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Resistance and Mass Transfer Control through Passive
Porous Films. 1. Applications of a Two-Dimensional
Model to Salt Transport through Porous Membranes
of Moderate Porosity

F. MARTINEZ-VILLA, J. I. ARRIBAS, and F. TEJERINA

DEPARTAMENTO FISICA APLICADA 11
FACULTAD DE CIENCIAS
UNIVERSIDAD DE VALLADOLID

47005 VALLADOLID, SPAIN

Abstract

In a previous study we dealt with the practical equations and the range of
validity of a two-dimensional model for the diffusive flux of a solute through a
membrane system. In the present study we apply the equations to the results of the
experimental determination of the flux of LiCl solutions through different types of
polymeric microporous membranes (Nuclepore) at several temperatures between
25 and 50°C. Thus, we have established the concentration profiles in the
membrane-boundary layers interfaces, the thickness of these boundary layers, the
apparent pore diffusivities, and their temperature dependence. The values of each
term of the diffusive resistance have been calculated, and the relative importance
of each term on the total resistance of the barrier has also been analyzed.

INTRODUCTION

The description of the mass transfer through permeable or porous
barriers is usually done by means of diffusive permeability coefficients (or
of diffusive resistance if a reverse formalism is used).

These types of coefficients, of relatively simple experimental determina-
tion, have the advantage—unlike molecular diffusivities—of being de-
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fined in terms of the solute concentrations in the external phases of the
barrier, but not in the internal concentrations, which are not experimen-
tally determinable. On the other hand, these coefficients include the thick-
ness of the barrier and they are useful when the value of such a parameter
is unknown a priori (2).

However, these coefficients functionally characterize the barrier as a
whole. So, in the case of a composite barrier they do not inform directly on
the influence of each element on the permeation control, because this re-
quires an additional hypothesis on the constitution of the former and ad-
ditional experimentation.

In this paper we develop a method, applied to membrane systems,
which allows us to get the aforementioned information from three types of
data: a wide morphological and structural characterization of the mem-
branes, only one type of measurement of flux based on the use of ion
selective electrodes, and an adequate physical model, described in the pre-
vious paper (I} which will henceforth be referred to as Part 1.

EXPERIMENTAL

This study has been done on five different types of polycarbonate track-
etched membranes (Nuclepore) with applications in microfiltration and
dialysis. Some of the results of their morphological and structural charac-
terization were given in Table 1 of Part L.

The diffusive behavior of each one of these membranes has been
studied for a long time period (8 h) in a diaphragm-type cell with stirring,
and at different temperatures between 25 and 50°C. One of the com-
partments of the cell was supplied with an aqueous LiCl solution at a con-
stant concentration, ¢, of 0.1 mol/L, while in the other compartment the
concentration c¢,(¢) changes to the equilibrium value under the action of
diffusion through the membrane (Fig. 1). The solutions were homog-
enized by stirring at a moderate speed (200 rpm) in order to avoid undesir-
able effects (distortion of the membrane or exaggeration of the pore end
effects) (3).

The procedure for the measurement of time variation of concentration
¢,(t) is a novel method consisting of continuously detecting the variations
in CI™ concentration by direct potentiometry with a selective electrode of
chloride and another reference electrode (Orion 94-17 and 900-200, res-
pectively) previously calibrated. Both electrodes are dipped in the measur-
ing compartment (Fig. 1) and are connected to a high impedance mic-
rovoltmeter as the signal detector. A more detailed description of this
procedure is given elsewhere (4).
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FIG. 1. Experimental device used in determination of the total diffusive permeability. (a) Set-

up at the beginning of the experiment. (b) Set-up in the course of the experiment. ISE: Ion-

selective electrode. RE: Reference electrode. DVM: Digital voltmeter. m: membrane. T:
Thermostatic bath. TP: Thermal printer. PP: Peristaltic pump.
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In each experiment the values of c,(¢) are related to the overall per-
meability coefficient of the membrane system, Py, by (4)

In [c\/(c, — ;)] = PrAL/V, (1

where A is the exposed area of the membrane and V; is the measuring
compartment volume. Equation (1) give P in each case from the slope of
the corresponding curve ¢,~t

In Fig. 2 we present the results of Probtained for each type of membrane
and the temperature; as can be seen, an acceptable linear correlation be-
tween the experimental points was obtained.

The relationship between P, and the intrinsic characteristics of the
membrane system (porosity, diffusivity, thickness of membranes and stag-
nant layer, etc.) in surface heterogeneous membranes was described in
Part I. The first task in applying the practical equations of the two-
dimensional model to the above experimental results is to see if the sim-
plifications introduced are justified in this case. Thus, in the course of the
experiments, geometrical and hydrodynamical similarities have been
maintained on both sides of the membranes (equal volume of the cell
compartments, identical stirring speed, the same solvent, etc.). As a conse-
quence, it is reasonable to suppose the existence of a symmetry from
which practically equal thicknesses of both boundary layers are derived,
i.e., the identification §, = §, is justified.

Also, it is easy to verify that the approximation for the function H(B,\),
given by Eq. (13) of Part I, i.e., H(B,\) = 0.250(A/B?) + 0.164, which relates
the geometrical and hydrodynamical parameter of the membrane system
model, is valid for all the membranes studied, whose porosities are be-
tween 0.075 (membrane NO1) and 0.276 (membrane N08), and their effec-
tive pore radii, ,, which range between 0.065 um (N01) and 2.07 pm (N5).

RESULTS AND DISCUSSION

(1) Diffusivity of the Membranes and Thickness of Boundary Layers

The main result of the model (Eq. 16 of Part I):

_ 1 28 1.312
Rr = eD, + Dd + nr,ND;
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FIG. 2. Variation with temperature of the diffusive permeability for each membrane
system.
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suggests the existence of a linear correlation between 1/Pr (or Ry) and the
quotient 1/¢, for the group of membranes at each temperature. From the
slope of each graph, a typical value of the apparent diffusivity, D, at the
given temperature can be obtained and from the intercept, which rep-
resents the contribution 2(R; + R,), the thickness of the diffusion layers
can be evaluated.

Bearing this in mind, a regression analysis by the least-squares method
was effected. In Fig. 3 the data points are plotted with their corresponding
lines of regression, while the numerical results for D, (the inverse of the
slope) and for the intercept, together with the correlation coefficient, are
grouped for each fitting in Table 1.

Obtaining only one value for the pore diffusivity at each temperature is
reasonable, and it is justified because the average pore radius of these
membranes is always larger than the ionic radius of the permeating solute
(even when it is considered to be solvated), so that steric hindrance to dif-
fusion should be negligible. For that reason it is obvious that in this re-
spect there are no meaningful differences for the membranes.

As for the magnitude of the values obtained for D, they are inferior (ap-
proximately half) to the values for the electrolyte in free diffusion at the
same temperaure (5). This shows that these membranes are, of course,
zones of restricted diffusion, but only in a moderate way if we compare
them with dense membranes whose diffusivities can be 1/10 to 1/100 of the
values for free diffusion. In any case, it must not be forgotten that the con-
trol that a membrane can exercise on the flux is determined, not only by
the value of the diffusivity, but also by the thickness and porosity of
the membrane.

We can say that D, varies greatly with temperature, because in the range
studied its value is duplicated. As we proved elsewhere (6), that is a ther-
mal activation process.

In order to calculate the thickness of the diffusion layers, 8, from the in-
tercept, we have substituted the values of r, and g, obtained from micro-
scopic analysis (Table 1, Part I). As for D;, we have taken it as the usual
value of the diffusion coefficient of LiCl in aqueous solution at infinite
dilution. This value was calculated at 25°C from ionic limiting equivalent
conductances, according to the Nernst-Haskell equation (7), while for the
remaining temperatures the following correlation was used (8):

o o o T
DiicT) = Diici(25°C) W (2)
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TABLE 2
Values Assigned to the Boundary Layer Diffusivities Obtained According to Eq. (2)
Temperature (°C) 25 30 35 40 45 50
D5 X 10° (m?/s) 137 1.56 1.75 1.97 2.19 242

where n, stands for the viscosity of water (in cP) at the absolute tempera-
ture T. The results of these calculations are grouped in Table 2, while es-
timates for the thicknesses of the boundary layers are given in Fig. 4. From
these values it can be observed that the values of & for membranes NOS,
NO04, and NO1 are practically equal, but they clearly differ from the &
values for N2 and NS5.

On the other hand, in all the membranes a nonlinear increase of the
parameter 8 with temperature occurs. It is foreseeable that this effect is due
fundamentally to the increase of D; with temperature as a consequence of
an increase of molecular thermal motion, since the effect of variation of
the kinematic viscosity is less important.

In the search for a simple correlation between 6 and the temperature for
each membrane, we have fitted data points to linearized forms of the
functions 8 = A4 exp (B/T) and 8§ = A’ exp (B'T), where T is the abso-
lute temperature.

As results, we obtained a better fitting for the first function with correla-
tion coefficients of 0.99 and the following values of the parameters:

Membrane NS5:

In & = 8.153 — (1370/T) 3)
Membrane N2:

In 8 = 8.060 — (1253/T) 4)
Membranes NO8, N04, and NO1 (averaged):

In 8 = 7.669 — (1092/T) 5)

In Fig. 4 the experimental points and the fitted curves (continuous lines)
are plotted.
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F1G. 4. Variation of the diffusion layers’ thickness with temperature, the fitted lines obeying,
in each case, Egs. (3)=(5). The error bars over the data points give the expected errors in the
values of the dependent variable; the errors in the independent variable can be neglected.
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The results for & belong to the range of estimated values in other studies
for stirred systems. Thus Meares (3), using the method of Scattergood (9),
which is based on determining the limiting current density from the
characteristic current-potential curve, obtained boundary layers thick-
nesses around 100 um. The same order of values was obtained by Liuger
(10) who assumed the convective effects in the aqueous phase are mod-
erate. But Ginzburg and Katchalsky (17), who based their method on the
analysis of permeability through composite systems, obtained values for 8
between 12 and 48 um, depending on the membrane porosity. French (12)
found agreement in their results on the membrane potential by assuming
that § can vary between 5 and 20 pm. On the other hand, it is possible that
in unstirrred systems this thickness can reach 300-500 um.

This wide range of values does not appear surprising if we consider that
8 is an essentially hydrodynamic parameter and is therefore closely
related to the experimental conditions (geometry of the cell, agitation, na-
ture of fluids, etc.). In this sense, the estimated results obtained in the pre-
sent study seem sufficiently reasonable because we are dealing with a
moderately stirred system. On the other hand, the procedure used is ad-
vantageous because it does not require additional experimentation since
the value of § appears in a natural way as a consequence of the scheme for
a series of diffusion resistances adopted.

(2) Interface Concentrations

By means of Eqgs. (18)-(20) of Part I it is possible to calculate the
values of concentrations ¢; and ¢; in the pore ends, i.e., in the membrane-
boundary layer interfaces. In addition, if ¢, and ¢, are known, then the
concentration profiles for each membrane system can be found.

As an example, in Fig. 5 we have plotted schematically the concentra-
tion profiles that result for the membrane systems around the N5 and NO8
membranes at 25°C. For the sake of clarity, only the profiles correspond-
ing to the beginning of each diffusion experiment, once a steady state has
been attained (c; = 0.1 mol/L = constant; ¢, & 10~* mol/L) and to the end
of the same experiment, when about 8 h have elapsed (c, 3 X 1072 mol/
L), are included.

As can be seen, in membranes with a smaller effective porosity (such as
NS5), the concentration drop through the membrane itself (i.e., ¢; — ¢3) is
larger than for membranes with a higher effective porosity (such as NO08).
This seems to indicate that the maintenance of a given steady flux requires
a greater concentration gradient through the N5 membrane than through
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the NO8 membrane; as a consequence, the diffusive resistance of the for-
mer is larger, as is foreseeable.

At the same time, the opposite trend can be observed in the boundary
layers region, because the corresponding concentrations drops (¢, — ¢}
and ¢} — c,) are larger for the NO8 membrane than for the N5 membrane
These effects will be made more clearly evident in the next section where
the diffusive resistance valued are explicity evaluated for each barrier.

(3) Relationship between Diffusive Resistances and Flux Control
It is possible to establish the influence, absolute as well as relative, that

each term of the total barrier exerts on the diffusive flux. Thus, in Tables 3,
4, and 5 we present the values of the individual resistances R,,, 2R,, and

TABLE 3
Values of the Diffusive Resistance of the Membranes, R, as a Function of Temperature
R,, (s/m)
T (°C) NS5 N2 No8 No4 No1
25 1.93 x 10° 138 X 10° 528 X 104 6.90 X 10% 1.16 X 10°
30 1.59 x 10° 1.13 X 10° 434 x 104 5.66 X 10% 9.54 x 10%
35 144 x 10° 1.03 X 10° 393 x 10% 5.14 x 104 8.66 X 10%
40 1.28 x 10° 0.91 % 10° 3.50 X 10¢ 4.58 x 10¢ 771 % 104
45 1.08 X 10° 0.77 X 10° 296 x 104 3.87 x 10% 6.51 x 104
50 098 X 10° 0.70 X 10° 2.70 X 104 3.52 x 104 593 x 104
TABLE 4
Values of the Diffusive Resistance Associated with the Pore End Effects as a Function of
Temperature
2R, (s/m)
T(°C) N5 N2 NO8 NO4 No1
25 3.18 X 10¢ 1.32 x 104 294 x 10° 1.80 X 10° 128 x 10°
30 279 X 10¢ 1.16 X 10¢ 2,59 x 10° 1.58 X 10° 113 x 10°
35 248 x 10 1.03 x 10% 230 x 10° 140 X 10° 1.00 X 10°
40 221 X 10¢ 922 X 10° 205 X 10° 125 x 10° 893 X 10?
45 1.99 x 10¢ 829 x 10° 1.84 x 10° 112 X 10® 802 X 10?

50 1.79 x 10¢ 749 x 10° 1.66 X 10° 1.02 x 10° 725 X 107
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TABLE 5

Values of the Diffusive Resistance of the Boundary Layers as a Function of Temperature
2R; (s/m)

T(C) N5 N2 NO8 NO4 Nol

25 528 x 10 7.14 X 10¢ 817 x 104 8.28 x 104 833 x 104

30 479 x 10¢ 642 x 104 732 x 104 742 X 10# 747 x 10

35 459 x 1¢¢ 6.04 X 10¢ 6.84 X 10¢ 693 x 10¢ 697 % 10¢

40 438 x 10¢ 567 X 10° 639 X 104 647 X 10¢ 6.50 X 10%

45 442 x 10¢ 5.58 x 104 622 x 10¢ 629 X 104 632 X 10¢

50 455 x 10* 559 x 10¢ 6.17 X 104 623 x 10¢ 626 X 10°

2R;, respectively, calculated from their corresponding expressions arising
from the model (see Eqs. 16 and 17, Part I).

On the other hand, if we consider that the total resistive contribution of
the membrane phase is formed by R,, + 2R,, that is, by the intrinsic con-
tribution of the porous medium and the pore end effects, we can study the
relationship between that overall term and the boundary layers resistance.
Thus, it will be possible to predict the term controlling the flux in each
case. In order to do this, we have elaborated in Table 6 the values of the
relationship (R,, + 2R,)/2Rd for the outermost temperatures studied (25
and 50°C); for the intermediate temperatures, the results of the quotient
obviously range between the limiting values included in the table.

As can be seen, in the barrier established around membranes N5 and
N2, the net influence of the mass transfer resistance of the porous media
against the boundary layers increases in all temperature ranges. Accor-
dingly, in these cases the flux is controlled by the membrane itself; this ef-
fect decreases with temperature because of the corresponding increase of
the boundary layers thickness, as previously mentioned.

On the other hand, the resistance due to membranes NO8 and N04 is
lower than that corresponding to the stagnant films, which are thus con-
verted in the flux controlling strata. For the same above-mentioned
reason, the effect of the boundary layers also increases with temperature.
Finally, for membrane NOI at 25°C, a certain influence of control by the
membrane is present; this effect decreases progressively with temperature,
becoming equivalent to the boundary layers effect at 50°C. It is foresee-
able that if the temperature were increased, an inversion of the control
would be produced, as has been pointed out for other membranes (13).
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TABLE 6
Values of the Dimensionless Ratios (R,, + 2R,) /2R and 2R,/R,, for All the Membrane
Systems Studied as a Function of the Extremes of Temperature

(Rm + 2Re)/ 2R5 2Re/ Rm
Membrane 25°C 50°C 25°C 50°C
NS 43 26 0.17 0.18
N2 2.1 1.4 0.10 0.11
NO8 0.7 0.5 0.06 0.06
No4 09 0.6 0.03 0.03
NO1 14 1.0 0.01 0.01

Therefore, it must be emphasized that in the case of composite barriers
such as those studied here, it is not enough to identify the term which is ex-
erting kinetic control under the given conditions. It is also necessary to
recognize that this control can be transferred from one term to another
term of the barrier, depending on the variations undergone by the
process variables.

On the other hand, it is also interesting to consider the relative impor-
tance of the pore end resistance against the intrinsic resistance of the
membrane in order to determine if R, may be an appreciable quantity with
respect to R,, or, on the contrary, if it can be neglected. In Table 6 we group
the results of this relationship for the outermost temperatures. From the
results it can be deduced that, since the pore end effects in membranes
NO1 and N04 represent approximately 1 and 3%, respectively, of the total
membrane resistance (which is related to the relatively high value reached
by the pore length/pore diameter ratio for these membranes), we can con-
sider such a class of effects to be negligible (/4, 15), and the one-
dimensional approximation of the problem can be considered sufficient.
Nevertheless, in the rest of the membranes the term 2R, is an appreciable
part of R,, (in membrane N5, about 18%); consequently, in this case and in
similar ones, it is not reasonable to omit its influence, and the practical
equations of the two-dimensional model can provide a suitable estima-
tion method.

CONCLUSION

Experiments on the diffusive permeation of LiCl solutions through
some Nuclepore porous membranes have been interpreted by the pro-
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posed permeation model in which the diffusion processes, both in the
aqueous stagnant film and the membrane pore, and the effects associated
with the pore end, were taken into account.

We think that the approach described in this work can be useful in
technological, medical, and pharmaceutical applications of porous mem-
branes (dialysis, electrodialysis, diffusion through battery separators,
drug-controlled release, etc.) as well as in other fields which do not strictly
pertain to membranes (for example, catalysis or evaporation through
tissues) but in which mass transfer through a porous material takes place.
The reason for this is that in all of the mentioned processes, the principal
underlying mechanism (sometimes the only one) is the diffusive permea-
tion of a given species.
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