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11.54 RUSH AND BAKER 

h t?amber c;f i n v e s t i g a t a r s  have p r z s e n t e d  methods of  (13-. 

s c r i b i q  :he icii :Tansport i n  DonnaIi Sys:sms (1) ( 2 )  ( 3 ) ;  

'r,owe-",cr, use  ~f t h e s e  cechniques t o  d e s i g n  a d i a l y s i s  u n i t  woiilrl 

be d i f f i c u l t  wi thour  f i r s t  obcai;iir,g d a t a  from a s i n i l a r  u n i t .  

3 . 2  cechniques t h a t  a r e  prsser i ted i n  t h i s  p a p e r ,  though not  

a c c u r a t e  for all d i a l y z e r s ,  do  provide  i n  rnany c a s e s  a r e l a t i v e -  

Ly easy means of  e s t i m t h g  t h e  c o n f i g u r a t i o n  of  a Dcnnan system 

needed t~ perfs rm a gi-Jen i s n  e:rtracti.cn. These techniqi ies  a r e  

p r i m a r i l y  a p p l i c a b l e  t3 systems c o n t a i n i n g  d i l u t e  s o l u t i c n s  where 

the  meinbrace r e s t s t a n c e  i s  n e g l i g i b l e .  The small mezhrane re- 

s i s t a n c e  i n  such systems i s  because  t h e  i s n  c o n c e n t r a t i o n  iil t h e  

xernbrane i s  a s s e n t i a l l y  c c n s t a n t  no m a t t e r  what t h e  c c n c e n t r a t b x  

o r  t h e  sol i : t ions are. The a p p a r e n t  d i f f u s i v i t i e s  a c r o s s  t h e  mern- 

b r . m e  t h e r e ? o r e  i -ncrease wit!-, d e c r e a s i n g  s o l u t i o n  c o n c e n r r a t i o n .  

- DOSWX EqilZLI3RI;T 

The t r a n s p r t  of  i o n s  a c r o s s  an i o n  exchange sembrane can  be 

b e s t  undarstood b:i c o n s i d e r i n g  a d i l u t e  e l e c t r o l y t e  s o l u t i o n  i n  

c o n t a c t  :<irh one s i d e  of  a c a t i o n  s e l e c t i v e  inembrane c a n r a i n i n g  

t h e  same c a t i o n  a s  t h e  e l z c t r o l y t e  ( c a t i s n  s e l e c t i v e  nembranes 

a r e  t h o s e  having  f i x e d  ilegaEive s i tes  t a  which c a t i o n s  car, be 

a t t a c h e d ) .  Ucder t h e s e  condLt ions ,  t h e  carrion c o n c e n t r a t i o n  i n  

che membrane is h l g h e r  than  i n  t h e  s o l u t i m  x h i l e  t h e  an ion  CJZ- 

c e n t r a t i o n  i s  'nigher  ir. t h e  s o l u t i o n .  A s  t h e  s o l u t i a n  f i r s t  .co~i- 

t . ac t s  the inernbrane, t h e s e  c o n c e n t r a t i c n  d i f f e r m c e s  l e a d  t o  t h e  

d i f f u s i o n  of  c a c i o n s  i n t o  t h e  s o l i l t i o n  and an ions  i n t o  t h e  Eex- 

brane .  A f t e r  d i f f u s i o n  of v e r y  few i o n s ,  a negaz ive  charge  i r  

b u i l t  up i n  t h e  meinbrane and a p o s i t i v e  zharge  i n  the solution. 

The r e s u l t i n g  p o t e n t i a l  d i f f e r e n c e  has  been denoted  2s t h e  

Do-nan p o r e n t i a l  f n  r e c o g n i r i o n  of work by F. G .  Donnan ( , 4 > .  

Due to t h i s  p o t e n t i a l ,  a n i o n s  are r e p e l l e d  from t h e  membrane 

w h i l e  c a t i o n s  a r e  p u l l e d  i n t o  t h e  membrane. Ccnnan c o n s i d e r e d  

a c e l l  i n  which a c a t i o n  s e i e c c i v e  nenbrane d i v i d e s  two s o l u t i o n -  
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DONNAN ION EXCHANGE MEMBRANE SYSTEMS 1155 

f i l l e d  chambers, one c o n t a i n i n g  sodium i o n s  and t h e  o t h e r  pcras- 

sium i o n s  with  a cornon anion .  The requi rement  of  e l c c c r c n e u -  

t r a l i t y  and t h e  requi rement  t h a t  t h e  change i n  f r e e  energy (F> 

e q u a l  zero  a t  e q u i l i b r i u m  l e a d  t o  the  f o 1 i m i : i g  e q ~ a c i o n s .  

where [ ] = c o n c e n t r a t i o n  

R = gas c o n s t a n t  

T = t empera ture  

n = numbers of  moles o f  each c a t i o n  c r o s s i z g  t h e  membrane. 

r i g h t  and L e f t  r e f e r  t o  o ? p o s i t e  s i d e s  o f  r h e  aecmbrane. 

S i m p l i f y i n g  t h e  abcve e q u a t i o n ,  s i n c e  both  sodium and potas -  

sium form mcnova3.ent i o n s ,  r e s u l t s  i n  

S i m i l a r  r e a s o n i n g  l e a d s  t o  t h e  f o l l s w i n g  gnnrralized Eonnan 

eqi ia t ion in ~~171s of  c o n c e n t r a t i o n s  r a t h e r  thaii a c t i v i t i e s :  

where C .  i s  i5e c o n c s n t r a r i o n  of t h e  i t h  c a t i c n  of  c h a r z e  z ;  

r i g h t  m d  l e f t  rpfpr t o  o p p o s t t e  si&s C P  t h e  r w h r a n e .  ar;d k is 

a c o n s t a n t .  

17. 

To i l l u s t r a t e  t h i s  q u i l i b r i u m  r e l a t i o n ,  consir ler  a n m -  

flowin-, Donnan c o n t a c t o r  i n .  which a ,cat ion exct imge mrnbrane 

d i v i d e s  two s o l u t i o n  f i l l e d  chambers of  e q u a i  vo lune .  Tk:o 

i n i t i a l  and e q u i l i b r i u m  v a l u e s  are as  sho-m below. A and 3 

r e p r e s e n t  nonovalent  i o n s  w h i l e  D and E r e p r e s e n t  d i v a l e n t  i o n s .  

Concent ra t ic i i s  are i n  s o l a r  c o u c e n t r a t i o n  u n i t s ,  

Eoui Lib r i u m  -- I n i t i a l  

L e f t  Right  L e f t  Righc 

A 110 B il A 30.16 h 19.84 

D 110 E 11 E 9.016 B 1.984 

- - 

D 194.92 3 5.08  
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1156 RUSH AND BAKER 

E q u i l i b r i u m  -- I n i t i a l  -.- 

L e f t  Right  L2ft R i g h t  - - 
E 10.L92 E .505 

T o t a l  Tot a 1  T o t a l  To t a1 
Equiv. 330 Equiv.  33 Equiv. 330 Equiv. 33 

&kSS TKLVSFER RELATIONS 

The t r a n s f e r  u n i t  concept  is t h e  pr imary means used t a  

q u a n t i t a t i v e l y  d e s c r i b e  t h e  nass t r a n s p o r t  i n  most types  a f  

cont inuous  s e p a r a t i o n  equipment. If tfie asscmption is made 

t h a t  the xembrane c o n t r i b u t e s  o ~ l y  a s m a l l  p o r t l c n  of t h e  t o t a l  

r e s i s t a n c e  t o  i o n  t r a n s p o r t ,  t h e  subsequent  c o n c r p t s  a r e  v a l i d .  

For  d i l u t e  s o l u t i o n s ,  a t r a n s f e r  u n i t  is d e f i n e d  a s  fo l lnws  

f o r  c o u n t e r - c u r r e n t  systems (5)  : 

f "1 
NTUOR = dx 

The e lements  of  t h e s e  e q u a t i o n s  are  i l l u s c r a t e d  i n  F i g u r e  1. 

KTrOE and NTUOR are  r e l a t e d  by t h e  f o l l o w i n g  e x p r e s s i o n :  

(b) 
NTUOE = R 13 NTUOR 

where R/E i s  t h e  r a t i o  of  f low r a t e s  o f  r a f f i n a t e  and e x t r a c t  

phases  and m i s  d e f i l e d  by t h e  e q u a t i o n  

m=yk-Y x - x* ( 7 )  

I f  we l i m i t  t h e  d i s c u s s i o n  t o  d i a l y s i s  sys tems c o n t a i n i n g  o c l y  

monovalent i o n s ,  rn w i l l  remain c o n s t a n t  and equal t o  t h e  r a t i o  

of  ion e q u i v a l e n t s  between t h e  e x t r a c t  and r a f f i n a t e  phases .  

With m c o n s t a n t  E q .  ( 4 )  and ( 5 )  can  be  e a s i l y  i n t e g r a t e d .  ?he 

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



DONNAN I O N  EXCHANGE MEMBRANE SYSTEMS 1157 
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1158 RUSH AND BAKER 

ZX?ERLIIEX'iL 

S e v e r a l  dialysis run:; vere :mile i:: an effort: +_o t e s t  t h e  

miss t r a n s f e r  cor re! .a thns  2,ivance.l thus  far .  A l l  runs wer? 

~ i i ~ d 2  u s i n g  the  szme dialyze:. The c c n s t r u c t i o n  o f  t h e  dia1:;z.x 

u s e d  i n  t h i s  work was e s s e n t i a l l y  t h e  sane as p r e v i o u s  'devices  

..:sed by Wallace ( 5 )  and by Da-;19, e t .  ai. ( 7 ) .  X schemat ic  

r e p r e s e n t a t i o n  o f  t h e  dialyzer is  d s p i c t e d  i n  Figure  2 .  A more  

I 
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flGURE 2. SCHEMATIC REPRESENTATlCN OF THE EX- 
PERIMENTAL MEMBRANE SYSTEM 
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DONNAN ION EXCHANGE MEMBRANE SYSTEMS 1159 

d e t a i l e d  drawing showing t h e  e l sments  compris ing t h e  d i a l j r z e r  

are s h o w  i n  F i g u r e  3 .  The d i a l y z e r  was a s i z g l z  pass-counror-  

c m r e n t  i m i t  u s i n g  two Nafion” p e r f l u o r o s u l f o n i c  a c i d  membranes. 

The t h i c k n e s s  o f  t h e  f l o w  channels  was .061 cn.  The membrane 

a r e a  w i t h i n  t h e  d i a l y z e r  w a s  50 x 10 c e n t i m e t e r s  f o r  ezch nea- 

b r a n e  . 
The u s u a b l e  membrane a r e a  w 2 s  undoubtedly somewhat l e s s  

than  rrhe 1003 c m L  because o f  c o l l a p s i n g  membrane channels  and 

because  of t h e  presence  of  a i r  pockers  w i t h i n  t h e  c h a n a e l s .  

Yor each of t h e  r u n s  a s o l u t i c r .  of sodium n t t r a t e  w a s  incro-  

duced i n t o  t h e  feed  stream dnd a potass ium n i t r a t e  s o l u t i o n  i n t o  

t h e  s t r i p  s t ream.  TSe c o n c e n t r a t i o n s  o f  t h e s e  s o l u t i o c s  were 

v a r i e d  b u t  t h e  f e e d  and s t i i ?  r a t e s  remained ionstanl t  a t  1050 ml! 

h r  and 240 mlfhr  r e s p e c t i v e l y  throughout  a l l  t h e  runs .  The 

stream composi t ions and t h e  number o f  t r a n s f e r  u n i t 3  c a l c u l a r e d  

from t h e s e  composi t ions are snown i n  Table  1 f o r  each o f  t h e  

runs. (Because of v a r i o u s  n o n - i d e a l i t i e s  i n  t h e  d i a i y z e r  s y s t e p  

and a n a l y t i c a l  e r r o r s  a s l i g h t l y  d i f f e r e n t  v a l u e  f o r  t h e  number 

of t r a n s f e r  u n i t s  i s  o b t a i n e d  depending on whether  :he r a f f i n a i l e  

o r  e x t r a c t  c o a c e n t r a t i o n s  are used f o r  t h e  c a l c u l a t i o n s .  I n  

o r d e r  t o  g i v e  some i n d i c a t i o n  o f  % h e e r r o r s  involved b o t h  v a l a e s  

are g iven . )  

The fo l lowing  e q u a t i o n s  relate o v e r a l l  UTU v a l a e s  t o  i n d i -  

v i d u a l  phase NTU’s ( 8 ) .  

where NTJE = nurriber of e x t r a c t  phase t r a n s f e r  u n i t s .  

NTUR = number o f  r a f f i n a t e  phase t r a n s f e r  u n i t s .  

I f  t h e  mass t r a n s f e r  concepts  are v a l i d  f o r  Donnan d i a l y z e r s ,  

- 
*Tradeinark of  E. I. duPont de- Nemours acd Company. 

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



1160 RUSH AND BAKER 
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1162 RUSH AND BAKER 

t h e  X U O E  and NTJOR v a l u e s  f o r  t h e  r u n s  i n  T a b l e  1 w i l l  b e  re- 

l a t e d  by  t h e  above  e x p r e s s i o n s .  S u s t i t u t i n g  d a t a  f rom any  two 

of t n e  r u n s  d e f i n e s  t h e  v a l u e  0 2  X T i  

ruiis 1 and 6 .  t h e  v a l u e s  of NTU and NTU a re  c a l c u l a t e d  t o  b e :  

and “XR. Esing data f rom E 

x 9. 
?;T’JE = 1.53 

NTUR = .X? 
R 7 i t h  t h e s e  v a i u e s  and  t h e  3 v a l u e s ,  NTULIR and NTUOE can 3e p re -  

d i c t e d  f o r  t h e  o t h e r  four runs by u s i c g  eq.  (10 )  and  (11). Pre -  

d i c t e d  and a c t u a l  v a l u e s  are compared n u m e r i c a l l y  i n  T a b l e  2 .  
T ,he v a l u e s  are a l s o  compared g r a p h i c a l l y  i n  ? i g u r e  4 .  

‘Jse 05 the t r a n s f e r  u n i t  e q s t t i o n s  when n u l t i v a l e r t  i o n s  

are p r e s e n t  i s  somewhat more i n v o l v e d  t h a n  when only monovalen: 

i o n s  are  p r e s e n t  b e c a u s e  o f  t h e  d i f f i c u l t i e s  i n  i n t e g r a t i n g  

t h e  t r a n s f e r  u n i t  e q u a t i o n s  when the e q u i l i b r i u m  r e l a t i o n s h i p  is  

n o t  l i n e a r .  With s u c h  s y s t e m s  zn exact s o l u t i o n  i s  o b t a i n e d  31117 

i f  t h e  t r a n s f e r - u n i t  e q u a t i n m  are i n t e g r a t e d  g r a p h i c a l l y  o v e r  

t h e  l e n g t h  $2: the d i a p y z e r .  i iowever,  a n  a d e q - a t e  t e c h n i q u e  i n  

nany cases i s  t o  assEme an a v e r a g e  v a l u e  f o r  (m),  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 ,  a r d  u s e  the  i n t e g r a t e d  e q u a t i o n s  sho~m a b o v e .  

The t r a n s f e r  u n i t  t e c h n i q u e s  are  o f  s i g n i f i c a n t  v a l u e  only 

i f  v a l u e s  o f  YTU and NTU can b e  p r e d i c t e d  from s y s t e m  p a r a -  E R 

Table 2 
Comparlssn of Predicted and Experimental 

Values of NTU,, and NTU,, 

Experimental 
Run N, No, 

Calculated 
NOa No€ 

1 .o 37 1.75 
2 . L52-. 1613 1.33-1.56 
5 .40O-. 411 .907- .934 
4 .558-,642 -591 - .690 
5 .619-.823 .252-. 335 
6 . 0 2 3  -097 

.037 1.75 

.166 L.45 

.414 . 9J9  
,574 .60 9 
.726 ,296 
.823 - 0 9 7  
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r A / '  

I 

Points Calculated From 
t A /'O\ Proposed Function 

0 

I I I I 1  I l l 1  lk - R 10 I00 

mE 

Figure 4 
Comparison Betweon Experimental and Predicted NTUs 

meters. XTU and YTU v a l u e s  are e q u a l  t o  t h e  o v e r a l l  NTU v a l u e s  

when t h e  i o n  Concent ra t ion  a t  t h e  membrane s u r f a c e  e q u a l s  z e r o .  

I f  laminar  f low is assumed 2n analogy can 52 made between ion 

f low from a d i a l y s i s  s o l u t i o n  and r h e  f l o w  of h e a t  from a s l a b  

t o  i t s  s u r r o u d i n g s  when the r e s i s t a n c e  to h e a t  f l o w  a t  t h e  

edge o f  t h e  s l a b  i s  n e g l i g i b l s .  S o l u t i o n s  t o  t h e  e q u a t i o n s  de- 

s c r i b i n g  a c o o l i n g  s l a b  under  t h e s e  c o n d i t i o n s  are p r e s e n t e d  i n  

many t e x t s .  A g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  s o l u t i o n  is sh0.m 

i n  F i g u r e  5 ( 9 ) .  Values f o r  i ? n  remsval  a r e  g iven  i n  terns o f  

t h e  f r a c t i o n  of i n i t i a l  i o n  c o n c e n t r a t i o n  remaining i n  t h e  ex i t  

stream and a l s o  i n  t e n s  o f  N T Z ' s .  "I?; v a l u e s  are c a l c u l a t e d  

u s i n g  E q .  (3) and ( 9 )  which become under t h e s e  c o n d i t i o n s :  

E R 

NTU = In R 
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1164 RUSH AND BAKER 

a 
z I- 

3- 

4 -  

' 0.2 0.4 0.6 0.8 Lo 1.2 1.4 1.6 1.8 2.0 

x=s...e- 
rm+ 

FIGURE 5 
CALCULATION OF NN VALUES FROM SYSTEMS PARAMETERS 

D e f i n i t i o n  of  t h e  t e r m s  n e c e s s a r y  t o  use  F i g u r e  5 f o r  d i f -  

f u s i o n  a r e  as follows: 
n 

ci = i n t e r d i f f u s i o n  c o e f f i c i e n t  of  i o n s  i n  s o l u t i o n ,  cmL/ 

sec. 

9 = r e s i d e n c e  t h e  i n  d i a l y z e r  = membrane area x channel  

th ickness /volume f low rate, sec. 

r = channel  t h i c k n e s s ,  c m  

Due t o  t h e  i n e x a c t  c o n s t r u c t i o n  of t h e  d i a l y z e r  p r e v i o u s l y  

d e s c r i b e d ,  t h e  channel  t h i c k n e s s  and membrane a r e a  could  n o t  be  

p r e c i s e l y  de te rmined .  For t h i s  r e a s o n ,  p r e d i c t i o n  o f  i n d i v i d u a l -  

phase NTL; v a l u e s  from equipment parameters  i s  n o t  p o s s i b l e  i n  

t h i s  c a s e .  However, d a t a  g a t h e r e d  by Wallace (10)  u s i n g  a care- 

f u l l y  c o n s t r u c t e d  d i a l y z e r  i s  s u i t a b l e  f o r  a p p l y i n g  t h e  proposed 

m 
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DONNAN ION EXCHANGE MEMBRANE SYSTEMS 1165 

c o r r e l a t i o n .  4 similar  h e a t  t r a n s f e r  analogy had been proposer: 

by t h i s  i n v e s t i g a t o r  t o  d e s c r i b e  h i s  d i a l y s i s  systems.  The 

d i a l y z e r  used by Warlace c o n s i s t e d  of  f i v e  one nembrane u n i t s  

i n  series,  e a c h  having  a membrane a r e a  o f  232 cm . The channel  

t h i c k n e s s  o f  each  mi t  w a s  0 .03 cm. The membranes :<ere " .hf ion"* 

C-103 c a t i o n  s e l e c t i v e  membrane;. S o l u t i o n s  of  . 0lM u r a n y i  

n i t r a t e  and 3% n i t r i c  a c i d  were run  c o u n t c r c u r r e n t l p  thrsugh t h e  

d i a l y z e r .  Flow ra tes  o f  t h e  n i t r i c  a c i d  stream were s u f f i c i e r t -  

i y  h i g h  s o  t h a t  most of t k e  r e s i s t a n c e  t c  t r a n s p o r r  can be a s s m e d  

t o  be i n  t h e  phase c o n t a i n i n g  t h e  u r a n y l  s o l u t i o n .  

2 

The i n t e r d i f f u s i o n  c o e f f i c i e n t  i s  detdrmined u s i n g  t h e  

f o l l o w i n g  e q u a t i o n  :or coupled d i f f u s i o n  (11) : 

DADB\zA + ' 6  
z=--------- z D  + z n  A ? .  B B  

ili) 

where D and DB a r e  i n d i v i d u a l  i o n  d i f f u s i o n  c o e f f i c i e n t s .  The 

d i f f u s i o n  c o e f E i c i e n t  "D" f o r  t h e  hydrogen i o n  i s  found by apply ing  

t h e  fo l iowing  e q u a t i o n  (15) (13) t o  i o n i c  conductance d a t a  (I$): 

x 

where R i s  t h e  gas  c o n s t a n t ,  3.314 j o u 1 e s i " k  mole; F i s  F a r a d a y ' s  

c o n s t a n t ,  96500 coulfgm equiv ;  T i s  tempera ture ,  OK, Z i s  v a l e n c e ;  

and X is  t h e  i o n i c  conductance,  cm /ohm p equiv .  The r e s u l t i n g  

d i f f u s i o n  c o e f f i c i e n t  is 9.3 x 1 0  cm /sec. The d i f f u s i o n  

c o e f f i c i e n t  f o r  t h e  u r a n y l  i o n  i s  approximate ly  . 5  x 1 0  

sec ( 1 5 ) .  

2 

-5 2 

-5 7 cm-/ 

The f r a c t i o n  of uranium remaining i n  t h e  r a f f i n a t e  phase 

was e x p e r i m e n t a l l y  determined a t  t h r e e  flow r a t e s .  The d a t a  i s  

shown i n  Tabie  3. Also ,  i n  t h i s  c a b l e  a r e  t h e  p r e d i c t e d  v a l u e s  

from t h e  pro?osed c o r r e l a t i o n .  The exper imenta l  and p r e d i c t e d  

v a l u e s  are compared a g a i n  i n  F i g u r e  6 .  

A meaningful  e v a l u a t i o n  of t h e  accuracy  of  t h e  anal-ogy as  

"Trademark a f  t h e  American Machine and F a m d r y  Company 
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5 Expertmental 

$ 7  Predlcled 

9 -  

lo'  I0 1'1 1; 113 I4 115 1'6 ' 
Flow Rate (rnl./rnln) 

Figure 6 
Comparison of Experimental and Predicted 
Values for Acid-Uranyi System 

a d e s i g n  t o o l  can be  made only by comparing NTJ v a l u e s  sicce NTU 
v a l u e s  and p r e d i c t e d  membrane a r e a s  are  d i r e c t l y  r e l a t e d .  In 
terms of  t r a n s f e r  u n i t s  and membrsne a r e a ,  t h e  e r r o r  is approxi -  

mately 20%. 

CONCLCSIONS 

The t r a n s f e r  u n i t  coricept was shorn  t o  be  u s e f u l  ii: dc- 

s c r i b i n g  t h e  i o n  t r a n s p o r t  in 3ocnan d i a l y z e r s  i.n which t h e  

membrane's r e s i s t a n c e  t o  i o n  t r a n s p o r t  is r e l a t i v e l y  s m a l l  

and where an ion  l e a k a g e  and osmosis  a r e  n e g l i g i b l e .  ?lost d i a l y s i s  

systems f i t  t hzse  cr i ter ia  i f  & i l u t e  s o l u t i o n s  are used. 

Fse o f  a heac t r a n s f e r  ana logy  w a s  sugges ted  as a means of 

e s t i m a t i n g  ton  t r a n s p o r t  i n  d i a l y z e r s  f o r  which no d a t a  fron 

p r e v i o u s  runs  o r  neinbrane d i f f u s i v i t i e s  a r e  a v i i l a b l e .  

The analogy w a s  shovn t o  y;ield a c c e p c i b l e  r e s u l t s  even 

uhen one phase conta ined  a c o n c e n t r a t e d  e l r c t r o l y t e  s o l u t i o r , .  

For many s i t u a t i o n s ,  these t e c h n i q u e s  p r o v i d e  a s imple  means of 

e s t i m a t i n g  t h e  s i z e  and c o n f i g u r a t i o n  of  a Donnan d i a l y z e r  

r e q u i r e d  t o  accomplish a g i v e n  e x t r a c t i o n .  

YOTATION ___- 
Ci = c o n c e n t r a t i o n  o f  t h e  i t h  c a t i o n  

D = i i id ivzdual  i o n  d i f f u s i m  c o e f f i c i e n t  
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1168 RUSH AND BAKER 

E = f l o w  ra te  of t h e  e x t r a c t  phase 

K = c o n s t a n t  

m = d i s t r i b u t i o n  c o e f f i c i e n t  

XTU = numher o f  i n d i v i d u a l  phase t r a n s f e r  u r i i t s  

XTE0 = number 05 o v e r a l l  r r a n s f e r  u n i t s  

= flow rate of t h e  r a f f i n a t e  phase 

= channel  t h i c k n e s s  

= . c o n c e n t r a t i o n  of  a component i n  t h e  r a f f i n a t e  phase 

= c o n c e n t r a t i o n  of a component i n  t h e  r a f f i n a t e  phase t h a t  

would b e  i n  e q u i l i b r i u m  w i t h  w i t h  t h e  e x t r a c t  phase 

= c c n c e n t r a t i m  o f  a c o q u n e n t  i n  t h e  e x t r a c t  phase 

= c o n c e n t r a t i o n  or' a component i n  t h e  e x t r a c t  phase wculd 

be  i n  e a n i l i b r i u m  w i r h  t h e  r a f f i n a t e  phase 

= v a l e n c e  

= i n t e r d i f f u s i o n  c o e f f i c i e n t  

= r e s i d e n c e  t i m e  
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