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The additive effect of 31 metals on activity of ceria catalysts was studied for the conversion of ethanol to
propene. Yttrium gave the best results and the propene yield showed a volcano-shaped dependence on
the Y amount, being maximized at 20 atom% Y to that of Ce. The catalyst was stable due to very small
carbon deposition rate which was approximately 1/100 of that on the parent CeO, catalyst. The water

addition increased the propene yield to 30%, decreased the ethene yield to 37%, and did not change
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the durability. The physicochemical characterization of the Y/CeO, catalysts indicated that the surface
of active catalysts was covered with a solid solution of CeO, and Y,0s. Pulse experiments of various
candidate compounds suggested that the reaction pathways were ethanol — acetaldehyde — ethyl
acetate — acetic acid — acetone — 2-propanol — propene through Tishchenko reaction, ketonization,
and Meerwein-Ponndorf-Verley reduction.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Propene is one of the most important ingredients in petroleum
chemistry and its needs continuously increase because of growing
production of propene derivatives, such as polypropene, propene
oxide, and acetonitrile [1]. Today, propene is produced through
hydrothermal cracking of naphtha. Depletion in fossil fuel and
increased concerns on the environment stimulate replacing petro-
leum with renewable resources. Several researchers including us
have suggested that bioethanol is a promising renewable platform
chemical to yield various C3 and C4 compounds [2-13]. The
present study was thus devoted to the conversion of ethanol to
propene.

Zeolite catalysts are well known to show 20-30% of propene
yield, except for short-term high yields, but this selectivity
decreased with duration [14-17]. Oligomerization, cracking, and
aromatization proceed on the acid sites of the zeolite pore, and
propene is selectively produced as a result of shape selectivity of
the pore window. Such uncontrolled reactions, however, result in
coke formation and short lifetimes of catalysts. On the other hand,
Ni-ion-loaded MCM-41 [8] and Sc-modified In,03 catalysts [9,10]
offered new types of catalysis for the production of propene
without shape selectivity, but the catalytic activity gradually
decreased with duration at 30vol% of ethanol (the high
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concentration of ethanol is essential to reduce running costs of
the industrial processes). Therefore, new catalysts workable under
the practical conditions are needed to produce propene from
bioethanol.

Various metal oxide-based catalysts have been examined as
catalysts for the conversion of ethanol, but most of the products
besides ethene are oxygenated compounds, such as aldehydes,
ketones, and higher alcohols [2-7,18-21]. Our attention was paid
to the selective conversion of C,-alcohol to C,,_;-ketone on ceria-
based catalysts [2-6] and assumed that any acetone formed could
be hydrogenated and subsequently dehydrated by controlling the
acid-base and redox properties of catalysts. Indeed, yttrium-loaded
Ce0, was found by us to show the stable catalytic activity for the
selective conversion of ethanol to propene [12]. In this study, we
first examined the additive effect of 31 metals on the ceria cata-
lysts in the absence and presence of water. Niobium and yttrium
were then selected as effective additives and the dependences of
activity on their added amounts were studied. Second, effect of
the preparation method was examined for the better catalyst, Y/
Ce0,. The structural, redox, and acid-base properties of Y/CeO,
were characterized to reveal the correlation between the catalytic
activity and the properties. Last, the reaction pathways were dis-
cussed on the basis of the results of product distributions in the
continuous flow and pulse reactions.
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2. Experimental
2.1. Preparation of metal-modified ceria catalysts

Ceria-based catalysts were prepared using a conventional
impregnation method or a co-precipitation method. In the former,
the parent ceria, obtained from Catalysis Society of Japan
(JRC-CEO-3, 85 m? g~ !), was impregnated using aqueous solutions
of the metal salts: nitrates of Li, Mg, Ca, Y, La, Sm, Er, Mn, Fe, Co, Ni,
Cu, Zn, Rh, Cd, Al, In, and Bi, acetates of Sc and Sn, ammonium salts
of Ti, V, Nb, Mo, W, and Re, alkoxides of Ta and Si, and chloride of Ir.
In the latter, Ce(NO3)3-6H,0, Y(NO3)3-6H,0, and ammonium
hydrogen carbonate were used as precursors and a precipitant,
respectively, and the solid solution was prepared according to
the literature [22]. All samples were calcined at 873 K for 5h in
air. Catalysts prepared by the impregnation and the co-precipitation
method are denoted by M(x)/CeO, and M(x)-CeO,, respectively,
where M and x represent the metal used and the atomic % to that
of Ce.

2.2. Measurement of catalytic activity

Ethanol (>99.5%, Kanto chemical) was used without further
purification. The continuous flow reactions were conducted in a
fixed-bed plug-flow reactor made of quartz (i.d. 10 mm) at an
atmospheric pressure under the following conditions: catalyst
weight 0.05-2.0 g (particle diameter, 300-600 pum), total flow rate
12-32 ml min~!, partial pressure of ethanol (Pgon) 30 vol%, Puso
0-30 vol%, N, balance. Before the catalytic runs, the catalysts were
heated in a N, flow at 673 K for 1 h. The products were analyzed
with an online automatic gas chromatograph (AG-1, Round Sci-
ence) equipped with four kinds of packed columns: (1) activated
charcoal, (2) MS 5A, (3) Porapak Q, and (4) PEG-20 M. The columns
1-3 were independently connected to the three TCD detectors to
determine the yields of ethene, CO, and CO,. The column 4 was
connected to the FID detector to determine the yields of other car-
bon products. The C4-C7 hydrocarbons and oxygenated products
were analyzed as needed with an offline FID gas chromatograph
(GC-2014, Shimadzu) with a capillary column of CP-7561 (10 m,
Varian) or GS-Q (30 m, Agilent). Conversion levels of ethanol and
yields of carbon products (C;H,0y, n = carbon number) were calcu-
lated by Egs. (1) and (2), where the partial pressures of ethanol
before and after the reaction are denoted by Pgon and Py,
respectively.

Ethanol conv. (%) = 100(1 — (Py,on/Prton) (Prz/Py)) (1)

C, Yield (%) = 100(n P, /2Pgon) (Pnz/Ply) )

For pulse experiments, ethyl acetate (>99.5%, Kanto chemical),
acetic acid (>99.5%, Kanto chemical), acetone (>99.9%, Aldrich),
and ethanol (>99.5%, Kanto chemical) were used as substrates
without further purification. Each substrate with volume of 2 ul
was fed into the catalyst bed in the quartz glass reactor (i.d.
7.6 mm) at 403 K under the following conditions: catalyst weight
0.1 g (particle diameter, 300-600 pm), total flow rate 10-
80 ml min~!, N, balance. As needed, ethanol, water, or H, gas
was used as a co-reactant. The pretreatment and the product anal-
ysis methods were the same as those for the continuous flow
reactions.

2.3. Characterization

N, adsorption isotherms were determined at 77 K with an
automatic gas sorption meter BEL Japan Belsorp mini II. Before
the measurements, the samples were degassed at 423 K for 2 h in

vacuum. Field-emission scanning electron microscopy, FE-SEM,
images were collected with a Hitachi HR-S5500. Powder X-ray
diffraction, PXRD, patterns were measured using a Rigaku Ultima
IV diffractometer with monochromated Cu Ko radiation
(4=0.15418 nm, 40kV, 40mA). Temperature-programmed
reduction with hydrogen, H,-TPR, profiles were recorded with a
BEL Japan BelCat. X-ray photoelectron (XP) spectra were measured
with an Omicron EA125 XPS system. All binding energies were
corrected using the values of C 1s (285.0 eV). X-ray absorption fine
structure, XAFS, analysis was carried out at the BL-9C station of the
Photon Factory at the High Energy Accelerator Research Organiza-
tion, Japan. The energy and current of electrons in the storage ring
were 2.5GeV and 350 mA, respectively. Energy calibration was
performed using a Cu foil (8.9788 keV). Prior to the measurements,
the samples were evacuated at 673 K. Data analysis was performed
using the REX2000 program (Ver. 2.5.9, Rigaku). The k*-weighted
extended X-ray absorption fine structure, EXAFS, oscillation was
Fourier-transformed (FT) into the r space using the k range of
3.0-14.0A7" for Y or 3.0-10.0 A~ for Ce. Curve fitting analysis
was carried out in the r range 1.2-2.2 A for the Y-O contribution
or 1.5-2.3 A for the Ce-0 to calculate the average nearest neighbor
coordination number and the average bond lengths of Y-O and
Ce-0. Backscattering amplitudes and phase-shift functions were
calculated from the crystal structures of Y,03 and CeO, using the
FEFF6 code.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra
were measured in a DR-600Bi diffuse reflectance cell using Jasco
FTIR-6300 spectrometer equipped with a MCT detector. Self-
supported KBr plates were used as windows for the cells. Scan
times and a resolution were 32 and 4 cm™', respectively. The
KBr powder evacuated at 303 K was used as a reference. Prior
to the measurements, the sample was evacuated at 673 K for
1 h. Pyridine (>99.5%, Wako) or CO, (>99%, GL Sciences) was
introduced onto the sample at 303K for 5min and then
evacuated at the same temperature for 30 min. All spectra were
recorded as the difference spectra before and after the introduc-
tion of adsorbates.

3. Results and discussion
3.1. Additive effect of metals on activity of ceria catalysts

Table 1 summarizes the activity of various ceria catalysts mod-
ified with mainly 10 atom% metal additives, in which the data after
0.75 h are shown because the activity was often changed with
duration. The metals were listed in the sequence of the family.
The surface areas of M(10)/CeO, are also summarized in the table
and were roughly constant at 52-61 m? g~ ! independent of the
metal additives.

The conversion degrees of ethanol were all 80-100% under the
present reaction conditions. Among 31 metals, the addition of Y,
Sm, Ti, Nb, or Ta increased the propene yield, while that of Fe,
Co, Cu, Zn, Sn, or Bi increased the acetone yield. The formation of
acetone on the latter group was well consistent with the previous
reports on ZnO- and CeO,-based catalysts [2-6] that were active
for the conversions of Cy-alcohols to Cp,_; ketones. As shown in
Run 18 of Table 1, the Nb(10)/CeO, catalyst exhibited the highest
propene yield of 32%, but its activity was not stable. The deactiva-
tion with duration was also observed on the Ti- or Ta-modified
Ce0, catalyst. In contrast, the Y(10)/CeO, catalyst showed no deac-
tivation during continuous service of 80 h, although the propene
yield, 19% (Run 6), was lower than those on the Nb(10)/CeO, and
the Ti(10)/CeO,. Based on the high propene yield or the long life,
the Nb- and Y-modified ceria were selected as the catalysts in
the subsequent detailed study.
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Table 1
Activity of various metal-modified ceria catalysts for the conversion of ethanol.”
Run Additive (atom%)” SBET React. cond. Conv. (%) Yield of products on carbon basis (%) Acsjcox
(m?g™')  Temp.K)  Puyyo(vol%)  EtOH CsHg  Acetone CHs C4Hs CO  CO, Carbon Total
1 None 85 693 0 100 12 10 31 2 4 9 78 1.7
2 Li(10) n.m. 723 0 85 1 14 8 1 5 5 38 1.6
3 Mg(10) n.m.! 723 0 100 13 5 29 6 6 13 83 0.9
4 Ca(10) 57 723 0 100 9 7 17 1 4 9 56 1.3
5 Sc(10) nm.! 723 0 100 9 3 24 0 3 8 55 1.1
6 Y(10) 59 723 0 100 19 0 37 1 3 12 79 1.2
7 Y(20) 54 703 0] 100 25 0 52 1 2 8 92 25
8 Y(20) 54 703 30 100 30 2 37 0 3 9 86 2.7
9 Y(50) 45 723 0 >99 15 0 45 1 2 5 71 2.2
10 Y(25)solid-sol 46 698 0 84 11 12 25 0 3 6 65 1.8
11 Y(67)sotid-sol 60 698 0 100 20 6 36 0 3 7 76 25
12 Y(150)s01id-sol 48 698 0 100 20 6 36 1 3 7 75 2.7
13 La(10) nm.! 723 0 100 11 4 33 0 4 9 70 1.2
14 Sm(10) n.m.¢ 425 0 100 16 6 42 0 3 8 81 21
15 Er(10) nm.! 698 0 >99 10 3 21 3 3 11 58 0.9
16 Ti(10) 61 673 0 100 27 0 15 12 2 13 77 1.9
17 V(10) n.m.¢ 723 0 100 9 0 8 8 1 9 72 0.9
18 Nb(10) 54 673 0 99 32 1 17 10 1 10 82 3.0
19 Nb(10) 54 698 30 100 32 12 7 4 3 17 81 2.2
20 Nb(20) 52 673 0 99 7 0 32 7 1 5 60 14
21 Ta(10) n.m.¢ 698 0 100 26 2 15 8 2 12 71 21
22 Cr(10) n.m.! 723 0 100 4 9 11 5 5 11 51 0.8
23 Mo(10) n.m.¢ 723 0 98 7 3 28 19 1 4 80 1.9
24 W(10) n.m.¢ 723 0 100 9 11 8 10 1 9 79 2.0
25 Mn(10) n.m.’ 723 0 100 5 6 13 0 6 12 49 0.6
26 Fe(20) n.m.! 673 0 100 3 36 7 2 5 13 79 2.2
27 Co(10) n.m.¢ 673 0 100 2 27 4 0 4 14 52 1.7
28 Ni(10) nm.¢ 673 0 99 2 9 0 1 6 13 57 0.6
29 Cu(10) n.m.! 673 0 96 1 15 3 1 1 13 37 1.2
30 Zn(10) n.m.¢ 673 0 98 2 16 3 4 2 13 40 1.2
31 Re(1) n.m.? 723 0 100 5 11 2 6 8 12 49 0.8
32 Rh(1) nm.¢ 673 0 100 2 9 0 1 12 15 70 0.4
33 Ir(1) n.m.! 723 0 >99 3 13 3 3 4 12 48 1.1
34 Cd(10) n.m.¢ 698 0 >99 6 12 15 3 3 10 54 1.3
35 Al(10) nm.! 673 0 92 5 5 8 1 1 7 33 1.1
36 In(10) n.m.! 723 0 100 5 11 13 7 7 14 62 0.8
37 Si(10) n.m.¢ 723 0 99 15 4 15 4 5 12 62 1.1
38 Sn(10) nm.! 673 0 >99 1 23 3 2 2 13 46 16
39 Bi(10) 52 673 0 82 2 15 5 1 2 14 41 1.1
40 Y,05¢ 10 723 0 79 7 4 46 0 1 2 61 4.6

@ Catalyst weight, 2.0 g; total flow rate, 12.8 ml/min; Pg.op, 30 vol% (N, balance); total pressure, 0.1 MPa. All of the results were obtained after 45 min.

Ratio of total yield of propene and acetone to that of CO, and CO.
Not measured.
C-type Y,03 used as a catalyst for comparison.

o an o

The results on Nb addition will be introduced first. The effect of
the amount of Nb on the catalytic activity is shown in Fig. 1a and in
Table 1, Runs 18 and 20. The surface areas of the catalysts were
decreased through the Nb addition from 85 to 52-54 m? g~ ! irre-
spective of the Nb amount. The propene yield was maximized at
10 atom% Nb, and it reached 32% as shown in Fig. 1a. The other
byproducts were ethene, acetone, and butenes. Fig. 2a shows the
stability of the Nb(10)/CeO, catalyst in the absence of water. The
propene yield decreased with duration, and the acetone yield
increased. The effect of water addition was further examined to
prevent the deactivation. Fig. 2b shows the long-term experiment
at Pypo = 30 vol%, and Fig. S1a (Supplementary material) shows the
product distribution as a function of Py,0. The yield of propene
became constant in the presence of water within the present
experiment, but the yields of ethene and acetone changed gradu-
ally with the reaction time. As will be shown later, since acetone
was an intermediate for the propene formation, the increase in
the acetone yield indicated partial deactivation of the Nb(10)/
CeO, catalyst. The detailed study on the Nb-modified catalyst
was not continued here except for the measurement of carbon
deposition.

Additives were loaded using the impregnation or co-precipitation method. Subscript Solid-Sol represents the latter method, while no subscript symbol does the former.

Fig. 1b shows the effect of the amount of Y. The dependency was
again of volcano shape, namely the yield of propene was maxi-
mized at 20 atom?% Y. Fig. 2c and d show the long-term stability
of the Y(20)/Ce0O, catalyst in the absence and presence of water,
while Fig. S1b shows the product distribution as a function of
Puoo. The yields of propene were constant at 25% and 30% during
continuous experiments for 50-80 h, and the ethene yields were
also constant at 50% and 37%, respectively. The findings indicated
the high durability of Y/CeO, and the effectiveness of the water
addition for the increase in the propene formation and decrease
in the ethene formation. It is widely accepted that the dehydration
of ethanol is well catalyzed on acid sites. The acidity on the Y/CeO,
catalyst might be weakened by the addition of water [16]. The tol-
erance against water vapor is an advantage of the Y/CeO, catalyst
over the zeolite catalysts, since the dealumination and the subse-
quent deactivation of zeolites are the significant problems.

The long-term stabilities of the catalysts were discussed from
the viewpoint of carbon deposition. The thermogravimetric analy-
ses gave the following carbon deposition rates (see Fig. 3): in the
absence of water, 1.8, 2.6, 0.02, and 1.7-4.7 Mgcarpon Ecar h~! 0N
the pure CeO,, Nb(10)/CeO,, Y(20)/Ce0O,, and H-ZSM-5 zeolites
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Fig. 1. Catalytic activity of Nb/CeO, (a), Y/CeO; (b), and Y-CeO; (c) as a function of
the amount of Nb or Y loaded for the production of propene (red triangle), ethene
(green circle), butenes (orange square), acetone (blue triangle), and acetaldehyde
(black circle). The results obtained after 45 min are plotted. Reaction conditions:
catalyst weight, 2.0 g; total flow rate, 12.8 ml min~"; Pgop, 30 vol%; and reaction
temperature, 693-723 K. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

[14,23] and in the presence of water (Py20 = 30 vol%) 0.6, 0.4, 0.06,
and 0.6-1.6 Mgcarvon Eear h ™!, respectively. In the absence of water,
the carbon deposition rate on the Y(20)/CeO, catalyst was approx-
imately 1/100 of those on the Nb(10)/CeO, and zeolites. In the
presence of water, most of the values were reduced, but that on
the Y(20)/CeO, was still smaller than those on the Nb(10)/CeO,
and zeolites. It was indicated that the Y(20)/CeO, would be the
best catalyst for the stable conversion of ethanol to propene among
the ceria-based catalysts.

3.2. Correlation of catalytic activity with physicochemical properties of
Y/CeO,

The co-precipitation of Y,03 and CeO, (=Y-CeO,) gave their
solid solutions, which were employed here as reference catalysts.
Their typical physicochemical properties and catalytic activity
were briefly introduced. The surface areas of the Y-CeO, were
46-60m? g~ ! (Runs 10-12, Table 1), being almost the same as
those of the Y/CeO, (Runs 6-9). The activity is summarized in
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Fig. 2. Long-term experiments for the catalytic activity of Nb(10)/CeO, (a,b) and
Y(20)/Ce0; (c,d) in the absence and the presence of water. Symbols are the same as
those in Fig. 1. Reaction conditions: catalyst weight, 2.0g; total flow rate,
12.8 ml min~"; Pgon, 30 vol%; Pyyo, 0 (a,c) and 30 vol% (b,d); reaction temperature,
698 (a,b), 693 (c), and 703 K (d).

Fig. 1c. The propene yields on the Y(67)- and Y(150)-CeO, were
both 21%, which was similar to 25% on the Y(20)/CeO,. It would
be worthy to note that the propene yield on pure Y,03; was only
7% (Run 40, Table 1).

Fig. S2 shows the FE-SEM images of the CeO,, Y(20)/CeO,, and
Y(67)-Ce0,. The parent CeO, was aggregates of nanoparticles with
10-20 nm diameters (Figs. S2a and S2b). The morphology of the
Y(20)/CeO, was almost the same as that of CeO, (Figs. S2c vs.
S2b), indicating no change with loading treatment of Y. The
Y(67)-CeO, catalyst also showed the similar particle size and
morphology to those of Y(20)/CeO, (Fig. S2d). Fig. S3 shows the
PXRD patterns of the CeO,, Y(20)/CeO,, and Y(67)-CeO,. All
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Fig. 3. Carbon deposition rate on Nb/CeO, (black symbols) and Y/CeO, (red
symbols) as a function of the amount of Nb or Y loaded, together with that on the
zeolites (blue symbols in the right panel) reported in Refs. [14,23]. Partial pressure
of water: closed black, red, and blue circles, 0 vol%; open black and red squares,
30 vol%, blue square, 88 vol%. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

samples exhibited single-phase diffraction patterns assignable to
the cubic fluorite structure of ceria (JCPDS No. 34-394,
a=0.5410 nm). The peak positions were little shifted upon the Y
loading, indicating the high dispersion of Y ions in the ceria lattice.
The FE-SEM and PXRD analyses indicated no noticeable difference
between the Y/ and Y-CeO, samples.

It was reported that incorporation of Y>* cations to tetravalent
host ceria readily proceeded as a result of the similar ionic radius:
The ionic radii of Ce** and Y>* ions are 0.97 A for the 8 coordination
and 1.02 A for the 6 coordination, respectively [24]. Such replace-
ment by Y cations led to the formation of both oxygen vacancies
and reduced Ce>" jons [25]. The local structures of Y and Ce were
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here studied by the XAFS analysis. Fig. 4a shows the Y-K-edge
XANES spectra of the Y/ and Y-CeO,. Two noticeable features were
observed. First, all samples show no pre-edge peaks around
17030 eV, assignable to the 1s — 4d transition of Y. This s — d
transition is partially allowed for the distortion of octahedral envi-
ronment, only when p-orbitals are mixed with d orbitals. No
appearance of this transition indicated little distortion of the octa-
hedral symmetry, as has been reported in the other Y-containing
systems [26]. The second point was change in the white line shape
with the sample. All samples exhibited two peaks at 17050 and
17058 eV attributable to two inequivalent Y sites in the C-type
bixbyite structure [27], although the peak shapes were different.
The Y(10)/, Y(20)/, and Y(67)-CeO, samples gave almost the same
spectra, indicating the equivalent distributions of Y in the fluorite
structure. On the other hand, the C-type sesquioxide Y,O3; and
heavily Y-doped Y(50)/CeO, exhibited the distinct increments in
the 17058 eV. The change suggested the increase in the Y,03 phase
on these samples, which will be discussed in the following para-
graphs in more detail.

The FT-EXAFS spectra shown in Fig. 4b gave valuable informa-
tion on the local structure. The Y(50)/CeO, and C-type Y,0;
samples showed three bands: The first peak at 1.8 A was due to
the Y-0 shell, and the second and third peaks at 3.1 and 3.8 A were
due to two Y-Y shells distributed at different distance [26,27]. In
contrast, the Y(10)/, Y(20)/, and Y(67)-CeO, samples showed two
significant signals at 1.8 and 3.6 A, which were attributed to the
Y-0 and Y-0-Ce shells, respectively. The Y(20)/CeO, sample also
gave a small peak at 3.1 A due to the Y-O-Y shell. The appearance
of the 3.6 A peaks for the Y(10)/, Y(20)/, and Y(67)-CeO, was inter-
preted as the evidence for the formation of solid solution of CeO,
and Y,03, and the disappearance of this peak for the Y(50)/CeO,
was attributed to the formation of thick Y05 layers on the surface.
The results of curve fitting analysis for Y species are summarized in
Table S2. The coordination number, CN, for the solid solution

b
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Fig. 4. Y-K-edge XANES (a) and EXAFS spectra (b) of Y(10)/CeO, (green), Y(20)/CeO, (blue), Y(50)/CeO, (black), Y(67)-CeO, (orange), and reference Y,05 (red). Ce-L;;-edge
XANES spectra (c) and H,-TPR profiles (d) of Y(20)/CeO, (blue) and pure CeO, (red). Symbols A-D in (c) are the same as those in Refs. [30,31]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Y(67)-Ce0O, was 6.0, which agreed well with the results previ-
ously-reported [25,26]. Meanwhile, the CNs for the Y(10)/CeO,,
Y(20)/Ce0,, and Y(50)/CeO, were partly smaller (5.6-5.7),
indicating the formation of coordinatively unsaturated Y species.
The average Y-O bond lengths for the respective samples were
ca. 2.25 A, independent of the catalyst preparation method and
amount of Y loading. The results could suggest the formation of
the solid solution at low loading of Y and the increase in the
Y,03 phase at the high loading, although their amounts depended
on the catalyst preparation methods.

Fig. 4c shows Ce-Lj-edge XANES spectra of the Y(20)/CeO, and
pure CeO, samples. Pure CeO, was reported to usually possess
oxygen vacancies of 1 x 10'2 - 1 x 10" cm™, whose amounts
were dependent on the crystallite size [28,29]. The spectra showed
four different lines named A, B, C, and D according to the literature
[30,31]. The observed four lines were all characteristic of a Ce** ion,
originating from the hybridization of Ce 4f and O 2p states in the
initial state. It should be noted, however, that certain amounts of
Ce3* species might exist, because the peak position of Ce** was
very close to that of the line C of Ce** ion (the difference was only
1.9eV) [30,31]. The curve fitting analysis was thus conducted to
roughly quantify the contents of Ce>" ions and the results are sum-
marized in Table S3. The average CN for CeO, and Y(20)/CeO, was
7.8 and 7.4, which were lower than 8.0 for oxygen vacancy-free
ceria. When all decrement in the CN value was attributable to
the formation of oxygen vacancies accompanied by the change of
Ce** to Ce>*, approximately 30% of Ce was estimated to be reduced
to Ce3* in the Y(20)/Ce0, [32].

Fig. 4d shows the TPR profiles of pure CeO, and Y(20)/Ce0O, to
determine amounts of the oxygen vacancies. The pure CeO, exhib-
ited three reduction peaks at 790, 950, and 1170 K. The first and
second peaks were due to the reduction of surface oxygen ions,
and the third one was due to the reduction of oxygen ions in the
bulk [33-35]. The total amount of H, consumption on the CeO,
was 2.63 mmoly, g~ ! based on the integrated peak areas, which
was 90% of the amount (2.90 mmoly, g~!) required to reduce
defect-free ceria, CeO, + 1/2H, — CeO; 5+ 1/2H,0. The observed
difference of 10% could be attributed to oxygen vacancies around
the Ce®" ions, as has been suggested in the literature [28,29] and
is shown in Table S3. The Y(20)/CeO- gave smaller first and second
peaks and roughly the same third peak. The total amount of H,
consumption observed was 2.26 mmoly» g*‘. The H, consumption
for Cegs33Y0.16701917, Which corresponds to the Y(20)/CeO,
nominally composed of 83.3% CeO, and 16.7% YO,s, was
estimated to be 2.57 mmoly, gt from the following equation:
Ceos33Y0.16701.917 + 0.417H; — Cegg33Y0.167015 + 0.417H,0.  The
assumption of 10% oxygen vacancies on the sample resulted in
decrease in the H, amount to 2.31 mmoly; gt This value was in
excellent agreement with the experimental value, 2.26. Fig. S4
shows the Ce 3ds;, and 3dsj, core level XP spectra of the CeO,
and Y(20)/CeO, catalysts, and the assignment of each signal was
summarized in Table S4. Here, the Ce>* concentrations in the two
samples were estimated according to the method in the literature
[36,37], and the results for the peak deconvolution are shown in
the figure. The Ce*" concentrations (Ce®*/(Ce®" +Ce*")) of the
CeO, and Y(20)/CeO, samples were estimated to be 16.9% and
19.1%, respectively, being well consistent with the results for the
TPR analysis. It follows that the solid solution of CeO, and Y,03
was generated through the Y loading and there was the almost
same ratio of oxygen vacancies when the Y amount was not great.

Acid-base properties of the catalysts were investigated by the
DRIFT analysis using pyridine and CO, as probe molecules.
Fig. 5a shows the pyridine-adsorbed spectra. The CeO, exhibited
absorption peaks at 1440, 1485, 1535, 1560, 1578, and
1600 cm™!, in which the 1440 cm™' band was attributable to
pyridine adsorbed on Lewis acid sites, the 1535 cm™' band on
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Fig. 5. Difference DRIFT spectra of pyridine (a) and CO, (b) adsorbed CeO,, Y(20)/
Ce0,, and Y,05 after evacuation at 303 K. Capital letters L and B in (a) stand for the
Lewis and Bronsted acid sites.

Bronsted acid sites, and the others on the Lewis acid sites or hydro-
xyl groups [38]. In contrast, the Y(20)/CeO, and Y,03 gave very
small peaks, indicating very few acid sites on their surfaces. This
result indicated that the added Y,O3 diminished the strong acid
sites on the ceria surface. Fig. 5b shows the CO,-adsorbed DRIFT
spectra. The assignment of CO, species is summarized in Fig. S4
[39-41]. In the five bands observed on the CeO,, the bands at
1220, 1390, 1475, and 1590 cm~! were assigned to hydrogen car-
bonate, while those at 1300 and 1590 cm ™! to bidentate carbonate.
On the Y(20)/Ce0,, except for the 1220 cm™! band, all bands were
blueshifted by ca. 25 cm™!, and the spectrum turned out to be sim-
ilar to that on Y,0s, indicating the formation of new basic sites.
Both the pyridine and CO, adsorption experiments indicated that
the addition of 20 atom% Y resulted in the formation of yttrium
oxide-predominating surface.

Finally, the structures of Y-loaded ceria prepared by the impreg-
nation method are shown schematically in Fig. 6 as a function of Y
loading. Below 10 atom% Y, Y atoms were used for the formation of
surface solid solution of Ce0,-Y,05. At around 20 atom¥% Y, the sur-
face and the inside of Y/CeO, were nearly covered with the solid
solution. Too much Y loading (around 50 atom% Y) would cause
the formation of thick Y,03 layers. The requisite amount of Y,03
for monolayer coverage of ceria was estimated to be 10.9 Wt% araiyst
[42] according to the method in the literature [43]. The Y,05 con-
tent in the Y(20)/CeO, was 11.6 wt%, supporting the formation of
1-2 layers of a surface solid solution.

3.3. Reaction pathways on Y-loaded CeO,

The reaction pathways were investigated based on the product
distributions in the continuous flow reactions and the pulse exper-
iments. The total yields of carbon products summarized in Table 1
were 35-90% in all experiments, greatly depending on the kinds of
metal additives. The discrepancy between the ethanol conversion
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Fig. 6. Schematic surface structure of Y/CeO, catalysts prepared through the impregnation method. Surface oxygen ions are omitted for clarity.

degrees and the product yields would be attributed to the forma-
tion of undetected products such as carboxylic acids and esters.
We indeed observed these products using an offline capillary GC
system: However, the quantitative analyses were not conducted
here because of too long intervals of the analyses.

The correlation of the product distribution with the contact
time was examined using the continuous flow reactions to under-
stand the reaction pathways yielding acetone, propene, and eth-
ene. The results on the Y(20)/CeO, are shown in Fig. 7. The
conversion levels of ethanol increased from 5% to 100% with
increasing contact time, the selectivity of propene increased from
1% to 33%, and the selectivity of acetone decreased from 18% to
3%, indicating the possibility that acetone was an intermediate
for propene formation. On the other hand, the selectivity toward
ethene decreased from 60% to 40%. Small amounts of butenes
(not shown) were formed in the experiments. No production of
propene upon introduction of ethene onto the catalyst was also
confirmed in a separated experiment. Both findings indicated little
possibility of metathesis reaction of ethene and butenes to give
propene.

The reaction pathways yielding acetone from ethanol have been
suggested as Eqs. (3), (4), and (4) on oxide-based catalysts [2-6,9—
12]. Propene can be formed from acetone through hydrogenation
and subsequent dehydration, as described by Eq. (5) [9,10]. The
comprehensive reaction for the propene formation is thus Eq. (6).

C,HsOH — CH;CHO + H, (3)

2CH5CHO + H,0 — CH;COCH; + CO, + 2H, (4)

80 -

60

40

Selectivity / %

20

0
100
80
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40
20

0
0.0 1.0 2.0 3.0

Contact time / s

f

Conv. and yield / %

Fig. 7. Ethanol contact time dependence of the catalytic activity of Y(20)/CeO, for
the continuous flow reactions. Reaction conditions: catalyst weight, 0.05-2.0 g;
total flow rate, 12-32 ml min~"; Pgiop, 30 vol%; P20, 30 vol%; reaction temperature,
703 K. Symbols are the same as those in Fig. 1 except for ethanol (open black
square).

CH5CHO + C,H5OH + H,0 — CH;COCH; + CO; + 3H, @)
CH5COCH; + H, — C3Hg + H,0 (5)
2C,HsOH — CsHg + CO; + 3H, (6)
CO, +H; — CO + H,0 (7)

According to the reactions, the ratio of the total yield of propene
and acetone (Ac3) to those of CO, and CO (Acox) should be 3:1,
where contribution of the reverse water-gas shift reaction (Eq.
(7)) was counted for the Acoyx calculation. The calculated Acsjcox
values are listed in Table 1. The values on the catalysts active for
the propene formation were 2.5-3.0. The good consistency indi-
cated validity of the reaction pathways (3)-(7) and the estrange-
ment from 3 would be due to the side reactions or the isobutene
formation from acetone [10,11].

Three reaction sequences have been proposed for the formation
of Cyy_1 ketones from C,-alcohols on oxide-based catalysts: (i)
aldol reaction [5,6], (ii) Tishchenko reaction [2,3,44], and (iii) keto-
nization reaction of carboxylic acids [45]. The possibility of the
aldol reaction will be first discussed. The aldol reaction of acetalde-
hyde gives 3-hydroxybutylaldehyde, which can be converted to
CH5C(0O)CH,CHO or CH5CH = CHCHO by dehydrogenation or dehy-
dration. The latter does not give acetone, but the reaction of the
former with water might yield acetone, CO,, and H,. Since unstable
B-hydroxyaldehyde and B-ketoaldehyde could not be used as sub-
strates, the products produced in Fig. 7 were carefully analyzed
using the offline GC system. However, no production of these com-
pounds was found, suggesting little possibility of the aldol reaction
route. The formation of acetaldehyde, ethyl acetate, acetic acid, and
2-propanol was confirmed: Therefore, the possibilities of
Tishchenko reaction route (via ethyl acetate) [2,3,44] and the
ketonization route (via acetic acid) [45] were investigated in the
next section.

Pulse experiments were carried out on the Y(20)/CeO, using
ethyl acetate (AcOEt), acetic acid (AcOH), and acetone as the sub-
strates. AcOEt could be obtained from two acetaldehyde molecules
through the Tishchenko reaction [2,3,44], as described by Eq. (8).

2CH;CHO — CH;C(0)OCH,CH; (8)

Fig. 8 shows the results for AcOEt as a function of contact time. In
the absence of water, the major product was ethene irrespective
of the contact time, although the yields considerably varied from
40% to 60%. The yield of acetone was high (~20%) at the short con-
tact time of 0.11 s, and the yields of propene were low (6-20%)
compared to those in the flow reaction system. The co-feed of water
with ethanol noticeably increased the yields of both propene and
acetone to 10-20%. The results indicated the possibility that AcOEt
was an intermediate for acetone and ethene formation.

The results of AcOH are also shown in Fig. 8. AcOH would hardly
be generated from ethanol under the non-oxidative condition, but
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Fig. 8. Pulse experiment results for the Y(20)/CeO, as a function of contact time. Reactants are ethyl acetate (AcOEt), acetic acid (AcOH), acetone, and ethanol. As needed,

water, H; gas, ethanol was fed with the reactants, such as AcOEt and acetone. Reaction conditions: pulse size, 2.0 pl, catalyst weight, 0.1 g; total flow rate, 10-80 ml min™';

1

reaction temperature, 703 K. Red, propene; green, ethene; orange, CO,; blue, acetone; pink, AcOH; black, ethanol; gray, AcOEt; purple, acetaldehyde; white, others. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the presence of water, which is a by-product of ethanol dehydra-
tion, AcOH might be yielded through the direct reaction of an
adsorbate CH3CO with a surface OH group. All introduced AcOH
was converted to acetone and CO, even at the short contact time,
wherein the ratios of acetone produced to CO, were almost 3:1
(carbon basis) except for that at the long contact time. These
results indicated the very easy and selective ketonization of AcOH
(Eq. (9)), agreeing well with the results reported on ceria-based
catalysts [45].

2CH5C(0)OH — CH;COCH; + CO, + H,0 9)

The following reaction pathways could be suggested on the basis of
the above pulse experiments, although surface intermediates
should be detected by for example IR measurements in the future.
That is, AcOEt was converted to AcOH through elimination of eth-
ene (Eq. (10)), and the subsequent self-ketonization of produced
AcOH yielded acetone and CO, (Eq. (9)) [45].

CH5C(0)OCH,CH; — CH, = CH, + CH5C(0)OH (10)

Finally, the conversion of acetone to propene was confirmed to
progress on the catalyst. Differently from the reported reaction
[10], acetone gave only a small amount of propene in the presence
of H, (propene yield was less than 10%), as shown in Fig. 8. In con-
trast, acetone could be converted to propene in the co-feed of eth-
anol, suggesting the reduction of acetone by ethanol and the
subsequent dehydration of produced 2-propanol to propene. The
former reaction is recognized as Meerwein-Ponndorf-Verley
(MPV) reduction [46], and the possible reaction scheme is shown
in Fig. 9. The active site could be the acid-base pair consisting of
Ce** or Y** and 0% ions, which was generated through the

formation of oxygen vacancy [47]. The adsorbed ethanol on the
acid-base pair could reduce the acetone adsorbed on the acid site
to 2-propanaol, followed by the dehydration to give propene. The
co-fed water might be involved in this reduction, but we have
not understood yet the role of water at the molecular level.
Based on the above results and discussion, the following reac-
tion pathways yielding propene from ethanol were suggested on
the Y-modified ceria catalyst. Ethanol is dehydrogenated to acetal-
dehyde, and resulting acetaldehyde is dimerized to give ethyl ace-
tate via a Tischenko reaction. Ethyl acetate is then decomposed to
give ethene and acetic acid, the latter of which yields acetone and
CO, through the ketonization reaction. Propene was produced by
the MPV reduction of acetone by ethanol and the subsequent
dehydration reaction. The present mechanism on Y/CeO, is differ-
ent from that for Ni-MCM-41 [8] and Sc/In,05 catalysts [9,10]. It
should be noted that much amount of ethene was produced at
the short contact time in the pulse reaction of ethanol (Fig. 8),
which would suggest the presence of an alternative route (Eq.
(10)) to form ethene through the simple dehydration of ethanol.

4. Conclusions

The addition effect of 31 metal ions on ceria catalysts was
examined for the conversion of ethanol to propene. Twenty atom%
Y-loaded ceria showed a good selectivity toward propene and
remarkable durability in the absence of water. The maximum yield
of propene on the Y(20)/CeO, was 37% at Pgon = Prao = 30 vol%.
The characterization revealed the formation of solid solution of
CeO, and Y,0s. The elimination of strong acid sites originally
existing on CeO, by the addition of Y,03; would improve the

GHs  cHy CH:__ CHs cy, 0
H—C—H C—CH; oy H—CH C—CH; . o ST
! 1l 1 1l
O=H O o O OH
( '3 ! C| g|
——A*—B —A*——  ——A —B —A*—— A*—B —A*——
A*:acidsite
B™: base site

Fig. 9. Possible reaction mechanism for the Meerwein-Ponndorf-Verley reduction of acetone by ethanol.
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durability of catalyst. The suggested reaction pathway was
ethanol — acetaldehyde — ethyl acetate — acetic acid — acetone
— 2-propanol — propene.
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