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A B S T R A C T

Gas permeability in HAB-6FDA polyimide and its thermally rearranged analogs was described using a
thermodynamic model based on the non-equilibrium lattice fluid (NELF) theory. This study is part of an
ongoing effort to describe gas sorption and transport behavior of TR polymers theoretically. Hydrogen, nitrogen
and methane permeability over a broad range of pressures (up to 32 atm) and temperatures (−10 to 50 °C) was
calculated with one adjustable parameter at each temperature, i.e., the infinite dilution mobility coefficient. For
highly soluble, swelling gases, such as CO2, matrix plasticization was accounted for by a second adjustable
parameter, the plasticization factor, which describes the dependence of penetrant mobility on concentration.
Model parameters correlate with membrane structure and gas properties. At fixed temperature, the infinite
dilution mobility correlates with penetrant critical volume and polymer fractional free volume. For each
penetrant, the temperature dependence of infinite dilution mobility is described by the Arrhenius law. Based on
the modeling results, unique separation performance of TR polymers is a manifestation of their strong size-
sieving ability. Finally, diffusion coefficients and ideal selectivities were predicted with no adjustable
parameters.

1. Introduction

Natural gas purification is one of the most important industrial
separation processes. At least 20% of natural gas produced in the world
contains CO2 and other impurities (heavy hydrocarbons, aromatics,
water vapor) that must be removed to meet pipeline standards [1,2].
Currently, amine absorption is the most common technology to remove
CO2 and other acid gases from natural gas [3]. However, new technol-
ogies based on polymeric and composite membranes have emerged as a
viable alternative to amine absorption [4]. The possibility of predicting
transport properties of polymers would reduce the amount of time
consuming experiments required to characterize membrane materials.

Thermally rearranged (TR) polymers have attracted interest for gas
separation [1,5–7]. These materials have a rigid, aromatic structure and
are obtained by thermal conversion of aromatic polyimides with ortho-
positioned functional groups [1,5–7]. Depending on the polyimide
precursor, TR polymers may have different chemical structures (poly-
benzoxazoles (PBOs), polybenzimidazoles (PBIs), polybenzothiazoles
(PBTs)) [8]. In this study, we consider TR polymers obtained from
thermal conversion of HAB-6FDA polyimide, which have a PBO
structure [8].

As reported by Park et al. [5], TR polymers have CO2/CH4

separation performance that can surpass the upper bound defined by
Robeson in 2008 [9]. Moreover, these materials exhibit good resistance
to plasticization in the presence of CO2 and other highly soluble gases
[5,7,10]. The high permeability and selectivity levels of TR polymers
are due in part to their highly rigid structure, as well as to their
relatively high excess, non-equilibrium free volume [5]. Their resis-
tance to plasticization, as well as the lack of solubility in organic
solvents, suggest that these materials likely have a cross-linked
structure [1,5–7,11].

Due to the greater non-equilibrium, excess free volume relative to
their precursor, TR polymers exhibit greater gas permeability than
HAB-6FDA polyimide. As reported by Sanders et al. [1], the enhanced
gas permeability of TR polymers is due essentially to the strong increase
in gas diffusivity upon thermal rearrangement [1,6]. However, a
moderate increase in gas solubility is also observed as a function of
thermal conversion [6,11]. Recently, the effects of thermal conversion
on gas sorption in TR polymers were analyzed with a theoretical
approach based on the non-equilibrium lattice fluid (NELF) theory [12].
In this study, this model is used to describe gas permeability and
diffusivity in HAB-6FDA polyimide and its TR analogs.
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2. Theoretical background

In a typical range of pressures considered during permeation
experiments, permeability of light, low soluble gases (e.g., H2, He) in
glassy polymers does not change significantly with upstream pressure
[13]. For other penetrants (O2, N2, CH4, etc.), a decrease in gas
permeability is observed with increasing upstream pressure in glassy
polymers [14]. This behavior is consistent with the Dual Mobility model
[14], which has the following expression for gas permeability in glassy
polymers:
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Based on the approach proposed by Paul and Koros [14], penetrant
sorbed in the Langmuir mode is only partially immobilized, so a non-
zero diffusivity is assigned to both the Henry (DD) and Langmuir (DH)
species [14]. In Eq. (1), F is the ratio between the two diffusivities (i.e.,
D D/H D), K is defined as C b k′ /H D, and p u

1 is the upstream pressure (under
the assumption of negligible downstream pressure). Finally, k C, ′D H and
b are the usual Dual Mode model parameters [14].

However, in the presence of highly soluble penetrants, such as CO2 or
organic vapors, permeability may increase with increasing upstream
pressure. Sometimes, a non-monotonic trend is observed [7,13,15,16].
The presence of a minimum in gas permeability is generally associated
with matrix plasticization, and the pressure where the minimum occurs is
referred to as the plasticization pressure (p p1 ) [15,16]. Matrix plasticiza-
tion causes a significant increase in diffusion coefficients, which is
ultimately responsible for the increase in permeability observed at
pressures greater than p p1 [13,15–17]. However, the Dual Mobility model
cannot describe the latter behavior, unless more adjustable parameters are
introduced [18]. Moreover, this model has poor predictive power, since
experimental sorption and transport data are required to fit the five
parameters (k C b D D, ′ , , ,D H D H), which depend on the polymer-penetrant
pair, as well as on temperature and pressure [19].

Recently, more fundamental models, endowed with better predic-
tive capacity, appeared in the literature [13]. The model proposed by
Sarti et al. [13] can describe all possible trends of permeability as a
function of upstream pressure with a maximum of two fitting para-
meters. These adjustable parameters have physical meaning and
correlate with the penetrant and polymer structure.

When the gradient of penetrant chemical potential between the
external gas phase and the membrane phase is assumed as the driving
force for penetrant diffusion, the diffusive flux of penetrant, j1, is
expressed as follows [13,20]:

⎛
⎝⎜

⎞
⎠⎟j ρL ω

μ
RT

= − ∇1 1 1
1

(2)

where ρ is the density of polymer-gas mixture, ω1 is the penetrant mass
fraction in the polymer-penetrant mixture, and μ1 is the penetrant
chemical potential. In this study, the penetrant and polymer are
labelled with subscripts 1 and 2, respectively. R and T are the universal
gas constant and absolute temperature, respectively. L1 represents the
kinetic contribution to the diffusion coefficient, which is related to the
frictional resistance to penetrant transport through the polymer [20].
The following relationship holds between penetrant diffusivity (D1) and
mobility ( L )1 [20]:

D L α=1 1 (3)

In Eq. (3), α is the so-called thermodynamic factor [20], which is
related to the derivative of penetrant chemical potential in the polymer
with respect to concentration:

α
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In ideal conditions, αis equal to one, so D L=1 1 [20]. The NELF

model [21] provides an explicit expression for the non-equilibrium
penetrant chemical potential in the glassy polymer, μ NE

1 :
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where μ T p ω ρ( , , , )NE
1 1 2 is equal to the equilibrium chemical potential of

the gas in a gas-polymer mixture evaluated in the equilibrium state at
the same T ω, 1 and ρ2 (i.e., μ T ω ρ( , , )1 1 2 ) [21]. T*1 , p*

1 and ρ*
1 are the

penetrant lattice fluid parameters, which are generally available in the
literature or can be easily estimated from liquid-vapor equilibrium data
for pure components. The lattice fluid parameters of the polymers
considered in this study, T*2 , p*

2 and ρ*
2 , were recently reported by

Galizia et al. [12]. ρ2 is the polymer density at the experimental
conditions, and M1 is the penetrant molar mass [21]. The mixture lattice
fluid parameters, T*, p*and ρ* are obtained from the values of the pure
components (i.e., pure polymer and penetrant) [21] using the same
mixing rules as in the original Sanchez-Lacombe equilibrium model
[22]. Finally, the quantity p∆ * is related to the polymer-penetrant mean
field interactions [22]. Details about the model parameters and their
physical meaning are reported in the literature [21–23]. However, for
the sake of clarity, the most relevant definitions and model equations
are summarized in Table T1, Supporting information. Values of lattice
fluid parameters for the polymers and penetrants considered in this
study are reported in Table 1. Based on Eqs. 4 and 5, the thermo-
dynamic factor, α, can be estimated from the NELF model with no
additional experimental information.

The penetrant diffusion coefficient can be calculated as a function of
penetrant concentration in the membrane (that is, as a function of
upstream pressure) if a suitable expression for the mobility coefficient is
provided. The mobility coefficient is often assumed to depend expo-
nentially on penetrant concentration in the polymer, according to the
following equation [13]:

L ω L e( ) = βω
1 1 1,0 1 (6)

where L1,0 is the infinite dilution mobility coefficient, ω1 is the penetrant
mass fraction in the polymer-penetrant mixture, and β is the so-called
plasticization factor [13]. Finally, the steady-state permeability can be
calculated from the solution-diffusion model assuming negligible down-
stream pressure [13]. As reported by Sarti et al. [13], the following
expression is obtained for the penetrant permeability:
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where p u
1 is the penetrant pressure at the upstream face of the

membrane, and Z1 is the compressibility factor of the gas, which can
be calculated using an appropriate equation of state (EoS). The virial
EoS was used in this study [24]. The polymer density, ρ2, was calculated

Table 1
Lattice fluid parameters for polymers and penetrants considered in this study. Penetrant
critical volumes are also reported.

polymer T*(K) p*(MPa) ρ*(kg/L) source

HAB-6FDA 720.0 481.1 1.609 [12]
TR350-1h 855.2 450.0 1.600 [12]
TR400-1h 867.1 450.0 1.600 [12]
penetrant Vc (cm3/mol) source
H2 46 37 0.078 64.9 [26,27]
N2 145 160 0.943 89.8 [26,27]
CH4 215 250 0.500 99.2 [26,27]
CO2 300 630 1.515 93.9 [26,27]
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at each temperature using the experimental density measured at room
temperature and the thermal expansion coefficient, αv, as described in
ref. [12]. α K= 2∙10v

−4 −1for the polymers considered in this study [12].

The quantity
⎛
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is the gas sorption coefficient, which can be evaluated

at each upstream pressure from the NELF model [12]. Alternatively,

values for
⎛
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1
can be taken directly from experimental sorption data.

Eq. (7) was used to calculate gas permeability in the HAB-6FDA
polyimide and its TR analogs at different upstream pressures and
temperatures with two adjustable parameters, β and L1,0. When
considering non-swelling gases, β can be set equal to zero, so just one
fitting parameter, L1,0, is required. In this study, Eq. (7) was solved
numerically using the trapezoid method [25].

3. Experimental

Details about the materials used in this study (synthesis route,
casting procedure and thermal conversion) are reported elsewhere
[1,6,8,11,28]. Thermally rearranged samples, whose chemical structure
is reported in the Supporting information, Fig. S1, are labelled TRX-Y,
where X and Y are the temperature (in degrees Celsius) and the thermal
treatment duration (in hours), respectively. Relevant properties of these
polymers are summarized in Table 2.

Details about gas permeability measurement in HAB-6FDA poly-
imide and its TR analogs were reported by Stevens et al. [28].

4. Results and discussion

4.1. Gas permeability

H2, N2, CH4 and CO2 permeability coefficients in HAB-6FDA
polyimide and its TR analogs were reported, at multiple temperatures
(−10 to 50 °C) and pressures (up to 32 atm), by Stevens et al. [28].

Eq. (7) was fit to the experimental permeability data at different
temperatures as a function of upstream pressure. In a previous study,
the lattice fluid parameters were determined for HAB-6FDA and TR
polymers, and a theoretical analysis of gas solubility in these materials
was provided [12]. The penetrant mass fraction in the polymer, ω1, as
well as the sorption coefficient, ω

p
1

1
, appearing in Eq. (7) were calculated

using the NELF model [12] with just one adjustable parameter, i.e., the
penetrant-polymer interaction parameter, k12, which does not depend
on temperature. In the case of swelling penetrants, such as CO2, a

Table 2
Relevant physical properties of the polymers considered in this study.

conversiona (%) Tgb (°C) densityc (g/cm3) FFVd

HAB-6FDA 0 255 1.407±0.009 0.150
TR350-1h 39 > 450 1.398±0.009 0.151
TR400-1h 60 > 450 1.400±0.009 0.163

a Conversion of the polyimide precursor to the final TR polymer is defined as: 100
×(actual mass loss)/(theoretical mass loss). The actual mass loss was measured via
thermogravimetric analysis. The theoretical mass loss is the mass loss expected in the case
of complete thermal conversion (i.e., 24.3%) [1,6,8,11].

b From Differential Scanning Calorimetry measurements [6].
c Measured at room temperature with an Archimedes’ balance [6].
d Calculated using the Bondi's rule [1].

Fig. 1. Gas permeability in HAB-6FDA polyimide at different temperatures. A) H2; B) N2; C) CH4; D) CO2. Open symbols represent experimental data and continuous lines represent model
calculation. Blue open circles: 50 °C; red open triangles: 35 °C; green open upside down triangles: 20 °C; blue open diamonds: 10 °C; black crosses: −10 °C.
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second adjustable parameter, the swelling coefficient (ksw), was used to
account for polymer dilation induced by penetrant sorption. Details on
gas sorption modeling are reported in ref. [12]. Values for k12 and ksw

are reported in Table T2, Supporting information.
H2 permeability in HAB-6FDA polyimide was calculated, at different

pressures and temperatures, with just one adjustable parameter, L1,0, by
setting the plasticization factor, β, equal to zero. Such an assumption
simplifies significantly the calculation procedure, since Eq. (7) can be
solved analytically if β = 0. However, if β is allowed to change during
the fitting procedure, a best fit value equal to zero is obtained. This
result is consistent with the low H2 solubility in HAB-6FDA (<0.065%
wt at −10 °C and 60 atm [29]), which does not produce any detectable
plasticization of the polymer matrix. Moreover, H2 sorption isotherms
in HAB-6FDA are essentially linear [29], so H2 permeability is fairly
constant with upstream pressure [28]. The model calculations provide a
good representation of H2 permeability data (cf., Fig. 1A) in the range
of pressures considered, with a maximum deviation less than 7%. The

temperature dependence of H2 permeability is also well described.
The same procedure was used to describe N2 and CH4 permeability

in HAB-6FDA (cf., Fig. 1B and C, respectively). Nitrogen and methane
are essentially non-swelling penetrants, so the plasticization factor was
set equal to zero, and permeability coefficients were calculated, at any
given temperature, as a function of upstream pressure with just one
adjustable parameter, L1,0. The maximum deviation of model calcula-
tions from experimental permeability data is less than 6%.

Sorption isotherms for N2 and CH4 are concave towards the pressure
axis [11,12], so both the sorption coefficient, ω

p
1

1
, and permeability

coefficient decrease with upstream pressure (cf., Figs. 1B-C and 3B).
This trend, as well as the temperature dependence of gas permeability,
is reasonably captured by the model.

To calculate CO2 permeability, both the infinite dilution mobility
coefficient and plasticization factor have to be adjusted to the experi-
mental data. The model is able to describe the different behavior
observed for CO2 permeability as a function of upstream pressures at
different temperatures [28]. As shown in Fig. 1D, CO2 permeability in
HAB-6FDA decreases with pressure at 50 and 35 °C, and it is fairly
independent of pressure at 20 and 10 °C. At −10 °C, CO2 permeability
slightly decreases until 10 atm and then rapidly increases with increas-
ing upstream pressure. The latter behavior is consistent with the high
CO2 solubility in HAB-6FDA at high pressures and low temperatures,
which produces significant plasticization. All of these trends are
reasonably well described by the model.

The best fit values of β and L1,0 are reported in Table 3 for different
penetrants and different temperatures. Uncertainties in the model
parameters were calculated from a statistical analysis of the data
[30]. Uncertainty in the infinite dilution mobility coefficients is 12%
in the case of hydrogen, and 9.5% for nitrogen and methane. The
greater uncertainty in the hydrogen mobility coefficient is due to the
corresponding greater uncertainty in the hydrogen sorption data
[11,29]. For carbon dioxide, the uncertainties of L1,0 and β are 9%
and 5%, respectively.

As expected for thermally activated processes, the infinite dilution
mobility coefficient increases with increasing temperature.
Interestingly, for each penetrant-polymer pair, the logarithm of infinite
dilution mobility coefficient is linear with the reciprocal temperature,
so an Arrhenius correlation can be used to describe the temperature
dependence of L1,0 (cf., Fig. 2A). This result is remarkable, since an
unconstrained fitting of permeability data was performed. So, if
experimental permeability data are available at three reference tem-
peratures, the Arrhenius correlation can be used to predict the infinite
dilution mobility coefficient at other temperatures, thus reducing the
number of adjustable parameters. The infinite dilution mobility coeffi-
cient also correlates with penetrant size. However, a more detailed
analysis of the physical meaning of model parameters is provided in

Table 3
Infinite dilution mobility and plasticization factor for the polymers considered in this
study.

HAB-6FDA

H2 N2 CH4 CO2

T (°C) β L1,0 (cm2/s) β L1,0 (cm2/s) β L1,0 (cm2/s) β L1,0 (cm2/s)

−10 0 8.59∙10−7 – – 0 2.27∙10−10 30.62 3.74∙10−10

10 0 1.30∙10−6 0 4.71∙10−9 0 6.10∙10−10 25.25 1.71∙10−9

20 0 1.65∙10−6 0 6.85∙10−9 0 9.70∙10−10 22.12 3.34∙10−9

35 0 2.32∙10−6 0 1.15∙10−8 0 1.90∙10−9 18.85 7.26∙10−9

50 0 3.16∙10−6 0 1.81∙10−8 0 3.41∙10−9 14.08 1.46∙10−8

TR350-1h
H2 N2 CH4 CO2

T (°C) β L1,0 (cm2/s) β L1,0 (cm2/s) β L1,0 (cm2/s) β L1,0 (cm2/s)
−10 – – – – 0 2.11∙10−10 31.84 4.21∙10−10

10 0 2.04∙10−6 0 5.46∙10−9 0 6.50∙10−10 28.58 1.33∙10−9

20 0 2.56∙10−6 0 7.90∙10−9 0 1.06∙10−9 25.36 2.98∙10−9

35 0 3.40∙10−6 0 1.36∙10−8 0 2.17∙10−9 18.19 8.96∙10−9

50 0 4.49∙10−6 0 2.24∙10−8 0 3.96∙10−9 16.58 1.64∙10−8

TR400-1h
H2 N2 CH4 CO2

T (°C) β L1,0 (cm2/s) β L1,0 (cm2/s) β L1,0 (cm2/s) β L1,0 (cm2/s)
−10 0 2.65∙10−6 – – 0 1.57∙10−9 18.36 6.48∙10−9

10 0 4.09∙10−6 0 2.97∙10−8 0 3.79∙10−9 22.92 8.67∙10−9

20 0 4.82∙10−6 0 4.05∙10−8 0 5.44∙10−9 25.54 1.10∙10−8

35 0 6.45∙10−6 0 6.08∙10−8 0 9.40∙10−9 19.28 3.12∙10−8

50 0 8.12∙10−6 0 9.01∙10−8 0 1.47∙10−8 18.02 4.61∙10−8

Fig. 2. A) Effect of temperature on CO2 infinite dilution mobility coefficients in HAB-6FDA polyimide. A similar trend was observed for other penetrants. B) Correlation between
plasticization factor, β , and swelling coefficient, ksw, for CO2 sorption and transport in HAB-6FDA.
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Section 4.3.
For CO2, the plasticization factor, β, generally increases with

decreasing temperature (cf.,Table 3). Since CO2 sorption increases
significantly with decreasing temperature [11], greater matrix dilation
is required to accommodate penetrant molecules at lower temperatures.
In a previous study, the NELF model was used to assess the extent of
polymer swelling during CO2 sorption in HAB-6FDA and its TR analogs
[12]. Specifically, a swelling coefficient, ksw, was used to describe the
change in polymer density upon CO2 sorption, according to the
following formula [12,21,23]:

ρ ρ k p= (1− )sw2 2
0

1 (8)

where ρ2
0 is the “dry” polymer density (i.e., the penetrant-free polymer

density) and p1 is the external penetrant pressure. So, ksw and β provide
information about polymer swelling during CO2 sorption and transport.
As shown in Fig. 2B, a fairly linear correlation is obtained by reporting
β as a function of ksw for CO2 at different temperatures. This result is
consistent with that reported by Sarti et al. [31] for gas and vapor
permeability in a series of glassy polymers.

The pressure and temperature dependence of gas permeability in
HAB-6FDA can be explained by considering separately its three
contributions, i.e., mobility coefficient, solubility coefficient and ther-
modynamic factor. For the sake of brevity, we discuss here just the case
of CO2. In Fig. 3A, the CO2 mobility coefficient in HAB-6FDA,
calculated by Eq. (6), is reported at different temperatures as a function
of upstream pressure. The CO2 sorption coefficient, ω p/1 1, was calcu-
lated using the NELF model [12] (cf., Fig. 3B). At 50 and 35 °C, CO2

permeability slightly decreases with pressure. This decrease is mainly
due to the sorption contribution. At 20 and 10 °C, CO2 permeability is
fairly constant with pressure. At these conditions, the effects of pressure
on sorption and mobility essentially offset each other, since mobility
coefficient increases and sorption coefficient decreases with increasing
upstream pressure. Finally, at −10 °C and pressures greater than
10 atm, CO2 permeability increases with increasing upstream pressure.
As shown in Fig. 3B, at −10 °C and sufficiently high pressures, CO2

sorption in HAB-6FDA becomes very high, which promotes significant
matrix plasticization and, ultimately, causes a significant increase in
CO2 mobility (cf., Fig. 3A). This phenomenon, in turn, produces the
observed increase in CO2 permeability at pressures higher than 10 atm.
The thermodynamic factor, α, does not depart significantly from 1 over
the range of pressures and temperatures considered in this study. Some
variability of α with pressure is observed at −10 °C, whose molecular
origin is not clear. However, considering that α was entirely predicted
by the NELF model, the variability observed at −10 °C could be a
mathematical artifact.

For all gas considered, the mobility coefficient systematically
increases with increasing temperature, while the opposite trend is

observed for the sorption coefficient. So, the increase in gas perme-
ability with increasing temperature is due to the diffusion contribution.

The same procedure was used to describe gas permeability in
thermally rearranged polymers. For the sake of brevity we report, in
Fig. 4, results for the TR350-1h sample. Results for TR400-1h are
reported in the Supporting information, Fig. S2.

H2, N2, and CH4 permeability at different temperatures in TR350-1h
was calculated as a function of upstream pressure with just one fitting
parameter, i.e., the infinite dilution mobility coefficient, assuming
β = 0. As shown in Fig. 4A, H2 permeability in TR350-1h is essentially
constant with upstream pressure, while a decrease is observed for N2

and CH4 (cf., Fig. 4B-C). These trends are similar to those observed in
the polyimide precursor and can be justified based on the same
arguments. The model calculations show reasonable quantitative and
qualitative agreement with the experimental data.

CO2 permeability was calculated with two fitting parameters, i.e.
L1,0 and β. As discussed for the HAB-6FDA precursor, L1,0 follows an
Arrhenius trend with temperature (cf., Fig. 5A). The plasticization
factor, β, (cf., Fig. 5B) correlates with the swelling coefficient deter-
mined from the NELF model analysis of sorption data [12], ksw, with a
qualitative trend similar to that observed for HAB-6FDA in Fig. 2. The
best fit values of infinite dilution mobility coefficient and plasticization
factor for different penetrants, at multiple temperatures, are reported in
Table 3. The uncertainty in the model parameters for TR polymers is
essentially the same as for the polyimide precursor.

Similar plots for the sample TR400-1h are reported in Fig. S3,
Supporting information.

CO2 permeability in TR350-1h follows different trends with up-
stream pressure. At −10 °C, a minimum in CO2 permeability is
observed at 12 atm, which is indicative of plasticization. In Fig. 6,
CO2 mobility coefficient, sorption coefficient and thermodynamic factor
in TR350-1h were calculated separately and compared to each other.
The strong increase in CO2 mobility coefficient observed at −10 °C and
pressure higher than 12 atm confirms the onset of plasticization.

At fixed temperature and penetrant, the infinite dilution mobility
coefficient, L1,0, increases with increasing extent of thermal conversion,
which is consistent with the greater excess, non-equilibrium free
volume exhibited by more highly converted samples [1,6,11,12,28].
This aspect is discussed in § 4.3, where L1,0 is correlated with polymer
fractional free volume.

4.2. Ideal selectivity

Pure gas (i.e., ideal) selectivity is given by [4]:

α P
P

=ij
i

j (9)

Fig. 3. Calculated mobility coefficient (A), solubility coefficient (B) and thermodynamic factor (C) of CO2 in HAB-6FDA at different temperatures. Black continuous line: −10 °C; blue
dashed line: 10 °C; green continuous line: 20 °C; red continuous line: 35 °C; blue continuous line: 50 °C.
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In Fig. 7, experimental CO2/CH4 selectivity values at 10 atm and
three different temperatures (50, 35 and −10 °C) are reported as a
function of CO2 permeability, along with the model calculations, in a
Robeson-type plot [9]. As expected, pure gas selectivity is reasonably
predicted with no additional adjustable parameters. The upper bound
reported in Fig. 7 is defined using transport data at or close to ambient
temperature. As shown by Rowe et al. [32], the upper bound shifts
downward with increasing temperature, i.e., separation performance of
glassy polymers is better at lower temperatures [28,33]. According with

the experimental data [28], the model predicts, for HAB-6FDA and its
TR analogs, an increase in permeability and a significant decrease in
selectivity with increasing temperature.

4.3. Analysis of model parameters

The two model parameters, L1,0 and β correlate with polymer
structure. In Fig. 8, the infinite dilution mobility coefficient for different
penetrants at 35 °C is reported as a function of penetrant critical

Fig. 4. Gas permeability in TR350-1h at different temperatures. A) H2; B) N2; C) CH4; D) CO2. Open symbols represent experimental data and continuous lines represent model
calculation. Blue open circles: 50 °C; red open triangles: 35 °C; green open upside down triangles: 20 °C; blue open diamonds: 10 °C; black crosses: −10 °C.

Fig. 5. A) Effect of temperature on CO2 infinite dilution mobility coefficient in TR350-1h. A similar trend was observed for other penetrants. B) Correlation between plasticization factor,
β , and swelling coefficient, ksw, for CO2 sorption and transport in TR350-1h.
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volume. For both HAB-6FDA precursor and TR polymers, L1,0 decreases
with a power law with increasing penetrant critical volume:

L τ
V

=
C
η1,0

(10)

where VC is the penetrant critical volume, and τ and η are adjustable
parameters. The same trend was observed at other temperatures, even
though the data are not shown here for the sake of brevity. η measures
polymer's size sieving ability [34]. Polymers having larger values of η
exhibit stronger size sieving ability than polymers with smaller values
of η. The best fit value of η for HAB-6FDA is 16.4. For TR350-1h and
TR400-1h, η is 16.9 and 15.2, respectively. Even though these values
were fit considering a limited number of experimental data (just 4
penetrants), they still provide some insights about the size sieving
ability of the polymers considered in this study. For poly(trimethyl-silyl
norbornene), a glassy polyacetylene endowed with high free volume
and high Tg, η =6.1 [20], which is much smaller than the value found
for HAB-6FDA and its TR analogs. For polysulfone, η =8.4 [34]. The
typical value of η in organic liquids is 0.45 [35]. So, the analysis of
mobility coefficient based on Eq. (10) confirms the high propensity of
TR polymers to separate molecules based on their size. A recent study
from Robeson et al. [36] suggests that the unique separation perfor-
mance of TR polymers derives from a special combination of high gas
solubility and diffusivity, with high diffusivity-selectivity. Such conclu-

sion is fully consistent with the results of the theoretical analysis
presented in this and previous studies from this laboratory [12].
Specifically, the NELF model analysis suggests that high gas solubility
and diffusivity in TR polymers are due to entropic effects, i.e., to
increase in fractional free volume upon thermal conversion. The
analysis of mobility coefficient presented in this study confirms that
TR polymers exhibit greater size-sieving ability relative to conventional
glassy polymers, i.e., greater diffusivity-selectivity. The latter derives,
in turn, from a favorable size and distribution of free volume cavities.
Separate PALS analysis and Monte Carlo simulations indicate that
coalescence of smaller free volume cavities to form larger cavities takes
place during conversion of polyimides to PBOs [37].

Interestingly, as already observed by Sarti et al. [31], L1,0 follows an
Arrhenius trend with temperature, which is consistent with diffusion
being a thermally activated process. The temperature dependence of
L1,0 is described by the following equation [13]:

⎛
⎝⎜

⎞
⎠⎟L L exp H

RT
= − ∆ L

1,0 1,0
0

(11)

where L1,0
0 is a pre-exponential factor, H∆ L is the activation energy of

penetrant mobility, and R and T have the usual meanings. In Fig. 9A,
H∆ L is reported as a function of TR conversion. H∆ L first slightly

increases from HAB-6FDA to TR350-1h (i.e., the diffusion process
becomes more energy demanding) and then significantly decreases
from TR350-1h to TR400-1h (i.e., the diffusion process becomes less

Fig. 6. Calculated mobility coefficient (A), solubility coefficient (B) and thermodynamic factor (C) of CO2 in TR350-1h at different temperatures. Black continuous line: −10 °C; blue
dashed line: 10 °C; green continuous line: 20 °C; red continuous line: 35 °C; blue continuous line: 50 °C.

Fig. 7. Robeson plot for CO2/CH4. Experimental data (filled symbols) at 10 atm and
different temperatures (50, 35 and −10 °C) are compared with model calculations (open
symbols) for HAB-6FDA and TR polymers. Data for other glassy and rubbery polymers are
also reported (grey open symbols). The continuous red line is the 2008 upper bound at
ambient temperature.

Fig. 8. Infinite dilution mobility of H2, N2, CH4 and CO2 at 35 °C in HAB-6FDA polyimide
and TR polymers as a function of penetrant critical volume. Continuous lines represent
the best fit to Eq. (10).
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energy demanding). The initial increase in activation energy is ascribed
to two phenomena. TR polymers are believed to be partially cross-
linked, so when the polyimide precursor is converted to its TR350-1h
analog, the presence of cross-link junctions may make the diffusion of
small molecules in the polymer more energy demanding, even though
the TR350-1h sample has slightly higher non-equilibrium free volume
than its polyimide precursor. Additionally, during the conversion
process, essentially all of the ortho-positioned acetate moieties are
removed and replaced with hydroxyl groups [28]. Hydroxyl group
promote inter-chain hydrogen bonding, which makes more difficult
opening gaps between adjacent polymer chains to permit penetrant
diffusion [28]. As a result, activation energy increases. The decrease in
activation energy observed for TR400-1h is consistent with the high
non-equilibrium, excess free volume trapped in the latter material
[1,6,11,12,28]. This decrease is significant especially for more bulky
penetrants, such as CH4, CO2 and N2.

At fixed temperature, the infinite dilution mobility also correlates
with polymer fractional free volume (FFV) (cf., Fig. 9B). Based on the
free volume theory [38], the logarithm of L1,0 is expected to decrease
linearly with 1/FFV:

ln L A B
FFV

( ) = −1,0 (12)

The best fit values of L1,0 at 35 °C follow the expected trend, with a
correlation coefficient R = 0.9992 for N2, CH4 and CO2, and R = 0.9602

for H2. Similar trends were observed at different temperatures.
The plasticization factor for CO2 in the HAB-6FDA precursor and TR

polymers considered in this study is consistent with the values found for
CO2 transport in conventional glassy polymers [13]. For example, poly
(ether imide) exhibits lower levels of CO2 sorption (2.5 times lower
than TR400-1h at 35 °C and 15 atm) [39] and greater plasticization
factor than TR polymers, which confirms the better dimensional
stability of PBOs relative to conventional glassy polymers [13]. The
sample TR400-1h exhibits the same value of β as polysulfone (i.e.,

19.3), but such plasticization is achieved upon sorption of a signifi-
cantly greater amount of CO2. Indeed, at 35 °C and 15 atm, CO2

concentration in the sample TR400-1h is 70 cm3(STP)/cm3, and CO2

concentration in polysulfone is 25 cm3(STP)/cm3 [40]. Plasticization
factor values for CO2 transport in different glassy polymers at room
temperature are summarized in Table 4.

4.4. Diffusion coefficients

Gas diffusion coefficient at various temperatures in HAB-6FDA and
its TR analogs were calculated from the solution-diffusion model.
Specifically, gas permeability was calculated using Eq. (7) and gas
solubility was calculated using the NELF model [12]. In Fig. 10 A-B,
CO2 diffusion coefficients calculated at different temperatures and
pressures were reported, along with experimental values, in a parity
plot. Experimental diffusion coefficients were estimated from the
solution-diffusion model, using the experimentally determined solubi-
lity and permeability coefficients [11,28]. Model calculations exhibit
reasonable agreement with experimental data for both the polyimide
precursor and TR350-1h. Similar results were obtained for TR400-1h,
as well as for other gases. Gas diffusivity increases with temperature,
which is consistent with the observed increase in gas permeability [28].

Diffusion coefficients can also be estimated using Eqs. (3), (4) and
(6). Values for L1,0 and β were obtained by fitting experimental steady-
state permeability data, and the thermodynamic factor, α, was calcu-
lated using Eq. (4), where the expression for the non-equilibrium
penetrant chemical potential in the glassy polymer is provided by the
NELF model (i.e., Eq. (5)). In Fig. 10C, experimental CO2 diffusion
coefficients at 35 °C in TR350-1h, obtained from permeation and
sorption data, are reported as a function of CO2 mass fraction in the
polymer. The uncertainty in the diffusivity data was calculated using
the propagation of errors method [30], and it is about 9%. Experi-
mental values exhibit reasonable agreement with the predictions
provided by Eqs. 3, 4 and 6. Similar results were obtained for other
polymer-penetrant systems. The results are not shown here for the sake
of brevity.

5. Conclusions

H2, N2, CH4 and CO2 permeability and diffusivity at multiple
temperatures in chemically imidized HAB-6FDA and its thermally
rearranged analogs were described using a thermodynamic model.
Gas sorption coefficients calculated using the NELF model were
reported previously [12], and diffusion coefficients were calculated as
the product of a mobility coefficient and a thermodynamic factor. The
model was able to describe changes in gas permeability as a function of
upstream pressure. A maximum of two adjustable parameters, i.e., the

Table 4
Plasticization factor at room temperature for CO2 in different glassy polymers.

material β source

HAB-6FDA 18.9 [this study]
TR350-1h 18.2 [this study]
TR400-1h 19.3 [this study]
polycarbonate 16.2 [13]
polysulfone 19.3 [13]
poly(phenylene oxide) 14.5 [13]
polystyrene 12.2 [13]
poly(ether imide) 22.8 [13]
Matrimid® 24.5 [13]

Fig. 9. A) Infinite dilution activation energy of H2, N2, CH4 and CO2 mobility as a function of TR conversion. B) Infinite dilution mobility coefficients at 35 °C as a function of 1/FFV.
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infinite dilution mobility coefficient and the plasticization factor, were
required to fit experimental permeability data. These parameters have
physical meaning and correlate with polymer and penetrant properties.
The dependence of infinite dilution mobility coefficient on temperature
was described by an Arrhenius-type law, from which the activation
energy of mobility was estimated. Activation energy first slightly
increases with increasing TR conversion, due to the appearance of
chemical cross-linking, and then significantly decreases at greater TR
conversion, due to the high excess free volume trapped in more highly
converted samples, which makes gas diffusion less energy demanding.
Finally, diffusion coefficients and ideal selectivities were successfully
predicted for HAB-6FDA and TR polymers. The modeling analysis
confirms that, as recently reported by Robeson et al. [35], unique
separation performance of TR polymers stems essentially from high
diffusivity-selectivity.
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