxide system gives, for example, 

BaD oe Be Si0,” 5 Si03” + 0 (2-4) 

8i0$" 4 Sid, + 0°- (2-5) 

Cad s Catt + oe (2-6) 

As can be seen, Lux's definition is analagous to the 

definition proposed by Bronsted. Flood and Forland ( 31 ) 

further applied and tested the applicability of the Lux 

acid-base concept to molten oxide systems. They pointed
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out that the advantage of the Lux definition was that it does 

not imply any theoretical assumption as to the way in which 

the oxygen ion is bound to the cation. However they also 

noted that it excludes the possibility to regard the 

analogous reactions of sulphide and fluoride ions as 

acid-base reactions. This limitation they suggested was of 

less importance than difficulties one met on applying the 

Lewis theory to oxides. In recent years the acid-base 

concept which was first developed by Lux, and then applied 

and tested by Flood and Forland, has become known as the 

Lux-Flood acid-base concept. The acid-base theories of both 

Lux-Flood and Lewis have been applied to many differing 

reactions which have been found to occur in molten salts. 

2- 
ieee Initial Studies on the Existence of 0 in Nitrate 

Melts 

In attempting to account for the nature of the Oca 

ion in molten nitrates several early investigations gave 

2- ion, which was either conflicting results. The 0 

electrogenerated, added, or present as a product from 

decomposition of the melt, was analysed by voltammetry or by 

using the oxygen electrode. In some experimental programmes 

all the suggested methods of obtaining Coa were employed, and 

both voltammetry and the oxygen electrode used to verify the 

existence of 0°" ion, 

Kust and Duke (32) and Kust (33) studied the 

nitrate ion dissociation in molten equimolar (Na-K)NO; at 

523K using an oxygen electrode consisting of a platinized 

platinum foil electrode (0.5cem?) over which oxygen was
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bubbled. They demonstrated the reversibility of the cell and 

obtained its standard e.m.f. by varying the oxygen pressure 

and om concentration independently. In experiments in which 

ean, 4 5 
ion was varied, - was the concentration of the 0 

electrogenerated in situ by reducing oxygen gas at a 

platinized platinum electrode. Their results gave a slope of 

0.054340.0013V at 523K, closely similar to a theoretical 

slope of 0.0541V for the Nernst plot of E vs log [o?-| for a 

reversible two-electron transfer reaction of the form: 

$0, + 2e7 = 0° (227) 

Their interpretation of the oxygen electrode provided a 

direct method of measuring the acidity or basicity of the 

molten salt system in terms of the Lux-Flood acid-base 

concept. 

Metal oxides are not a suitable source of Com ions 

in nitrate melts as their solubility is low in the 

temperature ranges normally used. Other compounds have 

therefore been used as a source of Com ions. Swofford and 

McCormick ( 34), Novik and Lyalikov (35), and Shams El Din 

and Gerges ( 36) each found problems in the production of 02> 

ions, and doubts were always present as to the stoichiometry 

of the reactions involved. Swofford and McCormick in their 

2- 
research required to establish 0 with NOS as the products 

from the reduction of NO3. They found a voltammetric wave 

which they hoped to attribute to 0°- and they wanted a method 

of adding 0°" without nitrite. Shams Bl Din (37) had added 

both KOH and Na505 to molten ENO, at 623K and claimed to 

obtain stoichiometric amounts of oe in both cases; Kust and 

Duke (32) proposed reduction of oxygen gas; and Kust ( 33) 

added Ore via carbonate ion but showed only partial



decomposition occured by 

COS” $ C0, + 0 (2-8) 

Swofford and McCormick found firstly they disagreed 

with Shams El Din in that Na,05 in (a-K)NO, at 523K wes 

found to be only sparingly soluble and on its addition 

another voltammetric wave distinct from that of a= was 

produced, suggesting a reductant other than Game Swofford 

and McCormick secondly commented that it was hard to believe 

OH™ was completely converted to Orn when added to nitrate 

melts in view of the work reported by Eennett and Holmes. 

These workers (38 ) added OH” to molten nitrate to stabilize 

manganates, and their work involving spectrophotometric 

studies, assumed that OH” added to the melt remained as such. 

Swofford and McCormick finally also failed to 

electrochemically generate 02 by reducing oxygen gas as 

suggested by Kust and Duke (32). 

McCormick and Swofford (39 ) later reported that 

they had found that Na505 had some use as a source of Com 

ions. Shams El Din (37) and Reddy (40) both suggested that 

Na505 decomposed in the melt to yield 0-5 according to: 

Naj05  Naj0 + $05 (2-9) 

McCormick and Swofford found that addition of barium peroxide 

or sodium peroxide increased their voltammetric wave ascribed 

to o*-. However, having assumed Oe was reversibly oxidized 

to oxygen in the electrochemical reaction, 

of" = $0, + 2e7 (2-10) 

they plotted log fue ] vs E and found the slope of the plot 
1 7 

too high to be indicative of two-electron transfer. The 

slope could be interpreted as more indicative of a somewhat 

irreversible one-electron transfer.
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The one-electron transfer behaviour has also been 

found by other workers ( 37) using voltammetric analysis of 

nitrate melts believed to contain Oa, and using the oxygen 

electrode in molten nitrates. It was also interesting that 

Wrench and Inman ( 41), who had carried out experiments with 

the oxygen electrode in molten chlorides, had obtained 

Nernstian slopes of RT; and Burrows and Hills ( 42 ) working 

more recently with is oxygen electrode in sulphates had also 

obtained RT slopes indicative of a one electron transfer 

reaction. : 

By 1972 the controversy was by no means settled. 

Fredericks, Temple and Thickett ( 43) published results from 

experiments performed in molten (Na-K) NO, with the oxygen 

electrode which supported the two electron transfer reaction 

and hence the stability of Onn ion in molten nitrates. Their 

results completely agreed with those of Kust and Duke (32 ) 

for the E vs log [o?-] plot. Thus the problem of what was 

the actual oxyanion species present in molten nitrates was by 

no means resolved. The individual effect of impurities on the 

stability of oxyanions had not been fully studied but the 

conflicting and sometimes non-reproducible results suggested 

that they were very important parameters.
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2 ela The Reduction of Nitrate by Electrolysis 

The first study in this area was by Hills and 

Johnson ( 44 ) who postulated the reactions: 

NOZ + 2e7 = NOZ + 0° (2211) 

NOS +e” = NO, + 07° (2-12) 

for the reduction of Nos in molten (Na-K)NO;. 

Subsequently reaction 2-11 was reproposed by Swofford and 

Laitinen (45) to explain a cathodic maximum obtained at 

approximately -1.6V vs Ag/Ag* (0.07m) reference when Nox is 

electroreduced in the presence of sodium or lithium ions. 

In their study these authors related the current peak to the 

precipitation of Na,0 or Li,0 and the small after-peak to the 

replacement of the precipitate continuously dissolving into 

the melt. Following the work of Swofford and Laitinen many 

workers ( 34,46,47,48,49,50 ) considered reaction 2-11 valid 

for the production, over a large temperature range, of 0° 

ions in nitrate melts. However, there was still considerable 

disagreement concerning the chemical or electrochemical 

behaviour of the products of electrolysis. Bartlett and 

Johnson (51), on the basis of thermodynamic considerations 

and experimental results from (Na-K)NO, investigations, 

suggested that a mixed process occurred: 

NOZ + 5e7 = Hy + 30-7 (2-13) 

2N05 + Be™ = 0 + 50°- (2-14) 

NO5 + 3e7 = NO + 20°- (2-15) 

NOZ + 2e7 = NOD + Com (2-11) 

The major reaction was reaction 2-11. Each reaction followed 

the Lux-Flood acid-base theory. 

Zambonin (52) used microcoulometric and
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voltammetric measurements in the temperature range 502K-553K 

ina (Wa-K)NO, eutectic melt. He used either a pure melt or 

one containing species produced in situ by massive 

electrolysis. His experimental results substantiated the 

following reactions. 

NOZ + 2e7 = NO5 + oe (2-11) 

05 + anat ¢ Na,O (solid) (2-16) 

on en eels 05 “+ NOz 5 N05 + 05 (2-17) 

oS + 2N05  2NOZ + 205 (2-18) 

The Oo ions produced by reaction 2-11 precipitated on the 

electrode because of the low solubility of Na,0 and the 

kinetic prevalance of reaction 2-16 over reaction 2-17. 

However he stated reaction 2-17 was sufficiently fast to 

accelerate considerably the physical redissolution in the 

melt of the Na,0 accumulated on the electrode; reaction 2-18 

was a slow reaction which did not effect the processes 

occuring on the electrode. The sodium oxide formed on the 

electrode surface could be electrooxidised by 

2Na,0 (solid) = 2Na* + 05 + 3e7 (2-19) 

O05 = Oy + e (2-20) 

which produced two distinct anodic peaks. Zambonin's results 

were critically contingent on the use of a perfectly dry melt 

otherwise the following reactions could occur. 

2a O°" + H,0 $ 2087 (2-21) 

02" + H,0 % 20H” + 40, (2-22) 

205 + Hy0 S 20H” + 140, (2-23) 

He found, however, that generally the presence of low 

concentrations of water did not substantially alter the
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process of formation and precipitation of the Gon: in fact 

the processes appeared independent of moisture. This he 

suggested was due to the fact that only water in the vicinity 

of the electrode can react as reaction 2-21. The 

precipitation is a fast process and most of the Com produced 

precipitates before the water can diffuse to the electrode. 

Moisture becomes more important in the dissolution of the 

precipitate, in wet melts the reaction 

2- 
oO + HO % 20H (2-21) 

prevails over the reaction 

2- - - Qu 
OF No; $ NO, + 05 (2-17)
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2.2 BEHAVIOUR OF OXYGEN ANIONS IN DRY MELTS 

Doane Addition of 027 and 05 

Previous workers had used o8- and 05 as a source of 

2- 
0 ions. JZambonin and Jordan (53) carried out an 

electronanalytical investigation of Oe and 05 in molten 

alkali nitrates. The nitrate melt was made up from high 

grade chemicals which had been "painstakingly dried." The 

electrochemical investigation was performed using a rotating 

platinum disk electrode in a platinum-lined electrolysis cell 

(54) as this avoided possible contamination of the melt by 

silica from a glass container. The solutes used were Na505, 

KO, and Na,0. Superoxide equlibrated with the melt produced 

two waves, one due to the reduction of superoxide, 

A 2. 
e = 05 (2-24) 05 + 

and a second wave due to the electrooxidation of superoxide, 

05 = 0, + ey (2-25) 

Analysis of the experimental results gave the values 

indicative of a reversible one electron transfer reaction. 

When peroxide was added to the melt an equilibrium mixture of 

nitrite, superoxide and residual peroxide was obtained. 

This, they proposed, was due to the chemical reaction 

og + 2NO  2NOZ + 205 (2-18) 

It was very interesting that when they added oo to 

the melt, the voltammogram was identical to that found when 

ose was added. From these experimental results Zambonin and 

Jordan postulated that 0°- ion can be converted +o o8- and 05 

in accordance with 

NOs + of 5 08" + NOS (2-26) 

5NOZ + 0°" & 205 + 3NO5 (2227)
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and that the oxygen electrode in dry molten nitrates may 

actually be governed by the 05/05 one electron transfer 

reaction rather than the 05/0" two electron transfer. 

Zambonin and Jordan (55) in later work 

substantiated the reactions of Coa with NOZ and obtained 

values of the equilibrium constants for the following 

reactions: 

0°" + NOS s NOS + 03- (2-26) 

0S" + 2NOZ 5 2NO5 + 205 (2-18) 

205 $ 0, + 087 (2-28) 

Hpeo6 
K_agz 6+7(40.5)x107"" 

hs + -6 Bo_og= 325(=1)x10 

The equilibrium data shows that in dry nitrate melts 

virtually complete conversion of oxide by nitrate, and/or 

oe 
gaseous oxygen, to 05 and 05 does occur. 

Schlegel and Priore ( 56) investigated the 0°. -05°-03 
system in molten nitrates and measured the dependence of the 

equilibrium constant for the reaction at various temperatures. 

The method used was a manometric technique; 40g of (Na-K)NO, 

solvent was placed in a platinum container, and, after very 

careful drying, equilibrated with a known quantity of oxygen 

gas. Using this technique the thermodynamics and kinetics of 

reaction 2-28 were studied. An equilibrium constant of 2x1 07? 

was obtained for reaction 2-28 at 533K, this compares with a 

ao at 502K found by Zambonin and Jordan (51 ). value of 3.5x10 

Schlegel and Priore also found the reaction to be exothermic 

with an enthalpy change of approximately -9.9 k cal mo17! ; 

and the rate of disproportionation and comproportionation to 

be 1.0 and 5x1 ot respectively.
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Oe 2 Behaviour of the Oxygen Electrode in Dry (Wa-K)NO, 

In the absence of water Zambonin had found that the 

most stable species in equimolar (Na-K)NO, was superoxide. 

The behaviour of the oxygen electrode was found to be 

dependent on the 05/05 couple, and oxygen and superoxide were 

found to be interrelated by the following equilibria. 

2057 4 0p + 20 (2-29) 

205 & Op + 087 (2-28) 

K_oo= 10 16 rol ken! 

K_pa= 5x107! 
Also Nernstian slopes of RI were obtained, indicative of a one 

electron transfer eee At low 05 concentrations the 

oxygen electrode became irreversible. JZambonin suggested that 

this was expected due to residual melt impurities reacting 

with 05. He further suggested that other workers had looked 

in fact at 0B" /05 electrode or $i05"/0, electrode which 

formed when water and/or glass contaminants were present in 

the melt. 

Fredericks, Temple and Thickett ( 43) also conducted 

a study of the oxygen electrode in molten (Ne-K)NO, contained 

ina glass cell. They claimed that their melts were very 

carefully purified and that they obtained plots of E vs log 

[o2-] ion in the form of Na,C0, as suggested by Kust ( 33) 

2— 2— 
3 (2-8) 

Their results suggested the electrode reaction was indicative 

co: s CO, + 0 

of a two electron transfer and that Can ion was stable in dry 

nitrate melts. This is in direct conflict with the results 

obtained by Zambonin ( 51,53) and Schlegel and Priore (56).
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alee eo. The Effects of $i0,_and CO,_on 0°" Ions and the 

Oxygen Electrode 

In view of his experimental results obtained in 

nitrate melts, Zambonin (57) considered the effects of the 

presence of carbon dioxide and silica. He suggested the 

reactions 

CON Os = COes (2-30) 2 = CO 

810, + 077 5 si05” (2-31) 

could lead to the stabilization of oxide ions. However in 

pure dry nitrate melts the concentration of Oca would always 

be less than the products of its oxidation: 05 and 05. 

Zambonin also suggested that the controversy regarding the 

oxygen electrode in glass containers could be due to some 

kind of hydroxide electrode since in the presence of water 

the reaction 

S105” + Hp0 s 20H” + Sid, (2-38) 

can produce hydroxide, and in a dry system the following 

electrode process would be possible 

‘ = 2. 
40,5 + Si0, + 2e = $i0; 

Further work on the effects of silica on oxide have been 

(2-33) 

reported by Burke and Kerridge. They have suggested 

stabilization of oxide occurs via 

; Ce ; 2- X.Si0, + O°" § (S105), .0 (2-34) 

(S40), 0°" = x.840) + 405 + 2e7 (2-35) 

This has been dealt with in more detail in section 2.4.
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2.2.4 Voltammetric Behaviour of 00,-0,-005 system 

Zambonin (58) performed a study on solutions of 

Con) CO, and 0, in molten (Na-K)NO.. Investigations were 

carried out using a rotating platinum disk electrode and a 

platinum lined electrolysis cell. Carbonate was sufficiently 

soluble to permit voltammetric study. Carbonate exhibited an 

anodic wave Ey= +0.5V vs Ag/Agt (0.07m); however the 

voltammograms were not very reproducible. Zambonin found that 

5 

higher concentrations the limiting currents were not well 

a plot of 4, vs [oo8-] was a straight line up to 3x107>m. At 

defined due to formation of CO, and 05 on the electrode 

surface by the reaction. 

cog” = 00) + $05 + 2e7 (2-36) 

Solutions of carbonate were found not to be affected by 

vacwmm or passage of an inert gas. 

The presence of carbon dioxide gave rise to a 

cathodic current-voltage curve Ey= -0.52  0O.01V at 510K. 

Zambonin carried out controlled-potential massive electrolysis 

at a potential corresponding to the reduction of C05. The 

products were a half mole of carbonate and a half mole of 

nitrite per Faraday. This was in agreement with the overall 

process 

= - 2 - 
CO, + Nox + 2e = C05 + No (2-37) 

Addition of cos and NOo5 to solutions containing CO, had no 

effect on the CO, wave. Zambonin concluded under his 

experimental conditions the reaction was irreversible. 

When CO, and 05 were present together in the melt, 

they gave a new voltammetric wave due to 

CO, + $0) + 2e7 = cog (2-38)
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In excess CO, an additional wave due to reaction 2-37 was 

found. In the presence of an excess of 05 at the electrode 

surface the wave due to reaction 2-38 was found together with 

other waves whose origin was dependent on the presence or 

absence of traces of water. When the melt was wet the wave 

due to reaction 2-38 was found together with two further 

waves due to the reactions; 

0 + 2H,0 + 4e7 = 4087 (2-39) 2 2 

Hy0 + ne” = products "water wave" (2-40) 

Similarly in a dry melt the wave due to reaction 2-38 was 

found together with two further waves due to the reactions: 

On +e = 05 (2-41) 

on on Qu 
05 +e = 05 (2-24) 

In solutions containing CO,, 0,, and cog the 

current—-potential profiles found by Zambonin were in 

agreement with the previous voltammograms that he obtained 

when the individual components were present in the melt. 

Further work on the potentiometric behaviour of the 

system C0,-0,-C08™ in nitrates has been performed by Desimoni, 

Sabbatini and Zambonin (59).
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2a. Nitrate-Solvated Oxide Ions 

Zintl and Moraweitz (60) and Kuhimuller ( 61 ) 

performed experiments in nitrate melts on the nature of oxide 

ions; Zintl and Moraweitz used a radiocrystallographic 

technique and Kuhlmuller a manometric technique. They both 

2 jon was in concluded from their experimental results that 0 

fact solvated by the nitrate ion and that it existed in the 

form of orthonitrate (woZ7). 

= as 
NO; + 0° § NOg (2-42) 

From potentiometric acid-base titrations Shams El 

Din and El Hosary (62,63 ) adduced evidence that Osa OH™ or 

electrogenerated ose ions reacted with the nitrate melt to 

yield pyronitrate B50776 possibly by reactions of the type 

2=- 

5 

They found the overall basicity of the melt was not affected 

0°- + NO o4- (2-43) 4 NOo” + NO = N,04 4 

by solvation, but the reactivity of the free anions was 

different from that otherwise associated with the melt. This 

hypothesis was substantiated by chronopotentiometric 

investigations that found that the three ions, Ose, OH™ and 

a= 
0 each exhibited the oxidation step corresponding to the 

reaction. 

2. Oo" = $0, + 2e7 (2-10) 

The pyronitrate formed was electroinactive and did not yield 

a@ corresponding oxidation step. 

Bl Hosary and Shams El Din ( 64) in a later study 

followed the reaction between Na505 and nitrate melts of 

different compositions using pH-metric titrations. Using 

this technique they monitored the formation and disappearance 

oF Nay. At increasing times, from the initial addition of D°
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Na5055 the melts were cooled and samples pH-metrically 

titrated with HCl. They found the titration curves had three 

steps; the first neutralization of unreacted Na505» the 

second and third steps consumed equal volumes of HCl and these 

they attributed to neutralization of pyronitrate. They 

suggested the reactions were as follows 

Na,Nj0, + HCl s Ne,HN,0, + NeCl (2-44) 
3 

Na,HN 507 + HCl s NasHoN507 + Nacl (2-45)
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2.3 BEHAVIOUR OF OXYGEN ANIONS IN WET MELTS 
  

2.501 Voltammetric Behaviour of Water 

Swofford and Laitinen (45) using a stationary 

platinum electrode system reported a voltammetric wave at 

-0.9V versus Ag/Agt (0.07m) reference which could be removed 

by purging the melt with dry nitrogen. This wave was 

ascribed directly or indirectly due to the water content of 

the melt and so was called the "water wave". Peleg (65), 

using a rotating platinum disk electrode for analysis of the 

"water wave", verified that the solubility of water in molten 

nitrates obeyed Henry's Law. Other workers ( 66,67,68 ) 

using both electroanalytical and manometric techniques have 

also shown that Henry's Law is closely followed. 

Zambonin, Cardetta and Signorile (69 ) considered 

the electrode processes that gave rise to the water wave, In 

their work they once again used the rotating disk electrode 

system for voltammetric experiments. Surprisingly they found 

that a plot of limiting current against water concentration 

to be slightly non-linear. This they suggested indicated the 

presence of competitive electrode processes. From their 

results they thought it unlikely that more than one or two 

electrons were involved in the overall reduction process of 

a mole of water. Their hypothesis was as follows: 

First Step: 

H,0 + e = OH” + H° (2-46) 

Second Step: 

Either H° + NOZ +6, = 68 + NO5 (2-47) 

or +(H* + H* = Hy) (2-48)
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Where reaction 2-47 can occur in consecutive stages: 

H* + NOZ $ NO> + OH* (2-49) 

OH’ + e” = OH” (2-50) 

If the first step reaction 2-46 is followed by reaction 2-47 

the overall reaction is 

Hp0 + NOZ + 2e7 = 20H” + NO5 (2-51) 

which implies two electrons per mole of water. If however 

the first step reaction 2-46 is followed by reaction 2-48 the 

overall reaction is 

H,0 + e = OH + TH (2-52) 

which requires only one electron per mole of water. JZambonin 

et _al justified their hypothesis by several points: 

i) The rate of reaction 2-47 is proportional only 

to the first power of the hydrogen atom concentration (WOS 

being the solvent), while that of reaction 2-48 depends on the 

square of this value. Thus reaction 2-48 rather than 

reaction 2-47 is favoured when the water reduction rate 

rises. Increases in the water content will cause an increase 

in the contribution of one electron process and decrease the 

two electron process. This agreed with the non-linear 

current-concentration curve and also with the formation of 

hydrogen observed at the cathode. 

15) Reaction 2-52 has been found (70 ) to be the 

prevalent stoichiometry for reduction of water at 500K in 

hydroxide melts in the absence of nitrate ions.
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Zac Behaviour of the Oxygen Electrode in Wet (ia-K)NO, 

When water is present in (Na-K )NO., it has been 

shown ( 52) that 0°", 0S~ and 05 are not stable, as the 

following reactions occur: 

0°" + H,0 = 2087 (2-21) 

027 + HO + 20H” + 40, (2-22) 

205 + H,0 5 20H” + 140, (2-23) 

%_o,= 1018 
ho =e 10! Onortkg™* 

57 10°mol~?kg? 

Zambonin (71 ) conducted experiments on the oxygen 

electrode in a platinum cell in the presence of NaOH at 

controlled water partial pressure. The ratio of H50/05 was 

always such that 98% of unreacted OH” was present due to 

reactions 2-21, 2-22 and 2-23. The oxygen electrode was 

deemed to act as a hydroxide electrode. I+t was found that 

the electrode obeyed the Nernst equation at high 

) giving a concentrations of hydroxide (1079 to 107 

reversible one electron transfer reaction of the form 

Op + 2H,0 + 4e7 = 4087 (2-39) 

However, at lower hydroxide concentrations the system behaved 

irreversibly, and in order to discover why Zambonin and 

Signorile (72) carried out further experiments using 

indicator electrodes of platinum and gold at low hydroxide 

concentrations. They found that the oxygen electrode system 

(Pt or Au)05, H,0/0H7 at concentrations of OH” up to 1074m 

presented a well-defined behaviour expressed by 

E(pt) = constant + RE 1n (0, ]* (2-53) 

[on
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and 

E(au) = constant + RT [ot (2-54) 
er [ox’] 

However in the range [ox| (1074 + 107m) they characterized 

a region of mixed potentials. They suggested the reaction 

on 
20H” 5 O°" + HAO (2-55) 

at 
Eoa25- 1° 

was followed by fast steps such as: 

pt?+ 4 027 © Pto (2-56) 
Pto = Pt* + 40, + 2e7 (2-57) 

or 

PtO + 0°" = PtO, + 2e7 (2-58) 

PtO, 5 $05 + PtO (2-59) 

The transition from reversibility occurred for Pt and Au at 

almost the same concentration of OH. This they suggested 

can possibly be related to the slowing down of reaction 2-55. 

Zambonin tentatively suggested the reaction model 
slow 

PtO + 20H —> Pt(0H)5 + 405 + 2e7 (2-60) 

fast 

Pt (OH), —>H,0 + PtO (2-61) 

and 
slow 

Au,0, + OHT + NOZ—>AU0, 0H"... .NOS + 40, + 2e7 (2-62) 

OT + Auy0, 0H". ..WO5—-rH,0 + NOZ + Au,0, (2-63) 

Fredericks,Temple and Thickett (43) in their study 

of the oxygen electrode in molten nitrates, performed work on 

the injection of water to their system. They found that the 

slope of the plot E vs log [o2-| changed from RT to ue On 

discontinuing the passage of water vapour into the melt the 

cell reverted to give RT slopes. This they suggested was due 

to reaction =, 

02- + H,0 $ 2087 (2-21)
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and formation of hydroxide. Their work was again in direct 

conflict with that of Zambonin. 

2aleD Voltammetric Behaviour of Oxygen, Superoxide, 

Hydroxide and Water present together in Nitrate 

Melts 

Zambonin ( 72) again used his platinum lined cell 

am rotating platinum disk electrode, and studied the addition 

of KO, and water to a nitrate melt. Two voltammograms have 

been reproduced (FIG. (2-1)) from Zambonin's paper. He showed 

the reaction 

205 + Hp0 $ 20H” + 140, (2-23) 

prevailed and its equilibrium lay mainly to the right. The 

voltammograms were characterized by several well-defined 

limiting current domains which he attributed to the reactions 

shown in FIG. (2-1). As can be seen at the concentration of 

OH™ used (1074m NaOH) the reaction 

408 Sr = 05 + 2H50 + 4e7 (2-64) 

is irreversible the oxidation and reduction waves occuring at 

different potentials. This agreed with his previous 

experimental findings that the reaction 2-64 is reversible 

1 in the range [oz] = 107? to 107'm and irreversible below 

[one] = 107m with a transition region of mixed potentials 

between lo 7 = 107? to 1074m. 

Francini and Martini (50) used oscillographic and 

Q-. 
& conventional polarography to study the nature of 0 n 

equimolar (Na-K)NOx at 495K in a pyrex cell. Addition of 0° 

was by addition of Na,0 and OH™.by NaOH. Both 0?" ana on7 

gave well-defined primary anodic and secondary cathodic waves.
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Figure 2-1 Voltammograms of Oxygen, Superoxide, Hydroxide 

and Water Present Together in (ia-K) NO, Eutectic 

as Presented, by Zambonin and Signorile (72) 
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POTENTIAL Pt ELECTRODE vs REFERENCE (vort) 

Curve A: yoltammogram recorded in 

(Na-K)NO, eutectic containing 2.6 X 107? m KO; and 
1.0 < 10-3 m NaOH Curve B; yoltammogram re- 

corded about 1 min after the injection of ~ 0.1 ml of 
water on the system represented by curve 4 

Experiment performed under continuous, moderate flowing 
of dry nitrogen over the melt surface. RDE area 0.017 cm? 

rotated at 600 rpm; potential scanning 3 V/minute; T = 
510 °K. Curves corrected for residual current; zero current 
axis arbitrarily shifted 

POTENTIAL Pt ELECTRODE ys REFERENCE (volt) 

Current-potential curve recorded 

in a molten (Na-K)NO; equimolar mixture, 
1.5 X 10-‘m in hydroxide, bathed with wet 
oxygen (yo, = 1 atmosphere; pz.o = 0.16 
Torr)
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They suggested that from their results the equilibrium 

20H” 4 H,0 + 077 (2-65) 
2 

was rapidly established in the melt solution. They found if 

oe ion was generated in an anhydrous or nearly anhydrous 

melt no wave or a very small one appeared not consistent with 

the amount of Ca generated. On equilibrating manhydrous or 

nearly anhydrous melt with water vapour carried by an inert 

gas, the measured currents increased gradually up to the 

stoichiometric value. This they suggested demonstrated that 

the reacting species was OH” ion. Using conventional 

polargraphy, analysis of the results showed that a plot of E 

vs log G wr gave a straight line. However the slope of 
emai 
  

the plot was not in agreement with their postulated two 

electron transfer reaction, 

20H” = H,0 + 40, + 2e7 (2-65) 

so they concluded the reaction was irreversible. The OnT 

concentration range that they employed for their polarographic 

study was approximately 107? to 107°M. If we assume that at 

495K the melt density is approximately 1.96gem™>, then the 

range is approximately 5 x 1074 to! 5) x 107¢m. From Zambonin 

the reaction was found irreversible in the OH” concentration 

range 1074 ~ 1073m and reversible in the region 107? to 1o7'm.


