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Highly crystalline exfoliated MFI-nanosheets can pave the way for large-scale deployment of sub-500-nm zeolite mem-
branes due to their processing and packing advantages. Exfoliated MFI-nanosheets prepared by melt compounding con-
tain a large amount of polymer and unexfoliated particles which are detrimental to the fabrication of ultrathin zeolite
membranes. Complete removal of polystyrene from the nanosheet suspension in toluene is demonstrated by centrifuga-
tion of the suspension across chlorobenzene as confirmed by thermogravimetric analysis (TGA) data and transmission
electron microscopy (TEM) images. Rate-zonal centrifugation in a nonlinear density gradient fractionated exfoliated
MFI-nanosheets from unexfoliated particles. The purified nanosheets were highly crystalline as indicated by high-resolu-
tion TEM (HRTEM) and electron diffraction (ED). Coating of purified MFI-nanosheets on a smooth a-alumina support,
fabricated by filtration of a-alumina suspension, led to a compact, b-oriented, 80-nm-thick film. A mild hydrothermal
treatment of the film led to a 200-nm-thick membrane, which demonstrated molecular sieving properties. VC 2013 American

Institute of Chemical Engineers AIChE J, 59: 3458-3467, 2013
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Introduction

The development of better separation processes was and
remains today a major activity for chemical engineers.1

Among advancements in nanotechnology, thin film fabrica-
tion of microporous materials emerged in the last 2 decades
as a possible route to high-throughput membranes. Sub-500
nm-thick zeolite films are desirable for large-scale deploy-
ment of this technology.2 These ultrathin zeolite membranes
can be fabricated by oriented assembly of high-aspect-ratio
zeolite nanosheets on porous supports.3–5 In contrast to iso-
tropic zeolite nanocrystals, zeolite nanosheets are flexible,
allowing them to conform to the rough surface of the under-
lying support, without the need of support pore masking,6 or
support modification using mesoporous top-layers.7 Recently,
starting from multilamellar MFI,8 1.5 unit cell-thick MFI-
nanosheets were obtained via exfoliation of the lamella by
melt compounding with polystyrene.4 Dissolution of the
polymer-zeolite nanocomposite in toluene, followed by re-
moval of unexfoliated particles by a one-step centrifugation
process, yielded structurally and morphologically intact zeo-
lite nanosheets. A simple filtration technique followed by a

mild hydrothermal treatment was used to fabricate about 350
nm thick zeolite membranes, which separated p-xylene from
o-xylene.

To fabricate thinner zeolite membranes using these MFI-
nanosheets, the coating suspension must be further purified
to obtain uniform (in thickness and lateral size) nanosheets,
while removing the larger unexfoliated particles and the
polystyrene used in the melt compounding process. Polysty-
rene removal by heat treatment leads to curling and agglom-
eration of nanosheets, deteriorating their ability to pack and
orient in a thin film.4 Therefore, a method is required to
purify nanosheets without inducing structural and morpho-
logical damages. Solution processing of nanosheets by den-
sity gradient centrifugation (DGC) is one such technique.

In DGC, particles are separated by exploiting the differen-
ces in their sedimentation velocity. This is attained by cen-
trifugation of the particles in a fluid medium with density
gradient along the depth of the fluid.9 The density gradient
can be linear (linear increase in density along the depth of
the fluid), or nonlinear (by stacking of fluids with dissimilar
densities). If centrifugation is carried out for a long enough
time to achieve equilibrium, particles with identical density
accumulate in corresponding density zones along the depth
of the fluid (isopycnic sedimentation). In the case of particles
with different size and shape but identical density, a non-
equilibrium approach is adopted (rate-zonal centrifugation10).
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In this case, segregation of particles is time-dependent as,
for example, larger particles sediment at a faster rate as com-
pared to the smaller particles.

DGC was first reported as a tool to calculate the molecular

weight and partial specific volume of DNA and viruses by

isopycnic sedimentation.11 Leif and Vinograd applied this

technique to purify subpopulations of human erythrocytes in a

linear density gradient of bovine serum albumin.12 Since then,

density gradient has been used to separate a variety of cells13–15

and cell fractionates.16–19 This concept was also applied in mea-

surement of the density of polymeric nanoparticles,20 as well as

their purification21–23 by isopycnic sedimentation. For example,

three different styrene-butyl methacrylate latex particles were

fractioned in linear density gradient created by sucrose solution

in water, enabling a study of monomer distribution in each type

of latex particle.22

Recently, density gradient centrifugation has been used to

purify carbon nanotubes (CNTs) based on their diameter,24–28

wall thickness,29,30 length31 and aggregation,32,33 leading to

fabrication of next generation thin-film electrical devices.

Arnold et al. pioneered isopycnic segregation of nanotubes by

surfactant encapsulation of single-wall carbon nanotubes

(SWCNTs), leading to change in the density of nanotubes as

a function of diameter.24 A repeated isopycnic ultracentrifuga-

tion in a linear density gradient of iodixanol successfully frac-

tionated SWNTs of different diameters. Using a similar

principle, double wall CNTs were separated from single and

multiwall CNTs, carbonaceous impurities and metallic catalyst

particles, for applications in field-effect transistors and trans-

parent conductors.29 Ghosh et al. applied a nonlinear density

gradient to separate highly polydisperse sample of SWCNTs

in a single step.26 Fractionation of CNTs based on their length

was reported by nonequilibrium rate-zonal centrifugation by

exploiting the transient motion of SWNTS in a dense fluid

medium.31

DGC has been also applied to purify a variety of spherical

nanoparticles. FeCo nanocrystals coated with graphitic shells

were separated by nonlinear density gradient.34 Gold core/

silica shell nanoparticles for application in plasmonics nano-

antennas were purified using high viscosity iodixanol density

gradient.35 Monodisperse Si nanocrystals were obtained by

fractionation in density gradient of 40% 2-4-6 tribromoto-

luene in cholorobenzene.36

Reports of fractionation of particles with sheet-like mor-
phology have been limited. Exfoliated graphene sheets were
purified using similar principles applied in fractionation of
CNTs in iodixanol density gradient.37 Sun et al. used rate
zonal centrifugation in sucrose density gradient to separate
chemically modified graphene in minutes of using ultracen-
trifugation.38 Reports of purification of clay particles have
been limited to soil mineralogy. DGC in a mixture of tetra-
bromoethane and acetone was used to identify and separate
clay particles saturated by H1, Ca12, K1 and Cs12 ions.39

Similar density gradient technique was used to fractionate
<0.2 lm clay materials from three soils with different Fe-
oxide minerology.40

Barring a few,36,40–42 most of the DGC experiments9–35,37–39

have used aqueous density gradient (iodixanol, sucrose, etc.)
for fractionation of particles. However, MFI-nanosheets are dif-
ficult to stabilize in aqueous suspensions due to presence of
long hydrophobic surfactant embedded in their structure.8,43,44

Most of the isopycnic fractionations reported in the literature
were carried out for a long time (up to a day) using

ultracentrifuges, which also puts restriction on the processable
volume. Here, we report purification of MFI-nanosheets from
polystyrene, organic contaminations, and unexfoliated particles
by using rate-zonal centrifugation in nonlinear density gradients
created with organic solvents in a regular centrifuge. Fabrica-
tion of an ultrathin zeolite membrane on a porous alumina sup-
port is demonstrated using the MFI-nanosheets purified by
DGC.

Experimental

Purification of nanosheets to remove polystyrene

Nanocomposite of MFI-nanosheets and polystyrene were
prepared as reported before.4 Briefly, multilamellar MFI, pre-
pared by the procedure reported by Ryoo and coworkers,8

was exfoliated by melt compounding with polystyrene.45 3.0
g of exfoliated nanocomposite was dispersed in toluene to
yield 1.0% w/w suspension by sonication in a bath sonicator
(Branson 5510R-DTH, 135 watts) for 30 min. The resulting
suspension was centrifuged (Beckman Coulter, Avanti J-20
XP equipped with JA25.50 rotor) in four 50 mL FEP centri-
fuge tubes at 40,000 g for 3 h to sediment zeolite nanosheets
at the bottom of the centrifuge tubes. Sedimented nanosheets
were separated from the supernatant and redispersed in tolu-
ene. The centrifugation and re-dispersion process was
repeated twice. The resulting nanosheet sediment was then
dispersed in 20 mL toluene, and placed on top of 20 mL
chlorobenzene in a 50 mL FEP centrifuge tube, drop by drop
by a transfer pipette, to create a nonlinear one step density
gradient. Centrifugation was carried out at 40,000 g for 3 h.
At the end of centrifugation, the nanosheets sedimented at
the bottom of the centrifuge tube were collected by pouring
out the supernatant. A part of the nanosheet sediment was
analyzed by thermogravimetric analysis (TGA) to confirm
the removal of polystyrene.

Purification of nanosheets to remove unexfoliated
zeolites

The zeolite sediment obtained after removal of polystyrene
was dispersed in 20 mL n-octanol by horn sonication (Qson-
ica Q500, 500 watts, 0.125

00
microtip operating at 20% of

maximum amplitude) for 3 min followed by sonication in
the bath sonicator for 30 min. A nonlinear multilayered den-
sity gradient was created in a 50 mL FEP centrifuge tube by
sequentially placing 5 mL chloroform (q 5 1.48 g/cc), 5 mL
dichloromethane (q 5 1.33 g/cc), 10 mL chlorobenzene
(q 5 1.10 g/cc), and finally 20 mL nanosheet suspension in
octanol. After centrifugation at 12,000 g for 30 min, the liq-
uid fractions marked by the solvent interfaces were collected
by transfer pipettes in separate vials. These fractions were
characterized by transmission electron microscopy (TEM).
The top fraction (n-octanol) was diluted to 40 mL and centri-
fuged at 40,000 g for 3 h to sediment the purified nano-
sheets. The sedimented nanosheets were dispersed in 40 mL
n-octanol by the horn sonication for 3 min followed by soni-
cation in the bath sonicator for 60 min. This suspension was
characterized by TEM and high-resolution TEM (HRTEM),
and used for fabrication of nanosheet films.

Fabrication of support, thin nanosheet film and
membrane

Fabrication of the round a-alumina disks (22 mm in diam-
eter and 3 mm in thickness) by hydraulic pressing of dry
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a-Al2O3 powder (CR-6, Baikowski, average particle size of
400 nm) was carried out as reported before.46 Supports were
sintered at 1160�C for 6 h for mechanical strength.

For fabrication of supports by colloidal processing, a-
Al2O3 powder was added to water to make a 20 vol % sus-
pension. The suspension was electrostatically stabilized at
pH 2.2 by slow addition of HNO3. Horn sonication for 3
min followed by bath sonication for 90 min was carried out
to disperse the agglomerated particles. This suspension was
filtered through a 1 lm stainless steel mesh (TWP, Inc., part
# MIC1TL5) to remove any remaining large agglomerates.
The bubbles in the suspension were suppressed by addition
of 3 lL n-octanol/g to the suspension, followed by degassing
of the suspension in the bath sonicator. For gypsum mold
casting, the alumina suspension was poured inside an annular
PTFE cylinder (I.D. 5 22 mm) standing vertically on a 25
lm cellulose fiber filter (Whatman) on the gypsum mold.
Fabrication of support by filtration was achieved by pouring
the alumina suspension inside the annular PTFE cylinder
standing vertically on a 0.2 lm nylon membrane (Whatman)
under partial vacuum (214 kPa), as shown in Figure 1A. Af-
ter 2 h, alumina compacts were removed from the PTFE
annulus and dried overnight at room temperature. The sur-
face of each compact was cleaned from the loose alumina
particles by blowing it with pressurized nitrogen (80 psig).
The compacts were then sintered under air flow (150 mL/
min) at 1050�C or 1150�C for 3 h with a heating rate of
2�C/min. To improve the interaction between the support
and the zeolite film, the supports were treated with air
plasma (Harrick plasma cleaner, PDC-32G) for 2 min before
the fabrication of nanosheet film.

Thin nanosheet film was fabricated on alumina supports
by vacuum assisted filtration. 0.3 g of nanosheet suspension
was diluted with 3.0 g n-octanol and sonicated in the bath
sonicator. The sonicated nanosheet suspension was poured
over the alumina support held in vacuum in a homemade
setup (Figure 1B). At the end of filtration, the disk was dried
at 150�C for 4 h, and calcined under air flow (150 mL/min)
at 550�C for 6 h with a heating rate of 1�C/min, to remove
the organic structure-directing agent (OSDA) from the nano-
sheet framework. The calcination was carried out in a quartz
Petri dish (Technical Glass Products) covered with a cap

with a gas inlet and outlet. The retention time of air in the
Petri dish was about 2 min.

The growth suspension used to reduce the interparticle
gaps in the nanosheet film was prepared as reported before.4

Briefly, a synthesis sol (60 SiO2:9 TPAOH: 8100 H2O: 240
EtOH) was hydrolyzed overnight, and aged at 100�C for 6 h
in a Teflon-lined stainless steel autoclave. The alumina disk
coated with MFI-nanosheet was placed vertically in the aged
synthesis sol, and heated at 100�C for 16 h in a Teflon-lined
stainless steel autoclave. The resulting membrane was then
calcined under air flow (150 mL/min) in the quartz Petri
dish at 480�C for 4 h with heating rate of 0.5�C/min, to
remove TPAOH from the membrane framework.

Characterization

TGA analysis (PerkinElmer TGA-7 analyzer) was done to
estimate the amount of organic content in the zeolite sedi-
ment obtained after purification by DGC in toluene-chloro-
benzene gradient. Analysis was carried out by heating a few
mg of the zeolite sediment in air flow (100 mL/min) from
130 to 550�C (heating rate of 1�C/min) and maintaining the
sample at 550�C for 8 h.

TEM specimens were prepared by depositing a drop of
the suspensions on a TEM grid (ultrathin carbon film on
holey carbon support film, 400 mesh Cu, Ted Pella) followed
by drying the coated grid in ambient conditions. All TEM
and high-resolution TEM (HRTEM) studies were conducted
using an FEI Tecnai T12 TEM operating at 120 kV and an
FEI Tecnai G2 F30 TEM operating at 300 kV, respectively.
The images were acquired using a CCD camera.

For preparation of atomic force microscopy (AFM) speci-
men, 20 lL of purified nanosheet suspension was deposited
on a hydrophobic silicon wafer by spin coating at 3000 rpm
for 4 min. The nanosheet coating was calcined in air flow at
540�C for 6 h to remove the OSDA from the pores and sur-
face of the nanosheets. AFM was carried out in tapping
mode in the repulsive regime using a Molecular Imaging
PicoPlus scanning probe microscope (since renamed Agilent
5500 AFM/SPM system). The AFM image analysis was per-
formed using Gwiddion 2.30 software. For calibration of the
AFM height data, 2.0 nm steps of the muscovite mica, cre-
ated by etching a freshly cleaved muscovite mica in 50%

Figure 1. Schematic diagrams showing the experimental setups.

(A) Fabrication of a-alumina support by colloidal processing, and (B) Fabrication of a thin MFI-nanosheet film on the a-alumina

support.
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hydrofluoric acid for 4 h,47 was used as the calibration
standard.

For preparation of cross sections, the nanosheet film and
the membrane were coated with approximately 300 nm Au
by a sputter coater to protect the surface from beam damages
from the focused ion beam (FIB). The cross section was pre-
pared by a FIB equipped with a Ga ion source operating at
30 kV (Quanta 3D DualBeam).

Scanning electron microscopy (SEM) images of the nanosheet
film, membrane and cross sections prepared by FIB were
acquired using JEOL 6700 microscope operating at 1.5 kV.
Cross-section specimens were tilted to 40–48� for SEM imaging.

Xylene isomer vapor permeation measurements were car-
ried out as reported before.4

Results and Discussion

Zeolite nanosheet purification by DGC

Melt compounded zeolite-polystyrene nanocomposites
consist of 96% w/w polystyrene and 4% w/w MFI-nano-
sheets. Upon dissolution of the zeolite-polystyrene nanocom-
posite in toluene by sonication, MFI-nanosheets dispersed in
toluene. During centrifugation of this suspension at 40,000 g
for 3 h, MFI-nanosheets sedimented at the bottom of the
centrifuge tube due to the difference of density between
nanosheets (q � 2.00–2.20 g/cc), and toluene (0.87 g/cc).
Since, polystyrene remains dissolved in the supernatant
phase (toluene), the sediment consists of mostly MFI-nano-
sheets. However, the MFI-nanosheets sediment obtained after

Figure 2. (A) TEM image of MFI-nanosheets sediment before purification by density gradient centrifugation (DGC).
The sediment was prepared by 5 cycles of washing in centrifugation and redispersion in toluene. The
spheres in the image are polystyrene, which precipitated upon dispersion of the sediment in n-octanol,
(B) TEM image of MFI-nanosheets purified from polystyrene by nonlinear DGC, and (C) TGA curves from
two separate DGC purification experiments showing expected weight loss of nanosheet sediments due
to elimination of organic structure directing agent (OSDA).

The schematic below the TGA curves illustrates the experiments for separation of polystyrene from MFI-nanosheets in the tolu-

ene-chlorobenzene density gradient.
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discarding the supernatant is wet with toluene, and conse-
quently polystyrene dissolved in the toluene. The amount of
polystyrene can be further reduced by redispersion of the
sediment in fresh toluene followed by repetition of the centrif-
ugation process. However, despite this repeated centrifugation
and redispersion washing process, it is not possible to com-
pletely eliminate polystyrene from the zeolite sediment. Fig-
ure 2A shows the image of the nanosheet sediment purified
by five cycles of centrifugation and redispersion, dispersed in
n-octanol. Polystyrene, which is insoluble in n-octanol, can be
seen as spherical particles in the TEM image.

Instead of purification by repeated centrifugation and
washing, MFI-nanosheets can be purified from polystyrene
using DGC. Centrifugation of the zeolite sediment dispersed
in toluene across a step density gradient of toluene/chloro-
benzene enables efficient removal of polystyrene (Figure
2B). The density of polystyrene (q 5 1.06 g/cc) is lower than
that of chlorobenzene (q 5 1.10 g/cc). Also, since chloroben-
zene is a poor solvent of polystyrene, polystyrene does not
diffuse in the chlorobenzene fraction during centrifugation.
On the other hand, denser zeolite nanosheets (q � 2.00–
2.20 g/cc) sediment in the chlorobenzene fraction and de-
posit at the bottom of the centrifuge tube (see the schematic
in Figure 2C). TGA curves of the nanosheet sediments from
two separate experiments indicate complete removal of poly-
styrene (Figure 2C). The weight loss of zeolite sediment dur-
ing heat treatment to 550�C can be accounted for by the
expected loss due to the removal of the organic structure
directing agent (OSDA) associated with the MFI-

nanosheets.8,44 Theoretically, OSDA embedded in the straight
pore channels (along the b-axis of nanosheets), comprises 20%
of the weight of the 1.5 unit cell thick MFI-nanosheets. Extra-
framework OSDA, which are loosely held on the surface of
nanosheets, comprises another 21% of the weight of MFI-
nanosheets, as estimated by the TGA curve in Figure S1.
Some of these loosely adhered extra-framework OSDA are
expected to be washed away during the DGC processing.
Based on this, DGC purified nanosheets are expected to lose
20–41% of their weight in the TGA experiment. The weight
loss of DGC processed nanosheets from two separate experi-
ments reported here are well within this range (Figure 2C),
indicating complete removal of polystyrene.

MFI-nanosheets purified from polystyrene using nonlinear
DGC, did not disperse well in toluene, and agglomerated
and sedimented within minutes. Perhaps, the presence of
large amount of polystyrene in the unpurified suspension,
aided the dispersion of nanosheets in toluene. Moreover, due
to presence of long hydrophobic tail of OSDA on the surface
of MFI-nanosheets, it is not possible to prepare a stable dis-
persion of nanosheets in aqueous medium. Therefore, a num-
ber of organic solvents were explored to obtain a complete
dispersion of MFI-nanosheets. Among them (cyclohexane, n-
hexane, chloroform, dichloromethane, chlorobenzene, tetra-
hydrofuran, ethanol, n-butanol, and n-octanol), n-octanol dis-
persed the nanosheets most effectively, and the resulting
suspension was stable for many days.

Modification of the density of MFI-nanosheets by surfac-
tant encapsulation and subsequent isopycnic centrifugation24

Figure 3. Left: Schematic of a centrifuge tube showing the four fractions obtained after the nonlinear density gra-
dient centrifugation (DGC) (F1: n-octanol fraction; F2: chlorobenzene; F3: dichloromethane and F4: chlo-
roform fractions). Right: the corresponding TEM images.

(A) Top (n-octanol) fraction showing MFI-nanosheets completely purified from unexfoliated particles, and (B) agglomerated MFI-

nanosheets in the chlorobenzene fraction. Larger unexfoliated particles in dichloromethane (C) and chloroform (D) fractions.
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is difficult due to the presence of the long tail OSDA on the
surface of the nanosheets.8,43,44 Instead, exfoliated nano-
sheets can be separated from larger unexfoliated nanosheets
based on the differences in sedimentation rate, using rate-
zonal centrifugation. A nonlinear density gradient created by
a simple stacking of fluids with varying density has been
proved effective in separating particles based on their size
and shape.34 Based on this, purification was carried out by
placing nanosheet suspension in n-octanol (q 5 0.82 g/cc)
over density stacks created by cholorobenezene (q 5 1.10 g/
cc), dicholoromethane (q 5 1.33 g/cc), and choloroform
(q 5 1.48 g/cc), followed by a mild centrifugation at 12,000
g for 30 min. Four fractions, marked by the solvent interfa-
ces, were collected and analyzed by TEM, as shown in Fig-
ure 3. A quantitative survey on the presence of unexfoliated
nanoparticles in each fraction was done by counting the
number of unexfoliated particles per 5,000 exfoliated nano-
sheets. There were no unexfoliated particles per 5,000 exfoli-
ated nanosheets in the top fraction (F1). Two unexfoliated
particles per 5,000 nanosheets were found in the 2nd fraction
from top (F2). There were a large number of unexfoliated
particles in the 3rd (F3) fraction, while the 4th fraction (F4)
primarily comprised of unexfoliated particles.

Figure 3A shows TEM image of F1. The presence of seg-
regated, b-oriented MFI-nanosheets with uniform contrast is

indicative of uniform thickness of nanosheets. Parts of the
nanosheets are chipped, perhaps due to vigorous sonication
of the zeolite sediments for redispersion during the purifica-
tion process. The MFI-nanosheets obtained by this purifica-
tion process are polydisperse in their lateral dimension
(aspect-ratio). Further optimization of DGC is needed to
limit the polydispersity in aspect-ratio of MFI-nanosheet for
improvement in packing efficiency of the nanosheets. TEM
images of MFI-nanosheets in F2, F3 and F4 are shown in
Figure 3B, C, and D, respectively. MFI-nanosheets in these
fractions are agglomerated, which can be attributed to the
instability of nanosheets in chlorobenzene, dichloromethane
and choloroform. The yield of exfoliated MFI-nanosheets in
F1 is 10%, which is a twofold improvement vs. the yield of
exfoliated MFI-nanosheets reported before.4 Future work
will focus on further improvement of the yield of the MFI-
nanosheets purified by DGC.

Figure 4A shows a higher magnification TEM image of a
MFI-nanosheet from F1. The nanosheet is b-oriented (i.e.,
with their b-axis along the direction of the e-beam) as it lays
flat on the TEM grid due to its high-aspect-ratio (�100).
The electron diffraction (ED) pattern of the nanosheet in
Figure 4A is shown in Figure 4B. The presence of diffrac-
tion spots corresponding to d-spacing as small as 1.96 Å
establishes that purified MFI-nanosheets are highly

Figure 4. (A) TEM image of b-oriented MFI-nanosheets purified from polystyrene and unexfoliated nanosheets by
DGC, (B) ED pattern from the MFI-nanosheet shown in A, (C) HRTEM image of a b-oriented MFI-nano-
sheet purified by DGC, and (D) the FFT of the HRTEM image in C.
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crystalline. The ED pattern of 10 randomly chosen MFI-
nanosheets was studied. All 10 nanosheets exhibited ED pat-
tern of MFI oriented along b-axis, indicating absence of an
amorphous phase. Figure 4C shows a high-resolution TEM
(HRTEM) image of a part of a b-oriented MFI-nanosheet.
The HRTEM image has a low contrast because MFI-nano-
sheets are only 3.2 nm thick.4 The bright spots in the
HRTEM images are due to the 10 member ring (MR) MFI
straight pore channels running along the b-axis. The fast
Fourier transform (FFT) of the image (Figure 4D) indicates
2.4 Å resolution, comparable to that attainable by imaging of
regular zeolite crystals.

Figure 5A shows a topographical AFM image of MFI-
nanosheets deposited on a silicon wafer. The nanosheets lay

flat on the silicon wafer because of their high-aspect ratio. A
statistical analysis of the height distribution in the AFM data
yielded that the MFI-nanosheet is 3.21 6 0.26 nm thick, cor-
responding to a 1.5 unit cell thickness along its b-axis. This
along with a line scan data in Figure 5B, is consistent with
the thickness of MFI-nanosheets reported before.4

Improved a-Alumina Support for Nanosheet
Deposition

Purified nanosheets with high crystallinity are advantageous
for fabrication of thin zeolite films for applications such as
high-throughput membranes. However, a smooth porous sup-
port with surface roughness less than the thickness of the
desired zeolite film is essential for fabrication of a compact
film. The alumina support fabricated by hydraulic pressing
and sintering of 400 nm a-alumina particles had a surface
roughness more than 500 nm even after polishing (Figure
6A), making it extremely difficult to fabricate a sub-100-nm
thick zeolite membrane without the use of an intermediate
smoothening layer.4 The high-surface roughness in this sup-
port can be attributed to the poor packing of alumina particles
as they are highly agglomerated in the powder form.

To improve surface quality, supports were prepared from
colloidal dispersions. Strong electrostatic repulsion between
positively charged alumina particles is achieved in aqueous
dispersions at pH in the 2–3 range.48 The alumina suspension
at pH 2.2 had many bubbles, which ruin the uniformity of the
support surface (Figure S2A), and, hence, n-octanol was added
as an antifoam agent to suppress the bubbles in the suspen-
sion.49,50 Figure 6B shows an SEM image of the top surface of
the alumina support prepared with the gypsum mold. The sur-
face this support is much smoother than that made by powder
pressing. The improved surface quality may be attributed
greater degree of dispersion of the particles in suspension as
compared to the bulk powder. Additionally, the open mold pro-
cess may have allowed the colloidal ceramic particles to accu-
mulate on the flat air–water interface during casting. However,
a significant deposition of gypsum derived CaSO4.2H2O on the
support surface made it difficult to use this support for ultrathin
zeolite film. Figure 6C shows an SEM image of the top surface
of alumina support fabricated by vacuum assisted filtration.
The surface roughness of this support is the lowest among the
three supports due to controlled deposition and elimination of
contaminants in the suspension.

Sintering of dispersion processed alumina supports at
1150�C, the temperature typically used for sintering of the

Figure 5. (A) AFM (tapping mode) topographical image
of MFI-nanosheets on Si wafer, and (B) plot
showing the topographical data (height vs.
length) along the line scan across an MFI-
nanosheet in (A).

Figure 6. SEM images (top view) of the microstructure of a-alumina supports prepared by hydraulic pressing and
colloidal dispersion processing.

(A) Rough surface microstructure of the support prepared by hydraulic pressing of a-alumina powder followed by sintering at

1160�C and polishing, (B) surface of support prepared by casting the alumina suspension on gypsum mold and sintered at 1050�C,

and (C) smooth surface of a-alumina supports prepared by vacuum assisted filtration of alumina suspension and sintered at 1050�C.
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alumina disk prepared by hydraulic pressing of the alumina
powder, led to partial closure of the surface pores (Figure
S2B). This result can be attributed to the higher packing
density of the alumina particles in the dispersion-processed
disk. Reduction of sintering temperature to 1050�C led to a
smooth and uniform surface microstructure, suited for the
fabrication of ultrathin nanosheet films (Figure 7A).

MFI-nanosheet Film and Membrane

Fabrication of a uniform sub-100-nm thick nanosheet film
on a porous support is a challenging task by traditional

evaporation induced self-assembly (EISA) techniques such
as dip coating or convective assembly. Surface wettability
issues combined with dripping of coated films, edge effects,
and capillary infiltration in porous substrates, make it chal-
lenging to control the film thickness uniformly over the
entire substrate. Also, EISA requires a fairly large quantity
of coating suspension in a concentration of 0.1% or above.
In contrast, filtration of nanosheet suspension through a po-
rous substrate is a simple and reproducible technique capable
of producing uniform, compact and oriented films.4 Control
of film thickness can be simply achieved by adjusting the
amount of suspension added for the filter coating. Also, this

Figure 7. (A) SEM image of the surface of alumina support prepared by vacuum assisted filtration and sintered at
1050�C, and (B) SEM image of the surface of support coated with a thin film of MFI-nanosheets.

Figure 8. SEM images of the MFI-nanosheet films and their cross section prepared by FIB.

(A) Top view image of MFI-nanosheet film on the a-alumina support, (B) cross-sectional image of the film shown in A, acquired at

a tilt angle of 48�, (C) top view image of membrane prepared by secondary growth of nanosheet film shown in A, and (D) cross-

sectional image of the membrane shown in C, acquired at a tilt angle of 40�. The protective gold and platinum coatings are depos-

ited to prevent beam-damage to the film/membrane surface during preparation of cross sections by FIB.
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technique does not require concentrated coating suspension,
thereby allowing the use of dilute nanosheet suspensions.

A thin film of MFI-nanosheets was coated on the high-
quality a-alumina support by vacuum assisted filtration of
the purified nanosheets suspension (Figure 7B). The coating
was heat-treated at 540�C to remove the OSDA, and pro-
mote interparticle bonding by condensation of terminal sila-
nol groups at the surface of nanosheets. Figure 8A shows a
high-magnification SEM image of the top surface of the
coating. MFI-nanosheets cover the entire support while ori-
enting themselves along their b-axis. b-orientation of MFI
film is advantageous for fabrication of a high-throughput
membrane, as the fastest transport channel in the MFI crystal
is along the b-axis.51,52 Although the nanosheet film is com-
pact, interparticle gaps of a few nm can be observed. These
gaps could be due to the presence of a few agglomerated
nanosheets in the coating suspension or curling of larger
nanosheets during deposition. Future work will focus on
fractionation of nanosheets based on their lateral size to fur-
ther improve the packing of nanosheets in the coated film.
Figure 8B shows the cross section of the nanosheet film pre-
pared by FIB. The nanosheet film sandwiched between a-
alumina support and the protective gold coating are 80 nm
thick. The nanosheet coating follows the surface contour of
the underlying a-alumina support because of the flexibility
of high-aspect-ratio nanosheets.

Molecular sieving performance of the MFI-nanosheet film
was tested by permeating an equimolar mixture of p-xylene
and o-xylene through the film.51–53 MFI nanosheets have
pore openings of 0.56 nm 3 0.54 nm along their b-axis,
whereas the kinetic diameter of p-xylene and o-xylene are
0.58 nm and 0.68 nm, respectively. However, due to the
presence of many interparticle gaps in the nanosheet film,
separation of smaller p-xylene molecules did not take place,
indicating a dominant contribution of flow through the larger
interparticle gaps created during nanosheet coating. Mild
secondary growth of this film, as per previously reported
growth method,4 led to reduction in the interparticle defects
in the zeolite film. Figure 8C shows an SEM image of the
top surface of the secondary-grown film after calcination.
The microstructure of the film suggests twinning of zeolite
nanosheets leading to growth of a-oriented MFI crystal. Sim-
ilar twinning has been reported earlier in these growth condi-
tions.53 Figure 8D shows an SEM image of the cross section
of the membrane prepared by FIB, indicating that the nano-
sheet film grew from 80 nm to 200 nm during the hydrother-
mal treatment. The increase in thickness of the nanosheet
film is due to twinning and subsequent growth of a-oriented
MFI crystals. Four membranes prepared by this method, sep-
arated an isomolar mixture of p-xylene and o-xylene with
separation factor of 25–45, and p-xylene permeance of 4 3

1027 mol/m2-Pa-s (�375 kg/m2-day-atm) at 150�C. The p-
xylene permeance through the nanosheet membrane was sim-
ilar to that of the alumina support.

Conclusions

These findings indicate that a nonlinear density gradient of
organic solvents can be used to purify exfoliated MFI-nano-
sheets prepared by melt compounding of multilamellar MFI.
Excessive polystyrene present in the nanosheet suspension
was removed by DGC of the suspension across chloroben-
zene. Rate-zonal centrifugation of nanosheets, in a multilay-
ered density gradient, separated exfoliated nanosheets from

larger unexfoliated particles. ED and HRTEM imaging of
the purified MFI-nanosheets indicated that exfoliated MFI-
nanosheets obtained by this process were highly crystalline.
A simple filtration of purified nanosheets through improved
quality porous supports led to fabrication of an 80-nm-thick
MFI-nanosheet film, which upon a secondary growth to 200-
nm-thick film exhibited molecular sieving capabilities for xy-
lene isomers.
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Notation

Abbreviations
DGC = Density Gradient Centrifugation

OSDA = Organic Structure Directing Agent
F1 = Fraction 1
F2 = Fraction 2
F3 = Fraction 3
F4 = Fraction 4
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