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The effect on the rate and mechanisms of propene—deuterium
reactions of dispersing ZrO, on various supports such as silica,
alumina, and titanium dioxide has been studied by microwave
spectroscopic analysis of monodeuteropropene as well as by kinetic
investigation. By dispersal of ZrO, on these supports, the rate of
the C;H D, reactions is increased considerbly compared to that
over unsupported ZrO,, with the decrease of activation energy.
Hydrogen exchange in propene proceeds simultaneously with addi-
tion via the associative mechanism through n-propyl and s-propyl
intermediates. Through XPS analysis of ZrQ,/Si0,, it was found
that a monolayer of ZrO, is formed over the silica support. The
monolayer catalyst exhibits catalytic behavior quite different from
that of unsupported ZrO,. On the other hand, alumina surfaces
modified by ZrO, layers may be the main active sites in the case
of ZrO,/AL,O;. The marked enhancement of the reaction rate in
the lower loading region of ZrQ,/Ti0, may be explained by the
strong interaction of atomically dispersed zirconium ions with ac-
tive centers on T102 . © 1995 Academic Press, Inc.

INTRODUCTION

The nature of a support material as well as the particle
size of a metal greatly influences the activity and the
selectivity of the catalytic reaction over supported metal
catalysts (1). The morphological change of the metal with
particle size and its electronic interaction with the support
may be the main factors that control the reactions (2, 3).

It has been demonstrated that two-dimensional metal
oxide overlayers are formed when one metal oxide, such
as Re,0; (4), Cr,0; (5), V,05 (6), Nb,Os (7), MoO; (8), or
WO, (9), is dispersed on a second metal oxide with high
surface area as support (SiO,, Al,O;, or TiO,). The sur-
face structure of these overlayers has been investigated
extensively with various spectroscopic techniques (10),
and the correlations between the structure and the cata-

! To whom correspondence should be addressed.

lytic behavior of the supported metal oxides have been
examined in some catalytic reactions (11, 12).

Recently, we have studied C;H,-D, and C;H-C,Dg re-
actions over unsupported and supported ZrO, catalysts
on various oxides and briefly reported that the catalytic
behavior of zirconium oxide changed remarkably when
it was supported on silica, alumina, or TiO, (13). In the
present study, we applied an isotopic tracer technique to
elucidate the mechanistic difference over these catalysts.
Microwave spectroscopy is a powerful technique for the
study of hydrogen exchange processes because it enables
us to determine the hyperfine distribution of the D atom
in the exchanged propene-d, molecule, which directly re-
flects the previous points of attachment of the adsorbed
molecules onto the catalysts (14). In the C;H-D, reac-
tion, the reactivity ratio of n-propyl to s-propyl intermedi-
ates is estimated from these isotopic distributions. Ac-
cordingly, this technique enables us to monitor the
dependence of not only the reaction rates but also the
reaction intermediates on the particle sizes of the sup-
ported oxides and the nature of the supports.

EXPERIMENTAL

Catalyst Preparation

Support powders (Si0O,, Aerosil 300; Al,O;, aluminum
oxide-C; and TiO,, P-25 from Nippon Aerosil), evacuated
at 723 K for 2 h, were injected into appropriate dried
hexane solutions of Zr(OC;H-), (Soegawa Chemicals) un-
der a nitrogen atmosphere and were stirred vigorously
overnight. After removing the solvent by vacuum distilla-
tion, the catalyst was oxidized overnight with O, at 923
K. The unsupported ZrO, catalyst was prepared by adding
a small amount of water to the hexane solution of
Zr(OC;H-),, followed by filtration, drying, and oxidation.
Commercial ZrO, powder (Soegawa Chemicals) was also
employed as an unsupported catalyst. The XPS (X-ray
photoelectron spectrum) was measured with ESCALAB-
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S, using MgKa as an X-ray source. To calibrate binding
energies, Au 4f 7/2 (83.7 eV) was used as a reference.

Reaction Procedure and Detection Methods

Gaseous H, and D, from a commercial cylinder were
purified by circulating them over a heated Pd black cata-
lyst to remove trace amounts of oxygen. C;H, (Takachiho
Kagaku K.K.), C;Dq, and H,C=CD-CH; (Merck, Sharp
and Dohme Ltd.) were purified by a freeze—thaw cycle.
HDC=CH-CH, was prepared from 1-bromoprop-1-ene
according to the procedure described in the literature (15).

The catalyst (ca. 1 g) was put in a quartz reaction cell
which was connected to a closed gas circulation system
(total volume: ca. 300 cm?). Before each run the catalyst
was freshly oxidized by O, at 623 K for 2 h, followed by
evacuation at the same temperature for 30 min. After
cooling to the reaction temperature, a mixture of the reac-
tion gases was admitted into the system. At certain inter-
vals during the reaction, a small percentage of the circulat-
ing gas was sampled and separated into propane and
propene by gas chromatography (alumina column, He
carrier). The deuterium contents in the formed propane
and the exchanged propene were determined with a mass
spectrometer (Hitachi RMU-6MG) at 15 and 12 eV ioniza-
tion voltage, respectively. The location of the deuterium
atom in monodeuteropropene was determined by record-
ing the microwave absorption line (14,-0y, rotational tran-
sition) characteristic of each isotopic species. The isotopic
isomers in monodeuteropropene were denoted as follows:

H\ /H
c-1-d, C=C
AN
D CH,
2-d, H,C=CD —CH,
D /H
t—l—dl C=C
7 AN
H CH,
3-d, H,C=CH—CH,D.

RESULTS

1. Characterization of Supported Catalysts

Figure 1 shows the XPS spectra of various catalysts
investigated in this study. On dispersal Zr3d;s, peaks
shifted 0.5-1.0 ¢V toward the higher binding energy side,
suggesting a certain electronic interaction of dispersed
ZrO, with the supports. It is well known that XPS intensity
ratios reflect aspects of the surface structure of the cata-
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FIG. 1. Zr3dy; and Zr3ds; XPS spectra of unsupported and sup-
ported ZrO, catalysts: (a) unsupported ZrQ,, (b) 8 wt% ZrO,/Si0,, (c)

1 wt% Zr0O,/Si0,, (d) 10 wt% ZrO,/Al,0s, (e) 1 wt% Zr0O,/Al, 05, ()
10 wt% ZrO,/TiO,, and (g) 1 wt% ZrO,/TiO,.

lysts, such as the extent of dispersion of supported metal
or oxides (16-18). When a supported oxide surface is
covered by a uniform zirconia layer of thickness d and
coverage 6, the intensity ratio Iz/Ig,, of the Zr3d peak
to the 25 and 2p peaks of the support atoms (Si2s, Al2p,
or Ti2p) at the electron takeoff angle 90° from the surface
plane can be expressed as (16)

IZr — I%r 6[1 - EXP(_d/)\Zr)]
Isy 1%, 1- 001 — exp(—dirgl’

(1]

where the superscript 0 denotes the intensity for an infi-
nitely thick sample and A, and A, are the escape depths
of the photoelectrons corresponding to the Zr3d and sup-
port levels, respectively. When 1 > d/\ (monolayer of
Zr0,), Eq. [1] can be reduced to

IZr IOZr d
= —- 0. [2]
ISup Igup )‘Zr

Table 1 summarizes. the coverages 6 of ZrO, over vari-
ous supports, estimated from Eq. [2]. The following val-
ues were used for the ratios 13,/13,,: ZrO,/silica = 8.54,
ZrO,/alumina = 10.8, and ZrO,/titania = 1.34 (19). For
d/hg, the value 0.2 was used. For 1 wt% catalysts, the
coverages (Oxps) obtained agree reasonably well with the
values (6., calculated under the assumption that a two-
dimensional network (the surface area of one ZrQO, unit
of the network is assumed to be 20 A2) is formed over
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TABLE 1
Characterization of Supported ZrO, by XPS

Loading  Zr3ds,
amount B.E. (_l‘zf/lﬂ
Catalysts (Wt%) V) Ipllsy  UZ/05)  Oxps  Oeuc
Zr0, 182.6
1.0 183.7 0.075 0.0088 0.04 0.03
Zr0,/Si0, 8.0 183.5 0.546 0.064 0.32  0.26
1.0 183.7 0.116 0.011 0.05 0.10
ZrO,/Al,O4 10.0 183.2 0.432 0.040 0.20 0.99
1.0 183.1 0.033 0.026 0.13  0.20
Zr0,/TiO, 10.0 183.1 0.167 0.13 0.65 1.98

various supports (surface areas: SiO,, 300 m*> g!; AlLO;,
100 m? g7!'; and TiO,, 50 m? g~!). The coverage Oyps of
8 wt% Zr0,/Si0, is also in good accordance with 6, ,
suggesting that zirconia is well dispersed over the silica
surface, probably forming monolayers. On the other hand,
in 10 wt% Zr0O,/ Al,0O; and Zr0,/TiO,, 8xpg is considerably
smaller than 6, . This result indicates that in higher load-
ing regions zirconium oxide forms multilayers over alu-
mina and titanium dioxide supports.

2. C3H D, and C;H—C1Dg Reactions over
Unsupported and Silica-Supported Catalysts

When a mixture of C;H, (25 Torr: 1 Torr = 133.3 N
m~?) and D, (100 Torr) was introduced onto unsupported
Zr0O, catalyst, only propane was formed with the corre-
sponding decrease of C;H,, which was consistent with
the result reported in the literature (20) and was common
over unsupported oxide catalysts (21-25). Thus no hydro-
gen exchange of propene took place on this catalyst and
most of the formed propane was C;H¢D,. The situation
was completely different when ZrO, was dispersed on
Si0,. Both deuterium addition and exchange of propene
proceeded simultaneously on the dispersed catalysts.

The temperature dependence of these processes is sum-
marized in Fig. 2, where the reaction rates are normalized
with respect to the unit weight of ZrO, instead of the total
catalyst weight including the support. The initial rate of
propene-d, formation over 8 wt% Zr0O,/Si0, was twice
as fast as that of propane formation in the temperature
range investigated. However, the activation energies are
the same (E, = 39-40 kJ/mol) for both the exchange and
the addition processes. This result strongly suggests that
both processes proceed through the same o-alkyl reaction
intermediates, n-propyl and s-propyl adsorbed species
(associative mechanism as shown in Scheme 1). The initial
rates of propane formation over 1 wt% ZrO,/SiO,, also

NAITO AND TANIMOTO

-1
)
3,

.g-2r

Rates (mol-sec

3,

3,
©
T
w
ju}

Initial

20 22 24, .26
177 (x10°K)

FIG. 2. Temperature dependence of C;H¢-D, reactions (solid lines;
Pcyye = Torr, Ppy, = 100 Torr) and C;H¢-C;D¢ reactions (broken lines;
Pcsye = Peyps = 12.5 Torr) over unsupported and silica-supported ZrO,
catalysts (1 g of catalyst). Open and closed symbols refer to the initial
rates of propane and propene-d, formation, respectively. O@®, 8 wt%
Zr0y/810,: V, 1 wt% Zr0,/Si0,; O, unsupported ZrO,.

plotted in Fig. 2, yielded the same reaction rates and
activation energy as those over 8 wt% catalyst. On the
other hand, the initial rate of propane formation over
unsupported ZrO, was considerably slower than that over
supported ZrO, and the activation energy was signifi-
cantly higher (E, = 53 kJ/mol), as seen in the figure.
Figure 3 demonstrates the time courses of the overall
composition of monodeuteropropenes formed during the
C;H¢-D, reaction over 1 and 8 wt% ZrQ,/SiO, catalysts.
At the very beginning of the reaction, the main products
were propene-2-d, and propene-1-d, , with a small amount
of propene-3-d,. As the reaction proceeded, a consider-
able change in the isotopic distribution was observed. If
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FIG. 3. Time courses of the isotopic distribution in propene-d,

formed during C;H¢-D, reactions at 423 K (a) aover 8 wt% ZrO,/SiO,
and (b) over 1 wt% Zr0O,/Si0,. Pcype = 25 Torr, Pp; = 100 Torr. One
gram of catalyst. O, ¢-1-d;; A, t-1-d;; V, 2-d,: O, 3-d;.
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Associative mechanism

/CH3
_chp
CHy
*
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propene—z-dl 100%

(n-propyl)

propene—l—d1 40%

C3H6 + DZ H3C—QH-CH2D propene—a-dl 60%
*
(s-propyl)
H C\
EH—CHQD* propene—l—dl 100%

(distorted s-propyl)

Intramolecular hydrogen shift mechanism

1,3-shift; CHD=CH-CHg4
2,3-shift; CH, =CD-CHj4
SCHEME 1.

the exchange process proceeds through the o-alkyl inter-
mediates alone, the propene-2-d, is formed from n-propyl
species and propene-1-d, and 3-d, are formed from s-
propyl species. The ratio of 1-d, and 3-d, should be 2: 3, as
summarized in Scheme 1. The experimental ratio (about
30: 1) obtained from Fig. 3, however, is drastically differ-
ent from the above expectation and suggests that the two
methyl groups of adsorbed s-propyl species are not equiv-
alent for the abstraction of a hydrogen atom. Accordingly,
we have to suppose some distorted form for adsorbed s-
propyl species, as shown in Scheme 1.

In addition, if an associative mechanism alone is operat-
ing in this C;H,~D, reaction, the isotope distribution pat-
tern of monodeuteropropene should stay constant at the
initial stage of the reaction, where isotopic dilution of
deuterium by the repetition of the associative mechanism
is not significant. The drastic temporal change in the isoto-
pic distribution shown in Fig. 3 indicates an intramolecu-
lar 1,3-hydrogen shift independent of the deuterium incor-
poration process through the associative mechanism. This
was confirmed by the HDC=CH-CH, + H, reaction,
where deuterium exchange by the repetition of o-alkyl
intermediates can be neglected and only the intramolecu-
lar hydrogen exchange process can be followed because
of the isotopic ratio of H and D (30: 1) present in the
system. The obtained distribution pattern was similar to
Fig. 3, which clearly indicated the existence of an intramo-
lecular hydrogen exchange process.

On the other hand, intermolecular hydrogen exchange
reactions in the C;H-C;Dg system (1:1, 12.5 Torr each)
proceeded over both unsupported and silica-supported

CH
T ™

HDC 7 % TCH, H,DC-CH=CH,
S
_ CHD_

KoY chy HyDC-CH=CH,

Reaction intermediates in hydrogen exchange processes.

ZrO, catalysts at around 473 K. The rate was one order
of magnitude slower than the intramolecular 1,3-hydrogen
shift process in the C;H,-D, reaction. The temperature
dependence of this process is also displayed in Fig. 2.
Note that both catalysts have the same activation energy,
75-76 kcal/mol, for this intermolecular hydrogen ex-
change process. The isotopic distribution patterns were
almost identical on both catalysts: 60% of propene-3-d,
and 40% of 1-d, (same amount of cis and trans isomers).
These results may be explained by assuming that the ex-
change process proceeds through carbenium ion interme-
diates (26).

The dependence of the initial rates, as well as of the
isotopic distribution pattern of monodeuteropropene in
C;H¢-D, reactions, on the amount of ZrQ, loaded on silica
was investigated in the lower loading regions (1-16 wt%).
As shown in Fig. 4, the specific rates of propane formation
are independent of the amount of ZrO, loaded on silica.

3. C3H¢-D, and C\H—CDg Reactions over ZrO,/Al,O;,
and Al,O,

The temperature dependence of the C;H.~-D, and
C;H¢—C;D¢ reactions over alumina-supported catalysts is
summarized in Fig. 5, where the reaction rates were nor-
malized as in Fig. 2. Al,O, itself exhibited some activity
in these reactions, as seen in the figure. It is characteristic
of alumina that hydrogen exchange in the C;H—C;D reac-
tion (E, = 33 kJ/mol) is more than one order of magnitude
faster than in the C H,-D, reaction (E, = 55 kl/mol),
which is completely opposite to the case of ZrO,/SiO,
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FIG. 4. Dependence of the initial rates of propane formation in
C;H¢—D, reactions on the amount of ZrQ, loaded on various supports.
Py = Torr, Pp; = 100 Torr. One gram of catalyst. O, on silica support
at 423 K; A, on alumina support at 403 K; 0J, on titanium dioxide
support at 473 K.

catalysts. When ZrO, was dispersed on alumina, the reac-
tion rate in the C;H¢—-D, reaction considerably increased
with the decrease of the activation energy (E, = 38 kJ/
mol), whereas in the C;Hy—C;D; reaction the activation
energy was almost the same (E, = 35 kJ/mol). The ten-
dency in the reaction rates was the same as on alumina
itself; that is, the C;H~C;D, reaction proceeded much
faster than the C;H,-D, reaction.

Figures 6 and 7 demonstrate the time courses of the
overall composition of monodeuteropropenes formed dur-
ing the C;H-C,D¢ and C;H4-D, reactions over ZrQ,/

10°F .
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. N .
¥, 75

24 2

1/T (x107K)
FIG. 5. Temperature dependence of C;Hg—D, reactions (solid lines;
Pcigg = 25 Torr, Py = 100 Torr) and C;H~C;D, reactions (broken
lines; Pcyyg = Peapg = 12.5 Torr) over ZrO,/Al,O; and AlLO,. One gram
of catalyst. Open and closed symbols refer to the initial rates of propane

and propene-d, formations, respectively. O®, 1 wt% ZrO,/AlLO;;
0Om, Al,O,.

FIG. 6. Time courses of the isotopic distribution in propene-d,
formed during C;H¢—C3D; reactions over (a) 1 wt% ZrQ,/Al,O, at 333
K and (b) Al)O; at 383 K. Pcays = Peyng = 12.5 Torr. One gram of
catalyst. [J, c-1-d;; A, t-1-d;; V, 2-d;; O, 3-d,.

Al,O; and alumina. In the C;H-C;Dq reaction, propene-
1-d, and 3-d, were formed in a 2 : 3 ratio on both catalysts.
This result indicated the presence of carbenium ion inter-
mediates (26). The isotopic distribution patterns of mono-
deuteropropene in the C;Hg-D, reaction over 1 wt% ZrO,/
AlL,O; and alumina itself are similar to those in the
C;H-C;Dq reaction, that is, a 2: 3 ratio of propene-1-d,
and 3-d,; with a small amount of propene-2-d,. Consider-
ably different activation energies in these two reactions on
alumina suggest that dissociation of deuterium molecules
may be the rate-determining step in the C;H¢—D, reaction,
and that once deuterium is incorporated into propene via
an associative mechanism, intermolecular hydrogen ex-
change of propene proceeds rapidly through carbenium
ion intermediates.

The dependence on the amount of Zr0O, loaded on alu-
mina of the initial rates of propane formation in C;H¢-D,
reactions was investigated and shown in Fig. 4.
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FIG. 7. Time courses of the isotopic distribution in propene-d,
formed during C;Hg-D, reactions over (a) 1 wt% ZrO,/AlLO; at 373 K
and (b) ALO; at 423 K. Pcsye = 25 Torr. Py, = 100 Torr. One gram of
catalyst. 00, c-1-d;; A, t-1-d;; V, 2-d;; O, 3-d,.
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4. C3H-D, and C;H—C,D¢ Reactions over ZrO,/TiO,
and TiO,

The temperature dependences of the C;H,-D, and
C,H-C;D, reaction rates over ZrO,/TiO, and TiO, are
summarized in Fig. 8. In the case of the C;H,-D, reaction
over TiO,, the activation energy of the propene-d, forma-
tion by the exchange process (71 kJ/mol) was much larger
than that of propane formation by the addition process
(52 kJ/mol) and similar to that of the C;H,—C;D, reaction
(75 kJ/mol). Figure 9 shows the result of the microwave
spectroscopic analysis of propene-d, and demonstrates
the identical deuterium distribution pattern in both reac-
tions. Thus hydrogen exchange in the C,H,-D, reaction
proceeds through a different intermediate than that for
the process of deuterium addition to form propane and
through the same intermediate as that in the C;H—C;Dq
reaction. This result is same as that over unsupported
Zr0O, itself, mentioned in section 2.

Over Zr0, dispersed on TiO,, the rate of the C;H,-D,
reaction considerably increased with the decrease of the
activation energy (for propane formation, from 52 kJ/
mol on TiO, to 36 kJ/mol on ZrO,/TiO,). The hydrogen
exchange process then exhibited the same activation en-
ergy (36 kJ/mol) as the addition process, which indicated
that both processes proceeded through the same adsorbed
propyl intermediates via associative mechanisms. The re-
action rate greatly depended on the loading amount of
Zr0O,, and 1 wt% catalysts exhibited much higher activity
than 10 wt% catalysts, although their activation energy

~3

S
T

Initial Rates (mol-sec'-g-zr0" )
3,
T

20 27
1/ T(x10°K )

FIG. 8. Temperature dependence of C;Hq—D, reactions (solid lines;
Prge = 25 Torr, Py, = 100 Torr) and C;Hg-C;Dy reactions (broken
lines; Pcyye = Pcsps = 12.5 Torr) over ZrO,/TiO; and TiO,. One gram
of catalyst. Open and closed symbols refer to the initial rates of propane
and propene-d, formation, respectively. V¥, 1 wt% ZrO,/TiO,: O@,
10 wt% Zr0O,/TiO,; O, TiO,.
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formed during (a) C;Hg-D, (Pciye = 25 Torr, Pp, = 100 Torr) and (b)
C3H¢~C3D¢ (Pespg = Peape = 12.5 Torr) reactions over Ti0Q, catalyst.
One gram of catalyst. O, c-1-d,; A, t-1-d;; V, 2-d,; O, 3-d,.

was almost the same. The dependence of the initial rates
of propane formation in C;H,-D, reaction upon the
amount of ZrO, loaded on TiO, was summarized in Fig. 4.

Figure 10 demonstrates the isotopic distribution pattern
of monodeuteropropene during the C;H,-D, reaction over
1 and 10 wt% ZrO,/TiQ,. At the initial stage of the ex-
change process over 1 wt% catalyst, propene-2-d, was
the main product through n-propyl intermediates. The
subsequent rapid decrease in 2-d, species was accompa-
nied by an increase in propene-3-d,. This finding may be
explained by an independent intramolecular 2,3-hydrogen
shift in propene following the incorporation of deuterium
through n-propyl species. To confirm this, the propene-
2-d; + H, reaction was carried out and a distribution
pattern similar to that in Fig. 10(a) clearly indicated the
presence of intramolecular hydrogen shift processes. In
the case of 10 wt% Zr0,/Ti0,, the pattern was completely
different than that for 1 wt% catalyst, as shown in Fig.
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FIG. 10. Time courses of the isotopic distribution in propene-d,
formed during C;H-D, reactions over (a) 1 wt% and (b) 10 wt% ZrO,/
TiO;. Pcyys = 25 Torr, Py, = 100 Torr. One gram of catalyst. O, c-1-
di; A, t-1-d; V, 2-d;; O, 34d,.
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10(b), and s-propyl intermediates were more active than
n-propyl species for the exchange process.

DISCUSSION

The unique character of metal oxides as hydrogenation
catalysts has been reported for ethene over Cr,0; (21),
Zn0 (22, 23), and Co;0, (22) and for 1,3-butadiene over
ZnO (24) and MgO (25). In these reactions, H, (or D,)
maintains its molecular identity; that is, both H (or D)
atoms in a H, (or D;) molecule are incorporated into a
single hydrogenated molecule. Accordingly, in the ole-
fin—D, reaction, d,-paraffin is the main product, as in the
case of unsupported ZrO,. The detailed mechanism of
the hydrogenation of ethene over ZnO was examined by
Dent and Kokes (27, 28) by kinetic investigation as well
as infrared spectroscopy. To interpret the molecular iden-
tity of the added hydrogen atoms, it was postulated that
an isolated Zn—0O ion pair, surrounded by lattice O*~, was
the active site.

Since the catalytic behavior of unsupported ZrO, is
very similar to that of ZnO, it would be reasonable to
suppose that isolated Zr-O ion pairs are active sites for
propene hydrogenation in the present study. The question
now is how this surface structure is transformed by sup-
porting ZrO, on silica. To clarify this point, we attempted
to vary the dispersion of ZrO, on silica by changing the
amount of loading and to examine its influence upon the
reaction rates as well as the reaction mechanisms. As
shown in Fig. 4, the initial specific rates of deuterium
addition in the C;H,-D, reaction were independent of
the amount of ZrO, loaded on silica in the lower loading
regions (1-16 wt%). This is consistent with the results of
XPS analysis that estimated coverages (6xps) of ZrO, are
proportional to the amount of loading, which indicates the
formation of monolayers of zirconia over silica supports.
Accordingly, on the surfaces of such a two-dimensional
network of ZrO,, there are no isolated Zr-O ion pairs
surrounded by O?” ions that block the reverse process
from Zr-propoyl species to propene. Thus on the silica-
supported ZrO, catalyst hydrogen exchange of propene
becomes accessible as well as the addition process to
form propane.

The situation was different in the cases of alumina-
supported catalysts. In the C;H,—C,D, reaction, although
the exchange rate was increased more than one order of
magnitude, the activation energies were almost the same
over Zr0O,/Al,0, and alumina. Microwave spectroscopic
analysis revealed that carbenium ions may be reaction
intermediates over both catalysts. Accordingly, it is rea-
sonable to suppose that the amount of acidic sites was
considerably increased by dispersing ZrO, on the alu-
mina surface.

On the other hand, hydrogen exchange in the C;H,-D,
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reaction on alumina was much slower and had higher
activation energy than in the C;H,—C;D, reaction on alu-
mina. However, the isotopic distribution pattern was al-
most the same as that of the C;Hy—C;D; reaction, with a
small amount of propene-2-d, . As discussed under results
these phenomena may be explained by assuming that the
dissociation of deuterium is the rate-determining step in
C;H¢-D, reactions, and deuterium incorporated in pro-
pene by associative mechanisms is redistributed by carbe-
nium ion intermediates to give a 2: 3 ratio of propene-1-
d, and 3-d,.

Dispersing ZrO, on alumina caused a considerable in-
crease of the C;H,-D, reaction rate with the decrease of
activation energy. However, the catalytic behavior (as
shown, for example, by the isotopic distribution pattern of
monodeuteropropene) was almost the same as on alumina
itself. These results suggest that over ZrO,/Al,O;, deute-
rium molecules will dissociate on the ZrO, surface, spill
over toward the alumina surface, and react with adsorbed
propene to form propyl intermediates. The redistribution
of deuterium atoms in the 1- and 3-positions of propene
proceeds independently through a carbenium ion interme-
diate. To confirm this, the C;H,—C,D¢—D, reaction was
carried out on ZrO,/Al,O, . The same isotopic distribution
pattern as in Fig. 6(a) was observed, but with a slower
formation of propane. The dependence of the initial rate
of propane formation on the amount of ZrO, loading on
alumina is summarized in Fig. 4. The gradual decrease of
the specific rate per gram of ZrO, may correspond to the
decrease in dispersion with decreased loading amount as
shown by XPS analysis (Table 1).

In the case of TiO, catalyst, the hydrogen exchange
process via hydrogen abstraction from adsorbed propyl
species seems to be very slow in the C;H,-D, reaction
and an independent hydrogen exchange process exists in
the C;H¢-C;D, reaction. When 0.5-1.0 wt% ZrO, was
dispersed on the TiO, surface, the characteristic features
of TiO, itself disappeared completely, and both deuterium
addition and exchange began to take place through the
same n-propyl adsorbed species. These results indicate
that the number of active sites on TiO, for propene hydro-
genation is rather small and that ZrO, may be dispersed
selectively to create some specific sites that are active for
these reactions. As shown in Fig. 4, an increase in the
loading amount of ZrO, drastically decreased the specific
rate and s-propyl adsorbed species became the main ac-
tive intermediate.

CONCLUSIONS

Quantitative XPS analysis revealed the formation of a
ZrO, monolayer over the silica surface of up to 10 wt%
Zr0,/Si0, catalysts. Although a monolayer of ZrO, may
be formed over alumina and titania surfaces in the cases
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of 1 wt% ZrQ,/Al,0, and ZrO,/TiO, catalysts, crystals of
ZrO, seems to grow when more ZrO, are loaded. Dis-
persed ZrO, over these supports exhibited much high
activity and lower activation energy than unsupported
ZrQ, for propene-deuterium addition and exchange reac-
tions. Over ZrO,/SiO, catalysts, a two-dimensional net-
work of ZrO, makes the reverse process of propyl inter-
mediate formation accessible. In the case of ZrO,/AlLO,
catalysts, deuterium dissociation takes place preferen-
tially over a dispersed ZrO, surface, spills over toward
the alumina support, and reacts with adsorbed propene
on alumina. The marked enhancement of the reaction rate
over 1 wt% Zr0,/TiO, catalysts can be explained by the
strong interaction of zirconium monolayers with the ac-
tive sites of TiO, surfaces.
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