ASYMMETRIC MEMBRANES

BACKGROUND OF THE INVENTION

[0001] Asymmetric membranes having a large pore size enpistream surface, a

smaller pore size on the downstream surface, amyemage pore size that decreases from the
upstream surface in a direction toward the dowastreurface ( such membranes can be
referred to as having a “V-shaped pore structuaaé€)known in the art. However,
conventional asymmetric membranes may exhibit redyerformance, capacity, and

lifespan.

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

[0003] In accordance with an embodiment of the inventaamasymmetric membrane is
provided comprising (a) a first exterior porousface; (b) a second exterior porous surface;
(c) a porous bulk between the first exterior porsuigace and the second exterior porous
surface, the porous bulk having a first porousaegind a second porous region, the first
porous region contacting the second porous reg)rg first asymmetric porous zone, the
first asymmetric porous zone including the firstegtor surface, and extending into, and
including, the first porous region of the bulk; af&) a second asymmetric porous zone, the
second asymmetric porous zone including the seegtatior surface, and extending into,
and including, the second porous region of the joulerein the first asymmetric porous
zone includes a first porous asymmetry that ina@e&®m the first exterior surface through
the first porous zone of the bulk, and the secaynanetric porous zone includes a second
porous asymmetry that increases from the secomtliexsurface through the second porous
zone of the bulk, and the first porous surfaceahfisst average pore size and the second
porous surface has a second average pore sizeziwtiee first average pore size is larger
than the second average pore size.

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

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



downstream direction, the pores of the second hame an average pore size that increases
in a downstream to upstream direction, the dowastrportion of the first zone has an
average pore size that is greater than an averagesjze of the upstream portion of the first
zone and greater than an average pore size ofsream portion of the second zone, and the
average pore size of the first zone is greater tharaverage pore size of the second zone.
[0005] Other embodiments of the invention provide methafdmaking the inventive
asymmetric membrane and methods of processingdausing the inventive asymmetric

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

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

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

[0008] Figure 2B shows a diagrammatic cross-sectionakssgmtation of the pore
structure of a membrane according to an embodiwfdhie invention, illustrating (a) a first
exterior porous surface; (b) a second exterior pogurface; (c) a porous bulk between the
first exterior porous surface and the second ext@arous surface, the porous bulk having a
first porous region and a second porous regiona ittt asymmetric porous zone; and, (e) a
second asymmetric porous zone.

[0009] Figure 3 is a SEM photograph of a vertical crosgise of another embodiment

of a membrane according to the invention.

[0010] Figure 4A is an enlarged SEM photograph of theddteecond exterior surface

of a membrane according to the invention.

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

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

[0013] Figures 6B-6D are enlarged SEM photographs of éngcal cross section of the
membrane of Figure 6A at areas 60-62, respectively.



DETAILED DESCRIPTION OF THE INVENTION

[0014] Advantageously, membranes according to the invermdibit reduced fouling
and provide increased performance, capacity, &splan as compared to conventional
asymmetric membranes with V-shaped pore structuféghout being bound to any
particular theory, it is believed that a reducethbar of large or medium-sized retentate
particles pass through the pores of the surfatieeofirst zone (e.g., the upstream surface)
thus reducing the presence of retentate partibbtscould block the pores of the interior (i.e.,
downstream portion of the first zone) of membrasm&sording to the invention. Since the
average pore size of the downstream portion ofitbiezone is preferably greater than the
average pore size of the upstream portion of tiseZone and is also greater than the average
pore size of the upstream portion of the secone zibre membranes can advantageously
provide more space in the interior of the membifaneetentate particles (e.g., small
retentate particles) and filtrate. Because theaaeepore size of the second zone is smaller
than the average pore size of the first zone, acestinumber of retentate particles (e.qg.,
small retentate particles) pass through the pdrédsecsurface of the second zone (e.g., the
downstream surface), and the filtrate passes thrtheypores of the surface of the second
zone.

[0015] In accordance with an embodiment of the inventwaith reference to the pore
structure shown in diagrammatic Figure 2B, an asgimmmembrane is provided
comprising (@) a first exterior porous surf&2 (b) a second exterior porous surf@3e(c) a
porous bulk34 between the first exterior porous surface andg#do®nd exterior porous
surface, the porous bu84 having a first porous regid@b and a second porous regig the
first porous regior5 contacting the second porous regsén (d) a first asymmetric porous
zone37, the first asymmetric porous zo8@é including the first exterior surfa@?, and
extending into, and including, the first porousioed35 of the bulk34; and, (e) a second
asymmetric porous zor88, the second asymmetric porous z88encluding the second
exterior surfac&3, and extending into, and including, the secon@p®sregior36 of the

bulk 34; wherein the first asymmetric porous z@veincludes a first porous asymmetry that
increases from the first exterior surf&8&through the first porous regi@ of the bulk34,

and the second asymmetric porous z&8®ecludes a second porous asymmetry that
increases from the second exterior surfg&é&rough the second porous regReéof the bulk

34, and the first porous surfa8@ has a first average pore size and the second gsrotace



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

[0016] In accordance with an embodiment of the inventibe,membrane comprises a
first exterior porous surface and a second ext@aoous surface. With respect to fluid flow
in accordance with an embodiment of the inventiba first exterior porous surface is an
upstream surface and the second exterior porofecsus a downstream surface. In an
alternative embodiment, the first exterior poroudace is a downstream surface and the
second exterior porous surface is an upstreamcsurfa

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

[0018] In accordance with an embodiment of the inventibe,membrane comprises a
first asymmetric porous zone and a second asynurairous zone. With respect to fluid
flow in accordance with an embodiment of the inu@mtthe first asymmetric porous zone is
an upstream zone and the second asymmetric poooesz a downstream zone. In an
alternative embodiment, the first asymmetric poromse is a downstream zone and the
second asymmetric porous zone is an upstream Zimefirst asymmetric porous zone may
include the first exterior surface and may extend,iand include, the first porous region of
the bulk. The second asymmetric porous zone n@yde the second exterior surface and
may extend into, and include, the second porousmexf the bulk.

[0019] The first zone of the membrane may have any seitéidtkness. In accordance
with an embodiment of the invention, the first zafieghe membrane may have a thickness in
the range of from less than about 10 micrometans) fo greater than about 250 pm, from
about 10 pum to about 250 um, or from about 100 uabbut 200 um. The first zone of the
membrane may, for example, comprise from about&@%eés) to about 95% (or more), from
about 15% to about 85%, from about 30% to about, #¥%som about 45% to about 55%, of
the total thickness of the membrane.

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

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



400 um (or more), or from about 30 um to about @0 The second zone of the membrane
may, for example, comprise from about 4% (or lésgbout 85% (or more), from about 10%
to about 80%, from about 20% to about 70%, or fedraut 40% to about 50%, of the total
thickness of the membrane.

[0021] In accordance with an embodiment of the inventiba,first asymmetric porous
zone includes a first porous asymmetry that in@e&®m the first exterior surface through
the first porous region of the bulk. In accordandth an embodiment of the invention, the
second asymmetric porous zone includes a secowmdipasymmetry that increases from the
second exterior surface through the second porones af the region.

[0022] In this regard, the membrane, including the zomesragions therein, is
asymmetric. “Asymmetric,” as used herein, refera thange in average pore structure
across a cross-section (e.g., a vertical crossesgaf the membrane itself or a given zone of
the membrane. An asymmetric membrane or zonerhaseaage pore structure (typically,
an average pore size) varying throughout the memeboa zone. Typically, the average pore
size decreases in size from one portion or sutfaemother portion or surface (e.g., the
average pore size decreases from the upstreammortsurface to the downstream portion
or surface). However, other types of asymmetryeammpassed by embodiments of the
invention, e.g., the pore size goes through a mininpore size at a position within the
thickness of the asymmetric zone. The pores ofitsieasymmetric porous zone and/or the
second asymmetric porous zone may have an aveoageige that increases in a direction,
e.g., an upstream to downstream direction, a doeaust to upstream direction, a first
exterior porous surface to a second exterior posausce direction, or a second exterior
porous surface to a first exterior porous surfdaoection. In this regard, each of the first and
second zones of the membrane may be asymmetremémbrane, including zones,
regions, and portions thereof, can have any seifpbie size gradient or ratio, e.g, about 1.1
or less, or about 100.0 or more, from about 1 dbtut 100.0, from about 5.0 to about 95.0,
from about 10.0 to about 90.0, from about 15.0noud 85.0, from about 20.0 to about 80.0,
from about 25.0 to about 75.0, from about 30.0noud 70.0, from about 35.0 to about 65.0,
from about 40.0 to about 60.0, from about 1.1 tou&li 0.0, from about 2.0 to about 10.0, or
from about 1.1 to about 5.0. This asymmetry cambasured by comparing the average
pore size on one major surface of a zone with vieeage pore size of the other major surface
of that zone.



[0023] In accordance with an embodiment of the inventiba,first porous surface has a
first average pore size and the second porouscaunias a second average pore size. In
accordance with an embodiment of the inventionfitseaverage pore size is larger than the
second average pore size. In an alternative emtsod| the second average pore size is
larger than the first average pore size. The &irgt second porous surfaces may each have
any suitable average pore size. In accordanceasittmbodiment of the invention, the first
porous surface may have an average pore size éssithan about 0.2 pm to greater than
about 10.0 pm, from 0.2 um to about 10.0 pum, frowua 0.5 um to about 9.0 um, from
about 1.0 um to about 8.0 um, from about 3.0 pabtot 7.0 um, or from about 4.0 um to
about 6.0 um. In accordance with an embodimettiefnvention, the second porous surface
may have an average pore size from less than @&@Lijum to greater than about 5.0 pm,
from about 0.01 um to about 5.0 um, from about @.O6to about 4.0 um, from about 0.10
pum to about 3.0 um, from about 0.20 um to aboup2nQ from about 0.3 um to about 1.5
pm, or from about 0.4 um to about 1.0 um.

[0024] In accordance with an embodiment of the inventiba,first porous region or first
asymmetric porous zone has a first average poeeasid the second porous region or second
asymmetric porous zone has a second average pere Ehe average pore size of the first
porous region or first asymmetric porous zone @talger than the average pore size of the
second porous region or second asymmetric poraus, oo the average pore size of the
second porous region or second asymmetric poraus @an be larger than the average pore
size of the first porous region or first asymmepiazous zone. In accordance with an
embodiment, the average pore size of the firstymregion or first asymmetric porous zone
is as described for that of the first porous swfaln accordance with an embodiment of the
invention, the average pore size of the secondysomegion or second asymmetric porous
zone is as described for that of the second pasoriace.

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

[0026] In accordance with an embodiment of the inventiba,first porous region or

zone contacts the second porous region or zonthidmegard, the membrane is preferably
continuous. A continuous membrane provides a noaoth between the two zones or regions
of the membrane and no break exists between tlyengolstructure which comprises the first

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



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

[0027] The membrane, including any zones and portiongttiemay be asymmetric as
described herein. In this regard, the membrareaag zones or portions thereof, may have
any suitable ratio of asymmetry. In accordancé ait embodiment of the invention, the
membrane and zones thereof may have a ratio ofrasytiy as described for that of the first
embodiment. For example, the ratio of asymmethefdownstream portion of the first

zone of the membrane to the upstream portion ofitsiezone of the membrane may be in
the range of from about 1.1 to about 5 and the @tasymmetry of the second zone of the
membrane to the downstream portion of the firsezoithe membrane may be in the range
of from about 2 to about 10.

[0028] The inventive membranes may be microporous. Brégard, the average pore
size of the membrane, including the first and sdcmones, may be in the range of, for
example, from about 0.1 um to about 10 pm, fromuaBdb um to about 5 um, or from

about 1 um to about 3 um. In accordance with amogiment of the invention, the
downstream portion of the first zone has an avepage size that is greater than an average
pore size of the upstream portion of the first zand greater than an average pore size of an
upstream portion of the second zone. Alternatieelgdditionally, the average pore size of
the upstream portion of the first zone and the ayepore size of the upstream portion of the
second zone are each less than the average peref $iee downstream portion of the first
zone. In addition, the average pore size of tts fione is greater than the average pore size
of the second zone. Alternatively or additionalhg average pore size of the second zone is
less than the average pore size of the first zdie average pore sizes of the membrane,
first and second portions, and first and seconeégomay be adjusted as appropriate for the
particular application.

[0029] All other aspects of the membrane are as descfdrdte first embodiment.

[0030] In accordance with a preferred embodiment of tention, the membrane is an
integral multilayer microporous polymeric membrare this regard, the membrane includes
layers that are bonded together such that the nemalivtehaves as a single structure that does
not delaminate or separate under normal use conditi

[0031] The membrane may comprise any suitable polymeg&sjtable polymers include,

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



such as, for example, polyethersulfone (PES), leisphA polysulfone, polyarylsulfone, and
polyphenylsulfone), polyamides, polyimides, polyidene halides (including
polyvinylidene fluoride (PVDF)), polyolefins, suas polypropylene and polymethylpentene,
polyesters, polystyrenes, polycarbonates, polyaniyiles (including
polyalkylacrylonitriles), cellulosic polymers (suels cellulose acetates and cellulose
nitrates), fluoropolymers, and polyether ether ket@PEEK).

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

[0033] The membrane may be hydrophilic. The membranédiasa any desired critical
wetting surface tension (CWST, as defined in, f@meple, U.S. Patent 4,925,572). The
CWST can be selected as is known in the art, @gadditionally disclosed in, for example,
U.S. Patents 5,152,905, 5,443,743, 5,472,621, AAdiB69. Preferably, the membrane is
hydrophilic, having a CWST of about 72 dynes/cm X720° N/cm) or more, more
preferably, having a CWST of about 78 dynes/cm (a8 x 10° N/cm) or more.
Accordingly, the inventive membranes may advantaglgydoe useful for processing (e.g.,
filtering) a wide variety of fluids, especially aepus fluids, in a variety of applications, e.g.,
filtering fluids for the electronics industry, aglMvas biological, pharmaceutical, food and
beverage, and water treatment applications. kenalbodiment, the membrane may have a
CWST of less than about 72 dynes/cm (72 X llcm), e.g., a CWST from about 60
dynes/cm (60 x T®N/cm) up to about 72 dynes/cm (72 X°19/cm). The inventive
membranes may advantageously also be useful foepsing a wide variety of gases in a
variety of applications, e.g., air treatment apgtliens.

[0034] The surface characteristics of the membrane candukfied (e.g., to affect the
CWST, to include a surface charge, e.g., a postiiveegative charge, and/or to alter the
polarity or hydrophilicity of the surface) by wet dry oxidation, by coating or depositing a
polymer on the surface, or by a grafting reactidodifications include, e.g., irradiation, a
polar or charged monomer, coating and/or curingstivéace with a charged polymer, and
carrying out chemical modification to attach funo@l groups on the surface. Grafting
reactions may be activated by exposure to an ersengice such as gas plasma, vapor
plasma, corona discharge, heat, a Van der Gra#irgéor, ultraviolet light, electron beam, or
to various other forms of radiation, or by surfatehing or deposition using a plasma
treatment.

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



[0036] In another embodiment, a method of using the mengbiaprovided. For
example, a method of processing a fluid accordingntembodiment of the invention
comprises passing the fluid into the membrane,dimextion from the first zone toward the
second zone. In a preferred embodiment, the metbogbrises passing the fluid through the
membrane, in a direction from the first zone towtel second zone.

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

[0038] A membrane according to the invention, (as wefilees element comprising at
least one membrane) can have any suitable porewteye.g., a pore size (for example, as
evidenced by porometry (for example, mercury pottoynar capillary condensation flow
porometry), or by bubble point, or by ks described in, for example, U.S. Patent
4,340,479), a pore rating, a pore diameter (e lgenrcharacterized using the modified OSU
F2 test as described in, for example, U.S. Pat®254572), or removal rating that reduces or
allows the passage therethrough of one or morerialstef interest as the fluid is passed
through the element. The desired pore structupert#s on the composition of the fluid to be
treated, and the desired effluent level of thetér@dluid.

[0039] A filter and/or a filter element comprising at lease membrane according to the
invention can include additional elements, layergomponents, that can have different
structures and/or functions, e.g., at least or@efiltration, support, drainage, spacing and
cushioning. lllustratively, the filter can alsalinde at least one additional element such as a
mesh and/or a screen.

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

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

porous region contacting the second porous reg¢@rg first asymmetric porous zone, the
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first asymmetric porous zone including the firstegior surface, and extending into, and
including, the first porous region of the bulk; afe) a second asymmetric porous zone, the
second asymmetric porous zone including the seertatior surface, and extending into,
and including, the second porous region of the joulerein the first asymmetric porous
zone includes a first porous asymmetry that in@e&®»m the first exterior surface through
the first porous zone of the bulk, and the secayinanetric porous zone includes a second
porous asymmetry that increases from the secomtliexsurface through the second porous
zone of the bulk, and the first porous surfaceahfisst average pore size and the second
porous surface has a second average pore sizesiwtiee first average pore size is larger
than the second average pore size.

[0042] In a typical embodiment, the method comprises prega first solution
comprising at least one polymer, at least one sb)\@nd at least one nonsolvent; preparing a
second solution comprising at least one polymdeast one solvent, and at least one
nonsolvent; casting the first solution on a beltoion a first layer; casting the second solution
onto the first layer to form a second layer, whetbie second layer is exposed to air; and
evaporating the solvent(s) to form the membraniee first and/or second solutions
optionally further comprise at least one initiator.

[0043] The second solution may be cast onto the firstrlayany suitable time period
following the casting of the first layer onto thelto The time period between casts may vary
and can be chosen based on a variety of condiiacis as, for example, the speed of the
movement of the belt and the distance betweendsitsu For example, the second solution
may be cast onto the first layer from about on@sddo about two minutes following the
casting of the first layer onto the belt, prefeyaibbm about six to about nine seconds
following the casting of the first layer onto thelt

[0044] The at least one polymer of the first and secoiatisns may be the same or
different, and may be any suitable polymer, sucthase described above.

[0045] The optional at least one initiator of the firstiaecond solutions may be the
same or different, and may be any suitable initiaEExemplary initiators include any one or
more of peroxides, ammonium persulfate, aliphat@ @ mpounds (e.g., 2,2’-azobis(2-
amidinopropane) dihydrochloride (V50)), and comktimas thereof.

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

the solvent, and preferably is completely solubléhie solvent. Exemplary solvents include
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any one or more of dimethyl formamide (DMF), N-N4img pyrrolidone (NMP),
dimethylacetamide (DMACc), N-methyl pyrrolidone,raanhethylurea, dioxane, diethyl
succinate, dimethylsulfoxide, chloroform, tetracbkthane, and combinations thereof.
[0047] The at least one nonsolvent of the first and sesomhations may be the same or
different, and may be any suitable nonsolvent (otvemnts are sometimes referred to as
“porogens” or “pore formers”). Exemplary nonsolt&mclude any one or more of water;
acetic acid; glycerin; various polyethylene glyc(t&Gs; e.g., PEG-400, PEG-1000);
various alcohols, e.g., methanol, ethanol, isografmhohol (IPA), amyl alcohols, hexanols,
heptanols, and octanols; alkanes, such as hexapmne, nitropropane, heptanes, and
octane; ketone, ethers and esters such as acbtayleether, ethyl acetate, and amyl acetate;
and various salts, such as calcium chloride, magmeshloride, and lithium chloride; and
combinations thereof.

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

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

[0051] The solutions comprising the polymers are typicedigt into thin films, one on

top of the other, and exposed to a gaseous enveonnior a predetermined period of time, to
prepare the membrane by a phase inversion prodégscasting thickness of the layers may
be the same as or different from the thicknest®zobnes of the membrane that is ultimately
formed. For example, in some embodiments, thémiess of the zones of the membrane that
is ultimately formed may be up to 50% the thicknefsthe casting layers. Preferably, the
first solution is spread in a layer onto a supgsutch as a nonporous support), and the second
solution is spread in a layer onto the first solatiand the membrane can be later separated
from the support after precipitation. However, siupport can be incorporated into the final

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

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

[0053] A variety of devices known in the art can be usedhsting. Suitable devices
include, for example, mechanical spreaders, thapeise spreading knives, doctor blades, or
spray/pressurized systems. One example of a Spredevice is an extrusion die or slot
coater, comprising a casting chamber into whichctisting formulation (solution comprising
a polymer) can be introduced and forced out undessure through a narrow slot.
lllustratively, the first and second solutions caising polymers can be separately cast by
means of a doctor blade with knife gaps in the edingm about 120 micrometers to about
500 micrometers, more typically in the range frdmwat 180 micrometers to about 400
micrometers. The knife gaps can be differentlierfirst and second solutions.

[0054] In a preferred embodiment, the method comprisesretne first and second
layers. The first and second layers may be hetdedxample, by controlling the
temperature of the belt on which the first layetast. The first and second layers may be
heated to any suitable temperature. For exanmpefjrist and second layers may be heated to
a temperature of about 60 to about 150° F (abowb Hbout 66° C). Heating the first and
second layers may move the solvent(s) from andigiirahe first and second layers to the
gaseous environment (e.g., air). The portion effitst layer that is farthest from the belt and
closest to the second layer may be rich in nonstdvend this may provide a first average
pore size that is larger than a second averagesmeee.g., an average pore size that is
greater than the average pore size of the upstpeation of the first zone and greater than an
average pore size of an upstream portion of thergezone of the membrane. Heating may
solidify the first layer and provide the first zookthe membrane having an average pore size
that is greater than the average pore size ofdbensl zone.

[0055] Preferably, the method comprises casting the sesolution onto the first layer

to form a second layer, wherein the second layexp®sed to a gaseous environment, e.g.,
air. In an embodiment, the air may be humid athwi relative humidity of about 60% to
about 98%. The humidity may be adjusted as apatepr The solvent(s) evaporate from the
second layer and provide the second zone of thebwmaema. Humidity of the air in contact
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with the second layer may provide a second zotleeomembrane having an average pore
size that is less than the average pore size dirgteone.

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

[0057] The set membrane is leached to remove the solwehnbther soluble ingredients.
[0058] Another embodiment of the invention provides a radtbf making a membrane
comprising a first, upstream zone comprising poaesjpstream portion, and a downstream
portion; and a second, downstream zone compriangsp an upstream portion, and a
downstream portion, wherein the pores of the figte have an average pore size that
increases in an upstream to downstream directienpores of the second zone have an
average pore size that increases in a downstreapstoeam direction, the downstream
portion of the first zone has an average porethiaeis greater than an average pore size of
the upstream portion of the first zone and grethizn an average pore size of an upstream
portion of the second zone, and the average poeeosithe first zone is greater than the
average pore size of the second zone. The methasidescribed herein with respect to other
aspects of the invention.

[0059] The membranes of the invention may be made usipguaitable system. Figure

1 shows an illustrative generalized systefor casting membranes according to an
embodiment of the invention. The systémomprises a beR, first 3 and second rolls,

first 5 and secon@ extruders, chambé&i, and belt spray zorfe Chambei7 comprises air

inlet 19 and air outleR0. In an embodiment of the invention, the chaniband/or belt spray
zone9 may comprise one or more compartments and/on#ters can comprise one or more
chambers and/or belt spray zones. In some embaotbméherein the chamber comprises one
or more compartments and/or the system comprise®omore chambers, additional
compartments and/or chambers may comprise aisialed air outlets. The extruders or
knives may be any suitable distance apart fromamather. For example, the extruders may
be about ten inches (25.4 cm) to about 250 indBi@s ¢m) apart from one another.
Preferably, the extruders are about ten inchedg @%5) to about twelve inches (30.48 cm)
apart from one another. In some embodiments, theek are about one inch (2.54 cm) to
two inches (5.08 cm) apart from one another, padigrirom about 1.25 inches (3.175 cm) 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 membisescribed with

reference to Figure 1 as follows: The first sa@uatis cast onto bek using first extrudeb to
form a first layer. The second solution is cagbdhe first layer using second extru@eo

form a second layer on the first layer to proviqge-membrane comprising the first and
second layers. Rotation of the first and secoild 804 moves bel2, which carries the pre-
membrane through the chaml@ewhere the pre-membrane is exposed to air. Adutates
through the chambétrvia air inlets18 and air outle0. The temperature of the belt may be
controlled using belt spray zoBe The solvent evaporates from the pre-membratigein
chamber to form a membrane. Beltarries the membrane onto the second4roll

[0061] In some embodiments in which the chamber hasdiidtsecond portions, the
process conditions may generally be as followse Bélt speed may be, e.g., in the range
from about 10 to about 120 inches (about 25.4 tmwaB04.8 cm) per minute. The belt spray
temperature in the first and second portions otcti@mber may be, e.g., in the range from
about 24° C to about 65° C, and the air velocithefirst and second portions of the
chamber may be, e.g., in the range of from aboQtt@@bout 1000 feet (about 60.96 to about
304.8 meters) per minute. The dew point in th&t find second portions of the chamber may
be, e.g., in the range of from about 14° C to aB6atC, and the dry bulb temperature in the
first and second portions of the chamber may lgg, ie. the range of from about 16° C to
about 32° C.

[0062] The pore sizes of the membrane may be controlledabying any one or more
process conditions or the composition of the sohfs) used to make the membrane. For
example, the pore size may be decreased by inngetm dew point, decreasing the dryness,
increasing the air velocity, increasing the airwoé, and/or increasing the relative humidity
of the environment in which the membrane is fornagal/or by decreasing the belt spray
temperature and/or changing the belt spray patt@hernatively, or additionally, the pore
size may also be decreased by, for example, inagdse polymer (PES, PVDF, etc)
concentration, decreasing the solvent (e.g., NMRFPconcentration, and/or changing the
molecular weight of the pore former (e.g., PEGhe pore size may be increased by, for
example, decreasing the dew point, increasing meeds, decreasing the air velocity,
decreasing the air volume, and/or decreasing tagve humidity of the environment in

which the membrane is formed, and by increasingpétiespray temperature and/or changing
the belt spray pattern. Alternatively, or addiatiy, the pore size may also be increased by,

for example, decreasing the polymer (PES, PVDH,ctacentration, increasing the solvent
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(e.g., NMP, DMF) concentration, and/or changingrti@ecular weight of the pore former
(e.g., PEG).

[0063] Typically (not shown), the membrane passes fronséoend rol¥ and into one
or more leaching tanks to remove the solvent ahdratoluble ingredients, passed into an

oven, where it is dried, and rolled onto anothdlr &3 is known in the art.

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

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

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

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

under vacuum.
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TABLE 1

Component

Weight Percent

Solution A

Solution B

Polyethylene Glycol, (PEGt

E400)

58 ~70

60 ~ 75

PEG- 400 Dimethacrylate
(DIMAC)

0.0 ~ 1.5)

00~15

PEG-400
monomethacrylate
(MONOMAC)

0.0~15

00~15

Ammonium Persulfate
(initiator)

0.01~0.5

0.01~0.5

Water (nonsolvent)

0.5~3.5

0.5~3.5

8.5~11.5

Polyethersulfone (PES) 11~14
(ULTRASON" E, BASF
Corporation, Florham Park
NJ)

Dimethyl formanide (DMF) 0~17 0~17

(solvent)

l

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 stitey box at room temperature
using a first doctor blade. Solution B has a oasthickness of about 8 mils (203 um).
Approximately 1 second later, Solution A is contiosly cast onto Solution B using a second
doctor blade that is located 1.25 inches (3.175foom) the first doctor blade. Solution A

has a casting thickness of about 5 mils (127 phime solutions pass through the first and
second portions of the chamber under the folloveimigditions until the membrane forms.

The belt speed is 90 inches (228.6 cm) per minuitehe first portion of the chamber, the

belt spray temperature is 46.4° C, the air velasi§00 feet (182.88 meters) per minute, the
dry bulb temperature is 28.4° C, and the dew peifd6.2° C. In the second portion of the
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chamber, the belt spray temperature is 38.8° Gaitheelocity is 580 feet (176.78 meters) per
minute, the dry bulb temperature is 26.7° C, aeddéw point is 25° C.

[0068] The membrane is collected at the end of the pramlubielt. The membrane is
then leached with deionized (DI) water overnighteamove water-soluble chemicals. The
membrane is then washed in 40% ethanol (remaindtarijfor 2 hours to remove organic
chemicals. The membrane is then washed in 80 @adr for 30 minutes. The washed
membrane is then dried in an oven at 65°C for 3tutas.

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

[0070] The nominal pore size (i.e., cut-off particle sinéjhe membrane is 0.2 um. The
upstream portion of the first zone of the membraa® an average pore size of 0.5t0 5 um.
The downstream portion of the first zone of the rommne has an average pore size of 2 to 10

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

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

[0072] The membrane prepared according to Example 1tedtdsr water permeability

at 10 pounds per square inch (psi) (68.95 kPag Wdtter permeability of the membrane is
measured to be 20.3 ml/min/&t 10 psi (68.95 kPa) at 29° C.

EXAMPLE 3

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

[0074] A membrane prepared in a first batch accordingdantple 1 is tested for
membrane capacity and compared to that of a V-shagpgmmetric membrane (SUPOR
asymmetric PES C-200 membrane (Part Number S80B@8)Corporation, Port
Washington, NY) as a control. A 1% treacle solui®prepared (5 grams treacle (Lyle’s
black Treacle, Notts, UK); dissolved in 495 gramegodized water (DI)). The membranes
are placed in test cells, the test system is pym@ed the throughput is determined by
determining the total volume collected for five mii@s at 3 psi. The results are shown in
Table 2.
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TABLE 2

1% Treacle Throughput at 5 minutes (mL)

Membrane of Example 1 75

V-shaped porestructure 35

Asymmetric Membrane

[0075] A membrane prepared in a second batch accordiegdmple 1 is tested for
membrane capacity. The membrane capacity is tesiad 1% treacle solution and
compared to that of a V-shaped asymmetric memi@d@OR asymmetric PES C-200
membrane (Part Number S80803), Pall Corporatiort,\Washington, NY) as a control. The
throughput is determined by determining the totdlime collected for each of the time

periods set forth in Table 3 at 3 psi. The resarlesshown in Table 3.

TABLE 3
1% Treacle Throughput (ml)
1 minute | 2minutes | 3minutes | 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 Exathgiemonstrates an

increased capacity as compared to the V-shapedspoiture membrane.

EXAMPLE 4

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

Table 4. Briefly, the components of each soluaom mixed and subsequently degassed.
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TABLE 4

Component Weight Percent
Solution A Solution B

Polyethylene Glycol, (PEGt 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) (crosslinker)

Hydroxyethylmethacrylate | 0.01 ~ 0.25 0.01 ~0.25
(2-HEMA)

2,2-Azobis(2- 0.01~0.2 0.01~0.2
amidinopropane)
dihydrochloride (V50)
(initiator)

Water (nonsolvent) 0~3 0~3

Polyethersulfone (PES) 7~10.5 11 ~14
(ULTRASON" E, BASF
Corporation, Florham Park
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 is continuously cast onto a productioals belt in a casting box at
room temperature using a first doctor blade. $whuf has a casting thickness of about 8
mils (200 um). Approximately 4.5 seconds lateduBon B is continuously cast onto
Solution A using an extruder located approximatefyinches (11.43 cm) from the first
doctor blade. Solution B has a casting thicknésgout 5 mils (125 um). The solutions
pass through the first and second portions of tiaender under the following conditions until

the membrane forms. The belt speed is 90 inclg&§2Zm) per minute. In the first portion
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of the chamber, the belt spray temperature is 42, 8e air velocity is 365 feet (111.25
meters) per minute, the dry bulb temperature i3%26, and the dew point is 25.3° C. In the
second portion of the chamber, the belt spray teatpe is 36.1° C, the air velocity is 300
feet (91.44 meters) per minute, the dry bulb terajpee is 26.7° C, and the dew point is 25.6°
C.

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

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

EXAMPLE 5

[0082] This example demonstrates the performance of anragyric membrane

prepared in accordance with Example 4.

[0083] Two batches (BN 089031 and BN 089067) of a membpaepared according to
Example 4 are tested for performance including waéemeability as described in Example
2, membrane capacity as described in Example &nlatv rate (WFR), and bubble point
(KL). Membrane characteristics, including thicke@sd 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) 64.3.8 (441.95 + 22.75)

WFR (mL/min/cnf) 40.3£6.6 42575

Thickness (mils) 8.6 £1.0 (21825 um) 7.3+£0.6 (18525 um)

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

[0084] This example demonstrates the average pore sibe gecond zone and the
upstream and downstream portions of the first zZsreemembrane with a 0.45-0.65 pum
nominal pore size.

[0085] The nominal pore size of the membrane is 0.45-Qr&5 The upstream portion of
the first zone of the membrane has an averagesmeef 1 to 10 um. The downstream
portion of the first zone of the membrane has aragye pore size of 3 to 20 um. The second

zone of the membrane has an average pore siz6bf@1 um.

EXAMPLE 7

[0086] This example demonstrates the structure of anath@nmetric membrane
according to an embodiment of the invention.

[0087] The structure of a PES asymmetric membrane acaptdian embodiment of the
invention is shown in the SEM photograph of Figeite Figure 6B is an enlarged SEM
photograph of the vertical cross section at arem @de first zone of the membrane of Figure
6A. Figure 6B shows an average pore size in a0aad is larger than that of the second
zone (e.g., 62 (Fig. 6D)). Figure 6C is an enldr§&M photograph of the vertical cross
section at area 61 spanning the first and seconeszof the membrane of Figure 6A. Figure
6D is an enlarged SEM photograph of the verticatgisection at area 62 in the second zone
of the membrane of Figure 6A. Figure 6D shows\arage pore size in area 62 that is
smaller than that of the first zone (e.g., 60 (EiB)).
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[0088] All references, including publications, patent agtions, and patents, cited
herein are hereby incorporated by reference tednge extent as if each reference were
individually and specifically indicated to be inporated by reference and were set forth in
its entirety herein.

[0089] The use of the terms “a” and “an” and “the” anditanreferents in the context of
describing the invention (especially in the conteixthe following claims) are to be
construed to cover both the singular and the plurdess otherwise indicated herein or
clearly contradicted by context. The terms “comipig,” “having,” “including,” and
“containing” are to be construed as open-endedgé€re, meaning “including, but not
limited to,”) unless otherwise noted. Recitatidmanges of values herein are merely
intended to serve as a shorthand method of refemufividually to each separate value
falling within the range, unless otherwise indichkerein, and each separate value is
incorporated into the specification as if it wemdividually recited herein. All methods
described herein can be performed in any suitatoleraunless otherwise indicated herein or
otherwise clearly contradicted by context. Theafseny and all examples, or exemplary
language (e.g., “such as”) provided herein, isridézl merely to better illuminate the
invention and does not pose a limitation on theeaaf the invention unless otherwise
claimed. No language in the specification sho@abnstrued as indicating any non-claimed
element as essential to the practice of the inganti

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

otherwise clearly contradicted by context.
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CLAIMS:

1. An asymmetric membrane comprising

@ a first exterior porous surface;

(b) a second exterior porous surface;

(c) a porous bulk between the first exterior porsugace and the second
exterior porous surface, the porous bulk havinigsa porous region and a
second porous region, the first porous region aimi@g the second porous
region;

(d) a first asymmetric porous zone, the first aswytric porous zone including
the first exterior porous surface, and extending,iand including, the
first porous region of the bulk; and,

(e) a second asymmetric porous zone, the secomahastyic porous zone
including the second exterior porous surface, ateneling into, and
including, the second porous region of the bulk;

wherein the first asymmetric porous zone inclualéisst porous asymmetry that

increases gradually from the first exterior porsudace through the first porous

region of the bulk, and the second asymmetric pormune includes a second
porous asymmetry that increases gradually fronséoend exterior porous
surface through the second porous region of thie laald the first exterior porous

surface has a first average pore size and the depdarior porous surface has a

second average pore size, wherein the first aveyagesize is larger than the

second average pore size.

2. The membrane of claim 1, wherein the first asygtnic porous zone has a thickness of
10 pum to 500 pm.

3. The membrane of claim 1 or 2, wherein the se@aymmetric porous zone has a

thickness of 10 um to 400 pum.
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4. The membrane of any one of claims 1-3, wheale@membrane has a pore size ratio
of 1.1 to 100.0.

5. The membrane of any one of claims 1-4, whdtefirst asymmetric porous zone has

an average pore size of 0.2 um to 10.0 pm.

6. The membrane of any one of claims 1-5, whetersecond asymmetric porous zone

has an average pore size of 0.01 pm to 5.0 pm.

7. The membrane of any one of claims 1-6, compgisi pleated membrane.



