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Luminescence and infrared (IR) spectroscopies of pyridine and
ammonia adsorption have been used to measure acidities of y-
alumina. Neither luminescence nor IR spectra of pyridine adsorp-
tion show any Brensted acidity on y-alumina pretreated at 400°C.
However, luminescence emission data reveal four weak OH bands
even when pretreatment is done at 600°C. Pyridine and subse-
quent water adsorption yield six luminescence emission bands. A
red shift of the pyridine emission band is found when pretreat-
ment or desorption temperature is increased. IR spectra of ammo-
nia on alumina pretreated at 400°C show three deformation bands
at 1452, 1465, and 1485 cm~!. The first band is also observed
together with a band at 1554 cm™! even for pretreatment at 950°C,
and it corresponds to NH; formed from dissociative adsorption of
ammonia, while the other two bands are assigned to ammonia
adsorbed on Brgnsted acid sites. These two bands disappear along
with the appearance of a new band at 1429 cm~!, when deuterated
alumina is pretreated at 400°C and subsequently subjected to am-
monia. This new band at 1429 cm~! is due to NH;D* formed from
ammonia adsorbed on acidic OD sites. Consequently, ammonia
IR results demonstrate the existence of Brensted acid sites on

alumina pretreated at 400°C. © 1994 Academic Press, Inc.

INTRODUCTION

Acidity of y-alumina has been extensively investi-
gated. However, the existence of intrinsic Brgnsted (B)
acid sites is still controversial. Only Lewis (L) acidity
was observed for spectroscopic studies of pyridine ad-
sorption (1-4) and model catalytic reactions (5, 6). In
contrast, weak B-acid sites were claimed from either
spectroscopic studies (7-10) or model reactions (11, 12).

On the other hand, the nature of surface OH species on
Al,O4 continues to generate considerable interest. Peri
(13) and Knézinger and Ratnasamy (14) have proposed
models to discriminate five OH IR bands (3). The exis-
tence of six different OH species has been assumed (15).

Many techniques have been developed for acidity mea-
surements, such as TPD, IR, NMR, and XPS. Moreover,

' To whom correspondence should be addressed.
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luminescence was also used to probe Lewis acidities (16,
17) and surface hydroxyl groups (18-21) of some oxides
and zeolites.

Luminescence excitation, emission, and lifetimes are
sensitive experiments, due to the intrinsically high infor-
mation content (selectivity). Considerable structural in-
formation can be obtained, such as the nature of ad-
sorbed species and interfacial dynamics as well as the
environment of fluorophores (22).

Luminescence methods have been successfully used to
study (a) the environment of rare earth cations in zeolites
(23), (b) poisoning mechanisms of fluid catalytic cracking
(FCC) catalysts by vanadium and nickel (24), and (c) the
determination of acid sites (17).

The present study attempts to further develop this
technique for measurements of acidities. y-alumina has
been chosen as a support.

EXPERIMENTAL

1. Sample Preparation

y-alumina was obtained from Engelhard Corporation
in a powder form. Prior to being used, it was pressed into
pellets, and subsequently ground and sieved. A fraction
of particles with size of 20-50 mesh were chosen. After
the particles were evacuated overnight at room tempera-
ture to pump out residual fine powder, they were loaded
into an in situ quartz sample cell for thermal pretreatment
and adsorption/desorption of pyridine.

Before pyridine adsorption, y-alumina was pretreated
at a desired temperature under a vacuum of about 5 X
10~? Torr for 8 hr or more. After pretreatment, the sam-
ple was cooled to room temperature and a ‘‘blank’’ fluo-
rescence spectrum was taken. Subsequently, pyridine
was adsorbed at room temperature and then evacuated to
a pressure less than 1 x 10~* Torr at 100°C intervals from
room temperature to 600°C. Adsorbed amounts were
weighed (17) and luminescence measurements were per-
formed after each step.
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FIG. 1. Diagram of IR cell for pyridine and ammonia adsorption.

2. Luminescence Measurements

Fluorescence emission spectra were recorded at room
temperature with a Spex Model 1680 202B double mono-
chromator spectrometer. The front face mode was cho-
sen, along with band pass slits of 1.0 nm. A Rhodamine B
solution was used as a reference in order to correct for
variations in intensity of the arc lamp excitation.

3. FTIR Measurements

IR spectra of adsorbed pyridine were recorded for
comparison to luminescence results. An in situ IR cell
was designed, as shown in Fig. 1. The sample holder was
connected to a controlling rod, which could move under
high vacuum conditions. A sample wafer was subjected
to pretreatment and/or adsorption in the heating area.
The temperature of this cell can be measured quite pre-
cisely since a thermocouple is mounted close to the sam-
ple wafer. After pretreatment, the wafer was moved
down into the analysis chamber for IR measurements,
Csl or NaCl single crystals are used as the cell windows,
Pressure can be as low as 1 X 107¢ Torr in the evacuated
cell.

SHEN ET AL.

A 10-20-mg self-supporting sample wafer was ther-
mally pretreated at a certain temperature under vacuum
(ca. 5 X 1075 Torr) for 3 h. A Fourier transform infrared
(FTIR) spectrum was recorded at room temperature with
a Galaxy Model 4020 FTIR spectrometer. The wafer was
exposed to pyridine vapor, which was purified with an
activated 4A zeolite to remove water and also with the
freeze-pump-thaw technique to eliminate trapped gas at
room temperature for 30 min. Finally, desorption was
carried out at different temperatures under a vacuum of
ca. 107° Torr for 1 hr, before IR spectra of adsorbed
pyridine were taken. For comparison with pyridine, am-
monia (99.99%) that was further purified with BaO was
used.

Since the present study emphasized the determination
of acid sites, only IR spectral characteristics of acid sites
will be reported; that is, only deformation modes will be
presented.

RESULTS

1. Luminescence Measurements of OH Species
and Acidities

Figure 2 presents emission spectra of pyridine ad-
sorbed on vy-alumina pretreated at 400, 500, and 600°C
and excited at 290 nm. At 400°C, a very broad spectrum,
which consists of at least four peaks around 340, 377,
430, and 480 nm (Fig. 2a) is observed. The latter two
peaks are stronger than the former two. If pretreatment is
done at 500°C (Fig. 2b), there is a strong peak at about
330 nm, which is due to adsorbed pyridine, accompanied
by a broad weak peak around 420-440 nm and almost no
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FIG. 2. Luminescence emission spectra of pyridine adsorbed on y-

alumina and desorbed at room temperature. The alumina was pre-
treated in vacuum at (a) 400°C, (b) 500°C, and (c) 600°C.
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FIG. 3. Luminescence emission spectra of y-alumina pretreated in

vacuum at (a) 400°C, (b) 500°C, and (c) 600°C.

peak near 480 nm. At 600°C, the adsorbed pyridine peak
is intensified and shifted to about 340 nm, while the other
peaks almost completely disappear (Fig. 2c).

To assign the observed peaks, spectra of alumina dehy-
drated at 400, 500, and 600°C are recorded, as shown in
Fig. 3. At 400°C, at least four bands are observed around
340-346, 370-380, 425—-445, and 470-520 nm (Fig. 3a). At
500°C, the band at 425-440 nm dominates, while the
other bands largely decrease in intensity. At 600°C, all
four bands are significantly decreased, though weak
peaks are still observed at about 330-340, 380, 420, and
440 nm, together with a very broad band around 470-550
nm. These results, compared to those shown in Fig. 2,
lead us to assign the peaks at 377, 430, and 480 nm in Fig.
2 to OH species rather than pyridine phosphorescence.
Emission from OH species has been observed by others
(18, 25) in this region for Al,Os;, which will be discussed
below. In addition, the luminescence results, together
with gravimetric data that suggest a considerable amount
of pyridine adsorbed on alumina dehydrated at 400°C,
indicate that surface OH species have a quenching effect
on pyridine, but pyridine appears to have no such effect
on OH species.

To clarify the interaction of adsorbed pyridine with OH
species, the alumina, which is pretreated at 600°C in vac-
uum and preadsorbed with pyridine vapor, is exposed to
water vapor at room temperature and then desorbed at
different temperatures. The spectra are shown in Fig. 4.
When pretreatment is done at 100°C (Fig, 4a), there are
four clear emission peaks at 340, 356, 377, and 392 nm as
well as a very broad band in the region of 410-550 nm
which consists of at least two peaks. At 200°C, a strong
peak at 325 nm is observed together with the other weak
peaks (not shown here). At 400°C, only the pyridine peak
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TABLE 1

Effects of Pretreatment Temperature on Luminescence Emission
of OH Species and Adsorbed Pyridine on y-Alumina

T, (°C) OH bands (nm) Pyridine band (nm)
400 340-346, 370-380, 425-445, 470-520 Not observed
500 425-440, 370-380, 340-350, >470 330
600 340-350, 370-380, 425-445, >470 340

is detected at 330 nm (Fig. 4b). At 600°C, the pyridine
peak is red shifted to 340 nm (Fig. 4c). These results
suggest strong interactions between adsorbed pyridine
and water on the surface of alumina. All luminescence
data are summarized in Table 1.

2. IR Measurements of Pyridine Adsorption

Figure 5 shows the effect of pretreatment temperature
on IR spectra of pyridine adsorption on y-alumina. There
is no band around 1540-1550 cm~!, indicating there are
no Brgnsted acid sites on the three alumina samples. The
intensity and shape of band at 1442 cm™! relative to 1490
cm™! are similar for the three samples, indicating there is
no significant difference in the nature of NH; adsorbed on
Lewis acid sites. The main difference is the relative in-
tensity of the band at 1593 cm~! with respect to the band
at 1610 cm~!. The bands at 1593 and 1610 cm™! are as-
signed to hydrogen-bonded pyridine and coordinatively
bonded pyridine, respectively. After pretreatment at
400°C, the H-bonded band is stronger than the coor-
dinatively bonded band (Fig. 5a). At 500°C, the relative
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FIG. 4. Luminescence emission spectra of water adsorbed on pyri-

dine preadsorbed on y-alumina and desorbed at (a) 100°C, (b) 400°C,
and (c) 600°C.
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FIG. 5. IR spectra of pyridine adsorbed on y-alumina pretreated in
vacuum at (a) 400°C, (b) 500°C, and (c) 600°C. Desorption is done in
vacuum at room temperature.

intensity of the H-bonded band to the coordinatively
bonded band decreases (Fig. 5b). At 600°C, there is still
an observable H-bonded band, indicating the existence of
OH species on the alumina pretreated at 600°C, though
the OH species is not acidic enough to form pyridinium
cations. These results agree well with the above lumines-
cence emission spectra, which indicate a decrease in OH
species with increasing pretreatment temperature and the
existence of OH species on the alumina heated at 600°C
(Figs. 3 and 5).

3. IR Measurements of Ammonia Adsorption

Figure 6 shows IR spectra for ammonia adsorption at
room temperature on alumina pretreated under vacuum
at 400°C for 3 hr. When subsequent desorption is per-
formed in vacuum at room temperature for 1 hr, two
broad bands are observed around 1620 and 1450-1490
cm~! (Fig. 6a). The former band has been assigned to
NH; adsorbed on Lewis acid sites. The latter broad band
consists of three peaks at 1452, 1465, and 1485 cm™! that
may be assigned to ammonia adsorbed on three different
OH species, since the bands in this region are character-
istic of NH{. When further evacuation is carried out at
room temperature for longer time (20 hr), the intensity of
the peak at 1452 cm™' relative to that of the peaks at 1465
and 1485 cm~! increases, and a shoulder appears at 1577
cm~!. Desorption at 100°C for 1 hr further increases the
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relative intensity of the peak at 1452 cm™! and the peak at
1577 cm™! (Fig. 6b). In addition, the two bands at 1465
and 1485 cm™! are shifted to 1477 and 1491 cm™~!, respec-
tively. With desorption temperature further increasing to
200 and 300°C (Figs. 6¢ and 6d), the intensity of the bands
at 1452 and 1577 cm~! relative to the bands at 1477, 1591,
and 1616 cm~! increases.

When pretreatment is performed at 600°C for 3 hr, fol-
lowed by ammonia adsorption at 100 Torr and room tem-
perature for 5 min and then by desorption at room tem-
perature for a few hours, four bands at 1452, 1491, 1554,
and 1620 cm™! are observed (Fig. 7a). With desorption
temperature increasing, the band at 1620 cm~! is weak-
ened, while the band at 1452 cm ! is intensified (Figs. 7b-
7d). The band at 1554 cm™!, due to NH, species, disap-
pears and a new peak at about 1580 c¢cm~! appears at
200°C. The band at 1452 cm™! is still strong after desorp-
tion at 400°C (Fig. 7e).

When alumina is pretreated at 950°C, where no OH
species are detected, and subject to ammonia adsorption
at room temperature and 100 Torr, desorption at room
temperature leads to four bands at 1452, 1515, 1554, and
1612 cm™! (Fig. 8a). When desorption temperature is in-
creased to 100°C, the bands at 1515 and 1554 cm~! due to
NH; species disappear, while the band at 1452 cm™! is
intensified. The band at 1612 cm™! is shifted and splits
into two peaks at about 1605 and 1580 cm~!. Further
increasing desorption temperature decreases the inten-
sity of the bands at 1452, 1580, and 1605 cm™! (Figs. 8c
and 8d). After desorption at 500°C (Fig. 8e), these three
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FIG. 6. IR spectra of ammonia adsorbed on y-alumina pretreated in
vacuum at 400°C and subsequently desorbed at (a) 25°C, (b) 100°C,
(c) 200°C, and (d) 300°C.
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FIG. 7. IR spectra of ammonia adsorbed on y-alumina pretreated in
vacuum at 600°C and subsequently desorbed at (a) 25°C, (b) 100°C,
(c) 200°C, (d) 300°C, and (e) 400°C.
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FIG. 8. IR spectra of ammonia adsorbed on y-alumina pretreated in

vacuum at 950°C and subsequently desorbed at (a) 25°C, (b) 100°C,
(c) 200°C, (d) 300°C, and (e) S00°C.
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FIG. 9. IR spectra of ammonia adsorbed on deuterated y-alumina
pretreated in vacuum at 400°C and desorbed at (a) 25°C, (b) 100°C,
(c) 200°C, and (d) 300°C.

bands at 1452, 1580, and 1605 cm™! disappear and a broad
peak at about 1645 cm™! appears.

To further clarify ammonia adsorption on Brgnsted
acid sites, an alumina wafer is pretreated in vacuum at
600°C for 3 hr to remove most of the OH species, espe-
cially acidic OH species. The sample wafer is then ex-
posed to D,O vapor at room temperature for 10 min,
followed by another pretreatment in vacuum at 400°C for
3 hr and ammonia adsorption at room temperature and
100 Torr for a few minutes. After desorption at various
temperatures, spectra are taken, and they are shown in
Fig. 9. At 25°C (Fig. 9a), a broad band centered at 1610
cm™!, which appears to consist of three peaks at about
1590, 1610, and 1645 cm~!, and two other bands at 1450
and 1429 cm™! are detected. The band at 1450 cm™! in-
creases in intensity with increasing desorption tempera-
ture to 200°C (Figs. 9b and 9¢). The band at 1429 cm,
which will be assigned to NDHJ species, is still rather
strong at 100°C (Fig. 9b) and almost disappears at 200°C
(Fig. 9¢). The bands at 1645 and 1610 cm™! significantly
decrease in intensity at 100°C, and the band at 1590 cm™!
becomes dominant (Fig. 9b). With temperature further
increasing, the band at 1590 cm™~! is shifted toward lower
wavenumbers (Fig. 9¢ and 9d). At 300°C, the band at 1429
cm~! completely disappears, and a very weak peak at
1452 cm™! and two peaks at 1489 and 1575 cm~! appear
(Fig. 9d).

In summary, the observed IR bands of adsorbed NH;
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TABLE 2

IR Data of Ammonia Adsorption on Alumina and
Peak Assignments

T, Deformation band
Sample °C) (cm™Y) Assignment

ALO, 400 1620 Al-NH;
1452 NH;
1465 NHy
1485 NHy
1577 NH,

600 1452 NH;
1491 a
1554 Al-NH,
1515 Al-NH,
1580 NH,
1620 Al-NH,
950 1452 NH;

1554 Al-NH,
1515 Al-NH,
1512 Al-NH;
1580 NH,
1602 Al-NH;

Deuterated

AlLO, 400 1610 Al-NH;
1590 NH,
1645 a
1450 NH;
1429 DNH7y

2 Not assigned.

are listed in Table 2, along with band assignments, which
will be discussed below.

DISCUSSION

1. Luminescence Studies

Aza-aromatics have been reported to show interesting
luminescence spectra on interaction with acids. A red
shift is found when it reacts with Lewis acids (26-30),
while a blue shift is observed when it reacts with
Brgnsted acids (28—-31). As shown in Figs. 2 and 4, such
shifts are observed. When the pretreatment temperature
increases from 500 to 600°C, the pyridine emission maxi-
mum is red shifted by 10 nm (Figs. 2b and 2c). Similarly,
increasing desorption temperature from 400 to 600°C also
induces a 10-nm red shift (Figs. 4b and 4c). Although it is
hard to simultaneously distinguish pyridinium, H-bonded
pyridine, and pyridine on Lewis acid sites, the red shift of
the emission maximum appears to indicate an interaction
between pyridine and OH or water. Such an interaction is
also apparent from Figs. 2a and 4a, where pyridine emis-
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sion bands at about 330-340 nm are strongly quenched,
and where OH bands appear.

More information on OH species can be obtained from
Figs. 3 and 4a. The four bands in Fig. 3 and six bands in
Fig. 4a appear to correspond to different types of OH
species. The assignment to OH species finds support
from the literature. For example, Knézinger and his col-
league, using an argon ion laser as an excitation source,
observed a broad luminescence band, which is assigned
to two types of OH species on alumina (25). On other
oxides like MgO and ThO,, emission is also observed for
different surface OH groups resulting from charge trans-
fer transitions of OH groups in low coordination (high
index planes) (18). Our previous lifetime experiments
show five OH species on alumina at 375, 410, 440, 470,
and 520 nm (16).

Figure 3 indicates a band around 340-346 nm and
bands in the region of 360-540 nm. The bands in the
region of 360-540 nm have been determined to be due to
five OH species (16), as mentioned above. Therefore,
Fig. 3 as well as Fig. 4a appears to indicate the presence
of six OH species on alumina. The six OH species may
correspond to the six OH species predicted by Yoshida
(15), who claimed six OH species on the flat surfaces of
(001), (111), and (110) as well as on stepped surfaces.

Figure 3 also shows that not all OH bands equally de-
crease In intensity as pretreatment temperature in-
creases. This supports the assignment of the bands to
different OH species rather than emission from different
vibrational states of one OH species. The different de-
pendence of the bands on temperature (Fig. 3) also ex-
plains differences in acidity of these OH species, as de-
scribed elsewhere (14, 18). Hydrogen atoms of acidic OH
species and basic OH species are more readily removed
than neutral OH species. The band around 425-440 cm™!
in Fig. 3 may be assigned to neutral OH species, while
the others are either acidic or basic.

2. IR Studies of Pyridine Adsorption

As in other reports (3, 13), no Brgnsted acid sites are
observed with pyridine adsorption. However, the H-
bonding band at 1593 cm™! (Fig. 5) shows the existence of
OH species on the surface of the alumina pretreated even
at 600°C. Though the type of the OH species cannot be
assigned from the IR results, luminescence results in Fig.
3 show four weak OH emission bands. These four emis-
sion peaks, according to lifetime measurements (16), are
due to four different OH species. As can be seen from
Fig. 5, none of these four OH species is acidic enough to
interact with pyridine to form pyridinium. However, one
or more of these OH species can interact with stronger
bases, such as 2,6-dialkyl substituted pyridine (8, 32, 33)
and 2,6-lutidine (9), to form corresponding conjugated
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acids. In other words, surface acidity is ‘‘relative,” de-
pending on the relative basicity of probe molecules.

3. Ammonia Adsorption Studies

Compared to pyridine (K, = 8.75), ammonia is a
stronger base (K, = 4.75). Therefore, ammonia is ex-
pected to interact more strongly than pyridine with OH
species to form corresponding conjugated acids. This is
the general idea for the IR experiments with ammonia
(Figs. 6-9) discussed below.

As shown in Fig. 6a, there are three bands at 1452,
1465, and 1485 c¢cm~!, probably corresponding to three
types of NH; ions on y-alumina pretreated at 400°C.
With increasing desorption temperature, the band at 1425
cm™! is intensified, while the other two bands are weak-
ened. This difference may indicate the different nature of
NH; species corresponding to the band at 1452 cm™! and
the other two bands. When pretreatment is complete at
600 or 950°C, where no acidic OH species exist, the band
at 1452 cm™! also appears (Figs. 7a and 8a), together with
a band at 1554 cm~! assigned to NH, species. These
results indicate that the NH; species corresponding to
the band at 1452 cm™' may be formed through the process

H
O 0
/N - /N
—Al— Al —— H,N—AIl— Al
1IN /1N VNV N
NH;
NH{
0]
H.N—Al— Al
/1IN /1N

where the bridging oxide ions are generally believed to be
Lewis base sites (15, 34), while the corresponding OH
species (bridged by an octahedral and a tetrahedral Al)
are regarded as the most plausible Brgnsted acid sites on
dehydrated alumina (3, 15). Dissociative adsorption of
ammonia on y-alumina treated at elevated temperature
has been well established. Although the peak at 1554
cm™! is not clear in Fig. 6, the fact that its intensity in-
creases with desorption temperature does not support the
assignment of the peak to ammonia on Brgnsted acid
sites. Instead, this peak appears to be associated with a
peak at about 1575-1590 ¢cm~!, which also increases in
intensity with desorption temperature. According to a
report (35), the peak at 1590 cm™! is assumed to be an-
other kind of surface NH; species. Primary amines and
amides are also reported to have a band around 1600
cm~! (13). The concurrent intensity change of the two
bands at 1452 and ca. 1580 cm ™! with desorption tempera-
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ture (Figs. 6—9) leads to the assignment of the band at ca.
1580 cm™! to a kind of surface NH, species that may be
more stable than other NH; species responsible for the
band at 1554 cm™!, These two kinds of NH, surface spe-
cies may arise from NH; adsorbed on two different Al
sites, though the nature of the sites is still unclear.

The bands at 1465 and 1485 cm~! may be due to ammo-
nia on Brgnsted acid sites, i.e., due to NH; formed from
the interaction between intrinsic surface OH species and
ammonia. The decrease in the intensity of the band with
desorption temperature supports this assignment. The
disappearance of the band on deuterated alumina (Fig. 9)
and the appearance of a new band at 1429 cm™! also
support the assignment. There are no literature data
available for the band at 1429 ¢cm~!. However, it is re-
ported (35, 36) that the ratios of the wavenumber of
NH,D, NHD,, and ND; to that of NH; are (.92, 0.84, and
0.73-0.76, respectively. The corresponding values of
NHD and ND; to that of NH3*, and of ND{ (1065 cm™!)
(37) to that of NH{ (1450-1485 cm™!) are 0.84, 0.74, and
0.72-0.73, respectively. These results indicate that the
ratio only depends on the number of hydrogen atoms that
are not replaced.

In order to explain the band at 1429 cm ™!, the following
considerations have been made. Complete replacement
of all hydrogen atoms by deuterium atoms gives a ratio of
about 0.73, as can be seen in the cases of ND{, NDs, and
ND,; if one hydrogen atom is retained, the ratio is 0.84,
as is the case for NHD and NHD,. Two hydrogen-con-
taining species like NH,D give a ratio of 0.92. Based on
these assertions, therefore, the ratio of the wavenumber
of NH;D* to that of NHZ should be higher than 0.92. A
ratio of 0.97-0.98 is assumed to be reasonable here. This
will give NH;D* a bending band around 1421-1435 cm™!,
which agrees well with the band at 1429 cm~!. Conse-
quently, it is reasonable to assign the band at 1429 cm™!
to the NH;D* species.

In conclusion, ammonia adsorption on y-alumina and
on its deuterated form reveals the existence of Brgnsted
acid sites on alumina pretreated at 400°C. NH; ions are
also formed through dissociative adsorption of ammonia
on the Al*~0" acid-base pair, especially at high temper-
atures.

When alumina is pretreated at a higher temperature,
more basic oxide ions are created, multiple vacancy or
defect sites are generated (3, 15), and aluminum cations
are redispersed, favoring the occupation of tetrahedral
sites (38). These results may help interpret the observed
IR spectra of Figs. 7 and 8. The observation of the NH;
band at 1452 cm~! and the NH, bands at 1554 and 1510
cm~!, which are not clearly observed when pretreatment
is done at 400°C (Fig. 6), strongly demonstrates the crea-
tion of basic oxide ions and the dissociative adsorption of
ammonia. As desorption temperature increases, the NH,
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band at 1554 cm~! vanishes at 100°C (Fig. 8) or 200°C
(Fig. 7), while another NH; band at 1580-1590 cm~! grad-
ually appears, as can be clearly seen from Fig. 8. Figure 6
also shows the appearance of a similar peak at about 1580
cm~! at higher desorption temperature. This NH, peak
should not be due to such a species as O-NH,, since an
N-O stretching vibration at about 896 cm~! is not found.
Instead, this NH, species may be formed from dispropor-
tionation of ammonia probably adsorbed on octahedral
aluminum ions, since the bands at about 1580 and 1452
cm~! concurrently increase in intensity, together with a
decrease in intensity of the band at 1610 cm™! ascribed to
NH; on Lewis acid sites (Fig. 8). In addition, increasing
desorption temperature to 100°C shifts the peak maxi-
mum of the band at 1610 cm~' to 1602 cm~!. This may be
due to adsorption of ammonia on different Lewis acid
sites. As described above, multiple vacancy is created at
a high temperature. This type of vacancy is expected to
interact with ammonia more strongly than either AKOy)
or Al(Ty) and may result in a lower N-H bending fre-
quency.

CONCLUSIONS

Luminescence spectra show the presence of at least
four OH bands on y-alumina pretreated at 400°C and a
red shift of the adsorbed pyridine band, as pretreatment
or desorption temperature increases. There are strong
interactions between OH surface species and adsorbed
pyridine, which quench the emission of adsorbed pyri-
dine species on alumina.

IR spectra of pyridine adsorbed on y-alumina pre-
treated at 400°C or higher show no Brgnsted acid sites.
However, an H-bonded pyridine band is observed on alu-
mina pretreated at temperatures as high as 600°C. Both
luminescence and IR results show the existence of OH
species on alumina surfaces pretreated at 600°C. IR spec-
tra of ammonia adsorbed on alumina and on deuterated
alumina pretreated at 400°C show the existence of
Brgnsted acid sites.
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