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Abstract

Nanostructured SiO2–CeO2 composite materials were prepared by embedding monodispersed, inorganic colloids in ultrafine st
layers of mineral binder using a self-assembly process. Cohesive, highly concentrated CeO2 nanoparticle arrays, characterized by a spacin
the range of a nanoparticle diameter, were synthesized. These materials possess high surface areas and are stable to temperature◦C
by virtue of surface roughness on the nanometer scale and relatively large inorganic layer thickness. Gaseous access to the CeO2 nanoparticle
surfaces was obtained through a matching of nanoparticle sizes to the thickness of the structured layers. These SiO2–CeO2 nanostructured
materials showed very good catalytic properties as additives for reducing sulfur concentration in gasoline through fluid catalytic
We demonstrate that these thermally stable, high-surface-area arrays of CeO2 nanoparticles are best suited for the cracking of long-ch
those which commonly present the greatest difficulty, alkylthiophenes and alkylbenzothiophenes.
 2004 Elsevier Inc. All rights reserved.

Keywords:SiO2–CeO2 mesostructured materials; CeO2 nanoparticles; Catalytic cracking additives;FCC gasoline sulfur reduction additives
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1. Introduction

Engineering of materials atthe nanometer scale has a
tracted much interest in the fields of electronics [1], op
tics [2,3], catalysis [4], and magnetism [5]. Current resea
interest has moved beyond the investigation of the prope
of isolated nanoparticles toward the study of the proper
of nanoparticle arrays [3,6,7].Arrays of nanoparticle synthe
sis through self-assembly have demonstrated new colle
optical, magnetic, and transport properties with proper
differing from those of the isolated nanoparticle and fr
those of the bulk phase [6]. These self-assembled nano
ticles are generally formed through a deposition proced
based on the evaporation of solvent from a nanoparticle
persion [8]. Alternative pathways proceed through hom
geneous nucleation-crystallization processes involving
evaporation of solvents from a multisolvent dispersion,
ducing nanoparticle destabilization [9]. Ordered arrays

* Corresponding author. Fax: +34 96 387 7809.
E-mail address:acorma@itq.upv.es (A. Corma).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.03.004
-

nanoparticles with interparticle spacing within the range
0.7 to 1.8 nm [6] are generally formed from nanopartic
with surfaces functionalized byorganic groups such as alk
nethiols and alkylphosphine oxides. These surface org
moieties provide a minimal internanoparticle cohesion r
dering the subsequent arrays unstable to high temperature
and attrition conditions. Moreover, arrays of nanopartic
displaying high surface area are susceptible to sintering
grain growth effects at high temperatures. It is therefor
useful goal to produce high-surface-area nanoparticle ar
which are stable under high temperatures. Such arrays
playing stable high surface areas, will have excellent po
tial in such areas as high-temperature catalysis.

We describe a new route for the preparation of
dered high-surface-area arrays of individualized nanoparti
cles which are stable in a large range of temperatures u
800◦C. Our synthetic approach involves the self-assem
of an array of CeO2 nanoparticles [10] embedded within u
trathin layers of highly structured SiO2 binder. In contras
to previous studies, which typically involve nanoparticles
the range 20–30 nm [11], nanoparticles were selected

http://www.elsevier.com/locate/jcat
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diameters of 5 nm. This size was chosen as a comprom
allow the formation of materials with high surface areas
to maximize access to the surface areas of the CeO2 nanopar-
ticles embedded within the thin layers of structured S2
binder. Inhibition of surface area reducing, sintering,
grain growth of the nanoparticle arrays was achieved thro
the formation of a homogeneous distribution of nanopa
cles, without internanoparticle contact, within the layers
the SiO2 binder. The SiO2 was selected as a mineral bind
to generate high thermal stability in the nanoparticle arra

We will also show here that the mesostructured mate
is stable after calcinations at 750◦C in the presence of 1 ba
steam. Such types of materials offer possibilities, am
others, for catalytic processes involving high temperatu
These materials will be evaluated as additives for sulfur
duction of a vacuum gas oil under fluid catalytic crack
(FCC) conditions.

2. Experimental

2.1. Materials

The SiO2–CeO2 nanostructured composite material w
prepared from colloidal nanoparticle CeO2 building blocks.
Ordered nanostructured composites were formed thro
self-assembly of monodispersed CeO2 nanoparticles and
SiO2 binder from an acidic homogeneous medium [1
We adopted a process which involves the formation
mesostructured silica together with the simultaneous in
sion of CeO2 nanoparticles. The assembly process was c
trolled by adjusting the interactions of a copolymer temp
with the CeO2 nanoparticles and SiO2. In order to obtain
appropriate interactions with a colloid with a diameter
5 nm, an amphiphilic poly(alkylene oxide) block copoly
mer HO(CH2CH2O)20 (CH2CH(CH3)O)70 (CH2CH2O)20H
(designated EO20PO70EO20) was used.

A 4.15 M CeO2 colloidal dispersion was prepared follow
ing a procedure previously described [10]. Residual C4+
concentration of the acidic CeO2 colloidal dispersion wa
reduced by ultrafiltration. After ultrafiltration, the acidi
of the dispersion is determined by chemical analysis
the supernatant after ultracentrifugation at 50,000 rpm ove
6 h. The molar ratio [H+]/[CeO2], referred to as the CeO2
nanoparticle concentration, was found to be [H+]/[CeO2] =
0.025. In a typical synthesis, 10 g of poly(alkylene o
ide) block copolymer HO(CH2CH2O)20 (CH2CH(CH3)O)70
(CH2CH2O)20H (designated EO20PO70EO20, Pluronic P
123, BASF) was dissolved in 346 cc water and 37.6 cc
HCl 2 M. The amount of 4.82 cc of the 4.15 M CeO2 col-
loidal dispersion previously described was poured into
solution. Then 16.67 g of TEOS (tetraethyl orthosilica
was added at room temperature into the dispersion with
ring for 60 mn. The resulting dispersion was aged at 45◦C
for 16 h and a precipitate was formed. The mixture was t
aged overnight at 80◦C without stirring. The solid produc
was recovered, washed by water, and air-dried at 80◦C. The
copolymer template was removed by calcination, by slo
increasing the temperature from room temperature to 50◦C
in 6 h and heating at 500◦C for 6 h.

2.2. V/SiO2–CeO2 catalyst

Calcined Si–Ce mesoporous material (500◦C) has been
impregnated using an aqueous solution containing VO(S4)
to obtain a final V content of 0.75 wt% metal. The impreg
tion has been performed following the incipient wetness p
cedure. After impregnation, the material was dried at 100◦C
for 6 h and calcined for 3 h at 600◦C. The calcined (Fresh
sample has been characterized and further hydrotherm
treated in a muffle furnace (5 h/750◦C/100% steam) to sim
ulate equilibrated performance in the FCC unit.

This final sample (Steamed) has been the one tested
FCC additive.

2.3. Characterization methods

Transmission electron microscopy (TEM) micrograp
were obtained on a Jeol 1200X electron microscope op
ing at 120 keV. The samples for TEM were prepared dire
dispersing the powders onto carbon copper grids.

The nitrogen adsorption and desorption isotherms at 7
were measured using a Micromeritics ASAP 2000 sys
with previous overnight drying of samples under vacu
at 20◦C. For the BJH (Barret–Joyner–Halenda model),
pore-size distribution was obtained from the analysis of
desorption branch of the isotherms.

High-angle X-ray powder diffraction spectra were o
tained on a Philips PW 1800 diffractometer using a Cuα
radiation (λ = 1.54 Å).

SAXS data were collected using the 2-m pinhole ins
ment of the Centre d’Etudes de Saclay, France, and
corrected for background scattering.

Concerning the propanoic acid chemisorption stud
pure SiO2 mesoporous material was prepared accord
a procedure previously described [12]. Pure CeO2 meso-
porous material was prepared by self-assembly of C2
nanoparticles [13]. Chemisorption of volatile propanoic acid
was performed on materials poured in a chromatogra
column at 110◦C through a gas flux of 20 cm3 min−1. This
procedure was repeated until reproducible chromatogr
were obtained. A thermal treatment was then carried o
200◦C for 2 h in order to desorb the physisorbed specie

2.4. Catalytic experiments

The SiO2–CeO2-based material has been tested as a
tive for gasoline sulfur reduction during the catalytic cra
ing of an Arabian light vacuum gas oil (VGO) with a su
fur content of 1.4 wt% whose properties are given in
ble 1. Therefore, a 30 wt% of the additive, as referred
the amount of base catalyst, has been added and phys
blended with the base. The base catalyst used is a st
deactivated (1089 K, 11 h, 90% steam) commercial F
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Table 1
Characteristics of the Arabian light VGO used for the MAT experiment

Density 288 K (g/cc) 0.9072
Aniline point (wt%) 91.2
Sulfur (wt%) 1.4
N2 (ppm) 890
Average molecular weight 438
Viscosity (c.s. at 373 K) 6.29
Refraction index at 340 K 1.488
CCR (wt%) 0.32
K(UOP) 12.03

Distillation curveD-1160 in wt% (K)
IBP 5 10 30 50 70 90
(552) (604) (633) (690) (721) (751) (812

catalyst which contains 1 wt% of rare earth (RE), with
BET surface area of 170 m2/g and a zeolite unit cell siz
of 2.435 nm. Catalytic cracking of the VGO has been p
formed in an automated Microactivity test (MAT) unit, d
signed in accordance to the ASTM D-3907. This unit can
programmed to perform cyclic experiments (reaction, st
ping, and regeneration) in a wide range of experimental c
ditions.

The MAT tests have been carried out at 783 K, 30 s t
on stream (TOS), and catalyst to oil ratios ranging from
to 5 g/g referred to the amount of base catalyst (4 g). T
deactivated catalyst was regenerated at 813 K for 3 h in ai
flow.

Gas products have been analyzed on-line with a gas c
matograph equipped with two detectors. H2 and N2 are
detected with a thermal conductivity detector (TCD) a
the hydrocarbons, up to C6, are detected with a flame ion
ization detector (FID). In the reported results, the ga
yield includes hydrocarbons from C1 to C4. The C5 and
C6 compounds present in the gaseous products are incl
in the gasoline fraction. The liquids obtained have b
analyzed by simulated distillation to determine the fr
tion of light gasoline (C5–150.8◦C), heavy gasoline (150.8
221◦C), LCO (221–359◦C), and HCO (359+ ◦C). A de-
tailed sulfur compound identification in the liquids has a
been performed by gas chromatography.For this purpos
different compounds are separated by boiling point in a h
resolution capillary column (Petrocol-100), and at the outle
they are detected simultaneously with two detectors, a
for all the compounds present in the sample, and a pu
flame photometric detector (PFPD), a specific sulfur detec
tor. In order to avoid the inlet of the heaviest fraction of t
liquids into the analytic column, a prefractionating syst
is used so that compounds with boiling points higher t
286.8◦C do not enter the analytical column.

3. Results and discussion

3.1. Synthesis and characterization

Hexagonal ordering of the calcined CeO2 arrays, em-
bedded in ultrathin SiO2 layers, are observed throug
-

d
Fig. 1. Characteristics of the array made atCCeO2 = 0.2 and calcined a
500◦C, 6 h. (Top) SAXS diffraction pattern showing an hexagonal phas
(Bottom) TEM micrograph showing a hexagonal array of pores.

SAXS when CCeO2, the molar ratio of CeO2 (CCeO2 =
[CeO2]/[CeO2 + SiO2]), is less than 0.25. The SAXS pa
tern, given in Fig. 1, forCCeO2 = 0.2 shows two diffraction
peaks at 11.5 and 6.5 nm which are indexed from a t
dimensional hexagonal structure with a lattice constanta of
13 nm wherea = 2dSAXS/

√
3 anddSAXS is the characteris

tic length measured from the SAXS spectra, as the 100
110 peaks, respectively. Transmission electron microscop
was performed upon thin sections of the CeO2 arrays pre-
pared by ultramicrotomy. Well-ordered large channels w
hexagonal symmetry were observed, as shown in Fig. 1
lower magnifications the observed high-contrast inorga
walls suggest the presence of CeO2 nanoparticles within
the silica framework. At higher magnifications, the cry
tal planes within the CeO2 nanoparticles could be observ
(Fig. 2). Such a structure can then be described as a h
geneous distribution of CeO2 nanoparticles in an ultrathi
textured silica framework with particle to particle distanc
in the range of a single particle diameter. TEM microgra
of the CCeO2 = 0.2 material reveals the existence of tw



444 A. Corma et al. / Journal of Catalysis 224 (2004) 441–448

O

-
eas
ain

d is

7.5
es
ted
alue

as
ated
ter-
d

or-
acid
m
and
or
ed
d

ion
at
eir
red

at
er
-
, as

t
hs
y

ob-
n
as
As
ed
tion
-
of a

lty
eO
sug-

e is

at
high

nce
ins.
ent
Fig. 2. TEM micrograph showing the crystal planes within the Ce2
nanoparticles.

structured domains. The arrays of CeO2 nanoparticles em
bedded within the thin silica layers give high contrast ar
with large interpore distances. The other structured dom
is of lower contrast with shorter interpore distances an
attributed to phase pure SiO2. Wide-angle X-ray diffraction
studies on samples calcined at 500◦C confirm the crystalline
nature of the nanostructured SiO2–CeO2 material. High-
angle X-ray Bragg peaks were observed at 28.5, 33, 4
and 56◦, using a Cu-Kα X-ray source, characteristic valu
for the CeO2 structure. The nanocrystallite size, calcula
using the Scherrer equation from the 111 peak, gave a v
of 4 nm, slightly lower than the nanoparticle diameter.

In contrast to previous work [11], our procedure w
successfully applied to the synthesis of highly concentr
arrays of nanoparticles in an attempt to minimize the in
nanoparticle spacings. CeO2–SiO2, materials were forme
with greater CeO2 concentrations withCCeO2 molar ratio
values up to 0.5. The successful preparation of these
dered arrays was achieved through a fine tuning of the
molar ratio, [H+]/[Si + Ce]. The desired materials for
within a narrow acid molar ratio range between 0.375
1.5. These acid molar ratio values are greater than that f
the initial colloidal dispersion of 0.025 and were achiev
through the addition of HCl. Thedegree of order observe
in the CeO2–SiO2 materials was probed through inspect
of the SAXS spectra. CeO2 nanoparticle arrays prepared
a CCeO2 concentration of 0.50 show a single peak in th
SAXS patterns, Fig. 3, indicating that they are less orde
than those formed atCCeO2 = 0.2. The materials prepared
aCCeO2 molar ratio of 0.50, prepared with similar copolym
concentration ([OE]/[Si + Ce] = 0.68), consist of a mix
ture of hexagonal and layered arrays of nanoparticles
,

Fig. 3. Characteristics of the array made atCCeO2 = 0.5 and calcined a
500◦C, 6 h. (Top) SAXS diffraction pattern. (Bottom) TEM micrograp
showing a mixture of structures. (a) Domain displaying a hexagonal arra
of pores. (b) Domain exhibiting a layered structure.

shown by TEM in Fig. 3. The characteristic lengths,dSAXS,
observed by SAXS of 11 nm is similar to the lengths
served for theCCeO2 = 0.2 material of 11.5 nm. Distributio
of the CeO2 nanoparticles in the thin layer of mineral w
determined through high magnification TEM imaging.
observed for theCCeO2 = 0.2 materials, the nanostructur
composite material consisted of a homogeneous distribu
of perfectly individualized CeO2 nanoparticles. TEM imag
ing indicates a constant interparticle spacing in the range
single nanoparticle for the material prepared atCCeO2 = 0.5.
This observation is consistent with the observed difficu
in preparing highly concentrated ordered arrays of C2
nanoparticles embedded in ultrathin layers of silica and
gests the existence of a maximumCCeO2 required to form
this material. Our results suggest that this maximum valu
approximately 0.5.

After calcination at 500◦C, BET measurements show th
these highly concentrated arrays of nanoparticles have
surface areas with values up to 300 m2 g−1 (1395 m2 cm−3).
Comparativet plots of the materials demonstrate the abse
of micropores or small mesopores within the silica doma
Materials were formed with porous diameters independ
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from the CeO2 content. Pore diameters between 6.0 a
7.0 nm were measured from N2 desorption isotherm for ma
terials with CeO2 molar ratios varying betweenCCeO2 = 0.2
and CCeO2 = 0.5. The characteristics lengths, determin
by SAXS, and the pore diameter, derived from BET m
surements, give a mineral binder thickness of 6–7 nm
all the materials. This value is slightly larger than that
the diameter of the constituent nanoparticles. The exp
mental surface area value, determined from the adsorptio
curve, was greater than estimated values derived from sim
ple geometrical arguments which consider smooth sur
walls, and a wall thickness determined from SAXS and po
size measurements, in hexagonal and layered system
account for this, we investigated the topology of the s
faces by inverse chromatography. The enthalpy energie
adsorption of probe molecules with differing steric volum
(dimethylalkane or cyclic alkane molecules) onto the surf
of the material were determined as a function of equiva
alkyl chain length [14,15]. A different relationship was o
served between adsorption energy and equivalent alkyl c
length for linear and cyclic alkane probe molecules. The
sults indicate a steric exclusion effect for the cyclic alka
probes. Since this different behavior, for the dimethylalka
and cyclic alkanes, was not observed for a pure mesopo
SiO2 sample, these differences were attributed to nanos
roughness on the surfaces of the SiO2–CeO2 materials. This
roughness could bias the pore-size determination calcu
from BET experiments and contribute to the high exp
mentally observed surface area.

Accessibility of the CeO2 surfaces by the gas phas
for the materials prepared atCCeO2 = 0.5 and calcined
at 500◦C, was evidenced by comparative chemisorpt
studies using volatile propanoic acid CH3CH2COOH at
110◦C with pure SiO2 and CeO2 mesoporous materials a
references. The percentage surface coverage by prop
acid was calculated from the surface area of SiO2–CeO2
materials, as measured by N2 adsorption desorption ex
periments, and from the determination of the amoun
grafted propanoic acid through a C elemental analysi
the chemisorbed sample. Assuming a surface coverag
30 Å2 of propanoic acid, a surface coverage ratio of 3
was determined for our SiO2–CeO2 nanostructured mate
ial, compared to values of 95 and 9% for the pure Ce2
and SiO2 materials, respectively.The values obtained fo
pure CeO2 and SiO2 materials confirm the greater affini
of the propanoic acid for CeO2 than SiO2 surfaces. The in
termediate value determined for the SiO2–CeO2 materials
demonstrates the surface accessibility, by a gas phase,
CeO2 nanoparticles embedded in the ultrafine layers.

The accessibility to the CeO2 surfaces confirms a textu
ration process which involves appropriate interactions
tween the CeO2 nanoparticle surfaces and the copolym
template. We propose that these interactions are stro
than those between the silica and the copolymer t
plate. Interactions between the CeO2 nanoparticle surfac
and the template were successfully achieved using an
o

f

ic

f

e

r

-

phiphilic copolymer displaying hydrophilic moieties wit
a minimal number of hydrophilic EO groups with a
acid-mediated route. Besides the interaction between
ica surfaces and the EO moieties previously described [
SiOH2

+. . .Cl−H+. . .OCH2CH2, we proposed the following
analogous interactions for the CeO2 nanoparticles surface
and template: CeOH2+. . .−ClH+. . .OCH2CH2. Selection of
CeO2 nanoparticles has the advantage of being chemic
stable in the acidic medium. Under acidic conditions w
large values of [H+]/[Si + Ce], undesirable ionic specie
such as Ce4+ are formed, resulting in competitive chel
tion of (Ce4+) ions with the OE groups as described p
viously [16]. A minimum value of [H+]/[Si + Ce] is also
required for developing an appropriate interaction with
CeO2 colloid surface. The syntheses of these CeO2 arrays
were successfully performed for [OE]/[Si + Ce] molar ra-
tios ranging from 0.5 to 0.75. Highly structured CeO2 arrays
were obtained for 0.375< [H+]/[Si + Ce] < 1.5 as pre-
viously discussed, and a [H+]/[OE] molar ratio varying
from 0.5 to 1.5. This [H+]/[OE] ratio is lower than the
values required for pure silica texturation [12]. These
servations, together with the narrow range of experime
[H+]/[OE] values observed for the successful preparatio
the nanoparticles arrays, illustrate the fine tuning required t
achieve appropriate interactions with nanoparticle build
blocks.

3.2. Thermal stability

The SiO2–CeO2 ordered materials prepared atCCeO2 =
0.5 are stable at temperatures up to 800◦C. After calcina-
tion at 800◦C for 6 h, the desorption isotherm showed
well-defined step atP/P0 = 0.6 (Fig. 4). The surface are
and the pore volume of the material were determined
175 m2 g−1 (or 814 m2 cm−3) and 0.24 cm3 g−1, respec-

Fig. 4. Representative N2 adsorption–desorption isotherms for the arra
assembled atCCeO2 = 0.5 and calcined at different temperatures (500 a
800◦C).
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tively. This shows that the framework is stable at this tem
ature, although these values are lower than those obs
at 500◦C. The Debye–Scherrer formula, applied to the 1
peak, shows that the particle size of CeO2 nanoparticles em
bedded in the mineral binder for the material calcined
800◦C increases slightly to 4.5 nm, compared to 4 nm
500◦C. This maximum temperature of 800◦C could be cor-
related to the maximum thermal stability of the thin sil
layers [17,18], suggesting that the thermal stability of the
SiO2–CeO2 materials is governed by the silica binder.

The hydrothermal stability of solids is a key prope
when they are considered forcatalysis. Indeed, regener
tion by coke burning involves exposure of the catalys
steam at temperatures as high as 550◦C. However, fluid cat-
alytic cracking catalysts are the ones requiring the hig
hydrothermal stability since they are subjected in the reg
eration unit to temperatures as high as 750◦C. Therefore the
hydrothermal stability of a SiO2–CeO2 sample prepared a
CCeO2 = 0.5 and calcined at 500◦C in a first step was stud
ied. It was treated at 750◦C with 100% steam for 5 h a
atmospheric pressure and the results presented in Ta
show that steaming produces a decrease of the surface
to 145 m2/g. After impregnation of the fresh SiO2–CeO2
material with a VO(SO4) aqueous solution, the resulta
material was subjected to a thermal treatment at 600◦C,
and also hydrothermally treated in the same condition
previously reported. In this case the surface area and
volume were determined as 130 m2/g and 0.170 cm3/g, re-
spectively, demonstrating the hydrothermal stability of th
nanostructured composites (see Table 2). Still, both sam
retain a surface area of∼ 140 m2 g−1, which renders them
into quite hydrothermally stable materials.

3.3. Catalytic results: sulfur removal during fluid catalyti
cracking

Sulfur in gasoline and diesel is expected to be reduce
the coming years down to 10 and 50 ppm, respectively [
This initiative will directly improve the air quality by reduc
ing SOx emissions, but will also indirectly reduce the NOx

and hydrocarbon emissions by allowing automotive cata
converters to work better.

In the case of gasoline, the stream coming from the flui
catalytic cracking unit is the major contributor to the sul
content in the gasoline pool [20]. Indeed, with sulfur lev
as high as 1000 ppm and taking into account that FCC g
line represents 30–40% of the total gasoline produced,
d

2
a

s

-

of interest to reduce the sulfur in gasoline using FCC a
tives.

Two types of FCC sulfur removal additives are the m
interesting commercially. One of them is based on ZnO
Al2O3 or in hydrotalcites [21–25], and the second one u
vanadium exchanged in Y zeolite [26,27]. The largest su
removal with present additives is in the 25% level, and
thought that due to the high hydrothermal stability of SiO2–
CeO2 and its tolerance to vanadium, this could be an ex
lent sulfur-removal additive that, besides removing sul
could introduce some conversion due to its regular m
porous structure and mild acidity [28,29], as well as SO2 to
SO3 catalytic oxidation properties for sulfur removal wi
SOx -trapping additives.

For checking the catalytic cracking properties of V/SiO2–
CeO2 as additive, the blend formed by adding 30 wt%
this material to the base catalyst was compared with 1
of the base catalyst. The results presented in Fig. 5 show th
MAT activity (gasoline+ gases+ coke) increases by almo
10 points conversion when introducing the additive, with
selectivity to gases and coke slightly lower and higher,
spectively, when compared with the base catalyst (Table

It is very interesting from the point of view of the in
creasing demand in C3 + C4 olefins that ratios of propylen
to propane, total butenes to butanes, and more specifi
isobutane to isobutane are higher when the V/SiO2–CeO2
additive is introduced (see Table 3). This certainly is a v
interesting behavior, indicating that the additive is not o
catalytically active, but it produces a larger proportion of
most desirable C3 and C4 olefins.

Fig. 5. MAT conversion obtained forbase catalyst alone (black symbo
and blended with 30 wt% V/Si–Ce additive (0.75 wt% V) (open symb
in catalytic cracking of a VGO in a MAT unit.T = 510◦C, TOS= 30 s,
Cat/oil = 2–6 g/g.
Table 2
Hydrothermal stability of Si–Ce materials; surface area and pore volume of the calcined and steamed samples

Sample BET surface area (m2/g) Total pore volume (cm3/g)

SiO2–CeO2 (Si–Ce) calcined 310 0.261
0.75 wt% V/Si–Ce calcined 225 0.230
SiO2–CeO2 (Si–Ce) steamed 145 0.164
0.75 wt% V/Si–Ce steamed 130 0.170
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Table 3
Selectivities obtained for base catalyst alone and blended with 30
V/Si–Ce additive (0.75 wt% V) in catalytic cracking of a VGO in a MA
unit (MAT conversion= 70 wt%,T = 510◦C, TOS= 30 s)

Catalyst Base catalyst (BC) BC+ 30 wt% V/Si–Ce

Cat/oila 4.2 3.6
Gases yield (wt%) 20.2 18.9
Gasoline yield (wt%) 43.8 41.9
Coke yield (wt%) 6.0 9.2
C3

=/C3 ratio 3.4 3.8
C4

=/TC4 ratio 0.7 0.8
i-C4

=/i-C4 ratio 0.16 0.20

a Cat/oil is defined as ratio of total amount of base catalyst divided
total amount of gas oil fed.

Table 4
Gasoline sulfur level and product distribution in gasoline and in the C5
286.8◦C liquid fraction obtained for base catalyst alone and blended wi
30 wt% V/Si–Ce additive (0.75 wt% V) in catalytic cracking of a VGO in
MAT unit (MAT conversion= 70 wt%,T = 510◦C, TOS= 30 s)

Sulfur product distribution Base catalyst BC+ 30 wt%
in gasoline (ppm) (BC) V/Si–Ce

Mercaptanes 83 102
Thiophene 74 48
Tetrahydrothiophene 55 23
C1-thiophenes 236 164
C2-thiophenes 114 77
C3-thiophenes 63 26
C4-thiophenes 168 27
Benzothiophene 820 663

Sulfur product distribution Base catalyst BC+ 30 wt%
in C5–286.8◦C fraction (ppm) (BC) V/Si–Ce

Tb> 221◦C 543 327
Benzothiophene 562 452
C1-benzothiophene 2727 2183
C2-benzothiophene 4516 3593
C3-benzothiophene 4862 3875
wt% of initial S ended up as 0.6 7.2

coke sulfur

With respect to sulfur removal from gasoline (see
ble 4), the introduction of the additive reduces by∼ 35% the
sulfur content, and the sulfur mass balance shows that
reduced from thiophene, tetrahydrothiophene, and alkylb
zothiophenes. Moreover, this extra sulfur eliminated fr
the fuels ends up into the coke (Table 4). Vanadium spe
may act as a Lewis acid that adsorbs higher molecular we
sulfur-containing compounds that end up as coke, ins
of reacting to give alkylthiophenes and benzothiophene
will be accumulated in the gasoline. Sulfur in coke is avoid
to go into the air during coke burn-off in the regenera
by means of the widely used FCC SOx additives. In SOx
additives, it is advised to introduce CeO2 to catalyze the ox
idation of SO2 to SO3 in the regenerator [30]. Thus, the SO3
is trapped in the form of sulfate by means of a basic a
tive, as, for instance, hydrotalcites [31]. We have obser
that the structured CeO2 nanoparticles are an excellent ca
lyst for performing the oxidation of SO2 to SO3, adding this
value to the previously presented beneficial effect on con
sion, C3 + C4 olefin yield increase, and sulfur removal fro
the gasoline.

4. Conclusions

We have presented a mesostructured material forme
self-assembling nanoparticles. This material shows a
markable surface area and stability which opens new
sibilities for application as support/catalyst.

We have presented here one extreme catalytic application
in which very high hydrothermal stability is required.

Thus, when supporting vanadium and used as an F
additive it converts feed, while increasing the yield to C3
and C4 olefins. Moreover, it decreases sulfur in gasoline
∼ 35%, and catalyses the oxidation of SO2 into SO3 in the
regenerator as the necessary step to produce SOx trapping
by a base additive.
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