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Z
eolites are aluminosilicate materials
with shape/size-selective nanopores
and are widely applied in separations

and catalysis.1,2 Recent works have led to
new ways of controlling molecular diffusion
limitations in zeolite materials. These in-
clude the synthesis of nanosized zeolites3

and layeredandexfoliated (i.e., 2-D) zeolites.4�6

Hierarchical zeolite�mesoporous hybridmate-
rials have also been developed to expand the
applications of zeolites to handling bulky
molecules such as heavy hydrocarbons and
biomolecules.7,8 The interconnected micro-
porous and mesoporous components have
complementary features: acid sites in the
micropores and fast diffusion paths in the
mesopores.9,10 For example, such structures
were recently obtained from ultrathin
layered MFI materials.11 Long-chain diqua-
ternary ammonium cations (C22�Nþ�C6�
Nþ�C6) were used as templating agents to
form a 2-D lamellar MFI-type material. This
material was further pillared to prevent

interlayer condensation during calcination.12

Anothermethodof preventing interlayer con-
densation is the synthesis of hexagonally
ordered MFI/mesoporous hybrids.13 This
complex material showed interesting cata-
lytic properties related to the existence of
both micropores and mesopores. Exfoliated
layered MFI was also exploited in the for-
mation of zeolitic membranes for hydrocar-
bon separations.14

In this work, we introduce a different
approach to the construction of hybrid mi-
croporous/mesoporous materials, via epi-
taxial (lattice-matched) growth of a 2-D
layered zeolite on the surface of a bulk
(3-D) zeolitematerial. There are a fewdemon-
strations of epitaxial growth between two
conventional zeolite materials, such as the
growth of Zeolite-β on SSZ-31 nanofibers15

and the growth of cancrinite on sodalite.16

Here we report the first example of epitaxial
growth of a 2-D layered zeolite (layeredMFI)
at the surface of a conventional zeolite
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ABSTRACT The synthesis of hybrid zeolitic materials with com-

plex micropore�mesopore structures and morphologies is an ex-

panding area of recent interest for a number of applications. Here we

report a new type of hybrid zeolite material, composed of a layered

zeolite material grown epitaxially on the surface of a bulk zeolite

material. Specifically, layered (2-D) MFI sheets were grown on the

surface of bulk MFI crystals of different sizes (300 nm and 10 μm), thereby resulting in a hybrid material containing a unique morphology of interconnected

micropores (∼0.55 nm) and mesopores (∼3 nm). The structure and morphology of this material, referred to as a “bulk MFI�layered MFI” (BMLM) material,

was elucidated by a combination of XRD, TEM, HRTEM, SEM, TGA, and N2 physisorption techniques. It is conclusively shown that epitaxial growth of the 2-D

layered MFI sheets occurs in at least two principal crystallographic directions of the bulk MFI crystal and possibly in the third direction as well. The BMLM

material combines the properties of bulk MFI (micropore network and mechanical support) and 2-D layered MFI (large surface roughness, external surface

area, and mesoporosity). As an example of the uses of the BMLM material, it was incorporated into a polyimide and fabricated into a composite membrane

with enhanced permeability for CO2 and good CO2/CH4 selectivity for gas separations. SEM-EDX imaging and composition analysis showed that the

polyimide and the BMLM interpenetrate into each other, thereby forming a well-adhered polymer/particle microstructure, in contrast with the defective

interfacial microstructure obtained using bare MFI particles. Analysis of the gas permeation data with the modified Maxwell model also allows the

estimation of the effective volume of the BMLM particles, as well as the CO2 and CH4 gas permeabilities of the interpenetrated layer at the BMLM/polyimide

interface.

KEYWORDS: epitaxial growth . layered MFI . nanoporous materials . hybrid zeolitic materials . nanowhiskers

A
RTIC

LE



KIM ET AL . VOL. 6 ’ NO. 11 ’ 9978–9988 ’ 2012

www.acsnano.org

9979

(MFI). In this hybrid material, referred to as “bulk
MFI�layered MFI” (BMLM), the conventional MFI pro-
vides shape/size-selective micropores as well as con-
densed acid sites and acts as a support to prevent
interlayer condensation and disordering of the lay-
ered MFI that otherwise occurs upon calcination. The
layered component provides a combined mesopor-
ous/microporous network and surface acid sites of
controlled structure. Furthermore, control over the size
of both domains (layered and bulk) can be obtained by
selecting appropriate particle sizes of the bulk compo-
nent and varying the epitaxial growth conditions for
the layered component. In this work, we describe in
detail the synthesis and characterization of this hybrid
zeolite material. Furthermore, we illustrate an appli-
cation of this material based upon its roughened
yet highly porous surface morphology, which can be
used for obtaining a high degree of zeolite�polymer
adhesion during the formation of composite zeolite/
polymer membranes. Other recently developed ap-
proaches for this purpose involve the growth of na-
nostructures of densemetal oxides/hydroxides such as
MgO/Mg(OH)2 on the zeolite surface.17�19 However,
the latter surface-roughened materials show variable
stabilities of the surface nanostructures and reductions
in porosity.19 The BMLM-type hybrid materials are
shown to avoid these problems.

RESULTS AND DISCUSSION

The morphology and structure of layered MFI was
found to be identical to that reported previously.11

Figure S1 (Supporting Information) shows the scan-
ning electron microscopy (SEM) images of the synthe-
sized layered MFI, which displays high-aspect-ratio platy
structures aggregated with each other. Therefore, the
surfacemorphology of the layeredMFI aggregate is highly
roughened. The XRD patterns (Figure S2) show the crystal
structure of layered MFI. The XRD pattern of layered MFI
includes only (h0l) peaks while missing the (0k0) peaks,
thereby representing the 2-D layered MFI. Transmission
electronmicroscopy (TEM) images are shown in Figure S3.
Layered MFI contains approximately 3 nm thin MFI layers
with about 3 nm spaces between layers.
The SEM image of Figure 1a shows the surface mor-

phology of the 10 μm bare MFI particles. Figure 1b�e
shows the surface morphologies of BMLM particles
grown from the bare MFI particles. Layered MFI is seen
to grow at the surface of conventional MFI, and the
particle surface is highly roughened after the over-
growth of layered MFI. In Figure 1b�d, it is seen that
the surface morphology of the BMLM material can
be controlled via the water concentration used in
the synthesis. The thickness, extent, and roughness
of the surface-grown layered MFI all increased upon

Figure 1. SEM images of (a) 10 μm bare MFI and (b�e) BMLM particles at varying water concentrations in the synthesis.
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decreasing themolar ratio ofwater from 16000 to 4000.
Figure 1e captures different stages of growth of the
layered MFI on bulk MFI. The layered MFI domains at
various stages of growth all appeared to be morpholo-
gically aligned on the surface, hence suggesting an
epitaxial (lattice-matched) growth rather than a more
random surface deposition and overgrowth process.
Figure 2a shows XRD patterns of bulk MFI, layered

MFI, and the BMLM particles. The XRD pattern of the
BMLM particles includes peaks from the bulk and
layered MFI materials. Figure 2b shows the N2 physi-
sorption isotherms and calculated t-plot external sur-
face areas of bareMFI and BMLMparticles. As expected
from the highly roughened surface morphology of the
BMLM particles in Figure 1, the mesoporosity and
calculated external surface area of BMLM particles are
considerably larger than in bareMFI. Depending on the
water content of the reaction gel, the calculated
external surface areas ranged from 140 to 308 m2/g.
On the basis of SEM and N2 physisorption measure-
ments, it is found that a water molar content of 8000 in
the reaction gel gives the maximum roughness and
external surface area.
The large (10 μm) BMLM particles were used to

optimize the synthesis method, but have limitations
in their application. Therefore, we extended the BMLM
synthesis technique to 300 nm bulk MFI particles. A
water content of 8000 was used. Figure 3a�c shows
SEM images of the bulk MFI and BMLM particles.
Layered MFI was successfully grown on the surface of
bulk MFI, and the surface morphology was highly
roughened. Figure 3d shows the N2 physisorption
characterization, corroborating the increase in surface
roughness and external surface areas.
Figure 4 shows thermogravimetric traces of as-made

BMLM particles, bulk MFI, and layered MFI. The organic

contents of bare MFI and layered MFI were measured
to be 14% and 41%, respectively, whereas the organic
loading of BMLM particles was measured to be 31%.
Based upon the known contents of the respective
organic structure-directing agents (SDAs) in bare and
layered MFI, the mass fraction of bulk MFI in BMLM
particles was calculated to be 37%. The density of bulk
calcinedMFI is known to be 1.73 g/cm3, and 2.05 g/cm3

before calcination.20 The density of as-made layered
MFI is 1.544 g/cm3. Based upon these densities, the
volume fraction of bulk MFI in BMLM particles is
calculated to be 30.7%. Hence, the average thickness
of layeredMFI on the surface of bulkMFIwas calculated
to be approximately 72 nm. The resulting overall aver-
age BMLM particle size of about 444 nm is comparable
to the particle sizes seen in Figure 3.

Epitaxial Growth of Layered MFI in BMLM Particles. The
low-resolution TEM images in Figure 5 show the cross-
sectionalmorphology of 300 nmBMLMparticles. While
bare MFI shows a smooth edge (Figure 5a), the BMLM
particles clearly show the growth of layered MFI at the
surface of the bulk MFI particle. Furthermore, it is clear
that the layered MFI grows in all three orthogonal
crystallographic directions, consistent with Figure 3.
The magnified image in Figure 5c demonstrates the
high roughening of the MFI particle edge. One addi-
tional interesting observation in Figure 5b is the pre-
sence of well-defined rectangular “holes”. This is due to
selective etching of silica from the bulk MFI crystal
during growth of the layered MFI.

A detailed HRTEM analysis was performed to deter-
mine if the BMLM particles represent an epitaxially
grown material. Epitaxial growth can be defined as the
growth of a crystalline overlayer on another crystalline
substrate, with lattice matching at the interface be-
tween the two phases. In this case, it is necessary that

Figure 2. (a) XRDpatterns of [a] bulkMFI; [b] BMLM;H2O contents: 16 000 [c] BMLM; 8000 [d] BMLM; 4000 [e] pure layeredMFI;
and (b) N2 physisorption data of [a] bulk MFI, external surface area 90 m2/g; [b] BMLM 4000, 140 m2/g; [c] BMLM 16000,
236 m2/g; [d] BMLM 8000, 308 m2/g.
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the crystal and pore structure of the layered MFI
overgrowth be aligned with the structure of the bulk
MFI substrate at the interface of the two phases.
Scheme 1 shows the three possible crystal growth
directions of layered MFI on bulk MFI as conjectured
from the SEM images. As shown later in this report,

types 1 and 2 are homoepitaxial growth in which the
bulk MFI substrate and layered MFI overgrowth are
along a common crystal direction. However, type 3 is
a heteroepitaxial growth (or rotational overgrowth)
involving twinning of the crystal directions of bulk
and layered MFI.

Figure 4. Thermogravimetric analysis (TGA) of [a] 300 nm bulk MFI; [b] BMLM; [c] pure layered MFI.

Figure 3. SEM images of (a) 300 nm bulk MFI; (b, c) BMLM particles; and (d) N2-physisorption data of [a] 300 nm bulk MFI,
external surface area = 131 m2/g; [b] BMLM, 200 m2/g; [c] pure layered MFI, 205 m2/g.
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Figures 6�8 show HRTEM images elucidating the
crystal structure at the interface of BMLM particles.
In all three crystal growth directions represented in
these figures, both the pore structures and crystal
structures of bulk MFI and layered MFI were exactly

aligned, thereby representing the epitaxial growth of
layeredMFI at the surface of bulkMFI. TheMFI pore size
of 5.5 Å is clearly seen, and the pore direction in the
bulk MFI region could be assigned via electron diffrac-
tion (ED) patterns after fast Fourier transform (FFT) of

Figure 5. Low-resolution TEM images of BMLM particles.

Scheme 1. BMLM morphology in three different crystal
growth directions: (a) type 1: c-directional, (b) type 2:
a-directional, and (c) type 3: b-directional growth.

Figure 6. HRTEManalysis of BMLMepitaxial growth (type 1,
c-direction growth).
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the TEM images. Figure 6 shows the type 1 (c-direction)
crystal growth of layered MFI, represented in
Scheme 1a. The electron diffraction spots of the bulk
MFI region (blue square) after FFT are indexed in the
inset. The diffraction spots coincide with the actual ED
pattern of bulk MFI21 and show that the structure is
being viewed down the a-direction pores. The magni-
fied interfacial region in Figure 6b shows the continuity
of the pore structure, as depicted by the type 1
epitaxial growth model in Figure 6c.

Figure 7 shows the interface of the type 2 (a-
direction) crystal growth represented in Scheme 1b.
The diffraction pattern of the conventional MFI
region after FFT processing coincides with that of the
c-directional MFI pore structure, due to the indexed
(200) and (020) diffraction spots. The magnified pore
structure in Figure 7b is used to obtain the type 2
epitaxial growth model shown in Figure 7c.

Figure 8 shows the interface of the type 3 b-direc-
tional crystal growth case represented in Scheme 1c. In
this case, a homoepitaxial growth is not possible, and
the crystal direction of layered MFI is twinned with
respect to that of the bulk MFI substrate (Figure 8b
and d). This rotational overgrowth occurs because
the b-direction of layered MFI is determined by the
alignment of the C22 long-chain hydrocarbon moiety
of the SDA. However, the alignment of the C22 chains
is perpendicular to the b-direction of bulk MFI. The
heteroepitaxial growth hence likely occurs by a 90�
rotation or twinning of the overgrown layer with
respect to the substrate. Heteroepitaxial growth, as in

the present BMLM type 3 case, is expected to be
thermodynamically less favorable than homoepit-
axial growth. It was found that the incidence of the
type 3 growth was much rarer than the other two
(homoepitaxial) types of growth. Due to the rarity of
finding this type of growth, and the fact that there is no
clearly defined pore structure available as a guideline
for interpreting the HRTEM images (Figure 8d), it
proved difficult to obtain a complete characterization
of this growth direction. In general, the connectivity
of rotational overgrowths in the MFI system is not
fully resolved yet. In the case of pure layered MFI,
Zhang et al. have suggested the possible connectivities
of layered MFI after repetitive branching based upon
a hypothesis of their connection by a needle-like
MEL domain.22 Detailed atomic structures of various
MFI crystal intergrowth defects have also been
suggested.23

Fabrication and Characterization of Composite Membranes.
The BMLM particles were incorporated in Matrimid, a
well-known polyimide membrane material for gas
separation applications. The particle/polymer interfa-
cial adhesion in such composite/hybrid membrane
materials is a key determinant of the separation per-
formance. The highly roughened surface of BMLM
particles is hypothesized to provide a much larger
“external” surface area than bare MFI18 and also would
allow penetration of the polymer chains into the
mesopores between the layered MFI sheets, thereby
allowingmuch better adhesion than bare MFI. Further-
more, the roughened surfaces have a micropore struc-
ture similar to that of the bulk MFI, thereby allowing
selective molecular transport through the interfaces.

Figure 7. HRTEManalysis of BMLMepitaxial growth (type 2,
a-direction growth).

Figure 8. HRTEManalysis of BMLMepitaxial growth (type 3,
b-direction growth).
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Figure 9 shows cross-sectional images of the BMLM/
Matrimid and bare MFI/Matrimid membranes. To
clearly observe the differences in adhesion properties,
the larger (10 μm) MFI particles are used. The bare MFI
particles (Figure 9a) adhere very poorly to the polymer,
leading to macrovoids (∼500 nm) at the interfaces.
However, the BMLM particles (Figure 9b) show excel-
lent adhesion to the polymer matrix, and no significant
voids were detected at the interface. The magnified
image at the interfacial region (Figure 9c) shows clear
adhesion beween layered MFI and Matrimid. The SEM

images indicate penetration of the polymer into the
mesoporous spaces between the layered MFI sheets.
Figure 10 shows the cross-sectional images of mem-
branes prepared with 300 nmMFI and BMLM particles.
In the low-magnification SEM images of Figure 10a, b,
the conventional MFI particles were seen to be highly
aggregated and poorly adhered to the polymer,
whereas the BMLM particles were better dispersed
and well-adhered to the polymer. In the magnified
SEM images (Figure 10c, d), it is clearly seen that the
BMLM particles showed good adhesion to Matrimid,

Figure 9. SEM cross-section images of zeolite/Matrimid composite membranes made with (a) bulk MFI and (b, c) BMLM
materials. The crystal size of the bulk MFI was 10 μm.

Figure 10. SEM cross-section images of zeolite/Matrimid composite membranes made with (a, c) bare MFI and (b, d) BMLM
materials. The crystal size of the bulk MFI was 300 nm.
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whereas the bare MFI particles formed macrovoids
around aggregated particles.

Figure 11 shows the SEM-EDX carbon and silicon
compositional analyses at the BMLM/polymer interfa-
cial region. In contrast with themembranes containing
bare MFI particles (Figure 11a, c), the membranes
containing BMLM particles (Figure 11b, d) clearly show
the interpenetration of the carbon and silicon profiles.
Additionally, in Figure 11d the silicon profile around
the particle can be used to estimate the effective
diameter of BMLM particles in the composite mem-
brane. The EDX-estimated effective diameter of BMLM
particles is about 600 nm, which is twice as large as the

diameter of the underlying bulk MFI particle (300 nm).
Hence, the volume of the interfacial region (including
both layered MFI and polymer) is about 7 times larger
than the volume of the bulk MFI region and occupies
87.5% of the total particle volume.

CO2 and CH4 Gas Permeation. Figure 12a depicts CO2

permeability and CO2/CH4 single-component selec-
tivity of Matrimid membranes incorporating 300 nm
bare MFI and the corresponding BMLMmaterial. In the
bare MFI composite membranes, the CO2/CH4 selec-
tivity was significantly decreased below that of the
pure Matrimid membrane. As confirmed from the
foregoing discussion, the poor adhesion between the

Figure 11. EDX compositional analysis of zeolite/Matrimid composite membranes made with (a, c) bare MFI and (b, d) BMLM
materials. The crystal sizes of the bulk MFI were 10 μm (a, c) or 300 nm (b, d). Red, Si; purple, O; green, C; turquoise, N.

Figure 12. (a) Gas permeation data from [1] bareMatrimid, [2] 5 wt% BMLM composite, [3] 24wt% BMLM composite, and [4]
20 wt % bulk MFI composite membranes, at 35 �C and 65 psi pressure differential; (b) [1] CO2 and [2] CH4 permeabilities
(symbols) and fitted prediction by modified Maxwell equations (solid curves).
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bare MFI particles and the polymer resulted in the
formation of macrovoids, which are possibly also inter-
connected to allow a continuous nonselective permea-
tion pathway through the membrane.20 On the other
hand, the BMLM composite membrane showed better
CO2/CH4 separation performance than the conven-
tional MFI composite membrane. The introduction of
the highly permeableMFI particles has a large effect on
the membrane permeability, and the selectivity is only
slightly decreased due to the lower CO2/CH4 selectivity
of MFI in comparison to Matrimid. This improved
separation performance is due to the tight adherence
of the BMLM particles to the polymer, caused by infiltra-
tionof the polymer into themesoporous spaces between
the layered MFI sheets.

To analyze the dependence of the permeation
behavior on the membrane microstructure in more
detail, the gas permeation data were fitted to the
modified Maxwell equation. In particular, our objec-
tive was to estimate the effective particle size and the
permeability of the interfacial region. The modified
Maxwell equations are given in the Supporting Infor-
mation (eqs S1�S3) and consider the membrane to
have three structural components:24 the continuous
phase (polymer), the bulk dispersed phase (bulk MFI),
and an interfacial phase (which in the case of the bare
MFI/Matrimid membrane is a void and in the case of
the BMLM/Matrimid membrane is the inorganic/poly-
mer interfacial composite region found in Figures 10
and 11). In calculating the effective permeability of the
composite membrane, the properties of the interface
are represented by the two dimensionless parameters
β (ratio of the thickness of the interfacial layer to the
radius of the underlying bulk MFI substrate) and γ
(ratio of the permeabilities of the interfacial layer and
the underlying bulk MFI substrate). The properties of
the continuous (polymer) and dispersed (bulk MFI)
phases are known from the literature. We used CO2

(CH4) permeabilities of 9.33 (0.26) Barrers for Matrimid
and 8960 (4032) Barrers for bulk MFI.25

For the macrovoids around the bare MFI particles,
the gas permeabilities will clearly be close to the
Knudsen values of 1 165 849 (1 985 158) Barrers, and
therefore we have γ = 130 (479) for CO2 (CH4) in this
case. However, the modified Maxwell equations
(S1�S3) failed to correctly fit the permeability of bare
MFI composite membranes for any physically reason-
able values of β and γ. It was therefore concluded
that in addition to the individual macrovoids present
around the bare MFI particles, there is some intercon-
nection of these voids leading to a small but contin-
uous leakage path through themembrane. This feature
was added in the form of the leakage fraction χ (eq S4).
The values of β and χ were estimated by least-squares
fitting. The fitted value of χ was 2 � 10�7. This very
small leakage fraction, in addition to the individual
macrovoids, is highly deleterious to the separation

performance as seen in Figure 12. The fitted value of
β was 0.53. This is quite comparable to the SEM
observations, which indicate that the thicknesses of
the macrovoids are of the same order of magnitude as
the bare MFI particle radius.

In the BMLM/Matrimid composite membranes,
there were no macrovoids at the interfacial region,
and the polymer chain infiltrates into themesopores of
the layered MFI epitaxially grown at the surface of bare
MFI. In this case, the modified Maxwell equation could
be applied to estimate the interfacial parameters β and
γ. While β is a structural parameter, γ is a permeability
parameter and hence differs for the two gases. As a
result of the fitting calculations, we obtain the inter-
facial permeabilities PI,CO2 (PI,CH4) = 434 (216) Barrers.
The interfacial layer is constituted of layered MFI and
infiltrated polymer. As expected from such an inter-
facial layer, the gas permeabilities are intermediate
between bulk MFI (several thousand Barrers) and the
polymer matrix (<10 Barrers). The fitted β value was
estimated as 0.97, which agrees very well with the
valueof 1.0 obtained from the EDXanalysis in Figure 11.
Figure 12b shows the individual measured permeabil-
ities of CO2 and CH4 in the BMLM/Matrimid composite
membranes, along with the modified Maxwell equa-
tion predictions using the best fit parameters. This
consistent agreement of the gas permeabilities over
the range of bulk MFI volume fractions, as well as the
excellent agreement of the effective interface thick-
ness, further confirms the good quality of the BMLM/
Matrimid composite membranes. The increase in mem-
brane permeability (more than a factor of 5 at 8 vol%
loading) upon incorporation of the nanoporous, high-
flux BMLM material is much larger than that obtained
by incorporating the same loading of nonporous
(e.g., TiO2) nanoparticles into Matrimid (a factor of
1.5�1.7).26 The latter effect is hypothesized as being
caused by disruption of polymer chain packing near
the interfaces.26,27

CONCLUSION

A new type of hybrid zeolitic material, namely, an
overgrowth of layered MFI over a bulk MFI substrate,
has been shown. Detailed HRTEM analysis shows epi-
taxial growth of layered MFI on the bulk MFI substrate
in at least two, and possibly all three, principal crystal-
lographic directions. In this “bulk-MFI/layered-MFI”
material, the layered MFI creates a large “external
surface area” and “surface roughness”. The capability
of epitaxially growing a layered zeolite on a conven-
tional bulk zeolite creates the possibility of a new class
of hybrid zeolitic materials whose properties can be
rationally controlled by independently tuning themor-
phologies of the layered and bulk zeolitic components
of the hybrid material. In one example application,
we have shown that the highly roughened surface
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resulted in excellent adhesion to a dense glassy polymer.
BMLM/Matrimid composite membranes showed bet-
ter gas permeation properties than bare MFI/Matrimid
composite membranes, and the fit of the permeation
data to the modified Maxwell model yielded physically

reasonable values for the interface properties. The BMLM
particles are interesting materials for application in mo-
lecular separation using composite/hybrid membranes
and may also have uses as catalytic materials after
substituting some of the Si atoms with Al atoms.

METHODS
Synthesis. Conventional MFI particles of two different sizes

(10 μm and 300 nm) were synthesized hydrothermally as
described in previous works.28 The synthesis of the long-chain
diquaternary ammonium cation (C22�Nþ�C6�Nþ�C6) as a
structure-directing agent for layered MFI was carried out as
described previously.11 For comparison with the BMLM materi-
al, pure layered MFI was also synthesized as described in
previous work.11,12 The synthesis of BMLM materials was ac-
complished by the same reaction gel composition used for
synthesizing pure layered MFI. However, the bulk MFI particles
were added to the gel. In this report, no aluminum source was
included in the BMLM synthesis, and a pure-silica hybrid
material was obtained. The molar composition of the reaction
gel was 30 Na2O:100 TEOS:10 C22‑6‑6Br2:18 H2SO4:70 bulk
MFI:4000�16 000 H2O. The molar quantity of the bulk MFI
particles was set to 70% of the dissolved Si source (TEOS). The
water content was varied from 4000 to 16 000 to examine the
corresponding morphological changes in the BMLM material.

Characterization. Scanning electron microscopy of particles
and membranes was performed with a JEOL LEO-1530 operat-
ing at 10 kV. Cross sections of membranes were prepared by
fracturing the sample in liquid nitrogen. Elemental analysis was
performed by SEM-EDX. Samples were gold-coated to prevent
surface charging effects. Low-magnification transmission elec-
tron microscopy was performed with a Hitachi HF-2000 at
200 kV. High-resolution TEM was performed on a FEI Tecnai
G2 F30 TEM at 300 kV. Typically, the BMLM particles were
embedded in epoxy and sliced into 50 nm thin sections by a Leica
EMUC6Ultramicrotome equippedwith a diamond knife. Thermo-
gravimetric analysis (TGA) was performed with a Netzsch STA409.
The scanning temperature was 30�900 �C at a ramping rate of
10 �C/min, under an N2:O2 stream flowing at 90:50 mL/min. N2

physisorption isothermswereobtained at 77Kwith aMicrometrics
Tristar II. The samples were degassed for 12 h at 150 �C.

Membrane Fabrication. MFI/Matrimid composite membranes
were fabricated via a blade-casting method on a glass plate.
Dichloromethane (DCM) was used to dissolve the poly-
imide (Matrimid). For the fabrication of a 20 wt % particle-
loaded composite membrane, 0.375 g of particles was dis-
persed in 8.5 g of DCM and sonicated for 30 min. Then, 1.5 g
of Matrimid powder was added and stirred for 1 day using
a rotation bar. The dispersion was then sonicated for 30 min
to remove any air bubbles. Then, the dispersion was poured
on the glass surface and cast using a “doctor's blade”
with a height of 12 mils (300 μm). The cast membrane was
placed in stagnant air for 1 day and then annealed at 180 �C
for 24 h.

Permeation Measurements. The single-component permeabil-
ities of CO2 and CH4 were determined using the isochoric
(constant-volume, variable-pressure) technique.29 The up-
stream pressure was monitored using a 1000 psia Sensotec
SC pressure transducer. The pressure in the downstream collec-
tion volume was measured using a 10 Torr MKS Baratron (type
127) pressure transducer. The output from the downstream
pressure transducer was interfaced with a personal computer
using the LabView software for real-time data recording. The
entire permeation system was maintained to within (0.1 �C
using a proportional controller (Cole Parmer, BA-2155-54).
Several measurements were performed for the thickness of
each membrane sample with a micrometer (Ames, Waltham,
MA, model #56212) and were then averaged.
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