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SUMMARY 

Concentration dependencies of bi-ionic potentials of well-cleaned bovine lens 
capsules in vitro, of collodion and of modified collodion membranes were studied. The 
lens capsules have positively fixed charges, and collodion membranes have negatively 
fixed charges. As these membranes are partially selectively permeable, both co-ions 
and counter-ions exist in the membrane. However, many studies on bi-ionic poten- 
tials have been limited to systems in which the membrane has extreme ionic selec- 
tivity and co-ions are completely excluded from the membrane. Experimental results 
agreed with theoretical values obtained by assuming the common ion concentration 
to be constant throughout the membrane for systems such as KCl(C)-membrane 
(0 > o ,  or 0 <  o)-NaCI(C), NaNO3(C)-membrane (0>o)-NaCI(C) and CaCl2(C1)-mem- 
brane (0 >o)-NaCI(C2) (CJC 1 = 2), where C is the bulk concentration. The theoretical 
reliability of this assumption was checked. When both electrolytes in solution were 
uni-univalent, the ratio of ionic mobilities of two counter-ions (or two co-ions) in all 
of these membranes was almost the same as the ratio obtained in bulk solution, while 
the ratio of ionic mobilities of the counter-ion and the co-ion was almost the same 
as the ratio obtained in bulk solution for the lens capsule, but different in the case 
of the collodion and modified collodion membranes. 

INTRODUCTION 

Charged membranes when used to separate two ionic solutions, each of which 
contains a different counter-ion and the same co-ion, give rise to a so-called hi-ionic 
potential. Here the counter-ion is a cation if the membrane is negatively charged. 
Many studies on hi-ionic potentials T M  have been limited to the case where membranes 
have extreme ionic selectivity, such as highly charged membranes and nerve mem- 
branes. In these cases the co-ion is completely excluded from the highly charged 
membranes, and hence the co-ion component does not appear in flux equations. 

In this paper we study, for partially selectively permeable, positively or nega- 
tively fixed-charged membranes, the concentration dependencies of two kinds of 
membrane potential, i.e. the hi-ionic potential and the membrane potential that arises 
when charged membranes are used to separate two solutions, each of which contains 
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a different co-ion and the same counter- ion.  We designate the l a t t e r  membrane  
po ten t ia l  a bi-ionic po ten t i a l  in the b roader  sense; this is not  usual ly  found in bio- 
logical membrane  sys tems because the fixed charge of most  biological membranes  is 
negat ive ,  and  Na  + and  K + ion concentra t ions  are high in the outer  and  inner  phases 
of cell membranes ,  respect ively,  i.e. the counter- ions are different. Bu t  bovine lens 
capsule has pos i t ive ly  fixed charges 1~ so tha t  it  is necessary to s tudy  the bi-ionic 
po ten t ia l  in the l a t t e r  case. Collodion membranes  are used as pa r t i a l ly  select ively 
permeable  and nega t ive ly  f ixed-charged membranes ,  and bovine lens capsules are used 
as pa r t i a l l y  select ively permeable  and pos i t ive ly  fixed membranes .  In these cases, both  
co-ions and counter- ions exist  in the membrane .  

When  two bulk concentrat ions ,  C(moles/1), are equal  in the sys tem of, for ex- 
ample,  NaCl(C)-nega t ive ly  charged membrane-KCl(C) ,  the bi-ionic po ten t ia l  of the  
ex t r eme ly  select ively permeable  membrane  has been repor ted  to be a function of the  
membrane  selectivit ies of two counter- ions only 1-9,13,14, bu t  the  bi-ionic po ten t ia l  of 
the  pa r t i a l l y  select ively permeable  membrane  are shown in this paper  to be a function 
of concentra t ion,  membrane  selectivit ies of the  two counter- ions and the m e m b r a n e  
se lec t iv i ty  of the  common co-ion. 

THEORETICAL 

Two kinds  of sys tems were s tudied:  M1A (Solution I ) - m e m b r a n e - M 2 A  (Solution 
I1) and  M A l ( I ) - m e m b r a n e - M A 2 ( I I  ), where M1,M 2 and M are the  posi t ive ions and  
A,A~ and  A 2 are the  negat ive  ions. In  this paper  we take  M2A and MA 2 to be uni-  
un iva len t  electrolytes,  and  Mt and  A~ to be univa len t  or mul t iva len t  ions for the sake 
of s implici ty.  These sys tems are i so thermal  and both  solutions are at  the  same 
hydros t a t i c  pressure. I t  is assumed tha t  the cont r ibu t ion  of the water  flow can 
be neglected.  The space coordinate  x is t aken  in the di rect ion of membrane  thick-  
ness. Two membrane  surfaces are in contac t  with Solution I and  I I  a t  x = o and 
x - -  Ax, respect ively.  

311A ( I )-membr ane-M 2A (II) 
We assume tha t  all co-ions and counter- ions in the membrane ,  except  fixed 

ions of the  membrane ,  can move freely. Since no ex te rna l  electric field is appl ied  
across the  membrane  in the  present  system, the  electric current  densi ty ,  I, is zero. 
F r o m  the condi t ion I = o, we have  in the  s t eady  s ta te  at  any  point  in ti le membrane  16 

d~v [ ~ - - F  d~v* IMI*Z~I1 dx l>'r2* d ~  - ' - - l a *  d~- 

dxtR-T-J = dx -- (l) 
ZMI*ZM12CLI1 ~-/M,*CCI o @ IA*CA 

where ~0 is the  electric po ten t i a l ;  Ck(k M1, M 2 and A) is the  mobile  ion concen- 
t ra t ion  of the ion species k;  /k*, its effective mob i l i t y ;  Zk, its valencies;  and F ,  R and 
T have thei r  usual  meaning.  The requi rement  of electric neu t r a l i t y  in any  element  of 
the  membrane  gives 

ZMICM 1 "~- CM 2 - - C A  @ 0 = O (2) 
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where  0 is the  effective charge dens i ty  of the  membrane  (moles/l). 0 is the  p roduc t  
of the  real  charge dens i ty  of the  membrane ,  X and  the  in te rac t ion  p a r a m e t e r  ~b t ha t  
is charac ter i s t ic  of a given pair  of membrane  and  eleetrolyte(O q~X) lv-aa. 0 is 
a s sumed  not  to change with  bu lk  concent ra t ion  with  which the membrane  is in 
contac t .  In  most  work  on bi-ionic po ten t ia l  h i ther to  repor ted ,  the  add i t iona l  as- 
sumpt ion  is made  t ha t  co-ions do not  exist  in the  membrane  1-14 because of the  
ex t reme  ionic se lec t iv i ty  of the  membrane .  But  in sys tems of lens capsules ( 0 > o )  and  
collodion membranes  ( 0 <  o) which are pa r t i a l l y  select ively permeable ,  we can not  
make  the  assumpt ion  t h a t  co-ions are comple te ly  exc luded  from the membrane .  

Here,  in order  to s t u d y  these pa r t i a l l y  select ively pe rmeab le  membranes ,  we use 
the  exper imen ta l  condi t ion  t h a t  two concentra t ions  of the  common ion A (IV[ in the  
sys t em of M A l - m e m b r a n e - M A 2 )  in Solut ions I and  I I  are equal.  Unde r  this  con- 

di t ion,  we make  the add i t iona l  assumpt ion  t ha t  dCA/dX = o, i.e. -CA is cons tan t  
t h roughou t  the  membrane .  (We a t t e m p t  to check the re l iab i l i ty  of this  assumpt ion  

in the  appendix . )  In t eg ra t ing  Eqn.  I wi th  the  assumpt ion  dCA/dX = o and  phase 

b o u n d a r y  condit ions,  C ~  2 = o at  x = o andCM1 : o a t  x = A x ,  we have  for the  
bi ionic po ten t i a l  

- -  A~* = L(l~2*/l~l* - -  I)/(1M2*/lMl* - -  ZM1) 1 In (I q- CMI2I/k, ') (3) 

and  

KA' = [(ZM 1 + IA*/IMI*)CA - -  ZM?I/(1M2*/l~tl* - -  Z~I) (4) 

where CI~2 is the  concent ra t ion  of M 2 ion at  the  membrane  surface which is in 
con tac t  wi th  Solut ion n .  As l imi t ing forms of Eqn.  3 at  the  lowest  and  at  the  highest  
concentra t ions ,  we have  

A~o* : o for 0 > o and C/O ,~ I (5) 

A~v* = - -  [(IM2*/1MI* - -  I) / (IM2*/1MI* - -  ZM1) ~ In [(1M2*/IMI* + IA*/1MI* ) / (ZM1 q- IA*/IMI*)- j 

for 0 > o and C/0 >> I and for 0 < o and C/101 >> I (6) 
and  

Jly* = - -  [ ( IM2* /IMI* - -  I)/(IM2*/1MI* - -  ZM1) ~ in (1M2* /IMI* Z M1) 

for 0 < o and C/lOI ~ i (7) 

in the  der iva t ion  of which concent ra t ions  in the  membrane  are ca lcu la ted  from the  
Donnan  equi l ibr ium and  the electric neu t r a l i t y  condi t ion  15. The  l imi t ing Eqn.  7 is 
the  same equa t ion  as t ha t  der ived  b y  MICHAELIS 1 and  holds where the  co-ion is 
comple te ly  excluded from the m e m b r a n e  and only counter- ions exist  in the  mem-  
brane  (i.e. C/[0[<I) .  

M A 1(I) - rnembr  a n e - M  A 2 ( I I )  
Fol lowing similar  t r e a t m e n t  to t ha t  appl ied  for the  M1A-membrane -M2A sys- 

tem,  we have  for the  bi-ionic po ten t i a l  of the  present  sys tem 

J~o* = [ ( lA2*/ IAl*- - I ) / ( IA2*/ la l*  + ZA1) ] In (I + CA~I/Kp ') (8) 

and  

Biochim. Biophys. Acta, 233 (1971) 753-764 



75(9 N. TAKEGUCHI, M. NAKAGAKI  

Kp" : [(lM*/1Al* - - / A 1 ) C M  - -  IAI*ZAIO ~ /(lA2*/lAl* q- ZA1) (c)) 

in the  der iva t ion  of which we assume dCM/dX = o. F o r  l imit ing forms of Eqn.  8, 
we have 

I~O* = i ( lA2*/ la l*- -  I)/(lA2*/1Al* ~ ZA1) ] In ( - - I A 2 * / I A I * Z A 1 )  

f o r 0 >  o a n d  C/0 ~ I (~o) 
and 

• l~O* --- i(IA2*/IAI* - -  I) / (1A2*/1AI* ~ Z A ) j  In [(IM*/1AI* + lA2*/lal* )/(IM*/IAI* - -  ZAIll  

for 0 > o and  C/0 >> I. ( I I ) 

MATERIALS AND METHODS 

The sal ts  used were ana ly t i ca l  grade reagents .  The p H  of aqueous salt  solut ions  
in equi l ibr ium with l abo ra to ry  air  was about  5.8. 

Membranes 
The anter ior  lens capsule was removed  using the me thod  previous ly  described 

by  us ~5. Phys icochemica l  proper t ies  of the well-cleaned lens capsules were s table  for 
one or two weeks 15,24. Collodion membranes  were prepared  according to the method  
of GREGOR .aND SOLLXER 25 (collodion), and an oxidized collodion membrane  was pre- 
pared  by  immers ing the collodion membrane  in I M NaOH solut ion for 4 min(C- 
Oxid l4  ). A co l lod ion-po lys ty rene  (the degree of sulfonat ion was 76 %) membrane  was 
k ind ly  presented  to this  l abo ra to ry  by  N. K a m o  and Y. K o b a t a k e  at  Osaka Uni- 
vers i ty  (C-HPSS). F r o m  measurements  of the  membrane  po ten t i aW ( N a C l - m e m b r a n e -  
NaC1 system),  effective charge densit ies 0' (NaCI-NaC1) were ca lcula ted  to be 
- - i . 2 0 . i o - l M  for C-HPSS,  ---2.3.5" IO~-2 M for C-Oxid14 and --4.20.  IO 3 M for the 
collodion membrane .  

Bi-ionic potential 
In this paper ,  the e lectrolyte  in Solution I I  was always NaC1 (M2A = NaC1 or  

MA 2 = NaC1), and  the anter ior  lens capsule was always set so tha t  Solution II  was 
in contac t  with the front  surface of the lens capsule and Solution l was in contact  
with the  inner  surface of the  lens capsule. The electric po ten t ia l  was measured by  
means  of a reed v ibra t ing  e lec t rometer  (Toshiba Co., Tokyo,  U F E - z 6 3 o I  Type).  
Ag-AgC1 electrodes were used when the sys tem had C1 as the  common ion (for ex- 
ample,  NaCl -membrane -KC1  system),  and  Na  glass electrodes were used when the 
sys tem had Na  + as the common ion (for example ,  N a C l - m e m b r a n e - N a N O a ) .  A plus 
sign of J~o indicates  tha t  ~)II (the electr ical  potent ia l  in Solution II)  was pos i t ive ly  
higher than  ~l. All measurements  were made  in dupl ica te  or t r ip l ica te  at  25 °. 

RESULTS AND I)ISCUSSION 

We classify our exper imenta l  results  and  discussion into three categ()ries: 
M1A (KCI or LiC1 or HC1)(C)-membrane (0 > o  or 0 <  o)-M2A(NaC1)(C), MAI(NaNO:~ or 
NaBr) (C) -membrane(0>o) -MA2(NaC1) (C ) and M1A(CaC12, MgCI,,, SrC12, BaC12 ()r 
LaC13)(C1) membrane  (0 > o)-M2A(NaCI) (C2) where ( ' j C t  - -  2 (or 3 for LaC1;~). [ ' n d e r  
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the experimental condition where two concentrations of the common ion are equal, 

dCA/dX = O and d C i / d X  = o are considered to be satisfied in the first and second 

categories, respectively, and in the last category dC-A/dX = o is considered to be 
satisfied with a maximum error of IO % (or 15 ~; for LaC13) (see the A P P E N D I X ) .  

M]A (KCI, LiCl or HCl) (C)-membrane (0 > o  orO< o)-NaCl(C) 
Fig. I represents experimental results of bi-ionic potentials for KCl-membrane- 

NaC1 systems. The hi-ionic potential for C-HPSS, C-Oxide4 and collodion membranes 
had essentially a similar nature despite a broad distribution of values of the effective 
charge density (see MATERIALS AND METHODS).  As C decreased, the bi-ionic potential 
for these collodion and modified collodion membranes (0<o)  tended to positive 
]imiting values but the hi-ionic potential for lens capsule I I  (0>0) tended to zero, 
tendencies also expected theoretically from Eqns. 5 and 7. As C increased, the bi-ionic 
potential for both these positive and negative membranes approached similar values. 
The parameters that characterize the system a r e  lA*/lMl*, / M ~ * / / M I *  and 0 (see 
Eqns. 3 and 4). 

• 15 I 

• 10 - -  

> 

E 

• 5 - -  

q4 

i i i I 
N oCl- ~,CI M EMBRANE 

o- c-oxl~4 
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o C-HPSS 
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Lo c j t ~  1 2 

Fig .  I. E x p e r i m e n t a l  c u r v e s  of h i - i on i c  p o t e n t i a l s  m e a s u r e d  w i t h  Ag-AgC1  e l e c t r o d e s  for  K C ] ( C ) -  
m e m b r a n e -  NaCl(C) .  

Fig.  2. P l o t s  of h i - i o n i c  p o t e n t i a l s  a g a i n s t  log C/101 for  K C l ( C ) - l e n s  c a p s u l e  i i  NaCI(C) (C 
o . o o i  I M) a n d  K C I ( C ) - C - H P S S - N a C 1  (C = o.ooo 5 I M) i n d i c a t e d  × a n d  © ,  r e s p e c t i v e l y ,  
w h e r e  0 2-53" 1 ° -3  M a n d  0 --  - -60 .  0" IO a M a re  u sed ,  r e s p e c t i v e l y .  So l id  l i ne s  r e p r e s e n t  t h e o -  
r e t i c a l  c u r v e s  c a l c u l a t e d  f r o m  E q n .  3 w i t h  INa*/IK* -- O.61 a n d  lcl*/lxa* 1.63 for  l e n s  c a p s u l e  I I 
a n d  w i t h  /Na*//l~* --  0.74 a n d  lcl*/1Na* = 0.40 for  C - H P S S .  

For negatively fixed-charged membranes, we can determine lA*/lMl* and 
lM2*/lMl* from two limiting values at the highest concentration and the lowest concen- 
tration using Eqns. 6 and 7- Using the obtained values for lA*/ l i l*  and lM2*/li~*, we 
calculated the hi-ionic potential as a function of C for an arbitrary value of 0 from 
Eqn. 3- The calculated bi-ionic potential is represented in Fig. 2 by solid lines as 
a function of log C/j0 I. Because the experimental curve in Fig. ~ is a function of 
log C, and the theoretical curve in Fig. 2 is a function of log C/101, the parameter 0 
can be calculated by tile proper superimposition of these two curves. Using 0 ob- 
tained from the above-mentioned method, we also represent the experimental data 
for C-HPSS (0 = --6.00" lO -2 M) (indicated ©) in Fig. 2. The theoretical curve fitted 
experimental data well over a wide range of concentrations. The parameters obtained 
are listed in Table I. 
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T A B L E  I 

V A L U E S  O F  P A R A M E T E R S  F R O M  B I - I O N 1 C  P O T E N T I A L S  

~lllA membrane  M~A  0 " l o  a [.\'a*/IMI* l( '¢*/lxa* 

KCI c o l l o d i o n - N a C I  - 7.4= 0.74 0.40 
KCI - C - O x i d l 4 - N a C I  I5. ~ o.73 o.5o 
KCI C-HPSS-NaC1  6o. 0 o.74 o.4o 
K C l - l e n s  capsule  t i - N a C I  2.58 o.6t r.6 a 
(bulk, K C I -  NaC1) (lxa/llc o.6~) ([Cl/]Na 1.47 ) 
LiC1 C-HPSS-NaC1  -364.0 1.22 o.9i 
LiCl lens capsule I 2 - N a C I  1.59 L.32 1.6 a 
(bulk, LiC1- NaCI) (lxa/lLi 1"30) (Icl/INa ['47) 
HCI C - H P S S - N a C I  6L v 0.22 o.z3 
H C l - l e n s  capsule  3o-NaC1 25.1 o. t 4 17.6.~ 
(bulk, HC1 NaC1) (lNa/lll o.14) (lcl/lNa L47 ) 

M A  1 m e m b r a n e - 3 / I A  2 O" l o  a I(:I*/[AI* /Cl*/[Na* 

N a N O a - l e n s  capsule 23-NaC1 5.3s I.°1 1.34 
(bulk, NaNOa-NaC1) ( l c l / INOa - -  1.o7) ( Ic l / INa l'47) 
N a B r  lens capsule 28-NaC1 4.6s o.93 3.8,z 
(bulk, N a B r  NaCl) (ICl/1Ur o.98} (lcl/INa -- 1.47) 

M I A  membrane - : l l , aA  O" Io  a IXa*/IMI* = l.va/atl lCt*/lxa* 

CaCl~- l ens  capsule  13 NaC1 t . t  5 t.68 1.o a 
MgCl2-1ens capsule  14 -N a CI  1.o o 1.89 1.1 a 
SrC12 - lens  capsule 14 NaC1 6.92 1.69 1.21 
BaCl~ - l ens  capsule  14-NaC1 8.3~ 1.57 0.95 
LaC1 a lens capsule t 2 - N a C I  1.4. 5 2.16 0.58 

The ratio of mobil it ies of two counter-ions in collodion, and modified collodion 
membranes  (1Na*/lK* = O.74 for collodion, o.73 for C-Oxid14 and o.74 for C-HPSS) 
was roughly the same as lNa/lK in bulk solution (o.68), but the ratio of mobilit ies of 
the co-ion and the counter-ion in collodion and modified collodion membranes  was 
very different from that in bulk solution (lcz*/lNa* = o.4o for collodion and C-HPSS,  
lcl*/lxa* = o.5 ° for C-Oxidl4 and lcl/lNa = 1.47 in bulk solution). (The value of mo- 
bilities of ions in bulk solution was taken from ref. 26). Our interpretation of these 
facts is as follows: There is no great difference between filA* and lA where A is 
the co-ion and fi is the tortuos i ty  of the membrane.  There are great differences 
between filM1* and IM1 and between fil~2* and lM2, where M 1 and M2 are the counter- 
ions, because the counter-ion in the membrane  interacts with the fixed charge of 
the membrane.  That is, IMI* = (o~/fl)lMa and lM2* = (0(/fl)lMg where ~ and 0( are tile 
interaction parameters.  Therefore, IA */1MI* = lA/o~lMl and lM2*/lMl* = (O~'/O~)IMJIMv 
For C-HPSS, ~ was calculated to be 3.6 9 and 0(/~ to be 1.o 9 (~' = 4.o2). 

The magnitude of 10] for these membranes  increased in the order of collodion 
C - O x i d 1 4 <  C-HPSS as in the sys tem of NaCl-membrane-NaC1.  

Tile effective charge density  0 ( =  OX) (KC1-NaCI) of these membranes  in the 
present sys tem was different from 0' ( =  O'X) (NaC1-NaC1) (see Table I and MATERIALS 
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AND METHODS). This means q~ # q~' (q~'/qb = 0'/0 ~ 2.o o for C-HPSS, 1.4s for C-Oxid14 
and 0.57 for collodion). 

Next we consider parameters for positively charged membranes. For the KC1- 
lens capsule I I -NaC 1  system, Al~o was +5.5  mV at an adequately high concentration 
and tended to zero as C decreased. (The number placed after the lens capsule indicates 
the individual membrane.) Because the value of zero at the limit of low concentration 
is estimated from Eqn. 5, the value of zero does not give any information on the two 
parameters l i2*/ l i~* and lA*/l i l* in Eqn. 3. Because the lens capsule is composed 
of a collagenous protein ~7 and has several kinds of negatively fixed charges as well 
as several kinds of positively fixed charges (the net charge is positive and small 
compared with collodion and modified collodion membranes), fixed charges of the 
lens capsule interact with both co-ions and counter-ions, and therefore the effect 
of the interaction might not be characteristic of co-ions and counter-ions. On 
the other hand, fixed charges of collodion and modified collodion membranes are 
mainly composed of carboxyl groups, and therefore their interaction with counter-ions 
might be characteristic. Here these two parameters were determined following 
a working hypothesis based on the above consideration. First, in the lens capsule, 
the ionic mobilities of K + and CI-, which have the same mobility in bulk solutions, 
were assumed to be equal, i.e. lK* : /Cl*, although/K* ~ /Cl* in collodion membranes. 
Second, l~a*/lK* was calculated from Eqn. 6 together with the assumption /K* ~ /C~* 
and the experimental value of zl~v at the highest concentration. Third, if the value of 
ll~a*/lK* calculated is equal to lNa/lK, the assumption lK* : lcl* may be considered 
to be valid. For the present system, introducing zl~0 : +5.5  mV and /K* = /el* into 
Eqn. 6, we have lNa*/lK* : O.614 (therefore lcl*/l~a* : 1.63). This value of l•a*/lK* 
is near the value lNa/lK : 0.682, and therefore the above working hypothesis may  
be correct. Thus, unlike collodion and modified collodion membranes, two interactions 
between the lens capsule and the co-ion, and between the lens capsule and the counter- 
ion, can be expressed by approximately the same factor, and the effect of the inter- 
action might be cancelled out if we took the ratio of mobilities of the co-ion and 
the counter-ion. 

From the superimposition technique, 0 was calculated to be 2.5s" IO -a M for the 
KCl-lens capsule I I -NaC 1  system. In Fig. 2, experimental data are plotted ( × ) and 
the theoretical curve (solid line) fits experimental data well except at the highest 
dilution. 

For LiC1-C-HPSS-NaC1, LiCl-lens capsule I2-NaC1, HC1-C-HPSS-NaCI and 
HCl-lens capsule 3o-NaC1 systems, the parameters of ionic mobility and effective 
charge density were determined following the method described in the KCl-mem- 
brane-NaC1 system. 

For C-HPSS membrane, l~a*/lLi* (1.22) and l~a*/lH* (0.22) were close to l~'a/lLi 
(1.30) and lNa/lI-I (o.I4), respectively, but the values for lcl*/1Na* (0.91 for LiC1-C- 
HPSS-NaC1 and 0.23 for HC1-C-HPSS-NaC1) were greatly different from lcl/lNa 
(1.47). These findings were similar in the KC1-C-HPSS-NaC1 system. 

For lens capsules, lcl*/lI~a* = 1.63 was assumed, lNa*/lLi* (I.32) and l~a*/li-i * 
(o.14) agreed well with lNa/lLl (1.32) and lNa/lI-I (o.I4), respectively. This good agree- 
ment might suggest that  the working hypothesis and discussion with respect to the 
KCl-lens capsule-NaC1 system are correct. 

Experimental  values of the hi-ionic potential for the LiCl-membrane-NaC1 and 
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H C l - m e m b r a n e - N a C 1  sys t ems  are  p l o t t e d  in Fig. 3 and  Fig. 4, r e spec t ive ly ,  us ing 0 

o b t a i n e d  by  supe r impos i t ion .  T h e  e x p e r i m e n t a l  d a t a  f i t t ed  the  t heo re t i c a l  curves  (solid 
lines) ca l cu l a t ed  f rom E q n .  3 for the  L i C 1 - C - H P S S - N a C 1  (Fig. 3), L iC l - l ens  capsule  12-  

NaC1 (Fig. 3) a n d  H C 1 - C - H P S S - N a C 1  (Fig. 4) sys tems .  B u t  in t he  case of t he  H C l - l e n s  

,40 

* 30 

t 0 
_ -2 -1 

-20 

• I 

- 1 0  

Logr~ ~ 1 2 -2 -1 0 L og~" 

i 
x / I 

< / { i 

2 

Fig. 3- Plots of bi-ionic potentials against log ClIO ] for LiCl(C)-lens capsule I2-NaCI(C) (C , 
o.ooi-o. 5 M) and LiCI(C)-C-HPSS NaC1 (C o.ool-o.5 M) and LiCI(C)-C-HPSS-NaC1 ( C -  
o.oor-o. 5 M) indicated × and ©, respectively, where 0 -- t.59"Io a M and 0 --364. • lO -3 M 
are used, respectively. Solid lines represent theoretical curves calculated from Eqn. 3 with 
1Na*/ILi* ~- 1.32 and lcl*/lxa* -- 1.6 a for lens capsule lZ and with 1Na*/ll.i* [.22 and [el*/1Na* 

o.91 for C-HPSS. 

Fig. 4. Plots of bi-ionic potentials against log C/10I for HCI(C) lens capsule 3o-NaCI(C) (C : 
o.ooI o. 5 M) and HCI(C)-C-IKPSS-NaCI(C) (C - o.ool.o. 5 M) indicated × and O, respectively, 
where 0 -- 25.1' io a M and 0 = 61.7. io a M are used, respectively. Solid lines represent theo- 
retical curves calculated from Eqn. 3 with Ixa*/1H* o. 14 and let*/lNa* - L6 a for lens capsule 3 ° 
and with lxa*/lH* 0.22 and le,*/INa* -- 0.23 for C-HPSS. 

capsule  3 0 - N a C 1  sys tem,  the  co inc idence  of the  t heo re t i ca l  cu rve  (solid line) and  

e x p e r i m e n t a l  d a t a  ( × )  was no t  good  (Fig. 4). As the  lens capsule  is m a i n l y  c o m p o s e d  

of a co l lagenous  pro te in ,  the  s t a t e  of d issoc ia t ion  of the  m e m b r a n e  m i g h t  change  and  

the re fo re  the  real  charge  dens i t y  X m i g h t  change  f rom c o n c e n t r a t i o n  to concen t r a t ion .  
In  the  r ange  of C/0 % I, the  d e v i a t i o n  owing  to t he  change  of X c lear ly  occur red .  
(But  this  d i s c r epancy  does no t  seem to arise t o t a l l y  f rom the  change  of X ;  t he  dis- 

c r e p a n c y  m i g h t  p a r t l y  be the  same  as t h a t  which  a p p e a r e d  at  the  h ighes t  d i lu t ion  in 
t he  case of t he  K C l - l e n s  capsule  I I - N a C 1  sys tem) .  

M A  l ( N a N O a  or N a B r )  (C)-membra~ze ( 0 >  o ) - N a C l  (C) 
I n t r o d u c i n g  two l imi t ing  va lues  at  C>~  0 and  C ~ 0  in to  Eqns .  IO and  I I ,  

r e spec t ive ly ,  we d e t e r m i n e d  two  p a r a m e t e r s ,  lci*/lAx* and  lcl*/lNa*, s imu l t aneous ly .  

F o r  NaNO3-1ens  capsule  23-NaC1,  lcl*/lNo3* (1.ol) and  lcl*/lNa* (1.34) were  close to 
lcl/lxo:~ (1.o 7) and  lcl / l~a (I.47), r e spec t ive ly .  F o r  N a B r - l e n s  capsule  28-NaC1,  

lcl*/lBr* (o.93) was v e r y  close to lcl/lBr (o.98), b u t  lcl*/ lxa* (3.82) was d i f ferent  f rom 
lcl / l~a (I.47). As abso lu te  va lues  of these  bi- ionic  po ten t i a l s  were  smal l  and  a smal l  
change  in the  bi- ionic  p o t e n t i a l  p r o v o k e d  a large change  in lcl*/l~a*, t i le  e x p e r i m e n t a l  

e r ror  of lcl*/lNa* for t he  N a B r - l e n s  capsule  2 8 - N a C 1  s y s t e m  should  be cons idered .  
F u r t h e r m o r e  t i le o rder  of lc~* > / x a *  o b t a i n e d  was the  same  as the  o rde r  in bulk  
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solution (lcl>l~a). (But for M1A-collodion-based membranes-M2A systems, 
lc1" < l~* . )  

From the facts observed in the present systems that  two parameters of ionic 
mobility in the lens capsule determined without any working assumption had approxi- 
mately equal values in bulk solution, the working hypothesis adopted in the M1A-lens 
capsule-M2A systems is suggested to be correct. 

Experimental  values of bi-ionic potentials are plotted in Fig. 5- ((~, NaNO~- 
lens capsule 23-NaC1; ©, NaBr-lens capsule 28-NaC1) and theoretical curves based 
on Eqn. 8 fit experimental data  well. 

M1A (CaCI 2, MgCl2, SrCI2, BaCI~ or LaCI3) (CO-membrane (O>o)-NaCl (C2) 
The ratio Ca/C~ was set constant so that  the common ion concentration in 

in Solutions I and I I  were equal. In these systems dCA/dX = o is shown to be 
satisfied with a maximum error of IO % (15 9; for the Laela-membrane ( 0 > o ) - N a C l  
system) in the APPENDIX. 

Again we met the difficulty which appeared in the KCl-membrane (0 > o)-NaC1 
system in determining the two parameters of ionic mobility from Eqns. 5 and 6 
without ambiguity. For the lens capsule the interaction between the co-ion and the 
membrane was assumed not to be characteristic in the multi-univalent electrolyte- 
membrane (0>o) -NaC1 system. This assumption was shown to be valid in systems 
of two uni-univalent electrolytes-lens capsules, collodion and modified collodion 
membranes. Introducing the value of the bi-ionic potential at the highest concen- 
tration and the assumption that  l~,a*/lMl* = lNa/lM1 (Na and M 1 are both co-ions) 
into Eqn. 6, we obtained another parameter, lcl*/lNa*. The values of lcl*/l~¢a* ob- 
tained are listed in Table I and were different from lcl/lNa, although for systems of 
two uni-univalent electrolytes and lens capsules, lcl*/lNa* -- lcl/l~a and lNa*/lMl* -- 
lNa/lM1. Therefore, the validity of the assumption made here was not clear. (Inversely, 

*5  
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Fig .  5. P [ o t s  of  b i - i o n i c  p o t e n t i a l s  a g a i n s t  log C/O f o r  N a N O s ( C  ) - l e n s  c a p s u l e  23 NaCI(C)  (C - -  

o . o o o 5 - o . 1  M) a n d  f o r  N a B r ( C ) - l e n s  c a p s u l e  2 8 - N a C l ( C )  (C - -  0 . 0 0 0 5 - o . 0 4  M) i n d i c a t e d  6 a n d  
© ,  r e s p e c t i v e l y ,  w h e r e  0 - -  5-38" 1 ° -3  M a n d  0 - -  4 .6s"  i o  a M a r e  u s e d ,  r e s p e c t i v e l y .  S o l i d  l ines  

r e p r e s e n t  t h e o r e t i c a l  c u r v e s  c a l c u l a t e d  f r o m  E q n .  8 w i t h  lel*/INo3* = I .Ol  a n d  lc l*/ l~a* = 1.34 
f o r  N a N O  3 l ens  c a p s u l e  2 3 - N a C 1  a n d  w i t h  let*/1Br* --  0-93 a n d  lct*/l~a* --  3.82 f o r  N a B r - l e n s  
c a p s u l e  2 8 - N a C 1 .  

F i g .  6. P l o t s  o f  b i - i o n i c  p o t e n t i a l s  log CJO f o r  C a C 1 2 ( C 1 ) - l e n s  c a p s u l e  I 3 - N a C I ( C 2 )  (C,  = o . o o i -  
0. 5 M), M g C l , ( C 1 ) - l e n s  c a p s u l e  I 4 - N a C I ( C 2 )  (C~ - -  o . o o i - o . 5  M) a n d  L a C l a ( C 1 ) - l e n s  c a p s u l e  I 2 -  
NaCI(C2)  (C 2 = o . o o i  o . I M )  i n d i c a t e d  × ,  ~) a n d  (2), r e s p e c t i v e l y ,  w h e r e  0 -  I . I s " I O - a M ,  
0 - -  I.O 0. IO -a  a n d  0 1.45. i o  -a  Yl a r e  u s e d ,  r e s p e c t i v e l y .  S o l i d  l i nes  r e p r e s e n t  t h e o r e t i c a l  c u r v e s  
c a l c u l a t e d  f r o m  E q n .  3 w i t h  lNa*/lca* = 1-6s a n d  let*/lt~a* = 1 . %  f o r  C a C 1 2 - N a C 1  s y s t e m ,  w i t h  
1Na*/1Mg* - -  I - 8  9 a n d  l e t* / l sa*  --  1.1~ f o r  M g C I 2 - N a C 1  s y s t e m  a n d  w i t h  lNa*/lLa* --  2 . I  s a n d  
lc]*/lNa* -- O.5s f o r  L a C l a - N a C 1  s y s t e m .  
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in t roducing  the value of the  bi-ionic po ten t ia l  a t  the highest  concentra t ion and  
/cl*fl~'a* = 1.63 using the same method  as for the KCl- lens  capsule-NaC1 system, 
we could not  find an answer for l~a*flMl*.) The in terac t ion  between the univa len t  
counter-nion and the lens capsule when the sys tem had  a mul t iva len t  co-ion, was found 
to become more compl ica ted  than  when the sys tem had uni -univalent  e lectrolytes  
only. As the me thod  adop ted  to de te rmine  the two paramete r s  of ionic mobil i t ies  for 
the  m u l t i - u n i v a l e n t  e lec t ro ly te- lens  c a p s u l e - u n i - u n i v a l e n t  e lectrolyte  system, was 
a rb i t r a ry  and as the  meanings  of these pa ramete r s  are ambiguous,  we need fur ther  
independen t  exper iments  such as isotope exper iments  to determine  the rat io  of ionic 
mobil i t ies.  Using these two parameters ,  we calcula ted the bi-ionic potent ia l  from 
Eqn.  3 as a function of log C2/0 (solid lines in Fig. 6). Expe r imen ta l  da t a  are also 
p lo t t ed  in Fig. 6 and the agreement  between theory  and exper imenta l  da t a  was good. 

Therefore dCA/dX o m a y  be satisfied for these systems including the mul t iva ten t  
ion in the first approx imat ion .  

In  conclusion, exper imenta l  results  agreed with theoret ica l  values ob ta ined  from 
the assumpt ion  tha t  the common ion concentra t ion  is cons tan t  th roughout  the ulem- 
brane  for sys tems such as KCl (C) -membrane  ( 0 >  o, o r 0 < o ) - N a C l ( C ) ,  NaNO:~(C)- 
membrane  ( 0 >  o)-NaCl(C)  and CaCl~(C,)-membrane ( 0 >  o)-NaCl(C~) (Ce/C t - -  2) 
except  at  the highest  dilution.  When  both e lectrolytes  in solution were un i -un iva len t ,  
the ra t io  of ionic mobil i t ies  of two counter- ions (or two co-ions) in the lens capsule 
and in the collodion and modified collodion membranes ,  had  a p p r o x i m a t e l y  the same 
value as in bulk  solution while the ra t io  of ionic mobil i t ies  of the counter- ion and 
the co-ion was same in bulk solut ion for the  lens capsule, bu t  different for the collodion 
and modif ied collodion membranes .  When  the sys tem had mul t iva len t  ions, the ra t io  
of ionic mobil i t ies  in the  lens capsule was somewhat  ambiguous  and requires fur ther  
s tudy.  

A P P E N D I X  

Theoretical reliability of assumptions dCA/dX - -  o and dCM/dX = o 

In the  der iva t ion  of Eqns.  3 and 8, we have used the assumpt ions  dCA/dX - -  o 

and d C i / d X  = o, respect ively.  
In  sys tems of un i -un iva l en t  e lectrolyte  solution ( C ) - m e m b r a n e - u n i - u n i v a l e n t  

e lec t ro ly te  solution(C),  two concentra t ions  of the  common ion at  two phase bound-  

aries in the  membrane ,  C~t (at x =  o) and  C~ (at x = 3 x )  or C~ and C~ t, are 
ca lcula ted  to be equal  from the Donnan  equi l ibr ium and the electric neu t r a l i t y  con- 
dit ion,  and  therefore the  to ta l  concent ra t ion  grad ien t  of the  common ion across the 
membrane  becomes zero. Considering this evidence, we can assume with high reli- 
ab i l i ty  tha t  the concent ra t ion  of the common ion is cons tan t  th roughout  the mem- 

brane  phase,  i.e. dCM/dX = o or d-CA/dX -- o in these systems. 
In  systems of mu l t i - un iva l en t  (or un i -mul t iva l en t )  e lectrolyte  solution ( ( ' l ) -  

m e m b r a n e - u n i - u n i v a l e n t  e lectrolyte  solution(C2) and C2/C , = cons tant  at  which 
two bulk concentra t ions  of the  common ion are provided  to be equal,  two concen- 
t ra t ions  of the  un iva len t  common ion at  two phase boundar ies  in the membrane  are 
ca lcula ted  not  to be equal. In  Fig. 7, [R is represented  as a function of log (72/0!, 
where !R is the concent ra t ion  rat io  of the  common ion in the membrane  at  two phase 
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boundaries, i.e. [R = CA (at x = o)/CA (at x = / I x )  or IR = C~t (at x = o)/CM (at 
x = ~Ix). The solid line represents ]R in the system of CaC12 (C1)-membrane ( 0 > o ) -  
NaCI(C2), C j C  1 = 2; the broken line represents IR in the system of L a e l a ( e l ) - m e m -  
brane (0>o) -NaCI(C~) ,  C2/C 1 = 3; and the dotted line represents IR in systems of 

I I 
" i 

] 5 - -  
", Z 

i "'""- 
10 

i - -  : Noel: MEMBRANE(0~0):COCI 2 
- -  NaCt : ME MBRANE(e, O) : L=Cl 3 

. . . . .  MaCI : MEM BRANE(e> 0): NOZ$OI¢ 
0 5  NaCI MEMBRANE#0< O) CaC 2 - -  

I 1 i 
-1 0 Logl~ 1 

Fig .  7. i R is r e p r e s e n t e d  ~s a f u n c t i o n  of log C2/]01 fo r  v a r i o u s  systems,  where IR is t h e  c o n c e n -  

t r a t i o n  r a t i o  of t h e  c o m m o n  ion  a t  t w o  p h a s e  b o u n d a r i e s  i n  the membrane,  i.e. IR = C-A (a t  x = o)/  

C A ( a t  x = zJx) o r  IR -- CM(a t  x = o)/(2-M (a t  x = / Ix) .  

Na2SO4(C1)-membrane (0>o)-NaCI(C2),  CJC 1 = 2 and CaC12(C1)-membrane 
(0<o) -NaCI(C2) ,  C2/C 1 = 2. In systems represented by solid line and broken line, 
IR deviates from unity in the region of o . i  < C2/101 < IO and its maximum deviations 

are IO °o and 15 %, respectively. In these systems, therefore, clCA/dX = o is con- 
sidered to be satisfied with maximum errors of io  % and 15 %, respectively. But in 
systems represented by the dotted line, ]R diverges systematically from unity as 

CJ]01 becomes small, and therefore the assumption dCA/dX = o or d-CM/dX = o can- 
not be true in the range of C2/i0J < IO. 
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