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Abstract

The selective formation of isobutene from CO and H over ZrO has been investigated. ZrO catalysts having different2 2 2

fraction of monoclinic phase were prepared by changing pH value in the mother solution at the precipitation of zirconium
hydroxide. The rate of isobutene formation increased with an increase in the volumetric fraction of monoclinic phase in
ZrO , while those of C , C , C , and C q were independent of the fraction. The amounts of adsorbed methoxy and2 1 2 3 5

formate species during the reaction and also of the surface sites with strong basicity increased with an increase in the
fraction of monoclinic phase. Chemical trapping experiment showed that the amount of surface methoxy species is
comparable to that of site with the strong basicity. These findings were explained by both coordinate unsaturation and
stronger basicity based on the configuration of ZrO group in the monoclinic structure. q 2000 Elsevier Science B.V. All7

rights reserved.
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1. Introduction

The formation of branched hydrocarbons in
the CO hydrogenation was first reported using
oxide catalysts such as ThO under very severe2

w xconditions 1 and has been named as ‘‘iso-
w xsynthesis’’ 2 . As seen from the name, the CO

hydrogenation over oxide catalysts forms exclu-
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w xsively branched compounds 2,3 . We have re-
ported that ZrO , one of the ‘‘isosynthesis’’2

catalysts, is the most selective catalyst for the
formation of isobutene from CO and H under2

w xmild conditions 4 . Some mechanistic studies
on the formation of branched chain compounds
over oxide catalysts have been reported. Al-
though the carbonylation at carbon of carbonyl

w xintermediates has been proposed 5,6 , aldol
condensation-type reaction for the chain-branch-

w xing has becoming the likely mechanism 7–10
and the key reaction has been proposed to be
the formation of C species, which is the start-2
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w xing material in the condensation reaction 10,11 .
The aldol condensation reaction is well known

w xto proceed by the acid and base catalysts 12 .
TPD spectra of CO adsorbed at some tempera-2

tures showed that the formation of hydrocar-
bons, especially isobutene, over ZrO is related2

w xto the sites with stronger basicity 13 . On the
other hand, there has been no study on the
active sites to form the branched chain com-
pounds from CO and H to our knowledge. In2

this paper, we describe the relation of rate of
isobutene formation to the fraction of mono-
clinic phase and the properties of active sites on
ZrO with monoclinic structure and discuss the2

relation of the sites to the formation of isobutene
from CO and H .2

2. Experimental

ZrO catalysts were prepared by the precipi-2

tation method. ZrO with different structure was2

prepared by controlling pH of mother solution
in the precipitation from aqueous zirconium
oxynitrate solution with aqueous ammonia solu-
tion. The precipitate was washed with distilled
water, dried at 413 K overnight, and calcined at
723 K for 3 h. The catalyst prepared at 9.0 of
pH in the mother solution is denoted as

Ž .ZrO 9.0 .2

CO hydrogenation was carried out using a
conventional flow system at 673 K and an
atmospheric pressure with a mixture of
COrH rN s40:40:20 ml miny1.2 2

The volume fraction of monoclinic phase was
Ž .estimated from X-ray diffraction XRD profile

w xusing the equation after Toraya et al. 14,15 .
The XRD spectra were recorded using step scan
method in the range 2Qs21–378, step widths

Ž 3VA0.028 on an X-ray difractometer MXP ,
.MAC Science . X-ray profile thus obtained was

decomposed into 111 , 111 , and 111 reflec-m t m

tion peaks, assuming Peason VII-type
Ž .functions 11 , where m and t denote monoclinic

and tetragonal phases.

Chemical trapping experiments were carried
out as follows: The catalyst after several hour
reaction was rapidly cooled by liquid nitrogen.
After having cooled and evacuated at liquid
nitrogen temperature, the catalyst was slowly
warmed to room temperature under N . Then,2

the catalyst was dropped into a flask which
contained 20 wt.% DCl at liquid nitrogen tem-
perature. After evacuation, the catalyst in the
flask was kept at room temperature overnight.
The sample for 1H NMR measurement was
collected from the supernatant part at the top.

TPD experiments were carried out using a
flow system equipped with quartz reactor placed
0.4 g of catalyst at a rate of 208 miny1 under
He of 50 ml miny1. The CO adsorption was2

carried out with a flow of HerCO s50:1.8 ml2

miny1 for 15 min at 673 K, followed by a flow
of He of 50 ml miny1 at the same temperature
for 2 h to remove weakly adsorbed CO .2

3. Results and discussion

3.1. Determination of monoclinic phase in ZrO2

ZrO usually consists of a mixture of mono-2

clinic and tetragonal phases. XRD measurement
shows the typical three peaks due to monoclinic
and tetragonal phases in the region from 218 to
378. The volumetric fraction of monoclinic phase
estimated using the two peaks at 28.068 and
31.278 due to monoclinic phase and a peak at
30.288 due to tetragonal phase by the method of

w xToraya 11 is shown in Table 1 along with the
Ž .surface area. Except for ZrO 13.0 , the in-2

Table 1
Volumetric fraction of monoclinic phase in ZrO2

pH Surface area Volumetric fraction of
2 y1Ž . Ž .m g monoclinic phase %

2.1 15 4
4.5 70 50
6.0 109 45
7.0 110 70
9.0 111 84

10.5 110 88
13.0 105 0
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crease in the value of pH leads to the increase
of volumetric fraction in ZrO . The value of2

Ž .zero of volumetric fraction with ZrO 13.02

contains the error of about 1%. BET surface
Ž .areas are almost constant except for ZrO 2.12

Ž .and ZrO 4.5 , the yield of which were low and2

which, therefore, might not be compared to the
other catalysts.

3.2. Relation of formation rate of isobutene to
Õolumetric fraction of monoclinic phase in ZrO2

Table 2 shows the rate of hydrocarbon forma-
tion over some ZrO catalysts. The rates seem2

to depend on the pH values in the precipitation
of zirconium hydroxides. The selectivities of
isobutene in C hydrocarbons and total hydro-4

carbons increase with an increase in the pH
Ž .value except for ZrO 13.0 . The extremely low2

Ž .activity with ZrO 13.0 may not be due to the2

effect of Na ion remaining on the surface, since
ZrO prepared at pHs9 using NaOH or doped2

by Cs showed a high activity with very high
w xselectivity to isobutene 16,17 .

Fig. 1 shows the relation of the formation
rate and the selectivity of isobutene to volumet-
ric fraction of monoclinic phase in ZrO . The2

rate and the selectivity increase with an increase
in the volumetric fraction of monoclinic phase
in ZrO , suggesting that the monoclinic struc-2

Fig. 1. Relation of formation rate and selectivity of isobutene in
total hydrocarbons to volumetric fraction of monoclinic phase in
ZrO . v Formation rate of isobutene. ` Selectivity of isobutene2

in total hydrocarbons.

ture closely participates the active sites. On the
other hand, formation rates of C , C , C , and1 2 3

C hydrocarbons do not seem to have any rela-5

tion to the volumetric fraction of monoclinic
phase, as shown in Fig. 2. This suggests that the
phase structure is not important for the forma-
tion of the other hydrocarbons than isobutene.

Ž .As shown in Table 2, ZrO 13.0 shows very2

little activity for methane formation and no
formation of higher hydrocarbons than C .3

Therefore, monoclinic structure seems to be es-
sential for the formation of hydrocarbons from
CO and H .2

Table 2
Rate of hydrocarbon formation over some ZrO catalystsa

2

b c y2 y1 dŽ . Ž .pH Rate of formation mmol m h =1000 Selectivity of isobutene %

CO Total HC C C C C C q in C hydrocarbons in total hydrocarbons2 1 2 3 4 5 4

Ž . Ž .2.1 210 40 q 10.0 87 4.7 100 27 0.7 84 56
Ž . Ž .4.5 160 106 3.7 6.7 93 4.9 91 81 8.4 88 68
Ž . Ž .6.0 129 84 3.9 5.0 84 3.9 88 65 6.7 91 70
Ž . Ž .7.0 151 96 1.7 3.9 91 4.5 92 79 7.5 94 77
Ž . Ž .9.0 110 118 3.1 5.4 83 5.7 87 95 8.5 94 76
Ž . Ž .10.5 145 124 2.4 5.1 86 5.8 88 102 8.3 94 77

e Ž .13 34 0.4 0.3 0.1 100 0 – 0 0 0 0

aCatalyst: 2.0 g, reaction temperature: 673 K.
bpH values with the mother solution in the precipitation from zirconium oxynitrate with aqueous ammonia solution.
c Parentheses are the selectivity of olefin.
d Isobutene selectivity in total and C hydrocarbons.4
eThe ZrO was prepared from zirconium oxynitrate with aqueous sodium hydroxide.2
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Fig. 2. Relation of rate of formation of C , C , C , and C q1 2 3 5

hydrocarbons to volumetric fraction of monoclinic phase in ZrO .2

v methane, ` C hydrocarbons, ' C hydrocarbons, B C q2 3 5

hydrocarbons.

3.3. Determination of surface species

To make clear the relation of phase structure
to the formation of hydrocarbons, surface species
during the reaction was investigated using
chemical trapping method. The previous method
was carried out by the treatment of catalyst after
the reaction with a vapor of diluted hydrochloric
acid, showing only the species of methoxy and

w xformate 10 . Here, the method was improved so
as to treat the catalyst with DCl–D O solution2

and the amounts of products were determined
by 1H NMR spectroscopy. Table 3 shows the
amounts of surface methoxy and formate species
along with the formation rate of isobutene. The
relation of the amounts of methoxy and formate

Table 3
Amount of surface species on some ZrO catalysts2

pH Amount of surface Formation rate of isobutene
y1 y1 y1Ž . Ž .species mmol g mmol g h

methoxy formate

2.1 1 9 0.01
3.5 1 3 2.7
6.0 11 37 7.2
9.0 35 75 10.6

10.5 36 78 11.2
13.0 2 18 0

Fig. 3. Relation of amounts of surface methoxy and formate
species to volumetric fraction of monoclinic phase in ZrO . v2

Amount of methoxy species. ` Amount of formate species.

species to the volumetric fraction of monoclinic
phase in ZrO is shown in Fig. 3, where2

Ž . Ž .ZrO 3.5 was selected instead of ZrO 4.5 .2 2
Ž .Except for the data of ZrO 3.5 , the amount2

increases with an increase in the fraction of
monoclinic phase. This leads to the two possi-

Ž .bilities: i methoxy and formate species are
stable on the surface on the monoclinic struc-

Ž .ture, but not on the tetragonal, and ii the
surface on monoclinic structure is active for the
formation of methoxy and formate species, but
that on tetragonal structure is inactive. To check

Ž . Ž .this, ZrO 2.1 and ZrO 9.0 were treated with2 2

methanol and then with DCl–D O solution sim-2

ilarly to the chemical trapping as a preliminary
experiment. The amounts of methanol obtained
for both catalysts were almost the same, indicat-
ing that both structures have the ability to ad-
sorb methoxy species. Therefore, the results in

Ž .Fig. 4 support possibility ii .

3.4. Difference between monoclinic and tetrago-
nal phases

Zr atoms in tetragonal phase are surrounded
by eight oxygen atoms with a distorted fluorite-
type structure, and the each oxygen atom is

w xsurrounded by four Zr atoms 18,19 . On the
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Fig. 4. Relation of amount of CO desorbed from ZrO . CO -ad-2 2 2

sorbed at 673 K to volumetric fraction of monoclinic phase in
ZrO .2

other hand, Zr atoms in the monoclinic structure
have seven oxygen ions in the coordination

w xsphere 18,19 , indicating that Zr atoms in mon-
oclinic phase has one vacant coordination site.
As this description is for the bulk of ZrO , there2

should be more vacant sites on the surface
because of keeping balance of the charge of
ZrO . The coordinate unsaturation on the sur-2

face of monoclinic structure is higher than that
on tetragonal structure. Since there should be
two or three vacant sites for the hydrogenation
reaction, the faster formation of methoxy and
formate species on the monoclinic phase is as-
cribed to the higher degree of coordinate unsat-
uration.

Oxygen atoms in tetragonal structure are all
surrounded by four Zr atoms, indicating that
their coordination spheres are saturated. On the
other hand, the configuration around oxygen
atoms in monoclinic structure shows that four
oxygen atoms in seven are in almost the same
configuration as in tetragonal structure but re-
maining three are surrounded by three Zr atoms
w x18 . This indicates that three oxygen atoms in
seven in monoclinic structure have one uncoor-
dinated electron pair and therefore, are able to
adsorb the compounds with Lewis acidity or to
abstract proton from acidic compounds.

Thus, the amount of CO adsorbed was mea-2

sured by TPD method. As shown in Fig. 4, the

amount of CO desorbed is correlated with the2

volumetric fraction of the monoclinic phase.
The amount of desorbed CO , 38 mmol gy1,2

Ž .with ZrO 9.0 is very close to the amount of2

methoxy species, 35 mmol gy1, on the same
catalyst during the CO hydrogenation reaction
Ž .Table 3 . If 0.51 nm is used for Zr–Zr distance
of cubic structure instead of monoclinic for

w xsimplicity of estimation 20 , there are approxi-
mately 4.3=1020 of Zr atoms on the surface,
where 111 m2 gy1 of ZrO is used as the2

surface area. Therefore, the amounts of CO2

desorbed and methoxy species adsorbed are ap-
proximately 6% of surface Zr atoms of mono-
clinic phase, since volumetric fraction of mono-
clinic phase is 84%. The results that the forma-
tion of formate species is parallel to that of
methoxy species may suggest that the sites, on
which CO strongly adsorbs and methoxy2

species are present, are all active for the hydro-
genation of CO to form methoxy, because it is
unlikely that both methoxy and formate species
are formed on the very small amount of sites
and rapidly transform to the surface of mono-
clinic phase. However, we have no evidence to
clarify whether the conversion of methoxy
species to C intermediate, which is the key2

step in the formation of isobutene from CO and
w xH 10 , occurs on the same sites or not.2

4. Conclusions

Ž .1 Isobutene is formed from CO and H on2

the surface of monoclinic phase over ZrO ,2

while formation of the other hydrocarbons is
independent of the structure of ZrO .2

Ž .2 The effectiveness of monoclinic structure
is attributed to the unsaturation of coordination
sites and the strong basicity.

Ž .3 The coordinately unsaturated sites on
monoclinic phase are assumed to be effective
for the formation of methoxy species.

Ž .4 The strong basicity on monoclinic phase
is available for the aldol condensation reaction
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to form C hydrocarbons from the C oxy-3 2

genate and branched C compounds from C4 3

oxygenate.
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