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Abstract

The electrolyte concentration and pH dependence of the effective charge density of weak ion exchange
membranes have been studied by combining solutions of the Poisson—Boltzmann equation in cylindrical pores
with a simple dissociation equilibrium of weakly acid groups attached to the pore walls. Analytical expressions
for the effective charge density and wall potential are presented which describe these quantities in terms of pH,
electrolyte (1:1) concentration, acid constant, density of acid groups and the pore size. The concentration
dependence of the effective fixed charge density experimentally observed for cellulose membranes and NaCl-
solutions agrees quantitatively with the theoretical predictions. For track-etched mica membranes and KCl-solu-
tions the influence of pH and electrolyte concentration on the effective charge density can be qualitatively
explained. Also an interpretation of electro-osmotic findings obtained with an asymmetric cellulose acetate

membrane and NaCl-solutions is given.
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1. Introduction

Charge formation at surfaces has grown for
many years to an important area in the study of
colloidal particles [1,2]. Charges may be formed by
ionization of functional groups attached at the
surfaces. For instance in the case of carboxyl
groups the number of COO™ groups will increase
with increasing pH by protolysis. On the other
hand protons will bind to the negatively charged
surface when the pH is decreased. The equilibrium
state can be described by a surface dissociation
constant K, which follows from the familiar mass
action law. It has become practice to combine the
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description of this simple dissociation equilibrium
with the double layer theory. In this approach the
relationship between charge density and potential
at the surface is in principle given by the
Poisson-Boltzmann (PB) equation. A review has
been given by Healy and White [3] treating a
number of cases according to the Gouy-Chapman
model of the electrical double layer and using the
flat plate approach solution of the Poisson-Boltz-
mann equation. For colloidal particles it has be-
come custom to introduce two regions, i.e. the
diffuse double layer, in which the variation of the
electrostatic potential is described by the PB-equa-
tion, and a Stern layer, which accounts for the
finite size of the ions and for the solvent proper-
ties in the direct neighbourhood of the surface.
Obviously also at charged membrane surfaces
charge formation phenomena of the same type as
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mentioned above will play a part. In this paper we
study charge formation in a charged cylindrical
pore. The capillary may be considered as an ele-
mentary unit of a membrane which is thought to
be composed of a bundle of parallel pores. We
show that for small pores the curvature cannot be
neglected and consequently the flat plate solution
of the PB-equation has to be replaced by the
corresponding solution within a cylindrical pore.
For simplicity we describe the properties of the
electrical double layer within the framework of the
Gouy-Chapman model. This model is then com-
bined with a simple (acid) site dissociation model.
The theoretical results are presented as relation-
ships for the surface charge density and the surface
potential in which the pK,, pH, electrolyte con-
centration, density of acid groups and the pore
radius as parameters appear. The theory predicts
the electrolyte concentration dependence and the
pH dependence of the charge density in charged
micropores. This is shown for experimental results
obtained with cellulose (acetate) [4,5] and track-
etched mica membranes [6,7].

2. Theoretical

2.1 Relationships between surface charge density
and wall potential resulting from the PB-equation

A charged porous membrane is considered to
be in contact with an aqueous electrolyte solution
containing counterions (i = 1), coions (i = 2), pro-
tons (i =3) and hydroxide ions (i =4). Electro-
neutrality in the external solution demands that

ZCiOZi =0 (1)

in which C,;, and z; are respectively the concentra-
tion and valence of ion i.

From the dissociation equilibrium of water
(dissociation constant K ) a relation between the
concentrations of H* (Cyy) and OH™ (C,,) exists

CyoCao = K, (2)

The membrane is modelled by a bundle of
parallel cylindrical capillaries with radius a. Due

to the presence of weakly ionizing acid groups, N
mol per cm?, the pore wall is negatively charged.
Hence the absolute value of the effective charge
density of the capillary g* is always smaller than
NF (F is the Faraday constant, i.e. F=2.892599
x 10" e.s.u. mol).

In accordance with the Gouy—Chapman model
the mobile ions are assumed to be point charges
obeying Boltzmann’s distribution law from the
pore wall (r=a) to the center (r=20). Also a
uniform dielectric constant is assumed, mostly e =
78. Then the Poisson equation for the potential
within the pore ({') can be written as

9 oy 4wz F
3o = eRT LCAHF (3)

1
-

in which the dimensionless potential 4 is defined
as ¢ = —z,Fy/RT.

Local equilibrium in radial direction leads to a
Boltzmann distribution of ions

C=Cyo exp(zi/zl) 47 (4)

where C, is the ion concentration in regions where
the potential is defined to be zero [8].
Substitution of eq. (4) in (3) results in the
Poisson—Boltzmann (PB) equation within a cylin-
drical pore.
From the condition of global electroneutrality
within the pore it follows that

%-I:Z.Ciz,-Fr dr=g* (5)

Integrating eq. (3) from r=10 to r=a and using
eq. (5) we have the boundary condition

o
M| —4asa (62)

r=a

in which « is defined as

7F|z,|g*a
a=— 27— (6b)
The integrated PB-equation yields a relation be-
tween g* and i,,. In the following we treat three
types of analytical approaches which are valid in
specific regimes.
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Fig. 1. Effect of the pore radius on the relationship between
dimensionless wall potential and effective charge density. £=
78; T=298 K; ¢=10"" mol cm ™3 (1:1 electrolyte); pH = 5.7
CE-curves 1-4: eq. (7) with (1), a=10""cm; (2), a=5x10""
em; (3), a=10"%cm; (4), a = 2x 10~ cm. FP-curve: eq. (9b).

For concentrations small enough to ensure that
even in the center of the pore ¢ is larger than 1,
the contribution of the coions in eq. (3) can be
neglected. In this so-called coion exclusion regime
(CE) we have for 1:1 electrolytes [9]

16a(1 + a)
2

(J\a)z{l +a— a(r/a)z}
¥(0)=1 (™)
with A defined by A =87F*(Cyy+ C5)/eRT.
Specifying eq. (7) to r = a and using eq. (6b) we
arrive after some rearranging at
_ 4(Cp+ Cyo) F
A

X[{% exp ¢, + ()\a)_z}l/z— (Aa)™!

$(r)=In

¥

(8)

Plots according to this equation are shown in Fig.
1 for a 1:1 electrolyte with C;o =107 mol cm™?,
pH = 5.7 (C3=2.0 X 10™° mol cm™?) and vary-
ing values of the pore radius. It can be observed
that above @ =107® cm (10 nm) the influence of
the pore radius on the curves becomes vanishingly
small. The limiting curve in Fig. 1 (FP) is given by
the flat plate expression [1]

" eRT 2 /23
(4 = 55 T ol —1) (9)

i

which in the case of a 1:1 electrolyte reduces to

* _ 4(C10';C30)F sinh(J/'w/Z) (9b)

For large pore radii egs. (9) are expected to be
valid over the whole salt concentration range.
Still another approximative solution of the PB-
equation, valid over the whole salt concentration
range but restricted to rather flat potential profiles
within the pore, is of interest. This so-called {10}
spatial averaging solution (SA) is a reasonable
approximation as long as deviations from the
average dimensionless potential (¢'), defined by

= 2 pa.
¢=?f0¢rdr (10)

are smaller than ~11nity=for every value of r, which
in fact implies iy, — 1 < 1. In that case we have
the solution

50 =3+ g5 22y ~ 7| (1)

in which H is defined by H? = (4nF%/
eRT)Y. Cio(z,)* e*/?¥ I, and I, are modified

Bessel Ifunctions of resp. the zeroth and first order.
The average potential can be derived from eq. (5)

7* = (a/2) Y. Coz,F et5/¥ (12a)
i

which for 1:1 electrolytes reduces to
g* = aF(Cyy + Cy) sinh (12b)

The range of validity of eqs. (11) to (12) can be
estimated for 1:1 electrolytes by elaborating the
inequality ¥, —¢ <1 in the CE-regime. It turns
out that a <1.4. Since deviations from the aver-
age potential are most markedly at small salt
concentrations we may safely assume that the
SA-equations are a good approximation over the
whole concentration-range provided that a <1.4
[11].

2.2 Charge formation by protolysis

If weakly acid groups are attached to the pore
wall, protons may dissociate from these groups,
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whereas a negatively charged surface is left be-
hind. Following the approach of a simple dissocia-
tion equilibrium at the surface [2,3]

AH2A+H”

we define the dissociation constant K, under the
assumption of ideal solutions by

K= Tar Go oxp(9) = 755G exn(4.)

(13)

in which the proton activity at the wall is given by
eq. (4) specified to r=a and {A”] and [AH] are
surface concentrations. The fraction of acid groups
which are actually ionized is denoted by f and is
equal to [A~]N . The charges formed in this way
are supposed to be smeared out over the wall
surface. This implies that the absolute value of the
effective charge density becomes

=/NF (14)
Now eq. (13) is easily transformed to

Y ~log(f'—1) =pH - pK, (15)
2.303 & PH T PRa

This equation can be combined with eq. (14) and
solved with respectively eqgs. (9b), (8) and (12b) for
either ¢, or f.

In the flat plate (FP) approximation (for large
pores) we get

% —“Hog{m - 1} =pH-pK, (16)

and (FP)

2 Vlog{ f&+ [(18)" +1]) —tog(y 1 - 1)
=pH - pK, (17)

in which the parameter £ is defined by

AN

$=(Cp+ Cu) (18)

Equations similar to eqs. (16) and (18) can be
found in literature [2,3].

For the CE-approximation (high potentials or
small concentrations) we derive analogously

d

2.303
10 (}\aé)
—log -1
{ [%(}\a)2 exp(¥,, ) + 1]1/2 -1

= pH - pKa (19)
and (CE)
wlog{i—i{(l + Aagf/z)} ~Plog(f'—1)

=pH - pK, (20)

In the SA-approach (flat_potential profiles) we
find first an equation for

2303 [4’+‘gh( ){Ha hoia) 1}]

Il(Ha)
_1010g{—4£f_ -

1} =pH - pkK, (21)
Aasinh(x[/)

in which H?=N? cosh(xl/) (SA)

Once 47 is known, JW is given by the first term of
the left hand side of eq. (21) which is ., /2.303.
On the other hand f can be solved using the
relation

f= 5 smh(x,b) (22)

which immediately follows from egs. (12b), (14)
and (18).

Equations (16) to (22) enable us to calculate ¢,
and f as a function of the pH and the electrolyte
concentration for preset values of N and K,. The
concentration dependences are embedded in § (~
(Cio+ Cy)™?) and A (~(Cyo + C3)'/?). Note
that the combination Aaf is independent of (C,,
+ Gyp)

2.3 Relationships with experimentally accessible
quantities

Quantities from which ¢* can be determined
without the complication of requiring additional
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information about the diffusion coefficients of the
ions within the capillary, are the salt distribution
coefficient and the electro-osmotic coefficient (/)
in combination with the electrical resistance (R,)
and hydrodynamical permeability (L,) per unit of
membrane surface. Measurement of the salt distri-
bution coefficient is carried out under equilibrium
conditions. In the determination of the electro-
osmotic coefficient, however, a pressure difference
(Ap) is applied across the membrane and the
resulting potential difference (A¢) is measured.

Under the experimentally applied conditions of
equal concentrations on both sides of the mem-
brane (Ac =0) and the absence of an electrical
current (/ = 0) the following expression for /., can
be derived (eqgs. (18) and (28) of ref. [8])

I R (R

(23)

I, = —

cp

in which /;; and /;; are respectively the hydrody-
namical permeability (Ac = 0; A¢ = 0) and electri-
cal conductivity (Ac = 0; Ap = 0) of the capillary.

The ratio /;;//55 reads in terms of L, and R,

111
T~ L,R, (24)
Since /., L, and R, can be determined experi-

mentally, mformauon on (Y, — ¥)/a’? can be ob-
tained by using egs. (23) and (24). Then, provided
that the pore radius is known, the effective charge
density can be calculated by applying the solution
of the PB-equation. As an example we take the
SA-solution, eq. (11), specified to r =a

.= {IO(Ha) 1}

o=l g —

2I,(Ha) Ha (25)

From eq. (6b) it can immediately be seen that a is
a function of ¢* and a. The parameter Ha de-
pends on a and ¢ and is correspondingly (eq.
12a) also a function of ¢* and a.

For very narrow capillaries, 1.e. Ha <« 1, it is
allowed to expand the Bessel functions of eq. (25),
which leads to

bu—d=a= g C*a’ (26)

in which C* is the effective fixed charge con-
centration defined by

C*=2g*/aF 27

The last member of eq. (26) is obtained by sub-
stituting eq. (27) in eq. (6b). Combination of egs.
(23), (24) and (26) yields

(o= 2l

ep C*FL R, (28)
Equation (28), known as Schmid’s equation, has
been used by Demisch and Pusch [5] for the
calculation of the effective fixed charge concentra-
tion of an asymmetric cellulose acetate membrane
from the experimental data.

3. Results and discussion

In the following we shall consider in particular
the fraction f which has the meaning of a normal-
ized charge density according to eq. (14). As a
consequence of the dissociation equilibrium
changes in f are directly coupled to changes in v,
provided that pH and pK, remain constant (eq.
15). If the electrolyte concentration increases in
the system (decreasing §) the fixed charges are
better screened and the dissociation of protons
will be enhanced, i.e. f increases. According to eq.
(15) this increase is necessarily attended by a
decrease of y,,. Thus y/,, decreases with decreas-
ing £ by the screening effect that is only partly
compensated by a greater number of dissociated
groups. This behaviour is described by means of
the egs. (16), (19) or (21). Conversely eq. (15)
dictates that , shall never be constant with
increasing electrolyte concentration which is
sometimes adopted as a boundary condition to the
PB-equation but obviously not realized by the
single-site dissociation mechanism.

Grafically the concentration dependence of f is
shown in Fig. 2 (¢ in Fig. 2 is the concentration of
added electrolyte equal to C,, for pH < 7 and to
C, for pH > 7). Two values for K, are taken into
consideration, K, = 10~% mol cm 3, a value char-
acteristic for carboxyl groups, and K, =10"° mol
cm . The FP-curves reflect the concentration de-



106 HJ.M. Hijnen and J.A.M. Smit / Charge formation in microporous membranes

00 , . , —
-6 -5 L 3 2

tog (c)
Fig. 2. Concentration dependence of f for two K,-values,
K,=10"% mol cm~3 and 107° mol cm ™3 and with ¢ in mol
cm ™3 £=78; T=298 K; 1:1 electrolytes: pH=5.7; N=5Xx
10~ mol em 2. FP-curve: eq. (17); SA-curve (¢ =10~ 7 cm):
egs. (21) and (22).

pendence of f for very large pores whereas the
SA-curves represent a similar behaviour for a nar-
row capillary with pore radius 10~7 cm (1 nm).
For both values of K,, f increases strongly with
increasing concentration.

With respect to the effect of the pore radius it
can be seen from Fig. 2 that f increases with
increasing pore size. The influence of the pore
radius can be studied in still more detail by apply-
ing the CE-expression, eq. (20). In Fig. 3 the
results are shown for ¢=10"" mol cm™3, K, =
107% mol cm™? and two values of N, ie. N=

0.3

FP

00—
0 5108
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Fig. 3. Dependence of f on the pore radius for two values of N,

N=10""molcm™2 and 5x10" " mol cm 2. ¢=78; T =298
K; ¢=10"7 mol cm™? (1:1 electrolyte); pH=5.7;, K, =108
mol cm ™3, CE: egs. (20); SA: eqgs. (21) and (22); FP: eq. (17).

107" mol cm™2 and N=5x10"" mol cm™2
All points corresponding to the CE-curve satisfy
the condition (0) > 1. The SA-curves represent
the results obtained by using egs. (21) and (22).
For very large pores f approaches the FP-limit. It
can be concluded from Fig. 3 that only for rela-
tively small pore sizes (roughly for a <10 %cm) a
significant effect of the pore radius appears, a
result already emerging from Fig. 1. In addition it
can be seen that f decreases with increasing value
of N.

An increase of the effective fixed charge con-
centration with the electrolyte concentration was
experimentally observed by Tsimboukis et al. [4]
in their study of the partition equilibria of Na™
and Cl~ between cellulose membranes and aque-
ous NaCl-solutions at pH=5.8 and T =295 K.
Cellulose membranes contain weakly ionizing
carboxyl groups and therefore the experimental
data seem quite suitable for an analysis on the
basis of a simple dissociation equilibrium.

For the carboxyl group content of the mem-
branes a value of 2.51 X107 mol/(cm® pore
volume) was reported [4]. Furthermore the authors
were able to also estimate a mean pore radius, a
of 6 1077 cm, which is, as they mentioned, in
reasonable agreement with an earlier reported re-
sult (a=4.8 X 1077 cm). Using the former value
we calculate (see eq. 27) that N =7.53x 107!
mol cm™?2 from 2N/a=2.51x10"° mol cm™3,
Tsimboukis et al. [4] added to several membranes
Direct Blue 1 which enlarges the fixed charge
concentration by strongly ionizing SO;H-groups.
The dye content was determined spectrophotomet-
rically. Here we analyse the results (Fig. 2 of ref.
[4]) for a dyeless membrane and two membranes
with dye contents corresponding to SO, -surface
concentrations of respectively 5.73 X 1072 mol
cm™? and 1.31 X10™ " mol cm % Also these
values for [SO; ] were calculated by assuming a
pore radius equal to 6 X 10”7 cm. The maximum
value of a, which corresponds to the membrane
with the highest dye content ([SO; ] =1.31 x 10~ !
mol cm™2) and whose carboxyl groups are com-
pletely ionized ([A"]= N =7.53 X107 mol
cm™?), equals 1.7. Therefore the SA-expressions
may be considered as a good approximation for
the membrane systems which are discussed here.
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Fig. 4. Concentration dependence of the fraction (f) of
carboxyl groups which are actually ionized, experimentally
observed with cellulose membranes and NaCl-solutions (7 =
295 K, pH = 5.8, carboxyl group content 2.51 X 10> mol /cm’
pore volume) [4]. Measuring points fitted with SA-curves: eqs.
(21) and (22). £€=78; a=6x10""cm; N=7.53x10"1? mol
cm™ % K,=23%x10"% mol cm ™2 [SO; ]: 0 mol cm ™2 (@),
5.73% 107 "2 mol cm~? (M) and 1.31 10" ' mol cm ™2 (¢).

Hence in all calculations egs. (21) and (22) were
used. With preset values N =7.53x10""* mol
ecm ™2 and a = 6 X 10”7 cm, the acid constant (K,)
was varied in order to fit the theoretical curve to
the experimental points obtained with the “dy-
eless” membrane. In this way we found K, = (2.3
+0.2) X 107® mol ecm™3. Using N=7.53 x 10~ 12
mol cm™%, a=6x10""cm and K,=23x10"*
mol cm™? also theoretical curves for the stained
membranes were calculated. These curves fit the
experimental data reasonably, as can be seen in
Fig. 4. The experimental points corresponding to
the highest concentration (¢=1.72 X 10" mol
cm %) deviate from the expected behaviour be-
cause the experimental error was largest at this
concentration [4] (see also Fig. 2 of ref. [4]).

It is interesting to note that the fraction of
carboxyl groups which are actually ionized de-
creases with increasing dye content. This can easily
be understood considering that the absolute value
of the wall potential increases with increasing
surface concentration of SOj; -groups which re-
sults in a shift of the equilibrium AH2 A+ H”
to the left.

Assuming a= 6 X 1077 cm our analysis leads
to K,=(234+02)x107% mol cm™3, a value
which is acceptable for carboxyl groups. Using the
other value of the pore radius, a =4.8 X 1077 em,

we obtained along the same route K, = (2.0 + 0.2)
% 107% mol cm™? and reasonable fits for all three
membranes. Because the pore radius is an uncer-
tain factor we followed also another procedure.
Assuming K,=18x10"% mol cm™? the acid
constant of the carboxyl group of acetic acid, the
pore radius was varied at constant ratio 2N/a =
2.51xX107° mol cm™? in order to perform the
curve fitting for the “dyeless” membrane. The
curve is not very sensitive to the pore radius since
we found a = (4 +2) X 1077 cm. This at least in-
dicates that we are dealing here with fine porous
membrane systems which is in agreement with the
pore radii mentioned before.

We also applied the site dissociation model to
experimental results of Koh et al. [6] obtained
with mica track-etched membranes. These mem-
branes have a well-defined pore structure in which
probably weakly ionizing silanol (SiOH) groups
are present. Using the space-charge model the
authors analysed KCl-conductivity data. Here we
only discuss the results obtained at pH 7 for the
membrane with 2 =1.20x107% cm which con-
tained no heparin.

It was found (see Table 2 of ref. [6]) that ¢*
strongly increases with increasing KCl-concentra-
tion. According to our analysis in terms of the site
dissociation model some discrepancy between the-
ory and experiment remains to exist. On the
ground of KCl-conductivity findings Wester-
mann-Clark et al. [7] suggested that in the case of
mica track-etched membranes Cl -ions may
strongly adsorb onto the pore wall. Indeed the
discrepancy observed by us can be ascribed to the
occurrence of coion adsorption. We conclude that
with mica track-etched membranes both weakly
ionizing acid groups and coion adsorption are
involved in the observed increase of g* with the
KCl-concentration.

When weakly acid groups are attached on the
capillary wall the effective charge density also
depends on the pH of the external solution. In
fact the study of the pH dependence of ¢* pro-
vides an excellent means to trace the presence of
these groups.

The variation of f with the pH at constant
electrolyte concentration (¢ =10"° mol cm™?) is
shown in Fig. 5. For K, two values are consid-
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Fig. 5. Dependence of f on the pH for two K,-values, K, =
107® and 107¢ mol ecm™>. e=78; T=298 K; ¢=10"5 mol
em ™2 (1:1 electrolyte); N=5x10"" mol em™~2; FP = curve:
eq. (17); SA-curve (a =10~ " cm): egs. (21) and (22).

ered, 10® mol cm > and 107° mol cm . In the
calculation of the SA-curves a pore radius of 10~’
cm has been taken. The curves possess the char-
acteristic S-shape which remains the same also
when other values of the parameters N, K, and ¢
are assumed. The FP-curves are already known
from literature [1,3]. Here too the influence of the
pore radius can be observed.

In their experiments on track-etched mica
membranes Westermann—Clark et al. [7] observed
that the effective charge density strongly varied
from zero to a pH-independent negative value
when the pH was increased from 4.5 to 7 at
constant KCl-concentration (¢ = 107> mol cm™?;
Fig. 2 or ref. [7]). This result, which is in agree-
ment with our theoretical findings (Fig. 5), indi-
cates the presence of weakly ionizing silanol groups
(SiOH 2 SiO”+ H'). Within this context it is
interesting to note that the authors also found
positive values for the effective charge density in
the range pH < 4.5 which may indicate the
amphiprotic character of a silanol group (SiOH +
H*< SiOHJ). We carried out computer simula-
tions for the case in which amphoteric groups are
present and found indeed curves having the same
features for the whole pH-range as the curve shown
in Fig. 2 of ref. [7].

Finally we discuss the experimental results ob-
tained by Demisch and Pusch with an asymmetric
cellulose acetate membrane and NaCl-solutions
[5]. They measured the electro-osmotic permeabil-

ity (/.,), the filtration coefficient (L,) and the
electrical resistance (R,). The experimental condi-
tions were T=298 K, pH=5.8 and c=2Xx 10"’
mol cm*. From titration data a carboxyl group
content (2N/a) of 5.0x107% mol/(cm’ pore
volume) was found.

Using Donnan’s theory in which the value of a
is irrelevant the above authors [5] calculated the
effective fixed charge concentration from the ex-
perimentally determined value of /., /L, R, by
applying eq. (28) and discussed the result in the
light of a simple dissociation equilibrium of weakly
acid groups. They obtained semiquantitative
agreement between the experimental findings and
the theoretical results. Here we try to improve the
above agreement by taking into account the effect
of the pore radius.

The first step in our analysis is the estimation
of g* from the quantity /,/L, R, by applying the
space-charge model for various values of the pore
radius. For the a-values listed in Table 1 first
Wy, — ¥ (column 2) was calculated from the experi-
mental value of /,,/L R, by means of egs. (23)
and (24). Then applying the SA-solution (egs. 11
and 12) of the PB-equation, which is permitted
since ¥, — ¥ < 1, we obtained the corresponding
values for ¢* (column 3) and ¢, (column 4). It
can be seen from Table 1 that ¢* increases when
a larger pore radius is assumed. For a=10""cm

Table 1

The dependence of f on a as it follows from the experimental
value of /., /L, R, obtained by Demisch and Pusch [5] with an
asymmetric cellulose acetate membrane (7 =298 K, pH 5.8,
¢=2x10"% mol em % /L, R, =6.16x10° esu. cm7;
carboxyl group content 5X 10~%/cm’® pore volume). Inter-

mediate results are shown in the various columns

ax107 §,—¢ q* . N X102 f
(cm) (e.su.cm”2) 2 (mol cm™?2)

1 0.001 31 0.055 0.25 0.43

5 0.036 186 0.101 1.25 0.51
10 0.145 513 0.233 250 0.71
11 0.175 601 0.270 2.75 0.76
12 0.209 695 0.309 3.00 0.80
13 0.245 795 0.350 3.25 0.85
14 0.284 905 0.396 3.50 0.89
15 0.326 1020 0.443 375 0.94
20 0.580 1710 0.727 5.00 1.18

* 1esu =3.333x107 1 C.
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the g*-value in Table 1 agrees with the result
obtained by using the Schmid equation (eq. 28).

At each value of the pore radius N (column 5)
is known (2N/a=5.0X10"% mol cm™3) and
therefore also f (column 6) can be calculated. The
value of f exceeds unity for pore radii roughly
larger than 2 X 107® cm and consequently these
values of a cannot be considered as realistic.

In the next step of the analysis we consider the
dissociation of the carboxyl groups. Assuming an
acceptable value for K, i.e. K, =1.8x10"% mol
cm ™3, we have pH — pK, = 1.06. The values of
listed in Table 1 are rather small and therefore it
is acceptable to neglect as a first approximation
¥,,,/2.303 in eq. (15) with respect to this value of
pH — pK,. This implies that the maximum value
of f at pH 5.8 is approached, i.e. f= 0.92. Using
the N-values given in Table 1 and assuming K, =
1.8 X 10" % mol cm * we also carried out a more
accurate calculation using eqs. (21) and (22) and
found that f varied only from 0.91 to 0.87 when
the pore radius is increased from 1077 ¢cm to
2 X 10~ ° cm. Taking a global spreading for f from
0.85 to 0.95 we find that the found value for
lep/L R, is consistent with a ranging from 1.3 X
107 %cm-1.5 X 10~ cm. Furthermore our analysis
indicates that at pH=15.8 and ¢=2 X 107> mol
cm™3 roughly 90% of the carboxyl groups are
1onized.

An implication which arises with asymmetric
cellulose acetate membranes is that the dielectric
constant of the solution in ultrafine pores may be
considerably smaller than its free solution value.
Taking ¢ =4 instead of ¢ =78 we repeated the
calculation and found another range for a, being
3% 107" cm-4 X 1077 cm, and the same value for
f,» f=0.9. Thus the value of the pore radius ob-
tained in our analysis is rather sensitive to the
choice of &. A lower dielectric constant yields a
smaller pore radius. The estimated value of f,
however, remains about 0.9 which in any way
indicates that we are dealing with small values of
¥, or §,/2.303 < pH — pkK,.

Another aspect of an asymmetric cellulose
acetate membrane which cannot be left undis-
cussed is the asymmetric structure, consisting
globally of a selective layer, in which the pore size
gradually increases from ultrafine at the top of the

membrane to moderate, and a highly porous layer
in which free solution properties may be assumed.
As a result of this asymmetry a volume flow may
cause internal concentration polarization. The lin-
ear relationship between streaming potential and
applied pressure difference observed by Demisch
and Pusch, however, indicates that the effect of
internal concentration polarization on the experi-
mental result is negligible. We may therefore as-
sume that the forces and resulting flows through
the membrane in the above experiment were rela-
tively small. At relatively small forces and flows
the measured transport coefficients reflect average
properties of the whole membrane and therefore
the pore radius obtained in our analysis, a in the
range 1.3 X 107 ®cm-1.5 X 10~ cm, can only have
the meaning of a structure-averaged radius.

4. Conclusion

Charge formation in microporous charged
membranes can reasonably be understood by
modelling the PB-equation in a simple surface
dissociation equilibrium. At small values of the
pore radius only solutions of the PB-equation can
be used which also account for the curvature of
the pore surface. Agreement between theory and
experiment is expected to be found and is found
in reality when ionization of the functional groups
in the only mechanism. Obviously the model ought
to be extended when other effects as sorption of
counterions and coions are observed. In the case
of cellulose membranes, whose properties are ade-
quately described by the single (acid) site model,
the characteristic pX, of carboxyl groups is found.
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