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A Microporous Titania Membrane for
Nanofiltration and Pervaporation**

By Jelena Sekulié¢, Johan E. ten Elshof,* and
Dave H. A. Blank

Ceramic microporous membranes with pore sizes <2 nm
are known for their relatively high chemical, mechanical, and
thermal stability, and they offer potential applications in gas
purification and separation, pervaporation, and nanofiltration
processes. However, very few microporous ceramic materials
with a pore size <1 nm (therefore suitable for membrane ap-
plications) are available. Amorphous silica membranes with
pore sizes of between 0.3-0.5 nm have been studied exten-
sively over the past decade.!! However, ceramic sol-gel mem-
branes with a narrow pore size distribution and pore sizes in
the range of 0.6-1.3 nm are scarce.” Although microporous
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silica is a very selective membrane material for hydrogen sep-
aration”® and pervaporation of water from liquid mixtures,*
its chemical stability in alkaline media and strong electrolyte
solutions is limited.”! The amorphous phase of titania, which
is known to be microporous, is expected to be more stable
under these conditions. We prepared defect-free microporous
titania membranes of between 50-150 nm thickness with a
maximum pore size of ~0.9 nm. These membranes demon-
strated ideal hydrogen/hydrocarbon permselectivities above
the theoretical limit for Knudsen diffusion and have also been
shown to be selective in the pervaporation of water from
water/1,4-dioxane and water/glycol binary liquids. Moreover,
nanofiltration experiments have showed that these mem-
branes have a molecular weight cut-off below 400, indicating
their potential for water purification applications.

Attempts in the 1990s to prepare microporous titania mem-
branes already showed some promising results, but the aver-
age pore sizes obtained in those studies were ~1.5 nm, and
the Knudsen diffusion limit was not exceeded.” More re-
cently, microporous titania membranes attracted attention as
nanofiltration membranes”! and molecular weight cut-offs
ranging between 500-600 were reported.

We studied the relationship between sol-gel processing con-
ditions and the titania microstructure. Polymeric titania sols in
ethanol were prepared by mixing titanium alkoxide solutions
with water and nitric acid. Unlike silica, which does not crys-
tallize, amorphous titania easily converts into crystalline ana-
tase during synthesis. Low molecular weight polymeric sols
were obtained only when the hydrolysis conditions were
strictly controlled. The rate of hydrolysis of titanium alkox-
ides by water is extremely high[g] and any local excess of water
at any moment had to be avoided. For a given titanium
concentration, the hydrolysis-condensation reactions were
governed by two parameters, the initial hydrolysis ratio
rw=[H>O)/[Ti] and the inhibitor ratio r,=[H*])/[Ti]. The hy-
drolysis of titanium tetraethoxide in the presence of different
amounts of acid and water led to sols, turbid or clear gels, or
precipitates, depending on r,, and r,, as shown in Figure 1a.
The main determining parameter for the final particle size
was found to be ry, which had to be kept at values below 2 in
order to prevent fast gelation of the sol. A pH >3 solution was
required to form polymeric sols, and these were stable for at
least several months.

The average sol particle size was determined by light scat-
tering and small angle X-ray scattering (SAXS), while the
latter method also provided information about the polymeric
structure of the sols.”) A SAXS curve of a stable amorphous
titania sol with ry, =1.7 is shown in Figure 1b. Since the titania
sols are polymeric by nature, their scattering curve could be
fitted to the Teixeira function,[m] which describes the scatter-
ing curve of fractal objects. This provided three parameters,
namely the radius of the individual scatterer Ry, the correla-
tion length of self-similar behavior of the sol particles &, and
the fractal dimension of the particles Dy The value of R,
should be roughly equal to the Ti-O monomer bond length of
~0.19 nm, and & can be related to the Guinier radius of the in-
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Figure 1. a) Pseudo-phase diagram of polymeric titania sol showing influence of hydrolysis () and inhibition (r,) ratios on sol state. b) Small angle x-
ray scattering curve of titania sol (r,=1.7) and best fit of the Teixeira function to the experimental data. c) d) Sol particle sizes versus r,, after 24 h age-
ing as determined by light scattering at r,=0.15. d) Temperature programmed XRD spectra of titania.

organic polymer R, via Rgzzl/sz (D¢+1) % The fractal di-
mension Dy is related to the mass m and radius r of the sol
particle via m o< r”'. D¢ has an upper limiting value of 3, where
the object is Euclidean. As Dy decreases, the object will look
sparser, giving essentially a linear object when D¢=1. The best
fits were obtained with Ry~0.2 nm, £~1.1-1.4, and D;~1.5—
1.7. This corresponds with a radius of gyration R, between 1.7
and 1.9 nm, or an average particle size of 3.4-3.8 nm. This val-
ue is very similar to the size of 3.6 nm that was measured by
light scattering as shown in Figure lc. Larger ry, values gave
rise to larger sol particles, but also to larger Brunauer—
Emmett-Teller (BET) surface areas in the final calcined pow-
ders, which indicates that the overall porosity increased and
the pore size decreased with ry,. The increase of BET surface
area with increasing particle diameter suggests that the micro-
porous titania powder has a polymeric microstructure, be-
cause the trend would have been opposite if the primary parti-
cles had been colloidal in nature. Further information
regarding the microstructure of the final membrane layer is
provided by the value Dy. As the tendency of two fractal parti-
cles my and m, with dimension Ds to interpenetrate is inverse-
ly related to the number of intersections, the relationship be-
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tween two merged particles my, =m; +m, can be described as
my o< P73 M This indicates that dense packing of particles is
only possible when Dy<1.5. The amorphous titania sols have
a slightly higher value of ~ 1.6, which suggests that very dense
packing and a very high degree of interpenetration as occurs
for microporous silica” will not occur. Hence the average
pore size of titania powders and membranes is expected to be
larger than for silica.

Amorphous titania was found to be chemically stable in
water between pH values of 1-13, while significant dissolution
occurred at lower pH values. This is a considerable improve-
ment in comparison with microporous silica, which dissolves
at values >pH 9. The thermal evolution of microstructure
was recorded by temperature programmed X-ray diffraction
(XRD) spectra. The results are displayed in Figure 1d. The
amorphous structure was retained in air until 300-350 °C. At
400 °C a partial phase transformation into crystalline anatase
occurred, and this was accompanied by a microstructural col-
lapse.

Highly reproducible, homogeneous and crack-free micropo-
rous amorphous titania layers were prepared on mesoporous
v-alumina coated a-alumina substrates. The layer thickness
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could be varied between ~30 nm and ~1 um by changing the
sol concentration prior to the layer deposition. After heat
treatment, the Kelvin radius of all pores was below the experi-
mental lower limit of ~ 1.7 nm of the permporometry method.
An example of a supported amorphous titania membrane is
shown on the scanning electron microscope (SEM) image in
Figure 2a.

The supported membranes were further characterized with
positron beam analysis (PBA) and reflectivity measurements,
which have the advantage of being non-destructive methods.
PBA is based on a positron (e*) “interaction” with a material.
Several modes of operation are used to obtain information
about the composition and microstructure of a material:
Doppler broadening of annihilation radiation (DBAR), two-
dimensional angular correlation of annihilation radiation
(2D-ACAR), and positron annihilation lifetime analysis.['”!
The positron implantation energy is a measure of the depth
inside the material that is being probed. DBAR measure-
ments can be interpreted in terms of two parameters. The S
(shape) parameter, defined as the ratio of the central part of
the annihilation spectrum and the total spectrum, reflects po-
sitron annihilation with low momentum valence electrons. In
general, a high value of § indicates positron annihilation in
open volume defects, and is therefore a measure of porosity.
The second parameter is the W (wing) parameter, which re-
flects positron annihilation with high momentum electrons
(core electrons), and is therefore related to the chemical envi-
ronment where the annihilation takes place. The PBA results
are shown in Figure 2b. The ~80 nm thick titania top layer,
~550 nm thick y-alumina intermediate layer, and part of the
o-alumina support structure are indicated in the figure. In
terms of positron annihilation, the formation of positronium
(a hydrogen-like quantum-mechanical particle of ~1 nm size
that consists of a positron-electron (e*,e”) pair) in a layer indi-
cates a percolative pore structure with pore size > 1 nm."? As
shown in the figure, the positronium fraction in the titania top

W parameter

layer was very low, which strongly suggests that the pore size
in this layer was smaller than 1 nm, thus making it impossible
for a positronium to form. In contrast, a high fraction of posi-
tronium was formed in the underlying y-alumina layer, which
is known to have a percolative pore structure with pore sizes
in the range of 4.5-7 nm."®! The § parameter in the titania
layer was found to have values in between that of y-alumina
(55 % porosity) and a-alumina (30 % porosity). This agreed
well with the porosity of 35-40 % as calculated from reflectiv-
ity measurements on titania layers, and both values are close
to the ~37 % residual porosity in a system of randomly close-
packed dense spherical particles.'* The W parameter varied
little over the different layers due to their oxidic nature.

The small pore size of titania was further confirmed by the
series of transport measurements, that could be an indication
for the possible membrane applications. Nanofiltration tests
were carried out with solutions containing ethylene glycol
based compounds with molecular weights ranging between
60—400 gmol™'. As can be seen in Figure 3a, the retention of
ethylene glycol molecules increased with molecular size, and
exceeded a value of 90 % for polyethylene glycol (PEG),
M,, =400 gmol™. Since the Stokes radius a (A) of PEG with a
molecular weight M (gmol™) is given by a~0.17 MO 051 ¢
can be estimated that the maximum pore diameter is ~0.9 nm
or smaller. Although the molecular weight cut-off measure-
ments can only give a rough estimate of the membrane pore
size, the result is in qualitative agreement with the observa-
tions of the reflectivity and positron annihilation measure-
ments, and confirms the successful formation of a stable, de-
fect-free titania membrane with pore size in a sub-nanometer
range.

Single gas permeation measurements were carried out in or-
der to obtain information on the dominant mechanism of gas
transport.'!! The permeances F, i.e., the molar gas flux per unit
driving force, of several gases are shown in Figure 3b. The
permeance of microporous silica calcined at 400 °C is shown
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Figure 2. a) SEM picture of a cross-section of a 100 nm thick amorphous TiO, layer on a y-Al,03 coated 0-Al,O3 substrate. b) Positronium fraction,
and S and W parameters from Positron Beam Analysis experiments as a function of positron implantation energy. The implantation energy is related

to depth inside the membrane.
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Figure 3. a) Retention of microporous titania membrane towards small molecules in nanofiltration experiments. b) Single gas permeances F of gases
with kinetic diameter d,, through a 100 nm thick microporous titania membrane at 200 °C and comparison with 400 °C-calcined microporous silica.

for comparison. Clearly, microporous titania allows diffusion
of larger molecules than silica, which indicates the presence of
large pores than in silica. The ideal H,/n-C4H;o permselectivi-
ty, defined as the ratio of single gas permeances, was 9-12,
while the theoretical upper limit for Knudsen diffusion was
~5.4. With the exception of SF¢ the ideal permselectivities
Fu,/ Fcxny of all gases exceeded the theoretical upper limit
for Knudsen-type (mesopore) diffusion.”! This indicates that
micropore diffusion plays a dominant role in the gas transport
through this membrane.

Microporous titania membranes also showed selective
pervaporation of water from 8-13 wt.-% water/1,4-dioxane
mixtures at 80 °C. Separation factors of ~4 were obtained with
accompanying fluxes of 2.7-2.8 kgem>h™!. Pervaporation ex-
periments with molecules smaller than 1,4-dioxane, which has
an estimated molecular diameter of ~0.7 nm,[*! did not show
any selective pervaporation. This suggests that the selectivity
was at least partly due to a molecular sieving effect, i.e., the
pore size of titania appears to play a definite role in achieving
selectivity in this process. Separation factors of over 100 were
achieved for water/glycol mixtures with 2-5 wt.-% water in
the feed, at temperatures >80°C. Low water fluxes of
~02 kgm>h™ were measured. The relatively large dipole
moment of ethylene glycol (2.28 D) and its ability to form hy-
drogen bonds probably lead to strong attractive interactions
within the internal titania surface. Ethylene glycol molecules
are probably small enough to enter the titania pores, but they
will diffuse slowly, thereby blocking the channels for further
ethylene glycol transport, and retarding the transport of
water.

In conclusion, a microporous titania-based molecular siev-
ing membrane with high potential for nanofiltration and per-
vaporation processes was prepared by the polymeric sol-gel
method. These membranes were chemically stable in a wide
pH range. Strict control of the reaction parameters is an im-
portant consideration when dealing with small nanoparticles
which possess a low fractal dimension. These structures fur-
nish membranes with an active pore size of ~0.9 nm and an
accompanying molecular sieving ability.
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Experimental

Sol Preparation: Polymeric titania sols were prepared by mixing
two separate solutions in an appropriate ratio in a dry nitrogen atmo-
sphere under vigorous stirring. Solution 1 contained a solution of tita-
nium tetracthoxide (Aldrich) in dehydrated ethanol. Solution 2 con-
sisted of nitric acid (65 % solution, Merck) and Q2 water in ethanol.
The sol was stabilized by refluxing at 60 °C for 10 mins, followed by
aging at room temperature for at least 24 h.

Film Formation: Titania sols were deposited on flat mesoporous
v-alumina coated a-alumina disks of 39 mm diameter by standard dip
coating techniques. To avoid crystallization of amorphous titania upon
too fast drying, the films were dried in a water-free alcohol-saturated
atmosphere at room temperature for a period of 48 h. After drying
the membranes were calcined in air at 300 °C for 3 h. The absence of
cracks or mesopores was checked by permporometry [16].

Characterization: Temperature programmed X-ray diffraction
(XRD) experiments on dried uncalcined powder and small angle
X-ray scattering experiments (SAXS) on titania sols were carried out
with a Philips SR5056 with Cu Ka radiation (PanAlytical, The Nether-
lands). The titania particle sizes in the sols were estimated using a Ze-
taSizer (Malvern, UK) with a lower limit for accurate detection at
~2 nm. BET measurements (Micromiretics) were performed at 77 K
using N, as the condensable gas. The thickness and quality of the
layers were checked with a high-resolution scanning electron micro-
scope (LEO Gemini 1550 FEG-SEM, UK). Reflectometry measure-
ments were performed on a high-resolution 4-circle diffractometer
(Philips).

Positron beam analysis experiments were performed using the
Doppler Broadening of Annihilation Radiation (DBAR) technique
with the Delft Variable Positron Beam [12]. Positrons were injected
into the membranes with energies tuned between 100 eV and 30 keV,
which corresponds to a maximum penetration depth of ~2 um in ce-
ramics of 2.5 gecm™ density and ~5 um in ceramics of 1 gcm™ density.
The chemical stability of calcined amorphous titania and silica pow-
ders at pH 1-13 was determined at room temperature by static solu-
bility tests in water [5]. One gram of powder was immersed in 50 mL
of water. The pH of the solutions was adjusted with nitric acid or am-
monium hydroxide and the total weight loss after 120 h immersion
was calculated by measuring the concentration of dissolved titanium
in the solution using atomic absorption spectroscopy (Thermo-Optec
BV SOLAAR system 939).

Transport Experiments: Nanofiltration experiments were carried
out in a pressurized dead-end filtration cell [13]. The retention of eth-
ylene glycol based molecules was measured to determine the molecu-
lar weight cut-off (MWCO) of the membrane. Aqueous solutions con-
taining 1 wt.-% of PEG were filtered through the membrane at
pressure of 10 bar, and the retention was determined from the solute
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concentrations in the permeate solution. Single gas permeation ex-
periments were performed at 200 °C in a cross-flow gas permeation
setup [3a]. Pervaporation experiments were performed with water/
1,4-dioxane and water/glycol binary liquids at 75-80°C in a dead-end
pervaporation unit [4a,5]. The permeate composition was analyzed by
Karl Fischer titration.
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Uniform Metal Nanotube Arrays by
Multistep Template Replication and
Electrodeposition**

By Cheng Mu, Yuxiang Yu, Rongming Wang, Kai Wu,
Dongsheng Xu,* and Guolin Guo

Since the discovery of carbon nanotubes,!! hollow nano-
tubes have attracted considerable attention due to their fun-
damental significance and potential applications in nanoscale
devices, sensors, and energy storage/conversion.” " In partic-
ular, metal nanotubes raise special interest because of their
conductivity, catalysis, and the feasibility of chemically modi-
fying their outer/inner surfaces and edges. For example, gold
nanotube membranes have unfolded potential applications in
nanoelectrode ensembles, sensors, chemical and biological
separations, and biocatalysis.'*!

To date, only a few examples of metal nanotubes have been
reported in the literature.'* ! Template-based techniques
have been employed to prepare aligned metal nanotube ar-
rays such as gold,[”] cobalt,[m iron,[15] and nickel,“(’] where
the inner surfaces of the template pores need to be chemically
modified prior to deposition. Xia and co-workers have synthe-
sized noble metal nanotubes such as gold, palladium, and plat-
inum via galvanic displacement reactions between silver or se-
lenium nanowires and appropriate precursors of these metals
in aqueous media.l'’! Bismuth and antimony nanotubes have
been obtained by low-temperature solvothermal meth-
ods.'"I However, a general approach for fabricating aligned
metal nanotube arrays is still elusive. Precise control of the
nanotube growth process and formation of well-aligned arrays
will be of great help in investigating their physical properties
and their potential use in nanoscale fluidic chemical and bio-
logical separations, sensors, and catalysis. In this work, we de-
sign a well-controlled process for fabricating uniform metal
nanotube arrays via a multistep template replication and elec-
trodeposition approach. The obtained nanotubes are highly
ordered and uniform in wall thickness and diameter along the
entire tubes.
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