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COMPOSITE MEMBRANES COMPRISING AN ISOPOROUS SUPPORT
MEMBRANE PREPARED FROM AMPHIPHILIC BLOCK-COPOLYMERS

INCORPORATION BY REFERENCE
[0001] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if cach individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by
reference.
BACKGROUND

[0002] The disclosure relates to membrane-based fluid separation processes. In particular,
the disclosure relates to separation processes using composite membranes comprising a
support membrane with an isoporous surface.

[0003] Membrane separation is widely used in molecular separation in fluids. In a membrane
separation process, the membrane is situated in between a feed mixture and a permeate
mixture. The separation is performed by providing a driving force from the feed side to the
permeate side, thereby creating transport through the membrane by permeation. Permeance
is a measure of the ability of the membrane to transport a specific molecule and is equal to
the inverse of the membrane resistance fowards that molecule. Individual molecules have
different permeances in the membrane and this creates a separation between molecules.
[0004] There are two basic categories of membranes used to perform molecular separations
in fluids: membranes with an asymmetric structure and membranes with a composite
struciute,

[0005] In asymmetric membranes, a nonporous selective layver secamlessly transitions inie a
porous substructure consisting of the same material as the selective layer. The membrane may

comprise a layer. The membrane may comprise more than one layers.
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[0006] In composite membranes, a nonporous selective layer is supported by a porous
support membrane consisting of a material different from the selective material. The porous
support itsclf may be asymmetric in pore size distribution across the cross-section of the
support. The membrane may comprise a single porous support layer. The membrane may
comprise more than one porous support layers,

[0007] Composite membranes are generally used in  gas separation applivations,
pervaporation applications, liquid separation applications, and/or fluid separations. In gas
separation applications, both the feed and permeate mixtures are in the gas or vapor siate. In
pervaporation, the feed mixture is a liquid and the perreate mixture is a gas or vapor. In
liquid separations, both the feed and permeate mixtures are in the liquid state.

[0008] The composite membrane configuration is typically developed to allow optimization
of the selective layer for permeance and selectivity while simultancously allowing
optimization of the support layer to be mechanically strong and robust. In the last thirty years,
improvements in manufacturing fechniques had focused on increasing the permeance of
composite membrancs. This was achieved by making the selective layer thinner and
improving the surface of the porous supports to allow micron-scale and even sub-micron
scale selective layers to be coated withouti creating non-selective defects in the selective
layer.

[0009] The challenge of making a preferable support layer rests on finding the balance of
providing maximum robust mechanical support and having minimum interference with
membrane permeability and selectivity, thereby allowing optimized separation performance.
Disclosed herein are processes, systems and compositions for preparing support layers of

composite membranes using self-assembly properties of block copolymers.
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[0010] Previous work in making self-assembly based membranes has focused on improving
surface pore structures, such as ensuring uniformity of pore sizes, because the pores are
responsible for performing separation. When a self-assembly membrane is used as support
for a composite membrane, the pores are not responsible for performing separation. Instead,
the uniformity in pore size and pore distribution reduces transport resistance and fmproves
permeance, making it possible to create improved composite membranes.

[(011] Disclosed herein are compositions, systems and processes of manufacturing a support
layer of composite membranes and processes of using the same for separation performance.
The compositions and processes utilize a self-assembly based membrance as an isoporous
support membrane for the preparation of improved composite membranes. Unlike traditional
approaches, the disclosed isoporous support membranes is designed to serve as support
membrane for nonporous selective layers. The isoporous support membranes have
substantially uniformly distributed pores and yield superior result in providing adequate
mechanical support without interfering with membrane permeability and/or selectivity.

SUMMARY

[0012] In one aspect, disclosed herein is a composite membrane for separating components
in a fluid mixture, the composite membrane comprising an isoporous support layer for
supporting a nonporous selective layer, the isoporous support layer comprising: (a) one or
more amphiphilic block copolymer; and (b) a plurality of surface pores having substantially
uniform distribution, wherein a ratio of the maximum distance to the minimum distance
between a surface pore and its closest four neighboring pores is smaller than 3; or (¢) a
plurality of surface pores having substantially uniform size, wherein a ratio of the maximum
diameter to the minimum diameter is smaller than 5; and/or (d) a plurality of surface pores

having a density of at least 10°8 percsfcm? The composite membrane may comprise (a) and
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(b} and {c} and (d}. The composite membrane may comprise (a) and combinations of (b), (€}
and (d}. The composite membrane may comprise {a) and (b), or {a) and () or {a) and {d}. The
ratio of the maximum distance to the minimum distance distances between one surface pore
and its closest four neighboring surface pores may be smaller than 2. The nonporous selective
layer may be in contact with the isoporous support laver. In some cases, the isoporous
support layer may further comprise a gutter laver between the nonporous selective layer and
the isoporous support layer. In some cases, the maximum diameter to the minimum diameter
of the surface pores is smaller than 3. In other cases, the maximum diameter to the minimum
diameter of the surface pores is smaller than 2. In some cases, the surface pores have a
density of at least 10710 pores/em”. In some cases, the surface pores have a density of at least
1012 pores/em’”. The one or more amphiphilic block copolymer comprises a structure of the
form selected from X-Y, X-Y-X, and X-Y-Z, wherein X, Y, and Z are selected from a group
of polymers consisting of polystyrene, poly-4-vinylpyridine, poly-2-vinylpyridine,
polybutadiene, polyisoprene, poly(ethylenestat-butyleneg), poly(ethylene-alt-propylene),
polysiloxane, polvalkylencoxide, poly-s-caprolactone, polylactide, polyalkylmethacrylate,
polymethacrylic acid, polyaklylacrylate, polyacrylic acid, polyhydroxvethylmethacrylate,
polyacrylamide, poly-N-alkylacrylamide, polysolfone, polyethersulfone, polyphenylsulfone,
polyetherimide, polyvinylidenefluoride, polyacrvlonitrile, cellulose diacetate, cellulose
triacetate, and cthyleellulose. In some cases, the isoporous support layer further comprises at
least one bomopolymer, In some cases, the isoporous support laver further comprises at feast
one random block copolymer. The selective layer may have a thickness of less than 3 micron.
In other cases, the selective layer has a thickness of less than 2 micron. In other cases, the
selective layer has a thickness of less than 1 micron. The isoporous support may comprise

more than one layer, wherein a first porous layer adjacent to the non-porous top layer
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comprises an amphiphilic block copolymer and a subsequent porous layer underncath
comprises a different block copolymer. In some cases, the isoporous support membrane has a
surface porosity of at least 2%. In some cases, the isoporous suppoert membrane has a surface
porosity of at least 5%. In some cases, the isoporous support membrane has a surface porosity
of at least 10%. In some cases, the isoporous support membrane has a surface porosity of at
least 20%. In some embodiments, at least 30% of the surface pores of the isoporous support
membrane have a diameter below 1 micron. In some embodiments, at least 30% of the
surface pores of the tsoporous support membyrane have a diameter below 0.3 micron. In some
embodiments, at least 30% of the surface pores of the isoporous support membrane have a
diameter below 0.1 micron. The fluid mixture may be a gas or vapor mixture. The fluid
mixiure may be a liquid mixture. The flnd mixture may comprise at least a component A and
a component B. In some cases, component A is carbon dioxide. In some cases, component A
is helium. In some cases, component A is hydrogen. In some cases, component A is water
vapor. In some cases, component A 1s methane. In some cases, component A is oxygen. In
some cases, component A is nitrogen. In some cases, component A is a hydrocarbon vapor.
In some cases, component A is sulfur dioxide. In some cases, component A is hydrogen
sulfide. In some cases, component A is water. In some cases, component A is ethanol. In
some cases, component A is propanol. In some cases, component A is benzene. In some
cases, component A is toluene. In some cases, component A is xylene.

{3{:13] In one aspect, disclosed herein is a process for separating two components, A and B,
of a fluid mixture, comprising: {a) passing the fluid mixture across a separation membrane
having a feed side and a permeate side, the separation membrane comprises a nonporous
selective layer and an isoporous support layer, wherein the isoporous support confains surface

pores having substantially uniform distribution, wherein a ratio of the maximum distance to
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the minimum distance between a surface pore and its four closet neighboring pores is smaller
than 3; (b} providing a driving force for transmembrane permeation; (¢} withdrawing from
the permeate side a fluid permeaie stream enriched in component A compared to the fluid
feed mixture, and (d} withdrawing from the feed side a fluid residue stream depleted in

component A compared to the fluid mixture,

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1. Carbon Dioxide permeance of composite membranes with PDMS top layer
of different thicknesses
[0015] Figure 2. Schematic of an idealized composite membrane, showing the top layer and
the porous support
[0016] Figure 3. Carbon dioxide permeances of PDMS composite membranes as a function
of PDMS top layer thickness for different surface porosities and surface pore radii of the
support membrane, as calculated using the correlation of Wijmans and Hao.
{00177 Figure 4. Relative permeance (permeance divided by intrinsic permeance of top layer)
of composite membranes as a function of surface porosify of the support.
[0018] Figure 5. Four distributions with average surface porosity of $%. €O, permeance are
calculated for a 0.5 micron thick PDMS top layer.
[0019] Figure 6. SEM of the top surface of a support produced by MTR using the traditional
phase inversion process.
{00207 Figure 7. Ratio of Largest Distance to Smallest Distance for the four nearest pores for
cach of the 100 pores in a random distribotion. Results shown for ten different distributions

{1,000 points total).
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DETAILED DESCRIPTION
[0021] The term “fluid” as used herein means a gas, a vapor or a ligquid.
100221 The term “compositc membrane” as used hercin means a membrane comprising a
nonporous sclective layer and a support membrane.
[0023] The term “support membrane”™ as used herein means a porous membrane supporting a
nonporous selective layer. The support membrane may be in direct or indirect contact with
the nonporous selective layer.
10024] The term “isoporous support membrane” as used herein means a porous support
membrane formed via a combination of amphiphilic block copolymer self~assembly and
immersion phase inversion. The isoporous support membrane comprises of one or more
amphiphilic block copolymers, or a mixture of one or more amphiphilic polymers with one or
more polymers or macromolecules, and can be manufactured to have a higher amphiphilic
block copolymer content at one surface compared to the other surface.
[0025] The term “amphiphilic block copolymer” as used herein means a polymer with at
least one repeating hydrophilic block and at least one repeating hydrophobic block. The
blocks do not vary in length and are not randomly distributed, which leads to the formation of
highly ordered structures.
[0026] The term “immersion phase inversion process” as used hersin means the process
where one or more polymers are dissolved in a solvent system comprising at least one
solvent, where the resulting polymer solution is shaped as a thin film either through casting vr
extrusion, where the thin film is brought into contact with a nonsolvent systern containing at
least one nonsolvent that is miscible with the solvent, and where a membrane is formed with
a porous subsiructure and a porous or honporous top layer. This process can produce flat

sheet membranes as well as hollow fiber membranes.
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[0027] The term “gutter layver” as ueed herein means a layer of high permeability material
placed in between the support membrane and the selective layer.

[0028] The term “selective layer”™ as used herein means the layer primarily responsible for
the selective properties of the composite membrane, consisting of, but not limited o
polymers, macromolecules, and inorganic materials.

[0029] A block copolymer consists of at least two different blocks, X and Y, which are
coupled together at one specific location in the polymer chain. They are different from
random copolymers where segments X and Y are randomly distributed throughout the
polymer chain. A block copolymer is called an amphiphilic block copolymer if one of the
blocks is hydrophobic and the other block is hydrophilic,

[0030] The present disclosure relates to & process for separating components of a mixiure
whereby the mixture is passed across an improved separation membrane having a selective
nonporous layer supported by an isoporous support membrane, wherein the isoporous support
membrane is formed via a combination of amphiphilic block copolymer self-assembly and
immersion phase inversion. The mixture may be a gas mixture, vapor mixture, liquid
mixture, fluid mixture, or a combination thereof. In some cases, the isoporous support
membrane is in contact with the selective nonporous layer. In some cases, the isoporous
support membrane is not in contact with the selective nonporous layer.

[0031] The present disclosure also relates to a process for separating two components, A and
B, of a mixture such as a gas mixture, vapor mixture, Hquid mixture, fluid mixiure, or a
combination thercof. The separation is carried out by running a stream of the mixture across a
membrane that is selective for the desired component to be separated from another

component. The desired component to be separated into the permeate may be either
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Component A or Component B. The process results, therefore, in a permeate stream enriched
in the desired component and a residue stream depleted in that component.

[0032] In some cases, the mixture is fluid mixture comprising gas and/or vapor. In some
cases, the mixture is a fluid mixture comprising liquid. In other cases, the mixture is a fluid
mixtare comprising gas, vapor, and/or liquid.

[0033] As disclosed herein, component A may be a gas, a vapor, or a liquid. Component A
may be selected from a group of gases consisting of carbon dioxide, helium, hydrogen, water
vapor, methane, oxvgen, nitrogen, hydrocarbon vapor, sulfir diexide, hydrogen sulfide.
Component A may be sclected from a group of vapor comsisting of water vapor and
hydrocarbon vapor. Component A may be selected from a group of liquid consisting of water,
ethanol, propanol, benzene, toluene, and xylene.

10034] Dsclosed herein are steps to fabricate composite membranes using polymeric
supports that have an isoporous surface and arc produced via a combination of phase
inversion and self~assembly of block copolymers, This method produces porous surfaces are
uniform in pore size, uniform in pore distribution, and have high surface porosities, and thus
have preferable features of a support membrane that provides high permeability, high
selectivity, and adequate support, and are uniquely suited as porous supports for composite
membranes.

[0035] Self-assembly of amphiphilic block copolymers may create highly ordered and
uniform structures. For instance, any polymer with two connected but different blocks X and
¥ will phase separate into different domains, just as a mixture of two different polymers X
and Y typically will exhibit phase separation. The block copolymer systern will give more
ordered structures than the two-polymer system because of the restriction imposed by the
physical connection of X and Y. Formation of the block copolymer structure depends on the
volume fractions of the blocks. For membrane applications, the structure of most mnterest is

9
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the “cylinder of X in matrix of Y™ structure, which typically will form if the volume fraction
of X is between 10% and 40%.

10036} In some embodimenis, the block copolymers used to forma the isoporous support
includes a structure of the form X-Y or X-Y-X or X-Y-7, wherein X or Y or 7 is selected
from one of the polymers comprising polystyrene, poly-4-vinylpyridine, poly-2-
vinylpyridine, polybutadiene, polyisoprene, poly(cthylenestat-butylene), poly(ethylene-alt-
propvlene),  polysiloxane,  polyalkyleneoxide,  poly-g-caprolactone,  polylactide,
polvalkylmethacrylate, polymethacrylic acid, polvaklylacrylate, polyacrylic acid,
polyhydroxyethylmethacrylate, polyvacrylamide, poly-N-alkylacrylamide, polysulfone,
polyethersulfone, polyphenylsulfone, polvetherimide, polyvinylidenefivoride,
polyacrylonitrile, cellulose diacetate, cellulose triacetate, and/or ethylcellulose.

[0037] Traditional immersion phase inversion process can be applied to solutions that contain
a mixture of a block copolymer and a conventional homo-polymer. The resulting membranes
may have an “organized surface structure,” but do not quantify porosity, pore sizes or specific
level of uniformity.

[0038] Porous membranes with extreme uniform surface pore structures can be obtained by
combining sclf-assembly of amphiphilic block copolymers with the traditional phase
inversion process used to make membranes. For a multiple block copolymer, the resulting
surface pore structure can be tailored by controlling process conditions such as block
copolymer solution composition and evaporation time prior to iImmersion.

[0039] Formation of an isoporous support can be achieved by using a solution containing a
block copolymer with at least one hydrophobic block {majority block) and one hydrophilic
block (minority block). The solvent typically is a mixed solvent where the more volatile

solvent has the higher affinity for the hydrophobic block. After formation of a thin film of

10
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the solution, a short solvent evaporation time starts self-assembly of the block copolymer at
the surface, with the hydrophobic blocks as the continuous phase and the hydrophilic blocks
as the dispersed phase.  The subsequent water immersion step may orientate and lock in the
self-assembly process over the entire membrane surface area and that the phase containing
the hydrophilic blocks combines with the water to form micelles, This process only oceurs in
the region just below the cvaporation interface of the film and below this region the isoporous
structure transitions inte the random porous structure typical of conventional phase inversion
membranes. The final structure is obtained through a drying step, which removes the water as
well as the residual solvents. The pores in the top surface are the remmnants of the micelles
from which the waler has been removed.

{0040] The parameters that govern the formation of isoporous membranes include parameters
that determine whether self-assembly occurs as reported by Rangou et al. These parameters
include, but are not limited to, the chemical nature and volume fraction of the blocks i the
block copolymer, the total molecular weights of the two blocks, the nature, weight fraction
and volatility of the solvents used to dissolve the block copolymer, and the time period
allowed for evaporation of the solvents prior to immersion of the block copolymer solution
into the aqueous precipitation bath. Other parameters 1o be conirolled are: concentration the
block copolymer solution viscosity, humidity during the evaporation step, and temperature of
the block copolymer solution and the precipitation bath.

{00417 The isoporous support membranes may be prepared in flat sheet format or in hollow
fiber or tubular format, and may be housed in any convenient type of housing and separation
unit. Preferably, the isoporous support membranes may be prepared in flat-sheet form and

housed in spiral-wound modules. Flat-sheet membranes may also be mounted in plate-and-

11
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frame modules or in any other way, If the membranes are prepared in the form of hollow

fibers or tubes, they may be potted in cylindrical housings or otherwise.

[0042] The membrane separation wnit may comprise one or more membrane modules. The
number of membrane modules required will vary according to the volume of gas to be
treated, the composition of the feed gas, the desired compositions of the permeate and residue
streams, the operating pressure of the systern, and the available membrane area per module.
Systems may contain as few as one membrane module or as many as several hundred or more
modules. The modules may be housed individually in pressure vessels. Alternatively, the
modules may be mounted together with multiple elements in a sealed housing of appropriate
diameter and length,

{00437 The membrane separation unit may be operated in any number of different modes,
such as cross-flow, co-current, counter~current and with or without addition of an external
sweep stream.

[0044] Conventional supports for composite membranes are made by the phase inversion
process. This process produces surfaces with a wide distribution in pore size and pore
location. Figure 6 shows a high resolution scanning electron microscope (SEM) photo of a
support produced via phase inversion, suggesting that composite membranes made with
conventional supports suffer from restricted permeances that are even below the permeances
predicied by the CFL analysis,

{00457 Porous supports with uniform pore size can be produced using the track etching
technigue and/or purchased from various sources, including GE Healtheare, Pa, USA. These
supports have a umiform pore size, but not a uniform pore distribution and have low surface

porosities, Zhu et al reported that composite membranes produced with these porous supports
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exhibit significant restriction by the support. Therefore, these supports are rarely used in any
comunercial composite membranes.

{0046] Ceramic and inorganic porous materials can be formed into porous structures with
uniform pore sizes and uniform pore distributions. These materials are orders of magnitude
more expensive than polymeric supports. Therefore, these supports are rarely used in any
commercial composite membranes.

{0047} Disclosed herein is the utilization of a self-assembly based membrane as an isoporous
support membrane for the preparation of improved composite membranes. The separation
performance of these composite membranes is determined by the selective material, whereas
the isoporous support membrane makes it possible to utilize selective layer thicknesses
substantially below one micron and to obtain permeances that exceed the permeances of
composite membranes prepared with traditional supports.

[0048] The permeance of composite membranes is improved by inserting a gutler layer in
between the support membrane and the primary selective layer. The gutter layer consists of a
material that is substaniially more permeable, but less selective, than the primary selective
layer material. The resuliing composite membrane has improved permeances but is less
selective than the primary selective layer material.

{00497 In some embodiments, a composite membrane having improved performance, such as
high permeability and sclectivity, comprises a selective nonporous layer, a gutter layer, and
an isoporous support layer. In some embodiments, the isoporous support layer is sufficient to
provide improved performance and maintain adequate support, without a gutter layer.

[0050] The isoporous support layer may comprise one or more amphiphilic block

copolymers, one or more homo-polymers, one or more random block copolymers, or

13
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combinations thereof. For instance, the isoporous support layer may comprise one or more
amphiphilic block copolymers and one or more homo-polymers.

{0051} The isoporows support layer may be manufactured to comprise more than one layer. In
some cases, the one or more layers comprise same polymer make up. In some cases, the one
or more layers differ in polymer make up. For instance, the top surface and its adjacent layer
may comprise an amphiphilic block copolymer whereas a subsequent layer comprises a
different type of polvmer.

[0052] To make high quality composite membranes it is required that the transport resistance
of the support membrane is at least one order of magnitude smaller than the transport
resistance of the selective layer. This is because the support membrane resistance essentially
is nonselective. This requirement is easily met in most cases because transport in the porous
support is by convection whereas transport in the nonporous selective layer is by diffusion,
which is much slower,

[0053] As the selective layers of composiie membranes become thinner, the membrane
permeances may fall below the predictions of the Membrane Permeance equation:

1 Selective Laver Permeability
Membrane Permeance = = s 4

(D

Membrane Resistance  Selective Layer Thickness

In this equation the permeability is expressed in the Barrer umit (107
ce( STP').c-m!cmz!s/cmHg)g the selective layer thickness is expressed in micron ( 107 m), and
the permeance is given in the “gas permeation undt” {1@'6 ce(STPYem™/s/emHyg or GPU).
Therefore, a laver with a thickness of one micron and with a permeability of 1 Barrer will
yield a permeance equal to one GPU.

[0054] Table 1 and Figure | give performance data for nine composite membranes consisting

of a polydimethylsiloxane (PDMS) selective layer coated on a polyetherimide support

14
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membrane. The selective layer was applied through a solution dip coeating process that
avoids penetration of the coating solution into the pores of the support, followed by removing
the solvent via evaporation. Each composite membrane has a different thickness of the
PDMS layer as was measured with a Filmetrics F20 elipsometer. The permeance of carbon
dioxide was measured for all membranes and was plotted in Figure 1 versus the PDMS
thickness. The permeahility of carbon dioxide in PDMS was 3,300 Barrer and the solid line
in Figure 1 represents the permeances as predicted by equation (1). At about 5 micron
thickness the permeance started to fall less than predicted. For example, at 1.0 micron
thickness the permeance was about 1.6 times less than expected, and at 0.1 micron thickness

the permeance was about 6 times less than expected.

Table 1. Carbon Dioxide permeance of composite membranes with PDMS top layer of

different thicknesses.
POMS | coz
{micron} | [gpu}
0.087 5900
016 | 4700
023 | 4900
_____ 043 | 3300
085 | 2200
3.2 910
6.5 480
12 280

[0055] Preferably, the thickness of the selective layer is less than 5 micron. The thickness of
the selective layer may be less than 2 micron. The thickness of the selective layver may be less
than 1 micron. The thickness of the selective layer may be less than 0.1 micron. The
thickness of the selective layer may be in the range of between 0.1 and 5 micron.

[0056] The composite membranes all have high CO2/N2 selectivity, indicating that the

reduced permeances are not due to the presence of the support membrane, which may create
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additional resistance to transport. Because support membranes are porous and typically have
no significant gas selectivity, which means that any contribution of the support membwane
resistance to the composite membrane permeance is likely fo reduce the selectivity of the
composite membrane,

{0057} However, there is an alternative mechanism that does not reduce the selectivity, and
does not rely on the support to have any resistance to transport, but maintain its ability to
reduce the permeance of a composite membrane.

{0381 The nonporous part of the support membrane typically has negligible permeability,
which means that molecules permeating the non-porous layer can only exit through the
porous part of the support. Figure 2 shows a cross-section of the idealized structure of a
composite membrane, showing the top layer and the upper part of the porous support with
one surface pore.

{0059] Lonsdale et al recognized that this restriction will increase the pathway length for
diffusion and will increase the velocity of the molecules near the pore opening (the “fimnel”
effect). These two effects combined give the top layer a permeance that is smaller than the
intrinsic permeance of the layer defined in equation (1). However, Lonsdale et al did not
provide accurate magnitude of this effect.

[0060] More recently, Ramon et al have used Computational Fluid Dynamics to analyze the
effect. The support membranes used in these simulations have an “ideal” structure,
consisting of a uniform distribution of pores of equal radivs, The CFD simulations
demonstrated that the lirnited surface porosity of the support membrane reduces the efiective
permeance and that this restrictive effect increases with decreasing selective layer thickness.
Wijmans and Hao performed additional CFD simulations, and were able to accurately

correlate the CFD results with the surface porosity of the support membrane and with the
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relative thickness of the selective layer, defined as the selective layer thickness divided by the
radius of the pores in the support membrane surface. This correlation allows caloulation of
the reduction in permeance without needing to do more CFD simulations. Examples of
permeances predicted for uniform pore size and location through the CFD analysis are given
in Figure 3 for different surface porosities and different surface pore radii.

[0061] Support membranes with higher surface porosity and with small surface pores sizes
can reduce permeance restriction (Figure 3). An important and unexpected result from
additional CFD simulations, performed by Hao et al for non-uniform pore sizes and non-
uniform pore distributions, is that deviations from uniformity even more reduces the
permeance of the composite membrane. Most notably, at constant average porosity and
constant average pore size, the permeance is significantly smaller if the pores are not evenly
distributed over the surface area. The permeance also is smaller if the pores are not uniform
in size.

[0062] The isoporous support membrane may have a surface porosity of between 1%-9%%.
The isoporous support membrane may have a surface porosity of at least 2%. The isoporous
support membrane may have a surface porosity of at least 5%. The isoporous support
membrane may have a surface porosity of at least 10%. Preferably, the isoporous support
membrane may have a surface porosity of at least 20%.

[0063] The isoporous support membrane may have surface pores having a diameter below 1
micron. The isoporous support membrane may have surface pores having a diameter below
0.3 wmicron. Preferably, the isoporous support membrane may have surface pores having a
diameter below 0.1 micron, More preferably, at least 30% of the isoporous support membrane

may have surface pores having a diameter of the size between 0.01-1 micron.
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{00641 A non-uniformn distribution of surface pores suggests that the swrface containg areas
with a porosity ahove the average poresity value and areas with a porosify below the average.
The CFD analysis shows that a decrease in porosity reduces the composite membrane
permeance to a greater exient than an equivalent increase in porosity will increase the
permeance. This can be seen from the shape of the permeance versus porosity lines in
Figure 4 and provides the fundamental reason for why a non-uniform distribution is not
desired in a support for & composite membrane.

[0065] Figure 5 shows four different pore distributions, all with the same average surface
porosity of 5%. IDistributions (a) and (d) are uniform square distributions of pores; the pore
radius in {(d) is double the radius in (a), and both are covered by the correlation disclosed
herein. Distributions (b) and (¢} are not uniform distributions, but are also nol random and
form repeatable patterns for which CFD simulations can be performed easily, Figure 5 gives
the relative permeances for the four distributions, as well as the predicted CO; permeances if
the top layer is a 0.5 micron thick PDMS layer. The sequence {(a} to (b} to (¢} demonstrates
conclusively that a less uniform distribution results in lower permeances. Distribution (d) is
the logical end point of the sequence and has the Jowest permeance. In distribution (d) every
set of four pores has merged into one pore with double radius, which makes it a fully uniform
distribution.

[0066] Uniform distributions in a two dimensional surface are either in a square or in a
hexagonal configuration. In the square configuration, the distance between a pore and each
of its four closest neighboring pores is the same. In the hexagonal configuration, the distance
between a pore and each of its six closest neighboring pores is the same. The same will not
be true for a non-uniform distribution and this offers a way to guantify the difference between

“pon-uniform” and “uniform”. Using the web-based random generator www.random.org to
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generate the coordinates of each pore within a sguare grid, ten different random distributions
of 100 pores are created. The distance of each pore to its fourth-closest neighbor, as well as
the distance to its closest neighbor, and the ratio of the larger distance to the smaller distance
are calculated. Tn any uniform distribution, this ratio is equal to one for every pore.

[0067] Figure 7 shows the ratios for the ten different random distributions; for each
distribution the pores are sorted from the smallest ratio (which cannot be smaller than one} to
the largest ratio. The difference between the random distributions and the uniform
distribution wherein the ratio is at least 1 for all pores in the wiform distribution. In some
cases, the ratio is at least 2 for all pores in the uniform distribution. In some cases, the ratio is
at least 3 for all pores in the uniform distribution. In some cases, the ratio is at least 5 for all
pores in the oniform distribution. In some cases, the ratio is at least 10 for all pores in the
uniform distribution. Preferably, the ratio is at a range between 0.1-20 for all pores in the
uniform distribution.

[0068] Preferably, the distances between one surface pore and its four closesi neighboring
surface pores substantially fulfill the condition that the ratio of the maximum distance to the
minimum distance is smaller than 10. The distances between one surface pore and its four
closest neighboring surface pores substantially fulfill the condition that the ratio of the
maximum distance to the minimum distance is smaller than 3. The distances between one
surface pore and its four closest neighboring surface pores substantially fulfill the condition
that the ratio of the maximum distance to the minimum distance is smaller than 2.

[0069] Preferably, the diameters of the surface pores substantially fulfill the condition thai
the ratio of the maximum diameter to the minimum diameter is smaller than 10, The
diameters of the surface pores substantially fulfill the condition that the ratio of the maximum

diameter to the minimum diameter is smaller than 5. The diameters of the surface pores
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substantially fulfill the condition that the ratio of the maximum diameter o the minimum
diameter is smaller than 3. The diameters of the surface pores substantially fullili the
condition that the ratio of the maximum diamecter to the minimum diameter is smaller than 2.

10070} The density of the surface pores of the isoporous support may be between 1047
pores/em?2-10715 poresiem’. Preferably, the density of the surface pores of the isoporous
support is at least 1078 pores/om®. The density of the surface pores of the isoporous support is
at least 10°10 pores/em?. The density of the surface pores of the isoporous support is at least

10™12 pores/em’.



WO 2020/028079 PCT/US2019/042873

WHAT IS CLAIMED IS:

1.

&

A composite membrane for separating components in a fluid mixture comprising an
isoporous support laver for supporting a nonporous sclective layer of a separating
membrane, the isoporous support layer comprising:
{a) one or more amphiphilie block copolymer; and
(b} a plorality of surface pores having substantially uniform distribution,
wherein a ratio of the maximum distance to the minimum distance
between a surface pore and its closest four neighboring pores 13 smaller
than 3; or
(cya plurality of surface pores having substantially uniform size, wherein a
ratio of the maximum diameter to the minimum diameter is smaller than 5; or
(d) a plurality of surface pores having a density of at least 107§ pores/cm”.
The composite membrane of claim 1, wherein the ratio of the maximum distance to
the minimum distance distances between one surface pore and its closest four
neighboring surface pores is smaller than 2.
The composite membrane of claim 1, wherein the nonporous selective laver is in
contact with the isoporous support layer.
The composite membrane of claim 1, further comprising a gutter layver between the
nonporous selective laver and the isoporous support layer.
The composite membrane of claim 1, wherein the maximum diameter to the minimum
diameter of the surface pores is smaller than 3.
The composite membrane of claim 1, wherein the maximum diameter to the minimum

diameter of the surface pores is smaller than 2.
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~3

10.

i

2.

13.

The composite merobrane of claim 1, wherein the surface pores bave a density of at
least 1072 peres;’cml‘z'

The composite membrane of claim 1, wherein the one or more amphiphilic block
copolymer comprises a structure of the form selected from X-Y, X-Y-X, and X-Y-Z.
The composite membrane of claim 8, wherein X, Y, and Z are selected from a group
of polvmers consisting of polystyrene, poly-4-vinylpyridine, poly-Z-vinylpyridine,
polybutadiene,  polyisoprene,  poly(ethylenestat-butylene),  poly(ethylene-alt-
propylene), polysiloxane, polyvalkyleneoxide, poly-e-caprolactone, polylactide,
polyalkylimethacrylate, polymethacrylic acid, polyaklylacrylate, polyacrylic acid,
polyhydroxyethylmethacrylate, polyacrylamide, poly-N-alkylacrylamide, polysulfone,
polyethersulfone, polyphenylsulfone,  polyetherimide,  pelyvinylidenefluoride,
polyacrylonitrile, cellulose diacetate, cellulose triacetate, and ethyleellulose.

The composite membrane of claim 1, further comprising at least one homo-polymer.

. The composite membrane of claim 1, further comprising at least one random block

copolymer.

The composite membrane of claim 1, wherein the selective layer have a thickness of
fess than 1 micron.
The composite membrane of claim 1, wherein the isoporous support comprises a first

amphiphilic block copelymer layer and a second amphiphilic block copolymer layer.
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14,

15.

16.

18.

27.

28,

29,

30.

The composite membrane of claim 1, wherein the isoporous support layer has a
surface porosity of at least 5%.

The composite membrane of claim 1, wherein the isoporous support layer has a
surface porosity of at least 10%.

The composite membrane of claim 1, wherein the isoporous support layer has a

surface porosity of at least 20%.

. The compeosite membrane of claim 1, wherein at least 30% of the surface pores of the

isoporous support layer have a diameter below (.1 micron.
The composite membrane of claim 1, wherein the fluid mixture is a gas or vapor

mixture.

. The composite membrane of claim 1, wherein the fluid mixture is a liquid mixtuare.

0. The composite membrane of claim 1, wherein the fluid mixture comprises at least

component A and component B.

. The composite membrane of claim 20, wherein component A 1s carbon dioxide.
. The composite membrane of claim 20, wherein component A is helium.
. The composite membrane of claim 20, wherein component A is hydrogen.

. The composite membrane of claim 20, wherein component A is water.

. The composite membrane of claim 20, wherein component A is oxygen.

5. The composite membrane of claim 20, wherein component A is nitrogen.

The composite membrane of claim 20, wherein component A is a hydrocarbon.
The composite menmbrane of claim 20, wherein component A is sulfur dioxide,
The composite membrane of claim 20, wherein component A is hydrogen sulfide.

A process for separating two components, A and B, of a fluid mixture, comprising:
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{a} passing the fluid mixture across a separation membrane having a feed side
and a permeate side, the separation membrane comprises a nonporous selective laver
and an isoporous support layer, wherein the isoporous support layver comprises an
amphiphilic block copolymer and contains surface pores having substantially uniform
distribution, wherein a ratioc of the maximum distance to the minimum distance
between a surface pore and its four closet neighboring pores is smaller than 3;

{b) providing a driving force for transmembrane permeation;

{c) withdrawing from the permeate side a fluid permeate siream enriched in
component A compared to the fluid mixture; and

(d) withdrawing from the feed side a fluid residue siream depleted in

component A compared to the fluid mixture.
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