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Abstract

Titanium supported on SBA-15 mesoporous silica has been synthesised containing different titanium loading prepared by
chemical grafting using titanocene dichloride as precursor and over different treated silica surfaces. A comparative study using
MCM-41 mesoporous silica as supportis also reported. The type of silica support and its surface properties as well as the initial
concentration of Ti precursor in the organic solution influences clearly the incorporation of Ti species. The materials after
grafting treatment were characterised by different conventional technigues including XRD, FT-IR, DR UV-Vis and nitrogen
adsorption. The titanium containing SBA-15 silica shows hexagonal mesoscopic order and pore sizes up to 70 A with surface
areas up to 600 &g and titanium content ranging from 1 to 3wt.%. DR UV-Vis of Ti containing SBA-15 silica after removal
of the organic ligand shows the presence of Ti isolated species tetrahedrally coordinated and the absence of iphiagdsO
Likewise, these materials upon calcination were catalytically active for the epoxidation of styrene with TBHP exhibiting a sig-
nificant selectivity towards the epoxide with negligible leaching of Ti species. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction immobilisation of redox-active species within an in-
organic matrix [1]. These methods include framework
Heterogenisation of catalytic homogeneous systems substitution, encapsulation of metal complexes and
for selective oxidation reactions in liquid phase is grafting or tethering of inorganic and organic metal
currently showed as a priority research field. These precursors to the internal surface [2].
heterogeneous systems display clear advantages com- In this sense, framework substitution of Ti atoms in
pared to their homogenous counterparts such as easdetrahedral positions of molecular sieves (Ti-silicalite
of recovery and recycling of active species and conse- [3] and Ti3-zeolites [4]) has received much atten-
guently being more attractive from an environmental tion in the past decade as the obtained materials have
point of view. In this context, serious efforts have been shown to be efficient selective oxidation catalysts
addressed towards the preparation of heterogeneoud5]. However, their small pore size hinders the ac-
Ti(IV) catalysts for oxidation reactions and numerous cess of bulky substrates as well as of large organic
strategies have been described in the literature for the hydroperoxides. To overcome this drawback, novel
silica-based ordered mesoporous materials, such as
" * Corresponding author. Tels 34-91-4887006; MC;M_41 [6] and SBA-15 [7] are pe'”g W'fje'y used
fax: +34-91-6647490. as inorganic supports of redox-active species. The nar-
E-mail address: g.calleja@escet.urjc.es (G. Calleja). row, controlled pore size distribution of these ordered
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hexagonal materials as well as their large pore open- Luan et al. [18] have synthesised Ti-SBA-15 via
ings and high surface area are attractive propertiesincipient-wetness impregnation with titanium iso-
that make them useful as catalyst inorganic support propoxide in ethanol under inert atmosphere followed
materials [8—10]. by calcination.

First attempts to incorporate titanium species In this contribution, we have used (&piCl, as
within these mesoporous materials were carried out titanium precursor for the chemical grafting of Ti
by isomorphous substitution through hydrothermal species onto the surface of ordered silica-based meso-
crystallisation (Ti-MCM-41 [11], Ti-MCM-48 [12], porous SBA-15 materials through a similar procedure
Ti-HMS [13] and Ti-MSU [14]). However, the cat- reported by Thomas and co-workers [16]. There is
alytic activity of these modified mesoporous materials a considerable advantage of using (&¢I, as Ti
was quite small as compared to that shown by TS-1 precursor because of its great stability in comparison
and Tif3-zeolites, probably because access by the re- with conventional titanium sources such as Li@hd
actants to active Ti centres might be limited as the Ti Ti(RO)4. Additionally, we have carried out a study
species are partially buried within the inner walls of of the influence of the silica surface properties on
the mesoporous materials. In order to overcome this the incorporation degree of Ti species. The results
drawback associated with hydrothermal crystallised obtained demonstrate that the incorporation of Ti
Ti mesoporous materials, alternative approaches havespecies is strongly dependent on the concentration
been developed for the covalent attachment of Ti and nature of the silanol groups. Moreover, the Ti
species onto the internal mesoporous silica surface.loading can be controlled modifying conveniently the
These methods are based on the grafting (directly) and surface properties of the raw materials.
tethering (with a spacer ligand) of a suitable inorganic
and organometallic precursor by chemical reaction
with the pendant silanol groups located on the surface 2. Experimental
of the mesopore walls. This method of preparation
shows considerable advantages as compared to hy-2.1. Samples preparation
drothermal synthesis procedure because of the greater
accessibility of the incorporated Ti centres to the re- 2.1.1. Preparation of parent silica-based
actants [15]. Among the different titanium precursors mesoporous materials
titanocene dichloride ((GPTICl,) is desirable as a MCM-41 was synthesised according to the hy-
grafting reagent in comparison to TiCand Ti(OR), drothermal procedure described by Lin et al. [19],
agents as either of the latter tend to the precipitation of but using triethylamine (NEt Acros) as mineralizat-
anatase by-products during the grafting. Thomas and ing agent. Hexadecyltrimethyl ammonium chloride
co-workers [16] grafted Ti(IV) species to the internal (Aldrich) was used as structure directing agent. It
surface of MCM-41 by reaction with (GpTiCl, and was dissolved in an aqueous solution of triethy-
subsequent calcination. Later, Corma et al. [17] fol- lamine at room temperature. After adding tetraethyl
lowing a procedure similar to that reported by Thomas orthosilicate (TEOS, Alfa), the mixture was stirred
and co-workers achieved the grafting of titanocene for additional 4 h and then charged into a Teflon-line
species on a silica named ITQ-2. These materials autoclave reactor followed by heating at T@ for
showed a better activity in epoxidation of olefins in 48 h. The resultant solid product was recovered by fil-
the presence dert-butylhydroperoxide (TBHP) than  tration, washed with distilled water and dried at room
hydrothermally synthesised Ti-MCM-41 materials. temperature. SBA-15 was prepared according to the

On the other hand, the incorporation of Ti species procedure reported elsewhere by Zhao et al. [7] using
to silica-based SBA-15 materials through a direct Pluronic 123 triblock copolymer (Efg-PO7o-EOyp;
synthesis procedure appears unlikely because theAldrich) as polymeric template. In a typical synthe-
preparation needs a strong acidic media (2M HCI). sis: 4g of Pluronic 123 was dissolved under stirring
Necessarily, this incorporation might be achieved in 1259 of 1.9M HCI at room temperature. The so-
by “post-synthesis” grafting procedures involv- lution was heated up to 4€C before adding TEOS
ing reaction with a titanium precursor. Recently, (Aldrich). The resultant solution was stirred for 20 h
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at 40°C, followed by ageing at 100C for 24 h under
static conditions. The solid product was recovered by
filtration and dried at room temperature overnight.

2.1.2. Surfactant removal procedures

The polymeric template was removed from as-made
silica-based mesoporous materials through differ-
ent techniques including thermal treatments and
low-temperature solvent extraction. Thus, according

to the thermal treatment, the as-synthesised silica

MCM-41 and SBA-15 materials were calcined for

7h at 550°C in air atmosphere. These materials are
denoted as MCM-c and SBA-c, respectively. Alterna-
tively, following the method reported by Zhao et al.

[7], block copolymer was removed from as-made
SBA-15 materials by washing with ethanol under
reflux in a magnetically stirred flask for 24h (1.5¢g

of as-synthesised material per 400ml of ethanol).
On the other hand, the removal of surfactant in the
synthesised MCM-41 material was achieved using
acidified ethanol under reflux [20] (1.5g of as-made
MCM-41 was refluxed for 24 h in 210g of 1.5wt.%

HCl/2.5wt.% HO/ethanol mixture). The extracted

materials are denoted as MCM-e and SBA-e.

2.1.3. Slylation procedure

The surface of the calcined silica-based materials
was end-capped with trimethylchlorosilane (TMCS;
Aldrich) through a grafting procedure. In a typical
preparation, an appropriate amount of TMCS was dis-
solved in 90 g of chloroform followed by the addition
of the outgassed silica material (TMCS/raw material
mass ratio of 0.6). The resultant solution was kept un-
der stirring at room temperature during 1 h. The final
silylated product was recovered by filtration and in-
tensively washed with chloroform. The silylated ma-
terials are denoted as MCM-s and SBA-s.

2.1.4. Grafting procedure

Titanium-grafted onto the MCM-41 and SBA-15
surface was achieved starting from calcined (c), ex-
tracted (e) and silylated (s) materials according to
the grafting technique proposed by Thomas and
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nitrogen atmosphere for 1 h. Thereafter, triethylamine
(NEtz/(Cpp)TiCl2 molar ratio of 1) was added to
the suspension to promote surface silanols activation
[21]. The resultant solution was kept under stirring
for additional 2 h. Finally, the solids were recovered
by filtration and intensively washed with chloroform.
Different loading of titanium were tested with mass
ratios of (Cp)TiCl, to raw material in the organic
solution ranging from 0.4 to 0.1.

2.2. Samples characterisation

X-ray powder diffraction (XRD) data were ac-
quired on a PHILIPS diffractometer using CuaK
radiation. Typically, the data were collected from
0.6° to 4 (209) with a resolution of 0.02 Fourier
transform-IR (FT-IR) spectra were recorded by means
of a MATTSON spectrophotometer using the KBr
wafer technique. For each sample, 128 IR spectra
were added to achieve acceptable signal to noise lev-
els. Diffuse reflectance UV-Vis spectra (DR UV-Vis)
were obtained under ambient conditions on a CARY-1
spectrophotometer equipped with a diffuse reflectance
accessory in the wavelength range 200-600 nm.

Nitrogen adsorption—desorption isotherms at 77 K
were determined using an adsorption porosimeter
(Micromeritics, TRISTAR 3000). The surface area
measurements were performed according to the BET
method. Pore size distribution was obtained apply-
ing the BJH model with cylindrical geometry of the
pores and using the Harkins and Jura equation for
determining the adsorbed layer thickness. The pore
volume was taken aP /Py = 0.985 single point.

The organic content was determined using a CHNS
analyser (LECO, 932 model), and the titanium content
was determined by ICP-atomic emission spectroscopy
(ICP-AES). The samples (100 mg) were dissolved in
aqueous hydrofluoric acid. After dissolution, the sam-
ple was transferred into 11 calibrated flask and di-
luted with water. An absorption standard solution of
Ti (1000pg mi~—1 in water) was used for the calibra-
tion of the equipment.

Catalytic tests of styrene epoxidation were carried

co-workers [16] using a solution of titanocene dichlo- out in a batch reactor equipped with a temperature
ride ((Cp)TiCly; Acros). Materials, prior to the controller and pressure gauge at°@for 1h un-
grafting, were outgassed under vacuum conditions der stirring. All the reactants and the catalyst were
overnight. The sample was then stirred in a solution charged into the Teflon-lined reactor and the sys-
of (Cp)TICl, in 90g of chloroform under a dry tem was heated up to 6C. tert-Butylhydroperoxide
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(TBHP; 70 wt.% aqueous solution; Aldrich) was used Table 1
as Odeant and acetonltrlle (ACN; Scharlab) as Solvent EfﬁCienCy of grafting procedure for the different silica-based ma-

(TBHP/styrene molar ratio: 0.4, ACN/styrene mass €2
ratio: 5, styrene/catalyst mass ratio: 30 and catalyst: Sample  Material  Ti content Incorporation
0.1g). The stability of the catalysts was analysed as degree (%)
follows: solid was recovered from the solution by TIT (6F T (%)
filtration after the reaction, calcined at 580 for 5h 1 MCM-c 2.0 11 55.0
in order to remove any organic species remaining 2 MCM-c 4.0 14 35.0
adsorbed and finally tested again at the same reac- 3 MCM-c 6.0 21 35.0
. i ) . 4 MCM-c 8.0 21 26.3
tion conditions. This procedure was repeated twice.
Leaching of Ti species in the organic medium was ° SBAc 20 1.2 60.0
measured using ICP-AES analysis. All the reac- ? ggﬁ:g g'g é'g ‘518'8
tion products were analysed by gas chromatography g SBAc 80 29 36.2
(VARIAN 3380) on a capillary column DB-6.
9 MCM-e 2.0 1.2 60.0
10 MCM-e 4.0 2.0 50.0
11 MCM-e 6.0 33 55.0
3. Results and discussion 12 MCM-e 8.0 35 43.8
o 13 SBA-e 2.0 13 65.0
3.1. Characterisation of the samples 14 SBA-e 4.0 15 38.0
15 SBA-e 6.0 22 36.7
Table 1 lists the Ti containing materials prepared 16 SBA-e 80 2.5 31.2
under different conditions and their titanium contents. 17 MCM-s 2.0 0.4 20.0
The incorporation of titanium species over calcined 18 MCM-s 4.0 04 10.0
SBA-15 samples is lower than that expected based on1? MCM-s 6.0 07 11.2
the titanium loading of the initial solution. Likewise, 20 SBA-s 2.0 1.0 50.0
the incorporation degree decreases gradually as the?l SBAs 4.0 11 27.5
Ti content increases in the initial organic solution. 22 SBA-s 6.0 1.2 20.0

A similar trend is observed when calcined MCM-41 &Maximum Ti loading.

samples are used as raw materials, although, in this °Mass composition measured by ICP.

particular case the maximum percentage of Ti grafted

on the silica surface starting from organic solutions anchoring of Ti species is dramatically depressed
with similar content in (Cp)TiCl, is significantly (samples 17-22). The results clearly show that the
lower than that measured in Ti-SBA-15 materials anchoring of Ti species on the surface of mesoporous
(2.0% vs. 3.0%). The surface properties of the silica materials is undoubtedly imposed not only by the
support should influence significantly on the incor- concentration of the Ti precursor in the organic solu-
poration degree of Ti species. In this way, extracted tion, but also by the type of material and its surface
silica-based materials with a high concentration of properties.

silanols groups, not thermally reacted by condensa- Table 2 shows the C/Ti molar ratio of calcined
tion, should achieve a more efficient incorporation SBA-15 materials after grafting of different concen-
of titanium species. The figures in Table 1 show that trations of (Cp)TiCl,. Thomas and co-workers [16]
this effect is almost negligible for SBA-15 materials concluded, according to their EXAFS and FT-IR
(samples 13-16) although an increase of the incor- experiments over MCM-41 supporting (9piCla
poration is readily evidenced for extracted MCM-41 species, that the ¥t ion is anchored via three oxy-
materials (samples 9-12). These results suggest thatgens (each one linked to a silicon atom) and co-
the reactive nature of silanol groups for both materials ordinated to one cyclopentadienyl (cp) ring. This
is significantly different. Moreover, when the amount observation is in agreement with the expected trend
of hydroxyl groups located on the surface are dimin- of Ti species to be anchored through three bonds to
ished by silylation reaction with methyl groups, the the support, which leads to the loss of a cp ligand
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Table 2
C/Ti molar ratio for the different calcined silica-based materials
after grafting treatment

Sample Material C/ITi
1 MCM-c 9.1
2 MCM-c 8.7
3 MCM-c 7.2
4 MCM-c 6.6
5 SBA-c 10.0
6 SBA-c 10.0
7 SBA-c 9.5
8 SBA-c 8.9

2Molar ratio of C/Ti in the grafted materials.

as it was suggested by Thomas and co-workers [16].

Assuming that, the molar ratio of C/Ti of the samples
synthesised in this work should be 5. However, our
analytical results show a higher value of the C/Ti
molar ratio for both SBA-15 and MCM-41 type ma-
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plex. The wider pores present in the SBA-15 material
probably induces less interaction of the silanol groups
with the titanium complex, preventing further reac-
tion once it is anchored on the silica surface. Another
possible contribution for explaining the differences
observed in the chemical composition of the complex
anchored on the silica surface when MCM-41 and
SBA-15 materials are used as support, is related with
the different chemical reactivity of the silanol groups,
a feature that has been shown when calcined and ex-
tracted mesoporous materials are compared in terms
of anchoring efficiency of the (CpJiCl, compound.
Low-angle XRD patterns of siliceous calcined
SBA-15 and Ti-SBA-15 with different Ti loading
(samples 5-8, Table 1) are depicted in Fig. 1(A). A
well-resolved pattern with a significant peak at ca.
0.8 and two smaller peaks at ca. 1.6nd 1.7 are
clearly evidenced for all the samples indicating a
good mesoscopic order. It can be seen that grafting

terials, which decreases gradually with the amount of of Ti species influences on the unit cell parameter,

Ti species anchored on the silica surface. This C/Ti
decrease, which is more pronounced in MCM-41 ma-
terials, might be attributed to the increasing of steric
constraints imposed by the gradual lowering of pore
size with the extent of Ti incorporation. It must be

also noticed that the above mentioned work [16] was
carried out for samples with a Ti content of 6.76 wt.%,

as evidenced by the decreasing of tiigo spac-

ing for the titanium-modified materials. Fig. 1(B)
shows low-angle XRD spectra for Ti-SBA-15 mate-
rials obtained from grafting over extracted SBA-15
mesoporous materials (samples 13-16, Table 1). The
observed peaks for the titanium-modified materials
show a gradual change in tlig g9 spacing with the

much higher than those achieved in the present work increasing of titanium content.

(maximum percentage of ca. 3%). The experimen-

Fig. 2(A) shows nitrogen adsorption/desorption

tal data showed here suggest that an increase of Tiisotherms from calcined SBA-15 and the correspond-

incorporation induce significant changes on the co-
ordination number of the Ti atoms. Furthermore, a
relative low Ti loading supported on the mesoscopic
silica surface allows the presence of two cp ligands
attached to the Ti atom. The use of SBA-15 instead
of MCM-41 allows to keep the C/Ti ratio close to
that present in the (CpJiCl, for Ti loading up to
3.0%, probably due to the higher pore size, which

avoids the loss of one cp ligand of the anchored com-

Table 3
Textural properties of different Ti substituted SBA-15 materials

ing grafted materials with different loadings of Ti.
All the materials give typical type IV adsorption
isotherms with an H1 hysteresis loop [22]. The cal-
culated BET area for the calcined parent material is
around 600 g and decreases with increasing tita-
nium loading (Table 3). The isotherm of the calcined
parent SBA-15 material exhibits a sharp inflection at
P/ Py = 0.7 characteristic of capillary condensation
within the uniform pores (Fig. 2(A)). As the amount

Sample Pore diameter (A) Surface area Pore volume dioo (A) Wall thickness (A)
(m?/g) (cmPlg)

Calcined support 73 605 0.92 88 30

5 74 502 0.82 94 34

7 68 438 0.69 94 40

8 67 455 0.69 92 39
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Fig. 1. XRD spectra of titanium substituted SBA-15 materials. (A) Samples with different titanium loading over calcined SBA-15 material:
(a) Ti-free SBA-15; (b) sample 5; (c) sample 6; (d) sample 7; (e) sample 8. (B) Samples with different Ti loadings over extracted SBA-15
material: (a) Ti-free SBA-15; (b) sample 13; (c) sample 14; (d) sample 15; (e) sample 16.

of Ti species increases, Ti-SBA-15 materials show widely used for this type of sample [23]. Although
isotherms with similar inflection but with reduced this model systematically underestimates pore sizes
sharpness and at lowBfPg. When this comparisonis  [24], it is appropriate for comparative purposes in this
made for extracted SBA-15 parent materials anchored work, since we are interested in changes occurring in
with different Ti loading contents a similar trend is the pore size after grafting treatment and not in the
observed (not shown). absolute values. Average BJH values of the pore diam-
Pore size distribution of the different mesoporous eter are given in Table 3 showing a gradual decrease
materials have been determined using the BJH model with the incorporation degree of Ti species. Pore size
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Fig. 2. (A) N adsorption/desorption isotherms of Ti substituted SBA-15 materials and (B) pore size distributions: (a) calcined Ti-free

SBA-15; (b) sample 5; (c) sample 7; (d) sample 8.

distribution of the different samples using the BJH
model is depicted in Fig. 2(B). Average pore diam-
eter clearly diminishes with the incorporation of Ti
species, which is attributed to the internal lining of
mesopores with TiGp functionalities thus reducing
the pore diameter and increasing the wall thickness.
In this way, the sample with the highest amount of
Ti species (samples 7 and 8; Table 3) exhibits a sig-

nificant decrease in the surface area and pore vol-
ume, as well as an increase in the wall thickness mea-
sured through the difference between the interplanar
spacingd; oo, and the pore size determined by BJH
model. However, the very narrow pore size distribu-
tion for all the cases is a strong indication of the ho-
mogeneous dispersion of Ti species onto the silica

surface.
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Fig. 3. FT-IR spectra of: (a) calcined SBA-15 material free of Ti species; (b) cyclopentadienyl titanium anchored on a calcined SBA-15
material, sample 6; (c) cyclopentadienyl titanium anchored on a silylated SBA-15 material, sample 20; (d) sample 6 upon calcination.

FT-IR spectra of the different materials are depicted the broad signal corresponding to the silanol groups
in Fig. 3. A weak vibration centred at 1400ch  (centred at 3500 crmi).
corresponding to the stretching vibration of the Fig. 4 shows DR UV-Vis spectra of different series
C=C bond is clearly visible for the cyclopentadienyl of Ti-SBA-15 materials. This spectroscopic tech-
titanium-grafted material (sample b, Fig. 3). On the nique has been commonly used for the assessment
other hand, this signal is absent in the parent SBA-15 of Ti atoms environment in silica-based materials
material (sample a, Fig. 3) and in the grafted mate- [27]. The UV-Vis spectra of the cyclopentadienyl
rial after calcination (sample d, Fig. 3). Therefore, titanium-grafted materials (sample 5-8, Table 1) ex-
this signal reveals the presence of cp groups on the hibit three different signals: an absorption band cen-
surface of the silica support. Additionally, the band tred at 215nm, a band at 255 nm and a broad signal
at 960 cn! is conventionally a fingerprint of the ex-  at 350 nm. The latter signals increase clearly with the
istence of Si—-O-Ti bonds in zeolites and its increase incorporation of CpTi species on the silica surface
correlates with the incorporation of Ti into the frame- of the mesoporous materials. The band at ca. 220 nm
work [25]. However, as it can be seen in Fig. 3, this in Ti substituted mesoporous materials have been as-
band also appears in the spectra of Ti-free SBA-15 signed to isolated Ti(IV) framework sites similar to
material (sample a, Fig. 3). FT-IR studies carried out those found in TS-1 materials [28,29]. These studies
by Blasco et al. [26] in mesoporous materials demon- also report that a broad absorption band centred at
strate that this vibration should be assigned to the 330 nm is a strong indication of bulk titania phases
abundance of silanol groups. As a consequence of the[27]. Calcination of the samples under air atmosphere
above-mentioned fact, this band cannot be used as arremoves entirely the cp ligands and the resulting
absolute criterion to claim the presence of titanium in materials display a unique signal centred at 220 nm
the framework in this kind of materials. Finally, the (Fig. 4, right top, sample e) without evidence of titania
silylated titanium-modified materials exhibit a clear phases. This fact suggests that signals observed at 255
signal at 2900 cm® which indicates the presence of and 350 nm are attributed to the presence of organic
methyl groups attached to the silica surface (sample cp species. Moreover, the spectrum of the Ti-modified
¢, Fig. 3) accompanied with a significant decrease of SBA-15 material free of cp ligands is quite similar to
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Fig. 4. DR UV-Vis spectra of titanium-grafted SBA-15 materials: (a) sample 5, (b) sample 6, (c) sample 7, (d) sample 8, (e) sample b

after calcination, (f) TS-1 zeolite and (g) (&)@iCl, precursor.

that corresponding to a zeolitic TS-1 material (Fig. 4, higher than that corresponding to heterogeneous cat-
right top, sample f). Nevertheless, a slight shoulder alytic reactions. The epoxidation of styrene over the
is evidenced for the Ti mesoporous material arising different catalytic systems yields mainly three kinds
from partially polymerised hexacoordinated titanium of products: epoxide, phenylacetaldehyde (epoxide
species or very small titania nanodomains [27]. These isomerization) and benzaldehyde (oxidative epoxide
spectroscopic results confirm good titanium disper- cleavage). Table 4 lists the epoxide conversion and
sion on the silica surface of titanocene-grafted mate- the selectivity towards reaction products as well as the
rials upon calcination and free of bulk titania phases. turnover number, which allows a comparative study
Likewise, DR UV-Vis spectra of effectively anchored of the catalytic performance of the different catalysts.
titanocene species are considerably different to those First of all, epoxidation catalytic tests were car-
obtained for the (CHTICl, precursor (Fig. 4, right  ried out in presence of a Ti-free SBA-15 material

bottom, sample Q). (run 1, Table 4). The catalytic results show that the
supported-catalysed contribution to the styrene epox-
3.2. Catalytic experiments idation is low (styrene conversion of ca. 4.1% ) and

consequently, the activity of the different materials
Catalytic performance of the Ti substituted SBA-15 must be attributed to the presence of active Ti centres.
materials has been tested in the epoxidation of styrene The presence of cp ligands has a significant
at 60°C in the presence of TBHP as oxidant agent influence on the styrene conversion and products se-
and ACN as solvent. A titanocene-grafted material lectivity. Titanocene-grafted material (run 2, Table 4)
(sample 5, Table 1) and a Ti-SBA-15 material free exhibited a high substrate conversion but relative low
of organic cp ligands (sample 5 after calcination) epoxide selectivity and a significant formation of bulky
have been checked. For comparison, a homogeneoussompounds arising from olefin polymerisation. These
catalytic run carried out with dissolved (Ga)Cl» results would be fairly in agreement with works de-
has been also tested under modified reaction condi- scribed in the literature dealing with the efficiency of
tions related to the titanium concentration, six times metal cyclopentadienyl species for the polymerisation
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Table 4
Catalytic results of different Ti substituted SBA-15 materials in the epoxidation of styrene with TBHP in liquid phase
Run Catalyst TOF (mol/ Styrene Selectivity towards reaction products
mol Timin) conversion (%) Styrene  Benzaldehyde Phenyl Other$
oxide acetaldehyde
1 Blank® - 4.1 56.7 37.8 55 0
2 Sample 5 5.8 23.8 35.2 7.4 2.7 54.8
3 Sample 5 upon calcination 2.3 9.9 76.0 16.3 7.7 0
4 CpTiCl, (homogeneous) 0.6 10.7 65.0 30.0 5.0 0

aBulky products arising from styrene oxide polymerisation.
b Calcined silica-based SBA-15 free of Ti atoms.
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Fig. 5. Stability of Ti substituted SBA-15 catalyst in the styrene epoxidation with TBHP in liquid phase.

processes [30]. However, the titanocene material uponrecycled twice, being the results showed in Fig. 5.
calcination displays a higher selectivity towards the Although, the molar product distribution did not suf-
epoxide formation with negligible formation of bulky  fer any appreciable change after reusing the fresh
compounds. Likewise, the turnover number of this ma- catalyst, however, epoxide conversion diminished
terial is comparable to that reported for Ti-MCM-41 slightly. ICP-AES analysis demonstrated a low loss
[16] although both catalysts have been tested with dif- of Ti species during reaction (ca. 1.3% of Ti from
ferent substrates. Finally, the activity of the Ti-SBA-15 the fresh catalyst) which would explain the moderate
material has been compared with a catalytic homoge- decrease of conversion for the recycled materials.
neous system consisting of dissolved $§T0pCl,. The

results show that Ti species anchored to the surface of

mesopore walls produce a higher activity than those 4. Conclusions

directly dissolved in the reaction medium.

Another important issue of the catalytic perfor- Titanium containing mesoporous silica SBA-15 has
mance of this type of catalysts is their stability to- been synthesised using (§iCl, as metallic precur-
wards Ti leaching [31-33]. In order to study this sor. In contrast to the work published by Thomas and
effect, Ti-SBA-15 material free of cp ligands was co-workers [16], where just one cp ligand remains
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attached to the Ti centre after grafting treatment (C/Ti
coordination number of 5), our results show that a
significant amount of Ti species remain linked to both
cp ligands after grafting treatment. Moreover, the C/Ti
coordination number is dramatically influenced by the
amount of Ti effectively anchored on the surface. The
presence of two free covalent positions of a Ti atom
anchored to the surface of pore wall opens up the
feasibility of new subsequent modifications for the co-
valent attachment of different organic functionalities.
The surface properties of the silica support are cru-
cial for the incorporation degree of titanium species
via (Cpp)TiCl,. Adsorption and spectroscopic results
reveal that the titanium is well-dispersed on the sil-

225
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