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ABSTRACT: Gas permeation through ultrathin film composite
(uTFC) membranes can be restricted by the pore size and
porosity of the porous supports, resulting in a reduction in
permeance. Although this geometric restriction has been
demonstrated using empirical and computational models, a
systematic experimental validation of the models is still lacking.
This study addresses the gap by preparing a series of uTFC
membranes comprising glassy perfluoropolymers (such as Teflon
AF1600 and Hyflon AD80) as selective layers on top of a
commercial poly(ether sulfone) (PES) microporous support and
investigating the effects of the surface morphology and selective
layer thickness on the gas permeance. The geometric restriction resulting from the porous support becomes more severe as the
selective layer becomes thinner. For example, the PES support decreased the gas permeance of a 100-nm-thick Hyflon AD80 film
by as much as 42%. The experimental data agreed well with the modeling results, which convincingly confirms that porous
supports with high porosity and small pores are needed to prepare high-flux uTFC membranes. This study also provides a
nonintrusive method for determining the pore size and porosity of support surfaces, despite their great nonuniformity.

1. INTRODUCTION

Membrane technology is widely practiced for large-scale
industrial applications.1−3 For example, membrane plants with
∼100000 m2 membranes have been constructed to treat ∼1
billion standard ft3/day natural gas by removing CO2.

4,5 The
cost of membrane skids is usually a significant portion of the
overall cost of membrane plants and scales almost linearly with
the membrane area.4,6 The growth in membrane industrial
applications has partially benefited from continuous improve-
ments in membrane permeance to reduce the membrane areas
required and thus, the associated costs.5,7

Industrial membranes are often thin film composite (TFC)
membranes comprising a thin selective layer on top of a
microporous support with a smooth surface and good
mechanical strength,6 as shown in Figure 1. The porous
supports are often made of low-cost and low-permeability
polymers such as poly(ether sulfone) (PES) and polysulfone
(PSf). The support surface often has a porosity of 1−10% and
pore radii of 10−100 nm, which conducts the permeated flow
with negligible resistance.8,9 However, as the selective layer
becomes thinner, the support can exhibit geometric restrictions
for the permeated flow, that is, the penetrants need to travel
longer distances to the pores on the support surface, which
increases the effective length of the diffusion path in the
selective layer and generates a concentration gradient, as shown
in Figure 1. This behavior has been experimentally observed for
reverse-osmosis membranes.10,11 In addition, several models
including analytical approaches11−14 and computational mass-

transport simulations15−18 have been used to rationalize the
geometric effect. For example, the presence of a support is
estimated to decrease the gas permeance by as much as 85%
compared with that of a free-standing film with a thickness the
same as the pore diameter, when the support surface has a
porosity of 2.8%.18 However, to date, no systematic
experimental studies have been reported in the literature that
validate theoretical predictions, in part because of the
challenges in fabricating defect-free uTFC membranes and
accurately determining the support surface morphology.19,20

In a prior work,18 we used 6-μm-thick track-etched
polycarbonate (PC) films with uniform and straight pores as
model porous supports to prepare TFC membranes. The
experimental and modeling data were consistent and
demonstrated the geometric restriction on gas permeation
derived from porous supports. However, PC films are too weak
for TFC membranes to be used for industrial gas separations.
More importantly, industrial microporous supports have
nonuniform pore sizes and significant tortuosity that differs
significantly from the characteristics of PC films. Therefore,
there is a crucial need to determine the surface morphologies of
industrial supports and understand their effects on gas
permeance in uTFC membranes.
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In this work, a commercial PES ultrafiltration membrane was
selected as a model support for the preparation of a series of
uTFC membranes with various thicknesses (50−400 nm) of
perfluoropolymer selective layers. The surface morphology of
the PES support was determined using scanning electron
microscopy (SEM) and the dusty gas model (DGM). Three
amorphous glassy perfluoropolymers, namely, Teflon AF1600,
Hyflon AD80, and Hyflon AD40, with excellent thin-film-
forming properties and good resistance to physical aging18,21,22

were chosen as the selective layers. The experimentally
determined gas permeances were compared with the ideal
permeance and modeling values. The results provide a useful
guideline for the selection and design of microporous supports
for the preparation of high-flux uTFC membranes.

2. BACKGROUND
2.1. Modeling the Effect of a Porous Support on Gas

Permeance. The effect of the geometric restriction on gas
permeance for component A can be characterized using the
membrane permeance efficiency (βA), which is defined as18

β =
P l

P l

( / )

( / )A
A Apparent

A Ideal (1)

where (PA/l)Apparent is the experimentally determined gas
permeance for the TFC membrane and (PA/l)Ideal is the ideal
permeance without the influence of the porous support. (PA/
l)Ideal can be calculated using the permeability coefficient of gas
component A in the selective layer material (PA) and the
thickness of the selective layer (l). The gas permeance has units
of gpu (i.e., gas permeance units), where 1 gpu =10−6 cm3

(STP)/(cm2 s cmHg) = 7.5 × 10−12 m3 (STP)/(m2 s Pa).
Lower βA values indicate more severe geometric restrictions on
the gas permeance from the porous support.
Wijmans and Hao developed the following empirical

equation to estimate the membrane permeance efficiencies of
supports with nonuniform pore arrangements and porosities
ranging from 1% to 80%16
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where ϕ is the effective porosity on the support surface and NR
is a dimensionless number defined as

ϕ
ϕ

=
−

N
S

1R
(3)

where S is the scaled selective layer thickness (S = l/r, where r is
pore radius of the support surface). This empirical model is
remarkably consistent with computational fluid dynamics
(CFD) simulations, and therefore, it was used in this study.

2.2. Dusty Gas Model (DGM). The dusty gas model
(DGM) provides a nonintrusive way to characterize the
effective pore size and effective porosity in overall porous
supports.19,23−26 This model has been successfully used to
characterize track-etched PC supports with uniform pore size
and porosity,18 and it is briefly described here. The permeance
(JA) in a porous support for gas component A can be expressed
as25

π μ
= + ̅

⎛
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A 0

A
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where A0 [cm
3 (STP)/(cm3 cmHg)] and B0 (cm

3 (STP)/(cm2

cmHg)] are geometric factors, R is the gas constant [6236
cmHg cm3/(mol K)], T is the temperature (K), MA is the
molecular weight of gas A (g/mol), p ̅ (cmHg) is the average
pressure of the feed and permeate, and μA (cmHg s) is the
viscosity of gas component A.
The effective pore radius (r) and effective porosity (ε/q2) of

a porous support can be estimated using the equations18,19

=r
B

A
2 0

0 (5)

ε =
q

A
B

RTl
1.6

( )2
0

2

0
skin

(6)

where lskin is the skin-layer thickness of the porous support, ε is
the porosity in the whole support, and q is the tortuosity of the
support. Because porous supports do not have a well-defined
skin layer,1 the lskin value cannot be determined directly, which
makes it impossible to accurately calculate the ε/q2 value. In
general, the lskin value should be much lower than the overall
support thickness, because of the asymmetric nature of the
microporous supports.1

3. EXPERIMENTAL SECTION
3.1. Materials. A PES ultrafiltration membrane with a

nominal molecular weight cutoff of 4000 Da was purchased
from Sepro Membranes Inc. (Oceanside, CA). Teflon AF1600
was purchased from DuPont (Wilmington, DE). Hyflon AD80
and Hyflon AD40 were purchased from Solvay Solexis Inc.
(West Deptford, NJ). Ethoxynonafluorobutane (Novec 7200)
was supplied by the 3M Company (Maplewood, MN).
Isopropyl alcohol was purchased from VWR International
(Radnor, PA). Iso-octane and N,N-dimethylformamide (DMF)
were obtained from Thermal Fisher Scientific (Waltham, MA).
Gas cylinders of H2 (ultrahigh purity), N2 (ultrahigh purity),
CH4 (chemical purity), and CO2 (high purity) were obtained
from Praxair Inc. (Buffalo, NY).

Figure 1. Schematic diagram of gas permeation through a uTFC membrane with the effect of geometric restriction.6,18 The support surface has an
average pore radius of r. The pores might have dead ends or pore penetration of the selective layer material during the coating.
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3.2. Pretreatment and Characterization of the PES
Support. The commercial PES ultrafiltration membrane
contained glycerin to preserve the porous structure, which
had to be removed before its use for fabricating TFC
membranes. First, a sheet of PES support was immersed in
deionized water and sonicated in an ultrasonic cleaner
(Quantrex, L&R Manufacturing Co., Kearny, NJ) for 30 min.
Second, the support was transferred into isopropyl alcohol and
sonicated for 30 min. Third, the support was immersed in iso-
octane and sonicated for 60 min. Finally, the support was air-
dried overnight in a fume hood before characterization or the
preparation of TFC membranes. Solvent exchange in the order
of water, isopropyl alcohol, and iso-octane with decreasing
surface tension was performed to avoid the collapse of the pore
structure during the drying process.
The surface and cross-sectional structures of the PES support

were characterized using a focused-ion-beam scanning electron
microscope (Zeiss Auriga, Oberkochen, Germany) and a field-
emission scanning electron microscope (Hitachi SU70, Tokyo,
Japan), respectively. The cross-sectional sample was prepared
by cutting the frozen support membrane in liquid nitrogen.
Before imaging, a thin film of gold was deposited on the sample
surface to make it electronically conductive using electron-
beam evaporation deposition (AXXIS, Kurt J. Lesker Company,
Jefferson Hills, PA). To avoid damage of the PES support by
the high-energy electron beam, the sample was imaged with an
electron beam at low voltages between 2 and 5 kV. ImageJ, an
image processing program developed at the U.S. National
Institute of Health (NIH), was utilized to statistically estimate
the pore size and surface porosity based on the obtained SEM
images.27

The effective pore size and effective porosity of the PES
support were also characterized by the dusty gas model using
eqs 5 and 6.18 The pure-gas permeances of CH4, N2, and CO2
through this PES support were measured using a constant-
pressure/variable-volume apparatus.28 The feed pressure was
varied from 30 to 150 psig, whereas the pressure difference
between the feed and permeate side was kept at 10 psi. The gas
flux through the membrane was determined using bubble flow
meters.
3.3. Determination of Pure-Gas Permeabilities of

Perfluoropolymers. The pure-gas permeabilities of the
perfluoropolymers (including Teflon AF1600, Hyflon AD80,
and Hyflon AD40) were determined to provide a baseline for
TFC membranes comprising these polymers as selective layers.
Free-standing films were prepared by solution casting. Polymers
were dissolved in Novec 7200 to form 10 wt % solutions, which
were then drawn on a glass plate using a casting knife (The
Paul N. Gardner Co., Pompano Beach, FL). After being dried
in a fume hood for 24 h, the films were then peeled off from
glass substrates in deionized water and dried in a vacuum oven
for 24 h at 80 °C. The film thickness was measured using a
Starrett micrometer (L.S. Starrett Co., Athol, MA). These films
had thicknesses of about 10 μm. The pure-gas permeabilities of

H2, CO2, and N2 in these free-standing films were determined
using a constant-volume/variable-pressure apparatus at 35 °C.28

The gas fluxes through the films were calculated from the rates
of increase of the downstream pressure in a known volume.

3.4. Preparation and Characterization of TFC Mem-
branes. The TFC membranes were fabricated by solution
coating on top of the pretreated PES supports according to the
procedures described below. First, a coating solution was
prepared by dissolving the polymer in Novec 7200 at a
concentration of 0.3, 0.6, 1.0, or 2.0 wt %. After being stirred,
the homogeneous solution was filtered using a syringe filter
with a pore size of 0.5 μm. Second, the solution was coated on
top of the PES support using an automatic drawdown machine
(Gardco DP8301, The Paul N. Gardner Co., Pompano Beach,
FL). Third, the TFC membrane was dried with a heat gun for
15 s and then in a vacuum oven at 80 °C for 2 h to evaporate
Novec 7200 (which has a boiling temperature of 76 °C). The
thickness of the selective layer in the TFC membranes was
varied by varying the polymer concentration in the coating
solutions. The viscosity of the coating solutions (1.0 wt %) was
determined using an NDJ-5S digital rotary viscometer (Jingtian
Electronic Instrument Ltd., Shanghai, China) at 23 °C.
The pure-gas permeances of H2, CO2, and N2 in the TFC

membranes were determined using a constant-pressure/
variable-volume apparatus at 35 °C and at feed pressures of
50−100 psig.28 The gas permeance measurements were
performed within 24 h after membrane drying to minimize
the effects of the physical aging of the thin-film polymer on the
gas permeance.
The thickness of the selective layer was measured using a film

thickness measurement spectrometer (F20, Filmetrics, San
Diego, CA) following the procedures described below.18 The
PES support was dissolved in DMF, and the floating selective
layer was transferred onto a silicon wafer (UniversityWafer,
Boston, MA). The film was dried in the air for 24 h and then in
a vacuum oven at 80 °C for another 2 h. The thickness was
determined by collecting and fitting the spectra of the sample at
wavelengths in the range of 380−1050 nm.18 The Filmetrics
F20 instrument has an accuracy of the greater of 1 nm and 0.4%
of the reading.

4. RESULTS AND DISCUSSION

4.1. Characterization of the PES Support. As the porous
support for the TFC membrane, the pretreated PES support
was characterized using SEM and the DGM for the pore
structure. Figure 2a shows an SEM image of the surface
morphology of the PES support. There are irregular pores with
a wide range of pore sizes. Figure 2b shows the pore size
distribution, which was obtained through an ImageJ analysis of
Figure 2a. Pores with radii between 6 and 28 nm were
statistically counted, whereas pores with radii of less than 6 nm
are not visible in the SEM image. According to the histogram,
most of the pore radii were in the range of 6−16 nm. A further
ImageJ analysis on five different surface SEM images provided

Table 1. Analysis of the Pore Structure in the PES Support Using the DGM

parameter CO2 N2 CH4 average

A0 × 106 [cm3 (STP)/cm3 cmHg] 2.06 2.10 2.05 2.07
B0 × 1012 [cm3 (STP)/cm2 cmHg] 1.11 1.41 1.15 1.22
r (nm) 10.8 ± 0.4 13.4 ± 0.5 11.3 ± 0.6 11.8 ± 0.6
ε/q2 (%) 0.80 ± 0.11 0.97 ± 0.14 0.93 ± 0.14 0.90 ± 0.14
ε (%) based on m = 0.8630 7.7 ± 1.1 9.3 ± 1.3 8.9 ± 1.3 8.7 ± 1.3
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an average pore radius of 10 ± 4 nm and a surface porosity of
(25 ± 1)%.
Figure 2c presents a cross-sectional image of the PES support

comprising a PES layer on top of a nonwoven polyester fabric
layer. The PES layer has a fingerlike structure with an overall
thickness of about 50 μm. Figure 2d shows that the dense skin
layer of the PES support can be as thin as 500 nm, which might
be a good estimate for calculating values of ε/q2 based on eq 6.
Figure 3 shows the linear dependence of pure-gas (CO2, N2,

and CH4) permeances in the PES support on the average
pressure of the feed and permeate side of the support. The data
can be satisfactorily described using the DGM (i.e., eq 4), and
the A0 and B0 values obtained for different gases are in good
agreement with each other, as summarized in Table 1. The pore
radius was derived using eq 5 and found to have an average
value of 11.8 ± 0.6 nm. The uncertainty was estimated based
on error propagation for each of the measured parameters.29

This pore radius value is consistent with that from the SEM
results. In this study, a radius of 11.8 nm was used for further
modeling, because it was directly obtained from permeation
tests and had less uncertainty than the value obtained from the
SEM results.
With a dense skin-layer thickness (lskin) of 500 ± 70 nm from

Figure 2d, the effective porosity (ε/q2) was calculated using eq
6, and the results are included in Table 1. The ε/q2 values
derived from the permeances of the three gases agree with each
other. On the other hand, the average value of 0.90% is much
lower than the surface porosity of 25% based on the SEM
images, which can be ascribed to the following two reasons.

First, the ε/q2 parameter considers the tortuosity (q) of the
overall PES support, which can be expressed as30

ε= −q m1 ln (7)

where m is an adjustable parameter and has been reported to be
0.86 for fixed beds of parallelepipedal particles or 1.66 for fixed
beds and suspensions of glass spheres.30 With an ε/q2 value of
0.009, eq 7 yields an ε value of 8.7% for m = 0.86 and 15% for
m = 1.66. These values are of the same order of magnitude as
the surface porosity (25%) obtained from the SEM images.

Figure 2. Characterization of the pretreated PES support using SEM: (a) surface morphology, (b) pore size distribution, (c) cross section, and (d)
skin-layer region.

Figure 3. Gas permeances of CO2, N2, and CH4 as functions of the
average feed and permeate pressure of the PES support at 22 °C. The
lines are best fittings based on eq 4.
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Second, as shown in Figure 1, the pores on the PES surface
visualized in the SEM images might have dead ends, resulting in
an overestimation of the effective porosity using the SEM
images.31,32 Therefore, the effective surface porosity is probably
between 8.7% (which represents the minimum value) and 25%
(which represents the maximum value). The exact value of the
effective surface porosity was obtained by the model fitting of
the experimental results, as discussed in section 4.3.
4.2. Pure-Gas Permeabilities of Perfluoropolymers.

The intrinsic permeabilities of the perfluoropolymers were used
to calculate the ideal permeance [i.e., (PA/l)Ideal], providing a
baseline for the interpretation of the geometric restriction in
the TFC membranes. Because the gas permeabilities of glassy
polymers can be significantly affected by the processing
conditions and history such as solvents and drying
conditions,21,33 the free-standing films were prepared according
to the same procedures as used for the fabrication of the TFC
membranes in terms of solution preparation and film drying.
Table 2 summarizes the obtained gas permeabilities and gas/N2
selectivities of the free-standing perfluoropolymer films at 35
°C. The Hyflon AD polymers exhibited a lower gas
permeability and a higher gas/N2 selectivity than the Teflon
AF1600 polymers, because of the lower free volume in Hyflon
AD and thus stronger size-sieving ability.34 The gas/N2
selectivities of all polymers were found to be higher than
those reported in the literature. For example, the measured
CO2/N2 selectivities in Teflon AF1600, Hyflon AD80, and
Hyflon AD40 at 35 °C were 5.5, 7.1 and 9.2, respectively,
whereas the corresponding reported values are 4.7, 6.3, and 8.1,
respectively.34−36 Such discrepancies in gas selectivity are
presumably caused by the different procedures employed to
prepare the films used in the literature and in this study, such as
different solvents and thermal annealing histories.34,37 The gas
selectivity results in this study were later used to determine
whether the obtained TFC membranes were defect-free.
Table 2 also compares the gas separation properties of the

perfluoropolymers with those of the dense PES films that were
used to fabricate the porous support. The perfluoropolymers

exhibited permeabilities almost 2 orders of magnitude higher
than that of PES,38,39 which agrees with the schematics of the
TFC membranes shown in Figure 1; that is, the porous support
is composed of almost impermeable walls and pores with sizes
of tens of nanometers. It might also be interesting to study the
effects of porous supports with non-negligible permeabilities on
membrane permeance. However, the development of such new
porous supports that are suitable for the fabrication of TFC
membranes is beyond the scope of this study.

4.3. Comparison of Experimental and Modeling
Results. Table 3 summarizes the pure-gas permeances of the
uTFC membranes based on perfluoropolymers at 35 °C. The
permeance was found to be independent of the feed-gas
pressure (50−100 psig), indicating that the TFC membranes
were defect-free. The gas/N2 selectivity of the Teflon AF1600-
based TFC membranes was the same as that of the bulk Teflon
AF1600 film. On the other hand, the gas/N2 selectivity of the
Hyflon AD-based TFC membranes was slightly lower than that
of their free-standing films (as shown in Table 2). For example,
the CO2/N2 selectivities were 7.1 and 9.2 in the free-standing
films of Hyflon AD80 and Hyflon AD40, respectively, whereas
they were 6.5 and 8.1 in their corresponding TFC membranes.
Because the free-standing films and TFC membranes were
prepared using the same protocol, the discrepancy might derive
from the thickness of the polymer films. It has been reported
that thin films of glassy polymers (<1 μm) have lower gas
selectivities than the corresponding bulk polymers.20,40 On the
other hand, the reasonably high gas/N2 selectivities found for
these TFC membranes suggest that they were free of defects.
The gas selectivity values also indicate that there was

essentially no gas transport through PES (as shown in Figure
1). Because PES has a CO2/N2 selectivity of 34 (cf. Table 2),
which is much higher than those of the perfluoropolymers, any
transport resistance exerted by PES would have significantly
increased the CO2/N2 selectivity.
The thickness of the selective layer in the TFC membranes

was determined using a Filmetrics F20 instrument after the PES
layer had been dissolved. The (PA/l)Ideal values were calculated

Table 2. Pure-Gas Permeabilities and Selectivities in Free-Standing Films of Perfluoropolymers and PES38,39 at 35 °C

Teflon AF1600 Hyflon AD80 Hyflon AD40 PES38,39

gas PA (Barrera) gas/N2 selectivity PA (Barrera) gas/N2 selectivity PA (Barrera) gas/N2 selectivity PA (Barrera) gas/N2 selectivity

H2 930 7.2 390 11 230 18
CO2 720 5.5 250 7.1 120 9.2 2.8 34
N2 130 35 13 0.082

a1 Barrer =10−10 cm3 (STP) cm/(cm2 s cmHg) = 7.5 × 10−18 m3(STP) m/(m2 s Pa).

Table 3. Pure-Gas Permeances and Selectivities of uTFC Membranes at 35 °C, as well as Their Selective Layer Thicknesses (l)
and Permeance Efficiencies (βA)

βA

polymer l (nm) CO2 permeance (gpu) CO2/N2 selectivity CO2 H2 N2 average

Teflon AF1600 50 8600 4.9 0.60 0.58 0.67 0.62
100 5400 5.4 0.76 0.75 0.78 0.76
175 3800 5.8 0.93 0.90 0.90 0.91
370 2000 5.8 1.0 0.97 0.95 0.97

Hyflon AD80 45 2200 6.4 0.39 0.45 0.44 0.43
100 1300 6.6 0.53 0.62 0.58 0.58
180 990 6.5 0.71 0.80 0.78 0.76
350 610 6.5 0.85 0.95 0.94 0.91

Hyflon AD40 135 310 8.1 0.35 0.39 0.39 0.38
365 150 8.2 0.46 0.52 0.52 0.50
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using the permeabilities determined in this study (as shown in
Table 2), which were then used to calculate the βA value for
each TFC membrane using eq 1. The βA values for each gas are
reasonably consistent, and the averages of these values were
used for further analysis. All of the βA values for the TFC
membranes were lower than 1.0, suggesting that gas transport
across the TFC membranes was restricted by the PES support.
Thinner selective layers were found to lead to lower βA values,
indicating more severe restrictions due to the porous support,
which is consistent with the modeling results.15−18 For typical
industrial membranes consisting of 100-nm selective layers, the
selection of the porous support can be critical. For example, the
uTFC membrane with the 100-nm Hyflon AD80 layer
exhibited a permeance efficiency of 0.58, suggesting that the
PES support caused a permeance loss of 42% by geometric
restriction.
To better understand the geometric restriction of the PES

support on the gas permeance across the uTFC membranes,
the experimental βA values were compared with the modeling
data (cf. eq 2),16,18 as shown in Figure 4a. By fitting the
experimental data for the TFC membranes based on Teflon
AF1600 and Hyflon AD80 using eq 2, the best fit for the
effective surface porosity was found to be 12%, which is within
the expected range of 8.7−25%. Note that the value of 12% is
not an average of 8.7% and 25%, which are the lower limit
(estimated using the DGM considering tortuosity) and the
upper limit (determined using surface SEM images without
considering tortuosity or dead ends), respectively. The
consistency is remarkable, considering the complexity of
characterizing the support morphology and preparing defect-
free ultrathin film membranes.
Figure 4a shows that the experimental βA values for the

Hyflon AD40-based TFC membranes, which were made from
1.0% and 2.0% coating solutions, were much lower than the
modeling data for an effective surface porosity of 12%. One
possible reason for this discrepancy could be the pore
penetration of the coating solution, as shown in Figure 1. For
example, the viscosity of the coating solution is a key factor
determining thin-film-forming properties. The viscosities were
1.1 × 10−3, 0.7 × 10−3, and 0.69 × 10−3 Pa s for the coating
solutions containing 1 wt % Teflon AF1600, Hyflon AD80, and
Hyflon AD40 at 23 °C, respectively. Lower solution viscosity

results in more tendency for pore penetration, which might
partially account for the lower experimental βA values for the
Hyflon AD-based TFC membranes than for the Teflon
AF1600-based ones. On the other hand, the Hyflon AD40-
based membranes exhibited lower βA values than Hyflon AD80-
based ones, even though the solution viscosity values were
similar. Another observation is that, unlike for Teflon AF1600
and Hyflon AD80, the solutions containing 0.3% and 0.6%
Hyflon AD40 could not be made into defect-free TFC
membranes, as indicated by the much lower CO2/N2 selectivity
than for the bulk film (as shown in Table 2). The detailed
permeance results for defective membranes are not presented
for brevity. This behavior is presumably due to pore
penetration, leading to defects. Other factors also affect thin
film formation on the porous support, such as surface tension.
However, exploring the relationship between the properties of
the coating solutions and defect formation in the thin films is
beyond the scope of this study.
To elucidate the possible influence of pore penetration on

the permeance efficiencies of TFC membranes, the exper-
imental βA values of the Hyflon AD40-based membranes were
fitted using the model, as shown in Figure 4b. In this model, the
pores on the support surface were minimized by solution
penetration, and the amount of pores remained the same. The
best fitting (based on eq 2) showed that the average pore size
shrank from 11.8 to 3.1 nm and the effective surface porosity
decreased from 12% to 0.8% (as a result of the pore
penetration). However, there is no effective technique for
visualizing and confirming pore penetration in nanosize pores.
Therefore, to design ultrathin film composite membranes, it is
critical to quantitatively understand the solution coating
process, such as the solution flow on top of porous plates.41

In conclusion, there is good consistency of our experimental
data with the modeling results, confirming the geometric
restriction of the porous support on the gas permeances of the
TFC membranes based on Teflon AF1600 and Hyflon AD80.
Our analysis confirms that the preparation of ultrathin film
composite membranes requires porous supports with high
porosities and small pores. To obtain defect-free thin films, the
coating solutions need to be optimized in terms of solvent type,
composition, and other properties that are key in determining
the thin-film-forming ability.41

Figure 4. Effects of geometric restriction on the gas permeances in TFC membranes based on a PES support: (a) comparison of experimental βA
values (represented by the symbols) with the modeling data (represented by the red curve), (b) effects of pore penetration on the βA values of the
TFC membranes based on Hyflon AD40. The curve in panel b was drawn based on eq 2 assuming that there is severe pore penetration.16,18
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5. CONCLUSIONS
The geometric restriction of a porous support on gas
permeance was elucidated in two-layer TFC membranes
comprising an industrial PES ultrafiltration membrane as the
support. Both SEM imaging and analysis using the dusty gas
model consistently yielded an average surface pore radius of
11.8 nm and an effective surface porosity between 8.7% and
25%. Ultrathin film composite membranes were prepared using
three glassy perfluoropolymers, namely, Teflon AF1600, Hyflon
AD80, and Hyflon AD40. As expected, the PES support was
found to exert a significant geometric restriction on gas
permeation through the TFC membranes, and the restriction
became more severe for thinner selective layers. For example,
the experimental βA value was as low as 0.43 for a membrane
with a 45-nm-thick selective layer.
For TFC membranes based on Teflon AF1600 and Hyflon

AD80, the experimental βA values agreed reasonably well with
modeling results, yielding an effective surface porosity of 12%,
which is in agreement with the results from SEM imaging and
the DGM. However, TFC membranes based on Hyflon AD40
exhibited much lower βA values than expected, presumably
because of pore penetration. In general, both the experimental
and modeling results suggest that the fabrication of uTFC
membranes requires porous supports with high porosities and
small pores, as well as coating solutions with good film-forming
properties.
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■ NOMENCLATURE
A0 = geometric factor in eq 4 [cm3 (STP)/(cm3 cmHg)]
B0 = geometric factor in eq 4 [cm3 (STP)/(cm2 cmHg)]
CFD = computational fluid dynamics
DGM = dusty gas model
JA = permeance of component A through a porous support
[cm3 (STP)/(cm2 s cmHg)]
l = thickness of a membrane selective layer (cm)
lskin = skin-layer thickness of the porous support (cm)
m = adjustable parameter (see eq 7)
MA = molecular weight of gas A (g/mol)
NR = dimensionless number defined in eq 3
p ̅ = average pressure of the feed and permeate sides of the
membrane (cmHg)
PA = permeability coefficient [Barrer, 1 Barrer = 10−10 cm3

(STP) cm/(cm2 s cmHg) = 7.5 × 10−18 m3 (STP) m/(m2 s
Pa)]

P/l = gas permeance [gpu, 1 gpu =10−6 cm3 (STP)/(cm2 s
cmHg) = 7.5 × 10−12 m3 (STP)/(m2 s Pa)]
(P/l)Apparent = experimentally measured gas permeance (gpu)
(P/l)Ideal = ideal permeance calculated from polymer
permeability and film thickness (gpu)
q = tortuosity of the porous support in eq 6
r = pore radius of the porous support (nm)
R = gas constant [6236 cmHg cm3/(mol K)]
S = scaled selective layer thickness (S = l/r)
T = temperature (K)
TFC = thin film composite
uTFC = ultrathin film composite

Greek Letters
βA = membrane permeance efficiency for gas component A
ε = porosity of the porous support
ε/q2 = effective porosity of the porous support defined in eq
6
μA = viscosity of gas component A (cmHg s)
ϕ = effective surface porosity of a porous support
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