
S

Y
E

a

A
R
R
A
A

K
E
S
R
C
R
A

1

r
t
d
t
c
f
i
[
s
l
t
r
b
r

a
s
b
v

0
d

Catalysis Today 164 (2011) 308–314

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /ca t tod

ynthesis of ethanol from syngas over Rh/Ce1−xZrxO2 catalysts

anyong Liu ∗, Kazuhisa Murata, Megumu Inaba, Isao Takahara, Kiyomi Okabe
nergy Technology Research Institute, National Institute of Advanced Industrial Science and Technology, AIST Tsukuba Central 5, Higashi 1-1-1, Tsukuba 305-8565, Japan

r t i c l e i n f o

rticle history:
eceived 30 June 2010
eceived in revised form 25 October 2010
ccepted 26 October 2010
vailable online 3 December 2010

eywords:
thanol synthesis
yngas

a b s t r a c t

Rh/Ce1−xZrxO2 (x = 0–1) samples (with 2 wt% Rh loading) were prepared by a coprecipitation method
using NH3·H2O as a precipitant. The resultant samples were used as catalysts for the synthesis of ethanol
from syngas in a high-pressure fixed-bed flow reactor under typical reaction conditions of T = 548 K,
P = 2.4 MPa, H2/CO = 2/1, and W/F = 10 g h mol−1. XRD results indicated that Zr4+ ions entered in the CeO2

lattices when x was less than 0.2 in Rh/Ce1−xZrxO2. TPR results indicated that the reducibility of CeO2

increased by inducing Zr4+ ions into the CeO2 lattices in Rh/Ce0.8Zr0.2O2. NH3-TPD and CO2-TPD results
indicated that Rh/Ce0.8Zr0.2O2 contained both acid sites and base sites on the surface. Rh/CeO2 showed a
CO conversion of 23.7%, which was higher than those over Rh/SiO2 (10.1%), Rh/MgO (10.8%), and Rh/ZrO2
h catalyst
e1−xZrxO2 support
educibility
cidity–basicity

(18.2%) at 548 K because a strong interaction between support and metal (SISM) existed in Rh/CeO2.
Moreover, the CO conversion over Rh/Ce0.8Zr0.2O2 (27.3%) was higher than that over Rh/CeO2 (23.7%)
due to the smaller Rh particle size and the stronger reducibility in Rh/Ce0.8Zr0.2O2. The main oxygenated
products were acetaldehyde and ethanol over neutral or acidic supports supported Rh catalysts (Rh/SiO2,
Rh/ZrO2), and were methanol and ethanol over basic supports supported Rh catalysts (Rh/MgO, Rh/CeO2,
Rh/Ce0.8Zr0.2O2). Rh/Ce0.8Zr0.2O2 showed the highest selectivity for ethanol among various catalysts

uppo
because the Ce0.8Zr0.2O2 s

. Introduction

The use of biomass feedstocks (such as agriculture and forestry
esidues) for generating energy has become increasingly impor-
ant in recent years because of the global climate change and the
epletion of fossil fuel resources. Ethanol has attracted great atten-
ion because it can be used as a fuel additive and as a hydrogen
arrier. Ethanol can be produced from biomass using a biological
ermentation process (through a sugar platform) and using a chem-
cal BTL (biomass to liquid) process (through a syngas platform)
1,2]. The fermentation process is limited in its application only to
elected biomass components for ethanol production because the
ignin component in the woody biomass cannot be converted by
he current fermentation process. In contrast, all kinds of biomass
esource can be converted by the BTL process, because syngas can
e obtained from all biomass feedstocks by gasification and/or
eforming.

Four kinds of catalysts have been used in the synthesis of higher

lcohols from syngas: Rh-based [3–5], Mo-based [6], modified F–T
ynthesis [7], and modified methanol synthesis catalysts [8,9]. Rh-
ased catalysts showed the best selectivity for ethanol among
arious catalysts [1,2]. However, because Rh metal is very expen-
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rt simultaneously possesses reducibility, acidity and basicity.
© 2010 Elsevier B.V. All rights reserved.

sive, the improvement of the activity and the selectivity for ethanol
over Rh-based catalysts is necessary for achieving a commercial
available process. The support and the promoter are important
to develop highly active Rh-based catalysts for the synthesis of
ethanol from syngas [3–5]. Rare earth oxides have been reported as
efficient promoters for Rh/SiO2 catalysts in the synthesis of ethanol
[10–13]. A strong interaction between support and metal (SISM)
exists in the CeO2-supported metal catalysts and gives the cata-
lysts high activity for many reactions [14–17]. Introduction of Zr4+

ions into the CeO2 lattices improves the catalytic performance of
CeO2-supported metal catalysts for some reactions through chang-
ing the physical and chemical property of the supports [18–22].
In the present study, we investigated the catalytic performance of
Rh/Ce1−xZrxO2 catalysts for the synthesis of ethanol from syngas.

2. Experimental

2.1. Catalyst preparation

Rh/Ce1−xZrxO2 (x = 0–1) was prepared by a coprecipitation
method using NH3·H2O as a precipitant in order to avoid the

residues of alkali metals [9]. In a typical process, a solution of
28 wt% NH3·H2O was added to an aqueous solution of mixed metal-
lic nitrates of Ce(NO3)3, ZrO(NO3)2, and Rh(NO3)3 till pH = 10 at
room temperature with strong stirring. Then, the slurry was aged
at 363 K for 1 h. A precipitate was obtained after filtering the slurry

dx.doi.org/10.1016/j.cattod.2010.10.087
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yy.ryuu@aist.go.jp
dx.doi.org/10.1016/j.cattod.2010.10.087
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tices and they formed ZrO2 particles on the catalyst surface, which
caused a decrease in the BET surface area [9,18]. The Rh particle size
was calculated from the actual loading of Rh metal and the amount
of adsorbed CO molecules for each catalyst. The actual Rh loadings,
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t room temperature. The resultant precipitate was then dried at
73 K for 24 h, and finally calcined at 723 K for 3 h. The Rh loading
as 2 wt% in the sample.

Rh/MgO was prepared using a method similar to that for prepar-
ng Rh/Ce1−xZrxO2. The NH3·H2O precipitant was added to a mixed
queous solution of Mg(NO3)2 and Rh(NO3)3 till pH = 10 at room
emperature with strong stirring. The slurry was aged at 363 K for
h and a precipitate was obtained after filtration. The resultant pre-
ipitate was dried at 373 K for 24 h and calcined at 723 K for 3 h. The
h loading was 2 wt% in the sample.

The Rh/SiO2 catalyst was prepared by the impregnation of SiO2
JRC-SIO-1, 300 m2 g−1) with an aqueous solution of Rh(NO3)3. The
ample was then dried at 373 K for 24 h, and finally calcined at 723 K
or 3 h. The Rh loading was 2 wt% in the sample.

.2. Catalyst characterization

X-ray powder diffraction (XRD) patterns were measured using
MAC Science MXP-18 diffractometer with a Cu-K� radiation at

0 kV and 50 mA. Inductively coupled plasma (ICP) analyses were
easured by a Thermo Jarrel Ash IRIS/AP instrument. Tempera-

ure programmed reduction (TPR) was carried out in a U-shaped
uartz tube (i.d. = 3 mm, l = 150 mm) with a mixture of 10% H2 and
0% Ar. The gas flow rate was 30 ml min−1 and the sample was
eated from 298 to 973 K (heating rate: 5 K min−1). BET surface
reas were measured by N2 adsorption at 77 K and the particle
izes of supported Rh were measured by a CO pulse method at
oom temperature using a BELCAT-B automatic instrument. In the
easurement of Rh particle size, a catalyst of 20 mg was reduced

n 100 ml min−1 of H2 at 673 K for 20 min and then cooled down.
he CO pulse measurement was carried out at room temperature.
he CO uptake was estimated by the extrapolation to zero pres-
ure of the linear part of the isotherms. The difference between
he total amount of adsorbed CO (COtot) and the reversible part
f adsorbed CO (COrev) gave the irreversible part of adsorbed CO
COirr). The amount of COirr was used for calculating the Rh particle
ize (assuming stoichiometry: COirr/Rh = 1). NH3-TPD and CO2-TPD
ere measured using an atmospheric flow system (BELCAT-B) with
TCD and a Q-mass (QMG220 PrismaPlus). The sample (0.05 g) was
retreated at 673 K for 1 h under a He flow (50 ml min–1). After
he temperature decreased to 323 K, NH3 or CO2 was introduced
or adsorbing on the surface, followed by evacuation at 323 K for
h to eliminate the weakly physical adsorbed species. Then, NH3-
PD or CO2-TPD was carried out from 323 K to 973 K (heating rate:
K min–1). The recorded TCD signal was checked by the Q-mass at
/e = 17 (for NH3), 44 (for CO2), and 18 (for H2O) during the TPD
easurement.

.3. Catalyst measurement

The catalytic reaction was carried out in a high-pressure fixed-
ed flow reaction system at 473–573 K under a total pressure of
.4 MPa. After 1.0 g catalyst and 2.0 g quartz sand were mixed uni-
ormly, they were packed in a tubular reactor (i.d. = 10 mm). Prior
o the reaction, the catalyst was reduced in a H2 flow (50 ml min−1)
t 573 K for 1 h. The feed gas contained 60% H2, 30% CO and 10%
2 (using as an internal standard). The products were analyzed by

hree on-line GCs during the reaction. H2, N2, CO, and CO2 were
nalyzed by a TCD and a New Carbon-ST column; light hydrocar-
ons (C1–C4) were analyzed by a FID and a CP-Al2O3/KCl capillary
olumn; heavy hydrocarbons (C5+) were analyzed by a FID and a

A-DX capillary column; and oxygenated compounds were ana-

yzed by a FID and a Stablewax capillary column. CO conversion
as determined by the changes of the percentage concentrations

f CO and N2 (internal standard) in the mixed gases before and after
he reaction. Product selectivities were reported in terms of carbon
164 (2011) 308–314 309

efficiencies which were calculated by using the formula niCi/�(niCi)
where ni is the carbon atom number of the compound.

3. Results and discussion

3.1. Characterization of Rh/Ce1−xZrxO2 samples

Fig. 1 shows the XRD pattern of various Rh/Ce1−xZrxO2 samples
with 2 wt% Rh loading after calcination at 723 K for 3 h. The reflec-
tions of Rh2O3 phase could not be observed in the XRD pattern of
each sample, implying the high dispersion of Rh2O3 particles in the
samples. Rh/CeO2 showed four strong reflections corresponding
to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) crystallographic planes of CeO2
support, indicating that the CeO2 support had a fluorite structure
with cubic (f c c) cells. Although Rh/ZrO2 also showed four strong
reflections corresponding to cubic ZrO2 cells in the XRD pattern,
the position of each reflection in Rh/ZrO2 was obviously differ-
ent from that of Rh/CeO2 due to the different ionic radius of Zr4+

and Ce4+ ions (Zr4+: 0.79 nm; Ce4+: 0.92 nm [23]). In the XRD pat-
tern of Rh/Ce0.8Zr0.2O2, the reflections of CeO2 phase were very
strong but the reflections of ZrO2 phase could not be observed.
This implies that Zr4+ ions entered in the CeO2 lattices to form a
homogeneous solid solution in Rh/Ce0.8Zr0.2O2. On the other hand,
Ce4+ ions entered in the ZrO2 lattices in Rh/Ce0.2Zr0.8O2 from the
results of the XRD pattern. In the XRD pattern of Rh/Ce0.5Zr0.5O2,
the reflections were very weak although the pattern of CeO2 could
be observed, implying the collapse of CeO2 cells in Rh/Ce0.5Zr0.5O2.

Fig. 2 shows the BET surface area and Rh particle size in
Rh/Ce1−xZrxO2 with 2 wt% Rh loading after reduction at 573 K for
1 h. The doping of Zr4+ ions decreased the crystallization degree of
CeO2 (Fig. 1), which caused an increase in the BET surface area when
x was less than 0.2 in Rh/Ce1−xZrxO2 [9,18]. When x was larger than
0.2 in Rh/Ce1−xZrxO2, some Zr4+ ions could not enter in the CeO2 lat-
2 Theta (degree)

Fig. 1. XRD patterns of various Rh/Ce1−xZrxO2 samples with 2 wt% Rh loading after
calcination at 723 K for 3 h. (A) Rh/CeO2; (B) Rh/Ce0.8Zr0.2O2; (C) Rh/Ce0.5Zr0.5O2; (D)
Rh/Ce0.2Zr0.8O2; and (E) Rh/ZrO2.
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ig. 2. BET surface area and Rh particle size in Rh/Ce1−xZrxO2 with 2 wt% Rh loading
fter reduction at 573 K for 1 h. (�) BET surface area; (�) Rh particle size.

hich were measured by ICP analysis, were similar to the designed
h loadings for various catalysts. The Rh particle size decreased
ith increasing Zr amount at x < 0.2 but increased with increas-

ng Zr amount at x > 0.2 in Rh/Ce1−xZrxO2. Rh/Ce0.8Zr0.2O2 showed
he smallest Rh particle size among Rh/Ce1−xZrxO2 owing to the
argest BET surface area and the strongest SISM effect [9,18]. The
h particle size in 2 wt% Rh/Ce0.8Zr0.2O2 was about 4 nm, which is a
uitable size for the synthesis of ethanol from syngas over Rh-based
atalysts [12,24].

Fig. 3 shows the TPR profiles of various Rh/Ce1−xZrxO2 sam-
les with 2 wt% Rh loading after calcination at 723 K for 3 h. The
eak at 393 K could be observed in the TPR profile of each sample
ue to the reduction of Rh3+ (Rh3+ → Rh0). Rh/ZrO2 did not show
reduction peak of ZrO2 support below 973 K. Rh/CeO2 showed a

eduction peak at about 853 K owing to the partial reduction of the
eO2 support (Ce4+ → Ce3+). As for Rh/Ce0.8Zr0.2O2, it showed three
eduction peaks in the TPR profile: the peak at 393 K owing to the
eduction of Rh3+, the peak at 483 K owing to the partial reduction of
urface Ce4+, and the peak at 703 K owing to the partial reduction of
e4+ in the bulk [25–27]. Rh/Ce Zr O and Rh/Ce Zr O also
0.5 0.5 2 0.2 0.8 2
howed the peaks owing to the partial reduction of surface Ce4+

nd bulk Ce4+ in the TPR profiles. The isovalent substitution by Zr4+

ons in the lattices of CeO2 created defects on the surface and in
he bulk. The defects throughout the crystal produced an increase
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ig. 3. TPR profiles of various Rh/Ce1−xZrxO2 samples with 2 wt% Rh loading after
alcination at 723 K for 3 h.
Temperature (K)

Fig. 4. NH3-TPD profiles of various Rh/Ce1−xZrxO2 samples with 2 wt% Rh loading
after calcination at 723 K for 3 h.

in the oxygen mobility and diffusion in the lattices, which pro-
moted the reduction of Ce4+ in the Ce0.8Zr0.2O2 solid solution [28].
Moreover, the addition of noble metals to the CeO2-based materials
strongly enhanced the reducibility of the Ce4+ due to the hydrogen
spillover on the surface [29]. The surface oxygen vacancies were
introduced by hydrogen spillover from the noble metal to the solid
solution, and then these vacancies at the surface were subsequently
filled up by the bulk oxygen being transported to the surface due
to the ionic conductivity [30]. Furthermore, the strong interaction
between support and metal (SISM) influences the reducibility of
Ce1−xZrxO2-supported metal catalysts [14–17]. The partial reduc-
tion of surface Ce4+ ions at 483 K in Fig. 3 may be caused by the SISM
effect between Rh and Ce1−xZrxO2 support. It have been reported
that Rh/Ce1−xZrxO2 samples which calcined at 953 K even showed
a split in the reduction peak of Rh2O3 [31]. The split was also caused
by the SISM effect in the Rh/Ce1−xZrxO2 samples [31]. On the other
hand, the samples in this study (calcined at 723 K) showed very sim-
ilar patterns at above 473 K to the samples in literature (calcined at
953 K) [31].

Fig. 4 shows the NH3-TPD profiles of various Rh/Ce1−xZrxO2
samples with 2 wt% Rh loading after calcination at 723 K for 3 h.
NH3-TPD is usually used for evaluating the acid strength and the
acid amount in the solid acids. The acid strength was charac-
terized by the desorbed temperature of NH3 molecules and the
acid amount was characterized by the total number of desorbed
NH3 molecules on the solid surface. The NH3 molecules physically
adsorbed on the samples were eliminated before TPD measurement
by evacuation treatment at 323 K. As shown in Fig. 4, Rh/CeO2 did
not show a peak in the NH3-TPD profile, indicating that there is not
acid site on the Rh/CeO2 surface. Ce0.8Zr0.2O2 showed a NH3 des-
orbed peak at Tmax = 563 K in the NH3-TPD profile, implying that
introducing Zr4+ ions into Rh/CeO2 brought acidic sites to the cat-
alyst surface [18–20]. ZrO2 is an acidic support because Rh/ZrO2
showed a large peak at Tmax = 593 K in the NH3-TPD profile. Both
the peak area and the maximum desorbed temperature increased
with increasing Zr amount in Rh/Ce1−xZrxO2, indicating that both
the acid amount and the acid strength increased with increasing Zr
amount in Rh/Ce1−xZrxO2.

Fig. 5 shows the CO2-TPD profiles of various Rh/Ce1−xZrxO2
samples with 2 wt% Rh loading after calcination at 723 K for 3 h.

CO2-TPD is usually used for evaluating the base strength and the
base amount in the solid bases. The CO2 molecules physically
adsorbed on the samples were eliminated before TPD measurement
by evacuation treatment at 323 K. For convenience, the base sites
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Table 2
Weak, medium-strength, and strong CO2-binding sites in various catalysts.

Catalyst CO2 (�mol/g)

Weak
(T < 523 K)

Medium
(523 < T < 723 K)

Strong
(T > 723 K)

Rh/CeO2 177 9 103
Rh/Ce0.8Zr0.2O2 166 28 82
Temperature (K)

ig. 5. CO2-TPD profiles of various Rh/Ce1−xZrxO2 samples with 2 wt% Rh loading
fter calcination at 723 K for 3 h.

rom which CO2 molecules were desorbed at temperatures lower
han 523 K were designated as weak base sites; those from which
O2 molecules were desorbed from 523 K to 723 K, medium base
ites; and those from which CO2 molecules were desorbed at tem-
eratures greater than 723 K, strong base sites. As shown in Fig. 5,
h/ZrO2 showed the only peak at Tmax = 423 K in the CO2-TPD pro-
le, implying that Rh/ZrO2 possessed only weak base sites on the
urface. Rh/CeO2 showed a peak at low temperature (Tmax = 423 K)
nd a peak at high temperature (Tmax = 823 K) in the CO2-TPD pro-
le, indicating that Rh/CeO2 contained both weak base sites and
trong base sites on the surface. Rh/Ce0.8Zr0.2O2 showed a peak at
max = 793 K corresponding to strong base sites but Rh/Ce0.5Zr0.5O2
id not show a peak of strong base sites at Tmax > 723 K in the CO2-
PD profiles. Rh/Ce0.8Zr0.2O2 possessed strong base sites on the
urface like Rh/CeO2 because the Zr4+ ions were introduced into
he CeO2 lattices in Rh/Ce0.8Zr0.2O2. When x was larger than 0.2 in
h/Ce1−xZrxO2, some Zr4+ ions could not enter in the CeO2 lattices
nd they were distributed on the catalyst surface. The acidic Zr4+

ons on the surface decreased the base strength of catalysts [20–22].
Table 1 sums the TPD quantitative results of various catalysts.

he desorption of water which formed from surface hydroxyls
ould be detected by Q-mass in every TPD measurement. Because
he amount of water was almost the same (about 3–4 �mol/g) in
ach TPD measurement, the water desorption did not affect the
esults of NH3-TPD and CO2-TPD. The Rh/CeO2 sample was calcined
t 723 K and it could not adsorb NH3 molecule on the surface in this
tudy. Moreover, a Pd/CeO2 sample which was calcined at 623 K
lso did not show a signal in the NH3-TPD [32]. These results indi-
ate that the CeO2 support calcined at a low temperature (<723 K)
oes not possess appreciable surface acidity. On the other hand, it

as been reported that a CeO2 sample calcined at 1123 K showed
signal in the NH3-TPD [33]. It seems that calcination at a high

emperature of 1123 K could create some acid sites on the CeO2
urface. From Table 1, the number of surface acidic sites increased

able 1
PD quantitative results of various catalysts.

Catalyst CO2 (TPD)
(�mol/g)

NH3 (TPD)
(�mol/g)

H2O (TPD)
(�mol/g)

Rh/CeO2 289 0 3
Rh/Ce0.8Zr0.2O2 276 33 4
Rh/Ce0.5Zr0.5O2 313 59 3
Rh/Ce0.2Zr0.8O2 304 116 3
Rh/ZrO2 241 228 4
Rh/Ce0.5Zr0.5O2 175 120 18
Rh/Ce0.2Zr0.8O2 178 122 4
Rh/ZrO2 176 65 0

with increasing Zr amount but the number of surface basic sites did
not show a relation to the Zr amount in the Rh/Ce1−xZrxO2 samples.

Table 2 lists the weak, medium-strength, and strong CO2-
binding sites in various catalysts. The adsorbed CO2 molecules
desorbed from weak basic sites at low temperatures and desorbed
from strong basic sites at high temperatures. As shown in Table 2,
the amount of weak basic sites was almost invariable when Zr
amount was changed in the Rh/Ce1−xZrxO2 samples. On the other
hand, the amount of strong basic decreased with increasing Zr
amount in the Rh/Ce1−xZrxO2 samples. Introducing Zr in Rh/CeO2
decreased the amount of strong basic sites and introducing Ce in
Rh/ZrO2 increased the amount of strong basic sites. As a result, the
basic amount could not be controlled but the basic strength could be
designed through changing x value in the Rh/Ce1−xZrxO2 catalysts.

3.2. Catalytic synthesis of ethanol from syngas over Rh-based
catalysts

Table 3 shows the reaction results of the synthesis of ethanol
from syngas over various catalysts with 2 wt% Rh loading at 548 K.
Rh/CeO2 showed a CO conversion of 23.7%, which was much higher
than those over Rh/SiO2 (10.1%), Rh/MgO (10.8%), and Rh/ZrO2
(18.2%). CeO2-supported metal catalysts possess a strong interac-
tion between support and metal (SISM) and thus they showed high
catalytic performance for some reactions [16–18,34,35]. The SISM
effect is important for improving catalytic activity in the synthesis
of ethanol from syngas over Rh-supported catalysts [10,12,36,37].
The SISM effect contains several factors and the reducibility of
support is an important factor for the Rh-based catalysts [10].
We think that the reducibility of CeO2 support gave Rh/CeO2 a
higher CO conversion in the synthesis of ethanol. It has been
reported that (Rhx

0–Rhy
+)–O–M is the active site for the formation

of C2-oxygenates [38]. Thus both Rh0 species and Rh+ species are
important for the synthesis of ethanol from syngas [38]. Because
a redox equilibrium (Ce4+ + Rh0 ↔ Ce3+ + Rh+) exists between CeO2
support and Rh particles, both Rh0 species and Rh+ species can be
stabilized in Rh/CeO2. Moreover, the use of multicomponent pre-
cursors may yield well-dispersed metal particles on the surface of
supports after calcination and reduction; this property, known as
solid-phase crystallization (SPC), is important in the preparation of
highly active metal-supported catalysts [16–18,39,40]. In Rh/CeO2
catalyst, Rh3+ might enter in the Ce4+ position after calcination, and
then highly dispersed Rh particles could be formed during the cat-
alyst pretreatment (H2 reduction) [9,18]. These Rh particles have
uniformed small size and strong interaction with CeO2 support,
which also contributed to the high conversion over Rh/CeO2.

As shown in Table 3, Rh/Ce0.8Zr0.2O2 showed a higher conver-
sion (27.3%) than that over Rh/CeO2 (23.7%) and Rh/ZrO2 (18.2%).
Because Ce0.2Zr0.8O2 support is a CeO2-structured solid solution

4+
with the largest amount of Zr ions, Rh/Ce0.8Zr0.2O2 possesses a
higher BET surface area and a smaller Rh particle size than those of
Rh/CeO2 and Rh/ZrO2 (Fig. 2). The physical improvement (Rh par-
ticle and BET surface area) is one reason for the high CO conversion
in the synthesis of ethanol over Rh/Ce0.8Zr0.2O2. On the other hand,



312 Y. Liu et al. / Catalysis Today 164 (2011) 308–314

Table 3
Reaction results of the synthesis of ethanol from syngas over various catalysts with 2 wt% Rh loading at 548 K.a

Catalyst Conv./% Oxygenate selectivity/% HC select./% CO2 select./%

MeOH EtOH C3+OH CH3CHO AcOEt Otherb CH4 C2+

Rh/SiO2 10.1 3.3 16.2 1.1 13.3 4.6 3.9 42.9 12.5 2.2
Rh/ZrO2 18.2 1.9 15.7 3.3 6.3 6.6 6.7 48.2 9.8 2.5
Rh/MgO 10.8 34.7 20.1 1.5 1.7 0.5 1.8 36.1 1.3 1.9
Rh/CeO2 23.7 15.3 25.4 4.6 0.7 0.6 2.2 34.2 1.7 15.
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Rh/Ce0.8Zr0.2O2 27.3 7.9 35.2 4.9

a P = 2.4 MPa; W/F = 10 g h mol−1; CO: 30%; H2: 60%; N2: 10%.
b Other oxygenates: CH3COOCH3, HCOOCH3, HCOOC2H5, CH3OCH3, CH3OC2H5; C

he introduction of Zr4+ ions into Rh/CeO2 improved the reductibil-
ty of CeO2 support (Fig. 3). The Rh+ active species became more
table in the Rh/Ce0.8Zr0.2O2 catalyst due to the high reductibil-
ty of Ce0.8Zr0.2O2 support, which caused an increase of the SISM
ffect in the catalysts [9,18,41]. Thus the chemical improvement
reductibility) is another reason for the high CO conversion in the
ynthesis of ethanol over Rh/Ce0.8Zr0.2O2.

As shown in Table 3, Rh/SiO2 formed ethanol, acetaldehyde, and
cetic acid ethyl ester (AcOEt) as main oxygenated products and the
electivity to methanol was low. Rh/ZrO2 also formed the mixture of
2-oxygenates as main oxygenated products although the selectiv-

ties for esters and ethers over Rh/ZrO2 were higher than those over
h/SiO2 due to the acidity of ZrO2 support. In contrast, basic sup-
orts MgO and CeO2 supported Rh catalysts formed mixed alcohols
CH3OH, C2H5OH, and C3+OH) as main oxygenated products and
he selectivities for acetaldehyde and AcOEt were low. Therefore,
he Rh particles supported on neutral or acidic supports formed
he mixture of C2-oxygenates and the Rh particles supported on
asic supports formed mixed alcohols from syngas. Hydrocarbons
ere formed over each Rh-based catalyst and the amount was in

n order of Rh/ZrO2 > Rh/SiO2 > Rh/MgO > Rh/CeO2. The Rh particles
upported basic supports formed a small amount of hydrocarbons
n the synthesis of ethanol from syngas.

Fig. 6 shows the reaction route for the formation of C2 oxy-
enates from syngas over Rh-based catalysts. During the reaction,
O and H2 molecules were adsorbed on Rh sites to form COad
nd Had species, and then one COad reacted with two Had to
orm a CHOHad intermediate on the catalyst surface [42]. The
HOHad intermediate could form a CH3OH molecule by hydro-
enation or form a (CH2)ad intermediate by hydrogenation and
ehydration [42]. Further, the (CH2)ad intermediates could form
H4 by hydrogenation or form C2-oxygenated compounds by CO

nsertion [42–44]. The acidic supports promoted the dehydration
rocess of forming (CH2)ad intermediates from CHOHad intermedi-
tes, which increased the concentration of (CH2)ad intermediates
n the catalytic system, and thus increased the selectivities for C2-

xygenated compounds and CH4. In contrast, the basic supports
nhibited the dehydration process from CHOHad intermediates
o (CH2)ad intermediates, which increased the concentration of
HOHad intermediates in the catalytic system, and thus increased
he selectivity for methanol.

CO COad

+2Had
CHOHad CH3OH

+2Had

+2Had
–H2O

Cad +  Oad (CH2)ad CH4

+2Had

–H2O

+2Had

CO insertion

C2 oxygenates

ig. 6. Reaction route for the formation of C2 oxygenates from syngas over Rh-based
atalysts.
0.8 1.9 35.7 2.1 10.1

C2H5, and CH3COOH.

Rh/CeO2 showed a higher selectivity for ethanol (25.4%) than
that over Rh/MgO (20.1%) at 548 K although both CeO2 and MgO
are basic supports (Table 1). Rh+ species is stable in Rh/CeO2
(Ce4+ + Rh0 ↔ Ce3+ + Rh+) but it is difficult to be formed in Rh/MgO
during the reaction. Rh+ species is more active as comparison to
the reduced Rh0 species for CO insertion, and the insertion of CO to
(CH2)ad intermediates is the key step for producing C2+ oxygenates
from syngas [12,31,37–39]. Therefore, Rh/CeO2 showed a much
higher ratio of ethanol to methanol (1.66) than that over Rh/MgO
(0.58) at 548 K. On the other hand, the selectivity for CO2 over
Rh/CeO2 (15.3%) was much higher than that over Rh/MgO (1.9%).
The oxygen species moved from bulk to surface and oxidized CO to
CO2 over Rh/CeO2 due to the oxygen mobility and oxygen storage
capacity of CeO2 support [27,28].

As shown in Table 3, Rh/Ce0.8Zr0.2O2 formed mixed alcohols as
main oxygenated products like Rh/CeO2 because Rh/Ce0.8Zr0.2O2
had strong base sites on the surface like Rh/CeO2 (Fig. 5). How-
ever, the selectivity for ethanol over Rh/Ce0.8Zr0.2O2 (35.2%) was
higher than that over Rh/CeO2 (25.4%). We think that two factors
improved the selectivity for ethanol over Rh/Ce0.8Zr0.2O2. Firstly,
Rh/Ce0.8Zr0.2O2 had acid sites by introducing Zr ions into the CeO2
lattices (Fig. 4). The acid sites could promote the dehydration pro-
cess of CHOHad intermediates and increase the concentration of
(CH2)ad intermediates in the catalytic system. Because CHOHad is a
precursor of methanol and (CH2)ad is a precursor of C2-oxygenates
(by CO insertion), Rh/Ce0.8Zr0.2O2 showed a higher selectivity for
ethanol than that over Rh/CeO2. Secondly, Rh/Ce0.8Zr0.2O2 pos-
sesses a larger amount of Rh+ species on the surface because the
reductibility of Rh/Ce0.8Zr0.2O2 increased by introducing Zr4+ ions
into CeO2 lattices (Fig. 3). Rh+ species promoted the insertion of CO
to (CH2)ad intermediates and improved the selectivity for ethanol
over Rh/Ce0.8Zr0.2O2.

Fig. 7 shows the effect of x in Rh/Ce1−xZrxO2 with 2 wt% Rh
loading for the synthesis of ethanol at 548 K. Both the CO conver-
sion and the selectivity for ethanol showed the maximum values
at x = 0.2 in Rh/Ce1−xZrxO2. Because small-sized Zr4+ ions can be
introduced into the Ce4+ positions till x = 0.2 in Rh/Ce1−xZrxO2,
Ce0.8Zr0.2O2 is a solid solution but Ce0.7Zr0.3O2 and Ce0.5Zr0.5O2 are
not solid solutions [9,18]. The exceed Zr4+ ions in Ce0.7Zr0.3O2 and
Ce0.5Zr0.5O2 formed ZrO2 particles on the catalyst surface, which
caused a decrease of the CO conversion in the synthesis of ethanol.
Moreover, the acidic ZrO2 particles on the catalyst surface at x > 0.2
in Rh/Ce1−xZrxO2 greatly increased the amounts of hydrocarbons
and acetaldehyde in the products and decreased the selectivity
for ethanol. On the other hand, the selectivity for methanol was
high when x was less than 0.2 in Rh/Ce1−xZrxO2 due to the lack
of acid sites. Therefore, acid sites are important to form C2+ oxy-
genates from syngas but excess acid sites decrease the selectivity

for ethanol due to the formation of hydrocarbons and acetalde-
hyde. Rh/Ce0.8Zr0.2O2 showed the highest catalytic performance
among various Rh/Ce1−xZrxO2 catalysts for the synthesis of ethanol
from syngas owing to strong reducibility and properly acidic–basic
ability.
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ig. 7. Effect of x in Rh/Ce1−xZrxO2 with 2 wt% Rh loading for the synthesis of
thanol at 548 K. (�) CO conversion; (�) selectivity to hydrocarbons; (�) selectiv-
ty to ethanol; (�) selectivity to methanol; (×) selectivity to other oxygenates; (*)
electivity to CO2. P = 2.4 MPa; W/F = 10 g h mol−1; CO: 30%; H2: 60%; N2: 10%.

Fig. 8 shows the dependence of contact time in the synthesis of
thanol from syngas over Rh/Ce0.8Zr0.2O2 with 2 wt% Rh loading at
48 K. The CO conversion increased from 8.4 to 39.2% when the W/F
alue increased to from 2.5 to 20 g h mol−1, but a linear relation was
nly obtained when the W/F value was smaller than 10 g h mol−1.
he selectivities for hydrocarbons and other oxygenates were kept
t almost the same values under various W/F values for the synthe-
is of ethanol from syngas. The selectivity for ethanol increased and
he selectivity for methanol decreased with increasing W/F value
ver Rh/Ce0.8Zr0.2O2. These results indicated that a high W/F value

as favorable to increase to the yield of ethanol in the synthesis of

thanol from syngas over Rh/Ce0.8Zr0.2O2.
Fig. 9 shows the effect of reaction temperature in the synthesis

f ethanol from syngas over Rh/Ce0.8Zr0.2O2 with 2 wt% Rh loading.
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ig. 8. Dependence of contact time in the synthesis of ethanol from syngas over
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H2: 60%; N2: 10%.

The CO conversion increased from 4.1 to 53.7% when the reaction
temperature was increased from 498 to 573 K over Rh/Ce0.8Zr0.2O2.
The selectivity for methanol decreased and the selectivity for CO2
increased with increasing reaction temperature for the synthesis
of ethanol from syngas. The selectivity for methane was kept at
almost the same values from 498 to 548 K but increased when the
reaction temperature was higher than 548 K. As for the selectivity
for ethanol, it increased with increasing reaction temperature from
498 to 548 K but decreased when the reaction temperature was
higher than 548 K. These results indicated that 548 K was a suitable
reaction temperature for the synthesis of ethanol from syngas over
Rh/Ce0.8Zr0.2O2.

4. Conclusions

The reducibility, acidity, and basicity of supports greatly influ-
enced the catalytic activity and the product distribution for the
synthesis of ethanol from syngas over Rh-based catalysts. Rh par-
ticles supported on neutral or acidic supports formed the mixture
of C2-oxygenates as main oxygenated products, and Rh particles
supported on basic supports formed mixed alcohols as main oxy-
genated products. Acid sites were important to form C2+ oxygenates
from syngas but excess acid sites decreased the selectivity for
ethanol due to the formation of hydrocarbons and acetaldehyde.
Zr4+ ions could be introduced into the CeO2 lattices to form a solid
solution when x was less than 0.2 in Rh/Ce1−xZrxO2. Rh/Ce0.8Zr0.2O2
showed the highest CO conversion and the highest selectivity for
ethanol among various Rh/Ce1−xZrxO2 catalysts because the intro-
duction of Zr4+ ions into CeO2 lattices increased the reducibility of
support and brought weak acid sites to the basic CeO2 support. A
high W/F value was favorable to increase the yield of ethanol over
Rh/Ce0.8Zr0.2O2. The selectivity for ethanol increased with increas-
ing reaction temperature from 498 to 548 K but decreased when
the temperature was higher than 548 K over Rh/Ce0.8Zr0.2O2.
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