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ABSTRACT

The gas permeability of dry Nafion® films was determined at 2 atm and 35 °C for He, Ha, N, O,
CO,, CH4, CyHg and C3Hg. In addition, gas sorption isotherms were determined by gravimetric
and barometric techniques as a function of pressure up to 20 atm. Nafion® exhibited linear
sorption uptake for low-solubility gases, following Henry’s law, and convex behavior for highly
sorbing condensable gases, indicating rubber-like behavior at 35 °C. XRD results demonstrated
that Nafion® contains bimodal amorphous chain domains with average d-spacing values of 2.3
and 5.3 A. Only helium and hydrogen showed relatively high gas permeability of 37 and 7
Barrer, respectively; all other gases exhibited low permeability that decreased significantly as
penetrant size increased. Dry Nafion® was characterized by extraordinarily high selectivities:
He/H, = 5.2, He/CH4 = 445, He/C;He = 1275, He/C3Hg = 7400, CO,/CH,4 = 28, CO,/C,Hg = 79,
CO,/C3Hg = 460, Ho/CH4 = 84, Ho/CyHg = 241, and Ho/C3Hg = 1400. These high selectivities
could make Nafion® a potential candidate membrane material for dry feeds for helium recovery
and carbon dioxide separation from natural gas and removal of higher hydrocarbons from

hydrogen-containing refinery gases.



INTRODUCTION

Separation processes account for ~45% of all process energy used in chemical and petroleum
refining industries." As the drive for energy savings and sustainability intensifies, more efficient
separation technology becomes increasingly important. Membrane-based technology offers
potential advantages over traditional processes such as cryogenic distillation and amine
absorption in terms of cost, simplicity, size, and energy efficiency.Z’3 Commercial applications
using membranes include onsite nitrogen production from air, hydrogen recovery from various
refinery and petrochemical process streams, dehydration of air and carbon dioxide removal from
natural gals.4'8 Glassy polymers currently used for gas separations (polysulfone, cellulose acetate,
polyimide) are limited in their commercial application spectrum due to their moderate
permeability and selectivity and limited resistance to penetrant-induced plasticization. For feeds
containing condensable components (such as CO,, water vapor, Cs, hydrocarbons, aromatics
etc.) membrane plasticization often leads to highly undesirable loss in mixed-gas
selectivity.“’m’g'13

An emerging materials class that can potentially mitigate some limitations of commercial gas
separation membranes is based on perfluorinated solution-processable glassy polymers,
including Teflon AF® (Du Pont), Hyflon® AD (Solvay), Cytop® (Asahi Glass) and others.'*"
These polymers are known for their excellent chemical and thermal properties as a result of their
strong C-F bond energy (485 kJ/mole) in comparison to C-C (360 kJ/mole) bonds in
hydrocarbon polymers.19 Their unique structure/gas transport property relationships have set the
limits of permeability-selectivity combinations on the 2008 Robeson upper bound for certain gas
pairs such as He/CH,, He/H,, N,/CHy, and HZ/CH4.20 Because of their high selectivities and

chemical inertness, these polymers were proposed for gas separation applications, specifically



natural gas treatment, where condensable species were detrimental to the performance of
traditional polymers as a result of plasticization.'*'®

Another important class of perfluorinated polymers is based on sulfonated ionomers. Nafion®
(Du Pont), the prototypical perfluorinated ionomer, has been the benchmark material in the fuel
cell industry for several decades owing to its high proton conductivity and good chemical and
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thermal stability. The structure of dry Nafion® consists of a hydrophobic perfluorocarbon

backbone and a highly hydrophilic sulfonic acid tail (Figure 1a), which forms a dispersed phase
of ionic clusters with diameters of 1.5 nm in the perfluorocarbon matrix (Figure 1b).2%
Surprisingly, only very limited pure-gas transport data have been reported for Nafion®.?*>! The
first comprehensive study on the gas permeation properties of dry Nafion® was reported by
Chiou and Paul using the constant volume/variable pressure technique.29 The gas diffusion
coefficients were then deduced from the time-lag method. Their study indicated low permeability
in dry Nafion® for all gases other than He and H,. Recently, Fan et al. reported gas permeability
measurements in dry Nafion® at different temperatures using the same technique.30 Sarti’s group
evaluated the effects of temperature and relative humidity on Nafion® transport and found up to
100-fold increases in gas permeability relative to the values obtained under dry test
conditions.”*?

The physical state of dry Nafion® (glass or rubber) has been under debate because of the
significantly varying glass transition temperature values reported by several researchers.”>** As
Nafion® consists of a phase-separated structure, it is expected to have two glass transition
temperatures; one that represents the rubbery PTFE phase and another one induced by the ionic

sulfonic acid clusters. Osborn et al. performed a comprehensive study on the glass transition of

Nafion® using dynamic mechanical analysis (DMA) and concluded that the B transition observed



at -20 °C in Nafion® H* is the glass transition temperature of the rubbery phase in Nafion®.*?
This transition results from fluorocarbon main-chain motions within the framework of a static
physically cross-linked network.*?

Chiou and Paul showed that the CO, permeability increased with pressure, a typical behavior
observed in rubbers, and suggested that this could possibly indicate that the rubbery phase
dominates gas transport.”’ It was concluded that direct gas sorption measurements are necessary
to gain more definitive insight into the role of the rubbery phase and the ionic cluster domains
with respect to gas permeation in Nafion®. To date, to the best of our knowledge, only one study
has reported directly measured gas sorption isotherms in Nafion®, and was limited to He and
H,

In this work, comprehensive data on the pure-gas permeability of He, Hy, N, O,, CO,, CHy,
C,Hg, and C3Hg in Nafion® are reported. Additionally, extensive high-pressure gas sorption
studies were performed using barometric and gravimetric sorption techniques at 35 °C. Diffusion
coefficients were deduced using the solution-diffusion model and the directly measured

permeability and solubility coefficients.
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Figure 1. (a) Chemical structure of Nafion® (sulfonic acid form); x=6.56, y=1; (b) Cluster-

network model for dry Nafion®.

BACKGROUND AND THEORY
Gas Permeability. The permeation of gases and vapors through a non-porous membrane is

35,36
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generally described by the solution-diffusion mode The steady-state gas permeability

through a membrane of thickness / is defined by:
Nl
- o
where P is the gas permeability coefficient (cm’(STP)-cm/cm”-s-cmHg), N is the steady-state gas
flux (cm3(STP)/cm2-s) through the membrane, and p,, and pgw. are the upstream and

downstream pressure at the membrane interface, respectively.

The flux through the membrane is given by the following expression:

dac
N =-D-= )

where D (cm%s) is the effective diffusion coefficient in the polymer, and C
(cm3(STP)/cm3 (polymer)) is the penetrant concentration in the membrane. Combining eq 1 and 2

and integrating across the membrane thickness gives:

Cup— Cdown
P = Dyp—t—2n 3)

Pup~— Pdown

where D,y is the concentration-averaged effective diffusion coefficient, and C,, and Cypy» are the
penetrant concentration at the upstream and downstream side of the membrane, respectively.
When the downstream pressure is much lower than the upstream pressure, eq 3 can be
simplified:

Cu
P = Deff.ﬁ:Deff.S (4)



where S is the solubility coefficient at the upstream side of the membrane.

Gas Solubility in Polymers
Solubility in Rubbery Polymers. Solubility of sparingly soluble gases in rubbery polymers or
phase-separated macromolecules, like Nafion®, where the continuous fluorocarbon phase is
rubbery, is characterized by a linear isotherm in which the gas concentration in the polymer
obeys Henry’s Law: C = Kp-p, where K is the Henry’s constant and p is the gas pressure.3 6-38
However, for strongly sorbing gases (at high penetrant activity), the sorbed concentration
deviates from ideal Henry’s law behavior. In this case, the isotherm is convex to the pressure
axis and the curvature depends upon the level of gas interaction with the polymer matrix. The
magnitude of the polymer-penetrant interaction can then be expressed using the Flory-Huggins
equation:
Ina =In® + (1 —®) + y(1 — )2 (5)
where a is the penetrant activity, @ is the volume fraction occupied by the sorbed penetrant
molecule, and y is the Flory-Huggins interaction parameter. The penetrant activity is expressed

as p/psa, Where pgy 1S penetrant saturation vapor pressure at the temperature of the sorption

experiment.

Solubility in Glassy Polymers. Gas sorption in glassy polymers differs markedly from that in
rubbery polymers. The sorbed gas concentration shows a characteristic concave behavior at low
pressure and is linear at high pressure. Such isotherms are most commonly described by the dual-
mode sorption model, according to which initial gas sorption occurs in the non-equilibrium

excess free volume portion of the polymer matrix generally referred to as the ‘Langmuir sites’ or



‘holes’.*** At a given temperature, a fixed number of holes are available, randomly distributed
within the polymer matrix. Upon hole saturation, gas molecules then dissolve in the equilibrium
dense portion of the polymer matrix — referred to as the ‘Henry’s mode’ or ‘dissolved mode’ of
sorption. The cumulative sorption occurring in the Langmuir holes and Henry’s mode is

mathematically represented as:

C=KD-p+(%) (6)

where C’y is the Langmuir saturation capacity parameter that describes the non-equilibrium
excess free volume features of the glassy state, and b characterizes the affinity between the
penetrant and the Langmuir sites. Gas solubility is generally higher in glassy polymers than in

rubbers due to this excess free volume.

Gas Solubility Correlations. The solubility of gases depends on the relative affinity between
gas and polymer, but more strongly on penetrant condensability — correlated with the gas critical

temperature (T.) or normal boiling point (Tb).36’41

The relationship between solubility and
penetrant condensability is generally expressed as:

InS =a+b-T, (7)
The constant ‘@’ is a measure of the overall sorption capacity and slope ‘b’ represents the
increase in solubility with penetrant condensability. The solubility of all common gases in
hydrocarbon polymers (rubbery and glassy) generally obeys the trend described in eq 7 with b
values in the range of 0.017 — 0.019 K3 However, deviations from the trend are seen for
hydrocarbon gas solubility in perfluorocarbon polymers, as a result of unfavorable

thermodynamic interactions.'® Gas solubility in perfluorocarbon polymers is lower than in

hydrocarbon-based polymers and the slope values range from 0.009 — 0.011 K'.'°



EXPERIMENTAL

Materials. Isotropic Nafion® NRE 211 dispersion-cast films were obtained from Ion Power,
Inc. in the H form. These ion-exchange membranes had nominal thickness of 25 um and
equivalent weight of 1100 g equiv'l. Because Nafion® tends to sorb water readily from the
atmosphere, films were always dried at 80 °C under vacuum for 2 days prior to any
measurements. Film density was determined using mass-volumetric and non-solvent buoyancy
techniques and was equal to 2.01g/cc + 0.014, which is consistent with previously reported
density values for dry Nafion®.*> The pure gases He, Hy, N,, O,, CO,, CH4, C;Hg, C3Hg, and n-
C4H)p were purchased from Abdullah Hashim Group (AHG), KSA with purity of at least

99.99%.

Wide Angle X-Ray Diffraction (WAXD). Wide angle x-ray measurements were conducted
on a Bruker D8 Advance diffractometer using a Cu Ka X-ray source of characteristic wavelength
A =1.54 A with a step size of 0.05° for 5 s/step from 11 to 50°. Samples were pre-dried under
vacuum at 80 °C for 2 days. The diffraction pattern was corrected for background scattering and
the crystalline/amorphous peaks were fit to the Pearson VII distribution function with correlation
coefficients greater than 99%. The relative crystallinity was calculated by integrating the area
under the crystalline peak and dividing by the sum of the fitted integrated peak using the

following equation:

Iy Ier (26)d(26)
Xe = ™, 20)a20)+ > lam (26)d(26)
o ‘¢cr o fam

€))

where x, is the fraction of crystallinity in the polymer, /., I, are the sum of the intensities of the

fitted crystalline and amorphous peaks, respectively, and 20 is the diffraction angle.



Gas Permeation Experiments. The pure-gas permeability of Nafion® was determined by
using the constant volume/variable pressure method.”>** After drying the polymer film sample
under vacuum at 80 °C for 2 days, it was partially masked with an impermeable aluminum tape
such that the area available for gas transport was 5.0 cm®. The sample was then mounted in the
permeation system and exposed to vacuum from both upstream and downstream sides for at least
24 hours at 35 °C to degas the film. Pure-gas permeability of He, H,, N, O,, CO,, CH4, C,Hg,

and Cs;Hg was determined at 2 atm and 35 °C and calculated as follows:

Val dp

P =D-S= 101 —
Pyup ART dt

(10)

where P is the permeability in Barrers (1 Barrer = 10710 cm3(STP)-cm/cm2-s-cmHg), Dup 1 the
upstream pressure (cmHg), dp/dt is the steady- state permeate-side pressure increase (cmHg/s),
Va4 is the calibrated permeate volume (cm?), [ is the membrane thickness (cm), A is the effective
membrane area (cm?), T is the operating temperature (K), and R is the gas constant (0.278
cm’-cmHg /cm’(STP)-K). The ideal selectivity for a gas pair is given by the following

relationship:

Py _ Dy Sa

4 = ==
A/B Pp Dp Sp

(11)

The apparent diffusion coefficient D (cm?/s) was calculated from individual measurements of P
and S (cm3(STP)/cm3 -cmHg) by the relationship: D=P/S, in which the S values were determined

from the barometric sorption technique.

Barometric Gas Sorption. High-pressure gas sorption of Nafion® was carried out using a

custom-built dual-volume pressure decay apparatus based on an original design described
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elsewhere.*> Gas sorption isotherms were determined in the order: He, Hy, Ny, O,, CHy4, CO,,
C,Hg, CsHg and n-C4H;o. All measurements were performed at 35 °C up to pressures of 20 atm
(except for C3Hg ~ 7 atm and n-C4H ;¢ ~ 2 atm). After drying the polymer film sample (~ 1.5 g)
in a vacuum oven at 80 °C for 2 days, a sample was placed in a sample holder and allowed to
outgas under high vacuum over a period of 12 h at 35 °C. After introducing a gas at a desired
pressure into the system, the decay in pressure with time due to gas sorption was continuously
recorded with a data acquisition system using LabVIEW software (National Instruments) until
the sample chamber pressure was constant. The amount of gas sorbed into the polymer was
determined by mass balance. Thereafter, additional gas was introduced into the system to
increase the pressure for the next measurement. This process was repeated until a complete
isotherm was measured for a given gas as a function of pressure. The sample was then degassed
under high vacuum for up to 5 days. To ensure that the sample reverted to its initial physical
state after each gas was tested, one N, measurement was then repeated. Finally, the system was

degassed again and the next gas was introduced into the system.

Gravimetric Gas Sorption. Gas solubility in Nafion® H* was also measured using a Hiden
Intelligent Gravimetric Analyzer (IGA-003, Hiden Isochema, UK), which measures gas
isotherms up to 20 atm. After drying a polymer film sample (~ 100 mg) in a vacuum oven at 80
°C for 2 days, it was mounted in the sorption apparatus and degassed under high vacuum (< 10”7
mbar) at 35 °C until stable sample weight readings were obtained before beginning collection of
the isotherm points. Then, gas was introduced in the sample chamber by a stepwise pressure
ramp of 100 mbar/min until a desired pressure was reached. After equilibrium weight uptake was

recorded, the next pressure point was set and this process was continued until the complete
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isotherm was determined. After the measurement, the sample was degassed as described for the

barometric method and all other gas sorption isotherms were determined in consecutive order.

RESULTS AND DISCUSSION

Microstructure of Nafion®. The chain packing in Nafion® can be qualitatively assessed with the
WAXD spectrum presented in Figure 2. The spectrum indicates semi-crystalline behavior of
Nafion® represented by the crystalline peak at 20 =17.7° and two amorphous halo peaks at 20 =
16.8 and 39.3° consistent with previously reported data.*** The relative crystallinity calculated
by fitting the crystalline and amorphous peaks from Figure 2 is 11.4%. These results agree with
previously reported WAXD data for Nafion® with crystallinity values ranging between 12-
22%.*** Nafion® shows a bimodal amorphous distribution comprising regions with average
chain d-spacings of 2.3 A and 5.3 A calculated from Bragg’s equation, (d= A/2sinf). The region
of very tight chain packing in Nafion® (average d-spacing ~2.3 A over a wide diffraction angle
range of 30-50°) is a consequence of several diffraction peaks from intermolecular correlations.*’
This observation has significant implications for the ability of Nafion® to selectively permeate

helium (dy = 2.6 A) over all other gases, including hydrogen (dx = 2.89 A).

12



amorphous region .

Intensity (A.U.)

crystalline region

10 15 20 25 30 35 40 45 50
20 (degrees)

Figure 2. WAXD profile of Nafion® dried under vacuum at 80 °C for 2 days. The diffraction
spectrum was corrected for background scattering and the crystalline and amorphous peaks were
obtained by applying the Pearson VII distribution function on the original convoluted peak (red

symbols). The black smooth line is the sum of crystalline and amorphous regions in the polymer.

Pure-Gas Permeability. The pure-gas permeation properties of He, Hp, N, O,, CO,, CHy,
C,Hg and C3Hg in Nafion® are presented in Table 1. The gas permeabilities follow the order of
kinetic diameters (dyx): He > H, > CO, > O, > N, > CH4 > C,Hg > C3Hs indicative of the strongly
size-dependent permeation mechanism in Nafion®. The gas permeabilities at 35 °C reported in
this study are in reasonably good agreement with those reported by Chiou and Paul.”’ However,
the values reported by Fan et al. at 30 °C are approximately 20-40% lower than those reported
here.® Possible reasons for this difference include: (i) Different film drying protocol; (ii)
different permeation test conditions. In our study, the same film drying and permeation test

protocol was applied for each film, which minimized possible errors due to sample variations.
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Table 1. Gas Permeability in Dry Nafion® at 2 atm and 35 °C.

Gas Permeability (Barrer)
This study [29]* [30]°
He 37 41 29
H, 7 9.3 5.2
0, 1.01 1.08 0.72
N, 0.24 0.26 0.18
CO, 2.3 2.4 1.4
CH4 0.083 0.102 0.08
C,Hs 0.029 - -
C3Hs 0.005 - -

%1 atm and 35 °C.”

® 4 atm and 30 °C.”"

The permeability properties of Nafion® and rubbery polydimethylsiloxane (PDMS)™, as a
function of critical volume for several gases, are compared in Figure 3. In Nafion®, the
permeability decreases significantly as the sizes of the gas molecules increase as is typically
observed for low free volume glassy polymers. C,H¢ and C3;Hg exhibited very low permeability
owing to their large size (low diffusivity) and commonly ascribed unfavorable hydrocarbon-
fluorocarbon interaction (low gas solubility).'® On the other hand, highly flexible rubbery PDMS
shows markedly different permeation behavior: more condensable gases with large molecular
size such as C,Hg and CsHg exhibit higher permeability than smaller gases such as He and H,.”°
In fact, PDMS shows about 6 orders of magnitude higher C;Hg permeability than Nafion®. This
behaviour results directly from the highly flexible chain architecture of PDMS (high diffusivity)

and the tight polymer chain packing of Nafion® in its rubbery fluorocarbon and ionic sulfonic
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acid domains (low diffusivity). In addition, but to a lesser extent, Nafion® also has lower gas

solubility than conventional rubbery or glassy polymers, as discussed below.
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Figure 3. Gas permeability in dry Nafion® and rubbery PDMS™ as a function of penetrant

critical volume, V. at 35 °C.

Gas Solubility and Diffusion Coefficients. The pure-gas solubility coefficients for He, Hy,
N,, O,, CO,, CH4, CyHg, C3Hg and n-C4H,o are presented in Table 2. In this study, the gas
solubilities were directly measured using barometric and gravimetric methods and are generally
in good agreement. Previously reported solubility values by Chiou et al.”? and Fan et al.*® were
calculated from the diffusion time-lag method, which is prone to errors especially for polymers
with low gas solubility.51 The solubility data for He and H,, measured using the barometric
method in this study agree reasonably well with the gravimetrically measured values reported by

Smith et al.**
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Table 2. Gas Solubility Coefficients in Dry Nafion® at 2 atm and 35 °C.

This work Reference

Gas (Gravimetric) (Barometric) (Time lag)a (Time lag)b (Gravimetric)®

Gas Solubility S (10~ cm’(STP)/cm’-cmHg)

He - 0.52 - 0.28 0.49

H, - 0.69 0.97 0.75 0.84
N, 1.3 1.3 15 0.97 -
0, 2.4 1.7 2.4 2.3 -
CH, 2.4 1.9 3.6 12 -
CO;, 9.5 8.7 14.5 9.0 -
C,Hs 4.8 4.9 - - _
C;Hyg 7.9 7.2 . ; ]
n-C4Hjg 16.2¢ 17.3¢ - - ]

* Solubility coefficients calculated by S=P/D from permeability and diffusion time-lag method (1 atm; 35 °C).”
® Solubility coefficients calculated by S=P/D from permeability and diffusion time-lag method (4 atm; 30 °C).”
¢ Solubility coefficients measured directly by gravimetric method (10 atm; 35 °C).**

4 Solubility coefficients measured at latm and 35 °C.

Sorption isotherms for He, H;, N,, O,, CO,, CH4, and C;Hg in Nafion® measured at 35 °C
using the barometric technique, shown in Figure 4(a) and (b), were linear up to 20 atm, following
Henry’s law. The isotherms of propane and n-butane in Figure 4(c) were convex to the pressure
axis, which is well described by the Flory-Huggins theory for gas sorption in polymers. For
comparison, isotherms determined by gravimetric sorption are in good agreement with those

measured by the barometric sorption technique (Figure S1la-c).
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Figure 4. Sorption isotherms in dry Nafion® measured barometrically at 35 °C: (a) He, H, No,

O»; (b) CO,, CH4, C;Hg; and (c) C3Hs, n-C4Hjo.

The solubility of each penetrant in Nafion® as a function of pressure (Figure 5a) is compared
with solubility values in rubbery PDMS (Figure 5b).”® Both polymers show similar qualitative
solubility trends. For low sorbing gases, such as H, and N, the absolute solubility values are
similar in both polymers. However, for more highly sorbing hydrocarbon gases, such as C;Hg,
Nafion® exhibits up to 10-fold lower gas sorption than PDMS, most likely due to unfavorable

fluorocarbon polymer-hydrocarbon gas interactions.'
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Figure 5. (a) Pressure dependent gas solubility in dry Nafion® measured barometrically at 35 °C
for He, Hy, Ny, O,, CH4, CO,, C;Hg, C3Hg, and n-C4H and (b) Pressure dependent solubility

data for PDMS from reference [50] at 35 °C for H,, N,, O,, CH4, CO,, C,Hg, and C5Hs.

Figure 6 presents gas solubility in Nafion® and a perfluorinated glassy polymer (Cyt0p®)16 at
35 °C as a function of critical temperature. The solubility coefficients generally scale with gas
condensability: He < H, < N; < O, = CHy4 < C;Hg < C3Hg. However, Nafion® and Cytop® have
unusually high CO; solubility which deviates from the general trendline in Figure 6. Previous
studies highlighted the unusual CO,/perfluorocarbon interactions responsible for enhanced CO,
solubility in perfluorinated liquids, which may also explain the observed higher solubility of CO,
in Nafion® and Cytop®.”>> Additionally, it is well known that polymers containing polar
moieties exhibit larger interaction with polar gases such as CO,.”* Thus, the interaction of
quadrupolar CO, with the highly polar sulfonic acid group in Nafion® may have significant

influence on its overall solubility.
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Figure 6. Solubility of gases in perfluorinated polymers at 35 °C: Nafion® and glassy Cytop®’,
as a function of critical temperature, T.. The best-fit trendline through the experimental data for

Nafion® is: In S = -7.56 + 0.0078 T. [K].

Interestingly, the trend line through the solubility data of Nafion® differs from that of other
perfluorinated polymers, such as Cytop®. This is primarily due to the extremely low hydrocarbon
solubility observed in Nafion® with a slope value of 0.0078 K' which is significantly lower than
the general slope value for gas solubility in hydrocarbon- (0.017-0.019 K')*® and other
perfluorocarbon-based (0.009-0.011 K™)'® polymers. The deviation in slope for Nafion®
compared to other perfluorinated polymers may be due to the hydrophilic sulfonic acid group
that creates an additional unfavorable environment for sorption of the hydrocarbon penetrants in

the polymer matrix. This lower solubility has significant implications for the separation
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properties of gas pairs with large size differences: diffusivity selectivity to dominate overall

permselectivity.

Pure-gas diffusion (D) coefficients in Nafion® calculated from the ratio of permeabilities and
directly measured barometric sorption data at 2 atm and 35 °C are shown in Table 3. As
expected, diffusivity decreases with increasing kinetic diameter (except for CO,): He > H, > O,
> CO; > N, > CHy > CHg > CsHs. The extent of these differences is extraordinary: the
diffusivity of He is ~ 4 and 5 orders of magnitude higher than that of C,He and C;Hsg,
respectively. This result highlights the exceptional molecular sieving properties of Nafion® for
He/C,, hydrocarbons as well as H,/C,, hydrocarbons and CO,/C,; hydrocarbons, as shown in
Table 4. Even similarly sized He (dxg= 2.60 A) and H, (dy= 2.89 A) can efficiently be separated
due to the strikingly high He/H, diffusivity selectivity of 6.8 and permselectivity of 5.2, which
are the highest values for the He/H; pair of any known polymer reported to date. It is important
to note that the high permselectivities of Nafion® do not solely result from its high diffusivity
selectivities. The extremely low hydrocarbon gas solubilities lead to relatively small “inverse”
solubility selectivity values for small, low sorbing gases over large, more condensable

hydrocarbon gases (S(He) and S(H;) over Shydrocarbons <1).

21



TABLE 3. Summary of Gas Diffusivity Coefficients in Dry Nafion® at 2 atm and 35 °C.

Gas This study® Reference [29]°  Reference [30]°
Diffusivity (10 cm?/s)
He 714 - 1076
H, 104 95.8 69
(0)3 5.9 4.57 3.19
CO, 2.7 1.68 1.56
N, 1.8 1.73 1.82
CHy4 0.45 0.28 0.66
C,Hg¢ 0.058 - -
CsHs 0.007 - B}

*Diffusion data were calculated from gas permeability and barometrically measured gas
solubility values via solution-diffusion model (D=P/S).

® Determined by diffusion time-lag method at 35 °C.

¢ Determined by diffusion time-lag method at 30 °C.

Table 4. Selectivity of Common Gas Pairs in Dry Nafion® at 2 atm and 35 °C.

Gas Pair P./P, D./Dy, S./Se
He/H, 52 6.9 0.75
He/CH4 445 1590 0.28
He/C,Hs 1275 12750 0.10
He/CsHg 7400 102800 0.072
H,/CH4 84 232 0.36
H,/C,He 241 1790 0.135
H,/C;Hg 1400 14580 0.096
CO,/CH4 28 6 4.67
CO,/C,Hg 79 47 1.68

CO,/C3Hs 460 300 1.53




Note: Solubility data were calculated using barometric technique and diffusion data were

obtained from D=P/S.

It is important to point out that this study was only focused on detailed evaluation of the intrinsic
pure-gas transport properties of dry Nafion®. A water-swollen Nafion® membrane would
certainly exhibit poorer gas separation performance due to loss of its size-sieving capabilities

induced by enhanced chain mobility.

CONCLUSIONS

Nafion® exhibits rubber-like gas solubility behavior at 35 °C as evidenced by linear sorption
isotherms for low sorbing gases (e.g. N,, O,, CHy4 etc.) and convex sorption isotherms of more
highly sorbing propane and n-butane. Hydrocarbon gas sorption in Nafion® is significantly lower
compared to that observed in other perfluorinated glassy polymers; the best-fit trendline through
the experimental gas sorption data as function of critical gas temperature for Nafion® is: In S = -
7.56 + 0.0078 T.. WAXD data show that Nafion® contains tightly packed amorphous chain
domains with sharp size-sieving regions separating gases based on their molecular sizes, which is
more commonly observed in stiff-chain, low free volume glassy polymers. The strong size-
sieving effect of dry Nafion® resulted in extraordinarily high permselectivity and was especially
pronounced between small gases (He, H,, CO,) and large hydrocarbon gases (Cy,). This attribute
can potentially be harnessed for dry feed steams for helium recovery and CO, removal in natural
gas applications, and hydrogen recovery from refinery gas streams. However, It is important to
point out that this study was only focused on detailed evaluation of the intrinsic pure-gas

transport properties of dry Nafion®. A water-swollen Nafion® membrane would certainly exhibit
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much poorer gas separation performance due to loss of its size-sieving capabilities induced by

enhanced chain mobility, resulting in a significant loss in selectivity.’'

ASSOCIATED CONTENT
Supporting Information
Gravimetric gas sorption isotherms are provided in the Supporting Information which is
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