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The acid-base and oxidizing-reducing properties of cerium oxide evacuated or treated with 
hydrogen after evacuation at various temperatures and the catalytic activity for the isomerization 
of 1-butene were studied. No correlation was found between the oxidizing or reducing property and 
the catalytic activity. On the other hand, the activity was lost by the additions of both acidic carbon 
dioxide and basic ammonia molecules. The ratio of cis-2-butene to trans-2-butene was found to be 
high (4-6). The active sites have been concluded to be acid-base pair sites, though basic sites 
play a main role. The experiment on coisomerization of cis-2-butene-d,/d* revealed that the 
isomerization proceeds intramolecularly via .rr-allylic carbanion intermediates. The two activity 
maxima appearing on pretreatment at 600 and 800°C are considered due to the dehydration 
and/or decarboxylation and the structural change of cerium oxide, respectively. 

INTRODUCTION 

In a series of lanthanide oxides, CeOB has 
the highest activity in the catalytic oxida- 
tion of butane (I ), and the result has been 
interpreted in terms of the lowest stability 
of the tetravalent ion of cerium, which has 
the lowest fourth ionization potential. 
Though the CeO, catalyst prepared from its 
nitrate was active for the hydrogenation of 
1,3-butadiene at room temperature (2) but 
not for the hydrogenation of ethylene (3), 
the catalyst prepared from its chloride did 
not catalyze the former reaction, while it 
did when cyclohexadiene was used as a 
hydrogen donor (4). The hydrogenation ac- 
tivity was enhanced by reducing the cata- 
lyst with hydrogen (2, 3). For these reac- 
tions, the oxidizing-reducing property on 
CeOz is supposed to play an important role. 

On the other hand, high selectivity of 
CeOz for the formation of cY-olefin was 
found in the dehydration of 2-butanol (5) 
and a mechanistic work was reported in 
which a deuterium tracer method (6), 
which indicates the cooperation of acidic 
and basic sites of the catalyst, was used. 

Cerium oxide seems to be an interesting 
compound for which to investigate a corre- 

lation between acid-base or oxidizing-re- 
ducing properties and catalytic activities. 
However, no surface property of CeO, has 
been measured up to the present. The 
present work deals with the role of an acid- 
base property of CeO, for the isomerization 
of butene and with the contribution of a 
redox property to the reaction. A tracer 
study has also been made to elucidate the 
nature of the active site and the reaction 
mechanism. 

EXPERIMENTAL 

Cerium hydroxide was prepared by hy- 
drolysis of cerium nitrate by ammonia wa- 
ter. The precipitate was washed and dried 
in air at 100°C for 24 h. This was used for 
the reaction after evacuation at desired 
temperatures for 2 h (designated by CeOz- 
E), or successive treatment with 10 Torr of 
H, for 2 h and the following evacuation at 
the same temperatures for 2 h (designated 
by CeO,-H). 

Surface area was measured by BET 
method by using Nz as an adsorbent. X-Ray 
diffraction patterns were recorded on a 
Toshiba ADG-301 diffractometer with a 
powdered sample, using CuKar as a radia- 
tion source. 
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1-Butene was purified by passing through 
4-A molecular sieves kept at - 78°C. Per- 
deuterated cis-Zbutene was prepared by 
the exchange of the light butene with D, 
over MgO. Perylene and nitrobenzene were 
used without further purifications. Oxygen, 
COP, and NH3 gases were purified by pass- 
ing through 4-A molecular sieves. 

The isomerization reaction of I-butene 
was carried out at 50°C in a closed recircu- 
lation reactor with 300 ml of inside volume. 
The reaction rate and the selectivity were 
obtained from the initial rate of the disap- 
pearance of I-butene and by extrapolating 
the ratio of cis-2-buteneltrans-2-butene 
(cis/trans) to zero conversion, respec- 
tively. 

A microcatalytic pulse reactor was 
employed for the coisomerization of 
cis-Zbutene-d,,/d, at 80°C. The butenes 
produced were separated gas chro- 
matographically and subjected to a mass 
spectrometric analysis. The exchange 
reaction between 1-butene and D2 was car- 
ried out in a closed recirculating reactor at 
50°C by using 50 Torr of both butene and 
D,. 

In poisoning experiments, the catalyst 
was exposed to 10 Torr of 02, COZ, or NH3 
for 10 min at room temperature, followed 
by evacuation for 30 min at the same tem- 
perature, and then the isomerization reac- 
tion was started. 

EPR study was carried out for CeO*-H 
on which 02, perylene, or nitrobenzene was 
adsorbed. Oxygen and perylene were ad- 
sorbed at room temperature and nitroben- 
zene was admitted at 100°C. 

RESULTS AND DISCUSSION 

The variations of the catalytic activity, 
the selectivity, and the surface area of CeO, 
with pretreatment temperatures are shown 
in Figs. 1, 2, and 3, respectively. Hydrogen 
treatment enhanced the reaction by more 
than one order of magnitude, while little 
change was observed in the selectivity. 

Two maxima were observed at around 

Temperature (‘0 

FIG. 1. Variation of catalytic activity with pretreat- 
ment temperature. 0, CeO,-E; 0, CeO,-H (CeO*-E, 
CeO,-H: see text). 

600 and 800°C in the variation of the cata- 
lytic activity. From thermal desorption data 
(Fig. 4), most of the water and COZ was 
removed at around 600°C. The loss of water 
and/or CO, from the catalyst surface results 
in the increase of the surface area up to 
500°C and the successive loss leads to the 
decrease in the surface area by sintering or 
rearrangement of surface structure. The 
first maximum in the catalytic activity 
change may correspond to a dehydration or 
a decarboxylation process. It is evident 
from comparison of Fig. 1 with Fig. 3 that 
the change of the catalytic activity is not 
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FIG. 2. Variation of selectivity with pretreatment 
temperature. 0, CeO,-E; 0, CeO,-H. 
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FIG. 3. Variation of surface area with evacuation 
temperature. 

simply due to the change of the surface 
area. 

The selectivity varies slightly from 4 at 
lower temperature to 6 at higher tempera- 
ture. Hydrogen treatment did not result in a 
significant change in the selectivity. A high 
ratio of cis/truns indicates that the active 
site is basic, since the high values were 
reported for base-catalyzed isomerizations 
(7-11). The small change in the ratio but 
the large enhancement in the activity by 
hydrogen treatment suggests that the num- 
ber of basic sites is increased by hydrogen 
treatment. 

Figures 5 and 6 show the variations in the 

Temperature (‘Cl 

FIG. 5. Variation in relative intensity of EPR signals 
on CeOrE with pretreatment temperature. 0, OS-; 0, 
anion radical of nitrobenzene; A, cation radical of 
perylene. 

relative intensities of the EPR signals on 
Ce02-E and -H, respectively. Adsorption 
of 02, perylene, and nitrobenzene gave the 
typical signals of 02-, cation radical of 
perylene, and anion radical of nitroben- 
zene. Cation radicals of perylene were ob- 
served only when Ce02-E was evacuated at 
300°C (Fig. 5). A maximum intensity of the 
02- signal was obtained on Ce02-E-500 
(evacuated at SOWC) but not on Ce02-H. 
On the other hand, a maximum intensity of 
anion radicals of nitrobenzene was found 
on both CeO,-E and Ce02-H pretreated at 

Temperature (‘0 

Temperature (‘C ) FIG. 6. Variation in relative intensities of EPR 
FIG. 4. Evolution of H,O (0) and CO, (0) at various signals on Ce02-H with pretreatment temperature. See 

temperatures. Fig. 5 for definition of symbols. 
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500°C. Since the signal intensity was mea- 
sured in such a way that the sample weights 
were set equal for all the experiments (80 
mg) and the peak-to-peak heights were 
compared for those samples, the data may 
be qualitative. However, the changes in the 
relative intensity with pretreatment temper- 
ature do not seem to correspond to the 
activity variations in Fig. 1: EPR results 
showed only one maximum at 500°C and 
they lack the second maximum which ap- 
peared in the activity variations. Therefore, 
it seems unlikely that the catalytic activity 
can be attributed to the action of the reduc- 
ing (one electron donating) or the oxidizing 
(one electron accepting) sites on CeO,-E 
and CeO,-H. 

The effect of hydrogen treatment on the 
signal intensities of anion radicals of nitro- 
benzene and oxygen and cation radicals of 
perylene was found to be small compared 
with that on the catalytic activity. This 
suggests again that the sites responsible for 
the formation of these radicals are not 
important for the isomerization of 1-butene. 

The fact that most of the Hz0 and CO2 
was removed at 600°C at which an activity 
maximum was obtained, indicates that the 
active sites are generated by the removal of 
CO, and/or HzO. Evacuation at such a 
temperature causes Ce cations and oxygen 
anions to be exposed. 

Though basic oxygen anions are consid- 
ered to be involved in active sites from the 
results of the reaction kinetics, as in the 
case of alkaline earth metal oxides, the 
catalytic activity was poisoned completely, 
not only with acidic carbon dioxide mole- 
cules but also with basic ammonia mole- 
cules. The catalytic activities of ThOe (12) 
and ZrO, (13) were also poisoned com- 
pletely by irreversibly adsorbed ammonia 
or carbon dioxide at 100°C. On these cata- 
lysts, the activity was gradually recovered 
by removing the poison by elevation of the 
evacuation temperature. Infrared spectro- 
scopic investigation of ammonia adsorbed 
on ZrO, (14) indicated that no physically 
adsorbed ammonia was found after the 

evacuation of 100°C. Though no attempt 
has been carried out to characterize the 
adsorbed poisons on CeO,, most of the 
ammonia or carbon dioxide remaining after 
the evacuation at 50°C is supposed to be 
chemically adsorbed species. Thus, it 
seems plausible to conclude that the active 
site is an acid-base pair site, since if either 
part of a pair site is blocked, the reaction 
does not take place. The concept that acid- 
base pair sites are responsible for the isom- 
erization was also proposed for q-A1203 
catalyst on the basis of the experiments on 
the activity of substituted olefins (15). 

The coisomerizations of cis-2-butene- 
do/d8 over CeO,-E-700 and CeO,-H-700 
were carried out to elucidate the reaction 
mechanism. Isotopic distribution of butene 
isomers is listed in Table 1. The number of 
H (or D) atoms exchanged per molecule 
(AEM value) was calculated from the equa- 
tion (16), 

AEM= $GV,+ $(8-i).& 
i=O t=5 

where N1 is the fraction of isotopic species 
containing i D atoms. The low AEM value 
in the coisomerization and the negligible 
deuterium incorporation in the exchange 
reaction between 1-butene and D, (Table 2) 
on the catalysts which are evacuated or 
treated by hydrogen at different tempera- 
tures reveal that the isomerization takes 
place intramolecularly via a r-allylic carb- 
anion intermediate on acid-base pair sites. 
A basic site abstracts a hydrogen ion from a 
butene molecule to initiate the reaction and 
a n-allylic carbanion may be adsorbed on 
an acidic site. Such sites are not changed in 
nature by both an evacuation and a hydro- 
gen reduction at different temperature. The 
rr-allylic carbanion intermediate was postu- 
lated for the isomerization reaction over 
alkaline earth metal oxides (10, Z7), La,O, 
(I8), ThOz (12), and ZrO, (13) from the 
observation of the intramolecular hydrogen 
transfer and the high cis/truns ratios. Lom- 
bardo et al. (19) have discussed exten- 
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Catalyst Amount of Isotopic distribution (%) AEM” IEb 
each product 

(%I 4 4 4 4 4 4 4 d, $ 

CeO,-E-700 1 3.1 55.5 5.8 0.6 0 0 0 0.7 7.1 30.2 0.16 1.6 
tram 12.6 49.5 4.0 1.3 0 0 0 1.3 3.6 40.1 0.13 1.2 

cis 84.3 33.8 0.6 0.6 0 0 0 0.4 1.4 63.1 0.04 0.54 

1 3.1 47.5 4.0 0.6 0 0 0 0.8 4.5 42.5 0.11 1.1 
tram 5.6 49.4 8.2 1.2 0 0 0 1.6 10.5 29.0 0.24 1.4 

cis 91.3 33.1 0.8 0.6 0 0 0 0.2 1.4 63.9 0.04 0.53 

CeO,-H-800 1 2.1 34.6 12.7 1.8 0 0 0 1.1 5.4 44.4 0.24 1.0 
trans 9.0 48.4 8.2 1.4 0 0 0 1.9 5.6 34.6 0.20 1.4 

cis 88.9 40.1 0.8 0.5 0 0 0 0.1 1.3 57.2 0.03 0.71 

a Calculated from i i . Ni + 5 (8-i) Ni. 
i=O i=5 

b Calculated Tom ( i N, + 0.5Na)/( i N, + O.slv,), where N, represents a fraction of the isomer 
‘i=o II \t=5 

containing i D atoms. 

sively the nature of the intermediate spe- 
cies in the n-butene isomerization over ZnO 
and Al,03 and concluded that the mecha- 
nisms for n-butene isomerization over these 
oxides are the same or very similar at 
temperatures below lOo”C, i.e., r-allylic 
carbanion being operative. Though addi- 
tional information will be needed over CeO, 
to make the picture more quantitative, the 
qualitative picture seems to be the same for 
ZnO, A1203, La,O,, ThOs, ZrOz, and alka- 
line earth metal oxides. 

A successive evacuation at higher tem- 
peratures results in a decrease of the sur- 
face area or a rearrangement of the surface 
structure, and this causes a slight decrease 
in catalytic activity at 700°C. 

TABLE 2 

Isotopic Distribution of Product Isomers in 
Exchange Reaction between I-Butene and D2 

H2 treat- Product Amount Isotopic 
ment of each distribution (%) 
temp. product 
(“Cl (%I do 4 4 

600 1 62.5 98.5 1.5 0 
tram 4.9 100 0 0 

cis 30.9 100 0 0 

800 1 60.1 100 0 0 
tram 5.1 100 0 0 

cis 34.4 100 0 0 

Evacuation at the temperature higher 
than 700°C or a hydrogen treatment may 
cause a formation of nonstoichiometric ce- 
rium oxide. Bysse et al. (20) reported that 
cerium oxide changed its chemical compo- 
sition from CeO,.,,, (evacuated) to CeO,.,,, 
by a hydrogen treatment, even at 45O”C, 
without changing its surface area. Bevan 
(21) described the phase change during the 
partial reduction of CeO,. The reduction of 
a typical fluorite structure of CeOz (o 
phase) leads to a new p phase, which has a 
rhombohedral structure arising from a dis- 
tortion of the cube along its body diagonal. 
X-Ray diffraction patterns of CeO,-E-800 
(evacuated at 8OO“C), Ce02-H-800, and 
CeO,-H-1000 (treated by Hz at 800 and 
lOOOC, respectively) are shown in Fig. 7. 
The diffraction patterns of the oxide treated 
below 700°C showed a typical CeO, struc- 
ture. As seen in Fig. 7, though CeO,-E-800 
shows typical CeO, lines, Ce02-H-800 

TABLE 1 

Isotopic Distribution of Product Isomers in Coisomerization of cis-2-ButenedJd, over CeQ 
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FIG. 7. X-Ray diffraction patterns of Ce02. (a) Ce02-E-800; (b) CeO,-H-80& (c) CeO,-H-1@00. 

gives a shoulder at a lower diffraction angle 
on each line and the tendency is more 
pronounced in CeO,-H-1000, in which one 
can see the distinct doublet on each diffrac- 
tion line. Taking into consideration Bevan’s 
statement that p phase (CeO,.,,,) is an 
ordered structure which is derived from 
eight-unit cells of the CeOz structure by the 
ordered omission of six 02- ions (20), the 
doublet may be brought about from the 
slight distortion of the structure, which 
leads to a change in the atomic distances. 
The hydrogen reduction is considered to 
cause the removal of oxygen ions from the 
fluorite structure and to give anion vacan- 
cies, and in extreme cases it gives an or- 
dered structure of p phase. In fact, an 
addition of 10 Torr of 0, for 10 min at room 
temperature to the pretreated catalyst and 
the following evacuation for 30 min at the 

same temperature brought about a com- 
plete inhibition of the isomerization. 
Though a crystallographic investigation 
was not attempted on the structural revers- 
ibility before and after the admission of O2 
to the pretreated catalyst, the poisoning 
experiment may suggest the importance of 
the surface irregularities, which were de- 
rived from the removal of oxygen atoms by 
the evacuation at elevated temperatures or 
by the hydrogen treatment. 

The tervalent Ce,O,, which is produced 
by the deep reduction at high temperature, 
has the rare earth Type-A structure, being 
isomorphous with La*O,. Rosynek and Fox 
(22) reported the participation of the sur- 
face irregularities, such as anion vacancies 
generated during vacuum calcination of 
La203, on the n-butene isomerization. They 
suggested the existence of such anion va- 
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cancies on La203 from the results of infra- 
red (23) and 1sO-180 isotope exchange 
studies (24). II. 

Thus we conclude that the sites responsi- 
ble for the second maximum which ap- 

12, 

peared at 800°C and for the enhanced activ- 
ity by hydrogen treatment are acid-base 13. 
pair sites that arise from the formation of 
the nonstoichiometric oxide or from the 14’ 
formation of p phase. 15. 
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