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Abstract

The strong metal—support interaction and catalytic behaviors of Pd catalysts supported on micron(0.1 pwm)- and nano-sized (14 nm) TiO, were
investigated in the liquid-phase selective hydrogenation of phenylacetylene to styrene. It was found that when supported on the nano-sized TiO,,
the Pd/TiO, catalyst that reduced by H, at 500 °C exhibited strong metal-support interaction (SMSI) and much improved catalytic performance
in liquid-phase selective hydrogenation of phenylacetylene. However, as revealed by CO pulse chemisorption, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), and CO-temperature program desorption, the SMSI effect was not detected for the micron-sized
TiO, supported ones. It is suggested during high-temperature reduction, the inner Ti** in large crystallite size TiO, was more difficult to diffuse to
the Pd° surface than the surface Ti** in the smaller crystallite size ones. Sintering of Pd” metal was observed instead.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The selective hydrogenation of alkynes to alkenes has fun-
damental importance in the fine chemicals production and
industrial polymerization processes [1—4]. A large number of
these reactions are carried out in liquid phase using batch type
slurry reactors. The major advantages of supported noble metal
catalysts in liquid-phase hydrogenation are their relatively high
activity, mild process conditions, easy separation, and better han-
dling properties. Pd is one of the most frequently used metals
in such processes because of its unique ability to selectively
hydrogenation.

Various supports have been employed for recent develop-
ment of supported Pd catalysts for liquid-phase selective alkyne
hydrogenation such as silica [5-8], MCM-41 [9-11], carbon
[12], and titania [13-16]. Among these, titania is of particular
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interest because it exhibits the strong metal-support interaction
(SMSI) phenomenon after reduction at high temperatures due to
the decoration of the metal surface by partially reducible metal
oxides [17,18] or by an electron transfer between the support
and the metals [19,20]. In selective hydrogenation of acetylene
to ethylene on Pd/TiO; catalysts, the charge transfer from Ti
species to Pd weakened the adsorption strength of ethylene on
the Pd surface hence higher ethylene selectivity was obtained
[21]. Fan and coworkers [13] found that Pd/TiO; catalysts with
SMSI exhibited higher selectivity for alkenes in liquid-phase
hydrogenation of long chain alkadienes. Recently, Xu et al.
[16] reported that Pd/TiO, catalyst prepared by sol-gel pro-
duced high conversion and high yield towards butyric acid in
liquid-phase hydrogenation of maleic anhydride. The excellent
catalyst performances were attributed to the strong interaction
between metal and support and the formation of interfacial
Pd-TiO; site, which was induced by high-temperature reduction
step.

Recently, there has been a growing interest in the appli-
cation of nano-sized TiO; in the field of catalysis. With the
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decrease in particle size to nanometer scale, photocatalytic
activity of TiO, is enhanced because the optical band gap is
widened due to surface defect [22,23] and an increase in sur-
face area [24,25]. Various techniques have been reported for the
preparation of nano-sized TiO; such as solvothermal method
[26-28], precipitation method [29], sol-gel method [30-32], and
thermal decomposition of alkoxide [33]. The sol-gel method
is an easy method but the precipitated powders obtained are
amorphous in nature and further heat treatment is required
for crystallization. Solvothermal method is an alternative route
for direct (one-step) synthesis of pure anatase TiO,. Parti-
cle morphology, crystalline phase, and surface chemistry of
the solvothermal-derived TiO; can be controlled by regulating
precursor composition, reaction temperature, pressure, solvent
property, and aging time.

In previous studies, the effect of TiO, polymorphs (anatase
and rutile) on the strong metal-support interaction and catalytic
properties of Pd/TiO; have been studied and compared [13,34].
It was shown that pre-reduction by Hp at lower temperature
results in SMSI for anatase titania supported palladium catalyst,
but not for rutile titania supported one. A recent study from our
group has shown that the use of pure anatase TiO; that contained
significant amount of Ti>* defects as supports for Pd catalysts
gave high ethylene selectivities in gas-phase selective acetylene
hydrogenation, while the use of pure rutile TiO; resulted in
ethylene loss [35]. Nevertheless, the effects of Ti3* and/or the
TiO, crystallite size on the strong metal—support interaction of
Pd/TiO, and their catalytic behavior in liquid-phase selective
hydrogenation have never been reported.

Thus, it is the aim of this study to investigate the SMSI phe-
nomena and catalytic behavior of Pd catalysts supported on
micron- and nano-size TiO; in liquid-phase selective hydro-
genation of phenylacetylene under mild reaction conditions. The
nano-TiO; was synthesized by the solvothermal method in 1,4-
butanediol using titanium n-butoxide as a titanium precursor.
The catalysts were characterized by N, physisorption, X-ray
diffraction (XRD), CO-temperature programmed desorption
(CO-TPD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), CO pulse chemisorption, electron
spin resonance (ESR) and X-ray photoelectron spectroscopy
(XPS).

2. Experimental
2.1. Preparation of TiOz and Pd/TiO; catalysts

The solvothermal-derived nano-TiO;, was prepared accord-
ing to the method described in Ref. [36] using 25g of
titanium(I'V) n-butoxide (TNB) 97% from Aldrich. The start-
ing material was suspended in 100 ml of 1,4-butanediol in a test
tube and then set up in an autoclave. In the gap between the
test tube and autoclave wall, 30 ml of solvent was added. After
the autoclave was completely purged with nitrogen, the auto-
clave was heated to desired temperature (320 °C) at the rate of
2.5Kmin~! and held at that temperature for 6 h. Autogeneous
pressure during the reaction gradually increased as the temper-
ature was raised. After the reaction, the autoclave was cooled to

room temperature. The resulting powders were collected after
repeated washing with methanol by centrifugation. They were
then air-dried at room temperature. For comparison purposes,
the micron-sized anatase TiO, was obtained commercially from
Aldrich. The micron- and nano-sized TiO; were denoted herein
as TiOz-micron and TiO;-nano, respectively.

The 1%Pd/TiO, catalysts were prepared by the incipient
wetness impregnation technique using an aqueous solution of
the desired amount of Pd(NO3),-6H,0O (Aldrich). The catalysts
were dried overnight at 110 °C and then calcined in air at 450 °C
for 3h.

2.2. Catalyst characterization

The specific surface areas, pore volumes, and average
pore diameters were determined by N; physisorption using
a Micromeritics ASAP 2000 automated system and the
Brunauer-Emmet-Teller (BET) method. Each sample was
degassed under vacuum at <I x 107> bar in the Micromerit-
ics system at 150°C for 4h prior to Ny physisorption. The
XRD patterns of the catalysts were measured from 10° to 80°
26 using a SIEMENS D5000 X-ray diffractometer and Cu
Ka radiation with a Ni filter. The particle morphology was
obtained using a JEOL JSM-35CF scanning electron micro-
scope (SEM) operated at 20kV. Catalyst crystallite sizes were
obtained using the JEOL JEM 2010 transmission electron micro-
scope that employed a LaBg electron gun in the voltage range of
80-200kV with an optical point-to-point resolution of 0.23 nm.
The amounts of CO chemisorbed on the catalysts were mea-
sured using a Micromeritic Chemisorb 2750 automated system
with ChemiSoft TPx software. Prior to chemisorption, the sam-
ple was reduced in a H, flow at a desired temperature for 2h
and then cooled down to ambient temperature in a He flow.
XPS analysis was performed using an AMICUS photoelec-
tron spectrometer with Mg Ko X-ray as primary excitation and
equipped with KRATOS VISION2 software. XPS elemental
spectra were acquired with 0.1 eV energy step at pass energy
of 75kV. The C 1s line was taken as an internal standard
at 285.0eV. Electron spin resonance spectroscopy (ESR) was
conducted using a JEOL JESRE2X electron spin resonance
spectrometer. The intensity of ESR was calculated using a com-
puter software program ES-PRIT ESR DATA SYSTEM version
1.6.

2.3. Reaction study

Approximately 0.2 g of 1%Pd/TiO; catalyst was placed into
the 50 ml autoclave. The reactant consisting of 1 ml of phenyl
acetylene and 9 ml of ethanol was mixed in a volumetric flask
before being introduced into the autoclave reactor. Afterward
the reactor is purged with hydrogen gas. The liquid-phase hydro-
genation was carried out with H, pressure between 1 and 3 bar
at 30 °C for 1040 min. After the reaction, the vent valve was
slowly opened to prevent the loss of product. The product mix-
ture was analyzed by gas chromatography with flame ionization
detector (FID).
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Fig. 1. XRD patterns of nano- and micron-sized TiO5.

3. Results and discussion

Fig. 1 shows the XRD patterns of the micron- and nano-
sized TiO,. Both samples exhibited the characteristic peaks of
the anatase titania at 20 =25° (major), 37°, 48°, 55°, 56°, 62°,
71°, and 75°. The average crystallite sizes of the TiO,-micron
and TiO;-nano calculated from the full width at half maximum
of the XRD peak at 260 =25° using the Scherrer equation were
100nm (~0.1 wm) and 14 nm, respectively. The average crys-
tallite size of TiOy-micron in this study was found to be much
larger than many commercially available TiO, widely used in
the industry such as P-25 (Degussa), PC-500 and AT-1 (Millen-
nium Chemicals), and Hombikat UV-100 (Sachtleben Chemie)
in which the TiO; crystallite sizes are in the range of 10-30 nm
[37]. The XRD characteristic peaks corresponding to PdO and/or
Pd® metal were not observed after impregnation of Pd, calcina-
tion, and reduction steps due probably to the low amount of Pd
present or a higher degree of Pd dispersion (results not shown).

Table 1 summarizes physicochemical properties of the TiO»
and 1%Pd/TiO, catalysts. Reduction with H» either at 40 or
500 °C did not result in significant changes of the TiO crystallite
sizes. The BET surface area of the 1%Pd/TiO;-micron was not
altered from the original TiO,-micron support suggesting that
most of the palladium were deposited on the external surface of
the support. In contrast, the BET surface areas of the TiO,-nano

Table 1
Physicochemical properties of various TiO; and 1%Pd/TiO; catalysts

decreased after Pd loading followed by the high-temperature
reduction at 500 °C, indicating that Pd was deposited in some
of the pores of the TiO, support. A slight increase in the TiO;
crystallite sizes of the TiO;-nano from 14 to 17 nm was probably
caused by high temperature calcination and reduction of the cat-
alysts at 500 °C. The percentage of Pd dispersion estimated from
CO chemisorption and Pd° metal particle sizes calculated were
also given in Table 1. It was found that %Pd dispersion decreased
when the catalysts were reduced at 500 °C for both TiO,-micron
and TiO,-nano-supported Pd catalysts. However, %Pd disper-
sion for 1%Pd/TiO;-micron decreased by 80.5% while that of
1%Pd/TiO;-nano decreased by only 53.5%. The corresponding
Pd? particle sizes calculated based on CO chemisorption were
varied from 6.7 to 48.7 nm.

Fig. 2 shows the SEM micrographs of TiO; and 1%Pd/TiO»
catalysts (calcined). The TiO;-micron had a uniform particle
size of 0.1-0.2 wm while the TiO»-nano consisted of irregular
shape of very fine agglomerated particles. Morphologies of the
reduced 1%Pd/TiO, catalysts were not significantly different
from the corresponding TiO, supports suggesting high-thermal
stability of the TiO,. TEM analysis has been carried out in
order to physically measure the Pd” particle sizes on the var-
ious TiO, supports and the results are shown in Fig. 3. The
particle sizes of various TiO, supports were consistent to those
obtained from XRD results. It is clearly seen that on the TiO;-
micron, Pd” metal particle sizes increased when the catalyst was
reduced at 500 °C whereas those on the TiO;-nano were essen-
tially the same to those reduced at 40 °C. Such results indicate
that sintering of Pd° metal occurred on the 1%Pd/TiO5-micron
catalyst during high-temperature reduction, in agreement with
the lower amount of CO chemisorption observed (Table 1). For
the 1%Pd/TiO3-nano reduced at 500 °C, the results of TEM
and low CO chemisorption (giving an over estimation of the
Pd® metal particle sizes) indicate that the catalyst exhibited
strong metal-support interaction under high-temperature reduc-
tion since no change in the Pd® particle size was observed.
The SMSI effect on these catalysts was confirmed by mea-
suring the amounts of CO chemisorption of the re-calcined
(at 450°C) and re-reduced (at 40 °C) catalysts after they were
subjected to reduction at 500 °C. The results are illustrated in
Fig. 4. The amount of CO chemisorption of the re-calcined and
re-reduced 1%Pd/TiO,-micron was less than that reduced at
40°C suggesting that sintering of Pd® occurred during high-

Sample?® Crystallite size of TiOy BET (m?/g) Pore volume (cm3/g) Pore diameter (nm) %Pd dispersion® ddeO (nm)*©
by XRD (nm)

TiO,-micron 100 10 0.02 7.6 - -
TiO-nano 14 79 0.40 14.9 - -
1%Pd/TiO,-micron-R40 96 9 0.03 1.3 16.4 6.9
1%Pd/TiO;-micron-R500 94 11 0.03 1.2 3.2 48.7
1%Pd/TiO,-nano-R40 16 73 0.31 0.6 16.8 6.7
1%Pd/TiO;-nano-R500 17 68 0.28 0.8 7.8 40.6

2 R40 and R400 indicate the samples reduced at 40 and 500 °C, respectively.

b Determined from CO chemisorption.

¢ Based on d (nm)=(1.12/D) [46], where D is the fractional metal dispersion.
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Fig. 2. SEM micrographs of TiO; and 1%Pd/TiO; (calcined).
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Fig. 3. TEM micrographs of the various Pd/TiO; catalysts.
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Fig. 4. CO chemisorption results.

temperature reduction while the amount of CO chemisorption
of the re-calcined and re-reduced 1%Pd/TiO;-nano can be totally
recovered. It is generally known that strong metal-support
interaction in TiO; supported Pd catalysts occurred after a high-
temperature reduction >500 °C. It is thus surprising that such
interaction was not detected on our 1%Pd/TiO,-micron. How-
ever, it should be noticed that the TiO; crystallite sizes used for
preparation of Pd/TiO; catalysts in most studies in the literature
were in nanometer range (usually less than 50 nm) [13-15,38].
Panagiotopoulou et al. [39] also reported that formation of sub-
stoichiometric TiO, species started at lower temperature and
was more facile over Pt/TiO, for small TiO, particle sizes
(10-35 nm). On the other hand, a recent study by Musolino et al.
[14] on the selective liquid-phase hydrogenation of cis-2-butene-
1,4-diol to 2-hydroxy tetrahydrofuran on various supported Pd
catalysts revealed the absence of SMSI effect for the Pd/TiO,
catalyst reduced at high temperature. The interpretation of the
observed behavior has not been given by those authors. However,
the TiO, support used in their study was also anatase-phase TiO»
from Aldrich with the specific surface area of ~9 m?/g similar
to the micron-sized TiO; reported in this study.

The surface compositions of the catalysts as well as the inter-
action between Pd and the TiO; supports were confirmed by
XPS analysis. The binding energies, FWHM, and atomic con-
centrations of Ti 2p, O 1s, and Pd 3d on various Pd/TiO; catalysts
are given in Table 2. The Ti/O atomic ratios were found to be
much higher for the TiO-nano than the TiO-micron suggesting
that the solvothermal-derived TiO-nano possessed more oxy-
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Fig. 5. ESR spectra of nano- and micron-sized TiO5.

gen vacancies (or so-called Ti3* defective sites) on the TiO,
surface than the TiO,-micron. However, there was also proba-
bly an oxygen-rich layer near the surface of the TiO, particles,
which was formed by oxygen adsorption and easy oxidation
of titanium surface [40]. When reduced at 500 °C, the Pd/Ti
surface concentration decreased by 15 and 55% for 1%Pd/TiO,-
micron and 1%Pd/TiO;-nano, respectively. A slight decrease of
Pd/Ti surface concentration for 1%Pd/TiO>-micron may be due
to larger Pd° particle size formed by sintering as shown by TEM
and CO chemisorption, while a large decrease of Pd/Ti on the
19%Pd/TiO,-nano would be due to decoration of Pd® metal sur-
face by the reducible TiO, support. The binding energies of Pd
3ds/ (335.0-335.2eV) and the FWHM less than 2 eV revealed
that palladium was in the form of Pd° metal for both cases [41].

The presence of Ti?* in both TiOz-micron and TiO;-nano
supports was revealed by electron spin resonance technique
(Fig. 5). The Ti** species are produced by trapping of electrons at
defective sites of TiO; and the amount of accumulated electrons
may therefore reflect the number of defective sites [42]. The
signal of g value less than two was assigned to Ti3* (3d!) [43].
Nakaoka et al. [44] reported six signals of ESR measurement
occurring on the surface of titania: (i) Ti** O~ Ti**OH ™, (ii) sur-
face Ti**, (iii) adsorbed oxygen (0?7), (iv) Ti** O* Ti* 0>,
(v) inner Ti**, and (vi) adsorbed water. In this study, it is clearly
seen that the solvothermal-derived TiO, exhibited only one
strong ESR signal at a g value of 1.997, which can be attributed

Table 2

XPS results

Catalysts Ti2p Ols Pd 3d Atomic concentration
B.E. (eV) FWHM B.E. (eV) FWHM B.E. (eV) FWHM Ti/O Pd/Ti

TiO2-micron 458.6 1.259 5323 2.362 - - 0.028 -

TiO;-nano 458.7 1.308 530.0 1.675 - - 0.204 -

1%Pd/TiO3-micron R40 458.7 1.516 530.2 2.324 335.0 1.704 0.123 0.073

19%Pd/TiO,-micron R500 458.7 1.846 530.2 1.846 335.2 1.849 0.178 0.062

1%Pd/TiO3-nano-R40 458.7 1.292 530.0 1.596 335.0 1.570 0.210 0.009

19%Pd/TiO,-nano-R500 458.6 1.319 529.9 1.681 nld nld 0.190 0.004
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to Ti>* at the surface. Many Ti** ESR signals were observed
for the TiO,-micron indicating that more than one type of Ti**
defects were presented in the sample, i.e., surface Ti3* and inner
Ti**. Moreover, less amount of surface Ti** was present on the
micron-sized TiO,. Literature data indicate that the presence
of Ti** promotes strong metal—support interaction in Pd/TiO,
catalysts since Ti** can easily diffuse from the lattice of TiO,
to surface of Pd particles [13]. The results in this study, how-
ever, have shown that probably only the surface Ti** has high
mobility and the other Ti** species may not be able to diffuse
easily to Pd? surface so that Pd catalyst supported on the TiO-
micron with significant amount of Ti** did not exhibited the
strong metal-support interaction.

Temperature programmed desorption of CO has been carried
out in order to elucidate the influence of TiO, crystallite size,
Pd dispersion, and reduction temperature on the strength and
mechanism of CO adsorption on TiO, supported Pd catalysts.
The results are shown in Fig. 6. For 1%Pd/TiO;-micron reduced
at 40 °C, two main desorption peaks were observed at ca. 340
and 640 °C which may be attributed to CO adsorbed on differ-
ent adsorption sites probably Pd? with different particle sizes
and/or adsorption on Ti** sites [45]. Both peaks were slightly
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Fig. 6. CO-temperature programmed desorption profiles of (a) micron- and (b)
nano-sized TiO, supported Pd catalysts.
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Fig. 7. Catalyst performances in liquid-phase selective hydrogenation of pheny-
lacetylene.

shifted to higher temperature for the catalyst reduced at 500 °C.
However, the amounts of CO desorption were not significant
different for 1%Pd/TiO,-micron reduced at 40 or 500 °C indi-
cating that CO adsorption strength was not much different for
the catalysts reduced at low and high temperatures. In contrast,
1%Pd/TiOz-nano reduced at 40 °C exhibited several desorption
peaks at 100-800 °C indicating various adsorption sites on the
catalyst surface. However, the peaks become almost flat when the
catalyst was reduced at 500 °C indicating negligible CO adsorp-
tion under such conditions. In other words, CO was weakly
adsorbed under high-temperature reduction conditions due to
the strong metal-support interaction effect.

Fig. 7 shows the performance of the 1%Pd/TiO;-micron and
1%Pd/TiO;z-nano catalysts in liquid-phase selective hydrogena-
tion of phenylacetylene under mild conditions. Both catalysts
exhibited high styrene selectivities (>95%) for phenylacety-
lene conversions less than 80%. Based on the conditions and
the column used in our GC analysis, the other product found
in the reaction besides styrene was ethylbenzene. No other
by-products were observed. The selectivity for styrene signifi-
cantly dropped to 65-80% when conversion of phenylacetylene
reached 100% for all the catalysts except 1%Pd/TiOz-nano
reduced at 500 °C that retained its high styrene selectivity >90%.
Such results suggest that the strong metal—support interaction on
1%Pd/TiO;-nano catalyst produced great beneficial effect on the
catalyst performance. The presence of SMSI effect may result
in an inhibition of the adsorption of the product styrene on the
1%Pd/TiO,-nano; hence high styrene selectivity was obtained.

The turnover frequencies (TOF) values were calculated from
the data at a small conversion level of, for example, 30% for the
catalysts except for the SMSI catalyst. It was found that the TOFs
increased from 5.5 s~ for 1%Pd/TiO,-micron-R40) to 25.1 s ™!
for 1%Pd/TiO>-micron-R500) corresponding to the increase of
Pd® particle size from 7 to 49 nm, respectively. The amount of
exposed Pd species were estimated from CO chemisorption data
with the assumption that one carbon monoxide molecule adsorbs
on one palladium site [46-51]. The specific activity results were
found to be in agreement with the well-established trend in the
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literature that the liquid-phase hydrogenation activity decreases
as PdY particle size decreases [52-58].

4. Conclusions

As revealed by various analytical techniques such as CO
pulse chemisorption, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and CO-temperature
program desorption, reduction by H» at 500 °C resulted in strong
metal-support interaction for the nano-sized TiO; supported Pd
catalyst, but not for the micron-sized TiO, supported one. The
SMSI effect, however, appeared to be necessary for high cat-
alytic performance of the Pd/TiO, catalysts in the liquid-phase
selective hydrogenation of phenylacetylene to styrene.
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