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The liquid displacement method is a commonly used method to determine the pore size
distribution of micro- and ultrafiltration membranes. One of the assumptions for the calcu-
lation of the pore sizes is that the pores are parallel and thus are not interconnected. To show
that the estimated pore size distribution is affected if this assumption is not satisfied, we
developed two models: (1) a model describing the flow through an isotropic porous membrane
with uniform pores, and (2) a two-layer model for uniform pores that approximates the first
model if the membrane thickness is larger than 10 times the pore radius. In the two-layer
model the membrane skin layer is divided into two parts: the unconnected pore layer and a
sublayer. This model is extended to describe pore activation as a function of pressure with a
pore size distribution in the unconnected pore layer (that is, membrane surface). It is shown
that, depending on the membrane thickness or the sublayer resistance, the transmembrane
pressure needs to be much larger than the critical pressure of the pores, to activate all the
pores. If the sublayer resistance is over 10% of the resistance of the unconnected pore layer,
the pore size is underestimated with the liquid displacement method; thus the number of pores
is overestimated. Because the sublayer resistance is always larger than the unconnected pore
layer resistance in an isotropic membrane with interconnected pores, we conclude that the
estimated pore size distribution is always shifted toward smaller pore sizes than they really
are. To use the liquid displacement method correctly, we suggest either counting the number
of (active) pores or measuring the flux–pressure curve several times, while covering each time
a different fraction of the membrane surface. © 2004 American Institute of Chemical Engineers
AIChE J, 50: 1364–1371, 2004
Keywords: liquid displacement method, pore size distribution, interconnected pores,
resistance, flux

Introduction

To characterize filtration membranes, several methods have
been developed to determine pore size, pore size distribution,
and porosity. They can be classified into: (1) methods to
determine pore size and pore size distribution of a membrane
and (2) methods based on rejection performance using refer-

ence molecules and particles (Nakao, 1994). The liquid dis-
placement method, falling under class 1, is commonly used to
determine membrane pore size distributions because it is close
to (ultra)filtration practice: dead-end pores are not evaluated;
the membrane is characterized in wet conditions; in addition
the pressure is kept as low as possible and thus no alteration of
the membrane occurs (Nakao, 1994). The method was first
described by Erbe (1933) and Kesting (1971) and further
developed by Capannelli et al. (1983, 1988). It is based on the
measurement of the flux of a displacing liquid through the
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membrane as a function of the pressure applied. From the
flux–pressure curve the pore size distribution is calculated
using the Hagen–Poiseuille equation. Although many research-
ers investigated the liquid displacement method and improve-
ments were suggested (Piatkiewicz et al., 1999; Vaidya and
Haselberger, 1994; Wienk et al., 1994), no one studied how the
pore size distribution determination is affected by pore con-
nections (that is, if the pores are not straight through the whole
membrane layer). Nevertheless, the method is not only used to
determine the pore size distribution of membranes with
straight-through pores (Jakobs and Koros, 1997; Kujawski et
al., 1989; Munari et al., 1985, 1989), but also for symmetric
membranes and asymmetric membranes with a thin skin layer
characterized by more or less interconnecting pores (Bottino et
al., 1991, 1994; Capannelli et al., 1983; Mikulášek and
Dolecek, 1994; Munari et al., 1985).

In emulsification experiments with micromachined mem-
branes having exactly monodisperse pores (microsieves) we
found that to open up the pores the transmembrane pressure
had to be increased (Figure 1; Abrahamse et al., 2002). Mem-
brane emulsification is quite similar to the liquid displacement
method because one fluid (oil) is pressed through the mem-
brane pores into another fluid (emulsifier solution). Figure 1
shows that, even at transmembrane pressures of several times
the critical pressure of these pores, only a small fraction of
pores opened up. If this would have been a liquid displacement
experiment, it would have been concluded that the membrane
had a wide distribution, which is in contrast with the uniform
pore sizes. We showed that the gradual increase in pore acti-
vation could be attributed to the presence of an extra resistance
against flow below the parallel top layer pores (Gijsbertsen-
Abrahamse et al., 2003). Furthermore, we found that if the
pores within the membrane skin layer are interconnected, this
leads to the same effect as described above: the lower side of
the skin layer acts as an extra resistance below the pores that
open up to the downstream side of the membrane. In experi-
ments with a ceramic membrane of 150 �m thickness the
activation of pores with increasing transmembrane pressure
was very gradual (Gijsbertsen-Abrahamse et al., 2003). This
could not be attributed to pore size differences only because if

we consider the transmembrane pressures at which oil started
to flow through the pores, then the pores that became active at
higher pressures would have been several times smaller than
the first active pore. Given that only a very small fraction of the
pores was studied (�0.2%), it is not convincing that the diam-
eters will have differed so much. Therefore, we come to the
conclusion that indeed part of the membrane skin layer could
be interpreted as a sublayer resistance.

In this article we show that the apparent pore size distribu-
tion obtained is strongly influenced by the interconnections of
the membrane pores; the apparent pore size distribution will be
shifted to much smaller sizes compared to that of the real
distribution. First, the main points and assumptions of the
liquid displacement method are recapitulated. Then flow
through an isotropic membrane with uniform pores is modeled,
and the effect of a pore size distribution of the surface pores is
represented in a two-layer model: the membrane skin layer is
assumed to be divided in an unconnected pore layer and a
sublayer. Furthermore, we suggest two methods to modify the
liquid displacement method to take pore connections into ac-
count.

Theory of the Liquid Displacement Method

The liquid displacement method is an indirect method for
determination of the pore size distribution of a membrane
because first a flux–pressure curve is measured, from which the
pore size distribution is subsequently calculated. To measure
the flux–pressure curve a pair of immiscible liquids with a low
interfacial tension is used. The membrane is wetted with one of
the liquids. By a stepwise increase of the transmembrane
pressure, the nonwetting liquid is pressed through the mem-
brane. With increasing pressure, first the liquid in the largest
pores is displaced, then, at higher pressures, increasing num-
bers of smaller pores are opened (Capannelli et al., 1983; Erbe,
1933; Kesting, 1971). Eventually, a pressure is reached at
which further increases result only in an increase in flux that is
proportional to the increase in pressure (Kesting, 1971). Alter-
natively, a low surface tension liquid may be displaced by
pressurized nitrogen to characterize microfiltration membranes.
From the flux–pressure curve the pore size distribution can be
calculated assuming the following (Erbe, 1933):

(1) The pores are cylindrical.
(2) The pores are parallel to each other and not intercon-

nected and are thus straight through the whole membrane layer.
(3) The pores all have a length l, where l is usually taken to

be the thickness of the membrane (or the thickness of the
membrane skin layer in the case of an asymmetric membrane)
(Capannelli et al., 1983; Munari et al., 1989).
With assumption 2 (parallel pores), and the implicit assumption
that nowhere in the measuring setup is a resistance against flow
present, the transmembrane pressure at which the liquid in a
pore is displaced is equal to the critical pressure of that pore.
Assuming a cylindrical pore (assumption 1), the critical pres-
sure of a pore can be calculated with the Laplace equation

pcrit �
2� cos �

rp
�Pa� (1)

in which � is the interfacial tension between the two liquid
phases, r is the radius of the pore, and � is the wall contact

Figure 1. Percentage of active pores as a function of the
transmembrane pressure in microsieve emul-
sification experiments (Abrahamse et al.,
2002).
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angle. For convenience, usually the contact angle � is taken to
be zero. Actually, this is the only value giving correct results in
the case of pores with sharp edges because the droplet always
has to go through the hemispherical stage (Gijsbertsen-Abra-
hamse et al., 2002; Piatkiewicz et al., 1999). In that stage the
pressure is maximal and can be calculated with

pcrit �
2�

rp
�Pa� (2)

With assumptions 1 and 3, the number of pores in a certain size
class (N) can be calculated from the increase in the measured
flux (d�s) upon the increase in transmembrane pressure (dptrm)
(see, for example, Capannelli et al., 1983; Erbe, 1933; Kesting,
1971):

N�rp� �
8�l

�rp
4

d�s

dptrm
(3)

where � is the viscosity of the displacing liquid. If l is not
known, a relative pore size distribution can be calculated.

Effect of Interconnected Pores on Pore Size
Estimation

Most membranes are not characterized by parallel, uncon-
nected pores. Most symmetric membranes have highly inter-
connected, tortuous pores, as is the case for the skin layer of
asymmetric membranes (Figure 2a). In this section we will
show that this has a strong effect on the estimation of the pore
size distributions by liquid displacement. In the first section we
will model the flux–pressure curve with an isotropic membrane
model. Then the similarity between this model and a simpler
two-layer model for uniform pores is shown (schematically in
Figure 2b). The two-layer model was developed to describe
pore activation in membrane emulsification (Gijsbertsen-Abra-
hamse et al., 2003). Finally, to include the effect of different
pore sizes in the model, the two-layer model is extended.

Isotropic membrane model

To determine the effect of pore connections, the flux through
an isotropic membrane with uniform pores (equal pore radii
and pore lengths) is calculated as a function of the transmem-
brane pressure and the membrane thickness. Figure 3 shows
that increasing numbers of pores are activated upon increasing
transmembrane pressure. Because of the flow through an active
pore, the pressure just below that pore drops to a value lower
than the critical pressure and the pressures below the pores

close to the active pore also decrease (Figure 3c). The pressure
decreases least under the pores that are farthest away from an
active pore; these pores will be activated next (Figure 3d). With
this in mind, we assumed that the space around an already
active pore can be approximated by a cylinder (Figure 4). The
pressure under the surface pores at the edge of the cylinder and
the flux through the cylinder were calculated as a function of
the cylinder radius and the membrane thickness. From these
results, the fraction of active pores and the flux can be deter-
mined as a function of the membrane thickness and the ratio of
the transmembrane pressure and the critical pressure of the
pores.

The Model. Analogous to the model of Ho and Zydney
(1999) for pore blockage during filtration, we modeled the
pressure profile in the cylindrical part of the porous membrane
(Figure 4b). With Darcy’s law and the continuity equation, a
second-order partial differential equation for the local pressure
is obtained (Ho and Zydney, 1999)

Figure 2. (a) Isotropic membrane with uniform pores; (b)
two-layer model for uniform pores.

Figure 3. Gradual activation of pores with increasing
transmembrane pressure (ptrm) (on the x-axes,
the position of the surface pores; on the y-
axes, the pressure just below the surface
pores).
Surface pores, where either a droplet is present or the pore is
active (depicted by arrows).

Figure 4. (a) Top surface of a membrane with active
pores (E) and nonactive pores (F); (b) approx-
imation of the hexagon around an active pore
in (a) by a cylinder.
Dimensions and boundary conditions are shown (in gray
boundary conditions: �p/�r � 0 or �p/�z � 0). Symbols are
explained in the notation section.
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kr

r

�

�r �r
�p

�r� 	 kz

�2p

� z2 � 0 �s�1� (4)

in which kr and kz are the permeabilities in the radial and
transverse directions, respectively.

The boundary conditions are given by

r � 0:
�p

�r
� 0 (5)

r � rcylinder:
�p

�r
� 0 (6)

z � dm: p � pin � ptrm 	 p0 (7)

z � 0: p � p0 0 
 r 
 rp (8a)

�p

� z
� 0 rp � r 
 rcylinder (8b)

We assume an isotropic membrane, implying equal permeabili-
ties in the radial and transverse directions: kr � kz, and thus
they both can be removed from Eq. 4. The problem was
nondimensionalized in the radial and transverse directions us-
ing the pore radius (rp): � � r/rp and Y � z/rp, so �cyl �
rcylinder/rp and 
m � dm/rp. A typical result of the pressure
profile in the cylinder is shown in Figure 5 (�cyl � 8, 
m � 20,
pin � 1, p0 � 0).

Results. In Figure 6a the ratio of the transmembrane pres-
sure (ptrm � pin � p0) and the pressure under the pores at the
edge of the cylinder is shown as a function of the cylinder
radius and the membrane thickness. A decreasing cylinder
radius means that the distance between active pores decreases
and the fraction of active pores increases. To activate a pore,
the pressure under the pore should be equal to the critical
pressure. Figure 6a thus shows that to increase the number of
active pores, the transmembrane pressure should substantially
increase. This is shown in Figure 3. In the case of a membrane
with a dimensionless thickness of 80, the transmembrane pres-

sure should even be increased to about 70 times the critical
pressure to activate all the pores.

The fraction of active pores (n) at a certain ratio of trans-
membrane pressure and critical pressure, was calculated by

n�ptrm/pcrit �
Aactive

Am
�

�rp
2

��0.5rcylinder�
2 � � 1

0.5�cyl
� 2

(9)

The value of n was calculated using 0.5��cyl because it was
assumed that at the value of ptrm/pcrit (calculated using �cyl),
some pores at the edge of the cylinder just become active.
Thus, the distance between two active pores was reduced to
half the cylinder radius. n is plotted as a function of (ptrm/
pcrit) � 1 divided by the dimensionless membrane thickness
(
m) (Figure 6b). With this figure it is clearer that to activate all
the pores, the transmembrane pressure should be many times
the critical pressure, depending on the membrane thickness,
even for uniform pores! Because the transmembrane pressure
at which a pore becomes active is no longer only a function of
the pore radius, using the liquid displacement method will
introduce errors in the estimation of the pore size distribution.
To estimate these errors, we calculated the flux–pressure
curves using the following equation to determine the pressure
gradient at the bottom of the cylinder

�p

�Y
�

p�pin

� �
0

�cyl �p

�Y
�

Y�
m

d� �Pa� (10)

From this pressure gradient the flux of the nonwetting liquid
phase was calculated according to Darcy’s law

�s � Amkz

�p

�Y
�

p�pin

1

rp
� Amkz

�p

�Y
�

pcrit�1

pcrit

rp
�m3/s� (11)

in which Am is the membrane area considered, and kz can be
written as K/�; K is the permeability (in m2) and can be
determined by measuring the membrane flux and using the
Hagen–Poiseuille equation or the Kozeny–Carman equation
(Mulder, 1991). The permeability, and thus the flux, will be a
function of the membrane porosity. Figure 7a–b shows the
flux–pressure curves of two membranes with the same uniform
pore size, but different thicknesses, and the apparent pore size
distributions estimated with the liquid displacement method

Figure 5. Pressure profile in a cylinder (pin � 1, p0 � 0,
�cyl � 8, �m � 20).

Figure 6. Results obtained with the isotropic membrane
model with several membrane thicknesses.
(a) Ratio of transmembrane pressure and the pressure under
the pores at the edge of the cylinder as a function of the
dimensionless cylinder radius; (b) fraction of active pores as
a function of the dimensionless pressure divided by 
m.
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(described in the section theory) from those flux–pressure
curves. It is clear that the obtained pore size distributions are
not correct: the estimated pore sizes are much too small. The
thicker the membrane compared to the pore radius, the worse
the estimation of the pore size distribution.

Isotropic membrane model and two-layer model
compared

Both the fraction of active membrane surface pores and the
pressure gradient at the bottom of the cylinder are roughly
linearly dependent on the dimensionless transmembrane pres-
sure (Figures 6b and 8). This is especially true for the flux,
which is approximately linearly dependent on the pressure
gradient when 
m � 10. These linear dependencies substan-
tially resemble the two-layer model, developed to describe pore
activation in membrane emulsification (Gijsbertsen-Abrahamse
et al., 2003). In the two-layer model, the membrane is assumed
to be composed of two distinct structural layers: an uncon-
nected pore layer having parallel pores and a sublayer, with
each layer having a given resistance to fluid flow (Figure 2b).
In the next section it will be shown that the two-layer model
can easily be extended to describe the effect of different pore
sizes on the estimation of the pore size distribution. Therefore,
in this section we compare the two models and give equations
to convert the isotropic membrane model in the two-layer
model.

In the two-layer model for uniform pores, the number of
active pores (N) is given by

N �
Rp

Rs
�ptrm

pcrit
� 1� (12)

in which Rp is the resistance of a single pore in the unconnected
pore layer and Rs is the resistance of the sublayer, which is in
series with the unconnected pores. The fraction of active pores
(n) is calculated by dividing both N and the single pore resis-
tance (Rp) by the total number of pores in the surface (Ntot)

n �
N

Ntot
�

Rp/Ntot

Rs
�ptrm

pcrit
� 1��

Rup

Rs
�ptrm

pcrit
� 1� �N � Ntot�

(13)

in which Rup is the total resistance of the pores in the uncon-
nected pore layer. The ratio of resistances Rup/Rs for a mem-
brane with interconnected pores can now be calculated from
the slopes (a) of the graphs in Figure 6b, in which n is shown
as a function of [(ptrm/pcrit) � 1]/
m and thus

Rup

Rs
�

a


m
�

arp

dm
(14)

The value of a ranges from around 2 for a very thin membrane
to 1 for a thick membrane. This means that Rup/Rs is always
smaller than 1 for a membrane with interconnected pores. From
this result it will be concluded in the next section that the
estimation of the pore size distribution with the liquid displace-
ment method is always incorrect with such a type of mem-
brane, as is already partly shown in Figure 7.

To make an estimation of Rs of a membrane with intercon-
nected pores, the equation for the flux in the two-layer model

�s �
ptrm

�Rs
�

pcrit

�Rs
�

pcrit

�Rs
�ptrm

pcrit
� 1� �m3/s� (15)

should be substituted in the flux equation of the isotropic
membrane model (Eq. 11), giving

�p

�Y
�

pcrit�1

�
rp

RsAmK �ptrm

pcrit
� 1� (16)

Now the resistance of the sublayer Rs can be calculated from
the slopes (b) of the graphs in Figure 8

Rs �
rp

AmK


m

b
�

dm

AmKb
�m�3� (17)

The value of b is close to 1 and is not dependent on the
membrane thickness as long as the membrane thickness is more
than 10 times the pore radius (
m � 10). This implies that in a
microfiltration membrane, with a maximum average radius of

Figure 8. Dimensionless pressure gradient at the bot-
tom of the cylinder, as a function of the dimen-
sionless pressure divided by �m, until the point
where n � 1.

Figure 7. (a) Flux–pressure curves calculated with the
isotropic membrane model [rp � 1 �m (K �
1.8 � 10�14 m2), dm � 1, 10, and 80 �m]; (b)
original pore-size distribution and pore-size
distributions estimated from the flux–pressure
curves in (a) with the liquid displacement
method.
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2.5 �m and a thickness (of the skin layer) of 25 �m, the
two-layer model can be used instead of the isotropic membrane
model. Usually the membrane or membrane skin layer will be
thicker or the pore radius will be smaller; thus in most cases
pore activation and the flux–pressure curve can be determined
by the two-layer model.

Two-layer model with pore-size distribution

Because the isotropic membrane model is not convenient for
determining the effect of interconnected pores on the estima-
tion of the pore size distribution if the pores are not uniform,
the two-layer model is extended to describe flow through an
unconnected pore layer with pores that are not uniform, and a
sublayer. In the preceding section it was shown that in many
practical cases the isotropic membrane model can be approxi-
mated by the two-layer model.

The Model. The transmembrane pressure necessary to dis-
place the liquid from the ith pore can be calculated by assuming
that there is no accumulation of fluid in the membrane. Thus,
the total flow through the unconnected pore layer (Eq. 18) must
equal the flow through the sublayer, described by Eq. 15

�up � �
i�1

N

�p �
pcrit,i

�Rup,i
�m3/s� (18)

in which �p is the flux through a pore, �up is the total flux
through the unconnected pore layer, and Rup,i is the resistance
of the unconnected pore layer, which depends on the number
and sizes of the pores from which the liquid is displaced,
according to Eq. 19

Rup,i �
1

¥1
i

1

Rp,i

�
8l

� ¥1
i ri

4 �m�3� (19)

where l is the unconnected pore length; a best guess for the
value of l is probably the diameter of the nodular structure of
the membrane. Combining Eqs. 18 and 15 gives

ptrm,i � pcrit,i�Rs 	 Rup,i

Rup,i
� �Pa� (20)

Hence, the transmembrane pressure at which the liquid from
the ith pore is displaced is a function of the ratio of the
resistance of the two layers (Rs � Rup) and the resistance in the
unconnected pore layer. With this equation it can be explained
that even uniform pores do not become active at the same
transmembrane pressure. If liquid is displaced from an increas-
ing number of pores, Rup decreases and thus the transmembrane
pressure needs to be increased to activate additional pores.

Results. In Figure 9a two calculated flux–pressure curves
are given: one of a membrane in which the pores (with a
log-normal size distribution) are straight through the membrane
(or through the skin layer, in the case of an asymmetric mem-
brane) and a membrane with the same log-normal pore size
distribution, but with a sublayer resistance in series (calculated
with Eqs. 18 and 20). In Figure 9b the pore-size distributions

calculated with the commonly used liquid displacement
method (described in the theory) are shown. The results clearly
show that if a sublayer is present, the determination of the pore
size distribution from the flux–pressure curve results in a
smaller average pore radius, a larger standard deviation, and a
larger number of membrane pores. In the same way we ex-
plored different average pore sizes and values of the standard
deviation of the pore-size distribution at different values of the
sublayer resistance (Rs). The resulting errors in average pore
radius, standard deviation, and number of pores using the liquid
displacement method are plotted (Figure 10a–10c) as the ratio
of the calculated value over the input value. The input is shown
on the x-axis: the total unconnected pore layer resistance (Rup)
over the sublayer resistance (Rs).

As long as the sublayer resistance is less than 10% of the
resistance of the unconnected pore layer, the membrane can be
considered as consisting of just the unconnected pore layer;
then the liquid displacement method can be used to determine
the pore size distribution without making any errors. However,
a larger Rs (with respect to Rup) results in an increasing under-
estimation of the pore radii. As a result, the number of pores is
overestimated. From Figure 10b, it follows that the pore size
distribution estimated with the liquid displacement method is
much wider than it is in reality. This is attributed to the fact that
pores with the same radius do not become active at the same
transmembrane pressure, which was explained with Eq. 20. In
the preceding section it was shown that Rup/Rs is always
smaller than 1 in a membrane with interconnected pores, which
means that the pores cannot be assumed to be straight through
the whole membrane layer. Therefore, the liquid displacement
method needs to be modified to take the membrane morphol-
ogy into account, which is discussed below. However, if the
membrane is not at all isotropic, kr �� kz, or even kr � 0 (which
is the case for Nuclepore® track-etched membranes), the liquid
displacement method in its original form is correct. Yet, in the
two-layer model it is assumed that the liquid is displaced in the
pores from the bottom up. However, channeling through the
porous matrix may also occur. Then the resistance in the
sublayer will be much higher and it cannot be assumed that the
pores in the surface layer experience the same critical pressure.
Thus in the case of channeling, the model is not valid.

Figure 9. (a) Flux of the displacing liquid as a function of
transmembrane pressure for Rs � 0 (—) and Rs

� 2 � 1013 m�3 (- - -); (b) pore size distributions
calculated with the liquid displacement
method from the flux–pressure curves in (a)
(class width 1 � 10�7 m).
Values of the original pore size distribution and of the dis-
placing liquid: r� � 2 	 10�6 m, � � 0.25, n � 1 	 104, l �
5 	 10�6 m, Rup � 4.77 	 1013 m�3, � � 0.35 	 10�3 N/m,
� � 30 	 10�3 Pa�s.
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Discussion: Modification of the Liquid
Displacement Method

In this section two options are presented to adjust the liquid
displacement method, thus including the effects of intercon-
nectivity. In the theory the basis of the liquid displacement
method was presented (Eqs. 2 and 3). From the measured flux
and pressure vectors, only two of three variables (r, l, and n)
can be determined. Therefore, usually l is assumed to have a
constant value for all the pores. If a sublayer resistance should
be taken into account, there is an extra variable, Rs. To deter-
mine the pore size distribution satisfactorily (with the equations
given in the preceding section), Rs has to be estimated, either
by determination of the number of (active) pores or by repeat-
ing the experiment with a partially covered membrane surface.
These methods are discussed in more detail in this section.

Determination of the number of (active) pores to
estimate Rs

Determination of the number of active pores by visualization
would yield the required extra information, although this is not
very easy to do. It might be possible to include a microscope in
the setup, but observing the displacement of liquid from the
smallest pores will be difficult because of the flow of liquid
through the other pores. In ultrafiltration membranes it will not
be possible to visualize the pores because of their small sizes.
Nevertheless with microfiltration membranes, observing only
the number of pores from which liquid is displaced in a part of
the low pressure range already provides enough information: if
it is known exactly to what degree pores cause the measured
flux at a certain pressure, the sublayer resistance can be calcu-
lated with Eqs. 15 and 18–20. This Rs value can be used to
determine the remainder of the pore size distribution. Perhaps
one can think of another method to determine the number of

active pores as a function of pressure or to determine the total
number of pores in the membrane surface. One of these meth-
ods would be to increase the transmembrane pressure very
slowly and with very small incremental steps to make just one
pore active at a time. The flux needs to be measured very
accurately because then not only the pressure and flux, but also
the number of active pores is known and, again, Rs can be
determined.

Repeated flux measurements with partially covered
membrane surface to estimate Rs

If the flux, as a function of the transmembrane pressure, is
measured several times with different levels of coverage of the
membrane surface, different flux–pressure curves are obtained.
The covering material could be, for example, a grid with
known dimensions. With a metal grid it is also ensured that
flexible membranes are sufficiently supported. It is assumed
that covering the surface changes only the resistance of the
unconnected pore layer (Rup) and not Rs. This assumption is
probably valid only if the pieces that cover the membrane are
not much larger than the average pore radius because, other-
wise, a lot of fluid has to flow in the transverse direction
through the membrane, resulting in pressure loss. Furthermore,
it is expected that the shape of the pore size distribution is not
changed by partly covering the membrane, whereas the number
of pores will be a fraction of the total number of pores in the
unconnected pore layer ( funcov � uncovered area/total mem-
brane area). If there is no sublayer resistance, the flux–pressure
curve obtained by partly covering the membrane surface di-
vided by the uncovered fraction coincides with the flux–pres-
sure curve obtained without covering the membrane surface.
The flux–pressure curves with different uncovered membrane
surface fractions, calculated for the “membrane” in Figure 9,
are shown in Figure 11a. Starting at Rs � 0 m�3, the pore size
distribution can be estimated from this curve by iteratively
changing Rs until the ratio of the number of pores of the
distributions is equal to the uncovered fraction (Figure 11b).
Note that at this Rs (�2 	 1013 m�3), the pore size distribution
curves divided by the uncovered fraction coincide. In reality
statistics are essential for determining the best Rs value.

Figure 10. Ratios of the calculated value over the origi-
nal value as a function of the ratio of the
unconnected pore layer resistance (Rup) and
the sublayer resistance (Rs).
(a) Ratio of the average pore radius; (b) ratio of the standard
deviation of the pore size distribution; (c) ratio of the total
number of pores. Note that the ratios should be 1 for correct
estimation of the pore size distribution (dotted line).

Figure 11. (a) Flux–pressure curves calculated with the
two-layer model for a partially covered mem-
brane surface, with Rs � 2 � 1013 m�3 and
further the same data as in Figure 8; (b) pore
size distributions estimated with the modified
liquid displacement method with Rs � 0 m�3

(—) and Rs � 2 � 1013 m�3 (- - -), divided by
the uncovered fraction.
Numbers denote funcov.
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Conclusions

Determining the pore size distribution with membrane char-
acterization methods using liquid displacement is incorrect if
the pores are connected to each other or if there is a resistance
against flow in the membrane sublayer or in the measurement
apparatus. As a result of the additional resistance, the estimated
pore size distribution shifts toward smaller pores and a larger
number of pores. To overcome this, two methods are suggested
to modify the liquid displacement method: either the sublayer
resistance is estimated by determining the number of active
pores or by repeated measurement of the flux–pressure curves
with different levels of coverage of the membrane surface.

Notation

a � slope
Am � membrane area, m2

b � slope
dm � membrane thickness, m

funcov � uncovered fraction of the membrane surface
K � membrane permeability, m2

k � membrane permeability, kg m s�1

l � unconnected pore length, m
N � number of pores

Ntot � total number of pores
n � fraction of active pores

p0 � pressure in the displaced liquid, Pa
pin � disperse phase pressure at the inlet of the system, Pa

pcrit � critical pressure, Pa
pcylinder edge � pressure at the edge of the cylinder, Pa

ptrm � transmembrane pressure, Pa
rcylinder � cylinder radius, m

rp � pore radius, m
Rp � pore flow resistance, m�3

Rup � total resistance of the unconnected pore layer against flow,
m�3

Rs � sublayer resistance against flow, m�3

Y � dimensionless axial coordinate

Greek letters


m � dimensionless membrane thickness
�p � flux of displacing liquid through a pore, m3/s

�up � flux of displacing liquid through the unconnected pore
layer, m3/s

�s � total flux of the displacing liquid through the membrane,
m3/s

� � surface or interfacial tension, N/m
� � viscosity, Pa�s
� � wall contact angle
� � dimensionless radial coordinate

�cyl � dimensionless cylinder radius
� � standard deviation of the pore size distribution
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