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40136 Bologna, Italy

Received April 9, 2001

ABSTRACT: The sorption and dilation properties of a series of n-alkanes and the corresponding
perfluorinated compounds have been examined in two amorphous copolymers of tetrafluoroethylene (TFE)
and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (BDD), commercially available under the names Teflon
AF1600 and AF2400. The analysis was made at three different temperatures: 25, 35, and 45 °C, to test
the effect of temperature on solubility and to evaluate the sorption enthalpies. The partial molar volumes
of most penetrants have also been determined in both copolymers. The experimental data have been
satisfactorily compared with the sorption isotherms predicted or correlated using the nonequilibrium
lattice fluid model.

Introduction

The sorption of gases and vapors in polymers and the
related swelling of the polymeric matrix are phenomena
of significant importance in the field of membrane
separations. Traditionally, penetrant sorption isotherms
in glassy polymers have been described by a well-
established empirical correlation known as the dual-
mode sorption model (DMS).1,2 The physical assump-
tions of this model, however, give an oversimplified
picture of the sorption process, and its three adjustable
parameters depend on temperature, pressure, and the
specific penetrant-polymer pair.3 As a consequence, no
predictive use can be made of this model. In recent years
a thermodynamic formulation proposed by Doghieri and
Sarti4 and known as the nonequilibrium lattice fluid
(NELF) model has been developed.4-8 This model con-
siders the penetrant molecules to be dissolved in a
uniform nonequilibrium glassy phase; it can be used in
a predictive way, based only on pure component param-
eters, and has proved to be quite satisfactory for all gas-
polymer pairs examined to date. Comparisons between
the DMS and NELF models have already been discussed
elsewhere4-8 and are not the focus of this paper. Instead,
we will compare the predictions of the NELF model to
experimental sorption data for a series of gases and
vapors, including hydrocarbon and fluorocarbon ana-
logues, in two glassy perfluoropolymers. The application
of the NELF model to this case is rather interesting and
meaningful, since the perfluoropolymers considered are
endowed with extremely high free volume, so that the
basic assumptions of the model are tested more severely
than in other cases. Additionally, previously observed
differences in hydrocarbon and fluorocarbon solubilities
in polymers not anticipated by regular solution theory

should provide an interesting test of the NELF model’s
predictive ability.

Previous sorption studies9-11 have shown that fluo-
rocarbons are less soluble than the analogous hydro-
carbon penetrants in a hydrocarbon-based polymer such
as poly(dimethylsiloxane) [PDMS]; the same trend is
observed, to a lesser extent, in poly(1-trimethylsilyl-1-
propyne) [PTMSP].12,13 In the case of PDMS, in par-
ticular, even when the sorption results are correlated
to differences in condensability and molecular size
between penetrants, the fluorocarbons follow a separate
correlation line, corresponding to lower solubility than
for the hydrocarbon analogues.10 The above results
suggest that the solubility of these components in the
polymeric matrix is strongly dependent on polymer-
penetrant interactions, which favor the mixing of pen-
etrant in a chemically similar polymer. In contrast to
the behavior observed in PDMS and PTMSP, fluori-
nated compounds are more soluble than their hydro-
carbon analogues in the fluorocopolymer AF2400, thus
confirming the crucial role played by polymer-pen-
etrant interactions.14 Previous results for modeling
equilibrium hydrocarbon and perfluorocarbon solubility
in PDMS via the Sanchez-Lacombe model9 indicate
that these polymer-penetrant interactions must be
taken into account. In that case, it was found that the
zero-order approximation for the binary interaction
mixing rule is not always sufficient, particularly so for
cases in which the interactions between polymer and
penetrant are very different from the interactions be-
tween molecules of the pure species.

The polymers investigated in this study are two ran-
dom, glassy copolymers of tetrafluoroethylene (TFE) and
2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (BDD),
containing 65 and 87 mol % BDD and commercially
available under the trade names Teflon AF1600 and
AF2400, respectively. These perfluoropolymers possess
extremely high fractional free volumes and are among
the most permeable polymers known.15-19 In this work,
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we refer to the experimental sorption data collected for
a large series of penetrants by Merkel et al.14 For several
penetrants, we have also measured the volumetric
dilation induced during isothermal sorption, which is
crucial information for the use of the NELF model.4-6

For the sake of review the basic relationships of the
NELF model are briefly recalled hereafter.

Background
Sanchez and Lacombe20-23 and Panayiotou and Ve-

ra24,25 have developed lattice fluid models which have
been rather successfully used to describe the behavior
of polymers and of polymeric mixtures. The NELF model
uses, for the Gibbs free energy of a glassy mixture, the
expression proposed by Sanchez and Lacombe in their
lattice fluid theory, which for a binary mixture of a low
molecular weight species, 1, in a polymer, 2, gives21

where R is the ideal gas constant, ri is the number of
lattice sites occupied by a mole of species i, and φi is
the volume fraction of species i, defined in terms of the
mass fraction ωi and of the characteristic densities of
the pure components Fi* as21

The quantities F̃, p̃, and T̃ represent the reduced density,
pressure, and temperature of the mixture, respectively,
and are defined as follows:

The characteristic lattice parameters F* and p* repre-
sent the mass density and cohesive energy density
(CED) at close packed conditions, respectively, while T*
is associated with the average interaction energy be-
tween the chain segments contained in nearby lattice
cells. For a binary mixture, the characteristic param-
eters can be calculated from the corresponding pure
component values using the following three mixing
rules:23

The characteristic volumes and densities are related to
each other through the usual relationship:

The symbol ri
0 indicates the number of lattice sites

occupied by a mole of species i in the pure component
lattice, which is related to the number of lattice sites ri
occupied by a mole of species i in the mixture as follows:

The binary parameter p12
/ in eq 5 is constant with

respect to composition and temperature and is deter-
mined through experimental miscibility data of the
binary mixture. As a first approximation, one can
estimate its value based only on pure component
characteristic pressures: 23

For the more general case it is also customary to
represent the binary parameter p12

/ as

where the quantity Ψ plays the role of an adjustable
interaction parameter for the binary mixture.

From eq 1 for the Gibbs free energy, one can obtain
the density of the mixture under equilibrium conditions
by imposing the minimization of the Gibbs free energy
at T, p, and ωι with respect to the density. This condition
yields an equilibrium PVT equation of state for the
mixture, generally known as the Sanchez-Lacombe
equation of state:

The density of a glassy mixture, however, cannot be
calculated through this equation of state, since the
system is not at equilibrium. However, it has been
demonstrated5 that when the temperature, pressure and
density are treated as independent variables, expression
1 provides the proper and unique nonequilibrium Gibbs
free energy for a lattice fluid in which the bulk rheology
is governed by a Voigt model. Therefore, it can be
assumed that the Gibbs free energy of the glassy
mixture can be represented by eq 1 together with the
above-mentioned mixing rules.

In the following, we will express the mixture density,
F, in terms of the polymer partial density, F2, which can
be obtained directly from polymer dilation data. By
definition,43 we have

The density of a glassy mixture gives a measure of the
departure from the equilibrium state of the system,
when compared with its equilibrium value at the
temperature, pressure and composition considered. The
polymer density F2 was shown to be the only order
parameter required; it is indeed an internal state
variable for the glassy phase,4 i.e., its time rate of
change is itself a function of the state of the system.
Such a result is obtained based on the bulk rheology of
the glassy mixture during sorption or desorption, and
allows the use of the thermodynamics of systems
endowed with internal state variables to describe the
behavior of the glassy mixture. The variables required
to define the state of the system are T, p, and ω1 (as in
the equilibrium case) and the polymer density, F2, which
characterizes the departure of the system from equilib-
rium. Nonequilibrium thermodynamic arguments27 pro-
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vide an expression for penetrant chemical potential in
the glassy phase:

Even for glassy mixtures, the phase equilibrium estab-
lished at the interface with an external fluid containing
the penetrant component requires a common value for
the penetrant chemical potential both in the solid and
in the external phase5

where y1 is the mole fraction of component 1 in the
surrounding phase, for the general case in which the
external phase is a gaseous mixture. The polymer
density reaches an asymptotic value F2∞, instead of its
equilibrium value because the relaxation of the glassy
matrix is kinetically hindered.

The chemical potential of component 1 in the glassy
polymeric phase can now be obtained by using eq 13 as
a function of F, p, T and composition φ1; one finally has

The above expression for the chemical potential of a
pure penetrant in a glassy mixture is the main result
of the NELF theory, associated to the use of the
Sanchez-Lacombe expression of the Gibbs free energy,
and is exactly equivalent to the expression used in
previous works.4-8 By considering the phase equilibrium
condition represented by eq 14, one can calculate, at
fixed T, p, and F2, the composition ω1 of the penetrant
in the glassy mixture in a pseudoequilibrium state.

The above expression also demonstrates the influence
of the binary interaction parameter Ψ on the chemical
potential of the penetrant in the solid phase and,
therefore, on solubility. The value of Ψ can, in principle,
be determined from a single mixture data point, for
example at infinite dilution, and either under true
thermodynamic equilibrium (rubbery phase) or in pseudo-
equilibrium conditions (glassy phase). The predicted
solubility increases with increasing Ψ because the
attraction energy between unlike species increases.
Equations 14 and 15 offer an implicit expression for the
mass fraction of the penetrant in the polymer as a
function of the external activity; an iterative but straight-
forward procedure is used to calculate ω1 and thus to
obtain the solubility isotherms.

Polymer Density: NELF Predictions and Cor-
relations. The proper use of Equations 14 and 15 for
the solubility isotherm requires knowledge of polymer
density in the glassy phase, F2∞, asymptotically reached
under pseudoequilibrium conditions at each penetrant
pressure. Equations 14 and 15 are rather sensitive to
the polymer density, so its value must be known to good
accuracy. To that aim one would require, in principle,
measurements of the dilation isotherm during sorption
or desorption, in which case one can use the NELF
model in an entirely predictive mode. In the absence of
specific information on the volumetric isotherm, one can

take advantage of the following observations by consid-
ering separately swelling and nonswelling penetrants.

i. When the penetrant species has a rather low
solubility and is a nonswelling agent, as is the case for
permanent gases such as oxygen and nitrogen, the
polymer density does not change appreciably with the
penetrant pressure, and for all practical purposes, the
value F2∞ can be replaced by the density of the pure,
penetrant-free glassy polymer, F2

0;
ii. For the case of swelling penetrants, it is convenient

to consider separately the low-pressure portion of the
isotherm from the general case.

In the low-pressure range6 even for highly swelling
penetrants, such as CO2, the corresponding volume
dilations are not significant, so that in such a range one
can still use the value of the pure glassy polymer density
F2

0 in place of the actual F2∞ value.
This approximation is no longer valid at higher

pressures for which F2∞ becomes significantly smaller
than F2

0, and correspondingly the solubility calculated
using the true polymer density is larger than the value
calculated by neglecting volume dilation.6 However, the
entire solubility isotherm can be reliably calculated in
the absence of direct dilation data provided at least one
data point of the sorption isotherm is known from
experiments. The procedure is illustrated in detail in
ref 5 and is briefly summarized here. From the available
experimental data on volume dilation in the polymeric
matrix during sorption, one realizes that the volume of
the glassy phase is typically linearly proportional to the
gas pressure. Thus, only one point of the curve is needed
to draw the dilation isotherm, once the density of the
pure polymer is known. Therefore, for systems whose
swelling is expected to be significant, this consideration
allows us to treat the value of dilation at one single
penetrant pressure as an adjustable parameter. One can
choose a single experimental data point in the solubility
isotherm and then use it as the input in eq 14 to
calculate the value of the polymeric density F2, at the
temperature and pressure considered. The volume dila-
tion isotherm is then obtained in a straightforward way
at all pressures by simply assuming a proportional
relation between pressure and the volume change of the
system per unit polymer mass. In this way, one obtains
good estimates of polymer density in the glassy phase
for any external penetrant pressure, and can thus
calculate the solubility isotherm over the entire pressure
range of interest. Therefore, in the absence of experi-
mental dilation data, we will use hereafter this method
to predict solubility and test the reliability of the NELF
model over the entire range of pressures explored
experimentally.

Experimental Section

Dilation measurements were conducted using an apparatus
described previously.9 The sample is a polymeric film about
100 mm long suspended in a pressure chamber in which
penetrant gas is introduced at the desired pressure. This device
monitors the elongation of the sample from which, assuming
the dilation to be isotropic, the volume change can be easily
calculated. All experiments were conducted at 35 °C after
degassing the sample chamber for 24 h. Further details
regarding this equipment can be found in ref 9.

Results and Discussion

Evaluation of Sanchez-Lacombe Equation of
State Characteristic Parameters. The characteristic
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parameters p*, F*, and T* of the pure polymers are
determined by fitting to the Sanchez-Lacombe equation
of state experimental PVT data above Tg where the
equilibrium condition expressed by eq 11 holds true. For
AF1600 and AF2400, we used a compilation of volu-
metric data ranging from 100 to 2000 bar and from 300
to 620 K.28 As already shown by various authors, use
of the Sanchez-Lacombe equation of state with a single
set of parameters often cannot accurately describe
experimental pressure-volume-temperature data over
very wide ranges of temperature and pressure.29,30 To
obtain an accurate representation of the volumetric
behavior, it is thus necessary to confine the regression
to a more restricted range of experimental data closer
to the pressures and temperatures of interest. In this
work, we optimized the fitting of volumetric data by
considering pressures below 300 bar and temperatures
up to 550 K for AF1600 and up to 620 K for AF2400.

The volumetric properties of the copolymers investi-
gated in this study are rather unusual and extremely
interesting for industrial applications. In particular, the
polymer compressibility is very high as compared to
other common polymers and to many simple fluids.31

The isothermal compressibility, â, is closely related to
the characteristic pressure p* in the Sanchez-Lacombe
theory and ultimately to the cohesive energy density of
the polymer; in particular, p* decreases with increasing
â. In agreement with this observation the value of p*
obtained from the regression is much lower than the
value calculated for all other known polymers. The
characteristic pressure is equal to 2800 bar for AF1600
and to 2500 bar for AF2400, while the typical range for
polymers is from 3000 to 6000 bar.32 As a consequence,
this polymer is characterized by weak intermolecular
forces, that is, by a low value of the cohesive energy
density. In the classical theory of regular solutions by
Hildebrand and Scatchard,33 the cohesive energy den-
sity of a substance determines its sorption behavior: in
particular, two compounds with similar CED must be
mutually soluble and vice versa. It is interesting to
note that the perfluorocarbon compounds have the
lowest values of CED among all organic substances, and
that the amorphous Teflons (i.e., AF1600 and AF2400)
have the lowest values of compressibility among poly-
mers.

The compressibility of Teflon AF increases with BDD
monomer content, as observed by Walsh et al.,31 which
leads to a clear correlation between volumetric proper-
ties and BDD content. The oxygenated BDD ring breaks
up chain packing of poly(tetrafluoroethylene) [PTFE]
and inhibits crystallization. The resulting copolymers
are totally amorphous and exhibit free volumes that are
much larger than most other glassy polymers.19 In
addition, the effect of pressure on the glass transition
temperature is unusually high, so that, at relatively
low pressures (300-400 bar), Tg for AF2400 exceeds
620 K, i.e., the maximum temperature at which the
volumetric measurements are available. As a result,
there are only a few volumetric data actually available
in the rubbery region (cf. Figure 1b), so that it is difficult
to determine the exact value of Tg at each pressure. The
lack of volumetric information makes the fitting proce-
dure used to retrieve the Sanchez-Lacombe character-
istic parameters somewhat less reliable. The set of
parameters used in this study are shown in Table 1,
and the comparison between experimental volumetric
data in the rubbery phase and the corresponding values

calculated by the Sanchez-Lacombe equation of state
using the former set of parameters is presented in
Figure 1, parts a and b. No other set of Sanchez-
Lacombe parameters for the amorphous Teflon copoly-
mers was found in the literature. In Table 1, we have
listed for comparison the characteristic parameters for
PTFE as determined by Sanchez.34 In parts a and b of
Figure 1, the data at low pressure (0 bar) have been
extrapolated analytically by assuming the isothermal
compressibility coefficient to be constant in the range
0-200 bar since experimental densities at atmospheric
pressure were not available in the mentioned compila-
tion of data. The SL parameters reported in Table 1
were determined by fitting v-T curves in the range
100-300 bar, while the extrapolated isobaric curve was
only displayed in order to compare it as a first ap-
proximation with the value of density of our sample at
308 K and 1 atm as measured before experimental
dilation runs. In parts a and b of Figure 1, the filled
circle represents the measured specific volume of the
samples used in this work: the sample density is equal

Figure 1. Volumetric properties for AF1600 (Figure 1a) and
AF2400 (Figure 1b) and comparison with the Sanchez-
Lacombe equation of state, represented by the solid lines.
Experimental data were taken from ref 31.

Table 1. SL Equation of State Characteristic Parameters
for Polymers

polymer p* (bar) T* (K) F* (kg/L) ref

AF1600 2800 575 2.16 this work
AF2400 2500 624 2.13 this work
PTFE 3710 618 2.25 Sanchez et al.37
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to 1.84 g/cm3 for AF1600 and to 1.77 g/cm3 for AF2400,
in good agreement with the extrapolated data at 0 bar.
The SL parameters of gaseous penetrants were taken
from previous works, except for n-butane, for which they
have been computed, and are listed in Table 2 along
with the source of the experimental data used.

Sorption and Dilation Isotherms for Light Gases
(N2, O2, CO2). Dilation isotherms were measured in this
study for N2 and CO2 in AF1600 and AF2400 at 35 °C
and up to 30 bar. For these penetrants, the dilation data
were used to obtain at each penetrant pressure the
mixture density, which is needed as an input variable
in calculating the gas solubility through eq 14. Sorption
isotherms calculated in this manner were then com-
pared to the experimental data. In the case of O2, for
which volume dilation is typically very small (although
it was not experimentally recorded) we followed the low-
pressure approximation6 and considered the polymeric
density constant during the sorption process and equal
to the pure glassy polymer density. The dilation iso-
therms at 35 °C of the systems N2-AF1600, N2-
AF2400, CO2-AF1600, and CO2-AF2400 are presented
in Figure 2. The relative volume change of the more
dense AF1600, at a fixed penetrant pressure and
temperature, is slightly greater than the corresponding
value for AF2400, due to the higher free volume of the
latter polymer. The amount of volume change is about
0.6% at 30 bar for nitrogen in both copolymers, while
for CO2 it is 3.2% and 5.1% at 27 bar in AF2400 and
AF1600, respectively.

A comparison between the experimental sorption
isotherms of N2, O2 and CO2 and the predictions
calculated by the NELF model are shown in Figure 3,

parts a-c. For nitrogen dissolution in AF2400 and
AF1600, the sorption isotherms are well predicted by
the NELF model using no adjustable parameters (i.e.,
by adopting for the binary interaction parameter Ψ the
default value of 1). Similarly for the systems O2-
AF1600 and O2-AF2400, the sorption isotherms are
exactly predicted with no adjustable parameters over
the entire pressure range explored, thus confirming the
hypothesis made on the amount of dilation to be
expected in this case. For CO2-AF2400 mixtures, the
solubility is correctly predicted at low pressures, while
the model somewhat underestimates the sorption level
at higher pressures (43 cm3(STP)/cm3 at 25 bar vs a
measured value of 56 cm3(STP)/cm3). On the other hand,
the solubility of carbon dioxide in AF1600 is correctly
evaluated in the whole range of pressures. In both cases,
the model is used with no adjustable parameters. As a
conclusion, we may say that, for these light gases, the
NELF model works satisfactorily in predicting “a priori”
the solubility in the fluorinated copolymers under study.

Sorption and Dilation of Hydrocarbons and
Fluorocarbons. The solubilities of a series of normal
alkanes (CH4, C2H6, C3H8, n-C4H10) and perfluoroal-
kanes (CF4, C2F6) in AF2400 and AF1600, presented in
the work of Merkel et al.,14 have been compared with
the predictions of the NELF model. The amount of
dilation induced during sorption was measured for two
representative elements of the homologous series, ethane
and perfluoroethane. First of all, one may notice that
in both perfluorinated copolymers the sorption level for
a perfluorocarbon compound is systematically higher
than for the homologous hydrocarbon with the same
number of carbon atoms. Such behavior is clearly shown
in Figure 4, where the experimental sorption isotherms
of methane and ethane in AF2400 at 35 °C are com-
pared with those of the corresponding perfluorocarbons.
The solubility at 25 bar is about 20 cm3(STP)/(cm3 of
polymer) for methane while it is 32 cm3(STP)/(cm3 of
polymer) for CF4 in AF2400; for ethane and perfluoro-
ethane, the respective solubilities at the same pressure
are 52 and 57 cm3(STP)/(cm3 of polymer). An analogous
difference between fluorinated and nonfluorinated com-
pounds is demonstrated by the solubility isotherms in
AF1600. In comparing the behavior of the two polymers,
we observe that all penetrants are more soluble in
AF2400 than in AF1600, which is consistent with the
higher free volume characterizing the AF2400 matrix.
On the basis of the dilation measurements, the swelling
induced by the fluorocarbons in both copolymers is
greater than the swelling induced by their hydrocarbon
analogues. In addition, for each penetrant the volume
dilation induced in AF1600 is systematically larger than
in AF2400, consistent with the behavior of the light
gases. The dilation isotherms of C2H6 and C2F6 are
shown in Figure 5, from which we can see that the
amount of volume change for AF1600 at 25 bar is about
6% when C2H6 is the penetrant and about 12% for C2F6.
At the same penetrant pressure, the relative volume
change for AF2400 is 5% with C2H6 and 9.4% with C2F6.
For the remaining penetrants, no dilation data were
collected, and thus the model can only be used in the
low-pressure range for which the approximation of
constant density of the matrix is reasonable. For swell-
ing compounds, such as propane and n-butane, we will
compare the NELF predictions with experimental sorp-
tion data in the low-pressure range, i.e., up to 5 bar.
On the other hand, for methane and perfluoromethane

Figure 2. Volume dilation due to sorption of nitrogen and
carbon dioxide in AF1600 and AF2400 as measured in this
work at 35 °C.

Table 2. SL Equation of State Characteristic Parameters
for Penetrants

penetrant
p*

(bar)
T*
(K)

F*
(kg/L) ref source of PVT data

N2 1600 145 0.943 9 Vargaftik40

O2 2140 180 1.250 9 Vargaftik40

CO2 6300 300 1.515 9 Vargaftik40

CH4 2500 215 0.500 9 Vargaftik40

C2H6 3300 320 0.640 9 Daubert and Danner41

C3H8 3200 375 0.690 9 Vargaftik40

n-C4H10 2900 430 0.720 Vargaftik40

CF4 2650 230 1.920 9 Daubert and Danner41

C2F6 2270 296 1.950 9 Daubert and Danner41
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the density can be assumed to be constant, and thus
the comparison will be performed over the entire pres-
sure range inspected in the sorption measurements.

The solubility trend experimentally observed for
hydrocarbons and fluorocarbons in AF1600 and AF2400
is consistent with the different energetic interactions
between penetrants and polymeric matrix, which are
favorable to the dissolution of a compound in a chemi-
cally similar environment. The same general qualitative
idea was indeed found to hold in PDMS;9 in this case of
course, hydrocarbons are more soluble than fluorocar-

bons since this polymer has no fluorine nor any halogen
group and provides for an aliphatic-like environment.
In the case of the amorphous Teflons, however, the
solubility ratios between homologous hydrocarbons and
perfluorocarbons are small as compared to PDMS in
which the sorption levels of alkanes are up to 10 times
higher than those of the corresponding perfluoroalkanes.
This difference is reasonable since the exceptionally
high free volume of glassy AF1600 and AF2400 allows
for somewhat indiscriminate sorption, in contrast to
rubbery PDMS where penetrant and polymer are more
likely to be in close proximity.

We will now compare the experimental sorption of
hydrocarbons and fluorocarbons in the amorphous Tef-
lons to the predictions based on the NELF model. As
illustrated in Figure 6a, methane sorption isotherms are
correctly predicted by the NELF model when a nonde-
fault binary interaction parameter (Ψ), equal to 0.95 for
both polymeric solutions, is introduced. For CF4 (Figure
6b), the predicted isotherm exactly reproduces the
experimental shape in AF1600 for pressures up to 15
bar; while for AF2400 the model properly represents the
low-pressure behavior and tends to underestimate
solubility with increasing pressure (the error equals 25%
at 24 bar). It should be noted that both the predicted
isotherms for CF4 were calculated with no adjustable
parameters, i.e., with Ψ equal to unity, which is

Figure 3. Solubility isotherms in AF1600 and AF2400 for N2
(a), CO2 (b), and O2 (c) at 35 °C: experimental data (taken
from ref 14) and NELF model predictions (Ψ ) 1).

Figure 4. Solubility isotherms at 35 °C of CH4 and CF4 and
of C2H6 and C2F6 in AF2400 from ref 14

Figure 5. Volume dilation due to the sorption of C2H6 and
C2F6 in AF1600 and AF2400 as measured in this work at
35 °C.
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otherwise consistent with the fact that we have a per-
fluorinated penetrant in a highly fluorinated matrix.

In the case of ethane, for which we incorporated the
dilation data collected during sorption in the expression
of the mixture chemical potential, we obtained a correct
prediction for the solubility over the entire range of
pressures after introducing a value of Ψ equal to 0.90
for AF1600 and 0.91 for AF2400 (Figure 6c). For per-
fluoroethane (Figure 6d), the solubility is correctly pre-
dicted by the NELF model in AF2400 with no adjustable

parameter for pressures up to 15 bar, while an under-
estimation is obtained at higher pressures; in the case
of AF1600, the sorption values are moderately overes-
timated in the low-pressure range. For propane sorption
(Figure 6e), the comparison between predicted and
experimental isotherms is performed in the range 0-4
atm, where the dilation may be expected to be small.
The adjustable parameter Ψ needed to fit the sorption
isotherm of propane in this range is 0.89 for AF1600
and 0.90 for AF2400. The deviation between experi-

Figure 6. Solubility isotherms of different n-alkanes and perfluorocarbons in AF1600 and AF2400 at 35 °C. Comparison of
experimental data (taken from ref 14) and NELF model predictions (Ψ ) 1) or one-parameter NELF model correlations (Ψ * 1):
(a) data and correlations for CH4; (b) data and predictions for CF4; (c) data and correlations for C2H6; (d) data and predictions for
C2F6; (e) data and correlations for C3H8; (f) data and correlations for n-C4H10.
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mental and calculated isotherms increases at higher
pressures, consistent with the approximation made
regarding dilation. In the case of n-butane, reported in
Figure 6f, the solubility is correctly represented in the
range 0-2 atm when introducing a binary parameter
of 0.87 in both AF2400 and AF1600.

From the above discussion one may observe that while
the sorption of fluorocarbons is satisfactorily predicted
by the NELF model using no adjustable interaction
parameters, i.e., by considering Ψ ) 1, the calculated
isotherms for hydrocarbons need to be corrected by
adjusting the value of Ψ using the experimental solubil-
ity. The more Ψ deviates from unity, the more the
binary characteristic pressure p12

/ accounting for inter-
actions between unlike molecules (1-2) in a unit volume
deviates from the geometric mean between the pure
component’s characteristic pressures (p1

/ and p2
/) as

indicated in eq 10. In particular, when the empirical
value of Ψ is smaller than unity, as is the case for
hydrocarbons in perfluorinated AF1600 and AF2400,
the geometric mean overestimates the actual interaction
energy per unit volume between gas and polymer
molecules. In our observations, the NELF model with
a unit value for Ψ correctly fits the sorption isotherms
of fluoroalkanes in the amorphous Teflon copolymers,
while for the case of hydrocarbons the first-order ap-
proximation offered by the geometric mean rule is no
longer appropriate. The values of the binary parameter
Ψ which best fit the sorption isotherms of alkanes in
AF1600 and AF2400 are rather close to one another in
all cases and range from 0.87 to 0.95. Analogously, in
the aliphatic polymer PDMS, a constant value of the
adjustable parameter Ψ was obtained for homologous
penetrants. For example, to fit experimental sorption
data in PDMS, Ψ was found equal to 0.96 for hydro-
carbons and 0.87 for fluorocarbons.9 Both observations
for the equilibrium solubility in a nonhalogenated
rubber (PDMS) and for the pseudoequilibrium solubility
in glassy perfluorinated polymers are consistent with
the physical meaning of the binary parameter and the
geometric mean rule of the energy interaction param-
eters. That is, when penetrant and polymer are chemi-
cally similar, Ψ is close to unity, while with increasing
chemical differences the deviation of Ψ from unity
increases. Indeed the values of Ψ which were obtained
for perfluorinated penetrants in an aliphatic matrix are

similar to those needed for describing the dissolution
of aliphatic hydrocarbons in perfluorinated matrixes.

Infinite Dilution Solubility Coefficients at Vari-
ous Temperatures. Another useful way to compare
NELF model predictions with experimental sorption
data is based on infinite dilution solubility coefficients
S0. By definition we have:

where c is the concentration of gas in the polymer
expressed in cm3(STP)/(cm3 of polymer) and S0 is the
slope of the tangent to the sorption isotherm in the limit
of low pressure. In this limit of infinite dilution, a
comparison between experimental data and NELF
predictions is immediately possible for those penetrant-
polymer pairs for which no dilation data are available
during sorption, since dilation is of no importance in
the zero pressure limit. For both copolymers a compre-
hensive list of the solubility properties is reported in
Table 3. The solubility coefficients at infinite dilution
are listed for all the penetrants considered at three
different temperatures (25, 35, and 45 °C), along with
the ratios between solubilities of homologous penetrants
(CH4:CF4, C2H6:C2F6) at 35 °C. For the sake of com-
parison, the same table also reports the values calcu-
lated using the NELF model for the solubility coeffi-
cients, S0, as well as for the solubility ratios of hydro-
carbons vs homologous fluorocarbons.

Typically, the infinite dilution solubility coefficient
increases with increasing measures of penetrant con-
densability such as critical temperature, TC.35 Indeed,
it was observed that the logarithm of S0 increases
linearly with TC. For this reason, the comparison
between measured and calculated solubility coefficients
in AF1600 is reported vs penetrant critical temperature
in Figure 7, parts a-c, at 25, 35, and 45 °C, respectively.
It is worth pointing out that the NELF model calcula-
tions were performed by considering the parameter Ψ
constant with temperature according to the original
formulation of the Sanchez-Lacombe lattice fluid theory,
although there are cases (e.g. CH4-PS, C2H4-LDPE, and
CO2-PMMA) in which the experimental sorption iso-
therms are better described by the SL model when Ψ
is allowed to vary with temperature.36 In an analogous
way the solubility coefficients in AF2400 are shown in

Table 3. Infinite Dilution Solubility Coefficients (Experimental Data from Ref 14)

AF1600
S0 [cm3 (STP)/(cm3 of polymer atm)]

AF2400
S0 [cm3 (STP)/(cm3 of polymer atm)]

NELF model experimental NELF model experimental

penetrant Tc (K) 25 °C 35 °C 45 °C 25 °C 35 °C 45 °C 25 °C 35 °C 45 °C 25 °C 35 °C 45 °C

N2 126.2 0.56 0.48 0.42 0.78 0.58 0.62 0.76 0.65 0.57 0.76 0.68 0.64
O2 154.6 0.99 0.81 0.68 0.87 0.73 0.64 1.0 0.88 0.77 0.90 0.87 0.81
CO2 304.1 3.6 2.7 2.0 3.4 2.7 2.5 3.9 3.0 2.3 4.1 3.5 3.0

CH4 190.4 1.1 0.87 0.73 1.2 0.99 0.95 1.4 1.2 1.0 1.3 1.2 1.0
C2H6 305.4 4.2 3.2 2.4 4.5 3.4 2.8 6.3 4.8 3.7 6.2 5 3.8
C3H8 369.8 14 9.6 6.9 16 9 7.2 21 15 11 16 14 11

CF4 227.6 2.6 2.0 1.5 2.9 1.7 2.0 3. 7 2.8 2.2 3.5 2.7 2.2
C2F6 293 14 9.5 6.7 10 6 5.0 24 17 12 11 11 7.2

AF1600 AF2400

NELF model experimental NELF model experimental

25 °C 35 °C 45 °C 25 °C 35 °C 45 °C 25 °C 35 °C 45 °C 25 °C 35 °C 45 °C

S0(CF4)/S0(CH4) 2.4 2.3 2.1 2.4 1.7 2.1 2.6 2.3 2.2 2.7 2.2 2.2
S0(C2F6)/S0(C2H6) 3.3 3.0 2.8 2.2 1.8 1.8 3.8 3.5 3.2 1.8 2.2 1.9

S0 ) lim
pf0(cp) (16)
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Figure 8, parts a-c at the three different temperatures
studied. It is apparent from the figures that there is no
significant error in considering the binary interaction
parameter constant with temperature within the range
investigated, although a moderate improvement would
obviously be obtained when optimizing Ψ for each
temperature.

Finally, solubility coefficients at the three tempera-
tures inspected allow us to obtain the sorption enthal-
pies at infinite dilution for the gas-polymer systems
under study. The sorption enthalpies were evaluated
from the van’t Hoff equation

and then compared with the values calculated by the
NELF model. The results of the comparison are shown
in Table 4. The value for CF4 was not displayed because
the experimental data at 25 °C were not consistent with
the values at other temperatures. The prediction of
mixing enthalpies is a much more stringent test for the
NELF model than the calculation of solubility coef-
ficients alone, since temperature dependence is involved.
Nonetheless, the comparison is quite satisfactory in the
case of AF1600, for which the average percentage error
between experimental and predicted values is 14.5%,
while for AF2400, if we hold the parameter Ψ constant,
the average error is 48%.

NELF as a Two-Parameter Correlation Model.
In this section, we will show that the NELF model can
also be used to correlate solubility data in the absence
of experimental dilation information. When no adjust-
able interaction parameter (Ψ) is needed to fit low
pressure solubility, only one sorption datum is sufficient
to draw the entire solubility isotherm by the NELF
model.8 Considering as input in eq 14 the experimental
solubility datum ω1 at p and T, and solving the equation
as a function of the polymeric density, F2, one can
calculate the polymer dilation at pressure p. Since it is
frequently found that dilation isotherms are linear with
pressure, one can obtain a straight line representing the
volumetric isotherm vs pressure based only on the
matrix volume at a single pressure and the density at
zero pressure (i.e., the density of the dry polymer). This
volumetric data is then readily used by the NELF
model to calculate a sorption isotherm in the usual
manner.

For the case of hydrocarbon sorption in AF1600 and
AF2400, and for all penetrants for which it is necessary
to adjust the binary interaction parameter (Ψ) to
experimental data in the range of low pressures, the
NELF model contains a single adjustable parameter (Ψ)
if the volume dilation is known. Otherwise, in the
absence of dilation information, the model becomes a

two-parameter correlation. In this case, the two model
parameters are obtained from the polymeric density at
a certain penetrant pressure (used to estimate dilation)
and from the infinite dilution solubility coefficient, S0
(which gives Ψ).

In this work, we have studied the sorption properties
of CH4, C2H6, C3H8, and n-C4H10, while direct dilation
measurements were carried out only for ethane. All of
these penetrants, with the exception of methane, may
yield significant swelling of the polymer. Consequently,
we will consider the dilation curves, which are unknown
in the case of methane, propane, and n-butane, as
straight lines whose slope is obtained from the pure
polymer density and from the density calculated by the
NELF model at a certain pressure using the solubility
at that pressure as input in eq 14. At all the other
pressures, the polymer density will be obtained from
this straight line; the corresponding solubility isotherm
is then calculated from eq 14 using the estimated
density as input.

The comparisons between experimental sorption data
and the NELF model correlation obtained according to
the above two-parameter procedure are presented in
parts a-c of Figure 9. The correlation fits the shape of
the experimental curves perfectly. In Table 5, we listed
the values of the parameters used for the correlation:
the energetic binary interaction parameter Ψ and the
slope of the linear dilation isotherm, expressed as the
ratio between the percentage volume change and the
penetrant pressure. The values of the dilation slopes
thus calculated increase with increasing penetrant
molecular weight, consistent with expectations based on
solubility values. This method is useful when it is
necessary to extrapolate a solubility isotherm over a
wide range of pressures in the absence of experimental
swelling data, and it forms a powerful and interesting
alternative to other correlation equations, such as the
dual-mode model, for which three parameters are
needed. The dilation values calculated in this way also
provide an estimate of the swelling when only solubility
data are available. In Table 5, the slopes of the dilation
isotherms calculated for the sorption of propane and
n-butane are larger for AF2400 than for AF1600. This
result is opposite to expectations based on the experi-
mental dilation isotherms for C2H6 shown in Figure 5.
This difference in behavior between the penetrants is
the natural result of the underprediction of the sorption
isotherm of ethane, observed at high pressures in
AF2400 (Figure 6c), when the NELF model calculations
are performed based on the experimental dilation data.
In turn, this may be associated with the fact that for
AF2400 the pure polymer parameters appear to be
somewhat less reliable than for AF1600 (Figure 1), as
we already indicated.

Partial Molar Volumes. By combining the sorption
and dilation data collected in AF2400 and AF1600 one
can calculate penetrant partial molar volumes, which
are defined as usual by

Table 4. . Sorption Enthalpies at Infinite Dilution
(Experimental Data from Ref 14)

∆HS,∞ (kJ/mol)

AF2400 AF1600

exptl NELF model exptl NELF model

N2 -8.6 -11.1 -11.1 -12.1
O2 -12.0 -4.1 -12.1 -14.8
CO2 -11.3 -20.7 -16.2 -23.4
CH4 -10.6 -15.7 -15 -15.5
C2H6 -12.8 -23.3 -17.6 -22.3
C3H8 -16.8 -26.8 -31.4 -29.4
n-C4H10 -31.2 -26.2 -25.9 -26.7

ln(S(T)) ) ln(S(T0)) -
∆HS

RT
(17)

Table 5. Parameters of the NELF Correlation

AF 1600 AF 2400

Ψ (∆V/V0%)/p (bar-1) Ψ (∆V/V0%)/p (bar-1)

CH4 0.95 =0 0.95 =0
C2H6 0.90 0.25a 0.91 0.20a

C3H8 0.89 0.55 0.90 0.67
n-C4H10 0.87 1.5 0.87 3.3

a Experimental value.
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where V is the total mixture volume. In a solution
formed by a low molecular weight penetrant and a
polymer, the partial molar volume is calculated in the
following manner:

where â is the isothermal compressibility of the polymer
and c is the penetrant concentration expressed as
standard gas volume contained per unit polymer vol-
ume.

Figure 10 reports the partial molar volumes of N2,
CO2, C2H6, and C2F6 in AF1600 and AF2400 and
compares these values to those reported in the literature
for mixtures with liquids and rubbery polymers. The
partial molar volumes at infinite dilution have ex-
tremely low values if compared to those in liquids, and
they increase with increasing concentration. Small
variations of the total system volume at low concentra-
tion (resulting in low values of partial molar volumes)
are consistent with the sorption of gas molecules into
the excess free volume of a glassy polymer. At higher
penetrant concentrations this excess volume becomes
progressively filled causing the polymeric matrix to
ultimately swell more and more markedly with ad-
ditional penetrant sorption. The experimental results
also suggest that above a certain value of concentration
the excess free volume ceases to contribute to sorption
and causes the swelling to vary linearly with composi-
tion and, consequently, the partial molar volumes to
approach a constant value. This behavior is in total
agreement with that observed by Koros et al. during
dilation measurements of CO2 in other glassy polymers
such as polycarbonate and PTMSP.37-39 In PTMSP, in
particular, which is characterized by a free volume
comparable to that of the amorphous Teflon copolymers,
they reported a value of partial molar volume of CO2 at
infinite dilution of 5 cm3/mol, and a plateau value at
high concentrations of 30 cm3/mol. In this work, we
calculated the partial molar volume at infinite dilution
of CO2 at 35 °C to be 5.5 cm3/mol in AF2400 and 6.0
cm3/mol in AF1600, while for concentrations greater
than 30 cm3(STP)/(cm3 of polymer), it approaches a
constant value of 15 and 35 cm3/mol in AF2400 and
AF1600, respectively. For comparison, the partial molar
volume of CO2 in silicone rubber is about 48 cm3/mol.9
Analogous trends are observed during sorption of ni-
trogen, C2H6, and C2F6, whose values of partial molar
volume are reported in Table 6.

Conclusions

Polymer dilation during sorption, which is essential
physical information for the predictive use of the NELF
model, has been measured for selected penetrants (N2,
CO2, C2H6, and C2F6) in Teflon AF1600 and AF2400.
Nitrogen induces a small volume dilation, equal to about
0.5% at 30 bar, in both polymers, while more appreciable
swelling is obtained upon exposure to CO2, C2H6, and
C2F6. In both perfluorinated polymers, C2F6 induces
more dilation than its hydrocarbon analogue, consistent
with its higher solubility and larger size. For the
swelling penetrants, higher solubilities and smaller

volume dilations were observed in AF2400 than in
AF1600, consistent with the former polymer’s larger
fractional free volume.

The experimental sorption data have been compared
with the calculations of the NELF model. On the basis
of the first-order approximation for the binary mixing
parameter (Ψ ) 1) the NELF predictions are in good
agreement with experimental data for nitrogen and

vj1 ≡ ( ∂V
∂n1

)
T,p,n2

(18)

vj1 ) vSTP[ d
dp(∆V

V0
) + â]dp

dc
(19)

Figure 7. Infinite dilution solubility coefficients of different
penetrants in AF1600, at 25 (a), 35 (b), and 45 °C (c). For the
light gases and fluorocarbons the NELF model calculations
are predictive at all temperatures; for hydrocarbons the NELF
model calculations are predictive at 25 and 45 °C. Experimen-
tal sorption data were taken from ref 14.
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oxygen sorption in both copolymers. For carbon dioxide
the predictions are good for both polymers in the low
pressure range, while at higher pressures a rather good
agreement is obtained only for AF1600. CO2 solubility
in AF2400 is underestimated by the model at higher
pressures, with a deviation in all cases smaller than
30%. For perfluorocarbon solubility, satisfactory agree-
ment is observed between NELF and experimental data

in AF1600 over the entire pressure range. For AF2400
good agreement is obtained up to moderate pressures,
around 10 bar, while at higher pressures the model
somewhat underestimates the observed perfluorocarbon
solubility. Finally, for the hydrocarbons inspected (CH4,
C2H6, C3H8 and n-C4H10) the first-order approximation
for Ψ is no longer appropriate and its value must be
adjusted to the experimental data to obtain good
estimates via NELF. In AF1600 the proper value of the

Figure 8. Infinite dilution solubility coefficients of different
penetrants in AF2400, at 25 (a), 35 (b), and 45 °C (c). For the
light gases and fluorocarbons the NELF model calculations
are predictive at all temperatures; for hydrocarbons the NELF
model calculations are predictive at 25 and 45 °C. Experimen-
tal sorption data were taken from ref 14.

Figure 9. Comparison between experimental solubility iso-
therms (ref 14) and two-parameter NELF model correlation
for CH4 (a), C3H8 (b), and n-C4H10 (c), in AF1600 and AF
2400 at 35 °C. The correlation parameters are shown in
Table 6.
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binary interaction parameter is 0.95 for CH4, 0.90 for
ethane and propane, and 0.87 for n-butane, while for
solubility in AF2400 the corresponding values are
0.95, 0.91, 0.89, and 0.87, respectively. These values are
very close to those obtained for perfluorinated pen-
etrants in PDMS,9 consistent with the fact that Ψ
embodies the deviation from the geometric mean of the
energetic interactions between unlike species in a
mixture. In both ref 9 and this study the binary in-
teraction parameter (Ψ) has almost the same value for
all the homologous components, it decreases slightly
with increasing molecular weight, and it is independent
of temperature.

Use of the NELF model to calculate infinite dilu-
tion solubility coefficients was found to be satisfactory
for all penetrants, at each temperature inspected, so

that even the infinite dilution enthalpy of mixing can
be reasonably predicted by the NELF model.

A method was proposed for correlating solubility
isotherms of swelling penetrants over a wide range of
pressures by introducing an additional parameter into
the NELF model which corresponds to the value of
dilation at fixed penetrant pressure. This parameter can
be calculated based on one experimental solubility
datum at fixed pressure. In this way, the model contains
at the most two adjustable parameters. Results of a
comparison with experimental solubility isotherms of
n-alkanes in both copolymers are extremely good over
the entire range of pressures inspected.

Finally, we calculated the partial molar volumes of
N2, CO2, C2H6, and C2F6 in AF1600 and AF2400. Their
values are much lower than the corresponding values
measured in liquids and increase with increasing con-
centration. Both these results are consistent with the
high free volume structure of the amorphous Teflons
and with previous results in glassy polymers.
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