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GRAFTED ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE MICROPOROUS
MEMBRANES

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application Nos.
62/082,570, filed on November 20, 2014, 62/082,573, filed on November 20, 2014, and
62/082,576, filed on November 20, 2014. The entire teachings of the above applications

are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The removal of ions from solutions is important in many industries, such as the
microelectronics industry, where ionic contaminants and particles in very small
concentrations can adversely affect the performance and fabrication of microprocessors and
memory devices. The ability to prepare positive and negative photoresists with low levels
of metal ion contaminants, or the ability to deliver isopropyl alcohol used in Maragoni
drying for wafer cleaning with low part per billion or part per trillion levels of metal ion
contaminants is highly desirable and are just two examples of the needs for contamination
control in semiconductor manufacturing. Anionic or negatively charged impurities like
chloride ions can also be present in liquids used in semiconductor processing and there is
also a need to remove them from liquids. Colloidal particles, which can be positively or
negatively charged depending on the colloid chemistry and solution pH, can also
contaminate process liquids and need to be removed.

[0003] Many microporous membranes are made from chemically inert, low surface
energy polymers like ultrahigh molecular weight polyethylene, polytetrafluoroethylene, and
the like. As the pore size of these membranes continues to shrink, the ability to wet these
membranes with liquids prior to use, or to prevent dewetting during use, is important in
reducing semiconductor tool downtime. Tool downtime can occur because prewetting
liquids need to be flushed from filter membranes or because dewet and gas locked filter
membranes used in gas containing chemistries need to be rewet or replaced. There is a
continuing need for microporous membranes with modified surface energies that can
facilitate wetting of the membrane and that can be used for the removal of charged

contaminants from liquids.
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[0004]  Grafting of molecules on polymeric supports can be accomplished by several
means that are known in the art such as, for example, electron beam treatment, plasma
grafting, and gamma radiation grafting. One drawback with these methods is that an ionizing
irradiation source is used, which can lead to changes in the polymeric structure and sventual
degradation of the membrane For example, when polymers are exposed to gamma radiation,
free radicals are produced. It has been shown that in the case of semi-crystalline polymers,
such as ultra high molecular weight polyethylens (UHMWPE), the radicals that are produced
can contribute to oxidative chain scission, which is a dominant degradation process. The
degradation can even continue post-irtadiation as reactive species formed during irradiation
can migrate towards the amorphaus polymeric regions and react with oxygen to cause further
damage. See Ageing Studies and Lifetime Extension of Materials. Edited by Mallinson,
Kluwer Academic TPlenum Publishers, 2001 page 155, This is undesirable as it can severely
impact the strength and shelf life of a polymeric substrate.

[0005] Another drawBack with ionizing radiation energy sources is that a long time can
be required to graft molecules on the polymer substrate surface, For example, U.S. Patent
No. 6,379,551 (Lee er al) describes a process for grafting on porous polyethylene support
material using gamma radiation at an gpproximate dose of 6,000 R/hour for 60 hours.

SUMMARY OF THE INVENTION

[0006]  Versions of the invention include a grafted, asymmetrie, porous ultra high
molecular weight polyethylene membrane having a bubble point between about 78 psi (540

~ kPa) to 160 psi (1100 kPa) when an ethoxy-nonafluorobutane bubble point test is performed.
The membrane can have one or more neutral or ion exchange groops grafted to one or more
surfaces of the membrane. The membrane can have a water flow rate that is at least 50%, or
in some instances about 50%, of the water flow rate of ungrafted, asymmetric, porous ultra
high molecular weight polyethylene mambrane having a bubble point between about 78 psi
{540 kPa) and about 160 psi (1100 kPa) when challenged with ethoxy-nonaflyorobutane, The
membrane can have a water flow rate that is ar least 75%, or In some instances about 75%, of
the water flow rate of unprafted, asymmetric, porous ultra high molecular weight
polyethylene membrane having a bubble point between about 78 psi (540 kPa) and about 160
psi (1100 kPa) when challenged with ethoxy-nonafluorobutane. In some instances, the
membrane can have a water flow rate that is about 50% of the water flow rate of the

ungrafted, asymmetric, porous ulira high
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molecular weight polyethylene membrane ‘having a bubble point between about 78 psi (540
kPa) and about 160 psi (1100 kPa) when wetted with ethoxy-nonafluorobutane. The
membrane can wet in water in 10 sedonds or less. In some instances, the grafted membrane
can bave ¢ bubble point between about 100 psi (690 kPa) and 160 psi {1100 kPa), or between
about 100 psi (690 kPa) and about 140 psi (970 kPa), or between about 120 psi (830 kPa) and
about 160 pei (1100 kPa), or between about 120 psi '(830 kPa) and 140 psi (970 kPa) when
challenged with ethoxy-nonafluercbutane, .

[0007] [n some versions of the gratted polymeric microporous membrane, the grafted
polymeric microporous membranes can have neutral groups or lon exchanged groups prafted
to one or more surfaces. In some instances, the newtrad groups or ion exchange groups are
derived from one or more of N-(hydroxymethylacrylamide, 2-hydroxyethylacrylate, (3-
acrylamidopropyl)irimethylammonium chloride, and (vinylbenzyl)trimethylammonium
chloride. - ‘

[0008] In some versions, a cationic monomer is one or more of 2-(dimethylamino)ethyl
hydrochloride acrylate, [2-(acryloyloxy)ethylltrimethylammonivm chloride, 2-aminoethyl
methacrylate hydrochloride, N-(3-aminopropyl) methacrylate hydrochloride,
2-(dimethylamino)ethy] methacrylate hydrechloride, [3-
(methacryloylamino)propyljtrimethylammoninm chloride solution,
(2-(methacryloyloxyethyl]trimethylammonium chloride, acrylamidopropyl
trimethylammonium chloride, 2-amincethyl methacrylamide hydrochloride, N-(2-
aminoethyl) methacrylamide hydrochloride, N-(3-Aminopropyl)-methacrylamide -
hydrochloride, diallyldimethylammonium chloride, allylamine hydrochloride, vinyl
imidazolium hydrochloride, vinyl pyridinium hydrochloride and vinyl benzyl trimethyl
ammonium chloride.

[0009] In some versions, an anionic monomer is one or more of 2-ethylacrylic acid,
acrylic acid, 2-carboxyethyl acrylate, 3-sulfopropyl acrylate potassium salt, 2-propyl acrylic
acid, 2-(trifluoromethyDacrylic acid, methactylic acid, 2-methyl-2-propene-1-sulfonic acid
sodium salt, mono-2-(methacryloyloxy)ethyl maleate, 3-sulfopropyl methacrylate potassium
salt, 2-acrylamido-2-methyl- | -propanesulfonic acid, 3-methacrylamido phenyl boronic acid,
vinyl sulfonic acid and vinyl phosphonic acid, _

[0010] In some versions, grafted, asymmetric, porous, ultra high molecular weight

polyethylene membrane can wet in water in 5 seconds or less..
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[0011] Typically, the membrane radical generating reagents used in versions of the
invention can i\nclude type [ and type Il photoinitiators. Various persulfate salts, such as
sodium persulfétc and potagsivm persulfate, are a non-limiting examples of type I
photoinitiators that can be used. Without wishing to be bound by theory, the type I
phatoinitiator undergoes a unimolecular bond cleavage upon irradiation to yield free radicals.
Benzophenone is 2 non-limiting example of type II photoinitiator that can be used. Without
wishing 1 be bound by theory, the type II photoinitiator undergoes a bimolecular reaction
such that the exeited state of the photoinitiator interacts with a second molecule (for example
UHMWPE chain)} to generate free radicals,

[0012] In some versions, the grafted, asymmeiric, porous, ultra hi|gh molecular weight
polyethylene membrane has a surface tension between 47 dyne/cm and 69 dynes/em. In
other versions, the grafted, asymmetric, porous, ultra high molecular weight polyethylene
membrane has a surface tension between 47 dyne/cm and 59 dynes/cm. In yet other versions,
the grafted, asymmetric, porous, ultra high molecular weight polyethylene membranc has a
surface tension between 70 dyne/cm and 72 dynes/cm. In some versions, the grafted,
asymmetric, porous, ultra high molecular weight polyethylene membrane has a surface
tension that is between about €0% to 75% higher than the surface tension of an ungrafted,
asymmietric, porous ultra high molecular weight polyethylene membrane having a bubble
point between about 78 psi (540 kPa) and about 160 psi (1100 kPa) when determined by an
ethoxy-nonafluorobutane bubble point test.

[0013] In some versions, the grafed, asymmetric, porous, ultra high molecular weight
polyethylene membrene has a dye binding capacity between about 3 pgfem? and 40 pg/em’,
or between about 7 pgfem?® and 15 pg/em’,

[0014]  Described herein is a grafted, asymmetric, porous, ultra high molecular weight
polyethylene membrane having a bubble point between about 78 psi (540 kPa) and 160 psi
(1100 kPa) when determined by an ethoxy-nonafluorcbutane bubble point test. The grafted
membrane can have one or-more neutral groups or ion exchange groups grafted to one or
more surfaces of the membrane. The membrane can have a water flow rate that is at least
50% of the water flow rate of an ungrafted, asymmetric, porous ultra high melecular weight
polyethylene membrane having a bubble point between about 78 psi (540 kPa) and about 160
psi (1100 kPa) when determined by an ethoxy-nonaflucrobutane bubble point test. The
grafted membrane can wet tn water in 10 seconds or less and have a surface tension between

about 47 dyne/cm and about 69
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dyne/cm. Insome instances, grafted membrane can have a surface tension between 47
dyne/em and 59 dynes/cm. The grafted membrane can have a dye hinding capacity between
about 3 pg/em’ and 40 pg/em?, or between about 7 wg/em? and 15 pglom?,

[0015] Described herein is a grafted, crosslinked, asymmetric, porous, ultra high
molecular weight polyethylene membiane having a bubble point between about 78 psi (540
kPa) and 160 psi (1100 kPa) when determined by an ethoxy-nonafluorobutane bubble paint
test. The membrane can have one or more neutral groups or ion exchange groups grafted to
one or more surfaces of the membrane, wherein the one or more neutral groups or ion
exchange groups are crosslinked with a crosslinke:, such as N.N'-methylenehisacrylamide.
The grafted membrane can has a water flow rate that is at least 50% of the water flow rate of
an ungrafted, asymmetric, porous ultra high molecular weight polyethylene membrane having
a bubble point between about 78 psi (540 kPa) and about 160 psi (1100 kPa) when
determined by an ethoxy-nonafluorobutane bubble point test. The membrane can wets in
water in 10 seconds or less. The membrane can have a surface tension between 70 dyne/em
and 72 dynes/em. . o

[D016] Degcribed herein i a method of making a prafted, asymmetric, porous ultra high
high molecular weight palyethylene membrane. An asymmetric, ulira high molecular weight
polyethylene membrane is contacted with an alcohol solution having a type I1 photoinitiator
therein. The membrane is then contacted with an agqueous exchange solution comprising one
or more of sodium sulfate and sodium persulfate, Then, the membrane is contacted with an
aqueous grafting solution that includes one or more of an.anionic monomer, cationic
monomer, and neutral menemer, and one or more of sodium sulfate and a type |
photoinitiator, for example sodium persulfate, Next, the membrane is exposed to ultraviolet
electromagnetic radiation, thereby resulting in a grafted, asymmetric, porous ultra high
molecular weipght polyethylene membrane.

[0017]  Insome instances, the neutral monomer is N-(hydroxymethylacrylamide. In
some versions, the neutral monomer is 2-hydroxyethylacrylate In some versions, the
cationic monomer is (3-acrylamidopropyl)trimethylammeoenium chloride. [n some versions,
the cationic monomer is (vinylbenzyl)trimethylammonium chloride. In some versions, the
anionic monomer is acrylamidopropyl sulfonic acid.

[0018] In some versions, the cationic monomer is selected from the group consisting of 2-
{dimethylamino)ethyl hydrochloride acrylate, [2-(acryloyloxy)ethy] Jtrimethylammonium
chloride, 2-amingethyl methacrylate hydrochloride, N-(3-aminopropyl) methacrylate
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hydrochloride, 2-(dimethylamino)ethyl methacrylate hydrochloride, [3-
(inethacryloylamino)propyi]trimethylammonium chloride solution,
[2-(methacryloyloxy)ethyl]trimethylammonium chloride, acrylamidopropyl
rimethylammonium chloride, 2-aminoethyl methacrylamide hydrochloride, N-(2-
aminoethyl) methacrylamide hydrochloride, N-(3-Aminopropyl)-methacrylamide
hydrochloride, diallyldimethylammonium chloride, allylamine hydrochloride, vinyl
imidazolium hydrochloride, vinyl pyrdinium hydrochloride and vinyl benzyl trimethyl
ammoniym chloride,

[0019] In some versiong, the anionic monomers is selected from the proup consisting of
i-ethylacrylic acid, acrylic acid, 2-carboxyethyl actylate, 3-sulfopropyl acrylate potassium
salt, 2-propyl acrylic acid, 2-(triflucromethyl)acrylic acid, methacrylic acid, 2-methyl-2-
propene-1-sulfonic acid sodium salt, mdno—2—(methaeryl0yloxy)cthyl mﬁleate, 3-sulfoﬁropy1
methacrylate potassium salt, 2-actylamido-2-methyl-1-propanesulfonic acid,
J-methacrylamido phenyl boronic acid, vinyl sulfonic acid and vinyl phosphonic acid,

[0020] Each of the monomers ¢cém be provided in a suitable salt form. As one example,
the monomer viny! sulfonic acid can be provided as vinyl sulfonic acid sodium salt.

[0021] In some versions, the agueous grafting sclution furthf-:r includes a crosslinker,
such as N,N'-methylenebisacrylamide,

[0022] In some versions, the grafting solution can include one or more of
(3-acrylamidopropyDtrimethylammonium chloride, N-(hydroxymethyl)acrylamide), and
(vinylbenzyl)trimethylammonium chloride. In some versions, the grafiing solution includes
benzophenone. In some versions, the aqueous solution comprises one or more of sodium
sulfate and sodivm persulfate. | ‘

[0023] [n some versions, the grafted, asymmetric, porous ultra high molecular weight
polyethylene membrane has a bubble point between about 78 psi (540 kPa) and about 160 psi
(1100 kPa). ' E

[0024] Described herein i g method of making a grafted, crosslinked, asymmetric,
porous ultra high molecular weight polyethylene membrane, The method includes contacting
an asymmetric, ultra high molecular weight polyethylene membrane with an alcohol solution
having benzophenone, contacting the polyethylene membrane with an aqueous exchange
solution, contacting the membrane with an aqueous grafting solution, and exposing the
membrane to ultraviolet electromagnetic radiation, thereby resulting in a grafted, crosslinked,

asymmetric, porous ultra high molecular weight polyethylene
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membrane. The aqueous grafting solution includes one or more of an anionic monomer,
cationic mu)nomer; and neutral monomer, sodium s;ulfatc, sodium persulfate or potassium
persulfate, and a crosslinker. The grafted, cmsslinked,‘ membrane can have a surface tension
between about 70 dyne/em and about 72 dyne/em, or between about 47 dyne/cm gnd about 69
dyne/cm, or between ﬁbout 47 dyné/cm and about 59 dync/cﬁ. The crosslinker can be M, N'-
methylenebisacrylamide. The neutral monomer can be dimcthylacrylamidc and the cationic
monomer ¢an be (B-acrylamidoﬁropyl) trimethylammonivm chloride. The neutral menomer
can be dime:thy]acrylémide and the anionic monomer can be 2-Acrylamido-2-methylpropane
sﬁlfonic acid ac:d, o | ‘
[0025]  Also described herein i3 a method of removing an impurity from a liquid, The
method includes contacting the liquid with a membrane grafted as described herein, The
impurity can be a positively charged particle, such as positively charged gold, or a positively
charged ion, such as methylene blue. The impurity can be a negatively charged particle, such
as negatively charged pold, or a negatively charged ion, such as Ponceau-s .

[0026] The invention is based, in part, on the discovery that molecules can be grafted on
the swrface of an asymmetric, porous ultra high molecular weight polyethylene membrane
using an ultraviolet radiation energy source. In particular, the ultra high molecular weight
polyethylene memlbrana has & tight pore size, and thus a high bubble point, as determined by
an HFE 7200 (ethoxy-nonafluorobutane) bubble point test, Typically, the membranes, both
grafted and ungrafied, have a bubble point between about 78 psi (540 kPa) and about 160 psi
(1100 kPa) when determined by an HFE 7200 (ethoxy-nonafluorobutane) bubble point test.
Membranes having such a bubble point are difficult to modify by other methods, such as
electron beam treatment, plasfna prafting, and gamma radiation grafting, because those
methods can degrade the membrane structure such that the grafted membrane does not retain
the strength of the ungrafted membrane. [n contrast, the grafted membranes described herein
retain substantial strength upon completion of the grafting procedure. Additionally, grafting
has minimal impact on the bubble point of the membrane.

[0027]  When the monomers grafted onto the membrane are charged, the surface of the
grafted membrane has ion exchange proups grafted to ong or more surfaces of the memhrane.
These ion exchange groups improve the filtration performance of charged particles. Since the
ion exchange groups are chemically bonded to the membrane surface, the charge is stably

applied to the surface, which s an improvement to methods of altering
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the electrostatic charge of a membrane without chemical modification. Additionally, the
charge is stable in hydrogen peroxide and other chemical solutions,
[0028] The membranes grafied by the methods described herein are typically
asymmetri¢, which permits modification of the membrane without plugging the membrane
potes, Modifying & membrane having a symmetric pdre structure with comparable pore
size is more likely to result in i)lugging of the membrane pores and, consequently, reduced
flow rates. ]
(0029] The molecules that are prafled can be a combir;atioﬁ of organic moieties that
inc¢lude ion exchange groups and organic moicties with neutral groups. The charged and
neutral moieties can be grafted to the porous membrane ytilizing 4 combination of adsorbed
type II photoinitiator on the membrane surfaces and a type [ photoinitiator in the grafting
solution. It was discovered that the use of a type II photoinitiator adsorbed on the
membrane surface and type I photoinitiator present in the grafting solution resulted in a
small pore sized porous polymeric hydrophilic membranes with superior water flow rate.
The grafied membranes could also be used for removing ions and charged particles from
liquids,
[0030] The methods described herein can also create grafted membranes more quickly
than other methods. In some instances, grafting can be achieved at line speeds of 15
feet/minute (4.6 m/minute) or less, and more preferably 9 feet/minute (2.7 m/minute) or
less. In some iristanccs, grafting can be achieved at line speeds of up to 9 feet/minute or, in
some instances, up to- 15 feet/minute (4.6 m/minute). In contrast, U.3. Patent No. 6,379,551
(Lee er ol ) describes a process for grafting on porous polyethylene support material using
pamma radiation at an approxiniate dose of 6,000 R/hour for 60 hours. In contrast, the
methods described in the preéent application can be used to graft a similar amount of
membrane in about an hour. _
[0031]  In some instances, the neutral monomer N-(hydroxymethyl)acrylamide can be
replaced with a crosslinker, for example N,N-methylenebisacrylamide, in the aqueous
grafting solution to yield a hydrophilic grafted membrane; Providing improved
hydrophilicity is desirable for some applications, though for other application a more
hydrophobic membrane is suitable,

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The foregoing will be apparent from the following more particular description of

example embodiments of the invention, as illustrated in"the accompanying drawings in
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which like reference characters refer to the same parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating
embodiments of the present invention.

[0033] FIG. 1 is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares). Wetting time is the time it takes for the membrane to
become translucent after soaking in DI water. Faster wetting time indicates a more
hydrophilic membrane.

[0034] FIG. 2 is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares). Wetting time is the time it takes for the membrane to
become translucent after soaking in DI water. Faster wetting time indicates a more
hydrophilic membrane.

[0035] FIG. 3 is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares). Wetting time is the time it takes for the membrane to
become translucent after soaking in DI water. Faster wetting time indicates a more
hydrophilic membrane.

[0036] FIG. 4 is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares). The presence of free radical generator both on the
membrane and in the grafting solution resulted in a hydrophilic membrane with superior
water flow rate.

[0037] FIG. 5 is a graph showing the absorbance of four dye solutions with known
concentrations was determined using a Cary Spectrophotomer operating at 512nm
wavelength and used to obtain a calibration curve. The slope of the curve was used to
convert the absorbance of the dye solution before and after soaking the membrane modified
by co-grafting neutral and cationic monomers.

[0038] FIG. 6 is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares). As more monomer grafts on the surface, resistance
to water flow inside the pores also increases.

[0039] FIGs. 7A is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares).

[0040] FIG. 7B is a graph showing grafting amount (bars), water flow rate (diamonds),

and time to wet in DI water (squares).
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[0041] FIG. 8 is a graph showing grafting amount (bars), water flow rate (diamonds),
and time to wet in DI water (squares).

[0042] FIG. 9 is a calibration curve showing the absorbance of three methylene blue
dye solutions with known concentrations determined using a Cary Spectrophotomer
operating at 606 nm wavelength and used to determine dye binding capacity of the grafted
membrane.

[0043] FIGs. 10A-C are SEM images of an ungrafted asymmetric UHMWPE
membrane. FIG. 10A is the tight side (e.g., having smaller pores) at 10,000x magnification.
FIG. 10B is the open side (e.g., having larger pores) at 10,000x magnification. FIG. 10C is
a cross-sectional view, with the open side on top and the tight side on bottom, at 4,000x
magnification.

[0044] FIG. 11 is a calibration curve for determining surface energy (dynes/cm) based
on methanol-water wettability.

[0045] FIG. 12 shows percent decreases in tensile strain and break data for grafted
membranes compared to ungrafted membranes.

[0046] FIG. 13 is an ATR-FTIR spectrum for ungrafted and grafted membranes.

DETAILED DESCRIPTION OF THE INVENTION

[0047] A description of example embodiments of the invention follows.

Monomer Grafting onto Membranes

[0048] Grafting refers to chemically linking a moiety, such as a monomer or other
molecule, to polymeric porous membrane surfaces, including inner pore surfaces, of a
porous membrane. The methods described herein pertain to grafting monomers onto one or
more surfaces of an asymmetric, porous, ultra high molecular weight polyethylene
membrane.

[0049] In order to graft the monomer onto a UHMWPE membrane, the membrane is
typically wet with an alcohol, such as isopropyl alcohol (IPA), which can include a type II
photoinitiator, such as benzophenone. Optionally, the membrane is placed in an aqueous
exchange solution, which can include a chaotropic salt or a sulfate salt and a type |
photoinitiator , such as a persulfate salt (e.g., sodium persulfate). Typically, the
concentration of the sulfate salt can be 0.5 M or less, and the concentration of the persulfate

salt can be 0.5 M or less. Rinsing with the aqueous exchange solution removes the IPA
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from the membrane. Next, the membrane is soaked in a grafting solution (detailed below in
the examples in wt%). Typically, the grafting solution contains graftable monomers, a
sulfate salt, and a persulfate salt. Excess grafting solution can be removed from the porous
membrane by squeezing the membrane using a roller (or similar treatment). The
impregnated membrane is then exposed to electromagnetic radiation, typically within the
ultraviolet portion of the spectrum, or other suitable energy source to graft the moieties onto
the porous polymeric membrane surfaces, including inner pore surfaces.

[0050] Neutral monomers refer to those monomers that do not have ionizable groups or
ion exchange groups that can be grafted to the membranes. Examples include, but are not
limited to, N-(hydroxymethyl)acrylamide and 2-hydroxyethylacrylate.

[0051] Charged moieties refer to those monomers and other molecules that have ion
exchange groups that can be grafted to the membranes. Examples of ion exchange groups
include carboxylic acids, sulfonic acids, and ammonium halide groups. Examples include
acrylamide, N,N-dimethyl acrylamide, vinylbenzyl trimethylammonium chloride, vinyl
sulfonic acid (including salts), acrylic acid, and styrene sulfonic acid. In general the
charged monomers can be cationic or anionic.

[0052] Suitable cationic monomers include acrylate, methacrylate, acrylamide,
methacrylamide and vinyl types having a quaternary ammonium, imidazolium,
phosphonium, guanidinium, sulfonium,or pyridinium functionality. Examples of suitable
acrylate monomers include 2-(dimethylamino)ethyl hydrochloride acrylate and [2-
(acryloyloxy)ethyl]trimethylammonium chloride. Examples of suitable methacrylate
monomers include 2-aminoethyl methacrylate hydrochloride, N-(3-aminopropyl)
methacrylate hydrochloride, 2-(dimethylamino)ethyl methacrylate hydrochloride, [3-
(methacryloylamino)propyl]trimethylammonium chloride solution, and
[2-(methacryloyloxy)ethyl]trimethylammonium chloride. Examples of suitable acrylamide
monomers include acrylamidopropyl trimethylammonium chloride. Examples of suitable
methacrylamide monomers include 2-aminoethyl methacrylamide hydrochloride, N-(2-
aminoethyl) methacrylamide hydrochloride, and N-(3-Aminopropyl)-methacrylamide
hydrochloride. Other suitable monomers include diallyldimethylammonium chloride,
allylamine hydrochloride, vinyl imidazolium hydrochloride, vinyl pyridinium

hydrochloride and vinyl benzyl trimethyl ammonium chloride.
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[0053] Suitable anionic monomers include acrylate, methacrylate, acrylamide,
methacrylamide and vinyl types having a sulfonic acid, carboxylic acid, phosphonic acid or
phosphoric acid functionality. Examples of suitable acrylate monomers include
2-cthylacrylic acid, acrylic acid, 2-carboxyethyl acrylate, 3-sulfopropyl acrylate potassium
salt, 2-propyl acrylic acid, and 2-(trifluoromethyl)acrylic acid. Examples of suitable
methacrylate monomers include methacrylic acid, 2-methyl-2-propene-1-sulfonic acid
sodium salt, mono-2-(methacryloyloxy)ethyl maleate, and 3-sulfopropyl methacrylate
potassium salt. An example of a suitable acrylamide monomer is 2-acrylamido-2-methyl-1-
propanesulfonic acid. An example of a suitable methacrylamide monomers is
3-methacrylamido phenyl boronic acid. Other suitable monomers include Vinyl sulfonic
acid (or vinylsulfonic acid sodium salt) and vinyl phosphonic acid (and salts thereof).
[0054] Other suitable monomers are N-(hydroxymethyl)acrylamide (HMAD), (3-
acrylamidopropyl)trimethylammonium chloride (APTAC), and
(vinylbenzyl)trimethylammonium chloride (VBTAC), the structures of which are illustrated

below:

O

CH
Hamgfu\y 2

+

{
CH,
H2Cx VBTAC

O Cl- QHg
HC "N~
H CHs  sprac
[0055] The properties of the grafted membrane will generally depend on the ratio of

grafted charged groups to grafted neutral groups.
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[0056] The membranes that are grafted are typically ultra high molecular weight
polyethylene (UHMWPE) membranes. Generally, UHMWPE membranes are formed from
a resin having a molecular weight from about 2,000,000 Daltons to about 8,000,000 Dalton.
[0057] Typically, the membranes that are grafted are asymmetric. In one example of an
asymmetric membrane, the pore size on one face and region of the membrane is larger than
on the opposing face and region. In another example, asymmetric structures can exist
where the pore size on the opposing faces (and regions) of the membrane are larger while a
central region of the membrane has a smaller pore size than either of the faces (e.g., an hour
glass). In other versions the microporous membrane can have an essentially symmetric
pore structure across its thickness (substantially the same pore size across the thickness of
the membrane).

[0058] The grafted UHMWPE membranes in versions of the invention can include flat
sheet membranes, non-woven substrates, hollow fiber membranes, or nanofibers formed
into a membrane or formed on top of a porous support or porous membrane. The
membranes can be potted into a housing or cartridge along with suitable endcaps for fluid
inlet and outlet, provided with a core and cage as needed for support, and formed into filter
cartridges or devices. Membrane support materials like webs, nets, and the like can also be
used and may be pleated with the membrane. The membranes can be pleated or used as a
disc or hollow fiber. The grafted membranes are advantageous in that the grafting alters the
surface energy of the base membrane and the modified grafted membranes can be used in
aqueous fluids like tetramethylammonium hydroxide without prewetting, for example by
using IPA. These grafted membranes resist dewetting in gas containing liquids like those
containing hydrogen peroxide. The membranes in versions of the invention can be used for
removing positively charged or negatively charged impurities from liquids that flow
through the membrane in addition to removing particles by sieving retention. In some
versions of the invention the grafted membranes can be used to remove charged impurities,
including particles and ions, from organic liquids or solutions containing organic liquids.
[0059] The UHMWPE membranes in versions of the invention include those having
surfaces, including pores, that are grafted with charged or neutral moieties. The charged or
neutral moieties can have styrene, vinyl, acrylate, methacrylate, acrylamide, and
methacrylamide functionality. The precursor moieties can independently contain basic ion

exchange groups such as ammonium groups, neutral functional groups like hydroxyl or
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ether linkages, acidic ion exchange groups like sulfonic acid or carboxylic acid groups.
The grafted groups increase the charge and surface energy on the base porous membranes
thereby changing the hydrophilicity and non-sieving retention properties of the base porous
polymeric membranes.
[0060] The grafting method typically utilizes a combination of type I and type 11
photoinitiators. A wetting solution typically contains a type II photoinitiator, such as
benzophenone. The photoinitiator can be deposited on the membrane surfaces, including
pore surfaces, from an organic solution, such as isopropyl alcohol (IPA), during a brief soak
(e.g., 10-50 seconds). The porous membrane can be subsequently rinsed with an aqueous
exchange solution to remove the organic solvent (e.g., IPA) while leaving at least some,
and in some instances substantially all, of the adsorbed photoinitiator on the porous
membrane surfaces. The organic solvent can be removed from the porous membrane
surfaces with an aqueous exchange solution containing a salt, such as sodium chloride, a
nitrate salt, a sulfate salt, and a persulfate salt. The rinsed membrane can be subsequently
soaked in an aqueous grafting solution that contains the graftable moieties, such as the
monomers (which may be neutral or may include anionic or cationic ion exchange groups),
a sulfate salt and a persulfate salt (1-5 min). The persulfate salt is a different radical
initiator from the benzophenone photoinitiator and is primarily present in the grafting
solution. After soaking in the grafting solution, excess grafting solution is removed from
the membrane by squeezing using a roller (or similar treatment) and this moiety-
impregnated membrane is exposed to ultraviolet light or other suitable energy source to
graft the combination of moieties onto the UHMWPE membrane. The grafted UHMWPE
membranes prepared in this way are hydrophilic compared to the ungrafted UHMWPE
membranes and have greater flow rates than grafted porous membranes that did not have
the combination of adsorbed photoinitiator and a different radical initiator in the exchange
and grafting solutions. The grafted membrane after UV treatment can be extracted with
methanol and water to clean the membranes.

[0061] It was discovered that various vinyl, acrylate, and acrylamide moieties containing

basic and acidic ion exchange groups and neutral groups could be grafted onto porous

membranes with very small pore sizes to produce hydrophilic membranes.
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Porosimetry Bubble Point
[0062] A porosimetry bubble point test method measures the pressure required to push
air through the wet pores of a membrane. A bubble point test is a well-known method for

determining the pore size of a membrane.

Membrane surface tension
[0063] Surface tension represents the force per unit length, and is typically described as is
the force in dynes required to break a film of 1 cm length (e.g., dyne/cm). For membranes, a
higher surface tension means that the membrane is more hydrophilic (or less hydrophobic),
and a lower surface tension means that the membrane is less hydrophilic (or more
hydrophobic). The ungrafted membranes described herein typically have a surface tension of
about 31 dyne/cm. All surface tension values reported herein are determined at room
temperature, unless otherwise stated. The grafted membranes typically have a higher surface
tension than the ungrafted membranes. In some instances, the surface tension is between
about 47 dyne and 69 dyne/cm. In other instances, the surface tension is between about 47
dyne/cm and 59 dyne/cm. In other instances, particularly when the monomers are
crosslinked, the surface tension can be between 70 dyne/cm and 72 dyne/cm. In general, the
surface tension of the grafted membrane can be increased by increasing the concentration of
monomers in the grafting solution.
EXEMPLIFICATION
General Experimental
[0064] The type II photoinitiator used is benzophenone (BP). Benzophenone (BP)
solutions of between 0.4 wt% and 3 wt% by weight in isopropyl alcohol, were used to
deposit (BP) on the membrane surfaces from the isopropyl alcohol (IPA) solution during a
brief soak. The IPA/BP treated membrane was subsequently rinsed with an aqueous
solution containing a sulfate salt at a concentration of 0.5 M or less and a persulfate salt at a
concentration of 0.5 M or less. The rinsing with this solution was used to remove the IPA
from the membrane. This rinsed membrane was subsequently soaked in an aqueous
grafting solution (detailed below in the examples in wt%). The grafting solution contained
graftable moieties with ion exchange groups and graftable moieties with neutral groups as
well as a sulfate salt and a persulfate salt. Excess grafting solution was removed from the
porous membrane by squeezing the membrane using a roller (or similar treatment) and this

impregnated membrane was exposed to ultraviolet light or other suitable energy source to
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graft the mofeties onfo the porous polymeric membrane surfaces including inner pore surfaces.
[0065]) After drying the surface modified membranes in an oven at 50°C for 10 min, wetting
was determined by soaking 47 mm membrane disks of the modified membranss in DI water and
then recording the time it took for the disk to turn uniformly translucent, which is a sign of
hydrophilicity. ‘
[0066] Water (or IPA) flow rate was determined by cutting membranes into 47 mm disks and
wetting with water (or IPA) betore placing the disk in a filter holder with a reservoir for holding
& volume of water (or IPA). The reservoir is connected to a pressure regulator.  Water (or IPA)
wag flowed through the membrane under 14.2 psi (pounds per square inch) (97.9 kPa) differential
pressure, After equilibrium was achieved, the time for 10 ml of water (or IPA) to flow through
the membrane was recorded. For membranes that are more hydrophilic (e.g., having a surface
tension of at least about 70 dyne/cm) after modification, water flow rate was determined. For
membranes that are Jess hydrophilic (e.g., having & surface tension of less than about 70 |
dyne/cm) after modification, IPA flow rate was determined,

Exaimple 1
[0067] This example demonstrates the preparation of the Benzophenone solution (e.g., 4
welling solution). ‘
[0068]  0.16 grams, 0.4g , and 1.2g of Benzophenone (99%, Sigma-Aldrich) were dissolved
in 40 ml of tsopropyl alcohol to abtain 0.4 wit%, 1 wi% and 3 wi% Benzophenone solution,
respectively. Additionally, a 0.5 wit% solution was prepared by dissolving 0,2g benzophenone in
40 ml IPA, ‘

Example 2
[0069] This example demonstrates the preparation of an aqueous exchamge solution.
[0070] . 1.42g of godium sulfate (Sigma) and 0.4 of sodium persulfate (Sigma) were
dissolved in 40 ml of deionized (DI) water with continucus mixing for 10 min at room
temperature. - |

Exzmple 3.
[0071}]  This example demonstrates the preparation of grafting agueous solution containing &
neutral monomer, a, cationic monomer, and a radical initiator.
[0072]  In arepresentative experiment, a solution was'made containing 1.25g

hydroxymcthylamylamidé (HMAD, 48% in water, Sigma) and 0.1g
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vinylbenzyltrimethylammonium chloride monomers (VBTAC, Sigma), 0.71g sodium sulfate,

0.2g sodium persulfate, and 17,74 g water. Complete glissolution necurred after continuous

mixing for 10 min at room temperature, .

_ - Example 4
[0073] This example illustrates making grafted membranes that are wettable with water and
have a surface tension of about 72 dyne/em. .
[0074] In a representative experiment, 47 mm disks of 115 psi (793 kPa) bubble point ultra
high molecular weight polyethylene ({HMWPE) membrane were wet with 0.5 wt3 wetting
solution described in Example 1 for 25 seconds. An exchange solution of 1.42g sodium sulfate
and 0.4g sodium persulfate salt in 40g water, as described in Example 2, was usged to rinse the
membrane and remove [PA.
[0075] A grafting solution was made containing (0.6g hydroxyethylacrylate monomer (96%,
Sigma);, 0, 0.58g or 1.17g Sodium Chloride; 0.2p sodium peréulfatc; and 18p deionized water.
[0076]  Processing steps: After total disselution of reactants, the solution was placed in a dish
and the Benzophenone wetted membrane (after initial treatment with IPA/BP solution as in
Example 1 and subsequent rinsing in exchange solution as in Example 2) was introduced into the
grafting solution, The dish was covered and the membrane was soaked in the grafting solution
for 2'minutes. The membrane disk was removed and placed between 1 mil polyethylene sheets.
The excess golution was removed by rblling a rubber roller over the polyethylene/membrane
disks/polyethylene sandwich as it lays flat on a table. The polyethylene sandwich was then taped
to a transport unit which conveyed the assembly through & Fusion Systems broadband UV

* exposure lab unit emitting at wavelengths from 200 to 600 nm. Time of exposure is controlled by
how fast the assembly moves through the UV unit. In this example, the assembly moved through
the UV chamber at 5 feet (1.5 m) per minute. After emerging from the UV unit, the membrane
was removed from the sandwich and immediately placed in DI water, where it was washed by
swirling for 5 minutes, Next, the treated membrane sample was washed in methanol for 5
minutes. Following this washing procedure the membrane was dried on a holder in an oven
operating at 50°C for 10 min.
[0077] Membrane water flow rate and hydrophilicity as well as level of grafting were

determined as described before in the general expetimental section, Prior to grafting, the
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membranes had a flow rate of about 7.5 ml/min. After grafting, the membranes were water
wettable, had water flow rates between about 5§ ml/min and 10 ml/min and grafted amount of
“about 0.42. Wetting times ranged from about 45 seconds to less than 5 ceconds. Faster wetting
time indicates a more hydrophilic membrane,

J0078]  As depicted in FIG. 1, the membranes were wet with water. Some membranes wet
faster and required less ﬁrne to achieve translucent surface. In one case, the membrane wet and
became translucent in less than 10 seconds.

Example 5

[0079] This example demonstrates illustrates making grafted membranes that are water
wettable and have a surface tension of about 72 dyne/cm, as well as flow times of the grafted
metmbranes. |

[0080] Representative 115 psi (793 kPa) bubble point UHMWPE membrane disks were wet
with 0.5 wi% benzophenane solution described in Example 1 for 25 seconds. An exchange
solution of 1,42g sodium sulfate and 0.4g sodium persulfate salt in 40g water, as described in
Example 2, was used to rinse the membrane and remove [PA.

[0051] A grafting solution was made containing 0.6g hydroxyethylacrylate monomer (96%,
Sigma); either 0.58g of sodium chloride or 0.85¢g of sodium nitrate (99% reagent plus, Sigma) or
1.42g of sodium sulfate (99% powder, Sigma); and adjusting the amount of water added to
maintain a total of 20g. The salt concentration in the grafting solution was 0.5M irrespective of
salt type. The membrane was then subjected to the processing steps of Example 4,

[0082] Membrane water flow rate and hydrophilicity as well as level of grafting were
determined as described before in the general experimental section. The examples of grafted
membrangs wet in times ranging from 3 seconds to 30 seconds. Wetting in less than 5 seconds is
advantageous for ysing filters in a manufacturing environment (decreases tool downtime). The
flow rate for the membranes was about 5 mU/min under the test conditions described in the
Greneral Experimental section.

Example 6

[0083] . This example illustrates the preparation of grafted porous polymeric membranes that
have & swiace tension of about 72 dyne/em and also characterizes their flaw properties,

[0084] Representative 115 psi (793 kPa) bubble point UHMWPE membrane disks were wet

with 0.5 wt% benzophenone solution described in Example 1 for 25 seconds. An exchange
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solution of 1.42g sodium sulfate and 0.4g sodium persulfate salt in 40g water, as described in
Example 2, was used to rinse the membrane and remove IPA.
[0085] A grafting solution was made containing 0.6g hydroxyethylacrylate monomer (96%,
Sigma); either 0.28g, 0.71g and 1.42g of zodiym sylfate (99% powder, Sigma); and adjusting the
amount of water added to maintain a total of 20g. The salt concentration in the grafting solution
was 0.1 M, 0,25 M and 0.5°M. The membrane was then subjected to the processing steps of
Example 4.
[0086] Membrane water flow rate and hydrophilicity as-well as level.of grafting were
determined as described before in the general experimental section. As depicted in FIG. 3,
grafted amount was between 0.4 and 0.5, the water flow rate was about 5 ml/min according to the
test method in the General Experimental section, and the time to wet ranged from abour 15
seconds to less than 5 seconds. Faster time to wet and high flow rate are advantageous in a
manufacturing environment bacause faster wetting can reduce downtime for filter installation and
higher flow rates require smaller pumps (less expense) to achieve the same flow rate.

Example 7
[0087] This example illusirates membranes prepared with type I and type II photoinitiators
that wet in water in less than 4 seconds, have flow rates between 10 ml/min and 4 ml/min, and
have grafting amounts of about 0.15. The agqueous exchange solution used was deseribed in
Example 2.
[0088] 47 mm disks of 82 psi (570 kPa) bubble point rated UHMWDPE membrane were wet
in 0 wt% or 0,4 wt% Benzophenone solution prepared as described in Example 1 for 25 sec. A
grafting solution was made containing 2.1g hydroxymethylacrylamide (HIMAD, 48% in water,
Sigma) monomer, 1.42g Sodium Sulfate, 0.2g sodium persulfate and 16,3g water. After total
dissolution of reactants, the grafting solution is placed il a dish and the benzophenone wetted
membrane was introduced into the grafting solution, The dish 'was covered and the membrane
was soaked for 2 minutes. The membrane disk was removed and placed between T mil
polyethylene sheets, The excess grafting solution is removed by rolling a rubber roller over the
polyethylene/membrane disks/polyethylene gandwich as it lays flat on & table, The polyethylene
sandwich is then taped to a ransport unit which conveys the assembly through a Fusion Systems -
broadband UV exposure lab unit emifting at wavelengths from 200 to 600 nm. Time of exposure

is controlled by how fast the
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assembly moves through the UV unit, In this example, the assembly moved through the UV
chamber at § feet (1.5 m) per minute. After emerging from the UV unit, the membrane was
removed from the sandwich and immediately placed in DI water, where it was washed by
swirling for 5 minutes. - Next, it was washed in methanol for 5 minutes, Following this washing
procedure the membrane was dried on a holder in an oven operating at 50°C for 10 min.
[0089] In addition, a 47 mm grafted membrane disk was prepared by first soaking it in 0.4
wi% benzophenone solution prepared as deseribed in Example 1 for 25 sec. A grafting solution
was made containing 2.1 hydroxymethylacrylamide (HMAD, 48% in water, Sigme) monomet,
1.42¢g Sodium Sulfate and 16.5g water. Sodium persulfate was not added in this case. The
membrane was then subjected to the same processing steps as described in the previous
paragraph.
[0020] FIG. 4 shows the time 10 wet, water flow rate, and grafting amount for the different
grafting compositions.

Example 8
[0091] . This example demonstrates co-grafting of neutral and positively charged monomers.
[0092] 47 mm disks of 120 psi (830 kPa) bubble point rated UHMWPE membrane were wet
in 0.4 wi% benzophenone solution prepared as described in Example 1 for 25 sec. The
membrane was treated with the grafiing solution described in Example 3. The membrane was
then subjected to the same process steps highlighted in Example 4. Resulung membrane water
flow rate was 4 ml/min, grafting amount 0.07, and time to wet is 5 sec.
[0093]  An experiment was conducted to confirm that'the cationic monomer was also grafted
on the membrane surface. The grafted 47 mum disk membrane was wet in water and placed in a
beaker containing 0.002 wt% Ponceau-5 dye (8ipma). The beaker was covered and the
membrane was soaked for 5 minutes with continuous mixing at room temperature. The
membrane disk was then removed and the absorbance of the dye solution was measured using a
Cary spectrophotometer (Agilent Technologies) operating at 512 nm and compared to the
absorbance of starting solution (before membrane soaking). Since the dye is anionic in nature it
baund ta the positively charged membrane with a dye binding capacity of 3.7 pg/em? In

comparison, ungrafted membrane typically shows a dye binding
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capacity of less than (0,2 Hngmz. The calibration curve depicted in FIG. 5 was used to convert
abgorbance data to wt%.

Example 9 _
[0094] This example shows the resulting water f]ov_.r‘rate of 80 and 100 ps: (550 and 690 kPa)
bubble point UHMWPE membranes after modiﬁcatinﬁ with grafting compared with another
porous membrane n0n-graﬂiﬁg coating technique com_prising a crosslinker.
[0095] Grafted membrane; 47 mm disks of 80 and 100 psi (550 and 690 kPa) HFE 7200
bubble points rated UHMWPE membrane were modified using 0.4 wit% benzophenone solution
desciibed in Example 1 and grafting solution described in Examples 3 and subjected to the
process steps highlighted in Example 4,
[0096] Benchmark membrane: Alternatively, 47 mm disks of 80 and 100 psi (550 and 690
kPa) HFE 7200 bubble points rated UHMWPE membrane were modified using a swrface
modification technique that utilizes a crosslinker. Membrane disks were cut and then pre-wstted
with IPA, and then soaked in 20% hexylene glycol to exchange IPA. A grafting solution was
made containing the acrylamide monomers 0.33 g APTAC, 0.31 g Irgacure 2959. (also known as
1-propanone, 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2- methyl or 1-[4-(2-Hydroxyethoxy)-
phenyl]-Z-hydroxy-z-methyl-1-propanﬂ-i-nne) (Ciba-Geigy, Hawthorn, New York) (a type 1
photeinitiator), 31.9 g deionized water, 0.99g N.N-Dimethylacrylamide (DMAM), and 1.6 gram
N,N'-Methylenebisacrylamide (MBAm). The Benchmark membrane corresponds to traditional
surface modification technique utilizing only a type I photoinitiator and no type II photoinititor.
The benchmark membranes arc T:hosc made using a non-grafting process (¢.g., where the
monomers are not covalently bonded to the surface of the membrane).
[0097]  After total dissolution of reactants, the grafting solution is placed in a beaker and the
pre-wetted membranes are introduced into the solution. The dish is covered and the membranes
are soaked for 2-4 minutes. The membranes are removed and individually placed between 1 mil
polyethylene sheets. The excess solution is removed by rolling a rubber roller over the
polyethylene/membrane disks/polyethylene sandwich as it lays flat on a table. The polyethylene
sandwich is then taped to a transport unit which conveys the assembly through a Fusion Systems
broadband UV exposure lab vnit emitting at wavelengths from 200 to 600 nm, Time of exposure
is controlled by how fast the assembly moves through the UV unit. In this example, the assembly

maoved through the UV ¢hamber
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at a line speed of greater than 5 feet (1.5 m) per minute and immediately placed in DI water,
where it was washed by swirling for 5§ minutes. Next, it was washed in methanol for 5 minutes.
Following this washing procedure the membrane was dried on a holder in an oven operating at
50°C for 10 min. Table 1 depicts the resulting flow rate of the membranes after modification and
highlights the benefit of grafting technology compared to traditional swface modification by

crivsslinked chemistry,

Base membrane Grafted membrane Benchmark Water flow rate
" membrane (ml/min)
80 psi (550 kPa) 20 .
bubble peint
membrane
100 psi (690 kPa) 11.5
bubble point '
membrane
B0 psi (550 kPa) : ' 15
bubble point
mernbrane
100 psi (690 kPa) 6.5
bubble point |
mermbrane
80 ps (550 kPa) 9
bubble point
membrane
100 psi (690 kPa) 2,6
bubble point
mermbrane
Table 1; Membrane used were 80 and 100 psi (550 and 690 kPa) HFE 7200 bubble points rated
asymmetric UHMWPE. ’
Example 10

[0098] This example illustrates grafted membranes with water flow rates of between 2

ml/min and 4 ml/min, time to wet as low as about 1 second (ranges between about 1 second and 4
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seconds), and grafted amounts of between about 0.06 and 0. 1!2. The prafted membrane has a

surface tension of about 72 dyne/cm,
[0099] In a representative experiment, 47 mm disks of 115 pst (793 kPa) bubble point ultra
high molecular weight polyethylene (UHMWPE) membrane were wet with 0.4 wt% wetting

solution described in Example 1 fdr 25 seconds. An exchange solution of 1.42g sodium.
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sulfate and 0 4g sodium persulfate salt in 40g water, as described in Example 2, was used to rinse
the membrane and remove [PA.
[00100] A grafting solution was made containing 1.25g, 1 46g and 1.67g IMAD monomer
(96%, Sipmay); 1,42 g Sodium Sulfate; 0.2g sodium persulfate; and 17.13g, 16.92g, 16.7¢
dcior;izcd water.
[00101] Processing steps; After total dissolution of reactants, the solution was placed in a dish
and the benzophenone wetted membrane (after initial treatment with [PA/BP solution as in
Example | and subsequent ringing in exchange solution ag in Example 2) was infroduced into the
prafting solution. The dish was covered and the membrane was soaked in the grafting solution
for 2 minutes. The membrane disk was removed and placed between 1 mil polyethylene sheets.
The excess solution was removed by rolling a rubber roller over the polyethylene/membrane
disks/polyethylene sandwich as it lays flat on a table. The polyethylene sandwich wag then taped
to a transport unit which conveyed the assembly through a Fusion Systems broadband UV
exposure lab unit emitting at wavelengths from 200 to 600 nm. Time of exposure is controlled
by how fast the assembly moves through the UV unit. In this example, the assembly moved
through the UV chamber at 5 feet (1.5 m) per minute. After emerging from the UV unit, the
membrane was removed from the sandwich and immediately placed in DI water, where it was
washed by swirling for 5 minutes. Next, the treated membrane sample was washed in methanol
for 5 minutes. Following this washing procedure the membrane was dried on a holder in an oven
operating at 50°C for 10 min.
[00102] As depicted in FIG, 6, the membranes were water wettable.

' Example 11
[00103] - This example demonstrates the effect of benzophenone concentration in the wetting
solution at two different monomer concentrations in the grafting solution on membrane
properties.
[00104] 47 mm disks of 100 psi (690 kPa) bubble point ultra high molecular weight
polyethylene (UHMWPE) membrane were modified using 0.4 wt%, 1 wt% and 3 wit%
benzophenone solution described in Example 1 and grafting solution described in Examples 3
and subjected to the process steps highlighted in Example 4.
[00105]  Additionally, 47 mm disks of the same UHMWPE membrane were modified using
0.4 wt%, 1 wit% and 3wt¥% benzophenone (BP) solution described in Example 1 and '
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grafting solution described in Examples 3, except that 2.08¢ HMAD was used instead of 1.25 g
HMAD, and subjected to the process steps highlighted in Example 4. The mass of water in the
grafting solution was adjusted accordingly to tmaintain a total solution weight of 20 g and HMAD
concentration 5 wt. |

[00106] Monomer formulations and resulting wettability and flow rate are given in the Table

2.
0.4 wt% BP 1 wi% BP 3 wt% RP
3% HMADH+ Water wet in Does not wef, a ‘Does not wef, 0
0.5% VBTAC 3sec, flow 6.5 ml/min water ml/min water
ml/min water flow flow
flow
5% Water wet, 4.5 Water wet, 4 Does not wet, 0
HMAD-+0.5% ml/min water mi/min water | ml/min water
VBTAC flow flow flow
Tahle 2

[00107] As &epictéd in the FIG. 7A, some higher benzophenone amounts resulted in
membranes that did not wet in water. Even though the monomers successfully grafted on the
membrane surface after prewetting in 1 wt% and 3 wt% BP solutions, as evidenced by IR
measurements, the grafted membrane did not wet in water and water flow rate could not be
measured. The results of this example show that as more benzophenane is used in the grafting
solution (increases graﬂing densjfy), the water flow rate of the resulting membrane unexpectedly
décrcased.
[00108] FIG. 7B shows that increasing the monomer concentration from 3 wt% to 5 wi% in
the grafting solution results in & hydrophilic membrane at [ wi% BP prewet solution. However,

. water flow rate is not as high as the 3 wt% HMAD and 0.4 wt% BP case.

Example 12

[00109] This example demonstrates the effect of line Speéd D-n membrane properties.
[00110] 47 mm disks of 100 psi (690 kPa) bubble point ultra high molecular weight
polyethylene (UHMWPE) membrane were modified using 0.4 wt% benzophenone solution
described in Example 1 and grafting solution described in Examples 3, except that 2.08g HMAD
was used instead of 1.25 g HMAD, and subjected to the process steps highlighted in Example 4
at 5 feet/min (1.5 m/min), 7 feet/min (2,1 m/mm) and 9 feet/min (2.7 m/min) line speed. The
mass of water in the grafting solution was adjusted accordingly to maintain a total solution

weight of 20g and HMAD concentration 5 wi%,
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[00111] " The result of this experiment (F1G. 8) shows that less monomer grafts on the
membrane at higher line speed. Consequently water flow rate improves but membrane
hydrophilicity is not affected. '

Example 13
[00112]  Ultrahigh molecular weight polyethiylene membrane having 11 psi (76 kPa) [PA mean
bubble point was grafted. In general, HFE bubble point = IPA bubble point/1.5, assuming no
interaction between solvent and membrane (for example swelling).
[00113] 47 mm disks of 11 psi (76 kPa) [PA mean bubble point rated rated UHMWPE
membrane were wet with 0.4 wi'a benzophenone sclution described in Example’ 1. An aqlieous
exchange solution of 1,42g sodium sulfate and 0.4g sodium persulfate salt in 40g water was used
to rinse the membrane and remove [PA, \
[00114] A grafting solution was prepared with 1.07g APTAC ((3-acrylamidopropyl)
trimethylammonium chloride, 75 wi%% solution, Sigma), 0.83g HMAD (N-
(hydroxymethylacrylamide), 0.1g VBTAC (vinyl'benzyl trimethylammonium chloride), 0.71g
sodium sulfate and 0.2g sodium persulfate in 17.1g water. Membrane disks were then subjected
to the process steps highlighted in Example 4. |
[00115]  Dye binding capacity of the grafted membrane was determined as described in
Examiale 8 at 36 pg/em?. ’

Example 14
[00116] Asymmetric ultra high molecular weight polyethylene membrane having 80 psi (550
kPa) HFE 7200 bubble peint was used.
[00117] A solution of 0.4 wi% benzophenone in IPA was used 1o wet the membrane. An
exchange solution of 0.25 wt% sulfate salt and 1 wt% persulfate zalt in water was used to rinse
the membrane and remove [PA.
[00118] Monomer formulations and resulting wettability and flow rate:
[00119] Control membrane (Base membrane) had a water flow rate of 20 ml/min (See Table
1) )
[00120] Two membranes were grafted with a grafting solution containing 4 wit% HMAD, 0.4
wi% Benzophenone, 0,5 M sulfate salt, and 1 wi% persulfate, Each grafted membrane wet in
water. One grafted membrane has d water flow rate of 10.5 ml/min, and the other has a water

flow rate of 11 ml/min,
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[00121] Two membranes were grafted with a grafting solution containing 3 wt% HMAD, 0.4
wt% benzophenone, 0.5 M sulfate salt, and 1 wt% persulfate salt. Each grafted membrane wets
in water. One grafted membrane has a water flow vate of 17 ml/min, and the other has a water
flow of 13 ml/min. -

[00122] Two membranes were grafted with a grafting solution containing 3 wi% HMAD , 0.4
wi% BP, 1 wt% tetramethylammonium chlorde (vinylb&niyl) (VBTMAC) and 0.5 M sulfate salt
and 1 wi% persulfate salt. Each grafted membrane wets in water. an. grafted membrane has a
water flow rate of 15 mil/inin, and the other has a water flow rate of 18 mlAmin.

[00123]  One membrane was grafted with 3 wi% HMAD and 1 wi% APTAC ((3-
acrylamidoprepyDtrimethylammeonium chloride), 0.25 M sulfate salt, and 1 wi% persulfate salt.
The grafted membrane was water wettable and has a water flow rate of 7 ml/min.

[00124] Two membranes were grafted with 3,5 wi% HMAD, 5 wi% VTMAC, 0,25 wt%
sulfate salt, and 1 wi% persulfate salt. Each membrane was water wettable. One grafted
membrane has a water flow rate of 18 ml/min, and the other has 2 water flow rate of 14 ml/min,
[00125]  These results show that by manipulating the concentration of HMAD in the grafting
golution, the flow rate through the grafted membrane can be improved. Results show that water
weltable polyolefin based membranes with good water flow times can be made for 80 psi (550
kPa) HFE 7200 bubble point membranes. Results also show that water wettable polyolefin based
membranes with water flow times of greater than 70%, and in one case as high as 90%, of the
base membrane can be made fér 80 psi (550 kPa) HFE 7200 bubble point rated membrane,
[00126] These results also show that a newtral monoemer or moiety like
hydroxymethylacrylamide in the grafting solution helps to achieve good flow rate and
hydrophilicty of the grafted membrane when combined with a monomer that can be ionized or
hag charge like VBTMAC or APTAC. When a grafting solution that only has an acrylamide
monomer with a neutral group like the hydroxyl group in.hydfoxymcthylacrylamidc or 2-
hydroxyethylacrylate, then the grafting treatment does not result in a membrane that is as
wettable or has a high water flow rate as when an acrylamide monomer is combined with a

monomer that can be ionized or that has charge.
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Example 15
[00127) 100 psi (690 kPa) HFE 7200 hubble point ultra high molecular weight polyethylene
(UHMWPE) membrane.
[00128] A solution of 0.4 wt% benzophenone in IPA was used to wet the membrane, An
exchange solution of 0.25 wt'% sulfate Sdlf and 1 wi% persulfate salt in water was used to rinse
the membrane and remove IPA.
[00129] Monomer formulaticns and resulting wettability and flow rate;
[00130] 4 wi% HMAD, 0.5 wi% TMAC, 0.25 M sulfate zalt, 0.4 wit% BP, 1 wi% persulfate.
Wets in water, water flow rate is 5 ml/min, (control is 11.5 mlAnin see Table abave).
[00131] 3.5 wi% HMAD, 0.5 wt% VBITMAC, 0,25 M sulfate galt, 0.5 wt% BP, 1 wi%
persulfate salt. Wets in water, water flow is 5.5 ml/min and 6 ml/min,
[00132] Results show that water wettable polyolefin based membranes with water flow times
of greater than 50% of the base membrane can be made for 100 psi (690 kPa) HFE 7200 hubble
point (UHMWPE) rated membrane by using a combination of twe different radical initiators and
charged and uncharged moieties.

Exaraple 16
[00133] UHMWZPE membrane with 115 psi (793 kPa) HFE 7200 bubble point base
agymmetric ultra high molecular weight polyethylene membrane.
[00134) A solution of 0.4 wi% benzophenone in IPA was used to wet the membrane, An
exchange solution of 0.25 wt% sulfate salt and 1 wt% persulfate salt in water was used to rinse
the membrane and remove [PA.
[(0135]  Monomer formulations and resulting wettability and flow rate.
[00136] 3;5 wil HMAD, 0,25 M sulfate salt, 0.4 wit?% BP(benzophenone), 1 wt% persulfate
salt. Not water wettable all areas. '
[00137] 4 5wi% HMAD, 0.5 wi% VBTMAC, 0.25 M sodium sulfate salt, 0.4 wi%
benzophenone, 1 wit% sodium persulfate. Wets instantly in water, flow in water 3 ml/min
(Control flow rate for ungrafted membrane is 7.5 ml/min of water).
[00138] 5 feer (1.5 m) per minute line speed through the UV lamp system,
[00139]  Results show that water wettable grafted polyolefin based membranes with water flow
times of greater than 40% of the base membrane can be made for 115 psi (793 kPa) HFE

230014181
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7200 bubble point rated membrane with a combination.of two different radical initiators and
chatged and uncharged moieties,
_— _ Example 17
[00140]  This example illustrates membranes prepared with types I and II photoinitiators and
cross-linker that wet (o water in less than 4 seconds, have water flow rate of 9 ml/min, have
grafting amounts of about 0.9 and dye binding capacity of 12 pg/em’”.
[00141] 47 mm disks of UHMWPE membrane (80 psi (550 kPa) HEE bubble point) were wet
- in 0.4 wi% benzophenone solution prepared as described in Example I for 25 sec. A grafling
solution was made containing 0,35g dimethylacrylamide (DMAM, 100% in water, Sigma) and
0.08g of acrylamidopropyl trimethylammonium chloride (APTAC, 75% in water, Sigma)
monomers, 0.06g N,N'-methylenebisacrylamide (MBAM) crosslinker, 1 42g Sodium Sulfate,
0.2g sodium persulfate and 17.9g water. After total dissolution of reactants, the solution is
placed in a dish and the benzophenone wetted membrane was introduced into the solution. The
dish was covered and the membrane was soaked for 2 minutes. - The membrane disk was
removed and placed between 1 mil polyethylene sheets. The excess solution is removed by
rolling & rubber roller over the polyethylene/membrane disks/polyethylene sandwich as it lays
flat on a table. The polyethylene sandwich is then taped to a transport unit which conveys the
assembly through a Fusion Systems broadband UV exposure fab unit emitting at wavelengths
from 200 to 600 nm. Time of exposure is controlled by how fast the assembly moves through the
UV unit. In this example, the assembly moved through the UV chamber at 9 feef (2.7 m) per
minute. After emerging from the UV unif, the membrane was removed from the sandwich and
immediately placed in DI water, where it was washed by swirling for 5 minutes. Next, it was
washed in methanol forr 3 minutes. Following this washing procedure the membrane was dried
on a holder in an oven operating at 50°C for 10 min,
[00142] Membrane water flow rate (9 ml/min} and hydrophilicity (less than 4 sec) as well as
level of grafting (0.9) and dye binding capacity (12.2 pg/cmij were determined as described

before in the general experimental section and Example 8, -
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Example 18 ‘

[00143] This example demonstrates the dye binding capacity of a UHMWPE membrane
grafted with a grafting solution containing 2-acrylamido-2-methylpropane sulfonic acid (AMPS)
monomer to yield a‘negatively charged UHMWPE membrane.
[00144] 47 mm disks of UHMWPE membﬁm& (80 psi (550 kPa) HFE bubble point) were wet
in 0.4 wi% benzophenone solution prepared as described in Example 1 for 25 sec. A grafting
solution was made containing 0.23 g dimethylacrylamide (DMAM, 100% in water, Sigma) and
0.06g of 2-acrylamido-2-methylpropane sulfonic acid (AMPS, Sigma) monomers, 0.03g N,N'-
methylenebisacrylamide (MBAM) erosslinker, 1 42g Sodium Sulfate, 0.2g sodium persulfate and
18g water. After total dissolution of reactants, the solution is placed in a dish and the

- Benzophenone wetted membrane was iﬁtroduced into the solution. The dish was covered and the
membrane was soaked for 2 minutes. The membrane disk was removed and placed between 1
mil polyethylene sheets. The excess solution is removed by rolling a rubber roller over the
polyethylene/membrane disks/polycthylene sandwich as it lays flat on a table. The
polyethylenesandwich is then taped to a transport unit which conveys the assembly through a
Fusion Systems broadband UV exposure lab unit emitting at wavelengths from 200 to 600 nm,
Time of exposure is'controlled by how fast the assembly moves through the UV unit. In this
example, the assembly moved through the UV chamber at 9 feet (2.7 m) per minute. After
emerging from the UV unit, the membrane was removéd from the sandwich and immediately
placed in DI water, where it was washed by swirling for 5 minutes. Next, it was washed in
methanol for 5 minutes. Following this washing procedure the membrane was dried on a holder
in an oven operating at 50°C for 10 min.
[00143] A dry 47 mm disk membrane was placed in a beaker containing 0.00075 wt%
methylene blue dye (Sigma). The beaker was coversd and the mambrane was soaked for 5
minutes with continuous mixing at room temperature. The membrane disk was then removed
and the absorbanee of the dye solution was measured using a Cary spectrophotometer (Agilent
Technologies) operating at 606 nm-and compared to the absorbance of starting solution {before
membrane soaking). The dye is cationic in nature, and it bound to the negatively charged
membrane with an average dye binding capacity of 7pg/em’. In comparison, ungrafted
membrane typically shows a dye binding capacity of less than 0,3 pg/cm?. The slope of the

calibration curve depicted in FIG. 9 was used to
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convert dye solution absorbance data before and after soaking the membrane to wt% of dye,
which is then converted to the mass of dye bound per membrane unit area. Results are shown in
FIG. 9.

Example 19
[00146]  This example demonsirates the effectiveness of e UHMWPE membrane modified
acéording to Example 17, in removing a model impurity from model solution at pH 5 and 10.6.
[00147] A 50 ppb model solution of gold nano-particles was prepared as follows: 1 ml of gold
nanoparticles stock solution (negatively charged 5 nm gold) was add to 2 T, of DI water
containing 0,1 wt% Triton-x 100. The pH of the solutioﬁ was adjusted by adding a few drops of 1
M sodium hydroxide or 1 M hydrochlorie acid solution.
[00148] ~ A 96 mm disk of the membrane prepared according to Example 17 was placed in a
test stand and ¢hallenged with 52 ml of the 50 ppb model solution with an inlet pressure of 8-15
psi (55-103 kPa) to maintain a flow rate of 25 mi/min, ICP-MS was used to quantify the
concentration of gold nano-particles in the filirate and starting solution. Gold nano-particle
removal efficiency of the modified membrane was 100% at pH 5 and 10.6. In comparison,
unmodified UHMWPE membrane (80 psi (550 kPa) HFE bubble point) showed 60%, and 50%
removal efficiency at pH 5 and 10.6, respectively.

Example 20
[00149] This example demonstrates the effectiveness of a UHMWPE membrane modified
according to Example 18, in removing a model impurity from model solution at pH 5.
[00150] A 50 ppb model solution of gold nano-particles was prepared as follows: 1 ml of gold
nanoparticles stock solution (negatively charped 5 nm gold} was add to 2 L of DI water
containing 0.1 wt% Triten-x 100, The pH of the solution was adjusted by adding a few drops of
1 M sodium hydroxide or 1 M hydrochloric acid solution,
[00151] A 96 mm digk of the membrane (80 psi (550 kPa) HFE bubble point) prepared
according to Example 18 was placed in a test stand and challenged with 52 ml of the 50 ppb
inodel solution with an inlet pressure of 8-15 psi (55-103 kPa) to maintain a flow rate of 25
ml/min, ICP-MS was used to quantify the concentration of gold nano-particles in the filtrate and

starting solution. Gold nano-particle removal efficiency of the modified membrane was 100% at
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pH 5. In comparison, unmodified UHMWPE membréine'(lzo pei f830 kPa) HFE bubble point)
showed 78% removal efficiency at pH 5.

| | Example 21
[00152]  This exarnple' describes the porosimetry bubble .point test methed that is used to
measure the pressure required to push air through the wet pores of a membrane. This method is
also referred to as the HFE 7200 bubble point, -
[00153]  The test was performed b& mounting a 47 mm disk of a dry membrane sample in a
holder with the tight side (e.g., having smaller pores in an asymmetric membrane) of the
membrane facing ciown. The holder is designed in a way to allow the operator to place a small
volume of liquid on the upstream side of the membrane. The dry air flow rate of the membrane
is measured first by increasing the air pressure on the upstream side of the membrane to 150 psi
(1,030 kPa). The pressure is then released back to atmospheric pressure and a small volume of
ethoxy-nonafluorobutane (aveilable as HFE 7200, 3M Specialty Materials, 8t, Paul, Minnesota,
USA) is placed on the upstream side of the membrane to wet the membrane. The wet air flow
rate 15 then measured by increasing the pressure again to 150 psi (1,030 kPa). The bubble point
of the membrane is measured from the pressure required to displace HFE from the pores of the
HFE-wet membrane. This critical pressure point is defined as the pressure at which a first non-
linear increase of wet air flow is detected by the flow meter.
[00154]  The range of observed bubhle points for the membranes created by the processes
described herein is from 78 psi (540 kPa) to 135 psi (931 kPa).

| Example 22

[00155]  This example describes a creation of a calibration curve for converting water-
methanol wettability into surface tension,
[00156] © Several mixtures of methanol and water were prepared with the ratio of methanol to
water ranging from 0% to 100%. The methanol-water mixtures were used to wet the grafied
membrane samples for 1 second starting with 0% methanol in water imixture. The least
concentration of methanol in water required to wet the membrane was then converted into
surface tension (dynes/cm) using the calibration curve in FIG. 11. The calibration curve of FIG.
11 is based on the data provided in Der Chemica Sinica, 2011, 2(6):212-221.
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Example 23
[00157]  This example illustrates negatively charged membranes prepared with type I and 11
photoinitiators and a crosshnker,
[00158] Two separate 15x30 cm sheet of UHMWPE membranes were used. The first
membrane had a bubble point of 89 psi (610 kPa) when challenged with HFE 7200
(ethoxy-nonafluorobutane). The second membrane had a bubble point of 111 psi (765 kPa) when
challéngcd with HFE 7200 (ethoxy-nonafluorebutane). Each membrane was wet in 0.4%
Benzophenone solution for 25 secorids, A grafting solution was made containing 2.5g
dimethylacrylamide (DMAM, 100% in water, Sigma) and 0.6g of 2-acrylamido-2-methylpropane
sulfonic acid (AMPS, Sigma) monomers, 0.3g N,N'-methylenebisacrylamide (MBAM)
crosslinker, 7.1g sodium sulfate, 2g sodium persulfate and 185.5 g water. After total dissolution
of reactants, the grafting solution is placed in a dish and the benzophenone-wetted membrane:
was infroduced into the grafting solution, The dish was covered and the membrane was soaked
for 2 minutes, The membrane sheet was removed and placed between 1 mil polyethylene sheets,
The excess solution is removed by rolling a rubber roller over the polysthylene/membrane
disks/polyethylene Sﬂndwibh as it lays flat on a table, The polyethylene sandwich is then taped to
a transport unit which conveys the assembly through a Fusion Systems broadband UV exposure
lab unit emitting at wavelengths from 200 to 600 nm. Time of exposure is controlled by how fast
the assembly moves through the UV unit. In this example, the assembly moved through the UV
chamber at 9 feet (2.7 m) per minute. After emerging from the UV unit, the membrane was
removed from the sandwich and immediately placed in DI water, where it was washed by
swirling for 5 minutes. Next, it was washed in methanol for 5 minutes, Following this washing
procedure the membrane was dried on a holder in an oven operating at 50°C for 10 min, The

properties of the resulting membrane are described in Table 3:

B9 psi (610 kPa) . | 111 psi (765 kPa) membrane
membrane (Before/After grafting)
(Before/After grafting)
IPA flow rate (ml/min) 7.6/4.7 - 4341
Methylene blue binding capacity 0.1/6.2 0.2/6.4
{nglom®)
Surface tension (dynes/cm) 31/52 31/55
Table 3 :
2309141 v1
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Example 24
[00159]  This example illustrates a positively charged membrane prepared with types I and 11
photoinitiators, and a crosslinker,
[00160] A 15x30 cm sheet of UHMWPE membrane (135 psi (931 kPa) HFE bubble point)
was wet in 0.4% henzophenone solution for 25 sec. A grafting solution was made containing 2.5g
dimethylacrylamide (DMAM, 100% in water, Sigma) and 0.8g of (3-acrylamidopropyl)
trimethylammanium chlonde (APTAC 75% solution, Sigma) monomers, 0.3g N,N'-
methylenebisacrylamide (MBAM) crosslinker, 7.1g sodium sulfate, 2g sodinm persulfate and
185.3 g water. After total dissolution of reactants, the prafting selution is placed in a dish and the
benzophenone-wetted membrane was introduced inte the solution. The dish was coveted and the
membrane was soaked for 2 minutes, The membrane sheet was removed and placed between |
mil polyethylene sheets. The excess solution is removed by rolling a rubber roller over the
polyethylene/membrane disks/polyethylene sandwich as it lays flat on a table. The polyethylene
sandwich is then taped to a transport unit which conveys the assembly through a Fusion Systems
broadband UV exposure lab unit emitting at wavelengths from 200 to 600 nm. Time of exposure
ig controlled by how fast the assembly moves through the UV unit. In this example, the assembly
moved through the UV chamber at 9 feet (2.7 m) per minute. After emerging from the UV unit,
the membrane was removed from the sandwich and immediately placed in DI water, where 1t was
washed by swirling for 5 minutes. Next, it was washed in methanol for 5 minutes. Following this
washing procedure the membrane was dried on a holder in an oven operating at S0C for 10 min.

The properties of the resulting membrane are described i Table 4.

135 psi {931 kPa)
membrane
_ (Before/After grafting)

IPA flow rate (ml/min) 2.48/1.89
Ponceau-s binding capacity (pg/cm®) 0.3/9.2
Surface tension (dynes/cm) 31/50
Table 4

Example 25

[00161] This example illustrates the impact of the disclosed grafting technique on the
mechanical properties of the prafted membranes.

[00162] The membranes grafted according to Examples 22 and 23 were used in this Example.
The tensile strain at breek of the membranes (89, 111, and 135 psi (610, 765, and 931 kPa) HFE
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bubble points) before and afier grafting was evaluated using Instron™ Model 3342
Compression /
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Tensile instrument equipped with Ingtron™ Force Transducer model 2519-102, computer and
Blue Hill software,
[00163] Two samples in the machine direction and two samples in the cross web direction
from each membrane were tested by continuously siretching the sample until it breaks. A metal
die cutter was used to cut sample with 1" x 4,5" dimensions,
[00164] FT_G. 12 15 tensile strain at break data for grafted UHMWPE membranes modified
according to Examples 22 and 23, Bars with continuous and dotted line refer to data from
respective machine and cross web directions. The y-axis depicts the percent increase in tensile
strain at break for a grafted membrane when compared to the tensile stain at break of an
ungrafted membrane.

Example 26
[00165]  This example illustrates ATR-FTIR spectroscopy of membranes.
[00166] The amount of grafted monomers on the membrane surfaces was determined by ATR-
FTIR (“ATR™) spectroscopy in the form of a peak ratio. ATR measwements were performed
with a Brulker Tensor 27 FTIR fitted with ATR assembly housing a permanium crystal. All
spectra were recarded with 32 scans, at 4 em-1 resolution. Background was bare crystal. The
peak areas at 1666 and/or 1544 cm-1 (corresponding to amide stretches) were obtained using
OPUS data collection program and the sum was divided by the total peak arca at 2918 and 2850
em-1 (corresponding to UHMWPE stretches) to obtain the grafted amount of acryl amide
monomer on UHMWPE (ultra high molecular weight polyethylene) surface. Using the
UHMWPE signal as a convenient internal standard normalizes out differences in absolute
absorbance intensities of amide peaks that could result from variation in the level of modification
from one membrane disk to the other, _
[00167)  FIG 13 is an example of [R spectrum using 110 psi (760 kPa) membrane before
(dotted linc)la_nd after grafting (solid line). The after prafting specirum was offset by 0.2
absorbance units for clarity. The grafted membrane shows a characteristic peak at 1650 ¢m-1
indicating pregence of amide groups. .

Example 27
[00168] This example illustrates a positively charged membrane having 89 psi (610 kPa) HFE
bubble point prepared with types 1 and 1 photoinitiators, and a-crosslinker resulting in 59

dyne/cm surface tengion.
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[00169] A 15x30 cm sheet of UHMWPE membrane (89 psi (610 kPa) HFE bubble point) was
wet in 0.4% benzophenone solution for 25 sec. A grafting solution was made containing 4,5g
dimethylacrylamide (DMAM, 100% in water, Sigma) and 0.53g of ((B-acrylamidopropy])
trimethylammonium chloride (APTAC 75% solution, Sigma) monomers, 0.6g N,N'-
methylenebisacrylamide (MBAM) crosslinker, 7.1g sodium sulfate, 3g sodivm persulfate and
184 3 g water. After total dissolution of reactants, the grafting solution is placed in a dish and the
benzophenone-wetted membrane was introducad into the solution. The dish was covered and the
membrane was soaked for 2 minutes. The membrane sheet was removed and placed between 1
mil polyethylene sheets. The excess solution is removed by rolling a rubber roller over the
polyethylene/membrane disks/polyethylene sandwich as it lays flat on a table. The polyethylene
sandwich is then faped to a transport unit which conveys the assembly through a Fugion Systems
broadband UV expoesure lab unit emitting at wavelengths from 200 to 600 nm. Time of exposure
is controlled by how fast the assembly moves through the UV unit, In this example, the assembly
moved through the UV chamber at 9 feet (2.7 m) per minute. After emerging from the UV unit,
the membrane was removed from the sandwich and immediately placed in DI water, where it was
washed by swirling for 5 minutes. Next, it was washed in methanol for 5 minutes. Following this
washing procechure the membrane was dried on a halder in an oven operating at 50C for 10 min,

The properties of the resulting membrane are described in Table 5.

89 psi (610 kP4)
membrane {Before/After
grafting)
[PA flow rate (ml/min) 7.6/2.74
sSurface tension {(dynes/cm) . 31/59

Table 5 _
INCORPORATION BY REFERENCE AND EQUIVALENTS

[00170] The teachings of all patents, published applications and references cited herein are
m¢orporated by reference in their entirety.

[00171] While this invention has been particularly shown ahd described with references to
exarmple embodiments thereof, it ‘Will be understood by those skilled in the art that various
chanpes in form and details may be made therein withoiit departing from the scope of the

invention encompassed by the appended claims.

2399141 .v1

Duration: 12.09.2016 22:05:31 - 12.09.2016 22:29:18. This page 47 of AMENDED SHEET 2016 222636
Received at the EPQO on Sep 12, 2016 22:29:18. Page 47 of 54



36

CLAIMS

A grafted, asymmetric, porous, ultra high molecular weight polyethylene membrane
having a bubble point between 540 kPa and 1100 kPa when determined by an
ethoxy-nonafluorobutane bubble point test, the membrane having one or more neutral
groups or ion exchange groups grafted to one or more surfaces of the membrane;
wherein the membrane has a water flow rate that is at least 50% of the water
flow rate of an ungrafted, asymmetric, porous ultra high molecular weight
polyethylene membrane having a bubble point between 540 kPa and 1100 kPa when
determined by an ethoxy-nonafluorobutane bubble point test, the ungrafted membrane
being an ungrafted counterpart of the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane; and
wherein the membrane wets in water, as indicated by the membrane turning
translucent, in 10 seconds or less.
The membrane of Claim 1, wherein the ion exchange groups are derived from one or
more of (3-acrylamidopropyl)trimethylammonium chloride, (vinyl
benzyl)trimethylammonium chloride, and combinations thereof.
The membrane of Claim 1, wherein the ion exchange groups are derived from one or
more of acrylic acid, vinyl sulfonic acid, and combinations thereof.
The membrane of Claim 1, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane wets in water in 5 seconds or less.
The membrane of Claim 1, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane wets with a liquid having a surface tension

between 47 dyne/cm and 69 dyne/cm.
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The membrane of Claim 1, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane wets with a liquid having a surface tension
between 47 dyne/cm and 59 dyne/cm.

The membrane of Claim 1, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane wets with a liquid having a surface tension
that is between 60% to 75% higher than the surface tension of an ungrafted,
asymmetric, porous ultra high molecular weight polyethylene membrane having a
bubble point between 540 kPa and 1100 kPa when determined by an
ethoxy-nonafluorobutane bubble point test.

The membrane of Claim 1, wherein the neutral groups are derived from one or more
of N-(hydroxymethyl)acrylamide, 2-hydroxyethylacrylate, and combinations thereof.
The membrane of Claim 1, wherein the ion exchange groups are derived from a
cationic monomer selected from the group consisting of 2-(dimethylamino)ethyl
hydrochloride acrylate, [2-(acryloyloxy)ethyl]trimethylammonium chloride, 2-
aminoethyl methacrylate hydrochloride, N-(3-aminopropyl) methacrylate
hydrochloride, 2-(dimethylamino)ethyl methacrylate hydrochloride, [3-
(methacryloylamino)propyl]trimethylammonium chloride solution, [2-
(methacryloyloxy)ethyl]trimethylammonium chloride, acrylamidopropyl
trimethylammonium chloride, 2-aminoethyl methacrylamide hydrochloride, N-(2-
aminoethyl) methacrylamide hydrochloride, N-(3-Aminopropy1)-methacrylamide
hydrochloride, diallyldimethylammonium chloride, allylamine hydrochloride, vinyl
imidazolium hydrochloride, vinyl pyridinium hydrochloride and vinyl benzyl
trimethyl ammonium chloride.

The membrane of Claim 1, wherein the ion exchange groups are derived from an
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anionic monomers is selected from the group consisting of 2-ethylacrylic acid, acrylic
acid, 2-carboxyethyl acrylate, 3-sulfopropyl acrylate potassium salt, 2-propyl acrylic
acid, 2-(trifluoromethyl)acrylic acid, methacrylic acid, 2-methyl-2-propene-1-sulfonic
acid sodium salt, mono-2-(methacryloyloxy)ethyl maleate, 3-sulfopropyl methacrylate
potassium salt, 2-acrylamido-2-methyl-l-propanesulfonic acid, 3-methacrylamido
phenyl boronic acid, vinyl sulfonic acid and vinyl phosphonic acid.

The membrane of Claim 1, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane has a bubble point between 690 kPa and
970 kPa when determined by an ethoxy-nonafluorobutane bubble point test.

The membrane of Claim 1, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane has a water flow rate that is at least 75% of
the water flow rate of an ungrafted, asymmetric, porous ultra high molecular weight
polyethylene membrane having a bubble point between 540 kPa and 1100 kPa when
challenged determined by an ethoxy-nonafluorobutane bubble point test.

The membrane of Claim 5, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane has a dye binding capacity between 3
ng/cm? and 40 pg/cm?.

The membrane of Claim 13, wherein the grafted, asymmetric, porous, ultra high
molecular weight polyethylene membrane has a dye binding capacity between 7
ug/cm?and 15 pg/em?,

A grafted, crosslinked, asymmetric, porous, ultra high molecular weight polyethylene
membrane having a bubble point between 540 kPa and 1100 kPa when determined by
an ethoxy-nonafluorobutane bubble point test, the membrane having one or more

neutral groups or ion exchange groups grafted to one or more surfaces of the
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membrane, wherein the one or more neutral groups or ion exchange groups are
crosslinked with a crosslinker;

wherein the membrane has a water flow rate that is at least 50% of the water
flow rate of an ungrafted, asymmetric, porous ultra high molecular weight
polyethylene membrane having a bubble point between 540 kPa and 1100 kPa when
determined by an ethoxy-nonafluorobutane bubble point test;

wherein the membrane wets in water, as indicated by the membrane turning
translucent, in 10 seconds or less; and

wherein the membrane wets with a liquid having a surface tension between

70 dyne/cm and 72 dyne/cm.

A method of making a grafted, asymmetric, porous ultra high molecular weight
polyethylene membrane, comprising:
a) contacting an asymmetric, ultra high molecular weight polyethylene

membrane with an alcohol solution comprising benzophenone;
b) contacting the polyethylene membrane with an aqueous exchange solution

for removing the alcohol solution;

) contacting the membrane with an aqueous grafting solution comprising:
1) one or more of an anionic monomer, cationic monomer, and neutral
monomer;
d) exposing the membrane to ultraviolet electromagnetic radiation, thereby

resulting in a grafted, asymmetric, porous ultra high molecular weight
polyethylene membrane;
wherein one or more of the aqueous exchange solution and the aqueous grafting

solution comprises sodium persulfate or potassium persulfate.
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17. A method of removing an impurity from a liquid, comprising contacting the liquid
with a membrane according to any of Claims 1-15 or with a membrane made

according to Claim 16.



