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Highly Effective Sulfated Zirconia Nanocatalysts Grown out of Colloidal
Silica at High Temperature
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Abstract: A large surface-to-volume
ratio is a prerequisite for highly effec-
tive catalysts. Making catalysts in the
form of nanoparticles provides a good
way to achieve the aim. However, ag-
glomeration of nanoparticles during
the preparation and utilization of nano-
catalysts remains a formidable prob-
lem. Here, we present a novel ap-
proach in which nano units of catalysts
are formed in the matrix of a colloidal
carrier, with assistance of a cross-link-
ing agent, and then grow out of the car-
rier upon calcination at high tempera-
ture. This ensures that the catalysts not
only do not agglomerate, but also have
a low cost and high catalytic efficiency
due to the large surface-to-volume

tion. The technique is demonstrated by
the successful preparation of a binary
nanocatalyst that consists of a silica
nanoparticle core and a sulfated zirco-
nia (SZ) nanocrystal shell (JML-1).
The synthesis was achieved by convert-
ing sulfated zirconia (SZ) and silica so-
lutions into a composite gel by means
of sol-gel processing in the presence of
triethoxysilane as the cross-linking
agent, followed by heating at 50°C and
calcining at 550°C. Relative to other
catalysts, such as pure SZ, non-nano-
dispersed SZ over silica (SZ/SiO,), and
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zeolites Y, Beta, and ZSM-5, JML-1
exhibits superior catalytic activity in
many reactions. For example, the activ-
ity of JML-1 in the production of gaso-
line by alkylation of 1-butene with iso-
butene remained at 95% or higher
after 20h of reaction and was over
90% after being regenerated five
times. In sharp contrast, SZ and SZ/
SiO, give a high activity only for 2h
and the initial activity of zeolites Beta
and ZSM-5 are about 88 and 60 %, re-
spectively. These findings demonstrate
that non-agglomerated nanoparticles
anchored onto a carrier surface can be
prepared and the technique provides a
versatile route to new highly effective
nanocatalyst systems.

ratio and the absence of carbon deposi-

Introduction

Catalytic materials are widely used in industrial chemical
processes. However, challenges remain to maximize their ef-
ficiency, to keep their stability and activity over a long oper-
ating period, and to achieve re-usability by regeneration for
cost-reduction and environmental considerations.!! Sulfate-
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ion-modified metal oxides, such as sulfated zirconia (SZ),
and zeolites are two important solid catalysts that are used
in acid-promoted catalytic reactions, such as alkylation, de-
hydration, isomerization, cracking, and so forth.”! In particu-
lar, they are the candidates for potential replacement of the
liquid acid catalysts, such as hydrofluoric acid or sulfuric
acid in commercial gasoline refining processes. Modified
complex oxides are good candidates because of their strong
acidity. However, such oxides in conventional forms are not
effective enough, due to the small surface-to-volume ratio
and their activity decreases quickly after several hours of re-
actions.”’] Although the zeolites possess larger surface areas,
the deposition of carbon and the formation of coke in and
on them limit their industrial applications as catalysts."! To
raise the surface-to-volume ratio, many metal oxide nano-
particle catalysts have been investigated.*” However, in the
process of sulfation at high temperatures of over 500°C, the
nanoparticles are agglomerated, leading to a reduction in
surface-to-volume ratio. Silica-supported metal oxides, espe-
cially SZ over silica (SZ/Si0,), have attracted particular at-
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tention since 1988,5%? due to their higher thermal stability,
bigger surface-to-volume ratio and lower cost than the SZ.

SZ/Si0, is usually prepared by a sol-gel process, and its
catalytic activity depends on the reactivity of alkoxide pre-
cursors, amount of absorbed sulfuric acid, thermal treatment
conditions, and the number of active SZ sites on the sur-
face.®¥ Because of different hydrolysis rates of the ZrO,
and SiO, precursors, a phase separation (colloid agglomera-
tion) occurs during the sol-gel reactions. Consequently after
thermal treatment, a SZ nanocatalyst with a large surface-
to-volume ratio cannot be obtained, although SZ is able to
partly move onto the silica surface during calcination.'”! In
addition, the acid strength, as indicated by the concentration
of SO+, is not adjustable by the techniques of co-precipita-
tion and impregnation as reported in the literature.”” It is
apparent that the use of silica carrier as described above
could not achieve high catalytic efficiency of SZ. Here, we
present a novel approach to prepare highly efficient SZ/SiO,
catalysts with a shell of SZ nanocrystals growing on a core
of silica nanoparticles; this catalyst is designated as JML-1
to distinguish it from other binary SZ/SiO, composite cata-
lysts.

Experimental Section

Synthetic methods

Synthesis of JML-1: A solution of SiO, was obtained by hydrolyzing tet-
raethoxysilane (TEOS, 31.19 ¢g) in a mixture of THF (21.26 g), H,O
(6.74 g)and HCI (2™, 5 g) under magnetic stirring at 65-70°C for 3 h. A
solution of sulfated zirconia was prepared by placing ethanol (10 g) and
of isobutoxylzirconium (Zr(OC,H,), 80 wt% in butanol, 10 g ) into a
flask under magnetic stirring at room temperature, followed by addition
of a mixture of ethanol (6.5 g), distilled water (1.5 g) and H,SO, (18m,
5 g). Alternatively, the SZ solution was obtained by gently stirring a solu-
tion of of ethanol (16.5 g), Zr(OC,Hy), (10 g), distilled water (1.5 g) and
of vitriol (5 g) in a 500 mL flask until the system became a wet gel, which
was mechanically crushed with intensified stirring to afford a transparent
solution. The SiO, solution was then mixed with the SZ solution at a
proper molar ratio, depending on the desired Zr/Si ratio in the final
product, under magnetic stirring for 12-24 h. Finally, the cross-linking
agent triethoxysilane (HSi(OC,Hs);) was added to the system to form a
transparent binary gel. The gel was dried at room temperature for 2 days,
ground into fine powder and then heated at 50°C for about 5 h, followed
by heating to 550°C at a rate of 10°Ch™" and calcining at 550°C for an
additional 3 h. The calcined products were stored in a desiccator for use
later.

Characterization: The high-resolution TEM images were obtained on a
JEOL 2010 electron microscope with an acceleration voltage of 200 kV.
Measurement of nitrogen adsorption isotherms was performed on a Mi-
cromeritics ASAP 2010 system. Before each measurement, the samples
were degassed at 200°C for 2 h. The pore size distribution was calculated
by using the Horvath--Kawazoe (HK) method.

IR spectra of the samples with and without pyridine were recorded on an
FT-IR spectrometer (PE 430) with a resolution of 1cm™'. In order to
measure the pyridine adsorption, the samples were pressed into the thin
pellets, and placed into a quartz cell with CaF, windows. The sample pel-
lets were evacuated at 400°C for 2 h (<107 Torr). After cooling down to
room temperature, the pellets were exposed to a pyridine environment
(10 Torr) at 25°C. IR spectra were recorded after adsorption of pyridine
for 1 h and evacuation at 150, 250, 350, and 450°C for 1 h.

NH; temperature-programmed desorption (TPD) curves were obtained
in a temperature range of 120-600°C, at a rate of 15°Cmin . The ad-
sorption of ammonia onto the sample was carried out at 25°C. Subse-
quently, the removal of ammonia was performed at 500 or 550°C for 1 h
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by purging air or pure nitrogen. Blank runs were carried out under the
same conditions, but with no NH; adsorbed. The NH; TPD curves were
obtained after substraction of the blanks run.

Catalytic reactions: The catalytic performance of the samples was evalu-
ated by using GC-8A and GC-17A (Shimazu) instruments equipped with
thermal conductivity and flame ionization detectors. The catalytic alkyla-
tion of isobutane with 1-butene was investigated at 2MPa by using a
stainless-steel apparatus equipped with a one-through stainless-steel flow
reactor. A typical reaction was performed with JML-1 (1 g), isobutene/1-
butene (12:1 mol/mol), and weight hourly space velocity (WHSV) of
4h~! at 25°C. A typical reaction of the condensation of diethylene glycol
to dioxane was carried out in a reactor with diethylene glycol (100 mL)
and the catalyst (20 g), only the product in the range 100-103°C was col-
lected. After being dried with MgSO4, the pure dioxane was finally ob-
tained.

Results and Discussion

In order to anchor SZ nanocrystals onto the surface of
silica, the preparation of JML-1 was carried out by a sol-gel
process that involved the use of a cross-linking agent, tri-
ethoxysilane. Thus, tetraethoxysilane was hydrolyzed in a
mixture of THF and water under HCI catalysis to yield the
silica solution. Likewise, Zr(OC,H,), was hydrolyzed in al-
cohol/water in the presence of vitriol or sulfuric acid (Zr/S=
1:2, mol/mol) leading to the SZ solution. The transparent
silica and SZ solutions were then mixed at the desired
molar ratios. After stirring at room temperature for 24 h, a
certain amount of triethoxysilane was added to effect gela-
tion. The as-obtained binary gel was heated at 50°C for 5h
followed by calcination at a heating rate of 10°Ch™" up to
550°C to afford the JML-1 catalyst. The introduction of tri-
ethoxysilane accelerates the gelation process to give a rapid
formation of the silica network, so that the mobility of ZrO,
colloidal particles is limited in the network. Such a hindered
mobility prevents the ZrO, nanoparticles from self-aggregat-
ing in the solution state and allows for migration from the
core to the surface of condensing silica at high temperature.

At a fixed molar ratio of Zr/Si, the amount of triethoxysi-
lane cross-linking agent was found to have significant effect
on the gel time, the size of SZ nanocrystals, and the percent-
age coverage of SZ on the silica surface, which is directly re-
lated to the acidity of the catalysts.”!! As the amount of tri-
ethoxysilane was changed from 0.01 to 0.06 to 0.11 mol %
based on SiO, for JML-1,, (Zr/Si=40:100, mol/mol), the gel
time was shortened from 24 h to 0.5 h or less. As shown in
Figure 1, the average size of SZ nanocrystals with a hexago-
nal structure also decreased from 5.5x11nm (A) to 3.3x
7.2 nm (B), to 3.5x5.5 nm (C). The percentage coverage de-
creased from 92% (A) to 45% (B) to 12% (C). Such a de-
crease in the SZ coverage with the increase of amount of
triethoxysilane would reduce the effective surface area of
SZ. This is understandable, because the increase in the
amount of cross-linking agent should result in a denser silica
network, which would prevent self-aggregation of SZ nano-
particles in the silica matrix; on the other hand, it would
hinder the migration of ZrO, nanoparticles through the net-
work to the surface. Consequently the percentage coverage
of the SZ nanoparticles on the silica surface reduced when
the amount of the cross-linking agent was increased. Based
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Figure 1. TEM images of JML-1 catalysts. Molar ratio of Zr/TrEOS/
Si0,=40:0.01:100 (a); 40:0.06:100 (b), and 40:0.11:100 (c). The bars rep-
resent 3 nm.

on these observations, a triethoxysilane amount of
0.06 mol % was selected in most of our experiments for a
balanced consideration of both SZ nanocrystal size and sur-
face coverage.

During the synthesis of JML-1,
it is necessary to get a transparent
mixture of the silica and zirconia
solutions, that is, the two solutions
should be mixed homogeneously
at the nanometer scale. In the
silica matrix, the addition of =
HSi(OC,H;); promoted the gela- '
tion and condensation of oligosili-
cates to form a three-dimensional
silica network as shown in Fig-
ure 2a. Following the solid-phase
nucleation mechanism,”>?4  the
nuclei of ZrO, colloids filled in
the network grids were first
squeezed from the inside of silica
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matrix during the calcination. With the “outward migration”
of ZrO, nanoparticles under thermodynamic driving forces,
the nuclei combined with SO,*~ and grew into nanocrystals
to form a typical core—shell structure with SZ nanocrystals
anchored on/in the silica surface (Figure 2b).

The N, adsorption isotherm (Figure 3) suggests a micro—
mesoporous structure of the JML sample with a Brunauer—
Emmet-Teller (BET) surface area of about 280 m*g™*; this
is much larger than that (190 m?>g™!) of SZ and non-nanodis-
persed SZ/SiO, catalysts reported.”” The single pore
volume of JML-1,, is 0.44 mLg"!, and the median pore di-
ameter is 6.3 nm. Temperature-programmed desorption
(TPD) of ammonia (Figure 4) showed that JML-1,, calcined
both under N, atmosphere and in air that had high acid
strength. The high-temperature TPD peaks of JML-1,,, as-
signed to ammonia desorbing from the acidic sites, are
slightly lower than those reported for superacid sulfated zir-
conia ")

Surface photovoltage spectroscopy (SPS) in Figure 5 was
used to determine the surface acidity of JML-1 by measur-
ing the transition of electrons between the interface and the
surface. The JML-1,, calcined at 550°C exhibited two peaks
at 596 and 677 nm, whereas the sample without calcination
had only one peak at 330 nm. The peak at 330 nm is as-
signed to the band-band electron transition and those at 596
and 677 nm are attributed to the surface-related transitions.
The observation of these surface-related transitions indicates
the presence of positive charges on the surface of the cal-
cined sample, suggesting that the acidity of JML-1 catalyst
results from a large amount of SZ acidic sites on the silica
surface.

The pyridine adsorption/desorption infrared spectra
(Figure 6) of JML-1,, at various temperatures showed that,
as the desorption temperature was increased, the intensity
of the peak at 1449 cm™ (Lewis acidic site) was almost un-
changed, whereas that at 1545 cm™' (Brgnsted acidic site)
decreased significantly. However, both of these bands still
co-existed at 450°C, and the intensity was about 50-60 % of
that at room temperature. These results suggest that both
Lewis and Brgnsted acids coexist in JML-1.

The 1-butene conversion and product distribution ob-
tained at 25°C after 1 hour of alkylation reaction of isobu-

Figure 2. TEM images of materials prepared at A) Zr/TrEOS/Si=0:0.06:100 and B) Zr/TrEOS/Si=
40:0.06:100 molar ratios. The bars represent 3 nm.
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Figure 3. N, adsorption isotherm of JML-15, (calcined at 550°C under
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Figure 6. IR spectra of pyridine adsorbed/desorbed on JML-1,. a) Ad-
sorption at 450°C; desorption at b)room temperature; c)150°C;
d) 250°C; e) 350°C; £) 450°C.
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tane on JML-15, and zeolite Beta catalysts are summarized
in Table 1. The conversion (97 %) with JML-15, catalyst is
higher than that (86 %) with zeolite Beta. The primary prod-
ucts with above catalysts are Cg compounds (59.9% with
JML-15, and 62% with zeolite Beta). The Cg products
mainly consist of trimethylpentanes (TMPs), 58.7% for
JML-15, and 73% for zeolite Beta. The TMP/DMH (dime-
thylhexane) ratios are 13.5 for JLM-15, and 4.1 for zeolite
Beta, demonstrating that the selectivity of JML-15, is higher
than that of zeolite Beta. The yields of alkylate are 6.6 and
52mL for JML-15, and Beta zeolite, respectively. The
weights of alkylate produced per weight of butene fed to the
reactor are 1.13 and 0.95 for JML-15, and zeolite Beta, re-
spectively.

JML-1 exhibited a higher catalytic activity in many of cat-
alytic reactions over a longer operation time than other cat-
alysts. The alkylation reaction of isobutane with 1-butene
(Figure 7) showed that JML-1y, (Zr/Si=50:100 mol/mol) re-
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Figure 7. Catalytic conversion of 1-butene in the alkylation of isobutane
with 1-butene (at a mole ratio of 12:1) versus reaction time for various
catalysts (1 g each): A) JML-15; B) IML-15, regenerated five times by
calcination and sulfation; C) SZ); D) SZ/SiO, (Zr/Si=50:100, mol/mol);
E) zeolite Beta (SiO,/Al,0;=40); F) zeolite ZSM-5 (Si0,/A1,0;=40).

tained an activity of 95% after catalytic reaction for 20 h.
Even after being regenerated five times, it kept its activity
at over 90%. In a sharp contrast, the SZ and SZ/SiO, (Zr/
Si=50:100, mol/mol) showed very high activities only within
the first 2h of the reaction, and then lost their activity
quickly; this is similar to the results of Corma’s work.[*2¥
For comparison, the initial activity of zeolite Beta and ZSM-
5 were 88% and 60 %, respectively, in the same alkylation
reaction. For the condensation reaction of diethylene glycol
to dioxane, JML-1,, gave a 92% yield of pure dioxane,
while ZSM-5 only afforded 70 % of yield within 1 h of reac-
tion. Similarly, JML-1,, gave much higher yields than zeo-
lite Y and ZSM-5 in the isomerization of n-pentane (Fig-
ure 8a) and in the cracking of isopropyl benzene (Figure 8b)
at the same given reaction time. The high activity shown by
the JML-1 catalytic system could be attributed to its unique
core-shell structure and high dispersion of discrete SZ nano-
crystals on the surface of silica matrix. This allows for the
easy diffusion of the reactants and oxygen that leads to the
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Table 1. The 1-butene conversion and product distribution after 1 h of alkylation reaction of isobutane on the as-prepared JML-15, and zeolite Beta cata-

lysts.
Conversion Alkylate distribution!®! Distribution of Cygl*! TMP/DMH
of 1-butene!® Cs-C, Cq TMPY DMH!! Cother ratio
JLM-15, 97 144 59.9 58.7 4.34 39.2 13.5
Beta 86 29 62 73 18 9 4.1

[a] wt%. [a] Trimethylpentane. [b] Dimethylhexane.
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Figure 8. a) Isomerization of pentane over A) sulfated zirconia, B) JML-
14, C) zeolite Y, and D) zeolite ZSM-5; b) Cracking of isopropyl benzene
over A) JML-1,; B) zeolite Y, and C) zeolite ZSM-5.

lowest carbon deposition and coke formation. However, in
the pentane isomerization, conventional sulfated zirconia
performed with higher activity than JML-1,, (Figure 8a).
This is due to the lower surface sulfated zirconia density of
JML-1,, relative to pure sulfated zirconia.

Due to the special structure, JML-1 prevents the SZ
nanocrystals from self-agglomeration, and keeps its stability
during the catalytic reaction over a long period of time,
even after regeneration by calcination and sulfation many
times. The JML-1 nanocatalyst system with high efficiency,
long utilizing lifetime with good regeneratability, high cata-
lytic activity and high stability over a long period of reaction
time, as achieved successfully by this novel sol-gel process,
would have a great potential for practical applications in
solid catalytic reactions. The technique can be readily ap-
plied to the synthesis of other silica-supported metals or
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metal oxides, such as TiO,/SiO,, CuO/SiO,, Pt/SiO,, Au/
Si0,, and so forth, for various industrial catalytic reactions.
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