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Silica dehydrated above ca. 1000 K selectively converts ethanol to acetaldehyde, and the dehy-
drogenation proceeds according to Langmuir-Hinshelwood kinetics. Measurement of phosphores-
cence spectra confirmed that new sites are formed on silica by preheating above ca. 1000 K, but the
dehydrated silica showed no acidity or basicity which might have been responsible for the dehydro-
genation activity. Infrared spectra indicated dissociative adsorption of ethanol on the dehydrated
silica and we infer that the adsorption site is an active Si-O-Si oxygen bridge formed by the
dehydration of silica at high temperature, and that the reaction intermediate is formed by the

dissociative adsorption of ethanol accompanying cleavage of that oxygen bridge.

Press, Inc.

INTRODUCTION

Generally, basic sites have been consid-
ered to be the active sites for catalytic de-
hydrogenation of alcohols on oxide sup-
ports that do not contain transition metals
(I-5) and therefore silica was believed to
be a poor catalyst for this reaction because
its surface is neutral or perhaps slightly
acidic (6-9). However, we have observed
recently that ethanol can be dehydroge-
nated to make acetaldehyde and hydrogen
in the presence of silica samples heated to
at least 870 K (10). The activity is not that
of a simple base since these samples are
quite selective for the dehydrogenation re-
action and do not display the usually con-
comitant reactivity of bases toward alcohol
dehydration (/). To elucidate the active
sites, we have studied the kinetics of the
reaction and the changes in surface proper-
ties of the silica with preheating tempera-
tures.

EXPERIMENTAL METHODS
Materials

Silica was prepared from ethyl orthosili-
cate to obtain a pure sample. Ethyl ortho-
silicate purified by distillation was hydro-

© 1989 Academic

lyzed to silica gel in a 5 M nitric acid solu-
tion (G. R. grade). The obtained hydrogel
was dried at ca. 400 K in air, washed with
water, and then heated at 670 K in air for §
h. Analysis by atomic absorption spectros-
copy revealed that the only observable im-
purities were nickel (4 ppm) and sodium (4
ppm). After the sample was heated at 1270
K in vacuo for 1 h the XRD pattern was the
same as that of the sample without preheat-
ing.

Ethanol was dehydrated by refluxing
over magnesium just before the reaction.

Ammonia and carbon dioxide were high-
purity grade supplied by Takachiho Kagaku
Kogyo and were used without further purifi-
cation.

Ethanol Conversion

Ethanol conversion was carried out
mainly in a pulse microcatalytic reactor at
520-670 K. The silica sample (0.050 g) was
sandwiched with quartz wool (ca. 0.01 g) in
a quartz reaction tube of 6-mm inner diame-
ter. It was confirmed that the contribution
of quartz wool (packing material) was very
small or negligible. In the following re-
ported results, the contribution was cor-
rected. The catalyst bed was preheated at
770-1270 K for 1 h in a flow of helium gas
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F16. 1. Dependence of catalytic activity of silica on
preheating temperature. Reaction temperature, 670 K.

(the carrier gas; flow rate, 60 x 107¢ m?
min~-1) and then a pulse of 1 X 1079 m3 of
ethanol was injected into the catalyst bed.
During the preheating, desorption of water
from the silica was observed and the
amount was measured. The reaction prod-
ucts were analyzed by gas chromatogra-
phy. A Porapak Q (1 m) column was used
for normal analyses.

To study the kinetics of the reaction, ini-
tial rates at different ethanol pressures were
measured in a closed system equipped with
a calibrated Pirani gauge. The pure silica
sample (0.025 or 0.050 g) in a quartz reactor
was preheated at 1170 K in vacuo for 30
min. Initial pressure of ethanol was below 2
Torr, and the reaction was stopped by
abrupt cooling of the reactor before ethanol
conversion reached 5%; then, the rate of
dehydrogenation was determined from the
amount of hydrogen produced during the
reaction. By analysis of the products with
gas chromatography, it was confirmed that
the amount of hydrogen corresponded well
to the amount of acetaldehyde produced.

Measurement of Surface Properties

The silica sample was heated in vacuo at
770-1270 K for 1 h and the surface area was
measured in situ by the BET method using
nitrogen physisorption at 77 K.

Adsorption of ammonia or carbon diox-
ide on the sample was measured by a con-
stant-volume method.

Infrared spectra were recorded with a
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Nicolet SDX Fourier transform infrared
spectrometer. The silica samples (0.01 g)
were pressed into self-supporting wafers
and placed into an in situ IR cell that al-
lowed heating under vacuum. The samples
were heated in vacuo at 770-1270 K for 1 h.
IR spectra of adsorbed ethanol were re-
corded at room temperature after ethanol
vapor (ca. 20 Torr) was allowed to contact
the preheated wafers at room temperature
for 20 min and evacuated at a desired tem-
perature for 30 min.

Phosphorescence spectra were recorded
with a modified Hitachi 650-10S fiuores-
cence spectrophotometer at 77 K (slit width
of emission, 5 nm; slit width of excitation, 5
nm). The silica sample (0.3 g) had been pre-
heated at 770-1270 K in vacuo for 1 hina
quartz tube cell (inner diameter, ca. 6 mm;
outer diameter, ca. 8 mm). The effect of
adsorption of oxygen or ethanol was exam-
ined on the spectra of preheated silica.

RESULTS AND DISCUSSION
Conversion of Ethanol

Figure 1 shows the change in activity and
selectivity with preheating temperature for
ethanol conversion over dehydrated silica.
Activity decreased gradually with pulse
number. The results in Fig. 1 and Table 1
are those for the first pulse of ethanol. No
reaction was observed over the pure silica
sample preheated at 770 K. However, acet-
aldehyde was produced over samples pre-

TABLE 1

Ethanol Conversion over Dehydrated Silica®

Run Reaction Selectivity (%) Conversion
temperature of EtOH

(K) Cy C;H4 CH;CHO (%)
1 520 — — — 0
2 570 0 [] 100 4
3 620 1 1 98 16
4 670 2 2 96 35
56 670 2 2 96 26

¢ Preheating temperature, 1170 K.
# Before the reaction, the catalyst was injected with 1 X 10~% m3 of
H,0.
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Fi1G. 2. Change in the initial rate of dehydrogenation
with ethanol pressure. Before the reaction, the pure
silica sample was heated in vacuo at 1170 K for 30 min.
v = initial rate, p = ethanol pressure. Catalyst: @,
0.025 g; O, 0.050 g.

heated to at least 870 K. The catalytic activ-
ity for ethanol conversion increased steeply
with preheating above ca. 1000 K, and
reached a constant value as shown in Fig.
1. Small amounts of ethylene, water, and C;
compounds were also observed as prod-
ucts. Ethanol dehydrogenation proceeded
at reaction temperatures above ca. 550 K
over the sample preheated at 1170 K as pre-
sented in Table 1.

When ca. 1 X 107° m? of water was in-
jected into the sample preheated at 1170 K
before the reaction, a decrease in catalytic
activity was observed (run 5 in Table 1);
more deactivation was not observed when
the water dose was repeated. When injec-
tion of ethanol into the sample preheated at
1170 K was repeated, the catalytic activity
decreased gradually and reached to the
same activity as that of the sample after the
water dose. Thus, the deactivation can be
ascribed to the trace amount of water pro-
duced in the reaction.

Kinetics of Dehydrogenation

To clarify the mechanism of ethanol de-
hydrogenation, kinetic studies were carried
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out by using a closed reaction system and
the catalyst preheated at 1170 K, which
showed the maximum activity (Fig. 1). As
shown in Fig. 2, the reaction rate obeys the
equation r = kKp/(1 + Kp), where r is a
reaction rate, k is a rate constant, K is an
adsorption equilibrium constant, and p is
the partial pressure of ethanol. The values
of k and K are presented in Table 2. The
same results were obtained for both silica
samples preheated at 1170 K in vacuo un-
der an oxygen atmosphere. A good linear
relationship was found on the Arrhenius
plots for the constants presented in Table 2.
From the plots the activation energy and
the heat of adsorption were estimated to be
130 and 100 kJ mol~!, respectively.

Acid-Base Properties of the Silica
Surface

Acidity of silanol sites on silica gel is so
weak that the usual acid-catalyzed reac-
tions do not proceed on silica gel (12). Com-
parable tests show that there are no strong
basic sites on silica gel (8). However, silica
preheated at a high temperature might gen-
erate acidic or basic sites in much the same
way that new basic sites are produced on
oxides such as calcium oxide by heating at
high temperature (7).

To study acid-base properties of highly
dehydrated silica, adsorption of ammonia
and carbon dioxide was carried out. If
acidic or basic sites were generated on the
silica surface, strong adsorption of ammo-
nia or carbon dioxide would be observed
(13). However, on both pure silica samples

TABLE 2

Reaction Rate for the Dehydrogenation of Ethanol®

Reaction k K
temperature (K) (umol min~! g-1) (Torr™ %)

640 0.9 7.4

670 2.3 3.4

700 7.7 1.5

e r = kKp/(1 + Kp): r = reaction rate (umol min~!
g1); p = partial pressure of ethanol (Torr).
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F1G. 3. Adsorption of ammonia and carbon dioxide
on silica. Preheating temperature: O, 0, 770 K; @, W,
1170 K.

preheated at 770 and 1170 K, adsorption of
ammonia and carbon dioxide was very
weak and complete desorption was ob-
served at room temperature. Thus, ammo-
nia and carbon dioxide are only physi-
sorbed on these samples. The amounts of
physisorbed ammonia and carbon dioxide
were different for these samples as shown
in Fig. 3. The difference can be ascribed to
the difference in concentration of surface
hydroxyl groups. It is known that ammonia
molecules are adsorbed to hydroxyl groups
on the silica surface via hydrogen bonding
(14). The ammonia uptake below 1 Torr
was very steep and the amount corre-
sponded to the amount of surface silanols
determined in the following section. Thus,
surface silanols are probably the sites re-
sponsible for the initial adsorption. The ad-
sorption of carbon dioxide on the silica
samples is very weak compared with that of
ammonia, suggesting that the adsorption is
caused mainly by van der Waals forces
(15). Kiselev reported that the heat of
physisorption for nitrogen on dehydroxyl-
ated silica was smaller than that on hydrox-
ylated silica by ca. 30% because of a lack of
‘‘specific’’ interaction between the nitrogen
molecules and the hydroxyl groups of silica
(16). Probably, the decrease in carbon diox-
ide uptake by the dehydration of silica is
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also due to the lack of ‘‘specific’’ interac-
tion. Thus, we can conclude that effective
acid-base sites do not exist in the silica
sample and the active sites for dehydro-
genation over silica are not acid—base sites.

Surface Area and Concentration of
Silanol Sites

When the silica sample was heated at
high temperature, desorption of water was
observed; the desorption of water is due to
condensation of silanols (I4,17), that is,
2Si-OH — Si-0-Si + H;0. The catalytic
activity of silica increases with an increase
in the amount of water desorbed, and de-
creases after water adsorption on silica.
The results suggest that the active sites are
not surface silanols but might be the Si-O-
Si sites. Thus, it is supposed that there is
some inverse relationship between the ac-
tivity and the concentration of surface sil-
anols. The amount of surface silanols was
estimated from the intensity of the silanol
absorption band (at 34003800 cm ™) in the
IR spectra of the silica samples. Kondo et
al. reported that a good linear relationship
can be seen between the intensity and the
amount of silanol determined by gravimetry
(17). Table 3 presents surface silanol con-
centration and BET surface areas of the sil-
ica as a function of preheating temperature.
The amount of water desorbed from the
sample by heating corresponded to the sil-
anol concentration. There is a close inverse

TABLE 3

Effect of Heat Treatment on Concentration
of Surface Silanol and BET Surface Area of the
Silica Sample

Preheating Surface area  OH concentration
temperature (K) (m2 g~ (pmol m~2)
770 582 2.85
870 520 1.73
970 499 0.68
1070 482 0.41
1170 461 0.26
1270 451 0.22
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F1G. 4. Relationship between activity of silica and
concentration of hydroxyl groups on silica. The yield
of acetaldehyde was determined from Fig. 1. The open
circle shows the result for the silica-adsorbing water.

relationship between the activity change
shown in Fig. 1 and the silanol concentra-
tion listed in Table 3. Figure 4 is a plot of
the acetaldehyde yield normalized to sur-
face area versus silanol concentration. The
yield was negligible for the silica preheated
below 900 K, which has substantial silanol
groups. On the other hand, appreciable
yield was observed for the silica preheated
at 970-1270 K. A linear relationship can be
observed between the yield and the silanol
concentration for these samples, support-
ing the idea that the active sites might be
the Si—O-Si sites. The active sites should
be deactivated by water adsorption. The
deactivation was confirmed by the follow-
ing experiments. When the silica preheated
at 1170 K was exposed to water vapor at
670 K and evacuated for 30 min at the same
temperature, the amount of surface silanols
was found to be 0.44 umol m~2. The yield of
acetaldehyde was 0.19 umol m~2, and the
value is on the straight line in Fig. 4 (open
circle). Thus, the catalytic activity of silica
is believed to relate mainly to the amount of
the oxygen bridges newly generated by
heating at temperatures above ca. 1000 K.

Adsorption of Ethanol on Silica

The results of reaction kinetics suggest
that chemisorption of ethanol proceeds on
highly dehydrated silica in the reaction;
therefore, an adsorbed state of ethanol on
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silica was investigated by IR spectroscopy.
In the case of the silica preheated at 770 K,
adsorption of ethanol followed by evacua-
tion at room temperature caused the ab-
sorption band assigned to hydroxyl groups
(14) to shift to 3733 cm™~! from 3742 cm™!,
where it was observed before adsorption
(Fig. 5). After the adsorption, absorption
bands at 2986, 2937, and 2913 cm™! were
also observed on the spectrum. These
bands were assigned to ethyl groups (14).
After evacuation at 570 K following the ad-
sorption, the band for hydroxyl groups was
observed at the same position as before ad-
sorption, but the intensity was discernibly
reduced (see background-subtracted spec-
trum d in Fig. 5). The absorption bands at
2986, 2937, and 2913 ¢cm™! remained after
evacuation even at 570 K. Thus, these
bands are not due to ethanol molecules but
to ethoxyl groups formed by condensation
between ethanol and silanol. It is known
that methoxyl groups are also formed on
the silica surface by condensation of metha-
nol and surface silanol (/14).

On the other hand, the bands for ethoxyl
groups at 2986, 2937, and 2913 cm™! were
also observed after ethanol adsorption in
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Fi1G. 5. Infrared spectra of ethanol adsorbed on the
silica surface: (a) before adsorption; (b) after exposure
to ethanol followed by evacuation at room tempera-
ture; (c) evacuation at 570 K; (d) background-sub-
tracted spectra, ¢ — a.
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F1G. 6. Change in intensity of ethoxyl and hydroxyl
groups on silica with ethanol adsorption followed by
evacuation at 570 K.

the spectra of the silica preheated at 1270
K, even though the amount of surface sil-
anols on the silica preheated at 1270 K was
quite small. In this case, intensity of the
silanol band at 3742 cm™! increased after
evacuation even at 570 K, strongly suggest-
ing dissociative adsorption of ethanol on
the silica surface, that is, C,HsOH + Si-O-
Si* — Si-OH + Si—-OC,H;. Morterra and
Low reported that a new absorption band at
2200-2300 cm~! assigned to Si—H appeared
after activation of silica by pyrolysis of tri-
methylaluminum on the surface and that
Si-0-0-Si species were formed on silica
by the activation (I8). However, we did not
observe the new band, suggesting that the
adsorption sites for ethanol are not the Si-
0-0O-Si species. Morrow et al. reported
that dissociative adsorption of methanol oc-
curs on the silica preheated at 1373 K and
that the adsorption sites are probably dis-
torted Si—O-Si oxygen bridges (/9). There-
fore, we believe that preheating of silica at
high temperature causes formation of the
active oxygen bridge on which dissociative
adsorption of alcohol takes place.

The change in intensity of the silanol
band after ethanol adsorption on silica de-
pends on the preheating temperature of sil-
ica. As shown in Fig. 6, the intensity of the
silanol band for the silica preheated at 770-
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870 K was reduced after ethanol adsorption
followed by evacuation at 570 K, whereas
the intensity of the band for ethoxyl groups
decreased with an increase in preheating
temperature. The reduction in intensity of
the silanol band is due to ethanol adsorp-
tion on the silanol groups because the ad-
sorption causes a reduction in the amount
of surface silanols. The decrease in inten-
sity of the band for ethoxyl groups corre-
lates with the surface silanol concentration
of the silica sample before adsorption. On
the contrary, in the case of the silica pre-
heated at 1070-1270 K, the intensity of the
silanol band was strengthened by ethanol
adsorption, and that for ethoxyl groups in-
creased with an increase in the preheating
temperature, whereas the amount of sur-
face silanol groups decreases with an in-
crease in preheating temperature (see Table
3). Thus, we infer that the sites for dissocia-
tive adsorption of ethanol are effectively
formed on silica by preheating above ca.
1000 K. It is noteworthy that the catalytic
activity of silica correlates to the intensity
of ethoxyl groups on silica preheated at
970-1270 K (Fig. 7). The finding suggests
that the active sites for the dehydrogena-
tion are the oxygen bridge on which disso-
ciative adsorption of ethanol can take
place. This is supported by the results that
the catalytic activity of highly dehydrated
silica depends on the amount of surface sil-
anols (Fig. 4) because the amount of sil-
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F1G. 7. Relationship between catalytic activity and
IR intensity of ethoxyl group for silica preheated at
970-1270 K.
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Fic. 8. Phosphorescence spectra of silica preheated
at 770-1270 K (emission spectra at 77 K; excitation,
300 nm).

anols correlates to the amount of active ox-
ygen bridge generated by heating.

Phosphorescence of Silica

It has been recognized that phosphores-
cence spectroscopy is useful for clarifica-
tion of surface active sites on oxides (20—
22). Figure 8 shows the phosphorescence
spectra for the silica samples preheated at
770-1270 K. In the case of a sample pre-
heated at 770 K, a phosphorescence peak
was observed at ca. 450 nm, and its life
span was found to be 3.3 ms. Except for a
discernible peak shift, no marked change
was observed in the spectra for the samples
preheated at 770-970 K. However, the in-
tensity of the phosphorescence steeply de-
creased on preheating at 1070-1270 K and
new phosphorescence peaks appeared
above 500 nm. In the spectrum for the sam-
ple preheated at 1270 K, three phosphores-
cence peaks were observed at ca. 540, 580,
and 640 nm, and the life span of the 540-nm
phosphorescence was found to be 3.1 ms.
The results strongly suggest that the sur-
face structure of silica actually changes at
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ca. 1000 K and new sites are formed by
preheating above ca. 1000 K.

To assign the sites responsible for the
phosphorescence, the phosphorescence
spectra of the samples were recorded after
adsorption of oxygen or ethanol on the
samples preheated at 770 or 1270 K. The
results are shown in Fig. 9 (A and B series
are emission spectra; the C series shows
excitation spectra). Since the phosphores-
cence above 500 nm appears on the silica
preheated above ca. 1000 K and the inten-
sity roughly correlates with the catalytic ac-
tivity for dehydrogenation, the phosphores-
cence may be associated with the active
sites. In the case of the sample preheated at
1270 K, adsorption of oxygen gave no de-
finitive change in the phosphorescence

intensity
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F16. 9. Phosphorescence spectra of silica after ad-
sorption of oxygen or ethanol. (A-1) emission spec-
trum at 77 K for silica preheated at 1270 K (excitation,
320 nm); (A-2) after adsorption of oxygen at 77 K; (A-
3) after adsorption of ethanol at room temperature fol-
lowed by evacuation at 570 K; (B-1) emission spec-
trum at 77 K for silica preheated at 770 K (excitation,
300 nm); (B-2) after adsorption of oxygen at 77 K; (B-
3) after adsorption of ethanol at room temperature fol-
lowed by evacuation at 570 K; (C-1) excitation spec-
trum for silica preheated at 770 K (emission, 420 nm);
(C-2) excitation spectrum for silica preheated at 1270
K (emission, 550 nm).
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above 500 nm, but ethanol adsorption dis-
cernibly reduced the phosphorescence. In
addition, no change in lineshapes was ob-
served in this case (Fig. 9A). On the silica
preheated at 1270 K ethanol adsorption
sites are probably the active Si—O-Si oxy-
gen bridges which we believe to be the ac-
tive sites for the dehydrogenation as de-
scribed in the previous section. Thus, the
result for ethanol adsorption strongly sug-
gests that the phosphorescence above 500
nm is associated with the oxygen bridge on
which dissociative adsorption of ethanol
takes place.

On the other hand, the 450-nm phospho-
rescence of the silica preheated at 770 K
was almost eliminated after adsorption of
oxygen at 77 K (the amount of oxygen in-
troduced onto the sample was ca. 10 umol);
on the contrary, for the sample adsorbing
ethanol at room temperature and being
evacuated at 570 K, the intensity was much
stronger than that for the sample before ad-
sorption (Fig. 9B). No change in lineshapes
was observed on these emission and excita-
tion spectra by the adsorption. Observation
of phosphorescence of silica suggests that
excited triplet states are produced on silica
by UV irradiation. Ogata et al. reported
that photooxidation of carbon monoxide
proceeds on the silica preheated at 723 K
under UV irradiation and that O5 species
are formed on the silica under UV irradia-
tion in the: presence of oxygen (23). This
suggests that occurrence of charge transfer
on the silica by UV irradiation. In the case
of metal oxides such as magnesium oxide,
an O~ species is also formed on the oxide
under UV irradiation caused by charge
transfer from oxygen atom to metal atom,
and its photoemission is observable (24).
Thus, it can be supposed that the phospho-
rescence at 450 nm is associated with pho-
toactive sites; quenching by oxygen can be
accounted for through formation of O3 spe-
cies. As shown in Fig. 8, the phosphores-
cence peak diminished for the silica sample
preheated above ca. 1000 K. As appreciable
activity for ethanol dehydrogenation was
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observed for samples preheated above ca.
1000 K, the sites responsible for the 450 nm
phosphorescence peak are not associated
with the active sites.

CONCLUSIONS

Since effective acid-base sites are not
formed on highly dehydrated silica, the eth-
anol dehydrogenation observed here does
not proceed on acid-base sites. On the
other hand, there is an inverse relationship
between the activity of the silica catalyst
preheated above ca. 1000 K and the con-
centration of surface silanols, suggesting
that the active sites are the oxygen bridge
newly generated by heating above ca. 1000
K. The generation of new sites on highly
dehydrated silica was also confirmed by
measurement of the phosphorescence of
silica. The new sites are probably the oxy-
gen bridges on which dissociative adsorp-
tion of ethanol takes place as evidenced by
the IR measurement. The results for reac-
tion kinetics suggest that the dehydrogena-
tion proceeds by the Langmuir-Hinshel-
wood mechanism. Thus, the reaction
probably proceeds as

C;H;OH + Si-O-Si* 2 (Si-OH
+ Sl—OCsz)* i CH3CHO + H2
+ Si—O0-Si*.

Molecular orbital calculations, reported
elsewhere, support the idea that selective
dehydrogenation can proceed via this inter-
mediate (25).
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