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ABSTRACT 

It has been shown that Pfann's equation for zone refining and 

the Burton, Prim and Slichter equation hold for potassium chloride. 

Equilibrium distribution coefficients for copper silver and gold 

were calculated to be 7.6 x 10-3, 1.9 x 10-2 and 4.7 x 10-2

respectively with corresponding reciprocal velocities of 36, 76 and 

91 sec/cm respectively. There was some complication with gold at 

low zone traverse rates which may be due to complex formation. 

The diffusion coefficients of these cations were determined by 

chronopotentiometry using Sand's equation, Prior to the chrono-

potentiometric experiments many unsuccessful attempts were made to 

develop a reversible reference electrode and recourse was had to 

an irreversible platinum electrode. The diffusion coefficients for 

copper, si lver and gold determined by chronopotentiometry were 

2.0 x 10-5 at 815°C, 2.2 x 10-5 at 805°C and 7.2 x 10-5 cm2/sec at 

815°C respectively. 

The results obtained by the two methods are compared and discussed 

in terms of possible structural differences between the melts at the 

different temperatures. 
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1. INTRODUCTION 

The technique of zone refining--passing a hot zone along an ingot 

to redistribute an impurity as a result of its different solubility in 

the solid and liquid phases--has found wide appl ication over the past 

seventeen years. Its !- Iortance up to now has been as a method of 

purifying the materials of modern electronic devices, e.g. silicon, 

germanium, indium antimonide. However, its potential for the obtain-

ing of high purity metals, salts and even low melting organic compounds 

has not been overlooked. 

The theory of zone refining has been thoroughly developed (see 

later) and tested for a variety of metallic and semiconducting materials. 

The basic parameters k0, the equi l ibrium distribution coefficient of 

the solute, and D, the diffusion coefficient of the solute, are 

tabulated for very few systems. Rather than define a system in such 

terms, it has been the custom on several occasions merely to pass n 

zones unti l the material under test acquired the desired properties. 

With a knowledge of ko for a solute in a particular system it is 

possible to make predictions of the best experimental conditions for 

a specific purification in the minimal time. Ionic salts are good 

solvent media for the determination of k, the effective distribution 

coefficient, and &/D values, where 6 is the diffusion layer thickness, 

since a rapid estimation of D is available by the chronopotentiometric 

technique. 



The effects of trace impurities on the properties of alkal i hal ides 

in the molten and solid phases cannot be definitely stated ince it is 

very difficult to obtain these compounds in a known high state of 

purity. The need of alkal i halides with a low impurity content has 

been realized by many workers, in particular those using electrochemical 

and spectral techniques. During the course of his investigations on 

square wave polarography, Barker (1) found that impurities in the 

supporting electrolyte were a serious problem when trying to analyze 

for trace quantities of electroreducible species. Anderson et al. 

(2) have detected, from neutron activation analysis, the probable 

presence of as many as forty elements in analytical grade potassium 

chloride. Schulman and Compton (3) give a detai led account of the 

effect of trace impurities on coloration phenomena in crystals. 

Kanzaki (4) discovered that in a zone refined crystal the ionic conduct-

ivity could be increased for an increase in dislocation density, whi le 

for an impure crystal, as the dislocation density increased the 

conductivity decreased. According to Johnson (5), the frequency 

dependence of electrode impedance in melts may be partially due to 

trace impurities in the electrolyte. Apart from these academic uses, 

there is a demand for very pure alkal i halides for use in the manufacture 

of phosphors and lasers. 

The original intention of this investigation was to determine the 

1(0 values of some of the first row transition elements in potassium 

chloride. The initial zone refining experiments were attempted using 

divalent nickel and cobalt in potassium chloride. These metals were 

almost completely transported int, the last zone from an original 



solution of 0.1% cobalt and 1.0% nickel at zone travel rates of 10 

and 20 cm/hr. Because of this large movement of nickel and cobalt, 

it was decided to try cations of comparable size to potassium. The 

cations selected were lead and silver of ionic radi i 1.21 R and 1.26 X, 

respectively, compared with potassium, 1.33 X. The results with lead 

showed that this ion could be removed from potassium chloride by zone 

refining but it would be difficult to determine distribution data from 

this system due to slow formation of lead ion complexes. After some 

success with silver, copper and gold were used as other solute cations. 

Providing the electrode geometry is known, chronopotentiometry 

serves as a useful and rapid method of obtaining diffusion coefficients. 

This technique has been used widely for the determination of diffusion 

coefficients in l ithium chloride - potassium chloride mixtures, Unfor-

tunately there are not many references to its use in potassium chloride. 

The probable reason for this is the high melting point of potassium 

chloride which causes difficulty in handling and makes necessary the 

use of silica or refractory materials as containers. This also tends 

to make research with molten potassium chloride expensive. Before 

commencing the chronopotentiometry a reference electrode had to be found, 

however, attempts to develop an ideal reference electrode were unsuccess-

ful, but using an irreversible platinum electrode reasonable diffusion 

coefficients were determined by the chronopotentiometric technique, 



2. THEORY AND PREVIOUS WORK 

2.1 Theory of zone refining 

Purificction by equilibrium freezing depends upon the partitioning 

of the impurities or solute between the solid and liquid phases. This 

can be demonstrated by considering the upper portion of a phase diagram 

for a binary mixture where the solute lowers the melting point of the 

solvent, as is the usual case. 

ti

TEMP. 

CONCENTRATION 

When the temperature of a solution containing a concentration CL

of solute is lowered, the solid which first appears a: temperature ti

wi ll have the concentration Cs. The ratio CS/CL is defined as the 

equi librium distribution coefficient k0. As the freezing continues 

under equilibrium conditions, solute will be rejected by the sol id 

into the liquid maintaining the ratio Cs/CL at the interface. The 

last droplet freezes when the concentration reaches CL/k0. 

Equilibrium freezing does not lead to segregation because time 

4 



is allowed for complete diffusion in the solid. In normal freezing 

the diffusion of solute in the solid is so low that it can be assumed 

to be zero, and segregation will occur. The highest degree of segre-

gation wi ll be given by a large transport of solute away from the 

freezing face into the bulk l iquid. This transport may be greatly 

enhanced by stirring. If there is no stirring, transport is by 

diffusion only. 

The conditions necessary for segregation are a freezing rate 

which is large compared to the diffusion in the sol id but small com-

pared to the rate of diffusion in the liquid. Solute distribution 

in a solid ingot using the above conditions can be described by the 

equation (6) 

kn -1 
C = k0 C0 (1 - g) 

where: C is the concentration of solute in the sol id after 
fraction g of the original liquid has frozen; 

C0 is the initial concentration of solute in the 
liquid; 

2.1 

k0 is the equilibrium distribution coefficient. 

In the previous discussion it was assumed that the solute concen-

tration was constant throughout the bulk of the liquid. If freezing 

does not occur slowly this will not be the case. The advancing solid 

rejects the solute faster than it can diffuse into the liquid. This 

leads to an enriched layer building up in front of the solid-liquid 

interface. As the concentration of solute in the sol id phase is 

determined by the concentration of solute in the liquid phase adjacent 

to the sol id face, the ratio of the concentration in the solid to that 

in the main bulk of the liquid is now no longer 1(0 and is given by k, 

5 



the effective distribution coefficient, where k has a value between 

ko and one. This is shown in Figure 2.1. 

In zone refining, instead of the whole charge being molten, a 

small molten zone is passed down a solid ingot which initially has a 

uniform concentration of solute. When the molten zone has been passed 

along the complete length of the ingot, the solute wi ll be redistri-

buted throughout the ingot as shown in Figure 2.2. 

The zone refining distribution curve consists of three parts. In 

the first region where a zone length of the charge is molten the con-

centration of solute will be CO. As the zone starts to move down the 

ingot, sol id containing a concentration kC0 of solute freezes out from 

one end of the zone while at the other end solid, of concentration Co, 

has been added to the molten zone causing an increase in the solute 

concentration. This process continues until the concentration of solute 

in the molten zone is Co/k. The solid entering and leaving the zone 

now has the same concentration Co. At the last zone length there is no 

solid left to enter the molten zone and solidification is by a normal 

freezing process which can be described by equation 2.1. The first 

two regions can be described by the equation (6) 

C/Co = 1 - (1 - k)e-kx/1 2.2 

where: k is the effective distribution coefficient; 

x is the fraction of ingot which has been refined; 

1 is the zone length. 

In the above description the following assumptions have been made: 

1. k is constant throughout the ingot and is less than one; 

2. the zone length is constant; 
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3. there is no diffusion in the solid, and complete diffusion 

in the liquid; 

4, the initial concentration is uniform. 

If the logarithm of C/C0 is plotted against the distance travelled in 

zone lengths (x/1), then k can be found where the curve intersects the 

ordinate. 

The variation of the effective distribution coefficient with the 

rate of zone travel has been calculated by Burton, Prim and Slichter 

(7). At the sol id-liquid interface the velocity of flow wi ll approach 

zero except for the flow normal to the interface due to crystallization. 

There will be a region in the melt, next to the crystal, in which the 

principal transport of solute away from the interface occurs by diffu-

sion. Beyond this region, termed the diffusion layer, transport by 

fluid motion dominates. This diffusion layer may range in thickness 

from 10-3 cm for vigorous stirring to 10-1 cm for no stirring. 

From the continuity equation, in the steady state 

D d2C (x) f d C(x) = 0 2.3 
dx2 dx 

where D denotes the diffusion coefficient and f the crystal growth 

rate. The boundary conditions for steady-state are 

C(x) = CL at x = iS 2.4 

C(x) = CL(0) at x = 0 2.5 

where x is measured from the sol id-liquid interface. 

From these limits and the expression for the conservation of solute 

at the interface, 

f CL(0) (1 - k0) + D dCL(0)/dx = 0 2.6 

9 



the authors (7) obtained the following expression: 

k =  1 2.7 
1 + (1/1(0 - 1)e-f6/1)

This equation can be rearranged to 

ln(l/k - 1) = ln(l/k0 - 1) -f6/0 2.8 

If the thickness of the diffusion layer is considered to be constant, 

as would be the case for similar conditions of stirring, then a plot 

of ln(l/k - 1) versus f will yield a straight line with a slope of 

- 6/D and the intercept equal to ln(l/k0 - 1). 

The effect on k of varying 6 is shown in Figure 2.3 for two 

rates of travel, the values taken for k0 and D being 0.01 and 5 x 10-5

cm2 sec 1, respectively. 

Burton et al. (8) showed the validity of this relationship by 
IMI.•••• 

growing germanium crystals at various speeds and following the impurity 

distribution by tracer techniques. Bujdoso et al. (9) have also used 

equation 2.8 to determine the distribution coefficient of zinc in 

aluminium. Their plot of ln(l/k -1) versus f is shown in Figure 2.4. 

2.2 Matter transport during zone refining 

Differences in the specific volumes of a substance in its liquid 

and solid states can give rise to transport towards one end or the 

other of a horizontally held bar during zone refining. This is 

illustrated in Figure 2.5A, 

Let us assume that the liquid phase is less dense than the solid 

phase and the ingot has uniform rectangular cross section. When a 

certain volume of sol id melts it will form a greater volume of l iquid. 

10 
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Since the length and width of the volume of both phases is constant, 

because these dimensions are fixed by the container, the liquid phase 

has a greater height than the original solid. On advancing the molten 

zone a distance dx, sol id wi ll start freezing at the same height as 

the liquid phase, and a length dx freezes while a simi lar length melts. 

But the height of the solid freezing is greater than that of the solid 

melting, hence the volume of the solid melting is less than the volume 

freezing and the volume of the molten zone will decrease. This decrease 

wi ll show up as a lowering of the height of the molten zone. Solid 

will now freeze at this new height and more solid will melt at the 

height of the solid ingot. This process will continue down the ingot 

during the traverse of the zone causing an overal l mass transport 

effect in an opposite direction to that in which the zone is moving. 

Matter transport may be largely eliminated by ti lting the ingot at 

the proper angle. The critical angle of tilt, Ac' 
for zero transport, 

shown in Figure 2.58, can be calculated from the following expression (6) 

Ac = tan-12h0 (1-a) 2.9

where: h0 is the height of the solid 

m is the ratio of the density of the solid to that of the 
liquid; 

1 is the zone length. 

The ratio of the density of solid to liquid potassium chloride at the 

melting point is 2.0:1.5; hence, for an ingot with an height of 1. inch 

and a zone length c. 2 inches the critical angle would be 

tan-1 2 x - 4/3) x = 5°

14 



2.3 Previous work with potassium chloride 

Most of the work reported on the zone refining of potassium 

chloride has been aimed at achieving very pure salt for basic studies 

of scinti llation detectors and lattice defects rather than for 

diffusion measurements. Not al l authors have reported distribution 

coefficients, but those who have usually have given them for only 

one rate of zone travel or crystal growth. Some of the results are 

l isted in Table 2.1. 

TABLE 2.1 

DISTRIBUTION COEFFICIENTS OF IONS 
IN POTASSIUM CHLORIDE 

Ion k f Ref. 

Br 0.72 2.0 in/hr 12 
0.75 42 mm/hr 13 

Na 0.53 2.0 in/hr 12 
0.1 42 mm/hr 13 

Mg 0.1 --- 10 
Ca 0.1 10 

0.16 ___ 11 
Sr 0.25 --- 10 

0.26 11 
Ba 0.2 10 

0.2 11 
Ag 0.09 --- 2 

0.04 --- 14 
T1 0.31 19 

••••••••mmu.•••••••••••• 

Grundig and Wassermann (10) purified potassium chloride by normal 

freezing and zone refining techniques. From their normal freezing 

experiments they have obtained distribution coefficients for alkaline 

earth elements. Their results agree very well with those of Kelting 

15 



and Witt (11). During the course of Susman's work (12) the distri-

bution coefficients of Nal' and Br- in potassium chloride were 

calculated. The value of the distribution coefficient for Br- agrees 

well with the results of Inoue and Mizuno (13). Anderson (2) zone 

refined potassium chloride and found that the only impurities in 

analytical grade material to segregate well were si lver and sodium. 

He gives a distribution coefficient of 0.09 for silver but does not 

state the rate of travel of the molten zone. Crystals of potassium 

chloride containing silver chloride have been grown by Gomes (14); 

once more no growth rate was reported but he gives a distribution 

coefficient of 0.04. 

Most workers favour pretreatment of the potassium chloride with 

chlorine or hydrogen chloride to remove basic impurities; some pre-

treat the boat as well. The pretreatment of the boat was directed 

towards the removal of active sites, mainly hydroxyl groups, which 

cause the potassium chloride to adhere to the walls of the boat on 

freezing. If there is adhesion, contraction of the crystal on cooling 

causes severe rupture of the boat. Pretreated quartz has been the 

most popular choice of boat material because of its inert nature. 

Graphite has been used by some workers (15), but even after treatment 

flakes of graphite were found in the crystal. Both platinum and molyb-

denum sheet (16) have been used with some success. Warren (17) used 

a floating zone technique to overcome the problem of boat material in 

one series of experiments. Other workers (18) have tried maintaining 

the ingot at an elevated temperature to overcome the breaking of the 

boat materials, and to grow single crystals, but Srinivason (15) found 

16 



that this was not necessary. 

The nature of the atmosphere above the ingot during zone refining 

was shown to be important by Grundig and Wassermann (10). They grew 

potassium chloride crystals in the three atmospheres, air, nitrogen 

and chlorine. These crystals were then irradiated with ultraviolet 

light at 20°K and the neutral hydrogen atoms, formed in interstitial 

positions according to the reaction, OH" 14' 0- + H°, were examined 

by ESR. The crystal grown in air gave the strongest signal, the one 

grown in nitrogen gave a weaker signal, while the one grown in a 

chlorine atmosphere gave no detectable signal. The atmosphere used 

by most workers has been a pure chlorine atmosphere but Susman (12) 

found that an atmosphere of 98% argon and 2% hydrogen chloride yielded 

crystals which contained no voids due to dissolution of gas on cooling. 

The most common method of analysis of a zone refined ingot has 

been to measure the D.C. conductivity at intervals along its length. 

This method was first used by Kelting and Witt (11). Unfortunately, 

this method can only determine the amount of poly-valent impurity in 

the crystal and is not specific for any ion. Susman (12) and Anderson 

(2) used neutron activation as their method of analysis to calculate 

distribution coefficients while Inoue and Mizuno (13) used a colori-

metric method for Br- and a spectrographic method for Ne. Polarography 

has been used as a method for the determination of si lver in potassium 

chloride by Gomes (14) and tracer techniques have been used by Wagner 

and Richl (19) for analysis of thallium. 

17 



2.4 General theory of chronopotentiometry 

Chronopotentiometry is the study of the variation of potential 

with time at an electrode upon which has been imposed a constant 

current. In the presence of a supporting electrolyte the transport 

of electroactive material to the electrode surface takes place by 

diffusion only. The theory may be explained by considering the simple 

process at the cathode 

0 + ne 

(0 and R representing the oxidant and reductant.) The electrode 

reaction is assumed to be fast and the rate controlled only by mass 

transfer. If a constant current is passed through the indicator 

electrode, the concentration of 0 in its vicinity will immediately alter 

causing a rapid change in potential, as seen from the following equation: 

E = E0 lnt 
R ] 

+ RT/nF  ° 2.10 

As a result of this depletion, 0 will diffuse from the bulk into the 

depleted layer and a concentration gradient will grow out from the 

electrode surface into the bulk solution. As the electrolysis proceeds, 

the concentration profi le will extend further into the bulk solution 

and the potential wi ll not change as rapidly. When the surface 

concentration of 0 falls to zero the potential will once again change 

rapidly. At th;5 point the diffusive transport can no longer support 

the current and an additional cathode reaction must be brought into 

play. The period of time between the beginning of electrolysis and 

the second sudden change in potential is called the "transition time" 

T . This is given by Sand's equation (20) 

18 



n F7r D- cA 
21 

2,11 

where: D is the diffusion coefficient; 

c is the concentration in moles per cc; 

i is the current in amps; 

A is the area of the indicator electrode in cm2. 

Assuming that D does not vary significantly with concentration, 

may be directly related either to the concentration or to the reci-

procal of the current density. The analytical significance of this 

method lies in the direct proportionality of T'i to the concentration. 

The potential-time dependence relation has been described mathe-

matical ly by Delahay (21) in the form of the following equation: 

E E RTint 2.12 
T/4 nF t 

This has the same form as the corresponding expression for a polaro-

graphic wave. The quarter-time potential E
T/4 

has an identical value 

to the half-wave potential for soluble oxidant and reductant. A 

typical chronopotentiogram is shown in Figure 2,6. 

A supporting electrolyte is used for three main reasons: 

a. to suppress the migration current, since the transport 

number of an electroactive species in low concentrations 

in a supporting electrolyte is zero, except at the charge-

transfer interface where it wi ll be unity; 

b. to lower the total ohmic resistance of the cell ; 

c. to cause the double layer to be very narrow at the 

electrode surface and hence not very sensitive to 

changes in potential. 
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Fig. 2.6 Theoretical Chronopotentiogram 



The linear dependence of T-I and concentration is normally 

observed over the concentration ranges 10
-4 

to 10-2M. Where TH 

and c are known independently the method may be used to calculate 

diffusion coefficients. The value T i is known as the chronopotentio-

metric constant and is constant over a range of transition times from 

a few mi lliseconds to one minute. Below this lower limit, T1-1 

increases because the fraction of current corresponding to the charging 

of the electrical double layer is no longer negligible, while beyond 

the upper limit convection disturbs the l inear diffusion and also 

t- i results in an increase in the value of • 

Deviations of from a constant value for the usual time and 

concentration range have been noted by Laitinen (22) and Reinmuth (23). 

These deviations are ascribed to adsorption of electroactive species 

on the indicator electrode. 

Using this deviation and assuming that the adsorbed species was 

reduced first, Laitinen found it was possible to determine the amount 

of a species adsorbed. 

The general method used for chronopotentiometry is a three electrode 

system. The current is applied between a working electrode and an 

indicator electrode while the potential is measured between the 

indicator electrode and some reference electrode. The working electrode 

is usually a large inert electrode whi le the indicator electrode may 

be any size from 10-2 sq. cm to a foil or rod with an area of several 

square centimeters. 
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2.5 Previous chronopotentiometry in halide melts 

Most of the chronopotentiometry of alkali halide melts has been 

appl ied to eutectic mixtures of lithium chloride - potassium chloride 

and sodium chloride - potassium chloride. Some of these results are 

given in Table 2.2. Laitinen and Ferguson (24) investigated chrono-

potentiometry as an analytical method in lithium chloride - potassium 

chloride eutectic. They showed that the method could be used to 

determine more than one electroactive species in a single solution. 

They determined the diffusion coefficients of Bi(I 1 1), Cd(I1), Ag(I) 

and Cu(I). In a later paper with. Gaur (25), Laitinen reported on 

the diffusion to different shaped electrodes. It was found that as 

long as the dimensions of the electrode were considerably greater 

than the thickness of the diffusion layer, the linear diffusion theory 

was obeyed. Thalmayer et al. (31) have also investigated diffusion 

coefficients and heats of diffusion for silver and lead in lithium 

chloride - potassium chloride eutectic. The solubi lity of palladium 

oxide in lithium chloride - potassium chloride has been determined 

by Scrosati (34), as well as the diffusion coefficient for Pd(1 1), 

using the chronopotentiometric technique. Smirnov et al. (36) 

found that the diffusion coefficient of Mo(I I 1) in sodium chloride, 

potassium chloride and cesium chloride decreases with an increase 

in cation radius. 
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TABLE 2.2 

DIFFUSION COEFFICIENTS IN CHLORIDE MELTS 

Ion Solvent D (cm2/sec) 
x 105

Temp. Ref. 

Cd(I I) A1C1 NaC1 KC1 3. . 1.8 150°C 26 
LiCI.KC1 1.7 450°C 24 
LiCI.KC1 2.08 450°C 25 
LiCl.KCI 1.7 450°C 31 
LiCl.KCI 2,2 450°C 32 

Bi(I I I) LiCI.KC1 0.6 450°C 24 
LiCl.KCI 1.0 450°C 31 
LiCl.KCI 2,8 450°C 32 

Ag(I) LiCI.KC1 2,2 450°C 24 
LiCI.KC1 3.2 450°C 31 
LiCI.KC1 3.3 450°C 32 
NaCI.KC1 4.5 710°C 28 
NaCI 6.72 823°C 29 
KC1 9.62 836°C 29 

Pb(I I) LiCl.KCI 2.18 450°C 25 
LiCI.KC1 1.3 450°C 31 
LiCl.KC1 2.1 450°C 32 
NaCI.KC1 7.0 710°C 28 
Li CI 3.4 809°C 29 
NaC1 4.22 830°C 30 
KC1 3.64 835°C 30 
NaCI.KC1 5.0 840°C 30 

Zn(I I) AlC1.NaCI.KC1 6.5 150°C 26 
NaCI.KC1 4.96 700°C 35 
NaCI.KC1 2.3 710°C 28 

Nb(I I I) LiCI.KC1 2.25 500°C 33 
NaCI.KC1 3.2 800°C 33 

Cu(I) LiCl.KCI 3.5 450°C 24 

Co(I I) LiCl.KC1 2.42 450°C 25 

T1(I) LiCl.KCI 3.88 450°C 25 

Pd(I I) LiCI.KC1 1.68 450°C 34 

S2- LiCI.KC1 0.011 420°C 27 
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There have not been many references to diffusion measurements 

at temperatures above the softening point of Pyrex glass. Delimarski i 

(28) has measured the coefficients of Pb(I I), Zn(I I), Ni(I I), Cd(I I) 

and Ag(I) in NaCl/KC1 at 710°C. Most of the reports of diffusion 

measurements in potassium chloride are by Ukshe and co-workers (29, 

30, 37, 38). They have measured the diffusion of Pb(I I), Cd(I I), 

Zn(I I), Ag(I) and chlorine in potassium chloride. The indicator 

electrode used for the metal ions was a small platinum plate whi le 

the electrode used for chlorine was a graphite rod. All the experi-

ments were run under an atmosphere of argon. 

2.6 Survey of reference electrodes used in halide melts 

To obtain a meaningful result from many electrochemical measure-

ments, it is necessary to use a reference electrode. A good reference 

electrode should be reproducible and stable over the temperature range 

considered. The test for the stabil ity of a reference electrode of the 

first kind is to measure the emf between two electrodes of the same 

metal immersed in compartments containing different concentrations of 

the metal ions. The emf measured should follow the expression 

E = RT/nF In Cl/C2 2.13 

In the close proximity of the equilibrium potential, the net current 

passed by the electrode forms a linear plot against the displacement 

of the potential from the equilibrium value. Any hysteresis effects 

which are observed indicate gross irreversibility. This technique is 

a test for the reversibility of an electrode reaction. 

Some values of electrode potentials in LiCl/KC1 (39) are given 
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in Table 2.3; the reference for these potentials is the 1.0 M Pt(1 1)/Pt 

electrode. 

TABLE 2.3 

ELECTROMOTIVE FORCE SERIES IN LiCl/KC1 
AT 450°C (39) 

Couple EoM 

Pb(I I) - Pb (0) -1.101 

Cu(I) - Cu(0) -0.957 

Ag(I) - Ag(0) -0.743 

Mo(I I I) - Mo(0) -0.603 

Pt(I I) - Pt(0) -0.000 

Au(I) Au(0) +0.205 

C12 - Cl +0.322 

There is no all-purpose reference electrode for molten salt work due 

to the variety of systems and temperatures used. Reference electrodes 

which have been used can be classified by two different characteristics 

electrode material and the nature of the junction employed. 

The commonest metal used for a reference electrode in fused hal ide 

salts has been si lver (40, 41, 42). Some of its advantages include: 

a. the unlikelihood of oxide formation since Ag20 is 

unstable above 300°C; 

b. only one stable valence state of silver ion has to be 

considered; 

c. no observable tendency to dissolve in molten silver salts; 

d. available in a very pure form; 
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e. highly reversible to its ions. 

However, Stern (41) claimed to have found an irreversible reaction 

when silver was immersed in potassium chloride melts containing less 

than 0.08 mole fraction of si lver chloride. He attempted to explain 

this result by postulating that the silver displaces potassium unti l 

an equilibrium concentration of Ag(I) is reached. Laity (43) calcu-

lated the equilibrium mole fraction of silver chloride in potassium 

chloride to be 1.2 x 10
-8 

assuming ideal solutions. Since other workers 

have not encountered irreversibi lity with silver - silver chloride 

electrodes at the same dilutions in lithium chloride (44) and sodium 

chloride (45), this suggests that the reaction in Stern's cell may 

have been a reaction between silver and an impurity such as water 

rather than displacement of potassium. The disadvantages of using 

si lver include the continuous rectystall ization of the metal in 

contact with a melt containing silver ions, causing the wire to become 

very fragi le and thin as the metal tends to dissolve at the hotter 

end and crystallize out at the colder end as well as on the walls of 

the vessel. This suggests that there is some transport of dissolved 

si lver but there could be reduction of the ion by dissolved water or 

some photchemical reaction. This dissolution of silver metal is more 

rapid at strained points in the wire increasing the possibility of 

breaking at these points. Another disadvantage is the tendency for 

the exchange reaction between silver ions in the melt with sodium ions 

in the glass causing a change in silver concentration and introducing 

impurities into the melt. The rate of exchange is highest with pure 

silver chloride. Pure si lver chloride has a long temperature range 
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from its melting point (455°C) to its boi ling point (1550°C) which has 

caused many workers to use it. There is one drawback, however, as this 

introduces liquid junction potentials which are not usually known and 

are subject to fluctuation with time. 

Other metals which have been used include aluminium (26). This 

metal has no particular advantages over si lver except that it may be 

used in melts containing aluminium ions without introducing junctions 

between systems of different composition. Its low melting point (660°C) 

creates handling problems. A Pb(I I)/Pb reference electrode was used 

by Ulc.he et al. (33) for impedance measurements on silver in potassium 

chloride. One of the disadvantages with this metal is the melting 

point of lead (328°C), leading once again to handl ing problems. The 

advantages of a liquid electrode are that it is cleaner, forms a more 

reproducible interface with the electrolyte and there is no recrystall-

ization problem. A reversible platinum electrode has been used by 

a number of workers in lithium chloride - potassium chloride eutectic 

(24, 31). The platinum ions are usually generated coulometrically. 

This electrode was very successful at 450°C but has been found to be 

impractical above 500°C, possibly due to volatilization of PtC12. 

Platinum has also been used as an irreversible reference electrode 

simply by dipping a wire in the melt (28, 46, 47). This appl ication 

has been where the magnitude of the reference potential was irrelevant 

so long as it remained stable. Graphite has also been employed as 

an irreversible reference electrode in potassium chloride (29) in a 

simi lar manner. 

Gaseous electrodes are generally more difficult to construct 
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and operate since a good electrical contact has to be achieved be-

tween three phases, the gas, the melt and an inert conductor. Also 

a continual flow of gas at the required temperature must be main-

tained. The commonest inert conductor for chlorine reference elect-

rodes has been graphite. There are three methods which have been 

used: 

a. passing the gas around a graphite rod (48); 

b. passing the gas through a graphite tube (41, 45, 49); 

c. forcing the gas through a porous graphite cyl inder (50). 

The graphite needs special preparation to establish reversible 

conditions. This includes removal of impurities and establishment of 

equilibrium between adsorbed and gaseous chlorine. 

The simplest method of isolating a reference electrode from a 

system is by employing a fritted disk (27, 26, 24). The method used 

by Flengas and Ingraham (42) in their investigations of emf series in 

NaC1/1C1 was to seal an asbestos fibre into a silica tube. Stern has 

used two methods to isolate reference electrodes; one employed was a 

fine capillary (46), the other a graphite porous plug (51). 
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3. EXPERIMENTAL 

3.1 Zone Refining 

3.1.1 Apparatus design 

The apparatus used is shown in Figure 3.1. The structural metal 

was aluminium. The boat containing the ingot was kept inside a Vycor 

tube so that the atmosphere could be controlled. The furnace con-

sisted of four turns of nichrome ribbon 0.25 inches wide and 0,02 

inches thick. This coiled ribbon was held inside a piece of fire-

brick by supports of asbestolite, clamped on the outside of the furnace. 

Power was suppl ied to the furnace by a 10 KVA transformer, capable of 

delivering 300 amps at 30 volts. Adjustment of the power output was 

achieved by a Variac control. The furnace was mounted on a platform 

which could be moved at various speeds using a 12 r.p.m. motor and a 

set of "Meccano" gears. A vacuum line and a helium line were connected 

to the Vycor tube. Before entering the Vycor tube the helium was first 

passed through a molecular seive, then through a 6 foot steel tube 

packed with magnesium turnings, held at 350°C, and finally through a 

6 foot steel tube packed with titanium granules, held at 450°C. This 

ensured that the helium was dry and very low in oxygen and nitrogen 

content. 

3.1.2 Selection of boat material and design 

The choice of material for the container during zone refining of 

potassium chloride posed a problem. The material had to withstand 

1000°C, not react with the solute, be relatively easy to fabricate, 
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and be flexible. These last two conditions were necessary because 

of the tendency of potassium chloride to stick to surfaces unless the 

surface and the potassium chloride have been pretreated with chlorine 

and the salt melted under an atmosphere containing chlorine. Some of 

the materials tried were porcelain, quartz, boron nitride, steel, 

titanium, molybdenum and platinum. 

Porcelain and quartz were rejected because they required pre-

treatment with chlorine and use with a chlorine atmosphere. Boron 

nitride, although easy to fabricate, appeared to react with potassium 

chloride. The titanium boat, which was used in experiments where the 

atmosphere was argon, reacted with traces of nitrogen in the argon. 

Also the potassium chloride stuck to the container. Stainless steel 

(types 304 and 321) was also unsuccessful since it was corroded by 

untreated potassium chloride. The next metal selected was molybdenum, 

used in conjunction with an atmosphere of helium which had been treated 

to remove any traces of nitrogen and oxygen. Untreated potassium 

chloride still adhered to the sides of the boats, but appeared to be 

otherwise inert. During later experiments with gold, it was found that 

the molybdenum metal reduced the gold ions to gold metal and hence 

platinum was used as a boat material. 

The first design considered was prepared by forming a 0.005 inch 

metal sheet into a IA: x 11.- inch channel and sealing the ends by folding 

them over. The disadvantage in this design was due to the high surface 

tension of the molten potassium chloride, which caused the melt to 

creep up between the folds and overflow on to the Vycor tube. The 

second design used a 0.050 inch sheet formed into a 11- x inch channel 
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with welded ends. This boat was 12 inches long which turned out 

to be too short, as it proved difficult to break out the crystalline 

material. The third design, the one used for most of the work, was 

made from 0.025 inch sheet molybdenum or 0.020 inch sheet platinum 

shaped into xi inch channels, 24 inches long for the molybdenum 

and 18 inches long for platinum. The open ends were sealed off by 

inch cubes of spectro grade graphite for the molybdenum boat, and 

platinum foil for the platinum boat. To stop the sides of the 

molybdenum from being pulled in by the contraction of potassium 

chloride when it crystallized, molybdenum spacers were made of 0.050 

inch sheet and slotted across the mouth of the boat, at approximately 

3 inch intervals. 

A series of zone refining runs with only potassium chloride in 

the molybdenum boats was carried out to see if molybdenum metal reacted 

with potassium chloride. It was found that if a hel ium atmosphere 

was maintained and the boat was clean, there was no noticeable reaction. 

During the course of these experiments a temperature profile across the 

molten zone was plotted. This is shown in Figure 3.2. 

Between runs the molybdenum boat was cleaned by placing it in a 

mixture containing 100 g/l/ potassium hydroxide and 300 g/l. potassium 

ferricyanide at 30°C for about one minute, then rinsing with distilled 

water and allowed to dry. The platinum boat was just rinsed with 

distilled water and dried in an oven. 
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3.1.3 Preparation of materials for zone refining 

There were two methods used in the preparation of the potassium chlor-

ide - metal chloride mixtures. In method (a), mixing was achieved by 

grinding together 100 grams of potassium chloride and between 0.1 and 0.3 

gram of metal chloride, unti l the mixture appeared homogeneous. Where 

appl icable this was taken as being achieved when the colour of the mix-

ture appeared uniform. Method (b) consisted of taking 100 grams of 

potassium chloride and the required amount of metal chloride and fusing 

them in an RF furnace. When the solution had become homogeneous it was 

poured out and allowed to solidify. The resultant sol id was ground and 

used to fi ll the boat. Method (b) was used where possible since the 

formation of a solution would give more intimate mixing of the components. 

Method (a) was used in experiments with nickel, cobalt and, initial ly, 

lead. It was found to be the only method that could be used for gold as 

when the auric chloride was heated with potassium chloride, the auric 

salt first decomposed to the aurous salt at about 200°C, which then dif-

fused into the potassium chloride. When the potassium and eurous chlor-

ides were molten, they formed a very pale straw-coloured solution. The 

crystals which first formed from this solution were colourless, but on 

cool ing became a purple colour, and on further cool ing some of the gold 

precipitated as metal. Thus, method (b), although applicable to experi-

ments involving the use of lead and si lver chlorides, could not be used 

to prepare auric chloride/potassium chloride mixtures. 

An unusual phenomenon was observed with the mixing of auric chloride 

and potassium chloride. The auric chloride was used in the form of 

trihydrated chloroauric acid (Fisher). When this was ground, it was 

found to be quite stable but as soon as dry ground potassium chloride 
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was added, hydrogen chloride was evolved. The solid reaction which 

occurred was, most probably, 

HAuCl4 + KC1 KAuC14 + HC1 

The copper mixtures were also prepared by method (a). This was 

done mainly to reduce the possibil ity of having oxygen in contact with 

the melt twice as would have been the case with the second method 

unless elaborate precautions were taken. 

3.1.4 Method of zone refining 

When the boat had been fi lled to a length of sixteen inches it was 

placed in the Vycor tube of the zone refining apparatus and the system 

fi lled with helium by applying alternately vacuum and helium. Gas 

was al lowed to pass through the apparatus for an hour to ensure complete 

purging. After this 

the end of the ingot 

left there unti l the 

period, the furnace was moved until it just covered 

and the plug in the end of the boat, switched on and 

first zone length had melted. It was then moved 

at the required speed along the length of the ingot. 

On completion of zone refining the ingot was broken into approxi-

mately 4 inch lengths for the first nine inches and inch lengths for 

the last seven inches. Alternate samples were analyzed, the method of 

analysis depending upon the cation in the solute. 

3.1.5 Methods of analysis 

The method of analysis required for each cation had to be: 

1. sensitive at low concentrations; 

2. not affected by high concentrations of potassium chloride; 

3. rapid (since many samples had to be analyzed). 
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The technique used for lead was polarography (52). For this 

method the solvent, potassium chloride, could be used as a supporting 

electrolyte. A standard curve was prepared for concentrations of lead 

from 10 mg/l. to 100 mg/l. in 0.1 N potassium chloride. This is shown 

in Figure 3.3. The wave height was not greatly changed by small changes 

in the supporting electrolyte. By taking between 0.6 and 0.7 grams of 

sample and dissolving this in 100 ml of water, it was possible to make an 

approximately decinormal solation of potassium chloride containing the 

lead ion as a complex chloride. 

The samples were analyzed for si lver, copper and gold by atomic 

adsorption spectroscopy (53). Potassium chloride did not interfere 

notably with the analysis. Standard curves for these elements are shown 

in Figure', 3.4, 3.5, 3.6. The si lver solutions were prepared by dis-

solving approximately 0.5 grams of salt in 50 ml of aqueous ammonia.

This kept the si lver in solution as the ammine. Gold solutions were pre-

pared by dissolving approximately 0.5 grams of potassium chloride crystal 

in water with 1 ml of 50% hydrogen peroxide added. When the salt had 

dissolved, hydrochloric acid was added. This reacted with the hydrogen 

peroxide to form chlorine and any precipitated gold metal was taken into 

solution. This solution was made up to 50 ml. This method of dissolution 

had to be used on two accounts; the first because some gold metal was 

precipitated in the solid on cooling, and the second because gold(I) 

disproportionates in aqueous chloride solution to form gold(I I I) and 

gold (0): 

3Au(1) 4- Au(I I I) 2Au(0) 

The solutions for the copper analysis were prepared by dissolving 

0.5 to 1.0 grams of the crystal in 50 ml water with a small amount of 

hydrochloric acid added. 
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3.2 Electrochemistry 

3.2.1 Apparatus and preparation of melt 

Initially it was thought that potassium chloride would have to be 

purified for electrochemical measurements in the same manner as the 

lithium chloride - potassium chloride eutectic mixture, i.e. passing 

chlorine or hydrogen chloride gas into the melt (54). This is done to 

remove traces of water, oxide and hydroxide. 

Treatment with hydrogen chloride was rejected owing to the diffi-

culty of removing the dissolved gas. The lithium chloride - potassium 

chloride eutectic mixture can be pumped under reduced pressure or be 

purged with nitrogen, but because of its high vapour pressure just 

above the melting point, potassium chloride is not conveniently handled 

in this way. 

Chlorine is very soluble in the melt but unlike hydrogen chloride, 

the chlorine is rejected by the solution when the salt crystallizes. 

Potassium chloride which had been subjected to chlorine treatment while 

molten was cooled, ground to a fine powder and pumped at 500°C for 

twelve hours prior to remelting. Unfortunately, in the process of 

chlorine treatment, hydrogen chloride is formed by the reactions 

2KOH + 2C12 2KC1 + 02 + 2HC1 

2H20 + 2C12 02 + 4HC1 

This hydrogen chloride remains in the salt and cannot be easily 

removed. During the course of electrochemical measurements with this 

melt, extensive corrosion occurred at both the silver and platinum 

electrodes. 
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Another method tried was to treat solid potassium chloride in 

the presence of refluxing amyl alcohol with dry hydrogen chloride. 

This method was not successful either, mainly due to the difficulty 

of removing the last traces of organic azeotroping agent. 

Finally, it was decided to try dried commercial potassium 

chloride. This material was placed in a Vycor crucible with two 

Vycor fritted tubes on top. The cellassembly was placed inside an 

alumina crucible in a quartz envelope (Figure 3.7). The alumina 

crucible was used to protect the quartz envelope in case the Vycor 

crucible broke. The quartz envelope was then connected to a vacuum 

line and the temperature of the cell was raised to 500°C in the furnace. 

The reduced pressure was applied for twelve hours. After this period, 

helium was passed into the envelope and the vacuum l ine disconnected. 

The temperature was then raised to about 900°C to allow the potassium 

chloride to melt, and the fritted compartments to fall into the melt, 

filling from the bottom. After this period of time, one to two hours, 

the temperature was decreased to 835°C. The temperature was held at 

this value to within 2°C by an A.E.I. TC3 thermocouple controller using 

a Chromel-Alumel thermocouple as a probe (Figure 3.8). The electrodes 

were inserted from the top whi le helium was being rapidly flushed 

through the apparatus. 

3.2.2 Measurements of electrode potential 

The first experiments tried were to verify that the Ag(1)/Ag 

electrode was a suitable reference electrode in this system. Silver 

ions were generated electrochemically in the fritted compartments 
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using a Sargent coulometer. The reference electrode was generated 

first and allowed to stabilize for thirty minutes. After this time, 

a small amount of si lver was generated in the second compartment con-

taining the indicator electrode. This was allowed to stabilize for 

fifteen minutes. The concentration of the reference electrode was 

approximately 0.1 M. The concentration of the indicator electrode 

started at approximately 0.005 M. The potentials were measured on a 

Cropico potentiometer type P3. 

3.2.3 Chronopotentiometry 

The apparatus and electrical circuit used for the chronopotentio-

metric experiments are given in Figures 3.9 and 3.10. 

The Vycor crucible was filled with 25 grams of untreated potas-

sium chloride and the unfilled frit was placed on top, This assembly 

was then placed inside the alumina crucible in the furnace. The 

temperature was raised to 900°C. As the salt melted, the frit sank 

and fi lled with melt. The ion being considered was then introduced 

into the bulk of the melt and the electrodes were inserted. Since 

the Ag(I)/Ag electrode did not work too well, the reference electrode 

was a platinum wire, 20 gauge, 8 cm long which had been wound into a 

spiral. This was placed in the frit which contained only potassium 

chloride. The indicator electrode was also a spiral made from 20 

gauge platinum wire 12.8 cm long, area 3,26 cm2, and sealed into Vycor. 

The other electrode was made from platinum foil welded to platinum 1,ire. 

Both these electrodes were placed in the bulk of the melt. 

Three traces of the chronopotentiogram were recorded at fifteen 
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Fig. 3.10 Circuit Diagram for Chronopotentiometry 



minute intervals on a Tektronix 564 Oscilloscope, with a 2A63 

differential amplifier, and a photograph was taken. At the same 

time a sample of the bulk melt was taken, using a Vycor pipette, 

for analysis. 
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4. RESULTS AND DISCUSSION 

4.1 Zone Refining 

4.1.1 Lead in potassium chloride 

The initial experiments with lead appeared promising with a k 

value of approximately 0.1 for the speed selected, i.e. 20 cm/hr. 

On analysis of the ingot at closer intervals, it became obvious 

that the curves were not typical for zone refining (see Figure 4.1). 

They could be broken into two distinct regions. The first region 

of approximately two zone lengths contained a maximum, the position 

of which was not reproducible. After this maximum the curve dropped 

sharply and then rose again, only this time approximately following 

the zone refining curve, 

1 - (1 - k)e-kx/1
To

The experimental points on this curve had a very wide spread. 

One of the reasons for this anomaly could be the formation of 

complexes between lead chloride and potassium chloride. From the 

PbC12/KC1 phase diagram of Sumarokova and Modestova (55) (see 

Figure 4.2) it can be seen that a compound of the formula PbC12.2KC1, 

which probably contains the complex anion PbCl4
2 
, can exist in the 

l iquid phase. Also, according to these authors, the complex is 

formed slowly. These two facts are the most probable reason for 

fai ling to attain good zone refining curves from experiments with 

lead ions. The initial maximum can be explained by the diffusion of 

at least two lead species during the time taken for the formation of 
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Fig. 4.1 Zone Refining Curves for Lead 
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Fig. 4.2 Thermal Analysis Diagram of PbC12-KCl Mixtures (Ref. 55) 
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the complex in the diffusion layer. After this maximum the lead 

in the diffusion layer would be there as only the complex. The 

uncomplexed lead chloride entering into the molten zone from the 

original ingot would not move into the diffusion layer for a long 

period of time, since diffusion of the lead is away from the freezing 

face. When this lead did enter the diffusion layer it would be in the 

complex form and only one species of lead would be involved in the 

distribution process at the solid-liquid interface and hence would 

follow a normal zone refining curve. 

By ignoring the first two or three zone lengths and plotting 

theoretical curves, it can be seen from Figure 4.1 that, for the 

speed of 8.9 am/hr, a k value of between 0.04 and 0.05 would appear 

to fit. Taking the value of 0.045 for k, 10-2 cm for 6 and the 

literature value of 7 x 10-5 cm2/sec (28) for the diffusion coefficient 

of lead and inserting these values in the Burton, Prim and Sl ichter 

equation, 

ln(l/k - 1) = ln(l/k0 - 1) - f 6/D 

a value of 0.028 was obtained for k0. Using this value and a speed 

of 21 cm/hr a value of 0.06 was obtained for k. From the graph it 

can be seen that a k value of approximately 0.07 does appear to 

satisfy the experimental data. 

From the experiments conducted it became obvious that it was 

going to be very complicated to interpret the diffusion parameters 

in the PbCl2/KC1 system during zone refining, although it was seen 

that an impurity of lead in potassium chloride could be removed very 

effectively by this technique. 
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4.1.2 Si lver in potassium chloride 

The si lver ion has an ionic radius of 1.26 X. Although it was 

removed very efficiently from potassium chloride by zone refining, 

it was possible to analyze the ingot for silver and hence plot zone 

refining curves which had some definite meaning. Effective distri-

bution coefficients were calculated for six speeds. The method used 

for eetermining effective distribution coefficients was to compare 

the experimental points with theoretical lines. In most cases two 

lines at the limits were selected but foi a speed of 12.75 cm/hr only 

one line was considered necessary. These are shown in Figures 4.3, 

4.4, 4.5, 4.6 and 4.7; the values are given in Table 4.1. As the speed 

of zone travel is increased so the error is rapidly increased. This 

can be shown to be due to the increased sensitivity of k to the thick-

ness of the diffusion layer, as shown in Figure 2.3. Even taking these 

possible errors into account, there is still good correlation between 

effective distribution coefficient and rate of zone travel as is seen 

in Figure 4.8. The value of k0 from this graph is 0.019 and the value 

of 6/D is 76 sec/cm . Taking the value of D from the chronopotentio-

metric experiments, this gives a value of 1.7 x 10
-3 cm for 6. 

TABLE 4.1 

ZONE REFINING RESULTS FOR SILVER 

f (cm/hr) k x 02 

8.9  25 
12.75  40 
16.8  45 
20.4  70 
24.9  50 
27.9  65 

k0 " ' 
0 019. d/D . 76 sec/cm 
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Fig. 4.4 Zone Refining Curves for Silver 

• 

C 
co

10-1 • 

• 

• 

• 

• 

• 

• 

• 

•• • 

• k = 0.04 

f = 16.8 cm/hr 

• 

=0.04

f = 12.75 cm/hr 

••• 

2. 4 6 
1 1 1 

56 

x/1 

10-1 

-2 10 



Pig 4.5 Zone Refining Curves for Silver 
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Fig. 4.6 Zone Refining Curve for Silver 
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Fig. 4.7 Zone Refining Curve for Silver 
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Fig. 4.S Plot of ,1 - lj Versus Rate of Travel 
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Even though the silver cation behaves well for travel rates in 

excess of 8.9 cm/hr, at the speed of 4.45 cm/hr the distribution of 

si lver through the ingot did not obey the theoretical zone refining 

equation, see Figure 4.3. The reasons for this may be twofold. The 

first may be a reaction either to form complex ions or the reaction 

3AgC12 + Mo MoC163- + 
3Ag 

The degree to wh:ch this reaction would proceed depends on the dif-

ference in standard emf's of Ag(I)/Ag and Mo(1 11)/Mo (probably 

approximately 0.1 volts); these E° values in a lithium chloride - 

potassium chloride solvent are given in Table 2.3. The second reason 

may be the perturbation due to changes in zone lengths on the refining 

of the ingot. These changes can be brought about by the increased 

concentration of the solute in the molten zone. This increase wi l l 

cause the freezinn point of the molten zone to be decreased and 

hence the molten zone will be increased in length as the furnace is 

moved down the ingot. 

One experiment was run at 8.9 cm/hr with ten times the amount 

of si lver ions in the potassium chloride. This is shown in Figure 

4.7. The results followed the predicted curve for six zone lengths 

but then went awry. At this point the concentration of silver ions 

in the melt adjacent to the solid-l iquid interface was 7 mole percent. 

4.1.3  Copper in potassium chloride 

The cuprous ion, atomic radius 0.96 A, was added as the chloride. 

There was no cupric ion present since the last zone always solidified 

as a milk white solid and cupric ions impart a brown colour to 
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potassium chloride crystals, even in small concentrations (0.1 mg/g). 

This ion behaved according to theory except at high rates of travel. 

These results are shown in Figures 4.9, 4.10 and 4.11 and Table 4.2. 

The effective distribution coefficients were determined as for silver, 

i.e. by comparing the experimental points with theoretical curves. 

There was some scatter in the effective distribution coefficients and 

a plot of these versus the rate of travel is giver, in Figure 4.8. 

The values of k0 and 6/D are 0.0076 and 36 sec/cm respectively. 

Inserting the chronopotentiometric value for D yields 7.4 x 10-4 cm 

for 6. 

TABLE 4.2 

ZONE REFINING RESULTS FOR COPPER 

f (cm/hr) k x 103

2.2 9  5 
4.4 8  0 
8.9 11  0 
12.5 8  0 
17.8 10  0 
22.5 12  0 
25.0 17  0 

ko = 0.0076; 6/D = 36 sec/cm 

At high rates of travel the curves initially follow the theory 

and then behave in a similar fashion to the silver experiment at high 

concentrations. This breakdown of ideal behaviour occurs at travel 

rates of 22.5 cm/hr and 25.0 cm/hr and in both cases the concentra-

tion in the liquid adjacent to the freezing face is the same (0.6 

mole percent). It appears that at these speeds the concentration in 

the diffusion layer becomes too high for equilibrium conditions to 

prevail. 
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Fig. 4.9 Zone Refining Curves for Coppe-



Fig. 4.10 Zone Refining Curves for Copper 
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Fig. 4.11 Zone Refining Curves for Copper 
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4.1.4 Gold in potassium chloride 

Even though auric ions were mixed with potassium chloride, it 

was shown by polarography that only aurous ions were present in the 

solid after melting and hence it was assumed that the melt only con-

tained aurous ions. The method used was to dissolve some of the 

original potassium chloride - auric chloride mixture in 0.3 M potas-

sium cyanide solution and run the polarogram, then take some of this 

powder, melt it, dissolve the solid obtained in 0.3 M potassium 

cyanide solution and run another polarogram. These are shown in 

Figures 4.12A and 4.126 respectively. In the first polarogram there 

were two waves corresponding to auric and aurous ions, whi le in the 

second polarogram there was only one wave corresponding to the aurous 

ion. This is not in agreement with Durnan et al. (56) who prepared 

aurous chloride in a sodium chloride - potassium chloride eutectic 

mixture by reacting gold metal with chloride. They claim that, as 

the solid cools down, the aurous ions disproportionate into auric 

ions and gold metal, It was found that when the auric chloride - 

potassium chloride mi'.ture was heated, the yellow powder turned to 

a purple colour which melted into a pale straw-coloured solution. 

On cooling, a clear crystal was first formed which on further cooling 

turned purple and gold metal was ,-ecipitated. This purple colour 

was not due to colloidal gold since, on dissolving some of the 

crystal in water, the clear solution reacted with stannous chloride 

to give "Purple of Cassius". The purple colour in the crystal was 

probably due to a charge transfer band in the visible region. The 

precipitated gold probably arose from the instability of aurous 
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Fig. 4.12 (a) Polarogram of Au(III) and Au(I) 

(b) Polarogram of Au(I) 
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chloride in concentrations above 4 x 10-2 mole percent. 

In all the zone refining experiments the purple colour was least 

at the start and increased in intensity towards the last zone. The only 

experiments which appeared to follow the theory were for the speeds 

of 8.9, 12.5, 17.8, 24.9 and 27.9 cm/hr. Even in these experiments 

the results showed a large scatter (see Figures 4.13 and 4.14 and 

Table 4.3). The results for the other two speeds selected, 2.2 and 

4.4 cm/hr, are shown in Figure 4.15, and bear very little resemblance 

to theoretical zone refining curves. From the first five speeds k0

and 6/D were calculated to be 0.042 and 91 sec/cm respectively. 

From this value of 6/0 and the value of 0 from the chronopotentiometry, 

the value of 6 was found to be 6.6 x 10
-3 

cm. 

TABLE 4.3 

ZONE REFINING RESULTS FOR GOLD 

f (cm/hr) k x 102

8.9 . • O O O O O 12.0 
12.5 5.5 
17.8 8.0 
24.9 16.5 
27.9  20.0 

ko = 0.042; 6/D = 91 sec/cm 

One possible reason for the deviation of the slow speed results 

may be slow complex formations in the melt, similar to the lead case. 

The possibility of gold metal formation in the diffusion layer was 

ruled out because there were two instances when the aurous ion was 

reduced to gold metal; once when a molybdenum boat was used and 

again when the platinum boat was rinsed with acetone and the last 

68 



Fig. 4.13 Zone Refining Curves for Gold 
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Fig. 4.14 Zone Refining Curves for Gold 
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Fig. 4.15 Zone Refining Curves for Gold 
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traces were not removed before use. In both cases the gold metal 

appeared to be distributed evenly throughout the ingot. 

4,2 Electrochemistry 

4.2.1 Development of reference electrode 

Many attempts were made to determine the reversibility and 

stabi lity of the Ag(I)/Ag electrode in potassium chloride. A few 

of these are shown in Figure 4.16. Silver was introduced into the 

solution by anodizing a si lver wire in the melt and also by addition 

of silver chloride solid. Only one attempt gave the expected result; 

all the other results yielded a straight line for the Nernst plot 

with a slope in the region corresponding to theory but with a non-

zero potential at equal concentrations as is required by the equation: 

E 
RT [Ag(I)]1

- — log 4,1 
nF [Ag(I)]

2 

Possible reasons for the large difference in potential have been 

given by Laity (57). He suggests that the porosity of Vycor frits 

is very variable, also that silver ions will react with Vycor to form 

an insoluble silicate which forms a membrane in the pores of the frit, 

setting up membrane potentials of up to several hundred millivolts 

in opposition to the cell. Stern (41) has reported that the Ag(I)/Ag 

electrode is reversible in potassium chloride only if the concentration 

of si lver is above 0.08 mole percent. With concentrations lower than 

this the potential was found to be unstable. In his work Stern used 

a cell design with a capillary connection but when cell compartments 

with capillaries connecting them to the bulk melt were used in this 
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Fig. 4.16 Nernst Plots for Ag(I) Concentratio Cells 
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laboratory the results were the same as using the fritted com-

partments. 

It was concluded after these failures that the cell would have 

to be redesigned before a reversible reference electrode could be 

developed. This was not feasible at that period due to shortage of 

time and money, hence it was decided to use an irreversible platinum 

reference electrode for the chronopotentiometric experimehts. This 

was a platinum wire dipping into the melt. Stern (46) has shown 

this electrode to be stable by measuring its potential against an 

Ag(I)/Ag reference electrode. Other workers (28, 47) have also used 

this electrode in chloride melts. 

4.2.2 Chronopotentiometry 

The results of the chronopotentiometric experiments are given in 

Table 4.4 and a sample chronopotentiogram for each cation is given 

in Figure 4.17. The only diffusion coefficient reported in the 

literature for any of these ions in potassium chloride is that by 

Ukshe et al. (29), namely 9.62 x 10-5 cm2/sec at 836°C for silver. 

The difference between Ukshe's result and the result determined in 

this thesis, 2.2 x 10
-5 

cm
2
/sec, may be partially accounted for by 

the shape of the indicator electrode. Diffusion to the electrode 

from the bulk may not be linear, due to its unusual shape. A further 

reason may be that the coils were in close contact with one another, 

hence reducing the effective area of the electrode. Plots of 

versus c for silver and copper were made as shown in Figure 4.18. 

They both yield a straight line for the concentrations under 
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Fig. 4.17 Chronopotenciograms for Copper, Silver, Gold 
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Fig. 4.18 Plots of a6ainst Concentration for Copper and 
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consideration. This suggests that there was no adsorption at the 

indicator electrode. A simi lar plot for gold was not possible, due 

to the small concentration range. 

TABLE 4.4 

CHRONOPOTENTIOMETRIC RESULTS 

T (sec) i (amp) 
x 10)

c (moles4cc) 
x 101 x 10' 

D (cm2/sec) 
x lo5 

-E (volts)* 
T/4 

Copper 815°C 

0.57 5 34.o 3.67 1.54 0.89 
1.60 5 45.6 6.13 2.37 0.97 
1.66 5 45.6 6.22 2.44 0.93 
2.97 5 68.0 8.30 1.97 0.95 
2.86 5 68.0 8,15 1.90 0.95 

2.0 'TT Mean 

Silver 805°C 

1.03 0.2 1.39 2.03 2.82 0.17 
5.94 0,2 3.93 4.87 2,03 0.14 
0.92 0.5 3.93 4.80 1.97 0.14 
0.63 1.0 6.35 7.94 2.07 0.15 
2.74 0.5 6.35 8.28 2.24 0.16 

2.2 0.15 Mean 

Gold 815°C 

0.46 5 12.9 3.28 8.52 0.085 
0.49 5 12.9 3.38 9.08 0.10o 
0.71 5 19.0 4.05 5.99 0.070 
0.64 5 18.1 3.86 5.99 0.085 
0.69 5 18.1 4.00 6.46 0.085 

7.2 - 0.7-6135  Mean 

*The reference electrode for E1/4 is Pt/KCI 
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The diffusion coefficients measured by chronopotentiometry show an 

increasing trend from copper to gold. This would not be expected if 

only the atomic radi i are considered; hence, it may be inferred that 

some form of complexing was involved. Even though all the results are 

of the expected order of magnitude, the copper and si lver results appear 

low when compared with those reported by Laitinen and Ferguson (24) for 

these two ions in LiCl/KC1 at 450°C, vz. 2.2 x l0-5 cm2/sec for si lver 

and 3.5 x 10-5 cm2/sec for copper. 

4.3 General discussion 

There is no certainty as to whether there is a systematic error or 

not but the values of 6/D are of the right order of magnitude since 

normal values for S and D are 10-2 cm and 10-4 cm2/sec respectively. 

The random error for the zone refinirg experiments was estimated to 

be in the range of 10 - 15%. 

If the diffusion coefficients from the chronopotentiometric experi-

ments are combined with the 6/0 values obtained from the zone refining 

experiments, values for 6 are obtained; these are given in Table 4.5. 

TABLE 4.5 

COMPARISON OF RESULTS 

Cation Zone Refining Chronopotentiometry Both 

ko 6/D (sec/cm) D (cm2(sec)* 
x 104

D (cm2/sec) 6(cm)
x 10' x 104

Cu 0.0076 36 2.8 2.0 7.4 

Ag 0.019 76 1.3 2.2 17 

Au 0.042 91 1.1 7.2 66 

* calculated using a value of 10-2 cm for 6 
** calculated using D values from chronopotentiometry 
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The values are lower than expected and show a wide variance. Since 

the concentration of solute was low, less than one mole percent, 6 

would be expected to be primari ly a function of the growth conditions 

and the solvent. As the conditions did not vary drastically, 6 should 

not vary greatly. According to Pfann (6), the value of 6 generally 

lies between 10-1 and 10-3 cm depending on the degree of mixing. A 

diffusion layer of 10-3 cm is only achieved with vigorous stirring and 

10
-1 

cm obtained with no stirring or vibration at all. A value of 

approximately 10
-2 

cm was expected because there was no external 

stirring and only vibration caused extra mixing. When this value of 

6 was substituted into the zone refining results, diffusion coefficients 

for copper, si lver and 3o1d were calculated to be 2.8 x 10
-4
, 1.3 x 10

-4 

and 1.1 x 10-4 cm/sec respectively, Table 4.5. This series of diffusion 

coefficients is in the reverse order to that obtained by chronopotentio-

metry and suggests that different species might be involved in the 

two methods. During the zone refining experiments the diffusion layer 

is adjacent to the solid-liquid interface and hence the diffusion 

process is occurring at the melting point of potassium chloride. At the 

melting point the liquid will have a quasi-solid structure which will 

be imposed on the solute cation. Thus if the solid provides, say, 

4 and 6 coordination sites, many such sites are likely to be available in 

the liquid at the melting point; short range order tends to be pre-

served on melting. The diffusion measurements from the chronopotentiometric 

experiments were measured at 30 - 40°C above the melting point where 

the liquid will have a more random structure and hence the solute cation 

may have a different number of complexing anions associated with it. 
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Another possible difference between the conditions of the two 

techniques was the time factor. In the zone refining method the 

solute was held in the solvent at the solid-liquid interface for a 

considerable time (from 0.5 to 16 hours) and the diffusion process 

was from an area of high concentration (above one molal) to one of 

lower concentration (approximately 10
-1 

molal), whereas in the chrono-

potentiometric method the solute was not in the solvent for such a 

long period (only about one hour) and the diffusion was from a region 

of low concentration (approximately 10
-4 

molal) to one of zero 

concentration. 
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5. SUMMARY 

It has been shown that Pfann's equation for zone refining (6) 

and the Burton, Prim and Slichter equation (7) are applicable for 

potassium chloride. The diffusion coefficients calculated from the 

zone refining experiments, assuming a constant 6, increase from gold 

to copper, while those from the chronopotentiometric experiments 

decrease from gold to copper. The difference in the direction of 

these trends may be due to different solute species being measured in 

the two methods, These different species could arise from two 

possible reasons; the first is the different temperatures at which 

the two techniques were used, the second is the time the cation is in 

the solvent before the diffusion measurement was taken. 

Pfann's zone refining equation was not obeyed by silver and 

especially gold at zone travel rates of 4,4 and 2.2 cm/hr. It is 

thought that this deviation is probably due to complex formation in 

the diffusion layer. If there is a reaction, the rate will be slow 

and only affect the slow traverse rates. 

5.1 Suggested future work 

The results found for the three ions investigated show that there 

is a great amount of work that can be done using other ions in potas-

sium chloride providing there is a convenient method of analysis avail-

able. An obvious choice here would be the use of radioactive tracers. 

With a larger number of equil ibrium distribution coefficients it might 

be possible to predict a for an ion in a particular solvent. 
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As it is thought that the structure of the liquid at the melting 

point influences the complex formed by the solute cation, an 

investigation using the same solute cation and varying the solvent 

to see if there is any correlation seems appropriate. 

It has been suggested, in order to explain certain of the zone 

refining results, that some reactions can occur in a molten salt at 

a slow rate, cf. lead and gold. Such reactions might be studied by 

a spectroscopic technique to ascertain their nature and possibly 

find their rate constants. 

The zone refining technique, though long and tedious, is a useful 

method for purifying potassium chloride for use in electrochemical 

investigations. It will eliminate the use of chlorine and hydrogen 

chloride pretreatment and obviate the use of electroreduction or 

magnesium to remove many metal cations. 
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GLOSSARY 

A - area of indicator electrode in cm 2 

C concentration of solute in the solid after melting in mg/g 

Co concentration of solute in the original ingot in mg/g 

Cs concentration of solute in the solid at the interface in mg/g 

CL concentration of solute in the bulk liquid in mg/g 

CL0 concentration of solute in the liquid at the interface in mg/g 

c - concentration of cation in solution expressed in moles/cc 

D diffusion coefficient in cm2/sec 

E potential measured in volts 

ET/4 potential at a quarter of the transition time in volts 

E0 standard potential in volts 

f traverse rate of the molten zone in cm/hr 

g fraction of original liquid which has solidified 

current in amps 

k effective distribution coefficient 

0 - equilibrium distribution coefficient 

L total length of ingot in cm 

1 zone length in cm 

x distance travelled in cm 

a ratio of density of solid to that of the liquid 

6 thickness of diffusion layer in cm 

c - critical angle of tilt 

- transition time in seconds 
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