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Copolymers for Use in Alkene-Alkane Separation Membranes

Field of the lnvention

This invention describes copolymers which can be made into Group 11 metal

ionomer which are useful in membranes for the separation of alkenes and aikanes.

Government Rights

Support was provided under Department of Energy awards of DE-SC0004672
and DE-SCO007510. The U.S. government has righis in this patent application.

Technical Backaround

Nonporous, but permeable, membranes have been used 1o separate various
types of chemicals for a long time. For instance certain types of semipermeable
membranes are used io separate water from seawater, or oxygen from nitrogen, or
carbon dioxide from methane, or alkenes from alkanes.

The separation of alkenes from alkanes can be accomplished using a silver
ionomer of a flucrinated polymer. Usually, perhaps because flucropolymers are morg
stable to oxidation than unfluorinated polymers, the Group 11 metal ionomers of
fluorinated polymers are often more stable than unfluorinated polymers. Also polymers
which contain fluoro substituents near, for instance sulfonic acid or carboxyl groups tend
to be very strong acids (sometimes called “super acids™, the silver salts may be more
stable.

in oil refineries or olefin polymerization planis sometlimes one has mixtures of
altkenes and alkanes and one desires {0 separate the alkenes from the alkanes. This
may be relatively easy if these two types of compeounds have significant differences in
boiling points, but separation of such compounds with similar boiling points is more
difficult and expensive, especially if the boiling poinis are lower in temperature. For
instance propane boils at -44.5°C and propylene boils at -47.8°C. Separation of these
two compounds by crvegenic distillation is very expensive because of high energy costs.
Therefore cheaper, less energy intensive methods of separation are desirable.

U.S. Patent 5,191,151 fo Erikson ef a/. describes the separation of lower alkenes
{containing 2 to 4 carbon atoms) from lower alkanes {containing one to six carbon
atoms) using a membrane which is a silver ionomer of a polymer of tetrafiucroethylene
(TFE) and a perflucrovinyt ether containing a terminal precursor group 1o a sulfonic acid.

The presently claimed copolymers are not mentionad in Eriksen.
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U.S. Patent Application 2015/0025293 1o Feiring ef &/, describes the use of a
membrane which is a silver ionomer of a perfiucrinated polymer. The presently claimed

copolymers are not mentioned in Feiring.

Summary of the Invention

This invention concerns a copolymer, comprising repeat units derived from a
monomer of the formula CF=CF{OR)SO,F, one or more cyclic or cyclizable
perflucrinated monomers, and one or both of vinyl fluoride and sthylene,, wherein R.is
perflucroalkylens or ether containing perfluorcalkylens having 2 to 20 carbon atoms, and
provided that repeat units derived from CF=CF{OR)S0O,F are at ieast one mole percent
of total repeat units, units derived from one or more cyclic or cyclizable perfluorinated
monomsars are at least 1 mole percent of total repeat units, and repeat units derived from
both sethviens and vinyl fluoride are in total at least 1 percent of total repeat units.

Also disclosed are copolymers in which the -SO,F group has been converted o
other groups such as sulfonic acid or metal sulfonate salt, membranes comprising one or
more layers comprising such copolymers, and a method of separating alkenes from

alkanes using such membranes.

Details of the Invention

Herein certain terms are used and they some of the are defined below.

By a “driving force” in the separation of the alkene and alkane in the gaseous
state is generally meant that the partial pressure of alkene on the first (“feed”) side of the
membrane is higher than the partial pressure of alkene on the second ("product”) side of
the membrane. For instance this may be accomplished by several metheds or a
combination thereof. One is pressurizing first side {o increase the partial pressure of
alkene on the first side, second is sweeping the second side by inert gas such as
nitrogen o lower the partial pressure of the alkene on the second side, and third is
reducing pressure of second side by vacuum pump 1o lower the partial pressure of the
alkene on the second side. These and other Known methods in the art of applying a
driving force may be used.

This may be quantified for a separation of gases to some extent by a
mathematical relationship:

Gaa Fa(P1,-P2,)
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wherein {; is the flow rate of component ‘& through the membrane, F, is the
permeance of componant a through the membrane, P1, is the partial pressure on the
first (feed) side, and P2, is the partial pressure on the second {product) side.

By a membrane containing one or more Group 11 metal ionomers is meant a
membrane comprising a thin nonporous layer of the metal ionomer and one or more
cther polymeric layers which physically support or reinforce the Group 11 metal ionomer
layer. Preferably the Group 11 metal ionomer layer is about 0.1 um o about 1.0 ym
thick, more preferably about 0.2 um o about 0.5 ym thick. The other layer(s) should
preferably be relatively permeabie o the alkenes and alkanes to be separated, and not
themselves have much if any tendency {0 separate alkenes and alkanes.

The Group 11 metal ionomer described here is prepared from a copolymer
comprising repeat units derived from a compound of the formula CF,=CF{OR)SO,F, one
or more cyciic or cyclizable perfiucrinated monomers, and one or both of vinyl fluoride
(VF) and ethylene (£), wherein Riis perfluorcalkylene or ether containing
perflucroalkylens having 2 {o 20 carbon atoms. The resulting polymer contains suifonyl
flu rode groups (-SO;F) which may be readily converted io sulfonic acid, a metal
sulfonate salt, etc. see for instance US Patent Application 14/334,805, US Provisional
Applications 62/159,648, 62/158,668, and 62/262,169 (now PCT applications

, respectively), A. van 2yl ef al., Journal of Membrane

Science, 133, (1997), pp. 15-26, O.1. Eriksen, ef &/, Journal of Membrane Science, 85
{1993}, pp. 89-87, and A.J. van Zyl, Journal of Membrane Science, 137 (1997), pp. 175-
185, and U.5. Patent 5,191,151, all of which are hereby included by reference. Thus the
repeat unit in the polymer derived from CF=CR{OR)ISO.F may be represented as

-CFo-CF-
l

O-Re80,Y

wherein Y is flucring, -OH, or ~OM wherein M is a metal cation, preferably univalent
metal cation. Preferred metal cations are alkali metal cations such as Na™ and/or K,
and Group 11 metal cations such as Cu” and/or Ag'. Group 11 metal cations are
preferred and silver is especially preferred.

Anocther type of useful monomer is a perflucrinated cyclic or cyclizabie monomer.
By a cyclic perfluorinated monomer is meant a perflucrinated olefin wherein a double
bond of the olefin is in the ring or the double bond is an exo double bond wherein one

end of the double bond is at a ring carbon atom. By a cyclizable perfluorinated
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monomsr is meant a noncyclic parflucrinated compound containing two olefinic bonds,
and that on polymerization forms a cyclic structure in the main chain of the polymer (see
for instance N. Sugivama, FPerfluoropolymers Oblained by Cyclopolymereization and
Their Applications, in J. Schiers, Ed., Modern Fluoropolymers. John Wiley & Sons, New
York, 1997, p. 541-555, which is hereby included by reference). Such perfluorinated
cyclic and cyclizable compounds include perfluoro(2, 2-dimethyl-1,3-dioxole), perflucro(2-
methylene-4-methyl-1,3-dioxolane), a perflucroalkenyl perfluorovinyl ether, and

2.2 4-trifiuoro-8-iriflucrcimethoxy-1,3-dioxole.  Preferably repeat uniis derived from one
perfluorinated cyclic or cyclizable monomer are present in the polymer. Of course the
exact structure of a repeat unit from a perfiuorinated cyclic or cyclizable monomer will
depend on the particular monomer used.

Repeat units derived from ethylene and vinyl fluoride are those usually obtained
in such similar fluorinated polymers, -CH,CHz- and ~CH,CHF-. respectively.

At least one mole percent (preferably at least about 5 percent) of the repeat units
present in the polymer are derived from each of CF=CF(ORJSC,F, and one or more
cyclic or cyclizable perfluorinated monomers. At least one percent {preferably at least
about 5 percent) of the repeat unils are derived from the total repeat units derived from E
and VF. Preferably repeat units derived from CF,=CF{OR}30,F are about 10 mole
percent to about 40 mole present of {otal repeat units in the polymer, more preferably
about 25 mole percent to about 40 mole percent. Preferably repeat units derived from
one or more cyclic or cyclizable perfluorinated monomers are about 5 mole percent to
about 30 mole present of total repeat units in the polymer, more preferably about 10
mole percent to about 25 mole percent. Preferably the total repeat units derived from E
and VF are about 10 mole percent to about 80 mole present of total repeat units in the
polymer, more preferably about 20 mole percent io about 50 mole percent. Inone
preferred form all of the repeat units in the polymer consist essentially of those derived
from CF,=CF{OR)S0,F, one or more cyclic or cyclizable perfluorinated monomers, and
one or both of E and VF. In one preferred form the copolimer consists essentially of
repeat units derived from CF=CF(OR)S0;:F, one or more cyclic or cyclizable
perflucrinated monomers, and repeat unils derived from one of VF and/or &

Other useful comonomers include tetrafluoroethylene, vinylidene flucride and
chiorotrifiucrosthylene.

Preferred specific monomers of the type CF,=CF(OR)SO,F include
CF=CFOCF,CF50.F, CFy=CFOCHCF.CF.50,F

4
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CF=CFOCF,CHOF)OCFLOF.SOF, CR=CROCHLR{(CR)OCF,CR.E0,F and
CF=CFOCF,CF,80, F for the. CF,=CFHOR)SO;F type monomer, and preferred cyclic
or cyclizable perfluorinated monomers include perfluoro(2, 2-dimethyl-1,3-dioxole),
perfluoro(Z-methylene-4-methyi-1,3-dioxolane}, a perfluoroalkeny! perfiuorovinyt ether,
and 2,2 4-trifluoro-5-trifluoromethoxy-1,3-dioxole, and perfluoro(2,2-dimethyl-1,3-dioxole)
is more preferred. Preferably one of each type of these preferred monomer, a suifonyl
fluoride containing monomer and a preferred cyclic or cyclizable perfluorinated monomer
is copolymerized with one or both of VF and E {o form a preferred copolymer. itis o be
understood that any of the preferred monomers mentioned in this paragraph can be
combined with ancther preferred comonomer andone orbothof Vi and Etoform a
preferred copolymer. Also preferably, only one of VF and E is used o form a copolymer.

Polymers containing a single CF,=CF{OR)S0,F type monomer and a single
cyclic or cyclizable perfluorinated monomaer, which are aiso preferred, can be analyzed
for mole percent repeat units by doing an elemental analysis of the polymer for C, H and
§ if the copolymer contains only one of VF and E. This is because the
CF=CF(OR)SO.F type monomer is the only source of sulfur in the copolymer, and E or
VF is the only source of hydrogen in the copolymer when Y is F. If repeat units derived
from both £ and VF are present in the copolymer a combination of the elemental
analysis plus a H' NMR, which can readily determine the molar ration of VF and E
derived repeat units can be used to determine the molar ratios of repeat units in the
copolymer. All of the calculations to determine the ratios of repeat units in the
copolymer can be carried out using standard, well known, chemical stoichiometric
methods.

The polymers can be made by typical liquid (often water) phase free radical
polymerization, see for instance US Patent Application 14/334,605, US Provisional
Applications 62/159,648, 62/158,668, and 62/262,169 (now PCT applications

, respectively), all of which are hereby included by

reference.

Preferably the various forms of the copolymer described herein {referring to what
exactly “Y” is, especially when Y is a Group 11 metal cation)} are so-calied “glassy”
copolymers. By that is meant the copolymer has no melting point above about 30°C with
a heat of fusion of 3 J/g or more when measured by Differential Scanning calorimetry
using ASTM Test D3418-12e1 using a heating and cooling rate of 10°C/min, and

measured on the second heat.. Also a glassy copolymer has a Glass Transition
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Temperature (Tg) above about 40°C more preferably about 40°C. The Tg is measured
according to ASTM Test D3418-12e1 at a heating and cooling rate of 10°C/min, and the
Tg is taken as the midpoint {inflection point) of the transition on the second heat.
Preferably the Tg is less than about 220°C, because for instance if the Tg is too high it
may be difficult to dissolve the polymer to form a coating or layer.

As noted above, the originally formed sulfony! fluoride containing polymer may be
modified to form a sulfonic acid containing polymer, or a metal sulfonate salt of the
polymer, an ionomer. Group 11 metal ionomers, especially silver ionomers, are
particularly useful in membranes for the separation of alkenes from alkanes, ses for
instance US Patent Application 14/334,605, US Provisional Applications 62/159,6846,
£82/159,668, and 62/262,16% (now PCT applications ,
respectively), A van 2vi, ef a/., Journal of Membrane Science, 133, (1997), pp. 15-26,

Gl Eriksen, ef al.,, Journal of Membrane Science, 88 (1993}, pp. 88-97, and A J. van
Zyl, Journal of Membrane Science, 137 (1997), pp. 175-185, and U.S. Patent 5,191,151,
ali of which are hereby included by reference. Membranes confaining dense layers of
one or more Group 11 metal ionomers of the present copolymers have been shown {o
have excelient permeance and/or selectivity in the separation of alkenes from alkenes.
Separations of alkenes from alkene/alkane mixtures can be done with mixtures in either
the gas or liquid phase., itis preferred {o carry oul the membranse separation of
alkene/alkane mixtures in the gas phase and/or using humidified gas streams. To carry
out such separations, a driving force is usually applied across the membrane.

in the Examples certain abbraviations are used, and they are:

HFPO ~ hexafluoropropylene oxide (For preparation of HFPO dimer peroxide
see US Patent 7,112,314, which is hereby included by reference).

PDD — perfluore(2, 2-dimethyl-1,3-dioxole)

SEFVE - CF=CFOCF,CF(CF)OCF,CF.80,F

FPSF- CF=CFOCF,CF,S80,F

VE- vinyl fluoride (H,C=CHF}

Determination of Permeance and Selectivity for Alkene/Alkane Separations

For determinations of permeance (GPU, reported in units of sec/em?® s-cm Hg)
and selectivity the following procedure was used. A 47 mm flat disc membrane was
punched from a larger flat sheet 3 inch composite membrane. The 47 mm disc is then

placed in a stainless steel cross flow testing cell comprised of a feed pori, retentate port,
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a sweep inlet port, and a permeate port. Four hex bolts were used to tightly secure the
membrane in the testing cell with a total active area of 13.85 om?.

The cell was placed in a testing apparatus comprising of a feed line, a retentate
line, a sweep line, and a permeate line. The feed consisied of a mixiure of an olefin
(alkens} (propyiene) gas and a paraffin (alkkane) (propane) gas. Each gas was supplied
from a separate cylinder. For olefin, polymer grade propylene (99.5 vol% purity) was
used and for paraffin, 89.9 vol% purity propane was used. The two gases were then fed
o their respective mass flow controllers where a mixiure of any composition can be
made. The standard mixing composition was 20 vol% olefin and 80 mol% paraffin at 2
total gas flow rate of 200 mi/min. The mixed gas was fed through a water bubbler to
humidify the gas mixture bringing the relative humidity to greater than 90%. A back
pressure reguiator is used in the retentaie line 1o control the feed pressure o the
membrane. The feed pressure was normaily kept at 60 psig (0.41 MPa) after the back
pressure regulator the gas is vented.

The sweep line consisted of a pure humidified nitrogen stream. Nitrogen from a
cylinder was connecied to a mass flow controller. The mass flow controller was setto a
flow of 300 mi/min. The nitrogen was fed to a waler bubbler {0 bring the relative
humidity to greater than 90%. After the bubbler the nitrogen was fed to the sweep port of
the membrane to carry any permeating gas through to the permeate port.

The permeate line consisted of the permeated gas through the membrane and
the sweep gas as well as water vapor. The permeaie was connected {0 a three way
valve so flow measurements could be taken. A Varian® 450 GC gas chromatograph
{GC) with a GS-GasPro capiliary column {(0.32mm, 30m) was used to analyze the ratic
of the olefin and paraffin in the permeate stream. The pressure in the permeale side was
typically between 1.20 and 1.70 psig (8.3 to 11.7 kPa). Experimenis were carried out af
room temperature.

During experiment the following were recorded: feed pressure, permeats
pressure, temperature, sweep-in flow rate (nitrogen + water vapor) and total permeate
flow rate (permeate + nitrogen + waler vapor).

From the results recorded the following were determined: all individual feed
partial pressures based on feed flows and feed pressure; all individual permeate flows
based on measured permeate flow, sweep flows, and composition from the GC; all

individual permeate partial pressures based on permeaie flows and permeate pressures.



10

15

20

25

30

WO 2016/182889 PCT/US2016/031140

From these the transmembrane partial pressure difference of individual component
weare calculated. From the sguation for permeance

Qi = F/AAp)

wherein, Q; = permeance of species 1, F, = Permeate flow rate of species 7 Ap; =
transmembrane partial pressure difference of species T, and A is the area of the

membrane (13.85 cm?), the permeance(Q) was calculated.

Example 1
Synthesis of PDDNVF/SEFVE (feed ratio 100:100:150) Copolymer and Hydrolysis

into & 150 mL stainless steel pressure vessel, after argon purging for 5 minules,
were added a magnetic stirring bar, 3.66g PDD, 10.04 g SEFVE, 12 mL of Vertrel @ XF,
0.6 mL of HFPO dimer peroxide solution (0.12M), and then charged 0.69 g of vinyl
fluoride gas at 0 °C. The reaction mixiure was sealed in the pressure vessel and stirred
at room temperature in a water bath. After 3 hours of reaction, the reachion vesse| was
opened to ambient air, 10 mi acetone and 40 mlL methano! was added to the reaction
mixture. The resulting gel like precipitate was transferred to a glass dish and dried in
oven at 100 °C overnight to yvield 5.5 g PDD/VF/SEFVE terpolymer as a colorless solid
{Tg 37 °C).

into & 250 mb round botiom flask, were added 3.75 g of the terpolymer
synthesized in the previous paragraph, 20 mL deionized water, 60 mbL of methanol, 1.85
g ammonium carbonate and a magnetic stirring bar. The reaction mixture was stirred
and maintained at 50-60 °C. After overnight reaction, a clear solution was obfained. 80
mb 2.0 M hydrochioric acid was added to the mixture and methanol in the mixture was
evaporated under healing to form a gel like precipitate. The liquid was decanted and 50
mL of 2.0 M hydrochloric acid was added and stirred for 30 minutes. The liquid was
decanted and 80 mL of deionized water was added and then stirred for 30 minutes.
After the liquid decanting, the water washing was repeated twice and the solid residue
was dried in a vacuum oven at 860 °C for 3 hours. A brownish solid (2.7 g) containing free

sulfonic acid groups was obtained.

Example 2
Synthesis of PDD/NVF/SEFVE (feed ratio 100:200:150) Copolymer and Hydrolysis.

into a 150 mL stainless steel pressure vessel, after argon purging for 5 minutes,
were added a magnetic stirring bar, 3.66g FDD, 10.04 g SEFVE, 15 mL of Vertrel ®XF,

3
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0.6 mL of HFPO dimer peroxide solution (0.12M), and then charged 1.38 g of vinyl
fluoride gas at 0 °C. The reaction mixiure was sealed in the pressure vessel and stirred
at room temperature in a water bath. After 5.5 hours of reaction, the reaction vessel was
opened to ambient air, 10 mi acetone and 40 mlL methano! was added to the reaction
mixture. The resulting gel like precipitate was transferred to a glass dish and dried in
oven at 100 °C overnight to yield 9.1 g PDDNVF/SEFVE terpolymer as a colorless solid
(Tg 18 °C). Anal. Found: C, 24.92; H, 0.55; S, 5.01. Intrinsic viscosity (in Novec® HFE-
7200 at 25°C): 0.388 dl/g. From the elemental analysis, the polymer composition was
estimated as 21% PDD, 43 % VF and 37 % SEFVE.

Into a 250 mbL round bottom flask, were added 5.8 g of the terpolymer
synthesized in the previous paragraph, 20 mL deionized water, 80 mbL of methanol, 2.0 g
ammonium carbonate and a magnetic stirring bar. The reaction mixture was stirred and
maintained at 50-60 °C. After overnight reaction, a clear solution was obtained. 80 mL
2.0 M hydrochloric acid was added o the mixiure and methanol in the midure was
evaporated under heating o form a gel like precipitate. The liguid was decanied and 50
mb of 2.0 M hydrochloric acid was added and stirred for 30 minutes. The liquid was
decanted and 80 mLb of deionized water was added and then stirred for 30 minutes.
After the Hguid decanting, the water washing was repeated twice and the solid residue
was dried in a vacuum oven at 80 °C for 3 hours. A brownish solid (4.6 g) containing free

sulfonic acid groups was oblained.

Example 3
Synthesis of PDDNVF/PPSF (feed ratio 100:100:150) Copolymer and Hydrolysis,

into 2 150 mb stainless steel pressure vessal, after argon purging for 5 minutes,
were added a magnetic stirring bar, 3.66g PDD, 6.3 g PPSF, 12 mL of Verirel ®XF, 0.6
mL of HFPO dimer peroxide solution (0.12M), and then charged 0.96 g of vinylidene
fluoride gas at 0 °C. The reaction mixture was sealed in the pressure vessel and stirred
at room temperature in a water bath. After overnight reaction, the reaction vessel was
opened to ambient air, 10 mb acetone and 40 mb methano! was added to the reaction
mixture. The resulting gel like precipitate was transferred o a glass dish and dried in
oven at 100 °C overnight to vield 6.0 g PDDNVE/PPSF terpolymer as a colorless solid
{Tg 88 °C).
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Into a 250 mb round bottom flask, were added 4.0 g of the terpolymer
synthesized in the previous paragraph, 20 mbL deionized water, 80 mbL of methanol, 1.5 g
ammonium carbonate and a magnetic stirring bar. The reaction mixdure was stirred and
maintained at 50-80 °C. . After overnight reaction, a clear sclution was obtained. 80 mL
2.0 M hydrochloric acid was added {0 the mixiure and methanol in the mixture was
evaporated under heating o form a gel like precipitate. The liguid was decanted and 50
mb of 2.0 M hydrochloric acid was added and stirred for 30 minutes. The liquid was
decanted and 80 mL of deionized water was added and then stirred for 30 minutes.
After the liguid decanting, the water washing was repeated twice and the solid residue
was dried in a vacuum oven at 80 °C for 3 hours. A slight brownish sclid (3.0 g}

containing free sulfonic acid groups was obtained.

Example 4
Membrane Formation and Testing

A solution was prepared using 0.200 g of polymer from example 1 and 20 % by
weight of silver nitrate in isopropanol to form a 2 % polymer solution. A substrate was
prepared by coating a 0.3 wright % solution of Teflon® AF2400 (available from the
DuPont Co, Wilmington, DE 19888, USA) (for further information about Teflon® AF, see
P.R. Resnick, et al., Teflon AF Amorphous Fluoropolymers, J. Schiers, Ed., Modem
Fluoropolymers, John Wiley & Sons, New York, 1897, p. 307-420, which is hereby
included by reference} in Fluorinert® 770 (available from 3M Corp., 3M Center, Sty.
Paul, MN, USA) on a PANG50 membrane made by Nanostone Water, 10250 Valley
View Rd., Eden Prairie, MN 83344, USA) (it is believed that the PAN350 membrane is
made from polyvacrylonitriie and it is believed that this is @ microporous membraneg).
The coating of the silver ionomer was done at < 30% relative humidity. Similar
membranes were formed from the polymers from examples 2 and 3. Permeability and

selectivity resulis are shown in Table 1

Table 1
Polymer from Permeance (GPL) Selectivity
propang propylene
Example 1 270 125.81 48.7
Example 2 485 282.44 80.8
Example 3 2.5 161.56 75.3

16
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Example &
Synthesis of PDD/Ethylene/SEFVE Copolymer and Hydrolysis

A pressure reactor that comprised an Ace Glass pressure fube (60-mlL) was
assembled in a fume hood. The pressure tube had PTFE #25 and #7 Ace-thread top-
and side-addition ports, respectively. A hole through the top-port plug was threaded
and the top-port was connected to a 1/4” stainless steel union cross (Parker®). A
thermocouple was mounted through the cross fitting, which also connected the reactor
{0 a 3-way siainless steel inlet valve and 14" stainless steel tubing o a pressure gauge
and relief (100-psig). The reactor was magnetically stirred and was leak tesied with 80-
psig nitrogen prior to operation. A polycarbonate safety shield was placed in front of the
reactor when pressurized. Perkadox® 16 (150-mg) and Vertrel® HFE-4310 (18-mL)
were added through the side port. The reacior was chilled using liquid nitrogen to less
than -40°C. SEFVE (10.5-g) and PDD (7.5-g) were added by syringe through the side
port. The stirred reactor was de-gassed while cold by briefly evacualing untii bubbling
indicative of boiling (out gassing) was cbserved. The reactor was back-filled with
argon. The degassing was repeated two more times with the reactor remaining under
vacuum after the last degassing. Ethylene was added in increments as the reactor
warmed with oil bath heating. A constant 50-psig ethylene pressure was maintained as
the reactor was stirred at 43 to 45°C for § howrs.  The reactor was depressurized and
the contents were purged with nitrogen prior to transferring into a tarred 250-mi wide-
mouth jar. The jar was loosely capped and excess monomers and solvent were
carefully removed by vacuum oven drying (65°C) 1o constant weight (vield = 7.8-g). The
polymer was colorless and transparent. The intrinsic viscosity was measured by
Ubbelohde viscometry in Novec® HFE-7200 at 25°C and was 0.28-dL/g. Reflectance
FTIR speciroscopy showed absorbances at 1466-cm™ and 2850 to 2960-cm™ that were
indicative of SO.F and CH groups in the polymer, respectively. Anal. Found: C,25.67; H,
0.79; &, 447 From the elemental analysis, the polymer composition was estimated as
28 % PDD, 42 % ethylene and 30 % SEFVE.

Polymer Hydrolysis. 4.04-g of the polymer was hydrolyzed with 2.5-g of KOH dissolved
in a mixture of 75-mkL of methanol and 8-mL of Novec® HFE-7200. The polymer
dissolved as i hydrolyzed with heating up to 60°C for 3 hours. The resulting solution
was transparent and very slightly yelliow. The solution was poured into a large dish and

the solvents were slowly evaporated. The polymer was removed from the dish and
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washed with water on a filter funnel, acid exchanged with thres successive portions of
1-M nitric acid, and water washed {o remove excess acid. The white polymer was
vacuum oven dried (50°C) and Reflectance FTIR showed that the SO.F absorbance at
1466-cm™ had disappeared. 1.5-g of the hydrolyzed and acid exchanged polymer was
dissolved to approximately 5% in isopropansl and gently roll milled for 1.5 hours with
1.5-g of Amberiysi® 15 ion exchange resin, to ensure complete acid exchange. The
solution was syringe filtered {(1-um glass fiber) and the solids content of the filtered
solution was determined gravimetrically by hot plate drying (110°C). Solution aliquots
were diluted (~3X) with excess isopropanol and were titrated with 0.0200-M aquecus
sodium hydroxide to a phenolphthalein end-point. The equivalent weight was 1157-

g/mole for the polymer free acid.
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Claims

1. A copolymer, consisting essentially of repeat units derived from a monomer of
the formula CF,=CF{OR)SO,F, one or more cyclic or cyclizable perfluorinated
monomers, and one or both of vinyi fluoride and ethyleng,, wherein Re.is
perflucroalkylene or ether containing perfluoroalkylens having 2 to 20 carbon atoms, and
provided that repeat units derived from CF,=CF{OR)S0O.F are at least one mole percent
of total repeat units, units derived from one or more cyclic or cyclizable perfluorinated
monomers are at least 1 mole percent of {otal repeat units, and repeai units derived from
both ethylens and vinyi fluoride are in total at least 1 percent of total repeat units.

2. The copolymer as recited in claim 1 wherein said repeat unit derived from
CF,=CF({ORj)SQ.F has the formula

-CF-CF-

|
O-Re-802Y

wherein Y is fluorine, -OH, or -OM wherein M is a univalent metal cation.

3. The copolymer as recited in claim 2 wherein Y is M, and M is a silver cation
Ag'.

4. The copolymer as recited in any one of claims 1 to 3 where said cyclic or
cyclizable perfluorinated monomer is perfiuoro(2, 2-dimethyil-1,3-dioxole}.

5. The copelymer as recited any one of claims 1 to 4 wherein CF=CFR{OR)SOF
is one or more of CF,=CFOCF.CF,80.F, CF=CFOCHCF.CFS80,F
CF=CFOCF,CFCFOCF,CF80,F, CF=CFOCF,CF(CF)OCF,CF,S0,F and
CF=CFOCF,CF80,F.

6. The copolymer as recited in claim 5 wherein repeat units from only one type of
monomer with the formula CF=CF(OR)SOLF is present.

7. The copolymer as recited in any one of claim 1 {o 3 wherein repeat units
derived from CF=CF(OR)SO,F are about 10 mole percent to about 40 mole present of
total repeat units in the polymer, repeat units derived from one or more cyclic or
cyclizable perflucrinated monomers are about 5 mole percent to about 30 mole present
of total repeat units in the polymer, and the total repeat units derived from ethylene and
vinyl fluoride are about 10 mole percent to about 80 mole present of total repeat units in
the polymer.

8. The copolymer as recited in claim 7 where said cyclic or cyclizable

perfluorinated monomer is perfluoro{2, 2-dimethyl-1,3-dioxole), and the repeat unils
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derived from CF.=CF(OR}S0.F is one of CF=CFOCF.CF,30,F,
CF=CFOCHCRCF.80F CR=CROCF,CHCF)OCFCF,80,F,
CF=CFOCF,CF(CF)QCFCF,S0:F and CF,=CFOCF,CF,S0, F.

9. The copolymer as recited in claim 8 wherein said repeat unit derived from
CF,=CF{OR)SQ,F has the formula

-CFz-CF-
I

O-Re-80,Y
wherein Y is fluoring, -COH, or ~OM wherein M is a univalent metal cation.

10. The copolymer as recited in claim ¢ wherein Y is M, and M is a silver cation
Ag".

11. The copolymer as reciied in any of claims 1 t© 10 which consisis esstentially
of repeat units derived from a monomer of the formula CF,.=CF(OR)SQ,F, one or more
cyclic or cyclizable perflucrinaled monomers, and one or both of vinyl flucride and
ethylene,, wherein R.is perflucroalkylene or ether containing perflucroalkylene having 2
to 20 carbon atoms.,

12. A process for the separation of alkenes from alkanes in a gaseous stream
Lusing a membrane to carry out said separation, wherein the improvement comprises,
using a membrane comprising a least one dense layer of a Group 10 metal ionomer of a
copolymer of any one of claims 2, 3, 9 or 10.

13. The process as recited in claim 12 wherein said Group 11 metal is silver.

14. A membrane comprising at least one dense layer of a Group 11 metal
ionomer of a copolymer of any one of claims 2, 3, 9 or 10.

15. The membrane as recited in claim 14 wherein said Group 11 metal is siiver.

14
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