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Abstract: A carrier-containing membrane has been developed which can selectively move sodium ion from a re
gion of low concentration to a region of high concentration. The energy for this movement comes from the simul
taneous countertransport of protons. The transport is unaffected by electrostatic and osmotic effects but is domi
nated by the chemical characteristics of the mobile carrier. Since the membrane is chemically well defined, its opera
tion is understood on a molecular level and its behavior can be successfully predicted from a simple theory. 

W e have developed a membrane which will selec
tively move sodium ion against its concentration 

gradient. In this paper we exploit the fact that the 
membrane is defined chemically to investigate the 
origins of the selectivity and to verify the behavior pre
dicted theoretically. 

The specific membrane system developed here1 con
tains a mobile carrier, the macrocyclic antibiotic 
monensin2'8 which reacts selectively with sodium and 
transports it across the membrane. Previous systems 
of this sort have shown less selectivity and have not 
focussed on the chemical details within the membrane.4 

The carrier simultaneously transports protons in the 
opposite direction; indeed, it is this proton flux which 
supplies the energy for the movement of sodium. Thus 
the membrane studied here provides a chemically exact 
analog to the phenomena of "coupled facilitated 
diffusion" and "counterflow" occurring in biological 
membranes.5 

These effects will be clearer if we first give a qualita
tive description of the membrane's operation. A 
schematic drawing of the diffusion cell used is shown in 
Figure 1. The top compartment contains a 0.1 JV 
sodium hydroxide solution and the bottom compart
ment contains 0.1 N sodium chloride and 0.1 TV hydro
chloric acid. The membrane contains the mobile 
carrier monensin in octanol solution. 

During the course of the experiment, the sodium ion 
concentration difference across the membrane rises from 
zero, its initial value, to 0.16 M (curve 1, Figure 1). 
Simultaneously, the acid concentration differences drop 
to zero (curve 2, Figure 1). As this limit is reached, the 
sodium ion concentration difference reaches a maxi
mum. These effects are much smaller when monensin 
is absent (curve 3, Figure 1). 

We believe that the results in Figure 1 are best ex
plained by the mechanism shown schematically in 
Figure 2. The carrier, which is a carboxylic acid, is 

(1) E. L. Cussler, D. F. Evans, and M. A. Matesich, Science, 172, 
377(1971). 

(2) J. W. Chamberlin and A. Agtarap, Org. Mass Spectrom., 3, 
271 (1970). 

(3) M. Gorman, J. W. Chamberlin, and R. L. Hamill, "Antimicro
bial Agents and Chemotherapy," 1967, p 363. 

(4) K. Sollner, "The Basic Electrochemistry of Liquid Membranes" 
in "Diffusion Processes," T. N. Sherwood, et a!., Ed., Gordon and 
Breach, London, 1971. 

(5) W. D. Stein, "Movement of Molecules Across Cell Membranes," 
Academic Press, New York, N. Y., 1967. 

much less soluble in the surrounding solutions than in 
the membrane, shown schematically by the two vertical 
lines. After the rapid reaction shown in step 1, the 
complex diffuses slowly to the right down its concentra
tion gradient (step 2). After a second rapid reaction 
in which sodium is replaced by a proton (step 3), the 
monensin diffuses down its concentration gradient back 
across the membrane (step 4). The net result is that 
sodium ion is moved from left to right against its con
centration difference across the membrane. The ways 
in which this effect can be generalized to provide 
industrially promising alternatives to ion exchange will 
be described in subsequent papers. 

Theory 

Exact Chemical Description. The physical behavior 
of the membrane depicted in Figures 1 and 2 can be 
better explained by considering the chemistry involved 
in greater detail. First, solutes in the adjacent solutions 
may dissolve in the membrane 

fcNaOH 

Na+ + OH- NaOH 

fcHCl 

H+ + Cl- -^. HCl 

&H20 

H2O ; z ± H2O 

(1) 

(2) 

(3) 

where the boldface indicates solutes within the mem
brane and the kt are partition coefficients given by, for 
example 

CNaOH = ^ N S O H ( C N a + CoH-) (4) 

Because the membrane solvent has such a low dielectric 
constant, the vast majority of ions form ion pairs, 
rather than existing as free ions. 

After these solutes are dissolved in the membrane, 
they undergo a variety of further reactions 

NaOH + HCl Z^. NaCl + H2O 

^NaOR 

NaCl + HOR ^ f I NaOR + HCl 

frNaM 

NaOR + HM ; NaM + HOR 

(5) 

(6) 

(7) 
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Figure 1. Sodium transport with monensin. Curve 1 and the 
open circles represents the sodium transported with monensin; 
curve 2 is the acid transported with monensin; and curve 3 repre
sents the sodium transported without monensin. The squares illu
strate sodium transport with the membrane clamp, and the triangles 
represent sodium moved with added sucrose. 

Step 1 Monensin complexes sodium. 

Step2 The complex diffuses across 
the membrane. 

Step3 Rapid reaction with a proton 

releases the sodium. 

Step 4 The monensin diffuses bock 
across the membrane, where 
the proton reacts with a 
hydroxy! ion. 

Step5 Sodium ion slowly diffuses 
N a back through membrane. 

Result Sodium ions are transported 
by protons. 

Figure 2. Mechanism for sodium ion transport. 

where the symbols OR and M are for the octanate and 
monensin anions, respectively, and the K are association 
constants, for example 

CNaClCH2O = -^NaClCNaOHCHCl (8) 

The first of these reactions represents the obvious acid-
base interaction; the sum of the second and third 
represent the reactions responsible for steps 1 and 3 in 
Figure 2. In fact, the second represents the membrane 
solvent octanol acting as a mobile carrier as well. 

These reactions are by no means the only ones 
occurring in the membrane. For example, we have 
neglected the ionization of the sodium chloride ion 
pairs. We have chosen these six reactions because they 
provide a simple mathematical formulation of the most 
important reactions occurring in the membrane. Other 
equivalent sets could have been chosen.6 If there are 
additional important reactions, the results of this 
derivation will not agree with the experimental results. 

The chief assumption of this theory is that all of these 
reactions occur much faster than the diffusion steps 2 
and 4 in Figure 2. More exact criteria for these relative 
speeds have been presented in terms of the second 
Damkohler numbers by several other investigators.78 

We know of no direct measurements of the reaction 
kinetics of the carriers used here. Kinetic studies of 
monactin9 and the macrocyclic polyethers,10 which are 
similar to our carriers, show that the reaction is much 
faster than diffusion when the membrane is thicker than 
1000 A. Ours are. Moreover, since our carriers are 

(6) J. D. Goddard and J. S. Schultz, 5th Central Regional American 
Chemical Society Meeting, Cleveland, Ohio, May 14, 1973, paper P5. 

(7) J. D. Goddard, J. S. Schultz, and R. J. Bassett, Chem. Eng. Sci., 
25,665(1970). 

(8) K. A. Smith, J. H. Meldon, and C. K. Colton, AIChE /., 19, 
102(1973). 

(9) H. Diebler, M. Eigen, G. Ilgenfritz, G. Maass, and R. Winkler, 
Pure Appl. Chem., 20,93 (1969). 

(10) E. Shchori, J. Jagur-Grodzinski, and M. Shporer, / . Amer. 
Chem. Soc, 95, 3842 (1973). 

soluble only in the membrane, reactions outside of the 
membrane are negligible.11 

Flux Equations. The second major assumption of 
this development is that the diffusion coefficients of all 
species within the membrane are equal; thus the flux 
equation is 

ji = -D(dCi/bx) (9) 

where j t is the flux and d is the concentration, both 
within the membrane, and the diffusion coefficients D 
are assumed the same for all species. In this assump
tion we are neglecting cross-diffusion effects, osmotic 
effects, and electrostatic effects. This assumption can 
be largely avoided,12 but the resulting equations become 
extremely elaborate and cumbersome, and the physical 
consequences of the reactions given above are obscured. 
That these approximations are justified is shown by the 
experiments reported later. 

With these assumptions, one may show that the 
average total concentration of each carrier, including 
both complex and uncomplexed forms, is independent 
of position within the membrane, i.e., 

CNaOR + CHOR — COR 

CNaM + CHM = CM 

(10) 

(11) 

where COR and CM are the average concentrations of 
octanol and monensin, respectively. Details of this 
proof are given elsewhere.13 The continuity equation 
for each of the species within the membrane is 

0 = -&< + ?r'- (12) 

(11) D. C. Tosteson, Fed. Proc., Fed. Amer. Soc. Exp. Biol, 27, 1269 
(1968). 

(12) C. F. Reusch, Ph.D. Thesis, Carnegie-Mellon University, Pitts
burgh, Pa., 1973. 

(13) E. L. Cussler, AIChEJ., 17, 405 (1971). 

Journal of the American Chemical Society / 96:22 j October 30, 1974 

file:///0.1M


7087 

where the rtj are the reactions of solute / with solute j . 
For example, the equation for sodium chloride includes 
two reactions given by eq 5 and 6. 

The total sodium flux across the membrane is the sum 
of fluxes of all sodium-containing species within the 
membrane. 

"^Na+ = 7NaOH + ./NaCl + 7NaOR + 7NaM 

Because sodium ion is not irreversibly altered by passing 
across the membrane, the sum over all the reactions is 
zero, and the total sodium flux is 

•/Na+ = r [ A c N a O H + ACNaCl + A c N a 0 R + A C N 3 M ] ( 1 3 ) 

Using the various reactions outlined in eq 1 through 8 
and the mass balances in eq 10 and 11, we may now 
rewrite these concentration differences within the mem
brane in terms of the concentrations in the solutions 
adjacent to the membrane 

"^Na+ = — 
D 

f/(' + £ 

A(^NaOHCNa + COH"! + 

OH^HClA'NaClCNa+COH - CH 

COR/ 1 + 

^ H 2 O C H 2 O 

^ H 2 O C H 2 O 

^ L J + 

,+COH-/J feaOH-^NaClATNaORCN 

&H2OCH2O 

aOH-^NaCl-^NaOR-^NaM CNi + C O H - / / . 
(14) 

Thus this result shows that the flux varies with a differ
ence of products in NaCl concentrations and partition 
coefficients, both of which can differ across the mem
brane. A similar equation developed for the total flux 
of protons is given elsewhere.13 

The physical significance of eq 14 can be clarified by 
comparing it to eq 13. In both equations, the first and 
second terms within the square brackets represent the 
flux of ion pairs of NaOH and NaCl, respectively. 
Both these terms are negligible here because these solutes 
have such a low solubility within the membrane; i.e., 
N̂aOH and (/CNaOĤ HCI-KNaCi) are both small numbers.14 

The third term in the square brackets represents the 
sodium flux assisted by the octanol acting as a non
selective mobile carrier. This is the term responsible 
for curve 3 in Figure 1. 

The major effect, responsible for curve 1 in Figure 1 
and outlined schematically in Figure 2, arises from the 
fourth term in the square brackets in eq 13 and 14. 
This is the term responsible for moving sodium ion 
selectively against its concentration gradient. Because 
this term is dominant, we can simplify eq 14 using the 
fact that COH- is very small on the acidic side of the 
membrane 

T ~ _ ^ M / J 1 J ^HiQCH2O \ 

I I I /CNaOH^NaCl^NaOR^NaMCNa+COH-'O 

where the subscript zero refers to the basic side of the 
membrane. Concentrations on the acidic side of the 
membrane do not appear in this equation because 
COH- on the acidic side is much less than COH- on the 
basic side except at the very end of the experiment. 

(14) E. M. Choy, Ph.D. Thesis, Case-Western Reserve University, 
Cleveland, Ohio, 1973. 

Thus /Na+ should be linear in the total carrier concentra
tion CM, and 1//Na+ should be linear with 1/(CNa+CoH-). 
We have already verified this former prediction;13 the 
latter one is discussed later in this paper. 

Experimental Section 
Materials. Sodium monensin (Eli Lilly and Co.) was recrystal-

lized from toluene and dried in a vacuum oven at 100°. It had a 
melting point of 273-274° as compared to 267-269° given in the 
literature.3 The solubility of sodium monensin in water-saturated 
octanol is 14 wt %, a 0.21 m solution. 5/3-Cholanic acid (Steraloids 
Inc.) was purified by first dissolving it in chloroform and then 
adding wet methanol. It had a melting point of 165-167° as com
pared to the literature value of 167-169°.15 The solubility of 
cholanic acid in water saturated with octanol is 11 wt % or a 0.31 m 
solution. Sodium cholanate was prepared by dissolving an excess 
of sodium hydroxide in methanol and adding to it a solution of 
cholanic acid in chloroform. ,6 The resulting precipitate of sodium 
cholanate was washed with distilled water, methanol, and chloro
form and dried in a vacuum oven. Double distilled water was used 
in all experiments. All other salts and solvents were reagent grade 
and were used as received. 

Apparatus. The diffusion apparatus used here was a modified 
diaphragm cell with a removable diaphragm,17.18 which was the 
liquid membrane. The cell consisted of two 15-cm3 compartments 
constructed from O-ring joints of 2.5 cm i.d. The two compart
ments, which support the membrane between them, were clamped 
together with standard triangular pipe clamps and Buna-N O-rings. 
Each cell compartment contained a Teflon screen midway up the 
compartment on which rested a Teflon coated magnetic stirrer. 
Thus, both compartments could be stirred by rotating two large 
horseshoe magnets outside of the cell.18 On both ends of the 
cell, 14/35 ground glass joints were closed with solid Teflon stoppers 
pierced by 19 gauge syringe needles. The needles in turn were 
sealed with Luerlok syringe valves. 

The chief experimental problem in using this cell is to obtain a 
liquid membrane that remains intact. We achieved this by using a 
composite membrane consisting of a layer of dialysis paper cut from 
tubing, a piece of glass fiber paper (Reeve Co.), and then a second 
layer of dialysis paper. The glass filter paper and the dialysis paper 
were 0.05 and 0.02 cm thick, respectively; the membrane had a 
cross section area of 5.0 cm2. We found the glass paper superior to 
ordinary filter paper, with which we were unable to maintain an 
effective barrier for small electrolytes. Earlier experiments using 
conventional filter paper gave a sodium concentration difference 
only a third of that shown in Figure 1. Using this composite mem
brane, we did not find it necessary to increase the pressure on the 
membrane liquid.19 

There were two problems with the use of this composite mem
brane. First, it did give an apparent induction time for diffusion, 
of about an hour, giving the data a slight sigmoidal shape. This 
induction time, caused by the initial condition in the membrane,20 

does not significantly alter the effects observed here. Second, the 
membrane involves a series of diffusional resistances. The first 
resistance arises from the decreased stirring in our cells compared 
to those originally developed by Stokes.18 We showed this was 
negligible by obtaining cell calibration constants within 5% for 
KCl, sucrose, and urea. The second resistance comes from the 
dialysis paper. We showed that this resistance had only a negligible 
effect on membrane transport in the absence of carriers but could 
contribute as much at 15 % of the diffusional resistance of a carrier-
containing membrane. Since dialysis paper was necessary for 
stability of the membrane, we did not remove it. 

Procedure. The cell was assembled in the following series of 
steps. A piece of dialysis paper was conditioned by soaking it in 
the acid solution and a second piece by soaking it in the basic 
solution. A piece of glass fiber paper was impregnated with water-

(15) K. Yamasaki and K. Takahashi, Hoppe-Seyler's Z. Physiol. 
Chem., 256, 21 (1938). 

(16) H. Wieland and V. Wiedersheim, Hoppe-Seyler's Z. Physiol. 
Chem., 186, 229 (1930). 

(17) J. Klein, J. A. Baker, and E. L. Cussler, Ind. Eng. Chem., 
Fundam., 10,183(1971). 

(18) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 
Butterworths, London, 1959. 

(19) H. J. Moore and R. S. Schechter, "Liquid Ion Exchange Mem
branes," AIChEJ., in press. 

(20) R. Mills, L. A. Woolf, and R. O. Watts, AIChEJ., 14,671 (1968). 

Evans, et al. / Transporting Sodium Ion against Its Concentration Gradient 



7088 

0.12Or 

aO.iOOr 
Uj" 

z 0.080 ut 
CC 
UJ 

£ 0.060 
o 
Z 
O 0.040 

a. 
10.020 

^ 

, 

- A 

°/ 

i 

^ C U R V E ( I ) 

N^URVE(2) 

i 

~~o~ 

I I 
2 0 0 4 0 0 6 0 0 

TIME, MIN. 
8 0 0 1 0 0 0 

Figure 3. Sodium transport with cholanic acid. Curve 1 and 
curve 2 represent the sodium ion transported and the protons 
transported, respectively. 

saturated octanol-carrier solution. The composite membrane was 
then assembled. The bottom half of the diffusion cell with its O-
ring in place was filled to the maximum extent possible with the acid 
solution saturated with octanol. The membrane assembly was then 
carefully slid across the top of the O-ring in order to exclude air 
bubbles from the bottom compartment. The O-ring and top com
partment were then put in position. The compartments were 
clamped together and the top compartment was rinsed and filled 
with the basic solution. The assembled cell was enclosed in a poly
ethylene bag to prevent contamination or dilution of the membrane 
constituents through the edge of the membrane. The entire cell 
was then placed in a 25 ± 0.003 ° temperature bath for the duration 
of the experiment. At the end of a run, the cell solutions were 
titrated for acid, base, and chloride concentrations. The alkali 
metal concentrations were determined by atomic adsorption. 
Some experiments were made using voltage clamps21.22 in order to 
maintain a 0 emf across the membrane. Diffusion coefficients in 
the membrane solution were measured using a conventional Stokes 
diaphragm cell filled with this solution. 

Results and Discussion 

In this section, we first illustrate the effect of adding 
mobile carriers to our liquid membranes; second, we 
examine selectivity and electrostatic and osmotic effects; 
finally, we test the theory developed above. The first 
part thus discusses the chemical bases and limitations of 
the membrane systems studied here. The second part 
involves phenomena important in many biological 
membranes. The final part again uses the complete 
chemical definition of these membranes to verify a 
priori predictions of observed behavior. In all these 
parts, the fact that all components of the membrane are 
known permits a much more complete understanding. 

Effects of Mobile Carriers. As outlined in the intro
ductory section, the sodium ion can be moved against 
its concentration gradient by use of a liquid membrane 
containing a mobile carrier. The results using monensin 
as the carrier have already been given in Figure 1; 
those using cholanic acid are given in Figure 3. For 
both carriers, the amount of sodium ion moved against 
its gradient is increased in order of magnitude by the 
addition of the mobile carrier. Other experiments14 

show that the permeability of the liquid membrane to 
the sodium ion has been increased at least two orders of 
magnitude by this addition. 

Nevertheless, after one understands this effect in 
terms of the mechanism given in Figure 2, one wonders 

(21) J. W. Moore, "Biophysics and Physiology of Excitable Mem
branes," W. J. Adelman, Ed., Van Nostrand-Reinhold, New York, 
N. Y., 1971. 

(22) J. W. Moore, "Physical Techniques in Biological Research," 
Vol. 6, W. L. Nastuk, Ed., Academic Press, New York, N. Y., 1963. 
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Figure 4. The relative selectivity of two mobile carriers. In both 
parts of the figure, the circles and squares represent the sodium and 
potassium ions transported, respectively. 

why it is not bigger. After all, the transport of each 
sodium ion in Figure 2 is achieved at the cost of only one 
proton. Thus the transport of 0.1 M H+ should produce 
the transport of 0.1 M Na+ and hence a concentration 
difference 0.2 M Na+. In addition, a significant sodium 
ion concentration difference develops without mobile 
carrier. 

The reason for this behavior can be seen from a more 
careful examination of the role of the membrane solvent, 
octanol. We found that both the acids and the sodium 
ion can, under some conditions, move reasonably 
rapidly across an intact membrane of octanol alone. 
The acids do this because of their solubility in octanol; 
i.e., /VHCI in eq 2 is relatively large. Experimentally, the 
fluxes of HCl and HClO4 are about five times less 
through octanol in the absence of added carrier than in 
its presence. This acid leak is significant because it 
limits the amount of sodium ion which can be moved. 

The second problem with octanol results because this 
solvent itself acts as a mobile carrier. On the basic side 
of the membrane, the octanol reacts with sodium 
hydroxide to form sodium octanate and water; on the 
acidic side, the sodium octanate and proton react to 
produce sodium ion and octanol. However, when the 
relative concentrations of octanol and monensin are 
taken into account, the alcohol is seen (Figure 1, curve 
3) to be a poor carrier by comparison. We found that 
we could eliminate this unwanted carrier effect by using 
membrane solvents like dichlorobenzene. 

Nevertheless, we decided octanol was the best solvent 
for use with these specific carriers for several reasons. 
The carriers are very soluble in octanol, both as salt and 
as acid. Moreover, these membrane solutions have 
relatively high viscosities and low solubilities, which 
make it considerably easier to obtain a stable, reproduc
ible liquid membrane. As a result, we continued using 
octanol in spite of its disadvantages and included its 
effect in our theory (eq 6). 

Membrane Selectivity. The ability of these carrier-
containing membranes to discriminate between alkali 
metal ions is illustrated by Figure 4 and Table I. The 
experiments shown in the figure initially involve a solu
tion of 0.1 M NaCl, 0.1 MKCl, and 0.1 MHCl separated 
by the membrane from a solution containing 0.1 M 
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Table I. Relative Selectivity of Mobile Carriers 

Na: Li 

Monensin 8:1 
Cholanic acid 1:1 
Octanol 1:1 

Na: K 

3:1 
1:1 
1:1 

Na: Cs 

4:1 
1:1 
1:1 

NaOH and 0.1 M KCl. In other words, the experi
ments differ from those reported in Figures 1 and 3 only 
in the addition of 0.1 M KCl to both cell compartments. 

When monensin is the mobile carrier, the maximum 
concentration difference generated for sodium ion is 
three times larger than that generated for potassium 
ion. However, when cholanic acid is used, the concen
tration differences generated for the two ions are about 
equal. The same is true for octanol, as shown in Table 
I. 

The reason for this selectivity is most easily under
stood in terms of the structures shown in Figure 5. 
Monensin with its six ether groups resembles a macro-
cyclic polyether, whose cation complexing properties 
are well known.2324 As in the polyethers, the existence 
of these groups enables monensin to wrap around metal 
cations through ion-dipole interactions between the 
cation and the ether oxygens, resulting in a hydrophilic 
hole which complexes ions only over a narrow size 
range. Moreover, the structure of monensin is such 
that configurational changes are permitted upon depro-
tonation. Cholanic acid, on the other hand, lacks such 
a complexing mechanism; its basic configuration is that 
of a steroid. Except for the butanoic acid group, the 
structure is rigid with little configurational changes 
possible, and the interaction of anion and cation occurs 
only through coulombic forces. As a result, it does not 
complex selectively with cations but only forms simple 
ion pairs. 

Electrostatic and Osmotic Effects. Electrostatic and 
osmotic effects have frequently been found to be im
portant in studies of membrane transport systems.6 

The electrostatic effects originate because an emf exists 
across the membranes. In our case, this force is 
initially 60 mV and drops to a value of 40 mV when the 
maximum sodium ion concentration difference occurs. 
It acts in the same direction as the sodium ion flux and 
hence could be responsible for part of this flux. 

We removed this electrostatic potential by maintaining 
the emf across the membrane at 0 mV with a voltage 
clamp. This made no difference in our results; the 
data with the voltage clamp (the triangles in Figure 1) 
fall on the same curve as the results without the voltage 
clamp (the circles in Figure 1). This is in sharp con
trast to the behavior expected from biological studies. 
In our case, the lack of an electrostatic effect is a conse
quence of the exchange of a sodium ion for a proton 
(cf. Figure 2) and of diffusion of uncharged species 
through the membrane. 

Osmotic effects across these membranes may occur 
because the ionic strength on the basic side is less than 
that on the acid side. The difference might be expected 
to decrease the sodium ion concentration difference 
developed by accelerating the movement of HCl and 

(23) D. F. Evans, S. L. Wellington, J. A. Nadis, and E. L. Cussler, 
/ . Solution Chem., 1, 499 (1972). 

(24) J. J. Christensen, A. J. Eatough, and R. M. Izatt, Chem. Rev., 
in press. 

Monensin Complex Cholanic Acid Complex 

Figure 5. Chemical structures of monensin (a) and cholanic acid 
(b). 

" N a 1 - O H •" 

Figure 6. Test of eq 15 with the mobile carrier cholanic acid. 

NaCl across the membrane to the basic side. Equaliza
tion of the osmotic effects by the addition of sucrose on 
the basic side resulted in no effect. The results with 
added sucrose (squares in Figure 1) fall on the same 
curve as those without sucrose. 

Verification of Theory. The theoretical development 
earlier in this paper predicted that the reciprocal of the 
total sodium ion flux 1//Na+ should be linear in the 
reciprocal of the product of sodium ion and hydroxide 
ion concentrations CNa+coH- on the basic side of the 
membrane. This type of plot represents a linearization 
similar to plots used in enzyme kinetics, although the 
substrate dependence here is more complex. The 
theory also predicts that the sodium flux should be inde
pendent of both sodium and hydroxide concentrations 
on the acidic side. The key assumptions in deriving 
this relation are that all reactions are fast relative to 
diffusion, that all diffusion coefficients are equal, and 
that the added mobile carrier dominates the sodium ion 
flux. 

The results in Table II and Figure 6 verify this theory. 

Table II. The Initial Concentration of Sodium Ion and 
Hydroxide Ion Used in the Determination of 1/7Na 

CNa+, M 
(basic) 

C0H-, M 
(basic) 

CN 8+, M 
(acidic) 

COH-, M 
(acidic) 

1//Na X 
10"6, 

(cm2 sec)/ 
mol 

1.100 
0.300 
0.150 
0.100 

1.100 
0.300 
0.150 
0.100 

Cholanic Acid (0.25 M) 
0.100 1.100 
0.100 0.300 
0.100 0.150 
0.100 0.100 

1 0 " " 
1 0 " " 
1 0 " " 
1 0 - " 

Sodium Monensin (0.17 M) 
0.100 1.100 
0.100 0.300 
0.100 0.150 
0.100 0.100 

1 0 - " 
1 0 " " 
1 0 " " 
1 0 " " 

1.01 
1.11 
1.15 
1.23 

4.22 
4.43 
4.57 
4.79 
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These experiments, using either cholanic acid or 
monensin as carriers, were most conveniently made at 
relatively high sodium and hydroxide concentrations. 
This ensures that the bulk of the ionic solutes in the 
membrane are present as ion pairs, consistent with eq 
1-8; however, it also means that the total flux of 
sodium ion does not change radically with altered 
CNa+ and COH+. Thus, Table II and Figure 6 represent 
not only a test of eq 15 but also additional evidence of 
our experimental reproducibility. 

To check this equation more completely, we also 
measured the specific constants involved for the cholanic 
acid system. For this system, the intercept in Figure 6 
has the value 1.0 X 105 cm2 sec/mol. According to eq 
15, this intercept equals [//(DcM)]. We determined the 
diffusion coefficients D of sodium cholanate and cho
lanic acid to be 0.84 X 10~5 and 0.63 X 10-6 cm2/sec, 
respectively. This gives an average value of 0.74 X 
10-5 cm2/sec. We used an average carrier concentra
tion CM of 0.25 mol/l. in all runs. From the intercept 
and [//(DcM)], an effective membrane thickness / of 0.2 
cm was calculated, which is about three times greater 
than the actual membrane thickness. Since the effec
tive membrane thickness / differs from the actual thick
ness by a tortuosity factor on the order of three, we feel 
that this is a good agreement. 

For the cholanic acid system, the slope in Figure 6 is 
found experimentally to be 2.2 X 10~4 (mol sec)/cm4. 
According to eq 15, this slope is 

_J__( ^H2OCH2O \ 

DCil V^NaOH^NaClATNaOEATNaM / 

We took (//DcM) to be the experimental value of 1.0 X 
106 (cm2 sec)/mol. The various equilibrium constants 

are as follows: fcH2oCH2o - O.83 mol/l. ;26 fc.vaOH = 2 X 
10-2 l./mol;14 ^Nacî NaOR = 0.6;26 and ATN3M = 
5.2 X 104.14 The value of the slope calculated from 
these constants is 1.9 X 10 -4 (mol sec)/cm4, again in 
good agreement with the experimental value. 

The correlation of the flux and the product of cNa+-
C0-R- shown in Table II and Figure 6 is frankly better 
than we expected. Indeed, Figures 1 and 3 show a 
concentration difference varying linearly with time for 
surprisingly long times. Why this is so can be seen by 
reexamining the cause of the major effect, i.e., the 
difference between the basic and acidic sides of the 
product (CXS+COH-) (cf. eq 14). At the start of the 
experiment (cf. Figure 1), the product is 10-2 mol2/l.2 on 
the basic side, and 1O-14 mol2/l.2 on the acidic side. As 
a result, the concentrations on the basic side are not im
portant, as indicated by eq 15. However, even after 12 
hr, the product is about 0.16 X 10~2 mol2/l.2 on the 
basic side and is about 4 X 10~14 on the acidic side. 
Thus the acidic side concentrations are still unimportant 
and eq 15 is valid beyond the range originally ex
pected. 
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