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a b s t r a c t

Physical aging of thin film glassy polymers continuously decreases gas permeability, presenting a great
challenge in designing membrane systems for long-term gas separation. Most studies on the effect of
physical aging on membrane applications use freestanding thin films, which are often annealed above
the polymer glass transition temperature (Tg) before gas permeability is determined. However, industrial
membranes are often thin film composites (TFCs) comprising the thin film on top of porous polymeric
supports, and they may not be annealed above the Tg. The objective of this study is to investigate the
effect of physical aging of the selective layer on gas permeance and selectivity of TFC membranes to
establish industrial relevance. Two-layer TFC membranes consisting of perfluoropolymers (including
Teflon

s

AF1600 and Hyflon
s

AD) at various film thicknesses (50 – 400 nm) on polyethersulfone porous
support were prepared and determined for permeances of CH4, N2, H2 and CO2 at 35 °C for over 1000 h.
Gas permeances decrease with time, and the decrease is more significant for larger penetrants and for
membranes with thinner selective layers. For example, CH4 permeance decreases by 54% and 27% after
aging for about 1400 h in TFC membranes comprising 50-nm- and 370-nm-thick Teflon AF1600, re-
spectively. The decrease of gas permeances over time in these TFC membranes is compared with that of
freestanding films. This study is one of only a few to present the results of physical aging in industrial TFC
membranes and to provide useful insights for practical membrane applications.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Polymeric membranes have emerged as an important tech-
nology for gas separation due to their high energy-efficiency,
simplicity in operation and compactness [1–3]. The key to the
wide use of membrane systems is high performance polymeric
membranes comprising a thin selective layer (0.1–0.2 mm) on top
of a microporous support. The selective layer is often made of
glassy polymers, which governs the gas transport properties such
as permeance and selectivity, and the porous support provides
mechanical properties needed for practical applications. While the
glassy polymer is fabricated to be thinner (o100 nm) to increase
gas permeance and thus lower capital cost, the thin film is usually
susceptible to physical aging [4], i.e., gas permeability decreases
with time, and the decrease rate is more substantial with thinner
films [5–8]. The decrease of permeance over time not only in-
creases the capital cost, but also introduces the complexity in
managing the long-term system performance [9].

The decrease of gas permeance with time in thin film polymers
has been widely documented for a broad range of glassy polymers
such as polysulfone [5–7,10], poly(phenylene oxide) [6,10], Ma-
trimids [6,7,10], 6FDA-durene [11], perfluorocyclobutyl (PFCB)
polymers [12], poly(1-trimethylsilyl-1-propyne) (PTMSP) [13], and
polymers of intrinsic microporosity (PIMs) [8,13–16]. The physical
aging also increases gas selectivity that benefits from the favorable
diffusivity selectivity. The behavior has been interpreted using the
free volume model [4,7,10,17,18]. Within this framework, glassy
polymers are at non-equilibrium state, and polymer chains tend to
relax towards equilibrium state, resulting in the reduction of free
volume [19,20] and thus gas permeability [4,10]. The physical
aging has also been shown to affect other properties, such as re-
fractive index [21], glass transition temperature (Tg) [22], dielectric
properties, and dynamic mechanical properties [4,17,23].

The effect of physical aging on gas permeability is often de-
termined in a freestanding thin film. The film is usually annealed
above its Tg to eliminate history of film preparation and then it is
moved onto the top of microporous ceramic supports for per-
meation tests [6,7,10,21,24–26]. While such experimental design is
critical to explore the fundamental polymer structure/aging
property relationship, it remains unclear if the aging behavior of
the freestanding films would be indicative to that of the TFC
membranes for the three reasons as described below. First, for the
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TFC membranes, the thin selective layer is often formed by coating
the solution on top of a polymeric porous support followed by
solvent evaporation. The use of polymer substrates and membrane
forming procedures may influence segmental mobility of the thin
film and thus its aging behavior. For example, at film thickness of
less than 100 nm, poly(methyl methacrylate) (PMMA) shows an
increased Tg on a silicon oxide surface and a decreased Tg on a gold
surface [27]. Second, industrial membranes may not be annealed
above the Tg of the selective layer polymer, since the porous
support and paper layer may not sustain the high temperature.
Third, the freestanding films typically have a thickness of 400 nm
or greater to ensure that they are defect-free for gas separation. On
the other hand, industrial TFC membranes can have the selective
layer thinner than 100 nm [1,28]. Therefore, despite the rich lit-
erature on the physical aging behavior of freestanding films, there
is a critical need to investigate the aging behavior in the TFC
membranes.

The permeance decrease with time is often more rapid if the
polymer has higher fractional free volume [2]. However, several
amorphous glass perfluoropolymers such as Teflons AF1600 and
Hyflons AD, show a much slower aging rate than hydrocarbon
polymers with similar or lower fractional free volume in free-
standing films [13,28,29]. These perfluoropolymers have high
permeability, moderate selectivity and excellent chemical stability
and therefore, they have been extensively investigated for the
separation of CO2/CH4, O2/N2, H2/CH4, He/CH4 [28–30], and etha-
nol/water [31].

The objective of this study (Part I and Part II) is to investigate
the effect of physical aging of the selective layer on the gas per-
meance and selectivity of TFC membranes comprising Teflon
AF1600 and Hyflon AD. In the present Part I study, industrial two-
layer TFC membranes consisting of perfluoropolymer thin films at
various thicknesses (50–400 nm) on polyethersulfone (PES) ultra-
filtration support were successfully prepared. Pure-gas per-
meances of CH4, N2, H2 and CO2 at 35 °C were measured for over
1000 h. The changes of gas permeances over time in these TFC
membranes are compared with those of the freestanding films
(including perfluoropolymers and hydrocarbon polymers) re-
ported in the literature. The Part II study will determine the Tg of
the thin selective layers at various thicknesses and aging time in
the TFC membranes, which will be correlated with the changes in
the free volume and thus gas permeances.
2. Background

TFC membranes often have an unknown selective layer thick-
ness (l) and therefore, gas permeance for component A (PA/l) is
often used to characterize the membrane performance [32]:
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where NA [cm3(STP)/s] is gas flux through a membrane, PA
[cm3(STP) cm/cm2 s cmHg] is gas permeability of the thin film
polymer, Am is the membrane area (cm2), and p2,A and p1,A are the
feed and permeate pressure (cmHg), respectively. Gas perme-
ability is often expressed in units of Barrer, where
1 Barrer¼10�10 cm3(STP) cm/cm2 s cmHg, and gas permeance has
units of GPU, where 1 GPU¼10�6 cm3(STP)/cm2 s cmHg.

Gas permeance in non-porous polymers is often related to the
polymer fractional free volume (f) by [33–35]:
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where AA is a pre-exponential factor (GPU) and BA is a constant
that increases with increasing penetrant molecule size [34,36]. The
f is usually estimated as follows:
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where V is the specific volume of the polymer at the temperature
of interest, and Vo is the specific occupied volume at 0 K, which is
estimated as 1.3 times the van der Waals volume [37]. The van der
Waals volume can be estimated using Bondi's group contribution
method [37].

Gas selectivity ( αA/B) is a ratio of their permeabilities or per-
meances, and is given by [32]:
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When the gas component A has smaller molecule size than com-
ponent B, Eq. (5) suggests that lower f value leads to higher αA/B,
since the BA value increases with increasing penetrant size [34,36].
3. Experimental

3.1. Pretreatment of polyethersulfone support

Flat sheet polyethersulfone ultrafiltration membrane (PES2)
was purchased from Ultura™ High Recovery Membrane Technol-
ogy (Long Beach, CA) and was used as the microporous support to
prepare TFC membranes. The pores of the commercial PES2 sup-
port are filled with glycerol to preserve the porous structure. To
prepare TFC membranes, the glycerol needs to be removed before
the support is used, which is achieved using the following pro-
cedure. First, the support was soaked in deionized water and so-
nicated for 30 min. Second, the support was soaked in isopropyl
alcohol (IPA) (VWR International, Radnor, PA) and sonicated for
20 min to remove the remaining glycerol and exchange the water
with IPA. Third, the support was soaked in iso-octane (VWR In-
ternational) for 1 h to remove the IPA, before drying in the air. The
iso-octane has lower surface tension than IPA or water and
therefore, the drying in the air is expected to have minimal da-
mage for the pore structure. After the pretreatment, PES2 support
exhibits an N2 permeance of �100,000 GPU and H2 permeance of
�300,000 GPU at a feed pressure of 30 psig, which is much higher
than the TFC membranes prepared (as shown later), indicating
that the porous support has negligible transport resistance for gas
transport compared with TFC membranes.

3.2. Preparation of TFC membranes

Table 1 shows the chemical structure of the amorphous glassy
perfluoropolymers investigated. Teflons AF1600 was purchased
from DuPont (Wilmington, DE). Hyflons AD80 and Hyflons AD40
were purchased from Solvay Specialty Polymers (West Deptford,
NJ). The coating solutions were prepared using a solvent of No-
vec™ 7200 (ethoxyl-nonafluorobutane, C4F9OC2H5) purchased
from 3M (St. Paul, MN). The solution was filtered using PES filters
with a pore size of 200 nm. The membrane coating was obtained
using an automatic drawdown machine (DP-8301, The Paul N.
Gardner Company, Pompano Beach, FL) with wire-wound lab rods.
The film thickness was controlled by the polymer concentration in
the solutions and the wire size of the rods. After the coating, the
TFC membranes were dried for 15 s with a heat gun before



Table 1
Chemical structures, Tg, fractional free volume (f) and CO2/CH4 separation properties at 35 °C of the perfluoropolymers studied in this work [30].

Polymer Structure Tg (°C) f CO2 permeability (Barrer) CO2/CH4 selectivity

Teflons AF1600 160 0.29 520 6.5

Hyflons AD80 134 0.23 150 13

Hyflons AD40 95 0.22 100 17

Perfluoro- 
polymer 

Porous 
support 

30-60 µm  

50-400 nm  

Fig. 1. Schematic of an industrial two-layer TFC membrane comprising a per-
fluoropolymer selective layer on top of a microporous support.
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annealing in a vacuum oven at 80 °C for 2 h to remove the solvent.
When the membranes were taken out of the oven for cooling, the
time was set at zero to study physical aging behaviors. The oven
temperature of 80 °C is slightly higher than the boiling tempera-
ture of Novec 7200 (76 °C) to ensure the solvent removal. Sche-
matic of the TFC membranes is shown in Fig. 1.
3.3. Determination of pure gas permeance of TFC membranes

Pure-gas permeances of CH4, N2, H2, and CO2 of the TFC
membranes were determined using a constant pressure/variable
volume method at 35 °C [38]. Gas cylinders of CH4, N2, and H2 with
ultra-high purity and CO2 (with high purity) were obtained from
Praxair Inc. (Buffalo, NY). The TFC membranes were masked using
aluminum tape to avoid direct contact with the o-ring [39,40]. The
masked membrane stamp was placed in a pressure filter holder
(Millipore Corporation, Billerica, MA). Bubble flow meters were
used to determine the gas flux through the TFC membranes, and
the permeance can be calculated using Eq. (1).

TFC membranes were initially evaluated at feed pressures of 50,
100 and 150 psig using CH4, N2 and H2 to verify that the mem-
branes were defect-free. Pure-gas CO2 was tested at 50 psig to
avoid the CO2 plasticization, which affects the aging behavior
[12,41]. After testing, the TFC membranes were kept inside the
permeation cell at room temperature in the air. The membranes
were tested periodically using pure-gas CH4, N2 and H2 at 50 psig
and 100 psig and CO2 at 50 psig to monitor the effect of physical
aging on gas transport properties.
3.4. Determination of the selective layer thickness

To determine the thickness of the perfluoropolymer selective
layer, the TFC membranes were immersed in dimethylformamide
(DMF, Sigma-Aldrich, St. Louis, MO) for 30 min to dissolve the PES
support. The perfluoropolymers are not soluble in DMF and
therefore, the thin films detached from the support and floated in
the liquid, which were then transferred onto a silicon wafer. After
drying in a vacuum oven at 80 °C for 2 h, the film thickness was
measured using a Filmetrics F20 thin-film measurement instru-
ment (Filmetrics, Inc., San Diego, CA) [42,43]. The film thickness at
different locations was measured and the variance is less than 5%,
indicating that the films have uniform thicknesses. The selective
layer thickness can also be measured using Scanning Electron
Microscope (SEM) to directly image membrane cross-section [43].
However, each SEM photo may only visualize small area of
membrane samples, which is not as convenient as the Filmetrics
F20 approach developed here for multi-spots measurements.
4. Results and discussion

4.1. Characterization of defect-free TFC membranes

The TFC membranes were tested with pure-gases (including
CH4, N2 and H2) at various feed pressures after 1 h of aging to
verify if they are defect-free before long-term aging study. Fig. 2a
and b exhibit gas permeances as a function of feed pressure at
35 °C in the membranes comprising Teflon AF1600 and Hyflon
AD80, respectively. The membranes have a selective layer thick-
ness of 100 nm and 180 nm for Teflon AF1600 and Hyflon AD80,
respectively, which were determined using Filmetrics F20 after
dissolving the support. The gas permeances are independent of
feed pressures, indicating that these TFC membranes are defect-
free [32,44]. The results for the membranes based on Hyflon AD40
are similar and they are presented in the Supplemental
information.

Fig. 2c and d compare the pure-gas selectivity in the TFC
membranes with that of bulk polymers reported in the literature
[30]. In general, the TFC membranes exhibit selectivity values si-
milar to or even higher than the freestanding films, which further
corroborates that these TFC membranes are defect-free. The
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discrepancy in the selectivity may not be surprising since gas
permeation properties in glassy polymers are often influenced by
processing conditions, such as solvents used, thermal history and
the film thickness [13,45]. For example, the TFC membranes in this
study were prepared using a solvent of Novec 7200, dried at 80 °C
and have a selective layer thickness of less than 200 nm. On the
other hand, the freestanding films reported in the literature have a
thickness of 15–150 mm, which were prepared using other fluori-
nated solvents and dried above their corresponding Tg's [30,46].

4.2. Effect of physical aging on gas permeances of TFC membranes

Fig. 3 exhibits the pure-gas permeances of CH4 and H2 at 35 °C
as a function of aging time in the TFC membranes comprising
three perfluoropolymers (Teflon AF1600, Hyflon AD80 and Hyflon
AD40) with varying selective layer thicknesses. Pure-gas CO2 and
N2 show behaviors similar to CH4 and H2, and the results are
presented in the Supplemental information.

For the TFC membranes based on Teflon AF1600 and Hyflon
AD80, four solutions with different polymer concentrations were
used to prepare the membranes, including 2 wt%, 1 wt%, 0.6 wt%
and 0.3 wt%. For the TFC membranes based on Hyflon AD40, two
solutions with polymer content of 2 wt% and 1 wt% were used.
Solutions containing less than 1% Hyflon AD40 cannot yield de-
fect-free membranes, presumably because thinner layers are more
susceptible to defects. In general, the thickness of the obtained
selective layer increases with increasing polymer concentration in
the coating solutions. For example, the Teflon AF1600 solutions
with polymer content of 2 wt%, 1 wt%, 0.6 wt% and 0.3 wt% yield
the TFC membranes with the selective layer thickness of 370 nm,
175 nm, 100 nm and 50 nm, respectively. The thickness of the
obtained films varies slightly for different polymers even at the
same solution composition, presumably due to the difference in
the solution viscosity and density [47].

The measured permeance significantly differs from the ideal
permeance, which is the ratio of gas permeability to the selective
layer thickness. For example, with a selective layer thickness of
50 nm, the TFC membrane based on Teflon AF1600 should have a
CH4 permeance of 1600 GPU, while the measured CH4 permeance
is only 1200 GPU. Such discrepancy has been ascribed to the
geometric restriction from the porous support for the gas diffusion
in the selective layer [48–51]. The low surface porosity of the
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porous PES support increases the length of the gas diffusion path
in the selective layer and thus the gas permeance is significantly
decreases. The details has been discussed elsewhere [52].

As shown in Fig. 3, gas permeances in all TFC membranes de-
crease with time, which is consistent with freestanding polymer
films reported in the literature [10,53]. To quantitatively describe
the change in permeances, a term of relative permeability or
permeance (βt) at the aging time of t (hr) is defined below as [53–
55]:

β = =
( )

( ) ( )
P

P

p l

p l

/

/ 6t
t

h

A t

A h1 1

where ( )p l/A t and ( )p l/A h1 are the gas permeance for component A
after an aging time of t and after 1 h of aging (i.e., the first per-
meance measurement in this study), respectively.

Fig. 4 presents the relative gas permeances of CH4 and H2 in the
TFC membranes based on Teflon AF1600, Hyflon AD80 and Hyflon
AD40. In general, the decrease in the relative gas permeance is
more significant for thinner TFC membranes than thicker ones,
because thinner films exhibit faster aging rate and thus more
significant decrease in free volume. This behavior is also consistent
with that in freestanding films [6,7,10,13]. However, there are
several interesting observations as follows. First, for the TFC
membranes based on Teflon AF1600, the permeance reduction is
similar for those with thicknesses of 370 nm and 175 nm, and for
Table 2
Comparison of the preparation procedures and conditions for freestanding Teflon
AF1600 thin film (UT film) [41], TFC membranes comprising perfluoropolymers
(MTR TFCs) [28], and TFC membranes comprising Teflon AF1600 (this study).

Membranes or free-
standing films

Support Preparation
method

Thermal
treatment

UT freestanding film
[13]

Anodisc
membranes

Spin coating Annealing above
Tg

MTR TFCs [28] Poly(etherimide)
support

Dip coating Drying at
�100 °C for
o10 mins

TFCs (this work) PES Coating 2 h in 80 °C un-
der vacuum
those with thicknesses of 100 nm and 50 nm. This phenomenon
has also been observed for the freestanding films of Teflon AF2400,
where the permeability decrease follows two different behaviors
for films with thickness below and above 1.6 mm [13]. Second, the
permeance reduction has a linear correlation with the logarithm of
the time for the TFC membranes, except for those with the se-
lective layer thickness of �50 nm. For these ultrathin TFC mem-
branes, the permeance reduction seems to accelerate with time.
Third, the permeance reduction rate seems to follow the order
below: Teflon AF16004Hyflon AD804Hyflon AD40. This order is
also consistent with the order of decreasing f and decreasing Tg, as
shown in Table 1. The effect of f and Tg on physical aging and gas
permeability will be discussed in the Part II of this study [56].

Fig. 5 compares the relative permeance for N2 in three per-
fluoropolymer thin films, TFC membranes based on Teflon AF1600
(this study), freestanding thin films of Teflon AF1600 (UT film)
[41], and TFC membranes based on perfluoropolymers (MTR TFCs)
[28]. The reference permeance or permeability is at an aging time
of �24 h. Table 2 also summarizes the difference in the proce-
dures and conditions in preparing these films or TFC membranes.

The TFC membranes studied show aging behavior similar to the
freestanding films. For example, after an aging time of about
900 h, the TFC membranes with 370 nm selective layer show a
relative N2 permeance of 0.86, while the freestanding film with a
thickness of �400 nm has the relative permeance of 0.89. On the
other hand, there seems to be significant difference in the aging
behavior in the TFC membranes studied here and those studied at
Membrane Technology and Research, Inc. (MTR) [28]. MTR pro-
duces the TFC membranes using industrial and lab scale coaters
and the membranes show essentially no permeance reduction
with time, even though the selective layer has a thickness of
83 nm [28,29]. In comparison, the TFC membrane with a thickness
of 100 nm in this study shows a relative permeance of only 0.80
after aging for 1400 h. The reason is not clear, although a possible
explanation could be the use of different apparatuses for preparing
the TFC membranes and prior thermal history. MTR uses dip
coaters with solution coating in vertical way and anneals mem-
branes for only 10 min at 100 °C [57], while this study uses a la-
boratory membrane coater with a horizontal coating and anneals
membranes at 80 °C under vacuum for 2 h. We do not expect the
difference in the porous support could play an important role,
since both poly(etherimide) and PES do not have specific inter-
actions with perfluoropolymers.

4.3. Effect of physical aging and film thickness on gas selectivity in
TFC membranes

Physical aging decreases polymer f and thus increases gas se-
lectivity with favorable diffusivity selectivity, such as H2/CH4, H2/
N2 and O2/N2 separations, as indicated in Eq. (5) [5,10]. For ex-
ample, Fig. 6 shows the pure-gas selectivity of H2/CH4, H2/N2 and
CO2/N2 at 35 °C in TFC membranes comprising Teflon AF1600 with
various thicknesses. For all four TFCs, gas selectivity increases with
aging time due to the decrease in free volume, which is also
consistent with that in the freestanding films [13]. The TFC
membrane comprising 50-nm-thick Teflon AF1600 film shows
slightly lower selectivity than the others with thicker films.
Thinner films are widely reported to have more flexible polymer
chains (which may be indicated by lower Tg) [58,59], leading to
weaker size sieving ability and lower selectivity. The TFC mem-
branes comprising 100 nm, 175 nm and 375 nm selective layers
seem to have very similar selectivity, especialy after 100 h aging.
Similar behaviors have been observed for the TFCs comprising
Hyflon AD40 and AD80 selective layers and the results are shown
in the Supplemental information.
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4.4. Effect of polymer structure and film thickness on the permeance
reduction rate

Fig. 7 depicts the comparison of relative gas permeance of CH4

and H2 at 1000 h ( β h1000 ) for the TFCs based on Hyflon AD40,
Hyflon AD80 and Teflon AF1600 at 35 °C. The permeance reduction
is greater for CH4 than for H2, since CH4 molecule (with a kinetic
diameter of 3.8 Å) is larger than H2 with a kinetic diameter of
2.89 Å [35]. As thin film polymer ages and free volume (f) de-
creases [10], gas permeability decreases more rapidly for larger
molecules with greater BA values (cf. Eq. (2)).

Fig. 7 shows that the β h1000 value decreases in the following
order: Teflon AF16004Hyflon AD804Hyflon AD40. This order is
independent of the selective layer thickness or gas type, and it is
consistent with the order of decreasing f or Tg, as shown in Table 1.
On the other hand, the order of the β h1000 value is different from
the freestanding thin films. For example, freestanding thin films of
Hyflon AD60 show greater decrease of the relative permeability
than Teflon AF1600 [13].
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Fig. 9. Permeability reduction rate ( γA) in TFC membranes as a linear function of
the squared kinetic diameter for gas molecules (deff

2 ).
The decrease of permeance with time for gas component A can
be described using permeability reduction rate (γA), which is given
by [10,13]:

γ
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In this study, γA is calculated based on the long-term aging data
that show linearity between Plog A and tlog [10], as shown in
Fig. 3. Most of the TFC membranes show the linearity after aging
for 50 h.

Fig. 8 shows the γA values of the TFC membranes and free-
standing thin films for CH4 and N2. In general, the TFC membranes
exhibit higher γA values for thinner selective layers with higher
free volume. Fig. 8 also compares the γA values for the TFC mem-
branes and a 400-nm-thick Teflon AF1600 freestanding film [13].
The TFC membrane shows higher γA value than the freestanding
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film, presumably because the film preparation procedures have a
significant effect on the physical aging behavior of glassy films.

The γA values of glassy polymer films have been shown to de-
pend on both f and gas molecule size such as the squared kinetic
diameter, deff

2 [10]. To verify if such correlation exists for the TFC

membranes, Fig. 9 shows the correlation of the γA and deff
2 in the

TFCs comprising a selective layer of �350 nm. There is a linear
correlation between the γA and deff

2 , which can be explained below.
Combing Eqs. (3) and (7) gives the following expression [13]:

γ = −
∂
∂

= ∂( )
∂ ( )

P
t

B
f
t

ln
ln

1/
ln 8A

A
A

The parameter BA can be related to deff
2 , indicating the minimal

open area needed for gas molecular diffusion in the nonporous
polymers, as shown in Eq. (9) [35,36].

κ= + ( )B B d 9A A0
2

where B0 and κ are adjustable constants, independent of penetrant
size. Therefore, Eq. (8) can be rewritten as:
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The parameter of ∂( )
∂

f
t

1 /
ln

is polymer physical property and is in-
dependent of the penetrant sizes. Therefore, Eq. (10) clearly sug-
gests that there is a linear correlation between the permeation
reduction rate and deff

2 of penetrants.

4.5. Comparison of β h1000 in perfluoropolymers and hydrocarbon
polymers

Fig. 10 compares N2 relative permeability at an aging time of
1000 h ( β h1000 ) for glassy perfluoropolymers [41] and hydrocarbon
polymers [25,53] as a function of their f values. These films (in the
freestanding form or TFC membranes) have a thickness of �400 nm,
except PTMSP (which has a thickness of 700 nm). Hydrocarbon
polymers exhibit a trend that higher f values lead to lower β h1000
values. Presumably, higher f values suggest greater excess volume
relative to the equilibrium volume or higher driving force for polymer
chains to relax, and thus greater aging rate. Interestingly, polystyrene
(PS) exhibits much higher β h1000 value than other hydrocarbon poly-
mers with similar free volume, which can be speculated as follows.
Struik suggested that physical aging occurs below the polymer Tg, due
to the movement of the polymer side chains, while the main chains
are immobile in the time frame of gas diffusion [4]. Unlike other
polymers with short side groups such as methyl groups, PS has bulky
phenyl side groups and thus low mobility for chain relaxation. Con-
sequently, PS exhibits a slower aging rate than other hydrocarbon
polymers, though they may have similar free volumes or Tg.

Perfluoropolymers exhibit much higher β h1000 values than hy-
drocarbon polymers with similar f values. For example, both Teflon
AF1600 and poly(1-trimethylsilyl-1-propyne) (PTMSP) have an f
value of 0.29; however, the β h1000 value is 0.78 and near zero for
Teflon AF1600 (TFC membranes) and PTMSP, respectively. There
are few studies aiming to understand the physical aging on a
molecular level. We suspect that the side groups of per-
fluoropolymers containing –CF3 groups are much bulkier and
heavier than their hydrocarbon analog (–CH3). Consequently, the
movement of the side groups (ascribed to the physical aging) is
much slower for perfluoropolymers than hydrocarbon polymers,
resulting in the slower aging rate in the perfluoropolymers.

5. Conclusion

The objective of this study (Part I and Part II) is to investigate
the effect of physical aging of perfluoropolymer selective layers on
gas permeance and selectivity in TFC membranes. In the present
Part I study, two-layer TFC membranes consisting of per-
fluoropolymers at various thicknesses (50–400 nm) on a PES mi-
croporous support were successfully prepared and tested for pure-
gas CH4, N2, H2 and CO2 permeances at 35 °C for over 1000 h. Pure-
gas permeance decreases with time, and the decrease rate is more
significant for larger penetrants, and for the TFCs with thinner
selective layers. Physical aging increases pure-gas selectivity of H2/
CH4, CO2/CH4 and CO2/N2. These behaviors are qualitatively con-
sistent with those of freestanding films.

Among the three perfluoropolymers studied (i.e., Teflon
AF1600, Hyflon AD80 and Hyflon AD40), permeability reduction
rate (γA) increases with increasing polymer fractional free volume
(f). The γA values also increase linearly with the squared kinetic
diameter of penetrants, which is experimentally validated and
theoretically rationalized. These perfluoropolymers exhibit much
higher β h1000 values than typical hydrocarbon polymers with si-
milar f values, which is hypothetically ascribed to the fact that the
side groups (such as –CF3) in the perfluoropolymers are much
bulkier and heavier than those (such as –CH3) in the hydrocarbon
polymers to relax. Part II of the study will determine the glass
transition temperature (Tg) of the thin selective layers at various
thicknesses and aging time in the TFC membranes, which will be
used to correlate with the changes in f and thus gas permeances.
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Nomenclature

Am membrane area (cm2)
AA pre-exponential factor (cf. Eq. (2))
B0 an adjustable constant (cf. Eq. (9))
BA a constant related to penetrant size (cf. Eq. (2))
dA kinetic diameter of gas molecule A (nm)
f fractional free volume of a polymer
l thickness of thin films (cm)
NA flux of gas A through membrane (cm3(STP)/s)
p2,A pressure of gas A in the membrane upstream

(cmHg)
p1,A pressure of gas A in the membrane permeate

(cmHg)
P1 h permeability of a polymer at an aging time of 1 h
PA permeability of gas A of a polymer (Barrer)
PA/l permeance of gas A in a membrane (GPU)
Pt permeability of a polymer at an aging time of t

(Barrer)
t time (h)
TFC thin film composite
Tg glass transition temperature (°C)
V specific volume of a polymer (cm3/g)
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V0 specific occupied volume of a polymer at 0 K (cm3/
g)

Greek letters

αA B/ permeability selectivity of gas A over B
βt relative permeability at aging time of t to 1 h (cf. Eq.

(6))
γA permeance or permeability reduction rate (cf. Eq.

(7))
κ an adjustable constant in Eq. (9).

Subscript

1 membrane permeate side
2 membrane feed side
A gas component A
B gas component B
t aging time (hr)
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