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Acidie, basic, oxidizing, and reducing properties of ZrQO, were measured by the ir spectra of
adsorbed pyridine, by CO; adsorption or the ESR of diphenylnitroxide radical formed from
diphenylamine and Os, by the ESR of adsorbed triphenylamine, and by the ESR of adsorbed
nitrobenzene, respectively. The variations of these properties with pretreatment temperature
of ZrO, were independent of each other. The maximum concentrations of these sites and the
pretreatment temperatures at which the maxima were obtained were 3.9 X 10~% mole/m?
and 400°C for acidie sites, 1.7 X 1077 mole/m? and 700-°C for basic sites measured by diphenyl-
amine, 1.5 X 1077 mole/m? and 700°C for oxidizing sites, and 4.3 X 10~8 mole/m? and 500°C
for reducing sites. Among these properties, it was the basic property with which the activity
for isomerization of 1-butene correlated best. The activity was poisoned not only by CO, but
also by NHj or triethylamine, indicating that the active sites consist of both basic and acidic
sites. The results of the coisomerization of 1-butene-d,/ds showed that the reaction involved
primarily an intramolecular hydrogen transfer.

INTRODUCTION

Zirconium oxide is known to exhibit
characteristic catalytic behavior in de-
hydration, hydrogenation, and hydrogen
exchange reactions. In the dehydration of
2-alkanols, thermodynamically unstable 1-
olefins are selectively formed (7). In the
exchange reaction of 2-propanol-ds with
surface H atoms, a methyl D is exchanged
on ZrQO; but not on the other oxides such
as S5i0-Al0;, AlOs, or TiO, (2). These
characteristics were considered due to the
acid-base bifunctional nature of ZrO,
surface. In the hydrogenation of 1,3-
butadiene, 1,4-addition of H atoms was
observed and the molecular identity of H
atoms was maintained during the hydro-
genation (3). However, the surface prop-
erties of ZrO, have scarcely been studied.
In this paper, acid-base and oxidizing—

reducing properties of ZrO, pretreated at
various temperatures were measured, and
the nature of active sites for isomerization
of 1-butene was discussed on the basis of
the observed surface properties and the
mechanistic study of the reaction.

EXPERIMENTAL METHODS
Catalysts and Reagents

Zirconium hydroxide was prepared by
hydrolysis of ZrOCl, (Wako Pure Chem-
icals Ind.) with 289, aqueous ammonia.
The precipitate was washed with deionized
water until no chloride ions were detected
with a silver nitrate test solution and was
dried at 100°C for 24 hr. Zirconium oxide
was obtained by caleining the hydroxide
at various temperatures between 300 and
900°C in air for several hours. The oxide
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was outgassed at the calcination tempera-
tures for 2 hr before use.

Diphenylamine and triphenylamine were
briefly degassed at room temperature before
use. Pyridine and ftriethylamine werc
purified by repeating a freeze-thaw cycle
several times followed by passage through
a KOH column and 4A molecular sieves,
respectively. All these reagents were pur-
chased from Wako Pure Chemicals Ind.
1-Butene (999, purity) was distilled through
4A molecular sieves thermostated at dry
ice-acetone temperature.

Measurements of Surface Properties

Acidity. Acidity was measured by the
ir spectra of adsorbed pyridine as follows.
In order to determine the extinction
coeflicient of the adsorption band for each
sample, a known amount of pyridine (ca.
5 X 10~° mole) was adsorbed on a self-
supported disk sample in an n siu cell.
The extinction coefficients of the bands at
1605 and 1445 cm™' were obtained from
Beer’s law.! Subsequently, the sample was
exposed to 10 Torr of pyridine vapor at
100°C for 30 min and then outgassed at
100°C for 30 to 40 min. In some experi-
ments, pyridine was adsorbed at 200 or
300°C. The ir spectra were recorded at
ambient beam temperature {ca. 47°C)
with a JASCO DS701G infrared spectro-
photometer.

Basicity. Amounts of basic sites were
measured by two methods. One method
involved adsorption of CO;. The pretreated
sample (300 mg) was exposed to 20 Torr
of CO; at 100°C for 30 min and outgassed
at this temperature for 30 min. The CO,
molecules retained on the surface were
collected in a liquid N, trap by heating the
sample at 500°C for 30 min. The collected
CO; was expanded and its amount was
volumetrically measured. In the other
method, the diphenylnitroxide radicals
formed from diphenylamine adsorbed on

1Only bands due to pyridine adsorbed on a
Lewis acid site were observed.

basic sites in the presence of O, were
measured by ESR. A sufficient quantity
of diphenylamine for covering on¢ mono-
layer was adsorbed on the sample at
180°C for 20 hr in an all-glass ESR cell
through a breakable seal. The adsorbed
diphenylamine was converted to the di-
phenylnitroxide radical when O; was admit-
ted to the system. The number of spins
was determined by comparing them with
the intensity of Mn?t in CaO whose spin
concentration had been calibrated by
DPPH solution in benzene. The concentra-
tion of DPPH was determined by the uv
spectroscopy, in which the extinction
coefficient of 1.45 X 10* at 530 nm was
used (4).

Oxidizing and reducing properties. The
number of oxidizing sites was determined
by ESR measurement of triphenylamine
cation radicals formed from triphenylamine
in the presence of Os. The procedure was
the same as in the case of the basicity
measurement using diphenylamine.

The number of reducing sites was
determined by ESR measurement of nitro-
benzene anion radicals formed on the
surface when nitrobenzene was adsorbed.

Surface Area

Specific surface area was measured by
the BET method using No.

Reaction Procedure

Kinetic measurements of the isomeriza-
tion of 1-butene were carried out in a
closed recirculation reactor having a volume
of ca. 200 ml. A 60-mg sample of catalyst
was used and 100 Torr of 1-butene was
reacted at 80 or 100°C. The reaction
mixture was periodically withdrawn and
analyzed by gas chromatography. Propyl-
ene carbonate (309,) on Uniport C was
used for the packing in an 8-m chromato-
graphic column of 4-mm-o0.d. copper tubing.

In the poisoning experiments, CO;, NHj,
and triethylamine were used as poisons.
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The catalyst was exposed to about 20 Torr
of a poison at 100°C for 30 min. Then the
poison was partly desorbed by outgassing
at elevated temperatures for 30 to 40 min.
The activity was measured as mentioned
above.

For the coisomerization of nondeuterio
and perdeuterio 1-butene (5), a micro-
catalytic pulse reactor was employed. A
mixture containing equal amounts of 1-
butene-dy and -ds (17 pmole) was passed
over 60 mg of the catalyst in a He carrier
whose flow rate was 133 ml/min. Products
were first trapped in a liquid N, trap and
flash evaporated into a gas chromatographic
column. The separated isomers were col-
lected in liquid N: and subjected to the
mass spectrographic analysis.

The poisoning effects of CO, and NH;
in the coisomerization were examined for
ZrO, pretreated at 500°C. For the experi-
ments, 890 mg of the catalyst was used.
Outgassing temperatures of the poisons
were 230°C for CO; and 200°C for NH,.
The flow rates of a He carrier were 159 ml/
min for the COs-poisoned experiment
and 41 ml/min for the NH;-poisoned
experiment.

RESULTS
Surface Area

Specific surface areas of ZrQO, pretreated
at different temperaturcs are given in
Table 1. The surface areas decreased
monotonously with the rise in pretreatment
temperature,

Acidic Property

Infrared spectra of pyridine adsorbed
on ZrO, at different temperatures are
shown in Fig. 1. Absorption bands at 1600,
1485, and 1440 em™!, which are attributed
to the pyridine coordinately bonded to
Tewis acid sites, were observed when
adsorbed at 100°C. However, when pyridine
was adsorbed at 200 or 300°C, the absorp-
tion band at 1550 cm~!, which is assigned

TABLE 1

Specific Surface Areas of ZrO, Pretreated at
Various Temperatures

Pretreatment Surface

temperature area
°C) (m?/g)
300 175.5
400 109.0
500 64.5
600 32.1
700 21.4
800 10.8
900 9.9

to the pyridinium ion, was observed in
addition to the bands of coordinately
adsorbed pyridine. This implies that the
hydroxyl groups on ZrO; are too weak to
act as Brgnsted acid at 100°C but become
active at 200 to 300°C.

The amount of pyridine irreversibly
adsorbed at 100°C on a unit surface area
basis is shown in Fig. 2 as a function of
pretreatment temperature of ZrO.. The
maximum value of 3.9 X 10~® mole/m?
(2.4 X 10" molecules/m?) was observed
when ZrO, was pretreated at 400°C.

Formation of Radical from Diphenylamine
and Oxygen

When diphenylamine was adsorbed from
benzene solution on ZrO, followed by
introduction of O, the sample developed
gray coloration and a singlet signal of
ESR with g = 2.002 &+ 0.004 was observed
at room temperature. Addition of a small
amount of HyO to the system resulted in a
change in the color of the surface to pinky
red and then immediately to beige, accom-
panied by a red coloration of the benzene
solution. When diphenylamine was added
to the sample which had alrcady adsorbed
a sufficient quantity of triphenylamine (the
ionization potential of triphenylamine is
lower than that of diphenylamine), the
ESR signal intensity increased. When the
adsorption of diphenylamine was performed
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F1a. 1. Infrared spectra of pyridine adsorbed on ZrO; pretreated at 300°C (A) and 500°C (B).
Adsorption temperature: A-(a), 200°C; B-(a), 300°C; A-(b) and B-(b), 20°C, followed by evac-

uation at 100°C.

in a vapor phase at 180°C, the same
coloration and ESR signal were observed
as in the case of the adsorption from
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F1a. 2. Amount of pyridine molecules irreversibly
adsorbed at 100°C on ZrO: pretreated at various
temperatures.

solution. Once the radicals were formed
in the presence of O, the intensity of the
ISR signal was not changed by removal of
O, from a gas phase.

In Fig. 3, amount of the radicals formed
on the surface when diphenylamine was
adsorbed from a vapor phase at 180°C is
plotted against pretreatment temperature
of ZrQ.. The maximum number of the
radicals was formed on ZrO; that had been
pretreated at 700°C, the number of the
radicals being 1.7 X 1077 mole/m? (1.1
X 10'7 radicals/m?).

Adsorption of COq

The amounts of CO, molecules adsorbed
are also shown in Fig. 3. The values were
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Fra. 3. Amounts of diphenylnitroxide radicals
(@) and CO; irreversibly adsorbed at 100°C (O)
on ZrQO; pretreated at various temperatures.

much larger than the values of diphenyl-
nitroxide radicals formed on the surface
and did not change much with pretreatment
temperature of ZrQO,.

Reducing Properties

When ZrO, was exposed to nitrobenzenc
vapor at 20°C, the surface of the oxide
turned to a brownish pink; at the same
time, an ESR signal appeared. The signal
was constituted of three major lines, one
central sharp line with ¢ = 2.003 and two
wings on each side. This signal was assigned
to a nitrobenzene anion radical (6). After
the sample was exposed to nitrobenzene for
24 hr at room temperature, the color
became brown and the resolution among
the threc lines declined. The radical con-
centration after 48 hr is plotted against
pretreatment temperature in Fig. 4. The
maximum value was observed when ZrO,
was pretreated at 500°C, the concentration
being 4.3 X 10~ mole/m? (2.6 X 10 rad-
icals/m?).

Ozxidizing Property

Adsorption of triphenylamine on ZrQ,
did not give any ESR signal, although the
Zr0O, surface developed a light blue color.
Subsequent  addition of O, caused an

immediate change in surface color to
greenish gray, and a triplet signal with
g = 2.005 was obscrved by ESR, and was
assigned to the cation radical of triphenyl-
amine. The amplitude of the signal was
independent of oxygen pressure. The num-
ber of cation radicals as a function of
pretreatment temperature of ZrO; is shown
in Fig. 4. The maximum radical concentra-
tion was obtained on ZrO, pretreated at
700°C, and its value was 1.5 X 107 mole/
m? (9.3 X 10 radicals/m?).

Isomerization of I-Buiene

The variations of the activity and the
ratio of cis-2-butene to trans-2-butene are
plotted against pretreatment temperature
of ZrO; in Fig. 5. Activity is expressed as
initial conversion per unit time on a unit
surface area basis. The ratio of c¢is-2-butene
to trans-2-butenc was obtained by extrap-
olation to zcro conversion. The activity
of ZrO, appcared on pretreatment at
400°C and reached the maximum on pre-
treatment at 800°C and then rapidly
decreased on pretreatment at 900°C. The
ratio of cis-2-butene to trans-2-butenc
gradually decreased as the prefreatment
temperature was raised.

Figures 6 and 7 show the recovery of
activity with an increase in outgassing
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Fia. 5. Changes in the activity for isomerization
of 1-butene (O) and in the ratio of cis-2-butene
to trans-2-butene () with pretreatment tempera-
ture of ZrO,.

temperature of poisons adsorbed on ZrO,
pretreated at 500 and 700°C in the poison-
ing experiments. The reaction was com-
pletely retarded by all poisons irreversibly
adsorbed at 100°C for both catalysts.
In the poisoning experiments with NH; or
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Fia. 6. Recovery of the activity and the ratio of
cis-2-butene to {rans-2-butene for isomerization of
1-butene over ZrO: pretreated at 500°C by desorp-
tion of preadsorbed NH; (O, @), triethylamine
(A, A) and CO; (O, W). Open symbols represent
activity, solid symbols represent cis-/irans- ratio.
Reaction temperature: 100°C for triethylamine
poisoning, 80°C for NH;s and CO; poisoning.
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Fia. 7. Recovery of activity and the ratio of
cis-2-butene to trans-2-butene for isomerization of
1-butene over ZrQ; pretreated at 700°C by desorp-
tion of preadsorbed NHj, triethylamine, and CO,
adsorbed at 100°C. Symbols are explained in
legend to Fig. 6. Reaction temperature: 100°C in
all cases.

triethylamine, the activity was recovered
by outgassing at much lower temperature
for ZrO, pretreated at 500°C than for
ZrO, pretreated at 700°C. On the other
hand, the reverse results were obtained in
the case of the poisoning with CO.. The
temperatures at which the activities re-
covered to 909, their original values by
outgassing after poisoning with CO; were
about 410°C for ZrO, pretreated at 500°C
and 330°C for ZrO, pretreated at 700°C.

The results of the coisomerization of
1-butene-dy/ds are summarized in Table 2.
Over the unpoisoned catalyst, the amounts
of exchanged products were small, though
a slight increase in the exchanged products
was observed as the pretreatment temper-
ature was lowered. The low values of the
number of H (or D) atoms exchanged per
molecule (AEM wvalue) indicate that the
reaction involves primarily an intramolec-
ular H transfer. The isotope effects were
about 3 in all the cases of unpoisoned
catalysts.

Poisoning with NH; gave rise to an
increase in the isotope effect, but did not
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TABLE 3

Comparison of the Activity for Isomerization of 1-Butene and Surface Properties of ZrO; Pretreated at
700°C before and after Treatment with CHCl;

Before treatment

After treatment

(BT) (AT) (AT)/(BT)
Activity 7.2 X 107% mole/m?/min 0.43 X 10~% mole/m?/min 0.06
Basicity by diphenylamine 1.7 X 107 mole/m? 0.051 X 10~7 mole/m? 0.03
Basicity by CO, 3.5 X 107¢ mole/m? 1.8 X 107 mole/m? 0.05
Oxidizing property 1.5 X 1077 mole/m? 3.7 X 1077 mole/m? 2.5

affect the AEM wvalue much. On the
contrary, poisoning with CO; resulted in an
increase in the AEM value and a decrease
in the isotope effect.

In Table 3 the effects of the treatment
with chloroform on the activity and surface
properties are given. Upon treatment the
activity and the number of the radicals
formed from diphenylamine decreased,
while the number of oxidizing sites
increased.

DISCUSSION

The Process of Formation of the Radical
from Diphenylamine and O,

The processes of forming radicals from
diphenylamine and O, on some oxides
were studied in detail (7). In the case of
Al,O3, a singlet ESR signal was observed,
accompanied by gray coloration of the
AlyO; surface. The radical species generated
on the surface could be transferred from
the surface into benzene by addition of
polar liquid such as H;0. The dissolved
paramagnetic species in benzene gave a
red coloration. The radical species formed
on Al,0; were determined to be diphenyl-
nitroxide radicals. The formation of di-
phenylamine cation radical is also possible
and this occurred on Si0;-Al,0; under the
comparable condition. In this case the color
of the oxide surface was greenish black and
the material dissolved into benzene caused
a blue fluorescence (7).

In the case of ZrO,, the color developed
on the surface was gray and its benzene

solution became red upon addition of H,O.
This indicates that diphenylnitroxide rad-
icals were produced on ZrO, from diphenyl-
amine and Os.

An increase in the signal amplitude of
the ESR was observed when diphenylamine
was added to the ZrO, that had adsorbed
triphenylamine followed by admission of
O,. This suggests that the sites for the
formation of diphenylnitroxide radicals
were different from the sites for the forma-
tion of triphenylamine cation radicals,
because the ionization potential of tri-
phenylamine is lower than that of diphenyl-
amine. Therefore, it is considered that
the diphenylnitroxide radicals were formed
on ZrO, by an action of basic sites as
follows.

CeMsn,,_,, basic site

CeMs\ -, Lt Op  Cghs\
/ /
CgHs'

H = /N—O‘ + *OH

CeHs CeHs

The concentration of diphenylnitroxide
radicals was taken as the concentration
of basie sites, since the radicals could not
desorb from the sites unless a polar molecule
was added. Since the pK, value of diphenyl-
amine is 23, only strong basic sites could
be measured by this method. Actually
the numbers of basic sites measured by
this method were one order of magnitude
lower than those measured by CO,
adsorption.

Relation between Surface Properties and the
Actiwity for Isomerization of 1-Butene

Since the wvariations of the surface
properties with pretreatment temperature
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were independent of each other, it is
considered that there are different types of
sites on ZrO,. Among these sites, basic
sites measured by the adsorption of
diphenylamine correlated best with the
activity for isomerization of l-butenc.
Besides the correlation, the activity and
basicity decreased upon treatment with
chloroform, while the number of oxidizing
sites increased. It is likely that the basic
sites participate in the isomerization of
1-butene. However, strong poisoning effects
of both the basic molecules (NH; and
triethylamine) and the acidic molecule
(COy) suggest that acidic sites as well
as basic sites are involved in the active
sites for the reaction. The idea that the
active site on ZrO. is an acid-base pair
site and that each site is cooperative in a
reaction was proposed for interpretation of
the selective formation of 1-olefins in the
dehydration of 2-alkanols (7).

The initiation of the isomerization reac-
tion could be either abstraction of an
allylic H from 1-butene by basic sites or
addition of an H* from acidic sites.
Dominant intramolecular H transfer in
the coisomerization reveals that the reac-
tion is mainly initiated by the abstraction
of an H* by basic sites. Perhaps, Lewis
acid sites assist the abstraction of the H*
by polarizing the butenc molecule or
stabilizing the resulting carbanion. How-
ever, intermolecular H transfer is involved
in the reaction to some extent over the
catalyst pretreated at a low temperature.
The contribution of the intermolecular H
transfer became more enhanced when the
catalyst was partly poisoned by CO,. The
active sites unblocked by partial poisoning
with CO; are not single acid sites but are
acid-base pair sites whose basic strength
is weak, because the further addition of
CO; could completely block all active
sites. Since the main reaction involves
intramolecular H transfer, the effect of
NH; poisoning is not so large. Nevertheless,
the changes in the isotope effect and

probably in the AEM value caused by
NH; poisoning were opposite to those
caused by CO. poisoning. The character-
istics of base-catalyzed isomerization were
pronounced by the partial poisoning with
NH;. Therefore, it is suggested that there
is more than one kind of acid-base pair
site which is different in the strength of
acidic and basie properties.

The strength of acidic and basic proper-
ties of the active sites is dependent on
pretreatment temperature of ZrO,. Most of
the adsorbed NHj; on ZrO, pretreated at
500°C was removed by evacuation at
300°C, while most of the adsorbed NH; on
ZrO pretreated at 700°C could be removed
only by evacuation at 500°C. On the other
hand, CO; is adsorbed more strongly on
the active sites of ZrQO, pretreated at
500°C than on those of ZrO, pretreated
at 700°C. Therefore, the basic property is
more pronounced for ZrO, pretreated at
500°C than for ZrQO, pretreated at 700°C,
whereas the acidic property is just the
reverse.

The acid-base pair sites are probably
exposed zirconium ions with adjacent O~
ions which are generated by removal of
H,O0 molecules from neighboring OH
groups, as was proposed for crystalline
aluminosilicate (8) and Al,O; (9). The OH
groups on ZrO,, like those on AlOs;, are
not capable of protonating the butenec
molecule.

The number of CO; molecules removed
from the surface of ZrQ; pretrcated at 500°C
is 2.7 X 1077 mole/m? (1.6 X 10" mole-
cules/m?) after evacuation at 300°C, with
which most of the active sites were blocked.
Therefore, the number of active sites on
ZrQ, pretreated at 500°C is about 1.6 X107
sites/m?. Based on this value and the
rate (3.7 X 1007 mole/m?/sec at 100°C),
the turnover frequency for isomerization
is calculated to be 1.4 molecules/site/sec.
The value of 2.1 X 1072 molecules/site/sec
was estimated for the reaction temperature
of 28°C using the activation encrgy of
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14 kecal/mole which was obtained for ZrO,
evacuated at 500°C. This value is about
the same order as those observed at 28°C
on Al:O; (10) but much smaller than that
found with La.0s; (52 molecules/site/sec
at 0°C) (11).

Since the active sites are only about 29,
in surface coverage, all the acid-base
pair sites do not serve as active sites.
Only those pair sites whose polarizing
strength exceeds a certain strength may be
able to act as the active site.
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