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a b s t r a c t

Thin film composite (TFC) membranes for gas separation often comprise a thin selective layer of a glassy
polymer, which, however, suffers from physical aging, i.e., gas permeance decreases with time. This study
aims to provide a mechanistic understanding of the effect of physical aging on permeance reduction in
TFC membranes. The Part I study reports gas permeances in two-layer TFC membranes comprising
perfluoropolymers of Teflons AF or Hyflons AD with thicknesses of 50–400 nm. In this Part II study,
apparent glass transition temperature (Tg) of thin selective layers was determined in situ over time using
a nano-thermal analysis (nano-TA). Physical aging decreases gas permeances and increases apparent Tg,
and the rate of changes is more significant for thinner selective layers. For example, N2 permeance de-
creases from 1000 gpu to 550 gpu while apparent Tg increases from 160 °C to 172 °C after aging for
2000 h in a membrane with 100-nm-thick Teflon AF1600. The measured Tg values are used to derive
polymer fractional free volume and physical aging rate. A simplified free volume model is used to suc-
cessfully correlate the gas permeance reduction with Tg increase during physical aging. Polymers with
good stability of permeability should have low physical aging rate and high fractional free volume.

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

Glassy polymers have been widely explored for membrane gas
separation, due to their rigid structure and strong size sieving
ability [1,2]. However, when these polymers are made into thin
film composite (TFC) membranes, their gas permeability often
decreases with time due to physical aging, which limits their po-
tential for industrial applications [3–6]. For example, Part I of this
study investigates TFC membranes with selective layers of glassy
perfluoropolymers such as Teflons AF1600 and Hyflons AD and
demonstrates that gas permeance decreases with time, and the
decrease is more significant for membranes with thinner selective
layers [7,8]. The reduction rate of gas permeability in polymers
may be decreased by blending with nanoparticles [9–11]. However,
there lacks a understanding of the relationship between polymer
structure and gas permeability reduction, especially for thin films
in TFC membranes.

Glassy polymers are at non-equilibrium state, and polymer
chains relax toward lower energy states over time (i.e., aging),
decreasing polymer specific volume (V) [12–14]. As shown in Fig. 1,
haiqingl@buffalo.edu.(H. Lin)
the decrease in V decreases polymer fractional free volume (f), a
key parameter determining gas diffusivity and thus permeability
in polymers [4,15]. The f value is usually estimated as follows:

=
−
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where Vo is the specific occupied volume at 0 K and it is estimated
as 1.3 times the van der Waals volume [16]. The van der Waals
volume is usually estimated using Bondi's group contribution
method [16].

The permeability of gas component A (PA in Barrer) in non-
porous polymers can be related to the f by [17–20]:
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where AA is a pre-exponential factor (Barrer) and BA is a constant
increasing with increasing penetrant molecule size.

The aged polymer has lower free volume or more compact
structure than the unaged one. To reflect the difference, a concept
of equivalent glass transition temperature (Tg

E) is defined in Fig. 1.

A hypothetical polymer with a glass transition temperature of Tg
E is

assumed to have the same thermal expansion coefficients as the
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Fig. 1. Schematic of polymer specific volume (V) as a function of temperature. The
polymer has a glass transition temperature of Tg. Physical aging decreases V, and
the aged polymer has an equivalent glass transition temperature of Tg

E (or apparent
Tg).
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unaged polymer, and the same specific volume as the aged poly-
mer at the temperature of interest. Therefore, the aged polymer is
considered to have a glass transition temperature of Tg

E (or ap-
parent Tg), which is higher than the original Tg to differentiate the
aged polymer from the unaged one. Consequently, the f value for
the aged glassy polymer can be related with the apparent Tg using
the following equation [19–22]:

α= + ( − ) ( )f f T T 3g g0

where f0 is a constant indicating the free volume at Tg, and αg is
thermal expansion coefficient of the polymer at glassy state. The
values of f0 and αg are regarded as constants during the aging
process [23]. Eq. (3) can be used to estimate the f values for
polymer thin films at various thicknesses and aging times, since
both film thickness and aging time influence the Tg values.

Combining Eqs. (2) and (3) gives the following expression:
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Eq. (4) gives a correlation between gas permeability at a given T
and apparent Tg . As shown in Fig. 1, physical aging increases the
apparent Tg , and thus decreases f and gas permeability.

To examine the relationship between f and gas permeability for
TFC membranes during physical aging, reliable measurements of
the Tg of the selective layer in situ are required. Though several
techniques are available to measure Tg of thin polymer films, such
as differential scanning nano-calorimetry [24] and ellipsometry
[25,26], they cannot be used to monitor the Tg of the selective layer
in the TFC membranes in situ due to the interference of the mi-
croporous support beneath the selective layer. Moreover, both
experimental and simulation work have shown that the Tg of thin
film glassy polymers depends on the processing history and sub-
strates. For example, Tg of the thin films could be higher or lower
than that of bulk polymers, depending on the interactions be-
tween the polymer and substrate [26–30], which again calls for
techniques that can probe the Tg of the membrane selective layer
in situ.

Recently, a new AFM-based technique, nano-thermal analysis
(nano-TA), has been used to measure the softening temperature of
thin films in situ [31,32]. Briefly, a resistive heater embedded in
the cantilever controllably heats the AFM probe with a tip radius
less than 30 nm. When the film surface in contact with the tip is
heated, the local thermal expansion of the polymer will induce the
upward deflections of the cantilever. Once the temperature rises
above the “softening temperature” of the polymer surface, the tip
would sink into the film, causing downward deflection. This onset
of change in tip deflection direction provides a good estimate of
the “softening temperature” (or apparent Tg or Tg

E) for the thin film
at the nanoscale. This non-intrusive technique is ideal to monitor
thin film properties in composite structures in situ as a function of
aging time.

In this Part II of the study, the apparent Tg of the thin selective
layers with various thicknesses and aging time in the TFC mem-
branes was determined, and the results are correlated with the
polymer f and thus gas permeance using a simplified free volume
model. This work, for the first time, directly determined the Tg of
the selective layer in TFC membranes during physical aging, and
provides a quantitative interpretation of the relationship between
physical aging and gas permeability reduction.
2. Experimental

2.1. Materials and preparation of TFC membranes

The materials and the preparation of TFC membranes were
described in detail in the Part I of this study [7]. Briefly, TFC
membranes were prepared by coating of perfluoropolymer solu-
tions on top of polyethersulfone (PES) porous supports (PES-2
from Ultura™ High Recovery Membrane Technology, Long Beach,
CA) using an automatic draw machine (DP-8301, The Paul N.
Gardner Company, Pompano Beach, FL). Pure-gas permeance in
the TFC membranes was determined using a constant pressure/
variable volume apparatus at 35 °C [33].

2.2. Preparation of freestanding perfluoropolymer films

To prepare freestanding films, homogeneous solutions con-
taining 15 wt% perfluoropolymers in Novec 7200 were first casted
on a glass plate using a casting knife (The Paul N. Gardner Co.,
Pompano Beach, FL). Subsequently, the films were dried in the air
for 18 h and then immersed in distilled water to detach from the
glass plate. Finally, the films were dried in a vacuum oven at 80 °C
for 24 h to remove the water and residual solvent. The films ty-
pically have a thickness of 10–20 mm. Pure-gas permeability of the
obtained films was determined using a constant volume/variable
pressure apparatus at 35 °C [33].

2.3. Determination of Tg in bulk polymers using differential scanning
calorimetry (DSC)

The Tg of bulk perfluoropolymers was determined using dif-
ferential scanning calorimetry (DSC) (DSC 204 F1, Netzsch-Ger-
atebau GmbH, Selb, Germany). The samples were heated from
25 °C to 200 °C at a ramping rate of 10 °C/min under nitrogen
purge. The Tg value is defined as the midpoint of the glass tran-
sition region during the first heating cycle.

2.4. Determination of apparent Tg of the selective layer in TFC
membranes using nano-TA

Nano-TA (Anasys Instrument Inc., Santa Barbara, CA) mea-
surements were performed using a custom-made thermal lever
probe (AN2–300) with a heating rate of 2 °C/s and temperature
ranging from 25 °C to 225 °C. Prior to the measurements, the
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temperature-voltage relationship was calibrated with three semi-
crystalline polymer standards with known values of melting
temperature, polycaprolactone (with a melting temperature of
55 °C), polyethylene (116 °C) and polyethylene terephthalate
(235 °C). For each sample, six measurements at different locations
across the surface of the TFC membranes were performed, and the
average values of the Tg are reported here.
3. Results and discussion

3.1. Tg of perfluoropolymers determined using nano-TA

Fig. 2 shows exampled deflection curves of nano-TA for Teflon
AF1600 in TFC membranes after being aged for about 744 h. The
deflection approaches a maximum at the apparent Tg of the thin
film polymer. More specifically, Fig. 2a shows the deflection curves
at five different positions of a 50-nm-thick Teflon AF1600, which
demonstrate the reproducibility of nano-TA. Fig. 2b shows de-
flection curves of Teflon AF1600 with different film thicknesses in
TFC membranes after aging for 744 h. The deflection changing rate
is related to the thermal expansion (in the vertical direction) of the
membrane (including the selective layer and porous substrate) in
contact with the thermal probe. Because of the interplay between
heat transfer and contact mechanics between the tip of the probe
and the membrane, there is often no direct correlation between
the selective layer thickness and deflection changing rate. Never-
theless, this difference does not affect the determination of Tg of
the selective layer using the change of deflection, which is ex-
clusively caused by the softening of the selective layer. The ap-
parent Tg values depend on the thickness of the selective layers.
For example, in Fig. 2b the selective layer with a thickness of
50 nm, 100 nm, 175 nm and 370 nm exhibits an apparent Tg value
of 170.8 °C, 168.9 °C, 163.1 °C and 164.1 °C, respectively. The stan-
dard deviation of the measured apparent Tg values is within 1 °C.
The detailed discussion on the effect of film thickness and aging
time on the apparent Tg is provided in Section 3.3.

The polymer Tg is often determined using DSC, while the nano-
TA provides the information of the polymer softening temperature
or apparent Tg [31,32]. Table 1 compares the Tg values obtained
from DSC and nano-TA for the relevant perfluoropolymers in
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Fig. 2. Exampled deflection curves from nano-TA. (a) A 50-nm-thick selective layer in a T
All membranes comprise selective layers of Teflon AF1600 after aging for about 744 h.
freestanding films of 10�20 mm thickness. There is excellent
consistency in Tg values obtained from both methods validating
the use of nano-TA for determining the Tg for thin film polymers in
TFC membranes.

To further validate the technique, nano-TA was used to de-
termine the Tg of the thin selective layer film in the TFC membrane
and the same film isolated on top of a silicon wafer after removing
the microporous support. First, the Tg of the selective layer in TFC
membranes was determined. Second, the TFC membrane was
immersed in dimethylformamide (DMF) to dissolve the PES sup-
port [7], and the thin perfluoropolymer film was collected on top
of the wafer. Third, after drying in a vacuum oven at 80 °C for 2 h,
the isolated film was measured again using nano-TA. The results
are summarized in Table 2 for membranes comprising Teflon
AF1600 and Hyflon AD80. Both measurements agree reasonably
well, confirming the reliability of the nano-TA technique in de-
termining Tg values for thin films in situ. The slightly lower Tg
values for the thin films on the wafer than that in the TFC mem-
branes may be caused by the exposure to DMF or the difference in
the substrates [35].

3.2. Effect of the selective layer thickness on its Tg in TFC membranes

Fig. 3 shows the effect of the selective layer thickness on its Tg
in perfluoropolymers-based TFC membranes after being aged for
48 h. Tg decreases with decreasing film thickness, which agrees
well with the observation for thin film polymers with free surface
[36,37]. The surface layer exposed to air is believed to be much
more mobile than the bulk polymer and therefore, it exhibits
lower Tg than the bulk ( Tg

bulk). As the film becomes thinner, the
surface layer becomes more dominant and therefore, the overall
film shows a decreased Tg with decreasing thickness [36,38]. The
following empirical equation has been used to describe the effect
of film thickness on Tg values [29,38,39]:

= ( + ) ( )T T a l b 5g g
bulk

1 1

where a1 and b1 are adjustable constants, and l (nm) is the film
thickness. The best fits using Eq. (5) are shown in Fig. 3a, de-
monstrating that the Eq. (5) can satisfactorily describe the data.

Fig. 3b directly presents the deviation of Tg from the bulk
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Table 1
Chemical structure, thermal expansion coefficient (αg) and f values of perfluoropolymers, as well as Tg values of polymer films of 10�20 mm measured by nano-TA and DSC.

Polymer Structure Tg (°C) αg(ppm/°C) f

nano-TA DSC

Teflons AF1600 162.6 161.8 260 [34] 0.29

Hyflons AD80

 

136.5 136.0 288 0.23

Hyflons AD40

 

98.5 96.4 288 0.22

Table 2
Tg comparison of perfluoropolymer thin films in TFC membranes with that on top
of a silicon wafer after removing the porous support. Both measurements were
performed using nano-TA. The TFC membranes were aged for 720 h before the Tg
measurement.

Polymer Thickness (nm) Tg of thin films (°C)

In TFC On a wafer

Teflon AF1600 370 164.2 162.0
Hyflon AD80 350 134.4 133.0
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Fig. 3. Effect of the selective layer thickness in TFC membranes on (a) the apparent Tg and
( ) and Hyflon AD40 (Δ) after aging for 48 h. The linear lines are the best fits based o
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polymer Tg
bulk for TFC membranes. The thin films of Teflon AF1600

and Hyflon AD80 exhibit Tg values lower than the bulk. However,
Hyflon AD40 shows an opposite trend, i.e., thin films exhibit
higher Tg values than the bulk. This behavior can be ascribed to
physical aging and will be discussed in detail in Section 3.3. All
films show the apparent Tg increasing with physical aging.

3.3. Effect of physical aging on the apparent Tg of perfluoropolymers
in TFC membranes

Fig. 4 presents the apparent Tg values of perfluoropolymer thin
films in TFC membranes as a function of film thickness and aging
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155

160

165

170

175

180

10 100 1,000 10,000

Teflon AF1600
Thickness:

T g
(o

C
)

Aging time (h)

100 nm

50 nm

370 nm

175 nm

120

130

140

150

10 100 1,000 10,000

Hyflon AD80
Thickness:

Aging time (h)

45 nm

100 nm

180 nm

350 nm

T g
(o C

)

95

100

105

110

10 100 1,000 10,000

T g
(o C

)

Aging time (h)

Hyflon AD 40
Thickness:

100 nm

135 nm

365 nm

Fig. 4. Tg of the selective layers of (a) Teflon AF1600, (b) Hyflon AD80, and (c) Hyflon AD40 with varying thicknesses in TFC membranes as a function of aging time. The
symbols represent the measured Tg and the lines are the best fits based on Eq. (6) with the values of adjustable parameters recorded in Table S1 in the Supplemental
Information.

0.6

0.7

0.8

0.9

1

1.1

155

160

165

170

175

10 100 1000 104

Teflon AF1600: 100 nm

N
2

re
la

tiv
e

pe
rm

ea
nc

e
(ββ
t' )

T
g ( oC

)

Aging time (h)

Fig. 5. Effect of physical aging on the relative N2 permeance ( β ′t ) at 35 °C and Tg
values of a 100-nm-thick Teflon AF1600 in a TFC membrane.

M. Yavari et al. / Journal of Membrane Science 525 (2017) 399–408 403
time, which were determined using nano-TA. In general, the Tg
values increase with aging time and increasing film thickness. As
an example (cf. Fig. 4a), Teflon AF1600 initially shows lower Tg
values for thinner films at an aging time of 48 h. However, after
aging for 3600 h, thinner films such as l¼50 nm show higher Tg
than thicker films such as l¼370 nm. This is presumably due to the
more rapid aging rate in the thinner films, leading to more com-
pact structure and thus higher apparent Tg values. For the TFC
membranes based on Hyflon AD, the long-term Tg values for
thinner films also approach that of thicker films, though thick
films always exhibit higher Tg values than the thinner ones.

The effect of film thickness and aging time on the Tg values can
be described using the following empirical equation:

= ( + ) + ( ) +
( )

T

T
a t b l c t dln ln

6

g

g
bulk

2

where a, b, c and d are adjustable constants. Eq. (6) can be reduced
to Eq. (5) at a fixed aging time. The best fits based on Eq. (6) are
presented in Fig. 4, with the values of the adjustable parameters
shown in Table S1 in the Supplemental Information. There is a
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Table 3
BA values for the three perfluoropolymers in TFC membranes based on the best fits
from Fig. 6.

Polymers N2 CH4 CO2 H2

Teflon AF1600 11±3.4 11±3.4 7.9±2.6 7.7±2.7
Hyflon AD80 3.0±1.1 2.3±0.8 2.6±0.9 2.3±0.8
Hyflon AD40 3.0±1.2 2.1±0.8 2.0±0.9 1.7±0.7
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Fig. 7. Gas permeability as a function of 1/f for perfluoropolymers including Teflon
AF2400, Teflon AF1600, Hyflon AD80, Hyflon AD60 and Cytop [44].
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reasonably good agreement between the experimental and mod-
eling data.

This empirical Eq. (6) can be used to interpret the separated
effect of film thickness and aging time on the Tg of the thin films,
which further confirms that thinner films may have lower Tg than
thicker ones at earlier stage of aging, and then higher Tg after long-
term aging. Combining Eqs. (6) and (3) also allows the evaluation
of effect of film thickness and aging time on the f values.

3.4. Relationship between the Tg increase and permeance reduction
during aging

Fig. 5 exhibits the relative N2 permeance (β ′t ) and the Tg of the
selective layer in a TFC membrane comprising 100-nm-thick Te-
flon AF1600. The β ′t is defined using the following expression [40–
42]:

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
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P
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B
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/

/
1 1

7
t

t

h

A t

A h
A

h t48 48 48

where ( )P l/A t and ( )P l/A h48 are the gas permeance determined at the
aging time of t and 48 h, respectively. The gas permeance at 48 h is
used as reference since the first Tg measurement for the TFC
membranes was made at 48 h. As shown in Fig. 5, the β ′t value
decreases with aging time, as described in the Part I study [7],
while the apparent Tg increases with aging time.

To understand the relationship between the permeance re-
duction and Tg increase during the physical aging, the following
equation is derived by combining Eqs. (1) and (7):

β
α α

− ′ =
( − )

⋅
=

( − )

( )

B T T

f f

B T T

f
ln

8
t

g A g t g h

t h

g A g t g h

h

, ,48

48

, ,48

48
2

Eq. (8) assumes that f fh t48 equals to f h48
2 to simplify the analysis.

To validate this assumption, Eq. (3) is used to estimate the differ-
ence between f h48 and ft for 50-nm-thick Teflon AF1600 in a TFC
membrane, which yields a value of 0.005. Such difference is neg-
ligible compared with the f value (0.29) of Teflon AF1600, as
shown in Table 1.

Fig. 6 shows the correlation between the β ′t values for N2 and
CH4 and the Tg,t values for the selective layers in TFC membranes.
The β ′t values of CO2 and H2 show similar trend and they are
presented in the Supplemental Information. Since the gas per-
meance and Tg,t were often determined at different times, the β ′t
values are taken from experiments, while the Tg t, values are cal-
culated using Eq. (6) for the times when the gas permeances were
determined. All the data can be reasonably modeled by Eq. (8),
confirming that both Tg increase and permeance decrease can be
ascribed to physical aging of thin films.

The slope of the fitting lines in Fig. 6 is α B f/g A h48
2 , which can be

used to derive BA values assuming that BA and αg are independent
of the film thickness. The f value changes only slightly with
varying film thicknesses, based on Eqs. ((3) and 6). For example, as
the film thickness decreases from 370 nm to 50 nm, the f value
changes from 0.2574 to 0.2579 for Teflon AF1600 at 48 h aging.
Therefore, the f value is assumed to equal to that of the bulk
polymer (cf. Table 1) to simply the analysis. The BA values for
various gases are calculated and the results are recorded in Table 3.
The uncertainty for the BA values are estimated based on error
propagation for each parameter [43].

The BA values depend on gas molecule size and polymer type,
and they are often used as adjustable parameters to fit the data in
a series of polymers, instead of predicting gas permeability [18–
21]. To evaluate these constants in the perfluoropolymers, Fig. 7
shows the effect of free volume on gas permeability in per-
fluoropolymers, including Teflon AF2400 (f¼0.33), Teflon AF1600
(f¼0.29), Hyflon AD80 (f¼0.23), Hyflon AD60 (f¼0.23) and Cytop
(f¼0.21) [44]. Using Eq. (2), the BA values are 2.2, 2.6, 2.0 and 1.6,
for N2, CH4, CO2 and H2, respectively. Except for Teflon AF1600, the
BA values from thin film aging data based on Eq. (8) are consistent
with those from the bulk polymers based on Eq. (2). Such con-
sistency is impressive, considering that the thin film aging data are
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membranes (TFC, ), perfluoropolymer freestanding films (FS, ) [46], and freestanding thin films of hydrocarbon polymers (Δ) and polystyrene (▼) [46]. All of the films have
a thickness of �400 nm, except that PTMSP has a thickness of 700 nm.
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involved with gas permeances and Tg as a function of aging time.

3.5. Physical aging rate of perfluoropolymers in TFC membranes

Polymer physical aging can be characterized by physical aging
rate, r, which is defined in Eq. (9) [4,45,46]:
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The r values are typically obtained by monitoring polymer
volume or density as a function of aging time [13]. For example,
ellipsometer has been used to monitor refractive index of thin film
polymers, which can be used to derive polymer density and thus
physical aging rate [7,47]. However, these approaches cannot be
applied to the thin selective layers in TFC membranes, due to the
microporous supports beneath the selective layer. Alternatively,
the f values can be estimated using the apparent Tg values and Eqs.
(3) and (6), and thus the r values for the thin film in TFC mem-
branes can be estimated.

Fig. 8 compares physical aging rate of selective layers in TFC
membranes with that of freestanding films including per-
fluoropolymers and hydrocarbon polymers as a function of their
corresponding f values. All films have a thickness of about 400 nm,
except poly(1-trimethyl-1-silyl propyne) (PTMSP) with a thickness
of 700 nm. The r values for freestanding films were estimated
based on the density change derived from the ellipsometer data
[45,46]. For freestanding hydrocarbon polymers, decreasing free
volume decreases the aging rate. For example, PTMSP (f¼0.290)
shows a r value of 6.2�10�3, while polysulfone (PSf, f¼0.145)
exhibits a r value of 7.4�10�4. On the other hand, per-
fluoropolymers demonstrate different trend from hydrocarbon
polymers. The r values for perfluoropolymer films in TFC mem-
branes or freestanding form are both independent of free volume.
The r values are also much lower for perfluoropolymers than for
hydrocarbon polymers, though they may have comparable f
values.

Physical aging rate can be directly related to the permeance
reduction rate using the following equation, which is derived by
combining Eqs. (2) and (9) [6]:
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Fig. 9a presents the values of d P d tln / lnA as a function of

( )−r f f1 / 2 for N2. The BA value can be assumed to be independent
of polymer types [18], and the data can be modeled using a linear
line. As shown in Fig. 9a, Eq. (10) can reasonably describe the data,
validating the model. The model has also been confirmed for PSf
and Matrimid, where the f values were obtained based on the
density extracted from ellipsometer results [6].

Fig. 9b compares the N2 relative permeability ( β h1000 ) in these
polymers. β h1000 is defined as the ratio of gas permeability at an
aging time of 1000 h to that at 1 h, which has been reported in
Part I of this study [7]. With similar r values, perfluoropolymers
have much higher free volume than hydrocarbon polymers, and
thus higher β h1000 values, as confirmed by Eq. (10). In addition, for
polymers with similar f values, greater aging rate leads to more
rapid permeation reduction rate, as exemplified by PTMSP
(f¼0.29; r¼6.2�10�3; and β h1000 ¼0.01) and Teflon AF1600
(f¼0.29; r¼6.3�10�4, and β h1000 ¼0.78).

The permeance reduction rate is exponentially proportional to
the polymer physical aging rate (cf. Eq. (10)). Therefore, designing
advanced membrane polymers with good stability against physical
aging requires an understanding of the relationship between
polymer structure and physical aging rate. The backbones of glassy
polymers are often considered immobile below Tg, and physical
aging is suggested to be caused by side chain mobility [6,12,47,48],
resulting in the decrease in polymer free volume. Side chain mo-
bility can be related to secondary relaxation of glassy polymers at
temperatures below Tg [49–54]. In the Supplemental Information,
we summarize the physical aging rate of several polymers with
their characteristic temperatures corresponding to the first, sec-
ond, and third relaxation mode, as well as the activation energy.
However, no clear trend is observed. The understanding of the
polymer structure and physical aging rate relationship requires
systematic study of secondary relaxation of polymers relevant to
membrane applications, which is lacking in the literature and
beyond the scope of this study.
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4. Conclusion

Thin film glassy polymers are subjective to physical aging,
which decreases gas permeability over time. There is a critical
need to understand the structure and property relationship to
design advanced membrane materials with good stability over
time, together with high permeability and selectivity. The Part I of
this study reports gas permeance in two-layer TFC membranes
with perfluoropolymers as the selective layers. In this Part II study,
a new nano-thermal analysis was used to determine the apparent
Tg of the thin selective layers in TFC membranes in situ. The ap-
parent Tg increases with physical aging, and thinner films initially
shows lower Tg than the thicker ones. However, at longer aging
time, thinner films may exhibit higher Tg than the thicker ones,
due to the greater aging rate.

Tg values are used to derive polymer factional free volume. The
relationship between the permeance reduction and Tg increase
during the physical aging of thin films is successfully modeled
using a simplified free volume model. The BA values obtained from
the modeling are consistent with the literature data, validating the
model and the interpretation of physical aging.

Tg values are also used to derive the physical aging rate of thin
selective layers in TFC membranes. The rate of gas permeability
reduction increases with increasing physical aging rate and de-
creasing f. Perfluoropolymers exhibit more stable gas permeability
than hydrocarbon polymers because of higher free volume, and/or
lower physical aging rate.
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Nomenclature

a adjustable constant (cf. Eq. (6))
a1 adjustable constant (cf. Eq. (5))
AA pre-exponential factor (Barrer, cf. Eq. (2))
b adjustable constant (cf. Eq. (6))
b1 adjustable constant (cf. Eq. (5))
BA a constant related to penetrant molecule size (cf.

Eq. (2))
c adjustable constant (cf. Eq. (6))
d adjustable constant (cf. Eq. (6))
e adjustable constant (cf. Eq. (6))
f fractional free volume of a polymer
f0 fractional free volume of a polymer at its Tg
f hr48 fractional free volume of a polymer after aging for

48 h
ft fractional free volume of a polymer after an aging

time of t
l thickness of a selective layer (nm)
PA permeability of gas A of a polymer (Barrer)
PA/l permeance of gas A in TFC membranes (gpu)
(PA/l)48 h permeance of gas A after an aging time of 48 h

(gpu)
(PA/l)t permeance of gas A after an aging time of t (gpu)
Pt permeability of gas A of a polymer at an aging time

of t (Barrer)
t time (h)
T temperature (°C or K)
TFC thin film composite
Tg glass transition temperature (°C)

Tg
bulk glass transition temperature of a bulk polymer (°C)

Tg
E equivalent glass transition temperature or apparent

Tg (°C) of an aged polymer
r physical aging rate (cf. Eq. (9))
V specific volume of a polymer (cm3/g)
V0 specific volume of a polymer at 0 K (cm3/g)

Greek letters

αg thermal expansion coefficient of a polymer at
glassy state (ppm/°C)

β h1000 ratio of gas permeability at an aging time of 1000 h
to that at 1 h

β ′t relative permeability at an aging time of t to that at
48 h (cf. Eq. (7))

ρ polymer density (g/cm3)

Subscript

48 h measurement at an aging time of 48 h
1000 h measurement at an aging time of 1000 h
t measurement at an aging time of t (h)
r relative property

Superscript

bulk property of a bulk polymer
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