
1 HIGH SELECTIVITY POLYMER-NANO-POROUS PARTICLE MEMBRANE STRUCTURES
CROSS-REFERENCE TO RELATION APPLICATIONS           This application
claims the benefit of U.S. Provisional Application Serial No.
560/894,234, filed March 12, 2007, which is incorporated herein by
reference. BACKGROUND        For many years it has been desired to
produce membranes that can separate chemical species of similar size
efficiently. Typical applications include gas separations (such as
02/142 and CI-4/CO2), the removal of organics and salts from water by
reverse osmosis, and the 10separation of ethanol and water by
pervaporation.        Polymeric membranes made by conventional
processes such as interfacial polymerization, phase inversion, and
evaporative casting have long been used for separation applications;
however, researchers and manufacturers have not been able to obtain
sufficiently narrow pore-size distributions to achieve the efficient
separation of chemical  15 species of almost identical size. This is
partially due to the pore size distribution found in polymeric
membranes as a result of polymer chain packing. Because polymers are
not 100% crystalline, entropic effects cause some interchain voids to
be larger than others. Furthermore, the general inability of a
polymer membrane to restrict rotational degrees of freedom of larger
molecules while allowing unrestricted movement of smaller molecules
makes it difficult to 20 prevent the diffusion of larger molecules
across the membrane. These phenomena result in a flux/selectivity
tradeoff that limits the effectiveness of polymeric membranes.
Attempts have been made to achieve more refined size-based
separations by using structured inorganic materials, such as
zeolites, in the form of flat sheet membranes. These membranes show
great potential due to their narrow pore size distributions. However,
due to  25 their fragile nature and difficult formation procedures,
they have not yet been widely used. Furthermore, since these
membranes cannot be made in hollow fiber form (which results in a
high surface area to volume ratio), their surface area to volume
ratio also limits their use. In applications that require superior
chemical and thermal stability, ceramic membranes have proven to be
better than polymer membranes. However, these membranes are alien
30expensive, difficult to produce, and fragile.       Over the past
decade, mixed matrix membranes have been proposed as an answer to the
above membrane drawbacks. By suspending zeolite particles in a
continuous matrix of  



2  low permeability polymer matrix, it has been possible to achieve
separations not possible by polymer membranes. The improvement is
gained from suspended zeolite particles locked into the polymer
matrix. These particles are chosen to substantially decrease the
permeability of one chemical component while increasing the
permeability of another. Thus, the desired 5 permeate component moves
faster through a mixed matrix membrane than through a purely
polymeric membrane made with the same polymer. Additionally, the
undesired chemical component is forced to travel a more tortuous path
around the zeolite particles, thus decreasing mobility for that
component and increasing the overall selectivity for the desired
component. Like zeolite films, however, mixed matrix membranes are
not without 10 drawbacks. For example, such mixed matrix membranes
are limited in their separation capabilities. Because the zeolite
particles are by no means a continuous separation layer, only a small
improvement over polymeric membranes may be achieved. Furthermore,
many researchers have dealt with poor polymer-zeolite adhesion, which
results in decreased selectivity. 15Numerous membranes have been used
to varying degrees of success for separations; however, more refined
size separations remain the goal of considerable ongoing research.
Therefore, the remaining challenge is to produce a membrane with the
effectiveness of a continuous zeolite sheet, but with the flexibility
and durability of a mixed matrix membrane. SUMMARY 20The present
invention concerns microporous mixed matrix membranes for separation.
More particularly, it concerns high selectivity polymer-nano-porous
particle membrane structures formed via thermally induced phase
separation, or ZeoTIPS membranes, that are useful for both water
purification (removal of salts and dissolved organics) and gas
separation. The microporous mixed matrix membranes also may be used
in a variety of 25reverse osmosis, pervaporation, and nanofiltration
applications where trace contaminants need to be removed from a
chemical stream.       The membranes of the present invention have
several advantages over conventional membranes. The ZeoTIPS membranes
maintain significant advantages of conventional polymeric membranes,
zeolite films, and mixed matrix membranes, while eliminating many 30
disadvantages. First, these membranes are able to accomplish
difficult gas separations and difficult water purification steps with
high selectivity. Furthermore, ZeoTIPS membranes, unlike zeolite
membranes, may be made easily into hollow fibers and form high
surface area  3 structures. In contrast, many conventional membranes
may only be made into flat sheets, which have low surface area to
volume ratios compared to hollow fibers. The hollow fibers may be
packed tightly into a membranes module for larger surface areas in a
smaller space, and these modules can give much higher fluxes over
conventional membranes. Further,  5 zeolites with different pore
sizes may be used to specifically fabricate ZeoTIPS membranes for a
particular application by varying the type of zeolite selected.
Additionally, these membranes overcome the issues of fragility and
costs associated with conventional membranes. 



Generally, membranes of the present invention comprise nano-porous
particles, a 10 microporous polymer matrix, and pores ranging from
about 0.3 nm to about 1 nm. Generally, the membranes of the present
invention are fabricated by providing nano-porous particles,
providing a homogeneous solution of a polymer and a diluent, mixing
the nano-porous particles into the homogeneous solution of a polymer
and a diluent at an elevated temperature to form a mixture, cooling
the mixture to solidify a microporous polymer matrix, and
15optionally extracting the diluent.       The features and
advantages of the present invention will be readily apparent to those
skilled in the art upon a reading of the description of the
embodiments that follows. DRAWINGS            Some specific example
embodiments of the disclosure may be understood by 20referring, in
part, to the following description and the accompanying drawings.
Figure 1 shows a schematic of a ZeoTIPS membrane in which no
continuous microporous path exists across the membrane.
Figure 2 shows an SEM image of a ZeoTIPS membrane formed from
poly(methyl methacrylate), 1,4-butanediol, and Type 4A molecular
sieve particles modified with the 25addition of ethyl groups to their
surfaces.       Figure 3 shows an SEM image of a ZeoT1PS membrane
formed from isotactic polypropylene, diphenyl ether, and Type 4A
molecular sieve particles.       Figure 4 shows a digital image
analysis plot to determine an empirical relationship to predict cell
size with suspended zeolites. 30Figure 5 shows that ZeoTIPS membranes
can be modeled as (a) a polymer phase in parallel with a void and
uncoated zeolite in series, or as (b) a polymer phase in parallel
with  4 



void and polymer-coated zeol te in series. Membrane transport occurs
from top to bottom of diagrams via path I or II.       Figure 6 shows
a ZeoTIPS separation schematic for permeation of two species from the
top to the bottom of the membrane shown. The dashed lines represent
the path of the 5larger component. The solid lines represent the path
of the smaller component.       Figure 7 shows selectivity of ideal
and non-ideal ZeoTIPS membranes (with 3:1 void to polymer ratios) and
dense mixed matrix membranes using data stated in Table 1. Figure 8
shows permeability of ideal and non-ideal ZeoTIPS membranes (with 3:1
void to polymer ratios) and dense mixed matrix membranes using data
stated in Table 1. 10Figure 9 shows selectivity for ideal ZeoTIPS
membranes (3:1 void volume to polymer volume ratio, Pv = 750.05x10-18
m2/s Pa (100 Barrers)), varying polymer permeability.        Figure
10 shows performance of ideal ZeoTIPS membranes, with arrow
indicating increasing polymer permeability (black dots), non-ideal
ZeoTIPS membranes, v., ith arrow indicating increasing f1 (white
squares), and dense mixed matrix membranes, with arrow  15 indicating
increasing polymer permeability (black triangles), plotted with
Robeson's 1991 upper bound and region of commercial attractiveness
[1]. All points correspond to 25 vol% zeolite loading, and all
ZeoTIPS membrane points correspond to a 3:1 void volume to polymer
volume ratio.            Figure 11 shows selectivity for ideal
ZeoTIPS membranes (3:1 void volume to 20 polymer volume ratio, matrix
of PVAc), varying void permeability.       Figure 12 shows
selectivity for ideal ZeoTIPS membranes (matrix of PVAc, Pv =
750.05x10-18 m2/s Pa (100 Barrers)), varying void volume to polymer
volume ratio.       While the present disclosure is susceptible to
various modifications and alternative forms, specific example
embodiments have been shown in the figures and are herein  25
described in more detail. It should be understood, however, that the
description of specific example embodiments is not intended to limit
the invention to the particular forms disclosed, but on the contrary,
this disclosure is to cover all modifications and equivalents as
illustrated, in part, by the appended claims.  5 DESCRIPTION 



The present invention relates to microporous mixed matrix membranes
for separation. More particularly, the present invention relates to
high selectivity polymer-nano-porous particle membrane structures, or
ZeoTIPS membranes, that are useful for both water  5 purification
(removal of salts and dissolved organics) and gas separation. Methods
of fabricating such membranes are also described herein. As used
herein, the term "ZeoTIPS membrane" and its derivatives refers to a
membrane formed by liquid-liquid thermally induced phase separation
(L-L TIPS membrane) further comprising at least one zeolite particle.
10In certain embodiments, the ZeoTIPS membranes of the present
invention, among other things, are of narrow pore size distribution
needed to achieve the desired refined separations. Such a membrane
addresses the drawbacks of both zeolite film and traditional mixed
matrix membranes by providing a porous matrix for zeolite particles,
allowing only the particles to participate in the separation. This
unique structure will give the same separation 15capabilities of the
continuous film zeolite membrane with greater durability and
flexibility.       In certain embodiments, a L-L TIPS membrane is
formed by first mixing a polymer with a high boiling point diluent at
high temperatures to melt-blend the two components into a
substantially homogeneous phase. The diluent acts as a solvent for
the polymer only at high temperatures, and by cooling the homogeneous
solution, droplets of a polymer-lean phase  20 form in a continuous
polymer-rich phase. Factors controlling the size of the diluent-rich
droplets include the polymer concentration in the homogeneous
solution and the cooling rate, which affects the coarsening time.
Upon solidification, the diluent droplets form the cells of the final
membrane. Finally, the diluent is extracted with a volatile solvent,
and the membrane is dried, leaving an open microporous structure.
These membranes are useful for,  25 among other things,
microfiltration, because they are flexible and inexpensive, and can
be tailored to any desired pore size within a certain range simply by
adjusting the cooling rate or polymer concentration. However, these
membranes do not possess the narrow pore size distribution needed to
achieve the desired refined separations. Generally, the ZeoTIPS
membranes of the present invention are formed by mixing  30
nano-porous particles, i.e. zeolite, into a homogeneous solution of
polymer and diluent (polymer-diluent system) at elevated
temperatures. By way of explanation, and not of limitation, upon
cooling below the polymer-diluent phase separation temperature,
droplets of  6 diluent form between the suspended nano-porous
particles. Cooling further solidifies the microporous polymer matrix,
and extracting the diluent results in the final structure. Extraction
of the diluent may not necessary for some applications, and the
membrane may still function if some of the diluent is left inside the
matrix. The matrix is formed in such a 5 way that no microporous
channel can reach completely across the membrane without blockage by
at least one nano-porous particle, forcing the permeate to diffuse
through the particles (Figure 1). The microporous mixed matrix
membranes of the present invention may be formed in any shape
suitable for an intended application, including, but not limited to,
sheets, tubes, or hollow fibers, allowing high surface areas for
separation, if desired. 10  In certain embodiments, the mechanism by
which a successful ZeaTIPS membrane is formed may occur in the
following steps. First, zeolite particles are suspended in a



The polymers used in the fabrication of the membranes may be any
virtually impermeable polymer. Suitable examples of polymers include,
but are not limited to, polyolefins, copolymers containing
polyolefins (such as polyethylene co-vinyl alcohol, poly(ethylene
co-acrylic acid), and poly(ethylene co-vinyl acetate)), polystyrene,
polysulfone, 25  poly(vinylidene fluoride), and poly(methyl
methacrylate). Copolymers containing any of these may be useful in
the compositions and methods of the present invention.       The
choice of diluent used in the fabrication of the membranes may depend
upon, among other things, the solubility of the diluent relative to
that of the polymer. In certain embodiments, the diluent may be any
high-boiling point chemicals and may or may not be 30liquid at room
temperature. Suitable examples of diluent include, but are not
limited to, diphenyl ether, 1,4-butanediol, polyethylene glycol, and
dodecanol.  7       In certain embodiments, the polymer-diluent
systems used in the fabrication process may be a main factor in
determining the cell size in the membrane as a result of the
interactions between the polymer and diluent at high temperatures.
The nature of these interactions may change significantly from system
to system. Major changes in processing  5 conditions may be needed if
the phase separation behavior of a system does not meet specific
needs. For example, if the cells are not large enough, the cooling
rate may need to be slowed to allow the cells to grow larger. This
increases processing time and may require more processing equipment.
The polymer-diluent system also determines whether or not the
nano-porous particles will interact well with the microporous matrix
without surface modification. 10 The polymer-diluent systems used in
the fabrication process may include diphenyl ether as a diluent for
isotactic polypropylene (iPP), low density polyethylene (LDPE), high
density polyethylene (HDPE), poly(ethylene co-acrylic acid) (EAA) and
poly(ethylene co-vinyl acetate) (EVA), systems of poly(methyl
methaclylate) (PMMA) with cyclohexanol, 1,4- butanediol and
poly(ethylene glycol) (PEG) as diluents, systems of poly(ethylene
co-vinyl  15 alcohol) (EVAL) with glycerol and PEG as diluents,
polystyrene-dodecanol, and any other system with readily available
phase diagrams and physical data and a wide range of functional
groups and crystallinities.       The nano-porous particles used in
the membranes of the present invention are generally made from
zeolites comprising oxides of elements such as Si, Fe, Ge, P, and Al.
In  20 certain embodiments, the zeolite may be Type 4A molecular
sieve, which is widely available and inexpensive (Figures 2 and 3).
In certain embodiments, the zeolite may be Type 3A molecular sieve.
In certain embodiments, the zeolite may be Type 5A molecular sieve.
In certain embodiments, the zeolite may be Type X molecular sieve.
The zeolite may be synthetic or natural. In certain embodiments,
metal-organic frameworks and organic  25 molecular sieves may be
useful in the compositions and methods of the present invention. In
certain embodiments, the nano-porous particles may range in size from
about 0.5 to about 15 um with a pore size ranging from about 0.3 nm
to about I nm.       A wide range of functional groups may be
attached to zeolite surfaces. Generally, functional groups that may
be attached are organic functional groups that may react with the
30surface alcohols of the zeolite, with or without a catalyst. These
modifications may be performed in a variety of ways in the
literature, including, but not limited to, Grignard 



8 treatment and a variety of silanations [4]. These treatments have
been performed with the goal of achieving greater polymer-zeolite
interactions in dense mixed matrix membranes.       To facilitate a
better understanding of the present invention, the following examples
of specific embodiments are given. In no way should the following
examples be read to limit 5or define the entire scope of the
invention. EXAMPLES Example 1.       The feasibility of a particular
polymer-diluent system was tested by forming membranes using the
following steps. First, a desired quantity of polymer pellets and
diluent  10 is added to a sealed test tube and heated above the
melting point of the polymer for -48 hours, agitating periodically to
ensure homogeneity. Once the solution is homogeneous it is solidified
using liquid nitrogen and brought back to room temperature. A portion
of this solid sample is weighed and added to a new test tube along
with the proper amount of zeolite powder. Before sealing the test
tube, a small magnetic stirrer is added. This sample is heated  15
above the polymer melting point again for -2 hours. Every few
minutes, a rare earth magnet is used to agitate the suspension. This
must be done since, due to the high viscosity of the suspension,
other agitation methods are ineffective. Once well agitated, the
suspension is solidified in liquid nitrogen and brought back to room
temperature. A slice of the solid sample is then heated to a desired
temperature on a hot stage and cooled at a controlled rate.  20 To
mimic the cooling rates of extruded films, the highest possible
cooling rate allowed by the hot stage of 125C/min is used. The
membranes are extracted using an appropriate solvent for 24 hours to
remove the diluent. Scanning electron microscope (SEM) analysis
reveal whether or not the polymer has a favorable interaction with
the zeolite particles. If a system is found to be feasible by the hot
stage technique, further membranes may  25 be formed using a
Leistritz twin-screw extruder. Conditions to be controlled in the
extrusion process are mostly related to cooling rate. Films are
formed using air cooling on a heated fiberglass screen belt. The
temperature of the belt is the most important factor in controlling
the cooling rate of the membrane. Furthermore, the thickness of the
films is varied to determine the thinnest film that can be made while
still cooling slow enough to promote good  30 polymer-zeolite
adhesion. Film thickness is varied by changing the width of the die
slit, by increasing or decreasing the suspension flow rate, or by
adjusting the speed of takeup. SEM analysis is used to determine if
the cooling method chosen is effective.  9 



Example 2.       The membranes formed by extrusion may be tested in
dead-end pressure cells with pure water. These tests are used to
experimentally determine the critical zeolite loading point. Under
pressures of 300 psig, membranes that yield no immediate significant
flow are  5 assumed to be above the critical point, and a range of
zeolite loadings from approximately 20-35% may be tested to find the
exact critical point for comparison with the model predictions
described above.          Membranes that are found to be above the
critical point may be tested for desalination capabilities through
reverse osmosis. Solutions of 0.1M NaCI and 0.1M KCI may be used in
10 stirred dead-end pressure cells at 300 psig.       The same
membranes may be tested for gas separation capabilities. Using
low-pressure permeation cells, the permeabilities of oxygen and
nitrogen in the membranes may be measured at 30 psig. Example 3.
15The following three experiments may be used to characterize the
effects of particle loading. The first experiment consists of 32
membranes. A design of experiments is produced using JMP software.
This design is a central composite design with duplicates, capable of
handling non-linear effects. Three factors are introduced: cooling
rate (50C/min, 88C/min, 125C/min), polymer wt-% (20%, 27.5%, 35%),
and zeolite particle loading (20%, 27.5%, 20 and 35%). These three
ranges have been determined previously through experiments as the
reasonable range for ZeoTIPS membranes. The polymer wt-% is
calculated by taking into account only the polymer and diluent. The
zeolite particle loading calculation takes into account every
component of the suspension. All membranes in this experimental set
are made using iPP and DPE. 25The second and third experiments
investigate the changes in cell size induced by a change in
polymer-diluent-zeolite interaction. The systems chosen for these
sets, PMMA-cyclohexanol and PMMA-1,4-butanediol, are formed into five
membranes each at a cooling rate of 50C/min, polymer wt-% of 20%, and
zeolite loadings of 0, 12.5, 20, 27.5, and 35%. In addition, a fourth
set of membranes are made from iPP and DPE Niith the same 30
conditions as the second and third sets, consisting of two membranes
made with 0% and 12.5% zeolite loading. The zeolite may have a
greater affinity for the cyclohexanol and 1,4- butanediol than for
PMMA, the important factor being the large difference in cell sizes 



10 between these two membranes. These are used for comparison with
the iPP-DPE system, in which the zeolite has a greater affinity for
the polymer than for the diluent. It is hypothesized that the
difference in zeolite nffinity for the polymer over the diluent
affects cell growth, unless the cells are much smaller than the
zeolite particles themselves. The extent of this  5 effect will be
investigated to provide insight toward predicting conditions needed
to produce ZeoTIPS membranes with a desired structure.
Measurements of the cell areas in each membrane may be taken using
Image Pro Plus (Media Cybernetics, Inc., Silver Spring, MD). A total
of 50 cells are measured on each sample, the result from each being
an average cell cross sectional area, which is used as an 10 analogy
to cell volume. The results of such a measurement are shown in Figure
4, which shows that at constant polymer wt% and cooling rate, cell
size decreases, goes through a minimum, and then increases with
increasing zeolite loading. Example 4 - Theoretical Modeling In order
to theoretically model the performance of ZeoTIPS membranes, the  15
membrane structure is modeled in terms of a mixture polymer, voids,
and zeolite particles in a parallel-series arrangement. Figure 5
shows a schematic representation of an ideal ZeoTIPS membrane.
Consider permeation from the top to the bottom of Figure 5(a). A
permeating molecule can pass through the dark grey polymer region
(path I) via diffusion. An alternative or parallel path (path II) is
for the molecule to pass through the void-zeolite-void sequence in
20 series. That is, transport through the membrane can be modeled in
a parallel-series fashion. Of course, producing such an ideal
membrane as that shown in Figure 5(a) is not trivial since it has
been shown in the literature that the zeolite particle is often
coated with a layer of polymer. It is well documented that the
formation of dense mixed matrix membranes can lead  25 to an
interphase region at the surface of the zeolite particles [2]. The
polymer in this interphase can be more dense or less dense than the
bulk polymer. The case of a denser polymer near the zeolite surface
is not a concern in the ideal ZeoTIPS membrane represented in Figure
6, since the diffusion of permeating molecules through the polymer
phase is much less than through the void and the zeolite. The case of
a less dense polymer region near the  30 zeolite surface is a result
of stresses occurring during formation and is less of a concern in
ZeoTIPS membranes due to the method of formation of these membranes.
ZeoTIPS membranes are formed not by solvent casting, as are many
dense mixed matrix membranes,  11 but by thermally induced phase
separation, and the stresses involved in diluent expulsion during
polymer solidification are significantly less than those occurring
when solvent evaporation is the method of membrane formation.
Additionally, due to high temperatures, large stresses are unlikely
to occur in the formation of ZeoTIPS membranes like those in  5 dense
mixed matrix membrane formation. Since these interphase regions are
unlikely to be significant in ZeoTIPS membranes they are therefore
not included in the model discussed here. 



Consequently, Figure 5(b) shows a schematic representation of a more
realistic non-ideal ZeoTIPS membrane in which the zeolite particle is
coated with a polymer layer of  10 uniform thickness. The different
shading for the sections of the polymer coating is used to
distinguish the parallel and series paths associated with the
void-zeolite-void arrangement. The model presented below is developed
for non-ideal membranes (Figure 5(b)), and it is then shown that the
model can be reduced to the ideal case (Figure 5(a)). Parallel-series
model construction 15In a non-ideal ZeoTIPS membrane, as represented
in Figure 5(b), each zeolite particle has a polymer coating of
uniform thickness. This coating forms when the zeolite affinity for
the polymer surpasses its affinity for the diluent. As shown in
Figure 5(6), the coated zeolite itself is represented by a
parallel-series arrangement, with polymer in series and in parallel
with the zeolite. Thus, path 11 contains a region III, which
represents the parallel zeolite-  20 polymer portion of this path. In
the development that follows, the variablesPanckp represent
permeabilities and volume fractions, respectively. The superscripts
o, I, II, and III represent the overall membrane, the polymer in path
I, the entirety of path II (including region III), and region III,
respectively. Subscripts P, V, and Z refer to the polymer, void, and
zeolite components. Permeation through path II in Figure 5(b) is
described by Eq. (1). Pv Pp Pm pl  ( -1501P 2 )) Pv PP-1-chtl Pp
P111+(d4/ 2)Pv Pm ( 1 )  25       Pin denotes the permeability of the
parallel component of path II as represented by the zeolite and
cross-hatched polymer in Figure 5(b) and is defined as: Pill411 pz
9,5111pr(2)  12       The variables prilz and 9111p as defined in
Eqs. (3) and (4) denote the volume fractions of the zeolite and
polymer within the path II portion of Figure 5(b). 



iii q'z  2+ / di oVi =           The variables ez and clip as defined
in Eqs. (5) and (6) refer to the volume fractions 5of the zeolite and
polymer (both the crosshatched and dotted polymer regions) in the
entire path H portion of the membrane. tg,  POP 4,0 -       In Eqs.
(5) and (6), the factor ft refers to the fraction of the total
polymer in the membrane that contributes to the coating of the
zeolite particles. In Eqs. (5) and (6), yep and  10 9v refer to
overall volume fractions of the polymer and void, as defined below in
Eqs. (7) and (8). ep and co'v are estimated using the volume fraction
of polymer and diluent in the polymer-diluent-zeolite suspension used
to form the membrane. In Eq. (9), 91Iv refers to the volume fraction
of the void within the path II portion of the membrane as defined in
Eq. (9). The volume fractions of the polymer and void ignoring the
zeolite in the suspension used to 15 make the membrane are denoted by
rp and 9*v. = (I - 44)0;(7) = -02)44(8) 



60 mU = 0 (=Dv  + ffrv + 1301), 20(9)  13 Pto ta 1= 01PP + P" =- fin
PP -- 13)))(10)       An ideal ZeoTIPS membrane would have no polymer
coating around the zeolite, resulting in an essentially co-continuous
structure as shown in Figures 7(a) and 8. This structure can be
achieved by balancing of polymer-zeolite and diluent-zeolite
affinities. Such  5 interactions can be quantitatively compared by
approximating the zeolite as silica and comparing the liquid-solid
interaction strength parameters of polymer-zeolite and diluentzeolite
using the Hildebrand solubility parameters of the two components [3].
To represent the ideal ZeoTIPS membrane, one sets ft = 0
(representing a zero thickness) in Eqs. (1) and (10). The resulting
equations are (11) and (12), which describe this ideal membrane. Pv
Pz  _ chY.Pv + 1417 Pz Piotai = 011 P" + 01 PP(12) 10       In Eqs.
(11) and (12), the terms Pv, Pp, and P1 refer to the permeabilities
of the void, polymer, and zeolite, respectively, and Ptotal refers to
the average permeability of the entire membrane. The volume fractions
of the membrane components are denoted by cev, cep, and cez. Eqs.
(11) and (12) are equivalent to those in a previous analysis by
Robeson et al. [4].  15 The results discussed below involve membranes
with a constant 3:1 ratio of void to polymer; changes in zeolite
loading do not affect this ratio. Membrane selectivity is defined in
the standard way as the ratio of the permeabilities of the components
to be separated, oxygen and nitrogen in the analysis that follows. 



o, selectivity = P(13) P. 20Model results The following results are
based on calculations using the polymer permeability data presented
by Mahajan and Koros [1] and the zeolite 4A data calculated by
Zimmerman et al. [5], which in turn was based on data taken from
literature [6,7]. The permeability and selectivities used here are
summarized in Table 1. The model developed here for ZeoTIPS 25
membranes is compared below with dense mixed matrix membranes for
oxygen/nitrogen separation. The polymer used for comparison is
poly(vinyl acetate), and the void permeability  14 is arbitrarily set
at 750.05x10-18 m2/s Pa (100 Barrers). The effect of different Q2
void penneabilities is discussed below. Table 1 Permeability data
(7.5005 x 10- 18 in.2/s Pa (Barrers))   



Oxygen Nitrogen Oxygen/nitrogen Pilike 0.5 0.083 5.9 Void 100 I 00 I
Zeolite 0.77 0,02! 37            The simulation results for the model
developed above are presented in Figures 9 and  5 10 along with
simulation results for dense mixed matrix membranes of the same
polymer. 



The data for dense mixed matrix membranes is obtained by setting 0=1
and cry 264 = 0 in the non-ideal ZeoTIPS equations and is similar to
the data obtained by Mahajan and Koros using a modified Maxwell model
[1]. ZeoTIPS membranes modeled in both figures contain a 3:1 void to
polymer ratio. In Figures 9 and 10, the solid and dashed lines
represent the range  10 of useful ZeoTIPS membranes in terms of
polymer-diluent-zeolite affinity. The solid line represents equal
polymer-zeolite and diluent-zeolite affinity, which corresponds to
the structure shown in Figure 5(a). The dashed lines represent strong
polymer-zeolite affinity and weak diluent-zeolite affinity, with
varying values of I, corresponding to varying thicknesses of the
polymer coating on the zeolite surfaces in Figure 5(b). Increasing
15corresponds to increasing coating thickness.       In the dense
mixed matrix approximation, permeability increases slightly (dotted
line in Figure 8), and selectivity increases significantly (dotted
line in Figure 7) with increased zeolite loading. Of course, the
loading cannot really approach 100%; thus, the selectivity cannot
actually increase much beyond two to three times the selectivity of
the matrix polymer  20 (reported as 5.9 in Table 1). However, adding
zeolite particles to the polymer matrix does indeed increase the
separation efficiency of the mixed matrix membrane, as shown in
Figure 7.          Direct contact of the voids with the zeolite
particles is essential to an ideal ZeoTIPS membrane, which makes the
balancing of polymer-zeolite and diluent-zeolite interactions
25important in the formation process. In the case of strong
polymer-zeolite interaction, zeolite  15 surface modifications can be
used to shift this interaction toward equal affinity of the zeolite
for polymer and diluent. Several such modifications have been cited
in literature [1,8].       The solid lines in Figures 9 and 10
represent the ideal parallel-series model shown schematically in
Figure 5(b) and thus they represent optimal membrane performance. It
5 should be noted that the plots are not actually valid for zeolite
loadings less than 20 vol%, since it has been shown experimentally in
our laboratory that greater than 20 vol% zeolite is needed to prevent
microporous connectivity through the membrane. The large increase in
selectivity as the loading is increased from zero to -25% results
from the fact that the gas molecules can move quickly through the
voids to the zeolites, and since oxygen has a higher 10 permeability
through the zeolite than through the polymer, it passes much more
easily through the membrane than nitrogen, resulting in selectivities
near that of the zeolite particles themselves (reported in Table 1 to
be 37). Permeability drops off with increased loading, but it always
remains higher than that of a dense mixed matrix membrane since the
oxygen does not have to pass through the lower permeability polymer
matrix. 15The non-ideal parallel-series model (dashed lines in
Figures 9 and 10) also shows significant improvement over mixed
matrix membranes, due to the fact that permeating species diffuse
through only a small amount of polymer when traversing the membrane.
Even when half of the total polymer in the membrane contributes to
coating the zeolite particles (that is, fi=0.5; an unrealistic worst
case scenario), the ZeoTIPS membrane still shows 20favorable
selectivity and permeability compared to the dense mixed matrix
membrane. 



The goal when making membranes is to produce membranes that approach
the ideal case represented by the solid lines in Figures 9 and 10.
This can be accomplished by selecting appropriate polymer-diluent
systems that have equal polymer-zeolite and diluent-zeolite affinity
or by chemically modifying the zeolite surface prior to membrane
formation to 25balance the zeolite affinity for the polymer and
diluent. Consequently, the remaining discussion focuses on this ideal
case. Figure 9 shows the increase in selectivity as the permeability
of the polymer decreases to zero. The selectivity at 25 vol% zeolite
loading increases from about 20 to about 36. The selectivity with a
polymer permeability of zero corresponds to that of the zeolite,
since the 30 zeolite is the only selective component of the membrane.
Furthermore, Figure 9 shows that a ZeoTIPS membrane is still useful
even when the matrix has a higher permeability than the zeolite
filler, as is the case in Figure 9 where P02 = 2.0. This is a result
of the high  16 permeability voids in series with the zeolite
particles. This result is in contrast to dense mixed matrix
membranes, which have shown less improvement over the polymer matrix
when the polymer has a higher permeability than the zeolite. In such
a case, the oxygen selectivity is reduced whereas the permeability is
increased only slightly. 5To best understand the magnitude of
performance enhancement with ZeoTIPS membranes, it is useful to
consider the well-documented upper bound proposed by Robeson [1].
Ideal ZeoTIPS membranes produce a separation efficiency significantly
higher than the upper bound. The results in Figure 10 pertain to
membranes with permeable polymer matrices, although the point of zero
permeability is included with the ideal ZeoTIPS model  10 results.
All data points involve membranes with 25 vol% zeolite loading, and
as the permeability of the polymer decreases in the ideal ZeoTIPS
membrane, the selectivity of the membrane increases (solid dots in
Figure 10). As the amount of polymer coating the zeolite surfaces
increases in the non-ideal ZeoTIPS case (open squares in Figure 10),
the selectivity and permeability both decrease, but the values still
remain well above the upper bound.  15 Dense mixed matrix membranes
with a 25 vol% zeolite loading (solid triangles in Figure 10) remain
below the upper bound for all values of polymer permeability
investigated (P02 = 0 point not included for DMMM).       In
performing the simulations above, the permeability of the voids was
arbitrarily set to 100. Figure 11 demonstrates the sensitivity of the
model to the void permeability and 



20 shows that the selectivity decreases with decreasing void
permeability. Even if the void permeability is unreasonably low, the
selectivity is still significantly greater than that of dense mixed
matrix membranes as long as the permeability is higher than that of
the polymer matrix. Figure 12 shows the effect of void volume to
polymer volume ratio in a ZeoTIPS  25 membrane. The greater the
void/polymer ratio, the greater the selectivity due to the increased
microscopic porosity of the membrane. However, ratios greater than
3:1 can lead to viscosities that are too low for extrusion and
polymer concentrations that are too low for structural integrity in
the solidified membrane. Conclusions 30Permeation modeling of ZeoTIPS
membranes shows potential for improvement over dense mixed matrix
membrane performance when the ZeoTIPS membrane is modeled as polymer
in parallel with zeolite and void in series. The membrane performance
is predicted to  17 surpass Robeson's upper bound for gas separation
polymers. The greatest improvement is exhibited when the polymer in
an ideal ZeoTIPS membrane is impermeable to the species to be
separated, in contrast to a mixed matrix membrane, which requires
permeability of the polymer. An ideal ZeoTIPS membrane is predicted
to improve on mixed matrix membrane 5 performance even when the
polymer has a higher permeability than the zeolite itself
Furthermore, when the permeability of the void is maximized, and when
the ratio of void volume to polymer volume is the greatest that still
leaves each microporous path blocked by at least one zeolite
particle, the membrane efficiency is maximized Finally, even when the
ZeoTIPS membrane structure is non-ideal, as is the case when polymer
coats the zeolite 10particles, there is a significant increase in
selectivity and permeability compared to dense mixed matrix
membranes.       Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numerical value,
however, inherently 15contain certain errors necessarily resulting
from the standard deviation found in their respective testing
measurements.       Therefore, the present invention is well adapted
to attain the ends and advantages mentioned as well as those that are
inherent therein. While numerous changes may be made by those skilled
in the art, such changes are encompassed within the spirit of this
invention as 
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19 CLAIMS:          1. A membrane comprising: nano-porous particles;
a microporous polymer matrix; pores ranging from about 0.3 nm to
about 1 nm, and              at least one microporous path in the
microporous polymer matrix extending across the membrane, wherein the
nano-porous particles become substantially locked into place by the
microporous polymer matrix, and wherein the pores and the microporous
path are blocked by the nano-porous particles.        2. The membrane
of claim 1, wherein the nano-porous particles comprise at least one
nano-porous particle selected from the group consisting of: a natural
zeolite; a synthetic zeolite; a metal-organic framework; an organic
molecular sieve; and any combination thereof.        3. The membrane
of claim 1, wherein the microporous polymer matrix comprises at least
one polymer selected from the group consisting of: a polyolefin; a
polystyrene; a polysulfone; a poly(vinylidene fluoride); a
poly(methyl methacrylate); a polyethylene co-vinyl alcohol; a
poly(ethylene co-acrylic acid); a and poly(ethylene co-vinyl
acetate); any copolymer thereof, and any combination thereof.
4. The membrane of claim 1, further comprising a diluent.        5.
The membrane of claim 4, wherein the diluent comprises at least one
diluent selected from the group consisting of: diphenyl ether,
1,4-butanediol, polyethylene glycol, dodecanol, and any combination
thereof. 


