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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 resulis n 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 beiler than polymer membranes. However, these membranes are ofien

30  expensive, difficult to produce, and fragile.

Over the past decade, mixed mafrix membranes have been proposed as an answer to

the above membrane drawbacks. By suspending zeolite particles in a comtinuous matrix of
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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



General |y, menbranes of the present invention conprise nano-porous
particles, a 10 m croporous polynmer matrix, and pores ranging from
about 0.3 wewes/AbBot 1 nm Generally, the nmenbranes ofPQIES2pIsesent
i nvention are fabricated by providi ng nano-porous particles,
provi di ng a honogeneous sol ution of a polynmer and a diluent, m xing
t he nano-porous particles into the honbgeneous sol ution of a pol ymer
and a diluent at an elevated tenperatdre to forma m xture, cooling
the m xture to solidify a m croporous polynmer matrix, and
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to form a mixture, cooling the mixture to solidify a microporous polymer mafrix, and
15  optionally 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
20  referring, in part, to the following description and the accompanying drawirigs.
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
25  addition of ethyl groups to their surfaces.
Figure 3 shows an SEM image of a ZeoTIPS 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.
30 Figure 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



voi d and pol yner-coated zeol te in series. Menbrane transport occurs
fromtop to bottomof diagrans via path | or I1. Figure 6 shows
a ZeoTl PS W&APHMIIRBA schematic for perneation of two spREies20§8/05663¢ he
top to the bottom of the menbrane shown. The dashed |ines represent
the path of the 5l arger conponent. The solid |ines represent the path
of the smaller conponent. Figure 7 shows selectivity of ideal
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dense m xed matrix nmenbranes using data stated in Table 1. Figure 8
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Figure 11 shows selectivity for ideal ZeoTIPS membranes (3:1 void volume to
20 polymer volume ratio, matrix of PV Ac), varying void permeability.
Figure 12 shows selectivily for ideal ZeoTIPS membranes (mairix of PVAc, Py =
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.



The present invention relates to mcroporous m xed matrix menbranes
for separation. Mdre particularly, the present invention relates to
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herein, the term"ZeoTlIPS nenbrane" ard its derivatives refers to a
menbrane formed by liquid-liquid thernallg i nduced phase separation
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The polyners used in the fabrication of the nenbranes may be any
virtual ly inperneabl e polyner. Suitable exanples of polyners include,
but are noWO20ef/x1285t 0, pol yol ef i ns, copol ynmers cont ai nPGIGUS2008/056630
pol yol efins (such as pol yet hyl ene co-vinyl al cohol, poly(ethylene
co-acrylic acid), and poly(ethylene co-vinyl acetate)), polystyrene,
pol ysul fone, 25 poly(vinylidene fluoride), and poly(nethyl

met hacryl ate). Copol yners containing @&y of these may be useful in

t he conpositions and nethods of the present invention. The
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8 treatnment and a variety of silanations [4]. These treatnents have
been performed with the goal of achieving greater polyner-zeolite

i nt eracti ow® a0es/deTsSe m xed matri x menbr anes. To FCIEUS2008806653@
better understanding of the present invention, the follow ng exanpl es
of specific enbodinents are given. In no way should the follow ng
exanples be read to limt 5or define the entire scope of the

i nvention. EXAMPLES Exanpl e 1. The feasibility of a particul ar
pol ymer -di l uent system was tested by form ng nmenbranes using the
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menbranes are extracted using ‘E)ﬁ iate solvent for 24 hours to
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the cool | Qg'ta]rLEterpl qilr%eth AN zeoll{sef Ingy I;De Vlefpe )&9 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
pm with a pore size ranging from about 0.3 nm to about 1 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

30 surface 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
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hot stage of 125°C/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 controiled 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 siow 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.



10 between these two nenbranes. These are used for conparison with
the i PP-DPE system in which the zeolite has a greater affinity for
t he pol ynewotZeesmitms the diluent. It is hypothesized thsarwszens/osce3o
difference in zeolite nffinity for the polyner over the dil uent
affects cell growth, unless the cells are nmuch smaller than the
zeolite particles thenselves. The extent of this 5 effect wll be
i nvestigated to provide insight toward predicting conditions needed
to produce ZeoTIPS nenbranes with a desired structure.
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and 35%. In addition, a fourth set of membranes are made from iPP and DPE with the same
30 conditions as the second and third sels, 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



Consequently, Figure 5(b) shows a schematic representation of a nore
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coated w twoeopsaliyT¥er | ayer of 10 uniformthickness. TiReE/uk2fidsesand
shading for the sections of the polyner coating is used to

di stinguish the parallel and series paths associated with the

voi d-zeol i te-voi d arrangenent. The nodel presented bel ow i s devel oped
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descri bed by

P111+( d4/ Slzgwh@rﬁt @or§ta)lt Pﬂésner wt& argdj wowﬁteegelz Fee %FW&@OFS thyw@h at he

paral | el %ﬁﬁﬁﬂﬂe%tﬁhfn1Ma§ésluhth%§:réa§9§§e%ﬁﬁtl&ﬂm9y the zeolite and
cross-hatched polyner in Figure 5(b) and is defined as: Pill41l1 pz

9,5111pr(2) 1 xaml’le“ Theorereal Mpdediszs pri| z and 9111p as defined in
Egs. (3) and (H) ofen® 8hdohRicarg! MHE‘elftﬁ@E}eH&%ﬁm&f of BRoERY! inbrSuraRtd the

pol yneg Wrrgegllbpang L]t?ucgl?é 12 mloldelec? 1rnttér%2 on Il mmturléI rpglyr?ler voids, and zeolite particles in

a parallel-series arrangement. Figure 5 shows a schematic representation of an ideal Zeo TIPS

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 1) 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, fransport 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 concemn 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,



iii gz 2+ / di oVi = The variables ez and clip as defined
in Egqs. (5) and (6) refer to the volune fractions 5of the zeolite and
pol ymer ( bweoleeasne2zs osshat ched and dotted pol yner regi GAEI)US2008{05@30
entire path H portion of the nmenbrane. tg, POP 4,0 - I n Egs.
(5) and (6), the factor ft refers to the fraction of the total

polymer in the nenbrane that contributes to the coating of the
zeolite particles. In Egs. (5) and (6)1 yep and 10 9v refer to
overall volune fractions of the polyner and void, as defined belowin
Egs. (7) dmudby 8ermadlp indwdedcphage seperatm anvathe giressdsrigvatived i dliluame efpulseni on
of pol yner, e, no %g%%] [ [ sed
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zeolite in e suspensi on use nmbrane are denoted by
rp and 59* vense nfiyed-mairy gw(nl;gane:fon@@)on@xgge these mterphase 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 coaling 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
15 In 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(b), the coated zeolite
itself is represented by a parallel-series arrangement, with polymer in series and in parallel
with the zeolite. Thus, path 1l contains a region III, which represents the parallel zeolite—
20  polymer portion of this path. In the development that follows, the variablesPando represent
permeabilities and volume fractions, respectively. The superscripis o, I, II, and III represent
the overall membrane, the polymer in path I, the entirety of path II (including region IIT), 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).

B -—-qig—{j@g[?})})\r Pp—!—{fJ{EPp P”I+(fc,i:§,/2)Pv pll

(1}

25
P™ denotes the permeability of the parallel component of path II as represented by the

zeolite and ¢ross-hatched polymer in Figure 5(b) and is defined as:

P = 4, 1 o1y (2)
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(11) and (12) are eqdivalent to those in a previous anal ysi s by
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TG + 4% + BoE
Bép
Pp = — (6)

95+ 65 + BB

In Egs. (5) and (6), the factor 5 refers to the fraction of the total polymer in the

membrane that contributes to the coaling of the zeolite particles. In Egs. (5) and (6), ¢°p and

10 ¢% refer to overall volume fractions of the polymer and void, as defined below in Eqs. (7)
and (8). ¢° and ¢°y are estimated using the volume fraction of polymer and diluent in the
polymer--diluent—zeolite suspension used to form the membrane. Tn Eq. (9), ¢"v refers to the
volume fraction of the void within the path IT 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 ¢*p and ¢*v.

¢p = (1 — $3)dp )
6% = (I — )% ®
i _ iy

v = 20 9

pz + v + Bop

The total membrane permeability is the arithmetic average of path I and path II

permeabilities, as shown in Eq. {10).
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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 pelymer—zeolite and diluent—
zeolite using the Hildebrand solubility parameters of the two components [3]. To represent
the ideal ZeoTIPS membrane, one sets £ = 0 (representing a zero thickness) in Eqs. (1) and

(10). The resulting equations are (11) and (12), which describe this ideal membrane.

i PVPZ (11)
TPy + Pz *
Pow = ¢! P!+ ¢' Pp (12)

10
In Eqs. (11) and (12), the terms Py, Pp, and Py, 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 ¢°v, ¢°, and
¢°z. 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.

.. Pa .
selectivity = -}5—3« (13

20 Model 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 Zeo TIPS
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



Oxygen Nitrogen Oxygen/nitrogen Pilike 0.5 0.083 5.9 Void 100 I 00 |
Zeolite 0.77 0, 02! 37 The simulation results for the nodel
devel oped wioees/aerspresented in Figures 9 and 5 10 al Brwgusamasiesss3o
simulation results for dense m xed natri x menbranes of the sane

pol yner .

14

is arbitrarily set at 750.05x10~18 m2/s Pa (100 Barrers). The effect of different Q2 void

permeabiiities is discussed below.

Table 1
Permeability dala {7.5003 x 10718 i12/s Pa (Barrers))
Oxyacn Nitrogen Oxygen/nitrogen
PVACc 0.5 0.083 5.9
Void 100 100 i
Zeolile 0.77 0.021 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 selting f=1 and @*y 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—zeolile alfinity
and weak diluent—zeolite affinity, with varying values of f§, corresponding to varying
thicknesses of the polymer coating on the zeolite surfaces in Figure 5(b). Increasing B
15 corresponds 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 Ioading. 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 ithe 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

25  importantin the formation process. In the case of strong polymer—zeolite interaction, zeolite
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menbr ane. 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 Po = 2.0, This is a result of the high
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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 Iead to
viscosities that are too low for extrusion and polvmer concentrations that are too low for
structural integrity in the solidified membrane.
Conclusions
30 Permeation modeling of ZeoTIPS membranes shows potential for improvement over
dense mixed matrix membrane performance when the Zeo TIPS membrane is modeled as

polymer in parallel with zeolite and void in series. The membrane performance is prédicted to
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19 CLAI MVE: 1. A nenbrane conprising: nano-porous particles;
a mcroporous polymer matrix; pores ranging fromabout 0.3 nmto
about 1 nm and at | east one mcroporous path in the

m croporous polynmer matrix extendi ng across the nenbrane, wherein the
nano- porous particles beconme substantially |ocked into place by the

m croporous polynmer matrix, and wherein the pores and the m croporous
path are bl ocked by the nano-porous particles. 2. The nenbrane
of claim1, wherein the nano-porouslgarticles conprise at | east one
nano- porous particle selected fromthe group consisting of: a natural
zeolite; Qpéﬁﬁﬁhetic zeolite; a metal-organic framework; an organic
nol ecul ar sieve; and any conbination thereof. 3. The nenbrane
of claim1, whlereir msabmrngcoOPBABRS pol yner matri x conprises at | east

one pol ynmer selectqgn%%gghgpﬁﬁgggup consisting of: a polyolefin; a
pol ystyrene; a polysultone;"a pol’y(vinylidene fluoride); a
pol y( et hyl et hacrayphiatapproua pplgingetnayixene co-vi nyl al cohol; a

pol y(et hyl ene co-acrylic acigd); a ol y(et hyl ene co-vi nyl
acetate): any copowyﬁﬁfmﬁ¥@%€%?Fﬁﬁﬁ@%dﬁQR{%ﬁﬂfﬁ&?k_ t her eof .

4. The menbrane of sglig@kimdes nfittopsiBhis GRAAPRI he MSicRPBIduY §olymer matrix S
The nmenbrane of claim4, wherein the diluent conprises at |east one

di | uent seteadingdciospipemratyinsup consi sting of: di phenyl ether,
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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.



