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POROUS POLYETHYLENE FILTER MEMBRANE, AND RELATED FILTERS
AND METHODS

Field of the Invention

[0001] The following description relates to porous polyethylene filter membranes that
include two opposed sides, a thickness, and a porous structure between the opposed sides;
additionally to filter components and filters that include this type of porous polyethylene
filter membrane; to methods of making the porous polyethylene filter membranes, filter
components, and filters by co-extrusion techniques; and to methods of using a porous

polyethylene filter membrane, filter component, or filter.

Background

[0002] Filter membranes and filter products are indispensable tools of modern industry, used
to remove unwanted materials from a flow of a useful fluid. Useful fluids that are processed
using filter membranes include water, industrial solvents and processing fluids, industrial
gases used for manufacturing (e.g., in semiconductor fabrication), and liquids that have
medical or pharmaceutical uses. Examples of impurities and contaminants that may be
removed from fluids by a filter membrane include unwanted particles, microorganisms,
volatile organic materials, and unwanted chemical species.

[0003] Many filter membranes are designed to remove unwanted materials from a liquid.
Filter membranes used for filtering a liquid on a commercial or industrial scale will have pore
sizes and porosities that are effective to allow for a useful level of flow (which may be
measured as a flow rate, a flux, or a “flow time”) of a desired liquid through the filter,
meaning a level of flow that efficiently supplies an amount (volume per time) of the liquid to
a commercial system that uses the liquid, such as an apparatus (“tool”) used for
semiconductor or microelectronic device manufacturing. Filter membranes that are used for
processing (filtering) a liquid are referred to as “liquid-flow” or “liquid-flowable” filter
membranes, as compared to filter membranes designed to process (remove materials by
filtering) a gaseous fluid.

[0004] Various polymer materials have been used for making filter membranes, including
certain types of polyolefins, polyhaloolefins, polyesters, polyimides, polyetherimides,
polysulfones, and polyamides (e.g., nylons). One example of a common material is

polyethylene, including types of polyethylene referred to as high molecular weight
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polyethylene and “‘ultra-high molecular weight polyethylene” (UPE). Polyethylene (e.g.,
UPE) filter membranes are commonly used for filtering liquid materials used in
photolithograpy processing and “wet etch and clean” (WEC) applications for semiconductor
processing.

[0005] Many different techniques are known for forming porous filter membranes that may
be either gaseous-flow membranes or liquid-flow membranes. Example techniques include
melt-extrusion (e.g., melt-casting) techniques and coagulation coating (phase separation)
techniques, among others. The different techniques for forming a porous polymeric filter
membrane can often produce different membrane structures in terms of the size and
distribution of pores that are formed within the membrane. Different techniques produce
different pore sizes and membrane structures, with these properties sometimes being referred
to as morphology of a porous membrane, which can refer to features of a porous membrane
that include size, shape, uniformity, and distribution of pores within a membrane.

[0006] Examples of membrane morphologies include homogeneous (isotropic) and
asymmetric (anisotropic) morphologies. A membrane that has pores of substantially uniform
size uniformly distributed throughout the membrane is often referred to as isotropic, or
“homogeneous.” An anisotropic (a.k.a., “asymmetric”’) membrane may be considered to have
a morphology that includes a pore size gradient (non-uniform pore distribution) across the
membrane -- for example, a membrane may have relatively larger pores at one membrane
surface, and relatively smaller pores at the other membrane surface, with the pore structure
varying along the thickness of the membrane.

[0007] As feature sizes of semiconductor chips and other microelectronic devices continue to
become smaller and smaller, the need to reduce contaminants in liquids that are used for
processing these products increases. Contaminants that may be present in fluids (“process
fluids™) used to process microelectronic devices and semiconductor chips cause defects and
reduce process yields. Processes used for devices with smaller and smaller features require
filters that can remove smaller and smaller size contaminants from process fluids. To remove
smaller and smaller particles, a filter membrane may be designed to have smaller and smaller
pore sizes. But as the size of pores of a filtration membrane is reduced, rate of flow of fluid
through the filter normally decreases due to smaller flow paths of the smaller size pores.
[0008] One way to overcome a reduced rate of flow (volume per area of filter) of liquid,
through a filter membrane, due to a smaller pore size of the filter, is to increase the amount
(i.e., area) of filter through which the liquid can flow. A larger area of the filter can process a

higher total volume of the fluid per time, at the reduced rate of flow of the liquid per area of
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the filter. A larger area of filter may be provided by using more individual filters, to
accommodate the lower flow rate per area of filter membrane. But adding filters or otherwise
increasing an amount (area) of filter membrane used to process a given flow of liquid, due to
a lower flow rate per area of the filter, will add to overall costs of processing. Additionally,
the space that is available in a processing tool for increasing the size of required filtering
equipment is limited, meaning using larger filters or multiple filters is both complicated and

expensive.

Summary

[0009] The following description relates to porous filtration membranes (e.g., “membranes”
for short) that exhibit useful or advantageous performance properties for filtering a liquid
process fluid, preferably including useful flow properties (e.g., flow rate, flow time) in
combination with effective particle removal properties (e.g., retention of various sizes of
particles).

[0010] Described membranes have two opposed sides, with each side having a surface, and
with a thickness between the two opposed surfaces. Each surface is associated with a pore
structure that extends from the membrane surface to a depth below the surface. One side,
which may be referred to as a “tight side” or a “retention side” of the membrane, has smaller
pores, higher retention properties, and allows for a relatively lower rate of flow (exhibits
higher resistance to flow) of liquid through the filter. The opposite side, which may be
referred to as an “open side” of the membrane, has larger pores, lower retention properties,
and allows for a relatively higher rate of flow (exhibits lower resistance to flow) of liquid
through the filter.

[0011] The tight side has a thickness that is less than the thickness of the open side.
Thickness in this regard refers to the amount of polymer (by weight) that makes up the tight
side compared to the amount of polymer that makes up the open side.

[0012] A membrane as described can be prepared by a co-extrusion method. To produce a
membrane having a tight side and an open side as described, with flow properties (e.g.,
bubble point, flow time) as described, the method of co-extrusion can be performed with
selected and controlled features such as: relative flow rates of polymer solutions to produce a
tight side with a lower thickness compared to the open side; a higher concentration of
polymer in heated polymer solution used to form the tight side relative to the open side (to

form smaller-sized pores in the tight side).
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Brief Description of the Drawings

[0013] The disclosure may be more completely understood in consideration of the following
description of various illustrative embodiments in connection with the accompanying
drawings.

[0014] Figure 1 shows a side cut-away view of a membrane as described.

[0015] Figure 2A shows an example of a co-extrusion method as described.

[0016] Figure 2B shows an example of a co-extrusion method as described.

[0017] Figure 3 shows an example of a filter product as described.

[0018] Figure 4 shows a plot of the log10 flow time on the Y axis and the mean bubble point

on the X axis for the membranes tested in the Example.

Detailed Description

[0019] Described herein are porous polyethylene filtration membranes that are effective for
filtering (removing contaminants from) a liquid fluid. The membranes exhibit useful flow
properties (e.g., flow rate, flow time) of a liquid through the membrane in combination with
effective particle removal properties (e.g., retention of various sizes of particles), to provide
efficient filtering performance of the membrane.

[0020] Example porous (“open pore”) filter membranes can be in the form of a thin film or
sheet-type membrane that includes two opposed sides (i.e., two opposed surfaces) and a
thickness between the two sides. Between the two opposed sides, along a thickness of the
membrane is an open pore cellular structure that includes three-dimensional, void
microstructures in the form of open cells defined by a matrix of solid polymer material that
forms the porous filter membrane. These cells are in communication with each other, i.e., are
“open cells,” to allow for liquid fluid to pass through the thickness of the membrane from one
side of the membrane to the opposite side of the membrane. The open cells can be referred to
as openings, pores, channels, or passageways, and are largely interconnected between
adjacent cells to allow liquid fluid to flow through the thickness of the membrane.

[0021] In a membrane as described, the open pore structure includes pores that are distributed
throughout and across the thickness of the membrane and are arranged with different pore
sizes and different average pore sizes being present at different portions of the membrane,
i.e., at different regions of thickness of the membrane. The membrane includes a first side
(sometimes referred to as a “tight” side or a “retentive” side) that includes a distribution of
relatively smaller pores, and a second side (an “open” side or a “support” side) that includes a

distribution of relatively larger pores. The tight side of the membrane has smaller pores on
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average, higher retention properties, and due to the smaller pores (on average) can exhibit
higher resistance to flow through the membrane. The tight side exhibits a higher resistance to
flow relative to the open side, and inhibits flow of liquid through the filter to a larger degree
than does the open side. The open side has relatively larger pores, lower retention properties,
causes a reduced resistance to flow (relative to the tight side), and allows for a relatively
higher rate of flow of liquid through that portion of the filter.

[0022] Each one of the “tight side” and the “open side” is considered to refer to a portion of
the membrane that includes one surface of the membrane along with a three-dimensional
portion of the membrane that extends below the surface to a depth (or a “thickness”) below
the surface in the thickness direction of the membrane. Thus, each of the “tight side” and the
“open side” is considered to include one surface of the membrane that bounds a three-
dimensional portion of the membrane that resides below the surface, that may be
characterized as having a thickness relative to the total thickness of the membrane, and that
may additionally be characterized as having a width and a length that is shared with the entire
membrane.

[0023] A thickness of a tight side and an open side may not necessarily be discernible by a
physical examination of the membrane, because a boundary at a location internal to the
membrane, between a tight side and an open side of the membrane, and between the
polymeric materials used to produce each side, may be difficult to identify. A thickness of a
tight side or an open side of a membrane and the relative magnitudes of each thickness may
instead be assessed based on features of a co-extrusion step that is used to produce the
membrane, by the relative amounts of polymer or polymer solution (by mass or volume) that
are used to form the tight side compared to the open side, or both. For example, relative
thicknesses of the tight side and the open side may be measured as the relative flow rates by
volume or mass of the polymer solution that is used to form the tight side relative to the flow
rate of the polymer solution used to form the open side. As another example, relative
thicknesses of the tight side and the open side may be measured as the amount of polymer (by
weight) that is part of the extruded tight side polymer solution relative to the amount of
polymer (by weight) of the extruded open side polymer solution.

[0024] On any basis, example membranes as described are considered to have a tight side
that has a thickness (relative to the total thickness of the membrane) that is less than a
thickness of an open side, for example based on the tight side being prepared to contain a
lower amount (based on mass or volume) of polymer compared to the amount of polymer in

the open side. Example thicknesses of a tight side and an open side of a membrane may be of
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a tight side having a thickness of from 20 to 45 percent of the membrane and the open side
having a thickness of from 55 to 80 percent, based on a total combined thickness of the open
side and tight side; for example a membrane may include a tight side having a thickness of
from 25 to 40 percent of the membrane and an open side having a thickness of from 60 to 75
percent of the membrane based on a total thickness of the open and tight side.

[0025] The tight side of the membrane functions as a retentive portion of the membrane and
is responsible for physically retaining (catching) and removing particles or impurities from a
liquid fluid as the fluid passes through the pores of the membrane. The tight side can
effectively function as a retentive portion of the membrane without being unduly or
excessively thick, and in fact a tight side that is less thick (i.e., that is thinner) will introduce a
relatively reduced resistance to flow of liquid through the membrane and can therefore be
advantageous. Accordingly, porous membranes as described can be made to include a tight
side that is relatively thin (that has a lower thickness) compared to the thickness of the open
side of the membrane.

[0026] The open side of the membrane functions to support the retentive side, and desirably
is less restrictive to flow of liquid through the membrane. The average size of the pores of
the open side will be greater than the average size of pores of the tight side.

[0027] The membrane, including both the tight side and the open side, can be made of
polymer that comprises, consists of, or consists essentially of polyethylene, which includes a
single type of polyethylene composition (e.g., based on molecular weight) or a blend of two
or more different polyethylene compositions (e.g., a blend of two or more polyethylene
compositions that have different molecular weights).

[0028] The term “polyethylene” refers to a polymer that has, in part or substantially, a linear
molecular structure of repeating -CHz-CH»- units. Polyethylene is normally a semi-
crystalline polymer that elongates before breaking, enhancing its toughness. Polyethylene
can be made by reacting monomer composition that includes monomers comprising,
consisting of, or consisting essentially of ethylene monomers. Thus, a polyethylene polymer
may be a polyethylene homopolymer prepared by reacting monomers that consist of or
consist essentially of ethylene monomers. Alternatively, a polyethylene polymer may be a
polyethylene copolymer prepared by reacting a combination of ethylene and non-ethylene
monomers that include, consist of, or consist essentially of ethylene monomers in
combination with another type of monomer such as another alpha-olefin monomer, e.g.,
butene, hexene, or octane, or a combination of these; for a polyethylene copolymer, the

amount of ethylene monomer used to produce the copolymer, relative to non-ethylene
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monomers, can be any useful amount, such as an amount of at least 50, 60, 70, 80, or 90
percent (by weight) ethylene monomer per total weight of all monomers (ethylene monomer
and non-cthylene monomer) in a monomer composition used to prepare the ethylene
copolymer.

[0029] As used herein, a composition (e.g., monomer composition) that is described as
“consisting essentially of” a certain ingredient or a combination of specified ingredients is a
composition that contains the ingredient or combination of specified ingredients and not more
than a small or insignificant amount of other materials, e.g., not more than 3, 2, 1, 0.5, 0.1, or
0.05 weight percent of any other ingredient or combination of ingredients. A monomer
composition described as containing monomers that “consist essentially of” ethylene
monomers is a monomer composition that contains ethylene monomers and not more than a
small or insignificant amount of other monomeric materials, e.g., not more than 3, 2, 1, 0.5,
0.1, or 0.05 weight percent of any other monomers.

[0030] A filter membrane as described is made of polymer that includes (e.g., comprises,
consists essentially of, or consists of) polyethylene, which is a polymer that is commonly
used in porous filter membranes. Polyethylene polymer compositions (ingredients) vary in
properties such as molecular weight, density, molecular weight distribution, and melt index.
Polyethylene having a molecular weight that is substantially greater than 1,000,000 Daltons is
sometimes referred to as ultra-high molecular weight polyethylene (UPE). For membranes of
the description, polyethylene ingredients that contain polyethylene having an average
molecular weight that is greater than 500,000 Daltons, e.g., greater than 1,000,000 Daltons,
such as in a range from 500,000 to 2,000,000 or 3,000,000 Daltons, may be useful for a tight
side or an open side of the membrane. Molecular weight of a polymer reported in “Daltons”
can be measured using known gel permeation chromatography (GPC) (also known as size-
exclusion chromatography (SEC)) techniques and equipment.

[0031 A filter membrane, e.g., a tight side of a filter membrane, an open side of a filter
membrane, or both, may be made from a single polyethylene polymer ingredient (having a
particular average molecular weight and molecular weight range) or may be made of a blend
of two or more different polyethylene polymer ingredients (each ingredient having a different
average molecular weight and molecular weight range).

[0032] In certain examples, a membrane or a tight side or an open side thereof includes
polyethylene that is provided by one or more polyethylene polymer ingredients, with the
membrane (or a side thereof) comprising, consisting of, or consisting essentially of at least

50, 60, 70, 80, or 90 percent by weight polyethylene that has an average molecular weight in
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a range from 500,000 to 3,000,000 Daltons, e.g., from 500,000 Daltons to 1,000,000 Daltons,
1,500,000 Daltons, or 2,000,000 Daltons.

[0033] Figure 1 is a schematic depiction of a membrane as described. Membrane 100
includes (e.g., comprises, consists essentially of, or consists of) tight side 102 and open side
112, and has a total thickness 120. Tight side 102 includes tight side surface 104 and a tight
side thickness 106. Open side 112 includes open side surface 114 and an open side thickness
116. Dotted line 108 indicates a boundary between tight side 102 and open side 112, the
boundary being an approximate or theoretical location of an interface or a division between
the tight side and the open side.

[0034] As illustrated the thickness 106 of tight side 102 is less than the thickness 116 of open
side 112. The difference in thicknesses is a result of features of a method of preparing
membrane 100 by co-extruding polymer compositions to produce membrane 100 having a
tight side and an open side as described, with different thicknesses and different morphology
(average pore sizes). Boundary 108 is approximate, and a distinct boundary 108 is not
necessarily identifiable upon physical inspection of membrane 100.

[0035] A membrane as described may be characterized (in addition to having an open side
and a tight side as described) by features that include thickness (total thickness of the
membrane), porosity, bubble point in one or two directions through the membrane, flow time,
and retention.

[0036] A porous membrane as described can be in the form of a sheet having a substantially
uniform thickness over a width and length of the sheet, the thickness being in a range from
30, 50, or 80, up to 200 microns, e.g., from 50 to 150 microns.

[0037] A membrane as described can have a porosity that will allow the membrane to be
effective as described herein, to allow a suitable flow rate of liquid to pass through the
membrane while also removing an effective amount of contaminants or impurities from the
liquid. Examples of useful membranes can have a porosity of up to 80 percent, e.g., a
porosity in a range from 60 to 80, e.g., 60 to 70 percent or from 40 to 60 percent. As used

EH]

herein, and in the art of porous bodies, a “porosity” of a porous body (also sometimes
referred to as “void fraction™) is a measure of the void (i.e., “empty”) space in the body as a
percent of the total volume of the body and is calculated as a fraction of the volume of voids
of the body over the total volume of the body. A body that has zero percent porosity is
completely solid.

[0038] The sizes of the pores (“pore size”) of a membrane (i.e., the average size of pores

throughout the membrane or at different portions of the membrane), and the distribution of
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different sized pores in a membrane, in combination with porosity and thickness of the
membrane, provide for desired flow of liquid fluid through the membrane, while also
performing a desired high level of a filtering (e.g., as measured by retention).

[0039] Sizes of pores of a membrane will differ at different portions of the membrane, with
pores of the tight being smaller than pores of the open side. Pores of a tight side may be of a
size on average to provide a combination of useful filtering properties (as measured by
retention) and desirable flow properties. Example pore sizes of a tight side of a membrane
may be in a range from about 10, 20, 30 or nanometers, or 0.05 microns, up to about 10
microns, e.g., of sizes sometimes classified as “microporous,” “ultraporous,” or
“nanoporous”; for purposes of the present description and claims, the term “microporous” is
sometimes used to refer to pores within any of these size ranges, including microporous and
sub-microporous sizes, as a way of distinguishing from materials having larger pore sizes,
i.e., to distinguish over materials that are considered to be “macroporous.” Examples of
average pore sizes of an open side of a membrane as described may be in these same ranges
but will be larger than the pores of the tight side.

[0040] Pore size of a membrane may not necessarily be measured directly but can be
assessed based on a correlation to the property known as “bubble point” (meaning, herein,
“mean bubble point”) which is an understood property of a porous filter membrane. Bubble
point corresponds to pore size, which may correspond to filtering performance, e.g., as
measured by retention. A smaller pore size can correlate to a higher bubble point and often to
better filtering performance (higher retention). Normally, however, a higher bubble point
also correlates to relatively higher resistance of flow through a porous material, and a higher
flow time (higher resistance to flow and a lower rate of flow for a given pressure drop).
Example filter membranes of the present description can exhibit a combination of a relatively
higher bubble point, good filtering performance, and a useful level of flow, e.g., a flow rate or
“flow time” that allows for the filter membrane to be used in a commerecial filtering process.
[0041] For the purposes of this disclosure, the mean bubble point is determined using the
following procedure, herein after referred to as “the Mean Bubble Point Test”. A dry sample
of a membrane is placed on a holder a gas pressure is gradually applied to the tight side of the
dry membrane using compressed air. The air flow rate through the dry membrane is
measured as a function of pressure. Next the membrane is wetted with ethoxy-
nonafluorobutane HFE-7200 (available from 3M). Gas pressure is gradually applied to the
tight side of the wetted membrane using compressed air. The air flow rate through the wetted

membrane is measured as a function of pressure. This test is performed at ambient
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temperature (e.g., at approximately 25 degrees Celsius, but is not temperature controlled).
The mean bubble point is the pressure at which the ratio of the air flow of the wet membrane
to the air flow of the dry membrane is 0.5.

[0042] Examples of useful mean bubble points of a porous filter membrane as described,
measured using the Mean Bubble Point test can be at least 50, 80, 90, 100, or 120 pounds per
square inch (psi) or greater, e.g., up to 200 or 300 pounds per square inch, while the
membrane also exhibits useful properties of flow time and retention as described elsewhere
herein

[0043] In combination with a desired bubble point and filtering performance, a membrane as
described can exhibit a useful, effective level of a resistance to flow of liquid through the
membrane. A resistance to flow of liquid through the membrane can be measured in terms of
flow rate or flow time (which is inverse to flow rate). A membrane as described can
preferably have a useful or a relatively low flow time, preferably in combination with a
bubble point that is relatively high, and good filtering performance. A level of effectiveness
of a filter membrane in removing unwanted material (i.e., “contaminants”) from a liquid can
be measured, in one fashion, as “retention.” Retention, with reference to the effectiveness of
a filter membrane (e.g., a filter membrane as described) generally refers to a total amount of
an impurity (actual or during a performance test) that is removed from a liquid that contains
the impurity, relative to the total amount of the impurity that was in the liquid before passing
the liquid through the filter membrane. The “retention” value of a filter membrane is, thus, a
percentage, with a filter that has a higher retention value (a higher percentage) being
relatively more effective in removing particles from a liquid, and a filter that has a lower
retention value (a lower percentage) being relatively less effective in removing particles from
a liquid. Membranes prepared according to example methods of the present description can
exhibit filtering performance as measured by retention that is at least comparable to
commercial filter membranes that are prepared from comparable materials (e.g.,
polyethylene), that have comparable, nearly comparable, or somewhat similar thickness, and
flow properties (as measured by flow time) and bubble points that are within broadly similar
ranges. As shown below in the Example, membranes as described herein have lower flow
times relative to bubble point when compared to previous membranes, in other words
previous comparative membranes will not share both a bubble point and a flow time property
of a membrane having the properties disclosed herein.)

[0044] In particular examples, membranes of the present description can exhibit a useful or

improved combination of bubble point (mean bubble point) and flow properties of a liquid
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through the membrane (e.g., as measured in terms of flow time). Compared to comparable
polyethylene porous filter membranes, useful or preferred membranes of the present
description can have a highly desirable combination of increased bubble point, for a similar
flow time. Over a range of bubble points relative to flow time, example membranes may
exhibit a higher bubble point for an equal flow time, or, alternately stated, a reduced
(improved) flow time at an identical bubble point. Example membranes can exhibit flow
time and bubble point properties such as the following: a flow time below 2000 seconds and a
mean bubble point of 75 psi or greater a flow time below 3000 seconds and a mean bubble
point of 100 psi or greater; a flow time below 4000 seconds and a mean bubble point of 125
psi or greater; r a flow time below 6000 seconds and a mean bubble point of 150 psi or
greater; or a flow time below 10000 seconds and a mean bubble point of 175 psi or greater.
These membranes also exhibit useful levels of filtering measured in terms of “retention,” e.g.,
filtering performance that is in a range comparable to other polyethylene filters of
comparable thickness.

[0045] For the purposes of this disclosure, the flow time is determined using the following
procedure, herein after referred to as “the Flow Time Test”. To measure the flow time,
isopropyl alcohol (IPA) is applied to the open side (larger pore size) of a 47 mm membrane
disc at a pressure of 14.2 psi. If the pressure is different than 14.2 psi, the flow time is
normalized to 14.2 psi. The time required to flow a certain volume of fluid through the
membrane is measured and the time required to flow 500 mL is calculated. The temperature
of the fluid is also measured, and the time is corrected for the change in viscosity versus

temperature and normalized to 21 degrees C using the following equation:

Flow time (s) = measured time (s)*[500 (ml)/measured volume (ml)]*[measured pressure
(psi)/14.2 (psi)]*Viscosity Correction
Viscosity Correction = Measured temp (C)*0.0313 + 0.356

[0046] According to another preferred measure, example membranes as described can exhibit
flow time and bubble point properties such as: a flow time below 1500 seconds and a mean
bubble point of 75 psi or greater; a flow time below 2500 seconds at a mean bubble point of
100 psi or greater; a flow time below 3000 seconds at a mean bubble point of 125 psi or
greater; a flow time below 5000 seconds at a mean bubble point of 150 psi or greater; and a
flow time below 8000 seconds at a mean bubble point of 175 psi or greater. These

membranes also exhibit useful levels of filtering measured in terms of “retention,” e.g.,

11



WO 2022/115385 PCT/US2021/060367

filtering performance that is in a range comparable to other polyethylene filters of
comparable thickness.

[0047] Stated in a manner that characterizes a range of maximum flow time of a filter relative
to mean bubble point, example membranes as described can exhibit a measured log 10 flow
time (seconds) relative to mean bubble point (pounds per square inch) that is less than a log
10 flow time relative to mean bubble point according to the equation: log 10(flow time) =
2.757 + 0.007105 * (mean bubble point). In other embodiments, example membranes as
described can exhibit a measured log 10 flow time (seconds) relative to mean bubble point
(pounds per square inch) that is less than or equal to a log 10 flow time relative to mean
bubble point according to the equation: log 10(flow time) = 2.707 + 0.006485 * (mean bubble
point). In some embodiments, example membranes as described can exhibit a measured log
10 flow time (seconds) relative to mean bubble point (pounds per square inch) that is less
than a log 10 flow time relative to mean bubble point according to the equation: log 10(flow
time) = 2.757 + 0.007105 * (mean bubble point) and greater than or equal to the equation:
log 10(flow time) = 2.4888 + 0.006593 * (mean bubble point). In some embodiments,
example membranes as described can exhibit a measured log 10 flow time (seconds) relative
to mean bubble point (pounds per square inch) that is less than or equal to a log 10 flow time
relative to mean bubble point according to the equation: log 10(flow time) = 2.707 +
0.006485 * (mean bubble point) and greater than or equal to the equation: log 10(flow time)
= 2.4888 + 0.006593 * (mean bubble point). In some embodiments, example membranes as
described can exhibit a measured log 10 flow time (seconds) relative to mean bubble point
(pounds per square inch) that is 5 percent less than, or 10 percent less than a flow time
relative to mean bubble point according to the equation log 10(flow time) = 2.757 + 0.007105
* (mean bubble point) or the equation log 10(flow time) = 2.707 + 0.006485 * (mean bubble
point).

[0048] A process for preparing a porous filter membrane as described can be of a type of
method sometimes referred to as an “extrusion melt-cast” process, or as “thermally-induced
liquid-liquid phase separation,” performed by co-extruding two flows of polymer (two
different heated polymer solutions) to form a membrane as described, that contains the tight
side and the open side.

[0049] In this type of process generally, polymer (e.g., polyethylene) is dissolved at elevated
temperature (“extrusion temperature”) in one or more solvents to form a heated polymer
solution that can be processed and shaped, e.g., through an extruder. The heated polymer

solution can be passed through an extruder and an extrusion die to exit the die and be caused
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to solidify in a desired shape, such as in the form of a sheet-like membrane. The heated
polymer solution is passed through the die and is dispensed onto a shaping surface that is at a
temperature that is much lower than the extrusion temperature, i.e., a “cooling temperature.”
When the extruded, heated polymer solution contacts the lower-temperature shaping surface,
the polymer and solvents of the heated polymer solution undergo one or more phase
separations in a manner that causes the polymer to be formed into an open-pore, porous
membrane.

[0050] The heated polymer solution can be prepared to contain polyethylene (as described
herein) dissolved in solvent that includes a first (“strong”) solvent and a second (“weak™)
solvent. The polymer of the polymer solution may comprise, consist of, or consist essentially
of polyethylene as described herein.

[0051] A strong solvent is capable of substantially dissolving the polymer into the heated
polymer solution. Examples of useful strong solvents include organic liquids in which
polyethylene polymer as described herein is highly soluble at an extrusion temperature, and
in which the polyethylene polymer has a low solubility at a cooling temperature. Examples
of useful strong solvents include mineral oil and kerosene.

[0052] The weak solvent is one in which the polyethylene polymer has a low solubility at the
extrusion temperature and at the cooling temperature, and that is miscible with the strong
solvent at extrusion temperature and is immiscible with the strong solvent at cooling
temperature.  Particular examples of weak solvents include dioctyl phthalate, dibutyl
sebatacate (DBS), dioctyl sebacate, di(2-ethylhexyl) phthalate, di-(2-ethylhexyl) adipate,
dibutylphthalate, tetralin, n-decanol, 1-dodecanol, diphenylmethane, and mixtures thereof.
[0053] The amount of the polymer (e.g., polyethylene or polyethylene with one or more other
polymers) contained in the heated polymer solution, relative to the amount of solvent, can be
an amount that is sufficiently high to allow for the heated polymer solution to be processed
by extrusion, through an extruder and a die, and that is sufficiently low to allow the polymer
in the polymer solution to coalesce and form into a desired porous morphology upon casting
and cooling. A useful or preferred amount of polymer as described herein that can be
included in a heated polymer solution as described, and processed as described, can be in a
range from 5, 10, or 15, up to 35 weight percent, such as from 17 to 20, 25, or 30 weight
percent polymer, based on total weigh heated polymer solution. The balance of the heated
polymer solution can be a combination of one or more weak solvents and one or more strong

solvents. Thus, useful or preferred heated polymer solutions can contain, e.g., from 65 to 85,
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90, or 95 weight percent solvent (a combination of weak and strong solvents), such as from
70 to 75, 80, or 83 weight percent solvent based on total weight heated polymer solution.
[0054] The relative amounts of strong solvent to weak solvent can be selected as desired, to
achieve a desired pore structure of a porous membrane. A larger relative amount of strong
solvent can produce a filter membrane having smaller pores. A larger relative amount of
weak solvent can produce a filter membrane having larger pores. Useful relative amounts of
strong solvent to weak solvent can vary within ranges that include (strong solvent:weak
solvent) from 10:90 to 90:10, from 20:80 to 80:20, from 25:75 to 75:25, and from 40:60 to
60:40.

[0055] When the heated polymer solution is rapidly cooled, multiple physical changes in the
polymer solution result in the formation of a porous filter membrane from the extruded
heated polymer solution. As one change, the rapid cooling of the heated polymer solution
causes phase separation of the solution into two liquid phases: a liquid phase of the strong
solvent that contains a high level of the dissolved polymer, and a liquid phase of the weak
solvent that contains a low amount of the dissolved polymer. An additional change caused by
the rapid cooling is to cause the polymer dissolved in the strong solvent to coalesce and
precipitate out of the strong solvent as a solid polymer phase.

[0056] A useful process, in more detail, can be based on a thermally-induced phase
separation process that includes liquid-liquid phase separation of the weak solvent and the
strong solvent (with dissolved polymer). According such methods, a heated polymer solution
that contains polymer (comprising, consisting of, or consisting essentially of polyethylene as
described) dissolved in strong solvent, additionally in combination with a second solvent
(referred to as a “weak solvent” or even a “non-solvent” or “porogen”), forms a heated
polymer solution. This heated polymer solution system is characterized as having: a range of
temperatures at which the solution maintains a state of a homogenecous solution of the
polymer dissolved in the combination of the strong solvent and the weak solvent, and a
second (lower) range of temperatures at which the solution will become phase separated.
[0057] By cooling the heated polymer solution from an elevated (“extrusion”) temperature to
a reduced (“cooling”) temperature, the heated polymer solution initially separates into the
two liquid phases: a phase of the strong solvent with a high dissolved polymer content, and a
phase of the weak solvent with a low dissolved low polymer content. Upon additional
cooling to below a solidification temperature, the high-polymer-content phase solidifies to

form a three-dimensional membrane structure. The rate of cooling the heated polymer
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solution can affect the pore structure being created. Generally, faster cooling results in the
formation of smaller pores.

[0058] The heated polymer solution formed from the polymer and the weak and strong
solvents can be extruded, passed through an extrusion die, and shaped as desired, during a
heated extrusion step. Many examples of useful extruding equipment are known and
commercially available a single commercial example being the Leistritz 27 millimeter twin
screw, co-rotation extruder. Conventional dies such as sheeting dies, casting molds, doctor
blades, profiled dies, are also well known and will be understood to be useful according to the
present description.

[0059] The extruded heated polymer solution can be cooled by contacting any shaping
surface, such as a cooling roll or “chill roll.”

[0060] A useful or preferred extrusion temperature, i.e., the temperature of the heated
polymer solution exiting an extruder die, can be, for example, in a range from 180 to 250
degrees Celsius, e.g., from 195 to 220 degrees Celsius.

[0061] A useful or preferred cooling temperature, e.g., a temperature of a surface onto which
the heated polymer solution is extruded, such as a surface chill roll, can be, for example, in a
range from 10 to 50 degrees Celsius, e.g., from 25 to 40 degrees Celsius.

[0062] According to the present description, a porous membrane can be formed by an
“extrusion melt-cast” process (that involves “thermally-induced liquid-liquid phase
separation”) using a co-extrusion method that involves the flow and extrusion of two heated
polymer solutions. One heated polymer solution is referred to as a tight side heated polymer
solution and is formed and extruded using the co-extrusion method to form the tight side of
the membrane. A second heated polymer solution is referred to as an open side heated
polymer solution and is formed and extruded using the co-extrusion method to form the open
side of the membrane.

[0063] According to inventive methods, features of the co-extrusion process and features of
the two different heated polymer solutions can be selected and controlled to produce porous
filter membranes as described, having a tight side and an open side with morphologies and
relative thicknesses as described, and having flow properties and bubble point properties as
described, with effective filter retention properties.

[0064] To produce a membrane as described, having a tight side and an open side as
described, with the open side having larger pores and a greater thickness compared to the
tight side, various features of the co-extrusion method can be selected and controlled. These

include: the composition of the first heated polymer solution and the polymer (polyethylene)
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thereof; the composition of the second heated polymer solution and the polymer
(polyethylene) thereof; and the relative amounts (relative flow rates in mass per time, e.g.,
pounds per hour) of each of the first heated polymer solution and the second heated polymer
solution that flow through the extruder to form the co-extruded membrane, which may be
controlled by the thicknesses of an extruded layer of each, as may be affected by a flow rate
of each through an extrusion die.

[0065] A membrane that is produced will have a tight side that has a thickness (relative to the
total thickness of the membrane) that is less than a thickness of an open side, and that is a
lower portion of the total thickness of the membrane as compared to the thickness of the open
side. An example membrane that is considered to have a tight side that has a lower thickness
compared to a thickness of an open side of the membrane can have a tight side that contains a
lower amount of polymer than the amount of polymer contained in the open side. A tight
side of an example membrane as described may contain from 15 to 40 weight percent of a
total amount of polymer of the tight side and the open side, e.g., from 25 to 35 weight percent
of the total amount of polymer of the tight side and the open side of the membrane. An open
side of the example membrane would contain from 60 to 80 weight percent of a total amount
of polymer of the tight side and the open side, e.g., from 65 to 75 weight percent of the total
amount of polymer of the tight side and the open side of the membrane.

[0066] The amount of polymer that makes up the tight side, relative to the amount of polymer
that makes up the open side, can be affected or controlled by feature of the co-extrusion
process, such as the relative flow rates of the tight side heated polymer solution and the open
side heated polymer solution. In an example process, a tight side heated polymer solution
may have a flow rate (e.g., mass per time) from a die, during a co-extrusion process, that is
lower than a flow rate of the open side heated polymer solution. As specific examples, a flow
rate of a tight side heated polymer solution may be in a range from 15 to 40 weight percent of
a total (combined) flow rate of tight side heated polymer solution and open side heated
polymer solution, from a co-extrusion die, e.g., a flow rate of the tight side heated polymer
solution may be in a range from 25 to 35 weight percent based on the total flow rate (by
mass) of both the tight side heated polymer solution and the open side heated polymer
solution. The flow rate of the open side heated polymer solution may be in a range from 60
to 80 weight percent of a total (combined) flow rate (by mass) of tight side heated polymer
solution and open side heated polymer solution, from the co-extrusion die, e.g., the flow rate

of the open side heated polymer solution may be in a range from 65 to 75 weight percent
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based on the total flow rate of both the tight side heated polymer solution and the open side
heated polymer solution.

[0067] Additionally or optionally, to affect morphology (e.g., average pore size) of a tight
side as compared to an open side of the membrane, a tight side heated polymer solution may
contain a higher concentration of polymer (by weight) relative to the concentration of
polymer in the open side heated polymer solution. A higher concentration of polymer in a
heated polymer solution, upon coagulation, can cause pores of the coagulated film to be
relatively smaller compared to pores formed from heated polymer solution that contains a
lower concentration of the polymer.

[0068] As specific examples, an example tight side heated polymer solution may contain
from 10 to 30 weight percent polymer, such as from 12 to 25 weight percent polymer. An
example open side heated polymer solution may contain from 5 to 20 weight percent
polymer, such as from 8 to 15 weight percent polymer.

[0069] Referring to Figure 2A, shown schematically is a side-view of a co-extrusion system
useful to prepare a porous filter membrane 220, as described herein, by a co-extrusion
method. Co-extrusion system 200 includes extruder 202 for extruding a flow of a first heated
polymer solution (tight side heated polymer solution) 208, and extruder 204 for extruding a
flow of a second heated polymer solution (open side heated polymer solution) 206. In
operation, tight side heated polymer solution 208 has a concentration of polymer (PCrs)
(mass polymer per volume polymer solution or per mass polymer solution) and flows through
extruder 202 and die 212 at a flow rate (Frs) (mass or volume polymer solution per time).
The tight side heated polymer solution passes through die 212 and is placed to contact chill
roll 210 as tight side 224 of membrane 220. Open side heated polymer solution 206 has a
concentration of polymer (PCos) (mass polymer per volume polymer solution or per mass
polymer solution), and flows through extruder 204 and die 214 at a flow rate (Fos) (mass or
volume polymer solution per time). Open side heated polymer solution 206 passes through
die 214 and is placed over a surface of tight side 224, as open side 222, of membrane 220.
[0070] When the two flows of heated polymer solutions 206 and 208 are formed as layers
222 and 224 on the chilled surface of chill roll 210, phase separation and coagulation of the
polymer present in the heated polymer solutions occurs, forming a porous membrane having
a tight side and an open side as described. Tight side 224 coagulates quickly by close contact
with the surface of chill roll 221. The quick coagulation will form pores that are smaller
relative to the pores formed in open side 222, which form more slowly due to being not in

direct contact with chill roll 210.
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[0071] Referring to Figure 2B, shown schematically is a side-view of an alternative co-
extrusion system useful to prepare a porous filter membrane 320, as described herein, by a
co-extrusion method that uses a single die 312. Co-extrusion system 300 includes extruder
302 for extruding a flow of a first heated polymer solution (tight side heated polymer
solution) 308, and extruder 304 for extruding a flow of a second heated polymer solution
(open side heated polymer solution) 306. In operation, tight side heated polymer solution 308
has a concentration of polymer (PCrs) (mass polymer per volume polymer solution or per
mass polymer solution) and flows through extruder 302 and die 312 at a flow rate (Frs) (mass
or volume polymer solution per time). The tight side heated polymer solution passes through
die 312 and die opening 314 and is placed to contact chill roll 310 as tight side 324 of
membrane 320. Open side heated polymer solution 306 has a concentration of polymer
(PCos) (mass polymer per volume polymer solution or per mass polymer solution) and flows
through extruder 304 and die 312 at a flow rate (Fos) (mass or volume polymer solution per
time). Open side heated polymer solution 306 passes through die 312 and die opening 314,
simultaneously with the flow of tight side heated polymer solution 308 and becomes located
adjacent to (on top of) tight side 324, as open side 322, of membrane 320.

[0072] When the two flows of heated polymer solutions 306 and 308 are formed as layers
322 and 324 on the chilled surface of chill roll 310, phase separation and coagulation of the
polymer present in the heated polymer solutions occurs, forming a porous membrane having
a tight side and an open side as described. Tight side 324 coagulates quickly by close contact
with the surface of chill roll 321. The quick coagulation will form pores that are smaller
relative to the pores formed in open side 322, which form more slowly due to being not in
direct contact with chill roll 310.

[0073] Factors of the co-extrusion processes of system 200 or 300 can be selected and
controlled to achieve the desired morphology of each of the tight side and the open side, and
to achieve desired relative thicknesses of the tight side and the open side. These factors can
include the flow rates of the two heated polymer solutions, i.e., (Frs and Fos) and the
concentrations of polymer in each of the heated polymer solutions (PCrs and PCos). For
example, to produce a thickness of the open side that is greater than a thickness of the tight
side, the flow rate of the tight side can be lower than the flow rate of the open side (Frs<Fos),
with examples of specific relative flow rates of the two heated polymer solutions being
described elsewhere herein. Additionally, or alternatively, to form smaller pores in the tight
side as compared to the open side, the polymer concentration of the tight side can be higher

than the polymer concentration of the open side (PCrs>PCos).
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[0074] In commercial melt-cast methods of forming polymeric, porous membranes, an
optional step is to stretch the membrane after the membrane is extruded and coagulated to
form a solid membrane. A stretching step uses force to cause a cast membrane, after
extrusion and cooling, to be extended in a length direction or a width direction, or both,
which causes a reduction in thickness of the membrane. The shapes of open pores within the
membrane are affected, e.g., by elongation in a direction of the stretching.

[0075] In contrast to melt cast methods that include a step of stretching a melt-cast membrane
in one or two directions of a length, width, or both, a porous membrane of the described
herein does not require and may exclude a stretching step in one direction (length or width) or
in both of a width and a length direction. No stretching of the membrane in either a length or
a width direction is required for a membrane as described to exhibit flow and bubble points as
described. For example, a membrane as described may be prepared without any stretching
step or with insubstantial stretching between preparing the membrane by a melt-cast method
and installing the membrane in a filter product, such as a filter cartridge. A membrane may
be processed by without any stretching or with minimal stretching, e.g., by steps that do not
cause stretching (permanent deformation) of the membrane in one direction or in both
directions of more than 5, 2, or 1 percent.

[0076] A filter membrane as described herein, or a filter or filter component that contains the
filter membrane, can be useful in a method of filtering a liquid chemical material to purify or
otherwise remove unwanted material from the liquid chemical material, especially to produce
a highly pure liquid chemical material that is useful for an industrial process that requires
chemical material input that has a very high level of purity. Generally, the liquid chemical
may be any of various useful commercial materials and may be a liquid chemical that is
useful in any of a variety of different industrial or commercial applications. Particular
examples of filter membranes as described can be used for purifying a liquid chemical that is
used or useful in a semiconductor or microelectronic fabrication application, e.g., for filtering
a liquid solvent or other process solution used in a method of semiconductor
photolithography, a wet etching or cleaning step, a method of forming spin-on-glass (SOG),
for a backside anti-reflective coating (BARC) method, etc.

[0077] Some specific, non-limiting, examples of liquid solvents that can be filtered using a
filter membrane as described include: n-butyl acetate (nBA), isopropyl alcohol (IPA), 2-
ethoxyethyl acetate (2EEA), cyclohexanone, ethyl lactate, gamma-butyrolactone,
hexamethyldisilazane, methyl-2-hydroxyisobutyrate, methyl isobutyl carbinol (MIBC), n-
butyl acetate, methyl isobutyl ketone (MIBK), isoamyl acetate, propylene glycol monoethyl
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cther, propylene glycol methyl ether (PGME), 2-heptanone, and propylene glycol
monomethyl ether acetate (PGMEA).

[0078] The filter membrane can be contained within a larger filter structure such as a filter or
a filter cartridge that is used in a filtering system. The filtering system will place the filter
membrane, e.g., as part of a filter or filter cartridge, in a flow path of a liquid chemical to
cause the liquid chemical to flow through the filter membrane so that the filter membrane is
able to remove impurities and contaminants from the liquid chemical. The structure of a
filter or filter cartridge may include one or more of various additional materials and structures
that support the porous filter membrane within the filter to cause fluid to flow from a filter
inlet, through the filter membrane, and thorough a filter outlet, thereby passing through the
filter membrane when passing through the filter. The filter membrane supported by the filter
structure can be in any useful shape, e.g., a pleated cylinder, cylindrical pads, one or more
non-pleated (flat) cylindrical sheets, a pleated sheet, among others.

[0079] One example of a filter structure that includes a filter membrane in the form of a
pleated cylinder can be prepared to include the following component parts, any of which may
be included in a filter construction but may not be required: a rigid or semi-rigid core that
supports a pleated cylindrical coated filter membrane at an interior opening of the pleated
cylindrical coated filter membrane; a rigid or semi-rigid cage that supports or surrounds an
exterior of the pleated cylindrical coated filter membrane at an exterior of the filter
membrane; optional end pieces or “pucks” that are situated at each of the two opposed ends
of the pleated cylindrical coated filter membrane; and a filter housing that includes an inlet
and an outlet. The filter housing can be of any useful and desired size, shape, and materials,
and can preferably be made of suitable polymeric materials.

[0080] As one example, Figure 3 shows filter component 430, which is a product of pleated
cylindrical component 410 and end piece 422, with other optional components. Cylindrical
component 410 includes a filter membrane 412, as described herein, and is pleated. End
piece 422 is attached (e.g., “potted”) to one end of cylindrical filter component 410. End
piece 422 can preferably be made of a melt-processable polymeric material. A core (not
shown) can be placed at the interior opening 424 of pleated cylindrical component 410, and a
cage (not shown) can be placed about the exterior of pleated cylindrical component 410. A
second end piece (not shown) can be attached (“potted”) to the second end of pleated
cylindrical component 430. The resultant pleated cylindrical component 430 with two
opposed potted ends and optional core and cage can then be placed into a filter housing that

includes an inlet and an outlet and that is configured so that an amount of fluid entering the
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inlet must necessarily pass through filtration membrane 412 before exiting the filter at the
outlet.

[0081] The filter housing can be of any useful and desired size, shape, and materials, and can
preferably be a fluorinated or non-fluorinated polymer such as nylon, polyethylene, or
fluorinated polymer such as a poly(tetrafluoroethylene- co-perfluoro(alkyvinylether)),
TEFLON® perfluoroalkoxyalkane (PFA), perfluoromethylalkoxy (MFA), or another suitable

fluoropolymer (e.g., perfluoropolymer).

Example

[0082] Referring to Figure 4, shown is a scatterplot of log flow time (seconds) relative to
mean bubble point (psi) of three filter membranes: filter membrane 1 (“high flow” -- circles),
filter membrane 2 (“ultra high flow” -- triangles), and comparative (non-inventive) filter
membrane (upper points indicated by “X”s). Filter membrane 1 was made from a single
polymer and had an average molecular weight of about 1.70 Mdaltons and a thickness of
about 80 microns. Filter membrane 2 was made from a blend of two polymer and had an
average molecular weight of about 1.15 Mdaltons and a thickness of about 100 microns. The
comparative filter membrane was made from a blend of two polymer and had an average
molecular weight of about 2.60 Mdaltons and a thickness of about 50 microns. The mean
bubble point was determined using the Mean Bubble Point Test described above and the flow
time was determined using the Flow Time Test described above.

[0083] As shown, filter membranes 1 and 2 exhibit very favorable flow properties, as shown
by reduced flow times, for higher mean bubble points. At a mean bubble point of
approximately 150 psi, the flow time of filter membrane 1 is at or below approximately 6000
s, and the flow time of filter membrane 2 is at or below approximately 4000 s, while the flow
time of the comparative filter membrane is above 9000 s. Also, as shown in Figure 4 there is
a demarcation between the comparative filter membranes and filter membranes 1 and 2. The
comparative filter membranes have a log 10(flow time) greater than 2.757 + 0.007105 *
(mean bubble point). Filter membranes 1 and 2 have a log 10(flow time) less than 2.757 +
0.007105 * (mean bubble point) and a log 10(flow time) greater than or equal to 2.4888 +
0.006593 * (mean bubble point). The filter membranes 1 generally have a log 10(flow time)
less than 2.757 + 0.007105 * (mean bubble point) and a log 10(flow time) greater than 2.707
+ 0.006485 * (mean bubble point). The filter membranes 2 generally have log 10(flow time)
less than or equal to 2.707 + 0.006485 * (mean bubble point) and a log 10(flow time) greater
than or equal to 2.4888 + 0.006593 * (mean bubble point).
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Aspects of the Disclosure

[0084] In a first aspect of the disclosure, a porous polyethylene membrane comprising a first
side and an opposing second side and a thickness between the first and second sides, the
membrane exhibiting a log 10 flow time (seconds) relative to mean bubble point (pounds per
square inch) that is less than a log 10 flow time relative to mean bubble point according to the
equation: log 10(flow time) = 2.757 + 0.007105 * (mean bubble point) wherein: flow time is
measured using the Flow Time Test, and mean bubble point is measured using the Mean
Bubble Point Test.

[0085] In a second aspect according to the first aspect, the membrane exhibits a log 10 flow
time (seconds) relative to mean bubble point (pounds per square inch) that is less than or
equal to a log 10 flow time relative to mean bubble point according to the equation: log
10(flow time) = 2.707 + 0.006485 * (mean bubble point).

[0086] In a third aspect according to the first or second aspect, the first side comprises
polyethylene having a first average molecular weight, the second side comprises polyethylene
having a second average molecular weight, and the first molecular weight is equal to the
second molecular weight.

[0087] In a fourth aspect according to any preceding aspect, the membrane has a thickness in
a range from 30 to 200 microns.

[0088] In a fifth aspect according to the first aspect, the membrane exhibits a log 10 flow
time (seconds) relative to mean bubble point (pounds per square inch) that is 5 percent less
than a log 10 flow time relative to mean bubble point according to the equation: log 10(flow
time) = 2.757 + 0.007105 * (mean bubble point).

[0089] In a sixth aspect according to the second aspect, the membrane exhibits a log 10 flow
time (seconds) relative to mean bubble point (pounds per square inch) that is 5 percent less
than a log 10 flow time relative to mean bubble point according to the equation: log 10(flow
time) = 2.707 + 0.006485 * (mean bubble point).

[0090] In a seventh aspect according to any preceding aspect, the membrane exhibits a log 10
flow time (seconds) relative to the mean bubble point (pounds per square inch) that is greater
than or equal to a log 10 flow time relative to mean bubble point according to the equation:
log 10(flow time) = 2.4888 + 0.006593 * (mean bubble point).

[0091] In an eighth aspect, a filter cartridge comprises a membrane of any of the preceding

aspect, the filter cartridge comprising a filter housing comprising an inlet, an outlet, and the
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membrane supported within the housing between the inlet and the outlet such that liquid
entering the inlet passes through the membrane before passing through the outlet.

[0092] In a ninth aspect, a method of using a filter cartridge of the eighth aspect comprises
causing fluid to flow into the inlet, through the membrane, and out the outlet, wherein the
fluid is useful in a semiconductor manufacturing processes.

[0093] In a tenth aspect, a method of preparing a co-extruded, porous polyethylene
membrane having a first side and an opposing second side and a thickness between the first
and second sides, with pores throughout the thickness comprises: co-extruding a first heated
liquid polymer solution and a second heated liquid polymer solution, the first polymer
solution comprising polyethylene in liquid solvent, and the second polymer solution
comprising polyethylene in liquid solvent, and reducing temperature of the co-extruded liquid
polymer solutions to cause the polymer of the liquid polymer solutions to coagulate to form
the membrane, the membrane comprising a tight side formed from the first polymer solution
and an open side formed from the second polymer solution, the membrane exhibiting a log 10
flow time (seconds) relative to mean bubble point (pounds per square inch) that is less than a
log 10 flow time relative to mean bubble point according to the equation: log 10(flow time) =
2.757 + 0.007105* (mean bubble point), wherein flow time is measured using the Flow Time
Test and mean bubble point is measured using the Mean Bubble Point Test.

[0094] An eleventh aspect according to the tenth aspect further comprising extruding the first
polymer solution at a flow rate in a range from 15 to 40 percent of the total flow rate (mass
per time) of the first polymer solution and the second polymer solution.

[0095] A twelfth aspect according to the tenth or eleventh aspect further comprising:
extruding the first polymer solution having a first concentration of polymer in the first
polymer solution and extruding the second polymer solution having a second concentration of
polymer in the second polymer solution, wherein the first concentration is greater than the
second concentration.

[0096] A thirteenth aspect according to any of the tenth through twelfth aspects further
comprising: co-extruding the first heated polymer solution and the second heated polymer
solution at an extrusion temperature and reducing temperature of the co-extruded heated
polymer solutions by contacting the first heated polymer solution with a surface that has a
temperature that is below the extrusion temperature.

[0097] In a fourteenth aspect according to any of the tenth through thirteenth aspects, the first
heated polymer solution forms a tight layer of the membrane having pores having an average

pore size, and the second heated polymer solution forms an open layer of the membrane
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having pores having an average pore size that is greater than the average pore size of the
pores of the tight porous portion.

[0098] In a fifteenth aspect according to any of the tenth through fourteenth aspects, the
membrane has a thickness in a range from 30 to 200 microns.

[0099] In a sixteenth aspect according to any of the tenth through fifteenth aspects, the first
side comprises polyethylene having an average molecular weight in a range from 500,000
Dalton to 3,000,000 Dalton, and the second side comprises polyethylene having an average
molecular weight in a range from 500,000 Dalton to 3,000,000 Dalton.

[0100] In a seventeenth aspect according to any of the tenth through sixteenth aspects, the
first side comprises polyethylene having an average molecular weight in a range from
500,000 Dalton to 2,000,000 Dalton, and the second side comprises polyethylene having an
average molecular weight in a range from 500,000 Dalton to 2,000,000 Dalton.

[0101] In an eighteenth aspect according to any of the tenth through seventeenth aspects, the
membrane exhibits a log 10 flow time (seconds) relative to mean bubble point (pounds per
square inch) that is less than or equal to a log 10 flow time relative to mean bubble point
according to the equation: log 10(flow time) = 2.707 + 0.006485 * (mean bubble point).
[0102] In a nineteenth aspect, a method of preparing a filter cartridge comprises: preparing a
membrane according to a method of any of tenth through eighteenth aspects and installing the
membrane in a filter housing that comprises an inlet, an outlet, and the membrane supported
within the housing between the inlet and the outlet such that liquid entering the inlet passes
through the membrane before passing through the outlet.

[0103] In a twentieth aspect according to the nineteenth aspect, the membrane is prepared by
a co-extrusion method as described and is unstretched when installed in the filter housing.
[0104] Having thus described several illustrative embodiments of the present disclosure,
those of skill in the art will readily appreciate that yet other embodiments may be made and
used within the scope of the claims hereto attached. Numerous advantages of the disclosure
covered by this document have been set forth in the foregoing description. It will be
understood, however, that this disclosure is, in many respects, only illustrative. Changes may
be made in details without exceeding the scope of the disclosure. The disclosure’s scope is,

of course, defined in the language in which the appended claims are expressed.
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CLAIMS

What is claimed is:

1. A porous polyethylene membrane comprises:
a first side;
an opposing second side; and
a thickness between the first and second sides, the membrane exhibiting a log 10
flow time (seconds) relative to mean bubble point (pounds per square inch) that is less

than a log 10 flow time relative to mean bubble point according to the equation:

log 10(flow time) = 2.757 + 0.007105 * (mean bubble point)

wherein:
flow time is measured using the Flow Time Test, and

mean bubble point is measured using the Mean Bubble Point Test.

2. The membrane of claim 1, wherein the membrane exhibits a log 10 flow time
(seconds) relative to mean bubble point (pounds per square inch) that is less than or equal to a

log 10 flow time relative to mean bubble point according to the equation:

log 10(flow time) = 2.707 + 0.006485 * (mean bubble point).

3. The membrane of claim 1 or 2, wherein
the first side comprises polyethylene having a first average molecular weight,
the second side comprises polyethylene having a second average molecular
weight, and

the first molecular weight is equal to the second molecular weight.

4. The membrane of any preceding claim, wherein the membrane has a thickness in a

range from 30 to 200 microns.
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5. The membrane of claim 1, wherein the membrane exhibits a log 10 flow time
(seconds) relative to mean bubble point (pounds per square inch) that is 5 percent less than a

log 10 flow time relative to mean bubble point according to the equation:

log 10(flow time) = 2.757 + 0.007105 * (mean bubble point).

6. The membrane of claim 2, wherein the membrane exhibits a log 10 flow time
(seconds) relative to mean bubble point (pounds per square inch) that is 5 percent less than a

log 10 flow time relative to mean bubble point according to the equation:

log 10(flow time) = 2.707 + 0.006485 * (mean bubble point).

7. The membrane according to any preceding claim, wherein the membrane exhibits a
log 10 flow time (seconds) relative to the mean bubble point (pounds per square inch) that is
greater than or equal to a log 10 flow time relative to mean bubble point according to the

equation:

log 10(flow time) = 2.4888 + 0.006593 * (mean bubble point).

8. A filter cartridge comprising a membrane of any of the preceding claims, the filter
cartridge comprising a filter housing comprising an inlet, an outlet, and the membrane
supported within the housing between the inlet and the outlet such that liquid entering the

inlet passes through the membrane before passing through the outlet.

9. A method of using a filter cartridge of claim 8, the method comprising causing fluid
to flow into the inlet, through the membrane, and out the outlet, wherein the fluid is useful in

a semiconductor manufacturing processes.

10. A method of preparing a co-extruded, porous polyethylene membrane having a first
side and an opposing second side and a thickness between the first and second sides, with
pores throughout the thickness, the method comprising:
co-extruding a first heated liquid polymer solution and a second heated liquid
polymer solution, the first polymer solution comprising polyethylene in liquid solvent,

and the second polymer solution comprising polyethylene in liquid solvent, and
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reducing temperature of the co-extruded liquid polymer solutions to cause the
polymer of the liquid polymer solutions to coagulate to form the membrane, the
membrane comprising a tight side formed from the first polymer solution and an open
side formed from the second polymer solution,
the membrane exhibiting a log 10 flow time (seconds) relative to mean bubble point (pounds
per square inch) that is less than a log 10 flow time relative to mean bubble point according to

the equation:

log 10(flow time) = 2.757 + 0.007105* (mean bubble point)

wherein flow time is measured using the Flow Time Test and mean bubble point is measured

using the Mean Bubble Point Test.

11. The method of claim 10, further comprising extruding the first polymer solution at a
flow rate in a range from 15 to 40 percent of the total flow rate (mass per time) of the first

polymer solution and the second polymer solution.

12. The method of claim 10 or 11, further comprising:
extruding the first polymer solution having a first concentration of polymer in
the first polymer solution, and
extruding the second polymer solution having a second concentration of
polymer in the second polymer solution,

wherein the first concentration is greater than the second concentration.

13. The method of any of claims 10 through 12, further comprising:
co-extruding the first heated polymer solution and the second heated polymer
solution at an extrusion temperature, and
reducing temperature of the co-extruded heated polymer solutions by contacting
the first heated polymer solution with a surface that has a temperature that is below

the extrusion temperature.

14. The method of any of claims 10 through 13, wherein:
the first heated polymer solution forms a tight layer of the membrane having

pores having an average pore size, and
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15.

the second heated polymer solution forms an open layer of the membrane
having pores having an average pore size that is greater than the average pore size of

the pores of the tight porous portion.

The method of any of claims 10 through 14, wherein the membrane has a thickness in

arange from 30 to 200 microns.

16.

17.

18.

The method of any of claims 10 through 15, wherein:

the first side comprises polyethylene having an average molecular weight in a
range from 500,000 Dalton to 3,000,000 Dalton, and

the second side comprises polyethylene having an average molecular weight in a

range from 500,000 Dalton to 3,000,000 Dalton.

The method of any of claims 10 through 16, wherein

the first side comprises polyethylene having an average molecular weight in a
range from 500,000 Dalton to 2,000,000 Dalton, and

the second side comprises polyethylene having an average molecular weight in a

range from 500,000 Dalton to 2,000,000 Dalton.

The method of any of claims 10 through 17, wherein the membrane exhibits a log 10

flow time (seconds) relative to mean bubble point (pounds per square inch) that is less than or

equal to a log 10 flow time relative to mean bubble point according to the equation:

19.

and

log 10(flow time) = 2.707 + 0.006485 * (mean bubble point).

A method of preparing a filter cartridge, the method comprising:

preparing a membrane according to a method of any of claims 10 through 18,

installing the membrane in a filter housing that comprises an inlet, an outlet, and
the membrane supported within the housing between the inlet and the outlet such that
liquid entering the inlet passes through the membrane before passing through the

outlet.
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20. The method of claim 19, wherein the membrane is prepared by a co-extrusion method

as described and is unstretched when installed in the filter housing.
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