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The performance of TiO2-modified Pd catalysts, containing TiO2

either as an additive or as a support, in the selective hydrogena-
tion of acetylene was investigated using a steady-state reaction test.
The catalyst surface was characterized by H2 and CO chemisorp-
tion, infrared, X-ray photoelectron spectroscopy (XPS), and the
temperature-programmed desorption (TPD) of ethylene. The TiO2-
added Pd catalyst reduced at 500◦C, denoted in this study Pd–
Ti/SiO2/500◦C, showed a higher selectivity for ethylene produc-
tion than either the Pd/TiO2 or Pd/SiO2 catalyst. The amounts of
chemisorbed H2 and CO were significantly reduced and, in partic-
ular, the adsorption of multiply coordinated CO species was sup-
pressed on Pd–Ti/SiO2/500◦C, which is characteristic of the well-
known strong-metal-support-interaction (SMSI) phenomenon that
has been observed with the TiO2-supported Pd catalyst reduced
at 500◦C, Pd/TiO2/500◦C. XPS analyses of Pd–Ti/SiO2/500◦C sug-
gested an electronic modification of Pd by TiO2, and the TPD
of ethylene from the catalyst showed the weakening in ethylene
adsorption on the Pd surface. 1,3-Butadiene was produced in
smaller amounts when using Pd–Ti/SiO2/500◦C than when using
Pd/SiO2/500◦C, indicating that the polymerization of C2 species
leading to catalyst deactivation proceeds at slower rates on the for-
mer catalyst than on the latter. The enhanced ethylene selectivity
on Pd–Ti/SiO2/500◦C may be explained by correlating the catalyst
surface properties with the mechanism of acetylene hydrogenation.
c© 2002 Elsevier Science (USA)
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INTRODUCTION

The ethylene stream in a naphtha cracking unit contains
a small quantity of acetylene, which is usually removed by
selective hydrogenation over Pd-based catalysts (1). It has
been reported that various additives, such as Ag, Ni, Cu,
Pb, Tl, Cr, K, and Si (2–9), improve the performance of the
Pd catalysts, particularly in achieving a high selectivity for
ethylene production.

The role of the additives, or selectivity promoters, is gen-
erally considered to be derived from two factors: geometric
1 To whom correspondence should be addressed. Fax: 82-2-875-6697.
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and electronic. For example, Leviness et al. (4) reported on
ethylene-selectivity promotion by Cu, which they proposed
to be due to a geometric effect. That is, the insertion of Cu
into the Pd matrix decreases the number of multiple Pd sites
responsible for the dissociative adsorption of acetylene and
simultaneously suppresses the formation of β-phase Pd–
hydride, both of which are detrimental to ethylene selec-
tivity. Recently, Shin et al. (10) reported that the improved
ethylene selectivity of Si-modified catalysts in acetylene hy-
drogenation is largely the result of the geometric dilution
of the Pd surface with partially reduced SiOx .

On the other hand, Huang et al. (2) observed an improved
selectivity on Ag-promoted Pd catalysts, suggesting that an
increase in the Pd d-band electron density by the addition
of Ag was responsible for the enhanced selectivity. Boitiaux
et al. (7) also reported that the enhanced performance of
Pd–Cr catalysts in alkyne hydrogenation was derived from a
change in the electronic properties of Pd by alloying with Cr.

In this study, we added TiO2 to Pd catalysts as a potential
selectivity promoter and investigated the performance of
the TiO2-added catalysts in acetylene hydrogenation. TiO2

was selected as a candidate promoter because it is well-
known that it interacts strongly with Pd, particularly af-
ter reduction at high temperatures. The phenomenon is re-
ferred to as “the strong metal-support interaction” (SMSI)
and has been observed with catalysts supported on re-
ducible metal oxides, including TiO2 (11, 12).

The SMSI phenomenon is explained by the decoration of
the metal surface with partially reduced metal oxides (13–
18) or by an electron transfer between the support and the
dispersed metals (19, 20). For example, Resasco and Haller
(21) proposed a delocalized transfer of charge from Rh to
TiO2 on Rh/TiO2 after a low-temperature reduction and a
localized transfer of charge from the support to Rh after
a high-temperature reduction. In addition, they proposed
that the migration of a reduced species of the support onto
the Rh surface following a high-temperature reduction is
responsible, in part, for the decrease in the hydrogenolysis
activity of Rh/TiO2.

The analogy between the role of selectivity promoters of
Pd catalysts in acetylene hydrogenation and the role of re-
ducible oxide supports in the SMSI phenomenon prompted
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us to examine the possibility of using TiO2 as a promoter
for the acetylene hydrogenation catalyst.

The goal of this study was twofold. First, we were in-
terested in examining the surface properties of Pd catalyst
containing TiO2 as an additive instead of a support, and
the other was to investigate the potential of using TiO2 as a
selectivity promoter of the Pd catalyst in acetylene hydro-
genation.

We prepared Pd/SiO2, Pd/TiO2, and TiO2-added Pd/SiO2

catalysts, reduced them at different temperatures, and ob-
served their performance in acetylene hydrogenation. The
surfaces of catalysts were analyzed by using CO chemisorp-
tion, IR spectroscopy of the adsorbed CO (CO-IR), X-ray
photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and the temperature-programmed des-
orption of ethylene (ethylene-TPD) and by monitoring the
amounts of butadiene produced during the reaction.

EXPERIMENTAL

Catalyst Preparation

Pd/SiO2 (1 wt%) and Pd/TiO2 (1 wt%), which are de-
noted hereafter as Pd/SiO2 and Pd/TiO2, were prepared as
reference catalysts using Pd(NH3)4(NO3)2 as a Pd precur-
sor according to a method reported in the literature (22).
Powders of silica (JRC-SIO-6 obtained from the Japanese
Catalysis Society; surface area = 109 m2/g) or titania
(Degussa P25; surface area = 50 m2/g) were added to a solu-
tion of Pd(NH3)4(OH)2 obtained by contacting an aqueous
solution of Pd(NH3)4(NO3)2 with an ion-exchange resin
(Amberlite IRA 400 regenerated in KOH, 0.5 M). After
stirring for 2 h, the suspension was centrifuged and washed
with water. The catalyst was then dried at 110◦C overnight
and calcined in air at 300◦C for 2 h.

The TiO2-added Pd catalysts were prepared by impreg-
nating Pd/SiO2 with a hexane solution of diisopropoxide
dipivaloylmethanato titanium [Ti(O-iPr)2(DPM)2; DPM =
bis(2,2,6,6-tetramethyl-3,5-heptadionate, C11H19O2)]. The
catalysts are designated as Pd–xTi/SiO2, with x denoting the
Ti/Pd atomic ratio. For example, Pd–Ti represents Ti/Pd = 1
and Pd–10Ti represents Ti/Pd = 10. The catalyst samples
were then calcined in air at 300◦C for 3 h and reduced in H2

at either 500 or 300◦C for 1 h before use in the reaction.

H2 and CO Chemisorption

Hydrogen uptake by the sample catalysts was measured
at room temperature in a volumetric adsorption system.
Prior to the measurements, the sample was reduced in a
stream of H2 at 300◦C for 1 h, and the cell was then evac-
uated at the same temperature for 1 h. The amounts of
hydrogen chemisorbed on the sample surface were deter-

mined by the backsorption method described by Benson
et al. (23). In this procedure, the sample cell was evacuated
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at room temperature for 20 min after the initial isotherm
measurements, and then a second isotherm was obtained
by introducing hydrogen into the cell.

The amounts of CO chemisorbed on the catalysts were
measured at room temperature in a conventional glass vac-
uum system. The chemisorption cell, containing the sample
catalyst, was evacuated at the catalyst-reduction tempera-
ture for 30 min and cooled to room temperature, and CO
was then introduced into the cell for isotherm measure-
ments. The CO pressure ranged between 10 and 150 Torr
(1 Torr = 133.3 N m−2).

CO-IR

All infrared spectra were collected using a MIDAC spec-
trometer (model 2100) equipped with a DTGS detector us-
ing an IR cell with CaF2 windows, designed by Moon et al.
(24). The catalyst, 40 mg, was pressed into a disk 18 mm in
diameter and was placed in the sample holder located at
the center of the cell. For CO-IR measurements, the cata-
lyst was exposed to a 10-Torr pressure of CO for 5 min at
40◦C. IR spectra were recorded at 5-min intervals during
the initial 1-h period after the CO dosing, while the cell was
evacuated.

XPS, TEM, and TPD

The chemical properties of the catalyst surface were ex-
amined with XPS (VG ESCA LAB-5) equipped with an
Al Kα (1486.6) anode. An electron gun was used to mini-
mize surface charging. The electron-binding energies were
calibrated by using the C 1s peak at 284.6 eV. The reduced
catalyst samples were protected from air oxidation by wet-
ting the surface with iso-octane (25), mounted on a double-
sided adhesive tape, and then placed in a UHV chamber
for XPS analysis. Catalysts were also analyzed with TEM
(Philips, PECNINAI) for the estimation of their Pd particle
size.

For the ethylene-TPD experiments, Pd/SiO2 or Pd–Ti/
SiO2 was reduced in a microreactor for 1 h, cooled to room
temperature, exposed to a mixture of ethylene and helium,
and then flushed with helium to remove weakly adsorbed
species from the catalyst surface. The TPD was performed
by heating the sample from room temperature to 300◦C
at a rate of 10◦C/min in a 20 cm3/min flow of helium. The
effluent gas was analyzed with a mass spectrometer (VG
Sensorlab).

Acetylene Hydrogenation

Acetylene hydrogenation was performed in a pyrex mi-
croreactor at ambient pressure. A gas mixture containing
0.91% acetylene in ethylene was allowed to flow through
a reactor which was maintained at 40◦C and the reaction
products were analyzed with an online gas chromatograph

(H.P, model 5890 with FID) using a Porapak N column.
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The H2/acetylene ratio in the reactor feed was adjusted to
2 unless otherwise specified. The flow rate of the reactant
mixture was varied between 40 and 120 cm3/min to change
the acetylene conversion. Ethylene selectivity was calcu-
lated as moles of ethylene produced per mole of acetylene
converted.

Sethylene = −�C2H4

�C2H2

RESULTS AND DISCUSSION

Gas Chemisorption, TEM, and CO-IR

Table 1 summarizes H2 and CO adsorption data for the
sample catalysts reduced at two different temperatures, 300
and 500◦C, representing typical conditions for either in-
ducing or not inducing the SMSI on Pd/TiO2 (11, 12). For
the case of Pd/SiO2, the H/Pd and CO/Pd ratios are low-
ered by almost the same extent when the reduction tem-
perature is raised from 300 to 500◦C, which is apparently
due to the sintering of Pd particles at 500◦C. The Pd/TiO2

catalyst reduced at 300◦C, Pd/TiO2/300◦C, adsorbs smaller
amounts of H2 and CO than does Pd/SiO2/300◦C, suggest-
ing that the Pd dispersion is relatively poor when TiO2 in-
stead of SiO2 is used as a support. When Pd/TiO2 is reduced
at 500◦C, Pd/TiO2/500◦C, gas adsorption is significantly re-
duced, which is the well-known SMSI phenomenon, as has
been reported previously (11, 12).

The gas uptake by Pd–Ti/SiO2/300◦C, containing TiO2

as an additive instead of a support, is slightly smaller than
that by Pd/SiO2/300◦C, which probably occurs because TiO2

covers the Pd surface or blocks the catalyst pores to some
extent. The gas adsorption on Pd–Ti/SiO2/500◦C is sup-
pressed similarly to the case of Pd/TiO2/500◦C, although
the extent is not as large as in the latter.

To compare more directly the Pd dispersion of catalysts,
we have obtained TEM pictures of the catalysts, either sup-
ported on or modified by TiO2, after reduction at differ-

TABLE 1

H2 and CO Adsorption Data for Sample Catalysts Reduced
at Different Temperatures

Catalysts H/Pd CO/Pd Am/Al
a H/Pdb

Pd/SiO2/300◦Cc 0.79 0.76 2.5 0.45
Pd/SiO2/500◦C 0.54 0.52 4.5 0.38
Pd/TiO2/300◦C 0.34 0.47 — —
Pd/TiO2/500◦C 0.02 0.01 — —
Pd–Ti/SiO2/300◦C 0.61 0.63 2.7 0.58
Pd–Ti/SiO2/500◦C 0.19 0.17 1.6 0.25

a The area ratio of the multiply bound to the linearly bound CO bands
shown in Fig. 1.

b The H/Pd ratio for the catalyst oxidized in O2 at 300◦C and subse-

quently reduced at different temperatures.

c Pd/SiO2 (1 wt%) reduced at 300◦C.
T AL.

TABLE 2

Assignments of IR Bands for CO Adsorbed on Pda

Band Wavenumber (cm−1) Species

Linear 2100–2050

Compressed bridged 1995–1975

Isolated bridged 1960–1925

Tricoordinated 1890–1870

a Ref. (26).

ent temperatures. Although Fig. 1 shows limited portions
of the catalysts, it is apparent that Pd particles are poorly
dispersed on Pd/TiO2/300◦C compared with the case of
Pd–Ti/SiO2/300◦C and that the particle size difference be-
tween the two catalysts is maintained even after reduction
at 500◦C.

To further study the surface properties of Pd–Ti/SiO2, IR
spectra of CO adsorbed on the catalyst were obtained and
the results compared with those observed for Pd/SiO2. The
spectra shown in Fig. 2 represent four adsorption modes of
CO (26), linear, compressed bridged, isolated bridged, and
tricoordinated bonds, as described in Table 2. The bands for
the multiply bound CO, including the bridged and tricoor-
dinated types, are usually overlapped and characterized by
peaks located below 2000 cm−1.

On Pd/SiO2, the overall intensity of the CO bands de-
creased and the area ratio of the multiply bound to the
linearly bound bands, Am/Al, increased from 2.5 to 4.5
(Table 1) when the reduction temperature was raised from
300 to 500◦C. This is in agreement with the CO chemisorp-
tion results in Table 1, suggesting the sintering of Pd par-
ticles after the reduction at 500◦C. The CO band intensity
on Pd–Ti/SiO2/300◦C is lower than that on Pd/SiO2/300◦C,
again in agreement with the chemisorption results, indicat-
ing a partial coverage of the Pd surface with the Ti species.
It should be noted that, in Fig. 1, the intensity of the 1870-
to 1890-cm−1 band representing the tricoordinated CO ad-
sorption is lowered as the result of TiO2 addition, indicating
that the Ti species preferentially blocks the sites with three
adjacent Pd atoms.

The intensity of the CO bands on Pd–Ti/SiO2 is signifi-
cantly suppressed when the catalyst is reduced at 500◦C, i.e.,

◦
Pd–Ti/SiO2/500 C. This result is not due to the sintering of
Pd particles observed with Pd/SiO2/500◦C because, in this
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FIG. 1. TEM pictures of catalysts. (a) Pd/TiO2/300 C, (b) P

case, the area ratio, Am/Al, has decreased from 2.7 to 1.6
(Table 1), which is opposite the trend expected in the case of
Pd sintering. The simultaneous suppression of the CO-band
intensity and the Am/Al ratio is possible when the Ti species
added to the catalyst covers the Pd surface, thus blocking
the multiply coordinated Pd sites, on Pd–Ti/SiO2/500◦C. In
fact, this is the decoration model proposed for explaining
the SMSI phenomenon that has been observed with TiO2-
supported catalysts (27, 28).

To obtain additional evidence for the SMSI phenomenon
on Pd–Ti/SiO2, we repeated the H2 chemisorption and CO-
IR observations after the initially reduced Pd–Ti/SiO2 cata-
lyst had been oxidized in O2 at 300◦C and subsequently re-
duced. Table 1 shows that the H/Pd ratio for the catalyst
reduced at 300◦C after oxidation, 0.58, is nearly the same

◦
initial value for Pd–Ti/SiO2/300 C prior to oxida-
61. When oxidized Pd–Ti/SiO2 is reduced at 500◦C a
d/TiO2/500 C, (c) Pd–Ti/SiO2/300 C, (d) Pd–Ti/SiO2/500 C.

second time, the H/Pd ratio becomes 0.25, close to the initial
value, 0.19. The above reversible behavior of gas adsorption
on Pd–Ti/SiO2 after oxidation-reduction treatments, which
is characteristic of the SMSI phenomenon (11, 12), is also
observed for the CO-IR results shown in Fig. 3. That is, the
spectra of CO adsorbed on the catalysts after the oxidation-
reduction treatments are similar to those obtained prior to
the oxidation step, except for a minor difference in the spec-
tral shape, which is possibly due to Pd sintering during the
treatments.

Unlike Pd–Ti/SiO2, Pd/SiO2 does not show reversible be-
havior for gas adsorption. In Table 1, the H/Pd ratio for
Pd/SiO2/500◦C, 0.54, is lowered to 0.45 when the catalyst is
reduced at 300◦C after oxidation and is further lowered to
0.38 after a subsequent reduction at 500◦C. These results for

Pd/SiO2 merely reflect the sintering of Pd particles during
the oxidation and reduction steps.
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FIG. 2. Infrared spectra of CO adsorbed on sample catalysts.
(a) Pd/SiO2/300◦C, (b) Pd–Ti/SiO2/300◦C, (c) Pd/SiO2/500◦C, (d) Pd–Ti/
SiO2/500◦C.

From the above results, we conclude that the SMSI
phenomenon observed with the TiO2-supported catalyst,
Pd/TiO2/500◦C, is also observed with the TiO2-added
catalyst, Pd–Ti/SiO2/500◦C. It can be argued that there is

FIG. 3. Infrared spectra of CO adsorbed on sample catalysts reduced
prior to or after the oxidation treatment. (a) Pd–Ti/SiO2/300◦C (prior to

oxidation), (b) Pd–Ti/SiO2/300◦C (after oxidation), (c) Pd–Ti/SiO2/500◦C
(after oxidation), (d) Pd–Ti/SiO2/500◦C (prior to oxidation).
T AL.

TABLE 3

Typical Acetylene Conversions Obtained
Using Sample Catalysts under Identical
Reaction Conditions

Catalysts Conversiona

Pd/SiO2/300◦Cb 0.72
Pd/SiO2/500◦C 0.56
Pd/TiO2/300◦C 0.54
Pd/TiO2/500◦C 0.28
Pd–Ti/SiO2/300◦C 0.64
Pd–Ti/SiO2/500◦C 0.35

a Reaction condition: temperature = 40◦C;
H2/acetylene = 2; space velocity = 1000/h.

b Pd/SiO2 (1 wt%) reduced at 300◦C.

no advantage to adding TiO2 to Pd/SiO2 over supporting
Pd on TiO2 because the catalysts prepared by both meth-
ods contain TiO2 and exhibit the same SMSI phenomenon.
However, a clear advantage of using TiO2 as an additive in-
stead of a support is that highly dispersed Pd catalysts can
be obtained by this method. The difference in the Pd disper-
sion between the TiO2-added and TiO2-supported catalysts
is maintained even after reduction at 500◦C, as indicated in
Fig. 1.

Catalytic Performance

Table 3 lists typical acetylene conversion data obtained
using the catalysts prepared in this study under identi-
cal reaction conditions. The conversion obtained using
Pd/SiO2/500◦C is lower than for Pd/SiO2/300◦C because
Pd particles are sintered during the reduction at 500◦C, as
explained in the previous section. Pd/TiO2/300◦C shows a
lower conversion than Pd/SiO2/300◦C because Pd disper-
sion is relatively poor on the TiO2 support. Pd/TiO2 loses
its activity even further after reduction at 500◦C because the
Pd surface is decorated with a large amount of Ti species, a
distinctive feature of the SMSI phenomenon (27, 28). The
TiO2-added catalyst, Pd–Ti/SiO2, also suffers a loss in activ-
ity after reduction at 500◦C, but the activity loss is smaller
than that in the case of Pd/TiO2.

It should be noted, however, that the activity losses of
the TiO2-containing catalysts, Pd/TiO2 and Pd–Ti/SiO2, af-
ter reduction at 500◦C are not as great as would be expected
from their chemisorption results, the latter showing a sig-
nificant suppression of H2 uptake. In fact, a similar discrep-
ancy between gas uptake and catalyst activity was observed
when the SMSI catalysts were used for CO hydrogenation,
which has not been completely explained to date (29, 30).
We believe that a large fraction of the catalyst surface ex-
hibiting the SMSI phenomenon continues to be available
for acetylene hydrogenation, although the surface is capa-

ble of accommodating only small amounts of adsorbed H2

and CO. We have not attempted to estimate the turnover
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FIG. 4. Changes in ethylene selectivity with conversion in acety-
lene hydrogenation on sample catalysts supported on different supports
(H2/acetylene = 2, T = 40◦C). (a) Pd/SiO2/300◦C, (b) Pd/SiO2/500◦C,
(c) Pd/TiO2/300◦C, (d) Pd/TiO2/500◦C.

frequencies of the catalysts in acetylene hydrogenation due
to the uncertainty of the size of the Pd surface area of the
TiO2-containing catalysts.

The activity data in Table 3 indicate that TiO2, whether
used as an additive or as a support, is not an activity
promoter of a Pd catalyst in acetylene hydrogenation. On
the other hand, TiO2 is useful as a promoter of ethylene
selectivity in acetylene hydrogenation, as described below.

Since ethylene is produced as an intermediate in acety-
lene hydrogenation, which is a typical consecutive reaction,
the ethylene selectivity decreases with acetylene conver-
sion, as shown in Fig. 4. The selectivity becomes negative
for a few catalysts particularly at high conversions, indi-
cating a net loss of ethylene by the reaction. Figure 4
shows that the selectivity is lower on Pd/SiO2/500◦C than
on Pd/SiO2/300◦C, which occurs because the former cata-
lyst contains larger Pd particles than the latter. It has been
reported that ethylene selectivity is lower on the low-index
Pd surface, e.g., Pd(100), than on the high-index surface,
e.g., Pd(111) (31).

The selectivity curve for Pd/TiO2/300◦C nearly overlaps
that for Pd/SiO2/500◦C. However, the curve for Pd/TiO2/
500◦C is shifted upward to some extent, suggesting that
the selectivity may be improved when the catalyst exhibits
the SMSI phenomenon. Nevertheless, the performance of
Pd/TiO2/500◦C is still inferior to that of Pd/SiO2/300◦C,
in terms of both selectivity and conversion, because of

the poor dispersion of Pd particles in the TiO2-supported
catalyst.
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Figure 5A shows the selectivity curves for TiO2-added
catalysts, Pd–Ti/SiO2. It should be noted that the se-
lectivity is always higher for Pd–Ti/SiO2/300◦C than for
Pd/SiO2/300◦C over a wide range of conversions. The selec-
tivity curve is shifted upward when the catalyst is reduced at
500◦C, Pd–Ti/SiO2/500◦C, which clearly demonstrates the
beneficial role of TiO2 as a selectivity promoter. We believe

FIG. 5. Changes in ethylene selectivity with conversion in acety-
lene hydrogenation on catalysts containing different amounts of TiO2.
A: (a) Pd/SiO2/300◦C, (b) Pd/SiO2/500◦C, (c) Pd–Ti/SiO2/300◦C, (d) Pd–
Ti/SiO2/500◦C. B: (e) Pd/SiO2/300◦C, (f) Pd–0.5Ti/SiO2/500◦C, (g) Pd–Ti/

SiO2/500◦C, (h) Pd–2Ti/SiO2/500◦C, (i) Pd–4Ti/SiO2/500◦C, ( j) Pd–10Ti/
SiO2/500◦C.
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that the above good performance of the Pd–Ti/SiO2 cata-
lyst is achieved because of the addition of TiO2 to the well-
dispersed Pd/SiO2 catalyst; with Pd/TiO2, performance is
limited by the poor dispersion of Pd on TiO2.

Different amounts of TiO2 were added to Pd/SiO2

and the performance of the catalysts were observed, as
shown in Fig. 5B. Selectivity is promoted by the addition
of TiO2 but is eventually retarded when the Ti/Pd ratio is
higher than 4.0. In Fig. 5B, Pd–10Ti/SiO2/500◦C shows low
conversions and the selectivity is nearly the same as that
for Pd/SiO2/300◦C, apparently because a large portion of
the Pd surface is covered with Ti species. The maximum
selectivity is obtained when the Ti/Pd ratio falls between
1.0 and 2.0.

To determine if this is due to a unique property of the
Ti precursor used in the catalyst preparation, we prepared
a set of Pd–Ti/SiO2 catalysts using different Ti precursors
and examined their catalytic behaviors. Figure 6 indicates
that the selectivity-conversion relation is relatively unaf-
fected by the Ti precursors when the catalysts are reduced
under identical conditions. We therefore conclude that the
selectivity promotion by TiO2 is the result of an intrinsic in-
teraction between the Pd surface and the Ti species, which
is largely affected by the TiO2 content and the reduction
temperature.

FIG. 6. Changes in ethylene selectivity with conversion in acetylene
hydrogenation on sample catalysts prepared from different Ti sources
(H2/acetylene = 2, T = 40◦C). (a) Pd/SiO2/300◦C, (b) Pd–Ti/SiO2/500◦C
[Ti source = titanium acetylacetonate, Ti(acac)2], (c) Pd–Ti/SiO2/500◦C
[Ti source = diisopropoxide dipivaloylmethanato titanium, Ti(O-iPr)2
(DPM)2], (d) Pd–Ti/SiO2/500◦C [Ti source = tetrabutoxyl titanium,
Ti(O-Bu)4].
T AL.

FIG. 7. XPS of Pd 3d5/2 for sample catalysts. (a) Pd/SiO2/300◦C,
(b) Pd–Ti/SiO2/300◦C, (c) Pd–Ti/SiO2/500◦C, (d) Pd–10Ti/SiO2/500◦C.

XPS and TPD

To understand the origin of the selectivity promotion by
the Ti species, we observed the XPS of the catalysts. Figure 7
shows that the peak representing the binding energy of
Pd 3d5/2 appears almost at the same position for Pd/SiO2/
300◦C and Pd–Ti/SiO2/300◦C but is shifted to lower bind-
ing energy for Pd–Ti/SiO2/500◦C. The peak shift is larger
for Pd–10Ti/SiO2/500◦C. The spectra are free from possible
charging effects because the XPS (VG ESCA LAB-5) used
in this study for the measurements is equipped with an elec-
tron shower gun to minimize the charging effect and, fur-
thermore, the observed peak positions have been adjusted
in reference to the C 1s peak.

The shift in metal binding energy, as measured by XPS,
is influenced not only by the electronic interaction of the
metal with other components but also by the size of metal
crystallites. For example, Takasu et al. (32) observed in their
study of Pd particles which were deposited on SiO2 that the
binding energy of Pd 3d5/2 decreased by 1.6 eV when the
Pd particle size increased within a range smaller than 5 nm.
Similar trends have been reported for Ag and Pt particles
(33, 34).

Based on the H/Pd ratio data given in Table 1, the aver-
age Pd particle sizes of Pd/SiO2/300◦C and Pd/SiO2/500◦C
are estimated to be 23 and 33 Å, respectively, which fall
within the range exhibiting the binding energy change as a
function of the Pd particle size, according to Takasu et al.
(32). Because the TiO2-containing catalyst would be ex-
pected to have Pd particle size similar to that of the Pd/SiO
2

catalyst when the reduction temperature is the same, the
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XPS peak shifts observed with Pd–Ti/SiO2/500◦C and Pd–
10Ti/SiO2/500◦C, shown in Fig. 7, may represent a particle-
size effect. In other words, the peak is shifted to lower
binding energy because Pd particles grow after reduction
at 500◦C.

However, the above interpretation does not explain the
large peak shift observed for Pd–10Ti/SiO2/500◦C because
the shift should be to the same extent as that for Pd–
Ti/SiO2/500◦C if it is solely dependent on Pd particle size.
Accordingly, the possibility of electronic modification of
Pd by TiO2 cannot be completely excluded and, in fact, has
been observed in many studies of the SMSI effect (35–37).
For example, negative XPS peak shifts on the order of 0.2
to 1.6 eV were reported for Ni/TiO2 (38), Pt/TiO2 (39), and
Pt/SrTiO3 (40) after these catalysts had been reduced at
temperatures higher than 500◦C. Lee et al. (41) observed
that the binding energy of Pd 3d5/2 decreased from 335.2
to 334.8 eV on the addition of ZrO2 to Pd supported on
α-Al2O3. Chien et al. (42) reported that the binding energy
shift on Rh/TiO2 resulted from the transfer of a negative
charge to Rh particles from Ti3+, which is formed by the
reduction of TiO2.

The XPS results also allow us to estimate the relative
concentrations of Ti and Pd on the catalyst surface, as
listed in Table 4. The Ti/Pd ratio for the Pd–Ti/SiO2 cata-
lyst increases when the reduction temperature is raised
from 300 to 500◦C, suggesting that the Pd surface is cov-
ered with larger fractions of the Ti species after reduc-
tion at 500◦C. The Ti/Pd ratio is significantly large for Pd–
10Ti/SiO2/500◦C, which contains an excess amount of Ti
species.

The peaks of ethylene-TPD from the Pd surface appear at
different temperature ranges depending on the characteris-
tic modes of the ethylene adsorbed on the surface. In Fig. 8,
Pd/SiO2/300◦C shows two major peaks, which may be as-
signed as follows, based on the analysis by Stuve and Madix
(43), although the peak locations are different between the
two studies because they were made under different exper-
imental conditions. The peak centered at 54◦C is assigned
to π -bonded ethylene, which is weakly adsorbed and con-
sequently desorbed without decomposition. The peak at
125◦C is due to di-σ -bonded ethylene, which undergoes de-

TABLE 4

The Ti/Pd Ratios Estimated from XPS Results
for Sample Catalysts

Peak intensity ratio
Catalysts Pd (3d5/2) Ti2p/Pd3d

Pd/SiO2/300◦C 334.9 —
Pd–Ti/SiO2/300◦C 334.9 1.16
Pd–Ti/SiO2/500◦C 334.6 1.61

Pd–10Ti/SiO2/500◦C 334.2 11.11
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FIG. 8. TPD of ethylene from sample catalysts. (a) Pd/SiO2/300◦C,
(b) Pd–Ti/SiO2/300◦C, (c) Pd–Ti/SiO2/500◦C.

composition followed by the recombination of the surface
hydrocarbon species with hydrogen to produce ethylene as
well as ethane. In the case of Pd–Ti/SiO2/300◦C, the peak
at 125◦C is significantly reduced and the low temperature
peak is slightly shifted to lower temperatures. The trend is
greater for Pd–Ti/SiO2/500◦C, i.e., the peak at 125◦C has
nearly disappeared and the low-temperature peak of re-
duced intensity is shifted even further.

The ethylene-TPD results are in agreement with the IR
and XPS results in the following aspects. The Pd surface is
modified geometrically by the Ti species, as evidenced by
the CO-IR spectra, such that the decomposition of ethylene
is suppressed. The charge transfer from the Ti species to Pd
weakens the adsorption strength of ethylene, e.g., ethyli-
dene, on the Pd surface such that the species is desorbed at
lower temperatures. In fact, the TPD results in this study
are consistent with those previously reported by Briggs et al.
(44), who also observed a reduction in the strength of ethy-
lene adsorption on Pt/TiO2, which had been reduced at el-
evated temperatures. They attributed the weakening of the
adsorption strength to interactions between Pt and partially
reduced titania.

Investigation of 1,3-Butadiene Formation

1,3-Butadiene, which is produced by the dimerization
of C2 species, is known as a precursor of the green oil,

which accumulates on the catalyst surface (45). Butadiene
is produced particularly when acetylene is adsorbed on
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neighboring Pd sites and is not readily hydrogenated on
the catalyst surface. Once butadiene is formed, it under-
goes polymerization, eventually leading to catalyst fouling.
Accordingly, an analysis of the butadiene content in the
product stream of acetylene hydrogenation is one of the
methods used to monitor catalyst deactivation.

Figure 9 shows the concentration of 1,3-butadiene ob-
served in the exit stream of the reactor containing ei-
ther Pd/SiO2/300◦C or Pd–Ti/SiO2/500◦C. The butadiene
concentration has been plotted against the accumulated
amount of acetylene converted in the process instead of
the reaction period, so that the catalysts can be compared
on the basis of the same reaction load. Figure 9 indicates
that butadiene is produced in smaller amounts on Pd–
Ti/SiO2/500◦C than on Pd/SiO2/300◦C. Because the forma-
tion of 1,3-butadiene requires multiple sites of Pd to accom-
modate adjacent C2 species, the above result suggests that
large ensembles of Pd are blocked by the Ti species, thus
suppressing the formation of green oil.

To verify a parallel relationship between the butadiene
concentration in the product stream and the catalyst de-
activation rate, we performed time-on-stream experiments
while monitoring changes in the catalyst activity with time.
Figure 10 shows conversions normalized to the initial value
for Pd/SiO2/300◦C and Pd–Ti/SiO2/500◦C versus the ac-
cumulated amount of converted acetylene, which allows
us to compare the catalyst aging behaviors for the same
load of acetylene hydrogenation. It is obvious from Fig. 10
that Pd–Ti/SiO2/500◦C undergoes slower deactivation than

FIG. 9. The concentration of 1,3-butadiene measured in the exit str-

eam of reactor containing sample catalysts (H2/acetylene = 1, T = 70◦C).
(a) Pd/SiO2/300◦C, (b) Pd–Ti/SiO2/500◦C.
T AL.

FIG. 10. Changes in the normalized conversion with the accumulated
amount of converted acetylene (H2/acetylene = 1, T = 70◦C). (a) Pd/SiO2/
300◦C, (b) Pd–Ti/SiO2/500◦C.

Pd/SiO2/300◦C, as expected from the butadiene formation
results.

Origin of the Selectivity Promotion

The findings herein show that ethylene selectivity is
higher on Pd–Ti/SiO2/500◦C than on Pd/SiO2/300◦C over
a range of acetylene conversions. To understand the origin
of the selectivity improvement particularly on the TiO2-
added catalyst, it is necessary to consider the reaction mech-
anism for acetylene hydrogenation, which comprises sev-
eral reaction paths, as shown in Fig. 11 (4, 46–48). Path I
represents the partial hydrogenation of acetylene to ethy-
lene, which is subsequently desorbed to the desired gaseous
product (Path II) or further hydrogenated to ethane on
the catalyst surface (Path III). Obviously, Path II should
be promoted and Path III suppressed to improve ethylene
selectivity, for which two methods are typically used in in-
dustrial processes. One is to add a moderator chemical to
the reaction stream, e.g., CO, which adsorbs more strongly
on Pd than ethylene and, consequently, replaces ethylene
on the catalyst surface (49). The other is to maintain a low
H2/acetylene ratio in the feed such that the catalyst surface
is low in hydrogen concentration (47, 48). Path IV, repre-
senting the direct full hydrogenation of acetylene to ethane,
is insignificant at high acetylene coverage and low partial
pressures of hydrogen (50), which is the case in most indus-
trial processes. The triply adsorbed species, ethylidyne, had
been proposed as an intermediate in Path IV (4, 31, 50, 51)

but was later verified to be a simple spectator of surface
reactions (52, 53). Path V, which allows for the dimerization
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Ti/SiO2/500◦C
ACETYLENE HYDROGENATION ON Ti-ADDED Pd CATALYSTS
FIG. 11. Reaction paths o

of the C2 species, eventually leads to catalyst deactivation
via the accumulation of green oil (54, 55). Path V lowers
the ethylene selectivity because it consumes acetylene but
does not produce ethylene. Accordingly, the mechanism of
acetylene hydrogenation indicates that, for improving ethy-
lene selectivity, Paths I and II should be promoted while the
other paths should be suppressed.

In this study, we have obtained the following properties
for TiO2-added catalyst, particularly for Pd–Ti/SiO2/500◦C.

1. Small Pd crystallites on the Pd/SiO2 catalyst are pre-
served even after TiO2 addition and reduction at 500◦C,
although the Pd surface is decorated with Ti species to dif-
ferent extents depending on the reduction temperatures.

2. H2 adsorption is significantly suppressed, the origin
of which is the same SMSI phenomenon as observed for the
TiO2-supported catalysts.

3. Ethylene adsorption is suppressed in two ways. The
ethylene decomposition is inhibited because the multiple
Pd sites are blocked by Ti species, and the adsorption of
ethylene is weakened presumably because Pd is electroni-
cally modified by the Ti species.

4. 1,3-Butadiene is produced in smaller amounts than in
the case of Pd/SiO2, suggesting that the polymerization of
the C2 species proceeds at slower rates on the TiO2-added
catalyst.

The above properties of Pd–Ti/SiO2/500◦C are correlated
with the reaction paths for acetylene hydrogenation such
that the selectivity improvement of the catalyst may be ex-
plained based on either the promotion or the suppression
of individual paths.

Small Pd crystallites are advantageous for the suppres-
sion of Path V because they have small fractions of the low-
index Pd surface, which is responsible for the dimerization
of the C2 species. Path V is further suppressed when the Pd
surface is decorated with, and consequently the neighbor-
ing Pd sites are blocked by, Ti species. This explanation is
consistent with the observation that 1,3-butadiene is pro-
duced in smaller amounts on Pd–Ti/SiO2/500◦C than on
Pd/SiO2/300◦C.
ant suppression of H2 adsorption on Pd–
will suppress both Paths I and III. In fact,
f acetylene hydrogenation.

this situation is the same as using low H2/acetylene ratios
in the feed of acetylene hydrogenation, which suppresses
Path III more than Path I and consequently improves ethy-
lene selectivity (47, 48).

The inhibition of the triply bound species, ethylidyne, on
Pd–Ti/SiO2/500◦C will suppress Path IV, although its con-
tribution to selectivity is insignificant. On the other hand,
the weakening of ethylene adsorption on Pd–Ti/SiO2/500◦C
obviously contributes to the ethylene selectivity because it
promotes Path II, leading to the production of gaseous ethy-
lene.

Accordingly, the surface properties of Pd–Ti/SiO2/500◦C
agree with the trends the reaction paths of acetylene hy-
drogenation would be expected to follow to allow for the
ethylene selectivity promotion.

CONCLUSIONS

In this study, we demonstrated that TiO2-added Pd cata-
lyst reduced at 500◦C, Pd–Ti/SiO2/500◦C, shows the same
SMSI phenomenon as is observed for Pd/TiO2, contain-
ing TiO2 as a support. Pd–Ti/SiO2/500◦C shows an im-
proved selectivity for ethylene production in acetylene hy-
drogenation compared with the case of Pd/SiO2/300◦C,
which may be explained based on the correlation between
the surface properties of the catalyst and the reaction
paths for acetylene hydrogenation. Pd–Ti/SiO2/500◦C is ad-
vantageous over either Pd/SiO2/500◦C or Pd/TiO2/500◦C
catalysts because it shows a higher Pd dispersion, and ac-
cordingly a higher hydrogenation activity, than the latter
catalysts in addition to the promotion in the ethylene selec-
tivity.
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