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Abstract

Pure and mixed gas n-C4H;o and CH, permeability coefficients in poly(1-trimethylsilyl-1-propyne) (PTMSP) are reported at temperatures
from —20 to 35 °C. CH,4 partial pressures range from 1.1 to 14.6 atm, and n-C4H;( partial pressures range from 0.02 to 1.8 atm. CH, perme-
ability decreases with increasing n-C4H,( upstream activity (f/f;,) in the feed. For example, at —20 °C, CH, permeability decreases by more
than an order of magnitude, from 52,000 to 1700 Barrer, as n-C4H;¢ activity increases from O to 0.73. In contrast, n-C4H;o mixed gas perme-
ability is essentially unaffected by the presence of CH,. The depression of CH,4 permeability in mixtures is a result of competitive sorption and
blocking effects, which reduce both CH, mixture solubility and diffusivity, respectively. Diffusion coefficients of n-C4H;, and CH, in mixtures
were calculated from mixture permeability and mixture solubility data. The CH, concentration-averaged diffusion coefficient generally de-
creases as n-C4Hj( activity increases. On the other hand, the n-C4H,, diffusion coefficient is essentially unaffected by the presence of CHy,.
Pure and mixed gas activation energies of permeation and diffusion of CH, and n-C4H, are reported. The mixed gas n-C,H,;o/CH, permeability
selectivity increases with increasing n-C4H;( activity and decreasing temperature, and it is higher than pure gas estimates would suggest. Mix-
ture diffusivity selectivity also increases with increasing n-C4H, activity. The difference between pure and mixed gas permeability selectivity
arises from both solubility and diffusivity effects. The dual mode mixed gas permeability model describes the mixture permeability data
reasonably well for n-C4H;9. However, the model must be modified to accurately describe the methane data by accounting for the decrease
in methane diffusivity due to the presence of n-C4H;( (i.e., blocking). Even though the penetrant concentrations are rather significant at
some of the conditions considered, no evidence is observed for phenomena such as multicomponent coupling that would require a model
more complex than the binary form of Fick’s law. That is, Fick’s law in its simplest form adequately describes the experimental data.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction transport, and recover valuable higher hydrocarbons as chemi-

cal feedstocks [1]. For economic reasons, membranes for this

Membrane separation technology has recently emerged as
a potential alternative technique to remove higher hydrocarbons
from natural gas to reduce the dewpoint and heating value of nat-
ural gas to pipeline specifications, prevent condensation during
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application should be vapor selective materials such as
poly(dimethylsiloxane) (PDMS) or ultra-high free volume poly-
mers such as poly(1-trimethylsilyl-1-propyne) (PTMSP). These
polymers, often called solubility selective polymers, are more
permeable to larger, more soluble gases than to smaller, less sol-
uble species [2,3]. In this case, methane, the major constituent in
natural gas, can be kept at high pressure during the removal of
higher hydrocarbons, which avoids the recompression costs
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incurred when methane-selective membranes are used for this
separation.

Poly(1-trimethylsilyl-1-propyne) (PTMSP) is an extremely
permeable glassy polymer with very high vapor/gas selectivities
[3,4]. Its oxygen permeability is 9000 Barrer, the highest ever
reported [3]. Mixed gas selectivities of organic vapors over per-
manent gases are as high as 27 for n-C4H,o/CH,4 and 39 for
n-C4H,¢/H, [5]. The rigid double bond in the polymer backbone
and the bulky trimethylsilyl side group hinder chain segmental
motion and inhibit efficient polymer chain packing, creating
large and possibly interconnected free volume elements in the
polymer matrix that provide efficient permeation pathways for
penetrants. In addition, this very open structure attenuates the
polymer’s ability to discriminate between large and small pene-
trant molecules. Thus, unlike conventional glassy polymers,
PTMSP sieves penetrant molecules based strongly on their sol-
ubility coefficients and therefore, is more permeable to larger,
more soluble, higher hydrocarbons than to smaller, less soluble,
permanent gases, such as methane.

Although the sorption and transport properties of PTMSP
have been reported previously [3,6—9], most studies report
only pure gas sorption and transport properties. Mixture prop-
erties, which are important for estimating membrane separa-
tion performance, are less often reported [4,5]. Rather large
differences between pure and mixed gases’ permeation proper-
ties in PTMSP have been reported [4,5]. For example, Pinnau
et al. observed a significant decrease in hydrogen permeability
in PTMSP in propane-containing mixtures, which increased
the selectivity of propane over hydrogen [5]. Pure hydrogen
permeability was 21,000 Barrer, but it decreased to 1100 Bar-
rer in a mixture containing propane at a relative propane pres-
sure (p/psa) of 0.83 at 25 °C [5]. The propane permeability
increased slightly, from 25,000 to 29,000 Barrer, as the rela-
tive propane pressure increased from 0 to 0.83 [5]. As a result,
the propane/hydrogen selectivity increased from about 1.4,
based on pure gas measurements, to approximately 26 in
a mixture at high relative propane pressures [S5]. In a similar
study, Pinnau and Toy reported a considerable increase in
n-butane/methane selectivity in PTMSP, from 5 in pure gas
to 30 in a mixture of 2 mol% n-butane/methane at 250 psig
feed pressure and 23 °C [4]. Under these conditions, methane
permeability was only 1800 Barrer, almost 10 times less than
the pure gas value (15,400 Barrer) [4]. They suggested that the
larger, more soluble, higher hydrocarbon partially blocks the
permanent gas permeation pathway, and, therefore, decreases
its diffusion coefficient [4,5]. Neither study, however, reported
mixture solubility or diffusion data and, in fact, such data are
rarely reported in the membrane gas separation literature. This
study was motivated, in part, by our desire to understand how
much of the reduction in light gas permeability (when co-per-
meated with more condensable species) was due to reductions
in light gas solubility and how much was due to reductions in
light gas diffusivity.

This study presents pure and mixed gas n-C4H;o/CH4
permeability and diffusion coefficients in PTMSP. CH, is the
primary product in natural gas stream, and n-C4H;q is used
as a model marker for higher hydrocarbons in natural gas.

The temperatures considered ranged from —20 to 35 °C. The
lower limit, —20 °C, is representative of the dewpoint require-
ment of pipeline-grade natural gas [10]. In addition, conven-
tional processes used to remove higher hydrocarbons (i.e.,
condensation) operate in this temperature range [10]. The
upper limit, 35 °C, is in the range of common operating tem-
peratures for membrane gas separation processes [1]. Results
from an earlier companion study of n-C4H;o/CH; mixture
solubility in PTMSP are used to estimate mixture diffusion
coefficients from mixture permeability and solubility data
[11]. The present study also quantifies the extent to which de-
viations between pure and mixed gases’ permeation properties
in PTMSP depend on differences between pure and mixed gas
solubility and diffusivity.

2. Background

The steady state gas permeability coefficient of a polymer
membrane is given by [12]:
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P P E—
A faz—fau

(1)

where P, is the gas permeability coefficient [cm’*(STP) cm/
(cm? s cmHg)], N, is the steady state penetrant flux through
the membrane [cm>*(STP)/(cm?s)], [ is the membrane thick-
ness (cm), fa» is the upstream fugacity, and f ; is the down-
stream fugacity. Often, fugacity is replaced by partial pressure
in Eq. (1) if the experimental conditions are such that the gas
is effectively ideal. In this study, fugacity must be used since
gas phase non-idealities are significant in the mixtures consid-
ered [13]. If fugacity were not used, then variations in gas per-
meability, solubility and diffusivity with feed gas composition,
temperature, and pressure could be erroneously attributed to
issues related to the interaction of the gases with the polymer
or with each other inside the polymer rather than to non-ideal-
ities only due to gas phase thermodynamic behavior. Thus, the
use of fugacity rather than partial pressure is required in this
case to clearly separate phenomena due to gas phase non-
idealities from actual variations in gas solubility, diffusivity,
and permeability in the polymer with composition, pressure,
and temperature. The details regarding fugacity calculations
are presented elsewhere [13].

Penetrant transport through a polymer film can be modeled
using Fick’s law. In the simplest case (i.e., one dimension, one
penetrant species), the steady state flux is [12]:

Dloc,A dCA dCA

N, = — D2 2
A 1—w, dx A dx (2)

where Cj, is the penetrant concentration, w, is the penetrant
mass fraction in the polymer, x is the spatial coordinate, Dy a
is the binary mutual diffusion coefficient, and D, is the effec-
tive diffusion coefficient in the polymer. More complex
models are available to describe penetrant transport in multi-
component mixtures [14]; however, in this work, the form of
Fick’s law given in Eq. (2) was found to be adequate to
describe the mixture transport data once proper accounting
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was made for the influence of each component on the other’s
solubility and diffusivity using the dual mode framework.

Combining Egs. (1) and (2) and integrating across the film
thickness yields [12]:

Capn
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where Ca, and Cy,; are the penetrant concentrations at the
upstream and downstream faces, respectively, of the polymer
membrane. Eq. (3) can also be written as [12]:

oY CA 2= CA 1
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where D, is the concentration-averaged effective diffusion
coefficient defined as follows:
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when the downstream fugacity is much less than the upstream
fugacity (i.e., Cax>> Ca and fao >>fa1), Eq. (4) can be
simplified as follows:

PA :EA'SA (6)

where S, is the solubility coefficient of A evaluated at the
upstream face of the membrane: Sy = Ca 2/fa -

The selectivity of a polymer for penetrant A relative to pene-
trant B is the ratio of the permeability coefficients of the two
penetrants [12]:

where D /Dy is the diffusivity selectivity, and So/Sg is the
solubility selectivity. Diffusivity selectivity is strongly influ-
enced by the size difference between A and B and by the
size-sieving ability of the polymer matrix [15]. Solubility
selectivity is controlled by the relative penetrant condensabil-
ity and the affinity between the penetrants and the polymer
matrix [15]. In a weakly size-sieving polymer such as PTMSP,
the overall selectivity depends significantly on solubility selec-
tivity. Note that since permeability is defined based on fugac-
ity rather than partial pressure, this definition of selectivity
will not be equal to the ratios of the mole fractions of A and
B in the permeate and retentate, which is the definition of
selectivity in conventional separation processes [12].

Gas permeability in glassy polymers is often described using
the dual mode transport model. The pure gas permeability at
negligible downstream fugacity can be written as follows [16]:

C;-IA bABHA

P =kp,D, —a 2
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(8)

where Dp, is the average effective diffusion coefficient of pen-
etrant molecules in the Henry’s law region, and Dy, is the
average effective diffusion coefficient in the nonequilibrium
excess volume or Langmuir region. kp,, C’HA, and b, are the
Henry’s law constant, the Langmuir sorption capacity, and the
Langmuir affinity parameters, respectively, which are deter-
mined from sorption measurements [11]. At infinite dilution,
the pure gas permeability in Eq. (8) can be expressed as:

Py = lim Py =kp,Dp, + Cyy, baD, )

fa2—

Koros et al. [16] extended the dual mode transport model to
mixtures by introducing competitive sorption effects into Eq.
(8). The mixed gas permeability of component A in the pres-
ence of component B in a mixture is written as follows [16]:

Cy,baDr,
1 +bafas+bsfsy

PA:kDAl_)DA+ (10)

where bg and f  are the Langmuir affinity parameter of com-
ponent B and the upstream fugacity of B, respectively. A sim-
ilar expression for the permeability of component B in the
mixture can be derived in terms of its sorption and transport
parameters [16]:

Cy, bsDu,

Py = kp,Dp, +
B Ps s 1+ bafar+bsfsp

(11)

The temperature dependence of permeability, diffusivity, and
solubility at temperatures far removed from polymer thermal
transitions is usually described as follows [15]:

—E
Py =P, exp (R—TP> (12)
—AH
SA:SO eXp( RT S> (13)
_ -E
Dx =D, exp <—RTD> (14)

where P,, S,, and D, are pre-exponential factors, R is the uni-
versal gas constant, T is the absolute temperature, and Ep,
AHs, and Ep are the activation energy of permeation, the
enthalpy of sorption, and the activation energy of diffusion,
respectively. Combining Eqs. (6) and (12—14) yields the fol-
lowing expression:

EP:ED+AHS (15)

This formalism is straightforward and self-consistent when
permeability, solubility, and diffusivity are independent of
pressure. If this is not the case, then care must be exercised
in applying this model [17].
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3. Experimental
3.1. Materials

Poly(1-trimethylsilyl-1-propyne) (PTMSP) was kindly sup-
plied by Air Products, Inc. (St. Louis, MO). Dense films of
PTMSP were prepared by casting a polymer solution, prepared
from a 2 wt% PTMSP in toluene, into a flat-bottomed glass
dish at ambient conditions. After drying, samples were stored
in liquid methanol at ambient conditions to inhibit physical ag-
ing and help alleviate sample-to-sample property differences
due to minor variations in thermal processing history [18].
The films were removed from methanol and dried at ambient
conditions for 24 h before using them in permeation experi-
ments. Film thicknesses were determined with a digital
micrometer (Mitutoyo) readable to +1 pm. Samples for the
permeability measurements were approximately 250 um thick.
The density of the PTMSP films at 25 °C was approximately
0.73 £0.01 g/cm®, determined by measuring the difference
in film weights in water and in air.

Chemical-grade CH,4 and n-C4H ;o (99% purity) were pur-
chased from Air Gas Southwest Inc. (Corpus Christi, TX).
Certified 2, 4, 6, and 8 mol% n-C4H,o/CH, were purchased
from Air Liquide America Corporation (Houston, TX). All
gases were used as-received.

3.2. Permeability measurements

The CH4 and n-C4H;( pure and mixed gases’ permeabilities
were measured using a constant pressure/variable volume
apparatus as described previously [19—21]. A mass flow
controller (MKS Model# 1179A23CSIBV, Wilmington, MA)
was installed on the upstream side to regulate residue flow
rate. Helium was used to sweep the downstream side of the
membrane and carry the permeate (i.e., CH, and n-C4H;() to
a gas chromatograph (GC). The total flow rate on the down-
stream side (i.e., helium + permeate) was measured with
a soap film flow meter. The measurement temperatures ranged
from —20 to 35 °C. A constant temperature circulator regu-
lated the system temperature to 0.1 °C.

For pure gas permeability measurements, the feed pressures
were varied from 4.4 to 14.6 atm and from 1.2 to 1.8 atm, for
CH, and n-C4H,, respectively. The n-C4H,( pure gas perme-
ability in PTMSP was determined at 25 and 35 °C. The perme-
ation apparatus permits measurement only at total upstream
pressures greater than atmospheric pressure. Pure gas n-C4H;g
permeability coefficients in PTMSP at low temperatures (e.g.,
0 and —20 °C) could not be measured, since the saturation
pressure of n-C4H;o was lower than 1 atm [22]. A constant
residue flow rate of 20 cm*/min was maintained during the
pure gas permeability measurement to remove any helium that
might permeate from the downstream to the upstream side of
the film.

In the mixture measurements, sufficient residue flow rate
was maintained (i.e., a stage cut of less than 1%) to prevent
concentration polarization: that is, the residue flow rate was
set high enough to ensure that the results were independent

of residue flow rate. The feed pressure was varied from 1.1
to 14.6 atm. The partial pressure of CH4 and n-C4H;( on the
downstream side of the film was maintained at practically
zero (<0.05 atm) by adjusting the helium flow rate. In this
way, the downstream n-C4H,( activity, defined as the ratio
of fugacity to the saturation fugacity at a given temperature
(flfsar), was always less than 0.01. The saturation fugacity
was the fugacity at the saturation pressure (ps,), which was
estimated using the Wagner equation [22].

The steady state gas permeability was calculated as follows:

[ 273 pam dav
P.= i e 16
A faz—fas TA 76 (yA,l dt) ( )

where fa > and f4 ; are the upstream and downstream fugacities
of gas A, respectively. These fugacities were determined as
described previously [13]. y; is the mole fraction of gas A
on the downstream side of the film determined using the
GC, pam is the atmospheric pressure, A is the film area
(cm?), T is temperature (K), / is film thickness (cm), and dV/
dr is the steady state volumetric displacement rate of a soap
film in the bubble flow meter connected to the permeate
exhaust from the permeation cell (cm3 /s).

The pure and mixed gas permeability measurements for
each sample (i.e., fresh) were completed in 8 h at most. The
pure gas CH, and n-C4H,( permeabilities in PTMSP were
essentially constant over this time period, indicating that the
physical aging of the film was minimal during the time of
measurement. The pure gas CH, permeability decreased after
exposing the film to n-C4H;y (i.e., after mixture measure-
ments). For example, the pure gas CH,; permeability at
4.4 atm feed pressure and 35 °C decreased by approximately
22%, from 24,000 to 19,000 Barrer, after exposing the film
to a 2 mol% n-C4H,¢o/CH4 mixture up to 14.6 atm. This be-
havior can be related to penetrant-induced hysteresis, which
has been observed previously in another high free volume
glassy polymer [23]. To avoid such hysteresis effect, fresh
PTMSP films were used for each mixture permeability
measurement.

4. Results and discussion
4.1. Pure gas permeability

Fig. 1(a) and (b) presents CH, and n-C4H,( pure gas perme-
ability coefficients in PTMSP as a function of upstream fugacity,
or upstream activity for n-C4H;, at temperatures from —20 to
35 °C. In general, CH4 and n-C4H;y permeabilities decrease
with increasing upstream fugacity and temperature. The infinite
dilution permeability values at each temperature are calculated
using Eq. (9) and presented in Table 1. The CH4 and n-C4Hq
permeability values are somewhat higher than some reported lit-
erature values for PTMSP [3,4,9]. Merkel et al. reported CH,4
pure gas infinite dilution permeability of 15,000 Barrer at
35 °C [3]. Srinivasan et al. reported a value of 17,000 Barrer
at 25 °C [9]. For comparison, the CH, pure gas infinite dilu-
tion permeability coefficients in this study are 28,000 and
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Fig. 1. (a) Pure gas permeability of CH4 in PTMSP as a function of upstream fugacity and temperature. The dashed line represents pure CH, permeability values at
35 °C reported by Merkel et al. [3]. (b) Pure gas permeability of n-C4H;o in PTMSP as a function of upstream fugacity and temperature. The solid lines represent
a nonlinear least squares fit of Eq. (8) to the experimental data. The pure gas n-C4H,, permeability value in PTMSP reported by Pinnau and Toy [4] is presented as

a reference.

Table 1
Dual mode diffusion coefficients, permeability and concentration-averaged diffusion coefficients at infinite dilution in PTMSP
T (°C) CH,* n-C4Ho"
Dp x 10° Dy x 10° D, x 10° P,x 1073 Dp x 10° Dy x 10° D, x 109 P,x 1073
(cmz/s) (cmZ/s) (cm2/s) (Barrer) (cm2/s) (cm2/s) (cm2/s) (Barrer)
—20 180+ 20 28+3 44+4 5243 9+1 1.6+£0.2 1.7+£0.2 2300 £ 150
0 200 £ 20 2943 52+5 41+2 14+1 23+0.2 25402 1400 + 80
25 180 £ 20 35+3 61+6 31+2 21+2 33+£03 38+£03 580 £ 40
35 200 £ 20 39+4 70+7 28+2 202 44+04 5.1+£0.5 450+ 30

1 Barrer = 1 x 107'% cm*®(STP) em/(cm? s cmHg).
? Based on pure gas measurements.
® Based on pure and mixed gas measurements.

31,000 Barrer at 35 and 25 °C, respectively. Pinnau and Toy re-
ported n-C4H o permeability of 78,000 Barrer at 23 °C and 0.63
n-C4H;( upstream activity (p/psa,), about 30% lower than the
value determined in this study under similar upstream con-
ditions (112,000 Barrer at 25 °C and 0.61 n-C4H o upstream
activity). Gas transport properties in PTMSP are quite sensitive
to film preparation conditions and processing history [24,25].
As a result, PTMSP permeability values in the literature vary
widely [9]. Our PTMSP film density (0.73 g/cm?) is slightly
lower than that reported by Merkel et al., Srinivasan et al.,
and Pinnau and Toy (0.75 g/cm3) [3,4,9], and this lower density
translates to a higher fractional free volume (FFV), which
may explain the higher permeability values in this study. Re-
cently, Hu et al. reported CH, permeability at 25 °C to be
30,000 Barrer in PTMSP, which is quite similar to our value
[26]. However, n-C4H;o permeability and polymer density
were not reported in this study, so one cannot comment further
on the reason for the good agreement between our CH,4 perme-
ability and theirs.

4.2. Pure gas diffusivity

Concentration-averaged diffusion coefficients were esti-
mated from the permeability and sorption data using the
following rearranged form of Eq. (6) [12]:

Fig. 2(a) and (b) presents pure gas CH4 and n-C4H;( concen-
tration-averaged diffusion coefficients in PTMSP as a function
of upstream fugacity, or upstream activity for n-C4H;o. The
pure gas diffusion coefficient of CH, increases with increasing
upstream fugacity and temperature, consistent with the results
of Merkel et al. [3], although our values are somewhat higher
than theirs, consistent with the higher permeability coefficients
reported in Fig. 1. Merkel et al. reported that the pure gas CH,
diffusion coefficient at 35°C and infinite dilution was
3.6 x 10 ®cm?/s [3]. As discussed earlier, this discrepancy
is most likely due to the lower film density in our study.

(17)
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Fig. 2. (a) Effect of upstream fugacity and temperature on pure gas CH, concentration-averaged diffusion coefficients in PTMSP. The dashed lines are pure gas
values at 35 °C determined by Merkel et al. [3]. (b) Pure gas n-C4H;o concentration-averaged diffusion coefficients in PTMSP as a function of upstream activity
and temperature. The solid lines represent Eqs. (22) and (23) using parameters in Table 1.

The diffusion coefficients in PTMSP are about 10°—10° times
higher than those observed in conventional, low free volume,
glassy polymers (e.g., polycarbonate) [27].

4.3. Mixed gas permeability

Fig. 3(a) presents CH, mixed gas permeability in PTMSP
as a function of n-C4H;, feed fugacity. The presence of

(a) ex10*

1x10*
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3
X107 4 0.2 0.4 0.6 0.8

n-C4Hq Upstream Fugacity [atm]

n-C4Hy significantly decreases CH, mixture permeability in
PTMSP. For example, at 35 °C, CH, permeability decreases
by more than a factor of 10, from 28,000 in pure gas at infinite
dilution, to 2200 Barrer in the presence of 0.77 atm n-C4H;q
fugacity (~0.26 n-C4H;¢ activity). At —20 °C, CH,4 perme-
ability decreases from 52,000 in pure gas at infinite dilution,
to 1700 Barrer in the presence of 0.32 atm n-C4H;( fugacity
(~0.73 n-C4H, activity), a more than 30-fold decrease. The
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Fig. 3. CH,4 permeability in PTMSP as a function of (a) n-C4H;( upstream fugacity and (b) n-C4H,o upstream activity in the feed at 35 °C (O), 25°C (H), 0°C
(), and —20 °C ( A ). The feed gas compositions are 2, 4, 6, and 8 mol% n-C4H;o in CHy. The total feed pressure was from 1.1 to 14.6 atm. The permeate was
swept with helium at 1 atm, so the permeate partial pressures of CH, and n-C4H;o were negligible. The lines represent model fits to the experimental data using Eq.
(27) and the parameters in Table 2.
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CH, mixture permeability data at various temperatures col-
lapse slightly when plotted as a function of n-C4H;q upstream
activity, rather than fugacity, as shown in Fig. 3(b). The CH4
permeability appears to approach a plateau value at high
n-C4H;( upstream activity.

As will be described in more detail later, this decrease in
mixture CH, permeability is partly due to the decrease in
the CH, solubility coefficient in the mixtures due to competi-
tive sorption effects [11]. n-C4H;(, which is much more con-
densable than CH,, preferentially occupies the Langmuir
sorption sites, thereby reducing CH, sorption capacity in this
region, which decreases CH, solubility in the polymer [11].
Additionally, the reduction in the CH, diffusion coefficient
in mixtures due to n-C4H;o blocking effects also contributes
to the decrease in CH, mixture permeability in PTMSP.

The presence of CH, does not noticeably change n-C4H;q
permeability in PTMSP. Fig. 4 presents n-C4H;y permeability
in PTMSP as a function of n-C4H; feed activity for pure gas
and mixed gas conditions. The n-C4H;, permeability coeffi-
cients decrease with increasing n-C4H;o activity, which is
qualitatively consistent with expectations of the dual mode
model (i.e., Eq. (8)). The pure gas data agree with the mixture
permeability data, suggesting that n-C4H;, permeation is not
influenced by the presence of CH,.

The temperature dependence of gas permeability in pure
gas and mixtures can be described using Eq. (12) provided
one restricts its use to a given upstream gas concentration.
In this case, the activation energy of permeation, Ep, at a fixed
penetrant concentration in the polymer can be calculated as
follows [21]:

3x10° T T T T T T T

1x108

n-C4Hqo Permeability [Barrer]

25°C
1x10° |- 0 m E
L 35 °C O n =
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3x10% \ | ) | ) | )
0 0.2 0.4 0.6 0.8

n-C4H4q Upstream Activity

Fig. 4. n-C4H,( permeability in PTMSP as a function of n-C4H,;( upstream
activity. The feed gas compositions are 2, 4, 6, and 8 mol% n-C4H;o in CH,4.
The total feed pressure was from 1.1 to 14.6 atm. The permeate was swept with
helium at 1 atm, so the permeate partial pressures of CH, and n-C4H;o were
negligible. The lines represent model fits to the experimental data using Eq. (10)
and the parameters in Table 1. For comparison, pure gas n-C4H;(, permeation
data are also presented.

Table 2
CH, dual mode diffusion coefficient parameters based on Eq. (27) using pure
and mixed gas data

T (°C) Dp x 10° (cm?/s) Do % 10° (cm?/s) oy

—-20 12+1 63+7 0.11 £0.01

0 15+1 7448 0.077 + 0.008

25 16+2 86+ 6 0.055 + 0.006

35 18+2 9847 0.058 + 0.006

dIn PA

ES = —-R|—2 18

P dl/T c ( )

where Eg is the activation energy of permeation at fixed gas
concentration C, which is taken, in this study to refer to a fixed
gas concentration at the upstream face of the film. The perme-
ability coefficients are estimated from the dual mode perme-
ability models (i.e., Egs. (10) and (27)) using parameters
determined based on experimental data (Tables 1 and 2).
The upstream gas concentrations were calculated using the
dual mode sorption model [11].

Fig. 5 presents pure and mixed gas ES values for CH, and n-
C4H,o. The CH,4 pure gas Eg values (open symbols) are pre-
sented as a function of upstream CH, concentration. The error
bars are determined using the propagation of errors method
[28]. These pure gas ES values for CH, in PTMSP are negative
(i.e., exothermic), which is unusual for permanent gas perme-
ation in polymers [15]. That is, CH4 permeability in PTMSP in-
creases with decreasing temperature. The pure gas Elf of CH, in

Ccn, [em® (STP)/cm? polymer]
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Fig. 5. Activation energies of permeation of CH, and n-C4H,( as a function of
penetrant concentration at the upstream face of the film. The n-C4H;, activa-
tion energies of permeation are estimated based on mixed gas data, while both
pure and mixed gas estimates of the CH, activation energies are provided.
There is essentially no difference between the pure and mixed gas n-C4H;q
permeability data in PTMSP, so the activation energies of permeation for
n-C4H,( are the same, within the uncertainty in the measurements, in both
pure and mixed gas.
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Fig. 6. The average effective diffusion coefficient of: (a) CH4 and (b) n-C4Hq as a function of n-C4H;( activity in the feed mixtures. The solid lines in (a) are
predictions from Eq. (28) using the parameters in Table 2. The lines in (b) are predictions from Eq. (23) using the parameters in Table 1.

PTMSP (i.e., at infinite dilution) is —7.3 & 1.5 kJ/mol, which is
consistent with literature values of —6.3 and —7.6 kJ/mol re-
ported by Masuda et al. [29] and Merkel et al. [30], respectively.
In conventional glassy and even rubbery polymers, ES values
for permanent gases (e.g., Hy, N, CHy) are usually positive
[15]. Negative ES values for such light gases are commonly ob-
served for microporous solids in which the pore dimensions are
larger than the kinetic diameter of the diffusing gas molecules
[9]. In contrast to the pure gas behavior, where ES of CH, is
practically independent of concentration, the Elg for CH, in
n-C4H;¢/CH,4 mixtures initially increases, from —7.3 £ 1.5 for
pure gas, with increasing n-C4H;( concentration before reach-
ing a plateau, at approximately 1.1 &£ 1.5 kJ/mol, at higher
n-C4H,( concentrations, as shown in Fig. 5. The increase in
the Elf of CH,4 with increasing n-C4H;( concentration is presum-
ably related to the combination of blocking and competitive
sorption effects [11], which reduce CH, diffusivity and solubil-
ity, respectively, in mixtures with n-C4H (. Positive ES values
are typical for permanent gas permeation in conventional glassy
and rubbery polymers [15]. For example, the ES of pure gas CH,
in poly(vinyl chloride) (PVC), a glassy polymer, is 66.2 kJ/mol
[31]. The ES of CH, in rubbery PDMS is 6.8 kJ/mol in the pure
gas case and 5.1 kJ/mol in the presence of 60 cm*(STP)/cm® of
n-C4H,( at the upstream face of the film [21]. The pure and
mixed gas Ef, values of n-C4H;o with n-C4H;y concentra-
tion qualitatively exhibit a trend similar to that of CH, in gas
mixtures. At n-C4H;o concentrations greater than 40 cm’
(STP)/cm?, the Eg of n-C4H;y increases with increasing
n-C4H,¢ concentration until it reaches a plateau at approxi-
mately —13.9 & 1.5 kJ/mol. Because n-C4H;q permeability
coefficients are not affected by the presence of CHy, the ES
values for n-C4H,( are the same in both pure and mixed gas
cases.

4.4. Mixed gas diffusivity

The concentration-averaged CH,4 and n-C4H, diffusion co-
efficients in mixtures were estimated using Eq. (17) and are
presented in Fig. 6(a) and (b), respectively. The presence of
n-C4Hy( considerably reduces the CH, diffusion coefficient
in the polymer even at low levels of n-C4H( sorption. For
example, at 35 °C, the CH, diffusion coefficient decreases
more than 70%, from 7.0 x 10~ in pure gas at infinite dilution
(the point at an n-C4H,( activity of zero in Fig. 6(a)), to
2.0 x 107 cm?/s when the upstream n-C4H /¢ activity is 0.20.
In contrast, n-C4H,, diffusion coefficients increase with in-
creasing n-C4H, ¢ activity (cf., Fig. 6(b)). For n-C4H,, there is
no measurable difference between pure and mixed gas diffusiv-
ity values; that is, the effect of CH, on n-C4H;q diffusion
coefficients is negligible.

The blocking effect, which acts to reduce CH, diffusivity
due to the presence of n-C4H;(, and the competitive sorption
effect, which acts to reduce CH, solubility due to the presence
of n-C4H;q [11], are both responsible for the mixed gas perme-
ability depression in Fig. 3(a). Fig. 7(a) and (b) presents the
ratio of CH4 mixed gas permeability, solubility, and diffusivity
to those of pure gas at infinite dilution as a function of n-C4H;
activity at 35 and —20 °C. The CH,4 permeability decrease in
the mixture is substantial: at —20 °C and 0.73 n-C4H;q activ-
ity, the mixed gas CH, permeability in PTMSP is only 3.3% of
the pure gas value. Both solubility and diffusivity contribute to
this reduction, with solubility reduction (i.e., competitive sorp-
tion) generally contributing somewhat more to the overall
permeability reduction than diffusivity reduction. The ratio
of CH, mixed gas permeability, solubility, and diffusivity to
those of pure gas at infinite dilution at other temperatures
(i.e., 25 and 0 °C) is presented in Supplementary section.
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Fig. 7. The ratio of CH, mixed gas permeability (P), solubility (S ), and diffusivity (D) coefficients to those of pure gas at infinite dilution as a function of n-C4H
activity at (a) 35 °C and (b) —20 °C. The total feed pressure was from 1.1 to 14.6 atm. The solid lines are predictions of the dual mode models (i.e., Egs. (8), (27),

(22), (28), and Ref. [11]).

The local effective diffusion coefficient, D4, characterizes
the ability of a penetrant to migrate through a polymer at
a particular, well-defined penetrant concentration [32]. Pure
gas D4 values were calculated from the slope of the sorption
isotherm [11] and the pressure dependence of permeability
as follows [33]:

dpP d
Pa+faz —A‘| <£>
faz fan

DalCaa) = dfaz| \dCa

(19)

The local effective diffusion coefficients of n-C4H;y in
n-C4H,¢/CH,4 mixtures are also calculated using Eq. (19) be-
cause n-C4H; permeability, diffusivity, and solubility in these
mixtures are essentially unaffected by the presence of CHy. In
Eq. (19), dPa/dfa, is estimated from the measured n-C4H;g
fugacity dependence of n-C4H;( mixture permeability in the
polymer, and dfa/dC, is estimated from the pure gas sorption
isotherms of n-C4H;o in PTMSP [11]. Fig. 8(a) presents D
values for n-C4H;( in the mixture as a function of n-C4H;,
concentration. The n-C4H;¢ diffusion coefficients increase
with increasing n-C4H;o concentration, similar to the trend
presented in Fig. 6(b). At sufficiently high n-C4H,( concentra-
tion, the n-C4H;( diffusion coefficient reaches a plateau and no
longer changes with n-C4H;( concentration in the polymer.

The local effective diffusion coefficients of CH, in mix-
tures, which depend on n-C4H,( concentration in the polymer,
was estimated as follows [21]:

D(Caz)

DO =T oo
[ﬁ[ Ps i|:|fA.2

where the subscripts A and B refer to n-C4H;y and CHy,
respectively. D, was determined using Eq. (19). A different
formula (Eq. (20) instead of Eq. (19)) is used to calculate
the local effective diffusion coefficients of CH, in mixtures
because these values depend sensitively on n-C4H;( concentra-
tion. Fig. 8(b) presents the local effective diffusion coefficients
of CH, in mixtures (i.e., Dg) as a function of n-C4H;( concen-
tration at the upstream side of the membrane. There is a min-
imum in the local CH, diffusion coefficient with concentration
that was not apparent previously in Fig. 6(a). For example, at
35 °C, the CH,4 local effective diffusion coefficient initially
decreases with increasing n-C4H;o concentration, from
7.0 x 107° in pure gas (infinite dilution) to a minimum value
of approximately 1.5x 10> cm?s in the presence of
32 cm*(STP) n-C4H,o/cm® polymer. At higher n-C4H;o con-
centrations, the CH, local diffusion coefficients increase,
reaching a value of 2.2 x 107> cm?/s in the presence of
58 cm*(STP) n-C,H,o/cm® polymer. This trend can perhaps
be rationalized by a competition between two phenomena:
(1) blocking of the large, interconnected free volume elements
in PTMSP by n-C4H;o, which hinders CH,4 transport, and (2)
plasticization of the film by n-C4H;q sorption, which increases
the CH, diffusion coefficient. At low n-C4H;¢ concentration,
n-C4Hyy sorption occurs predominantly in the Langmuir
regions [11], with little or no plasticization. Thus, the blocking
effect is stronger than the plasticization effect at lower
n-C4H;o concentrations. As a result, CH, diffusion coefficients
initially decrease with increasing n-C4H;, concentration. As
n-C4Hyy concentration increases, the Langmuir region be-
comes progressively more saturated, resulting in a greater
fraction of n-C4H,q sorption in the Henry’s law region [11],
rendering plasticization more important. In addition, the
blocking effect should reach a maximum, hypothetically, as
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Fig. 8. Local diffusion coefficients as a function of n-C4H;( concentration in the polymer: (a) n-C4H;o and (b) CH,. For comparison, pure gas n-C4H; data (i.e., the
data points in the box) are presented along with the mixed gas data. The solid lines in (a) are predictions of the dual mode permeability model (i.e., Eq. (24)). The
pure gas CH, local diffusion coefficients are reported at 4.4 atm upstream pressure.

the Langmuir region becomes saturated. At higher n-C4H;q
concentrations, plasticization overcomes the blocking effect,
and, consequently, the CH,4 diffusion coefficient increases
with increasing n-C4H;q concentration.

Throughout this study, the magnitude of the CH, diffusion co-
efficient reduction due to blocking effect is considerably greater
than the CH, diffusion coefficient enhancement due to the plas-
ticization effect, as shown in Fig. 8(b). For example, at 25 °C, the
blocking effect decreases the CH, local effective diffusion co-
efficient by a factor of five, from 6.1 x 10 in pure gas (infinite
dilution) to 1.3 X 107> cm?/s in the presence of 39 cm3(STP)
n-C4H;o/cm® polymer. In contrast, the plasticization effect
increases the CH, local diffusion coefficient by a factor of
only approximately two, from 1.3 x 107 to 2.2 x 107> cm?/s,
as n-C4H o concentration goes from 39 to 60 cm’(STP)/cm?.

The temperature dependence of gas diffusivity in pure gas
and mixtures can be characterized using Eq. (14). The activa-
tion energy of diffusion, Ep, at a fixed penetrant concentration
can be determined as follows [21]:

- dIn BA
=+ (i),

where E is the activation energy of diffusion when the pene-
trant concentration is C. Fig. 9 shows that although E§ for
pure CH, is not a strong function of concentration, the ES of
CH, in gas mixtures depends on n-C4H;( concentration, where
it exhibits a maximum (12.2 £ 1.5 kJ/mol) at 50 cm*(STP)/cm?
n-C4H,o. For comparison, the mixed gas E]g of CH, in PDMS in
the presence of 50 em’(STP)/cm® n-C4H,q is 12.1 kJ/mol. The
increase in CHy Eg as n-C4H;o concentration increases may
be related to the blocking effect by n-C4Hq that hinders CH,
transport through the polymer. As n-C4H;y competitively

(1)
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Fig. 9. Pure and mixed gas activation energy of diffusion for CH, and
n-C4H;o as a function of penetrant concentration in the polymer at the
upstream face of the film. The n-C4H;, activation energies of diffusion are
estimated based on mixed gas data. There is essentially no difference between
the pure and mixed gas n-C4H;( diffusivity data in PTMSP, so the activation
energies of diffusion of n-C4H,( are the same, within the uncertainty in the
measurements, in both pure and mixed gas cases. The error bars were
determined using the propagation of errors method [28].



R.D. Raharjo et al. | Polymer 48 (2007) 7329—7344 7339

occupies the more facile permeation pathways, methane trans-
port is restricted to routes requiring more energy. As n-C4H;q
concentration increases, the plasticization effect, which en-
hances CH, transport and reduces ES, begins to dominate.
This phenomenon is shown in Fig. 9, where the Eg of CHy
decreases with increasing n-C4H;q concentration at high
n-C4H;o concentrations. The Eg of n-C4H;o also shows
a concentration dependence similar to that of the E§ of CH, in
mixture. The ES of n-C4H;o reaches a maximum value of
15.4 + 1.5 kJ/mol at a n-C4H,o concentration of 50 cm>*(STP)/
cm’. However, the dependence of Eg of n-C4H;g on n-C4H;,
concentration is weaker than that of CH, in gas mixtures.

4.5. Dual mode permeability model

4.5.1. Pure gas

The dual mode permeability model (Eq. (8)) describes the
pure gas permeability data reasonably well. The values of
kp, C};, and b for CH4 and n-C4H,o have been reported previ-
ously [11]. The best fit Dp and Dy values for CH,, determined
by plotting experimental pure gas permeability data versus
[(1 +bAfA,2)]*l, are reported in Table 1. The CH, pure gas
permeability values calculated using Eq. (8) and the parame-
ters in Table 1 are represented by solid lines in Fig. 1(a).
The concentration average diffusion coefficient for gas A,
Dy, is given by the dual mode model as follows [15]:

Dk, + Dy s
—  Doykp, HA T bafns
DA_ C;.[AhA (22)

ko, + 1+bafa2

Values of the concentration-averaged diffusion coefficient
according to Eq. (22) for n-C4H;( at pure gas conditions are
represented by the lines in Fig. 2(a).

4.5.2. Mixed gas

The dual mode permeability model can be extended to mix-
tures, as shown in Egs. (10) and (11). In the remainder of the
article, the subscripts A and B correspond to n-C4H;y and
CHy, respectively. This model describes pure and mixed gases’
n-C4H,( permeability data reasonably well. The best fit Dp
and Dy values for n-C4H;o were determined by plotting the
experimental pure and mixed gas permeability data versus
[(1 4+ bafar+ beBg)]*l and are recorded in Table 1. Values
of n-C4H;o pure and mixed gases permeability as calculated
by this model using the parameters in Table 1 are the solid
lines in Figs. 1(b) and 4. The concentration average diffusion
coefficient, D, for n-C4H,q in pure gas and mixtures is given
by the dual mode model as follows [16]:
Dk, + Dyt
EA = Da"0a * HATHbafa 2 +befs2 (23>

/
kn + &
DA T T+bafar+bsfo,

where the subscripts A and B correspond to n-C4H; and CHy,
respectively. Calculations according to Eq. (23) are

represented as solid lines in Figs. 2(b) and 6(b). Table 1 shows

that Dy, is greater than Dy, consistent with previous results for

PTMSP and glassy polymers in general [3,15]. The local ef-

fective diffusion coefficient, D 5, for n-C,H;( can be calculated

using the dual mode model as follows [3]:

_ — Cy b

Dp, kp, + DHA—(IMMAH;:B)‘B 5%

DA = / : : (24)
Ciy, ba

(1+hAfA,2 +thB,2)2

kp, +

Despite the reasonable estimates for n-C4H;, permeability
data, the mixed gas model cannot predict mixed gas CH,4 per-
meability data using the pure gas Dp and Dy of CH, recorded
in Table 1. In fact, no single set of dual mode diffusion coef-
ficients could fit simultaneously the pure and mixed CH, per-
meability data. This inability of the mixed gas permeability
model to account for the changes in permeability of a light
gas in PTMSP has been previously recognized [9]. While
the model appropriately accounts for competitive sorption
effects in mixtures, it does not consider the blocking effect
observed in PTMSP. That is, in the original formulation of
the model, the CH4 dual mode diffusion coefficients are not
allowed to depend on the concentration of n-C4H;,. To capture
this effect, a concentration dependence of Dy is introduced in
the dual mode mixed gas permeability model using the follow-
ing empirical relation:

BHB = BHOB exp( — aHFHA) (25)

where the subscripts A and B correspond to n-C4H; and CHy,
respectively, BHOB is the CH,4 diffusion coefficient in Langmuir
region at infinite dilution, ey is a parameter that quantifies
the blocking effect in the Langmuir region induced by the
condensable n-C4H;, molecules, and Cy, is the average
n-C4H( concentration in the Langmuir region, defined as:

C,HAbAfA,Z
2(1 4 bafaz + bafsz)

EHA = (26)

The blocking effect is a consequence of the high level of n-C4H;
sorption in the larger free volume elements in the polymer (i.e.,
Langmuir region) [4]. As such, the decrease in CH, mixed gas
diffusion coefficients is only attributed to the n-C4H;y con-
centration in the Langmuir region, as shown in Eq. (25).

Substituting Eq. (25) into Eq. (11) yields a modified dual
mode mixed gas permeability model for CHy:

C;—IB bBEHoB eXp( — OZHEHA)

Pp =kp. D,
B peDpy + 1+ bafan + bafon

(27)

Eq. (27) captures both the competitive sorption effect and the
blocking effect in CH, mixture permeation in PTMSP and
describes the pure and mixed gases’ CH,4 permeability data rea-
sonably well. The best fit Dp, Dy, and a; of CH, based on pure
and mixed gas data are recorded in Table 2. Permeability co-
efficients calculated according to Eq. (27) using the parameters
from Table 2 are represented by solid lines in Fig. 3(a). The Dp
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of CH,4 obtained from Eq. (27) (Table 2) is an order of magni-
tude less than that determined from the pure gas measurements
(Table 1). The ayy values increase with decreasing temperature;
the Dp and Dy values increase as temperature increases.
A linear concentration dependence of Dy, (i.e., Dy, =
Do, (1 — anCh, )) could also describe the permeability data
as well, but the best fit parameters determined this way lead
to negative Dy, values, which are physically unrealistic. Theo-
retically, one might also consider the plasticization effect of the
Henry’s law region in Eq. (27) by introducing a concentration
dependent Dy, (i.e., Dp, = Dpo, exp(apCp,)) [3]. However,
when fitting the experimental data to such a model, it is difficult
to obtain unique values for ap, the plasticization parameter, be-
cause the plasticization effect is weak relative to the blocking
effect. That is, the plasticization effect is not very apparent
from Figs. 3(a) and 6(a). The expression for Dg according to
the modified dual mode permeability model (Eq. (27)) is:

— — — C;_[BbB
5 B DDB kDB + DH()B exp( — aHCHA )m )8
B — C;—I b ( )
kDB 4+ ﬁ
Afa2+befB2

A comparison of calculations according to Eq. (28) and exper-
imental data is shown in Fig. 6(a).

Table 2 shows Dy values that are greater than Dp values.
This result is in contrast to the usual trend in glassy polymers,
where Dy is usually greater than Dy [3,15]. The source of the
discrepancy is not known at this time. Another unexplained
trend found in this study is the similarity between the Dp
values in PTMSP for CH, from the mixture data (Table 2)
and n-C4H; (Table 1), despite the fact that CH, is smaller
than n-C4H;o, so one would anticipate that its diffusion coef-
ficients would be larger. Nevertheless, this model provides
a convenient mathematical expression for gas and vapor per-
meation in PTMSP.

Gas diffusivity is often correlated with the amount of frac-
tional free volume (FFV) in the polymer [34,35]. Gas diffusiv-
ity commonly increases as the amount of FFV in the polymer
increases [15]. Fig. 10 presents the CH, effective diffusion
coefficients in pure gas and mixtures in PTMSP, at various
n-C4H;¢ and CH,4 concentrations and temperatures, as a func-
tion of inverse local FFV in the polymer/penetrant mixture.
The local FFV values were estimated from the experimental
sorption and dilation data in PTMSP [11], as described previ-
ously [21]. Fig. 10 shows no distinct trend in diffusion coeffi-
cients with FFV in PTMSP. Part of the trend actually shows an
increase in CH, diffusion coefficients with decreasing FFV.
The reasons for this lack of coherence with the free volume
model are not immediately known, in part due to a lack of sim-
ilar literature data (i.e., where FFV in the polymer/penetrant
mixture is estimated based on experimental data). In our pre-
vious mixture study in PDMS, the effective diffusion coeffi-
cients of CH; and n-C4H;q increase as the FFV in the
polymer/penetrant mixture increases [21]. Although further
study of this phenomenon may result a better understanding
of the relationship between gas diffusivity and FFV in the
polymer, it appears that FFV is not the only factor contributing
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Fig. 10. Correlation between fractional free volume of the polymer/penetrant
mixtures and effective diffusion coefficients of CH4 in PTMSP at various pene-
trant concentrations and temperatures. The FFV was estimated based on pene-
trant concentrations at the upstream face of the film as described in Ref. [21].

to the temperature and concentration dependence of diffusion
coefficients in PTMSP.

A key question regarding the permeation properties of
PTMSP has been whether the primary mechanism is via pref-
erential sorption or surface diffusion along the walls of inter-
connected free volume elements (or pores) in this very high
free volume polymer. Srinivasan et al. and Pinnau and Toy sug-
gested that this was the case [4,9]. Additionally, Singh found
rather compelling evidence that PTMSP is, in fact, a ““border-
line”” material between conventional, dense, low free volume
polymers and microporous materials such as microporous car-
bon [36]. Singh’s studies compared the gas diffusion coeffi-
cients calculated from transient kinetic uptake experiments
with those estimated from steady state permeability and sorp-
tion measurements, similar to the techniques used in this man-
uscript. Order of magnitude differences were observed in the
diffusion coefficients estimated by these two methods, clearly
suggesting that most of the gas transport in PTMSP was
through interconnected free volume elements or ““pores’ inher-
ently present in the material due, presumably, to its intrinsically
high free volume and unusual distribution of free volume
[37,38]. However, the models and data analysis considered in
this study can be applied to both microporous and nonporous
materials. Thus, while the data presented in this study do not
definitively prove that the dominant mechanism for gas and va-
por transport in PTMSP occurs via micropore transport, they
are consistent with such an interpretation.

4.6. Selectivity

Fig. 11(a) presents mixed gas n-C4H;o/CH, permeability
selectivity in PTMSP as a function of n-C4H;o, upstream
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Fig. 11. (a) Mixed gas n-C4H;o/CH,4 permeability selectivity in PTMSP as a function of n-C4H;( upstream activity. (b) Ratio of n-C4H;o/CH,4 mixed gas to pure gas
permeability selectivity in PTMSP. The pure gas permeability selectivity is calculated from n-C4H;o permeability at different n-C4H,( upstream activity values and
CH, pure gas permeability at infinite dilution. The lines represent predictions of the dual mode mixture permeability model (i.e., Egs. (8) and (27)).

activity in the mixtures. At low n-C4H;q activity, the perme-
ability selectivity increases with increasing n-C4H; activity.
For example, at 25 °C, n-C4H;¢o/CH4 mixed gas permeability
selectivity increases two-fold from 25 to 51, as n-C4H,( up-
stream activity increases from 0.02 to 0.11. At higher
n-C4H;( activity (>0.1), the permeability selectivity appar-
ently reaches a plateau. The permeability selectivity increases
with decreasing temperature: e.g., the n-C4H;o/CH, mixed gas
permeability selectivity at 0.22 n-C4H;, upstream activity
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increases from 43 to 197 as temperature decreases from 35
to —20 °C. Fig. 11(b) presents the ratio of the n-C4H;o/CH4
mixed gas to pure gas permeability selectivity at various tem-
peratures. Due to CH, permeability depression in the mixture,
the permeability selectivities determined from the mixture
measurements are considerably higher than those estimated
from pure gas data. These differences between the pure and
mixed gas permeability selectivities are even greater at
higher n-C4H, activity and lower temperature. For example,
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Fig. 12. (a) Mixed gas n-C4H;(/CH, diffusivity selectivity in PTMSP as a function of n-C4H;o upstream activity. (b) Ratio of n-C,H;o/CH4 mixed gas to pure gas
diffusivity selectivity in PTMSP. The pure gas diffusivity selectivity is calculated from n-C4H; diffusivity values at the indicated n-C4H;( upstream activity values

and CHy pure gas diffusivity at infinite dilution.
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Fig. 13. (a) Mixed gas n-C4H;¢/CH,4 solubility selectivity in PTMSP as a function of n-C4H; activity in the mixture. (b) Ratio of n-C4H;¢/CH4 mixed gas to pure
gas solubility selectivity in PTMSP. The pure gas solubility selectivity is calculated from n-C4H;( pure gas solubility at the indicated n-C4H;( activity values and
CH, pure gas solubility in the limit of zero CH, fugacity. The lines represent predictions of the dual mode sorption model [11]. These figures were reprinted from

Ref. [11], Copyright Elsevier (2007).

at 0 °C and 0.54 n-C4H,( upstream activity, the mixed gas per-
meability selectivity is approximately 22 times higher than the
pure gas selectivity.

Fig. 12(a) presents n-C4H,o/CH4 mixed gas diffusivity se-
lectivity in PTMSP as a function of n-C4H; upstream activity
and temperature. The diffusivity selectivity increases with in-
creasing n-C4H activity. For example, at 0 °C, the diffusivity
selectivity increases from 0.17 to 0.54 as n-C4H;y upstream
activity increases from 0.03 to 0.54. This trend is observed
in part due to the decrease in CH, diffusion coefficient when
n-C4H;( is present in the mixture (i.e., the blocking effect).
The n-C4H,( diffusion coefficients also increase with increas-
ing n-C4H o upstream activity. Interestingly, this trend is rela-
tively insensitive to temperature. The diffusivity selectivity
data at various temperatures, in general, nearly fall on a single
master curve. The n-C4H;o/CH, diffusivity selectivities in
PTMSP determined in this study are between 0.15 and 0.54.
Fig. 12(b) presents the ratio of the n-C4H;o/CH, mixed gas
to pure gas diffusivity selectivity at various temperatures.
The diffusivity selectivities determined from the mixed gas

Table 3

measurements are higher than those estimated from the pure
gas data, due to the blocking effect that considerably reduces
CH, diffusion coefficient in mixtures. With the exception of
the data at —20 °C, the difference between mixed gas and
pure gas diffusivity selectivities generally increases with
increasing n-C4H;o upstream activity. As indicated in
Fig. 6(a), the CH, diffusivity at —20 °C increases modestly
at n-C4H, g activities greater than approximately 0.05, presum-
ably due to plasticization of the polymer by n-C4H;o. This
increase in mixed gas CH, diffusion coefficients at —20 °C
causes the decrease in the diffusivity selectivity ratio observed
at —20 °C in Fig. 12(b).

Based on our mixed gas sorption study in PTMSP [11], the
n-C4H;o/CH, mixed gas solubility selectivity in PTMSP
decreases with increasing n-C4H;( activity and temperature,
as shown in Fig. 13(a), because n-C4H;( solubility decreases
more than CH, solubility with increasing n-C4H;( activity.
For instance, at —20 °C, the n-C4H,¢/CH4 mixed gas solubility
selectivity decreases from 690 to 480 as n-C4H,( activity in-
creases from 0.05 to 0.24. At 35 °C, the solubility selectivity

Effect of temperature on pure and mixed gases’ n-C4H;o/CH, permeability, solubility, and diffusivity selectivities

T (°C) Permeability selectivity Solubility selectivity Diffusivity selectivity

Mixed” Pure” Mixed/pure Mixed” Pure” Mixed/pure Mixed” Pure” Mixed/pure
—-20 167+ 8 52403 3242 351 £18 40+2 8.8+04 0.48 £0.05 0.11£0.01 44+0.5
0 109 +5 57403 19+1 251+ 13 40+2 6.2+03 0.43+0.04 0.13+0.01 35+04
25 51+3 54403 9.5+0.6 159 +38 44 +£2 3.6+0.2 0.32+£0.03 0.12+0.01 28+03
35 38+2 5.6+0.3 6.8+04 139 +7 50+3 28+0.1 0.27 £0.03 0.11+£0.01 25403

? Feed composition: 6 mol% n-C4H¢; feed pressure: 4.4 atm. The permeate side of the film was swept with helium.
" Estimated using n-C4H; mixture properties at the upstream conditions as specified in table footnote “a” and CH, pure gas properties at infinite dilution from

Table 1 and Ref. [11].
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decreases from 175 to 96 as n-C4H,( activity increases from
0.03 to 0.26. As shown in Fig. 13(b), the solubility selectivities
determined from the mixed gas measurements are consider-
ably higher than those estimated from pure gas data, due to
the competitive sorption effect, which decreases CH4 solubil-
ity in the mixture [11]. These differences between pure and
mixed solubility selectivities are even greater at higher
n-C4H;o activity and lower temperature.

Table 3 compares pure and mixed gases n-C4H;o/CH, per-
meability, solubility, and diffusivity selectivities at various tem-
peratures. As shown in Fig. 11(b), the permeability selectivities
determined from mixed gas measurements are higher than those
estimated from pure gas data. The difference is a result of both
higher solubility and diffusivity selectivity in mixtures relative
to those in pure gas. Table 3 presents the ratios of the mixed
gas selectivities to those of pure gas. The mixed gas permeabil-
ity selectivity at 35 °C is 6.8 times higher than that estimated
from pure gas measurements, and the deviation is greater at
lower temperatures: at —20 °C, the mixed gas permeability
selectivity is 32 times higher than the pure gas values. At this
temperature, the solubility and diffusivity selectivities are 8.8
and 4.4 times, respectively, higher than their pure gas values.

5. Conclusions

Although n-C4H, transport properties are essentially unaf-
fected by the presence of CH,, CH4 permeability in PTMSP is
considerably reduced by the presence of n-C4H;q. This depres-
sion in CH, permeability arises from competitive sorption,
which reduces CHy solubility in mixtures, and from blocking,
which reduces CH, diffusivity in mixtures. The mixed gas CH,
permeability data can be predicted using a modified dual mode
mixture permeability model. The n-C4H;o/CH4 permeability
selectivity increases with increasing n-C4H,( upstream activity
and decreasing temperature due to the competitive sorption
and blocking effects, both of which favor n-C4H;, permeation
over that of CHy. The n-C4H,;o/CH, diffusivity selectivity also
increases with increasing n-C4H;o upstream activity, but it
is a weak function of temperature. On the other hand, the
n-C4H;o/CH,4 solubility selectivity decreases with increasing
n-C4H;( activity and temperature. The difference between
the n-C4H;o/CH,4 permeability selectivity in pure gas and mix-
tures in PTMSP is due to both solubility and diffusivity effects.
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