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Executive Summary

This paper summarizes several sol-gel processes we have developed to prepare
microporous silica membranes supported on commercial alumina supports for purification of
natural gas. Based on single gas permeance measurements, our combined approaches have
resulted in ideal separation factors (ratios of single gas permeances) in the range 30 to over 200
for CO,/CH, and in the range 15 to over 100 foy N /CH . To our knowledge these preliminary
results are the first to show feasibility of a membrane-baged N /CH separation. Due to the higher
intrinsic permeabilities gborousinorganic membranes compared to demrggnic polymer
membranes and our ability to prepare inorganic membranes as ultra-thin supported films
(<100 nm), the separation power of our membranes is estimated to be 1000 times greater than
25-um thick polyimide membranes for CO /CH separation. We propose surfactant-templating as
a new approach to prepare inorganic membranes with potentially higher fluxes along with better
control of pore size.

I. Introduction

Due to their greater thermal and chemical stabilities and especially higher fluxes compared
to organic polymer membranes, inorganic membranes are attractive for the purification of natural



gas. For practical gas separations, the membrane must combine high selectivity with high flux.
Selectivityof porous membranes depends on the pore size and pore size distribution. When the
pore size is reduced below the mean free path of a gas molecule, gas transport occurs by Knudsen
diffusion, and the separation factor for a binary gas mixture depends on the inverse ratio of

the respective molecular weights. For example, the Knudsen selectivitydadtora CQ /CH

mixture is 0.6. Therefore to remove carbon dioxide from methane it is necessary to further
reduce the pore size and narrow the pore size distribution so that molecules are admitted and
excluded on the basis of size, a mechanism referred to as molecular sidwingf porous
membranes is generally proportional to the product of porosity and pore size divided by the
membrane thickness. Thus to combine high flux with high selectivity it is necessary to prepare
extremely thin films with a large volume fraction of extremely small and narrowly distributed

pores (; ~ molecule size) and no cracks or other imperfections that would serve as larger pores
and diminish selectivity.

This report briefly reviews our progress on the development of ultra-thin (<100 nm),
defect-free inorganic membranes with pore sizes in the range, 0.3 - 0.8 nm, for application in
natural gas purification. First we describe our approach to avoid defect formation, which relies on
the deposition of a thin external membrane layer that can shrink one-dimensionally during drying
and heating without cracking. We then summarize three strategies that enable control of
membrane pore size in the range appropriate for natural gas purification:

. Solvent-templating of the silica framework.

. The preparation of hybrid organic-inorganic membranes followed by extraction or
pyrolysis of the organic constituents that serve as micropore templates.

. Surface derivatization of pre-formed membrane pore networks with well-defined
molecular species.

We conclude the report with a description of a new template-based approach to prepare
inorganic membranes with potentially higher fluxes more precise control of pore size.

ll. Results and Discussion
II.1 Sol-Gel Processing of Defect-Free Membranes

In the sol-gel processsolscolloidal dispersions of inorganic particles or polymers are
prepared in alcohol water solutions by the hydrolysis and condensation of metal alkoxide
precursors, M(OR) , where M is a metal, R is an alkyl group {G,H ), and z is the valence of the
metal. Inorganic membranes are prepared by deposition of dilute sols on porous inorganic
supports by dip-coating. In the dip-coating process, the support is immersed in the sol and
withdrawn vertically at a constant rate. During immersion, capillary suction causes flow of the sol
into the pores of the support. During withdrawal, additional sol is metered onto the support
surface. The depositing sol experiences evaporation leading to aggregation and gelation of the



entrained inorganic consituents. Beyond the gel point further evaporation causes the development
of a tensilecapillary stress Pin the gel pore fluid. The magnitude of the stress is initially
described by the Kelvin-Laplace equation:

P.= 2y, cos @)/r,= -In P/P,) RT/V,, (1)

wherey,, is the surface tensiofi,is the wetting angle, r is the pore siBép; is the relative
pressures of the overlying vapor, R is the molar gas constant,.and V the molar volume of the
pore fluid/vapor.

The capillary stress causes film shrinkage which is manifested as a reduction in pore
volume and pore size. Because shrinkage of the external membrane layer is completely
accomodated by a reduction in film thickness, a biaxaial tensile stdesslops in the plane of
the external membrane. (A three-dimensional stress develops within any gel formed within the
pores of the underlying support). Scherer has showm tisapproximately the capillary stress
P. developed in the liquid during dryin@antilever beanbending experiments performed in our
laboratory have shown that the biaxial stressay be in excess of 200 Mpa (> 2 kbar), yet
despite this high stress, cracking of the film is not observed if the film is laetwitical cracking
thickness hgiven by?

he = (K|c/o Q)? (2)

where K, is the critical stress intensity or "fracture toughnessQasd function that depends on

the ratio of the elastic modulus of the film and substrate (for gel@Im4). Since fracture

toughness can be considered an intrinsic materials property, the drying stress and film thickness
largely determine whether or not cracking will occur. In addition, it is the drying stress that
establishes the extent of drying shrinkage and hence the pore volume and average pore size of the
deposited membrane.

Based on Eq. 2, a strategy to prepare defect-free membranes is to grow the sol polymers
to an average size greater than the pore size of the underlying support, allowing the formation of
a discrete external membrane layer that experiences one-dimensional shrinkage. Through
variation of the sol concentration or withdrawal rate to maintain the membrane film thickness
below the critical thickness h , cracking is avoided. Figtre 1 shows transmission electron
microscopy images of cross-sections of membranes formed from polysiloxane sols prepared with
polymer Guinier radii R smaller than, comparable to, or larger than the support pore size,
r= 2 nm. When the polymer size was less than r, silica deposition occured only within the
underlying support, but when the polymer size was comparable to or larger than r, a discrete
external membrane layer was formed. By maintaining the film thicknesshc (estimated to be
about 400 nm), not only is cracking avoided but membrane flux is enhanced. For membranes
formed within the pores of the underlying support, finite element-based afalyses show that the
drying stress is amplified (because shrinkage is contrained in three-dimensions), promoting defect
formation.



11.2 Control of Pore Size and Pore Size Distribution

To efficiently separate CO (kinetic diameter = 0.33 nm) fromy CH (kinetic diameter =
0.38 nm) or (harder still) N (kinetic diameter = 0.364 nm) from methane, it is necessary to
accurately control the average pore size between about 0.3 and 0.4 nm and achieve a narrow pore
size distribution. To this end we have developed several synthesis and processing strategies that
are briefly summarized in the following paragraphs.

Solvent Templating- As discussed above, the development of capillary stress in the pore
fluid during drying causes shrinkage of the membrane. Shrinkage in turn causes a reduction in
pore volume and average pore size. Thus one approach to create pores of molecular dimension
needed for molecular sieving is to promote drying shrinkage. The conventional view of drying
shrinkage is that it continues until capillary sties$s balanced by the network resistance as
expressed in the following equation where the left side represents the capillary stress and the right
side, the network modulus:

P, =-RT/V,, In (P/Py) = K/mBC, [(hy/h)" - 1], 3)

andV,, is the molar volume of the pore liquiig, is the intial network bulk modulus at the gel

point, the exponent m equals approximatelly 8ndC, are constants that depend on Poisson's

ratio and the ratio of the network and skeletal moduli,lgnsithe film thickness at the gel point.

Thus the final film thicknesls, pore volume, and pore size - properties crucial to membrane
performance - are in many cases established by the balance between the capillary tension and the
network resistance (viscosity or modulus).

However ifK, is designed to be low through catalytic control of the extent of reactionl
and drying is carried out at low relative presdie, the capillary stress may always exceed the
network resistance, causing complete collapse of the developing gel network. In this situation,
we may ask ourselves what controls the membrane pore size. Recently we halensited
functional theoryDFT) to address this questién. DFT analyses indicate that in the limiting case
where there is no network resistance, the final pore size is controlled by the relative [pté3sure
of the pore fluid in the processing environment and the size of the pore fluid melgcule
Basically the pore size decreases with decred&iiRg reaching a limiting value of about o8-
atP/P, <0.1. Therefore the pore size can be controlleld/Byand the choice of the pore fluid
molecule, a mechanism we refer tesabsent templating.

We have recently demonstrated that by simply changing the solvent composition, it is
possible to vary thransport limitingpore size in the approximate range 0.3 to 0.8 + 0.0% nm.
Using this approach with water as the solvent templating molecule we achieve membranes
exhibiting unique thermal behavigrsé. Figure 2 plots the single gas permeance of a series of
molecules through a single layer silica membrane deposited at room temperature and partially
sintered at 550C. Methane, the largest molecule of the series, does not permeate (detection
limit (10”"cm®/cnf-sec-cm Hg). Nitrogen, the next largest molecule, permeates at high
temperature, but, upon reduction of temperature, exhibits a sharp drop-off in permeance. With
decreasing size of the permeating molecules, the permeance at high temperature shows a



systematic increase and the drop-off temperature a systematic decrease. This type of behavior,
heretofore unknown for microporous materials, results high selectivity factors (defined here as the
ratio of the single gas permeances) for various pairs of gases in different temperautre ranges (see
Table 1). This suggests the possibility of thermally staged separation processes whereby a
multicomponent process stream (e.g., natural gas) would be passed through a series of
membranes maintained at progressively higher temperatures, allowing the successive removal of
gases of increasing molecular size, i.e., He, CO , gnd N .

"Fugitive" Organic Templates - A natural limitation of the above approach is that the
small pores needed for high selectivity result from the collapse of the developing network due to
the imposed drying stress, so small pores are obtained at the expense of volume fraction porosity.
A strategy designed to overcome this limitation (to membrane flux) is to prepare dense, hybrid
organic-inorganic membranes and create porosity by the removal of the organic conétittients.
When organic ligands are molecularly dispersed within an inorganic framework, their removal
should create pores that mimic the size and shape of the fugitve ligand (see Figure 3), so pore size
is controlled by the organtemplatesize. Additionally, through variation of the volume fraction
of organic ligands, it is possible to control membrane porosity and hence flux.

Our approach in this area has been to synthesize co-polymers from tetra-functional
alkoxides, e.g. tetraethoxysilane (TEQSafd organo-substituted alkoxides, e.g., methyl-
triethoxysilane (MTES) 2methacryloxypropylsilane (MPS) 8r 4,4'-bis(triethoxysilyl)biphenyl
incorporating non-hydrolyzable organic "template” ligands in either pendant or bridging positions.
We find that for synthesis and processing conditions under which phase separation is suppressed,
the pores created by oxidative ligand pyrolysis scale in size with the size of the template ligands.
Using this approach combined with surface derivatization (see discussion below) we have
prepared a variety of membranes with ideal,CO /CH selectivities as high as seventy with CO
fluxes in the range 2-5 x £0 ém /ém s cm HyY

CoHs0 ~,OCoHs CoHs0\ ,OC2Hs
Si Si
C2H50/ \OC2H5 CH3/ \OC2H5
1 Tetraethoxysilane (TEOS) 2 Methyltriethoxysilane (MTES)
C2H5O\ /OC2H5 C2H50 OC»yHjs
o Si C,H50—5i/ N0/ \si Z~0C;Hs
AV VRN
( OCpHj; CoyH50 0OC»sHs
o)
3 Methacryloxypropyltrimethoxysilane 4 Alkylene ether bridged
(MPS) Polysilsesquioxane

Surface Derivatization - A strategy that can be combined with either of the above
approaches is to modify or "derivatize" the pore surface through liquid or vapor phase reactions
of the general typé&:



M_OHsurface+ X XM'R Nx— M surfac'eO'MlRN—x Xx—l + HX. (4)

where M and M' are metalN,is the coordination number of M', X is typically a halide or alkoxide
ligand, and R is an organic ligand. For example, the silaa84@H) surface inherent to the silica
membranes can be titrated with well-defined metal alkoxide species (see Figure 4) to reduce the
pore size in an angstrom-by-angstrom manner. WhenSy this process also alters the surface
chemistry. Through derivatization of a larger pore size silica membrane with a monomeric
titanium alkoxide, we obtain membrane performance comparable to that shown in Fiyure 1. In
addition this derivatization step both increases the chemical stability of the membrane and affords
a means to deposit ion-exchangeable amorphous titanates or photocatalytically active nano-
crystalline titanates (anatase) on the membrane surface for applications in catalytic membrane
reactors.

The surface chemistry can also be altered by the processing gas used for partial sintering
and pyrolysis of the organic constituents. For example, when the organic template ligands
described above are pyrolyzed under reducing conditions (flowing argon) the membrane is
rendered hydrophobic, increasing the membrane stability in the presence of water.

Overall, the combined approaches summarized above result in a series of membranes with
combined CQ /CHl selectivities and €O permeabilities exceeding those of organic polymer
membranes. This comparison is made in Figure 5.

I1.3 Surfactant-Templating of Inorganic Membranes

Recently Kresge and et'al. reported on a family of mesoporous silicas formed by
surfactant-templating Surfactant-templated silicas (STS) are high surface area amorphous solids
(up to 1400 m /g) characterized by monosized, often cylindrical pores, ranging normally from
20-100A in diameter, organized into periodic arrays that often mimic the liquid crystalline (LC)
phases exhibited by surfactant-water systems. STS synthesis procedures typically require four
reagents: water, a soluble inorganic precursor, catalyst and surfactant (an amphiphilic molecule
composed of a hydrophilic head group and hydrophobic tail). STS form (as precipitates) in
seconds to days at temperatures ranging front C8® as low as -14Z, depending on the
inorganic precursor. Pure silica STS exhibit three structure types: hexagonal, a 1-D system of
hexagonally ordered cylindrical pores; cubic, a 3-D, bicontinuous system of pores; and lamellar, a
2-D system of silica sheets interleaved by surfactant bilayers (see Fidtire 6).

From the standpoint of membrane-based separations, STS are of interest because of their
similarities to zeolitesyiz. high porosity, low pore tortuosity, and precise control of pore size.
However to date, they have been prepared mainly as powders rather than films and their pore
sizes are too large for molecular sieving. Recent work in our §roup has shown that STS can be
prepared by continuous dip-coating operations amenable to membrane formation. Preliminary
single gas permeance experiments suggest that STS membranes depgsaeDgrupports
are defect-free, and x-ray diffraction (XRD) and TEM experiments have shown that we can
prepare hexagonal, cubic, or lamellar films depending on the intial surfactant concentration.



Figure 7a shows a cross-sectional TEM micrograph of a cubic STS film prepared on single
crystal <100> silicon, using,& trimethyammonium bromidg (C TAB) as surfactant. The film
was pyrolyzed at 400C to remove the surfactant and further condense the silica framework.
Despite the fact that considerable shrinkage occurs upon pyrolysis (~30 vol %), we see a uniform
film texture consistent with a unimodal pore size distribution. TEM, XRD, and gas sorption
analyses indicate that the pore radius is about 1.0 nm, with about a 1-nm wall thickness.
Ellipsometry indicates a porosity of about 50%. Figure 7b shows a higher magnification of a
cubic film oriented along the <210> zone axis. We observe a very well ordered pore structure.

At least two possibilities exist for reducing the pore size of STS to the 0.3-0.5-nm range
needed for natural gas purification: 1) Experiments on bulk STS mesophases have shown that the
pore size decreases monotonically with the size of the hydrophobic tail of the surfactant
template’® We anticipate that ordered STS membranes can be prepatgd with -surfactants
which should reduce the pore size te 0.5 nm. 2) The interior surfaces of the pores are
covered with silanol groups (Si-OH), enabling surface derivatization with well-defined metal
alkoxides (see Fig.4) or organosilanes (e.g. CIS(CH ) ). Used individually or in combination,
approaches 1 and 2 should enable precise control of pore size. In addition, approach 2 can be
used to render the pore surface hydrophobic or to otherwise alter the pore surface chemistry.

[1l. Conclusions

Our project to date has demonstrated the feasibility of using microporous inorganic
membranes to purify natural gas. Three approaches have been developed to control the
membrane pore size in the range 0.3-0.5-nm range necessary to selectively remove £LO or N
from methane: 1) solvent- templating of the silica framework, 2) pyrolysis of organic
ligands from dense hybrid organic-inorganic membranes, and 3) surface derivatization of pore
surfaces with metal alkoxides. The intrinsic higher permeability of microporous inorganic
membranes compared to dense organic polymer membranes combined with our ability to prepare
inorganic membranes as ultra-thin supported films enables us to achieve higher CO flux with
ideal CQ /CH selectivities comparable to or greater than organic polymer membranes. We have
identified a promising new surfactant-templating approach to prepare inorganic membranes. This
approach combines the high porosity and control of pore size inherent to zeolite membranes with
the ease of processing of organic polymer membranes.

The future goals of this project include:

. Testing of membranes using dual/multiple gas permeance measurements.
. Preparation of hydrophobic, microporous membranes to enhance long term stability.
. Modeling of gas transport in microporous inorganic membranes.

. Development of new candidate membrane materials with improved selectivity and flux.



Adaptation of our membrane technology to low cost, high surface area hollow fiber
supports.

Definition of processing windows to routine manufacture of inorganic membranes and
technology transfer to the commercial sector.
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(a) t't . = 0.05

(b) tht, = 0.24

(e) tht,, = 0.83

Figure 1. Cross-sectional TEM rniJ..rﬁgr aiphs of microporous silica membranes deposited on -
ALQ, supports after various sol aging times #f_, used to control the precursor polysiloxane
Guinier radius R_measured by small angle x r.p. scattering. Encrgy dispersive spectroscopy
analysis indicated that for 1t = 0.05, silica -;Jr:;muumn occured exclusively within the pores of the
support.
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Figure 2. Single gas permeance of a series of five gases versus temperature for a microporus
silica membrane. Dotted line corresponds to the predicted behavior of O,.

T (OC) He Perm a}{cIHZ C(’Hmv‘NZ aHel(“()Z aHe.f(‘H‘I- c!‘("(')2.’CH4 G‘NZI(“!-M
220 1.36e-04 .80 14.06 >2000 >400 >100
190 1.35¢-04 0.89 16.19 6.61 >2000 >300 >90
160 1.11e-04 0.87 100.1 5.36 >1500 >300 >15
120 8.20¢-05 | 0.90 >900 3.71 >900 >200 *

80 5.62¢-03 0.87 >800 3.44 >800 >200 *
40 2.25e-05 2.5 >300 >200 >§00_ *# *
*: indicates that both the gases were below the resolution of the system.

Table 1. Ideal selectivities (ratio of single gas permeances) versus temperature based on the data
shown in Figure 2.
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Figure 3. Schematic illustration of the organic template approach. Incorporation of the organic

templates in a dense matrix followed by their removal creates a microporous network that mimics
the original dispersion of the occluded organic ligands.
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Figure 4. Crystal strucutres of several titanium alkoxides [Ti(OR),]. and titanium oxoalkoxides
that could be used to derivatize the pore surfaces of microporous inorganic membranes in order to
precisely reduce the pore size.
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Figure 5. Log-log plot of CO,/CH, separation factors versus CQO, permeabilities for the best
organic membranes reported in the literature (cf Robeson, J. of Membrane Sci. 62 (1991) 165-
185) and microporous silica and derivatized silica membranes described above.

Figure 6. Schematic representation of the three observed liquid-crystalline phases of surfactant-
templated silicas (STS) (left-hexagonal; center-cubic, bicontinous, right-lamellar). In each case the
supra-molecular surfactant assembly co-assembles with soluble silica adjacent to the hydrophilic
surfactant head groups. Upon pyrolysis or extraction of the surfactants, a silica skeleton remains
with precise pore size, shape, and orientation.



Fig. 7a. Cross-sectional TEM micrograph of a cubie surfactant-templated silica film deposited on
<] 00 single crystal silicon and pyrolyzed at 400°C.

Fig. Th. Thin flake of cubic surfactant-templated silica film prepared as in Figure 7a suspended
on a holey carbon gnd.



