ASYMMETRIC MEMBRANES

BACKGROUND OF THE INVENTION

[0001] Asymmetric membranes having a large pore size on the upstredm surface, a
smaller pore size on the downstream surface, and an average pore size phat decreases from the
upstream surface in a direction toward the downstream surface ( sucd membranes can be
referred to as having a “V-shaped pore structure ") are known in {fie art. However,
conventional asymmetric membranes may exhibit reduced perfrmance, capacity, and
lifespan.

[0002] Accordingly, there is a need for improved asyphmetric membranes.

BRIEF SUMMARY OF THE INVENTION

[0003] In accordance with an embodiment of the invention, an asymmetric membrane is
provided comprising (a) a first exterior poroug surface; (b) a second exterior porous surface;
{c) a porous bulk between the first exteriorporous surface and the second exterior porous
surface, the porous bulk having a first pgrous region and a second porous region, the first
porous region contacting the second porous region; (d) a first asymmetric porous zone, the
first asymmetric porous zone inclyding the first exterior surface, and extending into, and
including, the first porous regiof of the bulk; and, (e) a second asymmetric porous zone, the
second asymmetric porous zghe including the second exterior surface, and extending into,
and including, the second porous region of the bulk; wherein the first asymmetric porous
zone includes a first pofous asymmetry that increases from the first exterior surface through
the first porous zone/of the bulk, and the second asymmetric porous zone includes a second
poroﬁs asymmetry that increases from the second exterior surface through the second porous
zone of the bulK, and the first porous surface has a first average pore size and the second
porous surfag€e has a second average pore size, wherein the first average pore size is larger
than the sécond average pore size.

Another embodiment of the invention provides a membrane comprising a first,
upspfeam zone comprising pores, an upstream portion, and a downstream portion; and a
cond, downstream zone comprising pores, an upstream portion, and a downstream portion,

wherein the pores of the first zone have an average pore size that increases in an upstream to



downstream direction, the pores of the second zone have an average pore size that increasés
in a downstream to upstream direction, the downstream portion of the first zone has a

average pore size that is greater than an average pore size of the upstream portion of/the first

[0005] Other embodiments of the invention provide methods of makin
asymmelric membrane and methods of processing a fluid using the inverfive asymmetric

membrane.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OFAHE DRAWING(S)

[0006] Figure 1 shows an illustrative generalized systemfor casting membranes
according to an embodiment of the invention, showing firgt and second extruders, a chamber,
a belt spray zone, and first and second rolls.
[0007] Figure 2A is a scanning electron microscgpe (SEM) photograph of a vertical
cross-section of an embodiment of a membrane agtording to the invention comprising
polyethersulfone (PES).
[0008] Figure 2B shows a diagrammatig/cross-sectional representation of the pore
structure of a membrane according to an #mbodiment of the invention, illustrating (a) a first
exterior porous surface; (b) a second eterior porous surface; (c) a porous bulk between the
first exterior porous surface and the/Second exterior porous surface, the porous bulk having a
first porous region and a second porous region; (d) a first asymmetric porous zone; and, (€) a
second asymmetric porous zoge.

[0009] Figure 3 is a SEM photograph of a vertical cross-section of another embodiment
of a membrane according to the invention.
[0010] Figure 4
of a membrane acgOrding to the invention.
[0011] Fig
membrane apfording to the invention,
[0012]

membrAne according to the invention comprising polyvinylidene fluoride (PVDF).

s an enlarged SEM photograph of the lateral, second exterior surface

e 4B is an enlarged SEM photograph of the lateral, first exterior surface of a

Figure 5A is a SEM photograph of a vertical cross-section of an embodiment of a

[0013] Figure 5B shows a diagrammatic cross-sectional representation of the pore

sifucture of a membrane according to an embodiment of the invention, illustrating a first,



upstream zone comprising an upstream portion, and a downstream portion; and a secon
downstream zone comprising an upstream portion, and a downstream portion.
[0014] Figure 6A is a SEM photograph of a vertical cross-section of another effibodiment
of a membrane according to the invention,

[0015] - Figures 6B-6D are enlarged SEM photographs of the vertical crosé section of the

membrane of Figure 6A at areas 60-62, respectively.
DETAILED DESCRIPTION OF THE INVENTION

[0016] Advantageously, membranes according to the inventigh exhibit reduced fouling

and provide increased performarnce, capacity, and lifespan as ¢émpared to conventional
asymmetric membranes with V-shaped pore structures. Wighout being bound to any
particular theory, it is believed that a reduced number of farge or medium-sized retentate
particles pass through the pores of the surface of the {ifst zone (e.g., the upstream surface)
thus reducing the presence of retentate particles thgt could block the pores of the interior (i.e.,
downstream portion of the first zone) of membrahes according to the invention. Since the
average pore size of the downstream portion @f the first zone is preferably greater than the
average pore size of the upstream portion gf the first zone and is also greater than the average
pore size of the upstream portion of the 4econd zone, the membranes can advantageously
provide more space in the interior of fhe membrane for retentate particles (e.g., small
retentate particles) and filtrate. BgCause the average pore size of the second zone is smaller
than the average pore size of th€ first zone, a reduced number of retentate particles (e.g.,
small retentate particles) pagd through the pores of the surface of the second zone (e.g., the
downstream surface), ang/the filtrate passes through the pores of the surface of the second
ZOIle.
[0017] In accorglance with an embodiment of the invention, with reference to the pore
structure shown i diagrammatic Figure 2B, an asymmetric membrane is provided
comprising (aYa first exterior porous surface 32; (b} a second exterior porous surface 33; (c) a
porous bull/34 between the first exterior porous surface and the second exterior porous
surface, fhe porous bulk 34 having a first porous region 35 and a second porous region 36, the
first porous region 35 contacting the second porous region 36; (d) a first asymmetric porous
zope 37, the first asymmetric porous zone 37 including the first exterior surface 32, and
xtending into, and including, the first porous region 35 of the bulk 34; and, (e) a second

asymmetric porous zone 38, the second asymmetric porous zone 38 including the second



exterior surface 33, and extending into, and including, the second porous region 36 #f the
bulk 34; wherein the first asymmetric porous zone 37 includes a first porous asyrdmetry that
increases from the first exterior surface 32 through the first porous region 35 ¢f the bulk 34,
and the second asymmetric porous zone 38 includes a second porous asymugetry that
increases from the second exterior surface 33 through the second porous fegion 36 of the bulk
34, and the first porous surface 32 has a first average pore size and the/Ssecond porous surface
33 has a second average pore size, wherein the first average pore sige is larger than the
second average pore size.

[0018] In accordance with an embodiment of the inventioy, the membrane comprises a
first exterior porous surface and a second exterior porous syfface. With respect to fluid flow
in accordance with an embodiment of the invention, the first exterior porous surface is an
upstream surface and the second exterior porous surfgfe is a downstream surface. In an
alternative embodiment, the first exterior porous sufface is a downstream surface and the
second exterior porous surface is an upstream syfface.

[0019] In accordance with an embodiment of the invention, the membrane comprises a
porous bulk between the first exterior porods surface and the second exterior porous surface.
The porous bulk may have a first porouyTegion and a second porous region. With respect to
fluid flow in accordance with an embgdiment of the invention of the invention, the first
porous region is an upstrearn regiop and the second porous region is a downstream region. In
an alternative embodiment, the f{rst porous regicn is a downstream region and the second
porous region is an upstreamAegion.

[0020] In accordance yfith an embodiment of the invention, the membrane comprises a
first asymmetric porous/Zone and a second asymmetric porous zone. With respect to fluid
flow in accordance with an embodiment of the invention, the first asymmetric porous zone is
an upstream zone gnd the second asymmetric porous zone is a downstream zone. In an

alternative embgdiment, the first asymmetric porous zone is a downstream zone and the

may £xtend into, and include, the second porous region of the bulk.
[0821] The first zone of the membrane may have any suitable thickness. In accordance
ith an embodiment of the invention, the first zone of the membrane may have a thickness in

the range of from less than about 10 micrometers (um) to greater than about 250 pum, from



about 10 pm to about 250 pm, or from about 100 um to about 200 pm. The first zong/of the
ore), from

out 55%, of

membrane may, for example, comprise from about 5% (or less) to about 95% (or
about 15% to about 85%, from about 30% to about 70%, or from about 45% to
the total thickness of the membrane.
[0022] The second zone of the membrane may have any suitable thickpess. The second
zone of the membrane may have a thickness in the range of about 10 pnf (or less) to about
400 pm (or more), or from about 30 um to about 100 um. The second zone of the membrane
may, for example, comprise from about 4% (or less) to about 85%/Aor more), from about 10%
10 about 80%, from about 20% to about 70%, or from about 40% to about 50%, of the total
thickness of the membrane.
[0023] In accordance with an embodiment of the inveption, the first asymmetric porous
zone includes a first porous asymmetry that increases fydm the first exterior surface throngh
the first porous region of the bulk. In accordance with an embodiment of the invention, the
second asymmetric porous zone includes a secong porous asymmetry that increases from the
second exterior surface through the second pordus zone of the region.

[0024] In this regard, the membrane, ingfuding the zones and regions therein, is
asymmetric. “Asymmetric,” as used herein, refers to a change in average pore structure
across a cross-section {e.g., a vertical gfoss-section) of the membrane itself or a given zone of
the membrane. An asymmetric mepdbrane or zone has an average pore structure (typically,
an average pore size) varying thrgughout the membrane or zone. Typically, the average pore
size decreases in size from ong/portion or surface to another portion or surface (e.g., the
average pore size decreasesArom the upstream portion or surface to the downstream portion
or surface). However, otfier types of asymmetry are encompassed by embodiments of the
invention, e.g., the poy€ size goes through a minimum pore size at a position within the
thickness of the asyfmetric zone. The pores of the first asymmetric porous zone and/or the
second asymmeiyic porous zone may have an average pore size that increases in a direction,
e.g., an upstredm to downstream direction, a downstream (o upstream direction, a first
exterior poybus surface to a second exterior porous surface direction, or a second exterior
porous sdrface to a first exterior porous surface direction, In this regard, each of the first and
zones of the membrane may be asymmetric. The membrane, including zones,
regions, and portions thereof, can have any suitable pore size gradient or ratio, e.g, about 1.1
r less, or about 100.0 or more, from about 1.1 to about 100.0, from about 5.0 to about 95.0,

from about 10.0 to about 90.0, from about 15.0 to about 85.0, from about 20.0 to about 80.0,



from about 25.0 to about 75.0, from about 30.0 to about 70.0, from about 35.0 to ab
from about 40.0 to about 60.0, from about 1.1 to about 10.0, from about 2.0 to ab
from about 1.1 to about 5.0. This asymmetry can be measured by comparing thé average
pore size on one major surface of a zone with the average pore size of the otlér major surface
of that zone.
[0025] In accordance with an embodiment of the invention, the first porous surface has a
first average pore size and the second porous surface has a second ayerage pore size. In
accordance with an embodiment of the invention, the first averagg/pore size is larger than the
second average pore size. In an alternative embodiment, the s¢g€¢ond average pore size is
larger than the first average pore size. The first and second porous surfaces may each have
any suitable average pore size. In accordance with an embodiment of the invention, the first
porous surface may have an average pore size from lesé than about 0.2 um to greater than
about 10.0 pm, from 0.2 pm to about 10.0 pm, fronyabout 0.5 pm to about 9.0 pm, from
about 1.0 pm to about 8.0 um, from about 3.0 pief to about 7.0 pm, or from about 4.0 pm to
about 6.0 pm. In accordance with an embodigfent of the invention, the second porous surface
may have an average pore size from less thph about 0.01 pum to greater than about 5.0 um,
from about 0.01 um to about 5.0 um, fro/ about 0.05 pm to about 4.0 um, from about 0,10
um to about 3.0 um, from about 0.20 ¥m to about 2.0 um, from about 0.3 um to about 1.5
um, or from about 0.4 pm to about A.0 pm.

[0026] In accordance with ay’embodiment of the invention, the first porous region or first
asymmelric porous zone has g/first average pore size and the second porous region or second
asymmetric porous zone hg$ a second average pore size. The average pore size of the first
porous region or first asymmetric porous zone can be larger than the average pore size of the
second porous regionr second asymmetric porous zone, or the average pore size of the
second porous regién or second asymmetric porous zone can be larger than the average pore
size of the first gorous region or first asymmetric porous zone. In accordance with an
embodiment,Ahe average pore size of the first porous region or first asymmetric porous zone
jbed for that of the first porous surface. In accordance with an embodiment of the
, the average pore size of the second porous region or second asymmetric porous
zoneAs as described for that of the second porous surface.,

[0827] The average pore sizes of the membrane, first and second surfaces, first and
econd zones, and first and second regions, may be selected as appropriate for the particular

application.



[0028] In accordance with an embodiment of the invention, the first porous region o
zone contacts the second porous region or zone. In this regard, the membrane is prefefably
continuous. A continuous membrane provides a continuum between the two zoneg/or regions
of the membrane and no break exists between the polymer structure which compftises the first
and second regions or first and second zones of the membrane. The pores of the first region
or first zone may interconnect with one another and with the pores of the sécond region or
second zone. The pores of the second region or second zone may also yiterconnect with one
another and with the pores of the first region or first zone.
[0029] With reference to the diagrammatic pore structure sho@n in Figure 5B, another
embodiment of the invention provides a membrane comprising/a first, upstream zone 44
comprising pores, an upstream portion 45, and a downstreard portion 46; and a second,
downstream zone 47 comprising pores, an upstream portjon 48, and a downstream portion 49,
wherein the pores of the first zone 44 have an averagefore size that increases in an upstream
to downstream direction, the pores of the second zgfie 47 have an average pore size that
increases in a downstream to upstream direction/the downstream portion 46 of the first zone
has an average pore size that is greater than a average pore size of the upstream portion 45
of the first zone 44 and greater than an aveyage pore size of an upstream portion 48 of the
second zone 47, and the average pore siZe of the first zone 44 is greater than the average pore
size of the second zone 47,
[0030] In accordance with an ginbodiment of the invention, the membrane comprises a
first, upstream zone 44 comprising pores, an upstream portion 45, and a downstream portion
46. The first zone 44 may aldo comprise an upstream surface 42 of the membrane and a
downstream boundary 52/each of which may be porous, The downstream boundary 52 of
the first zone 44 of the Anembrane may be positioned in the interior of the membrane and
adjacent to the upstpéam boundary 53 of the second zone 47 of the membrane, which is
explained in morg detail below. In accordance with an embodiment of the invention, the first
zone of the mgfbrane 44, e.g., the downstream boundary 52 of the first zone 44 of the
membrane,£ontacts the second zone 47 of the membrane, e.g., the upstream boundary 53 of
the secopd zone 47 of the membrane. In this regard, the membrane may be continuous as
described herein.
[0051] The first zone of the membrane may have any suitable thickness. In accordance
ith an embodiment of the invention, the first zone of the membrane may have a thickness as

described for that of the first embodiment.



[0032] The upstream portion 45 of the first zone 44 of the membrane may comprise
upstream surface 42 of the membrane and a porous downstream boundary 50. The
downstream boundary 50 of the upstream portion 45 of the first zone 44 of the mepibrane
may be positioned in the interior of the membrane (e.g., in the interior of the firsf zone),
adjacent to, and continuous with, the upstream boundary 51 of the downstrearh portion 46 of
the first zone 44 of the membrane, which is explained in more detail below/
[0033] The upstream portion of the first zone may have any suitablg’thickness. In
accordance with an embodiment of the invention, the upstream portigh of the first zone may
have a thickness in the range of from less than about 10 um to gredter than about 500 pm,
from about 10 um to about 500 um, or from about 30 pm to abdut 200 um. The upstream
portion of the first zone of the membrane may, for example £omprise from less than about
5% to greater than about 95%, from about 5% to about 95%, from about 10% to about 90%,

t 80%, from about 25% to about 75%,

out 65%, from about 40% to about 60%,

from about 15% to about 85%, from about 20% to ab
from about 30% to about 70%, from about 35% to
or from about 45% to about 55% of the total thigKness of the membrane,

[0034] In accordance with an embodimeny'of the invention, the downstream portion 46 of
the first zone 44 of the membrane may comfrise a porous upstream boundary 51 and a porous
downstream boundary 52. The upstreary boundary 51 of the downstream portion 46 of the
first zone 44 of the membrane may bg'positioned in the interior of the membrane (e.g., in the
interior of the first zone), adjacentfo, and continuouns with, the downstream boundary 50 of
the upstream portion 45 of the fifst zone 44 of the membrane. The downstream boundary 52
of the downstream portion 4¢/of the first zone 44 of the membrane may be positioned at the
downstream boundary of the first zone 44, adjacent to, and continuous with, the upstream
boundary 53 of the secgnd zone 47 of the membrane, which is explained in more detail
below.

[0035] The d

accordance wi

nstream portion of the first zone may have any suitable thickness. In
an embodiment of the invention, the downstream portion of the first zone
may have athickness in the range of from less than about 10 um to greater than about 500
um, from¥about 10 pm to about 500 pm, or from about 30 um to about 200 um. The
downgfream portion of the first zone of the membrane may, for example, comprise from less
thayl about 5% to greater than about 95%, from about 5% to about 95%, from about 10% to

out 90%, from about 15% to about 85%, from about 20% to about 80%, from about 25% to



about 75%, from about 30% to about 70%, from about 35% to about 65%, from abouy40% to
about 60%, or from about 45% to about 55% of the total thickness of the membra
[0036] In accordance with an embodiment of the invention, the membrane fyrther
comprises a second, downstream zone 47 comprising pores, an upstream portion 48, and a
downstream portion 49. The second zone 47 may also comprise a downstgéam surface 43 of
the membrane and an upstream boundary 53, each of which may be porgfus. The upstream
boundary 53 of the second zone 47 of the membrane may be positionéd in the interior of the
membrane, adjacent to, and continuous with, the downstream bouglary 52 of the first zone
44 of the membrane.

[0037] The second zone of the membrane may have any guitable thickness. In
accordance with an embodiment of the invention, the secgfid zone of the membrane may have
a thickness as described for that of the first embodime
[0038] In accordance with an embodiment of the/invention, the second zone 47 of the
membrane comprises an upstream portion 48 and 4 downstream portion 49. The upstream
portion 48 of the second zone 47 of the membrAne may comprise a porous upstream
boundary 53 and a porous downstream boundary 54. The upstream boundary 53 of the
upstream portion 48 of the second zone 47 of the membrane may be positioned in the interior
of the membrane, at the upstream boundary of 53 the second zone 47, adjacent to, and
continuous with, the downstream bofindary 52 of the first zone 44 of the membrane. The
downstream boundary 54 of the ypstream portion 48 of the second zone 47 of the membrane
may be positioned in the interigr of the membrane (e.g., in the interior of the second zone),
adjacent to, and continuous Avith, the upstream boundary 55 of the downstream portion 49 of
the second zone 47 of the/membrane,

[0039]  The upstre

accordance with an£mbodiment of the invention, the upstream portion of the second zone

portion of the second zone may have any suitable thickness. In
may have a thickfiess in the range of from less than about 10 um to greater than about 400
pm, from abogt 10 um to about 400 um, or from about 30 m to about 200 um. The
upstream pgrtion of the second zone of the membrane may, for example, comprise from less
about 4% to greater than about 85%, from about 4% to about 85%, from about 10% to about
80%,
65%, from about 30% to about 60%, from about 35% 1o about 55%, or from about 40% to

rom about 15% to about 75%, from about 20% to about 70%, from about 25% to about

out 50% of the total thickness of the membrane.
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[0040] In accordance with an embodiment of the invention, the downstream portion 49 of
the second zone 47 of the membrane comprises an upstream boundary 55 and the
downstream surface 43 of the membrane. The upstream boundary 55 of the downstpéam
portion 49 of the second zone 47 of the membrane may be positioned in the interjér of the
membrane (e.g., in the interior of the second zone), adjacent to, and continuoug with, the
downstream boundary 54 of the upstream portion 48 of the second zone 47 4f the membrane.
[0041] The downstream portion of the second zone of the membrane/may have any
suitable thickness. In accordance with an embodiment of the inventiof, the downstream
portion of the second zone may have a thickness in the range of frof less than about 10 pm
to greater than about 400 pum, from about 10 um to about 400 p#, or from about 30 pm to
about 200 ym. The downstream portion of the second zone ¢f the membrane may, for
example, comprise from less about 4% to greater than abgiit 85%, from about 4% to about
85%, from about 10% to about 80%, from about 15% tf about 75%, from about 20% to about
70%, from about 25% to about 65%, from about 30

55%, or from about 40% to about 50% of the (ot

to about 60%, from about 35% to about
thickness of the membrane.

[0042] The membrane, including any zoned and portions thereof, may be asymmetric as
described herein. In this regard, the membydne, and any zones or portions thereof, may have
any suitable ratio of asymmetry. In accgfdance with an embodiment of the invention, the
membrane and zones thereof may hayé a ratio of asymmetry as described for that of the first
embodiment. For example, the ratj of asymmetry of the downstream portion of the first
zone of the membrane to the upgiream portion of the first zone of the membrane may be in
the range of from about 1.1 tg'about 5 and the ratio of asymmetry of the second zone of the
membrane to the downstrgAm portion of the first zone of the membrane may be in the range
10.

[0043] The inveglive membranes may be microporous. In this regard, the average pore

of from about 2 to abo

size of the membyane, including the first and second zones, may be in the range of, for
example, from/about 0.1 pm to about 10 pm, from about 0.5 pm to about 5 um, or from
about | pmAo about 3 um. In accordance with an embodiment of the invention, the
downstrgam portion of the first zone has an average pore size that is greater than an average
pore size of the upstream portion of the first zone and greater than an average pore size of an
upgfream portion of the second zone. Alternatively or additionally, the average pore size of
e upstream portion of the first zone and the average pore size of the upstream portion of the

second zone are each less than the average pore size of the downstream portion of the first
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zone. In addition, the average pore size of the first zone is greater than the average pore fize

of the second zone. Alternatively or additionally, the average pore size of the second Zone is

particular application,
[0044] All other aspects of the membrane are as described for the first/£mbodiment,
[0045] In accordance with a preferred embodiment of the invention/the membrane is an
integral multilayer microporous polymeric membrane. In this regarg/ the membrane includes
layers that are bonded together such that the membrane behaves 3€ a single structure that does
not delaminate or separate under normal use conditions.
[0046] The membrane may comprise any suitable polyrger(s). Suitable polymers include,
for example, polyaromatics; sulfones (e.g., polysulfones Ancluding aromatic polysulfones
such as, for example, polyethersulfone (PES), bisphendl A polysulfone, polyarylsulfone, and
polyphenylsulfone), polyamides, polyimides, polyyfnylidene halides (including
polyvinylidene fluoride (PVDF)), polyolefins, sy€h as polypropylene and polymethylpentene,
polyesters, polystyrenes, polycarbonates, polyacrylonitriles (including
polyalkylacrylonitriles), cellulosic polymeps (such as cellulose acetates and cellulose
nitrates), fluoropolymers, and polyether£ther ketone (PEEK).

[0047] The membrane can includé a mixture of polymers, e.g., a hydrophebic polymer
(e.g., a sulfone polymer) and a hygfophilic polymer (e.g., polyvinylpyrrolidone).

[0048] The membrane may/be hydrophilic. The membrane can have any desired critical
welting surface tension (CWAT, as defined in, for example, U.S. Patent 4,925,572). The
CWST can be selected as#s known in the art, e.g., as additionally disclosed in, for example,
U.S. Patents 5,152,905/5,443,743, 5,472,621, and 6,074,869. Preferably, the membrane is
hydrophilic, having £ CWST of about 72 dynes/cm (72 x 10” N/cm) or more, more
preferably, having a CWST of about 78 dynes/cm (about 78 x 10” N/cm) or more.
Accordingly, tHe inventive membranes may advantageously be useful for processing (e.g.,
filtering} a ¥ide variety of fluids, especially aqueous fluids, in a variety of applications, e.g.,
filtering fluids for the electronics industry, as well as biological, pharmaceutical, food and
bevergge, and water treatment applications. In an embodiment, the membrane may have a
CWST of less than about 72 dynes/cm (72 x 107 N/cm), e.g., a CWST from about 60

ynes/cm (60 x 10™ N/cm) up to about 72 dynes/cm (72 x 10 N/cm). The inventive
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membranes may advantageously also be useful for processing a wide variety of gases in a
variety of applications, e.g., air treatment applications.
[0049] The surface characteristics of the membrane can be modified {e.g., to/affect the
CWST, to include a surface charge, e.g., a positive or negative charge, and/or/Ao alter the
polarity or hydrophilicity of the surface) by wet or dry oxidation, by coating or depositing a
polymer on the surface, or by a grafting reaction. Modifications include/ e.g., irradiation, a
polar or charged monomer, coating and/or curing the surface with a gharged polymer, and
carrying out chemical modification to attach functional groups on the surface. Grafting
reactions may be activated by exposure to an energy source sucH as gas plasma, vapor
plasma, corona discharge, heat, a Van der Graff generator, ulfraviolet light, electron beam, or
to various other forms of radiation, or by surface etching ¢f deposition using a plasma
treatment.
[0050] In some embodiments, the membrane cogiprises a pleated membrane.
[0051] In another embodiment, a method of yéing the membrane is provided. For
example, a method of processing a fluid according to an embodiment of the invention
comprises passing the fluid into the membrafie, in a direction from the first zone toward the
second zone. In a preferred embodimentthe method comprises passing the fluid through the
membrane, in a direction from the firsyzone toward the second zone.
[0052] In accordance with embgdiments of the invention, filters and filter elements are
also provided, wherein the filter #nd filter elements comprise at least one membrane
according to the invention.
[053] A membrane acgording to the invention, (as well as filter element comprising at
least one membrane) cayhave any suitable pore structure, e.g., a pore size (for example, as
evidenced by poromeyfy (for example, mercury porometry or capillary condensation flow
poromelry), or by bibble point, or by K as described in, for example, U.S. Patent
4,340,479), a pote rating, a pore diameter (e.g., when characterized using the modified OSU
F2 test as desgribed in, for example, U.S. Patent 4,925,572), or removal rating that reduces or
allows the passage therethrough of one or more materials of interest as the fluid is passed
throughthe element. The desired pore structure depends on the composition of the fluid to be
, and the desired effluent level of the treated fluid.

A filter and/or a {ilter element comprising at least one membrane according to the
nvention can include additional elements, layers, or components, that can have different

structures and/or functions, e.g., at least one of prefiltration, support, drainage, spacing and
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cushioning. Illustratively, the filter can also include at least one additional element such
mesh and/or a screen.

[0055] The filter, in some embodiments comprising a plurality of filter element

across the fluid flow path, to provide a filter device. Preferably, the filter
sterilizable. Any housing of suitable shape and providing at least one in}ét and at least one
outlet may be employed.
[0056] An embodiment of the invention provides a method of faking an asymmetric
membrane comprising (a) a first exterior porous surface; (b) a sécond exterior porous surface;
(c) a porous bulk between the first exterior porous surface and the second exterior porous
surface, the porous bulk having a first porous region and @'second porous region, the first
porous region contacting the second porous region; (d)A first asymmetric porous zone, the
first asymmetric porous zone including the first extgfior surface, and extending into, and
including, the first porous region of the bulk; ang/ (e} a second asymmetric porous zone, the
second asymmetric porous zone including the Aecond exterior surface, and extending into,
and including, the second porous region of the bulk; wherein the first asymmetric porous
zone includes a first porous asymmetry phat increases from the first exterior surface through
the first porous zone of the bulk, and the second asymmetric porous zone includes a second
porous asymmetry that increases ffom the second exterior surface through the second porous
zone of the bulk, and the first pgrous surface has a first average pore size and the second
porous surface has a second Average pore size, wherein the first average pore size is larger
than the second average
[0057] In a typical £mbodiment, the method comprises preparing a first solution
comprising at least gne polymer, at least one solvent, and at least one nonsolvent; preparing a
second solution ¢gOmprising at least one polymer, at least one solvent, and at least one
nonsolvent; cgéting the first solution on a belt to form a first layer; casting the second solution
onto the firgt layer to form a second layer, wherein the second layer is exposed to air; and
evaporafing the solvent(s) to form the membrane. The first and/or second solutions
optiofally further comprise at least one initiator.

[09p58] The second solution may be cast onto the first layer at any suitable time period
ollowing the casting of the first layer onto the belt, The time period between casts may vary

and can be chosen based on a variety of conditions such as, for example, the speed of the
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movement of the belt and the distance between extruders. For example, the second solution
may be cast onto the first layer from about one second to about two minutes following th
casting of the first layer onto the belt, preferably from about six to about nine seconds
following the casting of the first layer onto the belt.

[0059] The at least one polymer of the first and second solutions may be the
different, and may be any suitable polymer, such as those described above.
[6066] The optional at least one initiator of the first and second solutiofs may be the
same or different, and may be any suitable initiator. Exemplary initiatopé include any one or
more of peroxides, ammonium persulfate, aliphatic azo aompounds (£.g., 2,2’-azobis(2-
amidinopropane) dihydrochloride (V50)), and combinations there
[0061) The at least one solvent of the first and second solujions may be the same or
different, and may be any suitable solvent. The polymer mg# be at least partially soluble in
the solvent, and preferably is completely soluble in the sgdvent. Exemplary solvents include
any one or more of dimethyl formamide (DMF), N-N-nethyl pyrrolidone (NMP),
dimethylacetamide (DMAc}), N-methyl pyrrolidong/ tetramethylurea, dioxane, diethyl
succinate, dimethylsulfoxide, chloroform, tetrachloroethane, and combinations thereof.
[0062] The at least one nonsolvent of theAirst and second solutions may be the same or
different, and may be any suitable nonsolyént (nonsolvents are sometimes referred to as
“porogens” or “'pore formers™). Exemplary nonsolvents include any one or more of water;
acetic acid; glycerin; various polyethtylene glycols (PEGs; e.g., PEG-400, PEG-1000);
various alcohols, e.g., methanal, gthanol, isopropyl alchohol (IPA), amyl alcohols, hexanols,
heptanols, and octanols; alkangs, such as hexane, propane, nitropropane, heptanes, and
octane; ketone, ethers and géters such as acetone, butyl ether, ethyl acetate, and amyl acetate;
and various salts, such ag’calcinm chloride, magnesium chloride, and lithium chloride; and
combinations thereof,
[0063] If desiyéd, a solution comprising a polymer can further comprise, for example,
minor ingrediepts such as surfactants and/or release agents. An exemplary release agent is
phosphoric
[0064]
compr#sing polymers, and illustrative solvents and nonsolvents include those disclosed in, for

ple, U.S. Patents 4,964,990, 5,846,422, 5,506,742, 5,928,774; 6,045,899; and 6,146,747.

Suitable components of solutions are known in the art, Illustrative solutions

ex
065] In accordance with the invention, layers of the membrane can be formed from the

same polymer and solvent, varying the viscosity, additives, and treatment, or different
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polymers can be used for different layers. In an embodiment of the invention, the fir
solution has a low solid content. In an embodiment of the invention, the second sgfution has
a high solid content.
[0066] The solutions comprising the polymers are typically cast into thinfilms, one on
top of the other, and exposed to a gaseous environment for a predetermined period of time, to
prepare the membrane by a phase inversion process. The casting thickpéss of the layers may
he the same as or different from the thickness of the zones of the mepibrane that is ultimately
formed. For example, in some embodiments, the thickness of the Zones of the membrane that
is ultimately formed may be up to 50% the thickness of the casying layers. Preferably, the
first solution is spread in a layer onto a support (such as a ngfiporous support), and the second
solution is spread in a layer onto the first solution, and the¢/membrane can be later separated
from the support after precipitation. However, the support can be incorporated into the final
structure if desired. In an embodiment of the inventiin, the membrane may be used for
diagnostic applications. In this regard, membrang'may comprise a non-removable, nonporous
support.
[0067] The membranes can be cast mangally (e.g., poured, cast, or spread by hand onto a
casting surface) or automatically {e.g.. pofired or otherwise cast onto a moving bed). One
example of a suitable support is polyetfiylene coated paper.
[0068] A variety of devices kngfvn in the art can be used for casting. Suitable devices
include, for example, mechanica)/spreaders, that comprise spreading knives, doctor blades, or
spray/pressurized systems. Ope example of a spreading device is an extrusion die or slot
coater, comprising a casting/chamber into which the casting formulation (solution comprising
a polymer) can be introddced and forced out under pressure through a narrow slot.
{Nustratively, the first/And second solutions comprising polymers can be separately cast by
means of a doctor Hlade with knife gaps in the range from about 120 micrometers to about
500 micrometery, more typically in the range from about 180 micrometers to about 400
micrometers. /The knife gaps can be different for the first and second solutions.
[0069] n a preferred embodiment, the method comprises heating the first and second
layers. KXhe first and second layers may be heated, for example, by controlling the
tempgtature of the belt on which the first layer is cast. The first and second layers may be
hegted to any suitable temperature. For example, the first and second layers may be heated to
temperature of about 60 to about 150° F (about 15 to about 66° C). Heating the first and

second layers may move the solvent(s} from and through the first and second layers to the
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gaseous environment {(e.g., air). The portion of the first layer that is farthest from the belt a
closest to the second layer may be rich in nonsolvents, and this may provide a first averag,
pore size that is larger than a second average pore size, e.g., an average pore size that i
greater than the average pore size of the upstream portion of the first zone and greatgf than an
average pore size of an upstream portion of the second zone of the membrane. Hghting may
solidify the first layer and provide the first zone of the membrane having an avgrage pore size
that is greater than the average pore size of the second zone.
[0070] Preferably, the method comprises casting the second solutionOnto the first layer
to form a second layer, wherein the second layer is exposed to a gasegus environment, e.g.,
air. In an embodiment, the air may be humid air with a relative hyfmidity of about 60% to
about 98%. The humidity may be adjusted as appropriate. The/solvent(s) evaporate from the
second layer and provide the second zone of the membrane, /Humidity of the air in contact
with the second layer may provide a second zone of the ifembrane having an average pore
size that is less than the average pore size of the first
[0071] In an embodiment of the invention, a top’portion of the first layer may mix with a
bottom portion of the second layer at the interfagé of the first and second layers to provide a
third layer that comprises a mixture of the firgf and second layers.

[0072] The set membrane is leached tg/remove the solvent and other soluble ingredients.
[0073] Another embodiment of the fnvention provides a method of making a membrane
comprising a {irst, upstream zone cofiprising pores, an upstream portion, and a downstream
portion; and a second, downstread zone comprising pores, an upstream portion, and a
downstream portion, wherein the pores of the first zone have an average pore size that
increases in an upstream to gownstream direction, the pores of the second zone have an
average pore size that ingfeases in a downstream to upstream direction, the downstream

portion of the first zoné has an average pore size that is greater than an average pore size of

The membranes of the invention may be made using any suitable system. Figure
s an illustrative generalized system 1 for casting membranes according to an
epibodiment of the invention. The system 1 comprises a belt 2, first 3 and second 4 rolls,

first 5 and second 6 extruders, chamber 7, and belt spray zone 9. Chamber 7 comprises air
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inlet 19 and air outlet 20. In an embodiment of the invention, the chamber 7 and/or belt spr;
zone 9 may comprise one or more compartments and/or the system can comprise one or
chambers and/or belt spray zones. In some embodiments wherein the chamber compriSes one
or mor¢ compartments and/or the system comprises one or more chambers, additiogal
compartments andfor chambers may comprise air inlets and air outlets. The extpaders or
knives may be any suitable distance apart from one another. For example, th extruders may
be about ten inches (25.4 cm) to about 250 inches (635 cm) apart from ong’another.
Preferably, the extruders are about ten inches (25.4 cm) to about twelve/inches (30.48 cm)
apart from one another. In some embodiments, the knives are about/6ne inch (2.54 cm) to
two inches (5.08 ¢cm) apart from one another, preferably from abg(it 1.25 inches (3.175 ¢cm) to
about 1.5 inches (3.81 cm) apart from one another.
[0075] An embodiment of the method of casting the membrane is described with
reference to Figure 1 as follows: The first solution is cagf onto belt 2 using first extruder 5 to
form a first layer. The second solution is cast onto thg/first layer using second extruder 6 to
form a second layer on the first layer to provide a pfe-membrane comprising the first and
second layers. Rotation of the first and second pélls 3, 4 moves belt 2, which carries the pre-
membrane through the chamber 7, where the fre-membrane is exposed to air. Air circulates
through the chamber 7 via air inlets 18 angd’air outlet 20. The temperature of the belt may be
controlled using belt spray zone 9. The/solvent evaporates from the pre-membrane in the
chamber to form a membrane. Belt Z carries the membrane onto the second roll 4.
[0076] In some embodiments/An which the chamber has first and second portions, the
process conditions may generglly be as follows. The belt speed may be, e.g., in the range
from about 10 to about 1204nches (about 25.4 to about 304.8 cm) per minute. The belt spray
temperature in the first gid second portions of the chamber may be, e.g., in the range from
about 24° C to about @5° C, and the air velocity in the first and second portions of the
chamber may be, e/g., in the range of from about 200 to about 1000 feet (about 60.96 to about

304.8 meters) pgr minute. The dew point in the first and second portions of the chamber may

process conditions or the composition of the solution{s) used to make the membrane. For

example, the pore size may be decreased by increasing the dew point, decreasing the dryness,
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size may also be decreased by, for example, increasing the polymer (PES, PVDE/ etc)
concentration, decreasing the solvent (e.g., NMP, DMF) concentration, and/o¢changing the
molecular weight of the pore former (e.g., PEG). The pore size may be ingfeased by, for
example, decreasing the dew point, increasing the dryness, decreasing tie air velocity,
decreasing the air volume, and/or decreasing the relative humidity of£he environment in
which the membrane is formed, and by increasing the belt spray tgfnperature and/or changing
the belt spray pattern. Alternatively, or additionally, the pore size may also be increased by,
for example, decreasing the polymer (PES, PVDF, etc) congéntration, increasing the solvent
(e.g., NMP, DMF) concentration, and/or changing the mglecular weight of the pore former
(e.g., PEG).
[0078] Typically (not shown), the membrane pgéses from the second roll 4 and into one
or more leaching tanks to remove the solvent ang’other soluble ingredients, passed into an
oven, where it is dried, and rolled onto anothef roll, as is known in the art.
[6079] The following examples furtier illustrate the invention but, of course, should not

be construed as in any way limiting i}§ scope.

EXAMPLE 1

[0080] This example desmonstrates a method of making an asymmetric membrane
according to an embodimént of the invention.
[0081] Solutions

Table 1. Briefly, t

and B are separately prepared containing the components set forth in

components of each solution are mixed and subsequently degassed

under vacuum.
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TABLE 1
Component Weight Percent /
Solution A Solution BT
Polyethylene Glycol, (PEG- 58 ~ 70 60 ~ ?/
E400)
PEG- 400 Dimethacrylate 0.0~ 1.5) 0.0/~ 1.5
(DIMAC)
PEG-400 0.0~15 0.0~1.5
monomethacrylate
(MONOMAC)
Ammonium Persulfate 0.01 ~ 0.5 ' 0.01 ~0.5
(initiator) /
Water (nonsolvent) 05~35 / 0.5~35
Polyethersulfone (PES) 11 ~14 85~ 115
(ULTRASON""'E, BASF
Corporation, Florham Park,
NI)
Dimethyl formanide (DMF) /6 ~17 0-~17
(solvent)
Glycerin (nonsolvent) / 0~4 0~9
N-N-methyl pyrrolidone / 0~17) 0~17
(NMP) (solvent)
Phosphoric Acid Z - 0-~1
{processing aid)

[0082] Solution @ is continuously cast onto a belt in a casting box at room temperature
using a first doctof blade. Solution B has a casting thickness of about 8 mils (203 pm).
Approximately] second later, Solution A is continuously cast onto Solution B using a second
doctor bladg’that is located 1.25 inches (3.175 cm) from the first doctor blade. Solution A
has a cagfing thickness of about 5 mils (127 pm). The solutions pass through the first and
secongd portions of the chamber under the following conditions until the membrane forms.
The'belt speed is 90 inches (228.6 cm) per minute. In the first portion of the chamber, the

elt spray temperature is 46.4° C, the air velocity is 600 feet (182.88 meters} per minute, the

dry bulb temperature is 28.4° C, and the dew point is 25.2° C. In the second portion of the
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chamber, the belt spray temperature is 38.8° C, the air velocity is 580 feet (176.78 metegé) per
minute, the dry bulb temperature is 26.,7° C, and the dew point is 25° C,

[0083] The membrane is collected at the end of the production belt. The me
then leached with deionized (IDI) water overnight to remove water-soluble chenficals. The
membrane is then washed in 40% ethanol (remainder water) for 2 hours to r¢fmove organic
chemicals. The membrane is then washed in 80 °C DI water for 30 minugés. The washed
membrane is then dried in an oven at 65°C for 30 minutes,
[0684] The membrane is internally hydrophilic. A SEM photogfaph of a vertical cross-
section of the membrane is shown in Figure 2A.
[0085] The nominal pore size (i.e., cut-off particle size) ofthe membrane is 0.2 um. The
upstream portion of the first zone of the membrane has an gherage pore size of 0.5 to 5 pm.
The downstream portion of the first zone of the membraxe has an average pore size of 2 to 10

um. The second zone of the membrane has an averagé pore size of 0.01 to 0.5 pum.

EXAMELE 2

{0086] This example demonstrates that ph asymmetric membrane produced in accordance
with Example 1 is water permeable.
[0087]  The membrane prepared agéording to Example 1 is tested for water permeability
at 10 pounds per square inch (psi) (#8.95 kPa). The water permeability of the membrane is

measured to be 20.3 ml/min/cm®At 10 psi (68.95 kPa) at 29° C,

EXAMPLE 3

[0088] This examplg demonstrates that an asymmetric membrane produced in accordance
with Example 1 proviles an increased capacity as compared to a V-shaped asymmetric
membrane.
[0089] A
membrane cApacity and compared to that of a V-shaped asymmetric membrane (SUPOR
asymmetgic PES C-200 membrane (Part Number S80803), Pall Corporation, Port

mbrane prepared in a first batch according to Example 1 is tested for

Washiggton, NY) as a control. A 1% treacle solution is prepared (5 grams treacle (Lyle’s
blagk Treacle, Notts, UK); dissolved in 495 grams deionized water (DI)). The membranes
e placed in test cells, the test system is purged, and the throughput is determined by
determining the total volume collected for five minutes at 3 psi. The results are shown in

Table 2.
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TABLE 2
1% Treacle Throughput at 5 minutes (L) /
Membrane of Example 1 75 /
V-shaped pore structure 35
Asymmetric Membrane

[0090] A membrane prepared in a second batch according to Example 1 is tested for
membrane capacity. The membrane capacity is tested using 1% tregcle solution and

compared to that of a V-shaped asymmetric membrane (SUPOR Asymmetric PES C-200
membrane (Part Number S80803), Pall Corporation, Port Waghington, NY) as a control. The
throughput is determined by determining the total volume gbllected for each of the time

periods set forth in Table 3 at 3 psi. The results are sho@n in Table 3.

1% Tyéacle Throughput (ml)
1 minute | 2 minutes /minutes 4 minutes | 5 minutes 10
A minutes
Membrane 43 56 64 70 74 85
of Example 1 /
V-shaped 35 40 44 46 48 54
pore
structure
Asymmetric
Membrane

[0091] Ass

increased capdtity as compared to the V-shaped pore structure membrane.

wn in Tables 2 and 3, the membrane of Example I demonstrates an

EXAMPLE 4

This example demonstrates making an asymmetric membrane according to
ther embodiment of the invention.
0093] Solutions A and B are separately prepared containing the components set forth in

Table 4. Briefly, the componenis of each solution are mixed and subsequently degassed.
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TABLE 4
Component Weight Percent /
Solution A Solution B /
Polyethylene Glycol, (PEG- | 60 ~ 75 58 ~ 70 /
E400)
PEG- 400 Dimethacrylate | 0.01 ~ 1.0 0.01 ~1.0
(DIMAC)
Tetraacrylate 0.01 ~ 1.0 0.01~4.0
{pentaerythritol
tetraacrylate) (crosslinker)
Hydroxyethylmethacrylate | 0.01 ~ 0.25 0.01 ~0.25
(2-HEMA) /
2,2-Azobis(2- 0.01 ~0.2 001-~0.2
amidinopropane)
dihydrochloride (V50)
(initiator)
Water (nonsolvent) 0~3 / 0~3
Polyethersulfone (PES) 7~10.5 11 ~14
(ULTRASON™ E, BASF
Corporation, Florham Park,
NI)
Dimethyl formanide (DMF) ~ 17 0~17
(solvent) /
Glycerin (nonsolvent) / 0~9 -
N-N-methyl pyrrolido 0~17 0-~17
{NMP) (solvent)

[0094] Solytion A is continuously cast onto a production scale bell in a casting box at
room temperdture using a first doctor blade. Solution A has a casting thickness of about 8
mils (200£im). Approximately 4.5 seconds later, Solution B is continuously cast onto
Solutipf A using an extruder located approximately 4.5 inches (11.43 c¢m) from the first
docj6r blade. Solution B has a casting thickness of about 5 mils (125 um}. The solutions

ss through the first and second portions of the chamber under the following conditions until

the membrane forms. The belt speed is 90 inches (228.6 cm) per minute. In the first portion
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of the chamber, the belt spray temperature is 42.8° C, the air velocity is 365 feet (111.25
meters) per minute, the dry bulb temperature is 26.7° C, and the dew point is 25.3° C. In tife
second portion of the chamber, the belt spray temperature is 36.1° C, the air velocity is 200
feet (91.44 meters) per minute, the dry bulb temperature is 26.7° C, and the dew poipt is 25.6°
C.

[0095] The membrane passes through a first leaching tank containing roo

40% ethanol

temperature
reverse osmosis (RO) water, then through a second leaching tank containi
(remainder water), followed by a third leaching tank containing 80 °C R water. The washed
membrane is then dried in an oven at 65 °C.

[0096] The membrane is intemally hydrophilic. A SEM photegraph of a vertical cross-
section of a membrane prepared in a first batch that is prepared/4ccording to this Example is
shown in Figure 3. An enlarged scanning electron microscopge (SEM) photograph of the
lateral, second exterior surface of a membrane prepared ijf a second batch that is prepared
according to this Example is shown in Figure 4A. An #£nlarged SEM photograph of the

lateral, first exterior surface of the membrane prepgred in the second batch is shown in Figure

4B.

[0097] This example demonstrates the performance of an asymmetric membrane
prepared in accordance with Examp}é 4.

[0098] Two batches (BN 089831 and BN 089067) of a membrane prepared according to
Example 4 are tested for perfgrmance including water permeability as described in Example
2, membrane capacity as dgécribed in Example 3, water flow rate (WFR}, and bubble point

(KL). Membrane charagferistics, including thickness and wettability, are also measured. The

results are shown in
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TABLE 5
Performance/Characteristic BN 089031 BN 089067 /
1% Treacle Throughput 73.6+165 66.8 ly/
(mL at 5 min.)
KL in psi (kPa) 64.8 +4.3 (44678 + 29.65) | 64.1+3.3 (444.95 +22.75)
WEFR (mL/min/cm’) 40.3 + 6.6 426575

Thickness (mils) 8.6 + 1.0 (218 £ 25 um) 7.3 + 0/6 (185 + 25 pm)

Waettability in dynes/cm 91.2 01.2
{mN/m)
EXAMPLE 6

[0099] This example demonstrates the average pore size of the second zone and the
upstream and downstream portions of the first zone of /4 membrane with a 0.45-0.65 pm
nominal pore size,

[01.00] The nominal pore size of the membrafie is 0.45-0.65 pm. The upsiream portion of
the first zone of the membrane has an averagg/pore size of 1 to 10 um. The downstream
portion of the first zone of the membrane hés an average pore size of 3 to 20 um. The second

zone of the membrane has an average pdre size of 0.01to 1 um.

EXAMPLE 7

[0101] This example demgfhistrates a method of making an asymmetric membrane
according to another embogiment of the invention.
[0102] Solutions A afid B are separately prepared containing the components set forth in

Table 6. Solutions A/nd B are heated in a water bath at 63 °C prior to casting.
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TABLE 6
Component Weight Percent
Seolution A Solution B /

N-N-methyl pyrrolidone 25 ~40 25 ~ 40 /
(NMP)
Ethyl Glycol 512 5-12 /
KYNAR 761 PVDF 912 12-17 /
KYNAR 7201 PVDF/30% |3~38 -
Tetrafluoroethylene
copolymer
Acetone 25 ~40 2,5/ ~ 40
Methyl acetate 712 Vi-12
DC193-C (DABCO® - / 0.05 ~5
DC193 Surfactant)

[0103] Solution B is continuously cast onto a glate at room temperature (25 °C) using a
first knife. Solution B has a casting thickness ¢f about 16 mils (406 um). Solution A is
continuously cast onte Solution B using a se€ond knife located 1.5 inches (3.81 cm) from the
first knife. Sclution A has a casting thiclhess of about 6 mils (152 um). The first and second
knives are pushed to cast along the plye at a speed of 1.07 inches (2.72 ¢m) per second.

Once the membrane is cast, the plag is transferred to a chamber. The temperature in the

chamber is controlled accordingAo steps 1-4 in Table 7 until the membrane forms. .

TABLE 7
Step | Chamber Temperature (°C) | Time (Mins)
1 715 ~35 0.5~3
2 7 150-70 2-6
3 /  [15-35 0.5~3
4 / 25 ~ 45 0.5~7

[0104]
{remai
10
[0105] The membrane is internally hydrophilic. A SEM photograph of a vertical cross-

he membrane is washed for 10 minutes in hot water, then 40% ethanol
er water) for 30 minutes on a shaker. Then membrane is rinsed with cold water for

nutes. The membrane is dried overnight at room temperature.

section of the membrane is shown in Figure 5A.
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EXAMPLE 8

[0106] This example demonstrates the structure of another asymmetric membrane,
according to an emboediment of the invention.
[0107] The structure of a PES asymmetric membrane according to an embogiment of the
invention is shown in the SEM photograph of Figure 6A. Figure 6B is an en}drged SEM
photograph of the vertical cross section at area 60 in the first zone of the mémbrane of Figure
6A. Figure 6B shows an average pore size in area 60 that is larger than/that of the second
zone (e.g., 62 (Fig. 6I3)). Figure 6C is an enlarged SEM photograph/of the vertical cross
section at area 61 spanning the first and second zones of the memprane of Figure 6A. Figure
6D is an enlarged SEM photograph of the vertical cross sectiof at area 62 in the second zone
of the membrane of Figure 6A. Figure 6D shows an averagé pore size in area 62 that is
smaller than that of the first zone (e.g., 60 (Fig. 6B)).
[0108] All references, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to tHe same extent as if each reference were
individually and specifically indicated to be jicorporated by reference and were set forth in
its entirety herein.

[0109] The use of the terms “a” ang “an’ and “‘the” and similar referents in the context of
describing the invention (especially /n the contexi of the following claims) are to be
construed to cover both the singylar and the plural, unless otherwise indicated herein or

LIS

clearly contradicted by context. The terms “comprising,” “having,” “including,” and

“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless othepivise noted. Recitation of ranges of values herein are merely
intended to serve as g/shorthand method of referring individually to each separate value
falling within the pdnge, unless otherwise indicated herein, and each separate value is
incorporated ing0 the specification as if it were individually recited herein. All methods
described hegein can be performed in any suitable order unless otherwise indicated heren or
otherwiseg/learly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein, is intended merely to better illuminate the

tion and does not pose a limitation on the scope of the invention unless otherwise
aimed. No language in the specification should be construed as indicating any non-claimed

element as essential to the practice of the invention.
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[0110] Preferred embodiments of this invention are described herein, including the bes
mode known to the inventors for carrying out the invention. Variations of those preferr
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variatjons as
appropriate, and the inventors intend for the invention to be practiced otherwise/than as
specifically described herein. Accordingly, this invention includes all modiffcations and
equivalents of the subject matter recited in the claims appended hereto asfermitted by
applicable law. Mareover, any combination of the above-described elgiments in all possible
variations thereof is encompassed by the invention unless otherwise/indicated herein or

otherwise clearly contradicted by context.




ASYMMETRIC MEMBRANES

BACKGROUND OF THE INVENTION

[0001] Asymmetric membranes having a large pore size on the upstream surface, a
smaller pore size on the downstream surface, and an average pore size that decreases from the
upstream surface in a direction toward the downstream surface ( such membranes can be
referred to as having a “V-shaped pore structure ”) are known in the art. However,
conventional asymmetric membranes may exhibit reduced performance, capacity, and
lifespan.

[0002] Accordingly, there is a need for improved asymmetric membranes.
BRIEF SUMMARY OF THE INVENTION

[0003] In accordance with an embodiment of the invention, an asymmetric membrane is
provided comprising (a) a first exterior porous surface; (b) a second exterior porous surface;
(c) a porous bulk between the first exterior porous surface and the second exterior porous
surface, the porous bulk having a first porous region and a second porous region, the first
porous region contacting the second porous region; (d) a first asymmetric porous zone, the
first asymmetric porous zone including the first exterior surface, and extending into, and
including, the first porous region of the bulk; and, (¢) a second asymmetric porous zone, the
second asymmetric porous zone including the second exterior surface, and extending into,
and including, the second porous region of the bulk; wherein the first asymmetric porous
zone includes a first porous asymmetry that increases from the first exterior surface through
the first porous zone of the bulk, and the second asymmetric porous zone includes a second
porous asymmetry that increases from the second exterior surface through the second porous
zone of the bulk, and the first porous surface has a first average pore size and the second
porous surface has a second average pore size, wherein the first average pore size is larger
than the second average pore size.

[0004] Another embodiment of the invention provides a membrane comprising a first,
upstream zone comprising pores, an upstream portion, and a downstream portion; and a
second, downstream zone comprising pores, an upstream portion, and a downstream portion,

wherein the pores of the first zone have an average pore size that increases in an upstream to



downstream direction, the pores of the second zone have an average pore size that increases
in a downstream to upstream direction, the downstream portion of the first zone has an
average pore size that is greater than an average pore size of the upstream portion of the first
zone and greater than an average pore size of an upstream portion of the second zone, and the
average pore size of the first zone is greater than the average pore size of the second zone.
[0005] Other embodiments of the invention provide methods of making the inventive
asymmetric membrane and methods of processing a fluid using the inventive asymmetric

membrane.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0006] Figure 1 shows an illustrative generalized system for casting membranes
according to an embodiment of the invention, showing first and second extruders, a chamber,
a belt spray zone, and first and second rolls.

[0007] Figure 2A is a scanning electron microscope (SEM) photograph of a vertical
cross-section of an embodiment of a membrane according to the invention comprising
polyethersulfone (PES).

[0008] Figure 2B shows a diagrammatic cross-sectional representation of the pore
structure of a membrane according to an embodiment of the invention, illustrating (a) a first
exterior porous surface; (b) a second exterior porous surface; (c) a porous bulk between the
first exterior porous surface and the second exterior porous surface, the porous bulk having a
first porous region and a second porous region; (d) a first asymmetric porous zone; and, (¢) a
second asymmetric porous zone.

[0009] Figure 3 is a SEM photograph of a vertical cross-section of another embodiment
of a membrane according to the invention.

[0010] Figure 4A is an enlarged SEM photograph of the lateral, second exterior surface
of a membrane according to the invention.

[0011] Figure 4B is an enlarged SEM photograph of the lateral, first exterior surface of a
membrane according to the invention.

[0012] Figure 6A is a SEM photograph of a vertical cross-section of another embodiment
of a membrane according to the invention.

[0013] Figures 6B-6D are enlarged SEM photographs of the vertical cross section of the

membrane of Figure 6A at areas 60-62, respectively.



DETAILED DESCRIPTION OF THE INVENTION

[0014] Advantageously, membranes according to the invention exhibit reduced fouling
and provide increased performance, capacity, and lifespan as compared to conventional
asymmetric membranes with V-shaped pore structures. Without being bound to any
particular theory, it is believed that a reduced number of large or medium-sized retentate
particles pass through the pores of the surface of the first zone (e.g., the upstream surface)
thus reducing the presence of retentate particles that could block the pores of the interior (i.e.,
downstream portion of the first zone) of membranes according to the invention. Since the
average pore size of the downstream portion of the first zone is preferably greater than the
average pore size of the upstream portion of the first zone and is also greater than the average
pore size of the upstream portion of the second zone, the membranes can advantageously
provide more space in the interior of the membrane for retentate particles (e.g., small
retentate particles) and filtrate. Because the average pore size of the second zone is smaller
than the average pore size of the first zone, a reduced number of retentate particles (e.g.,
small retentate particles) pass through the pores of the surface of the second zone (e.g., the
downstream surface), and the filtrate passes through the pores of the surface of the second
Zone.

[0015] In accordance with an embodiment of the invention, with reference to the pore
structure shown in diagrammatic Figure 2B, an asymmetric membrane is provided
comprising (a) a first exterior porous surface 32; (b) a second exterior porous surface 33; (c) a
porous bulk 34 between the first exterior porous surface and the second exterior porous
surface, the porous bulk 34 having a first porous region 35 and a second porous region 36, the
first porous region 35 contacting the second porous region 36; (d) a first asymmetric porous
zone 37, the first asymmetric porous zone 37 including the first exterior surface 32, and
extending into, and including, the first porous region 35 of the bulk 34; and, (e) a second
asymmetric porous zone 38, the second asymmetric porous zone 38 including the second
exterior surface 33, and extending into, and including, the second porous region 36 of the
bulk 34; wherein the first asymmetric porous zone 37 includes a first porous asymmetry that
increases from the first exterior surface 32 through the first porous region 35 of the bulk 34,
and the second asymmetric porous zone 38 includes a second porous asymmetry that
increases from the second exterior surface 33 through the second porous region 36 of the bulk

34, and the first porous surface 32 has a first average pore size and the second porous surface



33 has a second average pore size, wherein the first average pore size is larger than the
second average pore size.

[0016] In accordance with an embodiment of the invention, the membrane comprises a
first exterior porous surface and a second exterior porous surface. With respect to fluid flow
in accordance with an embodiment of the invention, the first exterior porous surface is an
upstream surface and the second exterior porous surface is a downstream surface. In an
alternative embodiment, the first exterior porous surface is a downstream surface and the
second exterior porous surface is an upstream surface.

[0017] In accordance with an embodiment of the invention, the membrane comprises a
porous bulk between the first exterior porous surface and the second exterior porous surface.
The porous bulk may have a first porous region and a second porous region. With respect to
fluid flow in accordance with an embodiment of the invention of the invention, the first
porous region is an upstream region and the second porous region is a downstream region. In
an alternative embodiment, the first porous region is a downstream region and the second
porous region is an upstream region.

[0018] In accordance with an embodiment of the invention, the membrane comprises a
first asymmetric porous zone and a second asymmetric porous zone. With respect to fluid
flow in accordance with an embodiment of the invention, the first asymmetric porous zone is
an upstream zone and the second asymmetric porous zone is a downstream zone. In an
alternative embodiment, the first asymmetric porous zone is a downstream zone and the
second asymmetric porous zone 1s an upstream zone. The first asymmetric porous zone may
include the first exterior surface and may extend into, and include, the first porous region of
the bulk. The second asymmetric porous zone may include the second exterior surface and
may extend into, and include, the second porous region of the bulk.

[0019] The first zone of the membrane may have any suitable thickness. In accordance
with an embodiment of the invention, the first zone of the membrane may have a thickness in
the range of from less than about 10 micrometers (um) to greater than about 250 pm, from
about 10 um to about 250 pm, or from about 100 pm to about 200 um. The first zone of the
membrane may, for example, comprise from about 5% (or less) to about 95% (or more), from
about 15% to about 85%, from about 30% to about 70%, or from about 45% to about 55%, of
the total thickness of the membrane.

[0020] The second zone of the membrane may have any suitable thickness. The second

zone of the membrane may have a thickness in the range of about 10 um (or less) to about



400 pm (or more), or from about 30 pum to about 100 um. The second zone of the membrane
may, for example, comprise from about 4% (or less) to about 85% (or more), from about 10%
to about 80%, from about 20% to about 70%, or from about 40% to about 50%, of the total
thickness of the membrane.

[0021] In accordance with an embodiment of the invention, the first asymmetric porous
zone includes a first porous asymmetry that increases from the first exterior surface through
the first porous region of the bulk. In accordance with an embodiment of the invention, the
second asymmetric porous zone includes a second porous asymmetry that increases from the
second exterior surface through the second porous zone of the region.

[0022] In this regard, the membrane, including the zones and regions therein, is
asymmetric. “Asymmetric,” as used herein, refers to a change in average pore structure
across a cross-section (e.g., a vertical cross-section) of the membrane itself or a given zone of
the membrane. An asymmetric membrane or zone has an average pore structure (typically,
an average pore size) varying throughout the membrane or zone. Typically, the average pore
size decreases in size from one portion or surface to another portion or surface (e.g., the
average pore size decreases from the upstream portion or surface to the downstream portion
or surface). However, other types of asymmetry are encompassed by embodiments of the
invention, e.g., the pore size goes through a minimum pore size at a position within the
thickness of the asymmetric zone. The pores of the first asymmetric porous zone and/or the
second asymmetric porous zone may have an average pore size that increases in a direction,
e.g., an upstream to downstream direction, a downstream to upstream direction, a first
exterior porous surface to a second exterior porous surface direction, or a second exterior
porous surface to a first exterior porous surface direction. In this regard, each of the first and
second zones of the membrane may be asymmetric. The membrane, including zones,
regions, and portions thereof, can have any suitable pore size gradient or ratio, e.g, about 1.1
or less, or about 100.0 or more, from about 1.1 to about 100.0, from about 5.0 to about 95.0,
from about 10.0 to about 90.0, from about 15.0 to about 85.0, from about 20.0 to about 80.0,
from about 25.0 to about 75.0, from about 30.0 to about 70.0, from about 35.0 to about 65.0,
from about 40.0 to about 60.0, from about 1.1 to about 10.0, from about 2.0 to about 10.0, or
from about 1.1 to about 5.0. This asymmetry can be measured by comparing the average
pore size on one major surface of a zone with the average pore size of the other major surface

of that zone.



[0023] In accordance with an embodiment of the invention, the first porous surface has a
first average pore size and the second porous surface has a second average pore size. In
accordance with an embodiment of the invention, the first average pore size is larger than the
second average pore size. In an alternative embodiment, the second average pore size is
larger than the first average pore size. The first and second porous surfaces may each have
any suitable average pore size. In accordance with an embodiment of the invention, the first
porous surface may have an average pore size from less than about 0.2 pm to greater than
about 10.0 pm, from 0.2 pm to about 10.0 pm, from about 0.5 pm to about 9.0 pm, from
about 1.0 pm to about 8.0 pm, from about 3.0 pm to about 7.0 um, or from about 4.0 pm to
about 6.0 pm. In accordance with an embodiment of the invention, the second porous surface
may have an average pore size from less than about 0.01 pm to greater than about 5.0 um,
from about 0.01 um to about 5.0 pm, from about 0.05 um to about 4.0 um, from about 0.10
pm to about 3.0 pm, from about 0.20 um to about 2.0 um, from about 0.3 um to about 1.5
pm, or from about 0.4 um to about 1.0 pm.

[0024] In accordance with an embodiment of the invention, the first porous region or first
asymmetric porous zone has a first average pore size and the second porous region or second
asymmetric porous zone has a second average pore size. The average pore size of the first
porous region or first asymmetric porous zone can be larger than the average pore size of the
second porous region or second asymmetric porous zone, or the average pore size of the
second porous region or second asymmetric porous zone can be larger than the average pore
size of the first porous region or first asymmetric porous zone. In accordance with an
embodiment, the average pore size of the first porous region or first asymmetric porous zone
1s as described for that of the first porous surface. In accordance with an embodiment of the
invention, the average pore size of the second porous region or second asymmetric porous
zone is as described for that of the second porous surface.

[0025] The average pore sizes of the membrane, first and second surfaces, first and
second zones, and first and second regions, may be selected as appropriate for the particular
application.

[0026] In accordance with an embodiment of the invention, the first porous region or
zone contacts the second porous region or zone. In this regard, the membrane is preferably
continuous. A continuous membrane provides a continuum between the two zones or regions
of the membrane and no break exists between the polymer structure which comprises the first

and second regions or first and second zones of the membrane. The pores of the first region



or first zone may interconnect with one another and with the pores of the second region or
second zone. The pores of the second region or second zone may also interconnect with one
another and with the pores of the first region or first zone.

[0027] The membrane, including any zones and portions thereof, may be asymmetric as
described herein. In this regard, the membrane, and any zones or portions thereof, may have
any suitable ratio of asymmetry. In accordance with an embodiment of the invention, the
membrane and zones thereof may have a ratio of asymmetry as described for that of the first
embodiment. For example, the ratio of asymmetry of the downstream portion of the first
zone of the membrane to the upstream portion of the first zone of the membrane may be in
the range of from about 1.1 to about 5 and the ratio of asymmetry of the second zone of the
membrane to the downstream portion of the first zone of the membrane may be in the range
of from about 2 to about 10.

[0028] The inventive membranes may be microporous. In this regard, the average pore
size of the membrane, including the first and second zones, may be in the range of, for
example, from about 0.1 pm to about 10 um, from about 0.5 um to about 5 um, or from
about 1 um to about 3 um. In accordance with an embodiment of the invention, the
downstream portion of the first zone has an average pore size that is greater than an average
pore size of the upstream portion of the first zone and greater than an average pore size of an
upstream portion of the second zone. Alternatively or additionally, the average pore size of
the upstream portion of the first zone and the average pore size of the upstream portion of the
second zone are each less than the average pore size of the downstream portion of the first
zone. In addition, the average pore size of the first zone is greater than the average pore size
of the second zone. Alternatively or additionally, the average pore size of the second zone is
less than the average pore size of the first zone. The average pore sizes of the membrane,
first and second portions, and first and second zones, may be adjusted as appropriate for the
particular application.

[0029] All other aspects of the membrane are as described for the first embodiment.
[0030] In accordance with a preferred embodiment of the invention, the membrane is an
integral multilayer microporous polymeric membrane. In this regard, the membrane includes
layers that are bonded together such that the membrane behaves as a single structure that does
not delaminate or separate under normal use conditions.

[0031] The membrane may comprise any suitable polymer(s). Suitable polymers include,

for example, polyaromatics; sulfones (e.g., polysulfones, including aromatic polysulfones



such as, for example, polyethersulfone (PES), bisphenol A polysulfone, polyarylsulfone, and
polyphenylsulfone), polyamides, polyimides, polyvinylidene halides (including
polyvinylidene fluoride (PVDF)), polyolefins, such as polypropylene and polymethylpentene,
polyesters, polystyrenes, polycarbonates, polyacrylonitriles (including
polyalkylacrylonitriles), cellulosic polymers (such as cellulose acetates and cellulose
nitrates), fluoropolymers, and polyether ether ketone (PEEK).

[0032] The membrane can include a mixture of polymers, e.g., a hydrophobic polymer
(e.g., a sulfone polymer) and a hydrophilic polymer (e.g., polyvinylpyrrolidone).

[0033] The membrane may be hydrophilic. The membrane can have any desired critical
wetting surface tension (CWST, as defined in, for example, U.S. Patent 4,925,572). The
CWST can be selected as is known in the art, e.g., as additionally disclosed in, for example,
U.S. Patents 5,152,905, 5,443,743, 5,472,621, and 6,074,869. Preferably, the membrane is
hydrophilic, having a CWST of about 72 dynes/cm (72 x 10” N/cm) or more, more
preferably, having a CWST of about 78 dynes/cm (about 78 x 10™ N/cm) or more.
Accordingly, the inventive membranes may advantageously be useful for processing (e.g.,
filtering) a wide variety of fluids, especially aqueous fluids, in a variety of applications, e.g.,
filtering fluids for the electronics industry, as well as biological, pharmaceutical, food and
beverage, and water treatment applications. In an embodiment, the membrane may have a
CWST of less than about 72 dynes/cm (72 x 10°> N/em), e. g., a CWST from about 60
dynes/cm (60 x 10” N/em) up to about 72 dynes/cm (72 x 10" N/em). The inventive
membranes may advantageously also be useful for processing a wide variety of gases in a
variety of applications, e.g., air treatment applications.

[0034] The surface characteristics of the membrane can be modified (e.g., to affect the
CWST, to include a surface charge, c.g., a positive or negative charge, and/or to alter the
polarity or hydrophilicity of the surface) by wet or dry oxidation, by coating or depositing a
polymer on the surface, or by a grafting reaction. Modifications include, e.g., irradiation, a
polar or charged monomer, coating and/or curing the surface with a charged polymer, and
carrying out chemical modification to attach functional groups on the surface. Grafting
reactions may be activated by exposure to an energy source such as gas plasma, vapor
plasma, corona discharge, heat, a Van der Graff generator, ultraviolet light, electron beam, or
to various other forms of radiation, or by surface etching or deposition using a plasma
treatment.

[0035] In some embodiments, the membrane comprises a pleated membrane.



[0036] In another embodiment, a method of using the membrane is provided. For
example, a method of processing a fluid according to an embodiment of the invention
comprises passing the fluid into the membrane, in a direction from the first zone toward the
second zone. In a preferred embodiment, the method comprises passing the fluid through the
membrane, in a direction from the first zone toward the second zone.

[0037] In accordance with embodiments of the invention, filters and filter elements are
also provided, wherein the filter and filter elements comprise at least one membrane
according to the invention.

[0038] A membrane according to the invention, (as well as filter element comprising at
least one membrane) can have any suitable pore structure, e.g., a pore size (for example, as
evidenced by porometry (for example, mercury porometry or capillary condensation flow
porometry), or by bubble point, or by K as described in, for example, U.S. Patent
4,340,479), a pore rating, a pore diameter (e.g., when characterized using the modified OSU
F2 test as described in, for example, U.S. Patent 4,925,572), or removal rating that reduces or
allows the passage therethrough of one or more materials of interest as the fluid is passed
through the element. The desired pore structure depends on the composition of the fluid to be
treated, and the desired effluent level of the treated fluid.

[0039] A filter and/or a filter element comprising at least one membrane according to the
invention can include additional elements, layers, or components, that can have different
structures and/or functions, e.g., at least one of prefiltration, support, drainage, spacing and
cushioning. Illustratively, the filter can also include at least one additional element such as a
mesh and/or a screen.

[0040] The filter, in some embodiments comprising a plurality of filter elements, is
typically disposed in a housing comprising at least one inlet and at least one outlet and
defining at least one fluid flow path between the inlet and the outlet, wherein the filter is
across the fluid flow path, to provide a filter device. Preferably, the filter device is
sterilizable. Any housing of suitable shape and providing at least one inlet and at lcast one
outlet may be employed.

[0041] An embodiment of the invention provides a method of making an asymmetric
membrane comprising (a) a first exterior porous surface; (b) a second exterior porous surface;
(c) a porous bulk between the first exterior porous surface and the second exterior porous
surface, the porous bulk having a first porous region and a second porous region, the first

porous region contacting the second porous region; (d) a first asymmetric porous zone, the
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first asymmetric porous zone including the first exterior surface, and extending into, and
including, the first porous region of the bulk; and, (e) a second asymmetric porous zone, the
second asymmetric porous zone including the second exterior surface, and extending into,
and including, the second porous region of the bulk; wherein the first asymmetric porous
zone includes a first porous asymmetry that increases from the first exterior surface through
the first porous zone of the bulk, and the second asymmetric porous zone includes a second
porous asymmetry that increases from the second exterior surface through the second porous
zone of the bulk, and the first porous surface has a first average pore size and the second
porous surface has a second average pore size, wherein the first average pore size is larger
than the second average pore size.

[0042] In a typical embodiment, the method comprises preparing a first solution
comprising at least one polymer, at least one solvent, and at least one nonsolvent; preparing a
second solution comprising at least one polymer, at least one solvent, and at least one
nonsolvent; casting the first solution on a belt to form a first layer; casting the second solution
onto the first layer to form a second layer, wherein the second layer is exposed to air; and
evaporating the solvent(s) to form the membrane. The first and/or second solutions
optionally further comprise at least one initiator.

[0043] The second solution may be cast onto the first layer at any suitable time period
following the casting of the first layer onto the belt. The time period between casts may vary
and can be chosen based on a variety of conditions such as, for example, the speed of the
movement of the belt and the distance between extruders. For example, the second solution
may be cast onto the first layer from about one second to about two minutes following the
casting of the first layer onto the belt, preferably from about six to about nine seconds
following the casting of the first layer onto the belt.

[0044] The at least one polymer of the first and second solutions may be the same or
different, and may be any suitable polymer, such as those described above.

[0045] The optional at least one initiator of the first and second solutions may be the
same or different, and may be any suitable initiator. Exemplary initiators include any one or
more of peroxides, ammonium persulfate, aliphatic azo aompounds (e.g., 2,2’-azobis(2-
amidinopropane) dihydrochloride (V50)), and combinations thereof.

[0046] The at least one solvent of the first and second solutions may be the same or
different, and may be any suitable solvent. The polymer may be at least partially soluble in

the solvent, and preferably is completely soluble in the solvent. Exemplary solvents include
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any one or more of dimethyl formamide (DMF), N-N-methyl pyrrolidone (NMP),
dimethylacetamide (DMAc), N-methyl pyrrolidone, tetramethylurea, dioxane, diethyl
succinate, dimethylsulfoxide, chloroform, tetrachloroethane, and combinations thereof,
[0047] The at least one nonsolvent of the first and second solutions may be the same or
different, and may be any suitable nonsolvent (nonsolvents are sometimes referred to as
“porogens” or “pore formers”). Exemplary nonsolvents include any one or more of water;
acetic acid; glycerin; various polyethylene glycols (PEGs; e.g., PEG-400, PEG-1000);
various alcohols, e.g., methanol, ethanol, isopropyl alchohol (IPA), amyl alcohols, hexanols,
heptanols, and octanols; alkanes, such as hexane, propane, nitropropane, heptanes, and
octane; ketone, ethers and esters such as acetone, butyl ether, ethyl acetate, and amyl acetate;
and various salts, such as calcium chloride, magnesium chloride, and lithium chloride; and
combinations thereof.

[0048] If desired, a solution comprising a polymer can further comprise, for example,
minor ingredients such as surfactants and/or release agents. An exemplary release agent is
phosphoric acid.

[0049] Suitable components of solutions are known in the art. Illustrative solutions
comprising polymers, and illustrative solvents and nonsolvents include those disclosed in, for
example, U.S. Patents 4,964,990, 5,846,422, 5,906,742, 5,928,774; 6,045,899; and 6,146,747.
[0050] In accordance with the invention, layers of the membrane can be formed from the
same polymer and solvent, varying the viscosity, additives, and treatment, or different
polymers can be used for different layers. In an embodiment of the invention, the first
solution has a low solid content. In an embodiment of the invention, the second solution has
a high solid content.

[0051] The solutions cornpﬁsing the polymers are typically cast into thin films, one on
top of the other, and exposed to a gaseous environment for a predetermined period of time, to
prepare the membrane by a phase inversion process. The casting thickness of the layers may
be the same as or different from the thickness of the zones of the membrane that is ultimately
formed. For example, in some embodiments, the thickness of the zones of the membrane that
is ultimately formed may be up to 50% the thickness of the casting layers. Preferably, the
first solution is spread in a layer onto a support (such as a nonporous support), and the second
solution is spread in a layer onto the first solution, and the membrane can be later separated
from the support after precipitation. However, the support can be incorporated into the final

structure if desired. In an embodiment of the invention, the membrane may be used for
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diagnostic applications. In this regard, membrane may comprise a non-removable, nonporous
support.

[0052] The membranes can be cast manually (e.g., poured, cast, or spread by hand onto a
casting surface) or automatically (e.g., poured or otherwise cast onto a moving bed). One
example of a suitable support is polyethylene coated paper.

[0053] A variety of devices known in the art can be used for casting. Suitable devices
include, for example, mechanical spreaders, that comprise spreading knives, doctor blades, or
spray/pressurized systems. One example of a spreading device is an extrusion die or slot
coater, comprising a casting chamber into which the casting formulation (solution comprising
a polymer) can be introduced and forced out under pressure through a narrow slot.
Illustratively, the first and second solutions comprising polymers can be separately cast by
means of a doctor blade with knife gaps in the range from about 120 micrometers to about
500 micrometers, more typically in the range from about 180 micrometers to about 400
micrometers. The knife gaps can be different for the first and second solutions.

[0054] In a preferred embodiment, the method comprises heating the first and second
layers. The first and second layers may be heated, for example, by controlling the
temperature of the belt on which the first layer is cast. The first and second layers may be
heated to any suitable temperature. For example, the first and second layers may be heated to
a temperature of about 60 to about 150° F (about 15 to about 66° C). Heating the first and
second layers may move the solvent(s) from and through the first and second layers to the
gaseous environment (e.g., air). The portion of the first layer that is farthest from the belt and
closest to the second layer may be rich in nonsolvents, and this may provide a first average
pore size that is larger than a second average pore size, e.g., an average pore size that is
greater than the average pore size of the upstream portion of the first zone and greater than an
average pore size of an upstream portion of the second zone of the membrane. Heating may
solidify the first layer and provide the first zone of the membrane having an average pore size
that is greater than the average pore size of the second zone.

[0055] Preferably, the method comprises casting the second solution onto the first layer
to form a second layer, wherein the second layer is exposed to a gaseous environment, e.g.,
air. In an embodiment, the air may be humid air with a relative humidity of about 60% to
about 98%. The humidity may be adjusted as appropriate. The solvent(s) evaporate from the

second layer and provide the second zone of the membrane. Humidity of the air in contact
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with the second layer may provide a second zone of the membrane having an average pore
size that is less than the average pore size of the first zone.

[0056] In an embodiment of the invention, a top portion of the first layer may mix with a
bottom portion of the second layer at the interface of the first and second layers to provide a
third layer that comprises a mixture of the first and second layers.

[0057] The set membrane is leached to remove the solvent and other soluble ingredients.
[0058] Another embodiment of the invention provides a method of making a membrane
comprising a first, upstream zone comprising pores, an upstream portion, and a downstream
portion; and a second, downstream zone comprising pores, an upstream portion, and a
downstream portion, wherein the pores of the first zone have an average pore size that
increases in an upstream to downstream direction, the pores of the second zone have an
average pore size that increases in a downstream to upstream direction, the downstream
portion of the first zone has an average pore size that is greater than an average pore size of
the upstream portion of the first zone and greater than an average pore size of an upstream
portion of the second zone, and the average pore size of the first zone is greater than the
average pore size of the second zone. The method is as described herein with respect to other
aspects of the invention.

[0059] The membranes of the invention may be made using any suitable system. Figure
1 shows an 1illustrative generalized system 1 for casting membranes according to an
embodiment of the invention. The system 1 comprises a belt 2, first 3 and second 4 rolls,
first 5 and second 6 extruders, chamber 7, and belt spray zone 9. Chamber 7 comprises air
inlet 19 and air outlet 20. In an embodiment of the invention, the chamber 7 and/or belt spray
zone 9 may comprise one or more compartments and/or the system can comprise one or more
chambers and/or belt spray zones. In some embodiments wherein the chamber comprises one
or more compartments and/or the system comprises one or more chambers, additional
compartments and/or chambers may comprise air inlets and air outlets. The extruders or
knives may be any suitable distance apart from one another. For example, the extruders may
be about ten inches (25.4 cm) to about 250 inches (635 cm) apart from one another.
Preferably, the extruders are about ten inches (25.4 cm) to about twelve inches (30.48 cm)
apart from one another. In some embodiments, the knives are about one inch (2.54 cm) to
two inches (5.08 cm) apart from one another, preferably from about 1.25 inches (3.175 e¢m) to

about 1.5 inches (3.81 cm) apart from one another.
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[0060] An embodiment of the method of casting the membrane is described with
reference to Figure 1 as follows: The first solution is cast onto belt 2 using first extruder 5 to
form a first layer. The second solution is cast onto the first layer using second extruder 6 to
form a second layer on the first layer to provide a pre-membrane comprising the first and
second layers. Rotation of the first and second rolls 3, 4 moves belt 2, which carries the pre-
membrane through the chamber 7, where the pre-membrane is exposed to air. Air circulates
through the chamber 7 via air inlets 18 and air outlet 20. The temperature of the belt may be
controlled using belt spray zone 9. The solvent evaporates from the pre-membrane in the
chamber to form a membrane. Belt 2 carries the membrane onto the second roll 4.

[0061] In some embodiments in which the chamber has first and second portions, the
process conditions may generally be as follows. The belt speed may be, e.g., in the range
from about 10 to about 120 inches (about 25.4 to about 304.8 cm) per minute. The belt spray
temperature in the first and second portions of the chamber may be, e.g., in the range from
about 24° C to about 65° C, and the air velocity in the first and second portions of the
chamber may be, e.g., in the range of from about 200 to about 1000 feet (about 60.96 to about
304.8 meters) per minute. The dew point in the first and second portions of the chamber may
be, e.g., in the range of from about 14° C to about 30° C, and the dry bulb temperature in the
first and second portions of the chamber may be, e.g., in the range of from about 16° C to
about 32° C.

[0062] The pore sizes of the membrane may be controlled by varying any one or more
process conditions or the composition of the solution(s) used to make the membrane. For
example, the pore size may be decreased by increasing the dew point, decreasing the dryness,
increasing the air velocity, increasing the air volume, and/or increasing the relative humidity
of the environment in which the membrane is formed, and/or by decreasing the belt spray
temperature and/or changing the belt spray pattern. Alternatively, or additionally, the pore
size may also be decreased by, for example, increasing the polymer (PES, PVDF, etc)
concentration, decreasing the solvent (e.g., NMP, DMF) concentration, and/or changing the
molecular weight of the pore former (e.g., PEG). The pore size may be increased by, for
example, decreasing the dew point, increasing the dryness, decreasing the air velocity,
decreasing the air volume, and/or decreasing the relative humidity of the environment in
which the membrane is formed, and by increasing the belt spray temperature and/or changing
the belt spray pattern. Alternatively, or additionally, the pore size may also be increased by,

for example, decreasing the polymer (PES, PVDF, etc) concentration, increasing the solvent
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(e.g., NMP, DMF) concentration, and/or changing the molecular weight of the pore former
{(e.g., PEG).

[0063] Typically (not shown), the membrane passes from the second roll 4 and into one
or more leaching tanks to remove the solvent and other soluble ingredients, passed into an

oven, where it is dried, and rolled onto another roll, as is known in the art.

[0064] The following examples further illustrate the invention but, of course, should not

be construed as in any way limiting its scope.
EXAMPLE 1

[0065] This example demonstrates a method of making an asymmetric membrane
according to an embodiment of the invention.

[0066] Solutions A and B are separately prepared containing the components set forth in
Table 1. Briefly, the components of each solution are mixed and subsequently degassed

under vacuum.
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TABLE 1
Component Weight Percent

Solution A Solution B
Polyethylene Glycol, (PEG- 58 ~70 60~ 75
E400)
PEG- 400 Dimethacrylate 0.0~ 1.5) 0.0~1.5
(DIMAC)
PEG-400 0.0~1.5 0.0~1.5
monomethacrylate
(MONOMAC)
Ammonium Persulfate 0.01~0.5 0.01 ~0.5
(initiator)
Water (nonsolvent) 0.5~3.5 0.5~3.5
Polyethersulfone (PES) 11~14 85~11.5
(ULTRASON"" E, BASF
Corporation, Florham Park,
NJ)
Dimethyl formanide (DMF) 0~17 0~17
(solvent)
Glycerin (nonsolvent) 0~4 0~9
N-N-methyl pyrrolidone 0~17) 0 ~17
(NMP) (solvent)
Phosphoric Acid - 0~1
{(processing aid)

[0067] Solution B is continuously cast onto a belt in a casting box at room temperature
using a first doctor blade. Solution B has a casting thickness of about 8 mils (203 pm).
Approximately 1 second later, Solution A is continuously cast onto Solution B using a second
doctor blade that 1s located 1.25 inches (3.175 ¢m) from the first doctor blade. Solution A
has a casting thickness of about 5 mils (127 um). The solutions pass through the first and
second portions of the chamber under the following conditions until the membrane forms.
The beIt'speed is 90 inches (228.6 cm) per minute. In the first portion of the chamber, the
belt spray temperature is 46.4° C, the air velocity is 600 feet (182.88 meters) per minute, the
dry bulb temperature is 28.4° C, and the dew point is 25.2° C. In the second portion of the
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chamber, the belt spray temperature is 38.8° C, the air velocity is 580 feet (176.78 meters) per
minute, the dry bulb temperature is 26.7° C, and the dew point is 25° C.

[0068] The membrane is collected at the end of the production belt. The membrane is
then leached with deionized (DI) water overnight to remove water-soluble chemicals. The
membrane is then washed in 40% ethanol (remainder water) for 2 hours to remove organic
chemicals. The membrane is then washed in 80 °C DI water for 30 minutes. The washed
membrane is then dried in an oven at 65°C for 30 minutes.

[0069] The membrane is internally hydrophilic. A SEM photograph of a vertical cross-
section of the membrane is shown in Figure 2A.

[0070] The nominal pore size (i.¢., cut-off particle size) of the membrane is 0.2 pm. The
upstream portion of the first zone of the membrane has an average pore size of 0.5 to 5 pm.
The downstream portion of the first zone of the membrane has an average pore size of 2 to 10

um. The second zone of the membrane has an average pore size of 0.01 to 0.5 pm.
EXAMPLE 2

[0071] This example demonstrates that an asymmetric membrane produced in accordance
with Example 1 is water permeable.

[0072] The membrane prepared according to Example 1 is tested for water permeability
at 10 pounds per square inch (psi) (68.95 kPa). The water permeability of the membrane is
measured to be 20.3 mU/min/em? at 10 psi (68.95 kPa) at 29° C.

EXAMPLE 3

[0073] This example demonstrates that an asymmetric membrane produced in accordance
with Example 1 provides an increased capacity as compared to a V-shaped asymmetric
membrane.

[0074] A membrane prepared in a first batch according to Example 1 is tested for
membrane capacity and compared to that of a V-shaped asymmetric membrane (SUPOR
asymmetric PES C-200 membrane (Part Number S80803), Pall Corporation, Port
Washington, NY) as a control. A 1% treacle solution is prepared (5 grams treacle (Lyle’s
black Treacle, Notts, UK); dissolved in 495 grams deionized water (DI)). The membranes
are placed in test cells, the test system is purged, and the throughput is determined by
determining the total volume collected for five minutes at 3 psi. The results are shown in

Table 2.



18

TABLE 2

1% Treacle Throughput at 5 minutes (mL)

Membrane of Example 1 75

V-shaped pore structure 35

Asymmetric Membrane

[0075] A membrane prepared in a second batch according to Example 1 is tested for
membrane capacity. The membrane capacity is tested using 1% treacle solution and
compared to that of a V-shaped asymmetric membrane (SUPOR asymmetric PES C-200
membrane (Part Number S80803), Pall Corporation, Port Washington, NY) as a control. The
throughput is determined by determining the total volume collected for each of the time

periods set forth in Table 3 at 3 psi. The results are shown in Table 3.

TABLE 3
1% Treacle Throughput (ml)
1 minute | 2 minutes | 3 minutes | 4 minutes | 5 minutes 10
minutes
Membrane 43 56 64 70 74 85
of Example 1
V-shaped 35 40 44 46 48 54
pore
structure
Asymmetric
Membrane

[0076] As shown in Tables 2 and 3, the membrane of Example 1 demonstrates an

increased capacity as compared to the V-shaped pore structure membrane.

EXAMPLE 4

[0077] This example demonstrates making an asymmetric membrane according to
another embodiment of the invention.
{0078] Solutions A and B are separately prepared containing the components set forth in

Table 4. Briefly, the components of each solution are mixed and subsequently degassed.
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TABLE 4
Component Weight Percent
Solution A Solution B

Polyethylene Glycol, (PEG- | 60 ~ 75 58 ~70
E400)
PEG- 400 Dimethacrylate 0.01~1.0 0.01~1.0
(DIMAC)
Tetraacrylate 0.01 ~1.0 0.01~ 1.0
(pentaerythritol
tetraacrylate) (crossiinker)
Hydroxyethylmethacrylate | 0.01 ~ 0.25 0.01 ~0.25
(2-HEMA)
2,2-Azobis(2- 0.01~0.2 0.01 ~0.2
amidinopropane)
dihydrochlonde (V50)
(initiator)
Water (nonsolvent) 0~3 0~3
Polyethersulfone (PES) 7~10.5 11~14
(ULTRASON™ E, BASF
Corporation, Florham Park,
NJ)
Dimethyl formanide (DMF) [0~ 17 0~17
(solvent)
Glycerin (nonsolvent) 0~9 -
N-N-methyl pyrrolidone 0~17 . 0 ~17
(NMP) (solvent)

[0079] Solution A 1s continuously cast onto a production scale belt in a casting box at
room temperature using a first doctor blade. Solution A has a casting thickness of about 8
mils (200 pm). Approximately 4.5 seconds later, Solution B is continuously cast onto
Solution A using an extruder located approximately 4.5 inches (11.43 cm) from the first
doctor blade. Solution B has a casting thickness of about 5 mils (125 um). The solutions
pass through the first and second portions of the chamber under the following conditions until

the membrane forms. The belt speed is 90 inches (228.6 cm) per minute. In the first portion
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of the chamber, the belt spray temperature is 42.8° C, the air velocity is 365 feet (111.25
meters) per minute, the dry bulb temperature is 26.7° C, and the dew point is 25.3° C. In the
second portion of the chamber, the belt spray temperature is 36.1° C, the air velocity is 300
feet (91.44 meters) per minute, the dry bulb temperature is 26.7° C, and the dew point is 25.6°
C.

[0080] The membrane passes through a first leaching tank containing room temperature
reverse osmosis (RO) water, then through a second leaching tank containing 40% ethanol
(remainder water), followed by a third leaching tank containing 80 °C RO water. The washed
membrane is then dried in an oven at 65 °C.

[0081] The membrane is internally hydrophilic. A SEM photograph of a vertical cross-
section of a membrane prepared in a first batch that is prepared according to this Example is
shown in Figure 3. An enlarged scanning electron microscope (SEM) photograph of the
lateral, second exterior surface of a membrane prepared in a second batch that is prepared
according to this Example is shown in Figure 4A. An enlarged SEM photograph of the
lateral, first exterior surface of the membrane prepared in the second batch is shown in Figure

4B.
EXAMPLE 5

[0082] This example demonstrates the performance of an asymmetric membrane
prepared in accordance with Example 4.

[0083] Two batches (BN 089031 and BN 089067) of a membrane prepared according to
Example 4 are tested for performance including water permeability as described in Example
2, membrane capacity as described in Example 3, water flow rate (WFR), and bubble point
(KL). Membrane characteristics, including thickness and wettability, are also measured. The

results are shown in Table 5.
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TABLE 5
Performance/Characteristic BN 089031 BN 089067

1% Treacle Throughput 73.6 £16.5 66.8 + 10.3

(mL at 5 min.)

KL in psi (kPa) 64.8 £ 4.3 (446.78 &+ 29.65) 64.1 £3.3 (441.95 % 22.75)

WFR (mL/min/cm?) 40.3 6.6 425+7.5

Thickness (mils) 8.6+ 1.0(218 £25 um) 7.3+ 0.6 (185 £25 um)

Wettability in dynes/cm 91.2 91.2
(mN/m)
EXAMPLE 6

[0084] This example demonstrates the average pore size of the second zone and the
upstream and downstream portions of the first zone of a membrane with a 0.45-0.65 um
nominal pore size.

[0085] The nominal pore size of the membrane is 0.45-0.65 pm. The upstream portion of
the first zone of the membrane has an average pore size of 1 to 10 pm. The downstream
portion of the first zone of the membrane has an average pore size of 3 to 20 um. The second

zone of the membrane has an average pore size of 0.01 to 1 pm.

EXAMPLE 7

[0086] This example demonstrates the structure of another asymmetric membrane
according to an embodiment of the invention.

[0087] The structure of a PES asymmetric membrane according to an embodiment of the
invention is shown in the SEM photograph of Figure 6A. Figure 6B is an enlarged SEM
photograph of the vertical cross section at area 60 in the first zone of the membrane of Figure
6A. Figure 6B shows an average pore size in area 60 that is larger than that of the second
zone (e.g., 62 (Fig. 6D)). Figure 6C is an enlarged SEM photograph of the vertical cross
section at area 61 spanning the first and second zones of the membrane of Figure 6A. Figure
6D is an enlarged SEM photograph of the vertical cross section at area 62 in the second zone
of the membrane of Figure 6A. Figure 6D shows an average pore size in area 62 that is

smaller than that of the first zone (e.g., 60 (Fig. 6B)).
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[0088] All references, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

[0089] The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be

construed to cover both the singular and the plural, unless otherwise indicated herein or

27 bR 1M

clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individually to each separate value
falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All methods
described herein can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as™) provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the invention unless otherwise
claimed. No language in the specification should be construed as indicating any non-claimed
element as essential to the practice of the invention.

[0090] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.



