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EXTRACTION OF COPPER WITH L I Q U I I ~  SURFACTANT MEMBRANES 

F. Nakashio and K. Kondo 
Department of Organic Synthesis, Kyushu University, 

Fukuoka 812, Japan 

ABSTRACT 

Studies of the extraction of copper with liquid surfactant 
membranes containing a mobile carrier were conducted in a 
stirred transfer cell. It was found that: (1) the resistance 
of the diffusion step in liquid surfactant membranes is 
negligible compared with that of the diffusion step accompanied 
with chelating complex formation in the outer aqueous solution, 
(2) the initial rate of copper extraction varied inversely as 
the 0.5 power of hydrogen-ion concrntrntion in the low-pH range, 
but in the high-pH range was not affected by hydrogen-ion 
concentration, (3) the initial rate of copper extraction was 
proportional to the concentration of benzoylacetone, which is 
the mobile carrier in the membranes, in the low-pH range, but 
the rate was scarcely affected by benzoylacetone concentration 
in the high pH and benzoylacetone concentration ranges. These 
results are consistent with a model of liquid surfactant membranes 
which is presented. 

INTRODUCTION 

With the commercial development of metal chelating agents 

such as LIX 65N (long-chain alkyl aryl oximes) or Kelex 100 

(derivatives of 8-hydroxyquinoline) reagents, interest in the 

application of solvent extraction for the recovery of metals has 

increased, particularly with regard to the recycling of industrial 

resources, to hydrometallurgical processes, and in waste-water 

treatment processes (1-4). One of the most important problems, 
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1172 NAKASHIO AND KONDO 

inherent in such processes, is the large inventory of expensive 

chelating agent and solvent (5). An approach which reduces 

the solvent inventory is the use of liquid membranes ( 6 - 9 ) ,  in 

particular, the liquid surfactant membranes which were invented 

by Li (10) and then developed by many other investigators (5, 

11-14). 

In order to effectively utilize liquid surfactant membranes 

for the selective separation and concentration of metals, it is 

necessary to elucidate the mechanism of extraction. Several 

models for facilitated transport have been presented to dare. 

Hochhauser and Cussler (11) described the concentration of 

chromium with liquid surfactant membranes containing tridodecyl- 

amine by assuming that all reactions in the membrane are so rapid 

that they are essentially at equilibrium. Martin and Davies 

(15) have recently described the extraction of copper with liquid 

surfactant membranes containing SNE 529, which is a commercial 

chelating agent, by assuming that reactions take place at the 

interface between the membrane and the aqueous solution. 

In previous paper (14). we have described the separation 

and concentration of copper with liquid surfactant membranes 

containing benzoylacetone with a diffusion model and 

considerations of chelating complex formation in the aqueous 

phase close to the external interface of the membrane. The 

model assumed that the small water droplets in the emulsion 

phase dispersed uniformly, and that the effect of the stripping 

reaction rate on the overall extraction rate was negligible. 

However, analysis of the experimental data was complicated hy 

several problems, such as difficulty in evaluating the inter- 

facial area and emulsion breakdown, both caused by the use of a 

batch-type stirred tank. Therefore, it was difficult t o  

elucidate the mechanism of extraction. 

In the present work, the experimental problems were eliminated 

through the use of a stirred transfer cell. This permitted the 

mechanism of initial extraction of copper with liquid surfactant 
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L I Q U I D  SURFACTANT MEMBRANES 1173 

membranes t o  be d e f i n e d .  The exper imenta l  r e s u l t s  o b t a i n e d  i n  t h e  

batch-type s t i r r e d  t a n k  were then  d e s c r i b e d  i n  terms of t h e  

mechanism d e f i n e d  by a n a l y s i s  of  t h e  s t i r r e d  t r a n s f e r  c e l l  d a t a .  

EXPERIMENTAL 

Experimental  Apparatus 

Two types  of exper imenta l  a p p a r a t u s  were used.  A s k e t c h  

of the  s t i r r e d  t r a n s f e r  c e l l  which w a s  used i s  presented  i n  

F ig .  1. The c e l l  is very  s i m i l a r  t o  t h a t  descr ibed  p r e v i o u s l y  

( 1 6 ) .  Copper i o n  c o n c e n t r a t i o n  could o n l y  be  determined i n  t h e  

aqueous phases  of t h e  lower g l a s s  c e l l ;  a n a l y s i s  of t h e  emulsion 

phase  w a s  n o t  p o s s i b l e .  The t r a n s f e r  c e l l  was immersed i n  a 

I 2 6 ,  

I Water droplet 

FIGURE 1. Sketch of t h e  s t i r r e d  t r a n s f e r  cell and d e s c r i p t i o n  
of  t h e  model of a l i q u i d  s u r f a c t a n t  membrane. 
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1174 NAKASHIO AND KONDO 

c o n s t a n t - t e m p e r a t u r e  (30°C) w a t e r  b a t h .  The aqueous and emulsion 

p h a s e s  i n  t h e  two compartments w e r e  s t i r r e d  independen t ly  by two 

f l a t - b l a d e  s t i r r e r s  which o p e r a t e d  i n  o p p o s i t e  d i r e c t i o n s .  The 

compartments had volumes of  130 m l  f o r  t h e  aqueous phase  and 115 
L m l  f o r  t h e  emul s ion  phase.  The i n t e r f a c i a l  area w a s  15.7 c m  . 

The ba tch - type  s t i r r e d  t a n k  t h a t  w a s  used i s  shown 

s c h e m a t i c a l l y  i n  F i g .  2 .  The v e s s e l  had a n  i n n e r  volume of  abou t  

1200 m l  and w a s  f i t t e d  w i t h  f o u r  s t a i n l e s s  s t e e l  b a f f l e s ,  each 

of which was 1 cm wide and 1 5  cm long. The f l u i d s  were s t i r r e d  

by a t u r b i n e  i m p e l l e r  which had six f l a t  b l a d e s  and which w a s  

connected t o  a speed c o n t r o l l e r .  

Experimental  P rocedure  

The emulsion phase was made from b o t h  o r g a n i c  s o l u t i o n  and 

i n t e r n a l  aqueous s o l u t i o n  by t h e  p rocedure  d e s c r i b e d  p r e v i o u s l y  

( 1 4 ) .  The o r g a n i c  s o l u t i o n  was p r e p a r e d  by d i s s o l v i n g  t h e  mobile  

c a r r i e r ,  benzoy lace tone ,  and Span 8 0 ,  a n o n i o n i c  s u r f a c t a n t ,  i n  

commercial  GR g r a d e  t o l u e n e ,  and t h e  i n t e r n a l  aqueous s o l u t i o n  

was p repa red  by d i s s o l v i n g  commercial  GR g rade  h y d r o c h l o r i c  a c i d  

i n  d e i o n i z e d  w a t e r .  The pH o f  t h e  e x t e r n a l  aqueous s o l u t i o n  

which c o n t a i n e d  copper  i o n  w a s  a d j u s t e d  u s i n g  0 . 1  mol/L a c e t i c  

acid-sodium a c e t a t e  b u f f e r  s o l u t i o n .  

Toluene + HB 

Water B- + HCI 

/ 
Water + CU'+ 

FIGURE 2 .  Schematic  p rocedure  f o r  making l i q u i d  s u r f a c t a n t  
membranes and s k e t c h  of  t h e  ba t ch - type  s t i r r e d  t ank .  
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L I Q U I D  SURFACTANT MEMBRANES 1175 

I n  t h e  experiments  w i t h  t h e  s t i r r e d  t r a n s f e r  c e l l ,  t h e  

aqueous phase w a s  f i r s t  in t roduced  i n t o  t h e  c e l l  from a b u r e t t e  

which w a s  f i t t e d  w i t h  a cons tan t - tempera ture  j a c k e t .  The prepared 

emulsion phase w a s  r a p i d l y  in t roduced  t o  t h e  o t h e r  c o n s t a n t -  

t empera ture  j a c k e t ,  and then  was placed c a r e f u l l y  i n  t h e  c e l l  i n  

such a way as n o t  t o  d i s t u r b  t h e  i n t e r f a c e .  S t i r r i n g  w a s  

s t a r t e d  as soon as t h e  emulsion phase was in t roduced  i n  t h e  c e l l .  

Samples of about 1 . 2  m l  aqueous phase were taken a t  s p e c i f i e d  

i n t e r v a l s ,  and then  equal  volumes of t h e  o r i g i n a l  aqueous s o l u t i o n  

w e r e  added t o  t h e  c e l l  t o  main ta in  t h e  volume of t h e  aqueous 

s o l u t i o n  a t  i t s  o r i g i n a l  v a l u e .  The e f f e c t  of  t h e  sampling method 

on e x t e n t  of  copper  e x t r a c t e d  w a s  n e g l i g i b l e  up t o  120 min 

s t i r r i n g .  Copper c o n c e n t r a t i o n  was determined by atomic 

a b s o r p t i o n  spec t rochemica l  a n a l y s i s .  

I n  t h e  experiments  w i t h  t h e  batch-type s t i r red  tank ,  measured 

volumes of t h e  prepared emulsion were added t o  t h e  t h i r d  phase i n  

t h e  v e s s e l  ( t h e  e x t e r n a l  aqueous s o l u t i o n  c o n t a i n i n g  copper i o n )  

and s t i r r e d  a t  c o n s t a n t  speed.  Samples of  about  20 m l  w e r e  t aken  

a t  s p e c i f i e d  i n t e r v a l s .  A f t e r  s e p a r a t i o n  from t h e  emulsion,  t h e  

copper s o l u t i o n  w a s  removed f o r  a n a l y s i s .  

Experiments were c a r r i e d  o u t  a t  vary ing  s t i r r i n g  speed ,  

volume r a t i o  of t h e  o r g a n i c  s o l u t i o n  t o  t h e  i n t e r n a l  aqueous 

s o l u t i o n  i n  t h e  emulsion phase,  h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n  

i n  t h e  i n t e r n a l  and e x t e r n a l  aqueous phases ,  benzoylacetone 

Concent ra t ion  i n  t h e  o r g a n i c  s o l u t i o n ,  and copper  c o n c e n t r a t i o n  

i n  t h e  e x t e r n a l  aqueous phase.  The e f f e c t s  of t h e s e  v a r i a b l e s  

on t h e  r a t e  of copper e x t r a c t i o n  were s t u d i e d .  The e x t r a c t i o n  

r a t e s  w e r e  measured under  t h e  fo l lowing  c o n d i t i o n s :  pH range ,  

3 .5  t o  5.5; benzoylacetone c o n c e n t r a t i o n ,  0.005 t o  0.2 mol/L; 

and copper c o n c e n t r a t i o n ,  0.002 t o  0 .01  mol/L. 

Experimental  R e s u l t s  w i t h  t h e  S t i r r e d  Transfer  C e l l  

The s t a b i l i t y  of t h e  membranes was f i r s t  examined; t h i s  i s  

one of t h e  most impor tan t  f a c t o r s  i n  p r a c t i c a l  a p p l i c a t i o n s  of 

membrane p r o c e s s e s .  Emulsion breakdown w a s  computed from pH 
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1176 NAKASHIO AND KONDO 

0.4 - 
I 
u 

x 

measurements of  t h e  e x t e r n a l  aqueous s o l u t i o n .  As a r e s u l t ,  it 

was shown t h a t  t h e  degree  of  emulsion breakdown was v e r y  

smal l ,  e . g . ,  2 x a f t e r  180 min s t i r r i n g  a t  a Span 80 

c o n c e n t r a t i o n  of 2 . 0  w t  %, h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n  of  0 .5  

m o l / L  i n  t h e  i n t e r n a l  aqueous s o l u t i o n ,  volume r a t i o  (organic  

so lu t ion /aqueous  s o l u t i o n  i n  t h e  emulsion phase) of 2 ,  and s t i r r i n g  

speeds of  250 rprn i n  t h e  emulsion phase and 150 rpm i n  t h e  aqueous 

phase. I n  t h e  hatch-type s t i r r e d  t a n k ,  t h e  degree  o f  emulsion 

breakdown was about  1% a f t e r  60 min s t i r r i n g  under t h e  same 

c o n d i t i o n s  a s  i n  t h e  s t i r r e d  t r a n s f e r  c e l l ,  except  t h a t  t h e  volume 

r a t i o  w a s  u n i t y  and t h e  s t i r r i n g  speed was 200 rpm ( 1 4 ) .  I t  i s  

ev ident  t h a t  t h e  emulsion breakdown i s  much lower i n  t h e  s t i r r e d  

t r a n s f e r  c e l l  t h a n  i n  t h e  hatch-type s t i r r e d  tank  ( 1 4 ) .  

The dependence of  t h e  e x t e n t  of copper e x t r a c t e d ,  x ,  on 

s t i r r i n g  speed i n  t h e  emulsion phase ,  NE, i s  p r e s e n t e d  g r a p h i c a l l y  

i n  F i g .  3. The e x t e n t  of copper  e x t r a c t e d  i s  approximately 

c o n s t a n t  a t  s t i r r i n g  speeds above 250 rpm, whereas t h e  i n t e r f a c e  

pH = 5.5 Key t [minl 
0 10 

C,O = 0.006 moll1 
C H ~ 0  = 0.05 moll[ - - 
CHCL = 0.5 mol/ l  0 30 
c s  =2.0 wt.% 0 60 

Nw = 150  rpm 
Vorg :vaq I : 1 - - 0 120 

I r 
I I /o-- 

,O 

e-0-e- e-0 

100 200 301 
N E  Crprn3 

F I G U P 3  3 .  E f f e c t  of s t i r r i n g  speed i n  emulsion phase on e x t e n t  
of copper e x t r a c t e d .  
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LIQUID SURFACTANT MEMBRANES 1 1 7 7  

between t h e  aqueous and t h e  emulsion phases  becomes u n s t a b l e  a t  

s t i r r i n g  speeds  above 350 rpm. ( I n  a d d i t i o n ,  we b e l i e v e  t h a t  t h e  

m o b i l i t y  o f  t h e  small w a t e r  d r o p l e t s  i n  t h e  emulsion phase  i s  

reduced a t  s t i r r i n g  speeds  below 200 rpm.) 

The e f f e c t  o f  t h e  volume r a t i o ,  Vorg/Vaq, on t h e  e x t e n t  

of  copper  e x t r a c t e d  i s  d i s p l a y e d  i n  F i g .  4 .  (The v a l u e  

i n f i n i t y  means t h a t  o n l y  t h e  o r g a n i c  p h a s e  is used i n  p l a c e  o f  

t h e  emulsion phase . )  The e x t e n t  of  coppe r  e x t r a c t e d  can  b e  

r ega rded  as be ing  rough ly  independen t  of volume r a t i o  a t  r a t i o s  

above 2 .  I t  i s  p o s s i b l e  t h a t  t h e  m o b i l i t y  of  t h e  small w a t e r  

d r o p l e t s  i n  t h e  emulsion phase  i s  reduced a t  r a t i o s  less t h a n  2 .  

The e f f e c t  of  h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n ,  CHcl, i n  t h e  

i n t e r n a l  aqueous s o l u t i o n  on t h e  e x t e n t  of copper  e x t r a c t e d  i s  

p r e s e n t e d  i n  F i g .  5.  It  i s  e v i d e n t  from t h e s e  d a t a  t h a t  t h e  

e x t e n t  of  copper  e x t r a c t e d  i s  independen t  of  h y d r o c h l o r i c  a c i d  

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

0.6 

0.4 
CI 

I 
u 

Y 

0.2 

0 

CMO = 0.006 mol l l  
CHEO = 0.05 moll l  
CHC~ = 0.5 mol l  L 
cs  = 2.0 wt.% 
Nw = 150 rpm 
NE =250 rpm 

Key t Cminl 
0 10 

0 60 
0 120 

e 30 

I 7 
O 0- 

0 

FIGURE 4 .  E f f e c t  of  volume r a t i o  of  o r g a n i c  s o l u t i o n  t o  aqueous 
s o l u t i o n  i n  emulsion phase  on e x t e n t  of copper  e x t r a c t e d .  
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pH = 5.5 
CM0: 0.006 moll l  
CHm=0.05 mo l l l  - - 

Key t Cminl 
0 10 
0 30 
0 60 

- - 0 120 

c5 = 2.0 wt.% 
vo,p:v,q = 2 : 1 
N, = I50 rpm 
N, :250 rpm I 

I 
-0-0 0- 

- - 

0- -a-a 
- 

e- 
-0-0 0 -, 

F I G U R E  5. E f f e c t  of hydrochlor ic  a c i d  c o n c e n t r a t i o n  i n  i n t e r n a l  
aqueous s o l u t i o n  on e x t e n t  of copper e x t r a c t e d .  

r e a c t i o n  r a t e  on t h e  o v e r a l l  e x t r a c t i o n  ra te  of copper i s  

n e g l i g i b l e  under t h e  exper imenta l  c o n d i t i o n s  employed. 

Typica l  r e l a t i o n s  between t h e  e x t e n t  of copper e x t r a c t e d  

and t i m e  are presented  i n  Fig.  6 as a f u n c t i o n  of pH. It  i s  

ev ident  t h a t  t h e  e x t r a c t i o n  ra te  i n c r e a s e s  w i t h  pH. These r e s u l t s  

are s i m i l a r  t o  those o b t a i n e d  ear l ier  f o r  t h e  e x t r a c t i o n  of  

copper wi th  benzoylacetone ( 1 7 ) .  

A s  mentioned p r e v i o u s l y ,  it i s  a n t i c i p a t e d  t h a t  t h e  copper 

e x t r a c t i o n  r e a c t i o n  o c c u r s  i n  t h e  aqueous phase c l o s e  t o  t h e  

i n t e r f a c e  between t h e  aqueous and t h e  emulsion phases ,  The 

JM, i s  shown i n  e f f e c t  of pH on t h e  i n i t i a l  e x t r a c t i o n  r a t e ,  

F ig .  7 .  The i n i t i a l  e x t r a c t i o n  ra te  v a r i e s  i n v e r s e l y  as t h e  0.5 

power of hydrogen-ion c o n c e n t r a t i o n  i n  t h e  low pH range ,  but  

becomes independent of pH i n  t h e  h igh  pH range .  

‘HBO’ 
The e f f e c t  of  i n i t i a l  benzoylacetone c o n c e n t r a t i o n ,  

on t h e  i n i t i a l  e x t r a c t i o n r a t e  i s  shown i n  F ig .  8. The i n i t i a l  
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0 0.05 
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I 
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F I G U R E  7. Effect of pH on initial extraction rate. 
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1180 NAKASHIO AND KONDO 

' 1 1 I 

C,, = 0.006 moll1 

CHBo Cmollll 

FIGURE 8 .  E f f e c t  o f  b e n z o y l a c e t o n e  c o n c e n t r a t i o n  on  i n i t i a l  
e x t r a c t i o n  r a t e .  

e x t r a c t i o n  r a t e  i s  p r o p o r t i o n a l  t o  t h e  b e n z o y l a c e t o n e  

c o n c e n t r a t i o n  i n  t h e  l o w  pH range .  For  c o m b i n a t i o n s  of h i g h  pH 

and h i g h  b e n z o y l a c e t o n e  c o n c e n t r a t i o n ,  t h e  r a t e  i s  o n l y  s l i g h t l y  

a f f e c t e d  by b e n z o y l a c e t o n e  c o n c e n t r a t i o n .  

The e f f e c t  o f  i n i t i a l  coppe r  c o n c e n t r a t i o n ,  CMo, on t h e  

i n i t i a l  e x t r a c t i o n  ra te  i s  d i s p l a y e d  i n  F i g .  9 .  It  i s  e v i d e n t  t h a t  

t h e  i n i t i a l  e x t r a c t i o n  r a t e  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of  

t h e  coppe r  c o n c e n t r a t i o n .  

DISCUSSION -- 
I n  t h i s  s e c t i o n  w e  d i s c u s s  t h e  mechanism f o r  t h e  e x t r a c t i o n  o f  

c o p p e r  i o n  w i t h  l i q u i d  s u r f a c t a n t  membranes i n  a s t i r r e d  t r a n s f e r  

c e l l .  I n  a p r e v i o u s  p a p e r  ( 1 4 ) ,  i n  which a b a t c h - t y p e  s t i r r e d  

t a n k  w a s  u s e d ,  t h e  i n i t i a l  e x t r a c t i o n  r a t e  c o u l d  be  d e s c r i b e d  

a p p r o x i m a t e l y  by a model i n  which e a c h  w a t e r  d r o p l e t  w i t h i n  t h e  

emul s ion  d r o p l e t  m i g r a t e s  f r e e l y  and h a s  a n  a v e r a g e  c o m p o s i t i o n  

w i t h  r e s p e c t  t o  coppe r  i o n .  From t h e  d a t a  p r e s e n t e d  i n  F i g s .  3 
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L I Q U I D  SURFACTANT MEMBRANES 1181 

FIGURE 9 

CHB0= 0.05 mol l l  t 

0 4.0 

10-3 
CM0 Cmollll 

E f f e c t  o f  copper c o n c e n t r a t i o n  on i n i t i a l  e x t r a c t i o n  
ra te .  

and 4 ,  t h e s e  assumptions appear  t o  be v a l i d  f o r  t h e  s t i r r e d  

t r a n s f e r  c e l l  when opera ted  w i t h  a s t i r r i n g  speed of  250 rpm i n  

t h e  emulsion phase and a t  a volume r a t i o  (organic  s o l u t i o n /  

aqueous s o l u t i o n  i n  t h e  emulsion phase)  of  2 .  

Consider t h e  average  volume, v of t h e  o r g a n i c  s o l u t i o n  o r g '  
element sur rounding  a s m a l l  water d r o p l e t  i n  t h e  emulsion phase,  

assuming uniform d i s p e r s i o n :  

v ( n / 6 ) [ 0 / ( 1  - @)Id: , (1)  

O = v  org/('org + v  aq >, 

o r g  

where d i s  t h e  d iameter  of a s m a l l  water d r o p l e t  i n  t h e  

emulsion phase,  and 
W 

(2) 

where V and V are t h e  volumes of o r g a n i c  and aqueous s o l u t i o n  

i n  t h e  emulsion.phase,  r e s p e c t i v e l y .  Therefore ,  t h e  membrane 

t h i c k n e s s ,  6e,  i s  g iven  approximately by t h e  express ion:  

o r g  aq 

6e = dw( [1/(1 - 0)  1 ll3 - 1). (3) 

For example, 6e = 0.78 pm when 0 = 0.5 and d = 3 pm ( 1 5 ) .  
W 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1182 NAKASHIO AND KONDO 

The t h i c k n e s s  of f i l m  6 which i s  i n  t h e  aqueous phase c l o s e  

t o  t h e  e x t e r n a l  i n t e r f a c e  of membrane can a l s o  be e s t i m a t e d .  

Using t h e  v a l u e s o f  t h e  d i f f u s i o n  c o e f f i c i e n t  of benzoylacetone i n  

t h e  aqueous phase ,  DHB = 0.84 x low5 cm / s e e ,  and of t h e  mass 

t r a n s f e r  c o e f f i c i e n t  of  benzoylacetone i n  t h e  aqueous phase ,  

k = 9 . 8  x 1 0  cm/sec r e p o r t e d  p r e v i o u s l y  (17), t h e  v a l u e  of 

6 becomes 8 . 6  x 10 cm basedon t h e  f i l m  theory .  T h i s  i s  about  a 

hundred t i m e s  t h e  membrane t h i c k n e s s .  Therefore ,  w e  may cons ider  

t h a t  t h e  mass t r a n s f e r  r e s i s t a n c e  i n  t h e  membrane i s  n e g l i g i b l e  

i n  comparison w i t h  t h e  r e s i s t a n c e  i n  t h e  f i l m  of t h e  aqueous 

phase,  which i s  induced by t h e  c h e l a t i n g  complex formation and 

d i f f u s i o n  processes ,  as  s t a t e d  e a r l i e r  ( 1 4 ) .  

2 

-4 

-3 L 

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

membranes i n  a s t i r r e d  t r a n s f e r  c e l l  which r e s u l t s  i s  t h a t  shown 

schemat ica l ly  i n  Fig.  1. 

i n t e r f a c e  t o  form t h e  c h e l a t i n g  complex, MR2 w i t h  c h e l a t i n g  a g e n t ,  

RH (benzoylacetone i n  t h i s  case), which w i l l  d i f f u s e  a c r o s s  t h e  

i n t e r f a c e  from o r g a n i c  s o l u t i o n .  The complex w i l l  r a p i d l y  d i f f u s e  

a c r o s s  t h e  l i q u i d  membrane w i t h  a t h i c k n e s s ,  6 e ,  and w i l l  l i b e r a t e  

copper i o n  i n t o  t h e  s m a l l  water d r o p l e t ,  exchanging two hydrogen 

ions .  Chela t ing  a g e n t ,  which i s  r e g e n e r a t e d  i n  t h e  p r o c e s s ,  w i l l  

aga in  d i f f u s e  toward t h e  i n t e r f a c e .  

Copper i o n ,  M2’ w i l l  d i f f u s e  toward t h e  

Consider t h e  s t r i p p i n g  r e a c t i o n  p r o c e s s e s  w i t h i n  t h e  smal l  

water  d r o p l e t s .  According t o  a previous  paper  ( 1 7 ) ,  t h e  r a t e  of 

i n  t h e  aqueous phase can be t h e  c h e l a t i n g  complex format ion ,  

expressed by t h e  r e l a t i o n :  
rf’ 

‘M ‘HB(org) 1 CMB2(org) ‘H 1 ,  _ -  rs = k3K1K2 (- ‘H 
‘ ~ ~ ( o r g )  

( 4 )  

where k3 i s  t h e  r e a c t i o n  rate c o n s t a n t  of  copper  monocomplex 

format ion ,  K 

i s  t h e  d i s s o c i a t i o n  c o n s t a n t  o f  benzoylacetone.  C and Cm2 a r e  

t h e  c o n c e n t r a t i o n s  of t h e  hydrogen-ion and t h e  copper bis-complex 

wi th  benzoylacetone,  r e s p e c t i v e l y .  Assuming t h a t  t h e  r a t e -  

c o n t r o l l i n g  s t e p  i n  t h e  s t r i p p i n g  r e a c t i o n  i s  t h e  same as t h a t  i n  

i s  t h e  p a r t i t i o n  c o n s t a n t  of benzoylacetone,  and K 2  1 

H 
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L I Q U I D  SURFACTANT MEMBRANES 1183 

t h e  c h e l a t i n g  complex format ion ,  t h e  express ion  f o r  t h e  s t r i p p i n g  

r e a c t i o n  ra te ,  rs ,  i n  t h e  i n t e r n a l  aqueous s o l u t i o n  i s  g iven  by 

1 
= - rs = k3K1K2 (x r 

where K i s  t h e  e q u i l i b r i u m  

r e a c t i o n  of copper ,  6.76 x 

) ,  (5) 
MB2(0rg)~:K1 ‘M CHB(org) 

‘HB(org) ‘HCl 

C 
-- 

c o n s t a n t  f o r  t h e  o v e r a l l  e x t r a c t i o n  

(18) .  W e  c o n s i d e r  a c a s e  i n  which 

t h e  e x t e n t  of copper exLracted i s  15%, w i t h  C = 0,006 mol/L, 

CHBO = 0.05 mol/L, pH = 4.0 and C 

t h e  f i r s t  t e r m  i n  t h e  parentheses  o l  E q .  ( 4 )  is  2 . 6  mol/L, and 

thctt of t h e  second tern1 is o n l y  1Z of  t F , i s  v a l v .  S i m i b r l y ,  

t h e  va lue  o f  t h e  f i r s t  tern i n  t h e  parentheses  of E q .  (5 )  is 1 . 3  

x 10  

t h i s  v a l u e .  Therefore ,  i n  t h e  i n i t i a l  per iod O F  e x t r a c t i o n ,  t h e  

s t t i p p i n g  r e a c t i o n  ra te  i s  s u f f i c i e n t l y  Larger than t h e  raLe of 

t h e  c h e l a t i n g  complex formation.  so  t h a t  t h e  s t r i p p i n g  r e a c t i o n  

i s  not  considered t o  be t h e  r a t e - c o n t r o l l i n g  s t e p  of t h e  copper 

e x t r a c t i o n .  This  r e s u l t  i s  supported by t h e  exper imenta l  r e s u l t s  

shown i n  F ig .  5 ,  i n  which t h e  pH of  t h e  i n t e r n a l  aqueous phase i s  

seen t o  have a n e g l i g i b l e  e f f e c t  on t h e  r e a c t i o n  r a t e .  

MO 
= 0.5 mol/L. The v a l u e  of xi 

2 mol/L, and t h a t  of t h e  seccnd term i s  only 4 x LOw4% o f  

L a s t l y ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  of benzoylacetone in t h e  

l i q u i d  membrane can  be  es t imated .  S ince  t h e  maximum i n i t i a l  
-9 2 e x t r a c t i o n  ra te  i s  5 x 10 mol/cm .set, t h e  f l u x  of benzoyl- 

ace tone ,  JHB,  i n  t h e  membrane can be es t imated  t o  be about  

mol/cm**sec. The express ion  f o r  J can be w r i t t e n  ( 1 4 )  
HB 

as 

( 6 )  i 
JHB = (CHBo - CHB) = sB . ACHB, 

where k;IB i s  t h e  mass t r a n s f e r  c o e f f i c i e n t  of benzoylacetone i n  

t h e  membrane, and CHB is t h e  c o n c e n t r a t i o n  of benzoylacetone a t  

t h e  e x t e r n a l  i n t e r f a c e .  Assuming f i l m  theory  a p p l i e s ,  k& can be  

approximated by DiB/6,, where DAB is t h e  d i f f u s i o n  c o e f f i c i e n t  of 

benzoylacetone i n  to luene .  

and t h e  va lue  of D’  = 1 . 8  x 10 cm / s e c  ( 1 9 ) ,  t h e  benzoyl- 

ace tone  c o n c e n t r a t i o n  d i f f e r e n c e ,  ACHB, becomes 4 .3  x 1 0  

i 

Using t h e  v a l u e  of 6e presented  ear l ier  
-5 2 

-5  HB 
mol/L. 
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1184 NAKASHIO AND KONDO 

T h i s  v a l u e  i s  o n l y  0.02% of  t h e  i n i t i a l  c o n c e n t r a t i o n  of  0 . 2  

mol/L. T h e r e f o r e ,  t h e r e  a p p e a r s  t o  b e  o n l y  a v e r y  s m a l l  

c o n c e n t r a t i o n  g r a d i e n t  o f  coppe r  complex a s  w e l l  as b e n z o y l a c e t o n e  

i n  t h e  membrane. From t h e  d i s c u s s i o n  above ,  i t  can  be  assumed 

t h a t ,  even  a t  t h e  e a r l y  s t a g e  o f  e x t r a c t i o n ,  coppe r  i o n  i s  a c c e p t e d  

i n t o  t h e  s m a l l  water d r o p l e t s  i n  t h e  emul s ion  phase .  

I n  d e v e l o p i n g  t h e  ma themat i ca l  d e s c r i p t i o n  o f  t h e  i n i t i a l  

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

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

p r o c e s s e s  i n  t h e  aqueous  p h a s e  c l o r e  t o  t h e  e x t e r n a l  i n t e r f a c e  

o f  t h e  membrane, a s  mentioned p r e v i o u s l y .  The e x p e r i m e n t a l  

r e s u l t s  shou ld  t h e n  b e  d e s c r i b e d  ( s e e  Appendix) by t h e  

e q u a t i o n  " 

where J is t h e  f l u x  o f  coppe r  i o n  and E i s  t h e  enhancement 

f a c t o r  (which i s  d e f i n e d  i n  the Appendix) .  Assuming t h a t  the mass 

t r a n s f e r  of  complex i n  t h e  membrane is n o t  t h e  r a t e - c o n t r o l l i n g  

M 

JM = K k E (CHBO/2). 1 L  

Under t h e  c o n d i t i o n s  o f  pseudo-f i r s t  

E ; > > M > l ,  E q .  (8) c a n  be r e w r i t t e n  i n  

( 7 )  becomes 

(8 )  

o r d e r  r e a c t i o n ,  i . e . ,  

t h e  form 

(9) 

E q u a t i o n  ( 9 )  a c c u r a t e l y  d e s c r i b e s  t h e  e x p e r i m e n t a l  r e s u l t s  a t  

l o w  pH and b e n z o y l a c e t o n e  c o n c e n t r a t i o n .  

We can  o b t a i n  v a l u e s  of t h e  r e a c t i o n  ra te  c o n s t a n t ,  k3, 

and t h e  m a s s  t r a n s f e r  c o e f f i c i e n t ,  kL, f rom t h e  e x p e r i m e n t a l  d a t a  

th rough  t h e  use of E q .  ( 8 ) .  F i r s t ,  t h e  e x p e r i m e n t a l  d a t a  are  

summarized as  a p l o t  o f  J / C *  / C  The r e s u l t a n t  M HB vs (' MO H. 
c u r v e  i s  supe rposed  on a p l o t  of  E v s  ( M ) ' I L  o b t a i n e d  from 

E q .  ( A - 1 ) .  

t o  J M / C & ,  and t h e  v a l u e  o f  k 

The v a l u e  of kL i s  t h e n  o b t a i n e d  from E ,  c o r r e s p o n d i n g  
1 / 2  is o b t a i n e d  from (M) , 3 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



LIQUID SURFACTANT MEMBRANES 1185 

c o r r e s p o n d i n g  t o  (C / C  The v a l u e s  d e r i v e d  i n  t h i s  manner 

a re  k = ( 5 . 4  2 1 . 5 )  x 10 M0 €I -4 3 cm/sec and k = 5.0 x 1 0 l 2  c m  / m o l . s e c  L 3 
In t h e  c a l c u l a t i o n ,  t h e  v a l u e  o f  t h e  p a r t i t i o n  c o n s t a n t  K1 used w a s  

t h e  s a m e  as i n  t h e  water-benzene sys t em,  i . e . ,  7 . 2  x 1 0  (18), 

whereas  t h e  v a l u e s  of  K 2  and DHB were t a k e n  t o  be  i d e n t i c a l  t o  

t h o s e  employed i n  a p r e v i o u s  p a p e r  ( 1 7 ) .  The v a l u e  of k i s  

abou t  t e n  t i m e s  t h e  v a l u e  o b t a i n e d  ear l ie r  (17), i n  which t h e  

pH of  aqueous phase  w a s  a d j u s t e d  u s i n g  a n  ammonium n i t r a t e -  

ammonium h y d r o x i d e  s o l u t i o n .  T h i s  d i f f e r e n c e  i s  due t o  t h e  u s e  

o f  a c e t i c  acid-sodium acetate  b u f f e r  s o l u t i o n  i n  t h e  p r e s e n t  

e x p e r i m e n t s .  Copper i o n  can fo rm a c o p p e r - a c e t a t e  complex, 

Cu(0Ac) , i n  aqueous s o l u t i o n ,  which can  b e  e x t r a c t e d  more 

r a p i d l y  t h a n  Cu . For example,  t h e  a d d i t i o n  of  a c e t a t e  

i o n  i s  r e p o r t e d  (20) t o  enhance  t h e  ra te  of z i n c  d i t h i o z o n a t e  

e x t r a c t i o n  by a b o u t  a f a c t o r  o f  25.  C h l o r i d e  i o n  ( 2 1 ) ,  and t h i o -  

c y a n a t e  i o n  (22)  a r e  a l s o  r e p o r t e d  as c h e l a t i n g  a g e n t s  which 

a c c e l e r a t e  t h e  e x t r a c t i o n  ra tes  o f  metals.  

-4 

3 

+ 
2+ 

On t h e  o t h e r  hand ,  t h e  v a l u e  o f  k i s  somewhat s m a l l  i n  L 
comparison w i t h  t h e  v a l u e  o b t a i n e d  i n  o u r  p r e v i o u s  s t u d y  ( 1 7 ) .  

T h i s  i s  due  t o  t h e  h i g h e r  v i s c o s i t y  o f  t h e  emul s ion  phase  i n  t h e  

p r e s e n t  work o v e r  t h a t  o f  t h e  o r g a n i c  p h a s e  used i n  t h e  p r e v i o u s  

s t u d y .  ( I t  is presumed t h a t  t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  i s  

a f f e c t e d  by t h e  m o b i l i t y  of b e n z o y l a c e t o n e  i n  t h e  emul s ion  

p h a s e . )  

The v a l u e s  of t h e  c o e f f i c i e n t s  k3 and k which w e r e  de t e rmined  

i n  t h i s  s t u d y  were employed i n  t he  p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l  

d a t a  a s  a p l o t  of E vs (P?)’l2 which i s  shown i n  F i g .  I f ) .  

A b e n z o y l a c e t o n e  c o n c e n t r a t i o n  o f  0 .1  mol/L c o r r e s p o n d s  t o  E = 150,  

whereas a c o n c e n t r a t i o n  o f  0 .05 mol/L c o r r e s p o n d s  t o  Ei = 290. 

e x p e r i m e n t a l  d a t a  a p p e a r  t o  b e  i n  r e a s o n a b l e  agreement  w i t h  t h e  

d i f f u s i o n  model.  I n  o t h e r  words,  the e x p e r i m e n t a l  r e s u l t s  t e n d  t o  

s u p p o r t  t h e  v a l i d i t y  o f  t h e  a s s u m p t i o n s  which w e r e  made i n  a p p l y i n g  

t h e  model t o  t h e  e x t r a c t i o n  of  coppe r  i o n  i n  t h e  s t i r r e d  t r a n s f e r  

c e l l .  

L 

i 
The 
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1186 NAKASHIO AND KONDO 

(B 0.2 I n i  I 
1 

1 o2 103 
47 c-I 

1 / 2  FIGURE 10. Relation between E and (M) . 

The experimental data obtained with the batch-type stirred 

tank can now be analyzed in terms of the same extraction 

mechanism. 

The change of  copper concentration in the external aqueous 

phase with time can be expressed as 

-V (dC /dt) = AJM, (10) W M  

where Vw is the volume of external aqueous phase,  and A is the 

total surface area of emulsion droplets. 

where VE is the total volume of emulsion droplets and d is 

their average diameter, the use of Eq. (8) permits Eq. (10) to 

be rewritten in the form 

Since A = VE(6/d), 

- ( d C M / d t )  = k L aK 1 E ( C  HBO/*) .  (11) 

where 2 is the surface-to-volume ratio of the emulsion droplet, 

that is, 6 VE/dVW. 

Kutta method, with the initial condition being C - 
t = 0. The value of the constants used in the calculation are 

Equation (11) can be solved by the Runge- 

M - ‘MO at 
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2 -5 2 as f o l l o w s :  = 0.84 x ern / s e c .  D = 0 . 7 2  x 10 cm / s e c ,  
-12 M3 1 2  , K2 = 1.1 x 10 mol/cm , k3 = 5.0 x 1 0  

3 cm /mol .sec.  

s t i r r e d  tank  exper iments ,  Eq. (11) was solved f o r  v a r i o u s  

combinat ions of kL and 2. 

with  c a l c u l a t e d  r e s u l t s  a r e  shown i n  F i g s .  11 and 1 2  f o r  t h e  

c a s e  Vw:VE = 700:lOO. 

r e s u l t s  w i t h  k = 1 . 0  x 10 cm/sec and d = 0.06 cm. The 

d e v i a t i o n s  between theory  and experiment beyond t h e  15-min t i m e  

per iod a r e  be l ieved  t o  be due t o  emulsion breakdown. 

L 

Since t h e  v a l u e s  o f  k and 5 a r e  unknown i n  t h e  L 

Comparisons of t h e  exper imenta l  d a t a  

The s o l i d  l i n e s  r e p r e s e n t  t h e  c a l c u l a t e d  
-3 

L 

The same v a l u e s  of k and d were then  used t o  c o n s t r u c t  

t h e  t h e o r e t i c a l  curves  f o r  t h e  c a s e  V w:VE = 750:50 t h a t  are  

0 
0 

FIGURE 11. E f f e c t  of pH on e x t r a c t i o n  r a t e  of copper i n  a 
batch-type s t i r r e d  tank .  
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0 

I 
u 

0 
I 

Y 
I 

V 

0 10 20 30 
t Cminl 

F I G U R E  1 2 .  E f f e c t  of  b e n z o y l a c e t o n e  c o n c e n t r a t i o n  on e x t r a c t i o n  
ra te  o f  coppe r  i n  a b a t c h - t y p e  s t i r r e d  t a n k .  

shorm i n  F i g .  13.  The c a l c u l a t e d  v a l u e s  are i n  good agreement  

w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o v e r  t h e  i n i t i a l  15-min t i m e  p e r i o d .  

A pr imary  r e a s o n  f o r  t h e  d i v e r g e n c e  o v e r  t h i s  t i m e  i n t e r v a l  i s  

t h e  d i f f e r e n c e  i n  t h e  d i a m e t e r s  of  t h e  emul s ion  d r o p l e t s  i n  t h e  

two c a s e s .  

The d a t a  p r e s e n t e d  i n  F i g s .  11-13 s u p p o r t  t h e  mechanism 

developed i n  t h i s  p a p e r  f o r  t h e  e x t r a c t i o n  of c o p p e r  u s i n g  l i q u i d  

s u r f a c t a n t  membranes. The model as p r e s e n t l y  deve loped  i s  a p p l i c a b l e  

o n l y  d u r i n g  t h e  e a r l y  p h a s e  of the e x t r a c t i o n ;  f u r t h e r  work i s  

n e c e s s a r y  t o  e x t e n d  t h e  t r e a t m e n t  t o  l o n g e r  t i m e  p e r i o d s ,  w h e r e i n  

e f f e c t s  o f  emul s ion  breakdown need  t o  b e  t a k e n  i n t o  a c c o u n t .  
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m I 'o-'L " t  \ 

FIGURE 13.  E f f e c t  of copper c o n c e n t r a t i o n  on e x t r a c t i o n  r a t e  
of copper i n  a batch-type s t i r r e d  t.ank. 

CONCLUSIONS 

The e x t r a c t i o n  of copper w i t h  l i q u i d  s u r f a c t a n t  membranes 

w a s  c a r r i e d  out  i n  a s t i r r e d  t r a n s f e r  c e l l  t o  d e f i n e  t h e  mechanism 

of e x t r a c t i o n .  Emulsion breakdown w a s  found t o  be very  s m a l l  i n  

comparison w i t h  t h a t  i n  a batch-type s t i r r e d  tank .  The i n i t i a l  

e x t r a c t i o n  r a t e  o f  copper  v a r i e d  i n v e r s e l y  as t h e  0 .5  power of 

hydrogen-ion c o n c e n t r a t i o n  i n  t h e  l o w  pH range,  but  tended t o  

become independent  of pH i n  t h e  h i g h  pH range .  The r a t e  was 

p r o p o r t i o n a l  t o  t h e  benzoylacetone c o n c e n t r a t i o n  i n  t h e  l o w  pH 

range ,  bu t  i n  t h e  h i g h  pH range  t h e  r a t e  was o n l y  s l i g h t l y  

a f f e c t e d  by t h e  benzoylacetone c o n c e n t r a t i o n  a t  high benzoyl- 

ace tone  c o n c e n t r a t i o n s .  Moreover, t h e  r a t e  was observed t o  be  

p r o p o r t i o n a l  t o  t h e  square  r o o t  of t h e  copper c o n c e n t r a t i o n .  
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1190 NAKASHIO AND KONDO 

A model f o r  f a c i l i t a t e d  t r a n s p o r t  was p roposed  i n  which 

t h e  s m a l l  w a t e r  d r o p l e t s  i n  t h e  emul s ion  phase  were assumed t o  he  

un i fo rmly  d i s p e r s e d ,  and t h e  e f f e c t  o f  t h e  s t r i p p i n g  r e a c t i o n  

r a t e  on t h e  o v e r a l l  e x t r a c t i o n  r a t e  of  coppe r  was assumed t o  be  

n e g l i g i b l e .  The e x p e r i m e n t a l  d a t a  were a n a l y z e d  i n  terms o f  

thi.: model t o  o b t a i n  v a l u e s  of t h e  r e a c t i o n  ra te  c o n s t a n t  and 

t h e  c h a r a c t e r i s t i c  mass t r a n s f e r  c o e f f i c i e n t .  The r e s u l t s  

o b t a i n e d  i n  t h i s  manner were shown t o  be  c o n s i s t e n t  w i t h  

e x p e r i m e n t a l  d a t a  o b t a i n e d  u s i n g  a b a t c h - t y p e  s t i r r e d  t a n k .  
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APPENDIX 

By d e f i n i n g  t h e  modulus M as DHnk3K2CM/kiCH, and t h e  

enhancement f a c t o r  E 

(23 )  as  an e x p l i c i t  f u n c t i o n  o f  E; and M. 

as  1 + 2DMCM/DHBCfiB, E can b e  e x p r e s s e d  i 

E = 1 + (E - l)[ l  - exp {-[(MI - l]/(Ei - l)}] . (A-1) i 
The enhanrement f a c t o r  E i s  d e f i n e d  by 

E = 2 5  /k  C* (A-2) M L HB’ 

where CGB i s  t h e  c o n c e n t r a t i o n  o f  b e n z o y l a c e t o n e  a t  t h e  i n t e r f a c e  

which i s  i n  e q u i l i b r i u m  w i t h  t h e  c o n c e n t r a t i o n  i n  t h e  o r g a n i c  

phase  : 
(A-3) i 

C g B  = KICHB. 

E q u a t i o n  ( 7 )  i s  d e r i v e d  from Eqs.  (A-2), (A-3) ,  and ( h ) ,  and 

t h e  a s sumpt ion  t h a t  JHB = 2JM. 
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