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SEPARATION SCIENCE AND TECHNOLOGY, 16(9) ,  pp. 1181-1191, 1981 

Kinetic and Thermodynamic Separation of Cu(ll) and 
Fe(lll) by Liquid-Liquid Extraction with a p-Hydroxy-oxime 
in Toluene 

R. CHIARIZIA and P. R. DANES1 
CHEMISTRY DIVISION, ARGONNE NATIONAL LABORATORY, 
9700 SOUTH CASS AVENUE, ARGONNE, ILLINOIS 60439 

ABSTRACT 

A q u a n t i t a t i v e  study of t he  thermodynamic and k i n e t i c  sep- 
a r a t i o n  of Cu(I1) and Fe ( I I1 )  by l iqu id- l iqu id  ex t r ac t ion  wi th  
toluene so lu t ions  of t he  oxime 2-hydroxy-5-t-octyl(acetophenone 
oxime) has  been conducted. On t h e  b a s i s  of the  stoichiometry,  
equilibrium cons tan ts ,  r a t e  laws and r a t e  cons tan ts  of t he  
e x t r a c t i o n  r eac t ions  of Cu(I1) and Fe ( I I1 )  an  equation has 
been derived which descr ibes  how the  separa t ion  of Cu from Fe 
v a r i e s  wi th  t h e  chemical composition of the system, the  hydro- 
dynamics of t he  ex t r ac t ing  apparatus and the  contac t  time 
between t h e  aqueous and the  organic phases. Our r e s u l t s  show 
t h a t  separa t ions  which a r e  not f e a s i b l e  thermodynamically are 
poss ib l e  when the  contac t  time between the  two phases is kept 
much s h o r t e r  than t h a t  required t o  reach equilibrium. 

INTRODUCTION 

Liquid-liquid ex t r ac t ion  has been widely used s i n c e  long 

ago a s  a ve ry  e f f e c t i v e  separa t ion  technique of metal  spec ies  (1) .  
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1182 CHIARIZIA AND DANES1 

Nevertheless,  near ly  a l l  t h e  separa t ions  whose chemistry has  been 

thoroughly e luc ida ted  a r e  based only  on t h e  d i f f e r e n t  thermo- 

dynamic s t a b i l i t i e s  of t h e  chemical spec ies  which t h e  ex t r ac t ab le  

metals can form with the  var ious  reagents  present  i n  the  aqueous 

and organic phases. 

In the present  paper an  ana lys i s  of the p o s s i b i l i t y  of 

performing a separa t ion  between two metals by l iqu id- l iqu id  

ex t r ac t ion  by taking advantage of t h e  d i f f e r e n t  e x t r a c t i o n  rates 

is  reported.  

a r e  shown here  t o  be poss ib le ,  provided the  chemical composition 

of the system and t h e  hydrodynamics of t h e  ex t r ac t ion  apparatus 

a r e  properly chosen. 

Separations which are not  thermodynamically f e a s i b l e  

The separa t ion  of Cu(I1) from Fe ( I I1 )  by l i qu id - l iqu id  

ex t r ac t ion  using as the  ex t r ac t ing  phase a 6-hydroxy-oxime 

(2-hydroxy-5-t-octyl(acetophenone oxime)) d i sso lved  i n  toluene 

is described from both t h e  thermodynamic and t h e  k i n e t i c  po in t  

of view. 

EXPERIMENTAL 

Mater ia l s  

The 8-hydroxy-oxime used throughout t h i s  work w a s  2-hydroxy- 

5-t-octyl(acetophenone oxime), HOx, (mol. w t .  = 263.4) k indly  

supplied by D r .  M. Cox of Ha t f i e ld  Polytechnic,  Her t s ,  United 

Kingdom. The p u r i t y  of t h e  products and t h e  a n a l y t i c a l  procedures 

used have been described previously ( 2 ) .  A l l  t he  aqueous solu- 

t i o n s  used i n  t h i s  work had a constant ch lo r ide  concent ra t ion ,  

[Cl-I = 2 M. 

A l l  experiments were performed a t  a constant temperature 

(25 + - 1°C). 

Kinet ic  Measurements 

The k i n e t i c  measurements have been described i n  re ference  

( 2 )  - 
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SEPARATION OF CU(I1) AND FE(II1)  1183 

Equil ibr ium D i s t r i b u t i o n  of Cu(I1) and F e ( I I 1 )  

The d i s t r i b u t i o n  r a t i o s  Kd, def ined  as t h e  r a t i o  between 

t h e  organic  phase metal concent ra t ion  and t h e  aqueous phase 

metal c o n c e n t r a t i o n  were determined by shaking equal  volumes of 

each phase f o r  s e v e r a l  hours  and then analyzing t h e  metal con- 

c e n t r a t i o n s  i n  b o t h  t h e  r e s u l t i n g  aqueous and organic  phases .  

Aggregation 

The aggrega t ion  d a t a  of HOx i n  to luene  were taken from 

r e f e r e n c e  ( 3 ) .  

equi l ibr ium according t o  t h e  equat ion  2 HOx * (HOx)2, B 2  = 

8.9 M- l ,  where t h e  bar i n d i c a t e s  organic  s p e c i e s  and 6 t h e  

d i m e r i z a t i o n  cons tan t .  It then  fol lows:  

I n  to luene  HOx undergoes only a monomer-dimer 

2 

= [HOxIm + 2 B 2  [HOXI, 2 . 
‘ 5 1  t o t a l  

I n  t h e  fol lowing s e c t i o n s  [=Im w i l l  always r e p r e s e n t  the  t o l -  

uene monomer concent ra t ion  of HOx. 

RESULTS AND DISCUSSION 

Stoichiometry and Equi l ibr ium Constants  of t h e  E x t r a c t i o n  
React i o n s  

By ana lyz ing  t h e  s l o p e  v a l u e s  of t h e  logar i thmic  p l o t s  + + 
log  Kd v s  log  [ E l , ,  a t  cons tan t  [H 1 ,  and log Kd v s  log [H 1, 
a t  c o n s t a n t  [=Im t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  as  w e l l  as 

t h e  c o n d i t i o n a l  equi l ibr ium c o n s t a n t s  of t h e  e x t r a c t i o n  r e a c t i o n s  

can be eva lua ted .  

and i n  F i g u r e  2 f o r  F e ( I I 1 ) .  

These p l o t s  are shown i n  F igure  1 f o r  Cu(I1) 

I n  t h e  case of t h e  [ E l m  dependencies, F igures  l a  and Za, 

both t h e  oxime and pro ton  concent ra t ions  w e r e  i n  l a r g e  excess 
w i t h  r e s p e c t  t o  t h o s e  of t h e  e x t r a c t e d  m e t a l s .  Therefore  t h e  

equi l ibr ium and i n i t i a l  concent ra t ions  of [ E l m  and [H ] have 

been considered as  equal .  

F i g u r e s  lb and 2b, t h e  aqueous equi l ibr ium hydrogen i o n  con- 

+ 
+ 

I n  t h e  case of t h e  [H ] dependencies, 
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1184 CHIARIZIA AND DANES1 

I I 1, I I 
-2  - I  <' -3  - 2  -I  -2 '  

log [HOxIm 109 IH'1 

FIGURE 1. 
Logarithmic plot of: 
a) Kd(Cu) vs [ E l ,  (M), at [Cu(II)] = 3.06-10-4 M, [H ] = 

b) K~(CU) vs [H 1 (M) ,  at [Cu(II)] = 3.06*10-4 M, [=Im = 

+ 
2 ~ 1 0 - ~  M, [el-] = 2 M; the slope of the straight line is +2.1. 

+ 
4.6~10-~ M, [Cl-] = 2 M; the slope of the straight line is 

-1.9. 

FIGURE 2. 
Logarithmic plot of: 
a) Kd(Fe) vs [=Irn (M) ,  at [Fe(III)] = 3.06-10-4 M, [H + ] = 

2.7*10-3 M, [Cl-] = 2 M; the slope of the straight line is 
+2.8. 

b) Kd(Fe) vs [H'] (M), at [Fe(III)] 3.06-1c~-~ M, [=Im = 

3.10.10-2 M, [Cl-] = 2 M; the slope of  the straight line is 
-2.8. 
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SEPARATION OF CU(I1) AND FE(II1)  1185 

c e n t r a t i o n s  have been c o r r e c t e d  by cons ider ing  t h a t  two hydrogen 

i o n s  are r e l e a s e d  i n t o  t h e  aqueous phase f o r  each Cu2+ i o n  

e n t e r i n g  t h e  organic  phase and t h a t  t h r e e  hydrogen i o n s  are 

r e l e a s e d  i n t o  t h e  aqueous phase f o r  each Fe3+ e n t e r i n g  t h e  

organic  phase. 

The d a t a  shown i n  F igures  1 and 2 f a l l  on s t r a i g h t  l i n e s  
+ having s l o p e s  of +2.1 ([E), dependency) and -1.9 ( [ H  ] depend- 

ency) f o r  copper ( I1)  and of +2.8 ([%], dependency) and -2.8 

([H ] dependency), f o r  i r o n ( I I I ) ,  i n d i c a t i n g  t h a t  t h e  s t o i c h i -  

omet r ies  of t h e  e x t r a c t i o n  r e a c t i o n s  are t h e  fol lowing:  

+ 

Cu2+ + 2 % CuOx2 + 2 H+ 

The bar  i n d i c a t e s  organic  phase s p e c i e s .  The d a t a  of F i g u r e s  

1 and 2 a l s o  a l low one t o  e v a l u a t e  t h e  v a l u e s  of t h e  c o n d i t i o n a l  

equi l ibr ium c o n s t a n t s  of r e a c t i o n s  (1) and (2) ,  K (Cu) = 0.55 

and K (Fe) = 5 . 5 - 1 0 - 4 .  
eq 

eq 

Rate Laws and Rate Constants  o f  t h e  E x t r a c t i o n  React ions 

The k i n e t i c s  of t h e  e x t r a c t i o n  r e a c t i o n s  have been previ -  

ous ly  r e p o r t e d  (2) .  The forward e x t r a c t i o n  r e a c t i o n  rates have 

been shown t o  b e  w e l l  represented  by t h e  laws: 

[Cu2+l [%Im [H I (3)  
+ -1 

+ -1 -- [Fel = a se [Fe+3] [ E l ,  [H  1 + qe IFe+31 [=I, ( 4 )  d t  i 

where a .  = s p e c i f i c  i n t e r f a c i a l  area, i.e., t h e  r a t i o  between 

t h e  i n t e r f a c i a l  area a v a i l a b l e  f o r  t h e  e x t r a c t i o n  and t h e  

volume of e i t h e r  t h e  aqueous (V,) o r  organic  phase (Vo) .  

v a l u e s  of V and V are considered throughout t h i s  work. 

Equal 

A 0 
By applying t h e  p r i n c i p l e  of microscopic  r e v e r s i b i l i t y  t o  

r e a c t i o n s  (1) and (2) ,  whose c o n d i t i o n a l  equi l ibr ium c o n s t a n t s  

are known, i t  f o l l o w s  
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1186 C H I A R I Z I A  AND DANES1 

( 5 )  
* 2+ -- [cul = a (klCu [Cu ] - krICu [CuoX2I) 

d t  i 

+ 2+ and [H ] a r e  much l a r g e r  than [Cu ] and Since both [ E l  
[Fe 1 ,  k ' s  represent  pseudo f i r s t  o rder  rate cons tan ts ,  i . e .  

m +3 * 

klCu * = 2.83.10-4(cm.s-1)[Hox]m[H+1-1 (7) 

(8) 
* -4 -1 - -1 + 

= 5.15.10 (cm-s )[HOx], [H ] k-lCu 

* 
klF e = 1.94.10 -5 (cm-s-l)[%Im[H + 1 -1 + 

9.23.10-~(crn-s-~ M-'> [EI, 

-2 -1 - -2 + 2 * 
= 3.5-10 (cm-s ) [HOxI, [H 1 + k-lFe 

-1 -1 - -2 + 3 
1.68(cm.s M )[H0xlm [H 1 

(9) 

(10) 

Thermodynamic and Kine t ic  Separation Parameters 

I n  order  t o  express the  ex ten t  of s epa ra t ion  which can be 

achieved by l iqu id- l iqu id  ex t r ac t ion  a s  a func t ion  of time i t  is 

convenient t o  in t roduce  a sepa ra t ion  parameter, St, defined as 

the  concent ra t ion  r a t i o  of the two metals i n  the  organic phase 

a f t e r  a given t i m e  divided by the  i n i t i a l  concent ra t ion  ratio of 

t h e  two meta ls  i n  the  aqueous phase, i . e .  

=-/- [ cu l t  [ a l l i n  

St [Fe l t  P e l  in 

[ G I t  and [El a r e  the  organic  concentrations of Cu and Fe 

a f t e r  a contac t  time between the  two phases equal t o  t ,  and 

ICuIin and [FeIin are the  i n i t i a l  concent ra t ions  of the  two 

meta ls  i n  the  aqueous phase. The thermodynamic sepa ra t ion  

parameter w i l l  then be expressed by 

t 

(11) 
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SEPARATION OF CU(I1) AND FE(II1)  1187 

-1 + 3  3 Ke (Cu) 'Ke (Fe) [H 1 + Ke (Cu). [%Im 

A t  v e r y  low a c i d i t i e s  Sm Q1 and no s e p a r a t i o n  of Cu from Fe  is  

p o s s i b l e  a t  equi l ibr ium. On t h e  o t h e r  hand, a t  very  high 

a c i d i t i e s  Sm becomes extremely l a r g e  since r e a c t i o n  (2)  is d i s -  

placed t o  t h e  l e f t  more than  r e a c t i o n  (1) .  pH v a l u e s  <1 are 

however imprac t icable  because of t h e  very  low e x t r a c t i o n  of Cu. 

F u r t h e r ,  equa t ion  (12)  c l e a r l y  i n d i c a t e s  t h a t  a t  a given  a c i d i t y  

Sm decreases  by increas ing  [=Im. 
e shown i n  F i g u r e  3, which d e s c r i b e  how t h e  thermodynamic 

s e p a r a t i o n  f a c t o r  v a r i e s  with t h e  a c i d i t y  of t h e  aqueous 

s o l u t i o n ,  have been c a l c u l a t e d  through equat ion  (12) a t  d i f f e r e n t  

t o t a l  oxime concent ra t ions ,  [HOx] total. 

The curves a ,  b, c ,  d, and 

- 

For t i m e s  # m a n  equat ion  which d e s c r i b e s  t h e  k i n e t i c  

s e p a r a t i o n  f a c t o r  as f u n c t i o n  of t h e  chemical parameters  

( [ E l , ,  [H I ) ,  t h e  hydrodynamic of t h e  system (ai) and time ( t ) ,  

can  be e a s i l y  der ived  by i n t e g r a t i n g  equat ions (5) and ( 6 ) .  

It fo l lows  then  

+ 

* * 
klCu + k-lCu 

St - 

* * 
k l ~ e  + k-l.Fe 

* 
The c o n c e n t r a t i o n  dependence of t h e  k 's is repor ted  i n  

equat ions  (7)  through (10). When t i s  very  c l o s e  t o  zero i t  

fo l lows  from equat ions  (13) ,  ( 7 ) ,  (81, (9)  and (10) that 
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- 

I I I 
0 

I 
-3 -2  -I  

FIGURE 3 .  

Logari thmic p l o t  of t h e  s e p a r a t i o n  parameter  between Cu and Fey  

S, v s  aqueous phase a c i d i t y ,  [ H  1. 
equi l ibr ium (thermodynamic) s e p a r a t i o n  parameters  c a l c u l a t e d  

through equat ion  (12) f o r  o r g a n i c  phases  where t h e  t o t a l  oxime 

c o n c e n t r a t i o n  i n  t o l u e n e  i s  t h e  fo l lowing  2-10  

M(b), 1 ~ 1 0 - ~  M(c), 1 . 5 ~ 1 0 - ~  M(d), 2.10-' M(e). 

phase composi t ion i s  [Cl-] = 2 M, [H ] v a r i a b l e .  

l i ne  r e p r e s e n t s  t h e  k i n e t i c  s e p a r a t i o n  parameter  a t  time zero ,  

So, evalua ted  through equat ion  (14) .  

t r a t i o n s  a r e  assumed as  n e g l i g i b l e  i n  comparison t o  t h o s e  of  

HOx and H . 

+ The Sm curves  r e p r e s e n t  

-2 M(a), 5 ~ 1 0 - ~  

The aqueous 
+ The dashed 

The Cu and Fe concen- 

+ - 

The s e p a r a t i o n  parameter  ob ta ined  a f t e r  v e r y  s h o r t  c o n t a c t  

t i m e s ,  So,  i s  t h e r e f o r e  independent  of bo th  t h e  s p e c i f i c  i n t e r -  
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SEPARATION OF CU(I1) AND FE(II1) 1189 

f a c i a l  a r ea  and t h e  ex t r ac t an t  concentration. The dashed l i n e  

of F igure  3 shows how So v a r i e s  with [H 1. 
s ec t ion  of S 

c r i t i c a l  ac id i ty" ,  KCA. 

and k i n e t i c  separa t ions  are super ior  t o  those obtained a t  

equilibrium. For a c i d i t i e s  > KCA i t  is  always the  case  t h a t  

Sm > S 

impossible. For a c i d i t i e s  equal t o  the  KCA t h e  sepa ra t ion  is  

obviously t i m e  independent. 

+ 
The poin t  of i n t e r -  

w i th  the  curves SLo represents  the  "k ine t ic  0 
For a c i d i t i e s  below the  KAC So > Sm 

and improved separa t ions  using k i n e t i c  f a c t o r s  are 0 

For contac t  t i m e s  t, 0 < t < m, equation (13) can be used 

t o  eva lua te  the  k i n e t i c  s epa ra t ion  parameter. The curves shown 

i n  F igure  4 have been evaluated through equation (13) a t  t h e  

constant t o t a l  oxime concentration [El 
d i f f e r e n t  va lues  of t h e  ai x t va r i ab le .  

a t  t h e  KCA. For a c i d i t i e s  below t h e  KCA, where k i n e t i c  separa- 

t i o n s  a r e  poss ib le ,  equation (13) allows one t o  eva lua te  t h e  

contac t  t i m e  between the  two phases which is  requi red  t o  ob ta in  

a given separa t ion ,  provided both  t h e  chemical composition of 

t h e  system ([=Im, [H']) and t h e  s p e c i f i c  i n t e r f a c i a l  a r e a  ai  

(which depends on t h e  geometry of t he  ex t r ac to r ,  t he  degree of 

mixing of t h e  phases, v i s c o s i t y ,  dens i ty ,  i n t e r f a c i a l  t ens ion ,  

e t c . )  a r e  spec i f i ed .  I f  f o r  example [HOxItotal = 0.1 M, [H ] = 

3.10-3 M (pH = 2.5) and ai  = 5 cm-' a f t e r  about 2 minutes i t  i s  

S > c5  and copper i s  p r a c t i c a l l y  completely separated from 

i ron .  

of i r o n  start  t o  be coextracted.  

= 0.1 M and fo r  t o t a l  
A l l  curves i n t e r s e c t  

- + 

t 
Af ter  about 5 minutes St  'L 2.5 and apprec iab le  amounts 

Although t h e  sepa ra t ion  parameters described i n  equat ions  

(12)  and (13) have been derived under t h e  l imi t ing  assumption 

of n e g l i g i b l e  metal  concent ra t ions ,  they show which key 

parameters need t o  be cont ro l led  i n  order t o  perform k i n e t i c  

separa t ions  by l i qu id - l iqu id  ex t r ac t ion .  

c l e a r l y  i n d i c a t e  the  primary importance of knowing i n  a d e t a i l e d  

way t h e  r a t e  l a w s  and t h e  cons tan ts  which con t ro l  t h e  l i qu id -  

l i q u i d  ex t r ac t ion  k i n e t i c s  t o  perform separa t ions  of meta ls  

which on t h e  b a s i s  of thermodynamic p red ic t ions  a lone  would be 

considered impossible. 

Fur ther  they a l s o  
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4I 

FIGURE 4 .  

Logarithmic p l o t  of t h e  k i n e t i c  s e p a r a t i o n  parameter ,  S,, v s  

aqueous phase a c i d i t y ,  [H  1. The S curves  have been calcu-  

l a t e d  through equat ions  (13) ,  (7 ) ,  (8), (9)  and (10) a t  

[ E l  t o t a l  
a t  t h e  fol lowing v a l u e s  of t h e  a x t parameter :  O(a), 25(b) ,  

50(c) ,  250(d) ,  500(e) ,  f (1500) ,  g(m) [s-cm I .  

+ 
t 

= 0.1  M i n  to luene ,  aqueous phase [ C l - ]  = 2 M y  and 

i -1 
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