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Summary. Cellulose acetate-nitrate filters were saturated with hydrophobic solvent
and interposed between various aqueous solutions. The membranes thus formed are
cation permselective. The discrimination between a monovalent cation such as K+ and
the alkaline earth group divalent cations is very sharp. The discrimination ratio is at
least a few thousand times in favor of the monovalent cation. A major part of this dis-
crimination is caused by the very low mobility of the divalent cation within the membrane
compared with that of the monovalent cation. The remainder of the discrimination is
caused by the selectivity of the membranes which prefer monovalent to divalent cations.
There is a clear discrepancy between Ba™ * diffusibility and mobility within the membrane.
This implies that Ba** may move within the hydrophobic membrane as a neutral
complex. Some similarity with natural biological membranes is indicated.

Porous discs made of cellulose acetate and nitrate, when saturated with
a hydrophobic solvent such as toluene or bromobenzene and interposed
between two aqueous solutions, form membranes which are cation perm-
selective and show quite interesting discrimination between monovalent
cations [8-10]. It is assumed that the cation permselectivity arises because
of the presence of a small amount of fixed negative charges in the skeleton
of the cellulose ester filter [8, 11]. In contrast to conventional ion exchangers,
the fixed-charge sites in these membranes are somehow embedded in hydro-
phobic solvents. The solvents are retained in the membrane even after
prolonged exposure to aqueous solutions. The exact relation between the
filter substance, the solvents and the water within the membrane is not
clear. Yet, it is argued that the solvents are essential for determining the
sharp discrimination between cations by the membranes and for the degree
of ion diffusibility within the membranes [8, 9].
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The present study deals with some electrochemical properties of thesc
hydrophobic membranes when they are exposed to solutions containing
divalent ions of the alkaline earth group. It appears that the hydrophobic
membranes are extremely discriminative between monovalent and divalen
cations; they are almost impermeable to the divalent ions. Some analog)
to ion exchangers with a high degree of cross-linking is emphasized. The
implication is that these hydrophobic membranes impose an extreme
restriction on the hydration shell of an ion during its passage from aqueou
solution into the membrane phase.

Materials and Methods

Filters made of cellulose acetate and nitrate were obtained from Millipore Filte:
Corporation (Bedford, Mass., GS type). The filters were inserted between the halves o
a glass diffusion cell. The two parts of the diffusion cell were held together by spring
attached to hooks on the outer surfaces. The filters were wetted by bromobenzene, anc
the halves of the diffusion cell were then filled with the appropriate aqueous solutions
The whole cell was placed in a bromobenzene bath. This latter procedure ensurec
complete saturation of the membrane and aqueous solution with the solvent and pre
vented leakage from the diffusion cell. Mixing of the aqueous solutions was effected b;
glass-sealed iron bars driven by a magnetic stirrer.

The membrane separating the two water solutions was 3 cm? in area and 0.015 cn
thick.

The a-c resistance was measured by a Wheatstone bridge using Ag—AgCl electrodes
Bridge excitation was generally at 250 cycle/sec. To measure the d-c resistance, twe
pairs of Ag-AgCl electrodes were used: one pair served for passing the current and th
other for measuring the potential difference across the membrane. The setup is shows
in Fig. 1. The potential difference across membranes was measured by a Keithley electro
meter, type 601, using Ag-AgCl electrodes for contact with the aqueous solutions
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Fig. 1. Setup for measuring current-voltage relationship
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Isotopes #°CaCl,, ¥'BaCl, and “carrier-free” 131Cs were obtained from the
Radiochemical Centre (Amersham, England). Radioactivity was determined by a liquid
scintillation counter (for 43Ca) or a well-type scintillation counter (for 13!Cs and 13'Ba).
In the latter case, it was possible to measure 13'Cs and 13'Ba simultaneously by using
suitable “windows”, since the radiation energy of 13'Cs is quite homogeneous and
distinct from that of 13'Ba.

The amount of radioactivity within the membrane was determined in the following
way: the membrane was released from the diffusion cell, washed slightly by being dipped
into deionized water (specific resistance more than 4 - 106 Q cm), blotted with absorbent
paper, and immersed for 48 hr in a measured volume of salt solution. A sample of the
latter solution was analyzed for radioactivity.

Results

Sensitivity of Membrane Potential to K* Concentration
in the Presence of Divalent Cations

Fig. 2 illustrates the potential difference across a membrane separating
a 15 muM solution of CaCl, or BaCl, from a similar solution containing, in
addition, various concentrations of KCI. It is obvious that the membrane
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Fig. 2. The potential difference across a cellulose ester membrane saturated with bro-
mobenzene and interposed between 15 mm CaCl, or BaCl, solutions as function of log
K™ concentration on one side of the membrane. The curve for SrCl, solution is similar
to that of the Ba curve. The curve for MgCl, falls to the left of the Ca curve.—The
continuous curves are theoretical (see equation) and consistent with either one of the
following values for the permeability ratios or initial K content: for M =Ca, Pg/Pg,=
3,480, Pg/Pc,=6,960, and Cy =0.0086 mm; for M =Ba, Pg/Pq;=1,700, Py/Py,=
3,400, and Cyg =0.018 mm
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is sensitive to a concentration of KCl which is at least 500 times less thar
the molar concentration of the divalent cation.

In order to estimate the extent of discrimination between the mono
and divalent ions as expressed by this experiment, we use the following
constant-field equation [4, 6] which relates the potential difference across z
membrane to the concentration of ions across it:

RT P (K)'+ Py (CI)* ++ 4 m Pe, (Ca)t

V=
F  Po(K)"+Py(Cly+4m Pe,(Ca)*exp(— FV/RT)

@

11::;13((:;1;/;?) in which ¥V is the potential difference (V' —
V'); the quantities in parentheses denote activities (assumed to equal the
concentrations in our analysis) of the various ions on either side of the
membrane; and P; denotes the membrane permeability to the ion / defined

where m =

B, U; . et . . .
as P, =——‘d—’— where B, is the distribution coefficient of the ion between the

membrane and water, U, is the mobility of the ion within the membrane
and d is membrane thickness. Eq. (1) is derived similarly to that of Hodgkin
and Katz [6] but is slightly more complicated owing to the introduction
of a divalent cation into the system.

The experimental results shown in Fig. 2 fit a curve predicted by Eq. (1)
if the membrane were 3,400 and 6,900 times more permeable to K* than
to Ba™* and Ca™ ¥, respectively. This is, however, the lower limit of the
permeability ratio because (1) although the slope shown in Fig. 2 is indi-
cative of cation permselectivity, it implies only that the permeability to C1~
is negligible compared to that of K* but not necessarily compared to that
of the divalent cation, and (2) it was tacitly assumed that the divalent ion
solution does not contain any K* or other monovalent ion for which the
membrane permeability is much higher than for the divalent cation. How-
ever, extrapolation of the curves shown in Fig. 2 to zero potential difference
cuts the abcissa at K concentrations which are approximately 0.1%, of the
divalent ion concentration. This value approaches a level of contamination
in analytical products (e.g., 0.01% K* in MgCl, or SrCl, according to
manufacturer’s catalogue). It is obvious that both a non-zero permeability
to C1~ and non-zero contamination by penetrable cations would imply even
higher K-divalent ion permeability ratios. To be more precise, the curve
for Ca shown in Fig. 2 is consistent with zero permeability to Ca either if
the 15mm CaCl, solution also contained 0.0086 mm K™ or if Pg/Pc, were
3,480 (or if both happen together and K contamination were less than
0.0086 and Pg/P, were greater than 3,480).
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Dependence of Resistance of Membrane on Nature of lons in Solution

Table 1 shows the a-c electrical resistance of membranes exposed to
various solutions. It is clear that the membrane resistance increases in the
order Mg, Ca, Sr, Ba. Also, it is apparent that the presence of a monovalent
ion leads to a decrease in membrane resistance. The relative K-membrane
divalent-ion membrane resistance would appear to vary only between 1.5
(for Mg) and 10.0 (for Ba). However, the membrane resistance in the case
of the divalent ion is more complicated than the measurement in an a-c.
Wheatstone bridge would imply. Thus, there exists a time-dependent
current-voltage relationship if the membrane is exposed to solutions con-
taining divalent ions only (see Fig. 3). The voltage across a membrane in
response to a constant current increases with time. Interruption of the
current leads to an immediate drop of almost the whole voltage across the
membrane, indicating that the major part of the increase in voltage response
is caused by an increase in membrane resistance and that only a minute
fraction is caused by membrane polarization.

The time-dependent increase in resistance becomes clearer as the current
increases. It is abolished by addition of monovalent ions (e.g., K*) and by
stirring of the side which contains the anode (Fig. 3). Reversal of the current

Table 1. The a-c resistance of bromobenzene-saturated membranes exposed to various

solutions
Solution a-c Resistance No. of
and concn. kQ) membranes
(mmM) average +SD measured
KCl 15 528+ 4.0 6
KBr 15 5404+ 3.1 4
NaCl 15 76.0+ 3.0 3
BaCl, 3 375.0+ 75.0 8
BaCl, 15 517.04+123.0 14
BaCl, 15
+
NaCl 1.5 245.04 48.0 5
SrCl, 15 269.0+ 47.0 9
CaCl, 3 179.0+ 21.0 10
CaCl, 15 221.04+ 36.0 16
CaCl, 15
+
NaCl 1.5 99.0+ 14.0 6

MgCl, 15 106.0+ 14.0 7
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Fig. 3. The voltage across a membrane saturated with bromobenzene as a function of

time after application of a constant current. Top: Elimination of time-dependent voltage

response by consecutive addition of KCI into the BaCl, solution. Current density

0.8 pamp/cm?. Effects of short current interruptions are shown. Botfom: Effect of stirring
on voltage response

leads to a rapid decrease in resistance to approximately the starting value,
and then the typical increase in membrane resistance ensues (Fig. 4).

If the current is applied for sufficiently long periods at a density which
is Jower than about 7.0 pamp/cm? !, the resistance would reach a plateau.

1 If the d-c density is increased to higher levels, the resistance of the membrane
falls either irreversibly or in a hysteretic way. The nature of these changes which occur
at membrane electric fields of 5,000 to 20,000 V/cm are still under investigation.
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Fig. 4. The resistance of a bromobenzene-saturated membrane exposed to 15 mm BaCl,
or CaCl, as function of time after application of constant current. Current density
1.2 pamp/cm?2. Arrows indicate reversal of current

Table 2. Membrane a-c and plateau-level d-c resistance

Solution d-c current Plateau-level a-c resistance
(15 mm) (rA/cm?) d-c resistance (10° Q)
(106 Q)
MgCl, 3.2 34 0.85
53 3.6 0.85
7.2 3.8 0.85
7.25 3.1 0.76
CaCl, 7.0 4.3 1.65
6.4 4.8 1.47
SrCl, 52 8.6 211
5.3 7.6 2.52
2.9 6.6 2.52
BaCl, 1.3 36.8 3.62
2.3 36.4 3.62
2.7 33.5 3.63

Table 2 shows such values for various current intensities. It can be seen that
the d-c resistance can reach values which are 40 to 100 times higher than

the a-c resistance.
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Fig. 5. Change in concentration, 4Ci, of an ion { in an unstirred layer near a membrane

surface in response to an applied current density I (amp/cm?). #; is the transference

number of the ion. The theoretical equation is taken with slight modification from the
work of Macey [12]

These phenomena could be explained by the assumption that trace
amounts of monovalent ions, such as K* or Na™ are responsible for the
a-c membrane resistance. A direct current, according to this assumption,
would cause depletion of these ions in the aqueous film adjacent to the
membrane and hence would lead to an increase in the membrane resistance.
Fig. 5 shows the theoretical change in the concentration of an ion at various
distances from the membrane surface as a function of time after application
of a direct current. Clearly, this will depend on the current density and on
the transference number of the ion (see ordinate of figure). From this
figure, it can be gathered that after 100 sec of 0.8 pamp/cm? current density,
the change in concentration near (i.e., 0 to 0.001 cm) the membrane would
be 1.2 to 2.5 1078 mole/cc or 0.012 to 0.025 mM for an ion with transference
number 1.0. These figures are roughly consistent with the observation that
addition of 0.13 mm KCI leads to complete disappearance of the time-
dependent resistance, whereas it is still discernible if the K * level is only
0.012 mm (Fig. 3).

According to this notion, the plateau-level d-c conductance reflects the
divalent ion mobility within the membrane. Thus the order of increase in
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Table 3. Membrane a-c resistance before and 48 hr after addition of MgCl, or BaCl,,
to a concentration of 10 mM, to solution originally containing the indicated salt at 15 mm

Original Membrane a-c resistance (kQ)
solution — —
(15 mm) Addition of MgCl, Addition of BaCl,

before after %change before after % change

MgCl, 102 105 + 3 121 540 +450
110 116 + 5 114 484 +340
CaCl, 273 260 — 6 205 770 +250
268 250 — 6 129 333 +160
SrCl, 270 238 —14 333 584 -+ 77
274 232 —-21 291 500 + 75
BaCl, 700 600 —18 620 575 - 5
622 599 -5 — - -

mobility within the membrane is (according to Table 3) Ba <Sr <Ca
<Mg. The fact that the a-c membrane conductance follows the same line
(Table 1) is not related to the divalent ions’ mobilities within the membrane
but, as will be shown in the next section, to the selectivity factor.

Part of the time-dependent increase in voltage represents membrane
polarization, as can be seen from the fact that interruption of the current
does not result in a return of the voltage to its initial zero value (Fig. 3).
This polarization may represent the sensitivity of the membrane to changes
in concentration of ions such as K*, as exemplified in Fig. 2.

Do Divalent Ions Enter the Membrane?

The data shown so far indicate that the permeability of the membrane
to the divalent ions is extremely low and that the extent of membrane a-c
conductance in the case of exposure to solutions containing only divalent
ions is determined by the presence of contaminants. Yet even the a-c level
of resistance changes consecutively in the order Mg, Ca, Sr, Ba. Two
possible explanations for this fact are apparent. (1) The order of increase in
resistance reflects the order of decrease, fortuitous or otherwise, in con-
centration of penetrable contaminants in the particular divalent-cation
salts. (2) The order of increase in resistance reflects increase in selectivity
of the membrane for the divalent ions; e.g., Ba™* is taken up preferentially
to Mg™* and therefore there are less contaminants in a membrane exposed
to Ba™* than in a membrane exposed to Mg™ *. The results of two types
of experiments shown in Tables 3 and 4 prove that the second possibility



232 A. Ilani:

Table 4. Relative 3'Cs content in bromobenzene-saturated membranes exposed to various

solutions
Solution Relative
(15 mm) 131Cs content?®
Ba(l, 1.00
SrCl, 1.154+0.03
CaCl, 2.2040.15
MgCl, 7.40-+2.30

a The content in a Ba membrane was arbitrarily considered as 1. CsCl=6 x 1079 m.
Six measurements were made for each solution.

is more valid. First, addition of Ba™* to solutions of divalent ions leads
to a substantial increase in membrane resistance, whereas similar addition
of Mg™ ™ has a negligible effect (Table 3); and secondly, the relative amounts
of 131Cs found in membrane exposed to a solution of divalent ions containing
small amounts of ***CsCl decreases in the order Mg, Ca, Sr, Ba. The con-
clusions, therefore, are: (1) divalent ions probably enter the membrane;
and (2) they compete for occupancy of the fixed sites within the membrane
in the order Mg, Ca, Sr, Ba, and yet the presence of small amounts of con-
taminants within the membrane accounts for the major part of the membrane
conductivity, (i.e., the mobility of the divalent ions within the membrane is
extremely low).

Direct Measurements of Membrane Permeability to Divalent Cations

The kinetics of Ca™ " entry into a membrane was studied. Fig. 6 shows
the amount of *3Ca recovered from a membrane exposed to a solution of
CaCl, as a function of the square root of the time after adding *3Ca to the
solution. For comparison, a similar study with Cs* is also shown. The
continuous curves show the theoretical Ca™ " or Cs* entry into the mem-
brane with the Ca** and Cs™* self-diffusion coefficients being 0.97 - 1071°
and 0.87 - 10~ 8 cm?/sec, respectively. The curves are based on the solution
of Fick’s second equation with appropriate boundary conditions. The
generalized solution is presented in Fig. 9 of Crank’s book [2].

Note that addition of CsCl into the solution drastically lowers the
amount of Ca™* found in the membrane. This is consistent with the notion
that Cs*™ and Ca™ ™ compete for the negative sites within the membrane.

Another noteworthy point is that the course of #*Ca entry into a mem-
brane exposed to a 3 mm CaCl, solution is indistinguishable from that ex-
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Fig. 6. Amount of 45Ca and 13!Cs recovered from a membrane exposed to various

solutions as function of the square root of time after addition of the labelled isotopes.

The curves shown are theoretical; they are based upon the solution of Ficks’ second

equation using the appropriate boundary conditions and the indicated values for mem-

brane thickness and Cs and Ca self-diffusion coefficients. The generalized solution is

shown in Fig. 9 of Crank’s book [2]. 100% for Cs and Ca is 1.5 and 1.25 10~7 mole
respectively

posed to a 15 mM solution, a fact which is also consistent with the ion-ex-
change behavior of the membrane. Yet the apparent 100% Ca™* content
is slightly over 809% of the Cs* content (see legend of Fig. 6). This may
imply that most of the Ca™* within the membrane is present in a hitherto
unidentified (Ca X)* form.

Fig. 7 shows measurement of passage of radioactive Ba** or Ca*™
across a membrane. Experiments with Sr* * gave results similar to that of
Ca**; namely, no labelled Sr** could be shown to cross the membrane
up to 72 hr of diffusion time. Yet there are measurable amounts of Ba™ *
crossing the membrane. The flux curve for Ca*™* is calculated theoretically
from the curve shown in Fig. 6. In comparison, the simultaneously measured
passage of carrier-free *3'Cs across the membrane is also shown.

Two problems are raised by these experiments. (1) Ba* ™ is more per-
meable than Ca** (and Sr* *) and is also much more mobile (holdup time
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Fig. 7. Passage of +°Ca or *!Ba across a cellulose ester membrane saturated with bro-
mobenzene. The simultaneous passage of *carrier-free”” 13!Cs is also shown. Four
experiments with Ba (different symbols) and three experiments with Ca (empty circles)
are shown. Passage of 31Cs (full circles) was measured in one of the Ca and Ba cells,
the two being indistinguishable on the time scale shown. The theoretical Ca passage
across the membrane (dashed line) was calculated from the study of the rate of entrance
of Ca into the membrane (Fig. 6). Estimates of the K-divalent ion permeability ratios
(e.g., Px/Pg,) are indicated

of 7 to 8 hr compared to a calculated holdup time of 107 hr for Ca™ ).
Yet the resistance of a Ba™* membrane is higher than that of a Ca* ™ mem-
brane (Tables 1 & 3). (2) The Cs-Ca and Cs-Ba permeability ratios are
much smaller than the K-divalent ions’ permeability ratios calculated from
measurements of the K* concentration-dependent membrane potential
(see Fig. 2 and first section of Results). This could not be because of the
difference between Cs* and K * since these membranes do not discriminate
between these monovalent cations [8]. These facts imply lack of correspond-
ence between Ba ™ * diffusibility and mobility.

Ba Mobility and Ba Diffusibility

The discrepancy between measurable Ba™ ™ passage through the mem-
brane and slow Ba™ * mobility within the membrane is brought to light by
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Fig. 8. Time course of change in membrane a-c conductance in response to addition of
Ba™™ into solutions containing initially Mg** or Sr*™*

following the change in membrane conductance brought about by the
addition of Ba*™* into Mg** or Sr*™* solution (Fig. 8). It will be noted
that more than 759%, of the change in conductance is attained within 3 hr.
Yet the membrane conductance is very low, and even this low conductance
is contributed mostly by the remaining monovalent contaminants (see
second section of Results).

The implication is that Ba* * can move and exchange with counterions
within the membrane in a form of a neutral complex, e.g., (Ba* X,) mobile +
(Ba X)* immobile==(Ba X,) mobile +(Ba* X)* immobile. This is proven
quite clearly by the fact that the Cs—Ba discrimination determined under
conditions where the ions are electrically driven through the membrane is
at least two orders of magnitude higher than the diffusionally determined
permeability ratio (Fig. 9).

Discrimination between Quinine™ and Quinine™ *

Quinine has, hitherto, been considered an ion for which the membrane
permeability is highest [8]; thus a K "-quinine™ bi-ionic cell yields a poten-
tial difference of about 50 mV, the quinine™ side negative. However, suc-
cessive addition of acid into the two sides of a K*-quinine™ bi-ionic cell
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cpm/ ml
(Cs/8a)" / (Cs/Ba)t I I
— "hot” “cold”
TIME Ba®’- 211.900{ Ba — 0
ZERO ¢s'¥7-120.000 ¢cs — ©

Ba?'-2m.9500] Ba —~3

~1500 cs™’-19.000{ cs — 1085
+1h OF 1pA ~13700 Bd° - 2n.900] B — 12
URRE - 131 -
3 HOURS CURRENT ¢s’'- 64000} s —55.000
FREE j
DIFFUSION
+2h7S OF 1A Ba™'-211.900] Ba ~ 38

~ 20000
CURRENT ¢s'- 25.000] £s —94.800

+3hTS OF 1A Ba"% 211.900] Ba — 54

~ 85000
CURRENT ¢s™'~ s5000| s —115.000

N

Fig. 9. Schematic presentation of the sharp Cs~Ba discrimination by a bromobenzene-

saturated membrane. The membrane was exposed on both sides to 15 mm BaCl, solution.

At time zero, ¥1Ba and 13!Cs (“carrier free””) were added to side I of the diffusion cell.

After 3 hr of free diffusion, a current was passed through the membrane, the negative

electrode put in the “cold” side. Figures denote radioactivity owing to 131Cs and 131Ba
during the course of this experiment

leads finally to a reversal of the potential difference (Fig. 10). Since previous
experiments have shown that the membrane is much less permeable to H*
than to K* [11], it can be concluded from Fig. 8 that monovalent quinine
is roughly nine times more permeable than K™* whereas divalent quinine is
nine times less permeable than K. In comparison, it can be seen that the
potential difference in a K *-trimethyl-phenylammonium™* bi-ionic cell is
independent of pH (Fig. 10).

Addition of carrier-free *31Cs shows that 2 membrane exposed to 5 mm
quinine* * contains about five times more Cs* than a membrane exposed
to 5 mMm quinine * ; this happens in spite of the fact that the higher concentra-
tion of H* ion in a quinine* * solution would by itself tend to displace some
of the Cs* from the membrane [11]. Thus it is clear that part of the mem-
brane discrimination between mono- and divalent quinine occurs because
of the selectivity factor; namely, quinine™ is preferred over quinine* ™,
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Fig. 10. The potential difference across a membrane separation a 10 mm solution of
KCl from a 10 mm solution of either quinine hydrochloride (A) or trimethylphenyl-
ammonium chloride (B) as function of amount of HNO; added to both sides of the
membrane. The simultaneous change in pH in theK™ and quinine side is also shown

Discussion

The picture that emerges of the membranes described in this study con-
cerning their discriminatory properties among the alkaline earth group and
between this group and the monovalent ions can be summarized as follows.
(1) The membrane contains approximately 1.5 - 10~ 7 moles of fixed negative
charge as judged by the monovalent cation content in the membrane
(Fig. 6 and references 8 & 9). (2) Divalent ions, such as Ca™*, enter the
membrane and compete for occupancy of the fixed negative sites with mono-
valent ions (Fig. 6). The order of increased selectivity is Mg <Ca <Sr<Ba
(Table 4). (3) The mobility of the divalent ions in the membrane is extremely
low and increases in the order Ba <Sr<Ca<Mg—as judged from the

17 J. Membrane Biol. 3
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plateau-level d-c resistance (Table 2). (4) The divalent ions do not accoun
for more than 5% of the membrane a-c conductance. It is plausible tha
trace amounts of monovalent contaminants are responsible for the majo;
part of the membrane a-c conductance (Fig. 3 and second section of Results)
(5) The membrane a-c resistance follows the selectivity series Mg <Ca <S;
<Ba since the more preferred the divalent ion, the less contaminant will be
present in the membrane and the greater the membrane resistance will be
(Table 1). (6) Since the permeability is determined by the selectivity and the
mobility, it is possible a priori to find any membrane permeability relation-
ship among the alkaline earth group. From the K*-sensitive potential-
difference study, it may be concluded that the permeability increases slightly
in the order Mg <Ca < Sr <Ba (see legend of Fig. 2). (7) The Ca*™* or Sr**
fluxes through the membranes are extremely slow (Fig. 7) and have a very
high holdup time., The Ba™ * fluxes are unexpectedly much higher and have
a low holdup time. This implies that Ba** can move within the membrane
as a neutral complex, It is possible that this may apply also to the other
divalent ions but to a smaller extent. If this is so, the mobility of the divalent
ions will be even lower than that determined from the holdup time study;
this possibility is consistent with the very low permeability of the membrane
to divalent cations estimated from the study of the K ™-sensitive potential
difference across the membrane (Fig. 2).

The filters saturated in hydrophobic membranes behave qualitatively
like the ion-exchange membranes with a high degree of cross-linking. For
example, if one considers the equilibrium properties of these membranes
with respect to the monovalent ions Li*, Na*, NH*, K*, and Cs™, it can
be seen that the selectivity between these ions increases with increase in
degree of cross-linking; e.g., the selectivity factors for the above series are 1,
1.58, 1.9, 2.27, and 2.67 for 39 divinyl benzene (DVB) content, 1, 2.37,
3.34, 4.50, and 4.6 for 16% DVB content [1], and approximately 1, 2.5,
5.2, 30.0, and 30.0 for the bromobenzene-saturated filters [8]. As far as the
membrane selectivity toward the divalent ions is concerned, the order found
Mg, Ca, Sr, Ba is similar to that found for the sulfonate ion exchangers [1].

The similarity between the hydrophobic membranes and sulfonated resins
with a high degree of cross-linking is not surprising since both membranes
impose a change in the hydration energy of an ion on its passage from the
water into the membrane phase, along a model suggested by Eisenman [3].

The relation between the monovalent and divalent ion series is inter-
esting: in sulfonate resins with a small degree of cross-linking, the relation
is ...NHf <K+ <Mg** <Ca*".... The selectivity for the cation of higher
valency is predicted from the Donnan effect and has been referred to also
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as electroselectivity [10]. In the membranes of this study, the relation between
the two series is reversed, i.e., ... St* " <Ba* " <Li* <Na*....

What causes the difference between the two types of membranes, such
that in the sulfonate resins the divalent ions are preferred over the mono-
valent alkali metal ions and vice versa for the hydrophobic membranes?
One difference between the two types of membranes which could account
for the preference of monovalent ions by the hydrophobic membranes is
the apparent presence of the divalent ion in the hydrophobic membrane in
almost equimolar concentration to the fixed sites. As shown by the analysis
in Fig. 6, the full Ca*™ content in the hydrophobic membrane appears
to be slightly over 80% of the Cs* content. This implies that a greater part
of Ca™* in the membrane is in the form of a (Ca X)* complex. It is plausible
that the distribution of the distances between the fixed sites in these mem-
branes is such that the probability of neutralization of two fixed sites by
one divalent ion is reduced. This effect is so pronounced that even a big
tertiary amine such as quinine is less competitive in its divalent form than
in its monovalent one (see last section of Results).

The other factor in the discrimination between monovalent and divalent
ions is their mobility within the membrane. In this respect, the situation is
again similar qualitatively to that found in ordinary cation exchangers with
a high degree of cross-linkings. For instance, in polystyrene sulfonic acid
membranes with 16 %, DVB content, the diffusibility of Na* is 10 to 20 times
higher than that of Zn™* [13]. An estimate of the relative mobility of the
mono- and divalent ions in the membranes of this study can be made in the
following way. The resistance of a K-membrane is about 5-10* Q compared
with 3 to 30-10° Q for divalent ion membranes (Table 2). Thus the relative
mobilities of K* compared to those of alkaline earth divalent ions would
appear to vary between 60 and 600. However, it has already been shown
that mobilities of the monovalent ions depend very much on the nature of
other counterions present in the membrane [10]. Also, in these membranes
it was found that the holdup time for **'Cs in a Ba™* membrane is about
10 times less than its holdup time in a Cs* membrane (unpublished results).
Thus the Cs-Ba mobility ratio in a Ba* ™ membrane is probably of the order
of 6,000. The additional one to two orders of magnitude of discrimination
(Fig. 9) is probably contributed by the selectivity factor.

It is interesting to note that some of the biological membranes studied
have a very low permeability to divalent ions. An estimate (based on measure-
ments of isotopic fluxes) of the K~Ca permeability ratio for a giant axon of
Loligo gives a figure of 600 [7] which is smaller by a factor of five than the
Cs-Ca permeability ratio determined for these membranes (Fig. 7). Another

17*
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interesting observation relates to the discrepancy between the Ca diffusi
bility and mobility within the axoplasm [7]. The conclusion that Ca™ * ma;
be present within the cell as a neutral complex [7] may also apply to th
way in which Ca* * crosses the membrane. If this is true, the K~Ca electrica
permeability ratio may be even higher than the estimate from isotopic flu:
measurements, in a way analogous to that found for Ba*™ * in the membrane
of this study.
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