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SUMMARY 

Filters containing fixed negative charges were saturated with hydrophobic 
solvent and exposed to solutions containing K +, Na *, or tetraethylammonium ~ at 
various pH's. Between pH 2 and pH 7, H+ is comparable to K + and tetraethyl- 
ammonium ~ in its ability to compete for fixed negative sites in the menlbrane. The 
membranes, however, show much greater selectivity for H + than for Na~-. Mobility 
of H + in the membrane is dependent upon the nature of the counterion in the mem- 
brane. However, in all conditions examined, its mobility is much lower than that of K + 
or Na ~ and is approx, one-third that of tetraethylammonium +. The bi-ionic potential of 
H + vs. tetraethylammonium+ is around 7 ° mV, and it tallies with the observed relative 
mobility and selectivity for these ions. Corroborating previous findings, these facts 
support the view that ion movement in such membranes does not occur via continuous 
water channels but inwHves passage of the ions through the hydrophobic medium. 

INTRODUCTION 

The present communication deals with the behavior of H + in cation-exchange 
membranes embedded in hydrophobic nledium. As shown previously 1,2, filters made 
of cellulose acetate nitrate behave like cation-exchange membranes when saturated 
with hydrophobic solvents. The ionic discrinfinative properties of such membranes 
can be characterized experimentally by three parameters: (I) selectivity, i.e. the 
relative equilibrium distribution ratio between water and membrane of two cations; 
(2) mobility of cations in the membrane; (3) bi-ionic potential across such menlbranes, 
which in turn depends upon both selectivity and mobility, i.e. it is a measure of the 
relative permeability 1, 3 

Measurements of bi-ionic potentials across such membranes indicate that the 
relative permeability to H ÷ is quite low; for instance, the K+-H+ bi-ionic potential 
(i.e. the potential across a membrane separating solutions of KC1 and HC1 of equal 
concentration) was approx. IiO mV with the K + side negative 2. As will be shown in 
this paper, this low permeability is due to the very low mobility of H ~- in such systems. 
This is one of the conspicuous features distinguishing the hydrophobic membrane 
from aqueous media. 

The findings described in this study bear on the question of the mechanism ot 
ion movement in ion-exchange nlembranes embedded in a hydrophobic medium. 
The possible naechanisms are discussed in view of present as well as previous studies. 
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The hydrophobic nature of cell boundaries suggests that  these studies may have 
relevance for physiology. 

METH()I )S  

Millipore filters made of cellulose acetate and nitrate were interposed between 
two halves of a diffusion cell. The filters were saturated with bromobenzene, and the 
two chambers were filled with desired aqueous solutions. Measurements of bi-ionic 
p,~)tential and electrical resistance of the membranes were carried out as described 
earlier ~,'. In most  of the experiments conducted in this series, the melnbranes were 
exp:)sed to identical solutions on both sides, either 1. 5 mM of K~, Na~, or tetraethyl-  
ammonium ~ at various pH's.  The nature of anion used -C1 or Br was immateriaP. 
The pH of the solution was varied bv addition of HC1. After 4 S h of exposure to the 
solutions, labeled 4°"K~, 2~Na~, or ~'~C-labeled t e t rae thy lammonium ~ was added on 
one side of the membrane, and its appearance on the other side was followed. After 
enough time has elapsed, the appearance of radioact ivi ty on the unlabeled side of 
the nlembrane becomes a linear function of time. From the slope of this curve it is 
possible to calculate the unidirectional flux, Ji ,  and the point of intersection of the 
curve with the time abscissa defines the so-called "hold-up"  time, In, for the particular 
ion and membrane (see ref. 3 fin; details). From these two quantities it was possible 
to calculate the folh)wing paranleters:  (I) the content  of the ion in the melnbrane, ml; 
(2) the contr ibution of the ion to the electrical conduct ivi ty  of the membrane,  ki; 
(3) the diffusion coefficient of the ion, Di, from the following relations (see also 

refs. 3, 4): 

t~Zi - 6Ji lh  (1) 

ki . ] i l ;2 /RT  (2) 

/ ) i  = 12/Olh (3) 

where l is the thickness of the menlbrane and F, R, and T are the Faraday,  the gas 
constant ,  and the absolute temperature,  respectively. At the end of the experiments, 
the membranes were washed lightly in deionized water (specific resistance more than 
4 '  i@ ,(2.cm), and the ion content  in the membrane was deternlined by  measuring 
its radioact ivi ty  (for details see refs. i and 3). There was generally only a slight dis- 
crepancy between this value and tha t  determined by Eqn. i. 

The question of stability of the cellulose ester membranes at various pH's  was 
studied by determining the appearance of nitrate in the solution, an expected 

' [ A H L I :  [ 

N I T R A T E  C O N C E N T R A T I O N  IN ~ DI[ OF V A R I O U S  S O L U T I O N S  A F T E R  9 0  }l OF E X T R A C T I O N  OF A C E L L U -  

L O S E  A C E T A T E  N I T R A T E  F I L T E R  ( A B O U T  3 2  rag) S A T U R A T E D  ~VITH B R O M O B E N Z E N E  

Zero  m e a n s  < o. 15 m M  ( the  l im i t  of t h e  a n a l y t i c a l  m e t h o d ) .  

5"olulion 

5 m * I  HC1 
15 m M  H C I  

IOO m M  HC1 
5 m M  N a O H  

p H  Nitrate conch. (m34) Total mtrate (rag) 

2 .55 -2 .57  o o 
2 .o0-2 .13  o o 
1 .44-1 .47  o o 

11 .o2-11 .15  3 0.74 
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concomitant of hydrolysis. Nitrate was determined by the method of JOHNSON AND 
ULRICH '~. The results are shown in Table I. Using this sensitive measure it can be seen 
that no detectable hydrolysis of the membrane took place in the low pH range. This 
finding is confirmed by the observation that the electrical resistance of a membrane 
was steady for up to 5 days of exposure to solution at pH 2- 7. On the other hand, the 
membranes exhibited hydrolysis at higher pH's (Table I). This in turn corresponds 
to the steady decrease of the electrical resistance of membranes exposed to alkaline 
solutions (pH approx. Ii.O) discernible from about the Ist day onward. However, no 
gross structural defects could be observed, even in membranes exposed to the alkaline 
medium. 

The filters used in this stud}' were of two batches designated as Type A and 
Type B. The bi-ionic potentials across these membranes were the same, but the 
membranes differed in their electrical resistance, as has already been pointed out ~,a. 
It  is evident from this study (Figs. 2 and 3) that the difference in resistance between 
the two membranes is due to differences in ion inobility and not to ion-exchange 
capacity. The ion-exchange capacity was even a little higher in the membranes of 
Type B, which had a higher resistance than those of Type A. 

RI fSULTS 

Io*z conteJ# of the membra,~e as a fmaction of p H  
Fig. I shows the K% Na +, and tetraethylammonium + content of a membrane 

exposed to 1. 5 mM KC1 or NaC1 or tetraethylammonium bromide at various pH's as 
determined from Eqn. I. It will be noted that the membrane content of these cations 
converges toward a value of about I ' IO-V-I.2 "Io v moles at pH 7.0. This figure 
agrees with the ion-exchange capacity of these membranes as determined earlier ~,*. 
A decrease of pH leads to a reduction of the ion content of the membrane, presumably 

12 k A o 

IC o o -J~ 
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4 O~ 0 NCl / 

2 , / o  ° t "! 

1C ° ~u" 
T e t r a e t h y l -  , > / ' ~  o 

G -ammonium /~  /K÷O 

! 
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Fig .  I.  T h e  N a ,  1"2 ~ , o r  t e t r a e t h y l a m m o n i u m  + c o n t e n t  o f  T y p e  A a n d  T y p e  B m e m b r a n e s  expose( !  
t o  s o l u t i o n s  c o n t a i n i n g  1. 5 m M  NaC1,  KC1, o r  t e t r a e t h y l a m m o n i u m  b r o m i d e  a t  v a r i o u s  p H ' s .  
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d u e  to  compet i t ion  between H -  and the other  cat ion for the  fixed negat ive  sites in 
the  menlbrane.  Fig. I also sh(}ws, t ha t  at  the sanle low pH,  the  ion content  in the 
menlbrane  increases in the  order  t e t r a e t h y l a m m o n i u m  > K~ > Na~. This agrees 
wi th  previous  observa t ions  on the se lec t iv i ty  of the  lnembranes  for these ions ~. 

Al though  it is genera l ly  assulned tha t  the negat ive  fixed sites in cellulose 
menlbranes  are of a carboxyl ic  nature<V, the  results  shown in Fig. I suggest t ha t  in 
the  membranes  of this  s t u d y  the fixed sites involved are of a ln{}re s t rongly  acidic 
na ture .  Thus,  with an aqueous Na }- concent ra t ion  of {mlv 1.5 mM at pH 6.o, a round 
8o°o of menlbrane  ion-exchange capac i ty  is occupied by  N a -  (Fig. I z \ ) ,  whereas for 
ca rboxy l i c  acid resins, even at  an aqueous Na+- concent ra t ion  of IO 1riM, the Na + 
menlbrane  content  is close to zero at  pH 6.o (Fig. 3 of ref. 8). Wi th  K ,  such a cont ras t  
is more  ot)vious. In  cellophane,  where carb~}xvlic acid residues are p re sumab ly  the  
funct ional  groups,  at  aqueous K ~ concent ra t ion  of about  2 mbl and p H  6.o, only  
25 ?o of tim fixed sites are occupied by  K ~ (ref. 7) as compared  to about  lOO% in the  
m e m b r a n e s  {)f this  s tudy.  

I t  is plausible t ha t  t race anlounts  {)f sulfonic groups are responsible {{}r the  
ion-exchange t)roperties {}f these n lembranes  at  p H ' s  below 7.o. Thus, SOLI.Xl';R AND 
.'\Bl~ kMS" have f{}und sulfate in vari{)us collodion (i.e. cellul{)se ni t rate)  p repara t ions  
from o.o3 t{} 3.I  mg sulfate per  g dr \ '  c(}ll{)di{)n. Samples (}f the Millit){}re filters sent  
for sulfur analysis  (Galbrai th  Lab,)ratories ,  Inc., Knoxvil le ,  Tenn.) showed a sulfur 
c(mtent  {}f o.or and o.oi2"'o in dupl ica te  determinati{ms.  Since a filter {}f 25 toni 
d i ame te r  weighs a round  32 rag, the  al){}ve figures would correspond t{} I .  Io  ; - I . 2 .  zo v 
moles  of sulfur per  filter. The area  (ff filter ext){}sed to the  water  solut ion in the  ext)eri- 
nlents  of this  s t u d y  was 21-22 ram, the  outer  inargins  {ff the filter being pressed 1)v 
the  opt){}sing surfaces of the  diffllsing chambers .  ()he would expect ,  theref(}re, t ha t  
these  n lembranes  would c{)ntain about  0. 7. lO :" -o.93. io  ; mole ()f sulfur as compared  
to  I" IO-Z-1.2" io  v molee(tuiv {}f fixed negat ive  sites found by  i{m-ex{:hange capac i ty  
measurements .  Considering the p~}ssil)le exper i lnenta l  err{)rs, especial ly in t race 
determinati{}ns {}f sulfur, the fit be tween the sulfur c{mtent and the i{m-ex{-hange 
capac i ty  of the  membrane  must  1}e considered g{}{}(t. 

The d is t r ibu t ion  coefficient of t e t r a e t h y l a l m n o n i u m  t)romide and KCI between 
bromobenzene  and water  was s tudied  and was found in each case to be less than  
7" Io  a, as shown in Table I [. This means  tha t  the amoun t  of t e t r a e t h v l a n n n o n i u m  ÷ 

TABIA'; 1 l 

A M O U N T  OF R A I ) I O A C T I V I T Y  IN C{}tl l l tS/1]] i l ]  F O U N D  IN I l l l l  OI; BP.OM{)III£NZILNE EQUILIBRATI~2D FOR 

2- ~ | l  \VITH I "5 i11~I A Q U E O U S  S ( ) L U T H } N  {)F 4~[({ '1  OR 14{~2-LAF, t£L] ' I )  T I £ T I a . A F T t l Y L A M M O N I U M  B R O M I D E  

The radioactivity in I ml of I : IOOO {liluti{m ol the &{ItlEOIIS ~;O|/ l t iOl]  is also Mlown. 

m l  z m l  o f  z : ~oo,) Rat i ,  ,,f 
hromobv~zc~.' dilution , f  aq. radioactivilv 

s,lutio~z £11 broJlhd)C;? ;~';h' 
to z~:'ate'r 

1R;_Labeled 
tetracthyhunmonitnn 
bromide 7> 2o 3 s{} 7'I{} s 

4 2 1 ( C ]  - 2.~i 2 0 5 0  > 1 0  a 
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or  K + found  in the  membrane ,  even at  p H  2, is more  t han  IO a t imes  higher  t han  the 
a m o u n t  t ha t  could be accounted  for b y  so lub i l i ty  in bromobenzene .  

A quan t i t a t i ve  expression of the  se lec t iv i ty  of the  membranes  for H + was made  
bv  de te rmin ing  the se lec t iv i ty  factor,  ": _KH+ , which is defined b y  the  following equa t ion :  

. i  
I (  H + = ( X i / X t I  +) (CHr/Ci) (4) 

where Xi  is the  fract ion of fixed sites occupied b y  the ion i, and ci is the  concent ra t ion  
of the  ion in the  wate r  solut ion.  

8 
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T ( T E A +  a n d  1":÷ Fig .  2. *~H+ /~H+ as  f u n c t i o n  of  H ~ f r a c t i o n  in  t h e  m e m b r a n e .  T h e  c u r v e s  r e p r e s e n t  a 

t h e o r e t i c a l  r e l a t i o n s h i p  if  t h e  f o l l o w i n g  e q u a t i o n  is a p p h c a b l e :  K H +  = (XI/XH'p~ (CH+/Cl) w h e r e  
17I~+ ~ T E A +  = i .  5 a n d  n = , f o r  t h e  t e t r a e t h v l a m m o n i u m + - H  + p a i r ,  a n d  *=H+ = 0 ' 4  a u d  ~z = i .  5 fo r  

/ ~ H +  - _ 
t h e  K + - H  + p a i r .  O p e n  a n d  s o l i d  s y m b o l s  r e p r e s e n t  l l a t a  f r o m  Type A a n d  T y p e  B m e m b r a n e s ,  

r e s p e c t i v e l y .  

Fig. 2 shows the se lec t iv i ty  coefficient be tween t e t r a e t h y l a m m o n i u m  + and H+, 
and  be tween K+ and  H+, as a funct ion of XH +. These coefficients were computed  from 
resul ts  shown in Fig. I using Eqn.  4- I t  is obvious t ha t  the  se lec t iv i ty  coefficients 
are no t  constant .  The same is t rue  for the  se lec t iv i ty  factors  between other  cat ions  a. 
The curves in Fig. 2 depic t  the  re la t ion  between K~+ and  XH + if a cons tan t  se lec t iv i ty  
factor,  KI-I,-- ~- exists  which is defined bv  an empir ical  equat ion  of the  type" 

I t ' ~  = (Xi/X~+)~ (cH+/ci) (5) 

where Kh  + and ~z are constants .  Such an equa t ion  was found appl icable  to  the  descrip- 
t ion  of the  se lec t iv i ty  of var ious  ion-exchange resins 1°. W i t h  such an app rox ima t ion  
and  with  the  es t ima t ion  of the  diffusibi l i ty  of H+ and t e t r a e t h y l a m m o n i u m  + which 
is made  in the  nex t  section, i t  will be possible  to  compute  the  t e t r a e t h y l a m u m n i u m  ~-  
H+ bi-ionic po ten t i a l  and  to  compare  i t  wi th  the  measured  value, as was prev ious ly  
done  for the  K + - N a  + pa i r  a. 

The &~'usibility of K +, N a  +, tetraet](vlammonimn +, and H + 
F r o m  the  measurements  of the  ion content ,  i ts  unidi rec t ional  flux, i ts hold-up  

t ime,  and  the electr ical  conduc tance  of the  menlbrane ,  i t  was possible to compute  
the  diffusibi l i ty  of the  ions in the  membrane  in the  following way.  The ion-exchange 
capac i ty  of the  membranes  was considered to  be I .  lO -7 (Type A) or 1.2. Io  -7 (Type B) 
moleequiv.  The difference between this  figure and the  amoun t  of K +, Na  +, or t e t r a -  
e thy l ammon ium+ found in the  membrane  was t aken  as the  amoun t  of H+ in the  
membrane ,  assmning e lec t roneut ra l i ty .  The diffusion coefficient, Di, and  the  contri-  
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but ion  of t i le ion, i, to the  electr ical  conductance,  ki, were de te rmined  for K +, Na = , or 
t e t r a e t h y l a m n m n i u m  ~ by  Eqns,  3 and 2, respect ively.  The difference between the 
measured  membrane  electrical  conductance  and ti le ca lcula ted  electr ical  conductance  
clue to  K ~, N a ,  or t e t r a e thv l anuuon iun l '  was taken  as the  cont r ibu t ion  of H-: t() the  
electr ical  conductance  of the  melnbrane,  /,'H +. l ;rom these paran le te rs  it was possible 
to  calculate  the diffusibi l i ty  of H in the  melnbrane  by  the equat ion :  

D l l  f / ) i  (kH /ki )  ( - \ i /~'t 'It  I ) (0) 

Exanlp les  of such calculat ions are shown in Table  I I I .  Note tha t  when l (  was used 
as a compet ing  cat ion ahnost  all the  conduc t iv i ty  of the  membrane  was accounted 
for 1) 3, this  cation,  even though more than  7O°o of tile membranes  fixed sites were 
occupied b y  H +. Thus the  diffusibil i tv of the H ~, DH ~, in a n lembrane  conta in ing 
K:  as well as H :, was so h)w tha t  it was impossible  to es t imate .  Only when the more 
sh)wly diffusing t e t r a e t h y l a m m o n i u n l  was used as a compet ing  cat ion was it p~)ssible 
to  es t imate  D H  over a reasonable  range of H I content  (Fig. 3B). 

Tile accuracy  of t i le de te rmined  value of D H  (by Eqn.  6) was dependent  (m the 
accuracy  of the  s t ra ight  line drawn through the points  depic t ing  the  accuumla ted  
r ad ioac t iv i ty  in the unlabeled  side of tile diffusion cell. The slope of this  line de te rmined  
/q and hence /eu +. The in tercept  with the  abscissa de te rmined  Di, and  the produc t  ()f 
sh)pe and  in tercept  de te rmined  Xi and hence XH ~. In some of the  be t te r  ext)eriments,  
the  sh>pe (>f the  de te rmined  line was be t t e r  t han  ~: 5 %, and in the worse ones it was 
be t t e r  than  :~ 3O°o. The effect of this  unce r t a in ty  on the DH ~ de te rmined  was greater  
the  smaller  Xi~ ~ was. The poin ts  shown in the  center  of Fig. 3B have an accuracy  of 
more than  ± 5o°0. The poin t  at the  ex t reme right  is accurate  to within ~ IO"o, and 
the poin t  at  the  ex t reme  left has an upper  l imit  of t-zOO?o, whereas the  lower l imit  
is undef ined (i.e. the  real DH at h)w ,YH ~ n lay  be as ch)se to zero as possible). 

The following qua l i t a t ive  conclusions can be drawn from these s tudies:  (I) The 
diffusibi l i ty  of H~ in the  membrane  is ex t r eme ly  low compared  with tha t  of K ! or 
Na +. (2) The diffusibi l i ty  of t i le ions is dependent  upon the counter ion composi t ion 
of the  membrane .  The na tu re  ()f counter ion in te rac t ion  in the  membrane  is similar 
to tha t  a l r eady  no ted  with o ther  cat ions  a, namely :  when both  a rap id  ion (i.e. t en  a- 
e thy l amnlon ium ~) and  a slow ion (i.e. H ' )  are mixed  in the  membrane ,  the  fast ion 
becomes faster  and  the  slow one slower. 

The fact t ha t  H+ becomes faster  as i ts conten t  in the  n lembrane  increases 

TABLE I I I  

T~VO E X A M P L E S  O F  T H E  C A L C U L A T I O N  O F  T H E  D I F F U S I O N  C O E F F I C I E N T  O F  H q I N  T H E  M E M B R A N E  

Menlbranes of Type A (K~) and Type B ( te t rae thy lammonium,)  exposed to I. 5 mM KC1 and 
t e t r ae thy l ammonium bromide, respectively, at p H  2.5 and 25 °. 

Iort  p r e s e n t  p H  l o n  m e m b r a ~ e  X H  + I0t~ k l  N I 0  ~ ]¢ X I 0  s DI  / IO9 ] ) H  X 10  !~ 
CO]ll('Ill X 1(, *8 /]l~X X I 0  12 ((.2 l )  ((2--1) (CjjI2/SCC) (Ct~12/St,C) 

(mob's) (moles/s~ c) 

K+ 
(A niembrane) 2.5 2.7 o.73 4.55 1.71 1.73 38.o DK*~5",Dti ~ 

Tetraethyl-  
a l n m o n i u l l l  + 

(B membrane)  2. 5 4.9 o.58 1.55 o.585 o-75 7 -1 1-85 

}~iochim. Biophvs. Acla, 163 (I96S) 429-438 
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(Figs. 3A and B) also implies that the ion-exchange groups are strongly acidic. If 
they were of weakly acid groups, they would be expected to dissociate less as more 
of them are in tile H + form, and thus the H + diffusibility, as judged by its contribution 

~oo[ 
8 0  

B ! 
• li JI 

OK+ ~ / | J I I  / 

5 0  

4 0  

30  

20  

10 

9 

8 

7 

5 0  7 a DTetraethylammonlum+ 6 

.y, ,-i 
&'- 4 0  t, ~ . , /  4 ~EE 

/ o  DH+ in t e t r a e t h y F  A~. " u 
u K OK * ee / a m m o n i u m + -  H ÷ ~ . ~ . ~  

t , l _ e ~ L . - 1 f f , ~  + in m e m b r a n e  . ~ . ~ . ~ ' ~  ~ ~ 0 
20,  -'~n" , uH . . . . . .  ~ C 

0 UN a Na÷_H, m e m O r a n e  .~ 
0 I I I  I I t I I I I I I  I L I  I I~1"1 I I  I l l l J l  l l l l l  i l l  I L I I  LO [:~ 

0 0.2 0.4 0 .6  0 .8  1.0 0 0,2 0..4 0 .6  0.8 1.0 
XH+ XH+ 

Fig. 3. The diffusion coefficient of Na  +, K +, t c t r a e t h y l a m m o n i u m  +, and  H + in Type  A or Type  B 
m e m b r a n e s  as a funct ion  of X ~  +. The diffusion coefficients of Na  +, K +, and  t e t r a e t h y l a m m o n i u m  + 
are de t e rmined  by  measur ing  the hold-up  t ime.  DH* is ca lcuIa ted  (see text) .  The curves  represent  
visual  e s t ima tes  of the funct ion  DI(XH+). 

to the electrical conductance of tile membrane, should be lowered with an increase 
in XH +. The slowing of H+ at decreased H + content is clear in the tetraethylam- 
nloniuln +- as well as in the Na--containing membranes. 

H+-telraethyIammonimn + and H + - K  + bi-ionic poteutials 
The electrical potential across a membrane separating 15 mM solutions of 

tetraetllylammonimn bromide and HC1 was measured. The result of such measure- 
ments gave a potential difference of 7 ° ~ (S.D.)3 mV, the tetraethylanmlonium + 

FTEA+ is about 1.5 (Fig. 2A), it can be concluded that side being negative. Because -~u+ 
tile interfacial potential difference in a tetraethylammonium+-H + bi-ionic cell will 
contribute about IO mV to the measured potentiala, a°. The diffusion potential due 
t() differences between the mobility, U, of the ions in the bulk of the membrane will 
be given by: 

V TnA ~ (d i f fus ion)  = n R T / F  ( log /JTEA+/UH +) FI+ (7) 

(see refs. 3 and Io) where n is defined by Eqn. 5; TEA+ = tetraethylammonium ion. 
The mobility ratio and the diffusion coefficient ratio are the same. With ~ = 2 (see 
Fig. 2A) and U~:EA+/UH + varying between 3.o and 3.5 (Fig. 3B), the, expected 
I,TE,+ (diffusion) is between 55 and 63 mV. Adding the Io mV due to interfacial H + 
potential difference, the tetraethylammonium+-H + bi-ionic potential is expected 
to fall between 65 and 73 mV. Thus, the measured tetraethylammonium+-H + bi-ionic 
potential is in good agreement with the theoretical value. 

The K+-H+ bi-ionic potential is about I i o  mV, the K + side being negative 2. As 
noted before, it was impossible to determine H + mobility in the presence of K+. An 
estimation of the K+-H+ mobility ratio can be made in the following way: 

Biochim. Biophys. Acta, 163 (1968) 429-438 



436 A, ILANI, 1). TZlVONI 

--14+ Because K H_ is about  0.4 (Fig. 2B), i t  can be deduced  t ha t  the  difference 
between the interfaeial  po ten t ia l  drop  in the  K - - H  bi-ionic sys tem is about  23 mV, 
the  K + side being posi t ive.  Thus, the  K ~-H ~ diffusion po ten t i a l  would be 1IO ~ 23 = 
I33 m\:, the  K ! side being negat ive.  For  the pair  K :--H ~, n in Eqn.  5 would be about  
1.5 (legend of Fig. 2B). Assuming t ha t  the K - -H + mobi l i ty  rat io  is cons tant  and  using 
an equat ion like 7, it can be concluded tha t  the  K - - H  I mobi l i ty  ra t io  is a round 4o. 

I)ISCUSSION 

The results  presented  in previous  s tudies  as well as in this  one show tha t  the  
ion-exchange proper t ies  of these hydrophobie  so lven t - sa tu ra ted  membranes  are due 
to the presence of about  zo -v moleeqniv of fixed charge sites in tile membrane .  Tile 
membrane  has an area  of about  3-4 cm2 and a th ickness  of about  O.Ol 5 era. Thus, the  
fixed charge sites '  concent ra t ion  is about  2.0" IO 6 moleequiv/cm:~ or 2.0 mmoles/1 
volume of membrane .  This is an ex t remely  low value of ion-exchange capac i ty  which 
could ha rd ly  be discerned if the  filters were not  s a tu ra t ed  with the  h y d r o p h . b i c  
solvents.  However ,  the  presence of this  small  nuulber  of fixed charge sites in tile 
membrane  does de te rmine  to a significant degree its e lectrochemical  p ioper t ies .  
A prominen t  p r o p e r t y  affected by  these fixed charge sites is electr ical  conduct iv i ty .  
Thus, a pole thylene  porous filter of comparab le  dimensions,  s a tu ra t ed  with  toluene,  
has an infinite resistance (more than  Io  ~a D) compared  with about  Io ~ 52 of tile cellulose 
ester  melnbranes  conta in ing the  fixed charge sites. When bromobenzene  is the  satu-  
ra t ing  solvent ,  the  re la t ive  resistance is more tha t  lo~-fold. This is ha rd ly  surpris ing 
if one recalls  t ha t  the  solubi l i ty  of ions in such solvents  is ex t remely  low. Thus al though 
the fixed charge sites in the  lnembrane  are present  only  in minu te  concentra t ion,  they  
doln ina te  the electrochemical  behavior  of the  membrane .  

I t  was a l ready  po in ted  out  t ha t  the  negat ive  fixed sites present  in these mem- 
branes mus t  be s t rongly  acidic. The inference tha t  sulfonic groups are responsib]c~ 
for the  ion-exchange proper t ies  of these membranes  is reasonable.  I t  is, therefore,  
intorest ing to compare  the  proper t ies  of the  hydrophobic  membranes  of this  s tudy  
with  those of o rd ina ry  wate r - soaked  ion exchangers  conta in ing s t rong acidic groups. 
In cont ras t  to  the  membranes  s tud ied  here, i t  is general ly  flmnd tha t  H-+ falls between 
Li- and Na~ in the  se lec t iv i ty  sequence of ion exchangers  conta ining s t rong acidic 
groups u. In po lys ty rene  sulfonie acid resins -~¢- K "N:~ ~ " ~ ' l  L i+  . Kip ,  H, al (1 H, are 1.2, 1.03, and  0.74, 
respect ively  1". In  the nlembranes of this s tudy  K~:: is about  o.4 (Fig. 213) and R)i!~ 
is a t  least  zo t imes  smaller  (see Fig. [A). I t  is conceivable tha t  the  presence of a medium 
of a low dielectric cons tant  would increase the  se lec t iv i ty  for H ~ due to increased 
e lec t ros ta t ic  in te rac t ion  between H t and  the negat ive  fixed sites. 

The increased e lec t ros ta t ic  in terac t ion  can also account  for the  very low H ~ 
mobi l i ty  observed in the  melnbranes  of this  s tudy.  I t  was shown tha t  H ~ is about  
3-4  t imes  less mobile than  t e t r a e t h v l a n u n o n i m n '  (Fig. 3B), about  Io  t imes less 
mobile  than  Nat  (Fig. 3A), and  about  4 ° t i lnes less mobile than  K I . On the other  
hand,  in wate r - soaked  ion exchange membranes ,  H + is more mobile than  other  cations. 
In  po lys ty rene  sulfonic acid resins, H:  diffusibi l i ty  is more than  4 and 7 t imes higher 
than  tha t  of (;s ~ and Na ~ , r e s p e e t i v e l f  ~. In  phenol  sulfonic acid membranes ,  the H ! 
is about  IO t imes more mobile  than  Na ~ (ref. I3). 

Three models  which could explain the  i()n content  and movelnent  in these 
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membranes are apparent: (I) The movement of the counterions in the membrane 
occurs through continuous water channels bounded by hydrophobic medium. Thi.~ 
possibility is analogous to the well-known pore theory which accounts for ion permea- 
tion through cell membranes. According to this concept the concentration of tile 
relevant fixed negative sites is the concentration in the water channels. (2) The 
counterions and fixed negative sites are present in the hydration shell bounded by 
the hydrophobic solvent. The movement of counterions through the membrane 
entails crossing through the hydrophobic solvent. (3) The counterions and fixed sites 
are present in the continuous hydrophobic medium of the membrane. According to 
this possibility, the counterions with a limited hydration shell are present in a medium 
which generally dissolves very minute amounts of ions. However, due to the presence 
of the fixed negative sites, the potential in the bulk of the membrane is sufficiently 
negative so that the electrochemical potential for cations in the membrane is reduced 
compared to a sinfilar medium with no negative sites in it. A theoretical analysis of 
the potential course and the cation concentration profile across the interface of such 
a model is given elsewhere ~. 

The last two possibilities may be termed "fixed associated" models in terms of 
the classification of EISENMAN, SANI)BLOM AND WALKER 15. 

In considering these possibilities it should be remembered that the diffusibilitv 
of ions in these membranes is lO'3-1o 4 times slower than in water solution (see Fig. 3 
and ref. 3)- In a toluene-saturated nlembrane, the diffusibility is even lower, e.g. 
about IO '~ times slower than in water solution 4. The activation energy of ion movement 
varies from 4ooo to I0OOO cal/mole depending on the counterion and hydrophobic 
solvent used 4. These facts exclude the first possibility, in its simple version. One 
could hardly expect such a low mobility of ions in water channels. 

It could be argued, however, that the water in the channel bounded by the 
hydrophobic medium is not a simple solution bur rather is arranged in an "ice-like" 
pattern similar to the supposed "icebergs" present around hydrophobic moieties in 
water,a, 17. To test this possibility, H ~- diffusibility was studied. The data presented in 
this study show, that although the functional negative sites in these membranes are 
strongly acidic, the diffusibility of H-  is very low both in absolute terms and in com- 
parison with the other cations. It  is generally accepted that H + diffusibilitv in ice is 
higher than in ordinary water solution 18. It  seems, therefore, that the idea of a con- 
tinuous water channel through the membrane is extremely unlikely for the membranes 
described in these studies. 

Other data also indicate that there are no continuous water channels in these 
nlembranes. It has been shown that the hydrophobic solvents do affect the ion 
mobility in the membranes although they do not affect the ion-discrimination pattern 
by the membranes 2, ~. The more polar the liquids are, the more favorable the): are for 
ion movement 2. This suggests that the hydrophobic solvent is concerned directly 
with ionic movement in the membrane. 

Thus, one is left with the other two possibilities, both of which require that the 
ions move through the hydrophobic solvent. It  is the ainl of further studies on these 
membranes to resolve the problem as to which of these two possibilities is valid. 

A possible implication of this study for physiology is that ionic permeability ot 
cell membranes does not necessarily depend on the presence of water-filled "pores". 
Movement of ions through hydrophobic media is most probably feasible and might 
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a c c o u n t  f o r  t h e  e l e c t r o c h e m i c a l  p r o p e r t i e s  o f  t h e  cel l  m e m b r a n e .  T h e  s u g g e s t i o n  t h a t  

H -t m o b i l i t y  ( a n d  h e n c e  p e r m e a b i l i t y )  in  s u c h  m e m b r a n e s  is e x t r e m e l y  l o w  is a l s o  

i n t e r e s t i n g  in  v i e w  o f  t h e  f a c t  t h a t  c h a n g e  in  p H  of  e x t r a c e l l u l a r  s p a c e  d o e s  n o t  e x p r e s s  

i t s e l f  r a p i d l y  in  a c o r r e s p o n d i n g  c h a n g e  i n t r a c e l l u l a r l y  ~9. I t  a l so  i m p l i e s  t h a t  c e l l u l a r  

m e m b r a n e s  c a p a b l e  o f  a c t i v e l y  t r a n s f e r r i n g  H + m i g h t  w i t h s t a n d  a p p r e c i a b l e  g r a d i e n t s  

o f  p H  w i t h o u t  m u c h  e n e r g y  e x p e n d i t u r e .  
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