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Abstract

The catalytic performances of ZrO2-based catalysts were evaluated for the synthesis of higher alcohols from synthesis gas. The crystal phase
structures were characterized by X-ray diffraction (XRD) and UV Raman. The results indicated that ZrO2 and Pd modified ZrO2 catalysts were
effective catalysts in the synthesis of ethanol or isobutanol, and their selectivities basically depended on the crystal phase of ZrO2 surface.
The ZrO2 with surface tetragonal crystal phase exhibited a high activity to form ethanol, while the ZrO2 with surface monoclinic crystal
phase exhibited a high activity to form isobutanol. Temperature-programmed desorption (TPD) experiment indicated that the high activity of
isobutanol formation from synthesis gas over monoclinic zirconia was due probably to the strong Lewis acidity of Zr4+ cations and the strong
Lewis basicity of O2− anions of coordinative unsaturated Zr4+–O2− pairs on the surface of monoclinic ZrO2.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last 20 years, the synthesis of higher alcohols
from mixtures of H2 and CO (syngas) has drawn consid-
erable interest due to the increasing demand for octane
boosters, which do not cause any environmental problems,
especially isobutanol, which represents a potential gasoline
additive and a precursor for obtaining isobutene, in turn
converted to methyl tert-butyl ether (MTBE) or to isooctane
(via isobutene dimerization and successive hydrogenation)
when MTBE will be no more desired as gasoline additive,
as for example in California. Several isobutanol synthesis
catalytic systems have been investigated in recent years.
Typical isobutanol yields reported in the literature are
shown inTable 1. The Pd promoted zirconia mixed oxides
was found to be an effective catalyst for the direct synthesis
of isobutanol from synthesis gas. Though extensive studies
on zirconia-based catalysts have been made, such as the
effects of catalyst composition, various promoters and re-
action conditions etc. on isobutanol formation[6–11], the
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relationship between isobutanol formation and the crystal
phase structure of ZrO2 has hardly been studied.

Zirconia exhibits three different phases: monoclinic
(m-ZrO2), tetragonal (t-ZrO2) and cubic (c-ZrO2). The
phase structure of zirconia is important for many materials
and catalytic reactions, for example, stabilizedtetragonal
zirconia is considered an important structure for ceramics
because of its excellent mechanical properties such as frac-
ture toughness, strength, and hardness. However, a phase
transformation from tetragonal phase to the monoclinic
phase of crystalline ZrO2 prevents its applications from
a broader temperature ranges. Bell and coworkers[12]
recently reported that zirconia-supported copper catalysts
exhibit a high activity for synthesis of methanol from both
CO/H2 and CO2/H2, and the catalyst prepared on m-ZrO2
was 4.5 times more active for methanol synthesis from
CO2/H2 than that prepared on t-ZrO2, and 7.5 times more
active when CO/H2 was used as the feed. The adsorp-
tion of CO and CO2 on tetragonal and monoclinic ZrO2
have been carried out using infrared spectroscopy (IR) and
temperature-programmed desorption (TPD)[13,14]. The
CO2 adsorption capacity of m-ZrO2 is more than an order
of magnitude higher than that of t-ZrO2. The CO adsorp-
tion capacity of m-ZrO2 is 5- to 10-fold higher than that
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Table 1
Representative isobutanol synthesis catalysts

Catalyst T
(K)

P
(Mpa)

CO/H2 GHSV
(h−1)

Isobutanol
yield (g/lcat/h)

Cu-Mg-Ce-K [1] 593 5.1 1.0/1.0 1832 7.2a

Zn-Cr-K [2] 693 32.5 1.0/2.2 15000 125
Cu-Zn-Mn-Co-Cr-

K-Cs [3]
683 17.5 1.0/2.0 40000 358

Cu-Zn-Cr-Cs[4] 583 9.1 1.0/0.45 5330 51
Cu-Zn-Mn-K [5] 643 10.0 0.5/1.0 10000 175
Pd-Zr-Zn-Mn-K [6] 693 25.0 1.0/1.0 20000 740

a g/kgcat/h.

of t-ZrO2. Infrared spectroscopy has revealed the pres-
ence of three types of hydroxyl groups on ZrO2: terminal,
bi-bridged, and tri-bridged. These studies have motivated
efforts aimed at understanding the effects of the crystal
phase structure of ZrO2 on isobutanol formation.

In this paper, the catalytic performances of CO hydrogena-
tion to higher alcohols over ZrO2-based catalysts are inves-
tigated. The crystal phase structures of ZrO2 are measured,
and the relationship between isobutanol formation and the
crystal phase structures of ZrO2 is discussed on the basis of
the observed surface properties.

2. Experimental

Hydrous zirconia (ZrO2 precursor) was prepared from
zirconium nitrate with sodium hydroxide at 273 K, keep-
ing the pH constant at 11.0. Two kinds of zirconia (ZrO2-a
and ZrO2-b) were prepared from this precursor. ZrO2-a was
prepared by washing the precursor twice, and ZrO2-b four
times, drying at 383 K for 10 h, and then calcining at 873 K
for 4 h. Preparation of promoted ZrO2 catalysts was con-
ducted as follows: a solution of Li and Pd nitrates was con-
currently impregnated on ZrO2. The loadings of Li and Pd
were 7.5 and 1.0 mol% on a metals basis only, respectively.
The resulted material was dried at 383 K for 10 h followed
by 3 h of calcination at 573 K.

Table 2
The catalytic properties of ZrO2-based catalysts

Catalyst CO conv (%) Selectivity (C mol%) STYa (alcohol) Alcohol distribution (wt.%)

CxHy CO2 ROH DMEb g/kgcath C1 C2 C3 I-C4 Othersc

ZrO2-a 1.85 33.3 50.1 16.6 0 8.3 90.1 6.4 1.2 2.3 0
ZrO2-ad 8.43 35.4 29.8 34.3 0.5 214.9 66.6 25.1 6.2 1.3 0.8
ZrO2-b 2.54 31.9 20.1 43.7 4.3 29.6 91.5 0 0 8.5 0
ZrO2-be 7.78 35.6 17.5 46.6 0.3 146.3 73.7 0.8 0.6 23.1 1.8

Reaction conditions:T = 673 K, P = 8.0 MPa, GHSV= 15000 h−1.
a STY: space time yield.
b DME: dimethyl ether.
c Others: C4+ OH.
d ZrO2-a: Li-Pd-ZrO2-a.
e ZrO2-b: Li-Pd-ZrO2-b.

The CO hydrogenation reaction over ZrO2-based cata-
lysts (1 g) was carried out under conditions: H2:CO = 2
(volume ratio), 673 K, 8.0 MPa, and 15000 h−1 in a conven-
tional flow reactor. The effluent passed through a condenser
filled with 100 ml of cold de-ionic water. The formed oxy-
genates were completely captured by dissolution into the
water. The aqueous solution containing oxygenates was an-
alyzed by off-line HP4890 gas chromatography with a PEG
capillary column and FID as detector using 1-pentanol as an
internal standard. The tail gas was analyzed by on-line HP
4890 GC with a Porapak QS column and TCD as detector.

X-ray diffraction of zirconia was determined by an X-ray
diffractometer (D/Max-�B, Rigaku) operating at 40 kV and
200 mA using Cu K� radiation. UV Raman spectra were
recorded on a homemade UV Raman spectrograph, which
has four main parts: an UV cw laser, a Spex 1877d triplemate
spectrograph, a CCD detector, and an optical collection sys-
tem. The 244 nm line from Innova 300 FRED was used as the
excitation source. The laser power of the 244 nm line at the
samples was below 2.0 mw. The specific surface area of zir-
conia was determined from nitrogen adsorption–desorption
isotherms at liquid nitrogen temperature on a Micromeritics
ASAP-2010 instrument. CO2-TPD test was carried out in
a flow apparatus made by Micromeritics (Model Autochem
2910). The sample (0.2 g) was treated at its calcined tem-
perature in helium flow for 1 h. After cooling to 323 K, the
sample was saturated with CO2. After this purging treat-
ment, the sample was heated to 773 K at 10 K/min in a he-
lium flow of 40 cm3/min. The desorpted CO2 was analyzed
by an on-line TCD.

3. Results and discussion

The catalytic results obtained over ZrO2-based catalysts
at 673 K, 8.0 MPa, 15000 h−1 are presented inTable 2. The
results show that ZrO2 can catalyze CO hydrogenation to
higher alcohols. Li- and Pd-promoted ZrO2 catalysts signif-
icantly improved the activity of ZrO2 for the synthesis of
higher alcohols. The space time yield (STY) of alcohols over
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Table 3
Chemical composition and BET surface areas of ZrO2-based catalysts

Catalyst Composition analysis (mol%)a SBET (m2/g)

Zr Na Li Pd

ZrO2-a 91.8 8.2 0 0 30
Li-Pd-ZrO2-a 83.9 7.5 7.6 1.0 23
ZrO2-b 96.9 3.1 0 0 32
Li-Pd-ZrO2-b 88.3 2.8 7.9 1.0 27

a Calculated as metals from X-ray fluorescence (XRF).

ZrO2-a increased dramatically from 8.3 up to 214.9 g/kgcath,
and the selectivity of ethanol increased from 6.4 up to 25.1%
when Li and Pd were added into ZrO2-a catalyst. Similar
promoting effects of Li and Pd were observed in the case
of ZrO2-b catalyst. The selectivity of isobutanol was up to
23.1%. It was interesting to note that both ZrO2-a and Li,
Pd promoted ZrO2-a catalysts exhibited a high selectivity
towards ethanol, while both ZrO2-b and Li, Pd promoted
ZrO2-b catalysts exhibited a high selectivity towards isobu-
tanol, only a little ethanol was detected in the alcohols frac-
tion.

Table 3shows the chemical composition and BET surface
areas of ZrO2-based catalysts studied here. Besides zirconia,
ZrO2-a and ZrO2-b contained 8.2 and 3.1 mol% (on a metals
basis only) of sodium, respectively. The BET surface areas
of ZrO2-a and ZrO2-b were almost the same. The decrease
in the surface area was observed when Li and Pd were added
into ZrO2-a and ZrO2-b.

Fig. 1 shows the XRD patterns of ZrO2-a, Li-Pd-ZrO2-a,
ZrO2-b and Li-Pd-ZrO2-b catalysts. The “t” and “m” in the
figure denote the tetragonal and monoclinic phases, respec-
tively. The diffraction peaks of only tetragonal phase were
found in the ZrO2-a and Li-Pd-ZrO2-a. Mixture phases of
monoclinic and tetragonal were observed in the ZrO2-b and
Li-Pd-ZrO2-b.

Fig. 2 displays the UV Raman spectra of ZrO2-a,
Li-Pd-ZrO2-a, ZrO2-b and Li-Pd-ZrO2-b catalysts. It can be
seen in the Raman spectrum that the major bands are at 259,
312, 472 and 640 cm−1 which are assigned to the tetrago-
nal phase of ZrO2 [15–17] for the ZrO2-a catalyst. While
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Fig. 1. X-ray diffraction patterns of (a) Li-Pd-ZrO2-a, (b) ZrO2-a, (c)
Li-Pd-ZrO2-b, and (d) ZrO2-b catalysts.

0 500 1000 1500 2000

(d)

(c)

472

(b)

(a)

640472
312259

181

337
377

640

In
te

n
si

ty
 /

 a
.u

. 

Raman shift / cm
-1

Fig. 2. UV Raman Spectra of (a) Li-Pd-ZrO2-a, (b) ZrO2-a, (c)
Li-Pd-ZrO2-b, and (d) ZrO2-b catalysts.

the bands at 181, 337, 377, 472 and 640 cm−1, assigned to
monoclinic zirconia[15–17]can be observed on the ZrO2-b
catalyst. The intensity of Li- and Pd-promoted ZrO2-a and
ZrO2-b catalysts decreased substantially compared with
those obtained from ZrO2-a and ZrO2-b catalysts. Several
factors can contribute to this decrease, i.e. the Raman spec-
tra were adsorbed and scattered by the promoters added on
ZrO2-a and ZrO2-b catalysts. It is obvious, from the combi-
nation of XRD patterns and UV Raman spectra, that there
is tetragonal phase in the bulk and the surface of ZrO2-a
and Li-Pd-ZrO2-a catalysts, and tetragonal and monoclinic
phases in the bulk and monoclinic phase on the surface of
ZrO2-b and Li-Pd-ZrO2-b catalysts.

Zirconia exists in three different phases: monoclinic,
tetragonal and cubic. Many studies have addressed the
factors that affect the phase transformation of tetragonal
zirconia, such as the amount of stabilizer[18,19], the pH
values of precipitation in the synthesis[14,20], the grain
size of the tetragonal powder[21,22] etc., and it has been
found that zirconia changes from tetrogonal to monoclinic
phase with calcination temperature elevated and the phase
transition takes place initially at the surface regions[15]
and the phase change from tetrogonal to monoclinic is
significantly prevented by the incorporation of Y, La, K,
Na [23,24] etc. On the basis of the results reported in the
literature, we supposed that the difference of the surface
phase of ZrO2-a and ZrO2-b in this study probably resulted
from the Na incorporated into zirconia, which retarded
the phase change of tetragonal to monoclinic ZrO2 during
calcination.

Table 4 shows how adding methanol, 1-propanol into
the feed influences alcohol distribution and productivity.
Addition of 1-propanol or methanol increased the forma-
tion of isobutanol. Nevertheless, the addition of 1-pro-
panol favored isobutanol formation, and the 1-propanol
added into the feed was nearly completely converted into
Isobutanol, 2-methylbutanol-1, 2-methylpentanol-1 and 2-
ethylbutanol-1.

The results presented above show that the mechanism for
the formation of isobutanol on Li-Pd-ZrO2-b catalyst is iden-
tical with that in the literature. The most accepted reaction
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Table 4
Effect of methanol and 1-propanol added into feed on product composition

Product, STY (g/kgcath) Alcohol added

None Methanol 1-Propanol

Methanol 107.8 – 94.8
Ethanol 1.2 1.7 2.0
1-Propanol 0.8 1.3 –
Isobutanol 33.8 39.7 58.2
2-Methylbutanol-1 0.9 1.9 2.4
2-Methylpentanol-1 1.8 2.3 4.8
2-Ethylbutanol-1 0 1.7 3.4

Catalyst: Li-Pd-ZrO2-b, H2/CO = 2, T = 673 K, P = 8.0 MPa,
GHSV = 15000 h−1. Alcohol added: methanol, 3.12 mmol C/h;
1-propanol, 1.26 mmol C/h.

network for higher alcohol synthesis given by Klier et al.
[25] for cesium promoted Cu/Zn-oxide catalysts describes
the mechanistic differences between the reaction paths to
methanol and isobutanol. The first step in higher alcohol
synthesis is hydrogenation of CO to a surface intermediate
which is similar to methanol. Linear primary alcohols are
built by linear chain growth including CO insertion steps.
Isobutanol and 2-methybutanol-1 originate from�-addition
including aldolic condensation. Formation of 1-propanol can
be reached via both pathways (Scheme 1). Isobutanol do not
undergo consecutive reactions following this network, due
to its high steric hindrance and to the presence of only one
hydrogen in�-position to the methylol group. The chain
growth occurs by aldolic condensation with hydrogen loss
at �-position or�-position carbon atom, the latter being the
faster process. It was also assumed that hydrogen loss from
methanol slower than from a�-carbon. Thus the methanol
and isobutanol were the major products in the alcohol frac-
tion.

CO2-TPD spectra of ZrO2-a, Li-Pd-ZrO2-a, ZrO2-b and
Li-Pd-ZrO2-b catalysts are shown inFig. 3. It is evident that
the CO2 adsorption capacity of ZrO2-b is significantly higher
than that of ZrO2-a, and the strength of CO2 adsorption is
stronger on ZrO2-b. Consistent with the present findings,
it has been reported that the CO2 adsorption capacity of
m-ZrO2 is more than an order magnitude higher than that
of t-ZrO2 by Bell and coworker[13]. They suggested that
the high CO2 adsorption capacity of m-ZrO2 is attributed to
the high concentration and basicity of the hydroxyl groups
on this polymorph, as well as the strong Lewis acidity of

CO/H2
OH CH3OH

OH

α Insertion

OH

α Insertion

β Addition

OH

α Insertion

OH
β Addition

OH
β Addition

Scheme 1. Reaction network for alcohol synthesis from CO/H2.
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Fig. 3. CO2-TPD on (a) ZrO2-a, (b) Li-Pd-ZrO2-a, (c) ZrO2-b, and (d)
Li-Pd-ZrO2-b catalysts.

Zr4+ cations and the strong Lewis basicity of O2− anions
of coordinative unsaturated Zr4+–O2− pairs on the surface
of m-ZrO2. The shape and position of TPD spectra of CO2
from Li- and-Pd promoted ZrO2-a and ZrO2-b are similar to
that from ZrO2-a and ZrO2-b seen inFig. 3. The difference
is that CO2 adsorption capacity somewhat increases when
Li and Pd are added into ZrO2-a and ZrO2-b.

The surface requirements for the two isosynthesis chain
growth reactions, condensation and CO insertion over zirco-
nium dioxide were studied by Jackson et al.[26]. Lewis acid
sites and oxygen vacancies were found to enhance the con-
densation reaction. The CO insertion reaction was enhanced
by basic sites. The selectivity of the isosynthesis reaction
is caused by a balance between the strength and quantity
of acid and base sites on zirconia. Thus the high isobutanol
selectivity on ZrO2-b is due probably to the strong Lewis
acidity of Zr4+ cations and the strong Lewis basicity of
O2− anions of coordinative unsaturated Zr4+–O2− pairs on
the surface of ZrO2-b, which enhance the isosynthesis chain
growth reactions, CO insertion and aldolic condensation in
the isobutanol formation.

4. Conclusion

Based on the above outcomes, we can conclude that the
crystal phase of ZrO2 surface may play an important role
in selectivities toward ethanol or isobutanol. The tetragonal
phase on the surface region of ZrO2-a and Li, Pd promoted
ZrO2-a catalysts may be responsible for the high selectivity
towards ethanol, while the monoclinic phase on the surface
of ZrO2-b and Li, Pd promoted ZrO2-b catalysts may be
crucial to the high isobutanol selectivity. The high isobutanol
selectivity on ZrO2-b is due probably to the stronger Lewis
acidity of Zr4+ cations and the stronger Lewis basicity of
O2− anions of coordinative unsaturated Zr4+–O2− pairs on
the surface of ZrO2-b, which enhance the isosynthesis chain
growth reactions, CO insertion and aldolic condensation in
the isobutanol formation.
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