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SEPARATION SCIENCE AND TECHNOLOGY, 18(14&15), pp. 1617-1646,1983 

Solvent Extraction - Projection to the 
Future 

C. M. RITCEY 

CANMET 
ENERGY, MINES AND RESOURCES CANADA 
OTTAWA, CANADA K l A  OC1 

ABSTRACT 

The process of purification of metal-bearing solutions using 

solvent extraction has proven to be one of the major improvements 

to the optimization of the metallurgical flowsheet. Numerous im- 

provements have been made throughout the solvent extraction cir- 

cuit, as well as considerable research on the subject throughout 

the world which could, if implemented, add considerably to the 

overall understanding and viability of the process. 

discuss the various interactions within the process that could ul- 

timately prove t o  be the flowsheets of the future. 

The paper will 

INTRODUCTION 

The solvent extractive process has been industrially used for 

about 35 years. The process, initially used for uranium, then cop- 

per and subsequently base metals, precious metals and less common 

metals, now enjoys a wide use. Solvent extraction has been used t o :  
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1618 RITCEY 

- concentrate initially-dilute values 
- separate metals of similar types in solution 
- purify solution for subsequent recovery of pure products 
- decrease evaporation costs. 

Thus the process, when integrated into the overall hydrometallurgi- 

cal flowsheet, is composed of essentially the flowsheet shown in 

Fig. 1. The purification stage, for example using solvent extrac- 

tion, is a very small but very important part of the overall inte- 

grated flowsheet and occupies only a minor part of the mill opera- 

tion. Therefore any economic impact that the solvent extraction 

plant might have on the total plant will result only after a major 

improvement in process technology. Figure 2 shows the typical sol- 

vent extraction purification part of the flowsheet. Following con- 

tact of the clarified aqueous solution with the solvent for extrac- 

tion of the metal or metals, the solvent may be scrubbed with an 

aqueous phase to improve purification, or go directly to the strip- 

ping stage. 

solution, selected to be amenable for the Subsequent product recov- 

ery by electrowinning, crystallization or precipitation. 

Stripping is generally accomplished with an aqueous 

This paper will examine each of the areas in the solvent ex- 

traction process and discuss possibilities whereby process modifi- 

cations could result in significant improvements to the flowsheet. 

Such improvements of interest and concern to the operating plant 

include economics, energy and environment. 

FEED SOLUTION AND PREPARATION 

Considerable expense is incurred in present plants t o  produce 

a clarified feed so that minimal emulsions and crud are formed in 
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Figure 1 - In tegra ted  Process Flowsheet 
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C1 a r i  f i e d  Feed Sol u t i o n  

b R a f f i n a t e  

I 

Scrub 

RITCEY 

c 
Product 

F igure  2 - Typ ica l  Sol  vent  E x t r a c t i o n  P u r i f i c a t i o n  Schematic 

t he  subsequent  e x t r a c t i o n  stage. 

are due t o  t h e  c o n s t i t u e n t s  of t h e  feed  s o l u t i o n ,  s o l u b i l i z e d  or 

i n  suspens ion ,  i n  combination ( lS2) with t,he shear or energy in-  

p u t  d u r i n g  e x t r a c t i o n  (1-3). Thus t o  minimize emulsion and c r u d ,  

very  expensive l i q u i d - s o l i d s  s e p a r a t i o n  and c l a r i f i c a t i o n  s t a g e s  

are necessary  i n  t h e  p r e p a r a t i o n  o f  t h e  feed .  These s e p a r a t i o n  

stages account  f o r  approximately 50% of  t h e  o a p i t a l  and o p e r a t i n g  

c o s t s  i n  t h e  c i r c u i t  (4,5).  

c a p i t a l  and o p e r a t i n g  c o s t s  would r e s u l t  i f  t h e  c o s t l y  l i q u i d -  

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

These c r u d s  and s t a b l e  emulsions 

Thus a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  
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SOLVENT-IN-PULP 
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S o l v e n t - i n - p u l p  e x t r a c t i o n  ( S I P )  has t h e  p o t e n t i a l  t o  b e  a s u c -  

c e s s f u l  a l t e r n a t i v e ,  (5) t o  e l i m i n a t i n g  t h e  e x p e n s i v e  l i q u i d - s o l i d s  

o p e r a t i o n .  

ses on t h e  gangue p a r t i c l e s .  The r e s e a r c h  is n e c e s s a r y  on t h e  de- 

velopment  o f  s p e c i f i c  e x t r a c t a n t s ;  on equipment  d e s i g n  and o p e r a -  

t i o n ;  t h e  u s e  o f  s u r f a c t a n t s ( 6 ) ;  and a n  u n d e r s t a n d i n g  of t h e  s u r -  

face c h e m i s t r y  and t h e  r e l a t i o n s h i p  between mine ra logy  and t h e  w e t -  

t i n g  p r o p e r t i e s  of t h e  s o l v e n t .  With s u c c e s s  t h e  p r o c e s s  c o u l d  b e  

v i a b l e  w i t h i n  a few y e a r s .  I n  a d d i t i o n  t o  t h e  economic s a v i n g s  ac- 

c r u e d  th rough  t h e  e l i m i n a t i o n  of l i q u i d - s o l i d s  s e p a r a t i o n ,  s o l u b l e  

metal losses to  t h e  gangue t a i l i n g s  are e l i m i n a t e d ,  t h u s  i n c r e a s i n g  

t h e  p e r  c e n t  metal r ecove ry .  I n c r e a s e d  r e v e n u e  and d e c r e a s e d  e n e r -  

gy r e q u i r e m e n t s  t h u s  r e s u l t .  

F u r t h e r  r e s e a r c h  is  n e c e s s a r y  t o  minimize s o r p t i o n  l o s -  

A f l o w s h e e t  i n c o r p o r a t i n g  S I P  t h a t  h a s  been a p p l i e d  s u c c e s s -  

( 5 )  is f u l l y  on a p i l o t  scale for  t h e  t r e a t m e n t  of  uranium s o l u t i o n s  

shown s c h e m a t i c a l l y  i n  Fig.  3. 

SOLVENT SYSTEM 

E x t r a c t i o n  

The  e x t r a c t a n t s  p r e s e n t l y  i n  u s e  a re  g e n e r a l l y  a n i o n i c ,  c a t i -  

o n i c  o r  s o l v a t i n g  r e a g e n t s  d i s s o l v e d  i n  d i l u e n t s  w i t h  t h e  occas- 

i o n a l  a i d  o f  a m o d i f i e r  t o  improve phase  s e p a r a t i o n  and s o l u b i l i t y  

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

n o t  been deve loped  w i t h  much s u c c e s s  e x c e p t  f o r  t h e  c h e l a t i n g  ex- 

However s p e c i f i c  e x t r a c t a n t s  have  
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1622 RITCEY 

Crushing 
Gr ind ing  

$1 u r r y  O i l  u t i o n  Water 
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N e u t r a l i z a t i o n  
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F igu re  3 - Schematic o f  Proposed So lvent - in -Pu l  p E x t r a c t i o n  C i r c u i t  

t r a c t a n t s  f o r  coppe r .  U n f o r t u n a t e l y ,  most o f  t h e  c h e l a t e s  s u f f e r  

from slow k i n e t i c s  i n  a c i d i c  s o l u t i o n s ,  b u t  t h e y  do p o s s e s s  good 

k i n e t i c s  i n  a l k a l i n e  sys t ems .  I n  t h e  a b s e n c e  of o t h e r  i n t e r f e r i n g  

i o n s ,  t e r t i a r y  amines are se lec t ive  f o r  uranium; and s i m i l a r i l y  

DEHPA can b e  s e l e c t i v e  f o r  v a r i o u s  metals i n  t h e  a b s e n c e  of com- 

p e t i n g  metals a t  c e r t a i n  pH v a l u e s .  The n e u t r a l  e x t r a c t a n t s  s u c h  
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SOLVENT EXTRACTION 1623 

as TBP or TOP0 are not really very specific. 

phosphorus-type extractants have shown an increasing selectivity 

for Co/Ni separation with change from phosphoric - phosphonic - 
ph~sphinic'~). However, with the increase in separation factor 

(by rejecting nickel), the kinetics also decrease(8). There have 

been numerous investigations on the possible use of mixed extrac- 

tants to improve the extraction by synergism ('-12). Not only may 

the extractive equilibrium be affected, but also the kinetics might 

be significantly increased. By improving on the kinetics, the pos- 

sibility of separation of similar metals can increase, thus de- 

creasing the number of stages required for purification of the 

loaded solvent. Accelerators have also been used to improve the 

kinetics in LIX extractants . 

Variations of the 

(13) 

There have been numerous extractants developed to date, only a 

small number of which have been industrially utilized. This fact 

well illustrates the existing gap between the chemist involved in 

extractant design and development and the hydrometallurgist, a gap 

which could be bridged to the benefit of both the chemical industry 

and the mining industry with interdiciplinary cooperation. 

the classes of compounds used as extractants to date are oximes, 

amides, amines and organophosphorus extractants. Each extractant 

possesses certain attributes which makes it a valuable reagent to 

a particular system or systems. 

molecules available for most extraction situations, with only 

selectivity, equilibrium and kinetics somewhat lacking. It would 

therefore be interesting to speculate, based on synergism of mixed 

Among 

We already have some excellent 
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1624 RITCEY 

e x t r a c t a n t s ,  what c o u l d  be produced by c o n s t r u c t i n g  a molecu le  com- 

b i n i n g  t h e  most d e s i r a b l e  f e a t u r e s  o f  two o r  more s i n g l e  e x t r a c -  

t a n t s .  Minimum o r g a n i c  s o l u b i l i t y  i n  t h e  aqueous  phase  must b e  

m a i n t a i n e d ,  and i n c r e a s e d  metal l o a d i n g  would be d e s i r a b l e .  Such 

character is t ics  o f  mixed m o l e c u l e s  seem f e a s i b l e ,  and  i f  a t t a i n e d  

would e f f e c t i v e l y  r e d u c e  p l a n t  o p e r a t i o n  costs .  

a l so  be  t a i l o r e d  t o  p r o v i d e  for  c o - e x t r a c t i o n  and p e r m i t  s e l e c t i v e  

s t r i p p i n g .  F i g u r e  4 c o u l d  t h u s  i n c o r p o r a t e  d e c r e a s e d  stages fo r  

s e p a r a t i o n  o f  two metals as  we l l  as a t o t a l  r e d u c t i o n  i n  p l a n t  

area. Thus a g a i n  a r e d u c t i o n  i n  ene rgy  r e q u i r e m e n t s  and c o s t s  

would be a c h i e v e d .  

Such s y s t e m s  m i g h t  

S c r u b b i n g  

P u r i f i c a t i o n  of t h e  l o a d e d  s o l v e n t  c a n  u s u a l l y  be accompl i shed  

e a s i l y  by j u d i c i o u s  s e l e c t i o n  of t h e  t y p e  o f  s c r u b  s o l u t i o n  and t h e  

method used i n  s c r u b b i n g .  

l e c t e d  f o r  i t s  e x t r a c t i o n  and  s c r u b b i n g  p r o p e r t i e s ,  a n y  i n a d e -  

q u a c i e s  i n  metals d i s c r i m i n a t i o n  d u r i n g  e x t r a c t i o n  c a n  be overcome 

d u r i n g  s c r u b b i n g .  

t a n t  which i s  presumably more s e l e c t i v e  t h a n  a n o t h e r  f o r  metals 

d i s c r i m i n a t i o n  i f  t h e  trade-off i s  poor  k i n e t i c s ,  poor  e q u i l i b r i u m  

and therefore poor  economics.  It c o u l d  b e  more p r o f i t a b l e  t o  se- 

l ec t  a n  e x t r a c t a n t  w i t h  f a s t  k i n e t i c s  f o r  e x t r a c t i o n  and one  which  

is amenable t o  s c r u b b i n g  t o  p roduce  t h e  h i g h  p u r i t y  d e s i r e d  of t h e  

p roduc t .  F i g u r e  5 shows what c o u l d  r e s u l t  from t h e  choice of t h e  

e x t r a c t a n t  s y s t e m  r e l a t i v e  t o  t he  c i r c u i t  s ize .  With a s y s t e m  w i t h  

h i g h  rates o f  mass t r a n s f e r ,  a c e n t r i f u g a l  c o n t r a c t o r  c o u l d  b e  u s e d  

If t h e  e x t r a c t a n t  h a s  been p r o p e r l y  se- 

I t  may t h e r e f o r e  b e  wrong t o  se lec t  a n  e x t r a c -  
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SOLVENT EXTRACTION 1625 

S i n g l e  E x t r a c t a n t  

---- 
I Mixed E x t r a c t a n t  I_---  

Feed S o l u t i o n  

E x t r a c t i o n  

E x t r a c t i o n  

Scrubbing T 
S t r i p p i n g  9 
S t r i p p i n g  Crl 

1 
To Product 

Recovery 

S y n e r g i s t i c  E x t r a c t a n t  

( Improved K i n e t i c s ,  
E q u i l i b r i u n  and 
Loading) 

F igu re  4 - Comparison o f  Process Steps Using S y n e r g i s t i c  Ex t rac tan ts  
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1626 RITCEY 

Feed Sol u t i o n  4 E x t r a c t i o n  

E x t r a c t i o n  I 
+l E x t r a c t i o n  

P roduc t  

S e l e c t i v e  E x t r a c t a n t  

S1 ow K i n e t i c s  
F l i  x e r  S e t t l  e r s  

Feed Sol  u t i o n  4 E x t ' n  

P r o d u c t  

R e g u l a r  E x t r a c t a n t  

Fas t  K i  n c t i c s  
C e n t r i f u g e s  f o r  E x t r a c t i o n  
M i x e r  S e t t l e r s  f o r  Sc rub  and S t r i p  

F i g u r e  5 - Extractant Choice and C i r c u i t  S i z e .  

t o  advan tage ,  n o t  o n l y  t o  extract  t h e  metal i n  q u e s t i o n ,  b u t  a l s o  

t o  re ject  u n d e s i r a b l e  i m p u r i t i e s  which may have  s lower  k i n e t i c s .  

Subsequent  s c r u b b i n g  i s  c a r r i e d  o u t  i n  c e n t r i f u g e s  o r  mixer set- 

tlers. The resul t  c o u l d  b e  a s u b s t a n t i a l  r e d u c t i o n  i n  p l a n t  s i ze  

a n d  s o l v e n t  i n v e n t o r y .  
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S t r i p p i n g  

C o n v e n t i o n a l l y ,  s t r i p p i n g  is  performed by a n  a c i d i c  or a l k a l i n e  

s o l u t i o n  d i c t a t e d  by t h e  f i n a l  p r o d u c t  demanded of  t h e  p r o c e s s .  

Thus an  H SO s t r i p  s o l u t i o n  is used as  t h e  medium f o r  s u b s e q u e n t  

e l e c t r o w i n n i n g ,  c r y s t a l l i z a t i o n  or p r e c i p i t a t i o n ;  n i t r i c  o r  hydro-  

chlor ic  are  u s e d  to produce metal o x i d e s  by  e v a p o r a t i o n  and  d e n i -  

t r a t i o n  or d e c h l o r i n a t i o n .  C a r b o n a t e s ,  or o x a l a t e s  are used  to 

produce  sodium or ammonium sal ts  of  t h e  metals or o x i d e s  by decom- 

p o s i t i o n .  These r o u t e s ,  a l l  t e c h n i c a l l y  sound and p r o d u c i n g  t h e  

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

stages i n  t h e  p l a n t .  A l so ,  i f  pH c o n t r o l  is d i f f i c u l t ,  as it is 

w i t h  ammonium s u l p h a t e  for  uranium s t r i p p i n g ,  t h e n  uranium p r e c i p i -  

t a t i o n  o f t e n  o c c u r s ,  c a u s i n g  c r u d s  and s o l v e n t  losses. T h i s  a l l  

means e x p e n s i v e  equ ipmen t ,  e n e r g y ,  l a b o u r  and p o s s i b l e  loss of re- 

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

these economics,  t h e n  c o n s i d e r a b l e  c o s t  r e d u c t i o n s  c o u l d  be pos- 

s i b l e .  I n  r e c e n t  y e a r s  there has been i n t e r e s t i n g  r e s e a r c h  c a r r i e d  

o u t  f i rs t  by Burkin ( 1 4 )  and S h e l l  (15) a n d  t h e n  by Davey Power Gas 

(161, on t h e  u s e  of p r e s s u r e  r e d u c t i o n  o f  loaded s o l v e n t s .  More 

r e c e n t l y  Demopoulos, D i s t i n  and co-workers  (17-22) have  c o n t i n u e d  

t h e  i n v e s t i g a t i o n .  E x c e l l e n t  r e s u l t s  h a v e  been a c h i e v e d  fo r  Cu, 

N i ,  Co, Fe from c a r b o x y l i c  a c i d  e x t r a c t a n t s  (Versatic) o r  phos- 

p h o r i c  a c i d s  (DEHPA)  and f o r  Cu, N i ,  Co from d e r i v a t i v e s  of  8-hy- 

d r o x y q u i n o l i n e  (Ke lex  100). It is i m p l i e d  t h a t  t h i s  new p r o c e s s  

c o u l d  be  used o n l y  f o r  metals o r  compounds unde r  c o n d i t i o n s  where 

t h e y  c o u l d  b e  r educed  by hydrogen ,  t o  p r o d u c e ,  e.g., Cu, N i ,  Co, 

Au, Ag, U02, Moo2, V 2 0 3 ,  e tc.  

2 4  

T h i s  t e c h n i q u e  c o u l d  be p a r t i c u l a r l y  
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1628 RITCEY 

u s e f u l  i n  t h o s e  cases where problems are e n c o u n t e r e d  i n  removing 

t h e  metal from t h e  o r g a n i c  phase  by conventLona1 s t r i p p i n g  means,  

for example cobalt. A t y p i c a l  f l o w s h e e t  u t i l i z i n g  p r e s s u r e  r educ -  

t i o n  is shown i n  Fig. 6. Whi l e  c o n s i d e r a b l e  work r ema ins  t o  b e  

done  i n  t h i s  area t o  comple t e  t h e  fundamen ta l  u n d e r s t a n d i n g  o f  t h e  

o r g a n i c  s t r u c t u r e s  amenable  t o  s u c h  a p rocevs  ( w i t h o u t  a f f e c t i n g  

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

and would a p p e a r  t o  be  worthwhile  p u r s u i n g .  T h i s  s h o u l d  b e  e spe -  

c i a l l y  t r u e  for t h e  h i g h e r  v a l u e  p r o d u c t s ,  i .e . ,  p e r h a p s  above t h e  

p r i c e  of  copper .  Also,  a n  e n g i n e e r i n g  d e s i g n  t o  i n c o r p o r a t e  con- 

t i n u o u s  r e d u c t i o n  would f u r t h e r  improve t h e  economics over b a t c h  

p r e c i p i t a t i o n .  

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

i n  t h e  s u b s e q u e n t  p r o c e s s ,  i f  p r e c i p i t a t i o n  is used.  Fo r  example ,  

i n  t h e  p u r i f i c a t i o n  of uranium leach l i q u o r u ,  t h e  uranium is 

s t r i p p e d  from t h e  t e r t i a r y  amine w i t h  a s u l p h u r i c  acid o r  ammonium 

s u l p h a t e  s o l u t i o n .  T h i s  s t r i p  s o l u t i o n  i s  n e u t r a l i z e d  and a u r a n y l  

compound i s  f i n a l l y  p r e c i p i t a t e d  by t h e  a d d i t i o n  of MgO, H 0 o r  

ammonia. The re  is no r e c y c l e  of the b a r r e n  s o l u t i o n  from p r e c i p i -  

t a t i o n .  Fu r the rmore  t h e  r e s u l t a n t  p r o d u c t s  are n o t  of n u c l e a r  

g r a d e  p u r i t y ,  and so r e q u i r e  f u r t h e r  p r o c e s s i n g  i n  a TBP r e f i n e r y  

c i r c u i t .  

o t h e r  m e t a l )  from t h e  loaded  s o l v e n t ,  f o l l o w e d  by h y d r o l y s i s  of t h e  

p r o d u c t  and d r y i n g ,  w i t h  r e c y c l e  of t h e  p r e c i p i t a n t ,  t h e n  s u c h  a 

p r o c e s s  c o u l d  b e  economica l ly  a t t r a c t i v e  p a r t i c u l a r l y  i f  f u r t h e r  

r e f i n i n g  was unnecessa ry .  Work a t  o u r  laboratories d u r i n g  t h e  p a s t  

2 2  

If a p r o c e s s  c o u l d  be  d e v i s e d  t o  s t r i p  t h e  uranium (or  
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SOLVENT EXTRACTION 1629 

Feed Feed 

Extraction + 
Extraction 5- 

S t r i p  Q 

Conventional Circui t  

Ra ff 

Spent 
Electrolyte  

d K t y 1  Extract i o n  

4 Heat Exchanger 

-P- I 
Metal Powder 

Pressure Reduct i o n  
Str ipping C i r c u i t  

Figure 6 - Schematic Flowsheet Incorporating Pressure Stipping- 
Precipitation. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1630 RITCEX 

3. 
- 

Product - Recovery 

Conventional  Uranium 
S t r i p  - P p t ' n  New S t r i p  - P p t ' n  

F igure  7 - S t r i p p i n g - P r e c i p i t a t i o n  C i r c u i t s  M o d i f i c a t i o n  

year has evolved such a process flowaheet for the uranium cir- 

~uit'~). 

reagent cost reduction as well as the possible production of a high 

purity product at the mill site. 

This is shown schematically in Fig. 7, indicating a 
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SOLVENT EXTRACTION 1631 

A further application of novel stripping-precipitation tech- 

niques is demonstrated by the hydrolytic stripping procedure repor- 

ted by Thorsen and Monhemius (23'24). 

possibility of precipitation of metal oxides of Fe, Ni or Cu di- 

rectly from a carboxylic acid by reacting the loaded solvent with 

water at 150-2OO0C.  Thus the stripping and metal recovery portion 

of the conventional flowsheet can be eliminated. The obvious use 

for such a process is in the application to iron removal as hema- 

tite in a zinc circuit, for example. Such an iron compound is thus 

more environmentally acceptable than either jarosite or goethite, 

both of which coprecipitate significant amounts of zinc and other 

values such as silver in the conventional route. The iron oxide 

could possibly be suitable for use in ir~n-making'~~). 

flowsheet is shown diagramatically in Fig. 8. 

Their work indicated the 

This 

Versat  
Acid 

Zn Leach L i q u 6 r  
h igh i n  Fe 

b 

i c  

R a f f  i n a t e  
low i n  Fe 

To 1 Zn 

Recovery 

F igure  8 - Conceptual Flowsheet f o r  H y d r o l y t i c  
S t r i p p i n g  - P r e c i p i t a t i o n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1632 RITCEY 

The stripping part of the circuit (and the scrubbing) is easily 

seen to be a very important part of.the solvent extraction circuit, 

with more effects on the economics and downstream part of the over- 

all plant than in the extraction circuit. However most research 

efforts in the past have been directed towards the extraction cir- 

cuit, to 

- optimize and select the best extractant 
- provide kinetic and equilibrium data on extraction 
- provide solubility of extractant 
- determine the dispersion and coalesence 
characteristics 

- determine the need of a modifier and the selection o f  a dilu- 

ent 

Thus considerable research has been published on extraction only, 

with no real concern for the remainder of the flowsheet. If the 

researcher had, in many of the examples cited, gone just a little 

further in considering the total purification system, perhaps much 

of the meaningless data in the journals would not have been prin- 

ted. 

EQUIPMENT, OPERATION AND SOLVENT LOSSES 

One cannot discuss the solvent extraction system without con- 

sidering the equipment; its design and operstion can have profound 

effects on the process. Although we now have many types of stage- 

wise (mixer settlers) and differential (columns) contactors, plants 

still are being built in which insufficient consideration has been 
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SOLVENT EXTRACTION 1633 

given to the selection of the contactor. 

always was to select the extractant system! Then the process was 

given over to the contractor for design. Unfortunately many plants 

have been built with several hundred per cent overdesign, and using 

the wrong equipment. 

replace their contactors with a design completely different from 

the original installation. For example, just recently a plant re- 

placed their Kenics in-line mixers with pump-mix mixer-settlers. 

If a sufficiently good understanding of the physico-chemical and 

engineering aspects had been achieved in pilot studies, such ex- 

pense would not have occurred. 

certain contactor for the same process as its neighbour company, 

it does not necessarily follow that the plant should select the 

same equipment for there may be sufficient differences in the 

physico-chemical properties of the feed solution to warrant a dif- 

ferent contactor. Furthermore, consideration must be given to the 

scrubbing and stripping stages when equipment selection is made. 

Unfortunately there are again sad results in plants where the con- 

tactors were selected for the entire circuit on the basis of ex- 

traction tests. It would not be unreasonable to expect that 2-3 

different types of contactors could be required for a given solvent 

extraction process plant. 

The important decision 

More than one plant has had to shut down and 

Because a plant may be using a 

What this is leading up to is to ensure that the proper selec- 

tion of the equipment has been made, and that optimum operation of 

the equipment is maintained in order to provide maximum mass trans- 

fer efficiency with minimum solvent losses. These solvent losses 
* 
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1634 RITCEY 

can b e  caused  by: s o l u b i l i t y ,  e n t r a i n m e n t ,  v o l a t i l i t y ,  a n d  c r u d .  

These losses are, t o  a l a r g e  p a r t ,  gove rned  by t h e  s o l v e n t  s y s t e m  

selected, b u t  once  s e l e c t e d ,  t h e  l o s s e s  are a f f e c t e d  by t h e  t y p e  

of c o n t a c t o r s  and t h e  t y p e  of  o p e r a t i o n ( 2 5 ) .  Thus h i g h  tempera-  

t u r e  o p e r a t i o n  c a n  i n c r e a s e  s o l u b l e  losses, i n c r e a s e  v o l a t i l e  los- 

ses; b u t  w i l l  improve c o a l e s c e n c e  and r e d u c e  e n t r a i n m e n t  losses.  

V o l a t i l i t y  can  be  minimized by phase  c o n t i n u i t y  c h o i c e ,  d i l u e n t  

s e l e c t i o n  and  c o v e r i n g  o f  t h e  mixe r  sett lers,  u s e  of co lumns ,  

i n - l i n e  mixers or o t h e r  c l o s e d  c o n t a c t o r s  s u c h  as  t h e  RTL (Graesser 

C o n t a c t o r ) .  Assuming a l l  t h e  above  losses at-e minimized,  t h e  op- 

e r a t i o n  of t h e  equipment  Is c r i t i c a l  t o  p r o v i d e  s u f f i c i e n t  e n e r g y  

i n p u t  t o  t h e  s y s t e m  i n  o r d e r  t o  create t h e  d e s i r e d  mass transfer. 

Tha t  is, i f  e x t r e m e l y  small d r o p l e t s  are c r e a t e d  by h i g h  e n e r g y  

i n p u t  and  r e s u l t a n t  h i g h  shear, t h e n  s t a b l e  e m u l s i o n s  c a n  b e  p ro -  

duced"). If ore p a r t i c l e s  are p r e s e n t  i n  t h e  f e e d  stream, t h e n  

t h e  r e s u l t  may b e  a c r u d  and c o n s e q u e n t  e x p e n s i v e  s o l v e n t  los- 

ses"). 

p r o c e s s e s .  I n  t he  p a s t  few y e a r s  there has been  a n  i n c r e a s e d  

awareness  and conce rn  fo r  t h e  t y p e  of d i s p e r s i o n  created by t h e  

c o n t a c t o r ,  and t h u s  f u r t h e r  improved c o n t a c t o r  d e s i g n s  h a v e  been 

Such a s i t u a t i o n  is o f t e n  o b t a i n e d  i n  p o o r l y  e n g i n e e r e d  

deve loped ,  n o t a b l y  t h e  Krebs mixe r  sett ler(26'  and t h e  Davy CMS of 

t h e  stagewise t y p e s ( 2 7 ) .  The re  is n o  u n i v e r s a l  c o n t a c t o r ,  and t h e  

chemical and p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  s y s t e m s  r e l a t i v e  t o  t h e  

d i s p e r s i o n  and c o a l e s c e n c e ,  k i n e t i c s ,  and mass t r a n s f e r  e f f i c i e n c y  

must be c o n s i d e r e d  i n  t h e  c h o i c e  of t h e  c o n t a c t o r  . ( 2 5 )  
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SOLVENT EXTRACTION 1635 

BY-PRODUCT RECOVERY 

Most h y d r o m e t a l l u r g i c a l  p r o c e s s  p l a n t s  i g n o r e  t h e  fact  t h a t  of-  

t e n  t h e r e  are p o t e n t i a l l y  v a l u a b l e  by -p roduc t s  t h a t  might b e  re- 

cove red  i n  t h e  p r o c e s s .  These v a l u e s  u n f o r t u n a t e l y  are o f t e n  l o s t  

and impounded wi th  t h e  t a i l i n g s ,  u s u a l l y  b e c a u s e  t h e  m a r k e t  demand 

is n o t  s u f f i c i e n t  a t  t h a t  time. Even i f  a b u l k  s e p a r a t i o n  is made, 

w i t h  a s e p a r a t e  storage area p rov ided  fo r  f u t u r e  markets, c o n s i d e r -  

a b l e  a d d i t i o n a l  r evenue  c o u l d  u l t i m a t e l y  r e s u l t .  For  example ,  i n  

Canada t h e  uranium ores i n  t h e  E l l i o t  Lake area c o n t a i n  c o n s i d e r -  

able amounts o f  t ho r ium and rare ear ths(28) ,  and i n  t h e  h igh  

g r a d e  Saskatchewan ores there are  s u b s t a n t i a l  amounts of a r s e n i c  

and n i c k e l ( 2 9 ) .  The p r e s e n t  p r o c e s s e s  p r o v i d e  for t h e  r e c o v e r y  

o f  uranium o n l y ,  w h i l e  t h e  t a i l i n g s  r e c e i v e  a l l  o t h e r  p o t e n t i a l  

v a l u e s .  Small  p r o c e s s  changes  c o u l d  r e s u l t  i n  c o n s i d e r a b l e  con- 

s e r v a t i o n  of  a c o u n t r y ' s  n a t u r a l  r e s o u r c e s  and i n c r e a s e d  r e v e n u e  t o  

t h e  m i l l  t h rough  by-product r ecove ry .  

ENVIRONMENT 

Although the  development  and  o p t i m i z a t i o n  of t h e  m e t a l l u r g i c a l  

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

p h a s e s  of c o n c e r n  fo r  economics and  e n e r g y ,  t h e  more r e c e n t  c o n c e r n  

is fo r  i n d u s t r i a l  p l a n t  h y g i e n e  and t h e  env i ronmen t .  T h e r e f o r e ,  as 

n o t e d  u n d e r  equ ipmen t ,  t h e  p r o p e r  s e l e c t i o n  of t h e  c o n t a c t o r  d e s i g n  

and  p r o p e r  o p e r a t i o n  is  n e c e s s a r y  t o  min imize  s o l v e n t  losses i n  t h e  

p l a n t  and i n  t h e  e f f l u e n t s  d i s c h a r g e d .  P o o r l y  v e n t e d  work areas 
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1636 RITCEY 

and the use of low volatile solvents cause hygiene concerns in the 

plant and can easily be eliminated. Waste raffinates, often con- 

taining large amounts of entrained solvents, may be discharged to 

the environment if the equipment and its operation are not optimal. 

Future environmental constraints may well force the operator to 

provide for In-plant treatment of such raffinates to minimize the 

environmental concerns. Coalescers, centrifuges or perhaps acti- 

vated carbon treatment may be necessary to control the amount of 

organic released to the environment(30). 

Fig. 9 incorporating activated carbon treatment. Naturally if 

centrifugal contactors can be employed in the stripping circuit, it 

is possible that a sufficiently-low raffina.te discharge will be 

produced without the necessity for carbon treatment. 

A flowsheet is shown in 

FLOWSHEETS OF THE FUTURE? 

Up to this point we have considered possible modifications to 

the solvent extraction process which, in most cases, have some in- 

dications of success with perseverence. That is, most of the sug- 

gestions for improvements, although reducing the processing, energy 

and environmental problems, are not terribly earth-shaking. 

Since this paper has the objective of ,*crystal-ball gazing" 

into the future, then we should consider the following possible 

scenario. We have recognized that the liquid/solids separation is 

expensive, but could be overcome by solvent-In-pulp extraction. 

Also, pressure reduction of loaded solvents has been defined for 

certain metals. Also let us consider the leaching stage. Some 

interesting work has been discussed by Van der Zee~w(~l) and by 
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SOLVENT EXTRACTION 

A c t i v a t e d  Sol vent 
Carbon Removal 

Leach o r  Process 
S o l u t i o n  

Sol vent  Recycle 
t o  Process 

1637 

# Metal Products Sol ven t  Metal  
E x t r a c t  i o n  Recovery 

Trace Anions for I n -  
process Use 

Removal B u l k  Ca t ion  Produc t  
t o  P r e c i p i t a t i o n  o r  
Fu r the r  P u r i f i c a t i o n  
and Recovery 

Anion and Cat ion  

Thorsen (32,33) on the direct leaching of zinc calcine with Ver- 

satic acid to produce an organic solution containing zinc carboxy- 

late. 

If solvent leaching for Zn or any other metal can be achieved, 

either directly or by the addition of solvent to the last stage of 

a multi-stage leach process, followed by autoclave reduction, the 
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1638 RITCEY 

only  major l i q u i d - s o l i d  s e p a r a t i o n s  would be  primary t h i c k e n i n g  and 

t h e  reclaiming of t h e  metal powder. Thus a very c o n s i d e r a b l e  i m -  

provement i n  t h e  o v e r a l l  s o l v e n t  e x t r a c t i o n  f lowshee t ,  and i n  t h e  

e n t i r e  m i l l  o p e r a t i o n ,  would be accomplished. However, much re- 

s e a r c h  and e n g i n e e r i n g  design I s  necessary  i f  t h e  f u t u r e  f lowshee ts  

i n  Fig. 10 and Fig.  11 are t o  be r e a l i z e d .  

F i n a l l y ,  l e t  u s  cons ider  a s p e c i f i c  example. I n  t h e  c a s e  of 

t h e  convent iona l  uranium p r o c e s s ,  where s u l p h u r i c  acid is used for  

4 

i 

Leach 

Sol vent 

sol ids 

Sol ' n 

Press. Red'n 
or 

Hydrolytic S t r i p  
- 

Metal Oxide 
o r  Powder 

81 eed 

i 

Figure 1 0  - Future Flowsheet Incorporating SIP and 
Pressure Reduction or Hydrolytic Str ipping 
a n d  Sol ution Recycle 
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SOLVENT EXTRACTION 

4 

1639 

Solvent 1 
t 

SX/Leach Thickener ' 
s1 urry) 

L 
I 

D 

Ab 

B1 eed 

l e a c h i n g ,  e s s e n t i a l l y  a l l  t h e  radium226 and o t h e r  r a d i o n u c l i d e s  

and p y r i t e  r e p o r t  i n  t h e  t a i l i n g s .  The f o l l o w i n g  is a n  a t t e m p t  t o  

p u t  some o f  t h e  v a r i o u s  o p t i o n s  t o g e t h e r  i n  a m o d i f i e d  uranium 

f l o w s h e e t  t o  improve t h e  o v e r a l l  p r o c e s s  and economics and  r e d u c e  

t h e  h i g h  e n v i r o n m e n t a l  costs.  

If we can  assume t h a t  w i t h  s e v e r a l  m o d i f i c a t i o n s  t o  t h e  p r e s e n t  

t echno logy  t h e  o v e r a l l  economics and e n v i r o n m e n t a l  a s p e c t s  w i l l  b e  

Tails Sol vent r - .  

Act. 
C Sol  ' n 

. 
Press. Red'n 

-4 or 
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improved,  t h e n  t h e  f o l l o w i n g  is an  a t t e m p t  t o  p u t  t h e  v a r i o u s  op- 

t i o n s  t o g e t h e r  i n  a mod i f i ed  flowsheet u s i n g  t h e  H SO r o u t e .  2 4  

I n  t h e  l e a c h i n g ,  t h e  ore is g e n e r a l l y  b e i n g  s u b j e c t e d  t o  l o n g  

l e a c h i n g  p e r i o d s ,  t h e  ore r e q u i r i n g  r e l a t i v e l y  f i n e  g r i n d i n g  and 

t h e  use of e x p e n s i v e  r e a g e n t s .  However t h e  o n l y  immediate  improve- 

ment  t o  i n c r e a s e  t h e  k i n e t i c s  and t h e r e f o r e  decrease t h e  l e a c h  

p l a n t  s i z e  is t o  o p t i m i z e  the  g r i n d  v s  o x i d a t i o n  c o n d i t i o n s ,  by 

p r o p e r  c h o i c e  o f  t h e  o x i d a n t  and c o n t r o l  of EMF. 

p r e s s u r e ,  t o  u t i l i z e  t h e  p y r i t e  i n  t h e  o re  c o u l d  be a n  improvement 

t o  some p l a n t s ,  e s p e c i a l l y  where t h e  ore c o n t a i n s  s u f f i c i e n t  s u l -  

p h i d e ,  and where f r e i g h t  costs fo r  t r a n s p o r t i n g  H2S04 t o  t h e  p l a n t  

are e x c e s s i v e .  The o x i d a n t  may b e  oxygen ,  p e r o x i d e  o r  even ozone 

m i g h t  be  b e n e f i c i a l  i n  some cases. T h e r e f o r e  l e t  u s  assume a n  

a u t o c l a v e  l e a c h  p l a n t ,  v e r y  s h o r t  r e t e n t i o n  t i m e  of p e r h a p s  4-6 

h o u r s ,  compared t o  many p r e s e n t  c i r c u i t s  o p e r a t i n g  a t  greater t h a n  

30 hours  and c o n s e q u e n t l y  a v e r y  large leach p l a n t .  

Leaching unde r  

Next l e t  us  c o n s i d e r  t h e  ve ry  e x p e n s i v e  l i q u i d - s o l i d s  separa- 

t ion s tage,  occupy ing  a l so  a large p o r t i o n  of t h e  p l a n t .  A flow- 

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

would e l i m i n a t e  most of t h e  costs a t t r i b u t e d  t o  t h a t  e x p e n s i v e  

stage. 

The uranium i n  t he  l o a d e d  s o l v e n t  would o r d i n a r i l y  b e  s t r i p p e d  

w i t h  ammonium s u l p h a t e  (or  a n o t h e r  r e a g e n t )  and t h e  uranium s u b s e -  

q u e n t l y  p r e c i p i t a t e d  from t h e  s t r i p  l iquoi-.  Such a p r e c i p i t a t i o n  

sys t em is a once-through p r o c e s s ,  r i t h  no reuse of t h e  r e a g e n t  

b e i n g  p o s s i b l e .  The f u t u r e  flowsheet, t o  c o n s e r v e  e x p e n s i v e  re- 
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SOLVENT EXTRACTION 1641 

a g e n t s  and produce a h i g h  p u r i t y  uranium p r o d u c t  s h o u l d  i n c o r p o r a t e  

a s t r i p p i n g - p r e c i p i t a t i o n  c y c l e  t h a t  would e n a b l e  r e c y c l e  o f  t h e  

s t r i p  r e a g e n t  after h y d r o l y s i s  o f  a uranium p roduc t .  

I n  such  a c i r c u i t ,  t h e  t a i l i n g s  problem p r e s e n t l y  e n c o u n t e r e d  

would b e  minimized. Fol lowing t h e  S I P  e x t r a c t i o n  stage t h e  s l u r r y  

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

s o l i d s  t h e n  g i v e n  a water wash t o  remove s u l p h a t e  fo l lowed  by a 

wash w i t h  c h l o r i d e  s o l u t i o n .  T h i s  l a t t e r  wash would s o l u b i l i z e  t h e  

radium, t h u s  p r o v i d i n g  t a i l i n g s  c o n t a i n i n g  pe rhaps  50 pCi/g Ra 

or  less. The c h l o r i d e  s o l u t i o n  c o n t a i n i n g  t h e  radium would t h u s  

be i s o l a t e d  i n  t h e  m i l l  by s o r p t i o n  on a n  i o n  exchange r e s i n ,  o r  

p r e c i p i t a t e d ,  and t h i s  c o n c e n t r a t e d  radium s u b s e q u e n t l y  s h i p p e d  f o r  

b u r i a l  w i t h  h i g h  l e v e l  wastes. I n  s u c h  a mod i f i ed  f l o w s h e e t ,  a 

maximum o f  s o l u t i o n  r e c y c l e  would b e  accompl i shed ,  by r e c y c l i n g  t h e  

a c i d i c  r a f f i n a t e  back t o  the  l e a c h i n g  stage. A p e r i o d i c  b l e e d  o f  

t h i s  r e c y c l e  stream would be r e q u i r e d  t o  c o n t r o l  i m p u r i t y  bui ld-up.  

I n  a d d i t i o n ,  a n o t h e r  dec ided  a d v a n t a g e  t o  s u c h  a p r o c e s s  would b e  

t h e  e l i m i n a t i o n  o f  t h e  e x p e n s i v e  lime n e u t r a l i z a t i o n  stage norma l ly  

carried o u t .  The s c h e m a t i c  f o r  s u c h  a f l o w s h e e t ,  f o r  which CANMET 

is i n v e s t i g a t i n g ,  is shown i n  F ig .  12. Such a f l o w s h e e t  c o u l d  pro- 

v i d e  t h e  m i l l  o p e r a t i o n  w i t h :  

226 

- d e c r e a s e d  r e a g e n t  c o s t s  i n  l e a c h i n g ,  l i q u i d - s o l i d s  s e p -  

a r a t i o n ,  s o l v e n t  e x t r a c t i o n ,  p r e c i p i t a t i o n ,  a n d  t a i l i n g s  

n e u t r a l i z a t i o n ;  

- i n c r e a s e d  uranium r e c o v e r y  d u e  t o  d e c r e a s e d  s o l u b l e  u r a -  

nium losses norma l ly  encoun te red  i n  t h e  l i q u i d - s o l i d s  

s e p a r a t i o n ;  
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U R A N I U M  O R E  
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Figure 12 - Future Uranium Flowsheet Incorporating SIP,  Strlp- 
Hydrolysis and Solution Recycle. 

- decreased ta i l ings  impoundment areas because no lime 

requirements and subsequent gypsum precipitates; 

- i so lat ion and recovery o f  radium i n  t h e  m i l l ;  

- disposal of ta i l ings  more environmentally acceptable 

than a t  present; 

- increased water recyc le;  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SOLVENT EXTRACTION 1643 

- decreased energy requirements in the total circuit; 
- decreased capital and operating costs; and 
- possibility of producing a higher purity uranium product 
at the mill site. 

Such a flowsheet, with minor modifications, might be considered 

in many hydrometallurgical applications. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

G.M. Ritcey, Hydrometallurgy, 5, 97-107 (1980). 

G.M. Ritcey, Proceedings of International Mineral Processing 

Congress, Toronto; Sept. 1982. 

G.M. Ritcey, unpublished data. 

W.A. Cow and G.M. Ritcey, CIM Bulletin; Dec. 1969. 

G.M. Ritcey, M.J. Slater, and B.H. Lucas, in Proceedings Sym- 

posium on Hydrometallurgy, Pub. AIME; p 419-473; 1973. 

B.H. Lucas and G.M. Ritcey, CIM Bulletin; June 1975. 

J. Preston, Hydrometallurgy, vol 9; No. 2, pp 115-133; Nov. 

1982. 

Private communication. 

A.W. Ashbrook, G.M. Ritcey, and E.G. Joe, J. Metals l.8, No. 

1, pp 18-21; 1966. 

B.G. Hyman and L. Hummelstedt, in ProceedinRs of International 

Solvent Extraction Conference, Lyon, Pub. SOC. Chem. Ind., 

London, vol 1, pp 669-684; 1974. 

S.O. Fekete, G.A. Meyer and G.R. Wicker, "The Selective Ex- 

traction of Nickel and Cobalt from Acid Leach Solutions Using 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1644 RITCEY 

12. 

13 

14. 

15 

16. 

17 

18. 

19. 

20. 

21. 

a Mixed Solvent System"; presented at 1977 AIME, Atlanta, TMS 

Paper No. A77-95. 

G.M. Ritcey and E.W. Wong, "Process for Recovery of Copper 

from Ammoniacal Etch Liquor Using a Mixed Extractant,,, for 

presentation at ISEC' 83 in Denver; Sept. 1983. 

A.J. Van der Zeeuw, in Proceedings of International Solvent 

Extraction Conference, ISEC 77 , Toronto; Sept. 1977, pp 17-23, 
Pub. CIM, special vol 21. 

A.R. Burkin, British Patent 1,215,576; 1970. 

A.J. Van der Zeeuw, British Patent 1,267,586; March 1972. 

G.C.I. Warwlck, British Patent 1,368,956; Oct 1974. 

G.P. Demopoulos, Direct Copper Production from a Loaded Chel- 

ating Extractant (An Alkylated 8-Hydroxyquinoline) by Pressure 

Hydrogen Stripping, Thesis, McCill University Dept. of Mining 

and Metallurgical Engineering, Montreal; Nov. 1981. 

G.P. Demopoulos and P.A. Distin, in Proceedings of  

International Solvent Extraction Conference, ISEC'80, vol 2, 

Liige, Belgium, Paper No. 80-76. 

G.P. Demopoulos and P.A. Distin, "A Study of the Hydrogenation 

of Kelex 100 Loaded with Copper"; In Press, J. Chem. Techn. 

and Biotetechnology . 
G.P. Demopoulos, and P.A. Distin, "Direct Copper Precipitation 

from a Loaded Chelating Extractant by Pressure Hydrogen Strip- 

pinu"; Submitted for publication in Metall. Trans B. 

R.X. Li, G.P. Demopoulos, and P.A Distin, "Nickel Recovery 

from Loaded Kelex 100 by Precipitation llsing Hydrogen"; paper 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SOLVENT EXTRACTION 1645 

22. 

21. 

24. 

25 

26. 

27 * 

28. 

29. 

presented at the 2lst CIM Annual Conference of Metallurgists, 

Toronto, Ontario; (Aug 29 to Sept. 1, 1982). 

N.M. Stubina and P.A. Distin, "Direct Cobalt Recovery from 

Loaded Kelex 100 by Reaction with Hydrogen", paper presented 

at the 21st CIM Annual Conference of Metallurgists, Toronto, 

Ontario; (Aug. 29 to Sept. 1, 1982). 

G. Thorsen, and A.J. Manhemius, "Precipitation of Metal Oxides 

from Loaded Carboxylic Acid Extractants by Hydrolytic Strip- 

ping", paper presented at 108th AIME Annual meeting, Feb. 

1979, Paper A79-12. 

A.J. Monhemius, and G. Thorsen, in ProceedinRs of Interna- 

tional Solvent Extraction Conference, ISEC'BO, Liege, Belgium; 

Sept. 1980, Paper 60-91. 

G.M. Ritcey and A.W. Ashbrook, in Solvent Extraction - Princi- 
ples and Applications to Process Metallurgy, vol 2, Pub. Else- 

vier Scientific, Amsterdam, 1979. 

P. Castillon, D. Goodman, and G. Cheneau, "Industrial Expan- 

sion with the Krebs Solvent Extraction System", paper presen- 

ted at Hydrometallurgy Meeting CIM; Aug. 1981, Paper 28-1. 

C.F. Bonney, G.A. Rowden, and D. McKee, "The Combined Mixer - 
Settler: A New Development in Solvent Extraction", paper pre- 

sented at Annual meeting AIME, Chicago; Feb. 1981, Paper 

A81-50. 

B. Lucas, and G.M. Ritcey, CIM Bulletin; Jan. 1975. 

P.J. Clarke, F. Jantzon, M. Nevin, D.R. Weir, I.M. Masters, 

R. Berezowski, and M.D. Day, "The Key Lake Uranium Process"; 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1646 RITCEY 

presented at 19th Annual Conference of Metallurgists, CIM,  

Halifax, N.S.; Aug. 1980. 

30. G.M. Ritcey, B.H. Lucas, and A.W. Ashbrook, In Proceedings 

of International Solvent Extraction Conference, ISEC'74, 

Lyons, France, Sept. 1074, pp 943-068. 

31. A.J. Van der Zeeuw, Hydrometallurgy, 2,  p 275-284; (1976/77). 

32. G. Thorsen, and A. Grisllngas, Paper presented 109th AIME An- 

nual Meeting, Las Vegas; Feb. 1980, SME paper 80-52. 

33. G. Thorsen, U.S. Patent 4,200,504; April 29, 1980. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


