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Water vapor permeation under supercritical carbon dioxide (scCO2) conditions through dense polydimethylsiloxane (PDMS) was investigated up to pressure of 185 bars to evaluate the regenerability of scCO2 as
desiccant to dehydrate fresh products that are prone to product deterioration during conventional drying. This
study experimentally examined the impact of concentration polarization on the H2O vapor permeation through
dense PDMS membranes in the presence of sub- and supercritical CO2. The results were compared to a system
containing N2 instead of CO2.
For the CO2 system, the residual mass transfer resistance, which excludes the membrane layer resistance,
decreased down to zero with increasing feed pressure, at 90 bar. This is the result of the convergence of the H2O
contents of the feed bulk and permeate, which leads to a change of the main H2O transport mechanism within
the feed boundary layer from diﬀusion to convection. Here the H2O and CO2 molecules are transported with
comparable speed towards the membrane surface. For the system with N2, the opposite trend was found, due to
the maintained signiﬁcant diﬀerence in transport speed between H2O and N2 even at elevated pressures.
Consequently, the water vapor transport rate through the PDMS membrane is governed by the type of matrix
ﬂuid (CO2 or N2).

1. Introduction
Dehydration of fruit and vegetables is the older method used for
food preservation and to prolong their availability throughout the year.
In terms of mass transfer, dehydration is the motion of water molecules
from the inside of the product to the surface and from the surface into
the surrounding environment. The reduction in water activity to safe
levels inhibits microbial growth and enzymatic activity, thereby increasing the shelf life. Convective hot air drying (CD) is a simple
technique that is often used and does not require large investments. The
drawbacks of CD are the deterioration of the product quality due to, i.e.
shrinkage and bad rehydration [1]. Contrary, scCO2 dried products
keep their shape as it is a mild process that gently removes the water
preventing pore collapse or shrinkage that operates at low temperatures
and has no oxidizing power because of the absence of oxygen [2].
Common ﬂuid temperatures and pressures during the scCO2 drying are
in the range of 45 °C and 13.0 MPa [3], which is above carbon dioxides
critical values of T = 31.04 °C and p = 7.38 MPa [4]. Water extraction
from the fresh food products humidiﬁes the scCO2. A dewatering/
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regeneration step is necessary that allows reusing the scCO2 in the next
water extraction cycle.
Scholars suggest that membrane-based dehydration of supercritical
CO2 is a viable, mild and cost-eﬀective alternative [5,6]. For that, extensive studies with H2O/CO2 systems have been performed to understand the eﬀects occurring within the membrane [7–9]. However, severe concentration polarization eﬀects taking place adjacent to the
dense membrane were not experimentally studied for supercritical
conditions.
Concentration polarization takes place when the transport of water
from the bulk to the membrane interface is slower than its transport
through the selective membrane [10]. As a consequence, the water
concentration in the feed boundary layer (BL) depletes, as visualized in
Fig. 1. Concentration polarization leads to a reduction of the eﬀective
driving force for water transport resulting in both a lower water ﬂux
and a lower water/gas selectivity [5].
For membranes showing pressure-insensitivity towards their intrinsic H2O permeability, the diﬀusion-based water transport across the
feed boundary layer slows even further with increasing feed pressures,
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Fig. 1. H2O concentration proﬁle of a thick dense membrane supported by a ﬁlter paper and a sintered steel plate and its ﬂuid boundary layers. The resistance of each
layer towards the transport of H2O manifests itself in the speciﬁc concentration depletion within each layer.

reinforcing concentration polarization [5].
In that study, we simulated the permeation of H2O dissolved in
scCO2 through, i.e., dense SPEEK membranes. Metz et al. [10], who
measured the H2O and N2 permeability of PEBAX at 50 °C, also found a
decrease in apparent H2O permeability by a factor of 4 while increasing
the feed pressure from 4 bar to 61 bar, showing how the H2O permeation was hampered by the rise in feed pressure. Some of the measurements of Metz et al. [10] were above the critical values of nitrogen
being T = −146.96 °C and p = 3.40 MPa [11], thus with H2O dissolved
in supercritical nitrogen. Our earlier study [12], examined the permeation behavior of supercritical CO2, N2 and Ar through dense PDMS
membranes without the presence of water. This study revealed how
diﬀerent the permeation eﬀects of scCO2 are in comparison to supercritical N2 (scN2) and Ar (scAr). While the latter two showed no difference to gases in their permeation behavior, scCO2 permeation behavior resembled those of liquids or gases depending on its temperature
and pressure (above or below its Widom-line).
This study focuses on the permeation behavior of H2O dissolved in
scN2 or scCO2 through the feed boundary layer, where concentration
polarization dominates the dehydration process, using dense PDMS
membranes. H2O permeabilities were measured at temperatures between 25 °C and 55 °C and feed pressures up to 145 bar or 185 bar depending on whether the H2O was dissolved in scN2 or scCO2, respectively. The pressures at which the H2O permeabilities of dense
membranes are measured are unprecedented up to now and, therefore,
oﬀer a new perspective on the mechanisms taking place within the
membrane and boundary layer.

PH2 O =

(2)

Where PH2 O is the apparent H2O permeability coeﬃcient cm3(STP) cm/
(cm2 s cm Hg). When multiplied by 1 × 10−10 PH2 O is presented in
Barrer, in SI units 7.52 × 10−18 m3 (STP)m/(m2 s Pa), JH2 O is the H2O
ﬂux given in cm3 (STP)/(cm2 s), l equals the thickness of the dense
membrane (cm), Δfi is the H2O driving force which is derived from the
components fugacity in bulk phases of the feed and permeate side (cm
Hg). The CO2 and N2 permeability are as well determined using Eq. (2).
The to the apparent H2O permeability corresponding combined
mass transfer coeﬃcient of all layers (m/s) that aﬀects the water
transport (Fig. 1) is determined by,

k H2 O =

PH2 O R·T
·
l VSTP

(3)

where R is the ideal gas constant (J/(mol K), T is the temperature (K)
and VSTP is the molar volume at standard temperature (273 K) and
pressure (101,300 Pa) given in (cm3(STP)/mol). The invers combined
mass transfer coeﬃcient, is the so-called combined mass transfer resistance (s/m), which linear ﬁt of its plot over diﬀerent membrane
thicknesses is used to determine the residual mass transfer resistance.
This residual mass transfer resistance, which is the y-intercept of the
linear ﬁt, represents the combined resistance of all layers that aﬀect the
H2O transport other than the membrane layer. Therefore, it is used for
the determination of the real H2O permeability. Detailed explanations
on the determination of the residual mass transfer resistance and the
real H2O permeability can be found in the studies of Metz et al. [10]
and Sijbesma et al. [13].
The fugacity fi is the eﬀective partial pressure or the partial pressure
corrected for real gas behavior using the corresponding fugacity coefﬁcient,

2. Background
According to the solution-diﬀusion model, the ﬂuid permeability of
a dense polymeric membrane (real permeability for H2O transport)
depends on the ﬂuids ability to dissolve in and diﬀuse across the
membrane. As a consequence, the permeability coeﬃcient is described
by:

P = S·D

JH2 Oi ·l
ΔfH2 O

fi = yi ·φi ·pi

(4)

with yi being the molar fraction, φi being the fugacity coeﬃcient, both
dimensionless, and pi being the partial pressure of component i in cm
Hg.
The fugacity coeﬃcient of CO2, N2 can be determined for a wide
range of pressures and temperatures using the Soave-Redlich-Kwong
equation [14]. The H2O fugacity strongly depends on the ﬂuid where it
is dissolved in and diﬀers for CO2 and N2. When dissolved in CO2 the
Redlich-Kwong based model developed by Spycher et al. [15] can be
applied whereas for H2O being dissolved in N2 a model using the virial
equation of state, being developed by Rigby et al. [16] enables the

(1)

Here D is the diﬀusion coeﬃcient given in cm2/s and S is the solubility
coeﬃcient given in cm3(STP)/(cm3(polymer) cm Hg). To determine the
real H2O permeability, the apparent H2O permeability coeﬃcient
being, due to the presence of concentration polarization and the other
mass transfer resistances of all relevant layers (Fig. 1) generally lower,
has to be experimentally determined by:
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calculation of the fugacity coeﬃcients. The latter manuscript includes
second virial cross coeﬃcients for 25, 50, 75 and 100 °C which are
needed for the determination of H2O fugacity coeﬃcient of the corresponding temperature. The second virial cross coeﬃcients of the desired temperature, can be calculated by using a second-order polynomial ﬁt.
Both models enable the calculation for the determination of the H2O
solubility. Note that the maximal N2 pressure during measurement
exceeds with 145 bar the maximal validation pressure of the model
developed by Rigby et al. [16], being 100 bar. A comparison to the
measured solubilities obtained by Bartlett [17] at 50 °C and 100 bar and
200 bar lead to deviations of 3.5 and 10.8% which is still reasonable
considering that the latter value is 100 bar and 55 bar larger than the
maximal validation pressure and our measured maximal pressure, respectively.
The H2O fugacity of the permeate side, having atmospheric pressure, the Antoine equation [10] was used:

log10 (f HP2 O ) = 5.11564 −

1687.537
Tdew + 230.17

Fig. 2. Rectangular membrane cell used to measure ﬂuid permeabilities of
dense PDMS membranes. The dimensions of the membrane being exposed to
the feed are 3.3 × 14.5 cm (eﬀective membrane area 47.9 cm2). The feed
channel height equals 0.75 mm whereas the thickness of the porous steel place
thus permeate channel height equals 3.17 mm.

(5)

f HP2 O

permeability measurements, Whatman® ﬁlter paper (Grade 50; pore
size of 2.7 μm; thickness 121 μm; Sigma-Aldrich, Dutch online platform)
was placed between the membrane and the sintered metal support plate
(Series 1100; 316L SS; media grade 5; Teesing B.V., The Netherlands) to
prevent any mechanical damage.
During H2O permeability measurements, humid CO2 or N2 is fed to
the cell, ﬂows across the membrane and leaves at the retentate outlet.
On the permeate side, dry N2 (−40 °Cdp) ﬂows through the porous
support plate thereby entraining the permeated water to the permeate
outlet to maintain a high driving force for desorption.
To determine the permeability of CO2 and N2 the sweep gas inlet
was closed and after freezing out the water vapor the permeated gas
ﬂow rate was measured at room temperature using a soap bubble
meter. Note that a water vapor saturated stream comprises only up to
about 3 vol% of a saturated air or CO2 stream at 1 bar and 20 °C [7,13].

is the fugacity of H2O of the sweep gas or permeate stream
Where
(bar) and Tdew is the dew point temperature (°C).
Densities required for the determination of the fugacity coeﬃcient
can be obtained from the database of the National Institute of Standards
and Technology (NIST) [11].
The driving force for the transport of water vapor equals the logarithmic mean diﬀerence of the components fugacity at the feed and
permeate side [10]:

Δfi =

(f0,Fi − f0,Pi ) − (fiF − fiP )
ln

f0,Fi − f0,Pi
fiF − fiP

(6)

where f0,Fi and fiF are the fugacities of the components in the feed and
retentate stream and f0,Pi and fiP are the fugacities of the components in
the sweep gas and permeate stream (cm Hg). The logarithmic mean is
the best approximation for a system using a dry sweep gas stream for
water removal at the permeate side. Here the water fugacity changes
along the permeate side. At low pressures present in the permeate side,
gases behave fairly ideal and their partial pressure equals their corresponding fugacity. For CO2 and N2, the driving force is simply the
diﬀerence between feed and permeate fugacity.

3.3. High-pressure permeation setup
The high-pressure permeation setup used in this study was designed
to measure gas and water vapor permeabilities with feed pressures and
temperatures up to 195 bar and 95 °C, respectively.
A detailed description of the equipment and the H2O permeability
measurements procedures are shown in the supporting information ﬁle.
The H2O transmembrane ﬂux is calculated by:

3. Experimental
3.1. Membrane preparation

JH2 O =
PDMS membranes were prepared using Sylgard® 184 (Mavom B.V.,
The Netherlands). The base and curing agent were mixed in a 10:1 mass
ratio, degassed in a vacuum exicator and cast on a glass plate using a
(200–750 μm) micrometer adjustable casting knife. Note that the ﬁnal
membrane thickness is two thirds the adjusted thickness of the casting
knife. After casting, the glass plate was placed in an oven at 105 °C for
75 min. After the heat curing, the produced membranes were removed
from the glass plate using an excess of ethanol. Then the membranes
were air dried on top of a ﬁlter paper, to prevent sticking, in an oven of
105 °C for 10 min and cut into the useable rectangular shape
(4 × 15 cm). This resulted in membrane thicknesses ranging from 130
to 500 μm. The ﬁnal obtained thickness was measured with an ABS
digital thickness gauge, (Mitutoyo Nederland B.V., The Netherlands).

(f HP2 O − f0,PH2 O )·V˙sweep·VSTP
A·R·Tcell

f HP2 O

·

1333 Pa·m3
cm Hg ·106 cm3

(7)

f0,PH2 O

and
are the water vapor fugacities of the outﬂow
where
(permeate) and inﬂow (sweep gas) of the permeate side of the membrane cell (cm Hg), V̇sweep is the sweep gas volume ﬂow rate (cm3/s),
VSTP is the molar volume at standard temperature (273 K) and pressure
(101,300 Pa) given in (cm3(STP)/mol), A is the eﬀective membrane
area (cm2), R is the ideal gas constant (J/(mol K) and T is the temperature (K). To determine the CO2 and N2 ﬂux Eq. (7) is modiﬁed:

Ji =

fiP ·V˙sweep·VSTP
A·R·Tcell

·

1333 Pa·m3
cm Hg ·106 cm3

(8)

where fiP equals the mechanical pressure of the permeate stream (cm
Hg).
Throughout all water permeation measurements, the ﬂuid dynamics
were kept constant, to enable a fair comparison. The feed ﬂow rates
thus the Reynolds numbers of both systems were set high enough to
guarantee a fairly constant H2O content along the feed side (H2O stage
cut ≈ 1%). For the H2O/CO2 system, a laminar Reynolds number of
1050 ± 50 was maintained for the feed stream. A permeate ﬂow rate

3.2. Membrane cell
Fig. 2 displays the membrane cell used for the permeability measurements. To ensure uniform ﬂow proﬁles in both the feed and
permeate channel, a rectangular cell was designed. During the
147

Journal of CO₂ Utilization 35 (2020) 145–152

A. Shamu, et al.

of 1500 ± 50 cm3/min was chosen, to ensure that the sweep gas remained the main component in the permeate side. For the H2O/N2
system, it was not possible to use the circulation pump, due to the lower
scN2 ﬂuid density compared to scCO2, we were forced to operate in
single passage mode. For this reason, lower Reynolds numbers in the
range of 150 ± 10 were used. In addition, low H2O ﬂuxes forced us to
reduce the sweep gas ﬂow rate down to 300 ± 10 cm3/min in order to
reach the measuring range of the dew point meters.
Measurements were performed at temperatures ranging between 25
and 55 °C, thus at temperatures scCO2 regeneration processes [18]. In
case of humid scCO2, H2O permeabilities were measured up to 185 bar,
whereas for humid scN2 H2O permeability measurements were limited
up to 145 bar, due to diﬀerent methods required to achieve the desired
feed ﬂow rates. These methods are discussed in the supporting information ﬁle.

causing the speciﬁc proﬁle shape of the microporous membranes. With
increasing temperature, the point of leveling oﬀ shifts to higher pressures in addition, there is also a decrease in the CO2 permeability. These
eﬀects can be explained by the lower CO2 sorption in PDMS with increasing temperature [12]. Opposite to this, the N2 permeability, displayed in Fig. 4(b), shows an increase with temperature, this can be
attributed to the low N2 sorption values in PDMS whereby the contribution of the temperature driven diﬀusion has a decisive role in the
permeation behavior. This is in agreement with Sijbesma et al. [13].
They also found an increase in N2 permeability for PEBAX® 1074 with
temperature. According to Merkel et al. [25], who examined the sorption behavior of various gases in PDMS, low-sorbing penetrants, being
less condensable (low critical temperature), like N2 and H2 (0.05 and
0.09 [cm3(STP) cm/cm3 s cm Hg]) show pressure independent solubility coeﬃcients, contrary to the high-sorbing CO2 (1.29 [cm3(STP) cm/
cm3 s cm Hg]), being more condensable (high critical temperature).
In Fig. 4(b), the decrease in the N2 permeability with increasing feed
pressure is attributed to the mechanical compression of the membrane
polymer matrix. This leads to a reduction of the free volume of the
polymer and, therefore, to a decreased N2 diﬀusion across the polymer
matrix [25].

4. Results and discussion
4.1. CO2 and N2 permeation
The contribution of water vapor present in the feed stream on the
permeation behavior of CO2 and N2 is examined, in Fig. 3. Here, the
permeabilities of dry (open symbols) and water vapor saturated (closed
symbols) CO2 and N2 through a PDMS ﬁlm are quantiﬁed for various
feed pressures at 45 °C.
No signiﬁcant diﬀerence in permeability between dry and water
vapor saturated ﬂuids (CO2 and N2) through PDMS was measured. This
observation is in accordance with published results that also show no
change in the N2 permeability of PDMS membranes when highly soluble substances such as ethylbenzene [19] or acetone [20] were added
to the feed stream. The proﬁle shapes of the CO2 and N2 permeability
are discussed in detail in our prior study [12]. Since it is known that
CO2 and N2 permeabilities of PDMS are insensitive towards the presence of H2O, the scope is shifted towards the eﬀect of temperature.
Fig. 4 displays the temperature eﬀect on the CO2 and N2 permeability
through PDMS membranes for various feed pressures. The CO2 permeabilities were taken from our previous study [12], whereas N2 permeabilities were measured in this study.
Fig. 4(a) displays the CO2 permeability proﬁle for PDMS as function
of the pressure for various temperatures. The typical increase in the CO2
permeability proﬁle with feed pressure followed by a leveling oﬀ was
not only observed for dense polymeric membranes [10,18] but also for
microporous membranes [19–21]. Here, the particular proﬁle shapes of
the dense polymeric membranes were attributed to feed density
changes, whereas feed viscosity changes were an additional factor

4.2. H2O permeation
Similar to CO2, the permeability of highly condensable, thus highsorbing H2O is also expected to decrease with increasing temperature.
This is shown in Fig. 5, where apparent H2O permeability isotherms are
plotted over the feed pressure.
The apparent H2O permeabilities calculated using Eq. 2 and displayed in Fig. 5(a), show resemblance with the CO2 permeability proﬁles in Fig. 4(a). Therefore, changes in the membrane properties with
pressure may be the main cause for the shape of the H2O permeability
proﬁle, as observed for CO2 in our previous study [12].
To evaluate the contribution of the membrane performance, but also
possible contributions of the boundary layer on the H2O permeability,
the residual H2O mass transfer resistance and the real H2O permeability
are determined, according to Metz et al. [10] and Sijbesma et al. [13].
The proﬁles of the apparent H2O permeabilities displayed in
Fig. 5(b), show, when juxtaposing to the corresponding N2 permeability
proﬁles in Fig. 4(b), a more substantial decrease to fairly half of the
initial values. This can indicate concentration polarization within the
feed boundary layer, which impairs the H2O transport towards the
membrane surface and thus lowers the H2O permeation rate, as suggested by Metz et al. [10]. Here, the determination of the residual H2O
mass transfer resistance and the real H2O permeability will as well help
to examine if the fall of the apparent H2O permeabilities is attributed to
the boundary layer or the membrane layer. To determine the combined
H2O mass transfer resistance which is needed for the determination of
the residual H2O mass transfer resistance and the real H2O permeability, the apparent permeabilities have to be measured with membranes having diﬀerent thicknesses.
Fig. 6 depicts the apparent H2O permeability proﬁles for various
PDMS membrane thicknesses, for a CO2 (a) and N2 (b) feed stream.
A small increase of the apparent H2O permeability with increasing
membrane thickness can be observed for lower CO2 feed pressures in
Fig. 6(a). For N2 this eﬀect is much more pronounced and visible
throughout the whole feed pressure range, in Fig. 6(b). The apparent
H2O permeability increase with thickness proves the presence of a H2O
mass transfer resistance layer other than the membrane layer itself, i.e.,
the feed boundary layer resistance which indicates H2O concentration
polarization. When thinner membranes are used, the relative eﬀect of
the non-membrane related mass transfer resistances is more pronounced, which in turn leads to lower apparent H2O permeabilities.

Fig. 3. The dry CO2 and N2 permeabilities of PDMS (open symbols) and the
corresponding water vapor saturated permeabilities (closed symbols), at 45 °C
for various feed pressures. Membrane thicknesses are 282 μm (dry CO2), 273 μm
(water vapor saturated CO2) and 187 μm (both N2).
148
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Fig. 4. Dry a) CO2 and b) N2 permeability isotherms as a function of the pressure in. Membrane thicknesses are for CO2 385 μm (25 °C), 415 μm (35 °C), 282 μm
(45 °C) and 385 μm (55 °C), whereas for N2, measured in this study, we relied on one membrane having a thickness of 187 μm.

with increasing feed pressure and the absence of the feed boundary
layer resistance at feed pressures above 95 bar can be explained by
comparing the H2O content in the CO2 bulk and the permeate stream, as
presented in Fig. 8.
Fig. 7(b) displays the residual mass transfer resistance of H2O in a
N2 rich feed stream as a function of the feed pressure at 45 °C. The mass
transfer resistance increases, contrary to the H2O/CO2 system, with
increasing feed pressure. This increase indicates that the concentration
polarization is not only present at low pressure but becomes increasingly dominant with increasing feed pressure as concluded in our previous study [5] and reported by Metz et al. [10]. An increase in feed
pressure results in a denser feed, which in turn reduces the mean free
path of motion for water molecules diﬀusing across the feed boundary
layer.
Fig. 8(a) displays for the system containing CO2, the H2O content in
the feed bulk and permeate and its quotient being the H2O enrichment
factor over the feed pressure at 45 °C.
In Fig. 8(a) the H2O contents of the feed and permeate stream are at
5 bar, 2.0 and 10.2 vol% respectively, which means that H2O is enriched ﬁvefold when passing the selective PDMS membrane. As evident
from Fig. 7(a), concentration polarization is present at this pressure
indicating that water molecules are transported across the feed
boundary layer via diﬀusion [10]. With increasing feed pressure, the
H2O enrichment factor decreases to 1.6 at 185 bar. Main cause for this
fall may be the faster increase of the CO2 driving force with increasing
feed pressure compared to the H2O driving force, as discussed in our
previous study [26]. At feed pressures above 95 bar, CO2 molecules are
transported across the feed boundary layer towards the membrane
surface with fairly half the speed of H2O molecules. As a consequence,

4.3. Eﬀect of boundary layer resistance
Fig. 7 depicts the residual mass transfer resistance with respect to
the feed pressure for a) the H2O/CO2 system and b) the H2O/N2 system.
Note that these residual mass transfer resistances are derived from the
apparent H2O permeabilities of Fig. 6 using the method described by
Metz et al. [10] and Sijbesma et al. [13].
In Fig. 7(a), the residual mass transfer resistance of H2O falls with
increasing feed pressure from about 5500 s/m at 15 bar down to fairly
0 s/m at 95 bar. Above 95 bar, the combined H2O mass transfer resistance of the feed- and permeate boundary layer and the ﬁlter paper
and support plate are close to zero. That means that at higher pressures
the membrane resistance is dominant, but at lower feed pressures also
the other resistances signiﬁcantly contribute, resulting in lower ﬂuxes
and consequently apparent membrane water permeabilities.
Since the permeate conditions are kept constant while the feed
conditions are changed, it seems that the mass transfer resistances assigned to the ﬁlter paper, support plate and the permeate boundary
layer are neglectable, for this particular membrane cell conﬁguration.
This returns that the residual resistance fairly equals the feed boundary
layer resistance. However, additional experiments with varied
permeate velocities as done by Metz et al. [10], would be necessary to
fully conﬁrm this assumption. The proﬁle in Fig. 7(a), implies that the
eﬀect of concentration polarization, present at low pressures diminishes
with increasing feed pressure. This decrease of the feed boundary layer
contribution contradicts the predictions of a previous study [5] and the
conclusions of Metz et al. [10], where a rise of the mass transfer resistance of the feed boundary layer was observed with increasing feed
pressure. However, this decrease in the residual mass transfer resistance

Fig. 5. The apparent H2O permeability of H2O dissolved in a) CO2 and b) N2 of PDMS for various temperatures over the feed pressure. Membrane thicknesses are for
CO2 385 μm (25 °C), 415 μm (35 °C), 282 μm (45 °C) and 385 μm (55 °C), whereas for N2 one membrane with thickness 187 μm was used. For (a) and (b) the Reynolds
number of the feed stream is 1050 ± 50 and 150 ± 10 respectively, whereas the sweep gas velocity is 1500 ± 50 cm3/min and 300 ± 10 cm3/min, respectively.
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Fig. 6. The apparent H2O permeability of PDMS for diﬀerent membrane thicknesses over the feed pressure, at 45 °C dissolved in CO2 (a) and N2 (b). For (a) and (b)
the Reynolds number of the feed stream is 1050 ± 50 and 150 ± 10 respectively, whereas the sweep gas velocity is 1500 ± 50 cm3/min and 300 ± 10 cm3/min,
respectively.

Fig. 7. The residual H2O mass transfer resistance in a) CO2 and b) N2, plotted versus the feed pressure at 45 °C as determined using data of Fig. 6.

Fig. 8. For the system containing CO2 a) and N2 b) the H2O content in the feed bulk and permeate and its quotient being the H2O enrichment factor are plotted over
the feed pressure at 45 °C. The membrane thickness for the CO2 and N2 experiment was 282 and 271 μm respectively.

polarization eﬀects are already observed. This shows that concentration
polarization eﬀects dictate the H2O transport in the N2/H2O-system
through out the entire feed pressure range.
This indicates that H2O molecules move across the feed boundary
layer towards the membrane surface at a much larger pace than the
surrounding N2 molecules, which are in comparison, virtually stagnant.
Consequently, diﬀusion is the dominating transport mechanism of H2O
within the boundary layer leading to the development of concentration
polarization.
These experimental results show that concentration polarization
eﬀects only occurs when H2O enrichment factors are signiﬁcantly
greater than unity. During the regeneration of scCO2 in the food

H2O will not only be transported from the feed bulk towards the
membrane surface by diﬀusion but will be transported together with
CO2 through convection resulting in the diminishment of concentration
polarization eﬀects. Consequently, the residual mass transfer resistance
approaches zero at pressures above 95 bar, as shown in Fig. 7(a).
In the N2 /H2O system, Fig. 8(b), the H2O concentration of the feed
and permeate stream are 2.0 and 73.9 vol%, respectively at 5 bar. This
leads to a H2O enrichment factor of 37, being considerably higher than
the corresponding 5.1 enrichment factor of the H2O/CO2 system at the
same transmembrane pressure. At 145 bar, the H2O enrichment factor
in the N2/H2O-system decreases till 12.8 which is still more than twice
as large as at 5 bar of H2O/CO2 system, where concentration
150
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Fig. 9. The real H2O permeability is compared with the CO2 permeability (a) and the N2 permeability (b), obtained from Fig. 4, for various feed pressures, at 45 °C.
Similarities between the real H2O permeability proﬁle and the proﬁle of the surrounding ﬂuid are visible.

industry, in which large H2O enrichment factors are pursued to ensure a
selective H2O removal from the humid CO2 stream, concentration polarization will lead to reduced H2O ﬂuxes, which will increase the required membrane area and thus CO2 permeation, as concluded in our
previous study [5].
The deduction of the residual mass transfer resistance from the
combined mass transfer resistance makes it possible to determine the
mass transfer resistance exclusively assigned to the membrane layer.
Using Eq. (3) and the calculated mass transfer resistance, the intrinsic
or real H2O permeability can be determined. Fig. 9 compares the real
H2O permeability with the corresponding CO2 permeability (a) and the
N2 permeability (b) for various feed pressures at 45 °C.
Beginning at Fig. 9(b), the real H2O permeability proﬁle and the
corresponding N2 permeability proﬁle decrease at fairly the same rate
with the rise of the feed pressure. This shows that the mechanical
compression of the PDMS membrane results in an even reduction of
both penetrants diﬀusion speed within the membrane layer.
The real H2O permeability proﬁle of Fig. 9(a) shows, as the apparent
H2O permeability proﬁle of Fig. 5(a), a strong resemblance to the corresponding CO2 permeability proﬁle (Fig. 4(a)), including the increase
of the proﬁle with increasing feed pressure up to 125 bar followed by a
leveling oﬀ. In our study [12] we could assign the particular proﬁle
shape of the CO2 permeability to the particular sorption behavior of
CO2 in PDMS. The latter sorption behavior was in turn identiﬁed to be a
function of the CO2 ﬂuid density. Since the H2O transport altering effects outside the membrane (i.e., concentration polarization) can be
excluded as the cause for the particular H2O permeability proﬁle, due to
the absence of residual mass transfer resistance at elevated feed pressures, it is possible that the H2O permeability may as well be aﬀected by
the sorption behavior of CO2 or even the sorption behavior of H2O. In
the latter case, the proﬁle of the H2O concentration within the CO2 feed
phase would have to be comparable to the CO2 density, which is the
case, as can be seen in Fig. 10. To conﬁrm this assumption H2O sorption
experiments in the presence of CO2 are necessary.

Fig. 10. CO2 density obtained from NIST database [11] and H2O concentration
present in saturated CO2, determined using the model of by Spycher et al. [15],
are plotted for various pressures at 45 °C. The resemblance of both proﬁles also
indicates for H2O a concentration-solubility relationship similar to those of CO2.

outcome, was the result of a convergence of the H2O content of the feed
bulk and permeate. Since H2O and CO2, permeated across the membrane at fairly the same rate, the H2O within the feed boundary layer
will not only be transported towards the membrane by diﬀusion but
through a convective ﬂow which it forms together with CO2 which is
moving with the similar speed towards the membrane surface. For the
H2O/N2 system, this eﬀect was not observed and the residual resistance
increased as expected with increasing feed pressure.
Therefore, concentration polarization only occurs when the high
permeating component in the feed (in this study H2O) is moving across
the feed boundary layer at a much higher rate than the slow permeating
component. At these conditions where the H2O enrichment factor is
well above unity (> 4), the dominating transport mechanism of highly
permeating component within the boundary layer is diﬀusion. For the
scCO2 regeneration process, having H2O enrichment factors well above
unity, concentration polarization will lead to reduced H2O ﬂuxes,
which will increase the required membrane area and CO2 permeation.
The real H2O permeability proﬁles showed a strong resemblance to
their corresponding CO2 and N2 permeability proﬁles. For the H2O/N2
system, the linear fall of both proﬁles is assigned to mechanical compression of the membrane, thus to a reduction of the penetrant diﬀusivity. For the H2O/CO2 system, the shape of the CO2 proﬁle particular
is the result of CO2 sorption which itself was aﬀected by the CO2 density
of the feed.

5. Conclusions
In this study, we have investigated the permeation behavior of H2O,
being dissolved in either N2 or CO2, across dense polymeric PDMS
membranes at temperatures ranging between 25 °C and 55 °C and feed
pressures of up to 145 bar or 185 bar for N2 or CO2, respectively.
The apparent H2O permeability showed very diﬀerent proﬁle trends
depending on if H2O is dissolved in either N2 or CO2. For the N2 system,
the particular trend is caused by concentration polarization eﬀects in
the feed boundary layer being quantiﬁed by the increased mass transfer
resistance. The mass transfer resistance of the feed boundary layer
decreased for the H2O/CO2 system with increasing feed pressure down
to zero at 95 bar. This, in the ﬁrst glance with literature contradicting
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