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SELECTIVE REMOVAL OF HEAVY METAL IONS FROM AQUEOUS SOLUTIONS BY 
DIAFILTRATION OF MACROMOLECULAR COMPLEXES 

H .  S t r a thmann  

Germany 
F o r s c h u n g s i n s t i t u t  Berghof GmbH, Tchingen 

ABSTRACT 

A p r o c e s s  f o r  t h e  s e l e c t i v e  removal  of heavy metal i o n s  
w i t h  macromolecular  c h e l a t i n g  a g e n t s  o r  e m u l s i f i e d  l i q u i d  i o n  
exchange materials i n  c o m b i n a t i o n  w i t h  u l t r a f i l t r a t i o n  i s  
d e s c r i b e d .  The t h e o r e t i c a l  l i m i t a t i o n s  o f  t h e  p r o c e d u r e  are 
d i s c u s s e d ,  and several p r a c t i c a l  a p p l i c a t i o n s  are p r e s e n t e d .  

INTRODUCTION 

I n  r e c e n t  y e a r s  u l t r a f i l t r a t i o n  and reverse osmosis have  

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

s o l u t i o n s .  I n  u l t r a f i l t r a t i o n ,  t h e  d i f f e r e n t  chemica l  components 

are  s e p a r a t e d  e x c l u s i v e l y  a c c o r d i n g  t o  t h e i r  m o l e c u l a r  d imens ions .  

I n  reverse o s m o s i s ,  i n  a d d i t i o n  t o  s i z e ,  c h e m i c a l  n a t u r e  i s  a l s o  

of i m p o r t a n c e .  But  n e i t h e r  u l t r a f i l t r a t i o n  n o r  r e v e r s e  osmos i s  

are p a r t i c u l a r l y  s p e c i f i c  p r o c e s s e s .  

I n  many cases i t  is d e s i r a b l e  t o  remove c e r t a i n  chemica l  

s p e c i e s  s e l e c t i v e l y  from a mult i -component  m i x t u r e .  T h i s  i s  t r u e ,  

f o r  example,  when h i g h l y  t o x i c  o r  v a l u a b l e  c o n s t i t u e n t s ,  s u c h  

a s  c e r t a i n  heavy m e t a l  i o n s ,  are t o  b e  removed from an  i n d u s t r i a l  

w a s t e  water c o n t a i n i n g  t h e s e  i o n s  i n  c o m p a r a t i v e l y  low c o n c e n t r a t i o n s  

i n  a m i x t u r e  w i t h  o t h e r  sa l t s .  Reverse osmos i s  i s  n o t  s u i t e d  

t o  t h i s  t y p e  o f  s e p a r a t i o n  p rob lem,  s i n c e  a l l  o t h e r  waste water  
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1136 STRATHMA" 

c o n s t i t u e n t s  would a l s o  b e  more o r  less comple t e ly  r e t a i n e d  by 

t h e  membrane, and t h e  osmot i c  p r e s s u r e  i n  t h e  c o n c e n t r a t e d  s o l u t i o n  

would soon become u n a c c e p t a b l y  h igh .  

U l t r a f i l t r a t i o n ,  however,  c a n  be  e f f e c t i v e l y  and economica l ly  

a p p l i e d  when combined w i t h  a water s o l u b l e  macromolecular  complex 

o r  an e m u l s i f i e d  l i q u i d  i o n  exchanger  which s e l e c t i v e l y  b i n d s  

c e r t a i n  me ta l  i o n s  o r  g roups  of  i o n s .  The p r i n c i p l e  of  t h i s  

p r o c e s s ,  which w a s  f i r s t  sugges t ed  by A .  S .  Michaels  ( l ) ,  i s  

shown s c h e m a t i c a l l y  i n  F i g .  1. The s o l u t i o n  c o n t a i n i n g  t h e  metal 

i o n  t o  be removed, in a m i x t u r e  w i t h  o t h e r  s a l t s ,  i s  f e d  i n t o  a 

r e a c t o r  v e s s e l  c o n t a i n i n g  a 5 t o  10 w t  % s o l u t i o n  of  a macro- 

molecu la r  c h e l a t i n g  a g e n t  which s e l e c t i v e l y  binds t h e  m e t a l  i o n .  

The s o l u t i o n  t h a t  i s  drawn from t h e  r e a c t o r  v e s s e l  is t h e n  

f i l t e r e d  th rough  an u l t r a f i l t r a t i o n  u n i t  which r e t a i n s  t h e  macro- 

Metal containing Effluent 

v 

Reaktor 
Vessel 

UF Unit 

I t 

Metal free 
Eff luent 

Polymer Metal containing Macromolecular 
Effluent Complex 

FIGURE 1. Schematic  diagram o f  a d i a f i l t r a t i o n  p r o c e s s  f o r  t h e  
s e l e c t i v e  removal o f  heavy metal i o n s  w i t h  macromolecular  
complexes.  
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DIAFILTRATION OF MACROMOLECULAR COMPLEXES 1137 

molecular  complex comple te ly ,  b u t  does n o t  r e j e c t  any s a l t s  o r  

o t h e r  low molecular  weight  components, so t h a t  a meta l - ion- f ree  

f i l t r a t e  i s  obta ined .  The r e j e c t e d  macromolecular complex i s  

e i t h e r  fed  back i n t o  t h e  r e a c t o r  o r  c o l l e c t e d  f o r  f u r t h e r  

t r e a t m e n t  when completely loaded.  

THEORETICAL CONSIDERATIONS 

For t h e  process  t o  be  e f f e c t i v e ,  c e r t a i n  requi rements  have 

t o  be f u l f i l l e d  by t h e  complex as w e l l  as  by t h e  membrane. The 

complex should have a h igh  s e l e c t i v i t y ,  a h i g h  b inding  c a p a c i t y ,  

a narrow molecular  weight  d i s t r i b u t i o n ,  and a h i g h  w a t e r  

s o l u b i l i t y .  The membrane should have a h i g h  f l u x  and a sharp  

molecular  weight  c u t - o f f .  These a r e  t h e  key parameters  which 

de termine  t h e  t e c h n i c a l  f e a s i b i l i t y  and t h e  economic e f f i c i e n c y  

of t h e  e n t i r e  p r o c e s s .  

Complex Capac i ty ,  Polymer S o l u b i l i t y ,  and t h e  Enrichment F a c t o r  

The t e c h n i c a l  f e a s i b i l i t y  of t h e  p r o c e s s  i s  determined 

mainly by t h e  s e l e c t i v i t y  of  t h e  macromolecular c h e l a t i n g  a g e n t .  

I t s  economic e f f i c i e n c y  i s  s t r o n g l y  governed by t h e  maximum 

enrichment f a c t o r  of t h e  metal i o n  which can be  achieved .  The 

enrichment f a c t o r ,  which i s  expressed as t h e  r a t i o  of  t h e  metal  

i o n  c o n c e n t r a t i o n  i n  t h e  feed s o l u t i o n  t o  t h a t  i n  t h e  r e a c t o r ,  

can e a s i l y  be c a l c u l a t e d  from t h e  m a s s  b'alance of a 

d i a f i l t r a t i o n  process .  The schematic  diagram in Fig.  2 

demonst ra tes  t h e  process .  

I f  a l l  metal  i o n s  i n  t h e  r e a c t o r  are bound by t h e  complex, 

t h e  enrichment f a c t o r  a is  g iven  by 

C r  1 - exp [-(Vo/Vr)(l - R ) ]  

" = % =  1 - R  

in which C r  and C 

t h e  r e a c t o r  v e s s e l  and i n  t h e  feed  s o l u t i o n ,  Vo and Vr a r e  t h e  

volumes of t h e  feed  s o l u t i o n  and t h e  r e a c t o r  v e s s e l  r e s p e c t i v e l y ,  

are t h e  c o n c e n t r a t i o n s  of t h e  metal i o n  i n  
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1138 STRATHMA" 

Feed Solution 

Fi It ra te  

FIGURE 2 .  Schematic diagram of  mass t r a n s p o r t  i n  a d i a f i l t r a t i o n  
p r o c e s s .  

and R is t h e  r e j e c t i o n  of t h e  membrane f o r  t h e  macromolecular 

complex. The dependence of  t h i s  parameter  on polymer c o n c e n t r a t i o n  

where Cp  i s  t h e  polymer c o n c e n t r a t i o n  i n  t h e  r e a c t o r  v e s s e l  and 

Cp t h a t  i n  t h e  f i l t r a t e .  f 
I f  no meta l  i o n s  are  bound by t h e  complex, o r  i f  t h e  membrane 

does not  r e j e c t  t h e  complex, t h e  enrichment f a c t o r  i s  given by 

t h i s  means t h a t  c1 would always be  less t h a n  u n i t y ,  and t h a t  t h e  

c o n c e n t r a t i o n  i n  t h e  r e a c t o r  can never  exceed t h a t  in t h e  feed 

s o l u t i o n .  

I f  a l l  metal i o n s  i n  t h e  r e a c t o r  are bound t o  t h e  complex 

and t h e  membrane r e j e c t s  t h e  complex completely,  E q .  (1) reduces 

t o  y i e l d  
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DIAFILTRATION OF MACROMOLECULAR COMPLEXES 1139 

I n  t h i s  case, t h e  enrichment f a c t o r  i s  g iven  by t h e  r a t i o  of 

t h e  volume of t h e  feed s o l u t i o n  t o  t h a t  of t h e  r e a c t o r  v e s s e l .  

I n  Fig.  3 log a, i s  p l o t t e d  as a func t ion  of t h e  r a t i o  

of feed  s o l u t i o n  t o  r e a c t o r  v e s s e l  volume f o r  v a r i o u s  r e j e c t i o n  

rates. However, even i f  t h e  macromolecular complex i s  completely 

r e t a i n e d  by t h e  membrane, t h e  enrichment f a c t o r  cannot  be 

i n f i n i t e l y  high.  I t  i s  l i m i t e d  by t h e  binding c a p a c i t y  and t h e  

c o n c e n t r a t i o n  of t h e  complex. The maximum enrichment i s  achieved 

when t h e  complex i s  completely loaded.  The enrichment f a c t o r  

i s  then given by 

where k i s  t h e  polymer b inding  c a p a c i t y ,  expressed as gram of 

meta l  p e r  gram of polymer. 

Experimental ly ,  t h e  c a p a c i t y  of a complex i s  determined by 

measuring t h e  metal  ion  c o n c e n t r a t i o n  i n  t h e  f i l t r a t e  i n  a 

d i a f i l t r a t i o n  experiment and p l o t t i n g  the  r a t i o  of  t h e  f i l  t r a t r  

c o n c e n t r a t i o n  t o  t h e  feed s o l u t i o n  c o n c e n t r a t i o n  v e r s u s  t h e  

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

v e s s e l .  This  i s  shown s c h e m a t i c a l l y  i n  Fig.  4 f o r  a system i n  

10 

R = 0.9999 

R =  0.999 

R 0.99 

R = 0.9 

10 10 102 103 lo4 
vo/ vr ___c 

FIGURE 3. Calcu la ted  enrichment f a c t o r s  a s  a f u n c t i o n  of r e j e c t i o n .  
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1140 STRATHMA" 

X __L 
I- 

vo' ", 
FIGURE 4. Schematic diagram showing the concentration change in the 

filtrate for a system (a) without a macromolecular complex 
and (b) with a macromolecular complex. 

which no metal ions are bound by the complex. The ion concentration 

in the filtrate is identical with that in the reactor, and the 

ratio of C over C will asymptotically approach unity according 

to E q .  (3). For a system in which the metal ion is bound 

completely to the complex, the concentration in the filtrate 

is zero until the complex is completely loaded. Only then 

does it increase, in accordance with E q .  (3) (see Fig. 4 b ) .  

f 

The capacity of the polymer can, therefore, be experimentally 

determined from the ratio of feed solution to the reactor vessel 

volume, the polymer concentration in the reactor, and the metal 

ion concentration in the feed solution; 

where k is the load factor. The complex capacity depends on 

the number of functional groups in the macromolecular complex 

and the atomic weight of the metal. In practice, load factors 

between 0.1 to 1 g metal/g polymer are obtained. By E q .  ( 5 ) ,  

the enrichment which can be achieved depends sensitively on 

the metal ion concentration in the feed solution. For very 

dilute solutions, enrichment factors of more than l o 3  or 10 
can be obtained, as demonstrated in Fig. 5, where the maximum 

4 
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L I I I I I 

1 2 3 4 5 

FIGURE 5 .  Maximum enrichment f a c t o r s  as a f u n c t i o n  of  t h e  polymer 
and t h e  feed s o l u t i o n  c o n c e n t r a t i o n  a t  a load  f a c t o r  of 
0 .2 .  

enr ichment  f a c t o r  i s  shown as a f u n c t i o n  of t h e  polymer 

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

load  f a c t o r  of  two. 

F r a c t i o n a l  Loss o f  Metal Due t o  Incomplete  R e j e c t i o n  of t h e  
Complex 

I f  t h e  meta l  i o n  complex i s  not  completely r e t a i n e d  by t h e  

membrane, p a r t  of t h e  meta l  i s  l o s t  w i t h  t h e  f i l t r a t e .  This  

f r a c t i o n a l  l o s s  6 can be expressed by t h e  r a t i o  of t h e  f i l t r a t e  

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

is i d e n t i c a l  w i t h  t h e  feed s o l u t i o n  volume. Thus 

A = - -  "fCf _ -  cf 

voco co * 

( 7 )  

The f i l t r a t e  c o n c e n t r a t i o n  i n  a system w i t h  incomplete  r e j e c t i o n  

of t h e  complex i s  given by 

Cf = (1 - R)C,. ( 8 )  
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The combina t ion  o f  E q s .  (l), ( 7 )  and (8)  g i v e s  t h e  f r a c t i o n a l  

l o s s  of  t h e  m e t a l  as  a f u n c t i o n  of  t h e  complex r e j e c t i o n  and t h e  

en r i chmen t  f a c t o r  o r  t h e  r a t i o  o f  f e e d  s o l u t i o n  volume t o  t h a t  

of t h e  r e a c t o r  vessel  volume; 

I n  F i g .  6 ,  t h e  f r a c t i o n a l  l o s s  of metal, as c a l c u l a t e d  by 

E q .  ( 9 ) ,  is  p l o t t e d  as a f u n c t i o n  o f  t h e  r a t i o  o f  the f e e d  

s o l u t i o n  t o  r e a c t o r  vessel  volume f o r  t h r e e  d i f f e r e n t  r e j e c t i o n  

ra tes .  T h i s  f i g u r e  i n d i c a t e s  q u i t e  c l e a r l y  t h a t  f o r  a s y s t e m  

w i t h  incomple t e  r e j e c t i o n ,  n o t  o n l y  is the en r i chmen t  f a c t o r  

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

e x t r e m e l y  h i g h .  

I n  most p r a c t i c a l  a p p l i c a t i o n s  o f  t h i s  p r o c e s s ,  where t h e  

c o n c e n t r a t i o n s  of t o x i c  o r  v a l u a b l e  metal i o n s  i n  t h e  f e e d  

s o l u t i o n s  are ra ther  l o w ,  h i g h  en r i chmen t  f a c t o r s  and l i t t l e  

p r o d u c t  l o s s  i s  d e s i r a b l e .  T h e r e f o r e ,  t h e  r e j e c t i o n  o f  t h e  

complex must b e  c l o s e  t o  100%. On t h e  o t h e r  hand ,  a l l  low 

m o l e c u l a r  w e i g h t  p a r t i c l e s  s h o u l d  p a s s  t h r o u g h  t h e  membrane 

c o m p l e t e l y ;  t h u s ,  membranes used  i n  t h i s  p r o c e s s  s h o u l d  have  a 

s h a r p  m o l e c u l a r  we igh t  c u t - o f f  and s h o u l d  b e  f r e e  of d e f e c t s .  

FIGURE 6 

R =  0.999 

' i -  /R =0.9 

R =  0.999 

100 200 

F r a c t i o n a l  l o s s  o f  p r o d u c t  as a f u n c t i o n  o f  V /V 
membrane r e  j ec t i o n .  f r  and 
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DIAFILTRATION OF MACROMOLECULAR COMPLEXES 1143 

C o n c e n t r a t i o n  P o l a r i z a t i o n  and Polymer P r e c i p i t a t i o n  

The c o n c e n t r a t i o n  of  t h e  macromolecular  complex i n  t h e  

r e a c t o r  v e s s e l  s h o u l d ,  f o r  economical  r e a s o n s ,  be a s  h i g h  as  

p o s s i b l e .  T h i s  l e a d s  t o  e x c e s s i v e  c o n c e n t r a t i o n  p o l a r i z a t i o n  

and ge l - fo rma t ion  a t  t h e  membrane s u r f a c e  ( 2 ) ,  which a f f e c t s  

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

macromolecular  s o l u t i o n s ,  t h e  f low rate  o f  t h e  f e e d  s o l u t i o n  

p a r a l l e l  t o  t h e  membrane s u r f a c e  h a s  a l a r g e  e f f e c t  on t h e  

f i l t r a t i o n  e f f i c i e n c y  (3 ) .  Thus,  o n l y  f i l t r a t i o n  sys t ems  i n  

which t h e  f e e d  s o l u t i o n  f l o w  d i s t r i b u t i o n  i s  w e l l  ( % o n t r o l l e d  a r e  

s u i t e d  f o r  t h i s  p r o c e s s .  

EXPERIMENTAL PROCEDURES AND RESULTS 

The Macromolecular Complex 

From t h e  t h e o r e t i c a l  c o n s i d e r a t i o n  d i s c u s s e d  above,  i t  i s  

c l e a r  which p r o p e r t i e s  a macromolecular  complexing o r  c h e l a t i n g  

a g e n t  shou ld  have t o  be s u i t a b l e  f o r  t h e  d i a f i l t r a t i o n  p r o c e s s .  

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

m e t a l  i o n s  o r  g roups  o f  metal i o n s .  The molecu la r  we igh t  and 

t h e  m o l e c u l a r  we igh t  d i s t r i b u t i o n  must b e  a d j u s t e d  t o  t h e  u l t r a -  

f i l t r a t i o n  membrane so t h a t  v i r t u a l l y  100% r e j e c t i o n  o f  t h e  

complex i s  o b t a i n e d .  The i o n  b i n d i n g  c a p a c i t y  and t h e  s o l u b i l i t y  

of t h e  macromolecular  a g e n t  s h o u l d  be as h i g h  as p o s s i b l e .  

The s t r u c t u r e s  o f  s e v e r a l  macromolecular  complexing a g e n t s  

used i n  t h i s  s t u d y  are i d e n t i f i e d  i n  F i g .  7 .  A whole series 

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

These r e a g e n t s  have  a h i g h  s e l e c t i v i t y  f o r  c e r t a i n  m e t a l  i o n s  

o r  g roups  o f  m e t a l  i o n s  ( 4 ) .  Most o f  t h e s e  a g e n t s  a r e ,  however,  

low m o l e c u l a r  we igh t  

f o r  t h e  p r o c e s s  unde r  c o n s i d e r a t i o n .  I n  o r d e r  t o  b e  u s e f u l ,  

t h e y  must f i r s t  be c o n v e r t e d  i n t o  macromolecules .  T h i s  can 

e a s i l y  be done by b i n d i n g  them t o  a water s o l u b l e  polymer.  These 

polymers  must have  t h e  d e s i r e d  s o l u b i l i t y  and have c e r t a i n  

r e a c t i v e  g roups  t o  which t h e  complexing a g e n t s  can  be bound. 

compounds and so cannot  be used d i r e c t l y  

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



1144 STRATHMA” 

-CH2- CH-CH2- 

S 

- CH2-CH-CH2- 
I 

R-N-R 
R CI 
I 

NH- 0 -OH 

lminoacetic Acid 

Methylthio urea 

Quaternized Amine 

8 Hydroxyquinoline 

FIGURE 7. Macromolecular complexing agents used i n  thjs s t u d y .  

Polymers used successfully in this study are polyethylenimine, 

polyvinylalcohol, polyvinylpyrolidone and polyacrylic acid. 

The Emulsified Liquid Ion Exchanger 

Instead of a water soluble macromolecular chelating agent, 

an emulsified liquid ion exchange material can also be used. 

In hydrometallurgical processing of l o w  grade ores, liquid ion 

exchange materials are applied to extract certain heavy metal 

ions from a mixture w-ith other components. These liquid ion 
exchange materials are hydrophobic in character and virtually 

insoluble in water. Their metal binding capacity is pH- 

dependent. A material widely used in the copper industry is 

LIX 64 N*. At high pH-values, copper ions are bound, whereas 

at low pH-values the copper is released and replaced by H -ions. 

The structure of the material and the distribution coefficient 

of copper ions between an aqueous phase and LIX 64 N is shown in 

Fig. 8. 

+ .  

*Trademark of General Mills. 
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k 

100 

10 

t t  
-0-Fe  I 

1 

0.1 

1 2 3 4 5 

FIGURE 8 .  S t r u c t u r e  of L I X  6 4  N and t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
of Cu* and Fe* i o n s  between LIX 6 4  N and an aqueous 
s o l u t i o n  a s  a f u n c t i o n  of pH. 

The d a t a  d isp layed  i n  F ig .  8 i n d i c a t e  t h a t  t h e  d i s t r i b u t i o n  
tt- U c o e f f i c i e n t s  of Cu and Fe i o n s  change by t h r e e  o r d e r s  of 

magnitude w i t h  changing pH. The d a t a  a l s o  demonstrate  t h a t  a t  

low pH v a l u e s  CU 

a t  low pH v a l u e s  t h e  c h e l a t i n g  agent  i s  h i g h l y  s e l e c t i v e  f o r  

C U  i o n s .  

++ 
i o n s  are p r e f e r r e d  t o  Fe* i o n s .  Thus, 

* 
There are many d i f f e r e n t  c a t i o n  o r  an ion  s e l e c t i v e  l i q u i d  

i o n  exchange m a t e r i a l s  a v a i l a b l e  today.  An example of a c a t i o n  

exchange m a t e r i a l ,  t h e  r e a c t i o n  of  Cu* i o n s  w i t h  L I X  64 N ,  

and of an an ion  exchange m a t e r i a l ,  t h e  r e a c t i o n  of Alamin 

336" w i t h  a n  uranium s a l t ,  are shown i n  F i g .  9. 

The use  of l i q u i d  i o n  exchange materials i n  hydrometa l lurg ica l  

p rocesses  i s  a f f e c t e d  by two problems. F i r s t ,  t h e  t r a n s p o r t  of 

t h e  meta l  i o n s  from t h e  aqueous t o  t h e  organic  phase i s  slow. 

This  r e q u i r e s  r e l a t i v e l y  long  r e s i d e n c e  time and i n t e n s i v e  

mixing. The second problem i n v o l v e s  s e p a r a t i o n  of  t h e  organic  

"Trademark of  Ashland Chemicals. 
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Reaction of LIX 64 N wi th  Cu++ 

2(CNOHR20H) + Cu++ ---L (CNOHR20)2C~ocg. + 2H+ 
ocg. aq. aq. 

Reaction of Alamin 336 w i t h  UOz(i_04)3L 

R3Norg. + H2S04aq. - (R3NH)2S040rg. 

2(R3NH)2S04wg + Na4U02S04)3aq - (R3NH)4U02(S04)30cg + 2Na2SOlaq. 

(R3NH)4U02(S0,,)30cg + 4NaOH - 4R N + Na4U02(S04)3aq + 4 H 2 0  
aq- 3 wg 

FIGURE 9.  R e a c t i o n  schemes f o r  v a r i o u s  l i q u i d  i o n  exchange 
mater ia ls .  

and t h e  aqueous  p h a s e s .  Much f a s t e r  i o n  t r a n s f e r  rates can  b e  

o b t a i n e d  when t h e  hydrophob ic  i o n  exchange m a t e r i a l  i s  used i n  

t h e  form of  a n  emul s ion .  The emuls ion  i s  t h e n  s e p a r a t e d  from 

t h e  aqueous p h a s e  by u l t r a f i l t r a t i o n ,  as shown i n  F i g .  1. 

D e t e r m i n a t i o n  o f  C h e l a t i n g  Agent S e l e c t i v i t y  and C a p a c i t y  

The s e l e c t i v i t y  and  t h e  c a p a c i t y  of  a polymer complexing 

a g e n t  were de te rmined  i n  a d i a f i l t r a t i o n  expe r imen t  as  d e s c r i b e d  

by t h e  s e t u p  d i s p l a y e d  i n  F i g .  2 .  A metal  i o n - c o n t a i n i n g  f e e d  s o l u t i o n  

w a s  pas sed  t h r o u g h  a r e a c t o r  which c o n t a i n s  polymer complexing 

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

o f  t h e  v a r i o u s  i o n s  i n  t h e  f i l t r a t e  w e r e  a n a l y z e d  and p l o t t e d  

a s  a f u n c t i o n  o f  f i l t r a t e  volume. The s e l e c t i v i t y  and t h e  

c a p a c i t y  of  t h e  polymer f o r  d i f f e r e n t  i o n s  were s t u d i e d .  These 

d a t a ,  which are p r e s e n t e d  i n  F i g .  10,  d e m o n s t r a t e  t h e  s e l e c t i v i t y  

of  p o l y e t h y l e n i m i n e  f o r  d i f f e r e n t  metal i o n s .  The polymer 

c o n c e n t r a t i o n  w a s  1 .5  w t  % and t h e  f e e d  s o l u t i o n  c o n c e n t r a t i o n  
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1 0  

C f ’  
t 

0 . 1  

0.01 

Fe++ 

Zn ++ 

Ni + +  

cu++ 

FIGURE 10. S e l e c t i v i t y  of p o l y e t h y l e n i m i n e  f o r  v a r i o u s  m e t a l  
i o n s  de t e rmined  a t  pH 4 . 2 .  

w a s  250 ppm f o r  e a c h  i o n  a t  pH 4 . 2 .  The d a t a  i n d i c a t e  t h a t  no 
* t t  U Fe 

i o n s ,  a r e  bound by t h e  polymer.  The b i n d i n g  c a p a c i t y  w a s  

c a l c u l a t e d  t o  be 0.07 g m e t a l / g  polymer.  

, N i  , o r  Zn* i o n s ,  y e t  a s u b s t a n t i a l  q u a n t i t y  o f  Cu 

The s e l e c t i v i t y  of p o l y i m i n o a c e t i c  a c i d  a t  pH 3.5 i s  shown 

i n  F ig .  11. The c o n c e n t r a t i o n  of  t h e  d i f f e r e n t  m e t a l  i o n s  i n  

t h e  f eed  s o l u t i o n  w a s  5 0 0  pprn e a c h .  The r e a c t o r  volume was 100  

m l  and t h e  polymer c o n c e n t r a t i o n  was 5 w t  % .  Here a g a i n  t h e  

complex w i t h  Cu i o n s  i s  much s t r o n g e r  t h a n  w i t h  Zn o r  N i  U ft U 

i o n s .  

C h a r a c t e r i z a t i o n  o f  D i f f e r e n t  C h e l a t i n g  Agents  i n  T e r m s  of t h e i r  
S e l e c t i v i t y  and  Load F a c t o r  

The m a j o r i t y  o f  t h e  t es t s  were performed w i t h  f o u r  d i f f e r e n t  

macromolecular  complexes which had a m o l e c u l a r  we igh t  i n  e x c e s s  

of 30,000. A 5 w t  % aqueous s o l u t i o n  was p r e p a r e d ,  and t h e  

s e l e c t i v i t y  w a s  de t e rmined  i n  a d i a f i l t r a t i o n  test w i t h  a f e e d  
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1148 STRATHMANN 

FIGURE 1 1 .  S e l e c t i v i t y  o f  p o l y i m i n o a c e t i c  a c i d  f o r  v a r i o u s  metal  
ions d e t e r m i n e d  a t  pH 3 .5 .  

s o l u t i o n  which c o n t a i n e d  100  ppm c o n c e n t r a t i o n  of  t h e  metal i o n  

b e i n g  examined.  The r e s u l t s  a r e  summarized i n  T a b l e  1. These 

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

for Cu* and Cd- ions. P o l y i m i n o a c e t i c  a c i d  a l s o  shows a h i g h  

s e l e c t i v i t y  f o r  Cu 

N i  i o n s .  The q u a t e r n i z e d  p o l y e t h y l e n i m i n e  h a s  a good s e l e c t i v i t y  

f o r  Pd, P t ,  Hg, and Au i o n s ,  and an e x c e p t i o n a l l y  h i g h  c a p a c i t y .  

L a s t l y ,  p o l y t h i o u r e a  i s  e s p e c i a l l y  s u i t e d  f o r  Hg i o n s .  The 

c o n c e n t r a t i o n  i n  t h e  f i l t r a t e  w a s  between 1 and 100 ppb. The 

r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  i n  t h e  f i l t r a t e  are  n o t  n e c e s s a r i l y  

a r e f l e c t i o n  o f  t h e  s t a b i l i t y  of t h e  complex,  b u t  are rather more 

l i k e l y  caused  by t h e  m o l e c u l a r  we igh t  d i s t r i b u t i o n  of  t h e  polymer.  

* 
and i s  somewhat less s e l e c t i v e  f o r  Zn* and 

tt 

The Use o f  V a r i o u s  L i q u i d  Ion Exchange Emulsions f o r  t h e  
- S e l e c t i v e  Removal of Heavy Metal Ions 

I n  t h i s  s t u d y ,  f o u r  d i f f e r e n t  i o n  exchange  mater ia ls  were 

u s e d :  Kelex loo* .  Jcelex 200”, Alamin 336  and L I X  6 4  N .  Var ious  

“Trademark o f  Ashland Chemica l s .  
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DIAFILTRATION OF MACROMOLECULAR COMPLEXES 1149 

TABLE 1 

S e l e c t i v i t y  and c a p a c i t y  of  v a r i o u s  complexing a g e n t s  f o r  d i f f e r e n t  
m e t a l  i o n s  

Complexing a g e n t  Metal  pH range  Capac i ty  

P o l y e t h y l e n i m i n e  c u  6 
Cd 

P o l y i m i n o a c e t i c  a c i d  Zn 
N i  
CU 

Ag 

Quat e r n i z  ed Pd 
po lye thy len imine  P t  

H g  
Au 

1 . 5  

1 .5  

0.1 
0.3 

0.02 
0.05 
0.1 
0.2 

0 . 4  
0.5 
0.6 
0.2 

P o l y t h i o u r e a  Hg 1 0.75 

i n d u s t r i a l  e f f l u e n t s  were s i m u l a t e d  a s  f eed  s o l u t i o n s .  An emulsion 

of  10% o r g a n i c  mater ia l  w a s  p r e p a r e d  by commercial  s u r f a c t a n t s .  

An u l t r a f i l t r a t i o n  membrane w i t h  a nominal cu t -o f f  of  mo lecu la r  

we igh t  10,000 was used f o r  t h e  f i l t r a t i o n  p r o c e s s .  The test 

r e s u l t s  are  summarized i n  Tab le  2 .  

SELECTIVE REMOVAL OF HEAVY METAL IONS FROM INDUSTRIAL EFFLUENTS 

I n  a second s e r i e s  of  l a b o r a t o r y  tests,  d i a f i l t r a t i o n  w i t h  

macromolecular  complexes w a s  a p p l i e d  t o  v a r i o u s  i n d u s t r i a l  e f f l u e n t s  

t o  remove c e r t a i n  h i g h l y  t o x i c  o r  v a l u a b l e  heavy m e t a l  i o n s .  The 

r e s u l t s  which a r e  summarized i n  T a b l e  3 i n d i c a t e  t h a t  t h e  d i a -  

f i l t r a t i o n  p r o c e s s  can  s u c c e s s f u l l y  be employed t o  remove v a r i o u s  

heavy metal i o n s  from i n d u s t r i a l  e f f l u e n t s .  More e x t e n s i v e  p i l o t  

p l a n t  tests were c a r r i e d  o u t  w i t h  a mercu ry -con ta in ing  e f f l u e n t  

from a c h l o r a l k a l i n e  e l e c t r o l y s i s .  The e x p e r i m e n t a l  arrangement  
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TABLE 2 

S e l e c t i v e  removal of  metal i o n s  by l i q u i d  i o n  exchange emulsion and 
u l t r a f i l t r a t i o n  

Metal Ion exchange C- C, Load f a c t o r  PH 

Cd2+ Kelex 100  37 0.005 63 

Cd2+ Kelex 200 100 0.16 95 
cu2 t 

(SO,,,)3 Alamin 336 20 0 .1  - uo2 

L I X  6 4  N 80 0.09 28 

Grot- Alamin 336 100 1 . 0  - 
A u C N  Alamin 336 2 0 .1  - 

corresponds t o  t h e  schematic  j n  Fig.  1. The waste  w a t e r ,  whirh contained 

2 t o  5 ppm o f  mereury, among o t h e r  s a l t s ,  was fed i n t o  a s t i r r e d  r e a c t o r  

v e s s e l .  The r e a c t o r  conta ined  a 5% s o l u t i o n  o f  po lye thylen imine .  

The r e a c t o r  s o l u t i o n  w a s  u l t r a f i l t r a t e d  w i t h  a recovery  r a t e  

of 5 t o  10% i n  a c a p i l l a r y  membrane u n i t  (5 ) .  The bleed-off  i s  fed  

back i n t o  t h e  r e a c t o r  o r  c o l l e c t e d  f o r  f u r t h e r  t rea tment  when 

loaded by more t h a n  20 w t  %. The enrichment f a c t o r  i n  t h i s  process  

was 2,000 t o  5,000. The u l t r a f i l t r a t i o n  u n i t  w a s  equipped w i t h  

c a p i l l a r y  membranes wi th  a n  i n n e r  d iameter  of  50 m i l s  and a 

molecular  weight cu t -of f  of 30,000. I t  w a s  opera ted  a t  1 5  p s i  

and y i e l d e d  a f l u x  of about  30 g s i d .  

A c o s t  a n a l y s i s ,  which w a s  based on t h e  p i l o t  p l a n t  tests,  

i n d i c a t e d  t h a t  t h e  p r i c e  of t h e  polymer determined t o  a l a r g e  e x t e n t  

t h e  c o s t s  of t h e  p r o c e s s ,  and only  f o r  v e r y  d i l u t e  s o l u t i o n s  d o  

t h e  c o s t s  f o r  t h e  d i a f i l t r a t i o n  procedure become s i g n i f i c a n t .  For 

v a l u a b l e  metals,  such as  s i l v e r ,  go ld ,  e t c .  t h e  c o s t s  of t h e  

s e p a r a t i o n  p r o c e s s  a r e  g e n e r a l l y  recovered by t h e  c o s t  of  t h e  m e t a l  

r ec la imed.  
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It i s  g e n e r a l l y  more p r a c t i c a l  t o  u s e  e m u l s i f i e d  l i q u i d  i o n  

exchange m a t e r i a l s  r a t h e r  than  macromolecular r h e l a t i n g  a g e n t s ,  

s i n c e  t h e  b a s i c  material  is l e s s  c o s t l y ,  t h e  r e t e n t i o n  of t h e  

membrane f o r  t h e  emulsion i s  v i r t u a l l y  loo%,  and the m e t a l  ion  can 

e a s i l y  be  r e l e a s e d  from t h e  o r g a n i c  m a t e r i a l  by a change i n  pH. 
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