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Abstract

Nanocrystalline a-Al,O3 and Ni-modified a-Al,O3 have been prepared by sol—gel and solvothermal methods and employed as supports for Pd
catalysts. Regardless of the preparation method used, NiAl,O, spinel was formed on the Ni-modified a-Al,O5 after calcination at 1150 °C.
However, an addition of NiO peaks was also observed by X-ray diffraction for the solvothermal-made Ni-modified a-Al,O3 powder. Catalytic
performances of the Pd catalysts supported on these nanocrystalline a-Al,O5 and Ni-modified a-Al,Oj3 in selective hydrogenation of acetylene
were found to be superior to those of the commercial a-Al,O3 supported one. Ethylene selectivities were improved in the order: Pd/Ni-modified a-
Al,03-sol-gel > Pd/Ni-modified a-Al,O3-solvothermal ~ Pd/a-Al,03—sol-gel > Pd/a-Al,O3-solvothermal > Pd/a-Al,O3-commerical. As
revealed by NH; temperature program desorption studies, incorporation of Ni atoms in a-Al,O5 resulted in a significant decrease of acid sites
on the alumina supports. Moreover, XPS revealed a shift of Pd 3d binding energy for Pd catalyst supported on Ni-modified a-Al,O3—sol-gel where

only NiAl,O4 was formed, suggesting that the electronic properties of Pd may be modified.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Nanocrystalline a-Al,O3; Ni-modified a-Al,O5; Solvothermal; Sol-gel; Selective acetylene hydrogenation; Nickel aluminate

1. Introduction

The selective hydrogenation of acetylene in ethylene rich
stream is a crucial process in polyethylene production since
acetylene poisons the polymerization catalysts [1,2]. Pd-based
catalyst supported on alumina with low Pd loading (0.1-
0.3 wt.%) is typically employed for this reaction due to its good
activity and selectivity and the easily desorption of ethylene on
the catalyst surface. With respect to selectivity changes,
catalysts of low Pd dispersion have been suggested to give
better selectivity towards ethylene at high acetylene conver-
sions [3-5]. The alumina used as Pd catalyst support in this
reaction contains mostly the alpha phase alumina since it
possesses relatively low specific surface area and low acidity
compared to other ‘transition’ alumina. Recent reports have
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shown development of new efficient catalysts for the selective
hydrogenation of acetylene including the glow discharge
plasma-prepared Pd/a-Al,Oj5 [6], Pd on nano-sized TiO, [7,8],
and zeolite-supported Pd-Ag catalysts [9].

In recent years, nanocrystalline materials have gained
considerable interest in the field of catalysis because they show
significant differences in terms of catalytic activity and selectivity
compared with those synthesized in micron scale. For examples,
Co catalysts supported on nanocrystalline Al,O5 [10] and ZrO,
[11] have been found to exhibit higher hydrogenation activities
and selectivities toward long chain hydrocarbons than those of the
commercial micron-sized Al,O; and ZrO, supported ones.
Physical and chemical properties of TiO, are modified when they
are synthesized in the nanometer range resulting in an
improvement of its photocatalytic activity [12].

Several techniques have been reported for preparation of
nanocrystalline ‘transition’ alumina such as sol-gel method
[13], hydrothermal synthesis [14], microwave synthesis [15],
emulsion evaporation [16,17], precipitation from solution [18],
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and solvothermal synthesis [19,20]. The sol-gel method is
widely used due to its simplicity, however, the precipitated
powders obtained are amorphous in nature and further heat
treatment is required for crystallization. Solvothermal method is
an alternative route for one-step synthesis of nanocrystalline
material. Desired shape and size of particles can be produced by
controlling process conditions such as solute concentration,
reaction temperature, reaction time, and the type of solvent [21].

In the present study, nanocrystalline a-Al,O; and Ni-
modified a-Al,O; have been synthesized via sol-gel and
solvothermal methods and employed as supports for Pd
catalysts for selective hydrogenation of acetylene. Modification
of nanocrystalline «-Al,O; with nickel is also interesting
because it can form nickel aluminate spinel (NiAl,0,4) which is
a highly stable material that can have beneficial effect on the
catalyst performance. Moreover, formation of NiAl,O,4 in some
Ni-based hydrogenation catalysts has shown high resistance to
coke formation [22-24].

2. Experimental

2.1. Preparation of Nanocrystalline a-Al,O3 and Ni-
modified a-Al,03

Nanocrystalline a-Al,O; and Ni-modified a-Al,O; were
prepared by sol—gel and solvothermal methods. For the sol—gel
method, 24 g of aluminium nitrate nonahydrate (Aldrich) was
dissolved in 50 cc of ethanol. The experiment was conducted in
the reflux-condenser reactor at the temperature about 70-80 °C
for 18 h. Then, urea solution, which consist of 60 g of urea and
50 ml of distilled water, was added to adjust pH of sol. The
mixture was rested at the same temperature for 24 h to be gelled
at neutral condition. The obtained product was calcined with 2
steps heating rate to avoid overflowing of gel during
calcinations, i.e. 3 °C/min from room temperature to 500 °C
and continue heating at 5 °C/min to 1150 °C. Then, temperature
was hold for 3 h. For the preparation of Ni-modified a-Al,03, a
desired amount of nickel nitrate-6-hydrate (Aldrich) was added
to the precursor mixture and then followed the same procedures
as that of a-Al,Os.

For the solvothermal method, a-Al,O5; and Ni-modified a-
Al,O3 were prepared using a mixture of aluminum isoprop-
oxide 15.0 g and appropriate amount of nickel(II) acetylace-
tonate. The starting materials were suspended in 100 mL of
toluene in beaker, and then set up in autoclave. In the gap
between the beaker and autoclave wall, 40 mL of toluene was
added. After the autoclave was completely, the suspension was
heated to 300 °C at the rate of 2.5 °C/min and held at that
temperature for 2 h. However, the same synthesis method is
performed at various holding temperature. Autogenous
pressure during the reaction gradually increased as temperature
was raised. Then the autoclave was cooled to room temperature.
After the autoclave was cooled, the resulting products were
washed repeatedly with methanol by centrifugation and dried in
air. The calcination of the obtained product carried out in a
furnace. The product was heated at a rate of 10 °C/min to a
desired temperature 1150 °C and held at that temperature for

1 h. For comparison purposes, a commercial a-Al,O3 (JRC-
ALQO2) was also employed as Pd catalyst support.

2.2. Preparation of «-Al,O3 supported Pd catalysts

The Pd/a-Al,O53 catalysts were prepared by incipient
wetness impregnation of Al,O3 support with a desired amount
of an aqueous solution of palladium(Il) nitrate hydrate
(Aldrich). The catalysts were dried overnight at 110 °C and
then calcined in N, flow 60 cm®/min with a heating rate of
10 °C/min until the temperature reached 500 °C and then in air
flow 100 cm*/min at 500 °C for 2 h. The final Pd loading of the
catalysts was determined by atomic absorption spectroscopy
(Varian Spectra A800) to be ca. 0.3 wt.%.

2.3. Catalyst Characterization

Surface area measurements were carried out by nitrogen
adsorption in a Micromeritic Chemisorb 2750 system. Each
sample was degassed at 200 °C for 2 h. The analysis gas
consisting of 30% N, in helium was adsorbed on the samples at
low temperature by dipping cell into liquid nitrogen dewar. X-
ray diffraction patterns of the catalyst samples were obtained
with a SIEMENS D5000 X-ray diffractometer using Cu Ka
radiation with a Ni filter. The pattern were recorded between
20° and 80° (20) using a scanning velocity of 0.02°/s. Metal
active sites were measured using CO chemisorption technique
at room temperature in a Micromeritic Chemisorb 2750
automated system attached with ChemiSoft TPx software.
Before chemisorption measurement, the sample was reduced in
a H, flow at 150 °C for 2 h then cooled down to ambient
temperature in a He flow. Ammonia temperature program
desorption (NH5-TPD) was also performed in a Micromeritic
Chemisorb 2750 automated system attached with ChemiSoft
TPx software. Approximately 100 mg of catalyst was placed in
a quartz tube in a temperature-controlled oven. The samples
adsorbed ammonia at 40 °C, then heated up to 650 °C at a
heating rate of 10 °C/min. The distribution of palladium on
catalyst supports were observed using AJEM-200CX transmis-
sion electron microscope operated at 160kV. Surface
compositions of the catalysts were analyzed using an AMICUS
photoelectron spectrometer equipped with Mg Ka X-ray as
primary excitation and KRATOS VISION2 software. XPS
elemental spectra were acquired with 0.1 eV energy step at a
pass energy of 75 kV. The C Is line was taken as an internal
standard at 285.0 eV.

2.4. Reaction study

Catalytic performance of the catalysts was studied in
selective hydrogenation of acetylene. The experiment was
performed in a quartz tube reactor (i.d. 10.1 mm). Before
starting of the reaction, the catalyst was reduced in H, at 150 °C
for 2 h. Then the reactor was purged with argon and cooled
down to the reaction temperature, 40 °C. Feed gas composed of
1.5% C,H,, 1.7% H,, and balanced C,H, (TIG Co., Ltd.), a
GHSV of 39435, 24433, 16901 and 9288 h™' were used. The
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composition of product and feed stream were analyzed by a
Shimadzu GC 8A equipped with TCD and FID detectors
(molecular sieve-5A and carbosieve S2 columns, respectively).
Acetylene conversion as used herein is defined as moles of
acetylene converted with respect to acetylene in feed. Ethylene
selectivity is defined as the percentage of acetylene hydro-
genated to ethylene over totally hydrogenated acetylene. The
ethylene being hydrogenated to ethane (ethylene loss) is
the difference between all the hydrogen consumed and all the
acetylene which has been totally hydrogenated.

3. Results and discussion
3.1. Catalyst characterization

The XRD patterns of the sol-gel- and the solvothermal-
made Pd/a-Al,O5; and the Pd/Ni-modified a-Al,O3 catalysts
with Ni/Al atomic ratio 0.5 after calcinations at 1150 °C are
shown in Fig. 1. The patterns in the lower half of the figure
correspond to the sol-gel-made powder while the patterns in the
upper part of the figure are for those prepared by solvothermal
synthesis. Both the sol-gel- and solvothermal-made Pd/a-
Al,O;5 catalysts exhibited all the characteristic peaks of a-
Al,Oj structure. While the diffraction lines for Pd/Ni-modified
a-Al,O5 catalyst could be assigned to a spinel-type NiAl,O4
structure; space group Fd3m [25]. Additional peaks corre-
sponding to NiO were also presented at 43.3 and 62.9° 26 for
the product obtained from solvothermal synthesis. The XRD
characteristic peaks associated with Pd® or PdO phase were not
observed in all the samples. This was probably due to the very
low amount of Pd present and/or a very good dispersion of Pd
phase on all the alumina supports.

TEM micrographs were taken in order to physically measure
the size of the palladium oxide particles and/or palladium
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Fig. 1. XRD patterns of the various Pd catalysts supported on nanocrystalline

a-Al,O3 and Ni-modified a-Al,O3 prepared by sol-gel and solvothermal
methods.

clusters. It can be seen that the sol-gel made catalyst (Fig. 2a
and b) was consisted of agglomerated particles with primarily
irregular shape structure. For those prepared by solvothermal
method, agglomeration of finger-like particles were observed
for the Pd/a-Al,O3; whereas spherical-shape particles were
found for the Pd/Ni-modified a-Al,O5 catalysts (Fig. 2¢ and d,
respectively). The finger-like a-Al,O5 particles are normally
obtained by calcination of the solvothermal-made «-Al,O3
powders at high temperature [26,27]. Based on TEM analysis,
palladium particles/clusters with average particle size ca. 5—
10 nm were found to be deposited on the alumina supports.

The physical and chemical properties of Pd/a-Al,O5 and Pd/
Ni-modified a-Al,Oj5 catalysts are summarized in Table 1. The
average crystallite size of each crystal phase was calculated
from the Scherrer equation. The average crystallite sizes of the
a-Al, O3 prepared by sol-gel and solvothermal method were 34
and 58 nm, respectively. While, the crystallite sizes of NiAl,O4
formed in the Ni-modified a-Al,O3 prepared by sol-gel and
solvothermal method were 23 and 27 nm, respectively. In all
cases, the average crystallite sizes of NiAl,O, were smaller
than those of a-Al,O5. Such results suggest that crystal growth
rate for NiAl,O,4 was slower than that of a-Al,O5. The surface
areas of all the catalysts were not significantly different and still
quite low, due probably to high agglomeration of these
nanocrystalline particles during calcinations at high tempera-
ture. The amounts of CO chemisorption on the catalysts, the Pd
dispersions, and the average Pd metal particle sizes determined
from CO chemisorption are also given in Table 1. The pulse CO
chemisorption technique was based on the assumption that one
carbon monoxide molecule adsorbs on one palladium site [28—
32]. The amounts of CO chemisorption decreased from 7.5 to
5.4 % 10" and 8.1 to 7.4 x 10" sites/g cat. corresponding to
the decreasing in Pd metal dispersion from 4.4 to 3.2 and 4.8
to 43% by modification with Ni atoms by sol-gel and
solvothermal method, respectively. The percentages of Pd
dispersion calculated from the CO chemisorption results were
in the order Pd/a-Al,Os-solvothermal > Pd/a-Al,O3—sol-
gel ~ Pd/Ni-modified «-Al,03-solvothermal > Pd/Ni-modi-
fied a-Al,O5—sol-gel. The average Pd° particle sizes for all
the catalysts were calculated to be 24-35 nm.

Fig. 3 shows the NHj; temperature program desorption
profiles for the sol-gel and solvothermal-made a-Al,O3 and the
Ni-modified a-Al,O5 supports. Comparing the desorption peak
area of the reference y-alumina, the desorption peak areas of
the nanocrystalline a-Al,O; powders obtained from both sol-
gel and solvothermal syntheses were relatively low due
probably to the dramatically decrease of the surface area after
calcination at high temperature. However, two desorption peaks
corresponding to different acid sites were still observed at ca.
320 and 400-500 °C for both a-Al,0O3 samples. For the Ni-
modified a-Al,0O3—sol-gel, no distinctive peaks were observed
and the profiles became almost flat. Such results indicate that
acidity of the a-Al,O3 samples was drastically decreased by
incorporation of Ni atoms. The results are in good agreement
with those reported by other researchers. For examples, Otero
Aredn et al. [33] measured acidity of Ni-doped alumina by IR
spectroscopy of CO adsorbed at liquid nitrogen temperature. A
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Fig. 2. TEM micrographs of (a) Pd/a-Al,O3—sol-gel, (b) Pd/Ni-modified a-Al,03-sol-gel, (c) Pd/a-Al,Oz-solvothermal, and (d) Pd/Ni-modified a-Al,Os-

solvothermal.

decrease in both Lewis and Brgnsted acidity was observed as
the Ni contents increased in the Ni-alumina solid solution. The
very low Brgnsted acidity also appears to be typical for many
oxide spinels as well as other aluminate spinels such as
MgAl,O4 and ZnAl,O4 [34,35]. A small broad peak was
observed for the Ni-modified «-Al,0Os-solvothermal due
probably to the formation of NiO species in which some
acidity may be remained.

Table 1

Characteristics of the various Pd/a-Al,O5; and Pd/Ni-modified a-Al,O5 catalysts

Because of its surface sensitivity, XPS is used to monitor the
interaction between surface Pd and the alumina supports. The
elemental scans for Pd 3d of the Pd/a-Al,O5 and the Pd/Ni-
modified a-Al,O3 catalysts are shown in Fig. 4. It was found
that the binding energy of Pd 3d for the Pd catalyst supported
Ni-modified a-Al,O3 prepared by sol-gel shifted to lower
binding energy while for those of all the other catalysts, the
binding energies for Pd 3d were at the same binding energies. It

Sample dxrp® (nm) BET surface CO chemisorption % Dispersion dp? Pd° (nm)
area (mzlg) (x10"7 sites/g cat.)
Sol-gel
Pd/a-Al,O3 34°¢ 1.5 7.51 4.42 25
Pd/Ni-a-Al,O3 27¢ 1.9 5.37 3.16 35
Solvothermal
Pd/a-Al,O3 54¢ 4.7 8.10 4.76 24
Pd/Ni-a-Al,O5 234, 26° 1.4 7.35 4.32 26
Commercial
Pd/a-Al,O3 391.6° 0.5 591 3.48 32

? Average crystallite size calculated by Scherrer equation.

b Average Pd metal particle size calculated from CO chemisorption results. dp = 1.12/D where D = Pd dispersion [25].

¢ OL-A1203.
4 NiALO,.
¢ NiO.
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Fig. 3. NH; temperature program desorption profiles for the sol-gel and
solvothermal-made «-Al,O3 and the Ni-modified a-Al,O5 supports.

is likely that Pd catalyst supported on NiAl,O4 spinel may
result in a lower interaction between Pd and the alumina
support.

3.2. Catalyst performance in selective acetylene
hydrogenation

The catalyst performance in selective hydrogenation of
acetylene to ethylene was studied for all the catalyst samples
using a fixed bed flow reactor. Changes in ethylene selectivity
with acetylene conversion for Pd/a-Al,O5 and Pd/Ni-modified
a-Al,O3 catalysts are shown in Fig. 5. In general, ethylene
selectivity decreases with increasing acetylene conversion due
to the fact that the ethylene is produced as an intermediate in
acetylene hydrogenation reaction. Compared to Pd catalyst
supported on the commercial a-Al,O3, the ones supported on

Intensity (A.U.)

L)
348 344 340 336 332
Binding Energy (eV)

Fig. 4. XPS results of Pd 3d for (a) Pd/a-Al,05—sol-gel, (b) Pd/Ni-modified a-
Al,03-sol-gel and (c) Pd/Ni-modified a-Al,05-solvothermal.
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Fig. 5. Performance of sol-gel (circle; O) and solvothermal (triangle; A) made
Pd/a-AlL O3 (filled symbols), Pd/commercial a-Al,O5 (filled square; ) and
Pd/Ni-modified a-Al,O5 (open symbols) catalysts in selective acetylene hydro-
genation.

nanocrystalline «-Al,O; and Ni-modified a-Al,O3 showed
superior catalytic performances in selective acetylene hydro-
genation with Pd/Ni-modified «-Al,O; exhibited higher
selectivity than Pd/a-Al,03;. When comparing the samples
prepared by different techniques, the sol-gel-made samples
showed higher ethylene selectivity than those of the solvother-
mal-derived ones. The ethylene selectivity was improved in the
order: Pd/Ni-modified a-Al,05-sol-gel > Pd/Ni-modified o-
Al,05-solvothermal ~ Pd/a-AlO3—sol-gel > Pd/a-Al,O3-s0l-
vothermal >> Pd/a-Al,Oz-commercial.

During long-time investigation by many research groups, the
catalytic activity and ethylene selectivity in the selective
acetylene hydrogenation in excess ethylene over Pd-based
catalysts are found to be dependent on many factors such as
metal dispersion (Pd metal particle size) [7], thermodynamic
adsorption differences between acetylene and ethylene [36],
and carbonaceous product formation [37,38], etc. Based on the
reaction mechanisms for acetylene hydrogenation on Pd/Al,O3
catalysts in the literatures [39], there are three active sites on the
Pd metal surface and one active site on the alumina support. The
three sites on the palladium surface are responsible for selective
hydrogenation of acetylene to ethylene, direct ethane formation
from acetylene and oligomer formation whereas ethylene
hydrogenation is believed to take place on the support by means
of a hydrogen transfer mechanism. It was claimed that the
carbonaceous deposits present act as bridges for hydrogen
spillover [40]. It is well known that acidity on alumina surface
promotes formation of carbonaceous deposits on catalyst
surface. When Ni was incorporated in alumina lattice (i.e., in
terms of NiAl,O, formation), the acidity of alumina decreased
drastically and thus reduced the formation of carbonaceous
deposits and hydrogen spillover. In summary, Pd catalyst
supported on Ni-modified a-Al,O3 can be used as an effective
catalyst for producing high ethylene selectivities at relatively
high acetylene conversions especially when NiAl,O, are
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formed. Promotion with other second metals such as Ag is then
not necessary in order to improve the catalytic performance of
these Pd-based catalysts.

4. Conclusions

The catalytic performance of Pd catalysts supported on
nanocrystalline a-Al,O3 and Ni-modified a-Al,O3 prepared by
sol—gel and solvothermal methods was studied in the selective
hydrogenation of acetylene in excess ethylene. While the use of
sol-gel method resulted in only NiAl,0O4 formation, those
prepared by solvothermal gave both NiAl,O, and NiO species.
Acidity of the nanocrystalline a-Al,O; was significantly
decreased by incorporation of Ni atoms in a-Al,O3. Ethylene
selectivities were improved in the order: Pd/Ni-modified a-
Al,O3—sol—gel > Pd/Ni-modified a-Al,O3-solvothermal ~ Pd/
a-Al,O3-sol-gel > Pd/a-Al,03-solvothermal > Pd/a-Al,O3-
commercial. The improvement in catalyst performance is
probably due to both a decrease in surface acidity of a-Al,O5
and modification of Pd surface activity due to NiAl,O4
formation.
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