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Abstract

ZrO2-based catalysts doped with CeO2 or Y2O3 were prepared by coprecipitation and the catalytic performance of each was evalu
the selective synthesis of isobutene and isobutane (i-C4) from CO hydrogenation at 673 K, 5.0 MPa, and 650 h−1. The physical propertie
and chemical properties (acid–base and redox) of the catalysts were systematically characterized and related to the catalytic perfo
catalytic activities and selectivities of the ZrO2-based catalysts varied with the quantity of CeO2 and Y2O3 doped. The physical propertie
such as surface areas, cumulative pore volumes, average pore diameters, crystal phases, and crystal sizes had no appreciable
catalytic performance of the catalysts. Temperature-programmed reduction (TPR) of H2 measurements showed that the addition of Ce2
or Y2O3 into ZrO2 enhanced the reduction properties of the catalysts. The highest activities and C4 selectivities in total hydrocarbons we
obtained over the catalysts which have a maximum amount of H2 consumption measured by TPR technology for both CeO2- and Y2O3-
doped ZrO2-based catalysts. The selectivity to i-C4 in total hydrocarbons also achieved a maximum over the catalyst (50% CeO2-doped
ZrO2) which has a maximum amount of H2 consumption in the TPR for the CeO2–ZrO2 mixed oxide catalysts. For the Y2O3–ZrO2 mixed
oxide catalysts, high selectivities to i-C4 in total hydrocarbons were obtained over the catalysts with the contents of doped Y2O3 ranging from
4.5 to 8.6%; whereas the maximum H2 consumption was attained at 8.6% Y2O3 doped. The acid–base properties also played a signifi
role in determining the activity and selectivity of the ZrO2-based catalysts in the CO hydrogenation. A coordination of redox and
base properties accounts for the remarkable improvement of reaction activities and selectivities over the CeO2- or Y2O3-doped ZrO2-based
catalysts in this investigation.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Isosynthesis has been referred to as the reaction tha
lectively converts coal or natural gas-derived syn-gas (C+
H2) to i-C4 hydrocarbons (isobutene and isobutane). It
attracted much attention in recent years because of a w
wide shortage of isobutene and isobutane which are
tracted from a limited C4 stream of a petroleum crackin
process at the present time [1]. Thorium dioxide (ThO2)
and zirconium dioxide (ZrO2) have been shown to be th
two most active catalysts for this reaction [2,3]. Recent
search has mostly focused on zirconia-based catalyst
cause of their absence of radioactivity and high selectivit
isobutene [4–10].

* Corresponding author.
E-mail address: hedeh@mail.tsinghua.edu.cn (D. He).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.09.023
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Zirconia is considered to be a unique metal oxide wh
explicitly possesses special chemical properties suc
acidic and basic properties and redox properties [11].
effects of acidic and basic properties on the catalytic
formance of isosynthesis have been extensively studied
zirconia-based catalysts [5–10]. Maruya and co-workers
investigated the effects of various metal promoters. T
found that the addition of highly electronegative oxides s
as SiO2 and Nb2O5 resulted in a decrease of isobutene w
an increase of methane. ZrO2 modified with NaOH pro-
moted the selective formation of i-C4 hydrocarbons. The
suggested that the strong basicity of the catalysts was
nificant for the formation of i-C4 hydrocarbons. The lowe
selectivity to isobutene over SiO2 or Nb2O5-doped ZrO2
catalysts was due to the decrease of basicity with the
crease in acidity of the mixed oxides because both SiO2 and
Nb2O5 have a higher electronegativity than ZrO2. But that
work was performed at very low CO conversions (0–5%)

http://www.elsevier.com/locate/jcat
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Feng and co-workers [6] synthesized zirconia-based c
lysts with different acid–base properties and studied the r
tion between isosynthesis activity and acid–base prope
of the catalysts. They found that the product distribution
CO hydrogenation depended on the acid–base properti
the catalysts. It was suggested that a high ratio of bas
acidic sites is a requirement for an active catalyst to prod
isobutene and isobutane from CO hydrogenation.

Jackson and Ekerdt [7] investigated the effect of the a
ity on the isosynthesis reaction conducted at 698 K
35 atm. The acid strength of the catalysts was altered by
additives, including H2SO4 and Sc2O3. A balance of acidic
and basic properties on ZrO2 was suggested to be necess
for the formation of isobutene and isobutane.

Our previous works [8–10] suggested the importanc
the coordination of acid–base active sites in the isosynth
reaction. The acidic sites were found to be responsible
the activation of CO to start the reaction and the forma
of n-C4 hydrocarbons. However, the basic sites are sig
cant for the formation of i-C4 hydrocarbons. An appropria
amount of acidic and basic sites and a ratio of basic to ac
sites on the catalysts are significant for the direct synth
of i-C4 hydrocarbons from CO hydrogenation.

Although the effects of acid–base properties of zircon
based catalysts on isosynthesis have been extensively i
tigated, very little research has been done on redox pro
ties of zirconia-based catalysts for the isosynthesis. Jac
and Ekerdt [7] studied the effect of oxygen vacancies on
isosynthesis reaction. The oxygen vacancy availability
altered by the addition of dopants Y2O3 and CaO in vary-
ing concentrations. The most active catalysts were thos
which ionic conductivity was at a maximum, suggesting t
vacancies of the crystal lattice in the catalysts play an im
tant role in the reaction. However, the redox and acid–b
properties of these Y2O3- and CaO-promoted zirconia cat
lysts have not been systematically characterized and stu
making it difficult to understand the true effect of oxygen v
cancies on the isosynthesis reaction.

Despite a large number of investigations on the isosyn
sis reaction reported in the past, a systematic investigatio
the influence of physical and chemical properties (acid–b
and redox) of zirconia-based catalysts upon the catalytic
formance has not been reported so far. A systematic com
hension of the influence of physical and chemical proper
upon the catalytic performance of zirconia-based catal
is necessary, since it has been reported that both phy
and chemical properties of the catalysts affect the activ
and selectivities of isosynthesis [9,12]. The primary obj
tive of present work is to identify the function of redo
properties on isosynthesis activities and selectivities thro
a systematic investigation of the effects of physical, ac
base, and redox properties on the catalytic performanc
zirconia-based catalysts in the isosynthesis. The redox p
erties were modified by doped ZrO2 with various quantities
of CeO2 and Y2O3, since it has been reported that the red
properties of zirconia could be largely improved due to
f

-

,

-

l

-

increased lattice oxygen mobility [13–16] for a distortion
the oxygen sublattice by the incorporation of Ce4+ and Y3+
into the crystal lattice of ZrO2. The texture, crystal struc
ture, reduction, and acid–base properties were system
cally investigated using N2 physisorption, X-ray diffraction
(XRD) and Raman spectra, temperature-programmed re
tion (TPR), and desorption (TPD) study. In parallel, stea
state isosynthesis activities and selectivities were meas
to relate the observed catalytic performance to the ph
cal and chemical properties characterized on these C2-
and Y2O3-doped ZrO2 catalysts. The physical and chemic
properties required for the isosynthesis reaction were ide
fied and are discussed in this paper.

2. Experimental

2.1. Preparation of catalysts

Hydrous zirconia was prepared by adding dropwise a
lution of ZrOCl2 (0.15 M) into a well-stirred ammonium
solution (2.5%) at room temperature. The pH value dur
precipitation was carefully controlled at 10. The precipit
formed as described above was collected by filtering
washing with deionized water until there was no detecta
Cl−. The gel was dried at 378 K for 24 h and then calcin
at 823 K for 3 h in air. CeO2–ZrO2 and Y2O3–ZrO2 mixed
oxides were synthesized by coprecipitation of a mixed
lution (0.15 M) of ZrOCl2 and various additives, cerium o
yttrium nitrate salts, with ammonium solution (2.5%), a
the above procedure was followed. The concentration o
additives, such as CeO2, was changed in a systematic ma
ner by changing the ratio of Zr and Ce in the mixed soluti
The prepared catalysts are listed in Table 1.

2.2. Characterization of catalysts

Powder X-ray diffraction patterns were recorded on
Brüker D8 advance powder diffractometer using nick
filtered Cu-Kα radiation. The crystal size was determined
means of the X-ray line broadening method using the Sc
rer equation [17]. Raman spectra were obtained at ro
temperature with a microscopic confocal Raman spectr
eter (Renishaw, RM 2000). The 514-nm line from an arg
ion laser was used as the excitation source. Incident po
of about 5 mW on the sample were used.

N2 adsorption/desorption isotherms at 77 K were
tained on a Micromeritics ASAP 2010C analyzer. Befo
measurement, the samples were degassed at 473 K for

The acid–base properties of the catalysts were meas
by temperature-programmed desorption of ammonia
carbon dioxide, respectively. TPD experiments were car
out in a flow-type apparatus at atmospheric pressure. T
cally, a 100-mg sample was treated at its calcined tem
ature (823 K) in a highly pure helium (� 99.995%) flow
for 0.5 h and then saturated with a 1.0% NH3/He mixture
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Table 1
Physical properties of CeO2–ZrO2 and Y2O3–ZrO2 mixed oxide catalysts

Catalyst Content of CeO2 or Y2O3
a (mol%) SBET (m2/g) Cumulative pore volumeb (cm3/g) Average pore diameterc (nm) Crystal size (nm

CeO2–ZrO2 0 55 0.212 11.8 15
12 85 0.12 3.9 8
50 86 0.086 3.1 5
88 75 0.065 3.1 7

100 60 0.053 3.3 13

Y2O3–ZrO2 2.5 81 0.148 5.1 11
4.5 115 0.194 4.6 8
6.2 119 0.157 3.6 9
8.6 120 0.157 3.9 8

12 130 0.162 3.5 5

a CeO2/(CeO2 + ZrO2) or Y2O3/(Y2O3 + ZrO2).
b BJH desorption cumulative pore volume of pores in the range 1.7–300 nm.
c BJH desorption average pore diameter.
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or highly pure CO2 (99.99%) flow after cooling to 373 K
After being flushed with He at 373 K for 1 h to remove p
ysisorbed NH3 or CO2, the sample was heated to 823 K
a rate of 20 K/min in a helium flow of 60 cm3/min. The
desorbed NH3 or CO2 was measured by a QMS (MSC 200

Temperature-programmed reduction studies were ca
out in a conventional system equipped with a thermal c
ductivity detector (TCD). The amount of catalyst used w
100 mg in all cases. The catalyst samples were treate
Ar at 823 K for 0.5 h before TPR was performed. TPR w
carried out in a flow of 5% H2/Ar (20 ml/min) at a heat-
ing rate of 10 K/min. A cold trap (203 K) was placed befo
the TCD to remove water produced during the reaction.
hydrogen consumption was calibrated using TPR of cop
oxide (CuO) under the same conditions.

2.3. Reaction procedure

The hydrogenation of CO was carried out in one speci
designed high-pressure flow fixed-bed reactor at 5.0 M
673 K, and 650 h−1. It is a quartz-lined stainless-steel tub
lar reactor in which the quartz line (i.d.= 8 mm) was tightly
fixed in a stainless-steel tube. A stainless-steel tubular r
tor was normally used in most research on the isosynth
reaction that was performed at a high pressure [6–9]. H
the quartz-lined stainless-steel tubular reactor was use
cause our previous work [18] showed that the stainl
steel materials seriously affected the actual catalytic
formance of catalyst. The selectivity to i-C4 hydrocarbons
on the stainless-steel tubular reactor was much lower
that on the quartz-lined stainless-steel tubular reactor
an increase of C1–C3 hydrocarbon products [18]. The pe
letized catalyst (1 g) was crushed and sieved to part
(20–40 mesh) and then packed in the reactor. Before th
action was conducted, the catalyst was pretreated in a st
of N2 at 673 K for 3 h. After the temperature was cooled
623 K in N2, syn-gas (CO/H2 = 1) was introduced into th
reactor. Synthesis gas (CO/H2 = 1) was purified by remov
ing metal carbonyls and water with an activated charc
trap and a molecular sieve trap, respectively. The rea
-

-

-

effluent was reduced to atmospheric pressure and the
jected into two on-line gas chromatographs. One equip
with TCD was used to separate CO, CH4, CO2, CH3OH,
and CH3OCH3 through a GDX-101 column, and anoth
equipped with FID and a 30 m× 0.53 mm Al2O3 capillary
column was applied to separate hydrocarbons.

3. Results and discussion

3.1. Physical properties of the mixed oxide catalysts

Several physical properties of the catalysts were m
sured and the results are summarized in Table 1. Pure2
prepared in this study had a moderate specific area
55 m2/g. Incorporation of CeO2 or Y2O3 to ZrO2 both
increased the specific area. The CeO2–ZrO2 mixed oxides
had similar specific areas at the contents of CeO2 doped in
this investigation. The specific areas of Y2O3–ZrO2 mixed
oxides increased with an increase in the content of Y2O3.
However, the specific areas were almost the same whe
content of Y2O3 varied from 4.5 to 8.6% in the Y2O3–ZrO2
mixed oxides.

The cumulative pore volume and average pore diam
determined from the desorption isotherm by using the B
ret, Joyner, and Halenda (BJH) method [19] changed
the content of CeO2 or Y2O3 in the mixed oxides. Compare
to pure ZrO2, all the mixed oxides had a smaller cumu
tive pore volume and average pore diameter. The cumul
pore volumes of CeO2–ZrO2 mixed oxides decreased wi
an increase in CeO2 content from 12 to 100%. However, th
cumulative pore volumes of Y2O3–ZrO2 mixed oxides had
little change when the content of Y2O3 increased from 2.5 to
12%. All the mixed oxides had a similar average pore dia
eter ca. 3–5 nm that was in the region of mesoporous po

The crystal sizes of the CeO2- and Y2O3-doped ZrO2
catalysts were all smaller than that of pure ZrO2, as can be
seen from Table 1. It has been reported that the oxide
zirconium form three different phases: monoclinic, tetra
nal, and cubic [20–22]. The monoclinic phase is stable be
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Fig. 1. XRD patterns of CeO2–ZrO2 mixed oxides with (a) 0% CeO2, (b)
12% CeO2, (c) 50% CeO2, (d) 88% CeO2, (e) 100% CeO2.

Fig. 2. XRD patterns of Y2O3–ZrO2 mixed oxides with (a) 2.5% Y2O3, (b)
4.5% Y2O3, (c) 6.2% Y2O3, (d) 8.6% Y2O3, (e) 12% Y2O3.

1473 K, and the cubic phase is formed at temperatures a
2553 K. The presence of other doping metals in ZrO2 and the
parameters of precipitation play a role in determining the
nal crystal phase. The crystal phases of the CeO2–ZrO2 and
Y2O3–ZrO2 mixed oxides were determined by XRD and R
man in this study. The powder X-ray patterns of the catal
are shown in Figs. 1 and 2. Fig. 1 shows the XRD pattern
CeO2–ZrO2 mixed oxide catalysts. A monoclinic phase (t
peaks at 2θ ∼ 28.2◦, 31.5◦ are assigned to the phase) was
dominating crystal phase for pure ZrO2 (Fig. 1a) prepared
under the conditions used in the study. A small quantity
CeO2 (12 mol%) added to zirconia remarkably changed
crystal phase. The peaks at 2θ ∼ 28.2◦ and 31.5◦ (mono-
clinic) for pure ZrO2 disappeared while the peak at 2θ ∼ 30◦
increased (Fig. 1b). The diffraction peak at 2θ ∼ 30◦ is as-
signed to a tetragonal or/and cubic ZrO2 phase. The charac
Fig. 3. Raman spectra of CeO2–ZrO2 mixed oxides with (a) 0% CeO2, (b)
12% CeO2, (c) 50% CeO2, (d) 88% CeO2, (e) 100% CeO2.

teristic peaks for a tetragonal ZrO2 phase are at 2θ ∼ 30.2,
34.8, and 35.2◦ [23] and those for a cubic ZrO2 phase are
at 2θ ∼ 30 and 34.8◦ [24]. The weak and broad diffrac
tion peaks obtained over these catalysts in this study m
it difficult to discern a tetragonal phase from a cubic pha
It is evident that CeO2 and ZrO2 form a solid solution be
cause a free CeO2 phase was not observed. The XRD patt
of CeO2 (Fig. 1e) alone can be assigned to a typical cu
fluorite structure at peaks 2θ ∼ 28.6 and 33.1◦. The diffrac-
tion peak at 2θ ∼ 30◦ for 12% CeO2-doped ZrO2 catalyst
(Fig. 1b) was shifted to lower 2θ degree with a rise in th
quantity of CeO2 incorporated to ZrO2 (Figs. 1c and d). This
observation indicates an increase of the lattice defects d
the replacement of Zr4+ with Ce4+, which coincides with
the fact that the cation radius of Ce4+ (1.09 Å) is larger than
that of Zr4+ (0.86 Å).

Fig. 2 shows the XRD patterns of Y2O3–ZrO2 mixed ox-
ides. No apparent differences were observed for these
lysts with the content of Y2O3 increasing from 2.5 to 12%
The weak and broad diffraction peaks at 2θ ∼ 30 and 35◦
can also be assigned to a tetragonal or/and cubic Z2

phase.
Raman spectra of the mixed oxides are shown in Fig

and 4. In contrast to the XRD patterns, which gives inf
mation related mainly to the cation sublattice, Raman sp
tra are dominated by oxygen lattice vibrations [25] and
sensitive to the crystalline symmetry, thus being a us
tool for obtaining additional structural information of mu
tioxide systems exhibiting lattice disorder. Fig. 3 shows
Raman spectra of CeO2–ZrO2 mixed oxides. The spectrum
of pure ZrO2 (Fig. 3a) featured several bands in the
gion which are attributable to monoclinic ZrO2 [26], while
one sharp single band (located at 465 cm−1) characterizes
the Raman spectrum of pure CeO2 (Fig. 3e). This peak a
465 cm−1 is due to the F2g Raman-active mode typical of
cubic fluorite-structured material [27]. Six bands at appr
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Fig. 4. Raman spectra of Y2O3–ZrO2 mixed oxides with (a) 2.5% Y2O3,
(b) 4.5% Y2O3, (c) 6.2% Y2O3, (d) 8.6% Y2O3, (e) 12% Y2O3.

imately 633, 599, 465, 317, 258, and 146 cm−1 observed
for 12% CeO2-doped ZrO2 catalyst (Fig. 3b) are predicate
for a typical tetragonal ZrO2 [28]. The Raman spectrum o
50% CeO2-doped ZrO2 catalyst (Fig. 3c) was assigned
a pseudo-cubic tetragonal (t′′) phase and it is characterize
by an intense peak at 465 cm−1 and weak bands at 316 an
633 cm−1 [25]. A 88% CeO2-doped ZrO2 catalyst featured
one sharp peak at 465 cm−1 and it was assigned to a c
bic CeO2 phase. The broadness of the peak in the cas
Fig. 3d, compared to pure CeO2 (Fig. 3e) is probably cause
by the small crystallites generated by the incorporation
ZrO2 into CeO2 crystal lattice [29].

The Raman spectra of Y2O3–ZrO2 mixed oxides are pre
sented in Fig. 4. With the content of Y2O3 in the mixed
oxides lower than 8.6 mol%, the samples all showed Ra
spectra characteristic of tetragonal zirconia with six typ
peaks (Figs. 4a, b, and c). The further three bands, loc
at 381, 190, and 179 cm−1, indicate that a small quantit
of monoclinic ZrO2 is still present for 2.5% Y2O3-doped
ZrO2 mixed oxide (Fig. 4a). As shown in Fig. 4, the ch
acteristic bands of tetragonal phase markedly faded wit
increase in the content of Y2O3. It indicates a decrease
a tetragonal phase in the mixed oxides with an increas
Y2O3 content. The peak at 633 cm−1 which is ascribed to
the vibrations in the monoclinic, tetragonal, and cubic Zr2

phase [30] did not change significantly but shifted to low
wavenumbers when the content of Y2O3 increased from 4.5
to 8.6% (Figs. 4b, c, and d). It would suggest that a cu
phase coexisted with a tetragonal phase in these mixed
ides. When the content of Y2O3 was increased to 12%, th
bands characterized for a tetragonal phase disappeared
one broad peak at ca. 610 cm−1 which was assigned to
cubic ZrO2 phase [30]. The Raman spectrum of pure Y2O3

features a strong band at around 375 cm−1 [31]. The ab-
sence of the peak at 375 cm−1 in Fig. 4 indicates that al
-

h

Fig. 5. H2-TPR profiles of CeO2–ZrO2 mixed oxides with (a) 0% CeO2,
(b) 12% CeO2, (c) 50% CeO2, (d) 88% CeO2, (e) 100% CeO2.

Fig. 6. H2-TPR profiles of Y2O3–ZrO2 mixed oxides with (a) 2.5% Y2O3,
(b) 4.5% Y2O3, (c) 6.2% Y2O3, (d) 8.6% Y2O3, (e) 12% Y2O3.

the Y2O3-doped ZrO2 oxides formed solid solutions in th
investigation.

3.2. Chemical properties of the mixed oxide catalysts

The reduction behavior of CeO2–ZrO2 and Y2O3–ZrO2
mixed oxides were investigated by means of the H2-TPR
technique and the TPR profiles are presented in Figs. 5 a
The quantities of H2 consumption per gram catalyst we
calculated and presented in Figs. 7 and 8 as a functio
content of CeO2 and Y2O3 in the mixed oxides, repetitively
Fig. 5 shows the TPR results of the CeO2–ZrO2 mixed ox-
ides. It can be seen that only a small quantity of H2 was
consumed on pure ZrO2 (Fig. 5a), as reported in other li
erature [32]. The incorporation of CeO2 to ZrO2 greatly
enhanced the reduction behavior of ZrO2. The quantities o
H2 consumption increased with an increase in the con
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Fig. 7. Quantities of H2 consumption, amount of acidic and basic sites, a
selectivities of C4 and i-C4 in total hydrocarbons as a function of content
CeO2 in CeO2–ZrO2 mixed oxide catalysts.2, Quantity of H2 consump-
tion in TPR;P, amount of acidic sites;", amount of basic sites;Q, C4
selectivity in total hydrocarbons;!, i-C4 selectivity in total hydrocarbons

of CeO2 up to a maximum at about 50% (Fig. 5c), and th
decreased with more CeO2 added. This enhancement of H2

consumption could be attributed to an increase of the la
oxygen mobility in the bulk of CeO2–ZrO2 solid solution
because of the distortion of the ZrO2 structure by the incor
poration of CeO2 and then the lattice oxygen would be mo
active to react with H2, although surface and bulk reductio
of CeO2–ZrO2 mixed oxides cannot be distinguished by t
conventional TPR technique [13,32–34]. A single peak w
observed for a 12% CeO2-doped ZrO2 catalyst (Fig. 5b).
For pure CeO2 (Fig. 5e), two TPR peaks were observed
ca. 800 and 1160 K. These two peaks were also repo
in other studies and were interpreted to correspond with
reduction of the easily reducible surface oxygen and
bulk oxygen, respectively [35]. Although similar to that
pure CeO2, two peaks were observed over both 50% Ce2

(Fig. 5c) and 88% CeO2 (Fig. 5d)-doped ZrO2 catalysts and
the main peaks for H2 consumption were shifted to a low
temperature region compared with that over pure CeO2. Fur-
thermore, the main peaks for H2 consumption over 12%
CeO2-, 50% CeO2-, and 88% CeO2-doped ZrO2 mixed ox-
ides remarkably shifted to lower temperatures compare
that over pure ZrO2. This implies that the mobility of lat
tice oxygen was enhanced and then could be more e
reduced because of the distortion of the oxygen sublattic
these CeO2–ZrO2 mixed oxides.

The TPR patterns of Y2O3–ZrO2 mixed oxides are show
in Fig. 6. It can be seen that the intensity of the reduc
peak increased with an increase of Y2O3 content up to 8.6%
Fig. 8. Quantities of H2 consumption, amount of acidic and basic sites, a
selectivities of C4 and i-C4 in total hydrocarbons as a function of content
Y2O3 in Y2O3–ZrO2 mixed oxide catalysts.2, Quantity of H2 consump-
tion in TPR;P, amount of acidic sites;", amount of basic sites;Q, C4
selectivity in total hydrocarbons;!, i-C4 selectivity in total hydrocarbons.

No significant increase in the quantity of H2 consumption
was obtained over a 12% Y2O3-doped ZrO2 catalyst com-
pared to that over a 8.6% Y2O3-doped ZrO2 catalyst, as
shown in Fig. 8. This is coincident with the results repor
in the literature [36] that the maximum electrical condu
tivity, with diffusing oxygen ions being the primary char
carrier, was obtained at a Y2O3 content of ca. 9–10%. Sim
ilar to the TPR patterns of CeO2–ZrO2 mixed oxides, the
TPR peaks of these Y2O3–ZrO2 mixed oxides also shifted t
lower temperatures with an increase in the amount of Y2O3
doped. Pure Y2O3 cannot be reduced by H2 until 1123 K in
the TPR [37].

From the TPR results presented in Figs. 5 and 6, it
be concluded that the reduction behavior of the CeO2–ZrO2
and Y2O3–ZrO2 catalysts was largely improved compar
to that of pure ZrO2 catalyst. The enhanced reduction b
havior is suggested to be related to the increased mob
of lattice oxygen of the catalysts [13–16,32]. It has been
ported that a condensation reaction [38], which takes p
between anη3-enolate and a methoxy species on the Zr2
catalysts [7], primarily contributes to C4 and C4+ products,
which explains the reason for the deviation of the isos
thesis product distribution from the typical Schulz–Flor
Anderson distribution observed for Fischer–Tropsch syn
sis. The enhancement of the mobility of lattice oxygen
these CeO2- or Y2O3-doped ZrO2 catalysts would be likely
to play an important role in the isosynthesis if the format
of the intermediate substances for the condensation r
tion, η3-enolate and methoxy species, is influenced by
lattice oxygen because these two substances both have
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Table 2
Catalytic performance of CeO2–ZrO2 mixed oxide catalysts in the isosynthesisa

Content of CeO2
b CO conversion Selectivity (C mol%) Distribution of hydrocarbons (C mol%) i-C4/CHe

(mol%) (%) (C mol%)CHc CHOd CO2 C1 C2 C3 C4 C5+
0 16.5 50.8 10.1 39.1 3.1 8.9 3.8 61.0 23.2 51.2

12 18.2 47.6 6.8 45.6 8.6 7.9 6.0 66.6 10.9 51.8
50 22.8 51.3 2.0 46.7 5.4 2.6 3.0 85.9 3.0 66.8
88 16.6 54.9 0 45.1 12.6 7.0 5.5 64.5 10.4 47.5

100 12.1 54.5 0 45.5 23.5 11.3 6.2 52.1 6.9 42.8

a Reaction conditions: 673 K, 5.0 MPa, GHSV= 650 h−1, CO/H2 = 1.
b CeO2/(CeO2 + ZrO2).
c Hydrocarbons.
d CH3OH + CH3OCH3.
e i-C4 selectivity in total hydrocarbons.

Table 3
Catalytic performance of Y2O3–ZrO2 mixed oxide catalysts in the isosynthesisa

Content of Y2O3
b CO conversion Selectivity (C mol%) Distribution of hydrocarbons (C mol%) i-C4/CHe

(mol%) (%) (C mol%)
CHc CHOd O2 C1 C2 C3 C4 C5+

2.5 13.9 50.8 7.3 41.9 16.7 9.1 5.5 51.6 17.1 41.8
4.5 17.0 49.2 8.5 42.3 5.4 8.6 2.0 69.7 14.2 60.0
6.2 18.8 51.9 5.0 43.1 4.9 7.5 1.5 77.3 8.7 63.7
8.6 23.2 55.1 5.1 39.8 3.4 7.4 1.5 79.5 8.0 61.7

12.0 22.6 47.6 8.8 43.6 12.1 11.1 7.8 60.8 8.2 38.0

a Reaction conditions: 673 K, 5.0 MPa, GHSV= 650 h−1, CO/H2 = 1.
b Y2O3/(Y2O3 + ZrO2).
c Hydrocarbons.
d CH3OH + CH3OCH3.
e i-C4 selectivity in total hydrocarbons.
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gen atoms which may come from the lattice oxygen of
catalysts [39].

The acid and base characteristics of the catalysts
measured by NH3-TPD and CO2-TPD, respectively. ZrO2
has been well known as a bifunctional catalyst with b
weak acid and base sites [40]. In present work, the we
acidic and weakly basic properties of the surface of zir
nia were indicated by these desorption peaks of NH3-TPD
and CO2-TPD at temperatures lower than 573 K, resp
tively. No significant differences were observed on the d
orption temperatures of NH3 and CO2 between the CeO2–
ZrO2 or Y2O3–ZrO2 mixed oxides and pure ZrO2. However,
the amount of acidic and basic sites markedly varied w
the types and the quantities of dopants added, as show
Figs. 7 and 8. It can be seen that the amount of acidic
basic sites for CeO2–ZrO2 mixed oxides both remarkab
decreased with an increase in the content of CeO2 (Fig. 7).
The TPD results of pure CeO2 (content of CeO2 at 100%,
Fig. 7) showed that CeO2 possessed a much lesser amo
of acidic and basic sites which are only one-fifth of that o
pure ZrO2 (content of CeO2 at 0%, Fig. 7) in this study. Fo
Y2O3–ZrO2 mixed oxides, the changing trend in the amo
of acid–base sites with the content of Y2O3 was a little dif-
ferent from that of CeO2–ZrO2 catalysts. It was found tha
the amount of acidic and basic sites both largely decre
when 2.5% Y2O3 was doped with ZrO2 compared with tha
over pure ZrO2 (Fig. 8). Then, the amount of acidic sites i
creased slightly with more and more Y2O3 doped. However
the amount of basic sites decreased with an increase i
content of Y2O3 from 4.5 to 12%. It is not clear what caus
a 2.5% Y2O3-doped ZrO2 catalyst to have so small quan
ties of basic sites.

3.3. Catalytic performance of the mixed oxide catalysts

The results of the catalytic test of the CeO2–ZrO2 and
Y2O3–ZrO2 mixed oxide catalysts in the CO hydrogenat
at 673 K, 5.0 MPa, and 650 h−1 are presented in Tables
and 3. Under the reaction conditions in this study, the
dominant catalytic reaction products consisted of hydro
bons, CO2, methanol, and dimethyl ether (DME). Table
shows the catalytic performance of CeO2–ZrO2 mixed oxide
catalysts. About 16.5% CO was converted with 51% i-C4 se-
lectivity in total hydrocarbons over pure ZrO2 catalysts. The
lower selectivity to C1–C3 hydrocarbons than that report
in the literature under the similar reaction conditions [6–
is ascribed to the quartz-lined stainless-steel tubular r
tor used in this study. Our previous work [18] has indica
that the catalytic performance of the catalysts was serio
affected with an additional production of mainly C1–C3 hy-
drocarbons in the stainless-steel tubular reactor. As ca
seen from Table 2, the activities and selectivities of the
alysts markedly varied with the content of CeO2 doped. It is
interested to note that the activity and C4 and i-C4 selectiv-
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ity in total hydrocarbons all reached a maximum over 5
CeO2-doped ZrO2 catalyst. Pure CeO2 was also active fo
the isosynthesis with i-C4 selectivity in total hydrocarbon
ca. 42%. However, the selectivity to CH4 in total hydrocar-
bons was much higher than that over pure ZrO2 catalyst with
a low selectivity to C5+ hydrocarbons over pure CeO2. The
CO2 selectivities in the products over CeO2-doped ZrO2 cat-
alysts were all higher than that over pure ZrO2 with a low
selectivities to CH3OH+ DME (CHO).

The tested results of Y2O3–ZrO2 mixed oxide catalysts in
the isosynthesis are shown in Table 3. It can be seen tha
activities of the catalysts increased with an increase in
content of Y2O3 doped. However, no significant differen
in activities was observed when the content of Y2O3 was
increased from 8.6 to 12%. The C4 selectivity in total hydro-
carbons reached a maximum at a content of Y2O3 ca. 8.6%,
while the maximum i-C4 selectivity in total hydrocarbon
was obtained over the 6.2% Y2O3-doped ZrO2 catalyst. As
CeO2-doped ZrO2 catalysts shown in Table 2, higher CO2
selectivities with lower CHO selectivities were also obtain
over all the Y2O3-doped ZrO2 catalysts compared to tha
over pure ZrO2. But the CO2 selectivities were a little lowe
than that over CeO2-doped ZrO2 catalysts shown in Table 2

3.4. Relationship between catalytic performance and
physical-chemical properties of the ZrO2-based catalysts

It is known that a high catalytic activity can be mo
likely obtained on a catalyst with a high surface area if
catalysts exhibit a similar chemical structure and acid–b
behavior because of the larger contact surface with r
tants over the catalyst with a higher surface area. Howe
the higher CO conversion obtained over the 50% CeO2 and
8.6% Y2O3-doped ZrO2 catalysts cannot be explained alo
by the enhancement of surface areas for these two cata
because some other catalysts with similar high surface a
such as 4.5% Y2O3-doped ZrO2 catalyst, performed muc
lower activities to CO hydrogenation. In the same way, a
lationship between the cumulative pore volumes or ave
pore diameters and the catalytic performances of the c
lysts was not found in this investigation.

It has been reported that the crystal phase had an e
on the isosynthesis that isobutene formed on the monoc
phase over ZrO2 [12]. However, tetragonal and cubic phas
were the main crystal phase for the catalysts prepared in
study except for pure ZrO2 on which a monoclinic phas
was the predominant phase. So the improvement of the
alytic performance on some CeO2- and Y2O3-doped ZrO2
catalysts cannot be interpreted from the crystal phases o
catalysts. No significant differences in the crystal sizes
the doped catalysts were observed, as shown in Table
may be speculated that there would be other more impo
factors that govern the performance of the catalysts in
isosynthesis.

The dependencies of isosynthesis activities and sele
ities on acid–base properties of ZrO2-based catalysts hav
s
,

t

-

t
t

been widely investigated [5–10]. The acidic and basic s
have been suggested to be the active sites for the iso
thesis. The promoting effects of various calcium salts
Al2O3–KOH doped into ZrO2 on the isosynthesis reactio
were studied in our previous works [9,10]. The physi
properties, such as surface areas, particle sizes, and c
phases, were very similar for those promoted ZrO2-based
catalysts due to the mechanical mixing method used to
pare those doped catalysts. The TPR patterns of the cal
salts or Al2O3–KOH-promoted ZrO2-based catalysts (no
presented) showed similar H2 consumptions as those of pu
ZrO2 catalysts. A little increase of H2 consumption ove
Al2O3–KOH-promoted ZrO2-based catalysts is attributed
the reduction of KOH ca. 0.5% doped. However, the amo
of acid and base sites on those catalysts remarkably va
Therefore, the effects of acid–base properties on the pe
mance of catalysts could be identified. The basic sites w
found to be significant for the formation of i-C4 hydrocar-
bons [9,10]. The importance of basic sites in the isosynth
has also been reported by other researchers [5,6]. How
the CO2-TPD results in this study (Figs. 7 and 8) show
that the amounts of the basic sites on the CeO2–ZrO2 and
Y2O3–ZrO2 catalysts were all lower than that on the pu
ZrO2 catalysts. The tested results of isosynthesis repo
in Tables 2 and 3 show that the selectivities to i-C4 hydro-
carbons over some catalysts, such as 50% CeO2 and 6.2%
Y2O3-doped ZrO2 catalysts were remarkably higher th
that over pure ZrO2 catalysts. Therefore, this improveme
of i-C4 selectivities in total hydrocarbons could not be sol
explained by the acid–base properties on the catalysts in
study.

The selectivities to C4 and i-C4 in total hydrocarbons ar
also presented in Figs. 7 and 8 as a function of the con
of CeO2 or Y2O3 doped in the catalysts. It is interesting
note that the highest selectivities to C4 in total hydrocarbons
were obtained over the catalysts which have a maxim
quantity of H2 consumption in the TPR for both CeO2–ZrO2
and Y2O3–ZrO2 mixed oxide catalysts. The maximum le
els were at 50% CeO2 and 8.6% Y2O3 doped, respectively
The selectivity to i-C4 in total hydrocarbons also achieve
a maximum over 50% CeO2-doped ZrO2 catalyst for the
CeO2–ZrO2 mixed oxide catalysts (Fig. 7). However, hig
selectivities to i-C4 in total hydrocarbons were obtained ov
the catalysts with the contents of Y2O3 doped ranging from
4.5 to 8.6% for the Y2O3–ZrO2 mixed oxide catalysts, a
shown in Fig. 8. No direct relationship between the amo
of acidic or basic sites and the selectivities to C4 and i-C4
in total hydrocarbons was observed for the CeO2- or Y2O3-
doped ZrO2 catalysts, as shown in Figs. 7 and 8. Therefo
the improvement of catalytic performance over some Ce2-
or Y2O3-doped ZrO2 catalysts could be attributed to th
enhancement of redox properties that are suggested
related to the increased mobility of lattice oxygen of the c
alysts [13–16,32].

It has been proposed that there are two independent p
CO insertion and condensation reaction, for the chain p
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agation reactions leading to C2+ hydrocarbons over ZrO2-
based catalysts [38,41]. The CO insertion step comp
the addition of a CO molecule into the Zr–C bond o
surface aldehydic intermediate. Hence, the product dis
ution should be that which could be predicted from a typ
Schulz–Flory–Anderson (S–F–A) distribution [1]. The co
densation reaction comprises the condensation of a sur
bound enolate with a surface alkoxy species [42]. A cond
sation reaction which primarily contributes to C4 and C4+
products [7] is suggested to be responsible for the devia
from the S–F–A product distribution for the isosynthesis
action. In this study, the observed remarkable enhance
of C4 selectivity in total hydrocarbons is due to the i
provement of condensation reaction by an enhanceme
mobility of lattice oxygen in these catalysts, although i
not clear how the active lattice oxygen influences the c
densation reaction.

However, the quantity of active lattice oxygen cannot
assigned to be the only factor in determining the per
mance of the catalysts. As can be seen in Fig. 8, the high
C4 selectivity in total hydrocarbons was achieved over 6.
Y2O3-doped ZrO2-based catalysts, not 8.6% Y2O3-nor 12%
Y2O3-doped catalysts which both have the maximum qu
tity of active lattice oxygen for the Y2O3–ZrO2 mixed oxide
catalysts. It was also found that the selectivities to C4 and i-
C4 in total hydrocarbons showed a sharp decline with m
C1 and C2 hydrocarbons (Table 3) when the content of Y2O3
was increased from 8.6 to 12%, although an almost s
quantity of H2 consumption in the TPR was obtained ov
these two catalysts. This would be ascribed to the large
crease of basic sites on the 12% Y2O3-doped ZrO2 catalyst
as can be seen in Fig. 8 since basic sites have been e
sively reported to be significant for the formation of i-C4
hydrocarbons [6,9,12]. The marked decrease of basic
can also explain the decrease of i-C4 selectivities in total hy-
drocarbons for the 88% CeO2- and 2.5% Y2O3-doped ZrO2
catalysts, as shown in Figs. 7 and 8, respectively.

We have identified the effects of acid–base proper
on the activity and selectivity of the ZrO2-based catalyst
which have similar physical and redox properties but dif
ent acid–base properties [9]. Higher isosynthesis activ
were obtained over the catalysts with more acidic sites
this investigation, the differences in activities for the ca
lysts cannot be ascribed to the amount of acidic sites al
Some catalysts, such as 50% CeO2- and 8.6% Y2O3-doped
ZrO2 catalysts, which have a lesser or similar amoun
acidic sites compared to pure ZrO2, had much higher isosyn
thesis activities than those over pure ZrO2 catalyst. The in-
crease in activity is due to the enhancement of active la
oxygen of the catalysts because it has been indicated
increasing active lattice oxygen improved one of the ch
propagation reactions, condensation, to produce more C4 hy-
drocarbons.

The relationships between the ratio of base/acid site
CeO2–ZrO2 and Y2O3–ZrO2 catalysts and the i-C4/n-C4
ratio for the CeO2- or Y2O3-doped ZrO2 catalysts are pre
-

t

-

-

.

t

Fig. 9. Ratio of i-C4/n-C4 as a function of base site/acid site ratio
CeO2–ZrO2 and Y2O3–ZrO2 mixed oxide catalysts.

sented in Fig. 9. The changing trends that the ratio of i-C4/n-
C4 increased with increasing ratio of base/acid sites are con
sistent with the results reported in our previous works [9,
The ratios of i-C4/n-C4 were also plotted as a function of th
quantities of H2 consumption over CeO2- or Y2O3-doped
ZrO2 catalysts, but no apparent relationships were foun
suggests that the formation ofn-C4 and i-C4 requires differ-
ent active, acidic, and basic sites, respectively. The rati
base/acid sites would determine the percentages of i-C4 and
n-C4 in total C4 hydrocarbons [9,10].

The importance of a coordination of active lattice oxyg
and acid–base of the catalysts for the isosynthesis rea
is emphasized in this paper. The role of active lattice oxy
is to increase the quantities of the condensation reactio
termediates, such as methoxy orη3-enolates, or to stabiliz
these intermediates leading to the production of C4 hydro-
carbons. Acidic sites and basic sites are also required
the formation of C4 hydrocarbons. A large decrease in t
amount of acid and base sites would lead to a decline o4
productions, as indicated by the 2.5% Y2O3-doped ZrO2-
based catalyst, although it has a higher quantity of ac
lattice oxygen than pure ZrO2 catalyst. The importance o
acidic and basic properties for the formation of C4 hydro-
carbons has been also indicated in the literature. Jac
et al. [43] found that the greater percentage of C4 products
was obtained over the catalysts with more acidity. Howe
Maruya et al. [5] found that increasing basicity promoted
formation of C4 hydrocarbons, especially isobutene. In t
study, the acidic sites and basic sites are suggested to b
active sites for the formation ofn-C4 and i-C4 hydrocarbons
respectively. The ratio of base to acid sites would determ
the percentages of i-C4 andn-C4 in total C4 hydrocarbons
as indicated in Fig. 9. Lower ratios of base to acid sites le
to a highern-C4 percentage in total C4 hydrocarbons, as in
dicated by 12% Y2O3-doped ZrO2 catalyst (Table 3). The
results in this study do not contradict those reported by J
son et al. [43] and Maruya et al. [5]. In fact,n-C4 hydrocar-
bons were the main C4 products (branched/linear ratio low
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than 1) in the work of Jackson [43] using the catalysts w
more acidity. i-C4 hydrocarbons were the main products
the C4 hydrocarbons for the basic oxide-promoted ZrO2 cat-
alysts prepared by Maruya et al. [5]. The improvement of4
and i-C4 selectivities in total hydrocarbons over some CeO2-
or Y2O3-doped catalysts is attributed to the enhancemen
the quantity of active lattice oxygen of the catalysts me
while maintaining an appropriate amount of acid and b
sites and ratio of base to acid sites on these catalysts.

4. Conclusions

The incorporation of CeO2 or Y2O3 with ZrO2 by co-
precipitation changed the redox and acid–base properti
ZrO2-based catalysts and subsequently affected the cata
performance in the isosynthesis reaction. The enhance
dox properties of zirconia-based catalysts may be ascr
to an increased lattice oxygen mobility of the catalysts fo
distortion of the oxygen sublattice by the incorporation
Ce4+ or Y3+ into the zirconia lattice. Active lattice oxy
gen and acid–base properties are identified to be respon
for the condensation reaction leading to the production
C4 hydrocarbons. The ratio of base to acid sites determ
the percentage ofn-C4 and i-C4 in total C4 hydrocarbons
for the isosynthesis reaction. A coordination of quantity
active lattice oxygen and acid–base properties account
the remarkable improvement of isosynthesis activities
selectivities over some CeO2- or Y2O3-doped ZrO2-based
catalysts.
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