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Formation of Micro/Macroporous Hierarchical Spheres of Titanosilicate
Umbite
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Polycrystalline spheres of up to 2 mm diameter of micro-
porous titanosilicate K,TiSizOg-H,O with umbite structure
(Ti-umbite) were prepared without the use of organic struc-
turing agents. The spheres, while preserving the inherent
microporosity of the umbite type-material, are organized as
hierarchical materials with macropores in the 0.1-1.4-pm size
range. Ti-umbite spheres were only produced by hydro-
thermal synthesis under rotation conditions, at 230 °C by
using a solution with the following molar composition:
0.284K,0/0.287 Na,0/Si0,/0.095 TiO,(anatase)/30.8 H,O, and

it was observed that the synthesis time and the rotation
speed of the autoclave influenced the particle size distribu-
tion. When the procedure was carried out at 30 rpm and for
48 h, the size of the Ti-umbite spheres adjusted well to a nor-
mal distribution, with a statistical mode of 492 = 13 pm. Also,
under these conditions the amount of unreacted TiO, ana-
tase, which has a key role in the formation of the Ti-umbite
spheres, was only 14.4 wt.-%.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The performance of zeolitic materials is often limited by
intracrystalline diffusion processes that result in a slow
transport in the zeolite micropores. This is especially critical
in the case of large zeolitic particles!!! and also when zeo-
lites are used as catalytic materials in fast reactions. One
way around this problem is to prepare zeolite crystals with
a large aspect ratio, so that the length of the diffusion path
is limited.!”) In a different approach, zeolites with hierarchi-
cal pore architectures containing micro and mesopores (or
micro and macropores)i® have been advocated as a solution
to these problems, and hierarchical materials with micro/
mesopores, meso/macropores, and micro/macropores have
been successfully prepared. Generally, the control of the bi-
modal porosity is achieved by combining suitable organic
templates for the required scale organization.*! This combi-
nation usually requires two organic compounds: one for
structuring the intrinsic microporosity of the material and
another to create either the meso or macroporosity. This
is the so-called dual templating method.l>® Other widely
applied strategies for generating mesopores could involve
steaming, acid-leaching, or alkaline desilication of pre-
viously prepared zeolite crystals.l”-8! Finally, hierarchical ze-
olites have also been produced by growing zeolite crystals
around carbon particlest®! or by using mesoporous carbon
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prepared from carbohydrates as hard template® or natural
materials, such as diatomite frustules!'” or columnar and
discoid diatom,!'!! as templates.

In a previous work, micrometric spheres of microporous
titanosilicate umbite (Ti-umbite) having hierarchical pore
systems were prepared by direct liquid-phase hydrothermal
synthesis under a range of synthesis conditions in which a
successful synthesis always required agitation by rotation
and the use of TiO, anatase as a Ti source.l'”l The micro/
macroporous hierarchical architecture of these spheres was
effective in reducing intraparticular transport resistances, as
demonstrated for water and Sr>* cations. Umbite is a micro-
porous silicate mineral with the stoichiometry K-
(Zry gTiy »)Si300°H,0.[131 Although its applications have not
yet been widely studied, umbite, like the titanosilicates ETS-
10 and ETS-4, possess framework structures built of MOg
(M = Zr, Sn, Ti) octahedra and TO,4 (T = Si, Ge) tetrahe-
dra.['*17] These materials are good cation exchangers, and
the ion-exchanged forms of Na* and Cs*-Zr-umbite,!'®!
NH,*, Li*, Na*, K*, Rb* and Cs*-Ti-umbite,['”1 and Cs*
and Sr?"-Sn-umbitel?” have been studied. Because of the one-
dimensional eight-membered ring channel (ca. 5.5 % 2.7 A),
umbite-type materials do not adsorb N», although they are
suitable for adsorbing small molecules, such as water (a
slow reversible rehydration of the material has been re-
ported!’l) and NH;,?' and to retain by ion exchange mono
and divalent cations.['3-201 Recently, stannosilicate and tit-
anosilicate umbite tubular membranes have shown good
performance in the separation of H,/N, mixtures achieving
H,/N, separation factors higher than 40.1*?l Note as well
that Ti-umbite silicates have in the past been called STS!!
and AM-2'3! materials.
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In spite of the interesting results obtained in our previous
work,!'?! the mechanism of formation of the hierarchically
structured spheres remains unclear, and the key role of the
operating conditions (presence of rotation, type of Ti pre-
cursor) needs to be clarified for this methodology to be ex-
tended to the preparation of other micro/macroporous sys-
tems. The present work explores these aspects by studying
a wider range of conditions (regarding synthesis time and
rotation speed) and by using a battery of characterization
techniques to understand how the Ti-umbite crystals are
assembled to produce solid spheres in which micropores
and macropores are combined.

Results and Discussion

Hierarchical Pore System Spheres

As already mentioned, Ti-umbite spheres were only pro-
duced under rotation conditions."?! In all the experiments
carried out here, XRD analysis indicated that Ti-umbite
was the only crystalline phase produced, together with some
unreacted TiO, anatase. A second critical factor for the pro-
duction of the spheres was the chemical composition of the
starting synthesis solution: in particular the TiO,/SiO, ratio
has an important effect, so that below 0.021 (other param-
eters being constant) the composition gave rise only to crys-
tals and not to spheres. A TiO,/SiO, ratio of 0.095 was
selected for this work, which produced good results as es-
tablished in our precedent report.!'?!

TiO, anatase was used before to synthesize titanosilicate
ETS-10,2%241 and depending on the conditions it was fre-
quently detected by XRD in the final product as an unre-
acted material. Figure 1 compares the XRD pattern of pure
Ti-umbite prepared by using TiCls instead of TiO, and
without any Na source®! with those corresponding to
spheres produced in 3-96 h, where a strong intensity corre-
sponding to TiO, anatase appears. That is, XRD analysis
reveals the presence of unreacted TiO, anatase, for which
the intensity continuously decreases as a function of synthe-
sis time, as depicted in Figure 2. XRD analysis was em-
ployed on the mixtures of TiO, anatase and pure Ti-umbite
obtained with different synthesis times to obtain the relative
amount of TiO, anatase remaining after synthesis. As can
be inferred from Figure 2, the amount of remaining anatase
initially decreases strongly with increasing synthesis time,
but after 24-48 h of synthesis the proportion of unreacted
TiO, anatase stayed at a constant level of around 1415 wt.-
%, and only after 96 h of hydrothermal synthesis was the
amount of TiO, anatase lowered to 8.2 wt.-%. In contrast,
it was already known that crystals collected together with
the spheres exhibit a smaller amount of unreacted anatase
than those within TiO, spheres.!'?!

Figure 3 shows the particle size distributions of the Ti-
umbite spheres as a function of synthesis time. To produce
these representations, the dimensions of at least 120 par-
ticles of each experiment were measured by optical micro-
scopy. The particles produced in 3 and 6 h experiments
could not be analyzed because of the high amount of unre-
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Figure 1. XRD patterns, from bottom to top, of pure Ti-umbite
(prepared by using TiCl;) and of crushed spheres prepared at a
rotation speed of 30 rpm and different synthesis times.
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Figure 2. Unreacted TiO, anatase as detected (see Figure 1) and
quantified by XRD in Ti-umbite spheres prepared at a rotation
speed of 30 rpm as a function of synthesis time. A second-order
exponential decay function was used as a guide for the eye.

acted TiO, anatase. The mechanical stability of these sam-
ples was low, which resulted in a high proportion of fines.
The distribution obtained was clearly unimodal (with a
492 £ 13 pm statistical mode, considering a Gaussian or
normal distribution) only for spheres prepared at the opti-
mum synthesis time of 48 h. Below this synthesis time, Fig-
ure 3 shows large spheres being formed after 12 h with Ti-
umbite crystals probably nucleating around undissolved
particles of TiO, anatase. These particles evolved to smaller
spheres, probably through break-up during rotation, aided
by the conversion of the TiO, trapped in the own spheres.
Simultaneously, the formation of new spheres seems to be
taking place, as indicated by the first peak of the histogram
at 24 h, which later gives rise to the outlier observation at
36 h (at about 400 um), and then the maximum of the histo-
gram at 48 h. Note that the percentages of the unreacted
TiO, anatase were 31.8, 14.8, and 14.4 wt.-% after 12, 24,
and 48 h, respectively (see Figure 2). Of these data sets, only
those corresponding to 36 and 48 h exhibit high enough
normality test significance levels (0.08 and 0.15, respec-
tively) to be considered following normal distributions, af-
ter performing the Shapiro-Wilk normality test (based on
2449
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a default significance level of 0.05). The others can be con-
sidered as random distributions. In contrast, the distribu-
tion at 48 h seems skewed toward larger particle sizes, so
that a log-normal particle size distribution allows a better
fitting to be obtained with a coefficient of determination
(R? = 0.93) larger than that calculated for the normal distri-
bution (R? = 0.88). Duplicating the synthesis time from 48
to 96 h yields a random distribution of sphere diameters
where almost all sizes are represented, probably as a result
of multiple growth, dissolution, and break-up processes.
The differences in the distribution of particle sizes between
the populations of spheres resulting from 48 and 96 h syn-
theses can readily be appreciated by direct visual observa-
tion, as shown by Figure 4, where a good correspondence
between the appearance of the spheres and their diameter
distributions is observed.
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Figure 3. Size (diameter) distributions for Ti-umbite spheres pre-
pared at a rotation speed of 30 rpm and different synthesis times.

Figure 4. Digital camera images of Ti-umbite spheres prepared at
a rotation speed of 30 rpm and synthesis times of 48 (a) and 96 h
(b).

Together with the Ti-umbite spheres, Ti-umbite crystals
were collected at the end of the synthesis. Figure 5 repre-
sents the weights of crystals, spheres, and crystals + spheres
obtained as a function of synthesis time in an autoclave
volume of 35mL (see Experimental Section). The total
amount of Ti-umbite material was kept approximately con-
stant at 2200 mg for any synthesis time. However, Figure 5
clearly shows that the proportion of spheres continuously
increased with synthesis time at the expense of crystals,
which suggests a mechanism in which spheres grow by the
incorporation of crystals and more likely of nutrients com-
ing from the dissolution of crystals.
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Figure 5. Weights of crystals, spheres, and crystals + spheres ob-
tained at 30 rpm as a function of synthesis time achieved in an
autoclave volume of 35 mL, as described in the Experimental Sec-
tion.

Because rotation is critical (Ti-umbite spheres were only
produced under agitation conditions), it could be expected
that rotation speed modifies the particle size distribution.
This is indeed the case, as shown in Figure 6 for spheres
prepared with 96 h long hydrothermal syntheses. Although
this synthesis time produces the random distribution al-
ready discussed at low rotation speeds, when the rotation
speed increased from 15-30 to 60 rpm the resulting popula-
tion of sphere diameters could be fit by a normal distribu-
tion, with a normality test significance level value of 0.04.
Simultaneously, the sphere diameters diminished, which
suggests acceleration in the above-mentioned growth and
dissolution processes.
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Figure 6. Particle size distributions for Ti-umbite spheres prepared
at 96 h and different rotation speeds.

Micro/Macroporous Hierarchical Spheres

Figure 7 shows SEM images of cross sections of Ti-
umbite spheres obtained at 30 rpm and 12-48 h that where
embedded in resin and subsequently polished. These cross
sections reveal intergrowths, both in the middle and in the
periphery, which leaves behind visible macropores. Note
that the appearance of the spheres in Figure 7 is partly
modified by the resin itself. Thus, in Figure 7a, c, e, and g
prepared at 12, 24, 48, and 96 h the spheres have diameters
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of 1390, 790, 600, and 1840 um, respectively. In small
spheres the resin penetrates easily and is present throughout
the particle, whereas for the larger diameters there is a lower
penetration of the resin into the macroporosity. This can be
clearly appreciated in Figure 7a and g, where the larger
spheres present a clear resin—crystals annulus; the crystals
in the middle are grazed by the polishing operation. The
resin reinforces the sphere for the polishing, and this is the
reason why the smaller spheres of 600 pm, in which the
resin was embedded in the whole particle, seem to have
flatter surfaces. In any case, crystal intergrowths are ap-
preciable for all four sphere sizes, and they can be consid-
ered as polycrystalline spheres, although intergrowth be-
comes more extended at high synthesis times: compare Fig-
ure 7f and h at 48 and 96 h, respectively, with Figure 7b and
d at 12 and 24 h, respectively.

Figure 7. SEM images of cross sections (after embedding in resin
and subsequent polishing) of Ti-umbite spheres as obtained at
30 rpm after: (a, b) 12 h; (c, d) 24 h; (e, f) 48 h; (g, h) 96 h.

Together with the Ti-umbite spheres, Ti-umbite crystals
were collected at the end of the synthesis (Figure 8). In ge-
neral, these crystals are considerably larger than those con-
stituting the polycrystalline spheres quoted in Table 1, al-
though this difference in size is more noticeable at the high-
est synthesis time of 48 h when single crystals reach almost
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20 um in length (Figure 8d), whereas crystals in the spheres
are around 5.5-6.5 um in length. Figure 8¢ corresponds to
crystals recovered after 96 h (in a smaller amount, see Fig-
ure 5), whose sizes are clearly smaller, in good accordance
with the dissolution process before envisaged at longer syn-
thesis times. Table 1 also shows that crystals from the pe-
riphery of the spheres may be larger than those in their
middles, which indicates that in the growing surface of the
spheres the availability of nutrients would be higher. Any-
way, this statement should be taken with caution, as the
confidence intervals often overlap. To calculate these
average values, at each synthesis time, more than 30 crystals
were considered in spheres of different diameter, and no
significant variations where found from one sphere to the
other.

Figure 8. SEM images of single Ti-umbite crystals collected to-
gether with the spheres in 30 rpm syntheses at: (a) 6 h, (b) 12 h, (c)
24 h, (d) 48 h, and (e) 96 h.

Table 1. Average sizes of crystals constituting the polycrystalline
spheres as a function of synthesis time at 30 rpm.

Synthesis time Length [um] Width [pm]

[h] Middle Periphery Middle Periphery
6 34=0.0 34+0.0 2.1%0.1 2.2+0.1
12 6.0x0.8 6702 40x05 44=x07
24 6.2+0.3 6.6+0.2 39+03 42%05
48 55*0.2 6.5*+0.5 38x0.1 42%*03
96 6.5*+0.5 6.4+0.6 5004 4.6x0.7

The Hg intrusion microporosimetry confirms (Figure 9)
the presence in the spheres of macropores of two different
sizes: 0.1-0.4 and 1.3-1.4 um. These macropores give rise
to the hierarchical micro/macroporous structures of the Ti-
umbite spheres prepared with the micropores belonging in-
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trinsically to the umbite material. The cumulative Hg in-
trusion also shows a small amount of larger macropores
(around 10-25pm) and the total absence of mesopores.
From Hg intrusion porosities of 40 and 23 % were obtained
for the spheres obtained at 12 and 48 h of hydrothermal
synthesis, respectively. The reduction of the porosity as a
function of synthesis time would be associated to the afore-
mentioned TiO, anatase conversion and the reorganization
of the material in the sphere. This reduction in porosity
would give rise to the filling of 1.3 um pores in the 12 h
spheres to produce 0.2-0.4 um pores in the 48 h spheres.
Finally, in these intrusion experiments, the Hg pressure
reached values of up to 4000 bar without breaking the
spheres, which shows their mechanical strength.
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Figure 9. Hg cumulative intrusion and pore size distribution of Ti-
umbite spheres prepared at 30 rpm and 12 (grey) and 48 (black) h
of hydrothermal synthesis.

Finally, we hypothesize that the rotation conditions al-
lows the aggregation/ensemble of the species in the precur-
sor gel into, first, spheres of low crystallinity (in terms of
the product umbite), perhaps through a centrifugal effect
that would join together particles on the internal surface of
the autoclave. As it is shown in Figure 5, the total amount
of solid material (spheres and crystals) collected kept ap-
proximately constant for synthesis times ranging from 12
to 96 h. This observation indicates that, because of lack of
reactants, the gel became unable to produce more solids
after 12h, and in consequence, all the aforementioned
changes in TiO, anatase conversion (Figure 2) and diameter
distributions (Figure 3) are caused by the reorganization of
these solids. This reorganization would involve the incorpo-
ration of crystals into spheres (directly or through dissol-
ution) and the production of more compact spheres (Fig-
ure 9). Both situations would reduce the exposed area (and
the rate of dissolution, which, for a given supersaturation,
increases with the crystal area) of any solid in the synthesis
medium. As a result, a pseudoequilibrium is established
that translates into the observation of a normal distribution
(Figure 3, 48 h; Figure 6, 60 rpm). Any of these processes
would be accelerated by the increasing rotation speed,
which would reduce concentration gradients through the
autoclave.
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Conclusions

Polycrystalline spheres of up to 2 mm diameter of micro-
porous titanosilicate K,TiSi;09°H,O with umbite structure
can be prepared by liquid-phase hydrothermal synthesis
without resorting to the use of organic structuring agents.
The synthesis of these spheres always requires agitation by
rotation and the use of TiO, anatase as a Ti source. This
Ti precursor seems to have a key role in the formation of
the spheres, favoring the nucleation of the titanosilicate and
perhaps the subsequent intergrowth and aggregation into
spheres. Unreacted TiO, anatase is detected by X-ray dif-
fraction in the products recovered at the end of the hydro-
thermal synthesis. The lowest amount of unreacted TiO,
anatase detected in the Ti-umbite spheres was 8.2 wt.-% af-
ter 96 h of synthesis. The rotation speed and the synthesis
time influence the sphere diameter distribution, which un-
der certain conditions (30 rpm and 36-48 h) is in practice
normal. From the point of view of the diameter distribution
and of the amount of unreacted TiO, anatase, 48 h and
30 rpm could be considered as an optimum synthesis time.

Hg porosimetry allows us to establish a sphere macropo-
rosity in the 0.1-1.4 um range, and the macropores are also
evidenced by scanning electron microscopy. Finally, by
working under rotation conditions and by using low-solu-
bility nanometric-size precursors as the key components of
the synthesis solution, this strategy could perhaps be ex-
tended to the preparation of other hierarchically structured
nanoporous systems.

Experimental Section

General: Ti-umbite macroporous spheres were prepared by using
the following molar composition: 0.284K,0/0.287Na,0O/SiO-/
0.095Ti0,/30.8H,0. The precursor reactants were TiO, anatase
(99.9 wt.-%, Aldrich), KOH (85 wt.-%, Merck), KCIl (99 wt.-%,
Panreac), and sodium silicate solution (25.5-28.5 wt.-% SiO,, 7.5~
8.5 wt.-% Na,O, Merck). To prepare the precursor gel (37.54 g),
KCI (0.990 g) and KOH (1.010 g) were dissolved in deionized water
(22.78 g). Then, TiO, anatase (0.424 g) was added whilst stirring
the above solution. After approximately 30 min of stirring, a homo-
geneous dispersion was produced. This stage is critical to avoid
precipitation after the next step in which the sodium silicate solu-
tion (12.34 g) was mixed with the precedent solution. Then, after
60 min more of stirring, a white, nonviscous solution was obtained.
This was poured into a Teflon-lined autoclave, which filled approxi-
mately 90% of its volume (35 mL), and hydrothermal synthesis was
then carried out at 230 °C for 3-96 h. The autoclave was horizon-
tally rotated (15, 30, or 60 rpm) during synthesis. When the synthe-
sis was finished by quenching the autoclave in water, a mixture of
polycrystalline spheres and single crystals was obtained. The
spheres remained at the bottom of the autoclave, while crystals
were separated from the dispersion by filtration, by washing with
deionized water at room temperature, and by drying overnight at
100 °C. Also, for comparison, Ti-umbite powder was prepared by
using fumed silica as SiO, source, that is, without Na in the gel
composition, and TiCls instead of TiO, with a molar composition
of 5.3 K,0/3.6 SiO,/Ti0,/120 H,0.1*’! Note that that all the materi-
als in this work were prepared without the use of organic structur-
ing agents.
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The Ti-umbite products were characterized by scanning electron
microscopy (SEM, JEOL JSM-6400) and X-ray diffraction (XRD,
Philips X’pert MPD diffractometer by using Cu-K,, radiation). Hg
intrusion porosimetry was performed with a Micromeritics Auto-
Pore IV.
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