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SULFONIC ACIDS: CATALYSTS FOR THE 
LIQUID-LIQUID EXTRACTION OF METALS 

K. Osseo-Asare and M. E. Keeney 
Department of Materials Science and Engineering 

The Pennsylvania State University 
University Park, Pennsylvania 16802 

ABSTRACT 

Three sulfonic acid extractants, dinonylnaphthalene sulfonic acid 
(HDNNS), didodecylnaphthalene sulfonic acid (HDDNS) and di-(2-ethyl- 
hexyl) sodium sulfosuccinate (Aerosol OT, AOT) are compared as to 
their effects on the extraction of nickel with LIX63. The acidic 
extractants interact synergistically with the oxime. Interfacial 
tension results are presented which demonstrate that the sulfonates 
form reversed micelles in non-polar organic solvents. It is proposed 
that the reversed micelles catalyze the extraction by specific 
solubilization of both the metal and the extractant, resulting in an 
increase in the interfacial concentration of the reacting species. 
The ability of LIX63 to chelate with nickel without deprotonating 
permits the synergism to occur at low pH. 

INTRODUCTION 

Sulfonic acids have long been known to function as liquid ion 

exchange compounds (1-3). These reagents, the best known of which is 

dinonylnaphthalene sulfonic acid (HDNNS), have been proposed for a 

variety of applications including removal o f  cobalt and other metals 

from radioactive liquid wastes (4,5), separation of precious metals 

(6) and purification of wet phosphoric acid (7). 
Recently, attention has been drawn to the use of sulfonic acids 

in combination with other extractants to achieve increased extraction 

rates and selectivities (8-14). Nyman and Hummelstedt ( 8 )  have 

999 

Copyright 0 1980 by Marcel Dekker, Inc 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1000 OSSEO-ASARE AND KEENEY 

demonstrated t h a t  t h e  a d d i t i o n  of small amounts of HDNNS (up t o  

0.01 mol dm ) i n c r e a s e s  t h e  ra te  of n i c k e l  e x t r a c t i o n  w i t h  LIX70- 

V e r s a t i c  a c i d  mixtures .  S i m i l a r  r e s u l t s  have been r e p o r t e d  by 

Moore and P a r t r i d g e  (9)  f o r  copper  e x t r a c t i o n  w i t h  LIX64N. Van 

Dalen and co-workers (10,ll) have examined metal e x t r a c t i o n  w i t h  

HDNNS-di-(2-ethylhexyl) phosphoric  a c i d  (D2EHPA) mixtures .  The 

enhanced e x t r a c t i o n  of Ni ( I1)  and Co(I1) from a c i d i c  s o l u t i o n s  

w i t h  mixtures  of HDNNS and LIX63 has  been s t u d i e d  by s e v e r a l  

i n v e s t i g a t o r s  (12-14). 

-3 

On t h e  b a s i s  of m e t a l  e x t r a c t i o n  and i n t e r f a c i a l  t e n s i o n  d a t a ,  

Osseo-Asare and Keeney (15) have r e c e n t l y  proposed t h a t  t h e  syner-  

gism observed i n  t h e  LIX63-HDNNS system has  an i n t e r f a c i a l  o r i g i n .  

The purpose of  t h i s  paper  i s  t o  ex tend  t h i s  earl ier d i s c u s s i o n  t o  

mixtures  of  LIX63 w i t h  didodecylnaphthalene s u l f o n i c  a c i d  (HDDNS) 

and w i t h  di-(2-ethylhexyl)  sodium s u l f o s u c c i n a t e  (Aerosol  OT,AOT). 

EXPERIMENTAL 

Reagents 

Commercial LIX63 w a s  purchased from General M i l l s  Chemicals, 

Inc .  and w a s  p u r i f i e d  as d e s c r i b e d  elsewhere (16,17) t o  g i v e  

an t i -5 ,8  diethyl-7-hydroxy-6-dodecanone oxime (HOx). HDNNS and 

HDDNS were s u p p l i e d  by King I n d u s t r i e s ,  I n c .  as SYNEX 1040 and 

2040, r e s p e c t i v e l y ,  and were p u r i f i e d  accord ing  t o  t h e  method 

of Danesi ,  e t  a l .  (18) .  AOT w a s  ob ta ined  from Eastman Chemicals, 

Inc .  and w a s  used a s  rece ived .  

grade  and w e r e  used wi thout  f u r t h e r  p u r i f i c a t i o n .  

A l l  o t h e r  chemicals  were reagent  

I n t e r f a c i a l  Measurements 

I n t e r f a c i a l  t e n s i o n s  w e r e  measured u s i n g  t h e  du Nouy r i n g  

method. 

e lsewhere (15 ,17 ) .  

Details  of t h e  exper imenta l  p rocedure  have been r e p o r t e d  
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L I Q U I D - L I Q U I D  EXTRACTION OF METALS 1001 

Kinetic Measurements 

Kinetic measurements were made using a stirred cell apparatus 

similar to the one described by Carter and Freiser (19). A l l  

measurements were made with the cell equilibrated at 25OC. Exper- 

imental determinations were made by contacting 250 ml volumes of a 

standardized hexane solution containing the extractants with 250 ml 

volumes of an aqueous nitrate solution (pH 2.5, [Ni]=5.0~10-~ mol 
dm , 0.5 mol dm KNO ) and immediately dispersing the phases. 

Equal volumes (-2.5 ml) of the aqueous and organic phases were 

withdrawn at appropriate time intervals and allowed to separate. 

The aqueous phase was removed immediately and filtered. Nickel 

concentration in the aqueous phase was determined by atomic 

absorption spectroscopy. 

- 3  -3 
3 

Spectral Measurements 

Electronic absorption spectra were recorded with a Cary 17 

spectrophotometer and atomic absorption measurements were made on 

a Perkin Elmer 703 atomic absorption spectrophotometer. 

RESULTS 

Interfacial Tension Isotherms 

Figures 1 and 2 show the interfacial tension behavior for the 

hexane/aqueous systems containing HDDNS and AOT,  respectively. 

The isotherms are typical of surfactant species which form inverse 

micelles in the organic phase. The sharp change in linear behavior 

at low y values marks the concentration at which the sulfonate 

molecules begin to aggregate into micelles (i.e., the critical 

micelle concentration, CMC). Sulfonate micelles have a polar core 

capable of solubilizing large quantities of aqueous solution. For 

example, an HDNNS micelle containing approximately 17 monomers/ 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1002 OSSEO-ASARE AND KEENEY 

30 - 

Y 
(mNrn-0 

20 - 

10 - 

-70 -50 -30 
log CHUUNSI 

FIGURE 1. Hexanelwater i n t e r f a c i a l  t e n s i o n  i so therms f o r  HDDNS 
w i t h  and wi thout  1 . 0  x 
phase a t  pH 2 .5 ;  i o n i c  s t r e n g t h  = 0.5 m o l  dm-3 (HNO3); 
O / A  = 1. 

m o l  dm-3 HUx a t  25OC. Aqueous 

FIGURE 2 .  

-70 -50 -30  

log CAOTl 

Hexanelwater i n t e r f a c i a l  t e n s i o n  i so therms f o r  
w i t h  and wi thout  1 . 0  x 10-2 d ~ n - ~  HOx a t  25OC. 
a t  pH 2 . 5 ;  i o n i c  s t r e n g t h  = 0.5 ml dm-3 (KNO3) 

AOT 
Aqueous phase 
; O / A  = 1. 
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LIQUID-LIQUID EXTRACTION OF METALS 1003 

03 micelle, has a core volume of about 1650A (17). This is 

sufficiently large to contain about 50 water molecules. AOT 

micelles are known to be even larger (20). 
Figures 1 and 2 also show the effect of 10-2mol dm - 3  HOx on 

the interfacial behavior of the sulfonates. The shifting of the 

CMC to higher sulfonate concentrations in the presence of HOx has 

also been observed in the case of the HOx-HDNNS system and has been 

shown to he due to preferential bulk association between the oxime 

and the sulfonate (15). 

Extraction Behavior of HOx 

The extraction characteristics of the aliphatic a-hydroxyoxime 

have been examined previously (21,22) and it has been reported 

that HOx does not extract Ni(I1) appreciably at low pH values. 

This was confirmed in the present study by an experiment in which 

a 10 mol dm HOx hexane solution was found to have a negligible 

effect on a 5.0 x 10 mol dm Ni(I1) aqueous solution at pH 2.5 

after 1 hr contact time. Therefore, the nickel extraction due to 

the hydroxyoxime alone was considered to be insignificant under 

the experimental conditions of this work. 

-2  - 3  

- 3  -3 

Effect of Sulfonate on Extraction with HOx 

The extraction of Ni(I1) from aqueous solution using hexane 

solutions of HDDNS and AOT at constant HOx concentration is 

presented in Figures 3-5. The results indicate that both the 

initial rate of extraction and the ultimate loading of the organic 

phase are increased dramatically in the region of the sulfonate 

critical micelle concentration. Similar results are obtained with 

HDNNS (15). 

Extracted Complex Stoichiometry 

Table 1 shows the [HOx]/[Ni(org)] ratios for the HOx extrac- 

tion systems with HDDNS and AOT; the earlier results of the HOx- 
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1004 OSSEO-ASARE AND KEENEY 

D 

5 10 15 
TIME (mid 

-3 -3 FIGURE 3. Extraction of aqueous Ni(1I) (5 x 10 m o l  dm initial) 
with HOx-HDDNS mixtures in hexane at 25°C.  
mol dm-3; initial aqueous phase at pH 2.5; ionic strength = 
0.5 mol dm-3 (KN03); O/A = 1. 

[HOx] = 1.0 x 10-2 

10-2 M HOx 

D 

1.50 

1.00 

0.50 

M AOT 

5 10 15 
TIME (mid 

-3 FIGURE 4 .  Extraction of aqueous Ni(I1) (5 x 10 m o l  dm-3 initial) 
with HOx - AOT mixtures in hexane at 2 5 O C .  
mol d ~ n - ~ ;  initial aqueous phase at pH 2.5; ionic strength = 
0.5 mol dm-3 (KNO3) ; O / A  = 1. 

[HOx] = 1.0 x lo-' 
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L I Q U I D - L I Q U I D  EXTRACTION OF METALS 1005 

FIGURE 

D ~~~~ HDDNS 

0 50 

-5 -3 - I  

log CSulfonatel 

5.  E f f e c t  of s u l f o n a t e  c o n c e n t r a t i o n  on t h e  e x t r a c t i o n  of 
Ni ( I1)  ( 5  x 
mixtures  i n  hexane a t  25°C. [HOx] = 1 . 0  x 
i n i t i a l  aqueous phase a t  pH 2 . 5 ;  i o n i c  s t r e n g t h  = 0 .5  mol dm-3 
(KN03); O / A  = 1. A nonmicel lar  r e g i o n ;  B E m i c e l l a r  reg ion .  

mol dm-3 i n i t i a l )  i n  5 min wi th  HOx - s u l f o n a t e  
mol dm-3; 

HDNNS system (15) are a l s o  inc luded  f o r  comparison. Under enhanced 

e x t r a c t i o n  c o n d i t i o n s  ( i . e . ,  t h e  m i c e l l a r  reg ion)  i n  a l l  t h r e e  

systems,  e x t r a c t i o n  of N i ( I 1 )  occurs  w i t h  a metal t o  oxime r a t i o  

of 1:3.  

F igure  6 shows t h e  e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  f o r  t h e  

o r g a n i c  phases  r e s u l t i n g  from Ni(I1)  e x t r a c t i o n s  performed under 

t h e  c o n d i t i o n s  g iven  by r e g i o n s  A and B of’Figure 5.  The s p e c t r a  

o b t a i n e d  i n  t h e  HDDNS system are i d e n t i c a l  t o  those  obta ined  us ing  

HDNNS. F igure  6 a l s o  shows t h e  e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  

f o r  v a r i o u s  Ni( I1)  complexes prepared  accord ing  t o  procedures  out- 

l i n e d  e l sewhere  ( 1 7 , 2 3 ) .  These s p e c t r a l  r e s u l t s  i n d i c a t e  t h a t  i n  

t h e  nonenhanced regimes ( reg ion  A i n  F i g u r e  5 ) ,  HDNNS and HDDNS 

form n i c k e l  s u l f o n a t e s .  I n  t h e  case  of AOT, t h e  s i m i l a r i t y  of t h e  

o r g a n i c  phase s p e c t r a  w i t h  t h a t  of aqueous n i c k e l  s u l f a t e  s o l u t i o n  

s u g g e s t s  t h a t  n i c k e l  i s  e x t r a c t e d  as s o l u b i l i z e d  i o n s  i n  the  

m i c e l l e  core .  For a l l  t h r e e  mixed e x t r a c t a n t  systems,  under 

enhanced e x t r a c t i o n  c o n d i t i o n s  ( r e g i o n  B i n  F igure  5 ) ,  Ni (1I )  

appears  t o  b e  e x t r a c t e d  as t h e  same oxime complex. D e t a i l e d  
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1006 OSSEO-ASARE AND KEENEY 

TABLE 1 

Sto ich iometry  of  t h e  N i ( I I )  Complex E x t r a c t e d  w i t h  HOx-Sulfonate 
Mixtures  

[ S u l f o n a t e ]  [HOxl/[Ni(org)]  

rnol dm-3 H D N N S ~  eb H D D N S ~  

1 . 0  x 10-I  2 .7  --- 3.2 

5 .0  x 2 .8  3 .0  --- 

1.0 x 12 .5  3 .0  3.2 

L O  50 --- 4 . 7  

7 . 3  --- 4.0 L O - ~  --- 

%ata from Ref.  15. [HOx] c o n s t a n t  
-3 a t  1 .0  x lo-' rnol dm ; i n i t i a l  

[ N i ( a q ) ]  = 1.0 x 10-1 rnol dm-3; 

O / A = l ;  i o n i c  s t r e n g t h  = 0.5 rnol 
-3 dm (KN03). 

b[HOx] c o n s t a n t  a t  1 . 0  x rnol dm-3; 

i n i t i a l  [ N i ( a q ) ]  = 5.0 x 
O/A = 1; i o n i c  s t r e n g t h  = 0.5 rnol dm-3 

(KN03). 

mol d ~ n - ~ ;  

i n v e s t i g a t i o n  of t h e  s t o i c h i o m e t r y  of t h e  n i c k e l  oxime complex i s  

c u r r e n t l y  i n  p r o g r e s s  (23) .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  i t  

i s  a polymeric  compound of t h e  form [ N ~ ( H O X ) ~ ] ( N O ~ ) ~ - I I H ~ O  i n  which 

t h e  oxime a p p e a r s  t o  be complexed w i t h  t h e  metal wi thout  deprotona-  

t i o n .  

r a t i o  of 1 / 3  p r e s e n t e d  i n  Table  1 and w i t h  an a n a l y s i s  r e p o r t e d  by 

Tammi ( 2 4 ) .  Attempts  t o  i s o l a t e  o r  i d e n t i f y  a mixed oxime-sulfonate  

complex have so  fa r  been u n s u c c e s s f u l .  

This  s t o i c h i o m e t r y  i s  i n  agreement w i t h  t h e  n icke l /ox ime 
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LIQUID-LIQUID EXTRACTION OF METALS 1007 

Sulfonate spectrum C m  
A AOT - NI (Eloq 

WAVELENGTH ( nm) 

FIGURE 6.  E l e c t r o n i c  a b s o r p t i o n  spectra f o r  (1) o r g a n i c  phases  i s o l a t e d  
from aqueous Ni( I1)  e x t r a c t i o n  u s i n g  HOx-sulfonate mixtures  
i n  hexane, and (2)  N i  - oximate,  N i  - s u l f o n a t e  and N i 2 +  ( a s )  
complexes. A E nonmice l la r  r e g i o n ;  B f m i c e l l a r  reg ion .  

DISCUSSION 

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

is  very  poor. The works of F l e t t ,  Cox and Heels (22) and P r e s t o n  

(25) i n d i c a t e  t h a t  s i g n i f i c a n t  n i c k e l  e x t r a c t i o n  ( l o g  D > 0) 

occurs  o n l y  i f  t h e  pH exceeds 5.5. However, as shown i n  t h e  

R e s u l t s  s e c t i o n  above, mix tures  of LIX63 (HOx) w i t h  s u l f o n i c  a c i d s  

are capable  of  e x t r a c t i n g  n i c k e l  from pH 2.5 s o l u t i o n s .  Even 

though s u l f o n i c  a c i d s  are known t o  be s t r o n g  c a t i o n  e x t r a c t a n t s  

i n  h i g h l y  a c i d i c  s o l u t i o n s  ( 2 , 3 ) ,  t h e  i n c r e a s e d  e x t r a c t i o n s  

r e p o r t e d  i n  t h e  p r e s e n t  s t u d y  cannot  be a t t r i b u t e d  s o l e l y  t o  

n i c k e l - s u l f o n a t e  complexation. For an aqueous s o l u t i o n  w i t h  

i n i t i a l  pH = 2.5, t h e  n i c k e l  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  a n  oxime- 

f r e e  system c o n t a i n i n g  1 . 0  x 10 mol dm HDNNS has  been found t o  

be  only  0.075 compared w i t h  0.60 f o r  a 1:l oxime: s u l f o n a t e  mixture  

c o n t a i n i n g  1 .0  x 10 mol dm of each e x t r a c t a n t  (15) .  

-1 -3 

-1 -3 

I n  t h e  prev ious  paper  (15) i t  was p o s t u l a t e d  t h a t  metal 

e x t r a c t i o n  i s  enhanced as a r e s u l t  of t h e  a b i l i t y  of s u l f o n a t e  
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1008 OSSEO-ASARE AND KEENEY 

micelles to make Ni(I1) more accessible for complexation by HOx. 
The additional experimental results presented here support this 

mechanism. Comparison of Figure 1 with Figure 3 and Figure 2 with 

Figure 4 shows that in the mixed extractant systems dramatic 

increases in extraction rates occur in the neighborhood of the 

sulfonate CMC. 

Under enhanced extraction conditions the HOx-sulfonate systems 

are three phase consisting of an aqueous phase, an organic phase 

and a micellar phase. The micelles contain a large aqueous core 

with solubilized Ni(I1). The fact that in the oxime-free AOT 
system the extracted nickel has been identified as residing within 

the micelle core suggests that Ni(I1) can also be solubilized in 

the micelle cores of HDNNS and HDDNS. In view of the low aqueous 

solubility of HOx ( 2 6 ) ,  it is unlikely that this extractant would 

be  solubilized in the aqueous core. It is therefore, proposed 

that the oxime molecules are concentrated on the outer surface 

(i.e. the organic-side) of the sulfonate micelles. The reason- 

ableness of such a location is supported by the oxime-sulfonate 

interaction demonstrated above in the Results section. The 

sulfonate micelles therefore appear to provide a concentrative 

effect; that is, in the micellar region, concentrations of both 

oxime molecules and aqueous (solubilized) nickel ions are high. 

Therefore, reaction rates would be expected to be also high. 

For relatively high pH conditions, the complex extracted by 

HOx has been identified as Ni(Ox)2 ( 2 2 ) ,  whereas in the present 

study, the extracted complex appears to have the stoichiometry 

Ni:oxime = 1:3. 

be to provide conditions which lead to a preferred orientation for 

the complexation reaction 

A further role of the micelles might therefore 

Thus, in the micellar environment, the ability of the oxime to 

bind Ni(I1) without deprotonating permits the synergistic 

extraction to occur at low pH. 
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LIQUID-LIQUID EXTRACTION OF METALS 1009 

The micellar c a t a l y z e d  e x t r a c t i o n  mechanism may be  summarized 

by t h e  fo l lowing  s t e p s  (15):  

1. Chelation r e a c t i o n  a t  t h e  m i c e l l a r  i n t e r f a c e :  

Ni2+(core) + 2 NO-(core) + 3 HOx ( i n t )  = [ N i ( H 0 ~ ) ~ ( N O ~ ) , ] ( o r g )  
3 

2.  D e s t r u c t i o n  of  t h e  m i c e l l e ;  l o s s  of aqueous phase:  

(HD)m.nH20(org) = nH20(aq) + mHD(org) 

3. Crea t ion  of a new micelle w i t h  f r e s h  aqueous c o r e :  

2+ 
nH20(aq) + N i  (aq)  + 2N03 ( a s )  

= [ (HD)m'Ni(N03) 2'nH20 

This  mechanism is  o v e r s i m p l i f i e d  s i n c e  t h e  oxime i s  known t o  
I 

r e a d i l y  accept  pro tons  ,at l o w  pH t o  g i v e  H20x' i n  t h e  o r g a n i c  

phase ( 2 7 ) .  This  charged complex would be  expected t o  be i n t e r -  

f a c i a l l y  a c t i v e .  I n  a d d i t i o n ,  t h e  s a t u r a t i o n  of t h e  bulk  o r g a n i c /  

aqueous i n t e r f a c e  by s u l f o n a t e  molecules  s u g g e s t s  t h e  p o s s i b i l i t y  

of a competing phase t r a n s f e r  c a t a l y s i s  p r o c e s s .  Furthermore,  a t  

very h igh  s u l f o n a t e  c o n c e n t r a t i o n s ,  i t  may be d i f f i c u l t  t o  make a 

c lear -cu t  d i s t i n c t i o n  between t h e  e f f e c t s  o f  m i c e l l e s  m c !  micro- 

emulsions.  Hence, a d d i t i o n a l  s t e p s  i n  t h e  mechanism, e s p e c i a l l y  

those  i n v o l v i n g  d i f f u s i o n a l  and i n t e r f a c i a l  a r e a  c o n s i d e r a t i o n s ,  

need t o  be inc luded .  A more d e t a i l e d  a n a l y s i s  of  t h e  mechanis t ic  

e x t r a c t i o n  scheme r e q u i r e s  k i n e t i c  d a t a  a t  c o n s t a n t  i n t e r f a c i a l  

area and informat ion  concerning t h e  m a s s  t r a n s p o r t  of a l l  o f  t h e  

chemical  s p e c i e s .  Work is  c u r r e n t l y  i n  p r o g r e s s  t o  a d d r e s s  t h e s e  

problems. 

Although previous  work has  shown t h a t  t h e  e x t r a c t i o n  of Ni ( I1)  

by HOx is  enhanced by t h e  presence  of a s u l f o n i c  a c i d  (12-151, 

t h e s e  r e p o r t s  have made no d i r e c t  a t tempt  t o  i d e n t i f y  t h e  n a t u r e  
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of t h e  e x t r a c t e d  N i ( I 1 )  complex. The a b i l i t y  of t h e  a l i p h a t i c  

oxime t o  c h e l a t e  w i t h  t h e  n i c k e l  wi thout  depro tona t ing  appears  t o  

be a s i g n i f i c a n t  f a c t o r  i n  t h e  observed synergism,  s i n c e  i t  p e r m i t s  

e x t r a c t i o n  t o  occur  a t  low pH. P r e l i m i n a r y  work on t h e  chemical  

behavior  of t h e  benzophenone oximes i n d i c a t e s  t h a t  t h e s e  e x t r a c -  

t a n t s  do not  c h e l a t e  u n l e s s  a p r o t o n  is  l o s t  from t h e  oxime (23) .  

It  has  a l r e a d y  been shown t h a t  no enhanced e x t r a c t i o n  o c c u r s  w i t h  

mixtures  of t h e  benzophenone oxime and t h e  s u l f o n i c  a c i d s  (13) .  

I t  appears  t h e r e f o r e  t h a t  t h e  s u l f o n i c  a c i d s  have tremendous 

p o t e n t i a l  a s  c a t a l y s t s  f o r  t h e  l i q u i d - l i q u i d  e x t r a c t i o n  of metals 

if used i n  conjunct ion  w i t h  t h e  a p p r o p r i a t e  secondary e x t r a c t a n t .  
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