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A B S T R A C T

Halogenated polymers have emerged as interesting materials for membrane gas separation. Herein, we de-
monstrate that a combination of F and Cl substituents in polymers provide unexpectedly superior He/gas se-
paration properties, as exemplified by polychlorotrifluoroethylene (PCTFE). PCTFE exhibits a He permeability of
26 Barrers at 35 °C and pure gas selectivity of He/H2, He/CO2, and He/CH4 of 6.2, 53, and 1100, respectively.
These selectivity values are among the highest reported for polymers, and the separation performance is very
close to the Robeson's upper bounds. The effect of crystallinity in PCTFE on gas transport properties is discussed,
and the gas transport properties in PCTFE are compared with other polyethylene (PE) analogues such as PE,
polyvinyl chloride (PVC), polyvinylidene fluoride (PVDF), and polytetrafluoroethylene (PTFE). The effect of F
and Cl substituents on gas solubility is also elucidated using a variety of hydrocarbons and halogenated liquids.
The F substituents lead to unexpectedly high He solubility and exhibit unfavorable interactions with H2 and CH4,
while the Cl substituents increase solubility parameter and size-sieving ability, both of which contribute to the
superior He/gas separation properties (particularly He/H2 and He/CH4). The understanding of the role of F and
Cl substituents of polymers in gas transport properties can be useful in designing high performance polymers for
membrane gas separation.

1. Introduction

Polymers with high gas permeability and selectivity are of great
interests for membrane gas separation, an energy-efficient gas separa-
tion technology [1–3]. However, there is a trade-off between gas per-
meability and selectivity, i.e., polymers with higher permeability ex-
hibit lower selectivity, and vice versa [4–6]. Such a trade-off is ascribed
to an intrinsic dilemma that polymers with higher free volume exhibit
higher permeability but weaker size-sieving ability and thus lower se-
lectivity [7,8]. An effective strategy to design polymers overcoming the
trade-off is to incorporate functional groups that interact with gases,
increasing solubility selectivity and thus permeability selectivity
without significantly decreasing permeability [5,6,9–12].

Halogenated polymers have demonstrated interesting gas separa-
tion properties [13–19]. For example, perfluoropolymers have un-
favorable interactions with hydrocarbons such as CH4 and thus, they
have been considered for N2/CH4 and CO2/CH4 separation
[4,15,16,20,21], and they have unexpectedly high helium solubility,
resulting in high He/N2 and He/CH4 separation performance [20–23].
The upper bounds for N2/CH4, He/H2 and He/CH4 separation in the

Robeson's plots are governed by the amorphous glassy per-
fluoropolymers such as Hyflon® AD and Teflon® AF, which are copoly-
mers of tetrafluoroethylene (TFE) and perfluorodioxlanes [4,20,21].
The TFE component provides high selectivity of He/CH4 and He/H2,
while the perfluorodioxlane disrupts the TFE crystallization and pro-
vides high gas permeability. Recently, a series of copolymers of chlor-
otrifluoroethylene (CTFE) and perfluoro(2-methylene-4,5-dimethyl-
1,3-dioxolane) (PFMDD) have been synthesized, and exhibit superior
He/CH4 and CO2/CH4 separation properties [20,21]. For example, a
copolymer comprising 30% CTFE and 70% PFMDD shows He/CH4 and
CO2/CH4 selectivity of 480 and 48, respectively, which is very attrac-
tive for practical separations [24].

Despite the success in exploring these fluoropolymers for membrane
gas separation, there lacks systematic understanding of gas transport
properties in the polymers containing Cl and F substituents. In this
work, we selected polychlorotrifluoroethylene (PCTFE) to elucidate the
effect of F and Cl substituents on gas transport properties. There are few
data on gas transport in PCTFE in the literature, though it is commer-
cially available [25]. We systematically determine physical properties
of PCTFE (including crystallinity and fractional free volume) and
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examine the effect of fluorine and chlorine groups on membrane gas
separation properties. The effect of F and Cl on gas solubility is also
elucidated using exampled halogenated organic liquids. Surprisingly,
this simple polymer containing both F and Cl substituents demonstrates
great potential for He/gas and H2/CO2 separation. Understanding the
role of F and Cl substituents in the structure/gas separation property
relationship is valuable to design advanced polymers with superior gas
separation properties.

2. Experimental section

2.1. Materials

Thin films of PCTFE (under the tradename of HydroBlock® P600TR)
were generously provided by Honeywell Performance Materials and
Technologies (Pottsville, PA). Gas cylinders of N2, Ar, H2 and He with a
purity of 99.999%, CH4 and CO2 (99.9%), and C2H6 (99.3%) were
obtained from Praxair, Inc. (Tonawanda, NY).

2.2. Characterization of physical properties of PCTFE films

Density and thickness of the PCTFE films were determined using the
geometric method. The weight was measured by an analytical balance,
Model XS 64 (Mettler-Toledo, Columbus, OH), and the volume was
determined using Accu-Pyc II 1340 Gas Pycnometer (Micromeritics
Instrument Corporation, Norcross, GA). Films of about 0.3 g were used
to achieve high accuracy of the volume measurement. Because the
commercial films have uniform thickness, the thickness is calculated
from the volume and known surface area.

An Ultima IV X-ray diffractometer (Rigaku Corporation, Tokyo, JP)
with CuKα radiation (with a wavelength of 1.54 Å) was used to char-
acterize the PCTFE films at a scanning range of 5−50° and a scanning
rate of 0.5°/min. The obtained Wide-angle X-Ray Diffraction (WAXD)
spectra were analyzed using Rigaku PDXL software 4.2.2 to estimate the
crystallinity.

Differential scanning calorimetry (DSC, Q2000, TA Instruments,
New Castle, DE) was used to determine thermal transitions of the
PCTFE films. The measurement was performed at a heating rate of
10 °C/min from 25 °C to 250 °C under a nitrogen gas flow of 50 ml/min.
Universal Analysis 2000 software was used to determine glass transition
temperature (Tg), melting temperature (Tm), and heat of crystallization
and melting.

2.3. Determination of pure-gas permeation and sorption properties

Pure-gas permeability of CH4, N2, Ar, CO2, H2, and He through
PCTFE films was determined using a constant volume/variable pressure
apparatus at 35 °C [26,27]. A PCTFE film masked using an aluminum
tape with an active area of 2.0 cm2 was mounted in a permeation cell
(Millipore Corporation, Bedford, MA). The steady-state rate of pressure
increase in the downstream with a known volume was used to calculate
gas permeability. Gas permeability (PA) has units of Barrers, where 1
Barrer = 10−10 cm3(STP) cm/(cm2 s cmHg).

Pure-gas solubility of CH4, Ar, CO2 and C2H6 in PCTFE films was
determined using a dual-volume and dual-transducer apparatus based
on a pressure decay method [26,28]. Polymer films were placed in a
sample cell and evacuated overnight. A known amount of gas was then
introduced into the sample cell, and the pressure in the sample cell
decreased due to the gas sorption by the polymer. The gas solubility
(SA) can be calculated using the following equation:

=S C p/A A A (1)

where CA is the concentration of the sorbed gas (cm3 (STP)/cm3

polymer) in the polymer at an equilibrium pressure of pA (atm). The
determined solubility of CH4, Ar, CO2 and C2H6 has an uncertainty less
than 10%, which was estimated based on error propagation and

analysis [29]. The sorption of He, H2 and N2 was too low to determine
using this method [26].

Within the framework of the solution-diffusion mechanism, gas
diffusivity (DA, cm2/s) in PCTFE can be calculated using the following
equation [30]:

=D P S/A A A (2)

3. Results and discussion

3.1. Fractional free volume and crystallinity in PCTEF

Gas transport properties in polymers are influenced by polymer
morphology, such as fractional free volume (FFV) [31] and crystallinity
in volume percentage (φc) [28,32,33]. The FFV of the amorphous phase
polymer can be estimated using the following equation [31,34]:

= −FFV ρ V1 a ο (3)

where ρa is the density of amorphous PCTFE, and Vo is the specific
occupied volume at 0 K, which can be estimated as 1.3 times of van der
Waals volume [34]. Based on a value of 2.077 g/cm3 for ρa [35], the
FFV in PCTFE is estimated to be 0.170.

Polymer crystallinity can be estimated using three methods, i.e.,
density, heat of melting from the DSC, and WAXD spectrum [28]. The φc
values from these three methods are described below.

First, the φc can be estimated from the polymer density (ρP) using Eq.
(4) [28]:

=
−
−

×φ
ρ ρ
ρ ρ

100%c
P a

c a (4)

where ρc is the density of crystalline phase (2.187 g/cm3) [35]. Based
on the density value of 2.137 g/cm3 determined from the geometric
method in this study, the φc has a value of 54%.

Second, the φc can be estimated from the DSC curve shown in Fig. 1.
As temperature increases from 25 °C to 250 °C, the polymer exhibits a
Tg of 63 °C, a crystallization peak at 89 °C, and a melting peak at 211 °C.
These thermal transitions are consistent with those reported in the lit-
erature [36–38].

The φc value can be estimated from the heat of melting using the
following equation [28,39,40]:

Fig. 1. The first heating scan of DSC thermogram for PCTFE films. The inset shows the
thermal transitions of Tg and crystallization.
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where ΔHm is the melting enthalpy at 211 °C (20.6 J/g), ΔHc is the
crystallization enthalpy at 89 °C (0.13 J/g), and ΔHm

100% is the melting
enthalpy of 100% crystalline PCTFE. With a ΔHm

100% value of 40± 5 J/g
for PCTFE [38], the obtained φc value is 50± 6%, which is consistent
with that obtained from the density measurement.

Finally, the crystallinity can also be determined from the WAXD
spectrum, as shown in Fig. 2. The PCTFE crystals have characteristic
peaks at 2θ values of 16.0° (101), 16.4° (102), 17.0° (103), and 18.0°
(104), and the amorphous PCTFE has a halo at a 2θ value of 16° [35].
The spectrum can be de-convoluted to the amorphous and crystalline
phase using the Pseudo-Voigt approximation method and Rigaku PDXL
XRD analysis software, where the sharp and broad peak correspond to
the crystalline and amorphous phase, respectively [40]. The weight
percentage crystallinity is calculated by the area ratio of crystals peaks

to all peaks and halos, which yields a value of 40% for φc.
To summarize, the φc values for the PCTFE film are 54%, 50%, and

40% based on the density, DSC and XRD results, respectively. These
values are more or less consistent, considering the vastly different
mechanisms [28]. In the following analysis, the φc value (50%) from the
DSC result is used, since the DSC is the most widely used approach for
crystallinity measurement among these methods.

3.2. Gas permeability of PCTFE

Fig. 3a presents pure-gas permeability of CH4, N2, Ar, CO2, H2 and
He in PCTFE films at 35 °C as a function of feed pressure. The CH4

permeability was only determined at 15 atm, because the gas flux at
lower pressures was too low to measure. For all other gases except CO2,
permeability is almost independent of the feed pressure, indicating that
the film is defect-free. CO2 permeability slightly increases with in-
creasing pressure, due to the plasticization of the polymer by the sorbed
CO2 [8,41]. Fig. 3b shows the gas permeability as a function of critical
volume of gas molecules (as summarized in Table 1). Gas permeability
decreases with increasing the critical volume or penetrant size, which is
typical for glassy polymers with strong size-sieving ability. Fig. 3b also
compares the gas permeability obtained in this work with those re-
ported in the literature [42,43], where the measurements were per-
formed with few gases at different temperatures, and the polymer
crystallinity may not be reported [42]. As shown in Fig. 3b, there is a
good consistency in He and H2 permeability between this work and the
literature [42], while this study yields higher N2 permeability and

Fig. 2. WAXD spectrum of the PCTFE film. The peak at the 2θ value of 16° is de-con-
voluted to the crystalline and amorphous phase.

Fig. 3. Pure gas permeability of the PCTFE film at 35 °C as a function of (a) feed pressure, and (b) critical volume of gas molecules. In (b), the symbol of represents the permeability at
7.8 atm from this work, the symbol of Δ represents the permeability at 20 °C in PCTFE with an unknown crystallinity [42], and the symbol of ○ represents the permeability of N2 at 25 °C
and CO2 at 40 °C in PCTFE (Kel-F 300 with a crystallinity of ~30%) [43].

Table 1
Critical temperature (Tc), critical volume (Vc), and polarizability (α) for relevant gases
studied in this work [44].

Gas Tc (K) Vc (cm3/mol) α × 1024 (cm3)

He 5.2 57.5 0.205
Ne 44 41.9 0.394
H2 33 64.4 0.80
O2 154 73.4 1.57
Ar 132 74.6 1.64
N2 126 89.4 1.74
Kr 209 92.2 2.48
CH4 190 98.6 2.59
CO2 304 94.1 2.91
C2H6 305 147 4.47
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lower CO2 permeability than those in the literature, presumably due to
the difference in the testing temperatures and polymer morphology
such as crystallinity [43].

In semi-crystalline polymers, the crystalline phase is often in-
accessible to penetrants, and thus, gas sorption and diffusion only occur
in the amorphous phase. The following simple models can be used to
estimate gas transport properties in the amorphous phase [28,32,33]:

= ×S S φA SC A am am, , (6)

= ×P P φA SC A am am, ,
2 (7)

where φam is the volume fraction of the amorphous phase in the
polymer, and the subscripts of SC and am indicate the properties of
semi-crystalline and amorphous polymers, respectively. The amor-
phous-phase diffusivity (DA am, ) can be calculated as the ratio of PA am, to
SA am, . In this study, the φam is 50% in PCTFE, since φc equals to 50%.

Table 2 records the estimated permeability of amorphous phase
PCTFE and He/gas selectivity at 7.8 atm and 35 °C, which are compared
with those in an amorphous hydrocarbon analogue (polyethylene, PE)
and perfluoropolymer analogue (polytetrafluoroethylene, PTFE).
PCTFE exhibits lower gas permeability than PE and PTFE, except for
He. More importantly, PCTFE shows unusually high He/gas selectivity,
compared with its hydrocarbon and perfluoropolymer analogue. For
example, the CO2/N2 selectivity in PCTFE is 14, comparable to 12 in PE
and 8.2 in PTFE [45–47]. On the other hand, the He/gas selectivity in
PCTFE is one to two orders magnitude higher than that in PE and PTFE.

Interestingly, PCTFE also shows a H2/CO2 selectivity of 8.5 at 35 °C, an
attractive performance for H2 purification and CO2 capture. The details
will be discussed in Section of Superior gas separation performance of
PCTFE.

3.3. Gas solubility and diffusivity in PCTFE

Fig. 4a presents sorption isotherms of CH4, Ar, C2H6 and CO2 in the
PCTFE at 35 °C. The isotherms for CO2 and C2H6 are slightly concave
due to the Langmuir sorption [49]. For simplicity, these sorption data
are fitted using the Henry's law (as shown in Eq. (1)). In general, gas
solubility increases with increasing condensability (as indicated by
critical temperature). Fig. 4b exhibits the gas diffusivity in the amor-
phous phase PCTFE as a function of penetrant critical volume. As ex-
pected, gas diffusivity decreases with increasing penetrant critical vo-
lume.

Table 3 compares physical properties in PCTFE with representative
fluorinated and chlorinated PE analogues, such as solubility parameter
(δP) and Tg. Asymmetric substitutions of F and Cl in PE increases both δP
and Tg. For example, introducing F and Cl substituents to PE increases
Tg to -40 °C in PVDF) and 71 °C in PVC, respectively [52], and the in-
troduction of Cl in PTFE increases the δP (from 12.7 to 15.7 MPa0.5) and
Tg (from −110 to 63 °C) in PCTFE. As shown in Fig. 4b, the DA am, values
follow the order of PE>PTFE>PVDF>PVC ≈ PCTFE, which is al-
most the same as the increasing order of Tg, except PE. In general, as
polymer chains become more rigid (as indicated by higher Tg), it be-
comes more difficult for polymer chains to open up a gap for gas mo-
lecule to diffuse and thus, gas diffusivity decreases [7].

Gas solubility is governed by its condensability and interactions
with the polymer, and it is often influenced by the polymer FFV [7]. The
FFV values for the amorphous phase PE analogues are calculated using
Eq. (3) and density values of 0.854, 1.373, 1.660 and 2.040 g/cm3 for
PE [45], PVC [59], PVDF [60], and PTFE [61], respectively. As shown
in Table 3, the CO2 solubility increases as the δP increases towards
23.2 MPa0.5, close to the solubility parameter of CO2 (21.8 MPa0.5),
which can be explained by the regular solution theory [10]. For ex-
ample, PVDF with a δP of 23.2 MPa0.5 has higher CO2 solubility than PE
with a δP of 17.0 MPa0.5. On the other hand, the PTFE has lower δP but
higher CO2 solubility than PE, which can be ascribed to the greater FFV
in PTFE. PCTFE also shows high CO2 solubility among these polymers,
despite its relatively low values of δP and FFV.

Table 3 also compares gas solubility selectivity in the halogenated

Table 2
Estimated amorphous-phase gas permeability (PA,am) and He/gas selectivity (αHe/gas) in
PCTFE at 35 °C, compared with those in amorphous PE and PTFE at 25 °C.

Gas PCTFE PEa PTFEb

PA,am (Barrers) αHe/gas PA,am (Barrers) αHe/gas PA,am (Barrers) αHe/gas

CH4 0.023 1100 8.9 1.7 0.76 16
N2 0.033 790 3.0 5.0 1.4 8.6
Ar 0.094 280 8.4 1.8 2.0 6
CO2 0.48 53 38 0.4 11.5 1.0
H2 4.2 6.2 – – 9.6 1.2
He 26 15 12

a Alathon 14 from [48].
b He, H2, Ar and CH4 permeability are from [46], and CO2 and N2 permeability are

from [47].

Fig. 4. (a) Sorption isotherms of CH4, Ar, C2H6 and CO2 in semi-crystalline PCTFE films at 35 °C. The lines are the best fits based on Eq. (1). (b) Effect of penetrant critical volume on the
estimated diffusivity (DA am, ) in amorphous phase polymers of PCTFE, PVC [50] and PVDF [51] at 35 °C, and PTFE [47] and PE [45,48] at 25 °C.
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PEs. The CO2/N2 and CO2/Ar solubility selectivity increases with in-
creasing δP values, due to the increased CO2 solubility. There appears
no specific interactions between halogenated groups and N2 or Ar. The
CO2/CH4 solubility selectivity increases with increasing δP values and it
is influenced by the F substituents, since fluoropolymers are hydro-
carbon-phobic [15,23]. For example, PTFE has higher CO2/CH4 solu-
bility selectivity than PE despite lower δP value. PCTFE exhibits higher
CO2/CH4 solubility selectivity than PE due to the F substituents, but
lower selectivity than PVC due to the lower δP value. Similarly, PCTFE
shows a CO2/C2H6 solubility selectivity of 1.1, which is much higher
than PE (0.35) [45], because fluorinated polymers are hydrocarbon-
phobic and thus have low C2H6 solubility and high CO2/C2H6 solubility
selectivity [15].

3.4. Effect of halogen groups on CO2/light gas solubility selectivity

To elucidate the effect of halogen groups on CO2/gas solubility se-
lectivity, gas solubility data in halogenated organic liquids from the
literature are used, since liquids are good markers for polymers with
similar functional groups, and there are more abundant data of gas
sorption in liquids than polymers. Fig. 5 shows the solubility of CO2, Ar,
N2 and CH4 in representative halogenated liquids with varying values of
solubility parameter [62–64]. Gas solubility in liquids is often described
using the regular solution theory. The CO2 solubility is modeled using
Eq. (8) [10]:

= ⎛

⎝
⎜

⎞

⎠
⎟ −

−( )S
V p

V δ δ
RT

ln ln 22414
CO

CO CO
sat

A L CO
2

2
2 2

2

(8)

where VCO2 is partial molar volume of CO2 in organic liquids (45 cm3/
mol), pCO

sat
2
is CO2 saturation vapor pressure at 25 °C (63.4 atm), and δL

and δCO2 are solubility parameter of the organic liquid and CO2, re-
spectively. As shown in Fig. 5a, the model satisfactorily describes CO2

solubility in halogenated organic liquids with a δCO2 value of
21.8 MPa0.5 [10].

The solubility of light gases such as N2, Ar, and CH4 in organic li-
quids can be modeled using Eq. (9) [10]:

= +S a bδln A L
2 (9)

where a and b are adjustable constants. As shown in Fig. 5b, the b va-
lues obtained from the best fits are −0.0060, −0.0049, and −0.0029
for N2, Ar, and CH4, respectively.

Fig. 6a shows that the CO2/N2 solubility selectivity increases with
increasing the δL values, and it is consistent with the trend in polymers.
CH2Cl2 exhibits the highest δL value and thus highest CO2/N2 solubility
selectivity among the liquids studied. Perfluorinated liquids show both
lower δL and CO2/N2 solubility selectivity than hydrocarbon analogues,
as indicated in C7F16 and C7H16. On the other hand, asymmetric sub-
stitution using Cl increases the δL value and thus the CO2/N2 solubility
selectivity, as exemplified in C6H5Cl and CH2Cl2.

Fig. 6b exhibits that CO2/CH4 solubility selectivity increases with

Table 3
Comparison of physical properties and amorphous-phase gas solubility (cm3 (STP)/cm3 atm) in PCTFE with PE and other halogenated PEs at 35 °C, except for PE and PTFE (25 °C).

Polymers PE [45] PVDF [51] PTFE [46,47] PVC [50] PCTFE
Structure

φam 57% [48] 49% [51] 40% [46,47] 100% [50] 50%
Tg (°C) −36 [53] −40 −110 [54] 71 [55] 63
δP (MPa0.5) [34] 16.2 [56] 23.2 [57] 12.7 [56] 19.8 [56] 15.7 [58]
FFV 0.191 0.156 0.215 0.165 0.170
SCO2 0.45 1.5 0.92 0.96 1.5
S S/CO N2 2 11 31 7.5 26 –

S S/CO Ar2 4.4 19 3.4 11 4.2

S S/CO CH2 4 2.2 16 3.7 4.9 3.5

Fig. 5. Solubility of (a) CO2 and (b) N2, CH4 and Ar in a variety of organic liquids including halogenated ones at about 25 °C. In (a), the symbol of ○ represents the CO2 solubility
coefficient in organic liquids from [10].
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increasing the δL value. The rate of increase in CO2/CH4 solubility se-
lectivity is lower than that in CO2/N2 solubility selectivity, partially
because N2 solubility decreases more rapidly with the δL value than CH4

(cf. Fig. 5b). The fluorinated liquids show higher CO2/CH4 solubility
selectivity than non-fluorinated ones (including hydrocarbon and
chlorinated liquids), due to the unfavorable interactions between the
fluorinated liquids and CH4. These behaviors are also consistent with
those in polymers, as shown in the green circles. The unfavorable in-
teraction between fluorine and CH4 also results in higher N2/CH4 so-
lubility selectivity in fluorinated liquids than hydrocarbons and
chlorinated ones, as shown in Fig. 6c.

3.5. Effect of halogen groups on noble gas/light gas solubility selectivity

Perfluoropolymers have been demonstrated to have unfavorable
interactions towards H2, but not He. For example, the He/H2 solubility
selectivity in Teflon AF1600 and Nafion is much higher than that in
hydrocarbon based polymers [22]. To elucidate the effect of F and Cl on
the interactions with noble gases, Fig. 7a presents He/H2 solubility
selectivity in halogenated liquids. H2 with a Tc of 33 K is more con-
densable than He with a Tc of 5.2 K and thus, H2 exhibits higher

solubility than He in liquids. For example, hydrocarbon liquids (such as
pentadecane, benzene, cyclohexane, dodecane, heptane, ethanol, pen-
tane, and hexane) show He/H2 solubility selectivity between 0.25 and
0.40. On the other hand, the fluorinated liquids show much higher He/
H2 solubility selectivity than non-fluorinated liquids including hydro-
carbons and chlorinated ones, and the δL value has negligible effect on
the He/H2 solubility selectivity. Fig. S2a in the Supplemental
Information also shows that increasing fluorine to carbon ratio in the
liquids increases He solubility.

Fig. 7b presents Ar/O2 solubility selectivity in halogenated liquids.
Ar with a Tc of 151 K has condensability similar to O2 (with a Tc of
154 K). In contrast to He/H2 separation, the presence of F or Cl has
negligible effect of Ar/O2 solubility selectivity, indicating the lack of
any specific interactions between fluorine and Ar. Fig. S2b in the
Supplemental Information also shows that increasing the F/C ratio in
the liquids has no effect on the Ar solubility.

Fig. 8 shows the relative solubility (Sr) of noble gases and H2 in
various liquids to that in pentane at 25 °C. For non-fluorinated liquids
including hydrocarbons and chlorinated ones, all of the gases show
similar Sr values, suggesting the absence of any specific interactions. On
the other hand, for fluorinated liquids, He and Ne exhibit much higher

Fig. 6. Solubility selectivity of (a) CO2/N2, (b) CO2/CH4, and (c) N2/CH4 at ~25 °C in representative hydrocarbon and halogenated liquids with different values of solubility parameter
[65,66]. Gas solubility in CH2Cl2 and CHCl3 were taken from [64], and the data in CF2Cl2 are extrapolated [62,67]. The solubility in other liquids was taken from [62] for CO2, [67] for
N2, and [68] for CH4. The lines are to guide the eye. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Sr values than H2 and other noble gases (i.e., Ar and Kr). The Sr de-
creases in the order of He>Ne>H2>Ar>Kr, which is similar to
that for the gas polarizability values, as shown in Table 1. We suspect
that the unfavorable interactions between the F substituents and gases
increases with increasing the gas polarizability. Greater values of po-
larizability suggest that electron clouds of gas molecules can be more
easily disrupted by an electric field, presumably resulting in the greater
polarity and more unfavorable interactions with the C-F bonds. For
example, He and Ne have much lower polarizability values than H2 and
therefore, the Sr values for He and Ne are much higher than H2. While
the concept of polarizability can satisfactorily explains the gas solubi-
lity data in Fig. 8 as well as in Fig. S3, in-depth studies of the interac-
tions between fluorinated materials and gases will be needed to fully
understand the gas solubility in these materials.

3.6. Superior gas separation performance of PCTFE

Fig. 9 demonstrates the performance of semi-crystalline PCTFE for
the separation of He/H2, He/CO2, and H2/CO2 in Robeson's plots [4].
The upper bounds of He/gas separation are governed by the per-
fluoropolymers, due to their high He solubility [22]. The semi-crystal-
line PCTFE exhibits the He/gas separation performance near upper
bound, suggesting the potential of this material for these applications.
In particular, PCTFE shows the highest He/H2 selectivity among all
polymeric materials investigated. As shown in Fig. 9c, PCTFE also ex-
hibits good H2/CO2 separation properties with a H2/CO2 selectivity of
8.8 at 35 °C.

Fig. 10 compares He/CH4 and Ar/CH4 separation properties in
Robeson's plots for the amorphous-phase PCTFE with amorphous-phase
PE analogues. PCTFE shows superior He/CH4 separation property (near
the upper bound), which is much better than other PE analogues such
as PE, PVC and PTFE. Despite its simple chemical structure, PCTFE
demonstrates its promise for He recovery from natural gas, presumably
due to the unexpectedly high He solubility and unfavorable interactions
towards CH4. As shown in Fig. 10b, PCTFE also shows reasonably good
Ar/CH4 separation property, due to the unfavorable interactions with
CH4.

Fig. 10a also shows the effect of Cl substituent on gas separation
properties, as elucidated in the comparison between PCTFE and PTFE,
and between PVC and PE. PCTFE exhibits about two order of magnitude
higher He/CH4 selectivity than PTFE, though both polymers contain F
substituents and are expected to have similar interactions with He and
CH4. Therefore, the difference in the gas selectivity should be derived
from the difference in diffusivity selectivity. The Cl substituent in-
creases the Tg, and thus increase size-sieving ability and He/CH4 dif-
fusivity selectivity. As shown in Table 3, PCTFE is a glassy polymer (Tg
= 63 °C) while PTFE is a rubbery polymer (Tg = −110 °C). Similar
behavior is also observed for PE (Tg = −36 °C) and PVC (Tg = 71 °C),
both of which do not contain F. PVC shows much higher He/CH4 se-
lectivity than PE, due to the higher Tg and stronger size-sieving ability.

4. Conclusion

Despite its simple chemical structure, PCTFE demonstrates surpris-
ingly superior He/gas separation properties due to the F and Cl sub-
stituents. The F substituents leads to unexpectedly high He solubility,

Fig. 7. (a) He/H2 solubility selectivity, and (b) Ar/O2 solubility selectivity at 25 °C in (Δ) hydrocarbon, ( ) fluorinated and ( ) chlorinated liquids as a function of the F or Cl to carbon

ratio in the liquids [64,69–72]. In (a), hydrocarbon liquids are pentadecane, benzene, cyclohexane, dodecane, heptane, ethanol, pentane and hexane in the order of increasing He/H2

solubility selectivity. In (b), hydrocarbon liquids are bromobenzene, iodobenzene, benzene, methlcyclohexane, cyclohexane, hexane, heptane, dodecane, pentane and pentadecane in the
order of increasing Ar/O2 solubility selectivity.

Fig. 8. Relative solubility (Sr) of He, Ne, H2, Ar, and Kr in various liquids to that in
pentane at 25 °C. The solubility of He, Ne, H2, Ar, and Kr in pentane is 0.052 [69], 0.082
[69], 0.13 [70], 0.57 [71], and 1.6 [73] cm3 (STP)/cm3 atm, respectively.
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Fig. 9. Comparison of the semi-crystalline PCTFE with perfluoropolymers (PFPs) and other polymers for (a) He/H2, (b) He/CO2, and (c) H2/CO2 separation at 35 oC in the Robeson's plots
[4].

Fig. 10. Robeson's plots for (a) He/CH4 and (b) Ar/CH4 separation [4]. The Ar/CH4 upper-bound is estimated using =α β P/Ar CH Ar CH Ar λAr CH/ 4 / 4
/ 4 with βAr CH/ 4 = 0.0147 and λAr CH/ 4 =

0.25 [7]. For PE analogues including PCTFE, PVC, PTFE and PE, the amorphous phase permeability is used.
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and show unfavorable interactions with H2 and CH4 and no specific
interactions with N2 and CO2, leading to the superior He/gas separation
properties, particularly for He/H2 and He/CH4 separation. Such inter-
actions were thoroughly elucidated by evaluating the gas solubility
selectivity in a variety of organic liquids including hydrocarbons and
halogenated ones. Interestingly, the F containing liquids also exhibit
unexpectedly high solubility for Neon, but not for Argon or Krypton.

The Cl substituents do not show any specific interactions with the
gases studied, including He, H2, N2, CH4, and Ar. On the other hand, the
asymmetric substitution of Cl increases solubility parameter and Tg in
the polymers, increasing size-sieving ability. Since the He has the
smallest molecular size among the penetrants studied, the Cl sub-
stituents in PCTFE yields high He/gas diffusivity selectivity, which
leads to the superior He/gas selectivity when coupled with good He/gas
solubility selectivity.
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