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ABSTRACT The permeability of tritiated water (THO) across simple and layer-
type composite membranes of collodion containing different amounts of poly-
styrenesulfonic acid has been measured and corrected for the effects of aqueous
stationary layers present at the membrane-solution interfaces. It was found that
the water permeabilities in the two opposite directions across the composite mem-
branes were different, whereas they were the same across simple membranes. The
theoretical permeability value for the composite membrane (formed by putting
one simple membrane on top of another simple membrane of increasing charge
density and gently pressing them together), calculated from the values due to
simple membranes, was found to be always greater than the two measured values.
It was shown that the aqueous layers trapped between membranes were not re-
sponsible for the low measured values. The factor causing this was ascribed to the
mechanism which produced rectification of water flow in the composite mem-
branes. Establishment of the THO concentration profile in the layered mem-
branes showed that accumulation and depletion of THO in the membrane phase
when the THO was flowing from the high charge density side to the low charge
density side and vice versa, respectively, were responsible for the unequal flows
observed across the composite membrane in the two directions.

INTRODUCTION

In part I in this series (Lakshminarayanaiah and Siddigi, 1971 a), the preparation
of simple and composite membranes of collodion containing polystyrenesulfonic
acid and their impedances, and in part I (Lakshminarayanaiah and Siddiqi, 1971 b),
some of the asymmetric properties of the layer-type composite membranes, have
been described. Some preliminary values for the transport of salt and water across
them given in part II showed that the magnitude of each of these flows in the
opposite directions was different. A detailed report of the flow of THO in simple
and in layer-type composite membranes is presented in this paper.

EXPERIMENTAL

The preparation of simple and layer-type composite membranes was carried out according
to the procedures given in part I (Lakshminarayanaiah and Siddigi, 1971 ). The composite
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membranes used in this study were the same as those used in the earlier study described
in Part II (Lakshminarayanaiah and Siddiqi, 1971 4). The concentrations of various mem-
brane-forming solutions used in the preparation of both simple and composite membranes
are given at the bottom of Table I.

Membrane pieces (~3 cm square) were converted into the Na form by immersing them
in about 100 ml of 1 N NaCl solution in which they were left for future use. When they
were required, a few pieces were taken out, gently stirred with deionized water with fre-
quent changes of liquid for about 2 hr, equilibrated for 2-3 hr in about 100 ml of 0.001 N
NaCl solution which also was changed often, and finally used in the experiments to be
performed.

TABLE [
THO PERMEABILITY DATA FOR DIFFERENT SIMPLE MEMBRANE SYSTEMS

Single membrane Double membrane True membrane Stagnant layer

" permeability permeability permeability thickness
Membrane P, X 100 Pa X 108 P X 108 5
(equation 2) (equation 2) (equation 5) (equation 6)

cm/ sec cm/sec cm/ sec 5

M 352.00 + 10.00% 182.00 £5.00% 377.00 23

M, 10.72 = 0.30 5.41 £0.16 10.92 210

M, 548 £ 0.20 2.80 +0.10 5.73 955

M, 534 + 0.20 2.75 +0.10 5.66 1330

M 511 &£ 0.20 2.60 £0.10 5.30 828

* Membranes formed from 29, collodion solution (alcohol/ether ratio = 3/1) containing 2.91
(M), 041 (M), 0.10 (M), 0.04 (M,), and 0.004 (M;s) mg of polystyrenesulfonic acid/ml of
membrane-forming solution. Thickness of each single membrane = 0.002 cm.

! The mean and one standard error of the mean of 10-15 values derived from at least three
membranes.

The cell used in the measurement of permeability of THO was of the type described else-
where (Lakshminarayanaiah, 1967 a, b). The area of the membrane exposed to the “hot”
(0.001 N NaCl solution containing THO on one side) and “cold” (0.001 N NaCl solution on
the other side) solutions was 5.0 cm?. The volume of each of the two chambers holding the
membrane between two rubber gaskets was about 40 ml and contained exactly 35 ml of the
hot or cold solution. Magnetic stirrers (size: length = 2.5 cm, diameter = 1.1 cm) were used
in the two chambers and were kept rotating close to the membrane faces. The rate of rota-
tion (200 rpm) was determined by using a Strobotac, Type 1531 (General Radio Co., Con-
cord, Mass.). The flow of THO was followed by sampling aliquots (exactly 1 ml) of liquid
on the cold side at regular intervals of time. The loss in the volume of liquid due to sampling
was compensated by adding 1 ml of 0.001 N NaCl solution.

The aliquots taken for counting were transferred into polyethylene vials (capacity of
each about 25 ml) to which 20 ml of Bray’s solution (Bray, 1960) were added and mixed
thoroughly. These were counted in a Packard Tri-Carb liquid scintillation counter (Packard
Instrument Co., Inc., Downers Grove, IIL.). All these experiments were performed in an
air-conditioned room at 22°C.
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RESULTS

The measurement of the flow of THO across the membrane, simple or composite,
is quite straightforward provided the stationary aqueous layers at the membrane-
solution interfaces are eliminated. This is very difficult to carry out. One could use
turbulent flow of solution to eliminate them. Such a technique, however, would
require elaborate hardware (Klein et al., 1969). Other methods described in the
literature (Lakshminarayanaiah, 1965, 1969 a) could be employed to overcome the
boundary layer effects which generally lowered the value for the permeability of
THO. In recent years a few more methods (Scattergood and Lightfoot, 1968;
Hale and Govindan, 1969; Everitt and Haydon, 1969; Everitt et al., 1969; Andreoli
and Troutman, 1971) have been described. In this study the method described by
Everitt et al. (1969) has been used. This involved making two permeability meas-
urements, one using a piece of the simple membrane and the other using two pieces
of the same membrane contacting each other in series (“double” membrane).
The apparent permeability P; for the single and for the double membrane systems
was calculated from the equation (Dainty and House, 1966)

230371 ¥ CVi+ C"Va — CL(Vi + V) (1)

Pi = 0 b
Vi + Vo)At TV, + CVa — Coras (Vs + Va)

where ¥; and ¥ are the volumes of compartments 1 (cold) and 2 (hot). C’ and C”
are the initial concentrations (taken as counting rate per milliliter) at time ¢t = 0
of radioactive isotope in compartments 1 and 2. Ci, and C/,+a; are the concen-
trations in compartment 2 at ¢ = f, and ¢t = #, + A7 respectively. At is thus the
time in seconds between samplings. As V; = V; = 35 ml and 4 = 5.0 cm?, equa-
tion 1 becomes
/4 "
P,-=8'_0510g—,(,: _25” . (2)
At C" — 2Ci+ae

A plot of log ([C” — 2 CY,]/[C” — 2 Ciy+a:]) against time (Az) gave a straight
line (results not shown) whose slope multiplied by 8.05 gave the value for P;;
howeyver in this work P; was evaluated numerically.

Equation 1 is applicable to the steady state of flow of THO across the membrane.
In all the experiments, the diffusion of THO was allowed to go on for about 5 hr.
In this period, the radioactivity (counts per minute) accumulating on the cold side
followed as a function of time was linear (results not given). The steady-state straight
line, in the case of simple membranes, cut the time axis very close to zero and
gave a value between 1 and 3 min for the holdup time, whereas in the case of com-
posite membranes, the holdup time was between 10 and 18 min.

The apparent permeability P, evaluated from equation 2 using a simple mem-
brane has been related to the true membrane permeability P, by the relation (Kedem
and Katchalsky, 1963)
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5 (3)

D ’
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where §; and §, are the thicknesses of the stagnant boundary layers existing at the
two membrane faces and D is the self-diffusion coefficient of THO whose value
has been found to be 2.44 X 10~5 cm? sec™! (Wang et al., 1953). Similarly for the
double membrane, equation 3 becomes

(4)

where P; is the apparent permeability of the double membrane. The value for P,
is given by solving equations 3 and 4. Thus

_Pade

P, PP,

(5)
As the hydrodynamic conditions prevailing in the two chambers are almost similar,
it is assumed that 8, = §, = §. Consequently equations 3 and 4 give

2Py — P, D '
6= P, P; X3 (6)
The various measured values of P, and P, and the derived values of P, and & are
given in Table I.

The permeability results pertaining to composite membranes are given in Table
II. Two types of composite membrane systems were used in these studies. Type 1
was formed in the usual way (Lakshminarayanaiah and Siddiqi, 1971 a) by spread-
ing and drying different membrane-forming solutions of collodion containing vary-
ing amounts of polystyrenesulfonic acid one on top of the other. These composite
membranes have been designated as My M; and M\M .M ;M ,M; . Type 2 was formed
from simple membranes by putting one equilibrated (i.e., wet) membrane, for
example M, , on top of another simple wet membrane, for example M; , and press-
ing them together so as to make good physical contact. These have been desig-
nated as My-Ms, M;-M;-M;, and My-M-M;-M,-Ms. The values of apparent
permeability P; for the composite membrane systems were corrected for the pres-
ence of stagnant diffusion layers by using equation 3 and a value of 23 u for 8,
(layer in contact with high charge density membrane surface) and a value of 1037 x«
(average of the three high values given in the last column of Table I) for 5, (layer
in contact with low charge density membrane surface). These corrected values
which correspond to P, for the composite membranes are also given in Table II.

In the case of simple membranes M, through M, the permeability of the mem-
brane was the same whether the flow of THO was in one direction or in the opposite
direction. On the other hand, the results given in Table II for the various composite
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TABLE II

THO PERMEABILITY DATA FOR THE LAYER-TYPE
COMPOSITE MEMBRANE SYSTEMS

Apparent True
Direction of  permeability permeability
Membrane THO flow P; X 10 P X 108
(equation 2) (equation 3)
cm/sec cm/sec
MM* M, - M; 8.82 +0.46 9.17
My - M 7.49 =+0.38 7.75
M,-M;} M, — M; 4.33 +0.21 4.41
Mg — M 3.67 +£0.19 3.72
M-M;-Ms M, - M; 1.73 +£0.07 1.74
Ms — M, 1.55 +0.06 1.56
MM MMM, M, — M; 1.53 +£0.05 1.54
Mg — M, 1.17 £0.05 1.18
Ml'Ma-Ms-MrMs Ml b d Ms 1.40 :|:006 1.41
My — M 1.14 3+0.06 1.15

* Membranes designated M;M; are formed by spreading and drying different
membrane-forming solutions of collodion containing varying amounts of
polystyrenesulfonic acid one on top of the other.

1 Membranes designated M;-M; are formed from simple membranes M; and
M; by putting them one on top of the other and pressing together to make
good physical contact. Equilibrated wet membranes are used.

membranes show that the permeabilities in the two opposite directions across the
membrane were different. When the THO solution was in contact with the high
charge density surface of the composite membrane, the flow observed was higher
than that observed in the opposite direction, i.e., when THO solution was contacting
the low charge density surface of the membrane. Whether the difference in the
values of the two permeabilities observed in the two directions was significant or
not was established by carrying out a Student’s ¢ test on at least 12 sets of values.
In the case of all composite membranes used in these studies (see Table II), the
values of ¢ were always greater than 4 and thus the difference in the two permea-
bilities in the opposite directions for a given composite membrane was significant.

DISCUSSION

The effect of the stationary boundary layers, as pointed out already, is to reduce
the value of P;, the true permeability of the species (THO) flowing through the
membrane. The magnitude of the reduction in the value of P, is determined as
discussed elsewhere (Lakshminarayanaiah and Siddiqi, 1972) by (@) the size of the
stirrers in relation to the area of the membrane, (b) the rate of stirring, (c) the
distance at which the stirrers rotated from the membrane surfaces, and (d) the
nature of the membrane. Factors a—c were adequately taken care of in this study by
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using large stirrers rotating at 200 rpm as close to the membrane faces as possible.
That the stirrers were fairly close to the membrane faces was indicated by the fact
that a number of experiments had to be abandoned because of rupture of the
membrane by rotating bars. The rotation of the bars at 200 rpm was also found
satisfactory since speeds greater than 200 rpm never increased the THO permeability.
With regard to factor (d), the results given in Tables I and II show that when the
membrane resistance was low, i.e. simple membrane M, , even thin stagnant layers
(23 1) have a significant effect on P, . The P; has increased in this case by about 7 %.
On the contrary, in the case of membranes M; through Ms which have relatively
high resistance compared with M; (see Lakshminarayanaiah and Siddigi, 1971 a),
the increase in the value of P; is between 3 and 5% even though the boundary layer
thickness is as high as 1000 . In the case of the relatively thick composite membrane
MM, MM M , the boundary layers have very little effect (<1%) on the value of
P, . These facts are in accord with the information available in the literature (Helf-
ferich, 1962 a; Lakshminarayanaiah, 1969 b).

In the earlier study (Lakshminarayanaiah and Siddiqgi, 1971 a) it was shown
from impedance measurements that the composite membrane M;M; had the char-
acteristics of three membranes, viz. M, , M; , and the third simple membrane formed
from M, and Mj and existing in between them. The permeability results also lead
to the same conclusion as illustrated below.

If the composite membrane M, M; retained the characteristics of M, and M;,
it should have according to equation 3, i.e.

1 - 1 1
Pulys Pt(ll) Pt(us) ’

a value of 5.23 X 10~% cm/sec for its permeability to THO. This value is lower than
either of the two observed values, i.e., 9.17 or 7.75 X 10~ cm/sec (see Table II).
Substituting the higher of the two values in the modified form of equation 3, viz.

10° 4, 1 ds

=t t R (7)
(where d, and d; are the thicknesses of membranes M; and M; as they prevail in
the composite membrane M;M;, D, and Dj; are the diffusion coefficients of THO
in membranes M; and M;, and P;; is the permeability of the third unit to THO,
the third unit being formed as stated already from M, and M;), equation 7 becomes

1

Pw = 109 X 10F = 935 X 103"

(8)

where the assumption d; = d5 = d and the following substitutions have been made:
D = Pyuydi = 7.54 X 107, [Pyay = 3.77 X 10~ cm/sec andd; = 2 X 10~

LAKSHMINARAYANAIAH AND SIDDIQI  Studies with Composite Membranes. IIT 545



cm; see Table I], Ds = Pyuyds = 1.06 X 108 cm? sec™? [Py = 5.3 X 10-¢
and d5 = 2 X 10~% cm; see Table I].

From equation 8, values for P;; may be calculated by assigning different values
for d. The results of such calculations are given in Table III. It is seen from these
results that when d = 0, P35 = 9.17 X 108, i.e., one uniform membrane is formed;
and when d = 1.14 X 102 cm, P;5s = . Also when d = 1.113 X 10® cm, Py; =
3.77 X 107, the same value as the high charge density membrane, and the thick-
ness of this unit is 1.774 X 10~ cm. That a uniform membrane is formed is not
true as rectification of THO flow is observed ; and that the end units have a thickness
of 1.113 X 102 cm is also not true because this would give a composite membrane
MMy (thickness = 4 X 10~% cm) containing a high charge density membrane
M, of thickness 2.887 X 10~ c¢m, i.e. 1.774 X 10-% + 1.113 X 1073, and M; of
thickness 1.113 X 10-3 cm. The thickness of M; can never be greater than 2 X 10-°
cm because the volume of membrane-forming solution and the area it occupies
are fixed. Consequently it is established that the thickness of the end units must
be less than 1.113 X 10~ cm. What the values of P;; are when the end units have
a thickness in the range (1.1-0.1) X 10~2 cm are given in Table III.

Unlike the composite membrane M:M;, the composite membrane M;-M;
formed by laying and pressing M; on top of M; has no intermediate unit in the
sense in which it is supposed to exist in the membrane M, M; . Still there might be
a thin liquid layer between the two membranes M, and M; . The theoretical value
for the permeability of this membrane system should still be 5.23 X 10~¢ cm/sec
as the contribution of the thin liquid layer to the over-all permeability of the whole
membrane system would be very small. This theoretical value is higher than the

TABLE III
THICKNESS OF END UNITS OF M: AND M; AS THEY EXIST
IN THE COMPOSITE MEMBRANE MM; AND THE PERMEA-
BILITY P;; OF THE MIDDLE UNIT FORMED FROM M; AND M;
CALCULATED ACCORDING TO EQUATION 8

Thickness of end Permeability of middle unit formed
units of composite from M; and M; of the composite
membrane MM membrane MiM;
d X 10® Pis

cm cm/sec

1.14 w0

1.12 5.00 X 104

1.113 3.77 X 104

1.10 2.50 X 104

1.00 7.40 X 10°¢

0.67 2.21 X 107

0.10 1.01 X 10°8

0.00 9.17 X 10-¢
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two observed values (see Table II). This discrepancy might arise from (@) the pres-
ence of not so thin a liquid layer between M; and M; or (b) the same factor which
caused the rectification of the THO flows. A simple calculation using equation 3, i.e.

100 _ 10, 104
441 523 ' 244’

(where 4.41 X 10~% cm/sec is the observed permeability of THO across the com-
posite membrane M,-M; [see Table II), 5.23 X 10-¢ cm/sec is the theoretical per-
meability value, 2.44 X 105 cm?/sec is the self-diffusion coefficient of THO, and
d is the thickness of the trapped aqueous layer between membranes M; and Mj;)
gives a value of 0.88 cm for the thickness of the trapped aqueous layer. This value
is too high (several orders higher than the thickness of the membranes put together)
to be true. Similarly in the case of the other composite membrane systems, M- M- M
and M;-M-Ms-M,-M; , the observed permeabilities (1.74 and 1.41 X 10—% cm/sec
respectively) are found to be lower than the calculated (theoretical) values (2.74
and 1.58 X 10-% cm/sec). In these cases also, the thicknesses of the aqueous layers
trapped between membranes are unbelievably high (5.1 and 1.7 cm). So the factor a
mentioned above cannot be responsible for the discrepancy between the observed
and the calculated values of THO permeability. It is very interesting to find that
the observed permeability across the composite membrane M M. M;M.Mj;, i..
1.54 X 10-° cm/sec, is close but still lower than the theoretical value of 1.58 X
10~% cm/sec. Consequently it is believed that the factor b mentioned above is
probably involved in generating low values for the THO permeability in com-
posite membranes. So the important question raised by the above discussion is
what is really causing the composite membranes to allow more THO to flow in
one direction (i.e. M, — Mj;) than in the reverse direction, i.e., M; — M, .

The two faces of the composite membranes are asymmetrical in that one surface
is more highly charged (M;) than the other surface (Ms); besides, surface M, is
more porous than surface M; (see Lakshminarayanaiah and Siddiqi, 1971 a). In
general the flow of an uncharged species like THO through the composite mem-
brane will not be influenced by the fixed charges present in the membrane (Helfferich,
1962 b). On the other hand, the porosity, i.e. the amount of water present in the mem-
brane, will affect the flow of THO. This is very well reflected in the values of per-
meability given in the fourth column of Table I. M; which is more porous than M;
is nearly 70 times more permeable to THO than is M;. The permeability sequence
of the individual units used in the composite membrane is as M; > M, > M; >
M, > M;.

It is generally recognized in the case of artificial membranes that the permeabilities
of counterion, coion, and nonelectrolytes are all concentration dependent (Helfferich,
1962 b). We may include water also to show this behavior, although it is difficult
to come up with a direct demonstration in the way the dependence of permeability
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on concentration of a nonelectrolyte solute, noninteracting with the membrane
matrix, can be demonstrated.

When a gradient of THO acts across a composite membrane it takes, as stated
already, 10-18 min for the flow of THO to reach a steady state. During this period,
i.e. holdup time, THO would move through the different units constituting the
composite membrane at rates proportional to the corresponding permeabilities in
those units. When the gradient is acting in the direction M; — M5, the rate at
which THO moves through the M, unit is faster than the rate at which it is removed
through the Mj; unit. Consequently one might expect, during the time the flow is
reaching the steady state, accumulation of THO at some border line in the mem-
brane phase. Similarly for the same reason, there will be depletion of THO at some
border line in the membrane phase when the direction of the THO gradient is re-
versed, i.e., M5 — M, . Following this, the steady state is reached when the rates of
flow in the different units would be equal. When the flow has attained this state, the
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FiGURe 1 Concentration profile of THO in composite membrane (M;-My-M;-M,-Ms)
formed by putting one simple membrane on top of another and pressing them together when
the THO gradient was acting in the direction M,—M;, where M; was the high charge
density membrane and M; was the low charge density membrane.

Ficure 2 Concentration profile of THO in composite membrane (M;-M-M:-M.-M,)
formed by putting one simple membrane on top of another and pressing them together when
the THO gradient was acting in the direction M;—M, , where M; was the low charge density
membrane and M, was the high charge density membrane.
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concentration profile in the membrane would have become stationary probably
with a hump at some distance in the membrane when the gradient is in the direction
M, — M; and with a dip at some distance in the membrane when the gradient
is acting in the reverse direction My — M, . If this is true, the flow of THO in the
direction M, — M; would be greater than the flow in the reverse direction provided
the over-all permeability is controlled by the nature of the concentration profile.
This necessarily implies dependence of THO permeability on concentration, a fact
already referred to above. In order to check these points, the concentration profile
of THO in the composite membrane M,-Mz M;-M,-M; was determined. This was
carried out as follows.

The membranes M, to M; were stacked in series to form a seven-member stack
as M-M;-Me-My-My-Mi-M; . Hot and cold solutions of 0.001 N NaCl were placed
on the M, and M; sides respectively. The diffusion of THO was allowed to take
place in the usual way for a period of about 3 hr, at the end of which the cell was
emptied thoroughly. The membrane stack was removed from the cell carefully.
The end membranes, the first M; and the last My, were discarded. The other five
membranes M; through M; were carefully separated from one another and each
was placed in a polyethylene vial into which 20 ml of Bray’s solution were added,
mixed, and counted in a liquid scintillation counter. This procedure was repeated
by reversing the direction of THO flow, i.e., hot and cold solutions were placed
on My and M, sides respectively. The results realized are shown in Figs. 1 and 2.
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Ficure 3 Concentration profile of THO in a uniform membrane formed from a stack of
seven M; membranes. M, membrane contained 2.91 mg of polystyrenesulfonic acid/ml of
membrane-forming collodion solution.
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Ficure 4 Concentration profile of THO in a uniform membrane formed from a stack of
seven M, membranes. M, membrane contained 0.41 mg of polystyrenesulfonic acid/ml of
membrane-forming collodion solution.

Ficure 5 Concentration profile of THO in a uniform membrane formed from a stack of
seven M; membranes. M membrane contained 0.004 mg of polystyrenesulfonic acid/ml
of membrane-forming collodion solution.

The normal concentration profile in a high, medium, or low charge density mem-
brane system was also established using again a seven-membrane stack formed of
seven high, medium, or low charge density membranes. These results are given in
Figs. 3-5.

In the above experimental procedure, the amount of liquid trapped between
membranes has been taken into account. Two other alternate treatments at the
end of the experimental run were also followed to determine the amount of THO
present in each membrane only of the stack. Treatment one consisted of giving
each membrane after removal from the stack a quick dip in deionized water. Then
it was transferred to the vial as usual. Treatment two consisted of gently pressing
each membrane of the stack between filter papers and transferring it to the vial.
These treatments removed the superficial liquid from the membranes. These pro-
cedures also gave profiles (results not given) similar to those shown in Figs. 1-5
although the counts were relatively low.

The results of Figs. 3-5 indicate that in a “uniform’ membrane, whether it con-
tained high, medium, or low density of fixed charges, there is a gradual decrease in
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the concentration of THO in the membrane phase as THO moved down its gradient.
On the other hand, the picture is different in the case of the composite membrane
(see Figs. 1 and 2). When the THO gradient is in the direction M, — M, the con-
centration of THO decreases up to the third unit (Fig. 1), then increases, and
finally decreases. The maximum (i.e., accumulation) is located between M; and
M units of the composite membrane. When the gradient is reversed (i.e., M; — M,),
the concentration of THO decreases, reaches a minimum, and then increases. The
minimum (i.e., depletion of THO) is located between M; and M; units. Thus these
conditions should lead to unequal flows of THO across the composite membrane
in the opposite directions. The data given in Table II confirm this.

This work has been supported by U. S. Public Health Service grant NB-08163.
Received for publication 11 August 1971 and in revised form 24 September 1971.
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