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REDUCTION MECHANISMS I.N FUSED SALT.-ALLOY SYSTEMS 

. ABSTRACT 

Reactions between ions i n LiCl-KCl. eutectic melt 
and lead alloys have been studied,kinetically between 
370 and 450°C° 

Diffusion of the reducing ionic species across the 
salt-phase boundary layer was shown to be the rate 

I | c o n t r o l l i n g step for the reductions of Pb , Cd , Ag: 
I j j | | | and In by'lithium, and of Cr by l e a d o Values of 

the salt-phase boundary layer thickness were estimated. 

Limited s o l u b i l i t y of the reduced metal i n the 
molten alloy resulted i n metal deposition at the phase 
boundary during the reductions of Co"^, Cr' ' ' and Ti ' ' ' 
by lithium. 

An apparent, homogeneous reaction i n the salt, 
occurred during the reductions of Ni and Pt by 
lithium. The mechanisms have not. been established but 
may involve s o l u b i l i t y of either lithium or a Li-Pb 
intermetallic compound i n the s a l t . 

The i n t e r f a c i a l reactions were primarily electro
chemical i n nature, and never rate ^ c o n t r o l l i n g . 

The d i f f u s i o n coefficients of a number of ions 
in LiCl-KCl at 400 C were determined. The values 
showed that ionic d i f f u s i o n i n this eutectic was 
influenced primarily by the ionic charge of the 
diffu s i n g species. 
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ABSTRACT 

R e a c t i o n s between i o n s i n L i C l - K C l e u t e c t i c mel t and 

l e a d a l l o y s have been s t u d i e d k i n e t i c a l l y between 370 and 4 5 0 ° C . 

D i f f u s i o n o f the' r e d u c i n g i o n i c s p e c i e s a c r o s s the 

s a l t - p h a s e boundary l a y e r was shown.to be the r a t e c o n t r o l l i n g 

s t e p f o r t h e r e d u c t i o n s o f P b + + , C d + + , . A g + and I n + + + by l i t h i u m 

and o f C r + + + by l e a d . V a l u e s o f the s a l t phase boundary l a y e r 

t h i c k n e s s were e s t i m a t e d . 

L i m i t e d s o l u b i l i t y o f the r e d u c e d m e t a l i n the mol ten 

a l l o y r e s u l t e d i n m e t a l d e p o s i t i o n at the phase boundary d u r i n g 

t h e r e d u c t i o n s o f C o + + , . C r + + + and T i + + + by l i t h i u m . 

An apparent homogeneous r e a c t i o n i n the s a l t o c c u r r e d 

++ ++ 

d u r i n g the r e d u c t i o n s o f N i and Pt by l i t h i u m . The mech

anisms have not been e s t a b l i s h e d b u t may i n v o l v e - s o l u b i l i t y o f 

e i t h e r l i t h i u m or a L i - P b i n t e r m e t a l l i c compound i n the s a l t . 

The i n t e r f a c i a l r e a c t i o n s were p r i m a r i l y e l e c t r o 

c h e m i c a l i n n a t u r e , and never r a t e - c o n t r o l l i n g . 

The d i f f u s i o n c o e f f i c i e n t s o f a number o f i o n s i n 

L i C l - K C l at 4 0 0 ° were d e t e r m i n e d . The v a l u e s showed t h a t i o n i c 

d i f f u s i o n i n t h i s e u t e c t i c was i n f l u e n c e d p r i m a r i l y by t h e i o n i c 

charge o f the d i f f u s i n g s p e c i e s . 
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INTRODUCTION 

G e n e r a l 

In m e t a l r e d u c t i o n p r o c e s s e s at f u r n a c e t e m p e r a t u r e s , 

the c h e m i c a l r e a c t i o n s o f p r i m a r y i n t e r e s t are t h o s e o c c u r r i n g 

between a s l a g and a m e t a l p h a s e . The p h y s i c a l c h e m i s t r y o f 

t h e s e systems i s d e f i n e d f o r p r a c t i c a l -purposes by the t h e r m o 

dynamic p r o p e r t i e s o f the s l a g and m e t a l p h a s e s , and by t h e 

t h e r m o c h e m i s t r y o f the component r e a c t i o n s t a k i n g p l a c e . The 

r a t e o f approach t o e q u i l i b r i u m o f such r e a c t i o n s i s g e n e r a l l y 

c o n s i d e r e d t o be governed by mass t r a n s f e r p r o c e s s e s . The chem

i c a l r e a c t i o n s not i n v o l v i n g mass t r a n s f e r have u s u a l l y been 

c o n s i d e r e d v i r t u a l l y i n s t a n t a n e o u s . 

T h i s s i t u a t i o n may be c o n t r a s t e d t o t h e p h y s i c a l 

c h e m i s t r y o f aqueous m e t a l p r o d u c i n g p r o c e s s e s . Here t h e t h e r m o 

dynamics are almost c o m p l e t e l y u n d e r s t o o d (up t o t h e b o i l i n g 

p o i n t ) and mass t r a n s f e r s t e p s t h a t might be slow; can be a c 

c e l e r a t e d by s u i t a b l e a g i t a t i o n , b u t many c h e m i c a l r e a c t i o n s 

are a s t o n i s h i n g l y s l o w . The most i n t e r e s t i n g p o r t i o n s o f the 

p h y s i c a l c h e m i s t r y o f t h e s e p r o c e s s e s are t h e r e f o r e the k i n e t i c s 

and mechanisms o f the slow homogeneous .and heterogeneous c h e m i c a l 

r e a c t i o n s t h e m s e l v e s . 
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The difference between furnace reductions and aqueous 

processes i s e s s e n t i a l l y one of temperature. Fused s a l t proces

ses l i e in an intermediate temperature range, but seem to resemble 

the high temperature furnace systems more than the hydrometal-

l u r g i c a l processes. 

A fundamental study of the mechanisms:occurring in 

metal reductions by alloys from fused s a l t s at the minimum prac

t i c a l temperatures thus seemed worthwhile for purposes of cojn-

p l e t e l y defining the physical chemistry of such reaction systems. 

Prev ious Work 

The rate processes leading to high temperature e q u i l i b 

r i a are not nearly as well understood as t h e i r thermodynamics 

and have attracted the attention, of investigators only recently, 

with the r e s u l t that the body of l i t e r a t u r e on metallurgical 

k i n e t i c s i s small. 

Slag-metal reactions have generally received the most 

attention, since they are fundamental to the processing of s t e e l , 

lead, n i c k e l , copper and other metals. Reactions between iron 
1 2 

a l l o y s and slags, such as the desulphurization of iron ' and 
3 ~~ 6 

s i l i c a reduction by carbon-saturated iron , have been exam

ined in some d e t a i l . 
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R e a c t i o n s between m e t a l l i c phases and f u s e d s a l t s , 

w h i c h are s i m i l a r t o s l a g - m e t a l r e a c t i o n s , have r i s e n i n i m p o r 

tance w i t h t h e i n c r e a s e d p r o d u c t i o n o f r e a c t i v e m e t a l s such as 

t i t a n i u m , z i r c o n i u m , u r a n i u m , t h o r i u m , t a n t a l u m , n i o b i u m , e t c . 

These m e t a l s are u s u a l l y o b t a i n e d by sodium, magnesium or c a l 

c ium r e d u c t i o n o f t h e i r c h l o r i d e s or f l u o r i d e s . 

7 

H e n r i e and Baker have s t u d i e d the mechanism o f sodium 

r e d u c t i o n o f t i t a n i u m c h l o r i d e s i n f u s e d s a l t s . The p r o c e s s 

i n v o l v e s an i n i t i a l r e a c t i o n between sodium and t i t a n i u m c h l o r 

i d e vapours p r o d u c i n g t i t a n i u m s u b c h l o r i d e s , which form a c o n 

densed phase w i t h sodium c h l o r i d e . F i n a l r e a c t i o n t a k e s p l a c e 

e l e c t r o c h e m i c a l l y between two s a l t p h a s e s , one c o n t a i n i n g f r e e 

sodium i n sodium c h l o r i d e and the o t h e r , t i t a n i u m s u b c h l o r i d e s 

i n sodium c h l o r i d e . 

Fused s a l t - m e t a l r e a c t i o n s a l s o have a p p l i c a t i o n i n 

a l l o y p r o d u c t i o n . Cadmium-lead b e a r i n g a l l o y s have been made 

c o m m e r c i a l l y by the r e a c t i o n o f a s o d i u m - l e a d a l l o y w i t h e i t h e r 

pure CdCl2' or a m i x t u r e o f CdCl2 w i t h . o t h e r i n e r t c h l o r i d e s . 

A p p l i c a t i o n s o f such systems t o m e t a l p u r i f i c a t i o n i n c l u d e the 

8 
removal o f Pb from t i n by S n C l 2 and the removal o f In and Zn 

9 

from l e a d w i t h PDCI2 - The p y r o m e t a l l u r g y o f h a l i d e s has been 

r e v i e w e d by K r o U ^ . 
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Recent developments i n n u c l e a r f u e l p r o c e s s i n g have 

l e d t o t h e use o f f u s e d s a l t - m e t a l r e a c t i o n s f o r the removal 

o f f i s s i o n p r o d u c t s from molten uranium and p l u t o n i u m . M o t t a - ^ 

has shown t h a t t h e removal o f Pu from l i q u i d uranium f u e l by 

c o n t a c t w i t h ( u s u a l l y i n a s o l u t i o n w i t h BaF2) i s about 

90% c o m p l e t e . The same p r o c e s s removes most o f the r e a c t i v e 

f i s s i o n p r o d u c t s , e . g . , 99.9% removal o f C s , Sr a n d . C e . B a r e i s 

I P 

e t a r have examined the removal o f L a from b i s m u t h - u r a n i u m 

f u e l v i a t h e r e a c t i o n , 

[La] + 3 ( L i C l ) — 3 - [ L i ] + ( L a C l 3 ) (1) 

The p r o c e s s i n v o l v e s a c o n t i n u o u s removal o f r e a c t i v e f i s s i o n 

p r o d u c t s from the f u e l at 4 5 0 ° C u s i n g L i C l - K C l or N a C l - K C l - M g C l 2 

e u t e c t i c s . 

13 

M a r t i n and M i l e s p o i n t e d out the p o s s i b i l i t y o f 

f i r s t o x i d i z i n g f i s s i o n p r o d u c t s t o the s a l t , t h e n c o n t a c t i n g 

the s a l t w i t h l i q u i d l e a d t o r e d u c e these i m p u r i t i e s . The 

l e a d a l l o y can t h e n be c o n v e n i e n t l y s t o r e d . 
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Ki n e t i c s of Heterogeneous Processes 

The k i n e t i c s of heterogeneous processes have been r e 

viewed by WagnerI 4 and by Darken 1^. These processes involve 

three general steps: 

(1) Transport of reactants from the bulk phases to the 

reaction interface. 

(2) Reaction at the phase boundary. 

(3) Transport of reaction products from the interface to 

the bulk phases. 

Ideally two.limiting cases are possible: 

(1) Equilibrium i s v i r t u a l l y established at the interface, 

and the reaction rate i s controlled by the mass trans

port of one or more of the species involved in the 

reaction. 

(2) The phase boundary reaction i s much slower than any 

of the transport processes, and so controls the over

a l l rate. 

Transport Control 

Transport in l i q u i d s involves both d i f f u s i o n and con

vection. The flux of a material in a d i r e c t i o n x perpendicular 

to the interface i s given by 

j x = - D <L£ + C U x (2) 
d X 



- 6 -

9 —1 
where j v = f l u x (mole cm~^ sec ) 

- l x 

3x 

D = d i f f u s i o n c o e f f i c i e n t (cm^ sec-"1") 

C = co n c e n t r a t i o n (mole cm ) 

U x = flow v e l o c i t y (cm sec~l) 

The concept t h a t s i g n i f i c a n t c o n c e n t r a t i o n d i f f e r e n c e s 

are confined t o the v i c i n i t y of the i n t e r f a c e , i . e . , t o a 

"boundary l a y e r " , has been shown t o be v a l i d i n many instances, 

e s p e c i a l l y i n s i t u a t i o n s where forced convection (e.g. s t i r r i n g ) 

i s present. 

Considering Figure 1, an " e f f e c t i v e " boundary l a y e r 

i s d e f i n e d by the t h i c k n e s s & . 

Figure 1: Concentration P r o f i l e of the 
Boundary Layer 
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C c - c * 

° = ' ( i C / i x ) x = 0 -O) 

A t x = 0, U = 0 (assuming s t r e a m l i n e or v i s c o u s flow) 

j x = - D ( V c/S x ) x = 0 (4) 

(C* - C) 

= D — (5) 

S i n c e (^ C/b x ) x _ Q i s p r o p o r t i o n a l t o (C* - C ) , & i s independent 

o f t h e v a l u e s o f C * and C . 

-1 
The r a t e o f a t r a n s p o r t p r o c e s s , n , i n moles sec , 

i s g i v e n by 

• DA v 

n = A j = j- (C* - C) (6) 

where A i s t h e phase boundary a r e a . 

In terms o f moles cm 3 sec"*-*-, 

4s- = <— (C* - C) (7) 
dt o V 

where V i s t h e phase volume. 

. A t r a n s p o r t r a t e c o n s t a n t i s t h e n d e f i n e d 

DA (8) 

. Note t h a t t h e e q u a t i o n s o f the v i r t u a l maximum r a t e 

concept (see r e f e r e n c e 14) are d e r i v e d from f l u x r e l a t i o n s h i p s 

such as e q u a t i o n ( 5 ) ; t h e s e maximum r a t e e q u a t i o n s can be u s e d 
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( i n most cases) t o c a l c u l a t e t r a n s p o r t r a t e s e s s e n t i a l l y i d e n t 

i c a l t o those p r e d i c t e d by the f l u x equations. 

The nature o f the boundary l a y e r t h i c k n e s s , 6 , can 

be q u a l i t a t i v e l y d i s c u s s e d . The value of & f o r any p a r t i c u l a r 

system w i l l be a f u n c t i o n o f the geometry and flow c o n d i t i o n s 

i n the b u l k l i q u i d . Since two phase m e t a l l u r g i c a l r e a c t i o n s 

g e n e r a l l y i n v o l v e complex flow c o n d i t i o n s i t has so f a r been 

impo s s i b l e t o c h a r a c t e r i z e these flow c o n d i t i o n s by dimension-

l e s s groups. Q u a l i t a t i v e l y o should be s m a l l e r f o r h i g h e r flow 

v e l o c i t i e s and low v i s c o s i t i e s . Bircumshaw and R i d d i f o r d ^ , i n 

a d e t a i l e d review o f heterogeneous processes i n aqueous systems, 

r e p o r t e d t h a t the e f f e c t of s t i r r i n g on ^ f o r many o f these 

systems can be expressed by the simple power r e l a t i o n / 

k o C (rpm) a (9) 

where a ^ 1. 

S e v e r a l aqueous i n v e s t i g a t i o n s have r e v e a l e d t h a t 

k oc D
b (10) 

w i t h t y p i c a l v a l u e s of b from 0 . 6 5 - 0 . 7 5 . In terms o f the de

pendence o f S on the d i f f u s i o n c o e f f i c i e n t D, 

S D ^ - b ) (11) 

T r a n s p o r t c o n t r o l l e d r e a c t i o n s should show a dependence 

o f the r a t e on c o n v e c t i v e c o n d i t i o n s ; t h i s e f f e c t may not be 
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s i g n i f i c a n t i f n a t u r a l c o n v e c t i v e c o n d i t i o n s are s u f f i c i e n t l y 

e f f e c t i v e . G e n e r a l l y e x p e r i m e n t a l a c t i v a t i o n e n e r g i e s f o r r e a c 

t i o n s o f t h i s t y p e are found t o be i n the same range as t h o s e 

f o r d i f f u s i o n p r o c e s s e s , i . e . , below 10 k c a l mole -" 1" f o r f u s e d 

s a l t s and a l l o y s . 

Darken"*" 7 used a v a l u e o f § = 0.003 cm f o r mol ten s t e e l 

i n a c a l c u l a t i o n o f the r a t e o f carbon drop d u r i n g . t h e b o i l . 

The c a l c u l a t i o n p r e d i c t e d a r a t e o f 0.11% per h o u r , i n r e a s o n 

a b l y good agreement w i t h o b s e r v e d r a t e s o f 0.12 t o 0.18% per 

h o u r . Darken p o i n t e d out t h a t t h i s v a l u e o f & s h o u l d . a c t u a l l y 

be m u l t i p l i e d by the r a t i o o f a c t u a l s l a g - m e t a l i n t e r f a c e a r e a 

t o the n o m i n a l a r e a , i n view o f the v i o l e n t d i s t u r b a n c e s " o f the 

i n t e r f a c e caused by emerging CO b u b b l e s . A v a l u e o f S f o r the 

s l a g phase o f 0.012 cm was e s t i m a t e d f o r the same p r o c e s s . 

S l a g boundary l a y e r t h i c k n e s s e s d u r i n g , t h e s t e e l r e 

f i n i n g p e r i o d have been c a l c u l a t e d from the r e s u l t s o f Fornander 

18 C and N i l s s o n . W i t h no i n d u c t i o n s t i r r i n g o = 0.015 cm; t h i s 

v a l u e d e c r e a s e d t o 0.006 cm upon the a p p l i c a t i o n o f i n d u c t i o n 

s t i r r i n g . * 

* The a c c u r a t e d e s c r i p t i o n o f a boundary l a y e r t h i c k n e s s s h o u l d 
be i n terms o f the R e y n o l d s number. In the cases d i s c u s s e d 
h e r e , v a l u e s o f & are not quoted i n these te rms , and s h o u l d 
be c o n s i d e r e d a t b e s t as c rude a p p r o x i m a t i o n s . However t h e i r 
use i n c a l c u l a t i o n s o f r e a c t i o n r a t e s o f t e n y i e l d s u r p r i s i n g l y 
good r e s u l t s . 
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19 
M o r k e l has made an e x a m i n a t i o n o f the f a c t o r s a f f e c t 

i n g mass t r a n s p o r t i n exchange r e a c t i o n s between m o l t e n s a l t s 

and a l l o y s . The parameters s t u d i e d i n c l u d e d the e f f e c t o f f l u i d 

f l o w c o n d i t i o n s ( s t i r r i n g r a t e and g e o m e t r y ) , t e m p e r a t u r e , a n d 

f l u i d p r o p e r t i e s ( d i f f u s i o n c o e f f i c i e n t , v i s c o s i t y , i n t e r f a c i a l 

t e n s i o n ) . The f o l l o w i n g r e a c t i o n s were s t u d i e d : 

(1) the r e d u c t i o n o f B i C l 3 a t h i g h c o n c e n t r a t i o n i n Z n C ^ -

K C l s a l t by S n , Pb , Cd and Zn at low c o n c e n t r a t i o n i n 

l i q u i d b i s m u t h . 

(2) the r e d u c t i o n o f B i C ^ a t low c o n c e n t r a t i o n i n Z n C l 2 -

K C l by pure m o l t e n t i n . 

(3) the r e d u c t i o n o f A g C l at h i g h c o n c e n t r a t i o n i n B a C ^ 

by Cd and Sn i n mol ten s i l v e r . 

R e a c t i o n s o f c l a s s (1) were c o n t r o l l e d by mass t r a n s 

p o r t o f s o l u t e s i n the m e t a l ; t h o s e o f c l a s s (.2) , by d i f f u s i o n 

o f a p r o p o s e d b i s m u t h complex i n the s a l t . The r a t e s i n c l a s s 

(3) were p a r t l y d e t e r m i n e d by e v a p o r a t i o n - o f one o f the r e a c t i o n 

p r o d u c t s from the s a l t . T e s t s i n v o l v i n g the s i m u l t a n e o u s t r a n s 

f e r o f two s o l u t e s i n d i c a t e d t h a t each t r a n s f e r r e d as i f the 

o t h e r were not p r e s e n t . 

V a l u e s o f the exponent o f e q u a t i o n 9 were d e t e r m i n e d 

f o r v a r i o u s s t i r r e r s , and are o u t l i n e d i n T a b l e I . 



- 11 -

TABLE I 

VALUES OF STIRRING EXPONENT FROM REFERENCE 19 

S t i r r e r B a f f l e s a 

P a d d l e No 0.3 
Y e s 0.3 

P r o p e l l e r ( 3 - b l a d e , one 
i n e a c h phase) , No 0.3 

Y e s 1.0 

G r a p h i t e Rod No 0.6 

V a l u e s o f o" f r o m 1 t o 5 x 1 0 ~ 3 cm were c a l c u l a t e d f o r 

t h e Pb and Sn r e d u c t i o n s o f B1CI3, b o t h c o n t r o l l e d b y d i f f u s i o n 

o f t h e s o l u t e s i n m o l t e n b i s m u t h . M e a s u r e d D A / £ v a l u e s f o r s a l t 

3 _]_ 

t r a n s p o r t c o n t r o l were i n t h e r a n g e 4 t o 30 cm min , c o n s i s 

t e n t w i t h b o u n d a r y t h i c k n e s s e s r a n g i n g f r o m 5 x 1 0 - 4 t o 1 x 1 0 - 2 

cm, d e p e n d i n g on t h e v a l u e o f D assumed f o r t h e b i s m u t h complex 

i n Z n C l 2 - K C . l . 

A c t i v a t i o n e n e r g i e s f o r t r a n s p o r t c o n t r o l l e d r e a c t i o n s 

i n t h e a l l o y p h a s e were i n t h e r a n g e 4 t o 14 k c a l mole . 

Phase B o u n d a r y R e a c t i o n s 

In v i e w o f t h e a c k n o w l e d g e d i o n i c n a t u r e o f s l a g s and 

s a l t s , p h a s e b o u n d a r y r e a c t i o n s u n d o u b t e d l y i n v o l v e t h e c h a r g e 

and d i s c h a r g e o f i o n s a t v a r y i n g a n o d i c and c a t h o d i c s i t e s a t t h e 

two-phase i n t e r f a c e . 
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E x p e r i m e n t a l e v i d e n c e f o r e l e c t r o c h e m i c a l mechanisms 

1 3 i n s l a g - m e t a l systems has r e c e n t l y been p u b l i s h e d . G r i m b l e e t a l , 

i n a s t u d y . o f s i l i c a r e d u c t i o n by c a r b o n - s a t u r a t e d i r o n , n o t e d : 

(1) i n a g r a p h i t e c r u c i b l e w i t h a s i l i c a s l e e v e s i t u a t e d 

i n such a way t h a t t h e m e t a l phase c o n t a c t e d the g r a 

p h i t e b u t the s l a g d i d n o t , a c u r r e n t f l o w was o b s e r v e d 

i n an e x t e r n a l c i r c u i t j o i n i n g the two p h a s e s . 

(2) r e d u c t i o n r a t e s were a p p r o x i m a t e l y t w i c e as f a s t i n ~" 

a pure g r a p h i t e c r u c i b l e as i n a s l e e v e d c r u c i b l e , 

i n d i c a t i n g t h a t l o c a l c e l l a c t i o n o c c u r r e d at t h e 

g r a p h i t e - s l a g and g r a p h i t e s - a l l o y i n t e r f a c e s . In view 

o f the r e s p e c t i v e a r e a s , the a u t h o r s c o n c l u d e d t h a t 

at l e a s t 50% o f the r e a c t i o n was e l e c t r o c h e m i c a l . 

(3) e x p e r i m e n t s were c o n d u c t e d i n w h i c h l i q u i d copper 

formed t h e m e t a l p h a s e ; c o n n e c t i o n was made e x t e r n a l l y 

v i a a c a r b o n e l e c t r o d e i n the s l a g and a t u n g s t e n w i r e 

i n the a l l o y . The c u r r e n t f l o w was measured, and the 

amount o f s i l i c a r e d u c t i o n p r e d i c t e d from F a r a d a y ' s 

l a w s . The p r e d i c t e d S i c o n c e n t r a t i o n s i n the a l l o y 

agreed r e a s o n a b l y w e l l w i t h the c h e m i c a l a n a l y s e s , 

a l t h o u g h l a r g e e r r o r s were p r e s e n t i n b o t h c u r r e n t 

measurement and a n a l y s i s . 
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. 4 • R a w l i n g . a n d . E l l i o t t a l s o s t u d i e d s i l i c a r e d u c t i o n , . a n d 

showed t h a t t h e i r r e s u l t s from c o n c e n t r a t i o n c e l l e x p e r i m e n t s 

c o u l d be s u c c e s s f u l l y e x p l a i n e d i n terms o f c o n s e c u t i v e e l e c t r o 

c h e m i c a l p r o c e s s e s at t h e s l a g - m e t a l i n t e r f a c e s . 

The n a t u r e o f p o s s i b l e r a t e c o n t r o l l i n g phase boundary 

r e a c t i o n s i s open t o s p e c u l a t i o n . An a c t i v a t i o n - t y p e p o l a r i z a 

t i o n c o u l d r e s u l t from some s o r t o f homogeneous r e a c t i o n o c c u r 

r i n g b e f o r e t h e d e p o s i t i o n s t e p . F o r example, s i l i c o n d e p o s i 

t i o n from s l a g s may i n v o l v e the d i s s o c i a t i o n o f s i l i c a complexes . 

S i m i l a r l y , f u s e d s a l t r e d u c t i o n s c o u l d i n v o l v e the d i s s o c i a t i o n 

2 0 

and r e d u c t i o n o f complex i o n s . Bloom and B o c k r i s .have d i s 

c u s s e d e v i d e n c e f o r complex i o n s i n b o t h s l a g s and s a l t s . 

In g e n e r a l , most h i g h - t e m p e r a t u r e p r o c e s s e s are l i k e l y 

t o be t r a n s p o r t c o n t r o l l e d . C h e m i c a l r e a c t i o n s , w i t h t h e i r 

h i g h e r a c t i v a t i o n e n e r g i e s , are e x p e c t e d t o be much f a s t e r t h a n 

d i f f u s i v e p r o c e s s e s . Indeed a f a i r l y l a r g e volume o f d a t a i n 

d i c a t e s t h a t a c t i v a t i o n o v e r p o t e n t i a l s f o r m e t a l r e d u c t i o n s i n 

f u s e d s a l t s are r e l a t i v e l y i n s i g n i f i c a n t ( e . g . , see L i u , Johnson 

* T '4- • 2 1 , 
and L a i t m e n ) . 

C h r o n o p o t e n t i o m e t r y 

From the p r e c e d i n g . d i s c u s s i o n i t i s e v i d e n t t h a t a 

knowledge o f d i f f u s i o n c o e f f i c i e n t s i n the v a r i o u s phases i n v o l v e d 



- 14 -

i n r e a c t i o n s o f m e t a l l u r g i c a l i n t e r e s t i s e s s e n t i a l . P r e v i o u s 

work has been l a r g e l y c o n c e n t r a t e d on l i q u i d m e t a l d i f f u s i o n , 
<.• 

22 

and a s i g n i f i c a n t volume o f d a t a has been p u b l i s h e d . However 

d i f f u s i o n d a t a f o r s o l u t e s i n f u s e d s a l t s are v e r y l i m i t e d . 

In v iew o f the i o n i c n a t u r e o f f u s e d s a l t s , the e l e c t r o 

c h e m i c a l t e c h n i q u e o f c h r o n o p o t e n t i o m e t r y can be c o n v e n i e n t l y 

a p p l i e d t o the d e t e r m i n a t i o n o f d i f f u s i o n c o e f f i c i e n t s o f m e t a l 

s o l u t e s at low c o n c e n t r a t i o n s i n f u s e d s a l t s . The t e c h n i q u e 

i n v o l v e s the measurement o f the p o t e n t i a l o f a p o l a r i z a b l e 

e l e c t r o d e as a f u n c t i o n o f t ime d u r i n g a c o n s t a n t c u r r e n t e l e c t r o 

l y s i s . o f an u n s t i r r e d s o l u t i o n c o n t a i n i n g a r e d u c i b l e s p e c i e s 

and a s u p p o r t i n g e l e c t r o l y t e . Mass t r a n s f e r o f t h e r e d u c i n g 

s p e c i e s t o the e l e c t r o d e s u r f a c e i s assumed t o be l i m i t e d o n l y 

by s e m i - i n f i n i t e l i n e a r d i f f u s i o n from a u n i f o r m b u l k s o l u t i o n . 

The e a r l y d e r i v a t i o n s o f the fundamental e q u a t i o n s are 

23 

due t o Sand , w i t h more r e c e n t t h e o r e t i c a l a n a l y s e s p r e s e n t e d 

24 

by D e l a h a y . The t h e o r y and d e r i v a t i o n o f the a p p r o p r i a t e r e 

l a t i o n s are o u t l i n e d i n Appendix A . 

C h r o n o p o t e n t i o m e t r y can be used t o : 

(1) measure d i f f u s i o n c o e f f i c i e n t s by s t u d y i n g . t h e v a r i a 

t i o n o f t ' ' " ^ ( t r a n s i t i o n t i m e , d e f i n e d i n Appendix A) 

w i t h c u r r e n t d e n s i t y at v a r i o u s c o n c e n t r a t i o n s ; 
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(2) examine the r e v e r s i b i l i t y o f m e t a l r e d u c t i o n r e a c t i o n s , 

t h r o u g h an e x a m i n a t i o n o f the s l o p e o f an a p p r o p r i a t e 

p o t e n t i a l - t i m e f u n c t i o n p l o t ; and 

(3) e l u c i d a t e the s t e p s i n v o l v e d i n t h e r e d u c t i o n o f i o n s 

w i t h two or more s t a b l e v a l e n c e s t a t e s i n t h e s o l v e n t . 

Comprehensive r e v i e w s o f the a p p l i c a t i o n o f c h r o n o p o t e n -

21 
t i o m e t r y t o f u s e d s a l t s have been p r e s e n t e d by L i u e t a l and 

25 
by L a i t i n e n and O s t e r y o u n g 

Purpose and Scope o f t h e P r e s e n t I n v e s t i g a t i o n 

A s tudy o f the k i n e t i c s o f r e a c t i o n s between L i C l - K C l 

e u t e c t i c b a s e d f u s e d s a l t s and l e a d a l l o y s was u n d e r t a k e n . T h i s 

system was chosen f o r the low m e l t i n g temperature o f the s a l t 

e u t e c t i c ( 3 5 2 ° C ) . The p u r p o s e s o f the s tudy were : 

(1) t o measure t h e r a t e s o f some f u s e d s a l t - m e t a l r e a c t i o n s 

and t o d e t e r m i n e t h e i r r a t e c o n t r o l l i n g s t e p s . 

(2) t o c o r r e l a t e t h e s e measured r a t e s w i t h d i f f u s i o n c o e f 

f i c i e n t s where a p p l i c a b l e . 

(3) t o e l u c i d a t e mechanisms where the s i m p l e mass t r a n s f e r 

model appeared i n v a l i d . 

C h r o n o p o t e n t i o m e t r i c measurements were made f o r the 

f o l l o w i n g p u r p o s e s : 
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(1) t o determine the r e v e r s i b i l i t y of metal r e d u c t i o n 

processes i n L i C l - K C l e u t e c t i c s a l t s ; 

(2) t o determine d i f f u s i o n c o e f f i c i e n t s where they d i d 

not e x i s t or where they were ambiguous. 



EXPERIMENTAL 

S a l t s 

S i n c e many o f t h e s a l t s used i n t h i s s tudy are h y g r o 

s c o p i c , a d r y atmosphere was r e q u i r e d f o r a l l h a n d l i n g p r o c e d u r e s 

A s i m p l e d r y bag was c o n s t r u c t e d from a 0 .003" t h i c k 

p o l y e t h y l e n e b a g , 38" wide by 62" l o n g , c o n t a i n i n g two g l o v e 

h o l e s and a 3" d iameter p o r t . N i t r o g e n ^ C a n a d i a n L i q u i d A i r ) , 

d r i e d by passage t h r o u g h s i l i c a g e l and L i n d e m o l e c u l a r s i e v e 

columns, , was u s e d t o i n f l a t e t h e b a g . A s m a l l f l o w o f n i t r o g e n 

was b l e d i n c o n t i n u o u s l y , t h u s m a i n t a i n i n g a p o s i t i v e p r e s s u r e 

w h i c h p r e v e n t e d the inward d i f f u s i o n o f m o i s t u r e . The gas was 

a l s o c o n s t a n t l y r e c y c l e d t h r o u g h the d r y i n g columns by means 

o f a s m a l l c i r c u l a t i o n pump. 

S o l v e n t S a l t P r e p a r a t i o n 

Baker and Adamson r e a g e n t grade L i C l and K C l were used 

f o r the p r e p a r a t i o n o f the e u t e c t i c m i x t u r e o f 59 mole % (45*w/o) 

L i C l and 4$ mole % (5Sw/o) K C l . 

L i C l - K C l m i x t u r e s n o r m a l l y r e q u i r e some degree o f 

p u r i f i c a t i o n , p r i n c i p a l l y t o remove m o i s t u r e . These s a l t s underg 

h y d r o l y s i s , i . e . , 



H 2 0 •+ - C l " . ' » HC1 + 0K~ (12) 

when m e l t e d i f water i s p r e s e n t . These i m p u r i t i e s ( H 2 0 , 0H~) 

may cause d i f f i c u l t i e s p a r t i c u l a r l y d u r i n g e l e c t r o c h e m i c a l 

26 

e x p e r i m e n t s . S e l i s and M c G i n n i s have shown t h a t the p r o t o n 

o f the h y d r o x i d e i o n i s c a t h o d i c a l l y r e d u c i b l e a c c o r d i n g t o 

t h e r e a c t i o n 

20H~ + 2e" H 2 + 2 0 = (13) 

w h i c h o c c u r s i n t h e p o t e n t i a l r e g i o n o f - 1 . 6 t o - 1 . 7 v o l t s 

( a g a i n s t IM P t ( I I ) - P t ( 0 ) ) and c o u l d i n t e r f e r e w i t h any measure

ments i n t h i s a r e a . In a d d i t i o n , the p r e s e n c e o f m o i s t u r e and 

i t s h y d r o l y s i s p r o d u c t s may contaminate e l e c t r o d e s and a f f e c t 

t h e s t a b i l i t y o f c e r t a i n s o l u t i o n s . 

O t h e r i m p u r i t i e s p r e s e n t i n s o l u t i o n s o f f u s e d s a l t s 

may i n c l u d e o r g a n i c mat ter (from L i C l ) and heavy m e t a l i o n s 

(from impure s a l t r e a g e n t s ) . • 

S a l t p u r i f i c a t i o n p r o c e d u r e s are w e l l documented; 

27 

p r o c e d u r e s s i m i l a r t o t h a t o f L a i t m e n e t a l are the most 

commonly employed . The s a l t m i x t u r e i s s u b j e c t e d t o vacuum and 

heat t o remove most o f t h e m o i s t u r e . F i n a l t r a c e s are e l i m i n a t e d 

w h i l e k e e p i n g the mel t s a t u r a t e d w i t h H C l , t h u s m a i n t a i n i n g the 

e q u i l i b r i u m o f r e a c t i o n (12) t o t h e l e f t . 
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Heavy m e t a l i o n s can be removed by p r e c i p i t a t i o n w i t h 

a r e a c t i v e m e t a l such as L i , Na or Mg. ..A f i n a l f i l t r a t i o n s t e p 

s u c c e s s f u l l y e l i m i n a t e s o r g a n i c and o t h e r i n s o l u b l e m a t e r i a l . 

Two d i f f e r e n t s a l t p r e p a r a t i o n p r o c e d u r e s were used i n 

t h i s s t u d y . For p r e l i m i n a r y r e d u c t i o n e x p e r i m e n t s , t h e weighed 

s a l t s were p l a c e d i n a f l a s k and s u b j e c t e d t o a p r o l o n g e d vacuum 

t r e a t m e n t accompanied by slow a p p l i c a t i o n o f h e a t . T h i s t r e a t 

ment c o n s i s t e d o f 24 h o u r s at room t e m p e r a t u r e , 24 h o u r s at 1 1 0 ° C 

and 24 h o u r s at 2 0 0 ° C , a l l under a vacuum o f < 1 mm o f Hg s u p p l i e d 

by a D u o s e a l vacuum pump. The s a l t m i x t u r e was t h e n t r a n s f e r r e d 

t o the d r y b a g , m e l t e d i n a pyrex beaker on a h o t p l a t e , and the 

r e q u i r e d amount o f s o l u t e added. The mol ten m i x t u r e was t h e n 

drawn up t h r o u g h a g l a s s wool p l u g and f r o z e n i n 5mm pyrex t u b i n g . 

T h i s same p r o c e d u r e was a l s o employed t o p r e p a r e s a l t m i x t u r e s 

f o r s e v e r a l o f t h e main r e d u c t i o n r u n s . 

A more comprehensive p u r i f i c a t i o n scheme was used t o 

p r e p a r e s o l v e n t f o r the remainder o f the r e d u c t i o n r u n s , and 

f o r the c h r o n o p o t e n t i o m e t r i c e x p e r i m e n t s . F i g u r e 2 i s a schemat ic 

d iagram o f the d r y i n g a p p a r a t u s . One hundred and f i f t y grams o f 

s a l t m i x t u r e were charged t o a 48 mm d i a m e t e r pyrex t u b e , c l o s e d 

at one end, f l a r e d at the o t h e r , and f i t t e d w i t h a No. 10 r u b b e r 

bung w h i c h s u p p o r t e d a gas i n l e t tube (extended t o t h e c e l l 
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bottom) and a s h o r t gas o u t l e t t u b e . The s a l t was h e a t e d at 1 2 0 ° C 

under vacuum f o r 24 h o u r s . The temperature was t h e n s l o w l y r a i s e d 

t o 3 0 0 ° C over a f o u r hour p e r i o d , s t i l l under vacuum. At t h i s 

t ime H C l gas (Matheson) , d r i e d by b u b b l i n g t h r o u g h c o n c e n t r a t e d 

H 2 S O 4 , was b l e d i n t o the c e l l and t h e n f l u s h e d t h r o u g h at atmos

p h e r i c p r e s s u r e . The temperature was i n c r e a s e d i n 5 0 ° s t e p s , 

w i t h one h a l f hour at each s e t t i n g , t o 5 0 0 ° C . The H C l f l o w was 

m a i n t a i n e d f o r one hour at 5 0 0 ° C , t h e n . d i s c o n t i n u e d , and the 

s a l t was a s p i r a t e d ( ^ 2 mm Hg) f o r about one h a l f h o u r , w i t h 

one or two argon f l u s h e s d u r i n g the a s p i r a t i o n . A f i n a l vacuum 

t r e a t m e n t o f two t o t h r e e h o u r s d u r a t i o n removed the l a s t t r a c e s 

o f H C l . 

S a l t p u r i t y was e s t i m a t e d i n two ways . The a b s e n c e - o f 

e t c h i n g o f t h e pyrex c o n t a i n e r s a f t e r s e v e r a l days at 4 0 0 ° C i n 

c o n t a c t w i t h the mol ten s a l t i n d i c a t e d t h a t most o f the m o i s t u r e 

had been s u c c e s s f u l l y e l i m i n a t e d . C h r o n o p o t e n t i o g r a m s f o r the 

s o l v e n t a l o n e gave a s e m i - q u a n t i t a t i v e e s t i m a t e o f the s a l t 

p u r i t y ; t h e s e w i l l be d i s c u s s e d l a t e r . 

S o l u t e s 

Baker and; Adamson r e a g e n t grade P b C ^ , C d C l 2 and A g C l 

were o v e n - d r i e d at 1 5 0 ° C . 
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Anhydrous T i C l 3 , MoCl 5, I n C l 3 and P t c l 2 , , o b t a i n e d 

from A. D. MacKay Co., were used without further treatment. 

Anhydrous FeCl_, C r C l o , CoCl and N i C l 0 were obtained 3 -> 2 ^ 

by treatment of the hydrated s a l t s (Baker and Adamson, reagent 

grade), with t h i o n y l chloride (Baker and Adamson) . 

MC1X • nH 20 + nSOCl 2 MCl x + n SC>2 + 2nHCl (14) 

Solutes were dropped into the p u r i f i e d molten eutectic 

in small pyrex tubes. In most cases the" s a l t s used for chrono-

potentiometry were brought to the desired concentrations, frozen, 

and used for the reduction runs. 

Solutions of divalent Cr and Fe were prepared by ano-

diza t i o n of Cr and Fe, respectively, against a compartmented Pt 

electrode. 

A l l o y s 

Metals were obtained from the following sources: 

L i : Foote Mineral Co., 99.9% guaranteed purity 

Na: Foote Mineral Co., 99.9% guaranteed purity 

Pb: Consolidated Mining and Smelting Co., 99.99% 
guaranteed pur i t y . 

Lithium and sodium alloyswer.e prepared by similar pro

cedures. The metal was cut and cleaned of oxide under kerosene. 
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Lead was c l e a n e d i n a 50-50 m i x t u r e o f g l a c i a l a c e t i c a c i d and 

hydrogen p e r o x i d e , r i n s e d i n d i s t i l l e d w a t e r , t h e n a l c o h o l , , and 

d r i e d i n a b l a s t o f a i r . 

L i t h i u m (or sodium) was p l a c e d i n an i r o n c r u c i b l e 

under p e t r o l e u m e t h e r , and l e a d added t o h o l d the r e a c t i v e 

m e t a l under the e t h e r . The c r u c i b l e and c o n t e n t s were l o c a t e d 

on a p e d e s t a l e n c l o s e d by a v y c o r t u b e , c l o s e d at e i t h e r end 

by p r e s s u r e rubber s e a l s . The p e t r o l e u m e t h e r was drawn o f f 

t h r o u g h a l i q u i d n i t r o g e n t r a p w i t h a D u o s e a l vacuum pump, 

argon was b l e d i n t o t h e chamber, and the m e t a l s were m e l t e d 

u s i n g a P h i l i p s i n d u c t i o n u n i t . The mol ten a l l o y was t h e n e i t h e r 

drawn u p . i n t o 5 mm q u a r t z t u b i n g , a l l o w e d t o c o o l i n p l a c e , , or 

removed and c a s t i n t o 0 .5" d i a m e t e r i r o n m o l d s . 

P r e l i m i n a r y E x p e r i m e n t s  

Furnace 

The f u r n a c e shown i n schematic d e t a i l i n F i g u r e 3 was 

u s e d . f o r a s e r i e s o f u n s t i r r e d p r e l i m i n a r y r e d u c t i o n e x p e r i m e n t s . 

The main f u r n a c e body was a 14" d i a m e t e r , 18" l o n g c y l i n d e r 

f i l l e d w i t h i n s u l a t i n g b r i c k and v e r m i c u l i t e s u r r o u n d i n g a 

chromel-wound m u l l i t e t u b e . The w o r k i n g chamber was a 60 mm 

o u t s i d e diameter v y c o r t u b e . S e a l s were p r o v i d e d by end p l a t e s 

w i t h rubber r i n g s , p r e s s e d a g a i n s t the tube at e i t h e r end and 

t i g h t e n e d w i t h wing n u t s t o b o l t s on the f u r n a c e b o d y . As 
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shown i n F i g u r e 3, the i n s i d e o f the chamber c o n t a i n e d a Cu 

c y l i n d e r i n i t s c e n t e r , w i t h i n s u l a t i o n b r i c k c y l i n d e r s f i l l i n g 

t h e chamber above and below the c o p p e r . S i x h o l e s , s i t u a t e d 

e q u i d i s t a n t from one another on a common c i r c l e , c o n t a i n e d 

v y c o r t u b e s w h i c h p a s s e d the. f u l l l e n g t h o f the f u r n a c e . These 

s i x t u b e s e n c l o s e d s o l i d pyrex r o d s w h i c h p a s s e d t h r o u g h 0 - r i n g 

s e a l s i n the bot tom f u r n a c e h e a d , and w h i c h s e r v e d as s u p p o r t s 

and l o w e r i n g mechanisms f o r the c r u c i b l e s . A seventh h o l e 

down the c e n t e r c o n t a i n e d a . t h e r m o c o u p l e p r o t e c t i o n t u b e . 

The f u r n a c e temperature was m a i n t a i n e d w i t h a Wheelco 

Model 402 c o n t r o l l e r and a c h r o m e l - a l u m e l thermocouple s i t u a t e d 

c l o s e t o the w i n d i n g s . Power, was s u p p l i e d t h r o u g h a 220 v o l t 

v a r i a c c o n n e c t e d w i t h the c o n t r o l l e r . The temperature at the 

c e n t e r o f the. copper c y l i n d e r c o u l d be c o n t r o l l e d t o a p p r o x 

i m a t e l y +_ 1 ° C , and the w o r k i n g zone was 3" long, .+_ 1 ° C . 

A r g o n , p u r i f i e d by passage t h r o u g h s i l i c a g e l and m o l e c 

u l a r s i e v e columns , f o l l o w e d by passage over copper t u r n i n g s 

at 5 0 0 ° C , p r o v i d e d an i n e r t f u r n a c e atmosphere . 

C r u c i b l e s 

Two i n c h l o n g c r u c i b l e s were c o n s t r u c t e d from 3 mm or 

5 mm i n s i d e d i a m e t e r q u a r t z ( v i t r e o s i l ) t u b i n g , c l o s e d at one 

e n d . B e f o r e use they were c l e a n e d i n c h r o m a t e - s u l p h u r i c a c i d 



s o l u t i o n , r i n s e d w i t h d i s t i l l e d water : .and oven d r i e d at 200 C 

f o r at l e a s t 24 h o u r s . S i x c r u c i b l e s were used f o r each r u n , 

one i n each o f the s i x v y c o r f u r n a c e t u b e s . 

P r o c e d u r e 

I d e n t i c a l w e i g h t s o f c l e a n e d a l l o y were p l a c e d i n each 

o f s i x c r u c i b l e s , a l o n g w i t h weighed, p o r t i o n s o f vacuum d r i e d 

s a l t . These t u b e s were p l a c e d i n the f u r n a c e on t h e s u p p o r t 

r o d s w h i c h were s i t u a t e d near the f u r n a c e t o p . Runs were 

s t a r t e d by q u i c k l y l o w e r i n g the r o d s u n t i l t h e c r u c i b l e s were 

p o s i t i o n e d i n t h e c e n t e r o f the Cu c y l i n d e r . As samples were 

r e q u i r e d , t u b e s were l i f t e d t o t h e f u r n a c e t o p . When a l l 

c r u c i b l e s had been r a i s e d , , they were t r a n s f e r r e d t o t h e d r y 

bag and b r o k e n o p e n . The two phases were a n a l y z e d f o r the 

a p p r o p r i a t e e l e m e n t s . 

Z e r o r e a c t i o n t ime was e s t i m a t e d from the c u r v e s o f 

c o n c e n t r a t i o n v e r s u s t ime by e x t r a p o l a t i n g the c u r v e s back t o 

the known s t a r t i n g c o n c e n t r a t i o n s . T h i s t ime was a l s o checked 

by a b l a n k r u n i n which t h e c r u c i b l e s were r a i s e d i n one minute 

i n t e r v a l s a f t e r a l l s i x had been l o w e r e d . An e x a m i n a t i o n o f 

the c o n t e n t s i n d i c a t e d when the phases had b o t h become m o l t e n . 

The t ime c o r r e c t i o n s were u s u a l l y about two t o t h r e e m i n u t e s . 
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R e d u c t i o n E x p e r i m e n t s  

Furnace 

The g r e a t e r p o r t i o n o f the r e d u c t i o n e x p e r i m e n t s were 

p e r f o r m e d u s i n g the f u r n a c e s e t - u p shown i n F i g u r e 4 . I t c o n 

s i s t e d o f a chromel wound m u l l i t e tube s i t u a t e d i n t h e c e n t r e 

o f an 18" d i a m e t e r , 25" l o n g s t e e l drum. The space s u r r o u n d i n g 

t h e w i n d i n g was f i l l e d w i t h a c a s t a b l e r e f r a c t o r y m a t e r i a l . 

T h i s s e t - u p used t h e same power source and c o n t r o l c i r c u i t as 

was u s e d f o r the p r e l i m i n a r y r e d u c t i o n s . Temperatures were 

c o n t r o l l e d t o +_2°C, and an even t h e r m a l zone o f + 1 ° C over a 3" 

l e n g t h was a t t a i n e d . 

The w o r k i n g tube was m u l l i t e , f i t t e d w i t h w a t e r - c o o l e d 

b r a s s heads w i t h 0 - r i n g s e a l s . The c r u c i b l e s u p p o r t a r r a n g e 

ment c o u l d be r o t a t e d , u s i n g a c h a i n and s p r o c k e t d r i v e powered 

by a 115 w a t t , 1550 rpm motor ( U n i v e r s a l E l e c t r i c C o . ) . D i f 

f e r e n t s t i r r i n g speeds i n the r a n g e . 0-250 rpm were o b t a i n e d 

by t h e use o f a v a r i e t y o f s p r o c k e t s and r e d u c t i o n g e a r s . 

C r u c i b l e s 

T h r e e t y p e s o f c r u c i b l e s were used i n t h e s e e x p e r i m e n t s . 

(1) Q u a r t z , 1" d i a m e t e r ( i n s i d e ) , 2 1/2" deep, w h i c h were 

c o n s t r u c t e d by c l o s i n g s t a n d a r d q u a r t z t u b i n g . 



Sampling S t i r r e r 

Chain-driven 
S t i r Mechanism 

Figure 4: D e t a i l s of Reduction Run Furnace 
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(2) S t a i n l e s s s t e e l , 1" i n s i d e diameter, c o n s i s t i n g ; o f 

316 s t a i n l e s s s t e e l tubing w i t h welded bottoms. 

(3) S t a i n l e s s s t e e l c r u c i b l e s f i t t e d w i t h s i l i c a sleeves 

of the same diameter as the s i l i c a c r u c i b l e s , shown 

i n Figure 5. 

Figur e 5: Quartz Sleeved S t a i n l e s s S t e e l 
C r u c i b l e 

S t i r r e r s 

Two types of s t i r r e r s were used. 

(1) Two-blade g l a s s s t i r r e r s were formed from 3 mm 

outside diameter pyrex t u b i n g . The blade diameters 

were about 0.5", and the depth and t h i c k n e s s of the 

blades were ~ 3/16" and' 0.1/16" r e s p e c t i v e l y . 
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(2) A s t a i n l e s s s t e e l p a d d l e was c o n s t r u c t e d from 1/8" 

d i a m e t e r t u b i n g and 0 .02" s h e e t . The p a d d l e had 

f o u r v e r t i c a l b l a d e s , each 1/4" l o n g , and 3/16" deep. 

Temperature. Measurement 

Temperatures were measured w i t h a c h r o m e ! - a l u m e l t h e r m o 

c o u p l e s i t u a t e d i n the s t i r r e r . 

P r o c e d u r e 

. A l l g l a s s w a r e was c l e a n e d i n c h r o m a t e - s u l p h u r i c a c i d 

s o l u t i o n and oven d r i e d at 2 0 0 ° C . S t a i n l e s s s t e e l p a r t s were 

c l e a n e d with, emery paper and r i n s e d i n a l c o h o l . 

The c r u c i b l e s were p l a c e d i n the c r u c i b l e h o l d e r at 

the t o p o f t h e f u r n a c e about one hour p r i o r t o a r u n . . The r e 

q u i r e d w e i g h t o f c l e a n e d a l l o y was p l a c e d i n t h e c r u c i b l e , 

w h i c h was t h e n lowered t o the t h e r m a l c e n t r e o f the f u r n a c e . 

An hour was a l l o w e d f o r the a l l o y t o mel t and r e a c h the p r e s e t , 

t e m p e r a t u r e . 

A weighed amount o f p u r i f i e d s a l t , c o n t a i n e d i n a 22mm 

diameter pyrex tube w h i c h had been necked down at one end and 

blown t o a t h i n b u l b o f g l a s s , was m e l t e d over a bunsen flame 

o 

and r a i s e d t o a t e m p e r a t u r e at l e a s t 50 C h i g h e r t h a n the r u n 

t e m p e r a t u r e . The tube c o n t a i n i n g t h e s a l t was t h e n p l a c e d i n 
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t h e f u r n a c e , s u p p o r t e d i n the t o p head w i t h . a rubber bung b o r e d 

t o f i t t h e t u b e , and s i t u a t e d so t h a t the s a l t was p o s i t i o n e d 

j u s t above t h e c r u c i b l e c o n t a i n i n g the m o l t e n a l l o y . The s a l t 

t e m p e r a t u r e was t h e n a l l o w e d t o c o o l t o t h a t f o r the r u n . The 

exper iment was s t a r t e d by p u n c h i n g a s m a l l h o l e i n the s a l t tube 

w i t h a sharpened s t a i n l e s s s t e e l or pyrex r o d . Time was a l l o w e d 

f o r the s a l t t o d r a i n i n t o the c r u c i b l e ( < 5 s e c . ) ,: and t h e 

empty tube was q u i c k l y withdrawn and r e p l a c e d w i t h t h e b r a s s 

head c o n t a i n i n g the s t i r r e r . At the same t ime the s t i r r e r motor 

was s t a r t e d . 

P e r i o d i c samples were t a k e n u s i n g 3 mm diameter pyrex 

t u b i n g and a s m a l l r u b b e r b u l b . Samples were l i m i t e d t o a 

maximum o f 150 t o 200 mgm, 8-10 per r u n . The s a l t samples were 

b r o k e n out o f t h e t u b i n g and p l a c e d . i n weighed g l a s s v i a l s 

w h i c h were s t o p p e r e d . a n d r e w e i g h e d . The s a l t s were t h e n d i s 

s o l v e d i n an a p p r o p r i a t e manner and a n a l y z e d . 

C h r o n o p o t e n t i o m e t r y  

Furnace 

C h r o n o p o t e n t i o m e t r i c t e s t s were c o n d u c t e d i n . a chromel 

wound (700 w a t t s , 11.0 v o l t s ) f u r n a c e o f b r i c k c o n s t r u c t i o n , 

w i t h a 12" deep by 2 1/2" d i a m e t e r c a v i t y c l o s e d at the b o t t o m . 

A s t e e l p i p e w i t h a welded b o t t o m , s i t u a t e d i n the c a v i t y , 
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p r o t e c t e d the w i n d i n g s from s a l t a t t a c k i n the event o f w o r k i n g 

tube b r e a k a g e . T h i s s t e e l l i n e r a l s o r e d u c e d t h e r m a l g r a d i e n t s 

i n the f u r n a c e c a v i t y . The f u r n a c e t e m p e r a t u r e was r e g u l a t e d 

w i t h a Wheelco Model 402 c o n t r o l l e r , c o n n e c t e d t h r o u g h an e x 

t e r n a l r e l a y and a 110 v o l t v a r i a c . The c o n t r o l thermocouple 

was c h r o m e l - a l u m e l . Temperatures were c o n t r o l l e d t o a p p r o x 

i m a t e l y + 2 ° C , as measured i n the m o l t e n s a l t . 

C e l l 

The c h r o n o p o t e n t i o m e t r i c c e l l was a 48 mm o u t e r d i a 

meter by 500 mm l o n g pyrex t u b e . T h i s t u b e , f i l l e d w i t h the 

s o l v e n t t o a d e p t h o f 55 mm,-was mounted v e r t i c a l l y , w i t h 200mm 

o f t h e lower end i n s i d e t h e f u r n a c e . A number 10 r u b b e r bung 

c o n t a i n i n g t h r e e 5 mm h o l e s , two 6 mm h o l e s and two 10 mm h o l e s 

( d r i l l e d u s i n g r e g u l a r t w i s t d r i l l s a f t e r f r e e z i n g the s topper 

i n l i q u i d n i t r o g e n ) c l o s e d t h e t o p o f the c o n t a i n e r , and s u p 

p o r t e d w i t h i n the tube a thermocouple s h e a t h , gas i n l e t and 

o u t l e t t u b e s and v a r i o u s e l e c t r o d e s . The h o l e s were s t o p p e r e d 

w i t h g l a s s p l u g s when not i n u s e . 

C o n s t a n t C u r r e n t Source 

C o n s t a n t c u r r e n t s were s u p p l i e d t h r o u g h the c i r c u i t 

shown i n F i g u r e 6. The c i r c u i t c o n s i s t e d o f a H e a t h k i t V a r i 

a b l e V o l t a g e R e g u l a t e d Power S u p p l y , Model P S - 2 , and s e v e r a l 



+ o-

Power 
S u p p l y 

- o-

Potent iometer 
Q 0 

10K. 

N o t e s : 

(1) S w i t c h Si - c u r r e n t 
range v a r i a t i o n 

(2) S w i t c h 
out o f c i r c u i t 

(3) S w i t c h S^ - r e v e r s e cur
r e n t f l o w through c e l l 

(4) C e l l t o o s c i l l o s c o p e 
through 10:1 r e d u c i n g 
l e a d s 

S2 - c e l l i n or 

O s c i l l o s c o p e 

+ 0 

E l e c t r o d e s : 
•A: i n d i c a t o r 
B : anode 
C : r e f e r e n c e 

C e l l 

F i g u r e 6: Schematic Diagram o f C h r o n o p o t e n t i o m e t r i c C i r c u i t . 
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r e s i s t o r s . The c u r r e n t was v a r i e d w i t h i n a c e r t a i n range (10-

25 ma) u s i n g t h e power s u p p l y c o n t r o l s . A lower c u r r e n t range 

(4-10 ma) c o u l d be o b t a i n e d by c l o s i n g s w i t c h S]_. C u r r e n t was 

r u n c o n t i n u o u s l y t h r o u g h the c i r c u i t . C u r r e n t d e t e r m i n a t i o n 

i n v o l v e d the measurement o f the p o t e n t i a l drop a c r o s s a p r e 

c i s i o n 5.25 ohm r e s i s t o r w i t h a Pye p o t e n t i o m e t e r . S w i t c h S3 

c o u l d be set t o a p p l y c u r r e n t t h r o u g h the c e l l i n e i t h e r d i r e c 

t i o n ( i . e . , p l a t i n g or s t r i p p i n g o f i n d i c a t o r e l e c t r o d e ) . 

C u r r e n t s were a c c u r a t e and c o n s t a n t t o w i t h i n 2%. 

Measurements 

C u r v e s o f the p o t e n t i a l o f t h e i n d i c a t o r e l e c t r o d e 

a g a i n s t t i m e (chronopotent iograms) were d i s p l a y e d on a T e k t r o n i x 

Type 564 s t o r a g e o s c i l l o s c o p e (Type 3A3 D u a l T r a c e D i f f e r e n t i a l 

A m p l i f i e r , Type 2B67 Time B a s e ) . The measurement c i r c u i t i s 

shown i n F i g u r e 6. C h r o n o p o t e n t i o g r a m s were r e c o r d e d on 35 mm 

f i l m , and t h e a c t u a l measurements made from p h o t o g r a p h i c e n l a r g e 

ments . A d i s c u s s i o n o f the measurement o f t r a n s i t i o n t i m e s from 

t h e s e c u r v e s appears i n Appendix B . 

E l e c t r o d e s  

Anode 

The anode (working e l e c t r o d e ) i n most t e s t s was a 0.002" 

Pt sheet s p o t - w e l d e d t o 0 .01" or 0 .02" Pt w i r e s e a l e d i n p y r e x . 

2 
The anode a r e a was u s u a l l y 100 t o 200 mm . 
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A g o l d anode, s i m i l a r t o the Pt e l e c t r o d e s was used 

f o r t h e M0CI5 t e s t s . 

I n d i c a t o r E l e c t r o d e s 

T h r e e t y p e s o f i n d i c a t o r e l e c t r o d e s were u s e d i n t h i s 

s t u d y . 

(a) P l a t i n u m : Pt i n d i c a t o r e l e c t r o d e s were f a b r i c a t e d 

from 0.002" s h e e t , s p o t - w e l d e d t o 0 .01" w i r e s s e a l e d 

i n p y r e x . A r e a s were a c c u r a t e l y d e t e r m i n e d w i t h a 

t r a v e l l i n g m i c r o s c o p e , and v a r i e d between 10 and 100mm . 

(b) T u n g s t e n : W e l e c t r o d e s were made from 0 .035" or 0.050" 

d i a m e t e r r o d s . Pyrex-nonex graded s e a l s were u s e d ; 

t h e r o d s e i t h e r p r o j e c t e d below the s e a l , or were 

f l u s h - g r o u n d . 

(c) G o l d : Au e l e c t r o d e s were f a b r i c a t e d from .003" sheet 

s p o t - w e l d e d t o 0 .006" Au w i r e , s e a l e d i n p y r e x . 

R e f e r e n c e E l e c t r o d e s 

T h r e e t y p e s o f r e f e r e n c e e l e c t r o d e s were used i n t h i s 

s t u d y . 

(a) S i l v e r : S i l v e r r e f e r e n c e e l e c t r o d e s s i m i l a r t o t h o s e 

d e v e l o p e d by B o o k r i s e t a l were u s e d . These were o f 

the t y p e : 
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d i l u t e s o l u t i o n / / g l a s s II. L i C l - K C l ^ ^ , _ 
o f A g C l i n L i C l - K C l ^ d i a p h r a g m ^ e u t e c t i c * 

and were c o n s t r u c t e d from pyrex t u b i n g , w i t h a t h i n 

g l a s s b u l b blown on t h e e n d . The c e l l s were d r i e d 

at 2 0 0 ° C , and f i l l e d w i t h a s t o c k s o l u t i o n o f A g C l 

i n L i C l - K C l ( c o n c e n t r a t i o n s : 0 .3 t o 0.6 M ) . Both 

29 

B o c k r i s e t a l and Yang and Hudson have s t u d i e d t h i s 

h a l f c e l l and found t h a t : 

(1) t h e membrane t h i c k n e s s does not seem t o a f f e c t 

the p o t e n t i a l . B o c k r i s e t a l quote a v a l u e o f 

2000-5000 ohms f o r the b u l b r e s i s t a n c e ; t h o s e 

u s e d i n the p r e s e n t s tudy were p r o b a b l y some

what h i g h e r . . 

(2) L i + i o n s are t h e predominant c u r r e n t c a r r i e r 

t h r o u g h the membrane. 

(3) the e l e c t r o d e i s r e v e r s i b l e and obeys N e r n s t 1 s 

e q u a t i o n from 0.2 M up t o A g C l s a t u r a t i o n (^2M) 

C o n t a c t t o the e l e c t r o d e mel t was made w i t h 0 .02" 

d i a m e t e r f i n e Ag w i r e . The e l e c t r o d e s were e x p e n d 

a b l e and a new one was p r e p a r e d f o r each t e s t s e r i e s . 

P l a t i n u m : The p l a t i n u m r e f e r e n c e e l e c t r o d e s were 

s i m i l a r t o the s i l v e r ; a s t o c k s o l u t i o n o f P t C l 2 , 
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0.03M i n L i C l - K C l , was used t o f i l l the c e l l s . C o n 

t a c t was made w i t h 0 .02" d i a m e t e r Pt w i r e . L a i t i n e n 

30 

e t a l have demonstra ted t h e s t a b i l i t y and r e v e r s i 

b i l i t y o f such e l e c t r o d e s . 

A Pt sheet i n d i r e c t c o n t a c t w i t h the mel t was used 

as a r e f e r e n c e e l e c t r o d e f o r the c h r o n o p o t e n t i o m e t r y 

o f Pt (II) . 

(c) G o l d : A g o l d r e f e r e n c e e l e c t r o d e was p r e p a r e d by 

a n o d i z i n g a g o l d f o i l at a c o n s t a n t c u r r e n t i n a 

f r i t t e d compartment o f m e l t t o g e n e r a t e Au(I) c o u l o -

m e t r i c a l l y . The Au(I) c o n c e n t r a t i o n was about 0 .03M. 

Pt i n d i r e c t c o n t a c t w i t h the mel t was c l e a n e d by 

f l a m i n g t o a r e d h e a t . T u n g s t e n was e l e c t r o p o l i s h e d i n NaOH 

s o l u t i o n . t o a smooth m i r r o r s u r f a c e . 

Temperature Measurement 

M e l t t e m p e r a t u r e s were d e t e r m i n e d w i t h a c h r o m e l -

a l u m e l thermocouple and a Pye p o t e n t i o m e t e r . The thermocouple 

was l o c a t e d i n a pyrex sheath near the i n d i c a t o r e l e c t r o d e . 

P r o c e d u r e 

The c e l l was l o a d e d w i t h 150 grams o f L i C l - K C l . e u t e c 

t i c m i x t u r e , and t h e s a l t was p u r i f i e d . The e l e c t r o d e s were 
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placed i n p o s i t i o n , . and the d e s i r e d q u a n t i t y of s o l u t e was 

added. A f t e r a l l o w i n g time f o r d i s s o l u t i o n of the s o l u t e 

(aided by continuous Ar b u b b l i n g ) , chronopotentiograms were 

recorded at a s e r i e s of current d e n s i t i e s . G e n e r a l l y the c a t h 

odes were s t r i p p e d of p l a t e d metal a f t e r every second t e s t t o 

prevent excessive d e p o s i t s , which could form d e n d r i t e s and so 

a l t e r the e l e c t r o d e area. Ar was bubbled through the melt be

tween each t e s t ; t h i s bubbling was stopped 30 seconds before the 

next t e s t t o allo w the melt t o become s t i l l . 

A s i m i l a r procedure was followed at each concentra

t i o n . Samples f o r a n a l y s i s were taken at each c o n c e n t r a t i o n 

f o r the more v o l a t i l e s o l u t e s , and a l s o i n some cases where 

d i s s o l u t i o n was slow. 

A n a l y s i s 

S a l t s 

Lead, cadmium and indium were determined polarograph-

i c a l l y w i t h a Sargent Model X I I Polarograph. 

Other metals were determined c o l o u r i m e t r i c a l l y u sing 

a Beckman Model B spectrophotometer. The reagents used f o r 

developing the colour and the wavelengths at which the absorb-

ance was measured are l i s t e d i n Table I I . 
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TABLE I I 

COLOURIMETRIC ANALYSIS DATA 

Element C o l o u r Wavelength 
D e v e l o p i n g Agent mu 

C o b a l t n i t r o s o - R s a l t 570 
Chromium d i p h e n y l c a r b a z i d e 540 
N i c k e l d ime t hy 1 g 1 y ox ime 465 
I r o n 1-10 0 - p h e n a n t h r o l i n e 510 
P l a t i n u m stannous c h l o r i d e 406 
T i t a n i u m hydrogen p e r o x i d e 410 
Molybdenum sodium 2 , 3 - d i h y d r o x y -

n a p h t h a l e n e - 6 - s u l p h o n a t e 420 

A l l o y s 

A l l o y s were d i s s o l v e d i n 1:4 H N 0 3 , and a n a l y z e d f o r 

L i and Na by flame photometry w i t h an EEL Flame Photometer . 
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RESULTS 

The e x p e r i m e n t s conducted i n t h i s work are summarized 

low, and t h e i r r e s u l t s w i l l be p r e s e n t e d i n the same o r d e r . 

(1) P r e l i m i n a r y m e t a l i o n r e d u c t i o n e x p e r i m e n t s were 

p e r f o r m e d on t h e two r e a c t i o n s : 

(a) r e d u c t i o n o f L i + from the L i C l - K C l e u t e c t i c 

s a l t w i t h Na i n a Na-Pb a l l o y . 

(b) r e d u c t i o n o f P b + + f rom the same s a l t w i t h L i 

i n a L i - P b a l l o y . 

(2) D e t a i l e d s t u d i e s were made o f the r a t e s and mechanisms 

o f the f o l l o w i n g r e a c t i o n s : 

(a.) r e d u c t i o n o f P b + + from L i C l - K C l w i t h L i i n a 

L i - P b a l l o y . T e s t s showing the e l e c t r o c h e m i c a l 

n a t u r e o f t h i s r e a c t i o n were a l s o p e r f o r m e d . 

(b) r e d u c t i o n o f L i + from L i C l - K C l w i t h Na i n a 

Na-Pb a l l o y . 

(c) r e d u c t i o n o f a number o f m e t a l i o n s from L i C l -

K C l w i t h e i t h e r L i i n a L i - P b a l l o y or pure P b . 

(3) C h r o n o p o t e n t i o m e t r i c t e s t s were c a r r i e d . o u t t o measure 

i o n i c d i f f u s i o n c o e f f i c i e n t s i n L i C l - K C l , and t o 

examine the r e v e r s i b i l i t y o f the i o n i c r e d u c t i o n s . 
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P r e l i m i n a r y R e d u c t i o n E x p e r i m e n t s • 

A l l p r e l i m i n a r y r e d u c t i o n s were conducted i n 5 mm 

i n s i d e diameter q u a r t z c a p s u l e s , u n l e s s o t h e r w i s e n o t e d . 

R e d u c t i o n o f L i + w i t h Na 

I n i t i a l e x p e r i m e n t s w i t h Na-Pb a l l o y s and P b C ^ - K C l -

L i C l s a l t s i n d i c a t e d t h a t t h e mole r a t i o o f o x i d i z e d sodium t o 

r e d u c e d l e a d d e c r e a s e d from a v a l u e much g r e a t e r t h a n two t o 

a p p r o x i m a t e l y two d u r i n g t h e c o u r s e o f the r e a c t i o n . A l l o y 

a n a l y s i s f o r L i showed t h a t two r e a c t i o n s were o c c u r r i n g : 

[Naj + ( L i + ) [ L i ] + (Na+) (16) 

JIM] + l/2^>bf + — - l / 2 [ p b ] + f (Na + ) l (17a) 
ICLgj l ( L i + ) j (17b) 

The r e s u l t s o f a r e a c t i o n between a Na-Pb a l l o y and 

pure L i C l - K C l are shown i n T a b l e I I I and F i g u r e 7a . The r e a c t i o n 

i s f a s t compared w i t h P b + + r e d u c t i o n (to be d i s c u s s e d ) , and the 

c o n c l u s i o n can be made t h a t r e a c t i o n (17b) above i s the major 

source o f P b + + r e d u c t i o n . A p l o t o f l o g jJNa[ 0 - [Na[ e / [Na[ -jjsFa] 

v e r s u s t , F i g u r e 7b, gave a f i r s t o r d e r r a t e c o n s t a n t k = 0.15 

+ .025 m i n - 1 . 



C u r v e s . 

F i g u r e 7: Na R e d u c t i o n o f L i C l (Run 13, 3 9 0 ° C , 1 gm 
a l l o y , 0 .61 gm s a l t , 5mm c r u c i b l e s ) . 
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TABLE I I I 

SODIUM. REDUCTION OF L i ( I ) 

C o n d i t i o n s : Run 13 
T = 3 9 0 ° C 
1.25 gm a l l o y , 0.90 w/o Na 
0.61 gm s a l t 

t &3 M moles moles l i ° - | N ! 

min w/o w/o Na L i 
A M - M° 

x 1 0 4 x 1 0 4 molar r a t i o 

0 0.90 0 4 .80 0 
2 0.51 0.12 2.72 2.12 0.98 
5 0.28 0.19 1.50 3.36 0.98 

10 0.16 0.22 0.86 3.84 1.03 
29 0.13 0.22 0.70 3.94 1.04 
69 0.17 0.22 0.91 3.86 1.01 

A v a l u e o f K , the e q u i l i b r i u m c o n s t a n t , was c a l c u l a t e d , 

assuming t h a t : 

(1) t h e a c t i v i t y c o e f f i c i e n t s o f Na and L i i n Pb are e q u a l . 

T h i s assumption i s p r o b a b l y f a i r l y a c c u r a t e i n view 

o f t h e s i m i l a r i t y o f the Na-Pb and L i - P b phase d i a g r a m s ; 

no thermodynamic d a t a i s a v a i l a b l e on the L i - P b sys tem. 

(2) t h e a c t i v i t y c o e f f i c i e n t s o f N a + and L i + i n the s a l t 

20 

are e q u a l . Bloom and B o c k r i s s t a t e d t h a t the t h r e e 

b i n a r y systems K C l - L i C l , K C l - N a C l and L i C l - N a C l a l l 

have r e l a t i v e l y s m a l l d e v i a t i o n s from i d e a l i t y . 
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K = i N * + ) M {1Q) 

K L E I T — ( L I T ) ( 1 8 ) 

= 0.276 at 3 9 0 ° C 

A E ° = E ° N a - E ° L i = - f- i n K (19) 

= 0.073 v . 

T h i s v a l u e o f 0.07 3 v . can be compared w i t h t h e v a l u e f o r A E ° 

31 

o f 0.02 v quoted by D e l i m a r s k n and Markov f o r t h e pure 

c h l o r i d e s at 7 0 0 ° C . 

R e d u c t i o n o f P b + + w i t h L i 

S t o i c h i o m e t r y 

An e x a m i n a t i o n was made o f the s t o i c h i o m e t r y o f the 

r e a c t i o n 

2 [Ll ] + ( P b + + ) »- [pb| + 2 ( L i + ) (20) 

The mole r a t i o o f o x i d i z e d L i t o r e d u c e d Pb was d e t e r m i n e d f o r 

s e v e r a l r u n s ; the r e s u l t s are shown i n T a b l e I V . These r a t i o s 

were measured from p l o t s o f o x i d i z e d L i v e r s u s r e d u c e d P b ; each 

i s t h e n an average o f s i x samples . 

A n a l y t i c a l a c c u r a c y i s such t h a t the r a t i o cannot be 

d e t e r m i n e d t o b e t t e r t h a n +0.1. Run 18, i n w h i c h L i C l - K C l 
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e u t e c t i c was c o n t a c t e d w i t h L i - P b a l l o y , showed no e v i d e n c e o f 

L i o x i d a t i o n over one h o u r . The s t o i c h i o m e t r y i s t h e r e f o r e as 

w r i t t e n i n e q u a t i o n 20. 

TABLE IV 

STOICHIOMETRY CHECK 

Run L i / P b 

16 2.01 
19 2.12 
20 1.99 
21 2.20 
22 2.10 
28 2.18 

P o s s i b l e s o u r c e s o f e x t r a l i t h i u m l o s s a r e : 

(1) r e a c t i o n o f L i w i t h K C l . Measurement o f t h e p o t a s 

sium c o n t e n t o f a l l o y s showed a maximum.of 0.0 25 w / o , 

— f i 

or 6.6 x 10" m o l e s . An e r r o r o f +0.1 i n t h e molar 

s t o i c h i o m e t r i c r a t i o would mean a L i l o s s o f 3 x 10-~* 

m o l e s . 

(2) r e a c t i o n o f L i w i t h m o i s t u r e or O H - i n the s a l t . The 

i m p u r i t y c o n t e n t o f m e l t e d , u n t r e a t e d L i C l - K C l has 

been e s t i m a t e d as 3 x 10 moles cm" , e q u i v a l e n t t o 

2 x 10 ^ moles o f L i i f a l l the i m p u r i t i e s r e a c t . 
(3) s o l u b i l i t y - o f L i i n L i C l - K C l . V e r y l i t t l e d a t a i s 

32 
a v a i l a b l e ; Dworkin e t a l measured the s o l u b i l i t y , o f 
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pure L i i n L i C l at 6 4 0 ° C as 0.5 mole%, or ^ 1 x 1 0 ~ 4 

moles L i . However the s o l u b i l i t y o f L i ( from L i - P b ) 

i n L i C l - K C l at 4 0 0 ° C i s e x p e c t e d t o be much l o w e r . 

A c o m b i n a t i o n o f t h e s e f a c t o r s c o u l d account f o r a s l i g h t l y 

h i g h mole r a t i o . 

R e a c t i o n V a r i a b l e s 

S e v e r a l r u n s w h i c h i l l u s t r a t e the e f f e c t o f t h e v a r i 

a b l e s are l i s t e d i n T a b l e V , w i t h the p e r t i n e n t c o n d i t i o n s . 

F i r s t o r d e r r a t e c o n s t a n t s have been d e t e r m i n e d from l o g 

( P b ) ° / ( P b ) - t ime p l o t s . 

I n t e r f a c e A r e a 

Runs 44 (A = .07 cnr) and 45 (A = 0.2 cm ) have essen

t i a l l y , i d e n t i c a l r a t e c o n s t a n t s . T h i s would be e x p e c t e d i f 

k = DA/<5v = D / £ h , s i n c e the s a l t h e i g h t s are e q u a l f o r the 

two r u n s . 

A l l o y Depth 

o 

Runs 31, 41 and 49 at one (Pb) and Runs 45 and 47 at 

another show t h a t a l l o y d e p t h had no s i g n i f i c a n t e f f e c t on the 

r e a c t i o n r a t e . 
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TABLE V 

SUMMARY OF SELECTED PRELIMINARY 
REDUCTION EXPERIMENTS 

Run T°C Ma 
gm 

CL£I ° 
w/o 

Ms 
gm w/6 

D 
mm 

A 
cm 2 

k 
min - "'" 

31 392 0.54 0.78 0.60 8.6 5 0 .2 0.019 
41 388 0.53 0.78 0.60 8.6 5 0 .2 0.015 
49 389 1.59 0.78 0.60 8.6 5 0 .2 0.014 

. 45 388 0.52 0.78 0.60 4 .9 5 0 .2 0.012 
47 388 0.94 0.78 0.60 4 .9 5 0.-2 0.011 
55 390 0.53 0.78 0.30 4.7 5 0. 2 0.017 
56 390 0.65 0.78 0.90 4.7 5 0 .2 0.008 
44 389 0.53 0.78 0.22 4 .9 3 0.07 0.011 
46 384 0.50 0 .78 . . 0.60 12.3 5 0 .2 0.015 

59 388 0.65 0.78 0.60 4 .6* 5 0.2 0.015 

13 390 1.23 0 .90** 0.61 0 5 0 .2 0.15 

* Cd 
* * Na 
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S a l t H e i g h t 

Runs 47, 55 and 56 show a tendency f o r d e c r e a s i n g 

r a t e w i t h i n c r e a s i n g s a l t h e i g h t ( h ) , as shown i n F i g u r e 8. 

The dependence i s r o u g h l y k c x i l / h , w h i c h s u p p o r t s r a t e c o n t r o l 

by P b + + d i f f u s i o n i n the s a l t . 

I n i t i a l Lead C o n t e n t ( P b ) ° 

Runs 41, 45 and 46, f o r 4 .9 w/o < ( P b ) ° < 12.3 w / o , 

i n d i c a t e t h a t k i s independent o f ( P b ) ° , c o n s i s t e n t w i t h t h e 

t r a n s p o r t o f P b + + as t h e r a t e - c o n t r o l l i n g s t e p . 

Temperature 

S e v e r a l r u n s , not r e p o r t e d h e r e , were c o n d u c t e d i n 

an at tempt t o d e t e r m i n e the temperature e f f e c t . The p o i n t s on 

a l o g k - 1/T p l o t showed c o n s i d e r a b l e s c a t t e r , b u t an e x p e r i 

menta l a c t i v a t i o n energy o f 12-18 k c a l m o l e - 1 was e s t i m a t e d . 

Run 59 was conducted w i t h C d C ^ i n p l a c e o f P b C ^ ; 

the r a t e c o n s t a n t k was 0.015 m i n - 1 , s i m i l a r t o t h o s e measured 

f o r t h e P b C l 2 r e d u c t i o n s . 

Two p o i n t s w i t h r e s p e c t t o these exper iments s h o u l d 

be made. F i r s t , the p r e c i s e d e t e r m i n a t i o n o f z e r o r e a c t i o n 

t ime was i m p o s s i b l e . The assumption was made t h a t a n e g l i g i b l e 

amount o f r e a c t i o n o c c u r r e d u n t i l the c r u c i b l e s and c o n t e n t s 
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were at the r e a c t i o n t e m p e r a t u r e . T h i s assumption i s p r o b a b l y 

i n e r r o r , a l t h o u g h f i r s t o r d e r r a t e p l o t s are s u r p r i s i n g l y g o o d . 

S e c o n d l y , c o n v e c t i v e c o n d i t i o n s were l a r g e l y unknown and u n d o u b t 

e d l y v a r i e d from one r u n t o t h e n e x t . In v i e w . o f t h i s , the r e 

p r o d u c i b i l i t y i s thought t o be q u i t e a c c e p t a b l e . 

S a l t Boundary L a y e r T h i c k n e s s e s 

Boundary l a y e r t h i c k n e s s e s (& s ) have been; c a l c u l a t e d 

from the r e l a t i o n 

( 2 1 ) 

and are shown i n T a b l e V I . 

TABLE V I 

TYPICAL VALUES OF 6 s FOR PRELIMINARY 
P b + + REDUCTION EXPERIMENTS 

Run T°C h S s 

cm min cm 

4 7 3 8 8 1 . 8 3 0 . 0 1 1 0 . 0 3 0 
4 9 3 8 9 1 . 8 3 0 . 0 1 4 0 . 0 2 4 
4 1 3 8 8 1 . 8 3 0 . 0 1 5 0 . 0 2 2 
5 5 3 9 0 0 . 9 2 0 . 0 1 7 0 . 0 2 6 
5 6 3 9 0 2 . 7 5 0 . 0 0 8 0 . 0 3 6 
5 9 (Cd) 3 8 8 1 . 8 3 0 . 0 1 5 0 . 0 2 1 

V a l u e s o f D u s e d were , i n most c a s e s , measured i n t h i s s t u d y . 
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Main R e d u c t i o n E x p e r i m e n t s 

The m a j o r i t y o f r e d u c t i o n e x p e r i m e n t s i n t h i s work 

were c o n d u c t e d i n 1 . 0 5 0 + 0 . 0 2 " i n t e r n a l diameter c r u c i b l e s ; 

t h e r e a c t i o n s were f o l l o w e d by s a m p l i n g the s a l t p h a s e . 

In s t i r r e d r u n s , the s t i r r e r was s i t u a t e d a p p r o x i 

m a t e l y 8-10 mm above the i n t e r f a c e . 

R e d u c t i o n o f P b + + w i t h L i 

The r e a c t i o n 

(Pb++) + 2 [Li] 2 ( L i + ) + [Pb] (20.) 

w h i c h was s t u d i e d d u r i n g the p r e l i m i n a r y t e s t s , was e x t e n s i v e l y 

r e - e x a m i n e d , w i t h the r e s u l t s summarized i n Appendix F , T a b l e s 

F--I and F - I I . 

R e a c t i o n V a r i a b l e s 

I n i t i a l Lead C o n c e n t r a t i o n ( P b ) ° 

P l o t s o f l o g ( P b ) ° / ( P b ) v e r s u s t ime were l i n e a r , i n 

d i c a t i n g t h a t the r e a c t i o n i s f i r s t o r d e r . T y p i c a l f i r s t order 

o 

c u r v e s are shown i n F i g u r e 9. The e f f e c t o f (Pb) i s examined 

i n T a b l e s V i l a and V l l b f o r q u a r t z s l e e v e d and s t a i n l e s s s t e e l 

c r u c i b l e s r e s p e c t i v e l y . The r e s u l t s show no t r e n d t o dependence 

o f the f i r s t o r d e r r a t e c o n s t a n t on i n i t i a l l e a d c o n c e n t r a t i o n , 

as was a l s o shown by the p r e l i m i n a r y . t e s t s . 





TABLE V I I 

EFFECT OF ( P b ) ° ON RATE 

C o n d i t i o n s : Q u a r t z s l e e v e d c r u c i b l e s 
s t i r r e d , 112 rpm, w i t h 
s t a i n l e s s s t e e l paddle 
T = 375 • + 2°C 
[Li] 0 = 0.18 + .02 w/o 

Run ( P b ) ° k 
w/o m i n ~ l 

112 4.63 0.020 
113 4 . 33 0.022 
137 . 4.75 0.020 
138 1.57 0.029 
139 2.95 0.029 
140 6.80 0.023 

C o n d i t i o n s : S t a i n l e s s s t e e l c r u c i b l e s 
u n s t i r r e d 
T = 375 + 3 ° C 
[Li] 0 = 0. 25 + O . i 

Run (Pb) 0 k 
w/o min --*-

88 3.8 0.061 
90 6 .2 0.068 
94 7.7 0.073 
95 1. 22 0.093 
98 3.75 0.066 

I 

(JI 
OJ 
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A s t a t i s t i c a l a n a l y s i s i n d i c a t e s t h a t b o t h s e t s o f 

r e s u l t s ( i . e . , T a b l e VII) have a r o o t mean square e r r o r o f 

a p p r o x i m a t e l y 16%. 

I n i t i a l A l l o y L i t h i u m C o n c e n t r a t i o n pLf] ° 

R e s u l t s i n t h e : t w o t y p e s o f c r u c i b l e s are compared 

i n T a b l e s V i l l a and V l l l b 

TABLE V I I I 

EFFECT OF J L i ] ° ON RATE OF P b + + REDUCTION 

T a b l e V i l l a T a b l e V H I b 
Q u a r t z S l e e v e d C r u c i b l e s S t a i n l e s s S t e e l C r u c i b l e s 
C o n d i t i o n s : C o n d i t i o n s : 

S t i r r e d , 112 rpm, U n s t i r r e d 
S t a i n l e s s s t e e l p a d d l e T = 3 7 8 ° C 
T = 380OC (Pb) ° = 6 .2 w / o 
( P b ) ° = 4.75 w/o 

Run |Li] ° k Run [ 4 ° k -1 
w/o min w/o min 

137 0 .24 0.020 90 0. 21 0.068 
141 0.08 0.023 91 0.27 0.072 

92 0.57 0.068 

I t i s c o n c l u d e d from t h e s e r e s u l t s t h a t the r a t e c o n s t a n t k i s 

independent o f the i n i t i a l l i t h i u m c o n c e n t r a t i o n o f the a l l o y . 
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A l l o y Depth d 

R e s u l t s are s h o w n . i n T a b l e s IXa and I X b . 

TABLE IX 

ALLOY DEPTH PARAMETER 

T a b l e IXa 

Q u a r t z S l e e v e d C r u c i b l e s 

C o n d i t i o n s : U n s t i r r e d 
T = 378 + 3°C 

Run A l l o y d k 
Mass cm min 
gm 

110 50 0.95 0.012 
108 100 1.90 0.014 

99 100 1.90 0.014* 

* ( q u a r t z c r u c i b l e ) 

T a b l e IXb 

S t a i n l e s s S t e e l C r u c i b l e s 

C o n d i t i o n s : U n s t i r r e d 
T = 376 + 2°C 

Run A l l o y d k 
Mass cm min -"*" 
gm 

88 100 1.90 0.061 
90 50 0.95 0.068 
91 60 1.13 0.072 
93 80 1.50 0.058 
98 100 1.90 0.066 
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The a l l o y depth does not appear t o i n f l u e n c e the r a t e c o n s t a n t 

k , i n d i c a t i n g t h a t l i t t l e or no c o n t r i b u t i o n t o r a t e c o n t r o l 

a r i s e s from d i f f u s i o n i n the a l l o y p h a s e . 

S a l t H e i g h t h 

The e f f e c t o f the s a l t h e i g h t on k i s i l l u s t r a t e d i n 

T a b l e X . 

TABLE X 

EFFECT OF SALT HEIGHT GN k 

C o n d i t i o n s : Q u a r t z s l e e v e d c r u c i b l e s 
S t i r r e d , 112 rpm, S . S . p a d d l e 
T = 3 7 5 ° C 

Run Mass S a l t 
gm 

h 
cm 

k - i 
mxn 

137 20 2.28 0.0 20 
142 30 3.42 0.015 
141 20 2. 28 0.023 
140 20 2. 28 0.023 

The r e s u l t s i n d i c a t e t h a t k i s i n v e r s e l y dependent on the s a l t 

he i g h t . 

A g i t a t i o n 

The r e s u l t s o f a v a r i a t i o n o f a g i t a t i o n c o n d i t i o n s 

on k are shown i n T a b l e X I . 
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TABLE XI 

EFFECT OF STIRRER SPEED 

C o n d i t i o n s : Q u a r t z - s l e e v e d c r u c i b l e s 
T = 3 7 5 ° C 
S t a i n l e s s s t e e l p a d d l e 
(104 used g l a s s s t i r r e r ) 

Run rpm k 
min 

108 0 0.014 
110 0 0.012 
104 64 0.010 
112 112 0.020 
113 112 0.022 
114 224 0.053 

A p l o t o f l o g k v e r s u s l o g . ( r p m ) f o r 64 ^ r P m 4' 224 i s a s t r a i g h t 

l i n e w i t h t h e s l o p e a = 0 .9 .+ 0 . 1 . 

Temperature 

The temperature s e r i e s d a t a are l i s t e d i n T a b l e X I I ; 

the r e d u c t i o n c u r v e s are shown i n F i g u r e 10, and the A r r h e n i u s 

p l o t i n F i g u r e 11. The apparent a c t i v a t i o n energy measured 

from the A r r h e n i u s p l o t i s 8 .4 +_ 2.0 k c a l mole - ' ' " . 



10 20 30 40 
m m 

F i g u r e 10: E x p e r i m e n t a l C u r v e s f o r L i R e d u c t i o n o f P b ( I I ) -
Temperature S e r i e s ( S t i r r e d at 112 rpm, 100 gm 
0.25 w / o , L i a l l o y , 20 gm, 5 w/o Pb s a l t ) . 

CO 
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TABLE X I I 

TEMPERATURE SERIES 

C o n d i t i o n s : Q u a r t z s l e e v e d c r u c i b l e 
S t i r r e d , 112 rpm 
S t a i n l e s s s t e e l p a d d l e 

Run T°C k 
m i n ~ l 

112 376 0.020 
113 376 0.022 
117 390 0.025 
118 405 0.031 
119 426 0.035 
120 450 0.041 

The r e s u l t s f o r P b + + r e d u c t i o n w i t h L i can be summar

i z e d as f o l l o w s : 

(a) F i r s t o r d e r r a t e p l o t s are l i n e a r . 

(b) The f i r s t o r d e r r a t e c o n s t a n t k i s independent o f 

a l l o y d e p t h and i n i t i a l a l l o y l i t h i u m c o n t e n t . 

(c) F i r s t o r d e r r a t e c o n s t a n t s are independent o f t h e 

i n i t i a l P b + + c o n c e n t r a t i o n o f the s a l t . 

(d) k i s i n v e r s e l y dependent o n . h , the s a l t h e i g h t , a t 

c o n s t a n t i n t e r f a c i a l a r e a . 

(e) k i n c r e a s e s w i t h i n c r e a s i n g a g i t a t i o n , o f t h e s a l t 

p h a s e . 

(f) The apparent a c t i v a t i o n energy o f the r e d u c t i o n i s 

8.4+_ 2 k c a l mole - " '" , compared t o 7.9 k c a l mole -"'" f o r 

P b + + d i f f u s i o n . 
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These r e s u l t s are c o n s i s t e n t w i t h r a t e c o n t r o l by t r a n s p o r t o f 

P b + + i n t h e s a l t p h a s e . 

C a l c u l a t i o n o f S a l t Phase Boundary Layer T h i c k n e s s e s 8 s . 

S i n c e the L i r e d u c t i o n o f P b C ^ i s c o n t r o l l e d by d i f 

f u s i o n o f P b + + a c r o s s an apparent boundary l a y e r , t h e t h i c k n e s s 

o f t h i s l a y e r may be c a l c u l a t e d from t h e r e l a t i o n 

T y p i c a l v a l u e s o f o g c a l c u l a t e d i n t h i s manner are l i s t e d i n 

T a b l e X I I I . 

TABLE X I I I 

SALT PHASE BOUNDARY LAYER THICKNESSES FOR 
P b + + REDUCTION WITH L i 

Run T°C r p m k O S 
min cm 

114 376 224 0.053 0.0046 
113 376 112 0.022 0.0112 
110 376 0 0.012 0.0202 

99 376 0 0.014 0.0175 
117 390 112 0.025 0.0107 
118 405 112 0.032 0.0100 

E l e c t r o c h e m i c a l N a t u r e o f the P b + + R e d u c t i o n 

T h r e e t y p e s o f exper iments i n d i c a t e d t h e e l e c t r o c h e m i c a l 

n a t u r e o f t h e r e a c t i o n o f P b + + w i t h L i . 



E f f e c t o f C r u c i b l e 

The t y p e o f c r u c i b l e used i n these e x p e r i m e n t s was 

o b s e r v e d t o a f f e c t the r e d u c t i o n r a t e . Runs 97 , 98 and 99 were 

a l l c o n d u c t e d under s i m i l a r c o n d i t i o n s . Run 9 7 , i n a q u a r t z 

s l e e v e d c r u c i b l e , and Run 9 9 , i n a q u a r t z c r u c i b l e , had e s s e n 

t i a l l y i d e n t i c a l r a t e c o n s t a n t s . Run 9 8 , i n a s t a i n l e s s s t e e l 

c r u c i b l e , had a much h i g h e r r a t e . F i g u r e 12 i l l u s t r a t e s f i r s t 

o r d e r p l o t s f o r t h e s e t h r e e t e s t s . 

The s a l t - m e t a l i n t e r f a c i a l a r e a i n each t e s t was 5 . 3 cm 

and t h e s a l t h e i g h t was 2 . 3 cm. Run 98 was u n u s u a l i n t h a t the 

a r e a o f c o n t a c t between m o l t e n s a l t and e l e c t r o n i c a l l y c o n d u c t 

i n g m a t e r i a l was a f a c t o r o f 4 . 5 t i m e s h i g h e r t h a n i n the o t h e r 

2 
two r u n s (area o f s a l t - m e t a l i n t e r f a c e , 5 . 3 cm , p l u s the a r e a 

2 

o f s a l t - c r u c i b l e c o n t a c t , 1 8 . 8 cm ) . The r a t i o o f r a t e s i s , 

u s i n g an average k o f 0 . 0 1 4 5 min ~*" f o r Runs 97 and 9 9 , 

k j 9 8 = ° - 0 6 6 = 4 . 5 5 
k f 9 7 , f 9 9 0 . 0 1 4 5 

T h i s agreement i s u n l i k e l y t o be s t r i c t l y f o r t u i t o u s b u t r a t h e r 

p r e s e n t s good e v i d e n c e t h a t the r e d u c t i o n o f P b + + o c c u r s p r e 

d o m i n a n t l y by an e l e c t r o c h e m i c a l mechanism. 

Checks were made t o ensure t h a t the r u n s i n s t a i n l e s s 

s t e e l were v a l i d . Run 66 w a s . p e r f o r m e d i n w h i c h a L i C l - K C l - P b C l 2 



r 1 1 — ~ r 

0 5 10 15 20 
t min 

F i g u r e 12: E f f e c t o f C r u c i b l e on R e d u c t i o n Rates ( u n s t i r r e d , 3 7 4 ° C , 
20 gm. , 3.7 w/o Pb s a l t , 100 gm 0 .3 w/o L i a l l o y ) . 1 

u> 

i 
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mel t was c o n t a c t e d w i t h .pure l e a d . The s a l t was p e r i o d i c a l l y 

a n a l y z e d f o r P b + + c o n t e n t , , a n d no P b + + r e d u c t i o n was o b s e r v e d 

up t o 110 m i n u t e s . The s a l t from Run 81.was t e s t e d f o r i r o n 

by a d d i t i o n o f p o t a s s i u m t h i o c y a n a t e t o an aqueous s o l u t i o n o f 

the s a l t . No i r o n was d e t e c t e d . 

T e s t s w i t h S t a i n l e s s S t e e l S t r i p s 

S e v e r a l runs were c o n d u c t e d i n which s t a i n l e s s s t e e l 

s t r i p s (316, c l e a n e d w i t h emery p a p e r , washed i n acetone and 

d r i e d ) were i n s e r t e d i n t o b o t h p h a s e s ; t h e s e s t r i p s extended 

t h e c a t h o d i c s a l t - m e t a l i n t e r f a c e . 

The d a t a i s summarized i n F i g u r e 1 3 ? w h i c h shows k : 

p l o t t e d a g a i n s t t h e s a l t - s t a i n l e s s s t e e l c o n t a c t a r e a . The runs 

were c o n d u c t e d i n q u a r t z s l e e v e d c r u c i b l e s . P o i n t s f o r Runs 97 

and 99 (no s t r i p s ) and Run 98 ( s t a i n l e s s s t e e l c r u c i b l e ) are 

a l s o shown i n F i g u r e 13. 

A l i n e a r r e l a t i o n e x i s t s between s t r i p . a r e a and k , 

t h e s t r i p s g i v i n g i n c r e a s e d r e d u c t i o n r a t e s . The r a t e i n c r e a s e 

i s s m a l l e r t h a n t h e a n t i c i p a t e d e f f e c t shown by t h e d o t t e d l i n e 

j o i n i n g p o i n t s 97 and 99 t o 98. The d i f f e r e n c e appeared t o 

r e s u l t from i n c o m p l e t e w e t t i n g o f t h e s t a i n l e s s s t e e l s t r i p s by 

t h e m o l t e n s a l t , w h i c h means t h a t the c o n t a c t a r e a i s not t h e 

g e o m e t r i c a l a r e a . 



5 10 
A r e a o f s t a i n l e s s s t e e l - s a l t c o n t a c t cm' 

F i g u r e 13: S t a i n l e s s S t e e l S t r i p Immersion T e s t s - F i r s t 
Order k v s . A ( 3 7 7 ° Q , 2 0 gm , 4. w/o Pb s a l t ; 100 gm, 0.78 
w/o L i a l l o y ) . 
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These r e s u l t s a l s o i n d i c a t e e l e c t r o c h e m i c a l r e d u c t i o n 

of P b + + . 

C u r r e n t Measurement 

Cu r r e n t flow i n an e x t e r n a l c i r c u i t was d e t e c t e d i n 

the f o l l o w i n g way. A Cu wire was s i l v e r - s o l d e r e d t o a quartz 

s l e e v e d c r u c i b l e t o p r o v i d e e l e c t r i c a l c o n t a c t w i t h the a l l o y . 

A run (109) was performed i n the u s u a l manner, except t h a t a 

s t a i n l e s s s t e e l s t r i p was immersed i n t o the s a l t phase, and 

connected through an ammeter t o the Cu wire. The c u r r e n t flow 

was r e c o r d e d and the melt was sampled at i n t e r v a l s throughout 

the t e s t . 

F i g u r e 14 shows e x p e r i m e n t a l l y measured curves o f 

P b + + c o n c e n t r a t i o n and c u r r e n t versus time. A sketch of the 

c i r c u i t , w i t h the observed, p o l a r i t y , i s shown i n F i g u r e 15. 

F i g u r e 15: Current Measurement C r u c i b l e . 



T T T 

4 -

3 _ 

2 _ 

1 -

O a c t u a l e x p e r i m e n t a l 
c u r v e s 

$ c a l c u l a t e d f r o m 
e s t i m a t e d c o n t r i b u t i o n 
o f SS s t r i p 

30 

mxn 
F i g u r e 14; E x p e r i m e n t a l Curves - D e t e c t i o n o f C u r r e n t Flow (Run 109, 

3 7 0 ° C , 20 gm 3.60 w/o Pb s a l t , 85 gm 0.25 w/o L i a l loy-
u n s t i r r e d ) . 
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F i g u r e 16 i s a f i r s t . o r d e r r a t e p l o t o f the d a t a , 

w i t h k = 0.027 m i n - 1 . The r e s u l t s can be compared t o . t h o s e 

o f Run 97 ( q u a r t z s l e e v e d c r u c i b l e ) , k = 0.015 m i n - " ' - . The r a t e 

due t o the s t a i n l e s s s t e e l s t r i p i s t h u s 0.012 min - - ' " . In 

F i g u r e 16, a r a t e p l o t i s c o n s t r u c t e d w i t h t h i s s l o p e , and a 

c u r v e o f c o n c e n t r a t i o n v e r s u s t ime due t o t h e s t a i n l e s s s t e e l 

s t r i p was c a l c u l a t e d . T h i s c u r v e i s shown i n F i g u r e 14. Rates 

measured from the c o n c e n t r a t i o n - t i m e c u r v e , , and t h o s e c a l c u l a t e d 

from the measured c u r r e n t s u s i n g F a r a d a y ' s l a w . a r e compared i n 

T a b l e X I V . 

TABLE XIV 

COMPARISON,OF CALCULATED AND 
MEASURED RATES (RUN. 109) 

t 
min 

C o n c e n t r a t i o n 
Rate 

gm/min 

i 
ma 

Faraday 
Rate 

gm/min 

D i f f e r e n c e 
from average 

% 

0 36 0.00232 + 38 
0.00168 

5 21 0.00135 -20 

T h i s agreement p r o v i d e s f u r t h e r e v i d e n c e t h a t P b + + r e d u c e s 

e l e c t r o c h e m i c a l l y . 

The r e s u l t s on Pb r e d u c t i o n w i t h L i can be summarized 

as f o l l o w s : 



E x a m i n a t i o n o f the r e a c t i o n v a r i a b l e s shows t h a t t h e 

r a t e o f t h i s r e d u c t i o n i s c o n t r o l l e d by d i f f u s i o n o f 

P b + + a c r o s s a boundary l a y e r o f t h i c k n e s s (S i n t h e 

s a l t p h a s e . 

The r e a c t i o n i s e l e c t r o c h e m i c a l i n n a t u r e . 

R e d u c t i o n o f L i + w i t h Na i n a Na-Pb A l l o y 

T h i s exchange r e a c t i o n was r e - e x a m i n e d i n 25 mm c r u 

c i b l e s , w i t h s t i r r i n g , at 4 0 0 ° C . Runs were c o n d u c t e d . a t two 

d i f f e r e n t i n i t i a l a l l o y sodium c o n c e n t r a t i o n s . The r e s u l t s o f 

t h e s e r u n s a re shown i n T a b l e XV and F i g u r e 17. 

TABLE XV 

REDUCTION OF L i + WITH Na 

C o n d i t i o n s : 20 gm. s a l t 
100 gm. Na-Pb a l l o y 
T = 4 0 0 ° C 
S t i r r e d at 112 rpm, g l a s s s t i r r e r 

Run 0 1 ° k 
w/o min 

148 1.02+.05 0.134 
149 0.49+.05 0.049 

(1) 

(2) 



0 10 20 30 40 0 10 20 
t min t min 

F i g u r e llbc Na O x i d a t i o n C u r v e s F i g u r e 17b: F i r s t O r d e r P l o t s 

F i g u r e 17: Na - L i C l Exchange-(Runs 148,149, 4 0 0 ° C , 1 1 2 rpm, 
20 gm s a l t , 100 gm a l l o y ) 
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These r e s u l t s are c o n s i s t e n t w i t h a r e a c t i o n r a t e 

t h a t i s c o n t r o l l e d by d i f f u s i o n o f Na i n the a l l o y . By compar

i s o n , the r a t e d e t e r m i n e d i n the p r e l i m i n a r y r e d u c t i o n s i s 

•k.390 = 0.15 + .03 m i r i - ^ . S i n c e Run 149 had o b v i o u s l y r e a c h e d 

e q u i l i b r i u m , the f i n a l a l l o y was a n a l y z e d f o r L i and N a , and 

the e q u i l i b r i u m c o n s t a n t was c a l c u l a t e d . The v a l u e d e t e r m i n e d 

was K400 0 = 0 . 38 . T h i s c o n s t a n t was used t o c a l c u l a t e d 

A E ° = 0 .056v . These v a l u e s o f K and A E ° can be compared 

w i t h t h o s e p r e v i o u s l y d e t e r m i n e d i n the p r e l i m i n a r y t e s t s , 

K 3 9 0 ° = ° - 2 8 and £ > E ° = 0.07 3 v . 

The mole r a t i o o f o x i d i z e d sodium t o r e d u c e d l i t h i u m 

f o r Run 149 was, f r o m . a n a l y s i s , about 1 . 1 . The d i f f e r e n c e o f 

10% can e a s i l y be accounted f o r by the v a r i a t i o n i n JNaJ 0 

a n a l y s i s . 

These r e s u l t s show t h a t the r e d u c t i o n r a t e o f L i + > 

w i t h Na under the p r e s e n t c o n d i t i o n s i s about f i v e t o t e n t i m e s 

f a s t e r t h a n the r e d u c t i o n r a t e o f P b + + w i t h L i , and the r e a c t i o n 

appears t o be c o n t r o l l e d by the d i f f u s i o n o f Na i n the a l l o y 

p h a s e . 
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R e d u c t i o n o f Other M e t a l Ions 

The r e s u l t s f o r a number o f m e t a l r e d u c t i o n s examined 

are l i s t e d i n T a b l e X V I . These r u n s were conducted under s i m 

i l a r c o n d i t i o n s o f a g i t a t i o n (112 rpm, g l a s s s t i r r e r ) and 

t e m p e r a t u r e ( 4 0 0 ° C ) , i n q u a r t z s l e e v e d c r u c i b l e s . 

F i r s t o r d e r r a t e p l o t s f o r t h e s e r u n s are shown i n 

F i g u r e s 18 and 19. 

Cadmium, S i l v e r and I n d i u m . I o n R e d u c t i o n s 

The r e d u c t i o n s o f C d + + , . A g + and I n + + + w i t h L i , and 

t h e r e d u c t i o n o f C r + + + t o C r + + w i t h Pb ( f o l l o w e d by l e a d a n a l y s i s 

o f s a l t ) appeared t o p r o c e e d i n a manner analogous t o the P b + + 

r e d u c t i o n s . S a l t samples were c l e a n . a n d homogeneous, as 

were the s o l i d i f i e d s a l t masses at the end o f the r u n s . T a b l e 

X V I I l i s t s boundary l a y e r t h i c k n e s s e s c a l c u l a t e d f o r the f o u r 

r e d u c t i o n s , and f o r a comparable P b + + r e d u c t i o n (Run 118) . 

, ^ 0 28 
These r e s u l t s f i t t h e r e l a t i o n o C J ^ D * (wi th t h e e x c e p t i o n 

o f C r ( I I I ) ) , i n the same range o b s e r v e d i n aqueous s o l u t i o n s , 

i . e . , S o c D ° - 2 5 - ° - 3 5 ( r e f e r e n c e 16 ) . 
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TABLE XVI 

METAL REDUCTION RESULTS 

A l l Experiments: 400°C 
112 rpm, glass s t i r r e r 
100 gm a l l o y 
20 gm s a l t (30 gm, Run 126) 

Solute Run (, M n + )° [Li] ° k Metal 
w/o M cm"-3* w/o min Obsvd. 

x l O 4 

Ag(I) 144 1.50 2.31 0. 30 0.063 NO 
Pb(II) 118 5.18 4.15 0.25 0.032 No 
Cd.(II) 125 1.85 2.73 0.30 0.030 No 
Cd(II) 126 1. 25 1.84 0.31 0.022 No 
In(III) 128 1.90 2.75 0.25 0.017 No 
Cr(III) 150 1.00 3.19 0 0.011 No 
Cr(III) 131 0.79 2.52 0.25 0.04 Yes 
Co. ( I I ) 121 1.03 2.90 0. 26 0.093 Yes 
Co (II) 122 1.03 2.90 0. 31 0.105 Yes 
Co(II) 124 1.03 2.90 0. 37 0.118 Yes 
Ni.(II) 130 0.86 2.44 0. 23 0.143 Yes 
Ni(II) 146 0.86 2.44 0 0.057 Yes 
Ni(II) 147 0.70 1.99 0 0.05 2 Yes 
T i ( I I I ) 145 0.43 1.49 0. 24 0.050 Yes 
Pt(TI) 143 1.20 1.02 0.23 0.22 Yes 

M cm -3 _ w/o 
100 x M 



System Run 
O C r ( I I I ) - P b 150 
• I n ( I I I ) - L i 128 

A C d ( I I ) - L i 126 

A C d ( l l ) - L i 125 
O P b ( l l ) - L i 118 

O AgXl) - L i 144 

J _ 
0 20 40 60 80 

- t min 

F i g u r e 18: F i r s t Order Rate P l o t s f o r S e v e r a l M e t a l Ion R e d u c t i o n s 
Group 1 ( 4 0 0 ° C , 112 rpm, 100 gm a l l o y , 20 gm s a l t ) 



+ 

+ 

cn O 
rH 

1.6 

1.2 

0.8 

0 .4 

10 

System Run 
O T i ( l l l ) - L i 145 

• N i ( l l ) - P b 146 

A c o ( l l ) - L i 122 

• N i ( l l ) - L i 130 

O Pt (II) - L i 143 

20 30 
min 

F i g u r e 19: F i r s t Order Rate P l o t s f o r M e t a l Ion R e d u c t i o n s 
Group 2 ( 4 0 0 ° C , 112 rpm, 20 gm s a l t , 1 0 0 gm a l l o y ) 
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TABLE X V I I 

BOUNDARY LAYER THICKNES SES & 

FOR VARIOUS SOLUTES 

S o l u t e k D X 10 6 & s 
• -1 2 -1 min x cm^sec x cm 

Ph++ 0.032 12.6 0.010 
C d + + 0.030 12.1 0.011 
A g + 0.063 32 0.013 
I n + + + 0.017 6 .1 0.009 
C r + + + 0.011 5.6 0.013 

Two r u n s f o r C d + + (125 and .126) at d i f f e r e n t s a l t 

h e i g h t s i n d i c a t e an i n v e r s e dependence o f the r a t e c o n s t a n t on 

s a l t h e i g h t . 

The o b s e r v e d r e s u l t s i n f e r t h a t the r e d u c t i o n s o f A g * 

++ +++ +++ Cd and In w i t h L i and the r e d u c t i o n o f Cr w i t h Pb are 

c o n t r o l l e d by the d i f f u s i o n o f t h e r e s p e c t i v e m e t a l i o n s i n the 

s a l t p h a s e . 

R e d u c t i o n o f P t + + , T i + + + , C o + + . N i + + and C r + + + 

The r a t e s l i s t e d i n T a b l e XVI f o r t h e s e s o l u t e s are 

somewhat h i g h e r t h a n t h o s e p r e d i c t e d based on t r a n s p o r t i n t h e 

s a l t p h a s e . 

In each o f t h e s e r e d u c t i o n s p r e c i p i t a t e d m e t a l was 

o b s e r v e d i n the s o l i d i f i e d s a l t s at the end o f the r u n s . F a i r l y 



l a r g e v o l u m e s o f m e t a l l i c s ponge w e r e n o t e d i n some c a s e s d u r i n g 

d i s s o l u t i o n o f t h e s a l t s o u t o f t h e c r u c i b l e s . 

" B l a n k " r u n s w e r e p e r f o r m e d i n p y r e x c r u c i b l e s f o r 

e a c h o f t h e c a s e s i n w h i c h m e t a l was o b s e r v e d . T h e s e t e s t s 

w e r e c a r r i e d o u t i n an i d e n t i c a l manner t o t h e k i n e t i c e x p e r i 

m e n t s , w i t h t h e e x c e p t i o n t h a t no s t i r r i n g was a p p l i e d . The 

c r u c i b l e s a n d c o n t e n t s w e r e q u e n c h e d i n an a i r - b l a s t p a r t way 

t h r o u g h t h e r e d u c t i o n s ; s o l i d i f i c a t i o n was c o m p l e t e i n a p p r o x i 

m a t e l y 30 s e c o n d s . The s a l t s w e r e b r o k e n up and an e x a m i n a t i o n 

was made o f t h e i n t e r f a c i a l r e g i o n . P h o t o g r a p h s w e r e t a k e n 

a f t e r s p r a y i n g t h e s a l t s w i t h a c r y l i c p l a s t i c t o p r e v e n t m o i s 

t u r e c o n t a m i n a t i o n . 

C o + + R e d u c t i o n 

The r u n was q u e n c h e d a f t e r 5 m i n . a t 400 C. A p h o t o 

g r a p h o f t h e s a l t p h a s e i s shown i n F i g u r e 20. The m a i n p o r t i o n 

o f t h e s a l t was a t u r q u o i s e - b l u e homogeneous p h a s e . A d e n d r i t i c 

g r o w t h o f r e d u c e d Co m e t a l ( c h e c k e d w i t h a magnet a f t e r d i s s o l u r -

t i o n o f t h e s a l t i n w a t e r ) i s c l e a r l y shown i n t h e p i c t u r e . A 

l a r g e mass o f Co was a l s o o b s e r v e d f l o a t i n g on t h e s a l t s u r f a c e 

a t t h e b e g i n n i n g o f t h e q u e n c h . 

A l o g i c a l e x p l a n a t i o n f o r m e t a l on t h e m e l t s u r f a c e 

i s t h e f o l l o w i n g . S i n c e t h e s a l t s may c o n t a i n some m o i s t u r e , 



y fiiifnii ll 
3 1 4 1 

Figure 20: Salt from C o + + Reduction by-
Lithium Blank Run 

Figure 21: Salt from N i + + Reduction by 
Lithium Blank Run 
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r e a c t i o n o f L i w i t h t h i s m o i s t u r e would produce h y d r o g e n . A 

v e r y s m a l l weight o f h y d r o g e n c o u l d have s u f f i c i e n t volume t o 

f l o a t m e t a l sponge from the i n t e r f a c e t o the s a l t s u r f a c e . T h i s 

e x p l a n a t i o n i s s u b s t a n t i a t e d by t h e o b s e r v a t i o n t h a t no m e t a l 

was p r e s e n t o n . t h e s u r f a c e o f a N i + + s a l t r e a c t e d w i t h pure 

l e a d (to be d i s c u s s e d ) . 

The r e d u c t i o n r a t e s f o r t h r e e runs i n c r e a s e d w i t h 

i n c r e a s i n g a l l o y l i t h i u m c o n c e n t r a t i o n ; the r e l a t i o n between 

k and {Li] ° i s l i n e a r . T h i s I n d i c a t e s t h a t t h e r a t e may be 

c o n t r o l l e d by d i f f u s i o n o f L i i n the a l l o y , but the r e s u l t s 

are not. c o n c l u s i v e . The v a r i a t i o n i n k may be caused by e x p e r 

i m e n t a l e r r o r or by v a r i a t i o n s i n t h e amount o f d e p o s i t e d c o b a l t . 

N i + + R e d u c t i o n 

N i c k e l i o n r e d u c t i o n e x p e r i m e n t s were c o n d u c t e d u s i n g 

b o t h L i ( i n lead) and Pb as r e d u c i n g a g e n t s . The r a t e o f the 

r e d u c t i o n w i t h L i was more t h a n t w i c e as h i g h a s . t h o s e w i t h 

P b . However even the l a t t e r r u n s are f a s t e r t h a n would be p r e 

d i c t e d from a pure d i f f u s i o n mechanism. P r e c i p i t a t e d n i c k e l 

was o b s e r v e d i n b o t h c a s e s . 

B l a n k r u n s f o r r e d u c t i o n o f N i + + w i t h L i were f r o z e n 

at 1 1/2 minutes and at 4 m i n u t e s . The appearance o f the s a l t 

was s i m i l a r , i n b o t h c a s e s ; the s a l t from t h e 4 minute quench i s 



shown i n F i g u r e 21. Some r e d u c e d N i i s p r e s e n t on the s u r f a c e , 

but no d i s t i n c t s e p a r a t i o n o f r e d u c e d m e t a l from s a l t i n the 

i n t e r f a c e v i c i n i t y o c c u r r e d . R a t h e r , the whole s a l t mass was 

a dark g r e y c o l o u r . 

A seven gram sample o f the seemingly homogeneous s a l t 

phase was d i s s o l v e d i n water and f i l t e r e d t h r o u g h a Gooch c r u 

c i b l e . The u n d i s s o l v e d m a t e r i a l was weighed , d i s s o l v e d i n d i 

l u t e n i t r i c a c i d and the r e s u l t i n g s o l u t i o n a n a l y z e d f o r N i . and 

P b . The p r e c i p i t a t e weighed 3 4 mgm ( 0 . 5 % o f t o t a l s a m p l e ) , and 

c o n t a i n e d 7 0 +_ 1 0 % N i and 9% P b . Thus t h e g r e y c o l o u r i s p r o 

duced p r i m a r i l y by a f i n e d i s p e r s i o n o f r e d u c e d N i . 

The s a l t sample o f a r e d u c t i o n o f N i w i t h Pb b l a n k 

r u n , shown i n F i g u r e 22 had a much d i f f e r e n t appearance , and 

i n f a c t was v e r y s i m i l a r t o the C o + + r e d u c t i o n (with L i ) . The 

d e p o s i t e d N i m e t a l at the i n t e r f a c e does not appear as e x t e n s i v e 

as was t h e c o b a l t , and the r e d u c t i o n r a t e f o r n i c k e l i s not as 

h i g h . The i d e n t i f i c a t i o n . o f the m a t e r i a l as N i was c o n f i r m e d 

w i t h a magnet. No m e t a l was o b s e r v e d on t h e s a l t s u r f a c e , as 

ment ioned p r e v i o u s l y , and as expec ted i f no H 2 was g e n e r a t e d 

i n t h i s c a s e . 



Figure 23: Salt from T i Reduction by 
Lithium Blank Run 
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. +++ 
T i R e d u c t i o n 

The i n i t i a l c o n c e n t r a t i o n o f T i + + + was somewhat lower 

t h a n the average s o l u t e c o n c e n t r a t i o n s g e n e r a l l y u s e d , s i n c e 

-4 

the s o l u b i l i t y i n t h i s system appears t o be < 2 x 10 moles 

cm~^ at 4 0 0 ° C . The r a t e c o n s t a n t f o r the r e d u c t i o n o f T i + + + 

w i t h L i was 0.05 m i n - 1 , or a p p r o x i m a t e l y t h r e e t i m e s as f a s t 

as t h e I n + + + r e d u c t i o n . 

The s a l t sample , f r o z e n a f t e r 10 m i n u t e s , i s shown 

i n F i g u r e 23. The appearance o f t h e s a l t i s s i m i l a r t o the 

Co c a s e , w i t h d e p o s i t e d m e t a l at the i n t e r f a c e . The s a l t was 

l i g h t g r e y . T h a t t h e d e p o s i t e d m a t e r i a l was m e t a l l i c T i , and 

not T i s u b h a l i d e s , was c o n f i r m e d by water d i s s o l u t i o n . The 

g r e y m a t e r i a l was i n s o l u b l e . The g r e y n e s s o f the s a l t was 

caused by a r e l a t i v e l y s m a l l amount o f T i m e t a l d i s p e r s e d through

out the p h a s e . 

4-4-4-
C r R e d u c t i o n 

R e a c t i o n o f C r + + + i n L i C l - K C l w i t h L i r e s u l t e d i n 

complete r e d u c t i o n o f C r + + + t o the m e t a l l i c s t a t e . The r a t e 

c o n s t a n t o f t h i s r u n f o r the f i r s t seven minutes was a p p r o x i 

mate ly 0.043 min 1 ; t h i s v a l u e i n d i c a t e s t h a t t h e r e a c t i o n r a t e 

was s i g n i f i c a n t l y f a s t e r t h a n e x p e c t e d from a s i m p l e d i f f u s i o n 

mechanism. A t e s t f r o z e n at 10. minutes showed the p r e s e n c e o f 
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m e t a l l i c C r . The s a l t d i d not b r e a k c l e a n l y from the. a l l o y , 

b u t when t h e a l l o y was p l a c e d i n w a t e r , a b l a c k p r e c i p i t a t e , 

assumed t o be Cr m e t a l , was o b s e r v e d . The main p o r t i o n o f the 

s a l t was homogeneous, and mauve i n c o l o u r . M e t a l was o b s e r v e d 

o n . t h e s a l t s u r f a c e . 

.Pt"1""1" R e d u c t i o n 

The r e a c t i o n r a t e f o r the r e d u c t i o n o f P t + + w i t h L i 

was the h i g h e s t o b s e r v e d i n the e n t i r e s t u d y . The i n i t i a l (Pt) 

was lower t h a n f o r some o f t h e - o t h e r s o l u t e s because o f l i m i t e d 

s o l u b i l i t y . The s a l t sample, f r o z e n a f t e r f o u r m i n u t e s , i s 

shown i n F i g u r e 24. The s a l t d i d not b r e a k away c l e a n l y from 

the a l l o y , b u t Pt m e t a l can be seen at the i n t e r f a c e . However 

the main p o r t i o n o f the s a l t was g r e y , i n d i c a t i n g t h e p r e s e n c e 

o f r e d u c e d P t . Water d i s s o l u t i o n r e s u l t e d i n a p r e c i p i t a t e 

w h i c h was a l s o i n s o l u b l e i n H C l (Note t h a t P t C ^ i s r e l a t i v e l y 

i n s o l u b l e i n w a t e r , b u t d i s s o l v e s r e a d i l y i n the p r e s e n c e o f 

HCl) . 



Figure 24: S a l t from P t + + Reduction by 
Li t h i u m Blank Run 
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To summarize, the r e d u c t i o n s o f these i o n s w i t h e i t h e r 

L i or Pb were f a s t compared t o the r e d u c t i o n s o f C d + + , P b + + , 

+++ + 
In and Ag . Reduced m e t a l was o b s e r v e d m two f o r m s : 

(a) m e t a l was found at the s a l t - m e t a l i n t e r f a c e d u r i n g 

+ + +++ 4-4—r-

the r e d u c t i o n s o f Co , Cr and T i w i t h L i and 

the r e d u c t i o n o f N i + + w i t h P b . 

(b) m e t a l was d i s p e r s e d throughout the s a l t phase i n the 
++ ++ r e d u c t i o n s o f N i and Pt w i t h L i . 
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C h r o n o p o t e n t i o m e t r y 

The b a s i c c h r o n o p o t e n t i o m e t r i c d a t a o b t a i n e d i n t h i s 

s tudy are p r e s e n t e d i n Appendix C . L i s t e d are average t r a n s i 

t i o n t i m e s ( f o r one t o t h r e e t e s t s ) d e t e r m i n e d at v a r i o u s c u r 

r e n t d e n s i t i e s and c o n c e n t r a t i o n s f o r each s o l u t e s t u d i e d . 

T a b l e X V I I I i s a summary o f the p r e s e n t r e s u l t s . 

The p r o c e d u r e s used f o r d e t e r m i n i n g t r a n s i t i o n t i m e s 

from the r e c o r d e d p o t e n t i a l - t i m e c u r v e s are d i s c u s s e d i n Appen

d i x B . 

The r e s u l t s w i l l now be d e t a i l e d f o r each s o l u t e . 

S o l v e n t 

C h r o n o p o t e n t i o g r a m s f o r the p u r i f i e d s o l v e n t were 

d e t e r m i n e d . A t y p i c a l s o l v e n t p o t e n t i a l - t i m e c u r v e i s shown 

i n F i g u r e 25a. An e x a m i n a t i o n o f t h i s curve r e s u l t e d i n the 

d a t a g i v e n i n T a b l e X I X . 

TABLE XIX 

RESIDUAL TRANSITION TIME OF SOLVENT 

E ( v . ) v s . r i* 1/ 2
 1/2 

. A g ( l ) - A g ( 0 ) sec amp cm z sec / 

- 0 .5 - n e g l i g i b l e 
- 1.0 0.03 0.22 x 1 0 - 2 

- 1.5 0.09 0.38 x 10~ 2 



- 88 -

TABLE X V I I I 

SUMMARY OF PRESENT CHRONOPOTENTIOMETRIC RESULTS 

C i t 1 / 2 x 10 2 D x 10 6 

O o - 2 1 /2 2 - 1 Ion T - C M cm - - 3 amp cm s e c x / ' c m ' sec 

A g ( l ) 400 4. .95 X 10" -5 2. ,31 + 0. ,10 29. ,8 + 1. ,5 
400 8. ,75 4. ,46 + 0. ,15 34. ,5 , 2. ,3 
400 . 1. ,40 X 10" -4 7. ,70 + 0. , 25 40. ,5 + 2. ,7 

Pb(II ) 400 6. ,21 X 10" -5 3. ,;67 + 0. .05 12. ,0 + 0. , 3 
400 8. ,52 -4 5. ,09 + 0. ,05 12. ,3 + 0. , 3 
400 2. ,45 X 10" -4 15. ,30 + 0. ,05 13. ,4 + 1. ,0 
445 1. ,10 X 10" -5 0. ,81. + 0. ,02 18. ,7 + 0. ,7 
445 1. ,70 1. ,29 + 0. .05 19. .8 + 1. ,3-
445 2. . 38 1. ,77 + 0. ,02 19. .1 + 0. ,5 

I h ( I I I ) ' 403 2. ,38 1. ,01, +, 0. ,02 6. , 2 + 0. , 25 
403 5. ,07 2. ,11 +_ 0. .05 6. ,0 + 0. . 3 
429 5. ,07 2. ,48 ; + 0. .06 8. ,3 + 0. .45 
451 5. .07 2. ,63 + .0. .12 9. , 3 + 1. ,0 

C o ( I I ) 40 2 2. ,26 1. ,31. + 0. .02 11. .6 + 0. .4 
40 2 4. .70 2. .72. + 0. .10 11. .5 :•+ 0. .9 
453 4. .70 3. .29 + 0. .10 16. .9 + 0. .9 
493 4. .70 3. .65 + 0. .10 20, .8 + 1. .0 
402 .7. .20 4. .61 + 0. .15 14. .1 + 1. .1 

N i ( I I ) 400 2. .10 . 1. .34 + 0. .06 14. .0 + 1. .4 
400 6. .70 4. .16 + 0. .12 13. .3 + o, .8 

P t ( I I ) 400 1. .58 1. .00 + 0. .02 13. .7 + 0, .7 
400 2. .35 1. .37. + P-.04 ' 11. .6 + 0. .8 
400 . 3. . 28 1. .90 + 0, .02 11. .6 + 0, .2 
400 1, .01 X 10' -4 5. .59 + 0, .05 10, .5, + 0. .4 

F e ( I I ) 400 2, .46 X 10' -5 1. .60 + o, .04 14, .6 + 0. .8 
400 3. .75 2, .65 + 0, .06 17. . 2 + 0, .8 
400 5. .06 3, .45 + 0, .10 16, .0 + 1, .0 
400 5. .06* 3. .60 + 0, .10 

Cr (III) 400 2. .60 . 0, .51 . + 0, .02 5, .4 + 0, .05 
400 8. .45 1, .73. 0. .08 5, .8 . + 0. .45 

Cr (II) 400 1. .58 1. .13. + 0, .05 17, .6 + 1, .6 
400 3, .32 2. .38 + 0, .10 17. .7 + 1, .5 
400 5, . 2** 2, .65 + 0, .06 

*1 S o l u b i l i t y l i m i t a p p a r e n t l y r e a c h e d (see t e x t ) , 

** 



(a) Solvent 

T = 400°C 
i = 1.26x10 
W electrode 

-2 a cm 

(b) Silver(I) 

T = 400°C 
C = 8.75x10 
i = 1.51x10' 
X= 0.085 sec 

r 5 

, - i 
M cm" 
a cm" 

(c) Lead(II) 

T = 400°C 
C = 6.21x10 
i = 7.44x10 
T = 0.23 sec 

-5 
-2 M cm a cm' 

Figure 25: Typical Chronopotentiograms for Solvent, 
Si l v e r ( I ) and Lead(II) 
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The s o l v e n t t h u s has a r e s i d u a l t r a n s i t i o n t i m e , p r o b a b l y 

caused by h y d r o x y l i o n , w a t e r , s i l i c a t e and heavy m e t a l i o n 

c o n t a m i n a t i o n s . . L a i t i n e n e t a l have sugges ted t h a t a t r a n s i 

t i o n t ime o f 0.01 - 0.09 s e c . s h o u l d be a s s i g n e d t o t h e m e l t . 

In t h e p r e s e n t work, few s o l u t e s were examined at p o t e n t i a l s 

more t h a n 0.5 v . n e g a t i v e t o a A g ( I ) - A g ( 0 ) r e f e r e n c e , so no 

c o r r e c t i o n s were a p p l i e d f o r t h i s e f f e c t . At low t r a n s i t i o n 

t i m e s i n some t e s t s s l i g h t d e v i a t i o n s from l i n e a r i t y o f tT 

vs 1 / i p l o t s were o b s e r v e d , u n d o u b t e d l y due t o t h e r e s i d u a l TT 

o f the m e l t . 

S i l v e r ( I ) 

1/2 

F i g u r e 26 i s a graph o f ' f v s . 1 / i f o r s i l v e r ; a 

t y p i c a l c h r o n o p o t e n t i o g r a m i s shown i n F i g u r e 25b. 

The d i f f u s i o n c o e f f i c i e n t s measured at t h r e e c o n c e n -

6 ' 2 —1 
t r a t i o n s v a r i e d from 29.8 t o 40.5 x 10 cm sec . A c a l c u l a -

-4 
t i o n o f t h e d i f f u s i o n l a y e r t h i c k n e s s f o r C = 1.40 x 10 moles 

— 3 — 2 _ 2 
c m - , i = 6.88 x 10 amp cm and f = 1.25 s e c . ( the c o n d i t i o n s 

f o r the lowest c u r r e n t d e n s i t y at t h i s c o n c e n t r a t i o n ) showed 

t h a t t h i s t h i c k n e s s was .about 20% o f the e l e c t r o d e d i m e n s i o n s . 

Thus the h i g h v a l u e o f D (40.5 x 10~ cm s e c " ) may be a r e s u l t 

o f a n o n - l i n e a r d i f f u s i o n c o n t r i b u t i o n l e a d i n g t o l a r g e r t r a n s 

p o r t o f t h e r e d u c i b l e s p e c i e s t o the e l e c t r o d e than accounted 

f o r by l i n e a r d i f f u s i o n a l o n e . 





The b e s t average v a l u e o f the d i f f u s i o n c o e f f i c i e n t 

f o r Ag i s p r o b a b l y 32 + .3 x 10 ^ cra^ s e c " ^ . The l i t e r a t u r e 

v a l u e s f o r Ag show a , g o o d d e a l o f s c a t t e r ; the p r e s e n t r e s u l t 

34 

agrees most c l o s e l y w i t h t h a t o f D e l i m a r s k i i e t a l (see 

T a b l e XXI) . 

Measurements o f t h e s l o p e s o f s e v e r a l p o t e n t i a l v e r s u s 

1/2 1/2 

l o g CL** - t ) p l o t s gave 0.145 v . , compared t o the t h e o r e 

t i c a l N e r n s t s l o p e o f 0.134 v f o r a r e v e r s i b l e , o n e - e l e c t r o n 

r e d u c t i o n . 

Lead(I I ) 

F i g u r e s 27 and 28 are p l o t s o f r ^ " ^ v e r s u s 1 / i f o r 

o o 
l e a d a t 400 C and 445 C r e s p e c t i v e l y . The average v a l u e s o f 

— f i o —1 

the d i f f u s i o n c o e f f i c i e n t s are 1 2 . 6 + 1 . 5 x 10 ° c m z sec at 

4 0 0 ° C , and 1 9 . 2 + 1 . 5 x 10~ 6 c m 2 sec 1 a t 4 4 5 ° C . These two 

v a l u e s i n d i c a t e an a c t i v a t i o n energy ( a d m i t t e d l y c r u d e ) ' o f 7.5 

k c a l mole ^ , i n good agreement w i t h t h e v a l u e o f 7.9 k c a l 
-1 35 mole o b t a i n e d by Thalmyer e t a l 

The p o t e n t i a l v e r s u s l o g (TZ^^2- - t "^ 2 ) s l o p e s f o r 

e i g h t t e s t s averaged 0.070 -+_ .007 v . T h i s v a l u e may be compared 

3 6 

w i t h t h e r e s u l t o f Inman and B o c k r i s o f 0.069 v . f o r the r e 

d u c t i o n o f Pb(II ) onto a l i q u i d l e a d c a t h o d e . T h i s d a t a i n d i 

c a t e s t h a t Pb(II ) r e d u c e s r e v e r s i b l y from L i C l - K C l e u t e c t i c . 
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Indium (III). 

Two waves were o b s e r v e d f o r t h e r e d u c t i o n o f t r i v a l e n t 

i n d i u m s o l u t i o n s ; t y p i c a l c h r o n o p o t e n t i o g r a m s are shown i n 

F i g u r e 29. The p o t e n t i a l o f the f i r s t wave, - 0 . 2 5 v v s . 0.6M 

Ag (I) -Ag(0), agrees r e a s o n a b l y , w e l l w i t h t h e p o t e n t i a l d i f f e r e n c e 

30 

o f -0 .15 v . e s t i m a t e d from the d a t a o f L a i t m e n e t a l . The 

second wave was o b s e r v e d at 0.52 v . l e s s n o b l e t h a n . t h e f i r s t . 

Measurements f o r 15 t e s t s showed t h a t T ^ / T l = 

1 . 2 5 + 0 . 1 . F o r two c o n s e c u t i v e e l e c t r o c h e m i c a l r e d u c t i o n s 

(see Appendix A ) : 

l l - 2 111) • (nJ\ 
T i \ n i / K l 

T h e o r e t i c a l v a l u e s o f t h i s r a t i o f o r v a r i o u s c o m b i n a t i o n s o f 

n-^ and n 2 a re l i s t e d i n T a b l e XX. 

TABLE XX 

^ / f r V A L U E S 

n l n 2 ^2^1 

1 1 3 
1 2 8 
2 1 1.25 
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Soo 
*r>V : 

: 
. . , -ti 
J 

s 0.2 

(a) Two In waves p l u s 
s o l v e n t 
tTi = 0.33 sec 

loo 

(b) Two In waves 
T i = 0.274 sec 
T2 = 0.35 sec 
r i / T 2 = 1-28 

F i g u r e 29: T y p i c a l C h r o n o p o t e n t i o g r a m s f o r I n ( I I I ) 
( 4 0 2 ° C , 2.38 x 10~ 5 M c m " 3 , 1.90 x 1 0 - 2 

amp cm"2) 
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The p r e s e n t r e s u l t s are c o n s i s t e n t w i t h n^ = 2 and = 1. The 

s l o p e s o f E v e r s u s l o g {^j^^-t^^/t^^) , f o r b o t h s p e c i e s s o l 

u b l e i n t h e m e l t , averaged 0.071,+_ .004 v . , i n good agreement 

w i t h t h e t h e o r e t i c a l v a l u e o f 0.067 v . f o r a r e v e r s i b l e t w o -

e l e c t r o n r e d u c t i o n . 

The two waves are t h u s due t o t h e f o l l o w i n g r e a c t i o n s : 

X n 3 + + 2e" »» I n + . (21) 

I n + •+ e" I n ° (22) 

C l a r k e t a l J / have p r e p a r e d pure I n C l , so i t i s e n t i r e l y p o s s i b l e 

f o r I n + t o e x i s t i n f u s e d s a l t s , even though no In (I.) s p e c i e s 

38 
are s t a b l e i n aqueous s o l u t i o n 

1/2 

F i g u r e 30 shows t h e p l o t s o f v e r s u s 1 / i f o r 

i n d i u m ( I I I ) . The measured d i f f u s i o n c o e f f i c i e n t f o r I n ( I I I ) i s 

6 .1 + 0 .4 x 10~ 6 c m 2 s e c - 1 a t 4 0 0 ° C . R e s u l t s at two o t h e r temp

e r a t u r e s l e d t o an a c t i v a t i o n energy o f 8.8 +_ 2 k c a l m o l e - 1 . 

C o b a l t (II) 

1/2 
Graphs o f v e r s u s 1 / i f o r d i v a l e n t c o b a l t are 

shown i n F i g u r e 31. The d i f f u s i o n c o e f f i c i e n t o f C o ( II) at 4 0 0 ° C 

6 2 i 

was d e t e r m i n e d as 12 .1 .+ 1.5 x 1 0 ~ ° cm s e c " 1 . Measurements were 

a l s o made o f t h e a c t i v a t i o n energy so comparison c o u l d be made 
39 

w i t h the d i f f u s i o n c o e f f i c i e n t d e t e r m i n e d by L a i t m e n and Gaur , 







F i g u r e 32: T y p i c a l C h r o n o p o t e n t i o g r a m s f o r C o b a l t ( I I ) , 
N i c k e l (II) and P l a t i n u m ( I I ) 
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6 2 1 
D 4 5 0 ° C = 24.2 x 10 cm s e c ~ x . E was found t o be 6 . 8 + 1 

1 6 2 1 
k c a l mole , and V^SQOQ was 17. + 1 x 10~ cm s e c " . 

The s l o p e s o f p o t e n t i a l v e r s u s l o g ( T ' - t V 2 ) p l o t s 

were on the average 15% h i g h e r t h a n t h e t h e o r e t i c a l N e r n s t s l o p e 

f o r a r e v e r s i b l e 2 - e l e c t r o n r e d u c t i o n . 

F i g u r e 32 shows t y p i c a l c h r o n o p o t e n t i o g r a m s f o r C o ( I I ) , 

N i ( I I ) , and Pt (II) . 

N i c k e l (II) 

1/2 

D i f f u s i o n c o e f f i c i e n t s measured from the p l o t s o f ' 

v e r s u s 1 / i i n F i g u r e 33 had an average v a l u e o f 1.3.7 +_ 1.5 x 10 

cm 2 sec -"'". 

P o t e n t i a l v e r s u s l o g (T^" ' " / / ^- t X / / 2 ) s l o p e s are i n t h e 

same range as t h o s e f o r c o b a l t , i . e . , about 15% h i g h e r t h a n 

t h e o r e t i c a l . 

P l a t inum(II) 

Measurements f o r d i v a l e n t Pt i n L i C l - K C l , p l o t t e d i n 

6 2 1 

F i g u r e 34 , gave an average v a l u e o f 11.8 +_ 1.5 x 10 cm sec 

f o r i t s d i f f u s i o n c o e f f i c i e n t . P t ( I I ) r e d u c t i o n appears t o be 

a ' r e v e r s i b l e p r o c e s s , s i n c e the average s l o p e o f E v e r s u s l o g 

( ' •£V 2 - t 1 / / 2 ) p i o t s w a s d e t e r m i n e d as 0 .073,+ .007 v . 





20 40 60 i "? ' l / i amp - J - cm . M 

o 
F i g u r e 34: C h r o n o p o t e n t i o m e t r i c R e s u l t s f o r P l a t i n u m ( I I ) at 4 0 0 ° C 
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-4 o 

F o l l o w i n g t e s t s at C = 1.01 x 10 moles cm J , s u f 

f i c i e n t P t C l 2 was added t o produce a c o n c e n t r a t i o n o f about 

-4 -3 
4 x 10 moles cm . Argon was b u b b l e d t h r o u g h the s o l u t i o n f o r 

24 h o u r s , and t h e s o l u t i o n was t h e n sampled and f r o z e n . A n a l y s i s 

-4 

i n d i c a t e d a maximum c o n c e n t r a t i o n .of P t ( I I ) o f 1.56 x 10 moles 

_3 

cm . U n d i s s o l v e d P t C ^ was o b s e r v e d on the s u r f a c e s o f t h e 

f r o z e n mass and i n t h e a d d i t i o n t u b e . The s o l u b i l i t y o f P t ( I I ) 

i n L i C l - K C l e u t e c t i c at 4 0 0 ° C i s t h e r e f o r e a p p r o x i m a t e l y 

1.5 +_ 0 .1 x 1 0 - 4 moles c m - ^ . However t h i s v a l u e s h o u l d be t r e a t 

ed w i t h c a u t i o n ; the sample a n a l y s i s may be h i g h due t o drawn 

up u n d i s s o l v e d P t C l 2 -

I r o n (III) 

T e s t s w i t h t r i v a l e n t i r o n i n s o l u t i o n r e s u l t e d i n o n l y 

one wave, t h a t f o r F e ( I I ) r e d u c t i o n , s i n c e the s t a n d a r d p o t e n t i a l 

o f t h e F e ( I I I ) - F e ( I I ) c o u p l e 4 0 i s 0.085 v . more n o b l e t h a n the 

P t ( I I ) - P t ( 0 ) r e f e r e n c e p o t e n t i a l . 

I r o n ( I I ) 

Four s u c c e s s i v e a n o d i z a t i o n s were c a r r i e d o u t , w i t h 

c h r o n o p o t e n t i o m e t r i c t e s t s conducted a f t e r ' e a c h . F i g u r e 35 

shows t h e p l o t s o f v e r s u s 1 / i f o r t h e f i r s t t h r e e c o n c e n 

t r a t i o n s . From t h e s e c u r v e s , a d i f f u s i o n c o e f f i c i e n t o f 

-6 o - i 

15.9 +_ 1.5 x 10 cra^ sec was d e t e r m i n e d . A t y p i c a l c h r o n o 

p o t e n t i o g r am i s shown i n F i g u r e 36a.• 
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i .05 *-
Zoo / 

• j ̂  ) 1 i J i l l ) 
• / 
• / • ^ , | | 

i • • • • • 

(b) Chromium (I I) 

T = 4 0 0 ° C 
i = 4 . 2 2 x l 0 ~ 2 a cm 
C = 3 . 3 2 x l 0 ~ 5 M cm" 
X= 0.334 sec 

F i g u r e 36: T y p i c a l C h r o n o p o t e n t i o g r a m s f o r I r o n ( I I ) 
and Chromium(II) 
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The t ime o f the f o u r t h a n o d i z a t i o n s h o u l d have been 

s u f f i c i e n t t o r a i s e t h e b u l k c o n c e n t r a t i o n t o about 8 x 10 

moles cm~3. However t e s t s r e s u l t e d i n a p p r o x i m a t e l y t h e same 

1/2 

v a l u e o f as was o b t a i n e d b e f o r e t h i s a n o d i z a t i o n , i n d i c a 

t i n g , t h a t t h e s o l u b i l i t y l i m i t had been r e a c h e d . The s o l u b i l i t y 

so d e t e r m i n e d f o r F e ( I I ) i n L i C l - K C l at 4 0 0 ° C i s e s t i m a t e d as 

_5 _ - j 

5 x 10 moles cm . The p o i n t s h o u l d be made t h a t the d i f f u s i o n 

c o e f f i c i e n t c a l c u l a t e d f o r t h e t h i r d c o n c e n t r a t i o n may be low, 

s i n c e the a n a l y s i s c o u l d have been i n e r r o r because o f u n d i s 

s o l v e d F e C ^ (as i n the P t c a s e ) . However an average D from 

the f i r s t two c o n c e n t r a t i o n s i s i d e n t i c a l t o t h e average from 

t h r e e c o n c e n t r a t i o n s . 

The E v e r s u s l o g C C ^ ^ - t ^ 2 . ) s l o p e s averaged 0.07 3 

+_ 0.006 v . f o r f o u r t e s t s . 

The d i v a l e n t i r o n s o l u t i o n s appear t o be q u i t e s t a b l e 

i n the p r e s e n t e x p e r i m e n t a l s e t - u p . A n a l y s i s o f the samples 

showed no d e t e c t a b l e amounts o f F e ( I I I ) . 

Chromium(I l I ) 

3+ 

Two waves were seen i n the r e d u c t i o n o f Cr onto a 

Pt e l e c t r o d e : t y p i c a l ' c u r v e s are shown i n F i g u r e 37. The p o t e n 

t i a l o f t h e second wave was 1.1 v . more n e g a t i v e t h a n the f i r s t , 

comparable t o t h e p o t e n t i a l d i f f e r e n c e between the C r ( I I I ) - C r ( I I ) 
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(a) Chromium (III) 

T = 400UC 
i = 5.25x10 
C = 8.45x10 
%= 0.09 sec 

^ - 8.5 

-2 
-5 a cm 

M cm 

-2 
-3 

(b) Chromium (I II) 

T = 4 0 0 ° C 
i = 2 . 2 5 x l 0 ~ 2 a c m " 2 

C = 8 . 4 5 x l 0 ~ 5 M c m - 3 

T, = 0.59 sec 

F i g u r e 37: T y p i c a l C h r o n o p o t e n t i o g r a m s f o r Chromium(III) 
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and C r ( I I ) - C r ( 0 ) c o u p l e s 3 0 , 0 .9 v . The p o t e n t i a l o f C r ( I I I ) -

C r ( I I ) i s more n o b l e t h a n A g ( I ) - A g ( 0 ) by about 0.22 v . 

An average o f f i v e d e t e r m i n a t i o n s showed t h a t 

T ^ / T i = 8 .1 + 0 . 5 , i n good agreement w i t h the t h e o r e t i c a l 

v a l u e o f 8 f o r n ^ = 1 and = 2. 

The d i f f u s i o n c o e f f i c i e n t o f C r ( I I I ) at 4 0 0 ° C i s 

—6 • 2 —1 
5.55 + 0.3 x 10 cm s e c - , d e t e r m i n e d from F i g u r e 38. 

T h r e e d e t e r m i n a t i o n s o f the s l o p e s o f E v e r s u s l o g 

(x^Z-^-t1/2/^/?) p l o t s gave 0.145 -+ .003 v . , r e a s o n a b l y c l o s e 

t o the t h e o r e t i c a l v a l u e o f 0.134 v . f o r a r e v e r s i b l e 1 - e l e c t r o n 

r e d u c t i o n . 

Chromium(II) 

The d i f f u s i o n c o e f f i c i e n t o f C r ( I I ) , e v a l u a t e d from 

the r t x / ^ v e r s u s 1 / i p l o t s o f F i g u r e 39 f o r two c o n c e n t r a t i o n s , 

-6 2 - 1 

xs 17.6 +_ 1.6 x 10 cm sec . A t y p x c a l chronopotentxogram 

i s shown i n F i g u r e 36b. 

The apparent s o l u b i l i t y l i m i t o f C r ( I I ) i n L i C l - K C l 

-5 -3 

xs a p p r o x i m a t e l y 3.7 x 10 moles cm , x n d i c a t e d by a c o n s t a n t 

/ - f l / 2 
i X phenomenon s i m i l a r t o t h a t o b s e r v e d f o r F e ( I I ) . 

S l o p e s o f p o t e n t i a l v e r s u s l o g ( T i ± / / ^ - t X / / ' 2 ) p l o t s 

averaged 0 . 0 7 6 + 0.008 v . 
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Figure 39; Chronopotentiometric R e s u l t s f o r 
Chromium (II) 
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Titanium (III) and Molybdenum (V) 

Chronopotentiometric data f o r these s o l u t e s was i n 

complete. The r e s u l t s are presented i n Appendices E and F. 
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DISCUSSION 

D i f f u s i o n i n L i C l - K C l 

A summary o f i o n i c d i f f u s i o n c o e f f i c i e n t s i n mol ten 

L i C l - K C l e u t e c t i c , i n c l u d i n g b o t h t h o s e measured i n t h i s work 

and t h o s e from the l i t e r a t u r e , i s g i v e n i n T a b l e X X I . The most 

s t r i k i n g f e a t u r e o f t h e s e v a l u e s i s the marked dependence o f 

D on the charge o f t h e d i f f u s i n g s p e c i e s , i l l u s t r a t e d i n F i g u r e 40. 

D i f f u s i o n i n l i q u i d m e t a l s , and s e l f - d i f f u s i o n i n 

some mol ten s a l t s such as N a C l , 4 x i s found t o a p p r o x i m a t e l y 

obey the S t o k e s - E i n s t e i n e q u a t i o n 

D kT/6TT - t t \ (24) 

where r i s the r a d i u s o f the d i f f u s i n g s p e c i e s and i s the 

medium v i s c o s i t y . However S t o k e s - E i n s t e i n b e h a v i o u r i s i n v a l i d 

f o r s i m p l e i o n s i n L i C l - K C l , as shown by the compar ison o f d i f 

f u s i o n , c o e f f i c i e n t s w i t h i o n i c r a d i i made i n T a b l e X X I I ; i o n s 

w i t h the l a r g e s t r a d i i ( e . g . , A g + , T l + ) have the h i g h e s t d i f 

f u s i o n c o e f f i c i e n t s . E q u a t i o n 24 may be v a l i d i f t h e d i f f u s i n g 

s p e c i e s i s s i g n i f i c a n t l y e n l a r g e d due t o complex f o r m a t i o n . 
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TABLE XXI 

IONIC DIFFUSION COEFFICIENTS IN L i C l - K C l 

Ion T°C E 
k c a l 

m o l e ~ x 

D x 1 0 6 

2 -1 cm^ sec x 

. R e f e r e n c e 

Ag(I) 400 5.8 24 35 
400 32 p r e s e n t s tudy 
450 26 ,21 ,33 ,40 33 ,39 ,42 ,34 
500 46 43 

Cu(X) 450 35 33 
500 . 67 43 

T1(I ) 450 38.8 39 
P b ( l l ) 400 7.9 8.9 35 

400 7.5 12.6 p r e s e n t s tudy 
450 2 1 . 8 , 2 2 , 1 7 42,44 
500 20.3 43 

C d ( H ) 400 6.5 12.1 35 
450 17 ,21 ,18 33 ,42 ,44 
500 27.5 43 

C o ( H ) 400 6.8 12. 3 p r e s e n t s tudy 
450 24.2 39 

Pt (II) 400 11.9 p r e s e n t s tudy 
450 15 45 

Pd(I I ) 450 14 45 
N i ( H ) 400 13.7 p r e s e n t s tudy 

500 41.4 43 
F e ( l l ) 400 15.9 present ' s tudy 
Cr (II) 400 17.6 p r e s e n t s tudy 
B i ( I I I ) 400 9.8 6 .3 35 

450 6 ,28 ,8 33 ,42 ,45 
Cr ( i n ) ; 400 5.6 p r e s e n t s tudy 
I n ( H I ) 400 8.8 6 .1 p r e s e n t s tudy 
S b ( H I ) 450 12 45 
U (IV) 400 7.7 4 .9 35 
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1 2 3 4 
I o n i c Charge 

F i g u r e 40 : Dependence o f D i f f u s i o n C o e f f i c i e n t s 
o f Ions i n L i C l - K C l on I o n i c Charge 
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TABLE XXII 

METAL ION DATA 

Ion R a d i u s Atomic D 400 x 1® 

% Mass cm2 s e c -

A g + 1.26 107.87 32 
L i + 0.60 6.94 
N a + 0.95 22.99 
K + 1.33 39.10 
T l + 1.44 204.37 35 
C u + 6 3.54 33 
Pb++ 
C o + + 

1.21 207.. 19 12.6 Pb++ 
C o + + 0.72 58.93 12.3 
N i + + 0.69 58.71 13.7 
F e + + 0.75 55.85 15.9 
Pt++ 0.52 195.09 11.9 
P d + + 0.50 106.4 11 
C d + + 0.97 112.4 12.1 
B i + + + 1.20 208.98 6.3 
Cr+++ 0.65 52.00 5.6 
l n + + + 0.81 114.82 6 .1 
u++++ 0.89 238.03 4 .9 
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The a b s o r p t i o n s p e c t r a o f t r a n s i t i o n m e t a l c h l o r i d e s 

i n L i C l - K C l i n d i c a t e the e x i s t e n c e o f complex i o n s ; a p a r t i a l 

l i s t i s g i v e n . i n T a b l e X X I I I . 

TABLE X X I I I 

COMPLEX SPECIES I N : L i C l - K C l 4 6 

S o l u t e Complex S p e c i e s 

T i ( I I I ) . T i C l 6
3 " 

C r ( l I I ) C r C l 6
3 ~ 

F e ( I I ) F e C l 4
2 ~ 

Co ( I I ) C o C l 4
2 ~ 

Ni ' (II) N i C l 4
2 -

cu.Cxi) < C u C l 4
2 " 

D e v i a t i o n s from i d e a l a c t i v i t y b e h a v i o u r o b s e r v e d by Yang and 

47 

Hudson f o r s e v e r a l s o l u t e s xn L x C l - K C l have been x n t e r p r e t e d 

i n terms o f complex f o r m a t i o n . PbCl2 and A g C l form n e a r l y i d e a l 

s o l u t i o n s , s u g g e s t i n g t h a t complex f o r m a t i o n i s s l i g h t . S i g n i f 

i c a n t n e g a t i v e d e v i a t i o n s f o r C d C ^ , M g C l 2 and Z n C l 2 may i n d i 

c a t e more s t a b l e complexes f o r t h e s e s o l u t e s . 

A c o n s i d e r a t i o n o f t h e a v a i l a b l e d a t a i n d i c a t e s t h a t 

more h i g h l y c h a r g e d i o n s are more l i k e l y t o form complex i o n s . 
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However t h e e f f e c t o f complex i o n f o r m a t i o n on d i f f u s i o n cannot 

be s i g n i f i c a n t u n l e s s the degree o f c o m p l e x i n g i s l a r g e . In 

f a c t an e x p l a n a t i o n o f d i f f u s i o n c o e f f i c i e n t t r e n d s on t h i s 

b a s i s would r e q u i r e t h a t i o n c o m p l e x i n g be e i t h e r complete or 

i r r e v e r s i b l e ; t h e l a t t e r seems u n l i k e l y i n v i e w : o f e l e c t r o 

c h e m i c a l measurements i n f u s e d s a l t s . 

S o l i d s a l t s have volume e x p a n s i o n s on m e l t i n g o f t h e 
i 

o r d e r o f 20%, compared t o 5% or l e s s f o r l i q u i d m e t a l s . T h i s 

o v e r a l l e x p a n s i o n , not accompanied by a c o r r e s p o n d i n g i n c r e a s e 

i n n e a r e s t n e i g h b o u r s e p a r a t i o n s , i s i n t e r p r e t e d i n terms o f 

the f o r m a t i o n o f a random d i s t r i b u t i o n o f f r e e volume, or h o l e s , 

i n t h e l i q u i d s a l t . D i f f u s i o n p r o c e s s e s c a n . b e i n t e r p r e t e d 

i n terms o f the h o l e t h e o r y by assuming t h a t h e a t s o f a c t i v a 

t i o n r e f l e c t t h e amount o f work r e q u i r e d t o c r e a t e a s o l u t e 

s i z e d h o l e and the work i n v o l v e d i n t h e jump p r o c e s s ; B o c k r i s 

48 
and Hooper have shown t h a t the l a t t e r i s p r o b a b l y q u i t e s m a l l . 

The average h o l e d i a m e t e r c a l c u l a t e d f o r mol ten K C l at 8 0 0 ° C i s 

o 
about 2.1 A , s i g n i f i c a n t l y l a r g e r t h a n the s i m p l e i o n i c r a d i u s + ° 
f o r the l a r g e s t s o l u t e i o n s t u d i e d i n L i C l - K C l ( T l , r = 1.44 A ) . 

The assumption o f complex i o n f o r m a t i o n i s t h u s r e q u i r e d t o 

r a t i o n a l i z e the p r e s e n t d a t a i n terms o f the h o l e t h e o r y . 

http://can.be
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D i f f u s i o n d a t a i n o t h e r systems i s s p a r s e ; T a b l e XXIV 

l i s t s t h e a v a i l a b l e known d i f f u s i o n c o e f f i c i e n t s . D a t a f o r the 

N a C l - K C l system i n d i c a t e s the same charge e f f e c t o b s e r v e d f o r 

L i C l - K C l , s i n c e the c o e f f i c i e n t s f o r d i v a l e n t i o n s l i e i n t h e 

TABLE XXIV 

IONIC DIFFUSION IN.FUSED SALTS OTHER THAN L i C l - K C l 

S o l v e n t S o l u t e T°C D x l O 6 E 
2 -1 cm'sec x k c a l / m o l e R e f . 

N a C l - K C l P b + + 701 24 49 
Pb++ 710 70 

. Z n + + 710 23 
A g + 710 45 50 
N i + + 710 14 
C d + + 710 37 
P b + + 7 20 48+17 51 

L iNO 3-NaNO 3 Zn++ 160 1.5 9.5 
- K N O 3 C d + + 160 1.5 13 52 

Pb++ 160 . 1.8 13 
N i + + 160 1.2 10 

N a N 0 3 - K N 0 3 Pb 26 3 2.3 
C d + + 263 5.1 36 
A g + 263 7.2 
Ag+ 297 13.0 
A g + 300 10.6 53 

same range (14-40 x 10 c m 2 sec' _ 1 a t * # 7 0 0 ° C ) w h i l e DAg+ i s 

somewhat h i g h e r The v a l u e s f o r f o u r d i v a l e n t s o l u t e s i n the . 
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6 2 1 

Li-Na-K n i t r a t e melt are each within 20%.of 1.5 x 10 cm sec 

at 160°C. Data for NalTC^-KNO^ again indicates that lower charged 

ions have higher d i f f u s i o n c o e f f i c i e n t s . 

The general conclusion may be made that ionic d i f f u s i o n 

i n fused s a l t s , p a r t i c u l a r l y L i C l - K C l eutectic melts, i s primarily 

influenced by the charge of the d i f f u s i n g species. 

R e v e r s i b i l i t y of Metal Ion Reductions i n Lie1-KCl 

The t r a n s i t i o n metal ions exhibit, in many cases, 

substantial activation p o l a r i z a t i o n during t h e i r deposition 
54-

from aqueous solution . Thus i t i s expected that these same 

solutes would be the most l i k e l y ions to show i r r e v e r s i b i l i t y 

upon deposition from fused s a l t s . 

The present r e s u l t s indicate that these reductions, 

and those for non-transition metals, are r e v e r s i b l e . The s l i g h t l y 

higher than t h e o r e t i c a l Nernst slopes for some of the tests are 

most l i k e l y attributable to impurity reduction or electrode 

contamination, e s p e c i a l l y in view of the experimental evidence 

for r e v e r s i b l e reductions l i s t e d in Table XXV. 
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TABLE XXV 

REDUCTION SYSTEMS WITH EXPERIMENTALLY 
OBSERVED REVERSIBILITY 

Ion S o l v e n t E l e c t r o d e T°C Method R e f . 

P b ( I l ) L i C l - K C l L i q u i d Pb 400 C h r o n o p o t e n t - 36 
i o m e t r y 

C d ( I I ) L i C l - K C l Pt 450 P o l a r o g r a p h y 55 
B i ( I I I ) I I I I I I 

C r ( I I I ) - I I I I I I n 

C r ( I I ) I I i t • 1 i t 

Pt (II) L i C l - K C l P t 450 Impedance 56 
N i ( I I ) I I 1' I I " 
Co (II) I I l l I t l l 

Pb(II ) L i C l - K C l W 500 P o l a r o g r a p h y 43 
C d ( l l ) I I I I I I i t 

N i ( l l ) I t I I . I I 

Cu(I) I I I I I I " 
Ag(I) I I I I t l i t 

P b ( l l ) • P b C l 2 L i q u i d Pb 530 P o l a r i z a t i o n 57 
11 P b C l 2 - K C l 600 C u r v e s 

C d ( l l ) C d C l 2 L i q u i d Cd 590 
I I C d C l 2 - K C l 590 

Sn(II ) . S n C l 2 L i q u i d Sn 350 
Z n ( l l ) Z n C l 2 L i q u i d Zn 490 

Z n C l 2 - K C l 490 
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R e d u c t i o n E x p e r i m e n t s 

The r e d u c t i o n e x p e r i m e n t s can be d i v i d e d i n t o t h r e e 

b a s i c t y p e s a c c o r d i n g . t o the deportment o f the r e d u c e d m e t a l . 

(1) The m e t a l d i s s o l v e s i n t h e l e a d a l l o y . 

(2) The m e t a l forms as a new phase at t h e a l l o y - s a l t 

i n t e r f a c e . 

,(3) Some o f t h e m e t a l i s d i s p e r s e d t h r o u g h o u t the s a l t 

p h a s e . 

R e d u c t i o n s w i t h A l l o y D i s s o l u t i o n 

The r e d u c t i o n s o f P b + + , C d + + , I n + + + and A g + w i t h L i , 

the r e d u c t i o n o f C r + + + w i t h Pb and the r e d u c t i o n o f L i + w i t h Na 

are a l l o f the f i r s t t y p e and appear t o occur by boundary l a y e r 

d i f f u s i o n w i t h o u t c o m p l i c a t i o n s . 

P b + + Reduct i o n 

The r e d u c t i o n o f P b + + w i t h L i was most e x t e n s i v e l y 

examined. In t h i s system the e l e c t r o c h e m i c a l e f f e c t , i l l u s 

t r a t e d by p r e v i o u s l y d i s c u s s e d e x p e r i m e n t s , i n d i c a t e s t h a t the 

i n t e r f a c e r e a c t i o n can be d e s c r i b e d by two h a l f - c e l l r e a c t i o n s : 

C a t h o d i c : P b + + + 2e~ — ^ P b ° (25a) 

A n o d i c : L i ° **- L i + + e~ (25b) 

The c a t h o d i c r e a c t i o n can t h e n o c c u r on a l l m e t a l l i c s u r f a c e s 
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i n e l e c t r o c h e m i c a l contact , w i t h t h e a n o d i c p r o c e s s , . w h i l e the 

l a t t e r o c c u r s o n l y where t h e r e i s a source o f L i 0 , • i . e . , • o n 

t h e a l l o y s u r f a c e . 

i 

The r a t e e x p r e s s i o n f o r P b + + r e d u c t i o n can be w r i t t e n 

i n the form 

d ( P b + + ) ^ 
— = k (Pb++) (26) 

dt 

i DA D where k = <• = <rz— 
e>vs g h g 

and A i s the t o t a l a r e a o f t h e c a t h o d i c s u r f a c e . 

The e x t r a c a t h o d i c a r e a ( e . g . , c r u c i b l e - s a l t contac t ) 

w i l l be l e s s a c t i v e i n c a s e s where the p o t e n t i a l drop due t o 

t h e c r u c i b l e r e s i s t a n c e i s an a p p r e c i a b l e f r a c t i o n o f the r e -

3 

a c t i o n d r i v i n g f o r c e . The o b s e r v a t i o n s o f G n m b l e e t a l , 

d e s c r i b e d i n the I n t r o d u c t i o n , might be e x p l a i n e d , on t h i s b a s i s . 

R e d u c t i o n o f A g + , C d + + , I n + + + and C r + + + 

The s i m i l a r i t y o f boundary l a y e r t h i c k n e s s e s f o r t h e s e 

r e d u c t i o n s t o t h o s e f o r the r e d u c t i o n o f P b + + . i n d i c a t e s t h a t 

the r a t e - c o n t r o l l i n g mechanism i n each case i s t h e boundary 

l a y e r d i f f u s i o n o f each s p e c i e s i n the s a l t p h a s e . 
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The v a l u e o f & f o r C r + + + r e d u c t i o n i s - somewhat h i g h e r 

t h a n f o r t h e o t h e r s , p o s s i b l y s i n c e t h i s r e d u c t i o n i n v o l v e s no 

m e t a l phase d i f f u s i o n . The f a c t t h a t the r a t e o f t h e C r + + + 

r e a c t i o n i s s i m i l a r t o r a t e s f o r t h e o t h e r c a s e s i n t h i s group 

i s a d d i t i o n a l e v i d e n c e t h a t t h e s e r e a c t i o n s are s a l t phase 

t r a n s p o r t c o n t r o l l e d . 

N a t u r e o f t h e Boundary L a y e r s  

S a l t Phase 

The e f f e c t o f a g i t a t i o n on the s a l t - p h a s e boundary 

l a y e r i s shown i n T a b l e X X V I . 

TABLE XXVI 

EFFECT OF 'AGITATION ON S S 

rpm k 
m i n - x 

u s 
cm 

.0 0.014 0 .0175 
64 0.014 0 .0175 

112 0.022 0 .0112 
224 0.053 0 .0046 

The n e g l i g i b l e e f f e c t below 64 rpm can be a t t r i b u t e d t o the 

e f f e c t i v e n e s s o f n a t u r a l c o n v e c t i o n . The r e d u c t i o n 

( P b + + ) + 2 [Li] — » - 2 ( L i + ) + jPb] 

i n v o l v e s an a p p r e c i a b l e change i n phase d e n s i t i e s . i n the boundary 
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l a y e r s . In the s a l t , one mole o f l e a d (M.W.207) i s r e p l a c e d by 

two moles o f l i t h i u m (M.W. 7) so. t h a t the i n t e r f a c i a l s a l t 

r e g i o n becomes l e s s dense t h a n the b u l k , thus c o n t r i b u t i n g t o 

c o n v e c t i o n . The e x o t h e r m i c heat o f r e a c t i o n , c o n c e n t r a t e d i n 

the i n t e r f a c i a l r e g i o n , would c o n t r i b u t e t o n a t u r a l c o n v e c t i o n 

i n a s i m i l a r manner. A compar ison o f boundary l a y e r t h i c k n e s s e s 

f o r 25 mm. and 5 mm c r u c i b l e s shows t h a t cb f o r the s m a l l t u b e s 

i s o n l y a f a c t o r o f two l a r g e r , i n d i c a t i n g t h a t d e n s i t y and 

t h e r m a l e f f e c t s do i n d e e d p r o v i d e a s i g n i f i c a n t amount o f c o n 

v e c t i o n . 

The e f f e c t o f a g i t a t i o n above 64 rpm f i t s the 

r e l a t i o n 

S o C l / ( r p m ) ° ' 8 (27) 

Temperature e f f e c t s are p r o b a b l y s m a l l i n v iew. :of 

the c o r r e s p o n d e n c e between the a c t i v a t i o n e n e r g i e s o f d i f f u s i o n 

and r e a c t i o n . 

c 0 3 As ment ioned p r e v i o u s l y , o depends on D * . 

The s a l t phase boundary l a y e r t h i c k n e s s under t h e 

c o n d i t i o n s o f t h i s s tudy i s , t h e n , l a r g e l y a f u n c t i o n o f the 

f l o w c o n d i t i o n s . 
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A l l o y Phase 

V e r y l i t t l e d a t a was o b t a i n e d which would l e a d t o 

values- o f S f o r the m e t a l p h a s e . I f t h e L i + r e d u c t i o n e x p e r i 

ments are c o n t r o l l e d by a l l o y d i f f u s i o n o f Na , t h e n ^ i s a p p r o x 

i m a t e l y 0.00 3 t o 0.006 cm*. The v a l i d i t y o f t h i s v a l u e c a n . b e 

examined w i t h r e s p e c t t o the f o l l o w i n g e v i d e n c e : 

o 59 

(1) the v i s c o s i t y o f m o l t e n l e a d , 2.32 c p . at 400 C , 

i s l e s s t h a n h a l f t h a t f o r L i C l - K C l 6 0 , 5.50 c p , at 

the same t e m p e r a t u r e . 

(2) t h e a l l o y phase was u n s t i r r e d f o r u n s t i r r e d s a l t 

i s about 0.017 cm). 

(3) t h e d e n s i t y changes d u r i n g the r e a c t i o n are such 

t h a t the boundary r e g i o n becomes l e s s dense t h a n 

t h e b u l k a l l o y . 

In view, o f t h i s i n f o r m a t i o n the c a l c u l a t e d v a l u e s 

o f S seem somewhat low. 

To summarize, r e d u c t i o n s o f t y p e (1 ) , i . e . , t h o s e 

i n w h i c h the r e d u c e d m e t a l d i s s o l v e s i n the l e a d a l l o y , are 

r a t e - c o n t r o l l e d by d i f f u s i o n o f t h e i o n i c s p e c i e s a c r o s s a 

boundary l a y e r i n the s a l t p h a s e . The v a l u e s o f the s a l t phase 

* C a l c u l a t e d u s i n g D]vja = 1 0 x l 0 ~ 6 cm 2 s e c - 1 at 4 0 0 ° C and 3.3 
w / o , d e t e r m i n e d by r e f e r e n c e 58. 

http://can.be
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boundary l a y e r t h i c k n e s s hs a re i n the range 0.005 t o 0.02 

cm; S i s l a r g e l y dependent on a g i t a t i o n c o n d i t i o n s , and 
s 

s l i g h t l y dependent on the d i f f u s i o n c o e f f i c i e n t D . These r e 

d u c t i o n s appear t o o c c u r e l e c t r o c h e m i c a l l y . 

R e d u c t i o n s w i t h Reduced M e t a l at t h e I n t e r f a c e 

++ ++ .+++ T h e - r e d u c t i o n s o f Co , , C r and T i w i t h L i and 

t h e r e d u c t i o n o f N i + + w i t h Pb each r e s u l t e d i n . t h e d e p o s i t i o n 

o f m e t a l at the s a l t - a l l o y i n t e r f a c e . A l s o , the r a t e s o f t h e s e 

r e a c t i o n s are h i g h e r t h a n t h o s e i n w h i c h the r e d u c e d m e t a l 

d i s s o l v e s i n t h e a l l o y . 

S i n c e t h e s e r e a c t i o n s are p r o b a b l y e l e c t r o c h e m i c a l , 

the d e p o s i t e d m e t a l e f f e c t i v e l y i n c r e a s e s t h e ' c a t h o d i c a r e a * 

by a c t i n g as a c o n d u c t i o n p a t h f o r e l e c t r o n s , and r a t e s are 

i n c r e a s e d i n much the same manner as t h e use o f s t a i n l e s s s t e e l 

c r u c i b l e s r e s u l t e d i n i n c r e a s e d Pb r e d u c t i o n r a t e s . The 

i n t e r f a c i a l area may be i n c r e a s e d t o the e x t e n t t h a t d i f f u s i o n 

i n the s a l t phase ceases t o be r a t e - c o n t r o l l i n g . The C o + + r u n s 

i n p a r t i c u l a r show t h a t the m e t a l d e p o s i t has a v e r y l a r g e s u r 

f a c e a r e a ; the r a t e s at t h r e e d i f f e r e n t i n i t i a l a l l o y l i t h i u m 

* T h i s assumes t h a t the' d e p o s i t e d m e t a l forms d e n d r i t e s or 
s p o n g e . e x t e n d i n g , w e l l beyond the normal boundary l a y e r t h i c k 
n e s s , a c o n d i t i o n s u b s t a n t i a t e d by o b s e r v a t i o n ( e . g . , F i g . f c i © . 
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c o n c e n t r a t i o n s i n d i c a t e t h a t d i f f u s i o n o f L i i n t h e a l l o y may 

be the r a t e - d e t e r m i n i n g s t e p . 

The s o l u b i l i t i e s o f C o , N i , Pt and Cr i n l i q u i d l e a d 

o 

at 400 C are t a b u l a t e d i n T a b l e X X V I I . A l t h o u g h no d a t a i s 

a v a i l a b l e f o r the s o l u b i l i t y o f T i i n l e a d , the v a l u e i s assumed 

t o be v e r y s m a l l . 

TABLE XXVII 

SOLUBILITIES OF METALS IN LIQUID LEAD ( 4 0 0 ° C ) 

Element S o l u b i l i t y 
w/o moles i n 

100 gm Pb 
R e f . 

Co 0.044 7.5 x 1 0 ~ 4 61 

N i 0. 20 3.4 x 1 0 ~ 3 62 

Pt 13 6.7 x 1 0 ~ 2 59 

Cr 0 .01* 

* S o l u b i l i t y 

-4 

2 x 10 

i s 0 .01 at 9 0 0 ° C 

63 

Each o f the r e d u c t i o n p r o c e s s e s i n v o l v e d t h e r e a c t i o n 

-3 

o f a p p r o x i m a t e l y 3 t o 4 x 10 moles o f m e t a l . In the c a s e s 

o f Cr and T i , the m e t a l s o l u b i l i t i e s are much t o o s m a l l f o r 

the p r o d u c e d m e t a l t o d i s s o l v e i n the a l l o y p h a s e , so m e t a l l i c 

C r and T i are n u c l e a t e d at the i n t e r f a c e . 
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About 20% o f the r e d u c e d Co and a l l o f the r e d u c e d 

N i s h o u l d . d i s s o l v e i n t h e l e a d p h a s e . C a l c u l a t i o n s can be made 

t o determine t h e s teady s t a t e d i f f u s i o n f l u x e s i n t h e two phases 

f o r t h e s e two sys tems . The f o l l o w i n g assumptions are made: 

(1) t h e a l l o y s u r f a c e r e g i o n r a p i d l y becomes s a t u r a t e d 

w i t h the r e d u c e d m e t a l . 

(2) t h e d i f f u s i o n c o e f f i c i e n t s o f Co and N i i n l i q u i d 

l e a d are 2.5 x 10~D cm s e c - ( e s t i m a t e d from t h e 

64 

d a t a . o f Niwa e t a l f o r d i f f u s i o n o f S n , B i , Sb , and 

Cd i n lead) 

(3) the boundary l a y e r t h i c k n e s s i n the a l l o y phase i s 

about 0.006 cm (as e s t i m a t e d , p r e v i o u s l y ) . 

T a b l e X X V I I I l i s t s the c a l c u l a t e d f l u x e s ; F i g u r e 4 1 . i l l u s t r a t e s 

the c o n c e n t r a t i o n g r a d i e n t s . 

a l l o y 

xa ha. Is 

F i g u r e 41 : C o n c e n t r a t i o n G r a d i e n t s Assumed 
f o r F l u x C a l c u l a t i o n 
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TABLE X X V I I I 

THEORETICAL FLUX CALCULATIONS 

Ion or Element F l u x (moles s e c - l cm" ) 

3 a i s 

Co 3.1 x 10~ 7 3.5 x 1 0 - 7 

N i 1.4 x 1 0 " 6 3.3 x 10~ 7 

The s a l t - p h a s e f l u x e s are p r o b a b l y a c c u r a t e t o w i t h i n 10-20%, 

s i n c e s a l t phase d i f f u s i o n c o e f f i c i e n t s and boundary l a y e r t h i c k 

n e s s e s have been d e t e r m i n e d i n t h i s work. The a l l o y phase f l u x e s 

a r e , u n f o r t u n a t e l y , s u b j e c t t o g r e a t e r e r r o r ; d i f f u s i o n c o e f 

f i c i e n t s and v a l u e s o f & c o u l d o n l y be e s t i m a t e d . 

The c a l c u l a t i o n s show. that the a l l o y f l u x f o r Co 

r e d u c t i o n i s s m a l l e r than the s a l t phase f l u x ; the r e v e r s e h o l d s 

f o r N i r e d u c t i o n . 

The p r e s e n c e o f Co m e t a l i s not t h e n s u r p r i s i n g , i n 

view o f the s m a l l f l u x and the f a i r l y low s o l u b i l i t y . I t i s 

more d i f f i c u l t t o e x p l a i n the b e h a v i o u r o f N i . Perhaps t h e 

s teady s t a t e f l u x c a l c u l a t i o n s are not v a l i d ; f o r many e x p e r i 

ments i n t h i s s tudy the i n i t i a l r e d u c t i o n r a t e s are a b n o r m a l l y 

f a s t , because t h e method o f i n i t i a t i n g the r e a c t i o n s causes a 
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c e r t a i n amount of phase mixing. The appearance of Ni at the 

interface cannot be r a t i o n a l i z e d in any other way. 

The conclusion can be made that the appearance of 

reduced metal at the interface for these reductions i s caused 

by. low metal s o l u b i l i t y in the a l l o y phase. The mechanism of 

reduction of N i + + with Pb i s not f u l l y understood, but probably 

combines a l l o y surface n i c k e l saturation with slow mass trans

fer of Ni in the a l l o y . 

Reductions with Salt Phase Metal Dispersion 

The lithium reductions of N i + + and P t + + (and T i + + + to 

a small degree) were very in t e r e s t i n g cases, since reduced metal 
++ 

was dispersed throughout the s a l t phase. The Pt reaction also 

had reduced metal at the interface. In view of the unusual be

haviour of these reductions, a speculative discussion of possible 

mechanisms was thought to be worthwhile. Possible homogeneous 

reduction mechanisms may involve e l e c t r o n i c conduction or metal 

s o l u b i l i t y in the s a l t . 

Solutions* of metals in t h e i r own s a l t s are of two 

general classes: 

* These are true solutions, not c o l l o i d a l suspensions. 
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(1) t h e d i s s o l v i n g m e t a l i m p a r t s i t s m e t a l l i c c h a r a c t e r 

t o t h e m e l t , t h u s p r o v i d i n g some degree o f e l e c t r o n i c -

c o n d u c t i v i t y . The s o l u t i o n i s p i c t u r e d as a random 

m i x t u r e o f a n i o n s and e l e c t r o n s w i t h i n a c a t i o n 

" l a t t i c e " , w i t h the e l e c t r o n s i n s h a l l o w t r a p s (ana

l o g o u s t o F c e n t e r s i n s o l i d s , b u t t h e e l e c t r o n s are 

not r e s t r i c t e d e n t i r e l y t o t h e a n i o n v o l u m e ) . 

The d i s s o l u t i o n p r o c e s s may be 

M -—*- M + + e~ (28) 

T h i s type o f s o l u t i o n i s e x h i b i t e d by t h e a l k a l i 

m e t a l c h l o r i d e s and some a l k a l i n e e a r t h a n d . l a n t h a n i d e 

c h l o r i d e s . The degree o f e l e c t r o n i c c o n d u c t i v i t y i n 

systems o f t h i s t y p e i s not r e a l l y a p p r e c i a b l e . For 

example, the s p e c i f i c conductance o f a 4 mole % Na i n 

o 

N a C l s o l u t i o n at 850 C i s o n l y 50% l a r g e r t h a n t h a t 

o f pure N a C l . T h i s can be c o n t r a s t e d t o a. s o l u t i o n 

o f Na i n l i q u i d : NH3 at. - 3 4 ° C , where the a d d i t i o n o f 

2 - 2.5 mole % Na i n c r e a s e s the c o n d u c t i v i t y by more 

t h a n 15 t i m e s . 

(2) the m e t a l may d i s s o l v e i n such a way as t o l o s e : i t s 

' c h a r a c t e r i s t i c p r o p e r t i e s , i . e . , by a n - o x i d a t i o n -

r e d u c t i o n r e a c t i o n w i t h i t s s a l t , w i t h t h e f o r m a t i o n 

* For d e t a i l e d r e v i e w s ' o n s o l u t i o n s o f m e t a l s i n s a l t s see 
C o r b e t t 6 5 and B r e d i g 6 6 . 



o f a s u b h a l i d e w h i c h p r o v i d e s no m o b i l e e l e c t r o n s f o r 

c o n d u c t i o n . Most o f t h e t r a n s i t i o n and heavy m e t a l s 

show t h i s t y p e o f b e h a v i o u r . C o n d u c t i v i t y m e a s u r e 

ments on these- s y s t e m s u s u a l l y i n d i c a t e s l i g h t d e c r e a s e s 

o f o v e r a l l c o n d u c t i v i t y on a d d i t i o n o f m e t a l . C o n 

f l i c t i n g e v i d e n c e f o r s o l u t i o n s o f Pb i n P b C l 2 h a s 

6 7 

b e e n p r e s e n t e d . H e r z o g and Klemm i n d i c a t e d b y 

m o v i n g b o u n d a r y e x p e r i m e n t s t h a t an e q u i l i b r i u m e x i s t s 

b e tween Pb ,. P b T T and e l e c t r o n s , w i t h t h e e l e c t r o n 

m o b i l i t y r-<5 t i m e s t h a t o f t h e c h l o r i d e i o n r e l a t i v e 

t o P b + + . However Duke and L a i t y ^ r e p o r t e d t h a t t h e 

c o n d u c t i v i t y o f P b C l 2 d o e s n o t change on s a t u r a t i o n 

w i t h m e t a l a t 600°C (0.02 m o l e % ) , i n d i c a t i n g t h a t i f 

e l e c t r o n s a r e p r e s e n t t h e y a r e n o t " m o b i l e " . 

T a b l e XXIX i s a s e l e c t e d l i s t o f m e t a l s o l u b i l i t i e s 

i n f u s e d c h l o r i d e s . 

E x p e r i m e n t a l e v i d e n c e i n d i c a t e s t h a t s o l u t i o n s o f 

m e t a l s i n s a l t s a r e s p e c i f i c , i . e . , t h e a p p a r e n t s o l u t i o n , i f 

any, o f a m e t a l i n a s a l t o f a d i f f e r e n t m e t a l c a n be c o n s i d e r e d 

as a o x i d a t i o n - r e d u c t i o n r e a c t i o n s u p e r i m p o s e d on t h e s o l u t i o n 

phenomenon. 
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TABLE XXIX 

SOLUBILITIES OF METALS IN FUSED SALTS 

M e t a l . S a l t T°C S o l u b i l i t y 
mole % 

R e f . 

L i L i C l 640 0.5 32 
1000 2.0 

Na N a C l 950 8 69 
K K C l 770 15 70 
L i + K L i C l - K C l 350 1 71 

550 3 
Ag A g C l 520 0.012 72 
N i N i C l 980 9 .1 ( e u t e c t i c ) 73 
Pb PbCl2 600 0.020 74 

700 0.052 
800 0.123 

B i B1CI3 202 28.0 75 
Cd C d C l 2 550 14.0 • 76 

Heymann and Weber d i s c o v e r e d t h a t , a l t h o u g h B i , Sb, 

T l , S n , A u , Cd and Pb are i n s o l u b l e i n l i q u i d N a B r , i n the p r e 

sence o f s o d i u m . m e t a l the i n t e r m e t a l l i c s N a 3 B i , N a 3 S b , NaSn and 

NaAu are t r a n s f e r r e d t o the s a l t . A t the t e m p e r a t u r e s o f the 

e x p e r i m e n t s ( 7 0 0 - 8 0 0 ° C ) no t r a n s f e r o f a Na-Pb i n t e r m e t a l l i c 

was n o t e d . However Heymann a t t r i b u t e d t h i s d i f f e r e n c e i n t h e 

case o f l e a d t o t h e m e l t i n g p o i n t s o f the i n t e r m e t a l l i c com

p o u n d s . F o r t h o s e c a s e s i n w h i c h t r a n s f e r was o b s e r v e d t h e 

i n t e r m e t a l l i c s have h i g h m e l t i n g p o i n t s , c l o s e t o t h e e x p e r i 

m e n t a l t e m p e r a t u r e s , and t h u s t h e i n t e r m e t a l l i c compound i s 
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presumably stable in the l i q u i d . In the sodium~lead system the 

inte r m e t a l l i c s have low melting points, and so probably do not 

exist i n the l i q u i d state at 800°C. 

The s o l u b i l i t y of combined L i and K in L i C l - K C l has 
71 

been estimated by Bredig as 1 mole % at 350°C; t h i s value 

seems high for the present experimental conditions since no K 

metal i s present, and L i metal i s not at unit a c t i v i t y in the 

a l l o y . The actual s o l u b i l i t y of L i in L i C l - K C l i s thus expected 

to be s i g n i f i c a n t l y less than 1 mole%. In view of the magni

tudes.of the previously, discussed electronic conductivities, 

and also in view of the fact that the rates measured for the 

reductions of Pb + +, C d + + , Ag + and I n + + + are consistent with 

d i f f u s i o n control with no homogeneous reaction, the mechanism 

of homogeneous reduction observed for Ni(II) and P t ( I I ) pro

bably does not involve e l e c t r o n i c conductivity. 

Even though the s o l u b i l i t y of L i i s small, i t i s con

ceivable that the homogeneous reduction may be due to a solu

b i l i t y phenomenon. As shown by the Na reduction experiments the 

rates of transfer of a l k a l i metals in the systems examined are 

quite high. The mechanism may involve a continuous flux of 

L i into the s a l t ; homogeneous reaction with N i + + could prevent 

saturation of the metal-melt system. The s o l u b i l i t y of L i in 
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the s a l t may not have t o be very s i g n i f i c a n t at a l l f o r t h i s , 

mechanism t o proceed. However i f L i d i s s o l v e s a c c o r d i n g t o 

r e a c t i o n 28, a knowledge of the e l e c t r o n l o c a t i o n and m o b i l i t y 

would be r e q u i r e d t o assess the mechanism. For example, the 

f o l l o w i n g r e a c t i o n s may occur: 

L i a l l o y — ( L i + ) + e " (29) 

e ~ ( i n t e r f a c e ) — « - e~(bulk) (30) 

M + 2e~ — * - M ° ( i n bulk) (31) 

Platinum and n i c k e l n u c l e a t i o n s are suspected o f b e i n g e n e r g e t i 

c a l l y e a s i e r than f o r other metal n u c l e a t i o n i n aqueous s o l u 

t i o n s ; i f the same were t r u e i n fused s a l t s , then r e a c t i o n (31) 

above may occur f o r N i and Pt and not f o r the other s o l u t e s 

examined here. 

7 3 . 

Johnson e t a l have demonstrated the h i g h s o l u b i l i t y 

o f N i i n N i C ^ , and p o s t u l a t e d t h a t the f r e e z i n g p o i n t depres

s i o n d a t a i n d i c a t e d the p o s s i b i l i t y o f 
2+ 

N i + N i — 2 N i + (32) 
• • • 

66 
B r e d i g s t a t e s t h a t another p o s s i b i l i t y i s 

N i — N i 2 + •+ 2e~ (33) 
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The homogeneous r e d u c t i o n may t h e n i n v o l v e t h e r e a c t i o n o f L i 

(or an e l e c t r o n ) w i t h N i + + t o produce N i + , w h i c h , on t h e above 

b a s i s , may be s t a b l e . Upon c o o l i n g , the monovalent s p e c i e s 

would d i s p r o p o r t i o n a t e t o produce N i m e t a l . The c o r r e s p o n d i n g 

+ 
M i o n s f o r C r , Mn, Fe and Co are d e f i n i t e l y l e s s s t a b l e a c -

7 8 + 

c o r d i n g , t o d a t a f o r t h e r e s p e c t i v e M-MX 2 sys tems . However Cu 

has a w e l l - k n o w n s t a b i l i t y ; i f t h e above mechanism i n v o l v i n g N 

has any v a l i d i t y t h e n t h e L i r e d u c t i o n o f C u C l 2 s h o u l d show a 

s i m i l a r homogeneous r e d u c t i o n . 

The o b s e r v a t i o n s o f Heymann i n d i c a t e another p o s s i b l 

mechanism. A t the t e m p e r a t u r e s i n v o l v e d i n t h i s work, i n t e r -

m e t a l l i c compounds o f L i and Pb may be s t a b l e i n t h e l i q u i d 

a l l o y , and may t r a n s f e r to the s a l t p h a s e . As an uncharged 

s o l u t e , the i n t e r m e t a l l i c c o u l d have q u i t e a h i g h d i f f u s i o n 

r a t e . The mechanism would t h e n i n v o l v e t h e r e d u c t i o n o f N i + + 

by L i from the s o l u b l e i n t e r m e t a l l i c compound. I n t e r e s t i n g l y 

enough, the i n s o l u b l e p o r t i o n o f t h e N i s a l t c o n t a i n e d about 

10 w/o l e a d . A l s o a n a l y s e s o f an experiment c o n d u c t e d w i t h 

L i C l - K C l s a l t and a P b - L i a l l o y i n d i c a t e d t h e p r e s e n c e o f 

0 .02 t o 0.09 w/o Pb i n t h e s a l t p h a s e ; t h i s may have been c o n 

t a m i n a t i o n o f some t y p e , or i t may have been caused by L i - P b 

s o l u t i o n . 
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The platinum mechanism may be s i m i l a r t o th a t f o r N i . 

C e r t a i n l y the s o l u b i l i t y of Pt i n lead (^13 w/o) i s much too 

hi g h t o cause p r e c i p i t a t i o n of metal at the i n t e r f a c e . 

The above d i s c u s s i o n i s , admittedly, l a r g e l y specula

t i v e . However the author f e e l s t h a t the apparent homogeneous 

red u c t i o n i s the most i n t r i g u i n g aspect of t h i s work, and 

i n d i c a t e s some i n t e r e s t i n g problems f o r fut u r e work. 

In summary, the mechanism of homogeneous r e d u c t i o n 

observed during the r e a c t i o n of N i + + a n d . P t + + w i t h L i i s not 

understood, but i t may i n v o l v e the s o l u b i l i t y of e i t h e r L i or 

a Li-P b i n t e r m e t a l l i c compound i n the s a l t . 
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CONCLUSIONS 

Diff u s i o n of the reducing ionic species across a s a l t -

phase boundary layer was shown to be the r a t e - c o n t r o l l i n g step 

for the reductions of Pb + +, C d + + , Ag + and I n + + + by lithium, and 
+++ C of Cr by lead. Values of o s , the salt-phase boundary layer 

thickness, for these reactions were estimated to be in the 

range 0.005 to 0.02 cm, and were found to be dependent primarily 

on a g i t a t i o n conditions and to a lesser extent on d i f f u s i o n co

e f f i c i e n t s . 

I n s o l u b i l i t y of the reduced metal in the: molten a l l o y 

resulted in deposition of metal at the s a l t - a l l o y interface 

during the reductions of Co + +, C r + + + and T i + + + by lithium. 

Metal deposition in the case of N i + + reduction by lead i s probab

ly caused by a l l o y surface saturation combined with slow.alloy-

phase mass transfer. 

Apparent homogeneous reaction in the s a l t occurs during 

the reductions of N i + + and P t + + by lithium. The mechanisms have 

not been deduced but may involve s o l u b i l i t y of either lithium 

or a Li-Pb i n t e r m e t a l l i c compound in the s a l t . 

The interface reactions are primarily electrochemical 

in nature . 
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In a l l c a s e s where the r e d u c t i o n r a t e s were d i f f e r e n t 

from those p r e d i c t e d from a boundary l a y e r d i f f u s i o n m o d e l , 

the r a t e s were h i g h e r t h a n t h e s e p r e d i c t i o n s , i n d i c a t i n g t h a t 

the c h e m i c a l r e a c t i o n s at t h e i n t e r f a c e are never r a t e - c o n t r o l 

l i n g . C h r o n o p o t e n t i o m e t r i c measurements i n d i c a t e t h a t t h e s e 

r e d u c t i o n r e a c t i o n s are r e v e r s i b l e under the c o n d i t i o n s d e s 

c r i b e d i n t h i s work. 

I o n i c d i f f u s i o n i n L i C l - K C l e u t e c t i c i s i n f l u e n c e d 

p r i m a r i l y by t h e i o n i c charge o f the d i f f u s i n g s p e c i e s , as 

shown by the d i f f u s i o n c o e f f i c i e n t s o f A g + , P b + + , C o + + , N i + + , 

F e + + , C r r f + , C r + + + and I n + + + measured i n t h i s s t u d y . 
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SUGGESTIONS FOR FUTURE WORK 

The mechanisms o f N i ( I I ) and P t ( l l ) r e d u c t i o n s have 

y e t t o be d e t e r m i n e d ; t h e f o l l o w i n g measurements are suggested 

as p o s s i b l e methods o f e l u c i d a t i n g t h e s e mechanisms: 

(1) a d e t e r m i n a t i o n o f t h e p o s s i b l e t r a n s f e r o f a L i - P b 

i n t e r m e t a l l i c compound t o L i C l - K C l e u t e c t i c at temp

e r a t u r e s i n the r e g i o n o f 4 0 0 ° C . The t e c h n i q u e s f o r 

measur ing m e t a l s o l u b i l i t i e s i n mol ten s a l t s are w e l l 

, . -,65,66 documented ' 

(2) e l e c t r i c a l conductance and H a l l measurements on t h e 

N i - N i C l 2 system would i n d i c a t e t h e mechanism o f m e t a l 

s o l u t i o n . 

(3) measurements o f the s o l u b i l i t y o f L i i n L i C l - K C l 

c o u l d be made, a l t h o u g h the p r o c e d u r e would be d i f f i 

c u l t i n view o f t h e p r o b a b l e low v a l u e . E l e c t r o n i c 

measurements might i n d i c a t e t h e s o l u t i o n mechanism. 

(4) the l i t h i u m r e d u c t i o n , o f C u C l 2 may e l u c i d a t e the r o l e , 

l f any, o f monovalent specxes such as N i and C u T i n 

homogeneous r e d u c t i o n . 

The o c c u r r e n c e o f i n t e r f a c i a l m e t a l d e p o s i t i o n d u r i n g 

the l e a d r e d u c t i o n o f N i ( I I ) might be e x p l a i n e d on the b a s i s o f 

a s e r i e s o f t e s t s t o d e t e r m i n e t h e r a t e - c o n t r o l l i n g s t e p o f the 
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r e a c t i o n . I f d i f f u s i o n o f N i i n the a l l o y i s slow, t h e n t h e 

a l l o y s u r f a c e may become s a t u r a t e d and r e s u l t i n N i n u c l e a t i o n 

at t h e s u r f a c e . 

Other measurements w h i c h c o u l d be made i n c l u d e r e d u c 

t i o n r a t e s and mechanisms i n o t h e r f u s e d s a l t systems (e . g . , 

N a C l - K C l ) , and d i f f u s i o n c o e f f i c i e n t s i n L i C l - K C l , o t h e r s a l t s 

and mol ten l e a d ( p r i m a r i l y f o r L i and N a ) . 

Perhaps the most i n t e r e s t i n g a r e a f o r f u t u r e work 

suggested by the p r e s e n t t h e s i s i s t h a t o f homogeneous r e a c t i o n s 

i n mol ten s a l t s . The r e a c t i o n s o f d i r e c t r e l a t i o n t o t h i s work 

are t h o s e i n v o l v i n g the r e d u c t i o n o f N i ( I I ) or P't(II) by l i t h i u m 

i n s o l u t i o n i n t h e s a l t . A c o u r s e o f s tudy s h o u l d s t a r t w i t h 

s i m p l e , l o w - m e l t i n g systems i f p o s s i b l e . As an example t h e e x 

p e r i m e n t might i n v o l v e i n j e c t i n g a d i l u t e s o l u t i o n o f N i C l ^ i n 

N a C l i n t o a s o l u t i o n o f Na d i s s o l v e d i n N a C l , t h e n f o l l o w i n g 

the r e a c t i o n i n some manner. The r a t e s o f t h e s e r e a c t i o n s are 

presumably f a s t , and a t e c h n i q u e o t h e r t h a n s a m p l i n g would have 

t o be a p p l i e d . 
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APPENDIX A 

THEORY OF CHRONOPOTENTIOMETRY 

C o n s i d e r t h e r e d u c t i o n o f a m e t a l i o n M n + i n a c o n 

s t a n t c u r r e n t e l e c t r o l y s i s i n the p r e s e n c e o f a s u p p o r t i n g 

e l e c t r o l y t e . The c o n c e n t r a t i o n o f M n + i s assumed t o be u n i f o r m 

t h r o u g h o u t t h e s o l u t i o n . i n i t i a l l y . 

The c o n c e n t r a t i o n o f M n + at any d i s t a n c e p e r p e n d i c 

u l a r t o the e l e c t r o d e s u r f a c e at any t ime t a f t e r the s t a r t o f 

the e l e c t r o l y s i s , assuming s e m i - i n f i n i t e l i n e a r d i f f u s i o n , i s 

g i v e n by t h e s o l u t i o n t o F i c k ' s second law. f o r the f o l l o w i n g 

boundary c o n d i t i o n s (assuming D i s independent o f c o n c e n t r a t i o n ) 

C ( x , 0 ) = C (1) 

and 

£ C ( x , t ) 
d x 

x = 0 nFD 
( 2 ) 

where C ( x , t ) = c o n c e n t r a t i o n o f M n + (moles c m - 3 ) at x at t 

C = b u l k c o n c e n t r a t i o n o f M n + 

x = p e r p e n d i c u l a r d i s t a n c e from the e l e c t r o d e s u r f a c e 
(cm) 

t = t ime a f t e r s t a r t o f e l e c t r o l y s i s (sec) 

n = number, o f e l e c t r o n s i n v o l v e d i n the r e a c t i o n (mole 

i .= c u r r e n t d e n s i t y (amp cm" 2 ) 
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F = Faraday (coulombs) 

D = d i f f u s i o n c o e f f i c i e n t o f M (cm s e c " .) 

The s o l u t i o n t o t h i s e q u a t i o n i s i J : 

C ( x , t ) = C -
2 i t 1/2 

n F T T l / 2 D l / 2 
exp 

4Dt 

+ ix 
nFD 

er f c 
2 D 1 / 2 t 1 / 2 

(3) 

F i g u r e A - l shows the v a r i a t i o n s o f c o n c e n t r a t i o n o f the e l e c t r o -

l y z e d substance at v a r i o u s t i m e s t . 

0 ro 
I 
a 
u 

- r H 

4-> 

U s 
c 
CJ I 
c o 
O rH 

0 

1 f 1 
n 

0 2 4 6 
D i s t a n c e from 

E l e c t r o d e 
(10 _ 3 cm) 

8 

F i g u r e A - l : V a r i a t i o n s o f C o n c e n t r a t i o n o f 
the E l e c t r o l y z e d S u b s t a n c e . 
(The number on each c u r v e i s the 
t i m e , i n s e c o n d s , e l a p s e d s i n c e the 
b e g i n n i n g o f e l e c t r o l y s i s ) 
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For a r e v e r s i b l e e l e c t r o d e process i n which the re

duced species i s i n s o l u b l e i n the melt, the p o t e n t i a l of the 

i n d i c a t o r e l e c t r o d e i s given by the Nernst equation: 

o R T 

E = E + — In 
nF 

2 i t 
C - nFTT x / 2 . D 1/ 2 

(4) 

where E° i s the standard e l e c t r o d e p o t e n t i a l of the M n + - M 

e l e c t r o d e system ( v o l t s ) 

2 f t 1 / 2 

As 1/2 n V 2 nFTT-L/^ D 

C O 

In other words, a f t e r a f i n i t e time T , defined as the trans

i t i o n , time, the surface c o n c e n t r a t i o n reaches zero. 

T 
1/2 1/2 1/2 nFTT D C 

2 i (5) 

S u b s t i t u t i n g C from equation (5) i n t o equation (4) gives; 

E = Econst. + — l n ( T 1 / 2 - t 1 / 2 ) 
nF 

(6) 



TABLE A - I : CHRONOPOTENTIOMETRIC FUNCTIONS FOR REVERSIBLE 
PROCESSES (FROM D E L A H A Y 2 4 ) 

P r o c e s s /7J! F u n c t i o n P o t e n t i a l F u n c t i o n 

S i n g l e E l e c t r o 
c h e m i c a l R e a c t . 

a) r e d u c e d s p e c i e s 
i n s o l u b l e i n mel t 
( a R = 1) 

b) b o t h s p e c i e s 
s o l u b l e i n mel t 

1/2 = 

n - T T 1 / 2 F C D 1/2 

2 i 

( f o r b o t h (a) and (b)) l / 2 _ t l / 2 
E = E 1 / 2 + S | l n | 

C o n s e c u t i v e 
E l e c t r o c h e m i c a l 
R e a c t i o n s i n v o l v i n g 
two d i f f e r e n t s p e c i e s 

1/2 
2 i 

( T i + r 2 ) 1 / 2 - T i 1 / 2 = 2 i " T T l / 2 c 2 D 2 l / 2 

2 i 

F i r s t wave: e i t h e r o f the 
above 

S t e p w i s e E l e c t r o d e 
P r o c e s s e s 

1/2 n r T T 1 / 2 F C 1 D 1
1 / 2 

2 i RT 
E l = E l / 2 +

n 7 F ln| 
V 2 l/2> 

i ~r 
.1/2 

I 
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C h r o n o p o t e n t i o m e t r i c f u n c t i o n s d e r i v e d by Delahay 

p A 

and c o - w o r k e r s ^ f o r v a r i o u s e l e c t r o c h e m i c a l s i t u a t i o n s are 

summarized i n . T a b l e - A - I . 

. A t h e o r e t i c a l c h r o n o p o t e n t i o m e t r i c c u r v e i s shown i n 

F i g u r e A - 2 and one e x p e r i m e n t a l l y measured i s shown i n F i g u r e A - 3 . 

T h e o r e t i c a l l y the p o t e n t i a l r i s e at t= i s i n f i n i t e . 

In p r a c t i c e the p o t e n t i a l never becomes i n f i n i t e but r e a c h e s a 

v a l u e at which r e d u c t i o n o f the e l e c t r o l y t e o c c u r s . The s l o p e 

o f t h e E - t c u r v e at t = " £ may not be as s teep as t h e o r e t i c a l l y 

p r e d i c t e d because o f s u r f a c e r o u g h n e s s , i . e . , d i f f e r e n t p o i n t s 

on t h e s u r f a c e r e a c h z e r o c o n c e n t r a t i o n at s l i g h t l y d i f f e r e n t 

t ime s . 

There i s a l s o u s u a l l y a sharp p o t e n t i a l r i s e near 

t = 0 due t o t h e c h a r g i n g o f the e l e c t r i c d o u b l e l a y e r at the 

e l e c t r o d e s u r f a c e . 

F o r p r a c t i c a l c h r o n o p o t e n t i o m e t r y the q u a n t i t i e s o f 

e q u a t i o n (5) must be a d j u s t e d so t h a t T T i s : 

(1) v e r y much l a r g e r t h a n the t ime r e q u i r e d t o charge the 

d o u b l e l a y e r ( i . e . , "T s h o u l d be at l e a s t i n the 

m i l l i s e c o n d r a n g e ) . 



>̂  . 
H 

0 cn 
+J -P 

r H 
CD 0 
> > • H 
•P EH 
.UJ « r H ro 

CD * 

J-1 CN 

r H m 
rd 0 

• H 
-P CO 
c 4-> 
CD • H 
-P CJ 0 
Cn •— 

Er/4 -

C 

-2 

-4 

-8 
0.4 0.8 1.0 

F r a c t i o n o f f 

F i g u r e A - 2 ; T h e o r e t i c a l . C a t h o d i c Chrono
p o t e n t i o g r am 

T i m e , sec 

F i g u r e A-3 : A T y p i c a l C a t h o d i c C h r o n o 
p o t e n t i o g r am 
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small enough so th a t convection does not d i s t u r b the 

c o n d i t i o n s of s e m i - i n f i n i t e l i n e a r d i f f u s i o n . In 

fused s a l t s , L a i t i n e n and Ferguson 3 3 have shown that 

T should be l e s s than f i v e seconds; the i d e a l range 

i s 0.1 t o two seconds. 
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• APPENDIX B 

MEASUREMENT OF TRANSITION.TIMES 

The t r a n s i t i o n time T i s defined as the time i n t e r v a l 

between the star t of a constant current e l e c t r o l y s i s and the 

complete concentration p o l a r i z a t i o n of the electrode. Chrono

potent iometric waves may be dis t o r t e d both at low times and at 

times near'"tT .. The i n i t i a l d i s t o r t i o n , or poten t i a l r i s e , i s 

due generally to double layer charging and in most cases i s not 

very s i g n i f i c a n t ( i . e . , i f T "/̂  time for double layer charging); 

i t may also be caused by impurities. At times near TT' / a slow 

r i s e of poten t i a l indicates either surface roughness or impuri

t i e s in the melt. 

Three empirical methods for determining T from chrono

potent iometric curves are i l l u s t r a t e d in the following sketches 

for an ideal experimental curve. 

Method 1 Method 2 



Method 3 

Measurements o f ' f , f o r a Pt t e s t w i t h i d e a l shape, 

were made by each o f the t h r e e method's 

Method (sec) 
1 0.768 
2 0.764 
3 0.768 

As can be seen , the d i f f e r e n c e between these methods i s i n s i g 

n i f i c a n t . 

However i f these t h r e e methods are a p p l i e d t o the 

f o l l o w i n g c u r v e s the d i f f e r e n c e s become a p p r e c i a b l e . 
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Method 3 g i v e s an a b n o r m a l l y s m a l l v a l u e o f T ; T by Method 2 i s 

somewhat l a r g e r . However the b e s t and most c o n s i s t e n t r e s u l t s 

are o b t a i n e d by u s i n g Method 1. F o r example, from, one such 

c u r v e Xi •= 0 .480 , T 2 = 0.308 and T 3 = 0.248 s e c . 

Thus t h e f o l l o w i n g p r o c e d u r e was u s e d . Z e r o t ime was 

t a k e n at the p o i n t where the p o t e n t i a l f i r s t changed, i f the 

t ime i n t e r v a l f o r the i n i t i a l r i s i n g p o r t i o n was s m a l l . O t h e r 

w i s e a p a r a l l e l l i n e was drawn t o t h i s i n i t i a l p o r t i o n , and z e r o 

t ime d e t e r m i n e d as the p o i n t o f d e p a r t u r e o f the e x p e r i m e n t a l 

c u r v e from t h i s l i n e . The t ime t = T was t a k e n as the p o i n t at 

which the e x p e r i m e n t a l c u r v e c o i n c i d e d w i t h a l i n e drawn p a r a l l e l 

t o the f i n a l r i s i n g p o r t i o n o f t h e c u r v e . 

T h i s p r o c e d u r e gave the most c o n s i s t e n t r e s u l t s t h r o u g h 

out the s t u d y . 



APPENDIX C 

CHRONOPOTENTIOMETRIC DATA 
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SILVER 

R e f e r e n c e E l e c t r o d e : Ag(I) - Ag(0) 

i 
amp. cm 2 

1? av 
s e c . 

i X av 
-2 

amp. cm s e c 

c = 4.95 x 10" 5 M cm' -3 C = 1.40 x 1 0 ~ 4 M c m " 3 

T = 4 0 0 ° C T - 4 0 0 ° C 
Ind . E l e c t r o d e : 0. 035 " D . W I n d . E l e c t r o d e : 0 . 050"D. W 

2.56 x 10 -2 0.820 6.86 x 1 0 " 2 1.236 
2.92 0.646 8.83 0.779 
3.25 0.492 1.06 x 1 0 " 1 0.562 
3.57 0.390 1.27 0.432 
4.10 0. 323 1.42 0.298 
4 .68 0.256 1.60 0.225 
5.20 0.188 1.87 0.159 
5.50 0.179 2.17 0.132 
6.10 0.148 2.55 0.092 
7.00 0.115 
8.11 0.078 
9.19 0.068 

C = 8.75 x 10" 5 M cm -3 

T = 4 0 0 ° C . 
Ind . E l e c t r o d e : 0 . 035 " D . W 

3.93 x 10 -2 1. 24 
5.06 0.766 
6.74 0.434 
8.43 0.279 

10.12 0.197 
11.78 0.144 
13.45 0.119-• 
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LEAD (II) 

R e f e r e n c e E l e c t r o d e : Ag(I) - Ag(0) 

6 .39 
7. 
7 

06 
65 

8.81 
10.10 

0.057 
0.048 
0.039 
0.030 
0.022 

i _2 T av 
amp. cm s e c . 

i 
amp. c m - 2 

7fs~ 

L av 
s e c . 

c = 6.21 x 10~ 5 M c m - 3 C = 1.10 x 1 0 " 5 M -3 
cm T = 4 0 0 ° C T = 4 4 5 ° C 

Ind . E l e c t r o d e : 0 . 0 3 5 " D . W Ind . E l e c t r o d e : Pt f o i l 

4 .80 x 10~ 2 0.590 1.26 x 1 0 " 2 0.409 
4.85 0.551 1.41 0.339 
5.28 . 0.487 1.57 0. 275 
5.68 0.420 1.72 0. 215 
6.57 0.322 1.88 0.179 
7.44 0.298 
8.35 0.199 . c = 1.70 x 1 0 " 5 M -3 

cm 
8.52 x 10~ 5 M c m " 3 

T = 4 4 5 ° C 
C = 8.52 x 10~ 5 M c m " 3 Ind . E l e c t r o d e : Pt f o i l 
T = 4 0 0 ° C 
Ind • E l e c t r o d e : 0 . 0 3 5 " D . W 1.24 x 10~ 2 

1.42 
1.10 
0.849 

8.00 x 1 0 " 2 0.396 1.56 0.709 
9.00 0.320 1.7 3 0.556 

10.2 0.255 1.88 0.440 
11.4 0.202 
12.5 0.167 C = 2.38 x 10~ 5 M -3 

cm J 

2.45 x 10~ 4 :M c m " 3 

T = 4 4 5 ° C 
C = 2.45 x 10~ 4 :M c m " 3 Ind . E l e c t r o d e : Pt f o i l 
T = 4 0 0 ° C 
Ind . E l e c t r o d e : 0 .035"D.W 1.88 x 1 0 " 2 0.876 

4 .82 x 1 0 " 1 0.103 
2.20 0.648 

4 .82 x 1 0 " 1 0.103 2.64 0.446 
5.22 0.087 3.00 0.352 
5.83 0.07 2 
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R e f e r e n c e E l e c t r o d e : 
I n d i c a t o r E l e c t r o d e : 

Ag(I) - Ag(0) 
0 . 0 3 5 " D . W 

1 
-2 

a m p . c m 

TT av 
s e c . 

i 
-2 

amp. cm 

T av 
s e c . 

= 2.38 x 10~ 5 M „ -3 
cm 

C = 5.07 x 10~ 5 M c m - 3 

= 4 0 3 ° C T = 4 2 9 ° C 

1.62 x l O " 2 0.387 3.57 x 1 0 " 2 0.480 
1.90 0.278 3.91 0.400 
2.25 0.201 4.27 0.345 
2.74 0.138 4 .61 0. 28 
3.28 0.096 4 .94 0.25 
3.90 0.069 5.62 0.20 
4 .60 0.048 6.31 0.15 
5.26 0.039 7.00 0.12 

= 5.07 x 10~ 5 M 
= 4 0 3 ° C 

c m - 3 

7.71 

C = 5.07 x 1 0 " 5 M 

0.10 

-3 
cm T = 4 5 1 ° C 

2.90 x 10 0.560 
3.45 x 10~ 2 3.58 0.360 3.45 x 10~ 2 0.64 

4.27 0. 240 3.91 0.48 
4 .94 0.180 4 .23 0. 38 
5.62 0.140 4 .59 0. 33 
6.34 0.110 4.92 0.28 
7.06 0.090 5.59 0. 21 
7.82 0.07 6.27 

7 .00 
0.175 
0.14 

7.82 0.11 
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COBALT (II) 

R e f e r e n c e E l e c t r o d e ; 
I n d i c a t o r E l e c t r o d e ; 

A g ( l ) - Ag(o) 
0 . 0 3 5 " D . W 

1 
-2 

amp. cm. 

av 
s e c . 

1 -2 
amp. cm 

f a v 
s e c . 

1 - — 2.26 x 10~ 5 M cm C = 4 .70 x 10~ 5 M -3 
cm 1 . 4 0 2 ° C T = 4 5 3 ° C 

1.52 x 10~ 2 0.760 3.13 x 10~ 2 1.14 
1.89 0.467 3.65 0.800 
2.23 0.348 . 4 . 1 2 0.617 
2.61 0.247 4.57 0.553 
3.20 0.162 5.35 0. 378 
3.90 0.113 6.18 0. 291 
4 .91 0.07.1 7.17 0.209 

.5.35 0.060 8.58 0.142 
1.01 x 1 0 " 1 0.106 

- 4.70 x 1 0 " 5 M c m - 3 

= 4 0 2 ° C C = 4 .70 x 10~ 5 M c m - 3 

T = 4 9 3 ° C 
2.70 x 1 0 - z 1.03 
3.11 0.809 3.62 x 1 0 ~ 2 0.975 
3.51 0.616 4.31 0.710 
3.90 0.492 5.02 0.508 
4.57 0.368 5.89 0. 373 
5.43 0. 281 7.20 0.266 
6 .43 0.182 8.62 0.180 
7.78 0.109 1.01 x 1 0 " 1 0.151 
8.25 0.096 

7.20 x 1 0 " 5 M -3 
cm 4 0 2 ° C 

5.21 x 1 0 " 2 0.756 
5.80 0.660 
6 .79 0.434 
8.83 0.274 
1.02 x 1 0 " 1 0.192. 
1.29 0.143 
1.59, 0.087 
1.87 0.060 
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NICKEL (IT) 

R e f e r e n c e E l e c t r o d e : 
I n d i c a t o r E l e c t r o d e : 
T e m p e r a t u r e : 4 0 0 ° C 

: A g ( I ) - Ag(0) 
0 .035"D. W 

• i 
amp. dm 

X, av 
s e c . amp 

1 -3 . cm 
X av 

s e c . 

= 2.10 x 10~ 5 M c m - 3 C = 6 . 7 0 x 10~ 5 M -3 
cm J 

1.39 x l O - 2 0.950 3.60 
-2 

x 10 1.42 
1.66 0.70 4 .04 1.11 
1.95 O.48 4.38 0.890 
2.39 0.33 4 .91 0.718 
2.94 0.23 5.74 0.520 
3.49 0.125 .6 .65 0. 389 
4 .38 0.076 7.73 

8.83 
0. 295 
0.224 

1.00 x l O - 1 0.171 
1.15 0.127 
1.30 0.101 
1.49 0.079 
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PLATINUM 

R e f e r e n c e E l e c t r o d e : 
I n d i c a t o r E l e c t r o d e : 
T e m p e r a t u r e : 4 0 0 ° C 

1 -2 av 
amp. cm s e c . 

C = 1.58 x 10~ 5 M c m - 3 

1.05 x 1 0 " 2 0.882 

C = 2 

1.16 0.724 
1.36 0.532 
1.56 0.40 3 
1.79 0. 319 
2.14 0.222 
2.74 0.131 
3.44 0.084 
4.16 0.060 
5.09 0.038 

_5 -3 
.35 x 10 M cm 

1.36 x 1 0 - 2 1.02 
1.45 0.876 
1.56 0.748 
1.76 0.592 
1.93 0.500 
2.11 0.420 
2.33 0.342 
2.70 0.266 
3.11 0.196 
3.52 0.151 
4.15 0.114 
5.12 0.072 
5.92 0.055 

'(II) 

p t ( i i ) ; - p t ( o ) 
Pt f o i l 

i H£ av 
amp. c m - 2 sec ; . 

C = 3.28 x 10~~ J M cm J 

1.79 x 1 0 " 2 1.10 
1.97 0.908 
2.14 0.818 
2.34 0.666 
2.65 0.515 
2.91 0.437 
3.52 0.297 
4.00 0.230 
4 .63 0.170 
5.55 0.115 
6.37 0.088 
7.57 0.062 
8.91 0.047 

-4 
C = 1.01 x 10 M cm 

6.32 x :10~ 2 0.768 
6.87 0.654 
7.17 0.616 
8.07 0.482 
9. 25 0.366 
1.09 x. 1 0 " 1 0.256 
1.28 0.193 
1.49 0.145 
1.76 0.104 
2.12 0.070 
2.67 0.044 
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IRON (II) 

R e f e r e n c e E l e c t r o d e : 
I n d i c a t o r E l e c t r o d e : 
Temperature : 400 Q C 

P t ( I I ) - Pt(0) 
Pt f o i l 

C = 

amp. cm s e c . 

2.46 x 1 0 " 5 M c m - 3 

amp. cm -2 

C = 5.06 x 10 

T av 
see . 

•5 -3 
M cm 

C = 

1 
1 
1 
2 
2 
2 
3 
3 
4 
5 
6 

,65 x 1 0 - 2 

,77 
,93 
,14 
, 46 
,76 
,11 
,58 
,33 
,39 
,52 

0.926 
0.856 
0.680 
0.558 
0.414 
0. 322 
0.267 
0.196 
0.139 
0.088 
0.064 

3.75 x 10 5 M c m - 3 

2. 
2, 
2, 
2. 
3, 
3, 
3, 
4, 
4. 
5. 
6. 
6, 

40 x 10 
54 
77 
94 
10 
37 
73 
07 
55 
32 
03 
99 

-2 

8 .59 

224 
084 
904 
812 
724 

0.624 
0.530 
0.436 
0.324 
0.240 
0.197 

149 
098 

0 
0 

3.48 
3.68 
3.93 
4 .22 
4.66 

x 10 -2 

. 20 
,73 
35 
35 

8.54 
1.08 x 10' 

0.980 
0.852 
0.760 
0.686 
0.540 
0.430 
0. 352 
0. 304 
0.228 
0.173 
0.108 

C ~ 
-5 - 3 

5.06 x 10 M cm * 

3.53 x 10 
3.96. 
4 .34 
4 .75 
5, 
5, 
6, 
7, 

40 
77 
05 
00 

8.43 
1.06 x 10 -1 

0.984 
0.794 
0.676 
0.612 
0.492 
0. 382 
0.353 
0. 258 
0.18.5 
0.120 

* S o l u t i o n a n o d i z e d f o r . 
a p p r o x i m a t e l y one hour at 
100 ma b e f o r e t h i s s e r i e s , 
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CHROMIUM ( I I I ) 

Reference E l e c t r o d e : P t ( I I ) - Pt(0) 
I n d i c a t o r E l e c t r o d e : Pt f o i l 
Temperature: 400°C 

1 ^ av 2 
amp. cm sec. 

C = 2.60 x 10. 5 M cm 

4.98 x l O " 3 1.06 
5.56 0.838 
6.28 0.660 
7.22 0.518 
7.38 0.453 
8.69 0. 345 
1.04 x l O " 2 0.250 
1.25 0.175 
i.61 0.108 
1.98 0.007 

~ ~ i '. ""C av 
amp. cm 2 sec. 

C = 8.45 x 10" 3 M cm" 

1.25 x 10 1.75 
1.45 1.40 
1.68 1.056 
1.88 0.836 
2. 25 0.588 
2.61 0.437 
2.95 0. 340 
3.51 0. 243 
4.24 0.170 
5. 26 0.113 
6.65 0.074 
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CHROMIUM 

Reference E l e c t r o d e : 
I n d i c a t o r E l e c t r o d e : 
Temperature: 400°C 

1 T av -2 
amp. cm sec. 

C = 1.58 x 10 J M cm""3 

1.05 x 10" 2 1.10 
1.18 0.864 
1.32 0.670 
.1.58 0.488 
1.87 0.370 
2.33 0.252 
2.66 0.171 
3.34 0.134 
4.39 0.090 

C = 3.32 x 10~ 5 M cm" 3 

2.33 x 10~ 2 1.04 
2.49 0.844 
2.66 0.774 
2.84 0.680 
3.13 0.558 
3.50 0.444 
4.22 0.334 
5.33 0.218 
6.53 0.150 

(ID 

Pt ( I I ) - Pt'(0) 
Pt f o i l 

I ~ av 
amp. cm sec. 

C ~ 5.22 x 10 M cm 

2.58 x 10~ 2 1.06 
2.72 1.00 
2.86 0.84 
3.18 0.714 
3.63 0.538 
4.15 0. 392 
5.01 0. 279 
6.05 0. 200 
7 . 27 0.165 
8.55 0.12 
1.04 x 10" 1 0.088 

* S o l u t i o n anodized for 
approximately one hour at 
150 ma before t h i s s e r i e s . 
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APPENDIX D 

CHRONOPOTENTIOMETRY OF Mo(V) 

A l i m i t e d number o f c h r o n o p o t e n t i o m e t r i c t e s t s were 

c o n d u c t e d i n L i C l - K C l at 4 0 0 ° C , w i t h M o C l 5 added as s o l u t e . 

These t e s t s were done u s i n g g o l d e l e c t r o d e s * s i n c e i t was 

thought t h a t t h e Mo(V) p o t e n t i a l c o u l d be q u i t e n o b l e . 

C h r o n o p o t e n t i o g r a m s under t h e s e c o n d i t i o n s showed 

f o u r waves ; some t y p i c a l . curves are shown i n . F i g u r e D - l . 

Measurements o f t h e r e d u c t i o n p o t e n t i a l s f o r each 

wave, w i t h approximate v a l u e s o f t h e - t r a n s i t i o n t i m e s , are 

shown i n T a b l e D - I . S e l i s 7 9 r e p o r t e d t h e s t a n d a r d p o t e n t i a l 

o f the Mq(III ) - Mo(II) c o u p l e as -0 .603 v . v e r s u s IM. P t ( I I ) -

P t ( 0 ) . The p o t e n t i a l o f Au(I) - Au(0) i s o .21 v . on the Pt 

s c a l e , so t h a t t h e Mo(III ) - M o ( I I ) p o t e n t i a l i s about - 0 . 8 1 v . 

on the Au s c a l e . The v a l u e measured f o r wave 3 i n t h i s work 

* C h r o n o p o t e n t i o g r a m s o f the s o l v e n t o n l y i n d i c a t e d a maximum 
p o t e n t i a l r i s e w i t h a g o l d i n d i c a t o r e l e c t r o d e o f - 1.45 v . 
v e r s u s A u ( l ) - A u ( 0 ) . When a p l a t i n u m e l e c t r o d e was u s e d , 
t h e p o t e n t i a l r o s e t o - 2.6 v . v e r s u s A u ( l ) - Au(0) . The 
p r o p o s e d e x p l a n a t i o n o f the low v a l u e f o r L i d e p o s i t i o n onto 
Au i s t h a t t h e L i does not d e p o s i t at u n i t a c t i v i t y , but 
forms an i n t e r m e t a l l i c compound w i t h A u , so d e p o s i t i n g at a 
more n o b l e p o t e n t i a l . 
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i s then in good agreement with the Mo(III) - Mo(II) p o t e n t i a l . 

TABLE D-I 

REDUCTION POTENTIALS FOR.M 0 C I 5 

-2 -2 Test 11: 1 = 2.65 x 10 amp cm 

Wave Potential (V) 
vs. Au(I) - Au(0) sec 

1 -0.04 0.024 
2 -0.45 0.045 
3 -0.84 0.052 
4 -1.10 0.40 

Data from the chronopotentiometric tests are shown in 

Table D-II. Although some scatter e x i s t s , the following calcu

la t i o n s were made. Using iT-^ 1^ 2 = 4 x 10~ 3 amp cm - 2 s e c 1 / 2 

and the equation: 

. 1/2 n l T T 1 / 2 F C D 1 / 2  

1 =
 — 

^ 1/2 2 - 9 3 x 1 0 3 -1/2 D-̂  = n ^ cm sec ' 

—6 2 —1 For n T = 1, D = 8.6 x 10" cm sec 
1 1 

n 1 = 2,-D = 2.2 x 10~ 6 cm2 sec" 1 
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TABLE D-II 

Mo(V) CHRONOPOTENTIOMETRIC DATA 

Co n d i t i o n s : 400 PC 
Au e l e c t r o d e s 
C » 1.6 x 10" 5 moles cm"3 

Test T l 
sec 

l 

-2 
amp cm * 

. < r 1/2 
amp cm - 2 s e c 1 / 2 

14 0.048 1.95 x 10~ 2 4.28 x 10~ 3 

15 0.059 1.60 3.89 
16 0.108 1.26 4.14 
17 0.154 1.05 4.12 
18 0.226 8.75 x 10" 3 4.16 
19 0.280 7.03 3.73 
20 0.450 5.78 3.88 
22 0.860 5.07 4.70 
23 0.700 5.78 4.78 
24 0.092 1.26 x 10" 2 3.83 
25 0.159 8.75 x 10" 3 3.49 
26 0.218 7.03 3. 28 
27 0.274 5.78 3.03 
28 0.414 5.04 3.19 
29 0.478 4.52 3.12 
30 0.610 4.00 3.13 
31 0.175 8.75 3.66 

Average iX 1 ^ 2 = 3.79 x 1 0 - 3 •+ 0.8 
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P l o t s were made o f p o t e n t i a l v e r s u s l o g ^ - j ^ ^ - t ^ / ^ / t 1 ^ 2) 

and p o t e n t i a l v e r s u s l o g ( f i - t ^ ) f o r T e s t 30. Both were 

l i n e a r ; the s l o p e o f t h e former was 0.084 v . , the l a t t e r was 

0.140 v . R e c a l l t h a t f o r r e v e r s i b l e r e d u c t i o n s w i t h n = 1, 2 or 

3 t h e s e s l o p e s would be 0.134 v . , 0.067 v . and 0.045 v . 

The t r a n s i t i o n t ime r a t i o s f o r t h e - f o u r waves were : 

VT3 = 7.7 

%/X2 = 1.15 

t i / t i = 1.87 

v a l u e s f o r s u c c e s s i v e • r e a c t i o n s a r e : 

n i - 1 , n 2 = 1 T2/T1 = 3 

n x .= 1 ' n 2 = 2 r2/n = 8 

n1 = 2 , n 2 = 1 r 2 / n = 1.25 

C o n s i d e r t h e s e r e s u l t s i f the o n l y i n i t i a l s p e c i e s 

were M o ( V ) . In v iew o f t h e r e d u c t i o n p o t e n t i a l f o r t h e t h i r d 

wave, and o f the e x p e r i m e n t a l ' " C ^ / ^ r a t i o , the t h i r d and f o u r t h 

waves are u n d o u b t e d l y t h o s e f o r t h e Mo (III) —*» Mo (II) and 

Mo(II)-*> Mo r e d u c t i o n s , r e s p e c t i v e l y . Thus t h e f i r s t two waves 

s h o u l d be Mo(V)-<*- Mo(IV) and Mo (IV) Mo (III) ; I T 2/t ± would 

t h e n be 3, and a p l o t o f E v e r s u s l o g ({X\^ - t 1 / 2 / ^ ^ 2 ) would 

have a s l o p e o f 0.134 v . From the r e s u l t s i t i s o b v i o u s t h a t 

t h e system i s much more c o m p l i c a t e d t h a n assumed h e r e . 
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• The f o l l o w i n g r e a c t i o n s may be-considered as p o s s i b l e 

e x p l a n a t i o n s : 

(1) d i s p r o p o r t i o n a t i o n of Mo(V), i . e . , 
K 

2Mo(V) =5=8= Mo (IV) + Mo (VI) 

The f i r s t wave would then be a combination of 

Mo (VI) Mo (IV) and Mo (V) Mo (IV) . 

(2) , o x i d a t i o n of Au, i . e . , 

Mo(V) + Au =5=S= Mo (IV) + Au(l) 

In e i t h e r of these cases, the r e a c t i o n of Mo(V) would 

produce-at l e a s t two a d d i t i o n a l . p r o d u c t s . T h e o r e t i c a l treatments 

of complex systems such as t h i s are not a v a i l a b l e , , and any 

f u r t h e r c o n s i d e r a t i o n s are beyond the scope of t h i s t h e s i s . 
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APPENDIX E 

CHRONOPOTENTIOMETRY OF T i ( l I I ) 

One s e r i e s o f c h r o n o p o t e n t i o m e t r i c t e s t s i n L i C l - K C l 

e u t e c t i c at 4 0 0 ° C was p e r f o r m e d w i t h ; T i C l 3 added as s o l u t e , and 

u s i n g Pt e l e c t r o d e s . The r e s u l t s were somewhat i n c o n c l u s i v e 

b u t may add some knowledge t o t h e e l e c t r o c h e m i c a l b e h a v i o u r o f 

T i i n t h i s f u s e d s a l t . 

P r e v i o u s Work 

80 

B o c k r i s e t a l s t u d i e d s o l u t i o n s o f t i t a n i u m c h l o r i d e s 

i n L i C l - K C l p o l a r o g r a p h i c a l l y . A t 4 0 0 ° C they o b t a i n e d t h e 

p o l a r o g r a p h i c wave f o r the r e d u c t i o n o f T i ( I I I ) t o T i ( I I ) , but 

no wave f o r the T i ( I I ) - T i ( 0 ) r e d u c t i o n was seen at p o t e n t i a l s 

l e s s n e g a t i v e t h a n t h a t f o r d e c o m p o s i t i o n o f the m e l t . How

e v e r , under the same c o n d i t i o n s Okada e t a j ? x have o b t a i n e d p o l a r -

ograms f o r b o t h o f t h e s e r e d u c t i o n p r o c e s s e s . 

Redox p o t e n t i a l measurements o f the T i ( I I I ) / T i ( I I ) 

8 2 

c o u p l e i n L i C l - K C l were c a r r i e d out by M e n z i e s et a l and by 

83 

Smirnov . Both used e s s e n t i a l l y the same t e c h n i q u e , but v a l u e s 

d i f f e r e d by 0.6 v . at 5 0 0 ° C .• M e n z i e s e t a l found the, s t a n d a r d 

p o t e n t i a l at i n f i n i t e d i l u t i o n t o be - 1 . 55>v . .on the c h l o r i n e 

s c a l e . 
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R e c e n t l y B a b o i a n e t a l ^ 4 have a p p l i e d the methods o f 

p o t e n t i o m e t r y and p o l a r o g r a p h y t o a s tudy o f T i ( I I ) and T i(XXX) 

i n L i C l - K C l at 4 5 0 ° C and 5 5 0 ° C . The f o l l o w i n g e l e c t r o d e p o t e n 

t i a l s were d e t e r m i n e d ( v e r s u s M. P t ( I I ) / P t ) : 

T i ( I I ) / T i , - i . 7 4 v . 1 
I at 4 5 0 ° C 

T i ( l I X ) / T i . ( ' I I ) - 1.43 v . 1 

P o l a r o g r a p h i c waves f o r o x i d a t i o n and r e d u c t i o n o f T i ( I X ) , and 

f o r r e d u c t i o n o f T i ( I I I ) , were o b s e r v e d . In a d d i t i o n a s o l u 

b i l i t y l i m i t f o r T i C l 2 i n L i C l - K C l at 4 5 0 ° C o f 5 x : 1 0 - 5 mole 

f r a c t i o n was d e t e c t e d , w h i c h may e x p l a i n the absence o f an 

o b s e r v a b l e p o l a r o g r a p h i c wave f o r T i ( I I ) r e d u c t i o n i n the work 

o f B o c k r i s e t a l . 

H e n r i e ^ has suggested t h a t r e a c t i o n o f T i i o n s w i t h 

S i 0 2 c o u l d t a k e p l a c e i n t h e s e sys tems . Baboian e t a l n o t e d 

t h a t t h e i r T i ( I I ) s o l u t i o n s seemed q u i t e s t a b l e f o r some t i m e , 

t h a t no t r a c e o f g l a s s a t t a c k was o b s e r v e d , and t h a t no s i l i c o n -

c o n t a i n i n g r e s i d u e s were d e t e c t e d i n t h e m e l t . 

P r e s e n t Study 

o 

A t y p i c a l c h r o n o p o t e n t l o g r a m o b t a i n e d at 400 C i n 

L i C l - K C l f o r T i ( I I I ) i s shown i n F i g u r e E - l . The u n u s u a l p o r t i o n 

o f the c u r v e , o c c u r r i n g j u s t a f t e r the i n i t i a l sharp p o t e n t i a l 
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Figure E - l : T y p i c a l Chronopotentiograms f o r T i ( I I I ) 
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r i s e , c o u l d not be r e s o l v e d i n t o a more d i s t i n c t and s e p a r a t e 

wave. Measurements made o f the t o t a l t r a n s i t i o n t ime are l i s t e d 

i n T a b l e E-I. 

—5 ^ U s i n g t h e v a l u e s o f C •= 2.70 x 10 moles cm and 

i*gl/2 _ 1 > 6 8 x i o - 2 amp c m " 2 sec1/2 

D 1 / / 2 = (7.28 x 1 0 ~ 3 ) / n cm s e c ~ 1 / / 2 

For n = 3, i . e . , f o r e i t h e r 

3+ o 
T i + 3e — T i 

• 3+ . 2+ or T i + e — T i 

T i 2 + + 2e~ T i ° 

D = 5.9 x 10~ 6 c m 2 . s e c - 1 

T h i s v a l u e c o r r e s p o n d s v e r y w e l l w i t h d i f f u s i o n c o e f f i c i e n t s 

f o r C r ( I I I ) and I n ( I I I ) i n L i C l - K C l at 4 0 0 ° C . 

S u b s t i t u t i n g a v a l u e o f n = 1 r e s u l t s i n D>v-50 x 10~^ 

2 - 1 

cm sec , i . e . , much t o o h i g h f o r T i ( I I I ) d i f f u s i o n . T h e r e f o r e 

the wave o b s e r v e d i s not due t o a T i ( I I I ) - T i ( I I i ) r e d u c t i o n 

a l o n e . 

The f o l l o w i n g o b s e r v a t i o n s support the mechanism o f 

a s t e p w i s e r e d u c t i o n o f T i ( I I I ) t o T i ( l l ) t o T i : 
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TABLE E - I 

T i ( H I ) CHRONOPOTENT IOMETRIC DATA 

C o n d i t i o n s : 4 0 0 ° C 
Pt e l e c t r o d e s 
C = 2 . 7 0 + 0.2 x 10 moles cm 

T e s t f 1 i T 1 / 2 

-2 -2 s e c . amp cm amp cm sec 

26 0.27 3 . 8 0 x l 0 ~ 2 1.97x10 
27 0.25 3.80 1.90 
28 0.12 4.56 1.58 
29 •0.11 4.56 • 1.51 
30 0.15 3.80 1.44 
31 0.20 3.80 . . 1 . 7 0 
32 0.26 3.22 1.64 
33 0.67 2.14 1.75 
34 0 .54 2.58 1.89 
35 0 .41 2.88 1.84 
42 .0.24 3.22 1.58 
43 0.54 2.14 1.57 
44 0.47 2.14 1.46 
45 0 .41 2.58 .1 .64 

A v e r a g e : 1.68+0.2x10 
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(1) the p o t e n t i a l d i f f e r e n c e between the "two" waves i s 

roughly 0.3-0.4 v., comparable t o the value of 0.31 v. 

measured by Baboian.. 

(2,)' t h e o r e t i c a l l y T 2/% i = Q> f o r t e s t 32, t t = 0.26. sec 

T i = 0-029 sec 

and X i / 2 = 0.17 s e c 1 / 2 

1/2 9 Using t h i s value of f i , i = 3.22 x 10 , .and n = 1, 

D was c a l c u l a t e d as 5.7 x 10"^ cm 2 s e c " 1 , i n good 

agreement w i t h that determined.for n = 3, and 

Thus i t seems most l i k e l y t h a t the observed wave i s 

a c t u a l l y a combination of two. 
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APPENDIX F 

REDUCTION DATA 

In the accompanying-Tables the data f o r the r e d u c t i o n 

t e s t s are summarized, w i t h a l l the p e r t i n e n t experimental con

d i t i o n s . The f o l l o w i n g p o i n t s apply t o a l l runs: 

(a) C r u c i b l e s (1) quartz 
(2) quartz-sleeved s t a i n l e s s s t e e l 
(3) s t a i n l e s s s t e e l 

A l l c r u c i b l e s were 1.05 + .02" I . D. 

(b) S t i r r e r s s i t u a t e d 8 - 10 mm above s a l t - m e t a l i n t e r f a c e . 

(c) M s = Mass- of s a l t 

M a = Mass of a l l o y 



TABLE F - I 

LEAD REDUCTION EXPERIMENT CONDITIONS 

Run 
No. T°C S t i r . rpm 

( P b ) ° 
w/o 

M s 

- gm w/o 
M a 

gm - C r u c . 
k 

m i n -

66 380 _ 0 5.6 20 -° 60 3 0 

86 37 3 - 0 4 .1 20 0.22 100 3 .040 
87 374 - 0 4 .8 20 0.12 100 3 .034 
88 374 . - 0 3.8 20 0.23 100 3 .061 
89 374 - 0 0 20 0. 26 50 3 0 
90 378 - 0 6.2 20 0.21 50 3 .068 
91 378 - 0 6 .1 20 0.27 60 3 .072 
92 378 - 0 6.3 20 0.57 70 3 .068 
93 379 - 0 7.7 20 0.64 80 3 .058 
94 376 - 0 7.7 20 0.38 100 3 .07 3 
95 378 , - 0 1.22 20 , 0 . 2 5 100 3 .093 
97 373 - - 0 3.64 20 0.35 100 J 2 .015 
98 375 - 0 3.75 20 0.30 100 3 .066 
99 376 0 3.84 20 0.26 100 1 .014 

100 377 - , 0 4.74 20 0. 28 90 2 .021 
101 379 0 4.38 20 0.27 90 2 .027 
102 377 - 0 4 .23 20 0.31 90 2 .034 
10 3 377 0 3.7 2 20 0.28 90 2 .009 
104 377 g l a s s 64 3.64 20 0. 25 100 3 .071 
105 375 g l a s s 64 3.60 20 0. 24 100 2 .010 
106 380 . - 0 3.69 20 0.30 100 2 .028 
107 380 - 0 3.86 20 0.30 100 2 .016 
108 380 . - 0 3.68 20 0.24 100 2 .014 
109 370 , - 0 3.60 20 0. 25 85 2 .027 
110 375 — 0 4.77 20 0.23 50 2 .012 

Comments 

No L i i n a l l o y 

No Pb c l o r i d e i n s a l t 

SS s t r i p s , . A = 8 c m 
SS s t r i p s , A=12cm 2 

SS s t r i p s ,, A=16cm 2 

SS s t r i p s , . A = 1 0 c m ' 

C u r r e n t d e t e r m i n a t i o n 



TABLE F - I C O N ' T . 

Run ( P b ) ° M s [ L i ] 0 M a k 
N o . T°C S t i r . rpm w/o gm w/o gm C r u c . m i n - x Comments 

112 376 SS .112 4.63 
113 376 SS " 112 4.33 
114 376 SS 224 4.40 
117 390 SS 112 4.85 
118 405 SS 112 5.18 
119 426 SS 112 5.03 
120 .450 SS 112 4.67 
137 385 SS 112 4.75 
138 375 SS 112 1.57 
139 375 SS 112 2.95 
140 .37 5 SS 112 6.80 
141 375 SS 112 •4.-75 
142 375 SS 112 4'. 75 

20 . 0.19 100 2 .020 
20 0.17 100 2 .022 
20 0.19 100 2 .053 
20 . 0 . 2 4 100 2 .025 
20 0.25 100 2 .032 
20 0. 29 100 2 .035 
20 0.19 100 2 .041 
20 0. 24 100 2 .020 
20 0.17 100 2 .029 
20 .0 .18 100 2 .03 
20 0.16 100 2 .023 
20 0.08 100 2 .023 
30 0.17 100 2 .015 

I 



TABLE F - I I 

LEAD REDUCTION DATA 
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Run t (Pb) Run t (Pb) Run t (Pb) 
min w/o min w/o min w/o 

66 0 5.56 88 8 1.47 93 0 7.65 
1 5.54 11 0.89 1 6.93 
3 5.56 12 0.77 2 6.28 
6 5.63 15 0.62 6 3.36 

10 5.37 20 0.26 8 2.70 
. 15 5.33 .10 . 2.50 

24 5.44 90 0 6.20 17 1.58 
30 . 5.38 1 5.36 26 0.82 
49 5.55 2 4.62 30 . 0 . 7 4 
69 5.39 4 3.18 40 . 0 .11 

111 5.53 6 2.90 
8 2.44 94 0 7.75 

86 0 4 .13 10 2.05 1 .6.32 
1 3.30 12 1.95 2 5.65 
2 2.92 15 1.52 4 3.73 
4 2.58 17 1.27 6 2.01 
6 2.16 20 1.11 8 1.94 
8 1.69 24 0.93 10 1.49 

10 1.51 12 0.58 
13 1.24 91 0 6.10 15 0.82 
15 0.97 1 5.06 20 0.34 
21 0.59 2 4 .54 
25 0.21 4 3.02 95 0 1.22 

6 2.64 1. 0 .94 
87 0 4 .80 8 1.96 2 0.82 

1 4.27 10 1.83 4 0.53 
2 4.00 12 1.33 6 0.30 
4 3.50 15 1.06 8 0.25 
6 3.23 17 0.83 10 0.30 
8 3.25 25 0.68 12 0.15 

10 . 2.74 15 0.10 
12 2.40 92 0 6.32 21 0.05 
15 1.77 1 5.24 
20 .1 .06 2 3.54 97 0 3.64 

4 2.65 1 3.13 
88 6 3.8 6 2.02 2 2.99 

1 3.64 8 1.71 4 2.71 
2 3.04 10 0.86 6 2.60 
4 2.08 12 0.93 8 2.44 
6 2,-02 15 0.81 10 2.21 



- 1 7 9 -

TABLE F - I I CON'T. 

Run t (Pb) Run t (Pb) Run t (Pb) 
min w/o min w/o min w/o 

97 1 2 2.16 
15 2.00 
20 1.7 2 
30 1.39 

9 8 0 3.75 
1' 3.29 
2 2 . 6 3 
4 2.18 
6 1.72 
8 1.43 

10 0 . 9 3 
12 0 . 5 9 
15 0 . 5 2 
17 . 0 . 4 1 
20 . 0 . 2 4 

9 9 0 3.84 
2 3.47 
5 2.7 3 
7 2.50 

10 2.19 
1 3 2.02 
15 2.04 
20 1.7 3 

" 26 . 1.58 
32 1.29 
4 6 0.7 9 

1.12 0.20 

1 0 0 0 4 . 7 4 
2 4 . 0 2 
5 3.76 
8 3.28 

10 3.17 
12 2.57 
15 1.78 
19 1.97 
25 1.74 
35 0 . 9 8 
4 5 0 . 8 9 

1 0 6 0 . 1 4 

1 0 1 0 4.38 
2 3.40 
5 2.95 
7 2 . 46 

10 2.00 
1 3 1.77 
15 1.72 
18 1.33 
21 1.37 
25 0.90 
4 1 0.34 

1 0 9 0.06 

1 0 2 0 4 . 2 3 
2 3.53 
4 2.48 
7 . 2.02 
9 1.77 

12 1.53 
15 1.25 
1 8 0.85 
21 0.68 
25 0.5 3 
36 0.16 

1 0 3 0 . 0 3 

1 0 3 0 .3.72 
2 3.40 

.5 3.18 
8 3.00 

10 2.87 
1 3 2 . 7 3 
15 2.59 
20 1.74 
25 2.14 
35 2.08 
4 9 1.36 

1 0 2 0.37 

1 0 4 0 3.64 
1 3.08 
2 2 . 4 3 

1 0 4 4 1 . 8 1 
6 1.40 
8 0 . 9 9 

10 0 . 7 4 
1 3 0.47 
1 5 0 . 4 1 
1 8 0.25 
20 0.18 
4 8 0.05 

1 0 5 0 3.60 
2 2.98 
4 2.96 
6 2.89 
9 2.77 

12 2.56 
15 2.40 
20 . 2.15 
30 . 1 . 6 1 
5 1 1.07 

1 0 6 0 3.69 
2 2.86 
4 2 . 5 1 
6 2.10 
9 1.64 

12 1.48 
15 1.16 
20 0 . 8 1 
25 0 . 7 1 
37 0 . 4 9 
50 . 0 . 1 9 

1 0 7 0 3.86 
2 3.07 
4 2.76 
6 2.60 
8 2.36 

10 2.23 
1 3 1.98 
1.5 1 . 9 1 
20 1.52 



TABLE F - I I CON'T. 
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Run t (Pb) Run t (Pb) Run t (Pb) 
min w/o min w/o min w/o 

107 25 1. 20 113 0 4.33 119 5 3. 34 
42 0.72 2 3.82 8 2.79 

5 3.40 11 2.15 
108 0 3.68 10 2.66 15 1.58 

2 3.26 20 .1.55 20 0.90 
4 3.11 30 1.09 25 0.51 
6 2.86 40 0.46 
9 2.64 51 0.24 120 0 4.67 

12 2. 25 60 0.20 2 4.09 
15 2. 27 3 3.59 
20 1.85 114 0 4.40 '5 3.10 
25 1.55 2 3.54 8 2.11 
32 1. 20 5 2.75 11 1.81 
58 0.62 10 1.82 15 0.94 

21 1.15 20 0.41 
109 0 3.61 30 0.62 

5 2.65 40 . 0. 27 137 0 4.75 
11 1.89 3 3.80 
16 0.81 117 0 4.85 6 3.25 
26 0.71 2 4.05 10 2.72 
44 0. 21 4 3.58 16 2.23 
60 . 0.05 8 2.93 23 1.67 

13 2.27 30 1.08 
110 . 0 4.77 18 1.73 40 0.70 

2 4.18 24 1.18 63 0.17 
5 3.77 . 32 0.64 

10 . 3. 29 41 0.44 138 0 1.57 
20 2.52 2 1.09 

. 30 1.90 118 0 5.18 4 0.92 
.40 1.52 2 4.66 7 0.71 
53 ' 1.02 3 4.02 12 0. 54 
70 0.50 6 3.46 20 0.41 

10 . 2.57 29 0.17 
112 0 4.63 15 1.86 40 0.09 

2 4.08 20 . 1 . 2 3 
5 3.48 25 0.70 139 0 2.95 

10 2.80 30 0.44 2 2. 29 
20 1.78 40 0. 28 3 2.38 
30 1.15 6 2.08 
40 0.73 119 0 5.03 10 • 1.71 
50 0.55 2 4.06 15 1.06 
61 0.22 3 3.84 20 0.61 



TABLE F - I I CGN'T. 
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Run t (Pb) Run t (Pb) Run t (Pb) 
min w/o min w/o min w/o 

139 27 0.13 141 0 4 .75 142 0 4 .75 
39 0.05 . 2 3.91 2 3.54 

5 3.23 6 2.89 
140 0 6.80 10 2.37 10 2.61 

2 5.03 15 1.30 15 2.40 
5 4.36 20 0.74 20 1.83 

10 3.42 26 0.31 26 0.78 
• 15 2.92 34 0.13 30 .0.35 

20 . 2.1,1 
26 1.41 
35 0.47 
47 0.23 



TABLE F - I I I 

L i ( I ) REDUCTION DATA 

C o n d i t i o n s : T = 4 0 0 ° C 
S t i r r e d , 112 rpm, g l a s s s t i r r e r 
20 gm s a l t ( L i C l - K C l ) 
100 gm a l l o y 

Run 148 
J N a ] ° = 1.02 w/o 

t • (Na) 
min w/o 

0 0 
1 1.45 
2 1.20 
3 1.74 
4 .5 2.12 
6 2.09 
8 2. 37 

10 2.15 
15 2.33 
22 2.60 

Run 149 
JNa] o = 0 .49 w/ 

t 
min 

(Na) 
w/o 

. 0 0 
1 0. 38 
2 0.71 
3 0.73 
5 1.15 
7 1. 26 
9 1.22 

12 1.52 
16 1.68 
21 1.93 
41 1.95 

Run 149: 

& f ) e 

= 0.085 w/o 

= 0 . 1 1 0 w/o 
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TABLE F - I V . 

METAL REDUCTION CONDITIONS 

A l l E x p e r i m e n t s : 4 0 0 ° C 
112 rpm, g l a s s s t i r r e r 
100 gm a l l o y 
20 gm s a l t (30 gm, Run 126) 

S o l u t e Run ( M 
w/o 

) ° 
M cm" 

x l O 4 

3* w/o 
' k 
m i n - i 

M e t a l 
Obsvd 

Ag(I) 144 1.50 2. 31 0.30 0.063 No 
C d ( H ) 125 1.85 2.7 3 0. 30 0.030 No 
cd(.n) 126 1. 25 1.84 0. 31 0.022 No 
I n . ( H I ) 128 1.90 2.75 0. 25 0.017 No 
C r ( I I I ) 150 1.00 3.19 0 0.011 No 
C r ( I I I ) 131 0.79 2.52 0. 25 0 .04 ' Yes 
C o ( I l ) 121 1.03 2.90 0. 26 0.093 Yes 
C o ( H ) 122 1.03 2.90 0. 31 0.105 Yes 
C o ( I I ) 124 1.03 2.90 0. 37 0.118 Yes 
N i (Tl) 130 0.86 2.44 0. 23 0.143 Yes 
N i ( i i ) 146 .0 .86 2.44 0 0.057 Yes 
N i ( l l ) 147 0.70 1.99 0 0.052 Yes 
T i ( H I ) 145 0.43 1.49 0. 24 0.050 Yes 
Pt (II) 143 1.20 1.02 0. 23 0. 22 Yes 

* M cm" -3 = 
w/o 
100 

% 
x — 

M 
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TABLE F-V 

METAL REDUCTION DATA 

Run t (M) Run t (M) Run . t (M) 
min w/o min w/o min w/o 

1 2 1 0 1 . 0 3 126 4 5 0 . 1 2 1 4 4 2 0 . 9 5 
1 . 5 0 . 8 2 6 0 0 . 0 4 3 0 . 8 1 
2 . 8 0 . 5 2 4 0 . 7 0 
5 0 . 31 1 2 8 0 1 . 9 0 5 0 . 6 2 

10 0 . 1 2 2 1 . 6 3 7 0 . 4 7 
15 0 . 0 5 5 1 . 4 4 10 0 . 30 
20 0 . 0 2 10 1 . 2 9 12 0 . 2 2 
30 . 0 . 0 1 15 

22 
1 . 0 6 
0 . 7 2 

15 0 . 1 5 

1 2 2 0 . 1 . 0 3 31 0 . 4 9 1 4 5 0 . 0 . 4 3 
2 0 . 5 8 4 4 0 . 2 9 4 0 . 33 
4 0 . 3 6 6 5 0 . 1 4 17 0 . 0 7 
7 0 . 1 8 97 0 . 0 6 25 0 . 0 2 

10 0 . 1 0 
1 5 0 . 0 3 1 3 0 0 0 . 8 6 1 4 6 0 0 . 8 6 
20 N . D . 1 . 5 

3 
0 . 4 7 
0 . 3 5 

1 
3 

0 . 6 7 
0 . 5 2 

1 2 4 0 1 . 0 3 5 0 . 1 5 5 0 . 4 1 
1 0 . 7 2 7 . 3 0 . 0 9 7 . 0 . 31 
3 0 . 4 9 1 0 . 3 0 . 0 3 10 0 . 2 0 
5 0 . 4 6 15 0 . 0 5 15 0 . 0 9 

1 1 0 . 0 4 22 N . D . 20 0 . 0 5 
13 0 . 0 3 25 0 . 0 2 
18 N . D . 1 3 1 0 0 . 7 9 

1 0 . 7 1 147 0 0 . 7 0 
1 2 5 0 1 . 8 5 2 . 5 0 . 6 5 1 0 . 5 2 

1 1 . 7 2 4 0 . 6 0 3 0 . 4 6 
3 1 . 5 0 6 . 0 . 4 9 5 . 3 0 . 3 6 
6 1 . 21 7 . 5 0 . 3 5 8 0 . 29 

10 0 . 9 4 11 0 . 0 6 1 1 . 5 0 . 1 2 
15 0 . 8 0 14 

16 
0 . 0 6 
0 . 0 3 

15 
20 

0 . 1 9 
0 . 0 4 

126 0 1 . 2 5 25 0 . 0 2 
1 1 . 2 0 1 4 3 0 • 1 . 2 
3 1 . 1 3 1 . 5 0 . 5 9 
6 0 . 9 4 3 . 5 0 . 1 6 

10 0 . 7 8 6 0 . 0 7 
15 0 . 6 3 
20 0 . 4 6 1 4 4 0 . 1 . 5 0 
30 0 . 26 1 1 . 1 2 



TABLE F-V COSf'T. 
- 185 

Run t (Pb) equiv. ..(Cr ) 
min. w/o w/o 

0 0 1.00 
5 0.31 0.85 

10.5. 0.63 0.68 
20 0.92 0.54 
31 1.14 0.43 
45 • 1.18 0.41 
64 1.57 0. 21. 
82 1.77 0.11 
119 2.01 0 
142 1.99 0 
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