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Abstract: Macroporous silica materials with ordered three-dimensional pore structure can be easily prepared
by the template-directed sol-gel process. However, it is still a challenge to prepare them in membrane form
on a porous support, which limits their applications. In this work, we have demonstrated the feasibility of ob-
taining a three-dimensional ordered macroporous silica membrane on macroporous alumina support using
poly-methyl methacrylate (PMMA) spheres as the template. PMMA spheres were packed on the top of an
Anopore-alumina support by filtration of a PMMA aqueous suspension. Silica sol obtained by an
acid-catalyzed sol-gel process was infiltrated into the voids among the spheres. Drying induced stress
caused the membrane to crack or peel off from the top of the support. This can be minimized by annealing
the PMMA template layer before the introduction of silica sol which increases the mechanical strength of the
template. Calcination or solvent extraction to remove the template produced a highly ordered
three-dimensional macroporous silica membrane with spherical pores connected by windows in the
mesoporous range. The results show that the PMMA-templated infiltration method is effective in preparing
three-dimensional ordered macroporous silica membranes on a porous support.
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Introduction

Ordered three-dimensional (3-D) macroporous silica
materials including synthetic opal and reverse opal
silica have many applications in catalysis'"!, photonic
technology'”, drug delivery", and chemical sensors!*!
due to their well-defined structure, precisely controlled
pore size and surfaces that can be chemically function-
alized. Recent studies also showed that the ordered
macroporous silica may be employed in chemical
separation. Cichelli and Zharov™ reported the separa-
tion of chiral molecules using synthetic opal modified
with a chiral selector moiety and the selectivity ob-
served was comparable to antibody-modified nanotube
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membranes. (6]

Zeng and Harrison™ reported the
size-based separation of biomolecules ranging from
proteins smaller than 10 nm to long DNA coils of
about micrometer size using synthetic opal structures.
Zheng et all’l reported high-speed electrochroma-
tographic separation of cationic dyes and peptides
based on differences in adsorptivity and electrophoretic
mobility using synthetic opal.

The synthetic opal structure has a porosity of about
26% and can be prepared by self-assembly of colloidal
silica spheres. In comparison, the reverse opal materi-
als have a porosity of about 74%, which results in
much faster mass transfer rate, and therefore, are pre-
ferred for many applications involving mass transfer.
Reverse opal materials can be prepared by the latex
spheres templating method, which typically consists of
three steps™. First, monodisperse latex spheres are
self-assembled into ordered 3-D arrays (the same
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structure as in the case of synthetic opal) either by
gravity sedimentation’”’, crystallization via repulsive
electrostatic interactions!'”, or self-assembly under
physical confinement!""). In the second step, the inter-
stitial voids of the ordered 3-D arrays are filled with
precursors of ceramics, metals, or polymers. The pre-
cursors are then hydrolyzed and condensed to form a
solid framework in the voids among the spheres.
Finally, removal of the template either by calcination
or solvent extraction produces highly ordered 3-D re-
verse opal materials with interconnected spherical
pores.

For applications involving mass transfer, such as
chemical separation, the reversed opal material should
be prepared in the form of a membrane, i.e., as a thin
film on a porous support. However, most existing
techniques for the fabrication of the ordered 3-D array
templates can only produce either free standing colloi-
dal arrays or arrays on dense substrates, such as free
standing polystyrene template using centrifugation'?,
silica spheres templates on quartz microscope slides by

(3] and polystyrene template

using solvent evaporation
on silicon wafers using vertical convective self-as-
sembly!'*. 1t is difficult to prepare reverse opal silica
in a membrane geometry on a porous support, because
the self-assembly of the colloidal template on a porous
support not only depends on the suspension concentra-
tion, but also on the pore size, pore morphology, and
the surface roughness of the substrate. Also, the thin
film on the support could easily crack due to the stress
induced by the high percentage (more than 20%) of
volume shrinkage of the inorganic framework during
the drying of the silica sol and the following template
removal processt*.

In this paper, we report the synthesis of ordered
macroporous reverse opal silica thin films on porous
support by a new filtration method. Polymethyl
methacrylate (PMMA) spheres were packed on an
Anopore alumina support by filtration, followed by
annealing to enhance the mechanical strength of the
template layer. Multiple infiltrations of silica sol were
conducted to fill the cracks generated during drying.
The template was removed by solvent extraction to
minimize the shrinkage during template removal. The
prepared silica materials had interconnected spherical
pores with windows about 1/7 of the diameter of
the template spheres and are highly promising for
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applications in chemical separation.

1 Experimental
1.1 Membrane preparation

PMMA spheres with a ~240 nm diameter were pre-
pared by the surfactant-free emulsion polymerization
method. First, argon was bubbled for at least 20 min
through 175 g of deionized (DI) water in a high density
polyethylene bottle to remove dissolved air. Then, 20 g
of methyl methacrylate (Acros) was added to the de-
gassed DI water. The mixture was kept at 70°C in a
water bath under constant stirring for at least 15 min.
5g of 2 wt.% of 2, 2°-Azobis [2-(2-imidazolin-2-yl)
propane] dihydrochloride (coded Va4, WAKO
Chemical, Japan) was injected as an initiator into the
methyl methacrylate solution mentioned above. After
8 h, the reaction was stopped by cooling the solution
down to room temperature.

PMMA spheres were packed on an Anopore alumina
support (Whatman, USA) with pore size 200 nm in
order to prepare macroporous silica membranes by the
filtration method. A stirred cell (Millipore) was used as
the filtration apparatus. Vacuum was applied on the
downstream side of the cell. After a few hours, PMMA
spheres were self-assembled into ordered 3-D arrays
on the top of the support. The vacuum filtration was
stopped, and the supported 3-D PMMA arrays were
dried in a humidity-controlled climate chamber in air
at 40°C, 40% relative humidity, and atmospheric pres-
sure overnight, and then moved to an oven and an-
nealed at 130°C for 1 h. This template was used to
prepare the macroporous silica membrane on Anopore
support.

Silica sol was prepared by nitric acid-catalyzed hy-
drolysis and condensation of tetracthyl orthosilicate
(TEOS) (Aldrich)!"*. The molar ratio of the ingredients
was TEOS: ethanol: nitric acid: DI water = 1: 3.8: 0.09:
6.5. Mixtures of TEOS/ethanol and nitric acid/water
were prepared separately. A 3-neck round flask was
preheated to 60°C, and then the mixtures were slowly
added into the flask. A condenser was connected to
reflux the reactant vapors. The mixture in the flask was
stirred for 3 h at 60°C and then cooled down naturally
to room temperature.

The prepared silica sol was then dropped on the
template layer. The voids in the PMMA template layer
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on the Anopore support were then infiltrated with the
silica sol by the capillary force. Vacuum was applied to
remove the excess silica sol to prevent the formation of
a dense silica layer on the top of 3-D arrays. The vac-
uum filtration was stopped when the template layer
was uncovered. After drying at 80°C for 10 min, a
microstructured SiO, network formed in the voids
among the spheres shrank. Repeating the infiltration
and drying 8 times allowed the silica network to fill the
voids completely. The template was removed by either
calcination at 550°C in air for 3 h or one-time solvent
extraction with 1:1 (v/v) mixture of tetrahydrofuran
and acetone for 5 d.

1.2 Characterization

The morphology of the membranes was characterized
by scanning electron microscopy (SEM) (Phillips
XL-30 ESEM scanning microscope).
attached to a metal mount using carbon tape, and then
coated with ~8 nm thick gold layer by plasma sputter-

Samples were

ing to avoid sample charging. The glass transition and
decomposition temperatures of the PMMA spheres
were analyzed by thermogravimetric analysis and dif-
ferential scanning calorimetry (TGA-DSC) (TA In-
struments SDT Q600). The sample was heated from

50°C to 550°C at a ramping rate of 5°C/min in air flow.

The light transmittance of samples was measured by
UV-visible. Nitrogen adsorption and desorption iso-
therms of sol-gel silica (prepared without the template)
and ordered macroporous silica materials were meas-
ured at —196°C using a Micromeritics ASAP 2020
system. The samples were degassed first at 90°C for
1 h and then at 200°C for 5 h. The pore size distribu-
tion of micropores was calculated by the H-K method
and that of mesopores by the BJH method.

2 Results and Discussion
2.1 PMMA spheres and 3-D arrays

Monodisperse PMMA spheres were produced in large
quantity by the emulsion polymerization method. The
PMMA suspension contained 10 wt.% of solids. Fig-
ures la and 1b are the SEM images of the PMMA
spheres prepared by emulsion polymerization without
and with the surfactant. It may be observed that the
PMMA spheres prepared by the surfactant-free method
have diameters of ~280 nm, much larger than the

PMMA spheres prepared with surfactant (~50 nm di-
ameter). The difference in size is caused by the differ-
ence in the surface charge density of PMMA spheres.
The larger surface charge density for the PMMA
spheres prepared with surfactant due to the adsorption
of surfactant molecules on sphere surface prevents the
aggregation of the spheres to form larger spheres!'.
By changing the experimental conditions, such as the
initiator concentration and polymerization temperature,
PMMA spheres with different diameters from 50 nm to
about 1 um can be synthesized.

15.00 K

(b
Fig. 1 SEM images of PMMA spheres prepared by (a)
surfactant-free emulsion polymerization method and
(b) emulsion polymerization with surfactant

To prepare free-standing macroporous silica, PMMA
arrays were obtained by centrifugation at 4000 r/min,
followed by drying at 40°C overnight. The PMMA
spheres underwent disorder-order transition from their
suspension to the highly organized colloidal crystals
through the application of the centrifugal force. Figure
2 shows the SEM images of the PMMA array. Figure
2-D  hexagonal pattern of PMMA
spheres, which is indicative of the (111) plane of the

2a shows
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face-centered-cubic (fcc) lattice or the (001) plane of
the hexagonal close-packed (hcp) lattice. The square
pattern of the PMMA spheres in Fig. 2b is consistent
with the (100) plane of the fcc lattice and inconsistent
with hcp lattice, which confirmed that the PMMA ar-
ray had fcc structure. This observation agrees well with
the conclusions of Woodcock, in which they reported
that the preference of a fcc structure over the hep one
was due to the Gibbs free energy difference between
these two phases of a crystal of hard spheres!'".

(b) Body-centered-cubic PMMA arrays
Fig.2 SEM images of the PMMA array

PMMA spheres were packed on an Anopore alumina
support by filtration. The thickness of the template
layer can be easily controlled within 10 microns by
varying the amount and the concentration of the sus-
pension solution being filtered. The 3-D arrays ob-
tained exhibited some color reflections when observed
from different angles due to the diffraction of light
from the ordered latticess. PMMA arrays on the
Anopore support had fcc structure with lattice parame-
ter of /2 d, which is 396 nm (d is the diameter of
PMMA spheres). The light transmittance spectrum of
the ordered arrays is shown in Fig. 3. The minimum
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light transmittance at about 565 nm is due to the
Bragg’s reflection. The propagation of light in the or-
dered lattices at that wavelength is strongly prohibited,
resulting in a dip in the transmission spectrum known
as a stop band'®. The spectral position of the stop
band depends on the lattice parameter related to the
diameter of the PMMA spheres, and the effective re-
fractive index of the fcc structure according to the
modified Bragg law!"":

mA =2d ., n, —sin’ @ @)
where m is an integer, A is the wavelength of the elec-
tromagnetic wave, dy the interplanar distance for the
(hkl) crystallographic direction (which is di2 ), Aefr
the effective refractive index of the material, and 6 the
angle between the incident radiation and the normal to
the set of crystalline planes determined by the (hkl)
indices. The effective refractive index n, can be

calculated by the following equation''”’:

M = (Bpain + B114)" (2)
where ¢ and ¢, are the volume fractions of the
PMMA and air voids, which are 0.74 and 0.26, respec-
tively, for a close-packed fcc structure. n,,,,, and #n,,
are the refractive indices of PMMA and air, which are
1.49 and 1, respectively. Substituting d,,,, n,and 8=

0° into Eq. (1), we obtain that the reflection from the
(111) planes under the angle of normal incidence should
produce a maximum at A =546 nm, which is very

close to the transmittance spectrum shown in Fig. 3.
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Fig. 3 Light transmittance through ordered PMMA
array with fcc structure on Anopore support

The TGA-DSC analysis was carried out with
PMMA spheres in order to understand the thermal sta-
bility and identify the glass transition temperature of
these PMMA arrays. Figure 4 shows the weight loss
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and heat flow of PMMA spheres as a function of tem-
perature. There is very little weight loss below 260°C,
and a 100% weight change from 260-380°C occurs due
to the decomposition of PMMA spheres. In the heat
flow curve, the endothermic peak at 130°C represents
the transition of PMMA spheres from a glassy to rub-
ber state (the glass transition temperature). The peak at
175°C corresponds to the melting of the spheres, and
the strong peaks above 250-300°C correspond to the
decomposition of the PMMA spheres.
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Fig. 4 TGA-DSC of PMMA spheres

When the 3-D PMMA arrays on the Anopore sup-
port were used without further treatment as the tem-
plate for the infiltration of silica matrix to obtain the
final reverse opal membrane on the Anopore support,
the silica layer cracked and peeled off from the
Anopore substrate upon drying, due to the stress in-
duced by the drying process and weak stress tolerance
of the 3-D PMMA arrays. Annealing the PMMA tem-
plate arrays at its glass transition temperature for 1 h
was found to be effective to improve the mechanical
strength and enhance the adhesion between the silica
layer and alumina support, because at the glass transi-
tion temperature of PMMA spheres their branches (or
segments) became soft and may move relative to one
another and cross each other, having PMMA spheres
annealed together enhancing the mechanical strength
of the template layer.

2.2 Ordered macroporous silica pellets and
membrane

Unsupported macroporous silica pellets of 5-10 mm in
sizes were prepared by using the pellets of ordered
PMMA arrays as the template, prepared by centrifuga-
tion without subsequent annealing treatment. The 3-D
ordered macroporous silica pellets were obtained by

infiltrating silica sol into the 3-D PMMA arrays, fol-
lowed by drying and calcination to remove the tem-
plate. The structure of ordered macroporous silica is
shown in Fig. 5. The silica has a reverse opal structure
determined by the structure of 3-D PMMA array. The
diameter of the spherical pores is 200 nm, which is
smaller than the diameter of the PMMA spheres used
as the template (240 nm) due to the shrinkage of the
silica network during calcination. The three black cir-
cles under each pore are the windows through which
the pore is connected to the other three pores under-
neath. The diameter of the windows is about 1/7 of the
sphere size.

eleg
2% e
2 % TS

b o2el {1ede2 2

Fig. 5 SEM image of macroporous silica material.

The PMMA template was removed by calcination.

Nitrogen adsorption/desorption isotherms of this
silica material are shown in Fig. 6. Figures 6a and 6b
show the N, adsorption isotherm of the silica after the
template was removed by solvent extraction and calci-
nation, respectively. According to the Brunauer, Dem-
ing, Deming, and Teller (BDDT) classification™”,
these two isotherms correspond to a combination of
Type 1 and Type IV isotherms with H3 hysteresis*".
The initial steep portion of the curve is due to the con-
tribution of the micropores. The obvious hysteresis
loop is typical of mesoporous and macroporous mate-
rials displaying interconnected pores of wide range of
sizes and shapes'**.

The same silica sol used to prepare the reversed opal
structured silica was also poured into a Petri dish with-
out the PMMA sphere template and dried in air, fol-
lowed by calcination at 550°C in air for 3 h. Figure 7
shows the nitrogen adsorption isotherm of the sol-gel
derived silica. This adsorption isotherm was found to
be Type I, which confirms the microporous structure of
the sample. The Horvath-Kawazoe differential pore
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Fig. 6 N, adsorption/desorption isotherms and pore
size distributions of ordered macroporous silica pre-
pared using 3-D PMMA array as the template
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Fig. 7 Adsorption/desorption isotherms and pore size
distribution of sol-gel derived silica prepared without
template

volume plot shows that the materials have pores with
diameters about 0.5 nm. It is well known that the acid
catalyzed sol-gel process proceeds through hydrolysis
and condensation resulting in polymeric silica sol. The
silica film derived from the polymeric sol has a mi-

cropore structure with pore size smaller than 1 nm!'®).
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Table 1 shows the average micro- and meso-pore
size of sol-gel derived silica and ordered macroporous
silica with template removed by calcination and sol-
vent extraction methods. The silica prepared without
the template has 0.6 nm micropores showing a very
narrow pore size distribution and the absence of pores
in the mesoporous range. However, the silica material
prepared using PMMA as the template has both mi-
cropores and mesopores. The micropores of the silica
prepared using the PMMA template are larger than
those for the silica prepared without the PMMA
spheres. Such a difference in micropore size is caused
by the difference in the drying rate. The drying rate of
the silica prepared using the PMMA template is slower
than in the case of silica prepared without the template
due to the limited mass transfer rate of solvent inside
the template layer. The mesopores correspond to the
windows connecting the spherical macropores. As
compared with solvent extraction method for template
removal, calcination method gives smaller micropores
due to the shrinkage of the frame work of the silica
material, and larger average mesopores because calci-
nations induced more cracks than solvent extraction,
which has wilder conditions. The macropores can not
be detected by the nitrogen adsorption method and are
instead observed visually by SEM.

Table 1 Pore size of silica samples prepared using
PMMA as the template (template were removed by
calcination or solvent extraction) and microporous sil-
ica prepared without the template

Template removal Horvath-Kawazoe me- BJH average pore

method dian pore width (nm)  diameter (nm)
Template free 0.6 -
Calcination 1.0 12
Solvent extraction 1.2 8

Ordered macroporous silica membranes were pre-
pared on Anopore supports using PMMA arrays depos-
ited by the filtration method and subsequent removal
of the template by calcination. Calcination was applied
because it showed better removal of template than sol-
vent extraction method. Figures 8a and 8b show the
top surface and cross-section of the macroporous silica
membrane. This macroporous silica membrane displays
interconnected 3-D spherical pores. Each spherical pore
represents a negative replica of one PMMA sphere.
The macroporous silica membrane is about 8 um in
thickness. The pore structure of the macroporous silica
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membrane is not as ordered as that in the free standing
macroporous silica (Fig. 5) because the template pre-
pared on Anopore alumina support is not as ordered as
the template prepared by centrifugation due to the in-
fluence of the pore morphology of the support.
." ¥ . 7 .
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(a) Top view
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(b) Cross-section

Fig. 8 SEM photographs of a macroporous silica
membrane

3 Conclusions

We have described an effective method to prepare or-
dered 3-D macroporous silica membrane on porous
Anopore alumina support. This method is based on the
template-directed sol-gel process, in which monodis-
perse colloidal PMMA spheres were self-assembled
into ordered 3-D PMMA arrays on the support by
vacuum filtration using the support as a filter. The 3-D
PMMA arrays were annealed at its glass transition
temperature for 1 h to improve the mechanical strength
of the template layer and enhance the adhesion be-
tween the silica membrane and the alumina substrate.
Multiple infiltrations of silica sol-gel were used to fill
the gaps generated during the drying process due to the
shrinkage of the silica network. The membranes
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prepared by this method have well-defined, uniform
pores, and are highly promising for applications in
chemical separation, photonic technology, drug deliv-
ery, as well as membrane reactors.
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