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Abstract

The finding that ordered mesostructured silica (OMS) matrixes can stabilize guest nanocrystals has transformed the prepa-
ration of advanced catalytic materials. Today, it is possible to tailor the materials in such a way that high loading of guest
catalytic phases (CPs) may be achieved at different locations in the host mesoporous matrix and, in some cases, to combine
several different chemical functionalities in a single nanocomposite. The conditions for the preparation of host-guest catalytic
composites have been elaborated, as have the preparation and testing of representative nanocrystal ensembles, i.e. WS,, MoS,,
WO,, ZrO, (tetragonal), TiO, (anatase), Cs, sH, sPW,,0,,, clusters of alumina phase and molecular species of H;PW,0,,,
inserted in an OMS (SBA-15 and MCM-41) matrix at 35-80 wt.% loading. Special fixation methods provide uniform distribu-
tion of nanoparticles in the silica nanotubes and at the outer surface of the OMS microcrystals at high loadings. CPs with high
thermostability as a result of their stabilization in the OMS matrix demonstrated superior performance by a factor of 1.5-5 in
hydrotreating, acidic and oxidation reactions of hydrocarbons compared with conventional reference catalysts. Diffusion limi-
tations in catalytic reactions performed with CP/OMS composites were estimated to be negligible. The only factor limiting the
accessibility of CP to reacting molecules was partial plugging of the OMS mesopores.To cite this article: M.V. Landau et al.,
C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La découverte du fait que les matrices de silice mésostructurées et ordonnées (MSO) peuvent accueillir et stabiliser des
nanocristaux a transformé la préparation des matériaux catalytiques. Il est maintenant possible de sélectionner les matériaux de
maniere a obtenir une charge importante de phase catalytique (PC) dans des emplacements différents de la matrice mésoporeuse
hote et, dans certains cas, d’associer plusieurs fonctions chimiques dans un seul nanocomposite. Les conditions de préparation
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de composites catalytiques de type hote-invité sont décrits, ainsi que la préparation et I’évaluation d’ensembles de nanocristaux
représentatifs, tels que WS,, MoS,, WO;, ZrO, (tétragonal), TiO, (anatase), Cs, sH, sPW,,0,,, de cages d’alumine et d’especes
moléculaires de H;PW,,0,,, insérés dans une MSO (SBA-15 ou MCM-41) chargée a 35-80 % en masse. Des méthodes d’ancrage
particulieres conduisent a une distribution uniforme des nanoparticules dans les nanotubes de silice et, a forte charge, sur la
surface extérieure des microcristaux de la MSO. Les PC a thermostabilité élevée du fait de leur stabilisation dans les MSO ont
montré des performances supérieures d’un facteur 1,5-5 par rapport aux catalyseurs de référence communément employés en
hydrotraitement, dans des réactions en milieu acide et en oxydation des hydrocarbures. Les limitations dues a la diffusion lors
des réactions catalytiques impliquant les composites PC/MSO ont été estimées négligeables. Le seul facteur limitant 1’accessibilité
des réactifs aux PC est le bouchage partiel des mésopores de la MSO.

© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction SBA-16 OMS with a cubic array of nanotubular meso-

pores have a number of advantages over conventional
Catalytic phases (CP) — solids with a well-defined catalyst supports:

structure — constitute an important class of catalytic * The surface area of OMS is two to three times higher
materials [1,2], which includes transition metals and than that of traditional mesoporous supports, like
their oxides and sulfides, heteropolyacids, perovskites, silica gels and activated alumina. This greater sur-
zeolites, pillared clays, etc. The chemical functionality face area gives a higher concentration of active sites
of these materials is determined by their surface crys- on a weight basis, while facilitating maintenance of
tallography. Atoms or groups of atoms in specific coor- the optimal surface concentration of CPs and of their
dination at the surface of CPs display unique chemical precursors, which controls the CP sintering-
properties enabling chemisorption of reagents/ dispersion [9] at proportionally higher CP loadings.
intermediates/products in a way that facilitates the for- * Limitations on particle growth inside the OMS meso-
mation of catalytic cycles. Ensembles of Co-Mo-S pore channels with controlled diameters maintain a
atoms at the edge planes of MoS, crystals with a lay- high dispersion of the CP at loadings beyond those
ered structure [3] or ensembles of SO,~Zr—O atoms at dictated by the requirements for a surface diffusion
the surface of ZrO, with a tetragonal structure [4] are mechanism for CP sintering.

typical examples. In many cases, CPs create catalytic e It is possible to control the locations of the CPs in
cycles with higher efficiency per active site than those the OMS matrix or to provide a combination of dif-
obtained with molecular catalysts. The combination of ferent CP locations in a single nanocomposite, as
the unique properties of CPs with their thermal and shown schematically in Fig. 1: The CPs may be
chemical stability has led to widespread application of located inside the mesopores (as nanoparticles or as

CP-based catalysts in industrial processes.

The development of CP-based catalysts for specific
organic reactions, such as hydrogenation (HYD), oxi- \ ﬁ
dation, isomerization and condensation, began some
decades ago [1,2], and today preparation strategies for
CP-based catalytic materials have been optimized to y 3
yield efficient compositions and composite structures. _

Further improvements in catalyst performance may be ¥ Guest phase (GP) located inside the micropores

hi d by addi the ¢ 1 di o, ided b GP as a layer at the mesopores walls
a(.: leve' Yy adding 'e novel dimension’ provi 'e. y . GP as nanoparticles inside the mesopores
dispersing the CPs in ordered mesoporous silicas () GP as nanoparticles at the extemal surface of SBA-15
(OMS) [5-8]. As matrixes for CPs, MCM-41 and SBA- AR,

15 OMS with a hexagonal structure or MCM-48 and Fig. 1. Possible locations of CPs in the OMS matrix.
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a thin layer), inside the micropores that arise within
the pore walls after removal of single polymer chains
belonging to the corona of co-polymer surfactant
micelles, or at the external surface of the OMS
microcrystals; in this way, the distance between the
active sites and the order of their accessibility to
reacting molecules may be controlled.

e The stabilization, inside the OMS matrix, of the
nanoparticles or clusters of CPs with unusual sur-
face crystallography and the high thermostability of
the embedded CP structures provides efficient cata-
lytic cycles.

To realize the potential advantages of different types of
OMS as supports for CPs, particular host/guest com-
posite catalysts may be designed to answer the demands
of a set of interrelated requirements. To meet these
requirements, special strategies and conditions may be
adopted for the preparation of composite catalytic mate-
rials, as is illustrated below by examples of advanced
CP/OMS composite catalysts whose performance is
superior to that of conventional reference catalysts.

2. Conditions for the preparation
of high-performance host/guest catalytic
composites on mesostructured silica

The catalytic reaction rate (r) of a CP is determined
by the specific external surface area and surface chem-
istry of its crystals and the reaction conditions:

r=SA-[S] -k, exp(~Ea/RT) - [A,]" (1)

where SA is the surface area, [S] is the surface concen-
tration of active sites, k, is the preexponential factor,
E,—activation energy, [A;] is the reactant concentra-
tion, n; is the reaction order. The surface area of spheri-
cal or cubic particles (crystals) of a CP in a composite
catalytic material can be calculated according to the
equation:

SA (m’g™") = [6000/D - p] - x 2)

where p is the CP density (g cm™), D is the particle
(crystal) size (nm) and x is the CP loading wt.fraction.
For a particular CP with given [S], k, p and E, values
in a particular catalytic reaction under given condi-
tions (7, [A;], n;), the activity is a function of the x/D
ratio. In the case that an epitaxial layer of CP is formed
on the internal surface of the OMS tubular mesopores

at coverages of 0 < 0 < 1, the available surface area of
the CP may be calculated according to the following
expression:

SA = [SAgys (1 = x) - (d - 20)01/d 3)

where ¢ is the thickness of the layer is given by:

t=d- 4)
{Va* = [4dx/(1-x)px 100°SA,s ] }/2

SAgwms 18 the surface area of the parent OMS matrix,
and d is the mesopore diameter in the parent OMS
matrix.

Modern methods for the preparation of thermo-
stable porous solids, i.e. pure metals or transition-
metal oxides, yield materials with a particle size 210 nm
[10]. Smaller particles of <10 nm should be stabilized
inside porous matrixes, like OMS, that restrict particle
growth and provide high accessibility to reacting mol-
ecules. In this case, the condition for the preparation of
a host/guest composite catalytic material with activity
(CP surface area) higher than that in the bulk reference
CPis:

[6000/Dp]lx > 6000/10 p or x/ D > 0.1 (5)

This relationship is illustrated in Fig. 2: increased activ-
ity of the CP/OMS relative to the reference pure CP of
crystal size 10 nm may be achieved by combining
smaller particle size with high CP loading (shadowed
area). With only a high CP dispersion at low loadings
(white area) — a common practice in the preparation of
supported catalysts — is the activity of the reference cata-
lyst not exceeded. Comparison of the value of
SA = 6000/10 p for a reference CP nanoparticle en-
semble with the surface area of the same CP in the form
of an epitaxial monolayer on the walls of OMS meso-
pores [expressed by Egs. (3) and (4)] shows that in this
case the activity (surface area) of the reference CP can-
not be exceeded at any values of p, x, d and SAqys-
Thus, the requirements for an efficient host/guest
catalytic composite are nanoparticle (nanocrystal)
assembly mode of the CP (and not an epitaxial layer), a
particle size < 10 nm and > 50 wt.% of CP located such
that the CP is accessible to the reacting molecules, with-
out complete filling of the mesopore volume. Estima-
tion of the loadings of different CPs (i.e. WS,, ZrO,,
TiO,) corresponding to 50% and 100% filling of the
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Fig. 2. Relationship between the CP loading (x) and the x/D ratio at different values of CP particle size.

mesopore volume in hexagonal SBA-15 OMS with a
pore volume of 1 cm® ¢! is shown in Fig. 3. Calcula-
tions based on the theoretical densities of silica and of
sulfide and oxide CPs [11] show that embedding of the
CP at 65-80 wt.% loadings leaves 50% of OMS meso-
pore volume empty and thus available for transporting
reacting molecules and reaction products.

50% filling

In the preparation of high-loaded CP/OMS compos-
ite materials, it is necessary to maintain uniform distri-
bution of the CP inside the matrix without plugging of
the mesopores, especially for OMS with a 1D hexago-
nal structure. It has been demonstrated that the normal-
ized surface area (NSA) of the composite may be cal-
culated as [12,13]:

. Catalytic phase 100% filling

G O

Catalytic % filling of mesopore Catalytic phase loading
phase volume (x), wt%
in SBA-15 material

WS, 100 0.88

50 0.79
Zro, 100 0.85

50 0.74
Tio, 100 0.80

50 0.67

Fig. 3. Effect of mesopore filling in OMS on the CP loading in CP/OMS composites.
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Fig. 4. NSA measured for different metal oxide—OMS composites as a function of guest-phase loadings obtained with different insertion methods:
HDP, homogeneous deposition precipitation; EV, impregnation-evacuation; CSD, chemical solution decomposition; IG, internal gelation [13].

A 1
NSA = S sample (6)

B (I =y) SAgys

where SA is the specific BET surface area of the parent
mesoporous silica host (OMS) or the CP/OMS com-
posite (sample) and y is the weight fraction of the CP
in the sample. The NSA provides a quantitative mea-
sure of the extent of OMS pore blocking by the CP and
enables us to distinguish between different CP assem-
bly modes: NSA increases with CP loading for en-
sembles of nanoparticles whose diameter is substan-
tially lower than OMS pore diameter, is close to unity
when these two values are of the same order of magni-
tude, and decreases linearly in the range of 0.97—
0.85 for epitaxial layers at the walls of OMS mesopo-
res. These correlations are demonstrated in Fig. 4 for
MoO;, WO;, ZrO,, TiO, and NiO phases inserted into
MCM-41 and SBA-15 matrices by different methods
[as confirmed by high-resolution transmission electron
microscopy (HRTEM)]. The differences in the
‘NSA-CP loading’ relationships may be attributed to
the significant contribution of CP nanoparticles to the
composite surface area for small nanoparticles vs. the
negligible contribution of large nanoparticles and to the
reduction of the composite surface area due to the for-
mation of a CP layer. If the inserted CP partially plugs
the OMS mesopores, then NSA decreases significantly
to values of 0.8-0.2 (Fig. 4). Thus, the value of the dif-
ference A = (1 — NSA) could serve as quantitative mea-
sure of OMS pore blocking in CP/OMS composites.

Pore blocking may be prevented by the selection of a
suitable strategy for preparation of the materials. Very
little is known about the means of controlling the assem-
bly mode of the CP inside the OMS nanotubular pores,
but it is believed that one of the most important factors
is the free energy of the CP-OMS interaction, which is
related to the ‘chemical history’ of precursor transfor-
mations.

Since one of the main advantages of host/guest
CP/OMS composites is the smaller particle size of the
CP vis-a-vis that of known (reference) catalytic mate-
rials, it is expected that increasing the CP dispersion
will improve the catalyst performance. This is, how-
ever, not always the case, as has been found, for
example, for the photocatalytic oxidation of different
substrates with (anatase) TiO,. Here, the competing
effects of effective particle size on charge-carrier
dynamics (electron-hole recombination rate) and the
amount of available surface active sites leads to a
decrease of the quantum yield in photocatalytic reac-
tions for a TiO, with crystal size of < 10-25 nm [14,15].
However, in the aerobic oxidation of volatile organic
compounds (VOCs), which does not include photo-
effects, a TiO,/OMS catalytic material exhibiting a
‘pure chemical catalytic cycle’, displayed superior per-
formance to that of the bulk nanostructured reference
TiO, [16]. In another example, insertion of layered WS,
crystals inside the nanotubular channels of SBA-15
decreased the length of the WS, slabs — which deter-
mines the exposure of the active side crystal plane — by
a factor of 2 compared with that in WS,/Si-gel and
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WS,/AL,O4 [17]. This effect — and not the change of
the WS, stacking number of crystal layers — caused sig-
nificant enhancement of HYD and hydrodesulfuriza-
tion (HDS) activity of the WS, CP after promotion with
nickel [17].

Retaining the crystal structure of the CP after inser-
tion in the OMS matrix is critical to its catalytic
performance. For example, formation of layered
nanoslabs of MoS, [12,18] and WS, [17,18], tetrago-
nal ZrO, [11,16,19] and TiO, anatase [11,16] or
Cs,H; PW,,0,, with Keggin structure of the polyan-
ion [20] inside OMS mesoporous channels takes full
advantage of increasing CP dispersion at high loadings
in hydrotreating, oxidation or acid-catalyzed reac-
tions. A strong interaction of the CP with OMS will
hinder the formation of the desired CP structure and
will yield a composite with low catalytic activity. For
example, insertion of ZrO, in an SBA-15 matrix by pre-
cipitation of zirconium hydroxide inside the channels
yielded amorphous zirconia, with high thermal stabil-
ity, which could not be converted to the tetragonal phase
and displayed low acidity/activity performance after
sulfidation [21].

Information on the effect of the location of the CP
inside the OMS matrix on catalytic performance is very
limited. Generally, the CP is inserted inside the nano-
tubular channels of OMS to form ensembles, as de-
scribed above. For the SBA-type OMS, some of the CP
probably enters the micropores inside the pore walls:
In the study of Yuranov et al. [22], for example, a metal-
lic palladium or PdO CP could be preferentially located
inside the micropores of SBA-15, but neither the por-
tion of CP located in micropores nor the contribution
of this portion of the CP to the catalytic reaction rate
was estimated in that study. It is likely that additional
amounts of CP (whether the same type or another type)
inside the micropores or at the outer surface of OMS
microcrystals can improve the performance of CP/OMS
composite catalytic materials. As was shown by Rao et
al. [20], the simultaneous deposition of a
Cs, sH, sPW,,0,, salt at the external surface of SBA-
15 microcrystals and inside the nanotubular mesopo-
res substantially increased the acidity and catalytic
activity of the composite in acid-catalyzed reactions
compared with the Cs, sH, sPW;,0,,/SBA-15 compos-
ites where the CP was located only at the external sur-
face or only inside the mesopores.

3. Preparation and characterization
of high-loaded host/guest CP/OMS composites

Insertion of a CP into OMS during the synthesis of
the matrix is a complex process for high-loaded
(> 50 wt.% CP) composites, because the requirements
for the optimal conditions for OMS crystallization and
the formation of the desired CP phase by different
chemical reactions are incompatible in most cases. The
post-synthetic inclusion of CPs necessitates fixation of
their precursors inside the nanotubular channels to
facilitate good dispersion and to prevent plugging of
the pores during subsequent preparation steps (drying,
calcination, reduction, etc.). This requires the proper
balance between the strength of CP-OMS interaction
and the driving force for CP formation to prevent pore
plugging and to obtain a CP with the required struc-
ture. For example, the adsorption of transition-metal-
containing precursors on the surface of silanol-rich
OMS leads to blocking of the mesopores with well-
packed guest metal oxides at loadings > 40 wt.%, yield-
ing a composite surface area < 50 m* g~' [23]. It has
been shown that plugging of the mesopores at high CP
loadings can be minimized by using calcined OMS with
low concentrations of silanols, where fixation of large
amounts of precursors can be achieved by various meth-
ods, depending on the chemical properties of the guest
material, i.e. by homogeneous deposition precipitation
(HDP), by chemical solution decomposition (CSD) or
by multistep grafting (MG).

3.1. Homogeneous deposition precipitation

HDP comprises two stages: a highly soluble CP-
precursor (designated A) is converted in solution to a
precursor with low solubility (designated B, , stage 1)
that will precipitate at stage 2 exclusively on the sur-
face of the silica support as the CP, due to the nonspe-
cific interaction of the precursor with silica [24]. The
conversion of A — B requires an additional control-
ling component that usually generates a metal hydrox-
ide of low solubility after slow basification of the sus-
pension of the support in the CP-precursor solution.
Since basification causes degradation of the OMS struc-
ture, a different HDP chemistry should be used here.
For example, for deposition of Mo-oxide [12] or W-, or
Mo-sulfides [17,18] inside the nanotubular channels of
MCM-41 or SBA-15, ultrasonication of the correspond-
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ing Mo- and W-carbonyls is used instead of insertion
of a controlling component. In the presence of oxygen
or elemental sulfur, respectively, the ultrasonication
converts the carbonyls directly to the corresponding
oxides or sulfides. Such treatment has been used to pro-
duce Co—MoS,/MCM-41, Co—MoS,/SBA-15 and
Ni-WS,/SBA-15 CP/OMS composites with 63—
67 wt.% loadings, a high surface area of >200 m” g™,
a crystal slab length of 3.2-3.5 nm, and low plugging
of the mesopores of A = 0.07 — 0.27 (Table 1). HRTEM,
combined with selected area EDX, showed the nano-
crystals of WS, and MoS, to be located inside the nano-
tubular pores of OMS (Fig. 5, upper left), with uniform
distribution along the channels.

Another nondestructive HDP route that may be used
is based on the hydrolysis of a metal alkoxide within
the OMS mesopores, where water plays the role of the
controlling component. Immersion in water of SBA-
15 OMS whose pores were filled with a solution of Ti(n-
BuO), in n-decane led to the deposition of titanium
hydroxide exclusively inside the nanotubular pores
[11,16]. Calcination of this material yielded a
TiO,/SBA-15 composite with 61 wt.% loading of the
anatase phase of 5.5 nm crystal size and no plugging of
OMS mesopores; 4 =—0.36 (Table 1). The uniform dis-
tribution of the TiO, nanocrystals in nanotubular chan-
nels of SBA-15 OMS and their anatase structure was
confirmed by XRD, HRTEM and Fourier-transform of
the periodicity of the nanocrystal images into electron
diffraction patterns (Fig. 5, upper right).

3.2. Chemical solution decomposition

Embedded tetragonal zirconia nanocrystals cannot
be produced by HDP, since zirconium hydroxide inter-
acts strongly with OMS pore walls. Therefore, a differ-
ent method is needed to produce this CP/OMS, and the
CSD insertion method has been selected [11,16,19].
Heating to 493 K in an autoclave of SBA-15 OMS,
whose pores had been filled with Zr(n-PrO), in pres-
ence of an excess of n-PrOH not contacting with the
wet sample, caused thermal decomposition of the alkox-
ide. Maintaining the material at elevated temperatures
in an atmosphere of saturated vapor of the solvent
retained the liquid solution inside the pores until ther-
mal decomposition of the alkoxide took place. After
calcination, a ZrO,/SBA-15 composite with 62 wt.%
loading of tetragonal 4.5-nm crystals and no plugging
of OMS mesopores (4 = — 0.22) was obtained (Table 1).
Uniform distribution of ZrO, nanocrystals in nanotu-
bular channels of SBA-15 OMS and the tetragonal
structure of the ZrO, crystals were confirmed by XRD,
HRTEM and Fourier-transform of the periodicity of the
nanocrystal images into electron diffraction patterns
(Fig. 5, lower left). Implementation of the CSD method
for insertion of 40 wt.% TiO, in an SBA-15 matrix
yielded an anatase nanocrystal ensemble with a crystal
size of 8.5 nm and 4 =0.07 [11,16]. The very strong
interaction of W-species formed during CSD of
W-carbonyl with the silica walls inside the mesopores
of SBA-15 OMS prevented the formation of a WO;

Table 1
Characteristics of host/guest CP/OMS composite catalytic materials
Catalytic material CP loading  CP structure CP particle ~ Surface Pore Average NSA  References
(and preparation method)  (wt.%) size area volume pore
(nm) (m?g™) (cm®g™")  diameter
(nm)

Co-MoS,/MCM- 63.3 Layered slabs 3.5x%x5.0 275 0.43 6.2 0.93 [12]
41(HDP)

Co-MoS,/SBA-15 (HDP) 64.2 Layered slabs 34x45 256 0.32 5.0 0.90 [18]
Ni-WS,/SBA-15 (HDP)  67.4 Layered slabs 32x%x6.5 210 0.25 4.7 0.73 [17,18]
7rO,/SBA-15 (CSD) 62.0 Tetragonal 4.5 380 0.34 37 1.22 [11,16,19]
TiO,/SBA-15 (CSD) 40.0 Anatase 8.5 445 0.45 4.0 0.93 [11,16]
TiO,/SBA-15 (HDP) 61.0 Anatase 5.5 400 0.40 3.7 1.36 [11,16]
AlLLO/MCM-41 (MG) 38.0 Amorphous - 542 0.89 6.1 1.01 [26,27]
Cs, sHy sPW 1,0,/ 60.0 Condensed Keggin 7.5 338 0.36 3.8 0.78 [20]
SBA-15 (MG) units

WO,/SBA-15 (CSD) 32.0 Amorphous <15 468 0.62 6.0 0.87 [25]
H;PW,,0,,-AL,04/ 25 (Al,05), Amorphous, - 300 0.43 5.7 082 -

SBA-15 (MG) 35 (HPW)  TIsolated Keggin

units
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Fig. 5. Nanocrystals of CP stabilized in the nanotubular pores of mesostructured silica at high loadings: a — 62% WS,/SBA-15(HDP)[16]; b—
61% TiO,/SBA-15(HDP) [19]; ¢ — 62% ZrO,/SBA-15 (CSD) [18]; d — 60% Cs, sH, sPW,,0,,/SBA-15 (MG) [20].

nanocrystalline phase, even with the CSD method [25]
(Table 1). Instead, a thin layer of WO5; with no pore
plugging (4 = 0.13) was formed on the surface of nano-
tubular OMS mesopores.

3.3. Multistep grafting

Grafting alumina or cesia species on the internal sur-
face of OMS mesopores and external surface of their
microcrystals forms multiple anchoring sites for fixa-
tion of a metal oxide guest CP as a second layer. The
four-step grafting of the MCM-41 OMS surface with

Al(sec-BuO); — including intermediate hydrolysis of
the adsorbed alkoxide species — yielded 38 wt.% of alu-
mina CP as amorphous clusters without mesopore plug-
ging; 4 =0 (Table 1) [26,27]. SBA-15 grafted with
38 wt.% Al,O; immobilized up to 35 wt.% of
H;PW,0,, heteropolyacid (by adsorption from aque-
ous solution) as an isolated molecular species without
plugging the mesopores, 4 =-0.2 (Table 1). SBA-
15 grafted with CsPrO adsorbed 60 wt.% H;PW,,0,,
heteropolyacid to form 7.5-nm nanocrystals of
Cs, sH,sPW,,0,, by the reaction 2.5 Si-O-
CsPrO + H;PW,,0,, —» Si—OH + Cs, sH, sPW,0,,
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(CP) + 2.5PrOH, with a small extent of mesopore
blocking; A ~ 0.2 (Table 1). HRTEM combined with
selected area EDX showed the nanocrystals of the
Cs, sH, sPW,,0, salt to be located mostly inside the
nanotubular pores of OMS (Fig. 5, lower right), with
uniform distribution along the channels [20].

The current state of the art thus provides the means
for insertion of various CPs at > 50 wt.% loadings in
OMS matrices without substantial mesopore plugging.
The optimal insertion strategy — HDP, CSD or MG —is
dictated by the chemical nature of the CP and its pre-
cursors.

4. Examples of high-performance host/guest
CP/OMS catalytic materials

Some examples of the hexagonal OMS, MCM-
41 and SBA-15, as matrixes for improvement the cata-
lytic materials based on different CPs are presented
below:

4.1. Co-Mo/OMS and Ni-W/OMS

The rate constants for the HDS of dibenzothiophene
(DBT) and the HYD of toluene catalyzed by high-
loaded MoS,- and WS,-based materials inserted in
OMS matrices are compared in Table 2 with those for
conventional Co—Mo/Al,O5 and Ni-W/Al,O; cata-
lysts. Slabs of MoS, and WS, phases promoted with
Co or Ni were inserted into OMS nanotubes [12,17] at
about 60 wt.% loadings, so that their length did not
exceed 3.5 nm. The reference Co—-Mo/Al,O; catalyst
supported on alumina, with ~20 wt.% of (Co + Mo)
CP, had a slab length similar to that of the Co-Mo-
S/SBA-15 composite and an activity comparable to that
of the commercial sample. Increasing the Co—Mo load-

Table 2

ing in alumina to about 40 wt.% caused a substantial
(more than threefold) decrease of the surface area and
a drop (more than twofold) of HDS activity (Table 2).
The surface area of ~300 m* ¢! exhibited by the MCM-
41 or SBA-15 matrices loaded with ~40 wt.% of Co-Mo
facilitated good CP accessibility. This improved acces-
sibility at high CP loading is the reason for the
~1.7 times higher HDS activity of Co-Mo/OMS com-
posites compared with that of the conventional Co—
Mo/Al,O; catalyst. For the Ni-W/SBA-15 composite,
insertion of the Ni-W-S CP inside the nanotubular
channels of SBA-15 decreased the WS, slab length by
a factor of 2 compared with that in Ni-W/AIL,O;4
(Table 1). This decrease, together with the twofold
higher CP loading and higher surface area of Ni—
W/SBA-15 composite, yielded an approximately five-
fold higher value of the rate constant for the HYD of
toluene catalyzed by Ni-W/SBA-15 than that for the
reaction catalyzed by the conventional Ni-W/Al,O,
material. The high-loaded Ni-W/SBA-15 host/guest
composite exhibited high HDS activity similar to that
of Co-Mo/Al,O5 (Table 2), which makes it an excel-
lent potential catalyst for deep HDS of middle petro-
leum distillates, where a combination of high HDS and
HYD activities is essential for removal of hindered
S-compounds [28].

Since in high-loaded CP/OMS host/guest catalytic
materials the tubular mesopores of OMS matrix are par-
tially filled with CP, the question of unrestricted acces-
sibility of the existing active sites to reacting mol-
ecules is of great practical interest. For the HDS of DBT
conducted in the liquid phase, calculation of the Thiele
modulus ¢ was performed using the molecular diffu-
sion coefficient of DBT in a decane—octadecane reac-
tion mixture, calculated according the Wilke-Chang cor-
relation [29]. At the reaction temperature (593 K), the
diffusion coefficient was equal to 2 x 10~ cm?s™". The

Rate constants for HDS of DBT and hydrogenation of toluene with MoS,- and WS,-based catalysts [12,17,18]

Catalyst W (Mo) Co (Ni) Surface area Slab length Kyyp (628 K)  Kypg (593 K)
(Wt.%) (Wt.%) (m?g™") (nm) (em®*¢g'h™) (emPg'hh)
Co-Mo/Al,O; (commercial) 17.6 4.5 220 - 0.9 57
Co-Mo/AlL,O4 14.7 44 200 35 - 63
Co-Mo/AlL,O4 29.7 9.4 60 - - 24
Co-Mo/MCM-41 28.6 10.1 320 - - 98
Co-Mo/SBA-15 30.0 9.2 297 34 - 102
Ni-W/Al,04 26.4 16.4 158 7.3 0.9 28
Ni-W/SBA-15 44.5 5.7 212 3.6 44 54
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effective diffusion coefficient inside the pores is nor-
mally lower by an order of magnitude than the molecu-
lar diffusion coefficient due to the porosity and pore
tortuosity of the catalyst pellet [30]. A Thiele modulus
of 0.4 was calculated by taking an effective diffusion
coefficient of 2 x 107> cm? s™', the diameter of catalyst
pellet as 1.3 mm, and a high value for the zero-order
HDS rate constant (measured by Vradman et al. [18]
for a Co-M-/SBA-15 catalyst) of 102 cm® g~' h™" nor-
malized to the initial DBT concentration Kypg = K/C,,
(C,, inlet DBT concentration; K, pseudo-zero-order
HDS rate constant). This value of the Thiele modulus
yields an effectiveness factor of > 0.95 and means that
the diffusion effects for the DBT HDS reaction can be
neglected.

For the gas-phase toluene HYD reaction, the bulk
diffusion coefficient was calculated by the Fuller cor-
relation [29] to be 0.02 cm? s~'. The Knudsen diffusion
coefficient inside the catalyst pores was estimated
according to simple kinetic theory [30] to be
0.008 cm” s™'. Thus, Knudsen diffusion controls the
transport inside the mesopores, as was to be expected
for a gas-phase reaction inside relatively small pores.
Taking the effective diffusion coefficient to be an order
of magnitude lower, i.e. 8 X 10*em? s, a catalyst
pellet diameter of 1.3 mm, and a high value of the first-
order hydrogenation rate constant of 4.4 h™' measured
for the Ni-W/SBA-15 catalyst [17], we calculated a
Thiele modulus of 0.03. Thus, in this case, too, the effec-
tiveness factor was equal to unity, and no diffusion limi-
tations were present.

4.2. SO~7Zr0,/SBA-15

The sulfation of a disordered ZrO, phase inside the
SBA-15 nanotubes after CSD, followed by calcination
at 873 K, yielded an acidic catalytic material in which
the tetragonal zirconia had a crystal size of 3.5 nm [19].

Table 3

The sulfur content and acidity (NH; adsorption) of this
composite were about twofold higher than the refer-
ence bulk sulfated zirconia with a surface area of
107 m? ¢! and a crystal size of 10 nm. The sulfated
zirconia CP stabilized inside SBA-15 nanotubes exhib-
ited a higher catalytic activity than the bulk sulfated
zirconia (Table 3). With the OMS composite, conver-
sions of isopropanol and methanol/tert-butanol mix-
ture to diisopropylether and methyl tertiary-butyl ether
(MTBE), respectively, gave 1.5-2.2 times (depending
on ZrO, loading) higher product yields than those
obtained with the bulk reference catalyst. This effect
may be attributed to the higher capacity of the small
3.5-nm nanocrystals of tetragonal zirconia CP stabi-
lized in OMS matrix for surface sulfate anions com-
pared with that of bulk ZrO, with a substantially higher
crystal size. The same selectivities in iso-propanol dehy-
dration measured with the reference bulk SO,—ZrO, and
S0O,~ZrO,/SBA-15 host/guest composites were evi-
dent for the same types of acid sites in the bulk and
supported materials.

Since the kinetic parameters of the above-mentioned
reactions were not known, the Weisz modulus @ [31]
was used as a criterion for the importance of pore dif-
fusion. This approach was used to estimate the diffu-
sion limitations in the condensation of #-butanol and
MeOH and the dehydration of iso-propanol performed
by Landau et al. [19] with SO,~ZrO,/SBA-15 cata-
lysts of particle size <50 um. Taking a rate of
1.3 mol h™" I"! for condensation (0.87 mol h™! 1! for
dehydration), a #-butanol concentration of 5.2 mol !
(13.4 mol 1! of iso-propanol) and an effective diffu-
sion coefficient of 10°° cm? s™' — the regular order of
magnitude in liquid phase — we obtained @ << 1 for
both reactions. This value indicates negligible diffu-
sion limitations. Similar results were obtained for the
batch alkylation of toluene with benzyl alcohol at 383 K
with Al-containing SBA-15 powder [32].

Performance of sulfated ZrO,/SBA-15 in acid-catalyzed reactions measured after a reaction time of 2 h [19]

Catalyst ZrO, crystal size ~ ZrO, loading Isopropanol dehydration, 473 K MTBE yield (%) in
(Nm) (wt.%) t+-BuOH/MeOH
condensation, 398 K

Conversion Diisopropyl ether
(%) selectivity (%)

SO,~ZrO, (commercial) 10 96.8 6.2 83.0 22.6

SO,~ZrO, /SBA-15 35 48.1 9.2 84.5 323

SO,~ZrO, /SBA-15 35 58.0 132 85.0 46.2
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4.3. TiO,(Zr0O,)/SBA-15

Platinum supported on titania (anatase) is an effi-
cient catalyst in the combustion of VOCs, where frag-
mentation of organic molecules at the TiO, surface is
the rate-limiting step [33]. At a relatively low tempera-
ture of 523 K, a series of TiO,(ZrO,)/SBA-15 catalysts
containing 0.3 wt.% Pt demonstrated a linear depen-
dence of the rate constant for ethyl acetate combustion
on the specific surface area of the CP, TiO, or ZrO,
[16] (Fig. 6). The TiO,-based catalysts displayed sub-
stantially higher activity. Stabilizing the TiO, or ZrO,
nanocrystals inside the SBA-15 nanotubes at loadings
of > 50 wt.% yielded catalytic materials with two to
three times higher activity than catalysts based on bulk
Ti- and Zr-oxides, with crystal diameters of 12 nm. A
similar effect was obtained with TiO,/SBA-15 cata-
lysts in the gas-phase oxidation of methoxytoluene at
623 K: the methoxytoluene conversion increased lin-
early with increasing TiO, surface area in the catalytic
material, and a substantial increase in methoxybenzoic
acid selectivity was obtained at the smaller TiO, crys-
tal size of < 8.5 nm.

The absence of diffusion limitations in a relatively
fast gas-phase reaction of ethyl acetate combustion at
500-550 K with Pt-TiO,(ZrO,)/SBA-15 catalysts was
demonstrated by the linear increase of the rate constant
with increasing specific surface area of embedded CP
(Fig. 6) [16] This finding reflected the equal specific
activity of CP inside the OMS mesopores measured at
different loadings. In addition, the specific activity of
the CP in CP/OMS composites was equal to that mea-
sured with bulk Pt/TiO,(ZrO,) catalysts, where diffu-
sion limitations were excluded by selecting the appro-
priate pellet size [16]
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Fig. 6. Effect of surface area of bulk and SBA-15-embedded crystal-
line Ti(Zr)O, phases on the activity of supported Pt catalysts in ethyl
acetate combustion at 523 K [16].

4.4. ALOyYMCM-41

Introduction of alumina clusters into wide-pore
MCM-41 by successive MG changed the surface chemi-
cal functionality of the mesostructured silica to that of
pure alumina [26]. The embedded alumina phase dis-
played unusually high acidity and catalytic activity in
the alkylation of phenol with methanol. At an alumina
loading of close to 40 wt.%, the reaction rate was higher
by a factor of 2.2 with this Al,O;/MCM-41 composite
than that with bulk alumina of high surface area of
460 m? g~! (Fig. 7). As was demonstrated by >’ Al FAM
(ID-MQMAS NMR, this effect was a result of stabiliz-
ing very small alumina clusters inside mesostructured
silica nanotubes, yielding a high (~10%) concentration
of penta-coordinated alumina sites together with the
large abundance of tetrahedral coordinated sites that
increase the acidity of the material [27].

4.5. Tungstophosphoric heteropolyacid
and salt catalysts

Grafting the silica surface with alumina species pro-
duced efficient anchoring sites for H;PW,0,, het-
eropolyacid, with no apparent leaching in polar media
[34]. Formation of a bulk alumina phase decreased the
acidity of the anchored heteropolyacid, and therefore
as the alumina loading increased, the performance of
such a composite catalyst produced by the MG method
reached a maximum at the point corresponding to a
saturated monolayer of grafted alumina species. This
is demonstrated in Fig. 8 for H;PW,,0,,~Al,05/SiO,
composites based on a regular mesoporous silica-gel
with a surface area of 362 m? g~ and on SBA-15 with
a surface area of 922 m” g in the +~BuOH + MeOH
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Fig. 7. Effect of alumina loading in MCM-41 on the rate of phenol
alkylation with methanol at 623 K [26].
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— MTBE condensation reaction. Due to the superior
alumina capacity of SBA-15 over silica-gel, the former
matrix anchored a 1.5-fold higher amount of het-
eropolyacid and demonstrated proportionally higher
activity in MTBE production.

The use of the Cs-salt at the optimal Cs/W ratio of
0.2 resolved the solubility problem of the H;PW,0,,
heteropolyacid [35]. However, colloidization of the
material in polar media and the relatively large crystal
size of 10-15 nm limits the application of
Cs, sHy sPW,0,, salt in acid-catalyzed reactions.
Combination of grafting the surface of SBA-15 with
CsPrO and deposition of Cs,O at the external surface
of SBA-15 microcrystals yielded a composite with
65-70 wt.% loading of Cs, 5 Hy, sPW,0,, at different
locations in the matrix after adsorption of H;PW,0,,
heteropolyacid [20]. In addition to 7.5-nm nanocrys-
tals of the Cs, sH, sPW,,0,, salt stabilized inside the
nanotubular channels (Fig. 5, lower left), up to 35 wt.%
of that CP was located at the external surface of
SBA-15 particles as 50-150 nm agglomerates of
primary nanocrystals (Fig. 9). This high-loaded
Cs, sHy sPW,,0,,/SBA-15 material demonstrated high
resistance to colloidization in polar solvents and
1.2-1.7 times superior activity over the bulk
Cs, sHy sPW,0,, salt, on a catalyst weight basis, in
acid-catalyzed reactions (Fig. 10). This seems to be the
first successful attempt to increase the activity of
Cs, sH, sPW,,0,, catalyst developed as long ago as
1980 [35] by its deposition on a suitable support.

It is thus the unique properties of OMS as catalyst
supports that not only increase the specific activity of

40
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Fig. 8. Effect of alumina content in alumina-grafted SiO, gel (AGSG)

and SBA-15 OMS (AGSBA) on the H;PW ,0,, loading by adsorp-
tion (shown next to the data points) and MTBE yield at 383 K.

1pm WD 9.1mm

Fig. 9. Disintegrated 30-150 nm secondary aggregates of 13-nm
Cs, sH, sPW,,0,, salt nanocrystals at the external surface of SBA-
15 particles [20].

the CP per weight but also, in combination with high
CP loading, compensate for the effect of CP dilution
with the inert silica. The insertion of a CP inside the
OMS matrix does not limit the accessibility of active
sites. The only problem here could be complete plug-
ging the OMS mesopores, which would exclude part
of CP from catalytic process. This portion may be esti-
mated qualitatively on the basis of NSA values, as
shown above.

V(mmol/gcat.h)

1 n 1l (x 100)
Reactions

Fig. 10. Reaction rates measured with the bulk reference
Cs, sHy sPW,,0,, salt (R) and the same salt deposited on SBA-
15 OMS with mixed CP location (C) in the condensation of ~-BuOH
with MeOH to yield MTBE at 383 K (I), propyonylation of anisole
with propyonic anhydride at 333 K (II), and alkylation of cathechol
with --BuOH at 373 K (III); adapted from Ref. [20].
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