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NOTE

Surfactant-Assisted Synthesis of Mesoporous Zirconia Powders
with High Surface Areas

Since the advent of mesoporous aluminosilicates (1), the
possibility of producing similar structures with other metal
oxides has attracted considerable attention. Stucky and co-
workers (2) reported on the synthesis of tungsten, iron,
and tin mesostructures, but attempts to remove the sur-
factant caused the pore structure to collapse. Antonelli
and Ying (3) produced the first non-aluminosilicate-based
mesoporous material that remained stable upon removal
of the organic surfactant. They used tetradecylphosphate
as the organic template and titanium isopropoxide partially
substituted with acetylacetone as the metal source. Knowles
and Hudson (4) recently showed that alkylammonium salts
can be used to prepare zirconia in the mesoporous range,
and they pointed out that the conventional mechanism of
mesopore formation does not take place in this cationic
surfactant—-metal cation pair.

Zirconia is an excellent catalyst support (5-8). There
is also abundant catalysis literature in the area of strong,
zirconia-based solid acids (9-14). The surface areas ob-
tained by conventional precipitation of zirconyl salts with
amonia are typically in the 80-140 m?/g range after acti-
vation under flowing air at 823-923 K. Aerogels with high
surface areas can be prepared (15, 16), but they are synthe-
sized from moisture sensitive precursors, and low-pressure
separations of organic solvents from the precipitation me-
dia are also necessary. Our working hypothesis was that if
a classical anionic surfactant/cationic precursor route were
to be implemented to synthesize mesoporous zirconia, the
preparation scheme should then be geared toward the syn-
thesis of active catalysts, i.e., by using the adequate surfac-
tantand/or surfactant removal steps. By the time we submit-
ted this contribution, Schath et al. (17) had reported on the
synthesis of mesoporous zirconia systems using a synthetic
scheme similar to that proposed by Antonelli and Ying (3).
Their mesostructures showed to collapse at temperatures
above 500°C.

One synthesis route that produced catalysts with very
good isomerization activity consisted of mixing a solution
of 3 g of lauryl sulfate (sodium form) in 10 ml conc. NHj,
1 mlacetylacetone (acac), and 5 ml ethanol, with a saturated
solution of ZrOCl,-8H,0 (2.20 g salt). The mixture was
stirred vigorously for 5 min, then transferred to a pressure
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tube and placed in an oven at 383 K for 6 h. The precipitate
was then washed thoroughly with water and ethanol. In or-
der to completely remove the surfactant and to load this
catalyst precursor with sulfate ions, we proceeded to sus-
pend 200 mg of the dried powders in a solution of 200 mg of
(NH,4),SO, dissolved in 3.6 ml ethanol and 3 ml water. This
suspension was placed in a sealed vial and kept in an oven
at 383 K for another 6 h. Once filtered, washed again with
ethanol, and dried at 110°C, the sample was redried in vacuo
at 403 K for 30 min to perform BET surface area measure-
ments. The adsorption apparatus has been described earlier
(18). Thissample, labeled as SZ-403, had a BET surface area
of 425 m?/g (a second batch gave a surface area of 397 m?/g).
In the absence of surfactant, we obtained a sample with a
BET surface area of 345 m?/g after oven drying. The Dol-
limore method (19) for pore size analysis was applied to
the desorption curves of both blank and catalyst samples
(Fig. 1). This pore size distribution method is known to
perform well for pore sizes larger than 20 A. The blank
samples were made by excluding the surfactant from the
precipitation media. Our four samples were labeled SZ-403,
SZ-848,blSZ-403, and blISZ-848, with the suffix correspond-
ing to the calcination temperature (K) and the “bl”” preffix
to “blank.”

Zirconia is microporous upon precipitation in the ab-
sence of surfactants (pores <20 A), but calcination results
in broad pore distributions (20). Figure 1 shows that upon
calcination, the blank sample produces pores above 20 A,
but it is the presence of surfactant during the precipitation
step that results in much sharper mesoporosity features.
The pore sizes are in the 24-26 A range for SZ-403, but
they decrease in magnitude and shift toward slightly larger
values upon calcination (SZ-848 sample).

Our choice of surfactant and surfactant concentration
was not in any way arbitrary. We chose lauryl sulfate be-
cause its polar head group could have resulted in the one-
step synthesis of mesoporous sulfated zirconia catalyst with-
out further synthetic (wet) steps. We later found that such
catalyst showed low activity for n-butane isomerization,
presumably due to the presence of residual sodium ions
(from the surfactant) on the catalyst surface. This led us
to implement the surfactant washing/sulfate loading step
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FIG.1. 9Vu/aR vs R curves for (x) SZ-403, (A) SZ-403 again around

the 20-30 A range, (- - -) bISZ-848, (A) bISZ-403, and (J) SZ-848.

discussed above. We also used high surfactant concentra-
tions because a spherical-to-rod transition in the lauryl sul-
fate micelle shape is expected above 20 wt% (21), but we
have not systematically studied the effect of micelle con-
centration and pH to test this hypothesis.

The X-ray diffraction measurements were performed as
described previously (22). Between 26 = 1° and 10°, a broad
shoulder was found around 2-3°, but this feature disap-
peared after washing and calcination (Fig. 2). We repro-
duced the XRD and desorption features several times to
rule out the occurrence of artifacts. Using aging times up
to 90 h did not lead to improvement of this broad shoulder
in low-angle XRD pattern. Upon calcination at 848 K, this
feature disappears, giving rise to broad tetragonal zirco-
nia XRD signals, but the pore size distribution analysis still
indicates that mesoporosity was not lost (S.A. of the SZr-
848 catalyst: 215 m?/g). It is apparent that a pore formation
mechanism that differs from that of MCM materials may be
in effect, in which pore size uniformity does not necessarily
imply bi- or three-dimensional X-ray detectable ordering.
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FIG. 2. Low-angle XRD patterns of SZ-403 (M) prior to washing, (O)
after SO,= loading/washing and (- - -) after calcination.
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FIG.3. DRIFTS spectra of SZ-403 (A) prior to washing, (B) washed
with H,0O, (C) washed with EtOH, (D) after SO,= loading, SZ-848
(E) after reaction, and (F) SO,= loaded blank.

Figure 3 shows the background-subtracted DRIFTS
spectra of the samples at different preparation stages. Our
DRIFTS apparatus has been described previously (18).
Note that the C-H stretching region is completely washed
out after the second step (sulfate-loading, D spectrum).
Multiplicity in the hydroxyl region is expected to be the
result of both water and ethanol being present upon dry-
ing of the sample at low temperatures. We have previously
discussed the 1500 and 1400 cm~! bands in terms of hydra-
tion of sulfate groups and S=O moieties (22). Note that
only the 1400 cm~! band disappears after calcination, leav-
ing the well-known IR features observed in sulfated zir-
conia catalysts (spectrum E). The lauryl-free, blank sample
(once loaded with sulfate, and prior to calcination) showed a
DRIFTS spectrum comparable to that of the washed meso-
porous sample (spectra F and D).

As shown in Fig. 4, SZ-848 showed good activity for
n-butane isomerization and disproportionation at 483 K.
The rate (g n-C4 converted/g catalyst.h) is reported as a
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FIG. 4. Rate vstime on stream curves for the n-butane isomerization
reaction over SZ-848 at 483 K. Packed-bed, atmospheric reactor. Pn-C4 =
101.3 kPa. Total conversion: <3.5%. () isobutane, (x) isopentane x 10,
(m) propane x 10, and () n-pentane x 10.
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function of time on stream to provide the reader with a ref-
erence point for comparison with the abundant literature
on n-butane isomerization over sulfated zirconia catalysts.
Under differential reactor operation (total % Conv <3.5),
the blSZ-848 catalyst had a lower initial activity than that
of SZ-848, but this may be due to its lower starting surface
area. For example, the relative activities (Asz-gag/Abisz-gas)
under the same T, P, and WHSYV, after 5 and 70 min on
stream were 4.3 and 0.69, respectively. The SZ-848 sam-
ple also maintains, or slightly increases, its isopentane-to-
isobutane ratio throughout the kinetic run (from 0.048 to
0.059 at 5 and 70 min TOS respectively), but the blank,
blSZ-848 catalyst, followed an opposite trend (0.071 to
0.049 at 5 and 70 min TOS respectively). It is conceivable
that the larger population of mesopores in SZ-848 causes
the disproportionation pathway (which is bimolecular in
nature) to remain important at longer times on stream. On
the other hand, the isomerization route has been suggested
to be strictly bimolecular (23), but also to be a convolution
of intra- and intermolecular processes (24). The effect of
pore structure on the selectivity and deactivation of sul-
fated zirconia has not, to the best of our knowledge, been
addressed. A priori, we expect the bimolecular mechanisms
that lead to both disproportionation of n-butane and deac-
tivation to be favored by larger pores. In a future contribu-
tion, we will investigate the effect of surfactant chain length
on these parameters.

In summary, our results suggest that the porosity of sul-
fated zirconia can also be tailored by means of reatively
simple synthetic routes, a fact that may well lead to changes
in product selectivity and deactivation profiles. The micelle
structure (cylinder vs sphere) and its role in catalyst pore
structure still needs to be addressed, and we are planning
to obtain TEM images of our samples in the near future.
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