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Abstract

The present paper discusses the tendency of solution-cast Hyflon® AD membranes to retain unexpectedly high amounts of solvent, the pos-
sible reasons of this phenomenon and its effect on the membrane performance. Dense membranes, prepared by solution-casting and subsequent
evaporation, showed large differences in their thermal, mechanical and transport properties, depending on the residual solvent content. Complete
solvent removal required heating under vacuum up to well above the glass transition temperature. Analysis of the permeability, diffusion and
solubility coefficients of six permanent gases showed that plasticization by the residual solvent reduces the permselectivity and increases the
permeability.

Data of solution-cast membranes after complete solvent removal compare well with those of a melt-pressed sample. Experimental gas trans-
port parameters were confronted with simulated data, obtained by the Gusev—Suter Transition-State Theory (TST) method and by molecular
dynamics (MD) simulations. 'H High Resolution Magic Angle Spinning Nuclear Magnetic Resonance spectroscopic analysis of the residual
solvent in the polymer matrix did not reveal a particular interaction between polymer and solvent, suggesting that the solvent retention is mainly
diffusion controlled.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction polytetrafluoroethylene (PTFE). In contrast to the semi-
crystalline PTFE, Hyflon polymers are amorphous glasses
with a modestly high T,, as a result of the bulky TTD units

in the polymer chain. These amorphous glassy PFPs, such as

Hyflon AD60X is an amorphous perfluorinated copolymer
of tetrafluoroethylene (TFE) and 2,2,4-trifluoro-5-trifluorome-
toxy-1,3-dioxole (TTD) in the molar ratio of 40:60 (Scheme 1).
This specific grade has a glass transition temperature, T, of

H,C—O—CF,~CF,~CF,~CF
about 130 °C and is part of a wider family of copolymers : 2z s

. . . . . HFE 7100
with different molar ratios of the two monomeric units TTD
and TFE. These polymers have a similar high thermal, chem- o
ical, ageing, weathering and solvent resistance which are [
characteristic for perfluoropolymers (PFPs), like for instance n F3C’O‘€CF27CF709;(CF2707\”? Fs
Hyflon AD 60X Galden HT
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Scheme 1. Chemical structure of the repeating unit in Hyflon AD60X and of
the solvents, Galden HT and HFE 7100.
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also those of the Teflon® AF family, are known for their high
Fractional Free Volume (FFV) [1] or high void fraction, which
is the reason for their exceptional gas permeability [2—4]. The
void fraction, reported for Hyflon AD polymers is 9.4—9.5%,
against 14.8 and 17.7 for Teflon AF 1600 and Teflon AF 2400,
respectively [5]. The reported FFV of Hyflon AD60X of 23%
[6] is considerably lower than that of Teflon AF (30% for
Teflon AF 1600 and 33% for Teflon AF 2400) [7] but still
much higher than that of common polymers like polysulfone,
poly(ether sulfone) and polyimide [8]. As a consequence,
Hyflon membranes have a relatively high permeability to
gases and they are therefore suitable for preparing dense gas
separation membranes [6,7,9—11]. Hyflon AD60X forms an
attractive compromise of a moderately high selectivity and
a still interesting permeability, in comparison with the more
permeable but less selective Teflon AF polymers.

Due to their good solvent resistance [2,10] PFP membranes
can be applied in fields where condensable species in the gas
stream would seriously compromise the performance of the
traditional polymers as a result of plasticization [12—14].
The low solubility of common organic liquids in the PFPs,
and the consequent lack of swelling of the polymer matrix,
makes these polymers not only more resistant but also rela-
tively impermeable to most organic vapours. An exception is
formed by some halogenated compounds, enabling the use
of PFP membranes for pervaporative removal of CFCs from
waste streams [15,16], and of course by fluorinated com-
pounds, which act as solvents or plasticizers for these
polymers.

Recently we have shown that Hyflon AD60X has an un-
usual tendency to retain its own solvent, Galden® HT 55,
used when preparing membranes by solution-casting and sol-
vent evaporation, in spite of the low boiling point and high
volatility of the solvent [17]. It was found that membranes
may contain over 10% of residual solvent, even after extensive
drying at 90 °C. One of the immediate effects of the residual
solvent was that it reduced the thermo-mechanical stability
of the membrane by plasticization of the polymer, and that it
caused foaming of the solution-cast film upon rapid heating
under vacuum. Furthermore, it decreased the permselectivity
of the membranes and increased the gas permeability and
the diffusion coefficients of especially the larger gas species.
Besides the influence of residual solvent on the instantaneous
properties, the possibility that this solvent is gradually released
during membrane operation introduces a potential time depen-
dence of the membrane performance. Such time dependence is
generally undesired in any kind of industrial separation pro-
cesses, where stable operation is one of the most important re-
quirements. Therefore knowledge of the amount of residual
solvent in as-cast membranes, of its effect on the membrane
performance and of possible methods to realize its complete
removal is very important.

The effect of residual solvent on the performance of dense
membranes has been studied by several authors, often in rela-
tion to the membrane preparation conditions. In general, the
solvents used during the casting procedure, may have a consid-
erable influence on the gas transport properties [18,19]. A

study on 6FDA—mPDA polyimide films shows that the trans-
port parameters are greatly affected by the presence of residual
solvent: the diffusion coefficient decreases with decreasing re-
sidual solvent content, whereas the permeability and solubility
coefficients increase [18]. Another study conducted by Maeda
showed that melt extruded polysulfone films had between 10%
and 20% lower gas permeabilities than solution-cast polysul-
fone films [20]. This may be due to orientation in the former
and due to residual solvent in the latter. The same experimen-
tal evidence was obtained by Pinnau and Toy [3] with Teflon
AF 2400. Their permeability coefficients and selectivities of
a solvent-cast Teflon AF 2400 film were compared to those
reported by Nemser and Roman for a melt-pressed membrane
[21]. The permeabilities of the solution-cast film were between
30% (helium) and 80% (methane) higher than those reported
for the melt-pressed film. Comparing literature data of poly-
carbonate membranes prepared under different conditions,
Hacarlioglu et al. found differences of over 400% in the nitro-
gen permeability coefficient, depending also on the amount of
residual solvent and on its removal procedure [19]. In qualita-
tive terms the effect of the residual solvent is often ascribed to
specific changes in the polymer state or morphological aspects
such as the surface roughness [22], to variations of the free
volume of the polymer [23] or to changes in the polymer chain
conformation [19,24—26]. Only in a few occasions the amount
of residual solvent has been quantified. The absolute value
usually depends on the membrane preparation procedure
[19] and on the solvent type, but even for low-volatile solvents
it generally does not exceed a few percent [18].

In this light the remarkable solvent retention observed in
Hyflon AD60X membranes seems particularly interesting,
the more so because the polymer’s high FFV is supposed to
facilitate mass transport. In the previous paper [17] it was
hypothesized that the solvent retention could be related to
diffusion phenomena, to the particular free volume distribution
of Hyflon or to specific polymer—solvent interactions. The aim
of the present paper is to present the first systematic study on
this phenomenon and on the effect of residual solvent in high
free volume perfluorinated polymers. The paper will focus in
particular on two different fluorinated solvents and their effect
on the physical and transport properties of Hyflon AD60X
membranes, studied by means of Differential Scanning Calo-
rimetry (DSC) and gas permeation measurements. The trans-
port properties of the solution-cast membranes are also
compared with those of a solvent-free melt-pressed sample.
The paper will further describe a non-destructive procedure
for complete solvent removal and for quantification of the sol-
vent content. The presence of the solvent is further studied by
solid-state NMR analysis of the samples, providing informa-
tion on the physical state of the solvent in the polymer matrix
and on possible polymer—solvent interactions. Finally, the
possibility to model the gas transport by molecular simulation
studies is evaluated. Experimental results are confronted with
simulated data, obtained using the Gusev—Suter Transition-
State Theory (TST) [27] method and using MD simulations.
The advantages and limitations of TST and MD will also be
discussed.
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2. Experimental section
2.1. Materials

Hyflon AD60X (Scheme 1), an amorphous TTD—TFE co-
polymer containing 60 mol% 2,2,4-trifluoromethoxy-1,3-diox-
ole (TTD) and 40 mol% tetrafluoroethylene (TFE), was kindly
supplied by Solvay-Solexis. Hyflon AD60X has a reported
density of 1.93 g/cm® at 20 °C [6]. This polymer shows excel-
lent resistance to organic solvents; the only known solvents are
perfluorinated compounds. In this study 1-methoxy-nona-
fluorobutane (3M, commercial name HFE 7100, Bp 60 °C,
MW 250 g/mol) and Galden HT 55 (Solvay-Solexis) were
used as the solvents to prepare the solution-cast membranes
(Scheme 1). Galden HT is a mixture of oligomeric perfluoro-
polyethers of which molar mass depends on its specific grade.
Galden HT 55 has a boiling point of 55 °C and an average
molar mass of 350 g/mol [28].

2.2. Membrane preparation

Dense Hyflon AD60X gas separation membranes were
prepared by the solvent evaporation method from a 5 wt%
polymer solution in a Petri dish, using Galden HT 55 or
HFE 7100 as the solvent. The films were first dried overnight
at room temperature and then in a vacuum oven with very slow
heating from 50 to 200 °C at 0.02 °C/min, in order to allow
slow evaporation of the solvent without foaming. A previously
described dense membrane, prepared without the use of a
solvent by melt pressing of the polymer powder, was used
as a reference [17]. An overview of the membranes and
the fundamental differences in their preparation is given in
Table 1.

2.3. Gravimetric measurements

In order to quantify the amount of residual solvent and to
determine its release rate, a membrane sample was heated
slowly in a vacuum oven and its weight was measured period-
ically. For each weighing the vacuum was temporarily released
and the sample was removed from the oven. This operation
took only a few minutes and did not interfere significantly
with the drying procedure. At various stages of the drying pro-
cedure small samples were taken for thermal analysis.

Table 1

Membranes and their main preparation conditions

Membrane Casting solvent Treatment Thickness
(pm)

H25 HFE 7100 Dried at room temperature 67.7

H200" HFE 7100 Dried at 200 °C 68.3

G25 Galden HT 55 Dried at room temperature 60.6

G200° Galden HT 55 Dried at 200 °C 65.2

M170 - Melt pressed at 170 °C 220

? Same membrane as H25, after drying under vacuum at 200 °C.
® Same membrane as G25, after drying under vacuum at 200 °C.

2 4. Differential Scanning Calorimetry (DSC)

Thermal properties of the Hyflon AD60X virgin polymer
and that of the solution-cast membranes, at the different stages
of the drying process, were evaluated by DSC analysis. Mea-
surements were carried out on a Pyris Diamond Differential
Scanning Calorimeter (Perkin—Elmer). Samples of about 8—
15 mg were subjected to a heating/cooling/heating cycle at
a rate of 15 °C/min in the range of 50—150 °C. An empty
pan with two covers was used as the reference. The effect of
the solvent was evaluated on the basis of the first heating
run while the difference between the first and the second heat-
ing run was used to verify the additional solvent loss upon
heating. The glass transition temperature was determined as
the half-c,, extrapolated value, i.e. the temperature correspond-
ing to half of the ¢, increase of the complete transition, calcu-
lated by baseline extrapolation before and after the glass
transition.

2.5. 'H High Resolution Magic Angle Spinning Nuclear
Magnetic Resonance ('H HRMAS NMR)

The presence of solvent in the polymer was also studied by
'"H HRMAS NMR. A membrane specimen was cut into thin
slices, and about 20 mg of polymer was packed into a 4 mm
MAS zirconium rotor of 50 pl total volume, with hemispheri-
cal inserts. Al HRMAS NMR spectra were recorded at 298 K
on a Bruker Avance 500 MHz instrument working at 11.74 T,
using a 4 mm HRMAS 'H/"*C probe head. The sample was
spun at 8000 Hz; a 10 pus 90° pulse, a spectral width of
40000 Hz and a recycle time of 2 s were used. The free induc-
tion decays were stored in 32k words of computer memory.
Different spectra of the same membrane were recorded to
monitor the solvent evaporation during the thermal treatment.

2.6. Mechanical testing

Tensile tests were carried out on a Zwick/Roell universal
testing machine, single column model Zwicki Z2.5, equipped
with a 50 N maximum load cell and with pneumatic sample
grips with a flat sanded stainless steel surface. The membrane
samples were cut into test strips of 10.0 mm wide with an ex-
tremely sharp cutter in order to limit as much as possible craze
formation during cutting. The specimen thickness was mea-
sured with a digital micrometer (Carl Mahr) in at least 5 points
and then averaged. Specimens with a thickness variation of
more than 5% were discarded. The effective sample length
(grip to grip distance) was normally 50 mm and the test speed
was 5 mm/min (corresponding to 10% deformation per min-
ute). The test specimens were stretched with a pre-load of
0.2—0.3 MPa before the start of the measurements.

The tensile tester was controlled and the stress—strain
curves were recorded and elaborated by the Zwick/Roell Mas-
ter TestXpert software. At least 2—5 different specimens of
each membrane sample were tested. Clearly failed measure-
ments were excluded from the statistical analysis.
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2.7. Density measurement

The density of a solvent-free sample was determined by the
buoyancy method, measuring the weight of the sample speci-
men in air, m, and immersed in a non-absorbing liquid with
a known density (;nmmersea)- Lhe observed weight difference
is due to the buoyancy and is the product of the sample volume
(Vo) and the solvent density (psory):

Am=m— Mimmersed = Psoly VP01 (1)

After elimination of the unknown sample volume, Vo = m/
Ppol> the polymer density can easily be calculated as follows:
MpPgoly (2)

ppol =
m — Mimmersed

2.8. Gas permeation measurements

Low pressure single gas permeation experiments were car-
ried out in a fixed volume/pressure increase instrument, con-
structed by GKSS (Geesthacht, Germany) and schematically
displayed in Fig. 1. The fixed feed volume of the instrument
is about 2 1; the fixed permeate volume is 75.5 cm® and is ex-
pandable, if necessary, in the case of high fluxes or long mea-
surement times, to reach steady state. Up to eight gas cylinders
are connected simultaneously to the instrument and an addi-
tional liquid flask can be connected for vapour transport

¥

N, O, CH, He CO, H,

Pl ) 1330 mbar

measurements. A feed pressure up to 1.33 bar can be used
and the actual value is read with a resolution of 0.1 mbar;
the permeate pressure is measured in the range of 0—
13.3 mbar with a resolution of 0.001 mbar. The membrane
cell diameter is 75 mm but the effective area can be reduced
by the use of appropriate masks on the membrane. The entire
system is computer controlled: the feed gas pressure is set by
pneumatic valves and the gases can be alternated automati-
cally. The instrumental time lag is less than 0.05 s, so time
lags down to 0.5 s can be determined with less than 10% error.
The crucial parts of the setup are placed in a thermostatic
chamber which allows measurements according to a previously
chosen temperature program. Feed pressure, permeate pres-
sure, temperature and the automatically calculated permeance
are continuously registered during each measurement run and
are exported automatically to an Excel data file.

In the present work the membranes were tested over an ef-
fective surface area of 11.3 cm”. Measurements were carried
out at 25 °C and at a feed gas pressure of 1 bar. Before the first
measurement the membrane cell was evacuated for sufficient
time (10—20 min) with a two-stage rotary pump in order to re-
move dissolved gases or vapours from the membrane and from
the rubber seals. Between two subsequent gases the system was
evacuated, flushed with the second gas and evacuated again in
order to guarantee complete removal of the previous gas.

The measurement of the transport parameters is based on
the determination of the pressure increase rate of the fixed per-
meate volume upon exposure of the membrane to the pure gas.
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Fig. 1. Experimental setup for the pure gas permeation measurements in the fixed volume/pressure increase mode.
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For a constant permeate volume and a constant feed pressure
and in the absence of a time lag the permeate pressure will in-
crease asymptotically to the feed pressure, as shown in Fig. 2.
If a closed feed volume is used then the feed pressure de-
creases according to the amount of permeating gas. However,
if the feed volume is much larger than that of the permeate,
and the feed pressure is much higher than that of the permeate,
then a constant feed pressure can be assumed. In that case the
permeance, defined as the gas volume (marp) which penetrates
a certain membrane area (mz) per unit time (h) at a given pres-
sure difference (bar), can be calculated from the permeate
pressure increase according to the following equation:

3
Mgrp
m? h bar

3600V, Vi, —
_ 3600V, 1n<”F p°> (3)

RTAt DPE — Pr(r)

in which Vp is the permeate volume [m?], V,, is the molar vol-
ume of a gas at standard temperature and pressure
[22.41 x 10> md7p/mol at 0 °C and 1 atm], R is the universal
gas constant [8.314 x 1073 m3bar/(mol K)], T is the absolute
temperature [K], A is the exposed membrane area [mz], tis
the measurement time [s], pg is the feed pressure and p, and
Dp(y are the permeate pressures at =0 and at 7=, respec-
tively. The number 3600 is the conversion factor for time [s/h].

If the permeate pressure and the total permeate pressure
change is very small and negligible compared to the feed pres-
sure, the logarithmic term in Eq. (3) simplifies to:

PrF—Do | Po—DPprir)\ _  Po—Dpry)
In| ——— | =In[1-— = —
PF — Pp(1) PF — PP(r) Pr — PP(r)
=~ w for po and pp(y < pr (4)
F

This is generally the case in our measurements, with
pr = 1 bar and py and pp(;) < 13 mbar, and Eq. (3) can thus
be approached by a linear equation:

_ 3600VpVy PPy —Po

(5)

RTAt DE
P Feed
pressure Permeate
Ppy -
Po —

t=0 t — time

Fig. 2. Permeate pressure increase curve described by Eq. (3) for a membrane
system with a constant feed pressure and a fixed permeate volume.

In the initial linear part of the pressure increase curve
(Fig. 2) the permeance is proportional to the curve slope or
permeate pressure increase rate, dpp/dt, and can thus be calcu-
lated straightforwardly by:

3600V, Vy dpp

6
RTApr dr ©)

2.8.1. Solubility and diffusion coefficient

Penetrant transport through a polymer film is commonly
described by a three-step solution-diffusion process, character-
ized by absorption of the gas at the polymer—gas interface at
the feed side, followed by diffusion of the dissolved species
across the membrane and desorption of the gas species from
the polymer—gas interface at the low pressure side. In simple
cases where the unidirectional penetrant flux obeys Fick’s law
and where the downstream pressure is negligible compared to
the upstream pressure, the permeability is generally expressed
as the product of solubility and diffusion:

P=DS (7)

where D is the diffusion coefficient (cmz/s) and S is the solu-
bility coefficient (cmgTP/(cm3 bar)). The pure gas selectivity,
a, is a measure of the potential separation characteristics of
the membrane material. It is defined as the ratio of the perme-
ability coefficients of pure gases A and B:

aA/B :PA/PB (8)
Considering Eq. (7), the selectivity can be expressed by:
aa/p = (Da/Dg)(Sa/Ss) 9)

The selectivity is clearly the product of two contributions. The
first is the ratio of the diffusion coefficients and is often called
the mobility or diffusivity selectivity; the second contribution
is the sorption selectivity or solubility selectivity and reflects
the relative sorption of the gases in the polymer matrix.

Egs. (7)—(9) define the three fundamental transport parame-
ters in a dense polymeric membrane: permeability, solubility
and diffusivity. If the gas solubility is determined independently,
for instance by sorption measurements, then Eq. (7) allows the
calculation of the diffusion coefficient from permeation data.
Alternatively, measurement of P and D allows the calculation
of the solubility of the gas in the polymer matrix. A common
procedure to determine the diffusion coefficient by permeation
experiments is the time-lag method, based on the penetration
theory. If a penetrant-free membrane is exposed to the penetrant
at the feed side at r = 0 and the penetrant concentration is kept
very low at the permeate side, then the total amount of penetrant,
Q,, passing through the membrane in time ¢ is given by [29]:

O Dt 1 2(=1) exp(_Dnznzt) (10)

i P 6 mie 2 Z

in which ¢; is the penetrant concentration at the membrane in-
terface at the feed side and / is the membrane thickness. At
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long times the exponential term approaches to zero and Eq.
(10) reduces to:

i r
Qt:DTC<t_@> (11)

A plot of Q, versus time describes a straight line which inter-
sects the time axis at t = 12/6D, defined as the time lag, ©.

12

O=—
6D

(12)
In the setup of Fig. 1 the pressure of the fixed permeate vol-
ume is proportional to the amount of penetrant permeating
through the membrane and the equation describing the pres-
sure increase takes the same form as Eq. (10) (Fig. 3). If the
permeate pressure is again negligible compared to the feed
pressure, then Eq. (5), after some rearrangement and introduc-
tion of the time lag describes the steady state permeate pres-
sure increase as follows:

RIAPS b — o) (13)

PP = P0 = 3600VoV

The time lag can thus be obtained by linear extrapolation of
the steady state pressure increase curve to the time axis or
to the starting pressure (Fig. 3). Knowing the membrane thick-
ness, the diffusion coefficient can then be obtained from
Eq. (12) and subsequently the solubility can be obtained
from the steady state permeation and Eq. (7): S = P/D.

2.9. Modelling of transport properties

2.9.1. Generation and equilibration of polymer structures
The TTD and TFE repeating units of Hyflon have been con-
structed using the Builder module of Insight II [30] employing
the COMPASS (condensed-phase optimized molecular poten-
tials for atomistic simulation studies) force field [31] to com-
pute interatomic interactions. The comonomer units were
minimised for about 500 iteration steps utilising the steep-
est-descent and conjugate gradient algorithms. Then a single

pressure

Peg

Po —

[
t=0 (S} — time

Fig. 3. Time-lag curve for a membrane system with a fixed permeate volume,
valid in the case of py = 0 and pp«) > pr. The steady state curve (tangent
line) is described by Eq. (13).

copolymer chain of 770 repeat units with the appropriate mo-
lar ratio of TTD and TFE was constructed, using conditional
statistics with the Polymerize module [30]. Since the experi-
mental reactivity ratios for TTD and TFE were not available,
a linear chain was constructed by trial and error until the ob-
tained composition (60 & 1 mol% of TTD) was sufficiently
close to the specified composition of Hyflon AD60X. The re-
sulting copolymer chain, with a total of about 7800 atoms, was
packed into a cubic box with periodic boundary conditions
(PBC) and the dimensions of the box were calculated in
such a way that the calculated density of the copolymers cor-
responded to the experimental value. Three independent initial
configurations were generated for each copolymer. Then the
backbone dihedral angles were set randomly and the polymer
chains were minimised for 300 steps. For the construction of
periodic cells a correct distribution of conformational angles
and global chain geometry was requested. Based on the Rota-
tional Isomeric State (RIS) model the stepwise chain construc-
tion scheme of the Amorphous Cell Program of Insight IT [30]
was employed to generate the initial structure [32,33].

In order to minimize chain end effects, each cell contains
only one minimised polymer chain rather than several chains
confined to the same volume, which would lead to increased
density of chain ends. Fig. 4 shows schematically the packing
procedure from a single polymer chain to a fully equilibrated
three-dimensional box. The details of the chosen procedure
were as follows: the volume of the initial models was chosen
in such a way that the packing density was at 85% of the
experimental value. The polymer chain and several spacer
molecules were packed in the amorphous cell to avoid the
artefacts of concatenated rings or a spearing of backbone
chains through ring sub-structures. The spacers, e.g. 200 meth-
anol molecules or 200 argon atoms, were added randomly in
the simulation box before the packing of the polymer was
started and subsequently removed during the equilibration of
the polymer models. Also the penetrant gas molecules (10
oxygen, 10 nitrogen and 10 helium molecules) were randomly
inserted at energetically feasible positions in this stage of the
preparation of the models. The increased free volume at the
lower density and the spacer molecules added in the first stage
of the construction of the polymer boxes were sufficient for
the generation of catenation-free structures.

After the cell construction at the initial density, the models
were subjected to sequences of energy minimization and dy-
namic runs at constant number of particles, temperature and
volume (NVT-MD), combined with force field parameter scal-
ing. The cells were then refined by using simulated annealing
runs with NVT-MD dynamics: the cells were first heated in
three steps from 300 to 800 K. Then the annealed cells were
cooled back to 300 K.

The cells were later pressurized to increase their experimen-
tal density, at 300 K by using several cycles of simulation runs
at constant particle number, temperature and pressure (NPT-
MD). The boxes were later put through a stage-wise equilibra-
tion procedure by using again simulated annealing runs and
cooling back to 300 K with NVT-MD dynamics. Finally the
systems were relaxed by NPT dynamics at 1 bar and 300 K
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Fig. 4. Construction of a fully equilibrated three-dimensional box, starting with a single Hyflon AD60X polymer chain. Atom colors: grey = carbon, red = oxygen,
light blue = fluorine. Ten nitrogen molecules (dark blue) are inserted into the box for the transport studies. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

to ensure that a constant density has been reached. Small devi-
ations may happen in obtaining the experimental density for
glassy stiff-chain polymer materials [34,35], especially if the
models are rather large. The deviations may reflect minor
errors of the parameterization of the respective polymers in the
chosen force field, which influence the equilibration of the
models. This final equilibration step is carried out for 300 ps.
The general simulation conditions used were: minimum im-
age boundary condition to make the system numerically tracta-
ble and to avoid symmetry effects; a cut-off distance of 22 A
with a switching function in the interval 20.5—22 A. During
the dynamics the Andersen et al. [36] temperature control and
the Berendsen et al. [37] pressure control methods were used.
NPT-MD simulations for the further analysis (collection of
data) at 1 bar were performed with the Discover Insight II pack-
age of Accelrys [30] employing a time step of 1 fs for the numer-
ical integration for 1.2 ns. Positions and velocities of all the
atoms of the model structures were saved each 500 ps in a history
file. Parallel to the MD simulations the reasonably equilibrated
packing models were subjected to the Transition-State Theory
algorithm using the GSNET and GSDIF programs [38].

2.9.2. Theoretical calculation of diffusion coefficients

The diffusion coefficients (D) for penetrant molecules were
calculated via the long term molecular dynamics (MD)
method by means of the Einstein relation [39]:

1 ) d Na )
D—gNallln;a;qri(t)_ri(0)| ) (14)
where N, is the number of diffusing molecules of type a,
r;(0) and ri(¢) are the initial and final positions of molecules

(of centres of mass of particle, i) over the time interval ¢,

and (Jr;(t) —r;(0)]*) is the mean squared displacement
(MSD), averaged over the possible ensemble. The Einstein re-
lation assumes a random walk motion for the diffusing parti-
cle. The anomalous diffusion, generally observed for glassy
polymers in the range of short times, is characterized by the
mean squared displacement [40]:

<|ri(t) —ri(0)|2>°‘tn (15)

with n < 1. In the short simulation time the MSD may be qua-
dratic due to the fact that the penetrant molecule is restrained
in its motion in the rigid structure.

The dissolved gas is assumed to be at infinite dilution.
However, in order to enhance the sampling efficiency, 10 mol-
ecules of each gas type have been inserted into the polymer
structure. For the given boxes this corresponds to a slightly
higher nitrogen and oxygen concentration than the experimen-
tal solubilities, while the helium concentration is notably
higher than the experimental solubility at 1 bar in the melt-
pressed membrane. Nevertheless, for the simulations this
does not give any complications. The concentrations are still
sufficiently low and there are no significant mutual interac-
tions between the dissolved gas molecules. It is also experi-
mentally known that these very low concentrations still have
no effect on the polymer matrix. Only highly soluble gases
at elevated pressures may cause plasticization, and thus signif-
icant modification of the polymer structure. This is for in-
stance the case with CO, at pressures higher than 10—20 bar.

2.9.3. Theoretical calculation of diffusion and solubility
coefficients with the TST

Transition-State Theory (TST) is used to calculate the rate
constants, kjump, of each possible jump from cavity to cavity
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in a polymer microstructure and it is used to compute diffusion
and solubility coefficients. Gusev and Suter implemented the
original TST method giving the polymer some flexibility
[41,42] and assuming that the polymer atoms in a sorption
site execute uncorrelated harmonic vibrations around their
equilibrium positions to accommodate the guest molecules.
These motions are termed elastic motions and they occur at
a much shorter time scale than the time elapsing between pen-
etrant jumps. The behaviour and properties of the solute can be
described with the time-independent single-particle distribu-
tion function, p(?), where 7 is the location [41,42], thus
allowing for modelling the transport of small molecules in
solids on time scales far beyond the reach of MD. The thermal
fluctuations of the position of all the atoms are described by the
isotropic Gaussian functional form, using the mean squared
deviation of host atoms from their average positions, given by:

wiiah=en{ - Y70} (16)

The smearing factor (A%) is a parameter in the homogeneous
isotropic approximation and can be evaluated from atomistic
trajectories of the polymeric matrix by means of short-scale
MD simulations of the host matrix without dissolved mole-
cules. It is assumed that the averaging time for the determina-
tion of the smearing factor (A?) should be the most frequent
residence time 7 of a probe molecule in the void. Since the
value of the average residence time of diffusant molecules in
the void depends on the thermal vibrations of the polymer ma-
trix an iterative procedure is used, starting with the rather ar-
bitrary setting (A) = 0.3—0.4 A and computing p(log 7, (A%)).
A new iteration with the new values for (A%) is used and the
function is recalculated until the convergence criterion is ful-
filled and the smearing factor does not change the position
of the maxima of the probability function.

The behaviour and properties of the small gas molecules
are described by a time-independent single-particle distribu-
tion function r(r), where r is the position [27,43,44]. This al-
lows the modelling of the transport of probe gases also in
glassy polymers on time scales exceeding the diffusive regime
and it requires much less computational time than MD.

The application of TST requires (a) preparation of the host
polymeric matrix, determining the positions of all the atoms in
the matrix; (b) evaluation of the interactions between the
diffusant guest molecule and the host matrix that determine
the probability of finding the guest particle at each point of the
host matrix; (c) random walk of the diffusant through the matrix.

The TST method was thus used to study the thermodynam-
ics and transport of the small gas molecules, hydrogen, oxy-
gen, nitrogen, methane and carbon dioxide, respectively, in
the version of Insight II (400P+) [30]. Diffusion coefficients
(D) and gas solubility (S') in the matrix were computed and
then the permeability coefficients (P) were calculated as the
product of D and S (Eq. (7)). The calculations were carried
out in two steps. In the first step the solubility of the respective
gas was evaluated. A three-dimensional orthogonal lattice grid
with a constant spacing of 0.3 A was used to estimate the

solute distribution function in the matrix by calculating the
Helmbholtz free energy between the gas molecule inserted at
each grid point and all the atoms of the polymer matrix that
are subjected to elastic fluctuations. These data were used to
identify minimum energetic sites and to determine transition
probabilities from site to site, together with the residence
time in each site. In the second step a Monte Carlo simulation
of gas diffusion by a ‘hopping’ mechanism was performed,
based on the energy as well as the connectivity of available
sites and on the transition jump probabilities. In this study,
the smearing factor was calculated by means of the self-con-
sistent field (SCF) procedure. The mean squared displacement
of all subsets of atoms in the amorphous cell was obtained as
a function of time from a short NVT dynamics run (30 ps with
1 fs time step at 300 K).

3. Results and discussion
3.1. Quantitative analysis of the residual solvent

Membranes were prepared by a standard solution-casting
procedure, followed by evaporation of the solvent at room
temperature, first at atmospheric pressure until a solid dense
film was obtained, and then under vacuum. Subsequently the
amount of residual solvent in the membranes was monitored
by periodically weighing the film while it is slowly heated un-
der vacuum. Fig. 5a shows the weight loss as a function of the
drying temperature for two membranes cast from different
solutions. The membrane with Galden HT 55 contains more
solvent after drying at room temperature and reaches constant
weight at a higher drying temperatures than the membrane
with HFE 7100. Evidently, complete removal of Galden is
more difficult due to its higher molar mass: 350 g/mol, com-
pared to 250 g/mol for HFE. In both cases the complete evapo-
ration of the solvent within reasonable time is achieved at
temperatures well above 130 °C, the T, of the polymer, mea-
sured as the half-c, value (see below). Only the increased poly-
mer chain mobility in the rubbery state enables a sufficiently
fast diffusion of the solvent, while solvent removal from the
glassy state seems to be particularly difficult. It was previously
found that thin Hyflon AD60X membranes may retain up to
about 3% of solvent even after 3 years at room temperature [17].

3.2. Density

The density of the solvent-free melt-pressed membrane was
determined by the buoyancy method, as described in Section 2,
using toluene as the non-absorbing liquid. At 20 °C the
average density determined by three measurements was
1.917 £0.012 g/lem®, in good agreement with the value of
1.93 reported in the literature [6].

3.3. Influence of the residual solvent on the thermal
properties

Differential Scanning Calorimetric (DSC) analysis of the
samples shows a strong increase of the T, with increasing
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Fig. 5. (a) Weight loss and (b) glass transition temperature of the Hyflon AD60X membranes and of Hyflon powder as a function of the drying temperatures during
very slow heating at 0.02 °C/min under vacuum. T, was determined by DSC from the first heating run at a heating rate of 15 °C/min.

drying temperature and decreasing solvent content (Fig. 5b).
Near 200 °C the T, reaches the same value as the starting poly-
mer powder, which itself does not show any weight loss or
change of the T, over the entire range of drying temperatures.
Evidently the residual solvent strongly plasticizes the polymer,
reducing the T, of the freshly cast films to more than 50 °C
below that of the pure polymer. Although the trend is clear,
the data in Fig. 5b are somewhat scattered. This is because
the effect of residual solvent must necessarily be evaluated
on the first heating run, which is usually more noisy due to
stress relaxation above the T, and to further evaporation of
residual solvent. The second heating curve usually shows
a more smooth curve but gives a higher T, because of partial
evaporation of the residual solvent in the first heating/cooling
cycle (Fig. 6). The relation between the heating temperature
and the T, (Fig. 5b) is determined both by the amount of
the solvent, related to the evaporation rate, and by the relative
effect of the solvent on the T, related to molecular properties.
In the present case both solvents seem to affect the T, in a
similar way.

In quantitative terms the plasticizing effect of HFE and
Galden can be evaluated better if the T, is plotted against
the weight fraction of solvent in the film (Fig. 7). Many differ-
ent equations have been proposed to describe the glass transi-
tion temperature of miscible binary polymer blends or
polymer/diluent mixtures [45]. One of the most popular rela-
tions describing the T, as a function of the blend composition
is the Kwei equation, which is particularly valid for systems
with strong interactions between the constituents of the blend
[46—48]:

WITgl + szng
=—— 24 gww 17
g Wi + fow, qwiw2 (17)
in which wy is the weight fraction of the first component with
glass transition temperature T, and w, is the weight fraction

of the second component with glass transition temperature
Ty,; k and ¢ are two adjustable empirical parameters, related
to the excess energy of backbone stabilization and to incipient
phase inversion [48]. Ruiz-Trevino and Paul, successfully used
the Gordon—Tailor equation in their work on membranes with
low molecular weight diluents [49—51]. This is a somewhat
simplified form of the Kwei equation, with just one adjustable
parameter.

Walga + kwpTyp

T. = 18

g Wy + /a/vp ( )

in which d and p represent the diluent and the polymer, respec-

tively. Probably the most frequently used and simplest rela-

tion, without adjustable parameters, is the Fox equation,
which will be evaluated in the present work [52]:

1 wq wy

=142 (19)
Tg Tg] ng

Due to the reciprocal terms, the T, of the mixture according to
the Fox equation is always below the weighted average of the
two individual T,s. If we choose the index 1 for the polymer
and 2 for the solvent, then after substitution of w; =1 —w,

the Fox equation can be rewritten in a linearized form:

1 1 ( 1 1 )
=y [ — —

Tg Tgl ng Tgl

A plot of (1/T,) — (1/T,,) against the weight fraction of the
solvent, w,, should thus yield a straight line through the origin,
with slope (1/T,,) — (1/Tg,). If the T, of the solvent is not
known, then it can be estimated by a linear least squares fit
of the experimental data according to Eq. (20) or it can be

obtained directly by a nonlinear fit according to Eq. (19).
On the other hand, if both Ty, and Ty, are known, then the

(20)
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the maximum annealing temperature used to remove the solvent.

Fox equation allows the determination of the solvent content
by measurement of the T,.

The experimental values of T, as a function of the residual
solvent content are plotted in Fig. 7. The dotted lines represent
the nonlinear fit of the Fox equation, resolving for the unknown
value of T, using the experimental weight fractions of solvent
and Ty, = 130 °C for pure Hyflon AD60X. Thus the estimated
values of the T, of HFE is —120 °C and that of Galden HT 55 is
—80 °C. The latter is somewhat overestimated, because its ac-
tual T, is below —100 °C [53] and indicates that the Fox equa-
tion fits reasonably well but not perfectly with the experimental
data. Nevertheless below 10—15% of residual solvent this fit
provides a reasonable estimation of the solvent content if the
T, of an unknown sample is measured. At the same concen-
tration HFE appears to plasticize Hyflon slightly more than
Galden HT, probably because of the —CF; side groups
(Scheme 1), which reduce the chain mobility of Galden. Nev-
ertheless, HFE may be more suitable for preparation of dense
membranes because of its easier removal.
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Fig. 7. Glass transition temperatures as a function of the weight fraction of the
solvent in the dense film for Galden HT 55 (¢) and HFE 7100 (@). Dotted
lines: nonlinear regression curve of the Fox equation (Eq. (19)), solving for
the unknown value of Ty, for Galden and for HFE 7100.
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Table 2
Mechanical properties of the solvent-cast film before and after drying at
200 °C under vacuum®

Average  Standard Variance
deviation
Fresh film  Young’s modulus (MPa) 761 32 4.2
Maximum load (MPa) 8.82 1.22 13.8
Elongation at break (%) 1.46 0.31 21.3
Dried film Young’s modulus (MPa) 323 42 13
Maximum load (MPa) 2.43 0.53 21.8
Elongation at break (%) 0.85 0.16 18.9

* Average of four samples.

3.4. Influence of the solvent on the mechanical properties

The mechanical properties of a freshly prepared film and
a vacuum-dried film are listed in Table 2. Remarkably, both
the Young’s modulus, the maximum elongation and maximum
strength, decrease as a result of the drying procedure. Espe-
cially the lower Young’s modulus seems to be in contradiction
with the strong plasticization found by DSC analysis. Paul and
coworkers observed a similar effect in a series of membranes
with different low molar mass diluents, defining the phenom-
enon as antiplasticization [50,51,54—57]. They further ob-
served that the increase in strength was accompanied by
a decrease of the free volume. For this reason their diluent
molecules caused a decrease in the gas permeability and an in-
crease in the selectivity, in sharp contrast with the observations
in this paper (see transport properties below). In the present
work it was furthermore observed that drying at elevated tem-
perature is usually accompanied by a contraction of the sample
specimen of up to about 20% of its original diameter, and by
a slight increase of the film thickness. The predominance of
contraction in the in-plane direction suggests that in the last
stage of the solvent evaporation process the chains have under-
gone a net orientation as a result of the unidirectional diffusion
of the solvent to the membrane surface (Fig. 8). This orienta-
tion then relaxes upon heating the sample above the T, result-
ing in the observed contraction.

We can thus attribute the observed results to two distinct
phenomena. The first, true plasticization by the residual sol-
vent dominates the thermal properties and the gas transport.
The second, the introduction of anisotropy in the polymer

sample by the solvent evaporation dominates the mechanical
properties.

3.5. Influence of residual solvent on gas permeation

In order to quantify the effect of the residual solvent on the
transport properties, permeation measurements were carried out
on membranes cast from solutions in HFE as well as Galden,
before and after thorough removal of the residual solvent under
vacuum. A melt-pressed membrane, prepared in the complete
absence of solvent, was investigated for comparison. The auto-
mated gas permeation setup (Fig. 1) has such a rapid response
that it enables accurate measurements of the time lag of very
fast gases such as helium and hydrogen. An example of the
experimental time-lag curves of membrane H25 is given in
Fig. 9. The time lag is obtained by extrapolation of the steady
state pressure increase curve to the starting pressure while the
diffusion coefficients of the gases in the polymer are calculated
from the time lag according to Eq. (12). The permeability and
solubility are then obtained from the steady state pressure in-
crease rate, as described above. An overview of all experimental
data of the different membranes is given in Tables 3 and 4.

3.5.1. Gas diffusion measurements

The diffusion coefficient strongly decreases with increasing
molecular size of the gas, indicating a considerable size-sieving
character of Hyflon AD60X (Fig. 10). Furthermore, depending
on the specific gas species, the diffusion coefficient may change
dramatically upon drying of the membrane. Diffusion in the
freshly cast membrane is generally much faster than in the sol-
vent-free membrane, in particular for the gases with a large
kinetic diameter, such as CO, and methane. As discussed above
on the basis of the thermal properties, this is due to plasticiza-
tion of the polymer by the residual solvent, which favours espe-
cially the motion of the bulkier molecules. Both the polymer
and the solvent are highly hydrophobic and lack the molecular
interactions which are responsible for the antiplasticization ob-
served by Paul and coworkers [50,51,54—57]. The membranes
prepared from HFE and from Galden demonstrate similar be-
haviour, although the latter has initially a higher permeability
and a lower selectivity due to a slightly higher residual solvent
content. After complete removal of the solvent under vacuum
the solution-cast membranes have nearly the same properties

Solvent
evaporation

Unidirectional
densification

Heating

Relaxation

Gelled concentrated solution

Anisotropic solid film

Isotropic solid film

Fig. 8. Schematic representation of the orientation and relaxation phenomena of the polymer during solvent evaporation from the film below and above the T,

respectively.
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Fig. 9. Pressure increase curves of the freshly cast membrane H25 for six dif-
ferent gases at 25 °C and at a feed pressure of 1 bar. Membrane area 11.3 cm?;
permeate volume 75.5 cm®.

as the melt-pressed sample. Since both types of membrane have
been treated above the T, the sample history is cancelled and
becomes irrelevant, in contrast to what can be observed if the
solvent is removed below the T, [18]. The increase in permse-
lectivity of the membranes upon removal of the residual solvent
can be ascribed entirely to the increase of diffusion selectivity.
In the absence of residual solvent the Hyflon membranes have
a CO,/CHy, selectivity of about 25. Although this is not excep-
tionally high, the combination with a relatively high CO,
permeability and an excellent resistance to swelling by con-
densable species such as higher hydrocarbons, make this mate-
rial nevertheless attractive for natural gas treatment.

3.5.2. Gas diffusion simulations

The theoretical diffusion coefficients were also obtained
from simulations by using the TST method and by MD runs
at 300 K. The data obtained by TST studies are plotted to-
gether with the experimental data in Figs. 10 and 11. They fol-
low the same trend as the experimental results, although the
absolute values of all diffusion coefficients obtained by TST
are about one order of magnitude higher. The discrepancy be-
tween the experimental and theoretical data may have several
reasons. The first is related to the construction of the model,
where small deviations may occur in the density. This happens
especially for glassy stiff-chain polymer materials [34,35] and
when the model is rather large. These deviations may reflect
minor errors of the parameterization of the respective poly-
mers in the chosen force field, which influence the equilibra-
tion of the models. The second is related to assumptions
about the diffusing species and the polymer. It must be empha-
sized that the TST calculations assume that the penetrant
molecules are spherical united atoms, defined by effective
Lennard—Jones parameters, o (10%) and ¢ (kcal/mol). It is fur-
thermore assumed that the polymer packing does not undergo
structural relaxation (e.g. resulting from torsion transitions) to
accommodate an inserted particle. Therefore, this simulation
technique is restricted to small molecules. The large deviations
for CO, and CH, may be explained by their relatively large di-
mensions, necessitating a certain dilation of the polymer ma-
trix for their insertion. An additional reason for the deviation
of CO, may be the well known experimental fact of plasticiza-
tion of the glassy membrane due to specific interactions of
CO, with the polymer matrix, leading to membrane structural
relaxations. This behaviour “violates” the assumption of the
TST in which the dynamics of the dissolved molecules is cou-
pled only to the elastic thermal motion of the dense polymer.
The results for CO, clearly show the necessity to develop im-
proved TST methods which permit the matrix to be locally
flexible in order to accommodate larger penetrant molecules
that are described in all-atom representation with partial
charges. A better agreement between simulated and experi-
mental D and S for N, and O, would require a re-parametriza-
tion of the Lennard—Jones parameters of both gas molecules,
and improvement of the force field for the polymer, but this is
beyond the scope of the present study.

The gas diffusion was further calculated using Eq. (14)
from the MSD over the range of simulation times from 0.5
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Table 3

Experimental transport parameters at 25 °C and 1 bar of feed gas pressure for solution-cast membranes from casting solutions in Galden HT 55 or HFE 7100 before

and after vacuum drying at 200 °C

Membrane Gas Permeability coefficient, P Time Diffusion Solubility, Selectivity
10~ mip m/ Barrer® lag, O (s) coefﬁcjgnt, ) S (miyp/m’ bar) P./Px, Di/Dx, Si/Su,
(mzhbar) D (107" cm/s) (—) =) -)
Membrane G25; solvent Helium 0.976 357 0.21 29.1 0.093 9.37 37.62 0.249
Galden; freshly cast; Hydrogen  0.515 188 0.41 14.9 0.0958 4.94 19.27 0.256
thickness 60.6 pm CO, 0.576 210 7.5 0.816 1.96 5.52 1.05 5.24
Oxygen 0.232 84.7 4.6 1.33 0.484 2.22 1.72 1.30
Nitrogen 0.104 38.1 7.9 0.775 0.374 1.00 1.00 1.00
Methane 0.0844 30.8 15.5 0.395 0.593 0.81 0.51 1.59
Membrane G200; solvent Helium 1.3 476 0.23 30.8 0.117 50.3 187.0 0.269
Galden; dried at 200 °C; Hydrogen 0.511 187 0.7 10.1 0.140 19.72 61.4 0.321
thickness 65.2 um CO, 0.211 77.0 35 0.202 2.89 8.14 1.23 6.62
Oxygen 0.0948 34.6 17 0.417 0.632 3.66 2.53 1.45
Nitrogen 0.0259 9.46 43 0.165 0.436 1.00 1.00 1.00
Methane 0.00828 3.03 290 0.0244 0.941 0.32 0.15 2.16
Membrane H25; solvent Helium 0.928 339 0.29 26.3 0.0978 12.93 53.5 0.242
HFE 7100; freshly Hydrogen  0.461 169 0.51 15.0 0.0856 6.43 30.4 0.212
cast; thickness 67.7 um CO, 0.455 166 11.8 0.647 1.95 6.34 1.31 4.83
Oxygen 0.189 69.1 7.4 1.03 0.509 2.63 2.09 1.26
Nitrogen 0.0718 26.2 15.5 0.493 0.404 1.00 1.00 1.00
Methane 0.0549 20.1 66 0.116 1.32 0.77 0.23 3.26
Membrane H200; solvent Helium 1.24 455 0.3 26.3 0.131 41.0 126.7 0.323
HFE 7100; dried at 200 °C;  Hydrogen  0.509 186 0.62 12.7 0.111 16.8 61.3 0.273
thickness 68.3 um CO, 0.220 80.3 37 0.214 2.86 7.24 1.03 7.05
Oxygen 0.106 38.7 15 0.527 0.559 349 2.53 1.38
Nitrogen 0.0304 11.1 38 0.208 0.406 1.00 1.00 1.00
Methane 0.00916 3.35 260 0.0304 0.837 0.30 0.15 2.06

2 1 barrer = 107" cm3p cm/(cm? s cmHg).

to 1.2 ns where Einstein diffusion is observed. The results are
indicated in Fig. 10 and clearly show a better agreement with
the experimental data than the values obtained with the TST
method. The difficulties for MD simulations in glassy

Table 4

polymers lie in the extremely broad distribution of gas mole-
cule jump rates. It is known that the diffusion of a penetrant in
a glassy polymer involves occasional jumps between cavities
through the opening of a channel [34,35]. Jumps are rare

Experimental transport properties at 25 °C and 1 bar of feed gas pressure for a melt-pressed membrane prepared at 170 °C, and transport properties at 25 °C

obtained by TST and MD simulations

Membrane Gas Permeability coefficient, P Time Diffusion Solubility, Selectivity
1076 mipp m/ Barrer® lag, © (s) coefﬁc_ignt, , S (mdrp/m? bar) P./Px, D./Dy, S /Sns
(m h bar) D (1077 emrls) SIS )
Membrane M170 [17]; Helium 1.11 405 1.57 514 0.0599 48.9 3854 0.127
melt-pressed at 170 °C;  Hydrogen  0.382 140 6.2 0.130 0.0815 16.9 97.6 0.173
thickness 220 pm CO, 0.173 63.3 400 0.202 2.39 7.65 1.51 5.06
Oxygen 0.0786 28.7 185 0.436 0.501 347 3.27 1.06
Nitrogen 0.0226 8.27 605 0.133 0.472 1.00 1.00 1.00
Methane 0.00664 243 2710 0.0297 0.620 0.29 0.22 1.32
Pure Hyflon AD60X; Helium
TST simulations Hydrogen 19.3 7.13 x 10° 103 0.527 3.38 12.6 0.269
CO, 33.8 1.25 x 10* 2.13 44.7 5.94 0.260 22.8
Oxygen 15.5 574 x 10° 14.3 3.05 2.72 1.75 1.55
Nitrogen 5.7 211 x 10° 8.18 1.96 1.00 1.00 1.00
Methane 15.9 5.90 x 10° 5.66 7.93 2.80 0.69 4.04
Pure Hyflon AD60X; Helium 76.8 175.3
MD simulations Hydrogen
CO,
Oxygen 0.401 0.916
Nitrogen 0.438 1.00
Methane

2 1 barrer = 1071° cmng cm/(cm? s cmHg).
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Fig. 10. Diffusion coefficients of six gases in a solution-cast membrane, obtained with Galden HT 55 (left) and HFE 7100 (right) before (¢) and after (M) drying
under vacuum. Comparison with a melt-pressed membrane, M170 (A), and with theoretical data from TST (@) and from MD simulations (O).

events and the time between them is often shorter than the
times governing matrix relaxation processes. In spite of these
limitations, MD simulations are a very powerful technique and
preliminary calculations on oxygen, nitrogen and helium mol-
ecules were therefore carried out in the present work. Since
the quality of MD results strongly depends on the box con-
struction, studies are currently in progress to improve the
box construction and to make MD calculations more feasible,
so that a better correlation between the experimental and the
theoretical results can be achieved.

3.5.3. Gas solubility measurements

The penetrant solubility of all gases in the different mem-
branes is calculated from the corresponding diffusion constant
and the steady state permeability according to Eq. (7) and is
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listed in Tables 3 and 4. It tends to increase with increasing
condensability (i.e. higher critical temperature or higher nor-
mal boiling point) of the gas and in the presence of more fa-
vourable interactions with the polymer. Often a linear trend
is observed between the logarithm of the solubility and the
critical temperature of the absorbed gas [58]. The present re-
sults indeed show a clear correlation between solubility and
critical temperature (Fig. 11). Unlike the diffusion coefficient,
the solubility hardly changes in the presence or absence of re-
sidual solvent. This is because the solubility is mainly related
to the interactions between the penetrant and the polymer ma-
trix. Since the solvent has similar physical—chemical proper-
ties as the polymer, its presence has little effect on the gas
solubility. The differences between the membranes prepared
from the two solvents, either before or after vacuum drying,
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Fig. 11. Solubility coefficients of six gases in a solution-cast membrane, obtained with Galden HT 55 (left) and HFE 7100 (right) before (¢) and after (l) drying
under vacuum. Comparison with a melt-pressed membrane, M170 (A) and with theoretical data from TST simulations (@).
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are within the range of the experimental error. Furthermore,
the gas solubilities in the solution-cast membranes are nearly
identical to those of the melt-pressed sample. It is evident
that the sample history has a much stronger effect on the dif-
fusion than on the gas solubility.

3.54. Gas solubility simulations

The simulated solubility values are substantially higher
than the experimental data (Fig. 11 and Table 4). This is to
some extent due to the thermodynamic non-equilibrium state
of glassy polymers, which modifies the polymer—penetrant in-
teractions and thus provokes relatively high deviations of sim-
ulated and experimental solubility coefficients. An additional
reason could be related to the packing procedure and to the
available data for the modelling: even relatively small errors
in the insertion energy, which are determined by the quality
of the model and of the applied force fields, may lead to rather
high deviation in the simulated solubilities [59]. For these rea-
sons developments to obtain new or improved models are in
continuous evolution [60].

From Sections 3.3 to 3.5 it follows that the direct and indi-
rect effects of the solvent on the membrane performance are
many and that they can roughly be arranged under two distinct
phenomena:

(A) True plasticization by the residual solvent dominates the
thermal properties and the gas transport properties, reduc-
ing both the T, and the permselectivity.

(B) The anisotropy of the sample, induced by the solvent
evaporation, dominates the mechanical properties, in-
creasing the Young’s modulus and the tensile strength of
the sample.

From the present results it is impossible to establish inde-
pendently in which way the anisotropy influences the transport
properties.

In this light the results of Yampolskii et al. are particularly
interesting [26,61]. They observed that thorough drying under
strain causes an even stronger increase in the selectivity than
the solvent removal in the present work. Their so-called
‘strained aging’ in conditions where the polymer is not al-
lowed to relax [24,25] also suggests the introduction of a cer-
tain anisotropy in the sample. However, they explained the
results entirely in terms of conformational changes in the poly-
mer chain and did not perform mechanical or other tests that
could witness macroscopic anisotropy in the aged membranes.

3.6. Solid-state NMR spectroscopy

The "H HRMAS NMR spectra in Fig. 12 of the solution-cast
membrane, dried at different temperatures, give clear evidence
of the presence of the solvent HFE and show a qualitative pic-
ture of the progress of the solvent removal. The spectrum of the
freshly prepared membrane shows two major peaks. The most
intense line is attributed to the methoxy group of HFE. Its
intensity decreases with the drying temperature and the peak
disappears at 200 °C, evidencing the complete removal of the

200 °C

157 °C

|

wc A
C4F900H3\I ‘Hyflon’
25°C . . J\K
75 50 25 0 -25 -50 -75
3 (ppm)

Fig. 12. HRMAS '"H NMR spectra of a Hyflon film after drying at room tem-
perature at atmospheric pressure and of three films after drying under vacuum
at the indicated temperatures (vertical scales not normalized).

solvent. The few small peaks, centred around a less intense
second line can be attributed to the presence of protonated
impurities in Hyflon, and in particular to traces of the initiator
or of the surfactants used during the polymerization [53].

Besides this qualitative information on the amount of sol-
vent, the NMR spectra give important extra information about
the state of the solvent. The single sharp solvent peak indicates
that only one kind of solvent exists in the polymer matrix, i.e.
either bound or unbound, or that the dynamics of the transition
between the bound and the unbound state of the solvent mol-
ecules is faster than the time scale of the NMR analysis. The
latter hypothesis can be excluded by the fact that no change in
the chemical shift of the methoxy peak occurs at different sol-
vent concentrations. If the solvent were present in two differ-
ent states with a very fast interchange, then the average
chemical shift would be expected to depend on the relative
amount of the two states and, most likely, on the total amount
of solvent present. NMR analysis thus seems to confirm that
the origin of the particular solvent retention by the Hyflon
membranes must not be found in special interactions between
solvent and polymer matrix but only in the kinetics of the sol-
vent diffusion. This is reasonable, considering the very high
molar mass of the solvent molecules. Extrapolation of the
curves in Fig. 10 to much higher Lennard—Jones diameter
indeed suggests that the diffusion of the solvents is several
orders of magnitude slower than that of the permanent gases
studied in this paper.

4. Conclusions

Hyflon AD60X is a perfluorinated polymer with a relatively
high gas permeability due to its high fractional free volume. It
was found that the solvents used for solution-casting of dense
membranes tend to be retained much more in the polymer ma-
trix than expected for a similar high free volume polymer. In
this paper the effect of the residual solvent on the thermal, me-
chanical and transport properties of solution-cast membranes
has been studied. Thermal analysis reveals that residual sol-
vent plasticizes the polymer and strongly affects its gas trans-
port properties, increasing noticeably the diffusion coefficient
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of the gases with a high molecular size and reducing the mem-
brane’s permselectivity. Complete removal of the solvent from
thick films within reasonable time requires treatment under
vacuum far above the T,. This treatment noticeably increases
the selectivity compared to freshly cast membranes. Compar-
ison of the data of vacuum-dried solvent-free membranes with
a melt-pressed sample gives nearly the same results. The po-
tential presence of residual solvent in solution-cast membranes
prepared under mild conditions should always be taken into
account in practical applications or when interpreting experi-
mental data.

The possible cause of the unexpectedly high solvent reten-
tion was studied by solid-state NMR analysis of samples with
different concentrations of residual solvent. Detailed analysis
did not show any evidence of specific interactions between
the entrapped solvent and the polymer matrix. This is an indi-
cation that the solvent retention is kinetically determined
rather than thermodynamically, i.e. it is a result of slow diffu-
sion of the solvent molecules through the polymer matrix. The
solvent retention in Hyflon might further be related to the ab-
sence of strong cohesive forces in the polymer and the conse-
quently high fractional free volume.

Simulation studies according to the transition-state theory
reproduce the trend in the experimental solubility and diffu-
sion coefficients as a function of the critical temperature and
the molecular dimensions, respectively. Nevertheless, the ab-
solute values are in both cases sensibly higher in the simula-
tions than those measured experimentally. This is probably
due to imperfections in the force field and to the strong depen-
dence of the data on the box equilibration. MD simulations re-
produce the experimental data better but require much more
computational effort. Improvement of the computational
methods is necessary and is subject of further studies.
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