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TRANSPORT MEMBEANES FOR
OLEFIN/PARAFFIN SEPARATIONS

STATEMENT OF PRIORITY

(3001 ] This apphication claims pronty to U.S. Application No. 15/615,134 which was

filed June 6, 2017, the contents of which arc hereby meorporated by reference in its entirety.
BACKGROUND OF THE INVENTION

(G002 ] Over 170 Separex™ membrane systems have been installed in the world for gas
separation applications such as for the removal of acid gases from natural gas, i enhanced o1l
recovery, and hydrogen punfication. Two new Separex*™ membranes (Flux+ and Select)
have been commercialized recently by Honeywell UUP, Des Plames, {1 for carbon dioxade
removal from natural gas. These Separex™ spiral wound membrane systems currently hold
the membranc market leadership for natural gas upgrading. These membranes, however, do
not have outstanding performance for olefin/paraffm separations. Development of new stable
and very high selectivity membranes is eritical for the future success of membranes for

oletn/parathin separation applications such as propviene/propane and cthylene/ethane

sgparations.
{3003 fioht olefins, such as propylene and ethviene, are produced as co-products from a

varicty of feedstocks 1o a number of difterent processes in the chemical, petrochemacal, and
petroleum refiming mdustries. Varnious petrochemical streams contain olefing and other
saturated hydrocarbons. Tvpically, these streams are from stream cracking wnits {cthylene

production), catalytic cracking units {motor gaschine production), or the dehvdrogenation of

parattins.
13004} Cuarrently, the separation of olcfin and parafhin components 1s performed by

cryogenic distillation, which is expensive and encrgy mntensive duc to the low relafive
volatilities of the components. Large capital expense and energy costs have created meentives
for extensive rescarch in this area of separations, and low energy-micnsive membrang
separations have been constdered as an attractive altemative.

[GO05] in principle, membrane-based technologies have the advantages of both low
capital cost and high-energy efficiency compared to conventional separation methods tor

olehin/paratfin scparations, such as propylenc/propance and ethvlene/ethane separations. Four
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main types of membranes have been reported for oletm/paraifin separations. These are
faciitated transport membranes, polvmer membranes, nuxed matnx membranes, and
morganie membranes. Facilitated transport membranes, or 1on exchange membranes, which
sometimes use siiver 1ons as a compiexing agent, have very high oletin/paratiin separation
sclectivity. However, poor chemical stability, due to carrier poisoning or 1oss, high cost, and
fow flux, currently it practical applications of facilitated transport membranes.

LHELY Separation of oletins from parathing via conventional polymer membranes has not
been commercially successiul due to madequate selectivitics and permeabilities of the
polymer membrane matenals, as well as due to plasticization issues. Polvmers that are more
permeable are generally less selective than are less permeable polvmers. A general trade-oft
has exssted between permeability and sclectivity {the so-called “polyvmer upper bound limit™)
for all kinds of separations, including olefin/paraftin separations. in recent vears, substantial
rescarch effort has been directed to overcomng the lumits imposed by thas upper bound.
Varntous polymers and technigues have been ased, but without much success m terms of
imnproving the membrane selectivity.

(G307 More efforts have been undertaken to develop metal 1on 1ncorporated, bigh
olefin/parathin selectivity facilitated transport membranes. The high selectivity for
oletin/paratfin separations 18 achieved by the incorporation of metal 1ons such as silver (1} or
copper {I) cations mto the solid nonporous polymer matrix laver on top of the highly porous
membrane support laver (so-~called “fixed site carner facilitated transport membrang™) or
directly into the pores of the highly porous support membrane {so-called “supported hgind
faciitated transport membrane ) that results 1n the formation of a reversible metal cation
compiex with the pt bond of olefins, whereas no interaction occurs between the metal cations
and the parathins. Addition of water, plasticizer, or hunudification of the olefin/parattin feed
streams (o either the fixed site carner facilitated transport membranes or the supported hiquid
facilitated transport membranes is ysually required to obtain reasonable olehin permeances
and high oletin/parathin selectivitics. The pertormance of fixed site carner faciitated
transport membranes 1s much more stable than that of the supported higund tacihitated
transport membrancs and the fixed site carrter facilitated transport membrances are less
sensiitve to the loss of metal cation carniers than the supported higuid taciitated transport

membranes.

-
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(3008 ] Pinnau ¢t al. disclosed a solid polvmer electrolyie fixed site carner faciiitated
transport membrane comprising silver tetratluoroborate imncorporated polv{ethviene oxade),
sge US 5670051, Herrera et al. disclosed a process for the separation of olefin/parathin
mixtures using a suver cation-chelated chitosan fixed site carrter facilitated transport
membrane, sec US 7361800, Herrera et al. disclosed the coating of a layer of chitosan on the
surface of a microporous support membrane, wherein the support membrane 15 made from
polyesters, polvamides, polvimides, polyvinyvhidene fluonde, polvacrviomitnle, polysulfones
or polycarbonaics.

LHELY Feiring ¢t al. disclosed a new facilitated transport membrane comprising sulver (1}
cation exchanged fluornated copolymer synthesized from a perfluorimated cyclic or
cyclizable monomer and a strong acid highly tluorinated vinviether compound, sce US
2015/0025293

[GG10] The composite tacilitated transport membranes disclosed mn the hiterature comprise
an ultrafiltration or microfiliration membrane as the support membrane. Development of new
stable, bigh permeance, and high selectivity facilitated transport membranes is still required
for the usc of membranes for olefin/parafiin scparations such as propvicne/propanc and

cthvlene/ethane separations.
SUMMARY OF THE INVENTION

(G311 This invention provides a new hugh permeance and high selectivity facilitated
transport membrane comprising a very small pore, nanoporous polvethersulfone
(PES)Ypolyvinvipyvrrohdone (PVP) blend support membrane, a hydrophilic polvmer mside the
very small nanopores on the skin fayer surface of the support membrane, a thin, nonporous,
hydrophilic polvmer laver coated on the surface of the support membrane, and metal salts
mcorporated in the hydrophilic polymer layer coated on the surface of the support membrane
and the hydrophilic polvmer mside the very small nanopores, a method of making this
membrane, and the use of this membrane for olctin/paraffin scparations, particularly for
propyiene/propane (C3=/{3} and ethvyiene/ethane {({U2=/C2) separations.

3312} The very small pore, nanoporous PES/PVP blend support membrane used for the
preparation of the high permeance and high selectivity facihitated transport membrancs
disclosed n the present invention comprises a relatively bydrophilic PES polymer and a

hydrophilic PVP polymer. The addition of hvdrophilic PVP polymer to the very small pore,
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nanoporous support membrane resulted i improved membrane hydrophilicitv, improved
solavation of the metal salts such as silver mitrate (AgNU3) i the membrane, and therefore
signtficantly improved membrane permeance and high stability for the facilitated transport
membrane for olefin/parattin separations. It is preferred that the hvdrophilic PVP polyvmer
has a weight average molecular weight of 40k or higher.

(G313} The very small pore, nanoporous PES/PVP blend support membrane described in
the current mvention has an average pore diameter of less than 10 nm on the membrane skin
laver surtace. The very small pore, nanoporous PESN/PVE blend support membrane described
n the current mvention 15 an asymmetric infegrally skinned membrane.

{3314} The hyvdrophilic polymer inside the very small nanopores on the surface of the
very small pore, nanoporous PEN/PVE blend support membrane of the facilitated transport
membrane described 1o the current invention can be selected from, but 15 not limited to, a
group of hydrophilic polymers contamning chifosan, sodium carboxylmethyi-chitosan,
carboxvimethyl-chitosan, hvaluronic acid, sodium hyaluronate, carbopol, polycarbophil
calcium, poly{acrylic acid) (PAA), polv{methacrviic acid} (PMA}, sodium alginate, alginic
actd, polv{vinvi alcobol} (PV A), polv{cthviene oxide) (PEQU), polvicthviene glyvcol) (PEG),
poly{vinyipvrrolidone} (PVP), gelatin, carrageenan, sodum lignosulionate, and mixtures
thereof,

{G015] The thin, nonporous, hvdrophilic polvmer laver coated on the surface of the very
simall pore, nanoporous PES/PVP blend support membrane of the facilifated transport
membrane comprises a hydrophilic polyvmer selected from, but not hmited to, a group of
hydrophtlic polvmers contamning chitosan, sodwum carboxyimethvi-chitosan, carboxyimethyi-
chutosan, hvaluronic acid, sodium hyvaluronate, carbopol, polycarbophil calcium, PAA, PMA,
sodium alginate, algmic acid, PY A, PEO, PEG, PVP, gelatin, carrageenan, sodium
lignosulfonate, and mixtures thercot. The hyvdrophilic polvmer in the thin, nonporous,
hydrophilic polvmer layer coated on the surface of said very small pore. nanoporous
PES/PVP blend support membrane and the hvdrophibic polymer inside the very small
nanopores on the surface of the very small pore, nanoporous PES/PVP blend support
membrane can be selected from the same hvdrophilic polymer or ditterent hvdrophilic
polyvmers. Preferablv, the hvdropiulic polymer i the thin, nonporous, hydrophilic polvmer
laver coated on the surface of said very small pore, nanoporous PES/PYP blend support

membrane and the hydrophilic polyvmer mside the very small nanopores on the surtace of sad
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very small pore, nanoporous PES/PVP bicnd support membrane are selected from dificrent
bvdrophilic polvmers. As an example, in a particular embodiment of the mmvention, the
hydrophilic polvmer 1in the thin, nonporous, hvdrophilic polymer laver coated on the surface
of the very small pore, nanoporous PES/PVP blend support membrane described in the
current mmvention is chifosan and the hvdrophilic polvmer mside the very small nanopores on
the surtace of the very small pore, nanoporous PES/PYP blend support membrane 18 sodium
alginate or sodiam hyaluronate.

(G316 ‘The metal salts incorporated m the hyvdrophilic polymer laver coated on the
surface of said support membrane and said hvdrophilic polymer mside the very small
nanopores of the faciitated transport membrane are preferably silver salts or copper salts,
such as silver{l} nitrate or copper{l} chioride.

160171 Olefin/paraffin permeation experimental results demonstrated that the addition of
the hvdrophilic PVP polyvmer to the PES porous support membrane 1s entical to achieve high
olefin permeance and hagh performance stability for olefin/parattin separations.

(G318} The present mvention provides a process 1o treat a gascous feed stream
comprising from 99 to | moi% of one or more L2-C8 olefins and from 1 to 9% moi%% of one
or more C1-C8 parattings, the process comprising passmg the gaseous feed stream to a feed
side of a facilitated transport membrane comprising a very small pore, nanoporous PES/PYVP
blend support membrane, a hvdrophilic polymer 1mnside the very smalil nanopores on the skin
laver surface of said support membrane, a thin, nonporous, hyvdrophilic polymer laver coated
on the surtace of said support membrane, and metal salts mcorporated in the hydrophilic
polymer laver coated on the surface of the support membrane and the hydrophilic polyvmer
mside the very small nanopores, so that not Iess than 80 molY% of the oichins m said feed
stream pass through the facilitated transport membrane and recovering a permeate stream
comprising not less than 90 mol% of olefin and not more than 10 mol% of parattin,

133191 The facilitated transport membrane comprising a very small pore, nanoporous
PES/PVPE blend support membrane, a hydrophilic polyvmer mnside the very small nanopores on
the skin layer surface of said support membrane, a thin, nonporous, hvdrophilic polymer laver
coated on the surface of said support membrane, and metal salts mcorporated in the
membrane disciosed in the present 1nvention showed high propyiene permeance of > 80

PU, lagh propylene/propane selectivity of 2 200, and stable performance with time for
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wopviene/pronane separation at S0°C under 100 psie. 70 mol¥ propviene/30 molYs provanc
31 : ) ot P - :

vapor feed pressure.
DETAILED DESCRIPTION OF THE INVENTION

{3320} Membrane technology has been of great interest for the separation of
clehin/paraffin nuxtures. However, despite significant rescarch ctiort on olehin/parafiin
scparations by membrane technology, no commercial olefin/parattin separation application
usimg membranes has been reported so far.

G021 This invention discloses a new high permeance and high selectivity facilitated
transport membrane comprising a very small pore, nanoporous polvethersulione
(PES)/polyvinvipvrrohdone (PVP) blend support membrane, a hvdrophilic polvmer mside the
very small nanopores on the skin layver surface of the support membrane, a thin, nonporous,
hydrophilic polvmer layer coated on the surface of the support membrane. and metal salts
incorporated in the hydrophilic polymer {aver coated on the surface of the support membrane
and the hydrophilic polymer mside the very small nanopores, a method of making this
membrane, and the use of this membrane for oletin/paratfin separations, particularly for
{_3=/C3 and C2=/C2 separations.

({3022 The very small pore, nanoporous PES/PVP blend support membrane used for the
preparation of the high permeance and high selectivity facihitated transport membranes
disciosed m the present mvention comprises a relatively bydrophidic PES polymer and a
hydrophilic PV P polymer. The addition of hydrophilic PV polvmer to the very small pore,
nanoporous support membrane resulted m mmproved membrane hydrophihicity, improved
adhesion between the support membrane and the thin, nonporous, hydrophilic polymer layer
coated on the surtace of the support membrane, tmproved solavation of the metal salts such
as AgiNQs m the membrane, and therefore significantly umproved membrane permeance and
stability of the facilitated transport membrane for olehin/paratiin separations. It 1s preferred
that the hydrophidic PVP polymer has a weight average molecular weight of 40k or higher. |t
is aiso pretferred that the weight ratio of PES polvmer to PV P polvmer in the very small pore,
nanoporous PES/PVP blend support membrane 1s 1 a range of 20:1 to 2:1.

(G323} The very small pore, nanoporous PES/PVP blend support membrane described in
the current mvention has an average pore drameter of Iess than 10 nm on the membrane skin

tlaver surface. The formation of the very small pores with the average pore diameter of less
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than 10 nm on the membrane skin layer surface 1s controlied by the membrane fabrication
process conditions and the polymer casting dope formula compnsing PES, PVP, solvents that
can dissolve PES and PVP, and non-solvents that cannot disseolve PES and PVP. The very
small pore, nanoporous PES/PVP blend support membrane described 1n the current mvention
is an asymmetne integrally skinned membrane with cither flat sheet {spiral wound} or boliow
fiber membrane geometry,

13324} The hydrophilic polvmer mside the very small nanopores on the surface of the
very small pore, nanoporous PES/PVP blend support membrane of the tacilitated transport
membrane described in the current mvention can be selected trom, but 1s not hmiated to, a
group of hyvdrophilic polvmers contaiming chitosan, sodium carboxyhmethyl-chitosan,
carboxvimethyi-chitosan, hyaluronic acid, sodiaom hvaluronate, carbopol, polycarbophil
calcium, polv{acrviic acid} (PAA), polv{methacrviic acid) (PMA), sodium alginate, alginic
acid, polv{vinyl alcohol) (PVA), polv{cthylene oxide) (PEQ), polv(ethviene glveol) (PEG),
polyv{vinyipyrrolidone) (PVP), gelatin, carragecnan, sodium hgnosultonate, and muxiures
thercof. Preterably. the hydrophilic polyvmer mside the very small nanopores on the surtace of
the verv small pore, nanoporous PES/PYP blend support membrane of the facilitated
transport membrane described in the current mvention 18 selected trom chitosan, sodium
hyaluronate, sodium algmate, gelatin, carrageenan, and nuxtures thereof

G025} The dried verv small pore, nanoporous PES/PVP biend support membrane
comprising hvdrophilic polymers mside the verv small nanopores on the membrane surface
described m the present mvention has a carbon dioxade permeance of <700 PU and a carbon
dioxide/methane sclectivity of <3 at 30°C under 500-10060 psig, 10% CG/90% CHs muxed
gas feed pressure.

130261 The thin, nonporous, hvdrophilic polvmer laver coated on the surface of the very
small pore, nanoporous PES/PVP blend support membrane of the tacilitated transport
membrane comprises a hydrophilic polymer selected from, but not hmited to, a group of
hydrophilic polvmers contaming chitosan, sodwum carboxyimethvi-chitosan, carboxyimethyi-
chitosan, hvaluronic acid, sodium hyaluronate, carbopol, polycarbophii calcium, PAA, PMA.
sodiam alginate, alginic acid, PV A, PEO, PEG, PVP, gelatin, carrageenan, sodium
lignosuifonate, and mixtures thercot. The hydrophilic polvmer in the thin, nonporous,
hydrophilic polvmer laver coated on the surface of said very small pore, nanoporous

PES/PVP blend support membrane and the hyvdrophilic polymer inside the very small
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nanopores on the surface of the very small pore, nanoporous PES/PVE biend support
membrane can be selected from the same hvdrophilic polvmer or ditferent hvdrophilic
polymers. Preferably, the hvdrophilic polymer m the thin, nonporous, hydrophilic polymer
faver coated on the surface of satd very small pore, nanoporous PES/PV P blend support
membrane and the hvdrophilic polymer mmside the very small nanopores on the surtace of said
very small pore, nanoporous PES/PVE blend support membrane are selected from ditterent
hydrophilic polymers. As an example, 1n a particular embodiment of the imnvention, the
hydrophilic polymer i the thin, nonporous, hvdrophilic polymer laver coated on the surface
ot the very small pore, nanoporous PES/PYP blend support membrane described mn the
current mvention 18 chitosan and the hydrophilic polymer mside the very small nanopores on
the surface of the very small pore, nanoporous PES/PVE blend support membrane 1s sodium
alginate or sodmim hyaluronate. The chitosan polymer and the sodium alginate or sodium
hyaluronate form polyelectrolvie complex.

(G327} The metal salts mcorporated m the hvdrophilic polyvmer layer coated on the
surface of said support membrane and said hydrophilic polyvmer mside the very small
nanopores of the facilitated transport membrane arc preferably silver salts or copper salts,
such as silver{l) nitrate or copper{l) chlonde. The metal cations such as sulver cations on the
metal salts mmcorporated in the hvdrophilic polymer layer coated on the surface of the support
membrane, the hvdrophilic polvmer mside the verv small nanopores on the skin laver surface
of the support membrane, and the hvdrophilic PVP polymer m the support membrane of the
facilitated transport membrane in the current mnvention form reversible metal cation
complexes with the pt bonds of olefins, whereas no interactions occur between the metal
cations and the parafiins 1o the faciitated transport membrane described in the present
mvention. Theretore, the high permeance and high selectivity facilifated fransport membrane
comprising a very small pore, nanoporous PES/PVP blend support membrane, a hydrophilic
polymer mside the very small nanopores on the skin layer surface of the support membrane, a
thin, nonporous, hyvdrophilic polymer laver coated on the surface of the support membrane,
and metal salts incorporated in the hydrophilic polvmer laver coated on the surface of the
support membrane and the byvdrophiiic polyvmer mnside the very small nanopores described in
the present invention can provide both high selectivity and high permeance for olefm/parattin

separations.
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(3028 1he current invention discloses the use of a relatively hydropiulic, very small
pore, nanoporous PES/PYP polvmer blend support membrane with an average pore diameter
of less than 10 nm on the membrane skin layer surface for the preparation of the new
facilitated transport membrane. The present invention teaches the mcorporation of
hvdrophilic PV P polvmer to the PES porous suppott membrane to achieve high oletin
permeance and high performance stability for olefin/parattin separations. The addifion of
hydrophilic PVP polymer to the PES porous support membrang improved membrane
hydrophilicity, adhesion between the support membrane and the hydrophilic polyvimer mside
the verv small nanopores on the surface of the support membrane, adhesion between the
support membrane and the thin, nonporous, hyvdrophibic polvmer layer coated on the surface
of the support membrane, and the solavation of the metal salts such as AgNOs 1n the
membrane, and thercfore significantly improved membrane permeance and high stabiiity for
the facilitated transport membrane for oletin/paratfin separations.

130291 The use of the very small pore, nanoporous support membrane comprising
hydrophihic PV P polymer i the support membrane and bvdrophilic polymers mside the very
small nanopores on the support membrane surface for the preparation of the new facilitated
transport membrane comprising metal salts m the present invention prevents the casy
diffusion and transportation of the metal salt carricrs from the hydrophilic polymer layer
coated on the surface of the support membrane and the bvdrophilic polvmer mnside the very
siall nanopores to the large pores undemneath the very small nanopores of the support
membrane, which will result in the loss of the metal salt carners from the faciitated transport
membrane under pressure. Therefore, the new facilitated transport membrane disclosed in the
present mvention provides high olefin/parafiin selectivity and high performance stability for
oletin/parathin separations. The drned very small pore, nanoporous PES/PVP blend support
membrance compnsing hydrophilic polymers mnside the very small nanopores on the
membrane surface described in the present invention has a carbon dioxade permeance of <700
(PU and a carbon dioxade/methane selectivity of <8 at 30°C under 300-1000 psig, 10%
{_(h/90% (CHa mixed gas feed pressure.

(3330 The present mvention discloses a method of making the high permeance and high
sclectivity facilitated transport membrane comprising a very small pore, nanoporous
PES/PVP blend support membrane, a hydrophilic polymer inside the very small nanopores on

the skin laver surtace of the support membrane, a thun, nonporous, hydrophilic polvmer layer
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coated on the surface of the support membrane, and metal salts incorporated in the
bydrophilic polvmer layer coated on the surface of the support membrane and the hvdrophilic
polymer mside the very small nanopores. The method compnses: {a) Preparation of a very
small pore, nanoporous PES/PVP blend support membrane compnsing bvdrophilic polymers
inside the very small nanopores on the skin laver surtace of said support membrane via a
phase mversion membrane casting or spmning fabrication process, wheremn the incorporation
of the hyvdrophilic PVP polymer into the support membrane 1s accomplished by adding PYVP
polymer with certain weight ratio to PES polymer to the PES casting or spimning dopes and
wheren the imcorporation of the hvdrophilic polymers mto the very small nanopores on the
skin laver surface of said PES/PVP blend support membrane 1s accomplished by the nipping
of an aqueous sclution of a hvdrophilic polymer with a concentration in a range of 0.05 wt%
to 5 wt% at the end of the membrane casting or spinning fabrication process or via the
addition of the hvdrophilic polymer to the gelation water tank duning the membrane casting
or spinming fabrication process; (b) Coating a thin, nonporous, hydrophilic polymer layver on
the skin layer surface of said relatively hydrophilic, very small pore, nanoporous support
membrane comprising hvdrophilic polvmers mmside the very small nanopores on the skin layer
surface via any coating method such as dip-coating or meniscus coating method using an
aqueouns solution of the hydrophilic polyvmer with a concentration 1n a range of 0.2 wie to 10
wi%: {¢} Preparation of the facihitated transport membrane by soaking the thin, nonporous,
hydrophilic polymer layer coated on the skin laver surtace of said relatively hvdrophilic, very
small pore, nanoporous PES/PVE blend support membrane comprising hvdrophilic polymers
mside the very small nanopores on the skin fayer surface i an agueous sohution of a metal
salt such as silver nitrate (AgNGs) with a concentration m a range of 0.2M to 10M fora
certamn time 1 a range from | mn to 48 h. To prepare the relatively hvdrophulic, very small
pore, nanoporous PES/PVP blend support membrane m step (a), a membrane casting or
spinning dope comprising PES polymer, PVE polymer, a solvent such as a mixture of N-
methyi-Z-pyrrohidone (NMP) and 1,3-dioxolane, a non-solvents such as an alcohol or a
hydrocarbon, and an additive such as glyveerol 15 used n the present invention. The addition
of a hydrocarbon non-solvent such as n-hexane, n-heptane, n-decane or n-octane and a pore
forming agent such as glvceerol to the membrane casting or spinning dope fornmula 1s the kevy

for the formation of very small nanopores with an average pore diameter of less than 10 nm
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on the membrane skin laver surtace of the very small pore, nanoporous PES/PVY support
membrane.

{3031 The new facilitated transport membranes comprising a very small pore,
nanoporous PES/PVP blend support membrane. a hydrophilic polvmer mside the very small
nanopores on the sk laver surtace of the support membrane, a thun, nonporous, hydrophilic
polymer laver coated on the surtface of the support membrane, and metal salts incorporated in
the hydrophilic polymer layer coated on the surtace of the support membrane and the
hydrophihic polymer mside the very small nanopores described 1n the present invention ¢an
be tabricated mio any convenient form switable for a desired olefin/parattin application. For
example, the membranes can be m the form of hollow fibers, tubes, flat sheets, and the hike.
The tacilitated transport membrane 10 the present invention can be assembled i a separator
in any suttable configuration for the form of the membrane and the separator may provide for
co~current, counter-current, or cross~-current flows of the feed on the retentate and permeate
sides of the membranc. In one exemplary embodiment, the tacilitated transport nembrane
described n the present invention 1s 1 a spiral wound moduic that 1s 1 the form of flat sheet
having a thuckness from 30 to 400 uwm. In another exemplary embodiment, the facutated
transport membrane described in the present invention 15 m a holiow fiber module that 1s 1
the torm of thousands, tens of thousands, hundreds of thousands, or more, of parallcl, closely-
packed hollow fibers or tubes. In one embodiment, cach fiber has an outside diameter of from
200 maicrometers (wm) to 700 mullimeters (mm) and a wall thackness of from 30 to 200 um. In
operation, a feed contacts a first surface of said facilitated transport membrane described m
the present mvention, a permeate permeates said facilitated transport membrane descrtbed 1o
the present invention and 1s removed therefrom, and a retentate, not having permeated said
facilitated transport membrane described n the present mmvention, also 1s removed therefrom.
In another embodiment, the facditated transport membrane descnbed m the present mvention
can be 10 the form of flat sheet having a thickness in the range of from 30 to 400 pm.

(G032} The present mvention provides a process for the separation of parathn and olefin,
such as, for example, 1 gaseous streams compnising from 99 to 1 mol% of onc or more {2-
{_8 oletins and from 1 to 99 mol% of one or more C1-C8 paratims produced from stream
cracking, catalytic cracking, the dehvdration of paraffins, and the like using the new
facilitated transport membrane comprising a very small pore, nanoporous PES/PYP blend

support membrane, a hydrophilic polvmer mside the very small nanopores on the skin laver
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surface ot the support membrane, a thin, nonporous, hvdrophuic polvmer laver coated on the
surface of the support membrane, and metal salts incorporated i the hydrophilic polymer
laver coated on the surface of the support membrane and the hydrophilic polyvmer inside the
very small nanopores n the present mvention, said process comprising passing said gaseous
feed stream to a feed side of the taciltated transport membrane, so that not less than 80 mol%
of the olefins m said feed stream pass through said facilitated transport membrane and
recovermg a permeate stream comprising not iess than 90 mol% of oletin and not more than
10 moiY of parafim. The process utilizes the new facilitated transport membrane described in
the present mvention that 1s highly permeable but also haghly selective to olefin, thus
permitimg olehn to permeate the membrane at 2 muuch higher rate than the parattin. The
facilitated transport membrane comprising a very small pore, nanoporous PES/PYP blend
support membrane, a hydrophihic polvmer mside the verv small nanopores on the skin laver
surface of the support membrane, a thin, nonporous, hvdrophilic polymer laver coated on the
surface of the support membrane, and metal salis mcorporated 1n the hydrophilic polymer
layer coated on the surtace of the support membrane and the hydrophilic polvmer inside the
very small nanoporesdescribed mn the present mvention can take a vaniety of forms surtable
for a particular apphication. For example, the membrane can be m the form of a flat sheet,
hollow tube or fiber, and the hke. In this regard, various embodiments of the process
contemplated herein can be used to replace U2 and (3 splitters, as hybnd
membrane/distitlation units for oletin punfication, for recovery of oletins from polvpropyiene
vent streams or from fluid catalytic cracking (FCC) off-gas streams, or the like. The process
can also be used tor the production of polymer grade propvlene, thus oftering significant
energy, capital, and operating cost savings comparcd 1o conventional distiliation.

[(3033] The oletin/parattin separation process using the facibitated transport membrane
descnibed mn the present mvention starts by contacting a first surface of the membrane with an
olctin/parafiin feed. The oletin may compnse, tor exampie, propvlene or ethyviene and the
paraffin may comprise propane or ¢thane, respectively. The olefin/parattin feed comprises a
first concentration of oletin and a first concentration of parattin depending on the application
for which the membrane separation 1S used. For exampie, a propane dehvdrogenation process
typically provides a teed contaimming 33 mass percent propviene, whereas a feed from an FCL
unit generally contams 75 mass percent propylene. The tHiow rate and temperature of the

oletin/paratiin feed have those values that are suitable for a desired application. Next, a
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permeate 1s caused o flow through the membrane and from a second surface ot the
membrane. Because the facilitated transport membrane described in the present invention for
oletin/paratim separations 15 much more selective to the oletin than (o the paratfin, the
permeate has a concentration of olefin that 15 much higher than the concentration of the
paraiiin m the permeate. in one exemplary embodiment, the concentration ot the olehin mn the
permeate 15 Y9.5-Y9 .Y mass percent. In addition, while some paraffin may permeate through
the membrane, the permeate has a concentration of parathin that 1s mach less than the
concentration of the parathin in the feed. The permeate can then be removed from the second
surface of the membrane. As the permeate passes through the membrane, a retentate or
residue, which has not permeated the membrane, 1s removed from the first surface of the
membrane. The retentate has a concentration of oletin that 1s much lower than the
concentration of olefin in the feed and much lower than the concentration of the permeate.
The retentate also has a concentration of paratfin that 1s higher than a concentration of

paraffin that 1s 1n the feed.
EXAMPLES

(G034} The following examples are provided to illustrate one or more preferred
crbodiments of the wnvention, bot are not miied embodiments thereof. Numerous vanations

can be made to the following examples that lic withm the scope of the mvention.

EXAMPLE |
PES/PVP-2.5-1-Na-A-C-AgNQOs Facilitated Transport Membrane

[3035] A very small pore, nanoporous, asymmetric polvethersultone
{(PESpolyvmvipvrrohdone (PVP) blend support membrane was prepared via the phase-
MVErsion process. A membrane casting dope comprising, by weight percentages, PES
(E6020P, BASK) 15-209%, PVP {40k Mw) 3-10% (PES/PVP =2 5.1 weight ratio}, N-mcthvl
pyrrolidone (NMP} 33-65%, 1,3-dioxolane 3-15%, glveerol 1-10% and n-decane 0.3-2% was
cast on a nylon fabrnic then gelled by mmersion m a 1°C water bath for 10 minutes, and then
annealed m a hot water bath at 85°C for 3 mumutes. A dilute agucous solution of sodium
alginate was applhied via a nipping mcthod onto the surface of the wet, relatvely bvdrophilic,
very small pore, nanoporous, asymmetnce PENPVP{Z .5 1) blend support membrane. The wet

membrane comprising sodium algmate within the very small nanopores on the membrane
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skin laver surtace was coated with a solution of chutosan dissolved 1n a dilute, agueous acetic
acid solufion and then dried at 50°C to form a thin, nonporous, chutosan laver on the surtace
of the membrane. The membrance was then treated with a basic sodnim hyvdroxide sohition,
washed with water to form the PES/PYP(Z2.5:1} biend support membrang comprising alginic
acid within the very smail nanopores on the membrane skin {aver surface and a thun,
nonporous, chitosan laver on the surface of the membrane. The membrane was then
mmpregnated with a sulver mitrate agucous solution (3M m HxO} to form the final facilitated
transport membrane (abbreviated as PES/PVP-2 5-1-Na-A-C-AgN{:). The membrane was
then tested with a humadified {(relative humidity 80-1009) propvience/propane {((3=/C3) gas
muxture (709 Cs=/30% Cay at 791 kPa (100 psig), 50 °C with 708 sco/min retentate flow rate.
The performance of PES/PVP-2 5-1-Na-A-C-AgNGs 15 shown in TABLE 1. PES/PVP-2.5-1-
Na-A-C~-AgNOs showed a propviene permeance of 110.7 GPU and a high propviene/propanc
sclectivity of 414 after 3 h of testing. The PES/PVP-2.5-1-Na-A-C~-AgN{s membrane also
showed both higher propylene permeance {(141.8 GPU) and hagher propvlence/propanc
sclectivity {697} when the retentate Hlow rate was mercased from 708 sco/mun to 1416

sco/mun as shown my TABLE 1.

EXAMPLE 2
PES/PYVP-4-1-Na~-A-C-AgNOs Facilitated Transport Membrane

(3036 A very small pore, nanoporous, asvimetric polvethersulione
(PES)/polyvinvipvrrohdone (PVP) blend support membrane was prepared via the phase-
mversion process. A membrane casting dope comprising, by weight percentages, PEMS
{(E6020P, BASKE) 15-25%, PVP (40k Mw} 3-10% (PES/PVP =41 weight ratic). N-methyi
pyrrolidone (NMP) 35-65%, 1,3-dioxolane 5-13%, glvcerol 1-10% and n-decane 0.53-29 was
cast on a nylon fabric then gelled by immersion in a 1°C water bath for 10 minutes, and then
anncaled m a hot water bath at 85°C for 5 mimutes. A dilute agucous solution of sodium
alginate was apphied via a nipping method onto the surtace of the wet, relatively hydrophilic,
very small pore, nanoporous, asymmetric PES/PVP{4: 1) blend support membrane. The wet
membrane comprising sodium algmate within the very small nanopores on the membrane
skin laver surface was coated with a solution of chutosan dissolved 1o a dilute, agueous acetic
acid solution and then dried at 307C (o form a thin, nonporous, chifosan layer on the surface

of the membrane. The membrane was then treated with a basic sodmim hydroxide solution,
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washed with water to form the PES/PVP{(4: 1) blend support membrane comprising alginic
acid withan the very small nanopores on the membrane skin laver surtace and a thin,
nonporous, chitosan layer on the surface of the membrane. The membrane was then
impregnated with a silver nutrate agueous sclution (3M 1n Hy(O) to torm the final faciidated

5  transport membrane {abbreviated as PESNPVP-4-1-Na-A-C-AgNQs).

COMPARATIVE EXAMPLE |
PES-Na-A-C-AgNGs Facilitated Transport Membrane

G337 A tacuttated transport membrane (PES-Na-A~C-AgNU3) was prepared in the
same method as EXAMPLE | except no hvdrophilic PVP was added for the preparation of

10 the very small pore, nanoporous, asvmmetric PES support membrane. The PES-Na-A-(-
AgNGs membrane was then tested with a humdified (relative humidity 80-100%)
propyienc/propane (C3=/CUs) gas muxture {70% Ci=/30% (3} at 791 kiPa (100 psig), 30°C with
JO8 sce/mun retentate flow rate and showed propylene permeance of 74.0 GPU and
propylene/propane sclectivity of >1000 atter 1 h of testing. The PENPVP-2 5-1-Na-A-{-

15 AgNGs; membrane descnibed i the current invention showed nwch higher propyiene

permeance than the comparative PES-Na-A-C-AgNQOs membrane.

TABLE |
PES/PVP-2.5-1-Na-A-C-AgNUs and PES-Na-A-C-AgNO: Facilitate

Transport Membranes for Propvlene/Propane Separation

Facilitated Transport Membrane Testing time (h}“g Poa=/L (GPU) 3=/
PES-Na-A-C-AgNOs* | T 7Y S 1000
PRSPPI A CARNO T T s | o
PESPvPsINeACANOT | 4 | o | ]
PES/PVP-25-1-Na-A-C-AgNOs | s 418 | o7

20 Tested at SO°C, 791 kPa (100 psig) propylenc/propane (70%/30%) mixed vapor feed

pressure; foed stream was bubbled through water at 30°C;
? retentate flow rate was set at 708 sco/mun;

> retentate flow rate was set at 1416 sce/min; 1 GPU= 10% o (STPVom? s {em Hg).
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SPECIFIC EMBODIMENTS

{33381 While the following 1s described 1 conjunction with specific embodiments, t wall
be understood that this description 1s mtended to tlustrate and not linut the scope ot the
preceding description and the appended claims.

30391 A first embodiment of the mnvention 1s a faciitated transport membrane
comprising a nanoporous polyethersulione/ olyvinvipvrrolidone biend support membrane, a
bydrophilic polvmer mside nanopores of the support membrane, a hydrophilic polymer
coating layer on a surface of the support membrane and metal salts 1 the hydrophilic
polymer coating layer and in the hydrophilic polvmer mside the nanopores of the support
membrane. An embodiment ot the 1nvention 1s one, any or all of prior embodiments i this
paragraph up through the first embodiment m this paragraph wheremn the
polyvvinvipyrrolidone has a weight average molecular weight of 40,000 or hygher. An
cmbodiment of the invention 1s one, any or all of prior embodiments i this paragraph up
thirough the first cmbodiment m this paragraph wheremn the polvethersulfone/
polyvinvipyrrohidone blend support membrane has pores with an average pore diameter of
icss than 10 nmm on a membrane skin layer surface. An embodiment of the invention 1s one,
any or all of prior embodiments 1n this paragraph up through the first embodiment in this
paragraph wherein the polyethersulfone to the polyvinvipvrrohdone weight ratio 1s 1n a range
of 201 to 21. An embodiment of the mnvention 1s one, any or all of prior embodiments m this
paragraph up through the first embodiment i this paragraph wherein the hvdrophilic polymer
mside the nanopores of the support membrane are selected from the group consisting of
chutosan, sodium carboxvimethvi-chitosan, carboxyimethyl-chitosan, hyaluronic acid, sodium
hvaluronate, carbopol, polvearbophil calciom, polv{acrviic acid} (PAA), polv(methacryhic
acid} {PMA), sodium alginate, alginie acid, polyv{vinyl alcohol} (PV A), poly{ethyicne oxide)
(PEQ), polv{cthviene glycol) (PEG), poly{vinvipvrrolidone} (PYP), gelatin, carrageenan,
sodium lignosulfonate, and muxtures thercof. An embodument of the mvention 1s one, any or
atl of prior embodiments m this paragraph up through the first embodiment 1n thus paragraph
wherein in the nanoporous polvethersulione/ polyvinylpyrrolidone biend support membrane
comprising hvdrophilic polyvmers mside the nanopores on the membrane surface has a carbon
dioxide permeance of <700 GPU and a carbon dioxide/methane selectivity of <§ at 56 'C
under 500-1000 psig 10% C02/90% CHs mixed gas feed pressure. An embodiment of the

mvention 1s one, any or all of prior embodments 1 this paragraph up through the first
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crabodiment 1 thus paragraph wherein the hvdrophiiic polvmer coating laver on the surface
ot the nanoporous polvethersulfone/ polyvimvipyvrrohdone blend support membrane of the
facilitated transport membrane comprises a hvdrophilic polymer selecicd from the group
consisting of chitosan, sodmim carboxvimethyl-chitosan, carboxvimethvi-chitosan, hyvahuronic
acid, sodium hyaluronate, carbopol. polvcarbophil calcmum, polyv{acrviic acid) (PAA),
polv{methacrviic acid) (PMA), sodwum algmate, alginic acid, polv{vinyl alcohol} (PVA),
polv{cthylene oxade} (PEQ), polv{ethviene glveol} (PEG), polv(vinvipyrrolidone} {(PVP),
oclatim, carragecnan, sodwum hignosulfonate, and mixtures thereof. An embodiment of the
mvention 1s ong, any or all of prior embodiments m this paragraph up through the first
embodument 1n this paragraph wherein the metal salts are silver salts or copper salts. An
embodiment of the mvention is ong, any or all of prior embodiments 1n this paragraph up
through the first embodiment i this paragraph wherein the hvdrophilic polymer in the
hydrophilic polyvmer coating layer on the surface of the nanoporous polyethersuifone/
polyvinvipyrrolidone biend support membrane 15 chitosan and the hydrophilic polvmer mside
the nanopores on the surtace of the nanoporous polyethersuitone/ polyvinyipyrrolidone biend
support membrane 1s sodmum alginate or sodium hyaluronaie.
(3040 A second embodiment of the invention 1s a process to treat a gaseous feed stream
comprising passing the gascous feed stream comprising from 99 to 1 mol% of one or more
{2-C8 olefins and trom 1 to 99 mol% of one or more C1~C8 paraffins to a foed side of a
facilitated transport membrane compnsing a nanoporous polvethersulfone/
polyvinvipyrrolidone blend support membrane, a hvdrophilic polymer mside the nanopores
on the skin laver surface of the support membrane, a hydrophilic polvmer coating layer on the
surface ot the support membrane, and metal salts mcorporated in the hydrophilic polvmer
laver coated on the surtace of the support membrane and the hydrophilic polvmer mside the
nanopores on the skin laver surtace of the support membrane, so that not less than 80 mol9%
of the olefins m the gascous feed stream pass through the faciitated transport membrane and
then recovernng a permeate stream comprising not less than 90 mol% of the one or more
22-C8 olefins and not more than 10 mol%s of the C1-U8 paraffins. An embodiment of the
mvention s one, any or all of prior embodiments 1n this paragraph up through the second
crabodiment m this paragraph wherein the bvdrophilic polymer 1nside the nanopores of the
support membrane are selected from the group consisting of chitosan, sodium

carboxyimethyi-chitosan, carboxyvimethvi-chitosan, hyahironic acid, sodnum hyvaluronate,
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carbopol, polvcarbophil calcium, poly{acrvlic acid) (PAA), poly{methacryiic acid} (PMA),
sodium algnate, algmic acid, polv{vinyl alcohol) (PV A), poly{ethviene oxide) (PEO),
poly{ethvicne glycol) (PEG), poly{vinylpyrrohidone} (PYP), gelatin, carrageenan, sodinm
lignosulfonate, and mixtures thercot. An embodiment of the mvention 18 on¢, any or all of
prior embodiments n this paragraph up through the second embodiment n this paragraph
wherein the nanoporous polvethersulfone/ polyvmvipvrrohidone blend support membrane
compnsing hydrophilic polvmers mnside the nanopores on the membrane surface has a carbon
dioxide permeance of <700 GPU and a carbon dioxide/methane selectivity of <G at 50°C
under 500-1000 psig 10% C02/90% CHa mixed gas feed pressure. An embodiment of the
invention is one, any or all of prior embodiments wn this paragraph up through the second
cmbodiment i this paragraph wherein the hydrophilic polymer coating layer on the surface
of the nanoporous polvethersulfone/ polyvmvipyrrolidone blend support membrane of the
faciitated transport membrane comprises a hvdrophilic polymer selected from the group
consisting of chitosan, sodium carboxvimethyl-chitosan, carboxyimethvi-chitosan, hyaluronic
acid, sodium hyaluronate, carbopol, polycarbophil calenim, polv{acryhic acid) (PAA),
polv{methacrylic actd) (PMA), sodwm algmate, algimic acid, poly{vinyl alcohol} (PVA),
polv{cthviene oxade} (PEO). polv{ethviene glveol) (PEG). polv{(vinyipvrrolidone) (PVP),
gelatin, carrageenan, sodium hgnosulfonate, and nuxtures thereof. An embodiment of the
myention 18 ong, any or all of prior embodiments m this paragraph ap through the second

crabodiment 1n this paragraph wherein the metal salts are silver salts or copper salts.
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CLAIMS:

1. A faciitated transport membrane comprising a nanoporous polvethersulfone/
polvvinvipyrrolidone blend support membrane, a hvdrophilic polymer inside nanopores of
sard support membrane, a hvdrophilic polyvmer coating layer on a surface of the support
membrane and metal salts m sand hydrophilic polyvmer coating laver and 1 said hydrophilic
polyvmer mside said nanopores of satd support membrance.

2. 'The facihitated transport membrane of claim | wherem said polvethersultone o
said polyvimvipyrrolidone weight ratio 18 m a range of 20:1 to 2: 1.

3. The facihitated transport membrane of claim 1 wheremn said bvdrophilic polymer
instde said nanopores of said support membrane are selected from the group consisting of
chitosan, sodium carboxyvimethyi-chitosan, carboxvimethyl-chitosan, hyvaluronic acid, sodium
hyaluronate, carbopol, polycarbophil calenm, polv{acrylic acid) (PAA), polv{methacrvhic
actd) (PMA), sodium algmate, algimic acid, polyv{vinyi aicohol} (PV A}, polv{cthviene oxide}
(PEQ), polv{cthviene glveoly (PEG), polvivinvipvrrolidone) (PVP), gclatin, carragecnan,
sodium lignosulfonate, and mixtures thereof.

4. The tacihitated transport membrane of clamm 1 wherein the hydrophilic polymer
coating layer on the surface of the nanoporous polvethersuifone/ polyvinvipvrrohdone blend
support membrane of the facilitated transport membrane comprises a hydrophilic polymer
selected from the group consisting of chitosan, sodium carboxyimethyi-chitosan,
carboxvimethyi-chitosan, hvaluronic acid, sodwum hvaluronate, carbopol, polycarbophil
calcium, poly{acrviic acid) (PAA), polv{methacrviic acid} (PMA}, sodium alginate, alginic
acid, polv{vinvi alcohol} (PV A), polv{ethviene oxide} (PEQ), polviethviene glvcol) (PEG),
poly{vinvipvrrolidone} (PVP), gelatin, carrageenan, sodnnm hignosulfonate, and mixtures
thereot.

5. The facilitated transport membrane of clavm 1 wherein the metal salts are silver
salts or copper salts.

6. 'The facihitated transport membrane of claim | wherem the hydrophilic polvmer in
the hyvdrophilic polymer coating laver on the surface of the nanoporous polyvethersulione/
polyvinvipyrrolidone blend support membrane 1s chifosan and the hydrophilic polyvmer mside
the nanopores on the surtace of the nanoporous polyethersulfone/ polyvinylpyrrohidone blend

support membrane 1s sodium algmate or sodium hyaluronate.
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7. A process to treat a gascous feed stream comprising passing the gascous feed
stream comprisig from 99 {o I mol% of one or more C2-U3 olefing and from | to Y9 mol¥s
of one or more C1-U8 paratfins to a feed side of a facilitated transport membrane comprising
a nancporous polyvethersultone/ polyvimvipyrrolidone blend support membrane, a hvdrophilic
polvmer mside the nanopores on the skin laver surtace of said support membrane, a
hydrophilic polvmer coating layver on the surface of said support membrane, and metal salts
meorporated in the hydrophilic polymer layer coated on the surface of the support membrane
and the hydrophilic polyvmer mside the nanopores on the skin layver surface of said support
membrane, so that not less than 80 mol% of the olefins 1 saiwd gascous feed stream pass
through the faciditated transport membrane and then recoverning a permeate stream comprising
not less than 90 mol% of said one or more C2-C8 olefins and not more than 10 mol% of said
C1-C8 paraftins.

8. The process of claim 7 wherein said hvdrophubic polymer mside said nanopores of
sard support membrane are selected from the group consisting of chitosan, sodum
carboxvimethyi-chitosan, carboxvimethyl-chitosan, hyaluronic acid, sodium hyaluronate,
carbopal, polycarbopiul calcmum, poly{acrvlic acid) (PAA), polv{imethacrviic acid} (PMA),
sodium alginate, algmic acid, polv{vinyl aicohol) (PV A), poly{ethviene oxide) (PEO),
poly{ethviene glycol) (PEG), poly{(vinyipvrrolidone} (PYP), gelatin, carrageenan, sodium
hgnosuitonate, and muxiures thercof,

9. The process of claim 7 wherein sard nanoporous polvethersulfone/
polyvinvipyrrolidone blend support membrane comprising hyvdrophilic polvmers mside the
nanopores on the membrane surface has a carbon dioxide permeance of <700 GPU and a
carbon dioxide/methane selectivity of less than 5 at S0°C under 3447 to 6895 kPa (500-1000
psig} 10Y% CO2/90% CHq nuxed gas fecd pressure.

10. The process of clawm 7 wherein the hvdrophilic polymer coating laver on the
surface of the nanoporous polyethersulfone/ polyvinvipyrrolidone blend support membrane
of the tacilitated transport membrane compnses a hvdrophilic polymer selecied from the
group consisting of chitosan, sodium carboxyimethyl-chitosan, carboxvimethvi-chitosan,
hvaluronic acid, sodium hyaluronate, carbopol, polycarbophil calenum, polv{acrylic acid)
(PAA}, polv(methacrvlic acid) {(PMA), sodnim algmate, alginic acid. poly{vinyi aicohol)

{PV A), polvicthviene oxude) (PEO), polv{ethviene ghycol) (PEG), polv{vinvipyrrolidone}

{(PVP), gelatin, carrageenan, sodium hignosulfonate, and mixtures thereof
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