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Abstract

The deactivation behavior of a TiO2-added Pd catalyst, reduced at 773 K, for the selective hydrogenation of acetylene showed
added TiO2 suppressed the formation of green oil and, consequently, improved the lifetime of the catalyst. The average number
atoms per green oil molecule was smaller for the TiO2-added catalyst than for the Pd-only catalyst because multiply coordinated Pd site
suppressed on the TiO2-added catalyst. The added TiO2 also retarded the sintering of Pd particles during catalyst regeneration, presu
due to the anchoring effect of TiO2, and suppressed green oil formation, even after the regeneration step.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Acetylene contained in the ethylene stream from a na
tha cracker unit is commonly removed by selective hyd
genation using Pd-based catalysts[1]. In our previous pa
per [2], we reported that TiO2, when added to a Pd cat
lyst, significantly improvescatalytic performance from th
standpoints of both ethylene selectivity and catalyst lifeti
particularly when the catalysts were reduced at high tem
atures, e.g., 773 K. Our study confirmed that added T2
interacted strongly with the Pd surface, similar to the c
of TiO2-supported Pd catalysts, which show strong me
support interactions (SMSI), after reduction at high temp
atures.

This Note reports on the results of our continued w
on the deactivation of TiO2-added Pd catalysts, particular
on the nature of the green oil that accumulates on the
alyst surface, the sintering of Pd particles during cata
regeneration, and the performance of the regenerated
lyst. The deactivation behavior of TiO2-added Pd catalyst
is compared with those of catalysts containing other prom
ers.

* Corresponding author.
E-mail address: shmoon@surf.snu.ac.kr (S.H. Moon).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.05.017
-

2. Experimental

Pd/SiO2, containing 1.0 wt% of Pd, and TiO2-added
Pd/SiO2, containing TiO2 at a Ti/Pd atomic ratio of 1.0
were prepared by the same procedure as described i
previous paper[2]. Ag-added Pd/SiO2, containing Ag at an
Ag/Pd atomic ratio of 1.0, was prepared by an incipi
wetness impregnation method using AgNO3 as the Ag pre-
cursor. The catalyst sampleswere calcined in air at 573 K
for 3 h and then reduced in H2 at either 573 or 773 K fo
1 h prior to use. The accelerated deactivation of the c
lysts was made under the samecondition as in our previou
study[3]. The green oil deposited on the catalysts was a
lyzed by thermogravimetry (TA Instruments, TGA2050)
an air flow at 40 cm3/min, while the temperature was rais
from 303 to 1123 K at a rate of 10 K/min. Infrared (IR)
spectra of the green oil and CO adsorbed on the cata
were obtained by using an IR spectrometer (MIDAC, Mo
M2000) equipped with a DTGS detector. A diffractome
(Mac Science), equipped with a graphite monochromato
ing Cu-Kα (50 kV, 100 mA) as the radiation source, was u
in the X-ray diffraction (XRD) study of the catalysts. H
drogen chemisorption was made by using ASAP2010 (
cromeritics).

http://www.elsevier.com/locate/jcat


W.J. Kim et al. / Journal of Catalysis 226 (2004) 226–229 227

ir:

ich
ount
r-
of

t
K,

tric
an
3 K,
Pd,
oke
d
-
l
n of
een
low

was
ich
30,

n-

ted
lat-

n

with
tions:

as

ted

en

nded
-
re
were
e
-

ions
the
3 K,
tion

at
due
tion
d
ere

TiO
f

sti-
sed
y

Fig. 1. Differential thermogravimetric analysis of used catalysts in a
(a) Pd/SiO2/573, (b) Pd–Ti/SiO2/773.

3. Results and discussion

3.1. Deactivation by green oil accumulation

The TGA results obtained for the two catalysts, wh
had been used for converting the same accumulated am
of acetylene, showed significant weight losses at tempe
atures between 473 and 873 K, due to the burn off
green oil deposited on the catalyst surfaces. The weigh
loss was larger for the Pd-only catalyst reduced at 573
Pd/SiO2/573, (59.2%) than for Pd–Ti/SiO2/773 (35.1%).
Fig. 1 shows the results of a differential thermogravime
analysis (DTGA), obtained from the TGA curves, which c
be deconvoluted into two major peaks: Peak I at 573–64
representing coke produced on and in the vicinity of the
and Peak II at 673–873 K, representing graphite-like c
present on the support[4]. Two changes occur when the P
catalyst is modified with TiO2. The area of Peak I is signif
icantly decreased, indicating that the formation of green oi
on and in the vicinity of Pd is suppressed, and the locatio
Peak II is shifted to lower temperatures, indicating that gr
oil produced on the support can be removed at relatively
temperatures.

The average carbon number per green oil molecule
estimated from the IR spectrum (not shown here), wh
consisted of four major peaks appearing at 2960, 29
2880, and 2860 cm−1, respectively[5]. We calculated the
CH2/CH3 ratio of green oil based on the relative inte
sity of the asymmetric C–H stretching peaks, at 2960 cm−1

for CH3 groups and at 2930 cm−1 for CH2 groups. The
CH2/CH3 ratio was smaller for Pd–Ti/SiO2/773, 2.9, than
for Pd/SiO2/573, 4.2, indicating that the green oil deposi
on the former has a shorter chain length than that on the
ter. Since the extinction coefficient of a CH3 group is three
times larger than that of a CH2 group, the average carbo
s

Fig. 2. Deactivation of catalysts, before and after regeneration,
accumulated amounts of converted acetylene; regenerating condi
O2 = 20 cm3/min, temperature= 873 K for 2 h. (a) Pd/SiO2/573, (b) Pd–
Ti/SiO2/773, (c) Pd–Ag/SiO2/573; (1) fresh, (2) after regeneration.

number per molecule of green oil for the two catalysts w
estimated from three times the CH2/CH3 intensity ratios.
The estimated carbon numbers, 19 for Pd–Ti/SiO2/773 and
27 for Pd/SiO2/573, fall in the same range as those repor
for green oil obtained in industrial processes[6] and indicate
that the added TiO2 decreases the chain length of the gre
oil.

3.2. Deactivation by sintering

Fig. 2 shows that the deactivation rates of Pd–Ti/SiO2/
773, either fresh or regenerated after being used for exte
periods, are slower than those of Pd/SiO2/573. Catalyst de
activation was not caused by pore blockage because the po
volumes and average pore diameters of the catalysts
changed to smaller extents than the activity decrease mad
during the reaction period. Anestimated Weisz–Prater num
ber also assured the absence of pore-diffusion limitat
in the reaction system. Catalysts used for converting
same amounts of acetylene were regenerated in air at 87
before being reduced and used again for the deactiva
tests. In the case of Pd/SiO2/573, the activity decreased
a faster rate after the regeneration, which is obviously
to the sintering of Pd crystallites during the regenera
process. On the other hand, the deactivation of regenerate
Pd–Ti/SiO2/773 proceeded nearly at the same rates as w
observed before the regeneration, indicating that added2
suppresses the sintering of Pd crystallites. The behavior o
Ag-added catalysts will be discussed inSection 3.3.

The average sizes of the Pd particles in Pd/SiO2/573 and
Pd–Ti/SiO2/773, before and after regeneration, were e
mated by XRD. After regeneration, the size was increa
from 45 to 120 Å for Pd/SiO2/573, whereas it was onl
slightly increased, from 48 to 61 Å, for Pd–Ti/SiO2/773. The
Pd particle sizes were also estimated by H2 chemisorption,
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Fig. 3. Infrared spectra of CO adsorbed on the catalysts before and afte
alyst regeneration: (a) Pd/SiO2/573, (b) Pd–Ti/SiO2/773; (1) fresh, (2) afte
regeneration.

which indicated the same trend as observed by XRD. T
is, the H/Pd ratio for Pd/SiO2/573 was decreased from 0.4
to 0.21, corresponding to a particle size from 21 to 44
after the regeneration. On the other hand, the ratio for
Ti/SiO2/773, which was smaller than for Pd/SiO2/573 due
to the surface coverage of Pd by TiO2, was decreased to
smaller extent, from 0.20 to 0.14, corresponding to a
change from 45 to 66 Å.

Fig. 3 shows IR spectra of CO adsorbed on the c
lysts before and after regeneration. The spectra consi
four peaks assigned to different CO adsorption modes[7].
We calculated the area ratios of multiply bound (199
1870 cm−1) to linearly bound CO (2200–2100 cm−1),
Am/Al , for the different catalysts based on the IR spec
After regeneration, theAm/Al ratio was increased from 2.
to 4.9 in the case of Pd/SiO2/573, due to the sintering of P
crystallites, but the ratio was increased only slightly fr
1.6 to 1.9 in the case of Pd–Ti/SiO2/773, indicating that the
sintering of Pd crystallites is suppressed by the added T2.

3.3. The role of Ti oxide in the catalyst deactivation

Acetylene is not only hydrogenated to produce eth
ene, but also is hydro-oligomerized with adjacent acety
lene molecules to produce 1,3-butadiene and green
with higher numbers of carbon atoms[8]. These hydro
oligomerization reactions proceed preferentially on multi
coordinated sites[9]. When TiO2 is added to a Pd cata
lyst, green oil formation on the Pd surface is substanti
suppressed because the added TiO2 dilutes the Pd surface
thus reducing the number of multiply coordinated Pd s
(Fig. 3). Furthermore, due to dilution by TiO2, further hydro-
oligomerization of green oil to a higher carbon numbe
also suppressed and, as a result, it can be removed a
atively low temperatures compared to the case of Pd/SiO2
(Fig. 1). All of the above trends, originating from the d
lution effect of TiO2 species, reduce the extent of catal
deactivation by green oil accumulation.
-

f

l-

The retarded Pd sintering on Pd–Ti/SiO2 is also related to
characteristic interactions of the added TiO2 with Pd. When
a catalyst is oxidized in air for regeneration, TiO2 species,
which are present on the Pd surface, migrate back clo
the support, which is intrinsic to the SMSI phenomenon[10],
so that they are located at the interface between the Pd pa
ticles and the support. Accordingly, it would be expec
that, during catalyst regeneration, Pd particles would be
rounded by TiO2 species such that the former are protec
from sintering. A fraction of the TiO2 species, which ma
remain on the Pd surface during the oxidation process, c
still retard the sintering of the Pd particles by lowering
mobility of the latter.

The turnover frequencies, calculated based on the2

chemisorption data, changed after the regeneration: from
0.20 to 0.41 s−1 on Pd/SiO2/573 and from 0.49 to 0.56 s−1

on Pd–Ti/SiO2/773. The regeneration also changed the r
tive rates of acetylene oligomerization versus hydrogenatio
i.e., from 0.43/0.57 to 0.58/0.42 on the former catalyst
from 0.17/0.83 to 0.22/0.78 on the latter. Accordingly,
increase in turnover frequency after regeneration is du
an increase in the relative rates of oligomerization and
rates remain smaller than those of hydrogenation on
Ti/SiO2/773.

We compared the performance of TiO2-added catalyst
with that of other promoted catalysts, containing either S2
or Ag. The former is a typical geometric modifier of P
as reported by this group[3], and the latter modifies P
largely by electronic interactions, although a geometric
fect is also claimed to contribute[11]. TiO2 modifies Pd by
both electronic and geometric effects but the latter se
to be the major factor, as described above and in our
vious paper[2]. The deactivation results, shown inFig. 2
and in our previous report[3], indicate that the catalyst life
time is improved in the order Pd–Ag/SiO2 > Pd–Ti/SiO2 =
Pd–Si/SiO2. The behavior after the regeneration also follo
the same order. The catalysts show more distinct differe
in their selectivity (Fig. 4), which is improved in the or
der Pd–Ag/SiO2 > Pd–Ti/SiO2 > Pd–Si/SiO2. Accordingly,
it can be temporarily concluded that Pd–Ag/SiO2/573 ex-
hibits the best performanceamong three catalysts in bo
lifetime and selectivity, which may suggest that electro
promotion is more important than geometric. However,
noteworthy inFig. 4 that the conversions obtained on P
Ag/SiO2/573 are consistently lower than those obtained
the other catalysts. The turnover frequencies of Pd–Ag/S2,
which changed from 0.86 to 0.90 s−1 after the regener
ation, were consistently higher than those of Pd–Ti/Si2.
However, the Pd surface area estimated by H2 chemisorp-
tion was significantly lower for Pd–Ag/SiO2, H/Pd= 0.08,
than for Pd–Ti/SiO2, H/Pd= 0.20, and consequently th
conversions were lower for the former than for the lat
A systematic study to compare the performance of cata
containing the optimum amounts of individual promot
will clarify this issue.
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Fig. 4. Changes in ethylene selectivity with conversion in acetylene
drogenation on various catalysts (temperature= 333 K, H2/acetylene= 2);
(a) Pd/SiO2/573, (b) Pd–Ag/SiO2/573, (c) Pd–Ti/SiO2/773, (d) Pd–Si/
SiO2/573.

4. Conclusions

TiO2, when added to a Pd catalyst, reduces the am
of green oil deposited on and in the vicinity of Pd sites a
maintains the average carbon number of green oil molec
relatively low by diluting the multiply coordinated Pd site
TiO2 also suppresses Pd sintering in the regeneration
by reducing the mobility of Pd crystallites. Accordingly, th
TiO2-added Pd catalyst becomes deactivated at slower
 s

than the Pd-only catalyst, and the deactivation of the forme
catalyst is nearly unaffected by the regeneration.
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