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SEPARATION AND PURIFICATION METHODS, 14(1), 41-66 (1985) 

I. 

ELECTRODIALYSIS AND ITS APPLICATION IN THE 
CHEMICAL PROCESS INDUSTRY 

H. S t r a thmann  

Fraunhofer-Insti tut  f i r  Grenzflachen-  und 

Bioverfahrenstechnik,  S t u t t g a r t ,  Germany  

Introduct ion 

Electrodialysis is a process by which e l ec t r i ca l ly  charged membranes  

are used to s e p a r a t e  ions from a n  aqueous solution Sy t h e  driving f o r c e  

of an  e l ec t r i ca l  potent ia l  difference.  Electrodialysis is used today mainly 

for desalination of sea and brackish water .  O t h e r  applications,  such as 
t h e  recovery of w a t e r  and  valuble m e t a l  ions f r o m  industrial  eff luents ,  

t h e  removal  of sa l t s  and acids  f rom pha rmaceu t i ca l  solutions and in food 

processing, have only r ecen t ly  gene ra t ed  a broader  interest .  Electrodialysis 

is  used today to perform several  gene ra l  t ypes  of separations:  

- The removal  of salts, acids,  and bases f rom aqueous solutions 

- The  separat ion of ionic compounds from neu t r a l  molecules  
- The  separat ion of monovalent  ions f rom mult ivalent  ions. 

In addition to these  separat ion procedures  e lectrodialysis  is used in 

combinat ion with bipolar membranes  for t h e  production of ac ids  and  hases  
f rom w a s t e  w a t e r  containing salts. These m o r e  r ecen t ly  developed applica- 

t ions of e lectrodialysis  h a v e  substant ia l ly  increased t h e  in t e re s t  in this  
process  f o r  t h e  chemica l ,  food and drug industry. 
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42 STRATHMANN 

11. The Principle of Electrodialysis and Basic Process Parameters 

Electrodialysis is based on the  selective electromigration of ions 

through cation- and anion-exchange membranes. Cation-exchange mem- 
hranes a re  negatively charged and permit the passage of positively charged 
cations which a re  generally referred to as counter-ions. Anion-exchange 
membranes are positively charged and permit t h e  passage of negatively 
charged anions. Ion-exchange membranes are, due to t h e  Donnan ex- 
clusion,') more or less completely impermeable to ions carrying the same 
charge as the  membranes. These ions a re  generally referred to as co-ions. 
The basic principle of the process is illustrated in Figure I which shows 
a schematic diagram of a typical electrodialysis cell arrangement consisting 
of a series of anion- and cation-exchange membranes in alternating patterns 
between an anode and a cathode to form individual cells. 

If an ionic solution, such as an aqueous salt solution, is pumped 
through these cells and a direct current potential is applied between the 
electrodes t h e  positively charged cations in the  solution migrate towards 
t h e  cathode. These ions pass easily through t h e  negatively charged cation- 

FIGURE 1 

The principle of electrodialysis showing the migration of cations and anions 
through the  corresponding membranes under the  driving force of an 
electrical potential difference resulting in a concentration decrease or 
increase, respectively, in alternating cells. 
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ELECTRODIALY S IS 43 

exchange  membranes  b u t  are retained by t h e  posit ively cha rged  anion- 

exchange membranes.  Likewise, t h e  negatively cha rged  anions in t h e  
solution mig ra t e  towards  t h e  anode. They pass through t h e  anion-exchange 

membrane  but  a r e  re ta ined by t h e  cat ion-exchange membranes.  T h e  overal l  

resul t  is a n  ionic concen t r a t ion  increase in a l t e r n a t e  c o m p a r t m e n t s  while 

t h e  o t h e r  c o m p a r t m e n t s  simultaneously become  depleted of ions. T h e  

depleted solution is general ly  r e fe r r ed  to as d i lua t e  and t h e  c o n c e n t r a t e d  

solution as c o n c e n t r a t e  or brine. 

1. - T h e  electrodialysis  s t ack  design 

In a p rac t i ca l  e lectrodialysis  sys t em up to 400 cat ion-  and  anion- 

exchange membranes  a r e  installed in parallel  to form a n  electrodialysis  

s t a c k  with up to 200 cel l  pairs. The re  a r e  several  d i f f e ren t  e lectrodialysis  

s t ack  designs in commerc ia l  use. They typically a r e  pa t t e rned  a f t e r  t h e  

p l a t e  and f r a m e  configurat ion uti l ized in f i l t e r  presses. A t yp ica l  s t a c k  

design is shown in Figure 2. 

Electrode Cell 
I 

Concentrate 
w 

Diluate 

Electrode 
rinse solution 

4 

2 

Cation-exchange Anion-exchange 
membrane membrane 

\ Spacer 

FIGURE 2 

Schemat i c  diagram of a n  electrodialysis  s t a c k  showing t h e  f eed  f low 
distribution in ce l l s  fo rmed  by t h e  ion-exchange membrane  and space r  
gaskets.  
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44 STRATHMA” 

Cat ion-  and anion-exchange membranes  sepa ra t ed  by a space r  gaske t  

fo rm individual cells. Common holes through t h e  membranes  and sepa ra to r  
gaske t s  act as flow manifolds. The  f low distribution to t h e  individual 
c o m p a r t m e n t s  is accomplished by using special  duc t s  f rom t h e  e n t r y  and  
t h e  ex i t  holes to t h e  inter ior  of t h e  space r  gasket.  E lec t rodes  are placed 
at t h e  ends  of a membrane  s t ack  in individual cells,  usually r e f e r r e d  t o  
as e l ec t rode  chambers ,  Various ma te r i a l s  a r e  used for  t h e  fabricat ion of 

t h e  electrodes.  Usually a platinium c o a t e d  t i tanium sc reen  is used as t h e  
anode  because of t h e  high level  of corrosion resis tance.  The  c a t h o d e  is 
general ly  made from nickel alloys or  s ta inless  s teel .  The e l e c t r o d e  
chambers  a r e  rinsed by a s e p a r a t e  solution which is f r e e  of chloride-ions 
to avoid t h e  formation of highly corrosive chlor ine gas. The  thickness of 

t h e  individual cells ,  i. e., t h e  d i s t ance  between t w o  membranes  is k e p t  
as small  as possible, usually in t h e  range of 1 mm. A c o n c e n t r a t e  and a 

d i lua t e  cel l  t oge the r  f o r m  a ce l l  pair. The  vol tage d rop  ac ross  one  ce l l  
pair  in a typical  e lectrodialysis  desalination process is  in t h e  range of 

0.5 - 1.5 \I2). T h e  c u r r e n t  densi ty  depends on t h e  concen t r a t ion  of t h e  
f eed  solution and  t h e  di luate .  I t  is in t h e  range of 5 - 50 mA/cm’. S ince  
in commerc ia l  e lectrodialysis  uni ts  t h e  a r e a  of a cel l  is in t h e  range of 
0.5 - 1.5 m t h e  c u r r e n t  through a s t ack  is in t h e  range of 5 - 150 A 
d i r e c t  c u r r e n t  and t h e  vol tage d rop  ove r  an  e n t i r e  s t a c k  is in t h e  r ange  

2 

of 100 - 300 V. 

2. The  basic  process  pa rame te r s  

T h e  technical  feasibi l i ty  of electrodialysis  as a mass separat ion 
process,  i. e., i t s  capabi l i ty  of separat ing ce r t a in  ions f rom a given mix tu re  
with o the r  molecules,  is de te rmined  by t h e  ion-exchange membranes  used 
in t h e  system. T h e  economics of t h e  process  is mainly de t e rmined  by t h e  
energy conslimption and t h e  investment  costs fo r  plants,  which again a r e  
a funct ion of t h e  membrane  propert ies  used in t h e  process  and  var ious 

design p a r a m e t e r s  such as ce l l  dimensions, f e e d  flow velocity,  pressure 
drop of t h e  f eed  solution in t h e  cell ,  etc. 
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FIGURE 3 

Schemat i c  diagram showing concen t r a t ion  polar izat ion effects in t h e  
laminar  bo ndary layers  of a cat ion-exchange m e m b r a n e  during electro- 
dialysis. Cb and C i  are t h e  ca t ion  concen t r a t ions  in t h e  hulk solution of  
t h e  d i lua t e  and c o n c e n t r a t e  cells, respectively; C," and C are t h e  ca t ion  
concen t r a t ions  in t h e  corresponding ce l l s  a t  t h e  rnembraFe surface.  

cy 

2.1 _Mass t r ans fe r  t h r o u g h p e r m s e l e c t i v e  membranes  and t h e  l imit ing 

c u r r e n t  densi ty  

Since t h e  permeabi l i ty  of an  ion-exchange membrane  usually is  

significantly higher than t h a t  of t h e  ad jacen t  solution, t h e  t r anspor t  of 
charged pa r t i c l e s  through a set of ion-exchange membranes  l eads  to a 
dec reased  concen t r a t ion  of counter-ions in t h e  laininary boundary l aye r  
a t  t h e  membrane  s u r f a c e  facing t h e  d i lua t e  cel l  and a n  inc rease  at t h e  
su r face  facing t h e  brine cell .  T h e  concen t r a t ion  polarisation due  to a n  

increase in t h e  br ine a t  t h e  membrane  s u r f a c e  might  lead to s o m e  

precipi ta t ion of s a l t  a t  t h e  surface.  The  d e c r e a s e  of t h e  counter-ions in 

t h e  di luate  direct ly  affects t h e  l imiting c u r r e n t  densi ty  and increases  t h e  
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46 STRATHMANN 

e l e c t r i c  res is tance of t h e  solution in t h e  boundary layer'). The  f lux of a 
ca t ion  from a solution which is depleted of ions and  through t h e  membrane  

and i t s  ad jacen t  laminary boundary layers  is shown schemat i ca l ly  in 
Figure 3. 

The  ionic flux through t h e  membranes  and  t h e  ad jacen t  boundary 
4) layers  c a n  b e  descr ibed by t h e  following equation: 

(1) ( i =  +,-) . M i d Ci 
Ji = (Ti - Ti) = - D i ~  

H e r e  ? and  T. a r e  t h e  t r anspor t  numbers  of a n  ion in t h e  m e m b r a n e  
and  in t h e  solution, respectively,  i is t h e  c u r r e n t  density,  F t h e  Fa raday  
constant ,  z t h e  e l ec t rochemica l  valence of t h e  ion, D. t h e  diffusion 
coe f f i c i en t  of t h e  Ion in t h e  solution and dCi/dy t h e  ion concen t r a t ion  

g rad ien t  in t h e  laminar  boundary layer.  

1 I 

I 

With most  ion-exchange membranes  t h e  ion-transport  number in t h e  
membrane  is much larger  than t h a t  in t h e  solution, i. e., f > T i .  Thus, 
t h e  resis tance to mass t r ans fe r  is much smaller  in t h e  membrane  than in 
t h e  solution. This leads to a depletion of ions on o n e  s ide of t h e  membrane  
and to a n  accumulat ion of ions on t h e  other ,  result ing in s ignif icant  
concen t r a t ion  g rad ien t s  within t h e  boundary layers.  Eventually a s t eady  
state is a t t a i n e d  at  which diffusion due  to t h e  e l ec t r i ca l  potent ia l  g rad ien t  
is balanced by diffusion due  to t h e  concen t r a t ion  gradient ,  i. e.: 

Rear rangemen t  of equat ion ( I )  and (2)  and integrat ion yields a s imple 
relat ion between t h e  boundary l aye r  thickness  and t h e  c u r r e n t  density: 

Increasing t h e  vol tage in t h e  s t a c k  increases  t h e  c u r r e n t  density and t h e  
flux of ion. This flux, however,  has  to b e  counterbalanced by t h e  diffusive 
flux, which will reach a maximum value when t h e  concen t r a t ion  of t h e  
solution at t h e  membrane  su r face  d? approaches zero.  The  cu r ren t  densi ty  

which can  be  reached under a given set of expe r imen ta l  condi t ions in t h e  
1 
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ELECTRODIALYSIS 47 

s t eady  state is r e fe r r ed  to as t h e  l imiting c u r r e n t  densi ty  i 

by: 

I t  is given lim' 

H e r e  is cb t h e  concen t r a t ions  of t h e  counter-ions in t h e  bulk solution in 

t h e  di luate  cell. Di is a diffusion coe f f i c i en t  of t h e  ions in t h e  solution, 

F t h e  Fa raday  constant ,  z t h e  chemica l  valence,  Ybthe thickness  of t h e  
laminary boundary layer,  ? t h e  t r a n s f e r  number of t h e  counter-ions in 

t h e  ion-exchange membrane,  and  T. t h e  t r ans fe r  number of t h e  counter- ions 

in t h e  solution. If t h e  l imiting c u r r e n t  densi ty  is  exceeded  t h e  process  

eff ic iency will b e  drast ical ly  diminished due  to t h e  increasing e l e c t r i c a l  

res is tance of t h e  solution and t h e  dissociation of wa te r ,  which l eads  to 

pH changes  and a s soc ia t ed  operat ional  prohlems. The l imiting c u r r e n t  

densi ty  de t e rmines  t h e  membrane  a r e a  required fo r  a c e r t a i n  desal t ing 

capac i ty  and,  t he re fo re ,  to a l a rge  ex ten t ,  t h e  inves tmen t  costs of a n  

electrodialysis  plant. 

I 

1 

1 

2.2 Membrane pe r  in sel  ec t i v i t y 

The permselect ivi ty  of  a n  ion-exchange membrane  is mainly accom- 

plished by t h e  exclusion of t h e  co-ions f rom t h e  membrane  phase. This 

exclusion c a n  ma themat i ca l ly  b e  described for  a binary sal t ,  such as 
sodium chloride,  by t h e  following relation: 5 )  

( 5 )  

Here  C F o i s  t h e  concen t r a t ion  of t h e  co-ion in t h e  membrane,  Cs is t h e  

concen t r a t ion  of t h e  s a l t  in t h e  solution ad jacen t  t o  t h e  membrane  surface,  
C F  is t h e  fixed ion-concentration of t h e  membrane,  y , and  ys M a r e  t h e  

ac i t i v i ty  coe f f i c i en t s  of t h e  s a l t  in t h e  solution and in t h e  membrane,  

respectively.  Equation ( 5 )  gives  a relat ion be tween  t h e  co-ion concen t r a t ion  
in a cat ion-exchange membrane,  t h e  membrane-fixed ion densi ty  and t h e  
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4a STRATHMANN 

I I I  
& Matr ix  with F i r a d  Charges 

0 Coun tor - Ion 

0 Co- Ion 

FIGURE 4 

Schemat i c  diagram of a cation-exchange membrane.  

s a l t  concentrat ion in t h e  ad jacen t  solution. T h e  flux of ions through t h e  
membrane  is d i r ec t ly  proportional to t h e  co-ion concen t r a t ion  in t h e  
membrane  phase. T h e  r a t i o  of t h e  d i f f e ren t  ion fluxes then  l eads  to t h e  
t r anspor t  number of d i f f e ren t  ions in t h e  membrane  and with t h a t  to t h e  

permselect ivi ty  of t h e  membrane. 3 )  

2.3 Ion-exchange membranes,  t he i r  preparat ion,  and propert ie?  

The propert ies  and preparat ion procedures  of ion-exchange membranes  
are closely r e l a t ed  to those of ion-exchange resins.5) As in resins, t h e r e  
are t w o  d i f f e ren t  t ypes  of membranes: (1) Cation-exchange membranes  
which contain negat ively charged groups fixed to t h e  polymer ma t r ix  and 
(2) anion-exchange membranes which con ta in  posit ively cha rged  groups 
fixed to t h e  polymer matrix.  In a cat ion-exchange membrane  t h e  f ixed 
anions a r e  in a n  e l ec t r i ca l  equilibrium with t h e  mobile ca t ions  in t h e  
in t e r s t i ce s  of t h e  polymer. This is i l lustrated in Figure 4, which shows 
schematical ly  the ma t r ix  of a cation-exchange membrane  with f ixed 

negat ive cha rges  and mobile ca t ions  ( t h e  counter-ions). Anions (co-ions) 
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ELECTRODIALYSIS 49 

are excluded from the polymer matrix by electrical repulsion. 
The most desirable properties of ion-exchange membranes are: f I )  

High permselectivity, (2) low electrical resistance, (3) good mechanical 

and form stability, and (41 good chemical stability. 

However, these properties are often incompatible, and therefore, diff icult 

to optimize. For instance, increasing the degree of cross-linking improves 

the mechanical stability but also increases electrical resistance. A high 

concentration of fixed ionic charges in the membrane matrix leads to a 

lower electrical resistance but in general causes a high degree of swelling 

and poor form stability. The properties of ion-exchange membranes are 

determined by the hasic polymer matrix and the type and concentration 

of fixed ionic moieties. The basic polymer matrix determines the 

mechanical and chemical properties of the membrane. I t  often consists 

of a hydrophobic polymer such as polystyrine, polyethylen, or polysulfone. 

The type and concentration of the fixed ionic charges determine the 

permselectivity and the electrical resistance of the membrane, hut also 

have a significant effect on the degree of swelling. As fixed charges i n  

cation-exchange membranes the following moieties are generally used: 

-SO--, -CO--, or -PO--. In anion-exchange membranes the fixed charges 

are typically -NH3+,  >NH2 , and $N+. The sulfonic acid groups are 

completely dissociated over nearly the entire pH-range, while the carhoxilic 

acid groups are tindissociated in the pH-range below 7. The quarternary 

ammonium groups are completely dissociated over the entire pH-range, 

hut the primary ammonium group i s  only weakly dissociated. Accordingly. 

ion-exchange membranes are referred to as having a strong or weak acid 

or basic character. 

3- + 3 2 

5 )  

Most commercial ion-exchange membranes can be distinguished 

according to the structure and preparation procedure as either homogeneous 

or heterogeneous membranes. Heterogeneous membranes are usually pre- 

pared hy embedding ionic particles into an inert binder such as poly- 

ethylene, phenolic resins, or polyvinylchloride. The methods of making 

homogeneous ion-exchange membranes can he summarized in three 

different categories: 1) Polymerization and polycondensation of monomers, 

of which at least one must contain a moiety that is, or can be made, 
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TABLE I 
Reported Properties of Commercial Ion-Exchange Membranes 

Manufacturer Area Transference Approximate 
and Type of Resistan ya Number of ,, Thickness 
Designation Membrane (Ohm-cm ) Counter-ion (mm) 

Cat-exch 5 
6 An-exch 

AMF' 
C-60 
A-60 

0.80 
0.80 

0.30 
0.30 

Cat-exch 1.4 0.85 0.23 
DK- I  Cat-exch 1.8 0.85 0.23 
CA- I  An-exch 2.1 0.92 0.23 
DA-1 An-exch 3.5 0.92 0.23 

A C I ~  
CK-I  

3 0.93 0.16 
0.92 0.33 

4 0.95 0.16 
5 0.95 0.16 

Cat-exch 
Cat-exch 10 
An-exch 
An-excli 

AGCe 
CMV 
CSV 
AMV 
ASV 

0.94 0.2 
0.99 0.40 

Cat-exch 12 
MC-3142 An-exch I 1  

ICf 

MA-3475 

0.96 0.40 Cat-exch 3.8 DPg 
N-901 

0.93 0.6 
0.93 0.6 

Cat-exch 11 
AR-IIIA An-exch 11 

Cat-exch 3 
CL-2'5T Cat-exch 3 

IIh 
CR-61 

0.98 0.16 
0.98 0.16 

4 0.98 0.16 
An-exch 5 0.98 0.16 

TCS' 

CLS-25T An-exch 
AV-4T 
AVS-4T 

a 
b 

c 
d 
e 
I 
g 
h 
i 

Measured in 0.5 normal NaCl a t  25OC. 
Calculated from concentration potentials measured between solutions 
o f  0.5 and I normal NaCf. 
American Machine and Foundry Co., Stamford, Connecticut. 
Asahi Chemical Industry, Ltd., Tokyo, Japan. 
Asahi Glass Co., Ltd., Tokyo, Japan. 
Ionac Chemical Co., BirminRham, New Jersey, USA. 
DuPont Co., Wilmington, DE 19898, IJSA. 
Ionics, Inc., Cambridge, Massachusetts, USA. 
Tokuyama Soda Co., Ltd., Tokyo, Japan. 

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



ELECTRODIALY SIS 51 

anionic or cationic; 2) Introduction of anionic or cationic moieties into a 

f i lm by techniques such as inbibing styrine into polymer films. 3) Intro- 

ducing anionic or cationic moieties into a polymer chain, such as poly- 
5 )  sulfone followed by the dissolving of the polymer and casting into a film. 

All three preparation methods are used today for making homogeneous 

ion-exchange membranes for electrodialysis. Usually, the membranes are 

reinforced by a screen to provide better mechanical stability. Most of 

todays ion-exchange membranes are prepared as homogeneous structures 

because of their better overall properties compared to the heterogeneous 

structures. The properties of some commercial membranes are summarized 

in Table I. The area resistance measured in a 0.5 normal sodium chloride 

solution i s  typically in the range between 1 - 10 fl cm2. The transference 

number measured in two solutions separated by a membrane of 0.5 and 

I n NaCl are typically in the range of 0.8 - 0.95. The thickness of the 

membrane i s  typical between 0.2 - 0.5 mm. The l i s t  of membranes reported 

in the table, of course, i s  far from being complete. There are several 

more membranes presently on the market or under development. 6) 

2.4 Electrodialysis energy and membrane area requirements 

The energy required for the desalination of  a solution i s  given by 

two terms: (1 )  The energy required to transfer the ions from the feed 

solution to the concentrate, and (2) the energy required to pump the 

solution through the stack. The energy necessary for the ion transfer is  

directly proportional to the total current flowing through the stack and 

the voltage drop between the two electrodes and is  given by the following 

equation: 

I n R t 2 FQ AC 
4 E =  

Here E i s  the energy consumption, I the total current flowing through 

the stack, n is  the number of cell pairs in the stack, R the resistance 

of a cell pair, t the time, F the Faraday constant, z the electrochemical 

valence, Q the feed solution flow rate, A C  the concentration difference 
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52 STRATHMANN 

be tween  t h e  f eed  solution and t h e  diluate,  and 4 t h e  c u r r e n t  uti l ization. 
T h e  c u r r e n t  uti l ization is direct ly  proportional to t h e  number of cel ls  in 
t h e  s t a c k  and is governed by t h e  c u r r e n t  eff ic iency,  which is a lways less  
t han  1. 

Equation ( 6 )  indicates  t h a t  energy required for t h e  t r ans fe r  of ions 
from a feed  solution in to  a c o n c e n t r a t e  is  mainly de t e rmined  by t h e  
number of ions t r ans fe r r ed  (i. e., t h e  concentrat ion d i f f e rence  be tween  
t h e  d i lua t e  and t h e  feed solution) and t h e  resis tance of t h e  s t a c k  (i. e., 
mainly t h e  resis tance of t h e  d i lua t e  solution). In desalination of brackish 
wa te r  a typical  value fo r  t h e  resis tance of an  electrodialysis  cel l  pair  
(i. e., t h e  cat ion-  and t h e  anion-exchange membrane  plus t h e  d i lua t e  and 
concen t r a t ed  solution! is 10 - 500 O c m  . 2 7) 

T h e  energy necessary for  pumping t h e  solutions through t h e  cel ls  is: 

H e r e  E a r e  cons t an t s  referr ing 
to t h e  eff ic iency of t h e  pumps, and Qd, Qb, and  Q, are volume flow of 
t h e  diluate,  brine,  and e l e c t r o d e  rinse solutions, respectively.  APd, A Ph, 
and A P  a r e  pressure losses of t h e  f low streams.  Energy required f o r  
pumping t h e  solutions through t h e  sys t em may  become  signif icant  or  e v e n  
dominant  when solutions with r a the r  low s a l t  concen t r a t ions  are 
processed. 

is t h e  pumping energy,  kl, k2, and k P 3 

0 

2) 

T h e  membrane  area required by a c e r t a i n  plant capac i ty  is given 
by: 

z F Q A C n  
A =  

i s  

H e r e  A is t h e  membrane  a rea ,  z t h e  e lectro-chemical  valence,  F t h e  
Fa raday  constant ,  Q t h e  volume flow of t h e  product,  AC t h e  d i f f e rence  
in t h e  ion concen t r a t ion  of f e e d  and product,  n t h e  number of cel ls  in 
t h e  s t ack ,  i t h e  cu r ren t  density,  and 4 t h e  c u r r e n t  uti l ization. 
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The required membrane  a r e a  fo r  a c e r t a i n  plant  capac i ty  is mainly 
de t e rmined  by t h e  cu r ren t  densi ty  i and t h e  number of ions removed f rom 
t h e  f eed  solution, which is  given by AC. T h e  c u r r e n t  ut i l izat ion is given 
by 3 eff ic iency terms: 

I s '  I W ,  and H e r e  4 is  t h e  c u r r e n t  uti l ization, n is  t h e  number of cells,  

refers 
to t h e  eff ic iency dec rease  of t h e  sys t em due to t h e  fact t h a t  t h e  

r e fe r s  to t h e  eff ic iency membranes  a r e  no t  s t r i c t ly  semipermeable .  

dec rease  d u e  to t h e  t r ans fe r  of w a t e r  through t h e  membrane  by osmosis 
and  ion-solvation. l m  r e f e r s  to t h e  eff ic iency dec rease  due to part ia l  
e l e c t r i c  c u r r e n t  f low through t h e  s t ack  manifold. 9 and  1, can  b e  

k e p t  c lose to 1 by an appropr i a t e  cel l  design. 1 is a s t rong  funct ion of 
t h e  f eed  solution concen t r a t ion  and  can  have  a s ignif icant  e f f e c t  on t h e  
eff ic iency of t h e  process at high f eed  solution concentrat ions.  

a r e  eff ic iency t e rms ,  which a r e  a lways smaller  t han  1. 1 I m  

I w  

W 

S 

3. Electrodialysis sys t em design and process costs 

In addition to t h e  membrane  s t ack ,  a n  electrodialysis  sys t em consis ts  
of several  components  essent ia l  to t h e  proper  funct ion of t h e  process. A 

flow diagram of a typical  e lectrodialysis  plant  fo r  desalination of brackish 
w a t e r  is shown in Figure 5 .  

T h e  plant  consis ts  of a f eed  w a t e r  p r e t r e a t m e n t  sys t em,  t h e  membrane  
s t ack ,  and various rinse solution f low circuits.  Several  var ia t ions of th i s  
design are possible. One  of t h e  more impor t an t  ones is  t h e  so cal led 
"reverse polarity" process f o r  which t h e  c u r r e n t  polar i ty  is consecut ively 
reversed a f t e r  c e r t a i n  t i m e  intervals  ranging f r o m  a few minu tes  to 
several  hours.8) Obviously, when t h e  polar i ty  is  reversed t h e  hydraul ic  
f low s t r e a m s  a r e  also reversed, i. e., t h e  d i lua t e  ce l l s  become  c o n c e n t r a t e  
cel ls  and vice versa.  T h e  advan tage  of t h e  r eve r se  polar i ty  ope ra t ing  
mode is t h a t  precipi ta t ion in t h e  c o n c e n t r a t e  ce l l s  is minimized. 
The  total cost of t h e  electrodialysis  process  is a sum of f ixed cha rges  
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Electrode rinse solution 

I 

Flow diagram of an 
desalination. 

/Acid /Rinse solution \/Concentrate 

FIGURE 5 

electrodialysis unit used for brackish water 

associated with amortization of the  investment and operating expenses, 
such as energy, chemical treatment, and labour costs. The investment 
costs are directly related to the required membrane area, which, as shown 

above, is a strong function of the feed solution salt concentration. The 
energy required for t h e  actual desalination process is also directly pro- 
portional to the feed solution concentration. Therefore, t h e  total cost of 
electrodialysis is directly proportional to the feed solution concentration, 
assuming a fixed product concentration. For desalination of saline water, 
t h e  cost of electrodialysis is well documented in the literature. 9 )  

A comparison of todays desalination costs of various processes as a function 
of the feed water salinity is shown in Figure 6 .  The graphs indicate that 
for very low salt concentrations in the feed solution ion-exchange is the  

most economical process, but  its costs increase sharply with t h e  feed 
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FIGURE 4 

Desalination costs for various processes as a function of t h e  feed water 
salt concentration. 

solution salinity and at  about 500 ppm salt concentration electrodialysis 
becomes more economical. With electrodialysis t h e  costs also increasing 
with feed concentration, and above 5000 ppm reverse osmosis becomes 
more economical. At very high salt concentrations, in excess of 100 000 
ppm, multistage flash evaporation becomes the most economical process. 
The cost of potable water produced from brackish water sources by 

electrodialysis is in the range of 0.2 - 0.5 $/m3 product water. 

111. Large Scale Application of Electrodialysis 

1. - Desalination of brackish water by electrodialysis 

The most important large-scale application of electrodialysis is t h e  

production of potable water from brackish water sources. Here electro- 
dialysis is competing directly with reverse osmosis and multi-stage flash 
evaporation. For water with relatively low salt concentration, i. e., less 
than 5000 ppm, electrodialysis is generally regarded t h e  more economic 
process, as indicated earlier. One significant feature of electrodialysis is 
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that  the  sa l t  can be concentrated to comparatively high values without 
reducing efficiency.") Furthermore, electrodialysis membranes can be 
operated at elevated temperatures  in excess of 40 - 50 OC, which is t h e  
temperature  of many brackish water sources obtained from deep wells. 
When t h e  reverse polarity mode is used, precipitation and scaling of 
divalent ions is less severe in electrodialysis than in reverse osmosis or  
in evaporation processes. 

2. Application of electrodialysis in industrial waste water t rea tment  
systems - 

The t rea tment  of industrial rinse and waste  water  to recover valuable 
constituents is a common application of electrodialysis. The reclamation 
of hydrofluoric acid and sulfuric acid from pickling processes and t h e  
removal of heavy metal  ions such as cadmium, nickel or copper from 
electroplating rinse waters  a r e  especially a t t ract ive.  A typical example 
is indicated in the flow diagram of Figure 7, which shows a cadmium 
plating line with the plated metal  par ts  transferred from the  plating bath 
to a still rinse and from there  to a regular rinse bath, Due to t h e  relatively 
high sa l t  concentration in t h e  plating bath, there  is a considerable carry- 
over of salts from t h e  plating bath to the still rinse. Therefore, t h e  
concentration in the still  rinse increases rapidly and frequent t rea tment  
of the  rinse solution is needed. By installing an electrodialysis unit, as 
shown in the  flow diagram of Figure 7, t h e  salts can be  continuouslv 
removed from t h e  still rinse and the  concentrate  recycled directly to t h e  
plating bath. The diluate is fed back to the  still rinse, thereby keeping 
i ts  sal t  concentration at a low level. Substantial savings in rinse water  
and plating bath consituents can be achieved. 

Another application which has been studied on a pilot plant s tage  
is the  regeneration of a chemical copper of plating baths. In the  production 

11) of printed circuits a chemical process is often used for copper plating. 
Components which a r e  plated a re  immersed into a bath containing not 
only copper ions, but also a complexing agent  such as ethylenediamin- 
te t raace t ic  acid (EDTA) and a reducing agent  such as formaldehyde. Since 
t h e  constituents a r e  used in relatively low concentrations t h e  copper 
content  of t h e  bath is rapidly exhausted and copper sulfate  must b e  added 
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a 

1 I Plating Still-rinse1 I 

Elect rodialysis 

FIGURE 7 

Flow diagram showing t h e  installation of an electrodialysis  unit  for  t h e  
continuous removal of metal-ions f rom t h e  s t i l l  r inse of a n  electroplat ing 
process line. 

frequently.  During t h e  plating process  formaldehyde is oxidized to formiate .  
Af t e r  prolonged use t h e  ba th  becomes  enriched with sodium s u l f a t e  and 
f o r m i a t e  and  consequently looses i t s  useful properties.  By applying e l ec t ro -  
dialysis in a continuous mode t h e  sodium s u l f a t e  and f o r m i a t e  c a n  b e  
select ively removed f rom t h e  solution without  e f f ec t ing  t h e  concen t r a t ion  

of formaldehyde and t h e  EDTA-copper complex. Thereby, is t h e  useful 
l i fe  of t h e  plating solution significantly extended.  Several  o t h e r  successful  
appl icat ions of electrodialysis  in w a s t e  wa te r  t r e a t m e n t  sys t ems  which 

11) have  been s tudied on a laboratory sca l e  a r e  reported in t h e  l i t e r a tu re .  

3. Electrodialysis in t h e  chemical ,  food and drug industry 

In t h e  food processing industry electrodialysis  is used to deionize o r  
deacidify f r u i t  juices, wine, milk, sugar  molasses,  and whey. Of pa r t i cu la r  
i n t e re s t  is t h e  pa r t i a l  demineral izat ion of whey, which is a n  exce l l en t  
sou rce  of protein,  lactose, vi tamins and minerals  b u t  is  n o t  considered a 

proper food ma te r i a l  because  of i t s  high sa l t  content .  T h e  pa r t i a l  de- 

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



58 

C A C A 

STRATHMANN 

Anode 

- 

pH 1.C PH = 1.P 

n 
n-{-coon i 

wn," i 

PH c 1.P 

lode 

Anions No I o n  Cat ions  
Migrate to Migrat ion Migrate to 

A n o d e  Cathode 

C = Cation - exchange membrane 

A = Anion-exchange membrane 

1.P = Isoelectric Point 

FIGURE 8 

Schemat i c  diagram f o r  t h e  migration of an  amino  ac id  in a t h r e e  com- 
p a r t m e n t  e lectrodialysis  cel l  under a n  e l ec t r i ca l  potent ia l  driving f o r c e  
with t h e  pH-value adjusted in r e fe rence  to t h e  isoelectr ic  point  of t h e  
amino  acid. 

mineralization of whey can b e  ca r r i ed  o u t  qu i t e  eff ic ient ly  by e l ec t ro -  
dialysis.'*) The  process has  been studied extensively and  is now commonly 
used in t h e  dairy industry. Electrodialysis is also present ly  used f o r  
desalt ing of molasses in sugar  production. In these  appl icat ions e l ec t ro -  
dialysis o f t en  c o m p e t e s  direct ly  with ion-exchange, b u t  in gene ra l  is less  
labour-intensive and, because of continuous process  design, m o r e  rel iable  
and less  costly. 

In t h e  pharmaceut ical  industry electrodialysis  is  used to s e p a r a t e  
salts, acids,  and bases  f rom organic  components  such as proteins,  a m i n o  
acids,  and  dextranes.  A r a t h e r  interest ing application of e lectrodialysis  is 
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ELEC TROD IALY S I S 59  

the separat ion of d i f f e ren t  amino  acids,  which because  of the i r  ampho te r i c  

n a t u r e  c a n  h e  protonated when t h e  pH-value of t h e  solution is lower than  

t h e  isoelectr ic  point  thus forming positively cha rged  species.  Sirnilarily, 

fo r  pH-values higheb than t h e  isoelectr ic  point negat ively cha rged  spec ie s  

are formed.  Consequently d i f f e ren t  amino  acids  +ith d i f f e ren t  isoelectr ic  

points  c a n  Be sepa ta t ed  by pH-value ad jus tmen t  and electrodialysis ,  as 

indicated in t h e  flow diagram of Figure 3. 

This diagram shows t h e  movemen t  of an amino  ac id  placed in a three-cel l  

c o m p a r t m e n t  between t w o  electrodes.  T h e  middle c o m p a r t m e n t  is  confined 

on t h e  anode  s ide by an anion-exchange membrane  and on t h e  c a t h o d e  

s ide by a cat ion-exchange membrane.  If an amino  acid is placed in t h e  

middle c o m p a r t m e n t  and t h e  pH adjusted,  according to i t s  i soe l ec t r i c  

point,  t h e  amino  ac id  c a n  b e  e i t h e r  neutral ,  or  posit ively,  or  negat ively 

charged,  and thus e i t h e r  mig ra t e s  t owards  t h e  anode, o r  t owards  t h e  

cathode,  or  remains in t h e  middle compar tmen t .  This pr inciple  can  b e  

used for  t h e  separat ion of amino acids  which d i f f e r  s ignif icant ly  in the i r  

isoelectr ic  point as indicated in Figure 9. 

Middle cell Cathode cell Anode c d  

-- 
1 

15 20 

-A- L-Alanine IP: 6,lO -- L-Asparaginic acid IP: 2,98 
ptt 4.0 I: 5mA/cm2 

FIGURE 9 

Re la t ive  concen t r a t ions  of L-alanine and  L-asparaginic acid in a t h r e e  
cel l  e lectrodialysis  unit  as a function of t ime.  
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For example,  L-alanine and L-asparagenic acid,  which have  i soe lec t r i c  
points of 6.1 and 2.98, respect ively,  c a n  b e  e f f ec t ive ly  sepa ra t ed ,  if a 

mix tu re  of these  t w o  a m i n o  acids  is placed in t h e  middle ce l l  of t h e  

t h r e e  c o m p a r t m e n t  e lectrodialysis  sys t em shown in Figure 8, and  t h e  pH 

adjusted to 4.0. T h e  L-asparagenic acid will b e  negat ively charged a n d  
mig ra t e  towards  t h e  anode and t h e  L-alanine will b e  posit ively cha rged  

and mig ra t e  towards t h e  cathode.  Several  o the r  amino  acids  which h a v e  
substant ia l  d i f f e rences  in t h e  isoelectr ic  point have  been sepa ra t ed  by t h e  

s a m e  procedure.  

In t h e  chemical  process  industry electrodialysis  can  h e  used in a 
slightly modified form to recover  organic  acids  f r o m  their  salts, as 
indicated schematical ly  in Figure 10. This f igure depicts  an  electrodialysis  

uni t  consisting of a repeat ing se r i e s  of four  cells. The  ce l l s  a r e  s e p a r a t e d  
by a l t e rna t ing  cat ion-  and anion-exchange membranes.  In t h e  f i r s t  and 
third cel l  of a repeat ing unit  s t r e a m s  of sulfuric acid and t h e  s a l t  of t h e  
organic  acid,  respectively,  are introduced. By applying an  e l ec t r i ca l  poten-  

t i a l  d i f f e rence  to t h e  system, t h e  concen t r a t ions  of H2S04 and NaR in 
the i r  respect ive cel ls  a r e  reduced, and sodium su l f a t e  and t h e  organic  
a c i d  a r e  simultaneously gene ra t ed  in t h e  intervening cells. For  this  

appl icat ion four independent flow s t r e a m s  a r e  used. An electrodialysis  
s t a c k  providing these  f e a t u r e s  is commercial ly  avai lable  today. 14) 

4. - Water  dissociation with bipolar membranes  

The  use of bipolar membranes for t h e  production of protons and 
hydroxyl-ions is an  interest ing and economically a t t r a c t i v e  process  which 
has  been explored in r e c e n t  years  on a laboratory scale.'5) The  principle 

of water  dissociation with bipolar membranes is shown schematical ly  in 
Figure 11. I t  is based on t h e  f a c t  t h a t  f rom an  aqueous solution placed 

between a cation- and an  anion-exchange membrane  al l  ionic spec ie s  a r e  
removed under t h e  driving f o r c e  of an  e l ec t r i ca l  potent ia l  d i f f e rence  

ac ross  t h e s e  t w o  membranes.  When al l  s a l t  ions are removed f r o m  th i s  
solution t h e  t ransport  of e l ec t r i ca l  cha rges  through t h e  membranes  c a n  
only be  accomplished hy protons and hydroxyl-ions, which a r e  a lways 
avai lable  in very low concentrat ion.  Due to t h e  dissociation equilibrium, 
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61 

Anode 

4 0 
0 0 4 

H2S04 NaR H,SG 

Recovery of organic acid8 from their raltr by electrodialyrir 

FIGURE 10 

Flow d iag ram for  t h e  recovery of an organic  ac id  f rom i t s  sodium s a l t  
by an e l ec t rod ia ly t i c  process  uti l izing sulfur ic  acid as a proton source.  

Anion-exchange membrane 

/ 

Cathod 7 -  I- 
Y 

/ 

Cathod 7 -  
FIGURE 11 

Schemat i c  diagram showing t h e  wa te r  dissociation in bipolar membranes  
under t h e  driving f o r c e  of an  e l ec t r i ca l  potent ia l  gradient .  
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62 STRATHMANN 

protons and hydroxyl-ions removed from t h e  sys t em will continuously b e  
replenished. Bipolar membranes  can  b e  prepared by laminat ing a cat ion-  
and an  anion-exchange membrane  back to back. The w a t e r  necessary f o r  
dissociation within t h e  bipolar membrane  is provided by osmot i c  e f f ec t s .  

A prac t i ca l  application of t h e  bipolar membrane  sys t em is shown in 
Figure 12. Here  an  organic  acid is recovered f rom i t s  s a l t  with w a t e r  

being used as t h e  proton source. The f igure shows a cel l  system consisting 
of an anion-exchange membrane,  a bipolar membrane,  and a cat ion-  
exchange membrane  as a repeat ing unit  be tween  t h e  electrodes.  T h e  
organic  s a l t  solution is introduced in t h e  outs ide cel l  be tween  t h e  cat ion-  

and t h e  anion-exchange membrane.  When a d i r e c t  cu r ren t  is applied,  w a t e r  
will dissociate  within t h e  bipolar membrane  to fo rm an equivalent  amoun t  
of protons and hydroxyl-ions. The protons will p e r m e a t e  t h e  cat ion-  
exchange  membrane  s ide of t h e  bipolar membrane  and fo rm t h e  organic  
ac id  with t h e  anion provided by t h e  organic  salt solution in t h e  a d j a c e n t  

cell .  T h e  hydroxyl-ions Will p e r m e a t e  t h e  anion-exchange s ide of t h e  
bipolar membrane  and will fo rm sodium hydroxide, with sodium ions 
pe rmea t ing  into t h e  cel l  f rom t h e  organic  sa l t  solution through t h e  ad jacen t  
cation-exchange membrane.  The ne t  resul t  is t h e  production of sodium 

hydroxide and t h e  organic  acid f rom t h e  sodium s a l t  of an  organic  acid. 
T h e  process can  also be used, in principle, for t h e  t r e a t m e n t  of con- 
c e n t r a t e d  brines obtained from t h e  chemical  industry, such as sodium 

su l f a t e  solutions. In this  case electrodialysis  with bipolar membranes  will 
produce sulfur ic  ac id  and sodium hydroxide. The process  has  been eva lua ted  
extensively on a laboratory scale.16) The re  a re ,  however,  s t i l l  s o m e  
s ignif icant  problems concerning t h e  s tabi l i ty  of bipolar membranes.  In 
par t icular ,  t h e  anion-exchange s ide of t h e  membrane ,  which usually is in 

c o n t a c t  with a s t rong  alkaline solution, has  an  unsat isfactory sho r t  l i fe  
expectance.  Furthermore,  c u r r e n t  densi t ies  a r e  low and e l e c t r i c a l  resis- 

t a n c e s  are relat ively high. Nevertheless,  f u t u r e  improvements  in bipolar 
membranes  could resul t  in a very a t t r a c t i v e  process  for  t h e  recovery of 

ac ids  and bases  f rom the i r  salts. 
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Rocovery of organic acid. from their ualts utilizing bipolar membranes 

FIGURE 1% 

S c h e m a t i c  diagram of a n  electrodialysis  cel l  a r r a n g e m e n t  uti l izing t h e  
wa te r  dissociation in bipolar membranes to H+ and  OH--ions f o r  recovering 
a n  organic  ac id  f rom i t s  sodium salt .  

5. Eff  luent-free regenerat ion of cat ion-exchange resins  cha rged  wi th  
- heavy-metal  ions 

Another  interest ing appl icat ion of a modified electrodialysis  s y s t e m  
is t h e  e f f  luent-f r e e  regenerat ion of cat ion-exchange resins cha rged  with 
heavy m e t a l  ions. In conventional regenerat ion of ion-exchange resins a n  
e f f luen t  is  produced which contains  a mix tu re  of t h e  ions used fo r  t h e  

regenerat ion process  and t h e  e lua t ed  components.  With valuable  o r  highly 
toxic  mater ia ls ,  such as c e r t a i n  heavy m e t a l  ions, i t  is desirable  to recover  
these  ions in a highly concen t r a t ed  form with a minimum of impurit ies.  
An eff luent-free regenerat ion of charged ion-exchange resins with t h e  
e x t r a c t e d  me ta l  i? solid fo rm can ,  in some  cases, b e  achieved by a 
procedure r e fe r r ed  to as electrodialyt ical  regeneration. T h e  principle of 
t h e  process is shown schematical ly  in Figure 13. A cat ion-exchange resin 
which is charged with m e t a l  ions is  placed be tween  two  cat ion-exchange 
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membranes  and two  electrodes.  The e l ec t rode  c o m p a r t m e n t s  con ta in  
e l ec t ro ly t e  solutions to provide t h e  necessary conductivity.  By applying a 

d i r e c t  c u r r e n t  H-ions gene ra t ed  at t h e  anode will mig ra t e  through t h e  
f i r s t  membrane  in to  t h e  resin and  r ep lace  t h e  m e t a l  ion which will t hen  
mig ra t e  through t h e  second membrane  and to t h e  c a t h o d e  where  they  a r e  

e lectrochemical ly  reduced and p rec ip i t a t ed  as solid metal .  The  process  
c a n  b e  continued until  mos t  of t h e  m e t a l  ions in t h e  resin a r e  replaced 
by protons and p rec ip i t a t ed  a t  t h e  cathode. Ideally t h e  e l e c t r i c  c u r r e n t  
to t h e  ca thode  is ca r r i ed  by t h e  m e t a l  ions, yielding a c u r r e n t  ut i l izat ion 
fo r  t h e  regenerat ion process  c lose to LOO 96. In  pract ice ,  however,  t h i s  
is never achieved because of t h e  high mobili ty of t h e  protons in t h e  resin 
compared to the  m e t a l  ions. The  process has  been  studied extensively on  

a laboratory scale") and shows considerable  potent ia l  for t h e  recovery 

of c e r t a i n  heavy me ta l  ions. Of par t icular  i n t e re s t  is t h e  recovery of 

copper,  cadmium, and lead f rom e f f luen t s  of t h e  electroplat ing and lead 
b a t t e r y  industries.  

Cation -exchange-mem bra ne 

Anode 

-3 
\ / Cathode 

FIGURE 13 

Schemat i c  diagram showing t h e  regenerat ion of an ion-exchange resin 
charged with heavy m e t a l  ions and placed be tween  cation-exchange 
membranes  under t h e  driving f o r c e  of an  e l ec t r i ca l  po ten t i a l  difference.  
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There  a r e  many m o r e  possible appl icat ions of e lectrodialysis  in was te  
w a t e r  t r e a t m e n t  systems,  in t h e  chemica l  and pha rmaceu t i ca l  industry,  
and in biotechnology which have  been eva lua ted  on a l abora to ry  scale .  
R e c e n t  developments  in m e m b r a n e  and cel l  designs18) h a v e  provided t h e  
basic tools fo r  a significantly wider application of electrodialysis  in f u t u r e  
years. 
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