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Abstract
Permporometry IS a method by which the characterlstlcs of the mterconnectmg
‘active’ pores of an
ultrafiltration membrane can be measured It 1s these ‘active’ pores that are responsible for the actual
membrane performance Apphcatlon of permporometry on different membrane types, including ceramic
as well as polymeric membranes, shows that the method can provide obJectwe mformatlon on the ‘active’
pore sizes present
Keywords

permporometry,

ultrafiltration,

active pore size, pore size dlstrlbutlon

Introduction

For the measurement of pore sizes present m
mesoporous media a variety of techniques are
available. The majority of these origmate from
ceramic materials science, where It 1s of partlcular interest to know the pore size distribution
and the pore volume, lrrespectlve whether It
concerns dead-end or interconnecting
pores.
The characterization
of UF membranes, however, 1s aimed at the determination
of characteristic membrane properties in order to predict the transport
properties
and membrane
performance
as much as possible. To this end,
It 1s crucial to measure the sizes of those pores
which really contribute to the permeablhty
In
the case of UF membranes these so-called ‘acCorrespondence to Dr Ir F P Cuperus, AT0 Agrotechnologle, Agmultural Research Institute, P 0 Box 17, NL6700 AA Wagenmgen (Netherlands)
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tlve pores’ are present m the ‘active’ skm layer
of the membrane.
Most of the routine characterization
methods cannot discrlmmate
between the ‘active’
pores m the skin and ‘inactive’ pores present m
the skin or m the supportmg layer. Exceptions
are the gas permeability method [ 1,2] and the
hquld-liquid
displacement
technique
[ 3,4].
These methods have other disadvantages
and
are not always capable of generating accurate,
independent,
characterlstlc
data The slgmficance of the gas permeability
method 1s hmIted, because only mean pore sizes are measured and, as Altena et al have shown [ 2 1, the
quantitative values of these pore sizes are highly
ambiguous
With the second method mentioned above (the liquid-liquid
lsplacement
technique),
the pore size dlstributlon
of a
membrane can be measured, but the results are
influenced by the experimental condltlons [ 31.
These amblgultles show the need for other
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characterization methods by which the sizes of
active pores can be determined.
Permporometry, introduced by Eyraud et al.
[ 5,6] and modified by Katz et al. [ 731, is a relatively new characterization method to evaluate the active pores of an UF membrane. It is
based on the controlled stepwise blocking of
pores by condensation of a vapour, present as
a component of a gas mixture, and the simultaneous measurement of the gas flux through
the membrane. In this paper we report on
permporometry measurements using an experimental apparatus and procedure which provides a very well-defined (and easy to model)
transport regime and a fast adjustment of equilibrium conditions.
Theoretical

lnp,=

Capzlhy corulematzon

The nature of physisorption processes of
condensable vapour is usually divided in different stages [91. In the beginning of the process,
at low relative pressures, only adsorption of vapour molecules to the pore wall is assumed to
occur This adsorption is restricted to the socalled ‘t-layer’ with a maximum thickness m the
order of a few molecules. At higher values of the
relative pressure the adsorption process is followed by capillary condensation, i.e. the condensation of a vapour, commencing in the
smallest pores. As the pressure is progressively
increased, wider pores are filled until at the saturation pressure the entire system is filled with
condensate. The relative pressure at which pore
filling starts depends on the radius of the capillary and can be calculated from the Kelvin relation (1) :
lnp.=($$!)cos*($+$)

simplifies eqn. (1) and permits the direct calculation of a pore radius correspondmg to a certain relative pressure [91.
During desorption a behavlour similar to adsorption is shown. Now a liquid contaming pore
will not empty before the vapour pressure falls
below the equilibrmm pressure given by eqn
(1). The desorption process is pictured schematically m Fig. 1. The adsorption and desorption processes are not necessarily defined by the
same curvature of the liquid-gas interface
which often leads to a hysteresis phenomenon.
For instance, durmg adsorption in a cylindrical
pore the memscus has a cyhndrical shape [m
eqn. (1): rkl = rk and rk2= 001 whereas during
desorption the liqurd-gas interface is hemispherical [in eqn. (1). rkl =rkk2=rk], and eqn
(1 ), with f&O, turns into:

(1)

In the apphcation of the Kelvm reaction it is
generally accepted to assume that 8=0. This

(-2yu/RTrk)

(IA)
The Kelvin radius rk found from eqn. (1A) is
the radius of curvature of the liqurd-gas interface, which is equal to the pore radius minus
the ‘t-layer’ thickness of the adsorbed film on
the pore wall (Fig. 1). The relationship between the true pore radius rP and the Kelvin
radius rk thus is:
rk=ri,+ t

(2)

in whmh t is the thickness of the adsorbed tlayer.
The thickness of the t-layer depends on the
relative pressure. In classical adsorption studies this thickness is calculated from separate
adsorption experiments which are performed
using homogeneous non-porous reference surfaces, preferably made of the same material as
the porous medium This approach is very laborious and therefore an approximation, explained furtheron on this paper, was used to
calculate the t-layer thickness directly from
permporometry data
Capillary condensation provides the possibility to block pores of a certam size with liquid,
just by setting the relative pressure. In perm-
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Fig. 1. Steps in the deaorption process: (i) liquid filled pore, at saturation pressure, (ii) just before desorption starts, pore
is still filled, (iii) just after evaporation is complete, t-layer remains, (iv) after complete desorption.

porometry this principle is combined with the
measurement of the free diffusive transport
through the open pores. Starting from a relative pressure equal to 1, all pores of the UF
membrane are filled so that unhindered gas
transport is not possible. When the pressure is
reduced, pores with a size corresponding to the
vapour pressure applied, are emptied and become available for gas transport. By measuring
the gas transport through the membrane upon
decreasing the relative pressure, the distribution of the sixes of the active pores can be found.
Of course, similar measurements can be done
during the adsorption process, but the equilibrium of the adsorption process is more difficult
to reach and therefore quantitative analysis of
the desorption process is preferred.

overall pressure of about 100 kPa, the main
transport mechanism is assumed to be Knudsen ~f~ion,
which for a capillary st~cture is
described by eqn. (3 ) :
Jk= (nn?&dp)/(RZ’zl)

in which the Knudsen diffusion coefficient Dk
is:
Dk=0.66r[ (~RT)/(TcM)]~”

(4)

Experimental
The experimental set-up (Fig. 2) is derived
from those of Eyraud et al. [5,6] and Katz et

Counterdiffusion
In this approach, the principle of counterdiffusion of two different gases, oxygen and nitrogen, in the absence of an overall ‘mechanical’
pressure gradient is used to monitor the transport through the membrane. Since in our case
small pores ( c 25 nm) are measured, whereas
the driving force for the transport is a concentration gradient of the two gases, a well-defined
diffusion regime can be assumed [lo]. At an

(3)

Fig. 2. Pe~poromet~:

experimental set-up.
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al [ 7,8] and adapted to the conditions needed
for counterdiffusion measurements. Along both
sides of the membrane, a mixture of a condensable gas and a non-condensable gas is flushed
The condensable gas can be any vapour, provided it has a reasonable vapour pressure and
is inert with respect to the membranes to be
characterized. The relative pressure of the vapour is maintained the same throughout the
diffusion cell. The primary advantage of the
apparatus presented here is the fact that the
equilibrium between gas mixture and capillary
condensate is reached faster than with the apparatus described by Eyraud et al. [ 51 and Katz
and Baruch [ 81
The measurements start at a relative pressure equal to one, which means a minimum m
diffusive transport. While the membrane is
equilibrated at progressively lower relative vapour pressures, the diffusive transport of oxygen through the membrane is measured with an
oxygen selective electrode. After reaching a relative pressure of 0, the process is reversed and
the adsorption branch is measured. Equilibration times varied from 15 to 30 min, dependmg
on the amount of condensate that had to be adsorbed or removed. Usmg eqns. (l)-(4),
the
pore size distributions were calculated from the
desorptlon branch.
Several membranes were characterized by the
method described above. Ceramic membranes
were supplied by the group of Burggraaf [ 111,
Nuclepore 0 015 pm membranes (lot no.
86A9B14) were purchased from the Nuclepore
Corporation and DDS GRGlPP, manufactured
by DDS Danmark, were supphed by the Dutch
Institute for Dairy Research (NIZO)
A more detailed study was made of amsotropic polymeric membranes, synthesized
from poly (2,6-dimethyl-1,4-phenylene oxide)
(PPO) andpolysulfone (PSf) The PPO membranes were prepared from a 10 wt.% polymer
solution m a mixture of trichloroethylene and
octanol-1 m a weight ratio 78/22. The PSf
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membranes were made from a 15 wt.% PSf solution in DMF In both cases the solutions were
cast at room temperature to a thickness of 0.20
mm on a glass plate. The PPO films were coagulated m a methanol bath and the PSf films
in a water bath. All solvents used were of analytical grade.
In prmclple, the condensable gas should not
alter the porous matrix and the vapours must
be as inert as possible. To investigate the effect
of different condensable gases, four different
adsorbates, i e. ethanol, methanol, tetrachloromethylene and cyclohexane (p.a quality,
Merck) were used.
Results and discussion
Ceramtc y-alummu membranes
In Fig. 3 the oxygen flux through an alumina
membrane during the adsorption and desorption of cyclohexane vapour is shown. This typical flux-relative pressure plot can be divided
mto three mam areas. In the interval
13~~ > 0.55all the pores are blocked with condensate and free gas diffusion is impeded At
relative pressures between 0.55 and 0.3, the flux
increases with decreasing relative pressure be20
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Fig 3 Permporometry adsorption and desorptlon curve
for a y-alumina membrane wltb cyclohexane used as
adsorbate
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cause of an mcreasmg number of open pores.
In this Interval the capillary condensation process takes place. The flux-pore size plot, given
m Fig. 4. was c&u&ed
t&n tke desarptian
data and assuming a capillary model (eqn. 1A)
Frcm the measureddiffusrve ffux values and the
calculated Kelvin pore sizes, a number of pores
was calculated using eqn (3 ) .
In order to find the real pore size the Kelvin
radn should be corrected for the adsorbed tlayer. Figure 3 shows that upon lowering the
relative pressure beneath 0.3, the flux through
the membrane increases slightly It can be argueb that in tnr5 reson a%pores v&r r&n r,
are already empty and available for transport,
but stiN the size 01 the pores increases a Ztt>e
as the result of the desorptlon of the t-layer.
When a uniform t-layer (with a thickness t) in
all pores is assumed atp,= 0 3, the effective pore
size will increase from rk to rP= rk+ t (eqn 2 )
upon decreasing the relative pressure from 0.3
to 0 So, by using the calculated pore size distribution (Kelvin radii) and the experimenta
values of the oxygen flux at relative pressures
0 3 and 0, an estimation of the t-layer thickness
can be made From the data found for cyclohexane on alumina a mean t-layer thickness OF
0 5 nm (at pr = 0.3) was calculated.
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Fig P Gxyygen%uxas a’kmck~oncf&ne’Snm rahms measured with different adsorbates found for y-alumma
membranes
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In prmciple also the adsorption curve can be
used for the pore size evaluation. Kowever, the
combination of the adsorption data with a capillary model gave suh&ant~aUyCowerpore sizes
than the desorption data. This may indicate
that the pace ahage af the alumma membrane
is not cyhndrical. Leenaars [12] concluded
from classical adsorption-desorption studies
that the alumina membranes contain slitshaped pores. If the ratio of the length to the
width of these slits is not too high, this shtshaped pore model indeed is a better
approximation.
T 0 mves%>gabeZhe InEmence 03 UYierenr absorbates on the quantitative analysis, measurements usinget&mo1, fnet&mo1 and carbon betrachloride as the condensable gas were carried
out. Carbon tetrachloride and cyclohexane are
considered as so-called Van der Waals gases
which implies that then gas molecules are assumed to act as non-interacting hard spheres
(similar to an ideal gas) with a finite volume
Their physical behaviour is described by the
Van der Waals equation. Methanol and ethanol
are considered to be less ideal which may influence the permporometry measurements [ 131
In Ffg 4 the resulting &rk plots for the drfferent vapours used, are shown The nominal
Kelvin radu found with ethanol, tetrachloride
and cyclohexane, differ only slightly When
methanol is used, lower values of the Kelvin radu are found. This shift can be attributed to the
difference m t-layer thickness. For ethanol, cyclohexane and carbon tetrachloride the calculated t-layer thicknesses (Table 1) are about
the same ( N 0.4 nm). This value corresponds
to about one molecular layer, which is in good
agreement with literature data on physical adsorption of organic molecules [ 9,141 In case of
methanol the t-layer is sigmficantly thicker: 0 7
nm, which is an unexpectedly high value especially when compared with ethanol. In physical
adsorption oniy van d’er Whais forces account
for the Interaction, which means that when the
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TABLE 1
Pore sizes (r,) and t-layer thicknesses (t) found for y-alumina membranes and usmg different adsorbates

-

Adsorbate

rp (nmY

t (nm)

Cyclohexane
Ethanol
Methanol
Carbon tetrachlorlde

23
22
23
22

05
04
07
04

“Nommal pore size

%
c

Pld414
1.10 -

0

0

1

2

3

4

5

3

4

5

rph-N

size of the molecules of the different adsorbates
is comparable, the thickness of t-layers of these
adsorbates is expected to be same. It follows
therefore that the mteractlon between the alumina pore wall and the methanol molecules is
substantially stronger than it is for the other
condensable gases. This interaction has also
been shown in other studies in which y-alumma
is used as catalyst in the oxidation of methanol

[151.

The pore size distributions of the alumma
membranes, corrected for the t-layer thickness
agree very well with each other (Fig. 5). This
indicates that, at least for such porous system,
the pore size analysis is not dependent on the
nature of the vapour used. It is clear that the yalumma membranes used, exhibit a very welldefined structure which is m agreement with
results found with other characterization techmques. For instance, a very sharp pore size distribution (r - 2 nm) was also found with the
gas adsorption-desorption techmque and thermoporometry (Fig. 6) [ 12,131. Also, the thlckness of the active layer is known accurately (5
pm) [11,12], which all together, should make
the membrane a well-suited system to be used
m a model study.
Using the experimentally determined Kelvin
ra&i and the number of pores, a surface porosity and a volume porosity can be calculated.
When the capillary model is applied with a tortuosity factor, z= 1, the data result m a surface
and volume porosity of 0.9-1.2% (Fig. 5) The
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r&nm)
Fig 5 Pore size dlstnbutlons of active pores of alumma
membranes measured with different adsorbenta m permporometry (T= 1) When corrections for tortuoslty and resistance of the supportmg layer are made, the number of
pores ( n ) IS Increasing by a factor of about 40 (see text )

other techniques already mentioned indicate a
much higher value for the volume porosity
( -45%)
[ 11,121. One of the reasons for this
large deviation is the extremely high tortuosity
factor of the alumma membranes For many
porous media the tortuosity factor has a value
of 2-3, but for the alumina system a value of 13
was found [ 121. Another point is that, due to
the very thick sublayer of the alumma membranes, the effective driving force across the top
layer is only 30% of the total [ 111. This means
that, when the corrections for the tortuosity (so
r=13 instead of 1) and the resistance of the
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Fig 6 Pore size dlstrlbutlons for y-alumina membranes usmg thermoporometry

sublayer are used, the volume porosity is calculated to be 35-50%.
Nuclepore membranes
Nuclepore membranes are claimed to have a
very well-defined capillary structure with a
uniform pore size and thus a tortuosity equal to
one (7 = 1) can be assumed. Consequently these
membranes should be very suitable for model
studies. In this work membranes with a claimed
pore radius of 7 5 nm were used.
The resulting pore size values found by
permporometry (Fig 7) are indeed in reasonable agreement with the expected values. The
experimental flux, however, appears to be 7
times higher than the value calculated from the
data given by Nuclepore (number of pores:
6 x 1012/m2, tortuoslty: 1, pore radius 7.5 nm)
Using electron microscopy (EM), the number of pores of similar membranes have been
investigated by a number of researchers
[ 16,171. Then results appeared to correlate very
well with the Nuclepore values (also determined by EM) The only possibility to explain
the apparent discrepancy 1sthe tortuoslty factor, which is suggested to be too high. A tortuoslty factor lower than 1 can be related to a
widening of the pores inside the membrane,

5
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15

:

rk(m)

Fig 7 Oxygen flux as a function of the Kelvin radius measured with different adsorbates found for a Nuclepore 0 015
pm membrane (calculated flux value using data even by
Nuclepore r=7 5 nm, n=6 X 10’2/m2, tortuoslty= 1)

which accounts for a lower resistance for transport. From the experimental fluxes, the effective pore size (for water and gas transport’) 1s
estimated to be twice the size of the pore openmg. Altogether this means that pores of a Nuclepore membrane have a narrow pore mouth
with a size claimed by the manufacturer and a
larger effective pore size inside the membrane
which accounts for the mam transport
resistance
Since the pores of the Nuclepore membrane
are relatively large, the thickness of the t-layer
is of minor importance (Fig. 7) A remarkable
effect, however, 1sthat the t-layer thickness appears to be unchanged at very low relative pressures, which might be due to specific mteractlon (instead of only Van der Waals
interactions). Going from a relative pressure of
N 0.7 to 0 2, the flux through the membrane 1s
constant but when the relative pressure 1s decreased to 0, a 10% increase m flux 1s found.
This increase corresponds with a t-layer thlckness of about 0 5 nm which 1sthe thickness of
about one monolayer of ethanol molecules [ 141.
PPO membranes
Pore size dlstrlbutlons of PPO membranes
were determined using methanol and ethanol
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as the condensable component In Fig. 8 results
for different samples of PPO membranes are
given. It appears that the largest mterconnectmg pores present in PPO membranes have a
size of about 15 nm, although a large number of
small pores are present too. Despite their low
number, the larger pores mainly determine the
performance of the membrane. Consequently
the thickness of the adsorbed t-layer is not of
sigmficance; it is sufficient to know that it is
very small. Using the same approach as before,
the thickness for methanol was found to be 0.25
nm. For ethanol the thickness was estimated to
beO5nm.
In order to calculate the number of pores
present m the membrane skin, all characteristic parameters m eqn (3) are needed. With the
gold sol method [ 181 the skin thickness has
been determined to be 0.2 pm and (assuming
the tortuosity factor equals one) the number of
pores can be estimated. From the number of
pores and their sizes the surface porosity is calculated to be 0.5%, a very low value, as is also
found for other UF membranes [ 19,201
From thermoporometry and the gas adsorption-desorptlon technique it was found that
PPO membranes possess a very sharp pore size
distribution, with a characteristic mean pore
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10

10

size of 2 nm. This result is m strong contrast
with the permporometry data mentioned above.
Furthermore, the value of the total pore volume
calculated from permporometry is 2000 times
smaller than the value found by thermoporometry (about 1.5~ 10F4 cm3/cm2 [21] ) This
can be explained by the fact that m the case of
gas adsorption-desorption and thermoporometry the membrane is characterized as a whole
(top- and sublayer) and small pores, which may
be present m the sublayer, are measured too In
the case of PPO membranes, the ratio between
the porosity related to active pores (determined by permporometry) and the overall porosity (determined by thermoporometry
) mdicates that 99 95% of the pores are present in
the sublayer and consequently do not influence
membrane performance. On the other hand,
from permporometry it is suggested, that the
pore volume of the larger active pores present
m the skin, is so small that their presence cannot be detected by, e g. thermoporometry
PSf membranes
Pore size distributions of two PSf membranes are given m Fig 9 Methanol and
ethanol, used as the condensable gases, showed
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Fig 8 Pore size dlstrlbutlon usmg permporometry found
for two samples of the same PPO membrane (lab-made),
methanol was used as the adsorbate
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Fig 9 Pore sxze Qstrlbutlon usmg permporometry found
for two lab-made PSI membranes (cast from the same
polymer solution), ethanol was used as the adsorbate
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a similar t-layer thickness as in the case of PPO.
Also for PSf membranes a broad pore size distribution is calculated (skin thickness 0.2 pm,
determined with the gold sol method [IS],
z = 1) , with the largest pore size being approx.
10 nm. Compared to PPO membranes, the
number of the smaller pores ( <5 nm) is substantially lower. In Fig. 9 is shown, that despite
the fact that the two membranes presented here
were cast from the same polymer solution, their
pore size distributions differ somewhat. One of
the membranes appears to have a certain dip in
the distribution at a pore size of about 3 nm,
This altogether indicates that, even for membranes made at nearly the same time and from
the same polymer solution, differences in pore
structure can be present. This sort of anomalies have also been shown by Nilsson [ 221.
The low surface porosity (calculated value
~0.3%) is probably the main reason that the
pore size ~stribution of PSI membranes could
not be determined by one of the methods already mentioned. This independence of pore
volume, and its high resolution for open interconnected pores is another advantage of permporometry, in particular when UF membranes,
which are known to have a low skin porosity,
are evaluated.

DDS GR6lPP
GR6lPP membranes, manufactured by DDS,
have a claimed cut-off of 20 kDa. The pore size
distribution as determined with permporometry is remarkably sharp (Fig. 10). Most of the
pores have sizes between 1.5 and 5 nm, although a few pores with a size larger than 10
nm were found. Estimating the thickness of the
top layer of the membranes, hence the length
of the pores (with T= l), to be 0.2 cL_m,
and using the number of pores calculated (Fig. lo),
the surface porosity was calculated to be about
1%.
The pore sizes (Fig. 10) found in this work
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Fig. 10. Pore size distribution using permporometry found
for two samples of the same DDS GR61PP membrane,
ethanol was used as the adsorbate.

are somewhat lower than the values found by
Hanemaaijer et al. [ 231 and Nilsson [ 221. Hanemaaijer et al. used rejection measurements of
low molecular weight sugar molecules [ 23 1,
whereas Nilsson [ 221 determined the pore size
distribution of the same type of membranes
with the liquid-liquid ~splacement technique.
Although their results are not comparable, both
found that a considerable number of large pores were present. The ‘characteristic pore size’
of Hanemaaijer was about 10 nm (radius), the
pore sizes of Nilsson ranged from 25 nm to 100
nm. Nilsson also found that the porosity (number of pores) of membranes is inhomogeneous:
the pore number on one part of the membrane
differs significantly from another part. The latter is confirmed by permporometry measurements (Fig. lo), but pore sizes larger than 10
nm were not detected. The large differences in
pore size might be due to the use of the different
characterization techniques. The liquid-liquid
displacement technique, used by Nilsson can
cause swelling of the polymer, an effect that may
induce larger pore sizes [ 31. Such swelling effects might also play a role in permporometry
measurements, but this was not found in the
analysis of previous experiments using PPO and
PSf membranes [ 19,211.
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Some comments on the pore size
distribution determination by
permporometry

The distributions determined for the different polymeric membranes are characterized by
an asymmetric shape. For all the membranes,
it appears that a relatively large number of small
pores (r<2 nm) are present. The question
arlses whether this porosity really corresponds
to such small pores or is an artefact induced by
the characterization technique itself.
One should realize that m the concept used
here, the discrimination between t-layer desorption (or adsorption) and the capdlary condensation is only an estimate. In case of the ceramic
membranes
the adsorption
and
desorption branch can be separated easily, as
shown m Fig. 3. The lowest relative pressure
where the adsorption and desorption process
meet, 1s directly related to the point were capillary condensation and adsorption processes
merge. For these membranes this transition is
sharp because the pore size is well-defined. The
question, however, is what happens when a
wider pore size distribution and a relatively
large number of small pores are present. In such
a case the t-layer analysis proposed in this work
neglects the presence of these small pores in
favour of a larger t-layer thickness.
The range over which the Kelvm relation is
valid is not strictly defined, but it 1s generally
agreed that for pores with radii smaller than 1.5
nm, the equation is not valid. This can be ratlonahzed because in these very small pores
(about the size of a few molecules), the concept
of a meniscus becomes meaningless [9 1. In very
small pores (micropores), the interaction between molecules and pore wall will be much
higher than in mesopores. In such small pores
adsorption already occurs at very low pressures
and molecules present inside the pores can only
be removed by using very low relative pressures
(p,=O or m vacuum) This 1s not only true for
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the adsorbates used m this study, but also when
such membranes are used in actual applications. This means that the transport of molecules m such pores is hindered very much. Together with the fact that in UF membranes the
larger pores wdl mainly determine transport
properties and hence the performance of the
membrane, It can be concluded that even when
small pores are present permporometry indeed
gives relevant data on the structure of the
membrane [ 211.
Conclusions

Permporometry is a method by which the active pore size distribution can be calculated accurately. Characteristic data found by permporometry, sometimes deviate substantially
from the characteristics determined by other
methods. These discrepancies can be fully
understood from the pore structure itself.
The pore size distribution of ceramic y-alumma membranes is very narrow, whereas the
&stributlons of polymeric UF membranes are
substantially broader. From the latter it can be
concluded that the actual performance of polymeric membranes 1s governed by the larger
pore sizes.
List of symbols

relative pressure ( - )
contact angle ( ’ )
interfacial tension ( N/m2)
(Kelvin) radms describing the curvature
of the liquid-gas interface (m)
molar volume ( m3/mol)
diffusive flux (mol/sec-Pa-m2)
number of capillaries per unit membrane
area ( l/m2 )
pore radius (m)
partial pressure hfference (Pa)
thickness of the porous medium (m)
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M
z

molar mass of the gas (g/mol)
tortuosity ( - )

11

12
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