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Difference in the reactivity of acetaldehyde intermediates in the
dehydrogenation of ethanol over supported Pd catalysts
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Catalytic performances of supported Pd catalysts for the dehydrogenation of ethanol were greatly modified upon the formation
of Pd aloy phases. Over Pd-Zn, Pd-Ga and Pd-In aloys, acetaldehyde was selectively produced at lower conversion levels. With
the increased conversion level, ethyl acetate was produced at the expense of acetadehyde. The selectivities for the ethyl acetate
formation exceeded that over a Cu/ZnO catalyst. Over metdlic Pd, the decomposition of ethanol, C;HsOH — CO + CH4 + Hy,
occurred to a considerable extent. It was shown that the reactivity of acetaldehyde species over the Pd alloys was markedly differ-
ent from that over metallic Pd. Over the Pd aloys, acetaldehyde species were stabilized and transformed into ethyl acetate by the
nucleophilic addition of ethanol. By contrast, over metallic Pd, aldehyde species were rapidly decarbonylated to methane and carbon

monoxide.
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1. Introduction

Bimetallic catalysts frequently exhibit different catalytic
performances from those of monometallic catalysts[1]. Re-
cently, it has been reported that Pd—Zn bimetallic cata-
lysts show anomalous catalytic functions for conversions
of methanol [2-9], hydrogenolysis of esters [10,11] and
hydrogenation of dienes [12,13].

The dehydrogenation of methanol to methyl formate,
2CH3;0H — HCOOCHj3 + 2H,, and the steam reform-
ing of methanol, CH3OH + H,O — CO, + 3H,, oc-
curred selectively over Pd/ZnO, Pd/Ga,O3; and Pd/In,0Os
catalysts, while over other supported Pd catalysts the de-
composition of methanol, CHs;OH — CO + 2H,, oc-
curred predominantly [2-8]. No methyl formate was pro-
duced in the dehydrogenation of methanol. Such novel
catalytic functions of Pd/ZnO, Pd/Ga0Os; and Pd/In,Os
were developed by the formation of Pd—Zn, Pd-Ga and
Pd-In aloys in the course of the reactions or previ-
ous reduction of the cataysts [4-8]. It was suggested
that reactivity of formaldehyde formed in the reactions
was markedly modified upon the formation of the aloys
[4,7,8].

In the present study, the dehydrogenation of ethanol is
carried out over various supported Pd catalysts. We show
that the selectivities for the acetaldehyde and ethyl acetate
formation are greatly improved upon the formation of Pd
aloy phases. The difference in the reactivity of acetalde-
hyde intermediate species over Pd alloys and metallic Pd
is discussed.
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2. Experimental

Catalysts used were Pd supported on various metal ox-
ides, i.e., ZnO (Kanto Chemicals Co. Ltd.), GaO3 (Wako
Pure Chemicals Co. Ltd.), In,O3 (Wako Pure Chemicals
Co. Ltd.), MgO (Kishida Chemica Co. Ltd.), SIO, (Ni-
hon Chromato Co. Ltd.) and Al,O3; (Catalysis Society of
Japan JRC ALO-4). The supported Pd catalysts were pre-
pared by impregnation of the metal oxides with a solution
of PA(NQOg3), (Tanaka Noble Metals Ind. Co.) at 353 K.
Some Pd/ZnO catalysts were prepared by a precipitation
method. A solution of sodium carbonate was added to
a mixed solution of Pd(NOs), and Zn(NQOg3), (Wako Pure
Chemicals Co. Ltd.) dropwise at 353 K until the pH of
the solution was raised to 8.0. The precipitate was fil-
tered out and washed by distilled water. The Pd loadings
of the supported Pd catalysts prepared by the impregnation
method were 10 wt%, while that of the Pd/ZnO prepared by
the precipitation method was 30 wt%. For comparison, Pd
black (Wako Pure Chemicals Co. Ltd.) and 10 wt% Cu/ZnO
were also used for the experiments. The Cu/ZnO catalyst
was prepared by an impregnation method with a solution
of Cu(NOs3), (Wako Pure Chemicals Co. Ltd.) and ZnO as
was Pd/ZnO.

The supported Pd and Cu/ZnO catalysts thus prepared
were dried at 383 K overnight and calcined in ar at
773 K for 3 h. The catalysts were then packed in re-
actors and calcined again at 773 K for 2 h in a stream
of Oz (20 vol% O,) diluted with nitrogen at a total flow
rate of 100 cm® STP/min. Prior to the reaction, the sup-
ported Pd and Cu/ZnO catalysts were reduced in a hy-
drogen stream (4 vol% H,) diluted with nitrogen under
temperature-programmed conditions at a heating rate of



180

5 K/min up to 773 and 523 K, respectively. Pd black was
used for the reaction without calcination and previous re-
duction.

Dehydrogenation of ethanol was carried out in a con-
ventional flow reactor at 493 K in a way similar to that in
previous work [14]. The inlet partial pressure of ethanol
was kept at 20.2 kPa unless otherwise stated. Nitrogen
was used as a diluent. For comparison, dehydrogenation of
1-propanol was also conducted at 473 K. The inlet partia
pressure of 1-propanol was maintained at 10.1 kPa. Gases
in the effluent were analyzed by gas chromatography. The
selectivities for the carbon-containing products were eval-
uated by the carbon basis.

Reactions of acetaldehyde in the absence and the pres-
ence of ethanol were conducted at 433 K over the supported
Pd catalysts and Pd black. The inlet partial pressures of
acetaldehyde and ethanol were kept at 3.0 and 1.5 kPa,
respectively.

X-ray diffraction (referred to as XRD) spectra of the
catalysts subjected to the reactions were obtained with a
Jeol JDX-8020 X-ray diffractometer, using Cu Ko radiation
(A = 0.15405 nm).

The number of metal surface sites of Pd catalysts was
determined by hydrogen chemisorption at 373 K to avoid
hydride phase formation [15]. The turnover frequency for
the hydrogen formation was estimated from the number of
metal surface sites and the outflow rate of hydrogen.

3. Results and discussion
3.1. Dehydrogenation of ethanol

When ethanol was fed over the supported Pd catalysts,
hydrogen, acetal dehyde, methane, carbon monoxide and C,

(diethyl ether, ethyl acetate, methyl ethyl ketone and croton-
aldehyde) species were produced along with hydrocarbons
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(ethane, propane and propene). The activities of the cat-
alysts were stable under given conditions. Over ZnO and
SiO, aone, no reactions occurred under the present experi-
mental conditions, while over Ga,Oz and In,O3 alone, trace
amounts of hydrogen and acetal dehyde were produced. Fig-
ure 1 shows the selectivities to carbon-contai ning products,
the conversion of ethanol and the turnover frequency for
the hydrogen formation at 493 K over various supported
Pd catalysts prepared by the impregnation method along
with those over Pd black and Cu/ZnO. The selectivities to
the carbon-containing products are greatly affected by the
kinds of supports. Over Pd/ZnO, Pd/Ga,0O3 and Pd/In,Os
acetaldehyde is produced with high selectivity, while over
the other supported Pd catalysts and Pd black methane
and carbon monoxide are produced. Over Pd/Ga,O; and
Pd/In,O3 ethyl acetate was formed along with acetaldehyde
and atrace amount of methyl ethyl ketone. The selectivities
for the ethyl acetate formation were 10.5 and 22.4% over
Pd/Ga,O3 and Pd/In,O3, respectively. Over Pd/SIO, and
Pd/Al,03, a considerable amount of diethyl ether is pro-
duced in addition to small amounts of acetaldehyde and hy-
drocarbons (ethane and propane), suggesting that the dehy-
dration of ethanol, 2C,HsOH — (C,Hs)2.0 + H20, occurs.
The turnover frequencies obtained over Pd/ZnO, Pd/Ga, O3
and Pd/In,O3 catalysts exceeded those obtained over the
other supported Pd catalysts and Pd black. The Cu/ZnO
catalyst exhibits high selectivity for the acetaldehyde for-
mation as the Pd/ZnO catalyst.

Experiments were conducted over Pd/ZnO prepared by
the precipitation method. The dehydrogenation of ethanol
proceeded somewhat faster than that over Pd/ZnO prepared
by the impregnation method. For example, the conversion
levels of ethanol at 493 K and at space time of 0.76 s~ for
the Pd/ZnO catalysts prepared by the precipitation and the
impregnation method, were 34.5 and 21.7%, respectively.
However, the product distribution over Pd/ZnO prepared by
the precipitation method was similar to that over Pd/ZnO

Selectivity /%

(,) ‘ . , . 5,0 ‘ . , ‘ 1(,)OConv./% T.O.F./sec’!
PZo0 | 217 0037
Pd/Ga203 B 224 0.074
Pd/In203 399 0142
PdMeO | TIII7Z7777777778 210 0014
Pd/Si02 237 0014
Pd/A1203 T 69.6 0.021
Pd black -DDHMMEEW 300 0.009
Cu/ZnO 384  0.070

Il acetaldehyde [ methane carbon monoxide
B3 ethyl acetate B diethyl ether hydrocarbon (ethene,
ethane, propane) [3) methyl ethyl ketone, crotonaldehyde

Figure 1. Selectivities to carbon-containing products in the dehydrogenation of ethanol at 493 K.
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Figure 2. Mole fraction of hydrogen, acetaldehyde and ethyl acetate
against reaction temperature over Pd/ZnO catalysts. (o) Hy, (l) CH3CHO
and (e) CH3COOC,Hs.

prepared by the impregnation method. Figure 2 shows the
effect of the reaction temperature upon the dehydrogena
tion of ethanol over Pd/ZnO prepared by the precipitation
method. Hydrogen and acetaldehyde were produced nearly
in 1:1 molar ratio along with a trace amount of ethyl ac-
etate. No other products were formed. The mole fraction
of hydrogen and acetaldehyde increase rapidly with the in-
creased reaction temperature, while that of ethyl acetate
increases slowly with reaction temperature.

Figure 3 (A) and (B) illustrate the mole fraction of hy-
drogen, acetaldehyde, ethyl acetate, methane and carbon
monoxide in the effluent against space time over Pd/ZnO
prepared by the precipitation method and over Pd black,
respectively. For Pd/ZnO, the mole fraction of acetalde-
hyde in the effluent increases with the increased space time,
passes through a maximum and decreases gradually, while
that of ethyl acetate increases with space time. These re-
sults suggested that ethyl acetate is produced through ac-
etaldehyde. For Pd black, the mole fraction of acetaldehyde
increases with space time, showing a maximum, and then
decreases. Methane and carbon monoxide are produced
nearly in 1:1 molar ratio. They increase with increas-
ing space time. No ethyl acetate was produced over Pd
black. Asobserved over Pd(110) or (111) surfaces [16,17],
methane and carbon monoxide were most probably pro-
duced through the reactions C;HsOH — CH3;CHO + H»
and CH3CHO — CH4 + CO. The mole fraction of hydro-
gen increases gradually with the increased space time both
over Pd/ZnO and over Pd black. Though the mole fraction
of hydrogen was varied from 0.04 to 0.1, the mole frac-
tions of acetaldehyde, ethyl acetate, methane and carbon
monoxide increase or decrease monotonoudly with increas-
ing space time. It was suggested that the dehydrogena-
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Figure 3. Mole fraction of hydrogen, acetaldehyde, ethyl acetate, methane

and carbon monoxide in the effluent against the space time. (A) Pd/ZnO

and (B) Pd black. Experiments were carried out at 493 K. (o) Ha,
(M) CH3CHO, (e) CH3COOC;Hs, (#) CH4 and () CO.

tion of ethanol was unaffected by the presence of hydro-
gen.

Figure 4 compares the selectivity for the ethyl acetate
formation at various conversion levels of ethanol over
Pd/ZnO prepared by the precipitation method, in addition to
those over Pd/Ga,O3, Pd/In,O3, Pd/SIO,, Cu/ZnO and Pd
black. Over Pd/ZnO, Pd/Ga,O3, Pd/In,O3 and Cu/ZnO cat-
alysts, the selectivity increases with the increased conver-
sion level. In particular above 40% of the ethanol conver-
sion, the selectivities increase markedly with the increased
conversion level. At the same conversion levels, the se-
lectivities over Pd/ZnO, Pd/GaxO3 and Pd/In,O3 catalysts
exceed those over Cu/ZnO. In contrast, over Pd/SIO, and
Pd black, the selectivities to ethyl acetate are lower than
0.9% over all conversion levels studied.
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Figure 4. The selectivity for the ethyl acetate formation against the con-
version of ethanol at 493 K. (o) Pd/ZnO, (A) Pd/Ge O3, () Pd/In,O3,
(A) Pd/SIO,, (M) Pd black and (e) Cu/ZnO.

The dehydrogenation of 1-propanol was also carried out
over Pd/ZnO, Pd/SIO, and Pd black. Over Pd/ZnO, propi-
onaldehyde and hydrogen were selectively produced along
with a trace amount of propione propionate, whereas over
Pd/SIO, and Pd black ethane and carbon monoxide were
produced in a 1:1 molar ratio. The formation of propi-
onaldehyde over Pd/SiO, and Pd black was far below that
over Pd/ZnO. These results strongly suggest that the de-
carbonylation of the aldehyde species, CH3CH,CHO —
CyHg + CO, formed in the dehydrogenation of 1-propanol
is greatly suppressed over Pd/ZnO, while over Pd/SiO, and
Pd black, the aldehyde species are rapidly decarbonylated.

In previous work [4,7], the dehydrogenation and the
steam reforming of methanol were carried out over vari-
ous supported Pd catalysts (Pd/ZnO, Pd/Ga,O3, Pd/In;Os,
Pd/MgO, Pd/SiOz, Pd/A|203, Pd/ZfOz, Pd/CGOz, Pd/HfOz,
etc.). The activity and the selectivity for the dehydrogena
tion of methanol to methyl formate or the steam reforming
of methanol were markedly enhanced by previousreduction
of Pd/ZnO, Pd/Ga,O3 and Pd/In,O3 at higher temperatures
[4-8]. It was found that the catalytic functions of Pd for
the dehydrogenation and the steam reforming of methanol
were greatly modified upon the formation of Pd—zn, Pd—-Ga
and Pd-In aloys by the previous reduction of Pd/ZnO,

Figure 5 illustrates XRD patterns for the various sup-
ported Pd catalysts and Pd black subjected to the dehydro-
genation of ethanol. For Pd/ZnO and Pd/In,O3, peaks for
Pdzn aloys [18] are discerned at 20 = 41.2 and 44.1° and
that for Pdy s21np 48 aloy [19] appears at 20 = 39.3°. For
Pd/Gay O3, peaks ascribed to GasPd [20] or GapPds [21]
aloy grow at 260 = 39.5, 41.3 and 45.9° or at 20 = 38.2,
39.9, 40.2 and 47.9°, athough some peaks overlapped with
those of Ga,O3. By contrast, the other supported Pd cata-
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20 /deg.

Figure 5. XRD patterns for the supported Pd catalysts and Pd black

subjected to the dehydrogenation of ethanol at 493 K. Pd loading 10 wt%,

(a) Pd/ZnO reduced to 773 K, (b) Pd/Gay, O3, (c) Pd/In, O3, (d) Pd/MgO,
(e) PdISIO, and (f) Pd black.

lysts and Pd black exhibit peaks ascribed to metallic Pd [22]
at 20 = 40.1 and 46.7°. These results suggest that catalytic
performancesof Pd—Zn, Pd—Gaand Pd-In aloysfor the de-
hydrogenation of ethanol are markedly different from that
of metallic Pd formed on SiO,, MgO, Al,O3 or Pd black
as those of Pd—Zn, Pd—Ga and Pd-In alloys for the dehy-
drogenation and the steam reforming of methanol [4-8].
The selectivity to acetaldehyde or ethyl acetate was greatly
improved on Pd aloy catalysts.

An experiment was carried out over Pd/ZnO previously
reduced with H, at room temperature. The selectivity for
the acetaldehyde formation was dropped to 71%. Methane
and carbon monoxide were produced along with acetalde-
hyde. This catalyst showed a weak broad XRD peak at
20 = 40.4° dightly higher than that for a peak typical of
metallic Pd, i.e, 20 = 40.1°, suggesting that metallic Pd
was present along with Pd-Zn alloy. Hence, the forma-
tion of methane and carbon monoxide would be enhanced
over Pd/ZnO reduced at room temperature, resulting in the
decreased selectivity for the acetaldehyde formation.

3.2. Difference in the reactivity of acetaldehyde

The Pd/ZnO catalysts reduced to various temperatures
were tested for the decomposition of acetaldehyde at 433 K.
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Figure 6. Mole fraction of methane and carbon monoxide in the ef-

fluent against the reduction temperature of Pd/ZnO in the decomposi-

tion of acetaldehyde. Experiments were carried out at 433 K and in-

let partial pressure of acetaldehyde was kept a 3.0 kPa. (¢) CH4 and
(a) CO.

Figure 6 plots the mole fraction of methane and carbon
monoxide in the effluent against the reduction temperature.
Over the catalysts reduced to lower temperatures, methane
and carbon monoxide were produced in 1 to 1 molar ratio,
along with trace amounts of propene, methyl ethyl ketone
and crotonaldehyde. The mole fractions of methane and
carbon monoxide rapidly decrease with increasing of the
reduction temperature. Over Pd/ZnO reduced to 773 K, no
reactions occurred.

Similar experiments were carried out over Pd/Ga,Os,
Pd/1n,O3, Pd/SIO, and Pd/Al>,O3 catalysts reduced to 773 K
and Pd black. Over the Pd/Ga,O3 or the Pd/In,O3 cata-
lysts where the Pd—Ga or the Pd-In alloy was prevailingly
formed, the formation of methane and carbon monoxide
was negligible. Only trace amount of crotonaldehyde was
produced. By contrast, over the catalysts having metal-
lic Pd phase, such as Pd/SIO, and Pd black, acetalde-
hyde was selectively decomposed to methane and carbon
monoxide with a molar ratio of unity along with a small
amount of propene. The decarbonylation of acetal dehyde,
CH3CHO — CH4 + CO, occurred selectively. The rates
of methane and carbon monoxide formation over Pd/SiO,
and Pd black were, respectively, seven and three times
faster than that over Pd/ZnO reduced at room temperature
where metalic Pd predominated. Over Pd/Al,Os, con-
Siderable amount of crotonaldehyde was produced along
with methane and carbon monoxide. Crotonaldehyde was
also produced over Al,O3 aone. Hence, it was suggested
that Al,O3 was responsible for the formation of croton-
aldehyde over Pd/Al,O3, whereas metallic Pd formed on
Pd/Al,O3; was involved in the formation of methane and
carbon monoxide.
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Experimentswere conducted with ethanol aone and with
a mixture of acetaldehyde and ethanol at 433 K over the
various supported Pd catalysts reduced to 773 K and Pd
black. For ethanol alone, acetal dehyde was selectively pro-
duced along with hydrogen over Pd/ZnO, Pd/Ga,03 and
Pd/In,O3. No ethyl acetate was formed at this temperature.
However, by addition of acetaldehyde, ethyl acetate was
produced along with a trace amount of methyl ethyl ketone.
Ethyl acetate was most probably produced through hemiac-
etal intermediates formed by reaction between acetaldehyde
and ethoxide (or ethanol) as methyl formate was formed by
reaction of formaldehyde with methanol over copper-based
catalysts [7]. Over the other supported Pd catalysts and
Pd black, methane and carbon monoxide were formed. No
ethyl acetate was produced by the reactions of acetalde-
hyde in the presence of ethanol. Small amounts of propane
and diethyl ether were formed over Pd/SIO; in addition to
methane and carbon monoxide.

Based on these results, we conclude that acetaldehyde
formed in the dehydrogenation of ethanol was stabilized
over Pd—Zn, Pd—-Ga and Pd-In alloys and, hence, trans-
formed into ethyl acetate through the nucleophilic addi-
tion of ethoxide (or ethanol) at higher conversion levels of
ethanol as over Cu-based catalysts [14]. These features of
the Pd alloys were greatly different from those of the other
Pd catalysts having metallic Pd where acetal dehyde formed
in the dehydrogenation of ethanol was rapidly decarbony-
lated to methane and carbon monoxide either in the absence
and the presence of ethanol.

4, Conclusion

The dehydrogenation of ethanol proceeded selectively
over Pd/ZnO, Pd/GaO3 and Pd/In,O3; upon the forma-
tion of Pd—Zn, Pd—Ga and Pd-In alloys, yielding acetalde-
hyde and ethyl acetate. The selectivities to acetaldehyde
and ethyl acetate were markedly affected by the reaction
conditions. At lower space time, acetaldehyde was pro-
duced with high selectivity. With increased space time,
acetaldehyde decreased and ethyl acetate increased. Over
Pd/SiO,, Pd/MgO and unsupported Pd, ethanol was de-
composed to methane and carbon monoxide through the
reaction C,HsOH — CHj4 4+ CO + Hy. The reactivity of
aldehyde intermediate species formed in the dehydrogena-
tion of alcohols over Pd—Zn, Pd—Ga and Pd-In alloys were
greatly different from those over metallic Pd. Over the Pd
aloys, aldehydes formed in the reactions were stabilized
and transformed into esters while over metallic Pd, they
were decarbonylated to methane and carbon monoxide.
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