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ABSTRACT

The purpose of this study was to develop a highly efficient Pd/(X-ALO, catalyst for
the selective hydrogenation of acetylene used for removal trace amount of acetylene contaminant
in ethylene feed stream in the polyethylene production process. The effects of preparation method
namely solvothermal, sol-gel, and precipitation and an addition of small amount of a second metal
(Fe) to alumina support on the catalyst performances have been investigated. The best catalyst
performance of Pd/((-ALO, catalysts in the selective hydrogenation of acetylene was obtained
using the solvothermal-derived ((-Al,O, due to their suitable properties such as high surface area
and narrow pore size distribution. A stronger interaction between Pd and ALO, prepared by
solvothermal also facilitated H, reduction at low temperature and desorption of ethylene and CO.
The use of nanocrystalline Fe-modified (X-ALO, as supports for Pd catalysts also resulted in an
improved catalyst performance in selective acetylene hydrpgenation by lower acidity of the Ol-

AL, supports so that the amount of coke deposits was reduced.
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Absorbance
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Abstract The use of nanocrystalline Fe-modified a-Al,0O; prepared by sol-gel and
solvothermal method as supports for Pd catalysts resulted in an improved catalyst
performance in selective acetylene hydrogenation. Moreover, the amount of coke
deposits was reduced due to lower acidity of the Fe-modified a-Al,03 supports.

Keywords Fe-modified Al,O, - Selective acetylene hydrogenation

Introduction

Selective hydrogenation of acetylene using supported Pd-based catalysts is an
important process in the polyethylene industry because acetylene contaminant in
ethylene feedstock poisons the polymerization catalyst. It is of particular challenge
to produce an effective catalyst that can remove trace amounts of acetylene in
ethylene feedstock while ethylene remains inactive during hydrogenation to prevent
ethylene loss. Because Pd catalysts have poor selectivity at high acetylene
conversion and oligomer formation on the catalysts, which lessens the catalyst
lifetime, promotion with a second component such as Ag [1, 2], Si [3], K [4], Au
[5], and TiO, [6] has often been employed in order to improve the catalyst
performance. Besides Pd/Al,0,;, new, efficient catalyst systems for selective
hydrogenation of acetylene have been continuingly developed including Pd on
nano-sized TiO, [7-10] and zeolite-supported Pd—~Ag catalysts [t 1, 12].
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Recently, our studies showed that the use of nanocrystalline o-Al,O- prepared by
sol-gel and solvothermal method as supports for Pd catalysts yielded superior
catalyst performance compared to those on commercial «-Al,O4 [13]. Moreover,
modification of a-Al,O5 with a second metal such as Ni [14] and Zn [15] has been
shown to result in significant improvement of Pd/a-Al,O; catalyst properties in
selective acetylene hydrogenation in terms of both acetylene conversion and
selectivity to ethylene. Formation of NiAl,O4 or ZnAl,O,4 spinels dramatically
decreased the acidity of the alumina supports hence the catalysts showed less
deactivation by coke formation.

The present paper is our follow-up effort to produce a highly effective catalyst
for purification of ethylene feed stream in polyethylene production. The effect of
Fe-modified a-Al,O3 on the properties of Pd/a-Al,O5 catalyst in selective acetylene
hydrogenation is focused. The Fe-substituted alumina is interesting as a catalyst
support due to its improved stability and high resistance to oxidation [16, 17]. The
catalyst performances were correlated with the catalyst characterization results from
N, physisorption, CO chemisorption, X-ray diffraction (XRD), ammonia temper-
ature program desorption (NH3-TPD), and thermal gravimetric and differential
temperature analysis (TG/DTA).

Experimental
Preparation of a-Al,03 and Fe-modified a-Al,03

The nanocrystalline «-Al,05 was prepared by solvothermal and sol-gel method
according to that of Panpranot and co-workers [13]. The iron precursors used for the
preparation of Fe-modified a-Al,05 by solvothermal and sol-gel method were iron
() acetylacetonate ((CsHgO,)3Fe) and ferric nitrate nonahydrate (FeN;Og-9H,0),
respectively. The Pd/Fe-modified o-Al,O; catalysts were prepared by incipient
wetness impregnation of support with a desired amount of an aqueous solution of
palladium (II) nitrate hydrate (Aldrich) to obtain the final Pd loading of ca. 0.3 wt%.
The catalysts were dried overnight at 110 °C and then calcined in N, flow (60 cin®/
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.

Catalyst characterization

X-ray diffraction patterns were recorded between 20° and 80° (26) with a SIEMENS
D5000 X-ray diffractometer using Cu K, radiation with a Ni filter. Specific surface
areas were measured using nitrogen adsorption with a Micromeritic Chemisorb
2750 system. Prior to measurements, the samples were degassed at 200 °C for 2 h.
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. NH;3-TPD was also performed in the Micromeritic Chemisorb 2750
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automated system attached with ChemiSoft TPx software. The distribution of
palladium on catalyst supports were characterized using a JEOL 2010 transmission
electron microscope operated at 2,000 kV. Thermal gravimetric analysis (TGA)

thermograms were performed using a SDT Analyzer Model Q600 from TA
Instruments, USA.

Reaction study

The selective hydrogenation of acetylene was performed in a quartz tube reactor.
Prior to the start 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. The feed gas was composed of 1.5% C,H,, 1.7% H,, and balanced
C,H,4 (TIG Co., Ltd.). The 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 hydrogenated to ethylene over
totally hydrogenated acetylene.

Results and discussion

The XRD patterns of Pd/a-Al,0; and Pd/Fe-modified a-Al,0O5 are shown in Fig. 1.
For all the samples, the characteristic peaks of a-Al,O3 were evident while the
diffraction lines of iron, iron oxides, iron aluminate, palladium or palladium oxide

C a-Al03
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[S255
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I Pd/Fe-ALO, SV
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0 20 40 60 80
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Fig. 1 XRD pauemns of the Pd/z-Al,04 and Pd/Fe-modified a-Al,O5 prepared by sol-gel (SG) and
solvothermal (SV) methods
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Table 1 Physicochemical properties of Pd/Al;05 and Pd/Fe-Al,05 catalysts

BET surface Avg. crystallite CO chemisorption % Pd d, pd’

area (m?/g) size* (nm) (x10"7 site/g cat)  dispersion  (nm)
Pd/Al,05 SG 1.0 46 10.0 8.4 13
Pd/Fe-Al,0; SG 1.4 62 4.1 27 42
Pd/Al, O, SV 5.1 52 11.0 7.2 16
Pd/Fe-Al,O3 SV 3.9 63 78 5.1 22

* Average crystallite size of a-Al,0O5 supports determined from XRD results using Scherrer equation

were not apparent due probably to the very low amount present. The average
crystallite sizes of a-Al,O5 were calculated from the full width at half maximum of
the XRD peaks at 260 = 43° using the Scherrer equation; the results are shown in
Table 1. The average crystallite sizes of a-Al,03 and Fe-modified a-Al,O3 prepared
by sol-gel and solvothermal method were ranged between 46 and 63 nm. The
corresponding surface areas of the catalysts were 1-5 m?/g which were quite low

PW/ALO, §G |1y

PU/Fe-ALO; SV

]
T I TR S AL e

Fig. 2 TEM micrographs of Pd/a-Al,O; and Pd/Fe-modified a-Al,QO5 catalysts
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probably due to high agglomeration of these nanocrystalline particles during
calcination at high temperature. In a previous study, we have shown that sol-gel
Al,O3 possessed much less pore volume than the samples prepared by the
solvothermal method, as a consequence lower surface area was obtained [15].

Figure 2 shows the TEM micrographs with SAED patterns of Pd/x-Al,O5 and
Pd/Fe-modified a-Al,O5 prepared by sol-gel and solvothermal methods. Palladium
particles/clusters with average particle size <10 nm were found to be deposited on
both of the alumina supports. The metal active sites, the Pd dispersion, and the
average Pd metal particle sizes were also determined from CO chemisorption
experiment and are summarized in Table |. The technique is based on the
assumption that only one CO molecule adsorbed on one metal active site and CO
did not chemisorb on Al,O5 support [18]. It is clearly seen that when the catalysts
were supported on Fe-modified a-Al,O,;, Pd dispersion decreased. The larger
crystallite size of a-Al,O4 resulted in larger Pd particle size being formed and lower
Pd dispersion. Moreover, Pd catalyst supported on Fe-modified a-Al,O; prepared by
sol-gel method showed lower Pd dispersion than that prepared by solvothermal due
probably to more agglomeration of the a-Al,O4 support as also noticed from TEM
measurements,

NH; temperature program desorption is a commonly used technique for the
titration of surface acid sites [19]. The strength of an acid site can be related to the
corresponding desorption temperature, while the total amount of ammonia
desorption after saturation coverage permits quantification of the number of acid
sites at the surface. The temperature-programmed desorption profiles for the
nanocrystalline «-Al,O; and Fe-modified ¢-Al,O3 supports are shown in Fig. 3. It
was found that modification of Al,O; with small amounts of Fe considerably
changed its acid properties, i.e., reduction in the number of strong acid sites [20].

~ Fe-Al,O3_SG
=
Q)
—
a‘ 3
‘@A : AlyO3_SG
=] : 3
o b )
: i Fe-AlO3_SV

AlO3_SV

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 3 NH, temperature program desorption profiles for a-Al;O;3 and Fe-modified a-Al,O3 supports
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The catalytic properties of Pd/a-Al,O; and Pd/Fe-modified a-Al,O; catalysts
were evaluated in the selective hydrogenation of acetylene using a fixed bed flow
reactor with a GHSV of 16,901 h™'. A study of the temperature dependence of
acetylene conversion and selectivity toward ethylene on Pd/x-Al,03 and Pd/Fe-
modified a-Al,Oj3 catalysts is shown in Fig. 4 in the temperature range between 40
and 100 °C. In all cases, acetylene conversion increases with increasing temperature
while ethylene selectivity decreases due to the fact that the ethylene is produced as
an intermediate in acetylene hydrogenation reaction. Ethylene selectivity at
relatively high acetylene conversion (>80%) improved in the order: Pd/Fe-modified
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= 60 A
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Fig. 4 Temperature dependence of the catalytic performance of Pd/x-Al,O; and Pd/Fe-modified a-Al;O5
catalysts; a % conversion of C;H,, b % selectivity of C;Hy
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a-Al,O3-sol-gel > Pd/Fe-modified a-Al,03-solvothermal = Pd/a-Al,O5-sol-gel >
Pd/o-Al,O5-solvothermal. It was also found that acetylene hydrogenation activity
depended on Pd particle size in which the activity increased with increasing Pd
particle size. A similar trend has been observed for supported Pd catalysts in other
selective hydrogenation reactions {21-24].

After reaction, the amounts of carbonaceous deposits on the catalyst samples
were measured by thermal gravimetric analysis and the results are shown in Fig. 5.
The weight loss at around 200400 °C was due to oxidation of the carbonaceous
deposited on the surface of used catalysts [25]. As shown by the exothermic peaks in
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Fig. 5 Thermal gravimetric and differential temperature analysis (TG/DTA) of Pd/a-Al,03 and Pd/Fe-
modified a-Al,04 catalysts after reaction; a in terms of temperature (°C) and weight loss (%), b in terms
of temperature (°C) and temperature difference (°C/mg)
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Fig. 5b, the type of coke species occurred during reaction was probably “soft coke”
similar to those suggested by Xiangjing et al. [26]. Based on TGA results, the
amount of coke deposits on the catalysts on Fe-modified a-Al,O4 prepared by sol-
gel or solvothermal method was lower than those on the unmodified ones. The

results were in good agreement with acidity of the Al,03 supports measured from
NH; TPD technique.
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Influence of Preparation Method on the Nanocrystalline Porosity of o-Al;0; and
the Catalytic Properties of Pd/a-AlQ; in Selective Acetylene Hydrogenation

Sataporn Komhom,' Okorn Mekasuwandumrong,’ Joongjai Panpranot,*" and

Piyasan Praserthdam'

Center of Excellence on quu[ysis and Catalytic Reaction Engineering, Depariment of Chemical Engineering,
Faculty of Engineering, Chulalongkorn University, Bangkok, 10330 Thailand, and Department of Chemical
Engineering, Faculty of Engineering and Industrial Technology, Silpakorn University,

Nakhonphatom, 73000 Thailand

Nanocrystalline a-Al,05 powder with average crystallite sizes of 34~68 nm have been synthesized by threé
different methods, namely, solvothermal, sol—gel, and precipilation. Although the smallest crystallite size of
0-AlO5 was obtained via the sol—gel synthesis, the o-Al,0y sol—gel possessed the least amount of specific
surface area and pore volume. A narrow pore size distribution with an average pore diameter of 15 nm can
be obtained via solvothermal method, whereas the precipitation method yielded a-AlO; with larger pore
size and a wider pore size distribution. When used as a support for palladium catalysls, the a-Al0; solvothermal
provided the highest palladium dispersion and the best catalyst performance in selective hydrogenation of
acetylene. The catalytic properties of Pd/a-Al, O3 solvothermal were improved, in terms of both acetylene
conversion and ethylene selectivity. As shown by temperature program studies, the use of solvothermal-

derived a-Al>0; facilitated H; reduction at low temperature and the desorption of ethylene and CO.

1. Introduction

Because of their fine particle size, high surface area, high
melting point, high purity, good adsorbence, and high catalytic
activity, alumina (AL,O,) powders find use in a myriad of
applications." They are well-known to be used as adsorbents,
coatings, soft abrasives, ceramic tools, fillers, wear-resistant
ceramics, catalysts, and catalyst supports.** Among the various
uansition phases of alumina (such as a-, y-, -, 0, 1~ and
6-Al03), 0-ALO; is the typical support used for the preparation
of Pd/ALO; catalysts for the selective removal of acetylenc in
ethylene feed streams.

Polymer-grade ethylene has a strict specification of acetylene
impurity (~! ppm maximum), because acetylene is poison to
catalysts for ethylene polymerization.*® Typically, a-ALO;
provides a lower dispersion of active metal than the other
transition phases of Al,O,, because of its lower surface area,
but it is desirable in this reaction, because Pd/a-AlyO5 catalysts
possess less active sites for direct ethane formation than Pd/y-
ALQ; catalysts.” In addition, less oligomer/green oil was formed
on Pd/a-AlQ;, because a-ALOs is less acidic than y-ALO.
The performance of Pd/a-ALO; in such reactions also is
dependent largely on metal dispersion and reducibility of the
patladium metal.® These properties are functions of the nature
of the support, which typically is influcneed by the preparation
method that is used.

Many studies have shown supporting effects for palladium
calalysts in selective acetylene hydrogenation.'®™"? However,
in those studies, the addition of a second component such as
Si0,, Mg0, Ti0,, or Nb,Os was necessary for modification of
the catalyst properties. In our previous studies, we have reported
the improved catalytic performance of supported palladium

* To whom correspondence should be addressed. Tel.: 66-2-2186869.
Fax: 66-2-2186877. E-mail: joongjai.p@eng.chula.ac.th.

¥ Center of Excellence on Catalysis and Catalytic Reaction Engineer-
ing, Department of Chemical Engineering, Faculty of Engineering,
Chulalongkom University.

* Department of Chemical Engineering, Faculty of Engineering and
Industrial Technology, Silpakom University.
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catalysts in selective acetylene hydrogenation, using mixed-
phase y-fa-Al,05," nanocrystalline TiOs,'*"* and nanocrys-
talline a-ALO;'® as palladium catalyst supports. Modification
of a-Al,0; with a second metal such as nickel'” or zinc'® also
resulied in significant improvement of Pd/g-AlOs ca(alyéj
properties in selective acetylene hydrogenation, in terms of both
acetylene conversion and selectivity to ethylene. The formarion
of NiALQ, or ZnALO, spinels dramatically decreased the acidity
of the alumina supports; hence, the catalysts showed less
deactivation by coke formation.

Different preparation methods have been proposed for the
synthesis of nanocrystalline ALOy, such as solvothermal,'**”
sol—get,”"*? and precipitation.?® The physical properties such
as crystallite size, particle shape, particle size distribution, degree
of agglomeration, and porosity can be controlled by adjusting
the preparation parameters and conditions. Despite much effort
that has been exerted, it is, however, siill unclear about the most
convenient method, in terms of precursor decomposition and
crystal growth. }

In this work, nanocrystalline a-AlO; was prepared via
solvothermal, so]-gel, and precipitation methods and then used
as supports for palladium catalysts for the selective hydrogena-
tion of acetylene. The catalyst behaviors were determined to
be strongly dependent on the porosity of a-ALO; supports, .
which itself a fanction of the preparation method used. Various
analytical techniques, such as N physisorption, X-ray diffraction
(XRD), CO pulse chemisorption, H, temperature-programmed
reduction (H,-TPR), temperature-programmed desorption (C;H,-
TPD and CO-TPD), infrared spectroscopy (IR), and transmission
electron microscopy (TEM) were used to investigate the
physicochemical properties of a-Al,O; supports and the cor-
responding Pd/a-Al,O; catalysts.

2. Experimental Section

2.1. Preparation of a-AlLOs. The Al,Os support was pre-
pared via the solvothermal, sol—gel, and precipitation methods.
For the solvothermal method, aluminum isopropoxide (AP,

© 2009 American Chemical Sociely
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25 g) was suspended in 100 mL of toluene within a test tube,
which was placed in an autoclave and then added with 30 mL
of toluenc in the gap between the test tube and the autoclave
wall, The avtoclave was completely purged by nitrogen before
heating to 300 °C at a rate of 2.5 °C/min, and the autoclave
was kept at that temperature for 2 h. After cooling to room
temperature, the resulting product was collected after repeated
washing with methanol by centrifugation and air-dried overnight.
The obrainable powder was placed into a box furmace and heated
1o 1150 °C with a rate of 10 °C/min and kept at [ (50 °C for
3 h. Finally, a white a-Al,05 powder was obtained.

For the sol—gel method, 24 g of aluminum nitratc was
dissolved in 50 mL of ethanol. The experiment was conducted
in the reflux—condenser reactor at a temperature of ~70—80
°C for 18 h. Urea solution, which consists of urea (60 g) and
distilled water (50 mL), then was added, to adjust the pH of
solution. The mixture was permitted to rest at the same
temperarure for 24 h, to be gelled under neutral conditions. Then,
it was calcined with two steps of heating rate to avoid the
overflowing of gel during calcination (i.e., 3 °C/min from room
temperature to 500 °C and continue heating at S °C/minto 1150
°C). The temperature was held for 3 h.

For the precipitation method, ammonium aluminum sulfate
solution was gradually added to an ammonium hydrogen
carbonate aqueous solution with a concentration ratio of 0.2:
2.0 mol/L.. The experiment was controlled at temperatures in
the range of 40~45 °C, a mixing speed of 450 rpm, an addition
rate of 3 mL/min, and a constant pH valuc of 9. The mixture
was aged for 15 min to permit crystal growth. The white
precipitate that formed was separated from the final solation
by eentrifugation, repeatedly washed with methanol, and dried
in an oven at 110 °C overnight. The obtainable powder was
calcined in a depleted-oxygen atmosphere in a box furnace at
1150 °C for 3 h at a rate of 10 °C/min for the obtained
0.‘Ale].24

22. Preparation of Pd/a-AlL,Q; Catalysts. The ALO;
obtained from vasious methods were used as supports for the
preparation of 0.3% Pd/ALO; catalysts. Palladium was deposited
on the alumina by incipient wetness impregnation, using
PA(NQ;),*x(H,0) as the palladium precursor and deionized
water as a solvent. After being allowed to stand at room
temperature for 6 h and drying at 110 °C in air overnight, the
catalyst was further calcined in a N, flow (60 cm¥min) at a
rate of 10 °C/min until the temperature reached 500 °C; then,
the environment was switched to an air flow (100 cm*/min) at
500 °C for 2 h.

2.3, Characterization. The XRD pattern obtained within the
range of 20°~80° (26), with a resolution of 0.04°, in a Siemens
Model XRD D5000 system, with Cu Ko radiation and a nickel
filter. The specific surface area of the support with varions
preparations was measured by adsorption of N, at 77 K, using
a Micromeritic ASAP 2000 automated system. The functional
group in the samples was determined using infrared (IR)
spectroscopy (Nicolet Tmpact 400). Before measurement, the
sample was mixed with KBr and then was formed into a thin
pellet. The amount of CO chemisorbed on the PA/ALO; catalyst
was mcasured using a Micromeritics Model Chemisorb 2750
automated system, in conjunction with ChemiSoft TPx software,
at room temperature. Temperature program cxperiments werc
conducted in a Micromeritics Mode] Chemisorb 2750 automated
system. The temperature ramping was controlled by a temper-
ature controller (Fumace Power 48 VAC 8A MAX). A mixture
of 10% H, in argon, with a flow rate of 25 cm"“/min, was used
in the TPR experiment. TPR was applied with a constant rate

20=43°
o Solvotherraal
P | IJ L.
0-ALO, Sol-Gal

Intensity (a.u.)

L lul&oh i

Degree (26)

Figure 1. XRD pattems of the a-Al,Q; supports: solvothermal, sol—gel.
and precipitation method.

of 10 °C/min from 35 °C 10 300 °C. For the C,H,-TPD
experiment, the sample was prereduced at 150 °C in H, for 2 h,
followed by cooling to room temperature. Ethylene adsorption
then was performed at room temperature for 3 h. TPD was
applied with a constant rate of 10 °C/min from 30 °C to 780
°C. For the CO-TPD experiment, the sample was prereduced
at 150 °C in H, for 2 h (at a flow rate of 50 cm*imin), followed
by cooling to room temperature. CO adsorption then was
performed at room temperature by continuous injection until
the disappearance of CO adsorption. TPD was applicd with a
constant rate of 10 °C/min from 35 °C to 800 °C. Thc amount
of desorbed CO was measured by analyzing the cffluent gas
with a thermal conductivity detector. The distribution of
palladium on the catalyst support was observed using a
transmission electron microscopy system (JEOL, Model JEM-
2010) that was operated at 200 keV.

2.4. Reaction Study. The catalyst performance in the selec-
tive hydrogenation of acetylene was evaluated using a 10-mm
(inner diameter (id)) Pyrex reactor. Firsl, the catalyst was
reduced in situ with hydrogen by heating from room temperature
to 150 °C at a rate of 10 °C/min. The reactor then was purged
with argon and cooled to the reaction temperature (80 °C). The
reaction was performed using a feed composition of 1.5% C;H,
and 1.7% H,, with the balance being C;H,, with various gas
hourly space velocities (GHSV = 52580, 32577, 22534, 12385,
9366, 6660, and 4282 h™"). The products and feeds werc
analyzed by two gas chromatographs: one that was equipped
with a flame ionization detection (FID) device (Shimadzu,
Model FID GC 9A. carbosieve column S-2) and another that
was equipped for thermal conductivity detection (TCD) (Shi-
madzu, Model TCD GC 8A, molecular sieve-3A).

Acetylene conversion, as used herein, is defined as the number
of moles of acetylene converted, with respect to the number of
moles of acetylene in the feed. Ethylene selectivity is defined
as the percentage of acetylene hydrogenated to ethylene over
the total amount of hydrogenated acetylene. The ethylene being
hydrogenated to ethane (ethylene loss) is the difference between
all the hydrogen consumed and all the acetylene thal has been
totally hydrogenated.

3. Results and Discussion

3.1. Characteristics of a-ALO,. Figure | shows the XRD
patierns of Al,Os supports prepared by different preparation
methods. The typical characteristic peaks for a-AlO; were
detected for all samples, without any contamination of other
transition alumina phases. The IR spectra of as-synthesized and
calcined products are shown in Figure 2. In all cases, the strong
HO peak at a wavenumber of ~3450 cm ' disappeared after
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Figure 2. IR spectra of 0-Al,0; from (a) solvothermal, (b) sol~gel, and
(c) precipitation methods.

calcination, suggesting that moisture that was trapped between
crystals was removed by heat treatment. For the @-ALO,
preparcd by the precipitation method, absorption bands at 860
and 1425 em™, comresponding to organic groups (COT and
NH,"). were eliminated during calcination. For the sol—gel
a-Al,0s, the disappearance of the absorption peaks at 1400,
1700, and 3500 em' " after calcination indicated that organic
groups and the NO,™ ion have been removed. The characteristic
absorption bands of boehmite observed at 773 and 615 cm’’
from the as-synthesized solvothermal powder also disappeared
after calcination. Boehmite resulted from the presence of a small
amount of water, which was byproduct from AIP decomposi-
tion.” From IR analyses, it is confirmed that the a-Al,Oy
powders obtaincd after calcination in all cascs were pure ALO;,
without residual organic moiety. The calcination conditions were
also satisfactory for complete phase transformation or decom-
position to a-Ak0;.

The BET surface area, pore volume, average pore diameter,
and average crystallite size of Al Oy supports are given in Table
1. The average crystallite sizes of a-ALO; were calculated from
XRD results using the Scherrer equation and the characteristic
peak of a-Al;Ox at 26 = 43°, The crystallite size of sol—gel-
derived a-Al, Oy support was smallest at 33.8 nm, whereas the
sofvothermal- and precipitation-derived a-Al,O; supports gave
larger crystallite sizes (53 and 67.6 nm, respectively). The
specific surface area usually shows a reversed tendency with
crystallite size. However, in this study, the a-Al,Oy obtained
~ from the sol~gel method not only possessed the smallest
crystallite size but also had the minimum value of specific
surface area (1.7 m*/g), compared to those obtained by the
solvothermal (19.8 m*/g) and precipitation (41.2 m?yg) methods.
This could possibly be duc to the difference in the degree of
agglomeration. From Table 1, the total pore volume of soj—gel-
derived a-AL;O; (0.0065 cmYg) was much less than those
obtained from other preparation methods (0.2020 cm*/g for the
precipitation method and 0.0739 cm¥/g for the solvothermal
method). These results indicated that the sol—gel-derived support
had the smallest space between particles, compared to the other
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supports, which prohibited the adsorption of N, molecules on
the catalyst surface and led to the smallest surface area.

The pore size distiibution curves of o-AlO; supports arc
shown in Figurc 3. While the solvothermal- and precipitation-
derived 0-ALO; exhibited the typical characteristic of a
mesopore System (having an average pore size of 16—32 nm),
the sol—gel-derived a-Al,0y did not show any distinguishing
curves. Peak areas under the pore size distribution curves that
were directly correlated with the pore volume increased in the
following order: precipitation > sofvothermal > sol—gel. The
nitrogen adsorption isotherms for the a-AlyOs prepared by
different methods are shown in Figure 4. It can be scen that the
precipitation-derived support represented adsorption isotherms
with hysteresis loops with typc-A adsorption characteristics,
which corresponds to the presence of a two-ended tabular pore
structure. However, the solvothemal- and sol-gel—derive&
alumina exhibited a Type-E hysteresis loop, which is an
indication of the presence of a tabular pore structure, through
short pores with winded parts of various widths."*" These pores
were formed among the primary particles of alumina.

3.2. Physicochemical Properties of Pd/o-Al,0;. The CO
chemisorption results, such as the number of active Pd atoms,
palladium dispersion (%), and average palladium-metal particle
size, for the Pd/a-Al,Q; catalysts are given in Table |. The
mean stoichiometry of palladium metal to CO molecule
(Xpaco) Was determined by the iterative method, according to
those of Lambert et al.”® A polynomial function was fitted based
on the table established by Joyal and Butt,”” who determined
Xpoco as a function of palladium dispersion. The values of
Xpu.co were determined to be 0.51, 0.34, and 0.29 for palladium
catalysts supported on solvothermal-, sol~gel-. and precipita®
tion-derived (-Al,0y, respectively. The numbers of active sitcs
of palladium supported on solvothermal-, sol~gel and precipita-
tion-derived a-Al,0; catalysts were 11.5 x 10", 3.9 x 10",
and 2.1 x 10" sites/g-catalyst, corresponding to palladium
dispersions of 7.6%, 2.6%, and 1.4%, respectively. The lower
percetnage of palladium dispersion that was obtained for the
Pd/sol—gel-derived 0-AL;0; would be due to the lower specific
surface area and pore volume. On the other hand, the Jarger
pore size of precipitation-derived a-Al,0y could also result in
a low percentage of palladium dispersion, because of the
agglomeration of palladium particles within the pores. Among
the various Pd/a-Al,0; catalysts, the maximum CO chemisorp-
tion was obtained on the solvothermal-derived a-AlL,Oy with
medium pore size. In a previous study from our group about
palladium dispersed on silica and MCM-41 with various pore
sizes, a lower percentage of palladium dispersion was found
on the small pore SiO,, because of the significant amount of
palladium being located outside the pores of the supports.™ A
similar result was obtained when palladium was supported on
the sol—gel a-AL,O; with a very low amount of porosity.

The TEM micrographs of Pd/a-AlLOs catalysts were also
taken w physically measure the size of the palladium oxide
particles and/or palladium clusters on.the various a-Al;O5: these
micrographs are shown in Figure 5. The palladium catalyst
supported on the sol—gel-derived support consisted of ag-
glomerated particles primarily with irregularly shaped structure,
whereas, for those prepared by the solvothermal and precipita-
tion methods, the agglomeration of fingerlike and rodlike
particles was observed. The palladium metal cluster size on the
various alumina supports increased in the following order:

a-ALO; (precipitation) = a-Al,0; (sol—geD) > a-ALO;
(solvothermal)
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Table 1. Physicoéhemical Properties of a-Al,0; Various Preparation Methods and 0.3% Pd/ALO, Catalysts

BET surface pore average pare crysallie Pd active sites” average Pd°

area*? volume®* diameter™ size™? (x 107" sites/ Pd dispersion!  particle size®
Pd/ALO; catalyst (m*lg) (cm¥g) (nm) (nm) g-catalysl) (%) (am}
solvothermal-derived 19.8 0.0739 14.9 53 1.5 16 147
sol—pel-denived 1.7 0.0065 46 338 39 26 12
precipilation-derived 412 0.2020 26.9 67.6 2.1 14 80.2

® Error of measurement = 10%. * Only catalyst supports were measured. © Calculated from the Barvett~Joyner~Halenda (BJH) method.  Determined
from XRD line broadening. © Determined from CO chemisorption. Fraction of Pd active sites = Sy x (Vae/V) x (6.02 x 10**), where Vi, the volume
adsorbed, V, the molar volume of gas at standard 1emperature and pressure (STP), and S; the swichiomeiry factor for CO on Pd. Estor of measyrement
= £5%./ Based on D = [fraction of Pd aclive sites x (MW/%M) x 100% x 100%[/(6.02 x 10), where D is the fractional metal dispersion. MW (e

molecular weight of the metal, and %M the percentage of metal. * Based on d (nm) = (1.12/D).*

Table 2. Consumption of Hydrogen in TPR, and the Amount of Ethylene and CO Dmrp(ion

‘Temperature at Maximumn (°C)

Peak |

Peak 2

Peak 3

amount of ethyl  amount of CO
H, consumplion  ene desorption  desorpiion
PA/ALO; catalyst — Ha-TPR"  C,H, TPD® CO-TPD? CH,TPD® CO-TPD?Y CaHo-TPD* (umol)* (pmol)” (umol)”
solvothermal-derived 60 9 90 40 230 420 658 131 16
sol —gel-derived 65 100 90 280 230 500 488 73 10
precipitation-denived 70 100 90 - 260 250 440 610 122 3

“ Measured using the same weight of catalysts. ® Based on Ha-TPR results. © Based on CyHy-TPD results. ¢ Based.on CO-TPD results.
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Figure 3. Pore size distribution results of the @-AlOx supports from (a)
solvothermal, (b) sol—gel, and (c) precipitation methods.
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Figure 4. N, adsorption isotherms.

The reduction behaviors and reducibility of catalysts were
studied by the TPR technique. The TPR profiles of Pd/a-ALO;
catalysts are shown in Figure 6. All the TPR profiles showed a
single reduction peak in the range of 60-70 °C, which
corresponded 1o the reduction of PO to palladium metal ¥~
This peak was shifted to higher temperature for the catalysts
that werc supported on sol—gel- and precipitation-derived
0-Al;05 by ~10 °C. The lower reduction temperature of the
TPR profile suggested that PAO/Pd supported on the solvother-
mal-derived a-AlyO; facilitated reduction at lower temperature.
The average oxidation states of palladium were calculated

Figure 5. TEM image of the palladium supported by a-AlQ, from (a)
solvothermal, (b) sol~gel, and (c) precipitation methods. Characteristic
palladium is shown within the circles in the micrographs.

according to thc amount of H, consumption, and the results arc
given in Table 2. The solvothermal Pd/ALO; possessed the
highest fraction of Pd active sites, probably because it had the
smallest PdO/Pd sizes produced. as determined by TEM
measurement,

Ethylene-temperature-programmed desorption (C;H,-TPD)
was performed to obtain information about the ethylene adsorp-
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Figure 7. C;H-TPD profiles for the various Pd/a-ALO; catalysts.

0 100 200

tion behavior on the catalyst surface, and the results are shown
in Figure 7. We observed the peak locations and found that it
appeared at different temperature ranges, depending on the
characteristic modes of the ethylene adsorbed on the surface.
All of the catalysts showed that the three major peaks had
differences in their temperature positions and peak intensities,
According to Shin et al.**?* the first peak, at ~95 °C, was
assigned to zz-bonded ethylene, which was weakly adsorbed and,
consequently, desorbed without decomposition. The peak at
~240 °C was due to di-o-bonded ethylene, which undergoes
decomposition, followed by the recombination of the surface
hydrocarbon species with hydrogen to produced ethylene as well
as ethane. The last peak, at ~420 °C, was the CH; group,
because the CHj signal was due to the decomposition of C,
hydrocarbons that were adsorbed on the catalyst (tentatively,
ethane or ethylene).**

It is generally accepted that ethylene adsorption is dependent
on palladium particle size; it adsorbs more strongly on larger
palladium particles. The results in this study follow the same
trend in the literawre. The low-temperature ethylene desorption
peak decreased and slightly shifted to higher temperature as
the palladium particle size increased from 14.7 to 80.2 nm for
the a-Al,O;y supports prepared by solvothermal, sol—gel, and
precipitation, respectively. According to Shaikhutdinov et al.;*®
adsorption of zr-bond ethylene occurs at low temperature and
then desorbs when the temperature increases without hydroge-
nation reaction. Small palladium pasticles favor such a process,
whereas, on larger palladium particles, a fraction of ethylene
molecules adsorbs as di-p~bonded ethylene, which can either
desorb near room temperature or dehydrogenate, producing
surface species such as ethylidyne and atomic hydrogen. The
formation of these surface species is believed to be the origin
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Figure 8. CO-TPD profiles for the various Pd/a-AlLOy catalysts.

for ethane production and carbon deposits during acetylene
hydrogenation. .

The CO temperaturc-programmed desorption (CO-TPDY)
behavior for the palladium catalysts supported on Al,O, from
different preparation methods is shown in Figure 8, Two
desorption peaks, one with strong intensity at ca. 95 °C and
another small peak located at ca. 220 °C, were observed for all
the catalysts, which could be attributed to CO adsorption on
two adsorptive site groups. The first group gave the strong peak,
ranging from 95 to 180 °C, which was weak CO species over
the catalyst. The second one was characteristic of the strong
chemically adsorbed CO molecules. The amount of chemisorbed
CO (sec Table 2) on Pd/a-AlLO; (solvothermal~derived support)
was 7 and 2 times greater than those on the Pd/a-Al,0, sol-gcl-
derived support and the Pd/oi-Al,Os precipitation-derived sup-
port, respectively. The difference may be related to different
geomelry states of the adsorptive sites on catalysts that may
have occurred from the different support configurations of the
Pd/a-AlO; catalysts. Moreover, it has been reported that
the activation energy of CO desorption decreased as the size of
the palladium particles decreased.” The results from this study
also show that the Pd/AL,O; solvothermal-derived support with
the smallest palladium particle size facilitated CO desorption.
The atomic structures of CO and ethylene were similar, in terms
of the double bond. which consisted of a 2-bond and a g-bond;
thus, both the C3H,-TPD and CO-TPD rcsults show the same
tiend.

3.3. Catalytic Performance in Selective Acelylene Hydro-
genation. The effect of nanocrystalline porosity of a-AlLO;
obtained from various preparation methods on the catalyiic
properties of Pd/a-Al,O; was investigated in selective acetylene
hydrogenation. The catalyst performances are shown by the plots
of acetylene conversion x ethylene selectivity versus the GHSV
value in Figure 9. Ethylene yield (%) clearly was improved in
the following order of Pd/a-Al,O5 catalysts:

Pd/solvothermal-derived a-Al,0; > Pd/sol—
gel-derived a-Al,0, > Pd/precipitation-derived 0-Al,0,

Among the three catalyst systems, the Pd/solvothermal-derived
a-ALO; showed better performance than catalysts supported
on the other a-ALOy supports. Based on our characterization
results, Pd/solvothermal-derived a-Al,O; had the appropriate
total pore volume, the highest fraction of Pd active sites, and
the highest metal dispersion of Pd on AlO; support: it alse
facilitated the reduction of PdO at lower emperature, which
promoted acetylene conversion. Moreover, the TPD profiles of
Pd/solvothermal-derived a-AlOs suggested that the amount of
ethylene adsorbed at Jow temperature on the catalyst surface
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Figure 9. Performance of Pd/a-Al;Oy catalysis in selective acerylene
hydrogenation.

was highest, which was important for the improvement of
ethylene gain, especially at high acetylene conversions.

4. Conclusions

Nanocrystalline porosity of a-AlLQ; powders was varied by
changing the preparation methods, While the sol—gel method
yielded the smallest crystallite size of 0-Al,05 with litle pore
volume and surface area, a mesopore structure with an average
pore size of 15—27 nm was obtained via the solvothermal and
precipitation methods. Suitable propertics of the solvothermal-
derived 0-AlO3, such as high surface area and narrow pore
size distribution, were determined to result in the best catalyst
performance of Pd/a-ALO; catalysts in the selective hydrozena-
tion of acetylene. The solvothermal-derived a-AlO; not only
provided the highest percentage of palladium dispersion and
smallest palladium particle size, but it also facilitaled H,
reduction at low temperature and the desorption of ethylene and
CO.
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