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The dynamic nature of the protonic acid sites on Pt/SO}~-ZrO, was studied by IR spectroscopy.
The generation and elimination of the protonic acid sites in response to the presence and absence
of molecular hydrogen in the gaseous phase were observed by monitoring the IR spectra of adsorbed
pyridine. By heating in the presence of molecular hydrogen, the protonic acid sites were generated
and the Lewis acid sites were weakened. By evacuation of molecular hydrogen, the surface acidic
properties retrieved original states. The generation of the protonic acid sites involves dissociative
adsorption of the hydrogen molecule on Pt, spillover of the H atom onto the SO}~ -ZrQ, surface,
and electron transfer from the H atom to Lewis acid sites leaving H* on the surface. The elimination
of the protonic acid sites by evacuation of molecular hydrogen involves combination of the H* with
the electron trapped on Lewis acid sites to form an H atom, reverse spillover of the H atom to Pt,
and association of atomic H to form H, to be desorbed. Essentially the same dynamic nature was
observed on the physical mixture containing Pt black and SO}~ -Zr0,, although the extent of the
change in acidic properties with heating in the presence of hydrogen or evacuation of hydrogen was

small compared to Pt/SO} -Zr0,.

INTRODUCTION

The acid-base property is one of the im-
portant surface chemical properties of the
metal oxide catalysts (I). The fact that the
number of the acidic and basic sites (active
sites) initially present on the surface is fixed
is the principal assumption of the Lang-
muir-Hinshelwood kinetics. Although the
modification of surface acid—base property
by the interaction with gaseous molecules
has been scarcely observed, some investiga-
tors have reported that the acid—base prop-
erties are influenced by the presence of the
molecular hydrogen on the basis of the de-
crease and increase in catalytic activity
(2-5). In the case of zeolites exchanged with
transition metal ions, reduction with hydro-
gen results in the formation of protons ac-
companied by the formation of transition
metals (6, 7).

The hydrogen effects in the acid proper-
ties of zirconium oxide promoted by sulfate
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ions and platinum (Pt/SO3}~-Zr0,) were in-
vestigated in our laboratory and we found
that the surface acid properties of
Pt/SO;~-ZrO, are modified by the interac-
tion with molecular hydrogen (8, 9). This
arises from the infrared spectroscopic re-
sults that the adsorbed pyridine on the
Lewis acid sites converts into pyridine ad-
sorbed on Brgnsted acid sites (pyridinium
ion) by heating the pyridine-covered
Pt/SO}~-ZrO, sample in the presence of
molecular hydrogen. We interpreted this re-
sult as the formation of the protonic acid
sites on the surface of Pt/SO3™-ZrO, from
molecular hydrogen with the concomitant
decrease of the Lewis acid sites. We pro-
posed that the molecular hydrogen dissoci-
ates on the surface of platinum particles, and
the atomic hydrogen undergoes ‘‘hydrogen
spillover’” (11, 12) onto the surface of
SO; -Zr0O,. At Lewis acid sites, the
spiltover hydrogen releases an electron to
the Lewis acid sites to form a proton. In
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contrast to the cases of the transition metal
ion-exchanged zeolites, where the forma-
tion of protons is accompanied by the reduc-
tion of transition metal cations, Lewis acid
sites on SO~ -ZrO, appear to act as elec-
tron acceptors for the formation of protons
in the case of Pt/SO3™-ZrO,. The decrease
in the Lewis acid sites by interaction with
molecular hydrogen has also been proposed
by Matsuda et al. (3) and Schulz-Ekloff et
al. (4) on Pd-loaded alumina-pillered mont-
morillonite and H-ZSM-5, respectively.

In this paper, we study the reversibility
of the generation of the protonic acid
sites from molecular hydrogen over the
Pt/SO3 ™ -ZrO, catalyst. The mechanism and
nature of the phenomena are discussed in
terms of the hydrogen spillover and its re-
versal (13-15). -

EXPERIMENTAL METHOD

Catalyst preparation. The precursor of
the support,: sulfate ion-treated Zr(OH),
(SO3~-Zr(OH),), was prepared by theim-
pregnation of Zr(OH), with 1 N H,SO, aque-
ous solution followed by drying at 383 K.
The Zr(OH), was obtained by the hydrolysis
of ZrOCl, - 8H,0. The Pt/SO; -ZrO, sam-
ples (0.5 and 5 wt% Pt) were prepared by
impregnation of SO~ -Zr(OH), with 1%
H,PtCl; aqueous solution. The Pt/SOZ -
ZrO, samples containing different wt% of
platinum (0.5, 5 wt%) were prepared by ad-
justing the amount of H,PtCl, solution. The
samples were dried at 383 K and calcined at
873 K. The TEM study showed that the
mean particle sizes of platinum in the sam-
ples containing 0.5 and 5 wt% were 40 and
50 A, respectively. Detailed preparation
methods of Pt/SO3~-ZrO, are described
elsewhere (9). The physical mixture of Pt
and SO}~ -ZrO, was prepared by grinding
a mixture containing the Pt black and the
SO}~-ZrO, obtained by calcination of
SOZ~-Zr(OH), at 873 K. The Pt content was
adjusted to be 0.5 wt%. The surface areas
were measured by BET method after
calcination at 873 K followed by treatment
with hydrogen at 623 K.
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Infrared spectroscopy. A self-supported

- wafer placed in an-in situ IR cell with CaF,

windows was pretreated at 623 K for 2 h in
a hydrogen flow. After cooling the sample
to room temperature in the presence of hy-
drogen, the hydrogen was evacuated for
15 min. The pretreated sample wafer was
exposed to 1 Torr of pyridine (purified by
repeated freeze~thaw degassing cycles) at
423 K for 15 min followed by evacuation at
673 K for 15 min. In the H,-exposure pro-
cess, the pyridine-covered Pt/SO;~-ZrO,
was exposed to 500 Torr of hydrogen at
room temperature. The sample was heated
stepwisely from 373 to 523 K or 573 K by 50
K increments. During heating in the pres-
ence of hydrogen, the amounts of hydrogen
adsorbed on the sample were measured vol-
umetrically. In the evacuation process, the
sample was successively evacuated step-
wisely from 373 to 623 K by 50 K incre-
ments. At each temperature, evacuation
was continued for 15 min. All IR spectra
were recorded on an IR-700 infrared spec-
trometer (Japan Spectroscopic Co., .td.) at
room temperature.

For determination of the number of pro-
tonic acid sites and Lewis acid sites on
the surface, the integrated absorbances of
the bands at 1450 cm~! (due to pyridine
chemisorbed on Lewis acid sites, L-Py)
and 1490 cm~! (due to both the L-Py
and pyridine chemisorbed on protonic acid
sites, B-Py) (16) were used with the tangent
background for all samples, employing the
apparent integrated absorption proposed
by Hughes and White (/7). The values
obtained were normalized to the weight of
the sample wafer. To obtain the apparent
absorption coefficients of the bands, a
known amount of pyridine was adsorbed
on the sample, and the absorption of each
band was measured. As the apparent ab-
sorption coefficient for a certain band is
different for a different wafer, the calibra-
tion of the apparent absorption coefficient
was performed for each wafer.
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TABLE 1

BET Surface Areas, Amounts of S, Pt, and Zr Atoms of the Samples

Catalyst SO%~-7r0, Pt/SO}~-Zr0, PSSO} ~ZrO,
(0.5 wt% Pt) (5 wt% Pt)

BET surface area 35 114 110
(m” g™

Amount of SO~ 0.469 0.466 0.445
(mmol g~ ’

Conc. of S 8.07x 10 2.46 x 10 2.44 x 108
(atoms m~?)

Amount of Pt 0 0.026 0.256
(mmol g~ })

Conc. of Pt 0 0.14 x 10 1.40 x 10®
(atoms m~%)

Conc. of surface 1 x 10? I x 10® 1 x 10°

Zr atoms*
(atoms m~?)

¢ Calculated on the assumption of one Zr** for every 10 A? surface.

RESULTS

Surface areas and amounts of S and Pt of
the samples are summarized in Table 1. The
concentrations of S and Pt per unit surface
area were calculated on the assumption that
all S and Pt are located on the surface. Sur-
face concentration of Zr** ion is also indi-
cated in Table 1 for a comparison.

IR spectra of pyridine adsorbed on the Pt/
S0;~-Zr0, (0.5 wt% Pt) followed by heat-
ing in the presence of hydrogen (500 Torr)
at different temperatures are shown in Fig,.
1. The peaks at 1450, 1490, and 1540 cm ™!
were observed after the evacuation of the
pyridine-covered sample at 673 K (Fig. 1a).
The total concentration of pyridine ad-
sorbed on the surface was 0.067 umol/m?.
Among them, the concentration of pyridine
coordinated to Lewis acid sites (L-Py) was
0.046 pumol/m?, and that of pyridinium ion
(B-Py) was 0.021 wmol/m?. The former was
two times higher than the latter, indicating
that Lewis acid sites dominated over pro-
tonic acid sites before introduction of hy-
drogen.

Heating in the presence of hydrogen mol-
ecule caused the peak intensity at 1450 cm ™!
to decrease, and the peak intensities at 1490
and 1540 cm ! to increase. The interaction

Absorbance
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FiG. 1. The changes in IR spectra of pyridine ad-
sorbed on Pt/SO}~-ZrO, (0.5 wt% Pt) caused by heat-
ing in the presence of hydrogen (500 Torr) at different
temperatures. (a) before heating, (b) 373 K, (¢) 473
K, (d) 573 K. The hydrogen-pretreated sample was
exposed to pyridine (1 Torr) at 423 K and evacuated at
673 K before introduction of hydrogen.
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F1G. 2. The changes in IR spectra of pyridine ad-
sorbed on Pt/SO}~—Zr0, (0.5 wt% Pt) caused by evacu-
ation at different temperatures. (a) 373 K, (b) 473 K,
(¢) 573 K, (d) 673 K. The hydrogen-pretreated sample
was exposed to pyridine (1 Torr) at 423 K and evacu-
ated at 673 K, then exposed to hydrogen (500 Torr)
stepwisely at from 423 to 573 K with 50 K increment.

between the hydrogen molecule and the Pt/
S03~-Zr0, (0.5 wt% Pt) caused the increase
in the number of the protonic acid sites on
the surface.

Following heating in the presence of hy-
drogen at 573 K (Fig. 1d), the IR spectral
changes caused by evacuation at different
temperatures are shown in Fig. 2. The evac-
uation caused the peak intensities at 1540
and 1490 cm™! to decrease and the peak
intensity at 1450 cm ™! to increase. The final
IR spectrum of adsorbed pyridine over Pt/
SO;™-Zr0, (Fig. 2d) is similar to that ob-
served before heating in the presence of hy-
drogen (Fig. 1a). The recovery of the spec-
trum by evacuation indicates that the
change in the surface acid properties of Pt/
S0;™-Zr0, induced by hydrogen molecule
is a reversible process.

Figure 3 shows the changes in the amount

EBITANI ET AL.

of pyridine adsorbed on the protonic
acid sites and the Lewis acid sites of
Pt/SO3~-ZrO, on heating in the presence
of hydrogen (500 Torr) in the temperature
range 423-573 K and the successive changes
on evacuation in the temperature range
373-623 K. The concentration of the pyri-
dinium ion increased by increasing the heat-
ing temperature in the presence hydrogen.
On raising the evacuation temperature, the
concentration of B-Py gradually decreased
and the concentration of L-Py increased.
The curves for heating give images almost
reverse those for evacuation.

The changes in the amount of pyridine
adsorbed on the protonic acid sites (B-Py)
and Lewis acid sites (L-Py) of Pt/
S0%~-ZrO, (5 wt% Pt) on heating in the
presence of hydrogen (500 Torr) and the suc-
cessive changes on evacuation are shown in
Fig. 4. The increase of the B-Py and de-
crease of the L-Py are also observed on the
surface of Pt/SO3~-ZrO, (5 wt% Pt) by in-
creasing the hydrogen exposure tempera-
ture as observed on Pt/SO3~-ZrO, (0.5 wt%
Pt). Hydrogen exposure at 523 K, however,
caused the decrease of the amount of B-
Py as compared to that observed when the

0.04 |-
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~ 373 423 473 523 573 373 423 473 523 S73 623
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FiG. 3. The change in the amount of pyridine ad-
sorbed on protonic acid sites and Lewis acid sites of
Pt/SO}~-Zr0, (0.5 wt% Pt) on (A) heating in the pres-
ence of hydrogen (500 Torr) in the temperature region
423-573 K and (B) evacuation in the temperature region
373-623 K. Pyridine (1 Torr) was adsorbed on the hy-
drogen-treated sample at 423 K and then evacuated at
673 K for 10 min before introduction of hydrogen.
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Fi1G. 4. The change in the amount of pyridine ad-
sorbed on protonic acid sites and Lewis acid sites of
Pt/SO}~-ZrO, (5 wt% Pt) on (A) heating in the presence
of hydrogen (500 Torr) in the temperature region
423-523 K and (B) evacuation in the temperature region
373-623 K. Pyridine (1 Torr) was adsorbed on the hy-
drogen-treated sample at 423 K and then evacuated at
673 K for 10 min before introduction of hydrogen.

sample was exposed to hydrogen at 473 K,
which is considered to be due to decomposi-
tion of adsorbed pyridine in part. The
changes in the amount of B-Py and L-Py
against hydrogen exposure temperature up
to 423 K observed on Pt/SO; ™ -ZrO, (5 wt%
Pt) were larger than those observed on Pt/
SO; -Zr0, (0.5 wt% Pt), suggesting that
the modification of the acid properties by
hydrogen exposure is faster for 5 wt% Pt/
S0} -ZrO, than for Pt/SO} -ZrO, (0.5
wt% Pt) in the temperature range
373-423 K.

The reversible changes in hydrogen-in-
duced acid properties caused by evacuation
were also observed for Pt/SO; -ZrO,
(5 wt% Pt). The changes in the amount of B-
Py and L-Py against evacuation temperature
were very close to those obtained on Pt/
S03;~-Zr0, (0.5 wt% Pt). This suggests that
the interconversion of B-Py to L-Py by
evacuation is not dependent on the Pt load-
ing amount.

The changes in the amount of B-Py and
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L-Py of the physical mixture (0.5 wt% Pt)
on heating in the presence of hydrogen (500
Torr) are shown in Fig. 5 together with suc-
cessive changes on evacuation in the tem-
perature region 373-623 K. Even for the
physical mixture, the hydrogen exposure
caused the increase in the amount of B-Py
and decrease in the amount of L-Py. The
feature that differs from Pt/SO;~-ZrO, sam-
ples (Figs. 3 and 4) is the small extent of the
changes in B-Py and L-Py against hydrogen
exposure temperatures. The amounts of B-
Py and L-Py were not affected by the evacu-
ation between 373 and 473 K. Evacuation
above 473 K caused the decrease in the
amount of B-Py and increase in the amount
of L-Py. The changes in the amount of B-Py
and L-Py against evacuation temperatures
above 473 K resembled qualitatively those
obtained on Pt/SO;~-ZrO, samples (Figs. 3
and 4).

For SO%~-ZrO, containing no Pt, spectral
change of adsorbed pyridine could not be
observed when heated at 573 K in the pres-
ence of hydrogen.

Amount of B-Py(@) and L-Py(A) /umol m-2

0 | - I} 1 1 1
— 373 423 473 523 573373 423 473 523 573 623
H; exposure temp. /K Evacuation temp. /K

FiG. 5. The change in the amount of pyridine ad-
sorbed on protonic acid sites and Lewis acid sites of
physical mixture (Pt + SO} -ZrO,, 0.5 wt% Pt) on (A)
heating in the presence of hydrogen (500 Torr) in the
temperature region 423-573 K and (B) evacuation in
the temperature region 373-623 K. Pyridine (1 Torr)
was adsorbed on the hydrogen-treated sample at 423 K
and then evacuated at 673 K for 10 min before introduc-
tion of hydrogen.
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Fi1G. 6. The changes in the IR spectra due to the
S$=0 band of sulfate ion of Pt/SO3}~~ZrO, (0.5 wt% Pt)
caused by (A) heating in the presence of hydrogen (a)
before hydrogen exposure, (b) at 373 K, {c) at 473 K,
(d) at 573 K, and (B) evacuation at (a’) 373 K, (b’) 473
K, (c’) 573 K, and (d') 673 K. The sample was pre-
treated with hydrogen at 623 K and exposed to pyridine

(1.Torr) and 423 K, then evacuated. at 673 K before.

introduction of hydrogen.

Figure 6 shows the IR spectra in the S=0
bond stretching region for sulfate ion on Pt/
S02~-Zr0, (0.5 wt% Pt) after heating in the
presence of hydrogen (A), and successive
evacuation at different temperatures (B). On
raising the hydrogen exposure temperature,
the absorption around 1380 cm ~! decreased
and absorption around 1300 cm ~! increased
(Fig. 6A). On the other hand, the absorption
around 1370 cm ~ ! increased and adsorption
at around 1300 cm~! decreased on raising
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the evacuation temperature. The existence
of isosbestic point at about 1345 cm™! was
noted. Thus, it is concluded that the change
in the S=0 bond on raising the hydrogen
exposure temperature is not due to the loss
of sulfate ion but due to the conversion of
one type of sulfate ion to the other type.
Correlation between the S=O stretching
band position and the strength of Lewis acid
sites was reported by Jin et al. (I18) for sul-
fate ion-added ZrO,, Fe,0,, and TiO, (18).
They concluded that the shift of the S=0O
stretching band to a lower frequency corre-
sponds to a decrease in the strength of the
Lewis acid sites (I8).

The changes in the IR spectra due to the
S=0 bond. of sulfate ion of Pt/SQ; -ZrO,
(5 wt% Pt) caused by heating in the presence
of hydrogen and evacuation at different tem-
peratures are shown in Fig. 7. Essentially
the same spectral change was observed for
both Pt/SO; -ZrO, (5 wt% Pt) and
Pt/SO2~-Zr0O, (0.5 wt% Pt) on heating in
the presence of hydrogen and the following
evacuation. The evacuation at 673 K re-
stored to its initial peak intensity and posi-
tion. The extent of peak intensity changes
by hydrogen exposure and evacuation was
larger for Pt/SO3~-ZrO, (5 wt% Pt) than for
Pt/SO;~-Zr0, (0.5 wt% Pt).

The S==0 bond changes for physical mix-
ture by hydrogen exposure were unmeasur-
able because of the strong noises at around
1300-1400 cm~!. This may be due to the

.presence of hydrocarbons that were formed

by the hydrogenolysis of the adsorbed pyri-
dine molecule.

The amounts of adsorbed hydrogen-onthe
pyridine-covered Pt/SO;~-ZrO, (0.5 and 5
wt% Pt) samples during heating in the pres-
ence of hydrogen (500 Torr) at different tem-
peratures are shown in Fig. 8. The amounts
of adsorbed hydrogen were increased by in-
creasing the hydrogen exposure tempera-
tures for both samples. It should be noted
that the hydrogen to platinum (H/Pt) ratio is
far more than unity. This strongly indicates
that the hydrogen spillover from the sup-
ported platinum onto the SO~ -ZrO, occurs
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Fi1G. 7. The changes in the IR spectra due to S—=0
band of sulfate ion of Pt/SO~-ZrO, (5 wt% Pt) caused
by (A) heating in the presence of hydrogen (a) before
hydrogen exposure, (b) at 373 K, (c) at 423 K, (d) at
473 K, (e) at 523 K, and (B) evacuation at (b') 373 K,
(c)Y473 K, (d') S73 K, (e') 673 K, and (a’) is similar to
(e). The sample was pretreated with hydrogen at 623
K and exposed to pyridine (1 Torr) and 423 K, then
evacuated at 673 K before introduction of hydrogen.

during the heating in the presence of hydro-
gen. Compared with the amounts of S, the
amounts of hydrogen adsorbed at 523 K
were larger by about 3 times for Pt/
S0;~-Zr0, (5 wt%) and about 4 times for
Pt/SO3~-ZrO, (0.5 wt%). Compared with
the amounts of adsorbed pyridine, the
amounts of hydrogen adsorbed at 523 K
were two orders of magnitude larger for both
samples. The increase in the amount of ad-
sorbed hydrogen per unit surface area of
catalyst was larger for Pt/SO3~-ZrO, (5 wt%
Pt) than for Pt/SO} -ZrO, (0.5 wt% Pt).
However, the H,/Pt ratio is smaller for
Pt/SO;~-Zr0, (5 wt% Pt) than for
Pt/SO%~-Zr0, (0.5 wt% Pt).
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DISCUSSION

Generation and -elimination of the pro-
tonic acid sites in response to heating in
the presence of hydrogen and evacuation of
hydrogen, respectively, are clearly demon-
strated for the Pt/SO;~-ZrO, catalyst. In
addition to the dynamic behavior of the pro-
tonic acid sites, the strength of the Lewis
acid sites decreases and restores in response
to the generation and elimination of the pro-
tonic acid sites. Such dynamic behaviors of
the protonic acid sites allow us to control
the surface acidic properties by adjusting
the hydrogen pressure and temperature.
Consequently, the catalytic activities for
acid-catalyzed reactions can be controlled
by the hydrogen pressure and temperature.
Actually, the catalytic activities of Pt/
S0%~-ZrO, for skeletal isomerization of al-
kanes are reported to increase markedly
with the increases in the hydrogen pressure
and temperature (9).

While Pt/SO}~-ZrO, was heated in the
presence of hydrogen, a large amount of
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F1G6. 8. The amount of hydrogen adsorbed on Pt/
S0}~ ~Zr0, (0.5 wt% Pt, @) and Pt/SO}-Zr0Q, (5 wt%
Pt, W) samples during heating in the presence of hydro-
gen (500 Torr).
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hydrogen was adsorbed. The H,/Pt ratios
were far more than unity. It is suggested that
the generation of the protonic acid sites from
molecular hydrogen involves the phenome-
non referred to as hydrogen spillover. With-
out hydrogen spillover, the H/Pt ratio would
not exceed 1-2. The maximum H/Pt ratio
on Pt particles reported so far was 1-2 (19).

Since the hydrogen spillover is known to
occur on the physical mixture of the hydro-
gen activator and the acceptor, observation
of the dynamic behavior of acid sites for
the physical mixture of platinum black and
SO3~-ZrO, supports the participation of hy-
drogen spillover in the generation and elimi-
nation of protonic acid sites.

As shown in Fig. 8, the amount of ad-
sorbed hydrogen increased as the tempera-
ture increases, which is opposite to a usual
adsorption isobar. Since hydrogen spillover
preferably occurs at higher temperature as
reported for Pt/TiO, (20, 21) and Pt/Al,O,
(22), it is also suggested that hydrogen spill-
over is involved in the adsorption of hy-
drogen.

In hydrogen spillover, importance of the
interface between the hydrogen activator
and acceptor phase has been demonstrated
by Fujimoto and Toyoshi (23). In the present
work too, a higher rate for the proton forma-
tion was observed with the sample of larger
Pt loading. The physical mixture showed the
lowest rate for the proton formation.

In the S=O stretching region, two peaks
exist with an isosbestic point. The existence
of the isosbestic point indicates the exis-
tence of two types of surface species; they
are interconvertible with each other upon
heating in the presence of hydrogen and
evacuation.

It has been reported that the S=O stretch-
ing absorption band for sulfate ion on ZrO,
shifted to lower frequencies as pyridine was
adsorbed on the Lewis acid sites (/8). The
shift was interpreted by the decrease in the
S=O0 bond order due to coordination of pyr-
idine molecule to the Lewis acid sites. The
Lewis acid site is located adjacent to the
SOZ~ ion as illustrated (/18)
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in which Zr** is supposed to be the Lewis
acid site, and the arrows indicate the elec-
tron shift occurring when pyridine is ad-
sorbed. The S=O0 bond stretching peak po-
sition is sensitive to the electron transfer to
the Lewis acid sites. It seems plausible that
the shift of the S=0O stretching band to a
lower frequency by heating in the presence
of hydrogen is caused by the electron trans-

fer from the spiltover hydrogen atom to the
Lewis acid sites as

H++——e5 + HT,

where_represents a Lewis acid site. As a
result of electron transfer from the H atom
to the Lewis acid site, the proton is formed
and the Lewis acid site is weakened. The
proton is most likely located on the O?~ ion
near the Lewis acid site.

The Lewis acid sites are considered to be
the Zr** cations bound to SO3~. Therefore,
the maximum amount of Lewis acid sites is
equal to the amount of S on the surface.
Although the amounts of hydrogen ad-
sorbed at 373 K were smaller than those of
S for both Pt/SO3;~-Zr0O, (0.5 wt% Pt) and
Pt/SO;~-ZrO, (5 wt% Pt), the amounts of
hydrogen adsorbed at 573 K exceeded those
of S. It seems that all of the spiltover hydro-
gen atoms did not form protons at 573 K;
some of the spiltover hydrogen atoms re-
mained as such on the surface.

By evacuation of molecular hydrogen, the
reverse process will take place.

H*" + e, —>H+ L1

The hydrogen atom undergoes spillover re-
verse to that of the Pt particle, where two H
atoms combine to form molecular hydrogen
and are desorbed from the surface.

It should be noted that the amounts of
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pyridine are two orders of magnitude
smaller than those of SO}~ ; therefore, the
observed spectral changes in the S=0
stretching region represent the change in the
properties of the Lewis acid sites on which
pyridine is not adsorbed.

The extent of the increases in the S=0O
stretching band at 1380 ¢cm™! by evacua-
tion was larger for Pt/SO; -ZrO, (5 wt%
Pt) (Fig. 7) than for Pt/SO}-ZrO, (0.5
wt% Pt) (Fig. 6). This means that the rate
for the overall reverse process is higher
for Pt/SO2~-ZrO, (5 wt% Pt) than for
Pt/SO}~-Zr0, (0.5 wt% Pt). This coincides
with the suggestion by Altham and Webb
(24) that the reverse spillover became
faster as the percentage of metal loading
was increased.

Unlike the decrease in the S=0 stretch-
ing band at 1380 cm ™!, the decrease in the
B-Py band intensity with increasing evacua-
tion temperature was almost the same for
0.5 wt% Pt/SO3~-Zr0, (0.5 wt% Pt) and Pt/
SO}~ -ZrO, (5 wt% Pt). This is probably due
to the fact that the abstraction of proton
from pyridinium ion to form H* and a pyri-
dine molecule is slower than the reverse hy-
drogen spillover. The slowest process for
interconversion of B-Py and L-Py is the ab-
straction of H™ from B-Py; the following
reverse hydrogen spillover should be faster
than the abstraction of H* from B-Py.
Therefore, the extent of the spectral change,
B-Py to L-Py, was independent of the Pt
loading.
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