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Abstract

A mesoporous molecular sieve with binary transition metal (Zr-Cr) oxide framework has been synthesized for the first time,
and the material exhibits good thermal stability with a high surface area.
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1. Introduction

Recently, the templating route by surfactant micelle
has led to the discovery of various kinds of large-pore
molecular sieves constructed with silica frameworks
such as MCM-41 [1,2], MCM-48 [1,2], FSM-16 [3],
SBA-1. 2, 3 [4]. HMS [5], MSU-1 [6], KIT-1 [7,8].
These molecular sieves have very large channels with
1.6-10 nm at the cross-section, compared with pore
diameters of conventional microporous molecular
sieves less than 1.5 nm. The pore diameter of the
large-pore molecular sieves, which are called meso-
porous molecular sieves, can be tailored within the
1.6-10 nm range by choosing surfactants with suitable
chain length, using auxiliary organic additives during
the hydrothermal crystallization process [1,2], and/or
using post-synthesis wall-deposition and hydrother-
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mal treatments [9]. The mesoporous molecular sieves
attract much attention due to new possibilities of
applications for adsorption, separation and catalytic
conversion of large molecules which have difficulty
entering conventional zeolite pores. Furthermore, the
tailorability of the channel diameters provides a uni-
que opportunity to tune the materials for specific uses.

However, the mesoporous molecular sieves con-
structed with silica frameworks are of limited use in
catalysis, due to the lack of acidity and ion exchange
sites. The acidity and ion exchange sites can be
increased by incorporating aluminum into the silic-
eous frameworks [10,11]. The ion exchange capability
of the materials on the 4-coordinated framework
aluminum sites is useful for supporting catalytically
active metal components [12], similar to conventional
zeolites. The catalytic activity of the molecular sieves
can also be promoted by incorporating transition metal
elements such as Ti [5], Mn [13], Fe [14), V [15], etc.
into the frameworks.
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Although more or less different mechanisms have
been proposed for a synthetic route of the mesoporous
molecular sieves {1-3,16-18], the synthesis is in
general based on a cooperative formation of a periodic
assembly between silicate and surfactant micelles.
Huo et al. [19] reported that a similar nature of
periodic assemblies can be formed between various
transition metal oxides and organic surfactants. Var-
ious mesostructures based on tungsten, antimony,
lead, iron, aluminum and zinc oxide and phosphate
species were obtained using the surfactant—inorganic
periodic assembly process. Many other studies also
reported on the formation of mesostructures with
various transition metal oxide or phosphate frame-
works [20-26]. The surfactant-inorganic assemblies
have either lamella or hexagonal structures, depending
on the nature of the surfactants and the metal systems.
In the case of the lamella structure, the structure
always collapsed during calcination and/or solvent
extraction, attempting to remove the surfactants from
the mesostructures. In the case of the hexagonal
structure, however, there were a few transition metal
systems that maintained the structure after the removal
of surfactants. Mesoporous transition metal oxides
and phosphates thus obtained include titanium oxide
[22], niobium oxide [23], zirconium oxide [24], oxo-
phosphate [25], and tantalum oxide [26], etc. These
recent reports highlight the syntheses of mesoporous
molecular sieves with single-transition metal-based
frameworks.

In the present work, we report on the synthesis and
characterization of a mesoporous molecular sieve
constructed with a zirconium—chromium mixed oxide
framework. This new molecular sieve is the first
example of a mesoporous molecular sieve constructed
with binary transition metal system exhibiting suffi-
ciently high thermal stability to be potentially useful
for catalytic applications.

2. Experimental

A mesostructure with a zirconia-derivative
framework was obtained through a hydrothermal
synthesis  using  hexadecyltrimethylammonium
(HTA) chloride, sulfuric acid and zirconyl nitrate.
The initial gel mixture had a molar composition in
the range of 1 HTACI : xZrO(NO,), : yH,S0, : zH,0,

where x=0.5-4, y=1-8 and z=150-300. The reaction
mixture was heated at 370 K for 24 h. A 1 M aqueous
solution of NaOH was added to the reaction mixture
after cooling to room temperature. The mixture was
heated again at 373 K for 24 h. A mesostructured
product with a zirconium oxosulfate framework was
collected from the reaction mixture by filtration and
washed with doubly distilled water. The product was
converted to oxophosphates by slurrying in aqueous
solutions of phosphoric acid (0.01-0.1 M) at room
temperature for 2 h. A zirconium oxochromate frame-
work was also obtained by slurrying the oxosulfate
product in Na,CrO, solutions (0.01-0.1 M). Materials
thus obtained were filtered, washed with doubly dis-
tilled water and dried in an oven at 373 K. The
materials were calcined in air under static conditions
using a muffle furnace. The calcination temperature
was increased from room temperature to 813 K over
10 h and maintained at 813 K for 5 h.

The materials were investigated using X-ray pow-
der diffraction (XRD), transmission electron micro-
scopy (TEM) and gas adsorption. XRD patterns were
obtained with a Cu K, X-ray source using a Rigaku
D/MAX-III (3 kW) instrument at room temperature.
TEM images of thin edges of the sample were taken
with a CM 20 (Philips) apparatus operating at
100 keV. Argon and N, physisorption measurements
were conducted on an ASAP 2010 instrument at liquid
argon and liquid N, temperatures, respectively. An
elemental analysis was performed with inductively
coupled plasma (ICP) emission spectroscopy (Shi-
madzu, ICPS-100011I).

3. Results and discussion

Fig. 1 shows XRD patterns of the zirconia-deriva-
tive mesostructures synthesized in the present work
using aqueous solutions of HTAC], sulfuric acid and
zirconyl nitrate. During the initial reaction period, a
poorly defined XRD pattern was obtained (Fig. 1a).
The XRD pattern could be due to the formation of a
poorly ordered mesostructure, or a mixture of cubic
and hexagonal mesophases. This mesostructure or
mixture was transformed to a hexagonally ordered
mesostructure by the addition of NaOH to the hydro-
thermal reaction mixture. The XRD patterns in Fig. 1b
and c consist of one very intense line and two weak
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Fig. 1. XRD patterns of the surfactant—zirconium oxosulfate

mesostructures obtained from hexadecyltrimethylammonium
chloride—sulfuric acid—zirconyl nitrate-NaOH reaction mixtures.
The ratios of NaOH/SOi’ in the reaction mixtures were: (a) 0;
(b) 1: (¢) 2; and (d) more than 3, respectively.

lines, which can be indexed to (100), (1 10) and
(2 0 0) diffraction lines characteristic of the hexagonal
structure [1], respectively. Fig. 2 shows a TEM image
obtained from the hexagonal sample presented in
Fig. 1c. The TEM image has ordered lines with a
spacing of 2.6 nm, which are expected when the
sample is viewed along the (2 1 0) zone axis of the
hexagonal cell with a wunit cell dimension of
a=5.1 nm. The unit cell dimension has been found
to increase with increasing the NaOH/SO;™ ratio
from 0 to 2.5 for the reaction mixture. The addition
of NaOH also led to a significant improvement in the
textural uniformity. However, the mesostructure was
lost when the pH was increased beyond 7 (Fig. 1d).

Elemental analysis of the hexagonal mesostructure
indicated that the framework was constructed with
zirconitum oxosulfate with S/Zr=1. The structure col-
lapsed upon calcination in air under static conditions
at 813 K in order to remove the surfactant. The sulfur
content decreased to S/Zr<0.05 during the calcination.
The structure collapse corresponded to the transfor-
mation of the zirconium oxosulfate framework to
zirconium oxide, due to the oxosulfate decomposition.

Sulfate in the mesostructure framework was sub-
stituted with phosphate when the surfactant-zirco-

Fig. 2. Transmission electron micrographic image of the hexadecyltrimethylammonium-zirconium oxosulfate mesostructure presented in

Fig. lc.
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Fig. 3. X-ray powder diffraction patterns of the mesostructures
constructed with zirconium oxophosphate frameworks. Calcination
was performed in air under static conditions at 813 K for 5 h. The
zirconium oxosulfate mesostructures were obtained by slurrying
the hexadecyltrimethylammonium~—zirconium oxosulfate (S/Zr=1)
mesostructure in aqueous solutions of phosphoric acid. Numbers
before parentheses indicate ratios of P/Zr in the mesostructures.
Numbers in the parentheses are the ratios used for the sample
preparation, i.e., molar ratios of phosphoric acid used per Zr.

nium oxosulfate (S/Zr=1) was slurried in aqueous
solutions of phosphoric acid. The P/Zr ratios shown
in Fig. 3 indicate that the substitution with phosphate
was almost limited by the amount of phosphoric acid
used in the solution. Almost all the used phosphate
was incorporated into the framework, substituting the
sulfate, when relatively small amounts of phosphoric
acid were used compared with the number of sulfate
moles. As the amounts of the phosphoric acid
increased to much more than the number of the sulfate
moles present in the initial oxosulfate mesostructure,
the framework was completely transformed into zir-
conium oxophosphate and the P/Zr ratio in the frame-
work increased to above 1 as shown in Fig. 3d. The
oxophosphate frameworks did not collapse during the
surfactant removal by calcination at 813 K, unlike the
case of the oxosulfate mesostructure. Consequently,
the calcined materials showed XRD patterns with a
peak at low angles below 26=4°. The intensity of the
XRD peak increased as the P/Zr ratios in the frame-
works increased within the range up to 1.4 investi-
gated in the present work. The dig spacing also
increased with the P/Zr ratios. However, the higher
order diffraction lines disappeared during calcination,
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Fig. 4. X-ray powder diffraction patterns: (a) hexadecyltrimethy-
lammonium (HTA)-zirconium oxosulfate mesostructure; (b) HTA-
zirconium oxochromate mesostructure before calcination; and (c)
the same HTA-zirconium oxochromate mesostructure after calci-
nation in air under static conditions at 813 K for S h. The HTA-
zirconium oxochromate mesostructure was obtained by slurrying
the oxosuifate mesostructure in an aqueous solution of Na,CrQO,.

indicating a significant loss of structural uniformity. In
spite of the loss in the structural order, specific BET
surface areas as high as 280 m” g~ ! could be obtained
using N, adsorption for the zirconium oxophosphate
mesostructure presented in Fig. 3d. It is remarkable
that the thermal stability of the zirconium oxosulfate
mesostructure was increased by the substitution of the
sulfate with phosphate, which is in good agreement
with the previous report by Ciesla et al. [25].
Sulfate in the mesostructure framework was also
substituted with chromate when the surfactant-zirco-
nium oxosulfate (S/Zr=1) was slurried in aqueous
solutions of Na,CrO, (Fig. 4). The degree of substitu-
tion was able to be controlled up to C1/Zr=1.2 by the
amounts of the chromate solution, similar to the
substitution of phosphate. The hexagonal mesostruc-
ture was maintained after the substitution with chro-
mate. XRD patterns showed that djg spacing
increased slightly due to the chromate substitution.
The resulting oxochromate materials were able to be
calcined without collapsing the frameworks at 813 K
for 5 h, similar to the oxophosphate mesostructures.
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Fig. 5. X-ray powder diffraction patterns of zirconium-chromium
binary oxide materials obtained after calcination of hexadecyl-
trimethylammonium—zirconium oxochromate mesostructures in air
under static conditions at 813 K for 5h. Numbers before
parentheses indicate the Cr/Zr ratios for the calcined samples.
Numbers in the parentheses denote molar ratios of Na>CrQOy used
per Zr.

XRD patterns obtained after calcination indicated that
thermal stability of the chromate-substituted frame-
works increased as the Cr/Zr ratio increased to 0.5
(Fig. 5). However, the stability decreased with further
increases in the Cr/Zr ratio. When the Cr/Zr ratio was
1.2, calcined material had XRD lines indicating the
formation of extraframework metal oxides. The spe-
cific BET surface area of the calcined material with
Cr/Zr=05 was 374m’ g~ '. Elemental analysis
revealed that the framework was constructed with
zirconium—chromium binary oxide.

Fig. 6 shows argon adsorption and desorption iso-
therms for the zirconium-chromium binary oxide
material with Cr/Zr=0.5 obtained after calcination
in air at 813 K. A small stepwise increase appeared
in the adsorption isotherm around P/Py=0.1, indicat-
ing capillary condensation in mesopores. No hyster-
esis loop was obtained. The total pore volume of this
mesoporous material was 0.18 cm™ g~ '. A Horvath—
Kawazoe plot [27] of the argon adsorption for the
mesostructure indicated that the material had two
kinds of pores. The pore size (0.7 nm) of one was
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Fig. 6. Argon adsorption and desorption isotherms for a mesopor-
ous molecular sieve constructed with a zirconium-—chromium
binary oxide (Cr/Zr=0.5) framework, after calcination in air under
static conditions at 813 K. Inset. the corresponding pore size
distribution curve obtained by the Horvath~Kawazoe analysis [27].

in the microporous range, and the other (1.7 nm) was
in the mesoporous range. The pore size distribution for
the material is very similar to that of MCM-41 with a
somewhat poor structural order [10]. Therefore, the
material can be regarded as a mesoporous molecular
sieve with a framework constructed with zirconium
oxide and chromium oxide.

In summary, a mesoporous molecular sieve with a
binary transition metal (zirconium—chromium) oxide
framework has been synthesized for the first time. The
present material exhibited a high surface area with
good thermal stability. Considering the significance of
zirconia and chromia as catalytic materials, it will be
interesting to explore the catalytic activity of the
present mesoporous molecular sieve.
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