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Two approaches were postulated for improving the stability of porous texture of titania membranes: (1) retarding
the phase transformation and grain growth; (2) avoiding the phase transformation. Based on the second approach,
rutile membranes were made directly from a rutiie sol, prepared by the precipitation of titania on SnO, nuclei.
The rutile membranes were stable up to 800 °C, with a porosity of ca. 40%, whereas normal titania membranes
(starting with anatase) show very little porosity above 600 °C. Alumina substitution retards grain growth and
pore growth at 850 °C for unsupported as well as supported membranes.
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There is increasing interest in the design and development of
chemically stable materials with stable porous texture for
high-temperature separation and catalytic applications. High-
temperature-withstanding membrane modules can be
employed directly in a chemical process line. This is economi-
cally advantageous because there is no cooling of the feed gas
and no heating process after separation. Catalysts that can
be used at relatively high temperatures are also gaining
importance because it is economical to carry out many
chemical reactions at elevated temperatures, for example the
gas-phase partial oxidation of methane to synthesis gas.!"2

Titania membranes are projected as possible candidates for
catalytic membrane applications.>~¢ It has been shown that’
the unsupported titania membranes lose their porosity and
surface area completely when calcined at ca. 500 °C for 8 h.
Two major causes of reductions in surface area and porosity
were identified: (1) the crystallite growth of the anatase phase
before the phase transformation; (2) the enhanced sintering
and grain growth of the rutile phase as a result of the phase
transformation.” Of these processes, that happening as a result
of the phase transformation causes a drastic reduction in
surface area and porosity compared with the other.

In general, there are two approaches to improving the
thermal stability of a system when the processes responsible
for the instability, are known. The first approach is to retard
the processes that cause the instability. In the case of titania
this can be realized by retarding the crystallite growth of the
anatase phase (cause 1) and the phase transformation rate,
which in turn retards the enhanced sintering (cause 2). It
should be noted that the phase transformation by itself is not
the cause of pore growth and porosity reduction, but the
enhanced sintering as a result of the transformation process
and the grain growth of the transformed rutile phase will
contribute to the drastic reduction in porosity and in pore
growth. Therefore it is thought that retardation of the phase
transformation will improve the stability of the porous texture
because of the consequent retardation of the sintering rate.
Results on the improvement of thermal stability by retarding
the crystallite growth and (shifting) the phase transformation
are discussed elsewhere.®

The second approach is to avoid completely the processes
causing instability. This approach is not suitable for cause 1,
because it is practically impossible to avoid the crystallite

growth process during heat treatment. Also completely avoid-
ing the anatase to rutile transformation is thermodynamically
impossible. However, the phase transformation can be avoided
by making the rutile sol directly. This paper describes the
results of our research in making rutile sols by the precipi-
tation and growth of rutile particles on rutile-forming nuclei
formed in situ during the cohydrolysis of titanium isopropox-
ide and SnCl,. Rutile is a chemically stable material with
potential for applications in the fields of membranes and
catalysis. The morphological stability of such a system is
further enhanced by doping with, for instance, alumina or
lanthana.

The Titania System

Titania exists in two tetragonal crystallographic forms. A
metastable form, anatase, and a stable form, rutile. The volume
free energy of the rutile phase is always lower than that of
anatase. Therefore, on heat treatment the anatase phase
transforms to the stable rutile form. Since the transformation
is a non-reversible metastable to stable type, the transform-
ation temperatures reported in the literature range from 450
to 1200 °C.”~23 The temperature of transformation depends
very much on the nature and structure of the precursor and
the preparation conditions. The majority of the chemical
methods of preparation yield the metastable anatase phase,
which on further heat treatment gives the rutile phase. No
clear explanation has been given to account for the initial
formation of the metastable anatase phase. A possible expla-
nation is based on the size and the strain energy effect of the
small anatase crystallites, being ca. 6 nm for alkoxide-derived
anatase. The critical size of the rutile particles might be higher
than the particle size of anatase (ca. 6 nm).®

Experimental
Preparation of the Precursor Sol

In almost all cases the as-prepared titania will be either
amorphous or poorly crystallized in the anatase form.
Precipitation carried out in highly basic conditions may result
in the rutile phase.>* However, to the best of the authors
knowledge, nobody has attempted to make a rutile sol by the
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hydrolysis of titanium alkoxide followed by the direct synthesis
of rutile membranes.

The strategy behind these experiments was to select an
oxide (for nucleation purposes) which always crystallizes in
the rutile structure. Then titanium isopropoxide is cohydro-
lysed with a highly reactive compound of the cation of the
selected oxide. In this process it is expected that the rutile
nuclei will hydrolyse first and act as nuclei for the growth of
the rutile phase of titania. SnO, was selected as a suitable
rutile former. The a and ¢ values of the unit-cell parameters
are not too different for both the systems. For SnO, a=
0.4737 and ¢=0.3186 nm and TiO, (rutile) a=0.4593 and c=
0.2958 nm. Another reason to select SnCl, is its availability
and high reactivity. The high reactivity is important because
during the cohydrolysis of titanium isopropoxide and SnCl,,
the latter should react with water before titanium alkoxide to
provide the nucleus for titanium oxide growth. Fig. 1 gives
the different steps involved in the preparation of rutile sol. A
solution of titanium isopropoxide (Janssen Chemicals) and
SnCl, in isopropyl alcohol was obtained in a dropping funnel.
For 1 mol of titanium isopropoxide, 2 dm?® of isopropyl
alcohol was used. The amount of SnCl, in the solution was
varied to investigate the effect on the rutile phase formation
(for details see next section). The alkoxide solution was
transferred dropwise into a beaker containing a mixture of
water and alcohol (9 vol% water) under vigorous stirring.
The water : alkoxide molar ratio was kept at 20. The hydrolysis
reaction, which was carried out at room temperature (25 °C),
yields a white gelatinous precipitate. The precipitate was
washed three times with ca. 5dm? of water to remove the
residual alcohol and subsequently redispersed in an aqueous
solution of HNO; resulting in a H*/Ti** ratio of ca. 0.5.

0.5 mol dm™
titanium hydrolysis in solution of
isopropoxide in the presence of water and
i i tin oxide isopropyl
1sopropy alcohol

nuclei
alcohol

precipitation
of titanium
oxyhydroxide

filtration and
washing to remove
alcohol

redispersion in
water

addition of
nitric acid
peptization at 80 °C

for 12 htogeta .| addition of alumina
stable rutile sol sol
rutile membrane

rutile membrane
precursor
precursor

Fig. 1 Flow chart showing different steps involved in the synthesis of
rutile membrane precursor sol

alumina-doped
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This dispersion was refluxed at 80 °C for ca. 12-16 h. The
resulting sol has a pH of ca. 2 and a concentration of 0.3 mol
of Tig g,Sng.190,. Anatase membrane precursor sol can be
prepared in the same way but without the addition of SnCl,.

The alumina-doped rutile membranes were prepared by
mixing the required amount of 1 mol dm~3 AIOOH (boehm-
ite)® sol with the rutile sol. The reasons for making alumina-
doped rutile sol is explained later in the Discussion.

Membrane Formation and Calcination Procedure

Unsupported membranes were prepared by pouring the sol
into a glass petri dish and dried at 40 °C and 60% relative
humidity. The dried unsupported membranes had a thickness
of ca. 12-15 um and were peeled off from the dish for further
calcination. The dried membranes were heat treated at differ-
ent temperatures ranging from 200 to 1000 °C with a heating
rate of 100 °C h™! for 8 h in static air. After the soaking was
finished the samples were furnace cooled to room temperature.

Thermal Analysis and XRD

The DTA/DSC and TG measurements were performed, using
a Stanton Redcroft DSC and a Polymer Lab. Thermal Science
system, with a heating rate of 10 °C min~! in flowing air
(20 cm® min~?). DSC measurements for kinetic studies were
performed at heating rates in the range 5-20 °C min~*, All
the thermal analyses were carried out in air using alumina
sample cups with o-alumina as the reference material. The
sample weight was kept at 40 +2 mg.

Membranes calcined at several temperatures were subjected
to X-ray diffraction measurements using a Philips PW 1710
diffractometer with Cu-Ka radiation. In order to get very
accurate data, only the step-scan technique was used. The
step-scans were performed with a step size of 0.015° (26), the
time of counting at each step was 10s. The scanning range
was 23-46° (26). Crystallite sizes were calculated from the
(110) reflection of rutile. To measure accurately the integrated
intensity and the width at half maximum a pattern-fitting
technique was applied.?* To carry out the fit Marquart non-
linear least-squares algorithm was used.?® The instrumental
and wavelength-related broadenings were corrected by
assuming a Cauchy relationship.?’ Cauchy approximation
accounts only for size broadening and the presence of strain
is neglected. The crystallite size of anatase and rutile phases
were calculated using the Scherrer relationship:

Dyyy= K4/(Byq cos 0) (1)

where By, is the width of the peak at half maximum. The
value of K varies from 0.9 to 1.4 depending on many factors
including the shape of the primary crystallite. In this study a
value of 1.38 is assumed for K. This K value accounts for the
deviation from pure Cauchy behaviour. The crystallite sizes
calculated with this value are in good agreement with the
sizes calculated from electron micrographs.

Physical Adsorption Measurements

N, physisorption measurements of all the membranes were
carried out at liquid-nitrogen temperature in a Micromeritics
ASAP 2400 system. All the samples were degassed at 110 °C
prior to measurement.

Results and Discussion
Synthesis of Rutile Membrane Precursor Sol

Rutile membranes were prepared from the rutile precursor
sol (0.3 mol dm3) synthesized by the precipitation of titania
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with SnO,. The amount of SnO, used for the synthesis was
varied to get an idea about the minimum amount of SnO,
required to obtain 100% rutile phase in the as-precipitated
stage. The sample shown in Fig. 2 gives the XRD pattern of
titania membrane precursor gels, dried at 40 °C and 60%
relative humidity (RH), containing different amounts of SnO,.
The peaks marked A and R represent the anatase and the
rutile phases. The sample corresponding to Fig. 2(a) contains
only 5mol% of SnO, and the spectrum is essentially that of
anatase phase. The spectrum of the sample containing ca.
18 mol% SnO, shows that the material is a mixture of anatase
and rutile [Fig.2(b)]. When more than 18% of SnO, is
present, the samples show essentially the rutile phase
[Fig. 2(c),(d)]. At ca. 40 mol% of SnO, the material becomes
a solid solution of TiO, and SnO,, as shown by the consider-
able peak shift with respect to the other rutile samples. The
minimum amount of SnO, required to get 100% rutile phase
is found to be ca. 19 mol% (Fig. 2). At this composition, there
is ca. 21 vol% of SnO, present (based on the densities of
SnO, and TiO, which are 6.95 and 4.2 g cm ~2, respectively).
From X-ray line broadening and FE-SEM micrographs, the
primary particle size of the precipitated rutile particles was
found to be in the range 8-10 nm. This implies that, for a
composition containing 19 mol% SnO,, the size of the SnO,
nuclei formed during hydrolysis is in the range 4-6 nm,
assuming that the number of SnO,-TiO, particles formed
during hydrolysis is equal to the number of SnO, nucleus.
The following discussion is based on 100% rutile membranes
containing 18.5mol% of SnO, and on unsupported mem-
branes unless otherwise mentioned.

Thermal Analysis

Fig. 3 gives the DTA and the TG results of the rutile mem-
brane. In the TG trace there are two weight loss regions, the
first, centred around 80 °C, represents the removal of physi-
cally adsorbed water. The second, at ca. 250 °C, represents
the dehydroxylation reaction and the decomposition of
organics. In the DTA there are two dips in the low-temperature
range corresponding to the two weight-loss regions of TG.
There is a third peak at ca. 790 °C and no weight loss can be
seen in the TG trace. The origin of the peak is not clearly
known, but it might be due to a recrystallization process
followed by grain growth. Fig,. 4 represents the crystallite sizes
of the rutile membranes calcined at different temperatures for
S min (heating and cooling rate is 100 °C h™'). An increase
in the crystallite size in the temperature range 700-800 °C is
clearly observed. It should be noted that the presence of a

A(101) R(110) A

3.6 -

R(101) R(111)

intensity counts/10°

22 26 30 34 38 42 46 50
26/degrees
Fig. 2 XRD of the membrane precursor gels, dried at 40 °C and 60%

RH, containing different amounts of SnO,: (a) 39, (b) 20, (c) 19,
(d) 18.5, (e) 18 and (f) 5 mol% of SnO,
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Fig. 3 DTA and TG patterns of the rutile membrane precursor gel
containing 18.5 mol% SnO,
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Fig. 4 Crystallite size of rutile membranes (18.5 mol% SnQO,) sub-
jected to heat treatments at different temperatures for 5 min

DSC peak corresponding to crystallite growth does not
indicate that there is no grain growth below that peak
temperature. The peak represents the temperature at which
the crystallite growth rate is the highest at the given heating
rate. The XRD given in Fig. 5 clearly shows that there is no
phase other than rutile present in the membranes from the
gel state up to 800 °C (for Miller indices see Fig. 2). The peaks
get narrower with increasing temperature and there is a
sudden sharpening from 700 to 800 °C. This is in agreement
with the DTA peak at ca. 790 °C corresponding to the
grain growth.

intensity counts/10°

34 38 42
26/degrees

Fig. 5 XRD of the rutile membrane (18.5 mol% SnO,) calcined at
different temperatures: (a) 800, (b) 700, (c) 600, (d) 400, and (e) 40 °C
(gel)
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Fig. 6 Nitrogen physisorption isotherms of rutile membranes (18.5
mol% SnO,) calcined at different temperatures ranging from 300 to
600 °C for 8 h: (+) 40, (O) 300, (A) 400, (V) 500 and (0J) 600 °C
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Fig. 7(a) Porosity and average pore diameter of unsupported rutile
membranes (18.5 mol% SnO,) calcined at different temperatures for
5min (A) and 8 h (O).(b) Pore size distribution of unsupported rutile
membranes heated at (+) 200, (O) 300, (A) 400 and (V) 600°C for 8 h

Textural Evolution

Fig. 6 represents the N, physisorption data for the rutile
membranes calcined at different temperatures. The shape of
the isotherms correspond to the type IV classification with
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Fig. 8 Surface area and average pore diameter of rutile membranes
(18.5 mol% SnO,) with (A) and without (O) alumina (9 wt.%)
calcined at different temperatures for 8 h

hysteresis, which is a combination of H2 and H1.2%?° H2
represents a hysteresis with a sloping adsorption branch and
a steep desorption branch which is perpendicular to the
relative pressure axis. The H2 type is often associated with a
distribution of pore sizes and shapes that are not well defined.
Ink-bottle type pores may also give H2-type hysteresis. In H1
both the desorption and the adsorption branches are more or
less parallel, and parallel to the y axis (amount adsorbed).
HI-type hysteresis is often associated with cylindrically shaped
pores. Precisely relating the shape of the hysteresis to the
pore shape is still a matter of discussion.?® It is interesting to
note that the isotherm corresponding to the anatase gel gives
a typical type I isotherm without any hysteresis loop,” indicat-
ing a microporous structure. The most important difference
between these two gels is the difference in the size of the
primary particles. The anatase membranes contain primary
particles of less than 6 nm, where as in the case of rutile
membrane the primary particle size is in the range 8—10 nm.
The smaller the primary particle the larger the chance to get
microporous material. At 300 °C the shape of the hysteresis
has changed to H2 type and the total volume adsorbed has
increased. The increase in the volume adsorbed can be attri-
buted to the increase in the mesoporosity (porosity of ca.
40% at 300 °C) by the removal of nitrate and organics. Above
300 °C the total volume adsorbed decreases with temperature
and the hysteresis shifts to the higher P/P, side, indicating
pore growth.

Fig 7(a) and (b) represent the porosity and pore size distri-
bution of rutile membranes containing 18.5 mol% of SnO,.
Calcinations were carried out for either 5 min or 8 h. Even at
800 °C the membranes retained a porosity of ca. 40%. The
pores have grown from 3.5 nm (at 200 °C) to 20 nm at 700 °C
and the porosity remained constant in the range of
300-800 °C. The initial narrow pore-size distribution becomes
broader with increasing temperature [Fig. 7(b)].

Fig. 8 represents the pore growth and surface area reduction
with temperature of rutile membranes (18.5mol% SnO,)
doped with 9 wt.% alumina. At 200 °C the surface area of
both doped and undoped membranes are more or less the

Table 1 Crystallite size, porosity, pore diameter and geometric (calculated) and measured surface area of rutile membranes (18.5 mol% SnO,)

with and without alumina (9 wt.%) at 800°C for 8 h

sample cryst. geometrical % porosity and
description diameter/nm surface area/m? g~ ! Sger area/m? g~ ! (pore diameter/nm)
rutile membrane 71 21 18 40 (24)
rutile membrane with alumina 29 57 43 42 (15)
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same. This indicates that the contribution to the surface area
of the sample by the alumina phase can be neglected. With
an increase in temperature the difference in surface area
between doped and undoped rutile membranes increases and
the difference remains constant after ca. 500 °C. It is clear
that the alumina doping prevents the grain growth in rutile
membranes and can retain a surface area of ca. 20 m? g1,
even after heat treatment at 900 °C for 8 h, with a pore
diameter of ca. 23 nm. In Table 1 the crystallite size, porosity,
geometrical (calculated) and measured surface area of rutile
membranes calcined at 800 °C with and without alumina is
given. The geometrical surface area can be calculated by the
equation given below, assuming the crystallites to be spherical:

SGEO = 3/r d (2)

where r is the radius of the crystallite calculated from XRD
line-broadening results. d (=4.7 g cm ~?) is the skeletal density
of the membrane. The crystallite size of the samples containing
alumina is ca. 50-60% smaller than that of undoped samples.
The alumina addition to the rutile membrane effectively
suppresses the grain growth. From Table 1 it can be seen that

(a)
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the calculated geometrical surface area is larger than that of
the BET surface area. This is a clear indication of particle—
particle neck growth.

Comparison of Membranes prepared from Anatase and Rutile
Sols

Fig. 9(a)—(d) give the FE-SEM micrographs of unsupported
membranes prepared from anatase [(a) and (b)] and rutile [(c)
and (d)] sols heated at 450 °C [(a) and (c)] and 600 °C [(b)
and (d)] for 8 h. At 450 °C [Fig. 9(a)] the membrane prepared
from the anatase sol contains two phases.” The smaller
particles represent the anatase phase and the average grain
size of the anatase phase is in the same range as that of the
average grain size of the rutile membrane given in Fig. 9(c).
At 450 °C the rutile membrane has a very uniform single-
phase microstructure. At 600 °C a membrane derived from
the anatase sol is completely dense and transformed to rutile,
the average grain size is ca. 60 nm [Fig. 9(b)]. The rutile
membrane is still porous and has crystallites of ca. 25 nm in
diameter [Fig. 9(d)].

(b)

Fig.9 FE-SEM pictures of unsupported membranes prepared from an anatase sol heated at (a) 450 and (b) 600 °C, and rutile membranes

(18.5 mol% SnO,) heated at (c) 450 and (d) 600 °C, for 8 h
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(b)

4600 nm

Fig. 10 FE-SEM pictures of (a,c) supported and (b,d) unsupported rutile membranes (18.5 mol% SnO,) containing (a,b) no alumina and (cd)

9 wt.% alumina calcined at 850 °C

Texture of Supported Membranes

It has been shown® that the supported titania membranes
retained a porosity of ca. 25-30% at 700 °C, whereas the
unsupported counterpart retained very little porosity above
500 °C. This positive effect of the support constraint can be
seen in supported rutile membranes also. Fig. 10 gave the FE-
SEM micrographs of the rutile membranes with and without
alumina (9 wt.%) heated at 850 °C for 8 h. Fig. 10(a) and (c)
represent the supported rutile membranes without and with
(9 wt.%) alumina and Fig. 10(b) and (d) represent unsupported
membranes without and with alumina, respectively. There is
a clear difference in the crystallite and the pore size between
supported and unsupported membranes and the difference is
more predominant in the composition without alumina. The
crystallite sizes of alumina-free rutile membranes are ca. 60
and 130 nm and the average pore sizes are ca. 20 and 80 nm
for supported and unsupported ones, respectively. In the case
of supported membranes the difference between alumina-
containing and alumina-free membranes are not that remark-
able [Fig. 9(a) and (c), crystallite size ca. 60 nm in both cases],
whereas the difference is quite appreciable in the case of

unsupported membranes [Fig. 9(b) and (d)], especially in the
crystallite size (130 and 70 nm). This difference may again be
due to the support constraint, which retards the pore and
crystallite growth.

Conclusions

Rutile membrane precursor sols have been synthesized by the
precipitation of titania on SnO, nuclei during hydrolysis. The
minimum amount of SnO, necessary to obtain the pure rutile
phase was found to be ca. 19 mol%.

The non-supported, rutile membrane retains a surface area,
porosity and pore diameter of ca. 20 m? g~*, 40% and 24 nm,
respectively, after heat treatment at 800 °C for 8 h.

Alumina doping prevents the grain growth in rutile mem-
branes and can retain a surface area of ca. 20m? g~ !, even
after heat treatment at 900 °C for 8 h, with a pore diameter
of ca. 23 nm and a particle size of ca. 70 nm.

The average pore and crystallite size of supported rutile
membranes are ca. 20 and 60 nm (from FE-SEM), respectively,
and they are smaller than these of their unsupported counter-
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parts. The crystallite size of the unsupported membranes is

ca.

130 nm (from FE-SEM). All the above values are for

membranes heated at 850 °C for 8 h.
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