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Abstract

A novel and efficient method for molecular engineering of the pore size and porosity of microporous sol—gel silica mem-
branes is demonstrated in this communication. By adding a suitable organic template (e.qg. tetraethyl- or tetrapropylammonium
bromide) in polymeric silica sols, otherwise known to result in microporous membranes with pores in the range 3-4 A, we
can ‘shift’ the pore size to 5-6 A, as judged by single-component gas and vapor permeation results with probe molecules of
increasing kinetic diameter (Ji The templated membranes exhibit permeances as highd2d00® molm—2s-!Pa?
for molecules withdx < 4.0A (e.g. CQ, N, CH,), coupled with single-component selectivities of 100-1800 faiSR,

20-40 fom-butane/iso-butane, and 10-20 fa@ra-xylene/ortho-xylene. The transport properties of the templated membranes

are distinctly different from those of the respective silica membranes prepared without templating, and resemble somewhat
the transport properties of polycrystalline zeolite MFI membranes prepared by the lengthy, batch hydrothermal synthesis
approach, using tetrapropylammonium bromide as a structure directing agent.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction category of inorganic membranes, useful for a variety
of separations including permanent gases or hydro-
Inorganic membranes with good thermal, chemical carbon isomers, based on differences in diffusivities
and mechanical stability have attracted considerable and/or adsorption strengths of mixture components in
attention due to their potential applications in gas and membrane poreg2].
vapor separations at elevated temperatures under harsh Polycrystalline zeolite membranes made by direct
conditions [1]. Microporous inorganic membranes, or seeded hydrothermal growth on porous ceramic
such as polycrystalline zeolite, amorphous carbon or metallic supports have attracted considerable at-
and sol-gel silica comprise a particularly important tention during the last decade, on account of very
exciting transport properties and the potential for a va-
mponding author. Tel#1-505-272-7627; r.iety of separations inqluding &2 [3], COZINZ (4],
fax: +1-505-272-7336. linear/branched paraffing], Cg aromatics[6], satu-
E-mail address: cjbrink@sandia.gov (C.J. Brinker). rated/unsaturated hydrocarbdii$ and water/alcohol
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mixtures [8]. Carbon membranes prepared by py- Such organic molecules are widely used as structure-
rolysis of polymeric precursor films deposited on directing agents in zeolite synthesis in powder or
porous supports have shown potential for gas/vapor membrane form (e.g. tetrapropylammonium bromide,

separations based on either size (e.g.2/CBl,) or TPABr, in case of MFI) and hence, could serve as a
adsorption (e.g. blhydrocarbons) differences of mix-  suitable template for formation of ‘zeolite-like’ amor-
ture components in membrane micropor@10]. phous silica membranes with pore size close to that of

Despite their exciting transport properties, several zeolite MFI, e.g.~5.5 A [18]. Such membranes may
technical problems may limit the usefulness of zeolite combine properties unprecedented by polycrystalline
or carbon molecular sieve membranes for commer- zeolite or amorphous carbon membranes, such as
cial applications. These include poor processibility good processibility, thickness100 nm, and absence
and scaleability, low permeation fluxes due to large of undesirable intercrystalline porosity.

thicknesses (usually 5dm), and compromised selec- In what follows, we present preliminary results
tivities due to susceptibility to cracking or undesirable on the transport properties of different gas and va-
intercrystalline porosity. por probe molecules of increasing kinetic diameter,

Sol—gel derived silica membranes represent anothere.g. CQ (3.3A), N, (3.64A), CH; (3.8 A), n-butane
class of microporous molecular sieve membranes that (4.3 A), iso-butane (5.0A), S§ (5.5 A), para-xylene
can offer considerable advantages compared to zeolite(5.8 A) andortho-xylene (6.8 A), through these novel
or carbon membranes. They are typically processed membranes and establish the role of the template by
using a simple dip-coating step at ambient conditions, comparison with literature data of polycrystalline ze-
their thickness can be controlled easily in the range olite MFI and respective non-templated sol—gel silica
20-100 nm to improve permeation flux, and their pore membranes.
size and porosity can be fine-tuned by the sol chem-
istry to obtain the desired separation functjaf,12].

Silica membranes are typically prepared by dip- 2. Experimental
coating a suitable support in a polymeric silica sol
made by acid-catalyzed hydrolysis and condensation 2.1. Slica sol preparation
of tetraethyl orthosilicate (TEOS), Si(OGBH3)4, in
ethanol[13,14]. During deposition, preferential evap- The polymeric silica sols used for membrane de-
oration of ethanol results in the formation of a xerogel position were prepared by a two-step acid-catalyzed
film on the surface of the support, via interpenetration hydrolysis and condensation of TEOS in ethanol.
and collapse of the fractal siliceous clusters contained In the first-step, a mixture of initial molar composi-
in the sol, whereas water molecules trapped betweention (A): TEOS-EtOH-HO-HCI| = 1.0-3.8-1.1-5
neighboring clusters result in the formation of micro- x 1072 was reacted for 90 min at 6C to form
pores in the size range 3—-4 A, after complete drying. a stock sol which was stored in a30°C freezer

In principle, pores with larger size can be created [14]. Subsequently, additional @, HCI and tem-
by molecular templating, e.g. incorporation of organic plate (TEABr or TPABr) were added to the stock
molecules in the silica network that, after calcination, sol (warmed to room temperature), to form a sol
create pores that mimic the size and shape of the orig- of molar composition (B): TEOS-EtOH-®-HCI
inal template. One way to introduce these template = 1.0-3.8-5.0-1x 102 while the amount of tem-
molecules is by co-reacting TEOS with an organic- plate varied from 2 to 10wt.% of the sel template
substituted alkoxysilane, 'FSi-(OR), where the mixture [18]. Standard, non-templated silica mem-
organic group Ris non-hydrolyzable and can be in- branes were prepared by addingg@® and HCI
corporated in the silica framework covalently bonded (but no template) to the stock sol to form a sol
to Si atoms as a pendant ligafib—17]. of molar composition (C): TEOS-EtOH-B-HCI

In this work we demonstrate a more elegant method = 1.0-3.8-5.0-4x 103 [14]. Intermediate meso-
for templating sol—gel silica membranes, by simply porous silica sub-layers were prepared by addition of
adding tetra-alkylammonium bromide salts in the 4wt.% Gs-surfactant (@ = hexyltriethylammonium
polymeric silica sol prior to membrane deposition. bromide) to a sol of composition (C), resulting in a
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0.125M G-surfactant-templated silica s@l4]. All bient. The flow rate of the permeate stream exiting the
sols were aged for 24h at 5Q, diluted by twice cell side of the membrane holder at ambient pressure
their volume with ethanol and filtered through Q.2 was measured with a soap-film flowmeter. For slow-
syringe filters prior to dip-coating, except for the case permeating components (n-butariep-butane, SE;
of the Gs-surfactant templated sol where no aging N3 and CH, for the non-templated silica membranes),
was employed. It is noted that the acid amount in a Wicke—Kallenbach operation mode was employed
sols (B) and (C) was adjusted appropriately so that where the feed stream and a sweep stream (Hepr N
both sols have comparable gelation times~df20 h were introduced at 50—-100 sccm in a counter-current
(tagingtgelation= 0.2). flow mode from respective sides of the membrane
holder at ambient pressure. Composition analysis of
the permeate stream exiting the cell side of the mem-
brane holder was performed online with the aid of a
The membrane supports were 250 mm-long asym- HP 5890 gas chromatograph equipped with TCD/FID
metric alumina Membralox tubes (US Fsilter) of 7mm and packed columns (Hayesep D 100/120 for GH,
i.d., 10mm o.d. and a final inner layer of 504 and Sk; 0.19% picric acid on Graphpac, 80/100, for
Al>03. Tube segments of 5.5 cm length were initially butane isomers, Alltech).
dip-coated in the 0.125M ¢surfactant-templated Vapor permeation measurements with xylene iso-
silica sol to form a smooth mesoporous sub-layer mers were conducted in the Wicke—Kallenbach mode
between they-Al,03 top layer of the tubular support  using a set-up described elsewhéser]. The inner
and the subsequently deposited microporous mem-side of the tubular membrane was flushed with a he-
brane layef14]. All depositions were carried outina lium carrier stream of 50 sccm, passing through satu-
laminar flow chamber with circulating flow of filtered  rators of respective liquid xylenes maintained at25
air under class-10 clean room conditions. The support In this way, the partial pressure of xylene vapors in
tubes were dipped in the sol in a vertical position, the feed was-0.9 kPa forpara-xylene and~0.7 kPa
maintained submerged for 30 s, and then withdrawn at for ortho-xylene. The cell side was flushed with a pure

2.2. Membrane preparation

a speed of 76 mm/min with the aid of a variable-speed
linear translation stage (Industrial Devices Corp.). Af-

ter withdrawal, the membranes were dried for 15 min
inside the chamber and subsequently for 6 h at®T20

in a vacuum oven. After drying, they were calcined

for 3h at 450°C in air, 6 h at 300C in vacuum or 6 h

at 400°C in argon for the mesoporous, non-templated

helium stream at 10-100 sccm and its composition in
permeated xylene vapors was analyzed online with a
HP 5890 gas chromatograph equipped with FID and
a packed column (5% AT-1200 1.75% Bentone 34
on Chromosorb W-AW, 100/120, Alltech).

In all permeation experiments, the flow rates of the
feed and sweep streams were regulated with the aid of

and templated, microporous membranes, respectively.thermal mass flow controllers (MKS Instruments) and
The heating and cooling rates in all drying and cal- monitored with soap-film flowmeters. The temperature
cination steps were 2C/min. Prior to permeation of the membrane was controlled with a heating tape
measurements, the membrane tube ends were glazedvrapped around the membrane holder and connected
with epoxy glue (Duraseal, Cotronics Corp.) to repair to a Varian power supply, and monitored with a type K
any defects resulting from the tube cutting step. thermocouple connected to a digital readout (Omega).

2.3. Gas and vapor permeation
3. Model for organic-templated microporous

Single-component gas and vapor permeation mea- membrane
surements were conducted using a stainless steel tube-
and-cell membrane holder with Viton end seals, as  The concept of templating can be envisioned better
described in detail elsewhel®4]. For fast-permeating by considering the schematic ifig. 1, as pointed out
gases (CQ, N2, CHjy), the feed was introduced at a earlier by Brinker and coworkerfl5,17]. Fig. 1(a)
flow rate of 50-100 sccm in the inner side of the tubu- represents the original non-templated membrane pos-
lar membrane at a pressure of 50-100 kPa above am-sessing pores of initial sizél, (solvent-templated
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(b)

Fig. 1. Schematic representation of organic-templating approach in
microporous sol—gel silica membranes: (a) original, non-templated
membrane; (b) templated membrane before percolation; (c) tem-
plated membrane after percolation.

pores). After dispersing a suitable organic template
within the original matrix (here, tetra-alkylammonium
bromides), pores of larger sizd;, are formed after
calcination, seeFig. 1(b), which can influence the
transport properties (flux and selectivity) of the orig-
inal membrane. When the amount of template has

exceeded some percolation threshold, the larger pores

become interconnected throughout the membrane,
seeFig. 1(c), and hence the separation properties of
the membrane should be determined mainly by these
larger pores which present a faster diffusion pathway

through the membrane. Increasing the amount of tem- T4

plate beyond this limit should ideally influence the
porosity and hence flux only, but not the selectivity
of the membrane, which should be ideally dependent
on the pore size only. However, when an upper limit

of template amount is exceeded, the template pores
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may aggregate or phase-separate from the embedding
matrix, resulting in a compromise of the separa-
tion and/or mechanical properties of the templated
membrane.

4. Results and discussion

In a first-step, we studied the effect of templating
on the transport properties of silica membranes using
tetraethylammonium bromide (TEABr) as the pore
template.Table 1presents single-componenp fnd
SFs permeances at 2& of membranes templated
with differing amounts of TEABr (TEABr ranged
from 2 to 10wt.% of the silica sol after addition of
H»O and HCI to the stock sol but before aging and di-
lution with ethanol). As seen in the Table, increasing
the amount of template results in a marked increase
in the Nb permeance of the membranes while retain-
ing molecular sieving properties as judged by the
high No/SFs selectivity. For the case of membranes
prepared without template or with 2wt.% TEABT, the
Sk permeance was below the detection limit of the
apparatus.

The effect of templating is further demonstrated in
Fig. 2where we plot the permeance atZ5of COp,

N2, CHs and Sk for a 6 wt.% TEABr-silica mem-
brane, prepared with sol of composition (B), and a
non-templated silica membrane, prepared with sol of

Table 1
Single-component Nand Sk permeances at 2% of supports
and TEABr-templated silica membranes

Code Template N, permeance Selectivity
(wt.%) (molm=2s1pal) N,/SFs
v-Al,03 - 9.5x 1078
support
v-Al,03 +Cs - 1.4x 1076
sub-layer
TO No 1.0 x 107 b
templaté
T2 2 5.2 x 107 b
4 6.7 x 1078 1800
T6 6 1.8x 1077 400
T8 8 2.7x 1077 92
T10 10 4.8x 107 87

aMembrane TO made with sol of composition (C), all the rest
were made with sol (B).
b Sk permeance below the detection limit of the apparatus.
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10 erties of our membranes for these isomers at@Gas
1 o the amount of TEABr is varied in the range 2—10 wt.%.
0y e 3 As seen in the table, our membranes exhibit high flux
\N2 CH, ] for n-butane and higim-butane/iso-butane selectivity,
¢ 6% TEABr-templated 3 except for the 2wt.% TEABr-templated membrane
SllicaMembratie ] which exhibits very low flux and low selectivity for
E these isomers. This result suggests that a minimum of
] ~4wt.% template is necessary to achieve a percola-
- SF, 1 tion threshold as discussed earlier, $ég. 1. When
1074 1 lower amount of template is used, the butane iso-
] Non-templated ] mers can hardly diffuse through the membrane since
1074 Slkes Membrmne Ty the larger templated pores are not yet interconnected
o ] throughout the thickness of the membrane.
20 15 40 45 50 55 6.0 Fig. 3 demonstrates the overall molecular siev-
Kinetic Diameter (Angetrom) ing property of a 6wt.% TPABr-templated silica
membrane, using single-component permeance data
Fig. 2. Single-component permeances vs. kinetic diameterd25 gt 80°C for CO,, Np, CHa, n-butane,iso-butane
of a 6_\/_vt.% TEABr-templated® ) and a standard, non-templated and Sk [18]. As seen in the figure, this membrane
(@ ) silica membranes. i .
exhibits high permeance for ;Nand n-butane cou-
pled with high selectivity for N/SFs (460) and
composition (C) but without the TEABr template. The n-butane/iso-butane (14). This further suggests that
non-templated silica membrane is fairly permeable to templated silica membranes possess transport prop-
CO, but exhibits a very low permeance 0bNCH, erties similar to those of polycrystalline zeolite MFI
and Sk. In these membranes where no organic tem- membranes made with TPABr as template, where high
plate is used, it is believed that water serves as a tem-n-butane/iso-butanfl9] and No/SFs [20] selectivities
plate creating pores in the range 3.5 A, thus, resulting are used as indicators of good membrane quality.

Permeance [ mol m”s'Pa’]

in size exclusion for N, CH; and larger molecules Table 3summarizes permeation results of different
[14]. On the other hand, the TEABr-templated silica polycrystalline zeolite MFI membranes reported in
membrane is highly permeable to g\, and CH; the literature for the same gas and vapor pairs. It is

but is fairly impermeable to S suggesting that it
contains pores in the range 4.0-5.5A.

After establishing the molecular sieving property
of our TEABr-templated membranes with permanent ]
gases, we proceeded with single-component perme- _ 10°3 @ N, cH 3
ation studies of butane isomers, emgbutane and ] e-®. ]
iso-butane, with kinetic diameters of 4.3 and 5.0A,
respectively.Table 2summarizes the transport prop-

10'55 T Ty T pa T

107 3 n-butane 3
E - E

10% 4 4
i \isobutane E

@ ]
10°4 \SF.; 4
Code Template n-Butane permeance Selectivity n-butane/ b i
(Wt.%) (molm2s1pal) iso-butane
10
S2 2 2.5x 10710 3.4 L ran R R R R .
sa 4 8.8x 10-° 40 3.0 5 .40. . 45 5.0 55 6.0
sS6 6 1.0x 10-8 28 Kinetic Diameter (Angstrom)
S8 8 1.5x 1078 31
s10 10 7 7§ 10-8 22 Fig. 3. Single-component permeances vs. kinetic diameter &€ 80
i of a 6wt.% TPABr-templated silica membrafiks].

Table 2
Single-component permeances of butane isomers &iC36f
TEABr-templated silica membranes

P
Permeance [molm~s” Pa™ ]
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Table 3
Transport properties of polycrystalline zeolite MFI membranes
Membrane T (°C) Permeance (molnfs1Pal) Selectivity Reference
N2 n-Butane N2/SFs n-Butane/iso-butane
Silicalite-1 25 1.6x 1077 1.6 x 1078 10 37 [21]
Silicalite-1 25 1.5x 1077 5.0x 10°8 7 71 [22]
ZSM-5 110 3.8x 1079 1.9 x 10°° 610 80 [23]
MFI 25 1.0x 107 2.7 x 1078 10 84 [24]
H-ZSM-5 25 2.0x 1077 3.4 x 1078 56 20 [25]
ZSM-5 25 43x 1077 3.0x 1078 310 40 [26]
Silicalite-1 25 7.4x 1078 2.0x 10°8 66 54 [27]

noted that the majority of zeolite MFI membranes we proceeded with single-component vapor perme-
reported in the literature exhibit-butane/iso-butane  ation studies using xylene isomers as a model system.
selectivities in the range of 30-50, while the highest The kinetic diameter difference between the smallest
N2/SFs selectivities lie in the range 200-300, which and most commercially interestimgra-xylene (d; =
are somewhat comparable to respective selectivities 5.8 A) and itsmeta- and ortho-isomers (¢ = 6.8 A)
obtained with our membranes. At this point, it is is large enough and a kinetic separation appears fea-
emphasized that direct comparison of transport prop- sible with a molecular sieve membrane with pores in
erties even between zeolite MFI membranes reported the range 5-6 A6]. Indeed, as indicated by the results
by different groups is rather difficult because of the shown inTable 4, our templated silica membranes ex-
differences in thickness, crystal orientation and in- hibit substantial ideal selectivity betweguara- and
tercrystalline porosity of membranes fabricated with ortho-xylene in the temperature range 30—2@and
different experimental protocols. In addition, most ze- with feed partial pressures in the range 0.7-0.9 kPa
olite membranes are believed to separate gas or vaporfor the two isomers. It is noted that permeation mea-
mixtures by differences in both diffusivities and ad- surements at higher temperatures were not attempted
sorption strengths of mixture components in zeolitic because of the limited thermal stability of the epoxy
and intercrystalline pores of sizel0 A, whereas the  glue used to glaze the tube ends before sealing in the
templated silica membranes reported here appear topermeation cell.
discriminate molecules mainly on the basis of size. The xylene transport properties of our amorphous
After establishing that our organic-templated sil- templated silica membranes compare reasonably
ica membranes exhibit transport properties similar to well with those of respective polycrystalline zeolite
those of polycrystalline MFI-type zeolite membranes, MFI membranes reported in the literature. So far,

Table 4

Single-component xylene permeation properties of templated silica membranes

Code Template (wt.%) Temperaturel| para-Xylene permeance Selectivity
(molm=2s-1pal) (para-xylene/ortho-xylene)

M1 TEABr (2) 55 45 x 1079 1.8

M2 TEABr (4) 30 1.5x 10°° 21.8

M2 TEABr (4) 50 9.6x 10°° 20.2

M2 TEABr (4) 90 1.4x 1078 13.2

M3 TEABTr (6) 95 1.6x 1078 18.5

M4 TEABr (8) 90 2.2x 1078 17.4

M5 TPABr (4) 52 4.4x 1079 17.4

M5 TPABr (4) 95 1.5x 1078 18.6

Feed partial pressur@ara-xylene; 0.9 kPaprtho-xylene; 0.7 kPa.
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it appears that the best supported MFI membranes pores smaller than their kinetic diameter. This effect
are those prepared by a three-step seeding/secondargould explain the fact that a 2 wt.% TEABr-templated
growth/defect reparation proce$8], as judged by membrane exhibits comparable permeance for N
reproducible para-xylene/ortho-xylene selectivi-  (Table 1) andortho-xylene (Table 4), two molecules
ties of 30-70 andpara-xylene flux in the range  of very large difference in size (3.64 versus 6.8 A).
1.0-20 x 10 8molm2s~1Pal, at a temperature  Similar phenomena have also been documented with
of 125°C and feed partial pressure conditions similar zeolite MFI in membrane or powder form under cer-
to those employed here. It is believed that intercrys- tain experimental conditions, wheoetho-xylene was
talline porosity or calcination induced microcracks observed to transport through zeolitic pores with sub-
[6,19,28,29]are responsible for the rather low (<10) stantial ratd6,19,31]or adsorb at significant loading
para-selectivity observed for most of the MFI mem- and distort the crystalline zeolite latti¢g3]. At this
branes reported in the literatuj@0,31], so only very point, we believe that suitable experimental proce-
rigorous, multi-step preparation procedures can result dures should be identified in future studies, in order
in good quality membranes with high selectivities for to promote silica matrix densification and reduce
this isomer systenj6]. On the other hand, zeolite framework flexibility, for the purpose of excluding
membranes with significant amount of non-zeolitic bulky hydrocarbon molecules, such i@s-butane or
microporosity can still exhibit substantial selectivi- ortho-xylene, from entering membrane micropores.
ties for other hydrocarbon isomer systems such as As a final remark, we would like to state that
n-butane/iso-butane on-hexane/2,2-dimethylbutane we did not observe substantial differences in the
[5,32] where adsorption properties can favor high transport properties of membranes templated with
selectivity for the smaller linear hydrocarbon. either TEABr or TPABr[18]. This suggests that the
A main concern in this study is thgiara-xylene/ smallest projected cross-sectional area of the ethyl
ortho-xylene (orn-butane/iso-butane) single-compo- or propyl ligands of TEABr and TPABr is the crit-
nent selectivities obtained with our amorphous tem- ical size that controls permeation, rather than the
plated silica membranes are not as high as respectivekinetic diameter of the entire tetra-alkylammonium
values obtained with high-quality, polycrystalline molecule, which is larger for TPABr. This hypothesis
MFI-type zeolite membranes reported in the litera- is in agreement with the results of Lu et al. who em-
ture, despite the very high selectivities obtained with ployed 3-methacryloxypropyl ligand as template of
permanent gases, e.gaM8Fs, seeTable 1. This sug-  the porosity of their sol-gel silica membrangs].
gests that our amorphous templated silica membranesin this case, the smallest cross-sectional dimension
may possess a distribution of pore sizes around an of the ligand was estimated at5.0 A using molec-
average, as opposed to crystalline zeolites that pos-ular simulation, while their membrane was highly
sess pores of very precise size, determined by their permeable for M (dx = 3.64 A) and propene (d=
three-dimensional crystalline lattice. This distribu- 4.5A), but essentially impermeable for the largesSF
tion in pore sizes in our membranes may account molecule (¢ = 5.5A). In our case, a high selectivity
for the moderate selectivities observed for the butane exhibited by both the TEABr- and TPABr-templated
or xylene isomers with a small difference in kinetic membranes for the linearbutane (¢ = 4.3 A) over
diameters (0.7-1.0A), especially in the case of high its branchedso-butane isomer (¢= 5.0 A) provides
amount of template, e.g. séable 2. further evidence that the minimum aperture that con-
In addition to distributed pore sizes, we suspect that trols selectivity here is the cross-section of the ethyl or
the flexibility of the amorphous silica matrix could propyl ligands of the respective template molecules.
be responsible for these moderate selectivities as
well, since bulky hydrocarbons such ias-butane or
ortho-xylene could ‘squeeze’ through micropores and 5. Conclusions
diffuse along the membrane by swelling these pores
during their movement through the amorphous silica A simple and effective tetra-alkylammonium-based
matrix. Permanent gases, however, may not have thistemplating procedure has been demonstrated for
ability and can be easily excluded by a membrane with preparation of sol-gel silica membranes with pores
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