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Mesoporous titanosilicates with—112 mol % Ti content and with three-dimensional wormhole-like
mesoporosity are prepared by a modified-sgél technique. Sorption analysis shows that there is little change

in the surface properties with increasing Ti concentration in the samples, implying that Ti atoms either are
well-dispersed on the walls of the silica matrix or are present inside the framework with no pore blocking
effect. Spectroscopic analysis shows that the Ti atoms are atomically dispersed in the silica matrix even at
very high Ti concentration and there is no observable Ti aggregate (anatase) present in the samples. These
titanosilicate samples after Au deposition followed by trimethylsilylation (for enhanced hydrophobicity) are
highly efficient catalysts for vapor-phase propene epoxidation usingn@ H. It was possible to achieve
commercially desirable performance with about 7% propene conversi@dd propene oxide selectivity,

and about 40% hydrogen efficiency.

1. Introduction such as TS-1, FMCM-41 and TEMCM-48'3-20 gnd Ti-
containing hydrophobic silsequioxa@deBut the problems for
industrial viability still exist due to low conversion of propene,
rapid deactivation, and low Hefficiency, which have been a
major hurdle in making the process commercially viable, even
though PO selectivity is>90%. Three requirements for the

Propylene oxide (PO) is an industrially important chemical
for the manufacture of polyurethane, unsaturated resins, sur-
factants, and other products. Industrially PO is produced using
two processes: Chlorohydrin process and Halcon (hydroper-

oxide) proces$.The former process produces environmentally : ! - .
unfriendly chlorinated organic byproducts as well as calcium support to overcome.these barrler_s are .(l) isolated Ti sites which
are in synergism with 24 nm size dispersed Au nanpart-

chloride, while the latter process produces equimolar amounts: 162224 . ;
of coproducts, is complicated, and requires heavy capital IC1€S:"** ** (2) supports with mesopores 5 nm for effective

investment. Extensive efforts are being made to develop an dispersion (_)f_Au nanoparticles inside th? pofesnd (3) support
alternative process for direct gas-phase propylene epoxidationhydrOphOb'C'ty.for better propylene o>§|d.e dgsorpt?érBased
using molecular oxygen because it is a promising method of on a rough estimate for Fhe commercialization of vapor-phase
tremendous industrial significance which can replace currently PrOPYI€ne epoxidation with #and Q our research target was

used environmentally disadvantageous processes. EnichenPn€-Pass propylene conversion of 10%, PO selectivity of 90%,
- 0

utilized TS-1 (MFI) as a catalyst for the epoxidation of and hyd.rogen efficiency of 50%. )

propylene in the liquid phase using hydrogen perofide. ' The discovery of mesoporous materfélsith a tunable pore

However, due to the very high production cost afdd and its size from 20 to 100 A opened a way to prepare mesoporous

handling problems, it would be highly desirable to produg®H titanosilicas, in which tetrahedral Ti can be introduced into the

in situ. Toso Co. LtcP has developed Pd/TS-1 catalyst for the Mesopore wall during synthesiSsuch as in T-MCM-41,28

in situ generation of kD, from H, and Q. Holderich and co- Ti—HMS,?° or grafted onto the wall surface of the mesoporous

worker$ modified the catalyst developed by Toso with Pt and host after synthesi®. These mesoporous titanosilicates exhibit

reported that the improved yield of PO could be ascribed to the high initial catalytic activities in the selective oxidations of large

maintainance of Pd in its-2 oxidation state. alkenes using alkyl hydroperoxide and hydrogen peroside.
Our research work on the catalysis by gofihas opened a Recently, it has been shown that it is possible to enhance the
new stage for the direct epoxidation of propylene using@d activity and selectivity for epoxidation reactions by introducing

Ho. In a series of papers we have reported the vapor-phasefydrophobicity effects using organically modifiéar silylated
epoxidation of propylene over highly dispersed nanosize Au titanosilicates. MCM-41 host has a one-dimensional pore

particles supported on TETiO,/SiO,, 1012 and titanosilicates structure, so pore blockage and diffusion limitations will reduce
the utilization of active sites. Additionally, the stabilization of
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anﬂ%’mo_sﬁ-%t_lé}b_s-co-ifp G(A-K-SL-}f; r?harr]mﬁ@aiStA'?g%p K(M-H-_)- challengé® The synthesis of a new class of disordered meso-
pecial Division O reen Lite lechnology, ansail. : . . . . .
* Current address: Materials Division, Toyota Central R&D Labs Inc., porous matena_l with uniform Ch_annel widths interconnected in
Nagakute, Aichi 480-1192, Japan. a three-dimensional wormhole-like fashi®have the advantage
ﬁOSaka University. over the ordered MCM-type materials due to easy diffusion of
Research Institute for Green Technology, AIST. reactants and products and by prevention of channel blockage.

U Current address: Advanced Manufacturing Research Institute, AIST . i . . L
Chubu, 2266 Anagahora, Shimo-Shidami, Moriyama-ku, Nagoya 463-8560, Besides, itis possible to have higher thermal stability and cheap,
Aichi, Japan. easy, and reproducible preparation, which is an advantage over

10.1021/jp0465229 CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/10/2005



Mesoporous Tritanosilicates by Sabel Method J. Phys. Chem. B, Vol. 109, No. 9, 2003957

ordered MCM-type materials, making these materials better heated at 200C for 2 h and finally outgassed to 1®Torr.
suited for industrial applications. The possibility of tailoring BET and BJH analysis were used to determine the total specific
the porosity of these materials (between 50 and 100 A) allows surface areaSer), pore volume, and pore size distribution of
the mesopores to be easily accessible for dispersion 6620 the titanosilicate supports.
A Au nanoparticles by depositierprecipitation (DP) method X-ray photoelectron spectra were obtained on a Shimadzu
unlike in the case of narrower pores (380 A) of MCM type ESCA-KM spectrometer equipped with a M@kK-ray exciting
supports where the access to mesopores by Au nanopatrticles isource with 10 mA current, 10 kV voltage, and 80 eV pass
limited. energy. The O 1s, Si 2p, and Ti 2p core-level spectra were
We reported these efficient epoxidation catalysts in an earlier recorded. The binding energies (BE) were referenced to the C
communicatior?® The main objective of the present work is to  1s peak at 285.0 eV.
present a detailed characterization of these mesoporous titano- The X-ray absorption spectra were collected under ambient
silicate materials and the advantages of their large pore size,conditions on a Rigaku R-EXAFS Super with a rotating W
3D mesoporosity, and enhanced hydrophobicity after silylation, anode X-ray generator operating at 10 kV and 200 mA. The
along with a high concentration of isolated Ti sites, in direct spectral data were collected in transmission mode with 240 s
vapor-phase epoxidation of propene to propene oxide usingaccumulation time. The analysis of the EXAFS data was

molecular oxygen and hydrogen. performed using the Rigaku-EXAFS software to obtain the
Ti—O distance of the samples.
2. Experimental Section Scanning electron microscopy (SEM) observations were made
2.1. SynthesisA modified sol-gel method was used to usjng the Leica Stereoscan 440 model. Transmission ellectrqn
prepare 3D mesoporous titanosilicates (named mes®iJi It microscopy (TEM) observations were made using a Hitachi

is obtained by aging, drying, and calcining a homogeneous H-9000 instrument to determine the mesoporous structure and

synthesis mixture, composed of titanium butoxide, tetraethyl Au particle size and its dlstrlputlon. _ActuaI_Au and Ti contents
orthosilicate (TEOS), and organic template, triethanolamine N the catalysts were determined by inductively coupled plasma
(TEA). In a specific synthesis, titanium butoxide (0.7 g, for Ti (ICP) technique.

= 2 mol %) was dropwise added to stirring TEOS (20.8 g). 2.5. Catalytic Activity Measurements. The catalytic tests
Then TEA (29.8 g) was added dropwise to this stirring mixture were carried out in a vertical fixed-bed U-shaped quartz reactor
followed by the dropwise addition of deionized water (19.8 g). (i.d. 10 mm) at 156-160°C using a feed containing 10 vol %
After the solution was stirred for-12 h, tetraethylammonium  each GHe, H,, and Q diluted with Ar passed over the catalyst
hydroxide (14.7 g) was added dropwise. The final homogeneous(0.15 g) bed at a space velocity of 4000kem?®(g of catalyst)
mixture with a molar ratio composition of Si0.02 TiG/(0.1— The temperature was measured using a glass tube covered Cr
0.3) TMAOH/(0.25-2) CeH1503N/11 HO was aged at room Al thermocouple located in the center of the catalyst bed. Prior
temperature for 24 h, dried overnight at 160G, and then to testing, the catalysts were first pretreated at 26Cfor 30

calcined at 700C for 10 h in a ramp rate of 1C min~1in air. min.. in a stream of 10 vol % in Ar, followed by 10 vol %

For comparison, the other supports-MCM-41 and T-MCM- O in Ar streams. The feeds and products are analyzed using
48 were also synthesized (% 2 mol %) according to the  on-line GCs equipped with TCD (Porapak Q column) and FID
reported procedurés. (HR-20M column) detectors and autoinjector. Catalysts regen-

2.2. Deposition of Au.Gold nanoparticles were deposited eration was done by treatment in 10 vol % &hd Q diluted
on the supports by a DP meth§t? as described earlier. Ina  in argon at 25C°C.
typical catalyst preparation an agueous solution of HAuCI
4H,0, 0.08 g (4 wt % Au wrt support), in 150 mL of water 3. Results and Discussions
was heated to 70C and the pH was adjusted to 6.5 using an .
aqueous alkali hydroxide solution. The support, weighing 1.0  3.1. Powder XRD Analysis.The XRD pattern of mesoporous
g, was suspended to it, the pH was adjusted once again to thetltanosmcate_ materials shows a very brogd pez_ak arouher2
same value, and the solution was aged at the above temperaturd-0—2.0° typical for mesostructured materials withigo value
for 1 h. The suspension was filtered, washed with distilled water, Of ca. 9.6 nm (Figure 1), which agreed with the distance between
freeze-dried under vacuum overnight, and finally calcined in the mesopores observed in the TEM image (see inset). Higher
air at 300°C for 4 h. The actual Au loading was 6-8.4 wt % order Bragg reflections are not observed for all these samples,
after DP. The actual Au loading on reference catalysts, Au/ indicating the absence of ordered structure in these materials.
Ti—MCM-41 and Au/Ti-MCM-48, respectively, was 0.36 and  This observation was also consistent with the high-resolution

0.32 wt %. transmission electron micrograph (HRTEM) image observation,
2.3. Silylation. Trimethylsilylation of gold-titanosilicate indicating that these samples have a disordered mesostructure

catalysts was carried out by passing methoxytrimethylsilane With wormhole-like 3D mesoporosity homogeneously distributed

vapors in Ar stream (at 25C) on the catalyst bed for 530 throughout the framework structure. Such XRD patterns are

min, followed by flushing with Ar at 200°C (5 h) before similar to those observed for 3D mesostructured materials such
catalytic measurement§,in order to silylate the titaosilicate ~ as TUD-137 HMS,3*® MSU-136 and KIT-1.% Visualization of
support by modifying the silanol (SIOH) sites with trimeth- the mesopore connectivity by HRTEM using Pt wires as a
ylsilyl (Si—(CHzs)3) moieties. contrast agent has shown the presence of 3D connectivity in
2.4. Characterization. The powder X-ray diffraction (XRD) ~ these material¥. Also, it was possible to prepare an inverse
patterns were obtained on a Rigaku Rint-400 instrument Structure of such materials out of carbon with similar wormhole-
equipped with a rotating anode and using Cua Kadiation like mesoporous structufé which supports the presence of a
(wavelength= 0.1542 nm). U\~ vis diffuse reflectance spectra  three-dimensional porous network in these materials. In the case
were measured at room temperature on a Photal Otsukaof the Ti—Si mixed oxide4® prepared by setgel proceduré
Electronics, MC-2530 instrument. Nitrogen adsorption/desorp- without any templating agents, low-angle diffraction peaks have
tion isotherms were obtained at196 °C on a Micromeritics not been observed, indicating the absence of any structural
ASAP 2010 apparatus. Prior to measurement, the samples weranesoporosity in the framework unit of these mixed oxides.
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Figure 1. XRD spectra of 3D mesoporous titanosilicates with titanium 00 02 04 06 08 10 0 100 200 300 400
concentrations of (a) 1.0. (b) 2.0, (c) 3.0, (d) 6.0, (e) 8.0, and (f) 12.0 PP Pore Radius (A)

Figure 2. Adsorption isotherm and pore size distribution for 3D

TABLE 1: Porous Properties of Titanosilicate Materials mesoporous titanosilicates with titanium concentrations of (a) 2.0, (b)
3.0, (c) 6.0, (d) 8.0, and (e) 12.0 mol %.

mol %.

ore
Ti surface aréa pore vof rgdius

material§)? (mol %) (m?g™?) (cm*g™)  (nm) L]
meso-Ti-Si(1) 1.0 834 11 4.53 L
meso-Ti-Si(2) 2.0 873 1.4 434 /\
meso-Ti-Si(3) 3.0 855 1.2 4.55
meso-Ti-Si(6) 6.0 812 1.1 3.69
meso-Ti-Si(8) 8.0 796 11 3.70
meso-THSi(12)  12.0 781 1.0 3.67 ~ /\/\

ax is the Ti content in mole percent. § (?

>

High-angle XRD analysis in thet2range 26-30° did not {7 @)
show any peaks. The absence of diffraction peak in theaBige Q
of 20—30°, which is generally attributed to crystalline anatase = @ |
phase, indicates the existence of well-dispersed titanium in the - o]
silica framework with no XRD observable Ti aggregation.

3.2. Nitrogen Adsorption—Desorption Analysis.The BET
surface areas of disordered mesoporous materials are found to — () |
be lower than those of the ordered MCM-41 type materials
(Table 1). Also BJH average pore diameter of these materials
is about 79 nm, which is much larger than that for MCM @ |
type materials (Table 1). All the samples exhibit isotherms of
type 1V, typical of mesoporous materials, with a well-defined "250 300 350 400 450 500 550
H2 hysteresis loop due to capillary condensation in the Wavelength (nm)
mesopores (Figure 2). In general, for all samples the hyStereSiS’Figure 3. Diffuse reflectance UV-vis spectra of 3D mesoporous
loop can be found at the relative pressure of-@475). A titanosilicates with titanium concentrations of (a) 1.0, (b) 2.0, (c) 3.0,

plateau at the relative pressure of about 0.7 and 1.0 indicates(d) 6.0, (e) 8.0, and (f) 12.0 mol % and (g) anatase.

no textural mesoporosity. All the samples exhibit a narrow pore

size distribution (Figure 2). Sorption analysis shows that there coordinated Ti at lower Ti concentration, which is similar to
is little change in the surface properties with increasing Ti that for T-MCM-41 and Ti-MCM-48 with the same level of
concentration in the samples, implying that Ti atoms are either Ti content. But with increasing Ti content in the samples the
well-dispersed on the walls of the silica matrix or are present UV—vis spectra were found to become broader at higher
inside the framework with no pore blocking effect. After Au  wavelength region. The sample with 6 mol % Ti shows a broad
deposition the samples show very slight decrease in surface aredand in the region of 220260 nm. The absorption band at

and pore volume. 260-270 nm has been attributed by several researchers to the
3.3. UV—Vis Analysis. The incorporation of Ti into the silica  presence of Ti atoms in 5- and 6-fold coordinations, which are
matrix was verified by UV-vis spectral analysis. UVvis most likely generated through the hydration of the tetrahedrally

spectra of the titanium-containing mesoporous titanosilicate coordinated site¢.42The spectra of samples with 2 and 3 mol
samples are shown in Figure 3. The YVis analysis of these % Ti shows that Ti is mostly isomorphously substituted for Si
samples shows a band near the 220 nm range due to tetrahedrallin the SiQ*~ tetrahedral and at such low Ti concentrations
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TABLE 2: XPS Si/Ti Ratios and O 1s and Ti 2p Binding 459.7
Energies of Mesoporous Titanosilicate Materials

Ti 2p3/2
material(x) (SilTi)ps (SiTi)ou® O 1s,(eV) (ABE®) (eV)

meso-TiSi(1) 86.5 96.8 459.7 (1.2)
meso-TiSi(2) 41.6 53.2 533.1 459.7 (1.2)
meso-TiSi(3) 28.2 36.3 533.1 459.5 (1.0)
meso-TiSi(6) 13.4 18.9 533.1 459.5 (1.0)
meso-TiSi(8) 9.6 13.1 459.4 (0.9)
meso-TiSi(12) 6.3 8.1 533.1,530.1 459.4 (0.9)
anatase 530.1 458.5

aReference to the C 1s peak at 285.0 8%rom ICP analysis: ABE
(in parantheses) corresponds to the increase of the binding energy (BE)
with respect to anatase TiO

virtually no Ti—O—Ti linkages are probably present. On the
other hand, in the spectra of samples with 8 and 12 mol % Ti,
the broad absorption bands centered at-28%0 nm with no
clear band at 220 nm. According to earlier reports, this large
shift of UV—vis indicates that the Ti atoms would no longer
be completely isolated in the silica matrix but would exist in
Ti-rich microdomains with T+O-Ti linkages that grow
progressively larger with increasing Ti contéhglthough these
shifts might indicate the existence of a small amount of anatase . . .
phase in the silica matrix, the calcined samples with up to 12 450 455 460 465

mol % Ti do not show the presence of any anatase in their XRD Binding Energy (eV)

patterns as mentioned earlier. Generally a shoulde80 nm Figure 4. Ti 2p XPS spectra of 3D mesoporous titanosilicates with
is expected in the spectrum if the sample contains some bulktitanium concentrations of (a) 1.0, (b) 2.0, (c) 3.0, (d) 6.0, (e) 8.0, and
titania, but such a shoulder could not be observed. Yet the (f) 12.0 mol %.

formation of Ti=O—Ti clusters with increasing titanium content
cannot be ruled out because the spectra become broader and
show a red shift with increasing Ti content.

UV —vis spectra are very sensitive to the hydrated state of
the Ti-containing silica samples. The spectra of the titanosilicate
samples shown in Figure 3 may be different from those
measured in the dry state which would result in a large blue
shift; for example, mixed oxides with up to 11 mol % Ti after
dehydration in a vacuum at 25C show a large blue shift of
about 30 nm compared to that in the hydrated sta@ompared
to the UV—vis spectrum of the mixed oxide with 11 mol %%,
the red shift for the sample with 12 mol % Ti is smaller,
indicating that bulk titania phase is absent even at high Ti
content and the FFO—Ti domains inside these samples are
smaller than 1 nm (and so invisible in the XRD spectra).

3.4. XPS Analysis.XPS analysis of titantasilica mixed
oxides frequently indicate a linear relationship between surface
and bulk composition below about 15 wt % TiGand some
surface enrichment in Si, particulary at high Ti cont&nithe
surface Si enrichment is attributed to the different reactivities
of Ti—alkoxide and Si precursors in hydrolysis and condensation and the corresponding spectra are shown in Figures 4 and 5.
reactions during the selgel synthesis. The higher reactivity of  Figure 4 shows Ti 2p XPS spectra as a Tg2[@nd Ti 2Q,..

Ti precursor would lead to the formation of Ti-rich cores in the doublet with a separation of 5.75 eV for the samples with
early stage of synthesis and subsequent development of a Sidifferent titanium content. With low titanium content, samples
rich “shell”. But this effect is minimized in our material, due show a Ti 2p;; line at 459.7 eV binding energy, which is about
to Ti—TEA complexation during synthesis, which results in slow 1 eV higher than that of TiQanatas# and indicates tetrahedral
and gradual decomposition of this complex leading to incor- coordination of completely isolated Ti sites in the silica mat?ix.
poration of Ti in the silica matrix, resulting in preferential With increasing titanium loadings the positions of the Ti 2p
location of Ti species on the surface. In fact our results shown line shift toward lower binding energies. As the titanium loading
in Table 2 clearly show the presence of higher surface Ti increases for T#+ 6 mol %, the Ti 2p;; line shifts further toward
content, which can be attributed to the role of TEA which slows the binding energy of Ti 2y measured for Ti@Qanatase (458.5
down the hydrolysis of Ti precursor. Higher surface Ti content eV)** but still a gap of approximately 0.9 eV is obvious.
would result in a greater number of exposed active surface Ti Lassaletta et & proposed that, in addition to the effect of
sites that would lead to better catalytic performance which was coordination environment, the titantailica interface is impor-
found to be true (vide infra). tant for the BE in XPS measurements. At the—TO-Si

The binding energies (BE) of Ti 3pand O 1s core level of  interface, the oxygen is less polarizable than bulk titania and
3D mesoporous titanosilicate samples are collected in Table 2,the photoelectrons created at the titarsdica interface are less

Intensity (arbitrary units)

S
55
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Intensity (arbitrary units)
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Figure 5. O 1s XPS spectra of 3D mesoporous titanosilicates with
titanium concentrations of (a) 2.0, (b) 3.0, (c) 6.0, and (d) 12.0 mol %.
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efficiently screened than bulk titania. Thus, the shift in the

position of the Ti 2p line toward lower binding energies with 12
increasing Ti loading reveal an incomplete Ti site isolation and a
the presence of Ti-rich microdomains with-TO—Ti linkages
at high Ti content.

Figure 5 shows O 1s XPS spectra of titanosilicates with 0.8
different titanium loadings. Only an intense O 1s line at 533.1
eV is observed for samples up to 6 mol % Ti. For highest
titanium loading of 12 mol %, a weak O 1s line at 530.2 eV 0.4+
becomes resolvable, indicating the presence of, Tldsters.
TiO, anatase gives only one line at 530.2 eV.

3.5. XANES Analysis.XANES represents electronic transi-
tion from an inner level to the outer unoccupied levels caused 121
by X-ray absorption, thus giving information on the local
electronic structure and coordination environment around an
absorbing atom. For this reason, the coordination state of Ti
has often been probed by Ti K-edge XANES in a qualitative
manner by comparison of shape or intensity of preedge peak
with XANES spectra of reference materials. The characteristic
feature in Ti K-edge spectra is the preedge caused by the 04-
excitation of 1s electron into an empty bound state derived from
d and p states of Ti and O. It is well-known that Ti(IV) is in a
d® configuration corresponding to.for Ay4 states depending
on tetrahedral or octahedral symmetry with four or six oxygen
anions, respectivel§. In the tetrahedral symmetry, transitions
occur from A into the final states of Jand E. As considerable c
mixing of 3d and 4p orbitals occurs, the-Mto-T, transition
is allowed and overwhelms the weakei-iito-E transition. 08
Therefore, tetrahedral Ti(IV) is represented by a strong single
peak in the preedge region. In the case of octahedral symmetry,
the transition of 1s electrons occurs into empty d orbitals and 04
the final states are,f and k. Hence, expected transitions are l
Aiginto-Tog and g, which are both Laporte-forbidden. Con-
sequently, the octahedral symmetry of Ti(IV) shows weaker

i XA 47
preedge absorption peaks than that for tetrahedral TiF): Figure 6. Ti K-edge X-ray absorption spectra of 3D mesoporous

We inv_estigated_the Ti K-edge XANES spectra Of_ the_samples titanosilicates with titanium concentration of (a) 3.0, (b) 6.0, and (c)
with different Ti concentrations as presented in Figure 6. 12.0 mol %.

Attention was focused on the change in preedge peak intensity
as the amount of Ti was increased. Compared with the preedge
peak for the 6 mol % Ti sample (Figure 6b), the intensities for
the 3 mol % Ti sample (Figure 6a) was smaller. It is evident
that the formation of the HO—Si connectivity having tetra-
hedral symmetry of Ti with four surrounding O anions was
maximized at Ti= 6 mol %. For the samples with 12 mol %
Ti (Figure 6c), the intensity of the main preedge peak decreased
and a weak shoulder peak (indicated by arrow) appeared next
to the main preedge peak, which could be interpreted as the
preedge peak of anatase. It implies formation of someCrH+
Ti bonds having octahedral symmetry of Ti, but no titania phase
was detected by XRD analysis indicating the presence of well-
dispersed and very small FO—Ti clusters. It is well-known
that water adsorption disturbs the regular tetrahedral symmetry
of Ti in a silica-rich sample, and the XANES spectra are very
sensitive to the hydrated state of Ti. So the presence of five-
and six-coordinated Ti sites generated through the hydration of
tetrahedral sites cannot be ruled 6tt247

EXAFS region of the absorption spectra provided comple- - = - =
mentary information on the local environment surrounding Ti. Figure 7. SEM of 3D mesoporous titanosilicate support with 2.0 mol
A Fourier transform of the EXAFS data in Figure 6 provided 7 Ticontent.
the Ti—O distance of 0.181 nm for the sample with 6 mol % 3.6. SEM and TEM Analysis. SEM analysis of these
Ti, while it was slightly higher at 0.188 for the 12 mol % Ti samples (Figure 7) showed that the particles did not have any
sample. The average FO distance in 4-fold and 6-fold  well-defined morphology and the sample consisted of about
coordinated silicates has been reported to be 6-D7834 and 5—50 um irregular-shaped cheeselike particles. TEM analysis
0.194-0.206 nm, respectivekp clearly shows (Figure 8) that the mesoporous network is

0.8

4950 4970 4990 5010 5030 5050
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50nm

Figure 9. TEM of 4% Au deposited titanosilicate supports with (a) 2.0 and (b) 6.0 mol % Ti.
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attributed to larger pore size and 3D mesoporosity of the support
for easy diffusion of reactants and products as well as due to
higher concentration of surface Ti sites (as observed by XPS
analysis). Propene conversion is further enhanced after silylation
of the gold-titanosilcate catalysts. Such an enhancement in
homogeneously distributed throughout the framework structure. conversion after silylation was not observed in the case of
The Figure 8 inset clearly shows the presence of well-defined ordered Ti-MCM-48 based catalyst:?> Also, these titanosili-
mesopores in these samples. TEM of the sample with 12 mol cate-based catalysts showed the best hydrogen efficiency. For
% Ti shows a rather foamlike mesoporous structure. example, the blconsumption was nearly-25 times less than

3.7. Gold Nanoparticles Distribution on Supports. TEM those observed for the ordered MCM-41 and MCM-48 type
analysis of the supported gold catalysts (Figure 9) clearly showssupports, which can be directly correlated to efficient utilization
the presence of homogeneously distributed Au nanoparticles onof in situ generated hydrogen peroxide-like species for epoxi-
the support surface. The samples show a narrow gold particledatior? due to better synergism between Au and Ti sites.
size distribution (Figure 10) with average particles size of about  (b) Ti Concentration Effectrigure 12 shows the influence
3.0 = 1 nm. The supports with higher Ti content (6 mol %) of variation in Ti content from 2 to 6 mol % in the gotd
show the presence of some larger Au nanoparticles (Figure 9b).titanosilicate catalysts on propylene epoxidation performance.
The reference catalysts, AUAMCM-41 and Au/T-=MCM- The propylene conversion increased slightly while the PO
48 also had average particle size of 3:0L nm. selectivity decreased, with the increasing Ti content. PO yield

We have observed that sequential pretreatments, using diluteds found to increase with increasing Ti content, the catalyst with
H, followed by diluted Q, is very vital for obtaining highly 6 mol % Ti content gives the highest PO yield while the catalyst
dispersed nano-Au catalysts with narrow particle size distribu- with 2 mol % Ti content gives the lowest PO yield. The catalyst
tion in the range of 25 nm, which results in high catalytic ~ with 2 mol % Ti content showed the best hydrogen efficiency.
activity. Only H, pretreatment resulted in smaller Au particles, But in the case of MCM-41 and MCM-48 supported Au
with considerable number of particles witt2 nm size, which catalysts the best catalyst performance was obtained with only
results in significant decrease in epoxidation activity (about 10 1.5-2 mol % Ti concentration when the Ti isolation in silica
15% lower activity). It is likely that @induces the growth of ~ matrix was optimunt#~16 Better Ti dispersion in silica matrix
Au particles because the pretreatment only in the diluted H for the 3D wormhole-like mesoporous titanosilicate even at
did not cause appreciable growth of Au particlés. higher Ti contents (up to 6 mol %) (as observed by-tiNs

3.8. Propylene Epoxidation Activity. (a) Support Effect. analysis) and a greater amount of surface-exposed Ti sites (as
Figure 11 shows the results of propylene epoxidation over Au- observed by XPS analysis) could be responsible for better
deposited, 3D mesoporous titanosilicates (mesoST), silylated catalytic performance of the catalysts.
meso-TiSi, and mesoporous FMCM-41 and T=MCM-48. (c) Trimethylsilylation EffectFigures 13 and 14 show the
It is observed that meso-FiSi samples are more active as results of the influence of trimethylsilylation of 3D mesoporous

a 35
96 ——  —@— meso-Ti-Si
— g———
1 — —A——* = Ti-MCM-41
304 ] 2 ¥ /./~/ — —A— mlmTi-Si-Silylated
] o —— Ti-MCM-48
:‘E 924 C/—‘
251 3
A
| %] .
w 207 ; e
- i e
o 154 —
o e 401 -\.\-\"'\
| ° 354 W
10 g 30
] g 25
51 § 20] \
] oas] L e L
0+——71——1 ———T—T—7T—7 10 \_\ ——
o 1 2 3 4 5 6 7 8 9 10 . . e,
Diameter (nm) 71
X 64
b 12 g
1 § ] \ \
§ 4 A,
101 o ] \\.\' ‘\\‘\‘
8- 2 i
0 1 2 3 4 5
[2]
§ 61 Time on Stream (h)
8 Figure 11. Propylene conversion, PO selectivity; Ebnversion, and
44 PO yield on various mesoporous titanosilicate supported Au catalysts.
2] supports for nanogold catalysts and exhibit higher propene
conversion and PO selectivity than-IMCM-41 and T=MCM-
] 48. Enhanced propene conversion and PO selectivity can be
0 | ' | | prop y
8

o 2 4 6
Diameter (nm)

Figure 10. Particle size distribution for 4% Au deposited titanosilicate
supports with (a) 2.0 and (b) 6.0 mol % Ti.

10



Mesoporous Tritanosilicates by SaGel Method

96 - T T j ;/./i " L1
- —=&—Ti: 2 mol%
/ °
944 " ——Ti: 6 mol% T
—&A—Ti: 3 mol% 1
A
< 92 4 . A s ——A—ATTS
> [ | // 4
>
= 90 E
3 A/
z ]
)] .
o 88- .- o o—* -
o o—
./
86 / -
84 o .
6.0 v T T T T )
1 o 1 2 3 4 5.

304 . .
—&—Ti: 2 mol%
—&—Ti: 6 mol%
X 254 —A—Ti: 3 mol% ]
s .
®
S 20+ .
s A o
3 A— — . — o - ]
c A\A\A\A g .
ﬂg)_) 154 —a— &
o
2
T 1 .
4 —, ]
i
—a—a— g
M T T ) T T
° 1 2 3 4 5

J. Phys. Chem. B, Vol. 109, No. 9, 2003963

554 Time on Stream (h) T 45 Time on Stream (h) i
1 A
5.0 u —=&—Ti: 2 mol% 1 ] —=&—Ti: 2 mol%
© ] —@—Ti: 6 mol% 1 4.0+ —@—Ti: 6 mol% T
= 454 —A—Ti: 3 mol% y —A—Ti: 3 mol% .
1 1 X
8 40 o 1 3 35 '\ 4
[} J 4 © n
[} [
c >
o 354 I\ 4
Oza ) A\i.\. 4 8 3.04 \.\. L )
I, 3.0+ s o - 1 A\ ~_
o ] a- . 1 254 \§ S~
. :i‘\ ] - %A\. _
1 .\:iAiA‘ —
20 pa—— 204 i
T M 1 M ) M T M ) v T M T M T v T
0 1 2 3 4 5 0 1 2 3 4

Time on Stream (h) Time on Stream (h)

Figure 12. Propylene conversion, PO selectivity; Ebnversion, and PO yield on mesoporous titanosilicate supported Au catalysts with different
Ti concentrations.
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Figure 13. Propylene conversion, PO selectivity; Ebnversion, and PO yield on mesoporous titanosilicate supported Au catalysts with 3.0 and

6.0 mol % Ti concentrations after trimethysilylation and after regeneration of silylated 3.0 mol % Ti catalyst.
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Figure 14. Propylene conversion, PO selectivity; Ebnversion, and PO yield on silylated mesoporous titanosilicate supported Au catalyst with
2.0 mol % Ti, before and after regeneration.

gold—titanosilicate catalysts with different Ti concentrations on solvents the deactivating organic moieties from the catalyst
propene epoxidation performance. Under similar reaction condi- surface, failed to recover the original activity of the catalyst.
tions, the silylated catalysts showed much enhanced activity for But, we could demonstrate for the first time that it was possible
propene epoxidation compared to the unsilylated catalyst (seeto regenerate the catalysts to regain more than 80% of the initial
Figure 12). The propene conversion as well as PO selectivity activity by treatment in 10 vol % fHand Q diluted in argon
increased conspicuously after silylation of geltitanosilicate (for about +-2 h) at 250°C. Figures 14 and 13 compare the
catalysts. There was more than 40% increase in PO yield afterperformance of the regenerated silylated catalysts after 48 h of
silylation. The silylated catalysts with 3 and 6% Ti concentra- reaction. The catalyst after regeneration showed improved PO
tions showed higher propene conversion as well as PO yield selectivity and hydrogen efficiency. The local heat generated
compared to 2% Ti content silylated catalyst. Higher hydro- during the reaction of Hand Q at the active sites of the catalyst
phobicity for the silylated catalysts, due to formation of during regeneration is probably responsible for the elimination
trimethylsilyl moiety after silylation of the silanol sites of of the accumulated deactivating species at the active sites. The
titanosilicate support, favors easy desorption of PO from the regenerated catalysts maintained their XRD crystallinity, and
catalyst, thereby showing marked improvement in PO yield for there was little decrease in the surface areas compared to the
these catalysts. Propene conversions decreased with reactiofresh catalyst. Also, UV-vis analysis did not show any change
time on stream for all the catalysts, but a relatively lower in the band near 220 nm observed for the fresh sample,
decrease was observed in the case of silylated catalysts. This igndicating that the regenerated samples maintain the tetrahedral
attributable to the easy desorption of PO from the support coordination of Ti species.

surface as well as due to passivation of surface acid sites, thereby The catalysts are found to be very active and selective even
preventing the deactivation of the catalyst surface by oligomer- on regenerating after two reaction cycles (Figure 14). The
ized species formed from the adsorbed PO at the acid'Sites. reaction over the second regeneration catalyst was performed
Thus, silylation of Au catalysts supported on disordered at 160°C, while for all other catalysts the reaction temperature
titanosilicates has been found to have a very positive influence was 150°C. The reason for selecting higher reaction temperature
on PO yield in contrast to the case of silylated AW/MCM- for the second regeneration catalyst was that it was possible to
48 catalystd® It is interesting to note from Figure 13 that the have high conversions with optimum PO selectivity and
silylated catalysts with 3 and 6 mol % Ti content show marked hydrogen efficiencies, whereas in the case of fresh as well as

decrease in Hconversion compared to the unsilylated catalysts first regeneration catalysts, the best hydrogen efficiency and
(see Figure 12). PO vyield were obtained at 15C (Figure 14). The possibility

(d) Catalysts Regeneratioffast deactivation of the catalyst of regen_erating the used catglysts_is very important in order to
is a major problem in this reaction. IR spectroscopic stédies Make this process commercially viable.
have identified propoxy groups formed from the adsorbed PO,
which might form oligomerized species responsible for deac-
tivation. Attempts to regenerate the deactivated catalysts by We could prepare high surface area, high Ti content 3D
thermal treatment in oxygen stream, or by dissolving in organic wormhole-like mesoporous materials with high Ti dispersion

4. Conclusions
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in silica matrix as observed by physicochemical and spectro-  (20) Sinha, A. K.; Seelan, S.; Akita, T.; Tsubota, S.; HarutaQdtal.
scopic characterizations. These mesoporous titanosilicates with-étt: 2003 85, 223. A - eelan. S WS Teub _
wormhole-like 3D mesoporosity and with Ti content as high as Yo(szh]i.()jar,(?—E;OOHrz;r,\let.al,D.I{A(S:Irr]]er?{. Ac'o'r(ﬁ’mslﬁgo%nz’ 25()'2""9& I, S; Tsubota, S.;
6 mol % are found to be highly efficient catalysts for vapor-  (22) Nijhuis, T. A.; Huizinga, H.; Makkee, M.; Moulijn, J. And. Eng.
phase propylene epoxidation using, @nd H, after Au Chem. Res1999 38, 884.
deposition followed by trimethylsilylation. About 7% propylene (23) Stangland, E. E.; Stavens, K. B.; Andres, R. P.; Delgass, W. N.
conversion at-90% PO selectivity and about 40% hydrogen 2@l 2000 191, 332. o _ _
- . . (24) Mul, G.; Zwijnenburg, A.; Linden, B.; van der Makkee, M;
efficiency could be achieved using these catalysts. Three- yyjijn, J. A. 3. Catal. 2001 201, 128.
dimensional mesoporosity, large mesoporeg (im pore size) (25) Sinha, A. K.; Seelan, S.; Tsubota, S.; Haruta,Avigew. Chem.,
allowing better dispersion of Au nanoparticles inside the Int. Ed.2004 43, 1546. ' _
mesopores, and enhanced hydrophobicity due to silylation were . (26) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli J. C.; Beck,

. SO ; . J. S.Nature 1992 359, 710.
responsible for achieving close to commercially desired propene (27) Corma, A.Chem. Re. 1997, 97, 2373.

epoxidation performance. N o B (28) Notari, B.Adv. Catal. 1996 41, 253.

These 3D mesoporous titanosilicates with wide composition  (29) zhang, W.; Froba, M.; Wang, J.; Tanev, P. T.; Wong, J.;
range, high specific surface area, and high degree of homoge-Pinnavaia,T. JJ. Am. Chem. Sod.996 118 9164.
neous Ti dispersion can have potential application as catalyst__(30) gMaSChmeyerv T..Rey, F.; Sankar, G.; Thomas, JNBure1995
and support for a variety of reactions, as well as find application (31) Dusi, M.; Mallat, T.; Baiker, ACatal. Re.. —Sc. Eng.2000 42

in adsorption, coatings, and membranes. 213.
(32) Tanev, P. T.; Chibwe, M.; Pinnavaia, T.Nature1994 368 321.
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