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the methanol oxidation into formaldehyde
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Abstract

The selective oxidation activity of the molybdena thin layer loaded on SnO, which was calcined at 773-1173 K was
studied. MoOj spread readily on SnO,, and covered the surface of support with ca. 80% coverage at most independent of the
calcination temperature of tin oxide. On the other hand, the turn-over frequency depended on the calcination temperature, i.e.,
the high TOF was kept on the catalyst with the SnO, calcined below 973 K, but it decreased with the SnO, calcined above
1073 K. Characterization of the catalysts revealed relations between the catalytic activity and the property, i.e., reducibility
and solid acidity. In particular, the strong dependence upon the solid acidity was observed. The acid sites were generated on
the molybdenum oxide loaded on tin oxide calcined below 973 K, and possibly identified as the Brgnsted acid sites. Methanol
was adsorbed more weakly on the acid sites than on exposed surface of SnO,, and converted into formaldehyde selectively.
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1. Introduction

Oxidative dehydrogenation of methanol into for-
maldehyde is an important industrial reaction over the
Fe,03;—MoOj; catalyst. On the other hand, this reaction
has been used as a test reaction to prove the activity of
the MoOj; and V,0s5 loaded catalysts for oxidation
reaction. In particular, there are many investigations
on the activity and selectivity of molybdenum oxide
loaded catalysts, and the reaction mechanism and the
structure of active sites were proposed [1-6].

We have been studying the support effect on the
loaded MoOs in the oxidation of methanol. In our
previous papers [7-9], the activity of MoO3 loaded on
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various oxides was measured, and a sequence of the
activity was concluded, i.e., on SnO,>on Fe,O3;>on
ZrO,>on TiO,>on Al,Oz>unsupported MoOs. The
sequence was determined based on the turn-over
frequency which was measured from the number of
exposed molybdenum oxide site and the rate of oxida-
tion. The sequence of the activity was nearly the same
for all the studies, not only on MoOj3 [10-13] but also
on V,0s5 [14,15]. Wachs et al. [10-12] explain the
sequence due to the reducibility of support oxide,
because they considered the high activity being caused
by the oxygen atom located between metal oxide and
support such as M—O-M'. Their conclusion, however,
is not sufficiently supported by the experimental
findings. One may indicate that the interesting finding
for the activity enhancement by the support remains
unsolved.
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When various kinds of metal oxide were used as a
support, there will be many variable physico-chemical
parameters, e.g., reducibility, bond strength of metal
and oxygen, acid-base property, size of metal cation,
electro-negativity, etc. Such a complexity will make
the problem so difficult to be solved. Based on the
consideration, only one kind of metal oxide, i.e., tin
oxide will be utilized as a support in this study. The
calcination temperature of tin oxide will be varied
because of a key parameter in the preparation, and thus
induced change in the activity and property will be
studied in order to finally obtain the relationship
between them.

2. Experimental
2.1.  Preparation of SnO; and the supported catalyst

Tin oxide was prepared from a solution of
SnCl,-2H,0 which was dissolved into the HCI solu-
tion. To the solution, NH4,OH was added to precipitate
the hydroxide, which was then washed to remove the
chlorine ion until the pH of the solution was adjusted
to 7.0. The hydroxide gel thus obtained was dried and
calcined in air at temperatures from 773 to 1123 K for
2 h.

Supported catalyst was prepared by an impregna-
tion method. Tin oxide was added to the solution of
(NH4)6Mo0,0,4-4H,0, followed by adjusting the pH to
10 by NH,OH. Water was evaporated on a hot plate,
and then dried at 383 K. It was calcined in a stream of
oxygen at 773 K for 3 h.

2.2. Benzaldehyde—ammonia titration (BAT), OH
measurements, and IR

Benzaldehyde—ammonia titration method to know
the spreading of loaded oxide was performed in a
method described previously [16]. Usual pulse method
was used with a 6 mm o.d. pyrex glass tube and FID
gas chromatography using a silicon column. Helium
carrier gas was purified by a liquid nitrogen trap prior
to the reactor. Usually, 0.1 g of the sample was used
and heated at 673 K for 1 h in a flow of oxygen. After
cooling down to 523 K, the carrier gas was switched to
He, and benzaldehyde was injected repeatedly until
the saturation at 523 K. Subsequent reaction of ammo-

nia with the adsorbed benzoate species formed ben-
zonitrile, from which the amount of benzoate anion
was determined.

Concentration of surface hydroxide on the calcined
SnO, was measured by the reaction of a Grignard
reagent, MgCH;1 with surface OH to form methane at
room temperature [17]. Tin oxide was evacuated at
673 K, and MgCHj;I in a dimethylether solution was
allowed to be reacted; the amount of evolved methane
was measured volumetrically.

Infrared spectra were taken with Jasco FT/IR-5300
spectrophotometer using the compressed disk consist-
ing of KBr and 5 wt% solid sample.

2.3.  Oxidation of methanol

The catalytic reaction was performed by a contin-
uous flow method. Methanol was fed from the satura-
tor chilled by ice, and the composition of gas mixture
was 3.4% CH;O0OH, 15.2% O, and 81.4% N,. The
reaction temperature was 498 K, and the weight of
catalyst was chosen to adjust the conversion of metha-
nol to less than 20%. Products were analyzed by gas
chromatography with a thermal conductivity cell and
separation columns of Porapak Q and Molecular
sieves 13 X. The catalytic activity was measured at
1 h after the reaction.

2.4. TPR, and TPD of ammonia and methanol

Temperature programmed reduction (TPR) profile
was obtained using Ar—-H, mixture (H,, 6 vol%) as a
carrier gas. Prior to the measurements, the sample was
oxidized by a flow of oxygen at 773 K, and after
cooling down to the room temperature, the tempera-
ture was elevated linearly up to 773 K in a rate of
10 K min~'. Concentration of H, was monitored by a
mass spectroscopy.

Temperature programmed desorption (TPD) of
ammonia was measured using all-glass apparatus with
two vacuum pumps; the detail of experimental appa-
ratus was described previously [18]. About 0.1 g of the
sample was evacuated at 773 K for 1 h, and the bed
temperature was cooled down to the room tempera-
ture. Ammonia was then allowed to be adsorbed, and
the gaseous ammonia was evacuated; after the evacua-
tion, the bed temperature was elevated with the ramp
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rate of 10 K min~'. Desorbed ammonia was detected
by mass spectroscopy at 16 of m/e.

The water vapor treatment was performed twice in
the step intermediate between adsorption of ammonia
and elevation of temperature; the water vapor was
adsorbed at room temperature, and replaced with
removable ammonia.

TPD of methanol was measured using the same
apparatus with the TPR experiment. Sample was first
oxidized in a flow of oxygen at 773 K, and methanol
was injected to be adsorbed at 373 K through an inlet
before the sample bed. Injections were repeated to
make the surface of oxide saturated with adsorbed
methanol. Then, the temperature was elevated with the
ramp rate of 10 K min~'. Mass spectroscopy was used
to detect the desorbed molecules, and 30, 31 and 44 of
m/e were used for formaldehyde, methanol and CO,.
Intensity of the mass spectroscopy was calibrated with
a certain amount of these molecules.

3. Results
3.1. Spreading of molybdenum oxide on tin oxide

Tin oxide was calcined at temperatures from 773 to
1173 K, and the surface area of the calcined sample
was measured. It decreased gradually with the increas-
ing calcination temperature, as shown in Table 1.
Saturated concentration of benzoate anion adsorbed
on the tin oxide was then measured by BAT method. It
was ca. 1.8nm ? on the samples calcined below
973 K, and ca. 2.5 nm~ 2 above 1073 K, as shown in
Table 1. The concentration of ca. 1.8 nm > was in
agreement with the value previously reported [19].

Molybdenum oxide was loaded on these tin oxides,
and not only the surface area but also the concentration

Table 1
Characterization data of tin oxide

of adsorbed benzoate anion on the loaded catalyst was
measured. The degree of surface coverage by molyb-
denum oxide was then calculated, because the benzo-
ate anion was adsorbed on the exposed surface of tin
oxide only with the high concentration as mentioned
above. The extent of coverage by loaded molybdenum
oxide is defined as

Coverage (%) = (1 —Bbmmly“> x 100,
B unloadedoxide

where 3 is the concentration of adsorbed benzoate
anion in nm 2.

Fig. 1 shows the change of the coverage by molyb-
denum oxide with the concentration of Mo atoms on
the surface. It increased with an increase in the surface
concentration, and almost saturated at ca. 4 nm 2. In
the figure, two lines showing the monolayer relation-
ship were drawn as comparisons. The monolayer
relations were estimated from the surface area owned
by a molybdenum oxide species with the octahedral
(0.147 nm?) or tetrahedral (0.252 nm?) configuration.
It was roughly shown that the coverage increased
along with the expected monolayer relationship up
to about 80% at less than 6 nm ™~ of the concentration.
The behavior of monolayer covering was not changed
largely by varying the calcination temperature of tin
oxide. This means that the molybdenum oxide spread
all over the tin oxides readily. Above 6 Mo nm > of
the surface concentration, the coverage did not
increase, and arrived at the saturation. The relation
between the coverage by Mo and the concentration is
in agreement with the previous finding on metal oxide
supports such as ZrO,, TiO,, Al,03 [7], and Fe,05 [9].

The IR spectra of the loaded catalyst showed an
absorption of the surface molybdenum oxide at
960 cm ™! at more than 2.4 Mo nm > (not shown).
However, this band which would be ascribable to

BET surface
area (m2 g")

Calcination Benzoate anion

temperature (K)

concentration (nm’z)

773 25.8 1.84
873 20.2 1.77
973 14.7 1.91
1073 9.5 2.76
1173 7.6 2.35

Hydroxide Adsorbed ammonia
concentration (nm™2) concentration (nm ™ 2)
11 1.02

10 1.10

9.6 1.04

6.6 1.20

6.0 0.79
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Fig. 1. Coverage by molybdenum oxide against the concentration
of molybdenum oxide loaded on SnO, which were calcined at
different temperatures: 773 (O), 873 (A), 973 (A), 1073 ((J) and
1173 () K. Solid and dotted lines show the relationship expected
from the formation of molybdenum oxide monolayer with
octahedral and tetrahedral configurations, respectively.

surface molybdate species was not observed on the
MoO; loaded on the SnO, calcined at 1173 K. At
9.5 Mo nm™? loaded on SnO, calcined at 973 and
1073 K, another band appeared at 991 cm~ !, which
was ascribable to free MoQOj3;. The highly spreading of
molybdenum oxide at the low concentration was thus
supported by the IR observation.

Concentration of surface OH on SnO, was then
measured to examine the change in surface conditions
by the calcination. As shown in Table 1, the concen-
tration of surface OH was 11-10 nm ™2 on the tin oxide
calcined below 973 K. This value was nearly in agree-
ment with that previously reported by Harrison and
Guest [20] from the gravimetric measurements. The
concentration decreased by the calcination above
1073 K to 7-6 nm™ 2. It seems that there is a com-
plementary relation between concentrations of benzo-
ate anion and hydroxide, as shown in Table 1. Because
the benzoate anion is stabilized on a coordination
unsaturated site (CUS site; M—O™) formed by the
dehydroxylation, the complementary relation would
be easily understood.

XRD of the SnO, showed the rutile structure. The
intensity increased with an increase in the calcination
temperature. The XRD proved only the sintering of
metal oxide, but did not show any change in the
structure.

3.2.  Activity for methanol oxidation

Catalytic activity of the MoOj3; loaded on SnO, for
the methanol oxidation was measured. The conversion
of methanol was adjusted to less than 20% in order to
determine the activity in the differential conditions.
The selectivity to form formaldehyde was so high
that other products could be neglected. The rate
of formaldehyde formation was measured, and the
turn-over frequency (TOF) was determined from the
rate of formation and the number of molybdenum
atom exposed on the surface which was determined
from the surface area occupied by the molybdenum
oxide.

Fig. 2 shows the plot of the TOF thus deter-
mined against the surface concentration of loaded
Mo atom. As shown in the figure, the values of
TOF were roughly divided into two groups, i.e.,
the high TOF on tin oxide calcined below 973 K
and the low TOF on tin oxide calcined above
1073 K. In other words, the catalytic activity on an
active site was kept high by the calcination of tin oxide
up to 973 K, but it decreased significantly above
1073 K.

The TOF was very small at the low Mo concentra-
tion, and then increased almost linearly with the
concentration of Mo. The behavior is again in agree-
ment with that previously reported.

TOF X100 (s™)

0 2 4 6 8
Mo concentration /nm™

Fig. 2. Turn-over frequency for the methanol oxidation into
formaldehyde on the MoO; loaded on SnO, calcined at 773 (O),
873 (A), 973 (A), 1073 (J) and 1173 () K.
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Fig. 3. TPR using H; on SnO, and on MoO; (9.5 Mo nm~2)/Sn0, calcined at different temperatures.

3.3. TPR using H,

In order to understand the change of activity by the
calcination of support, the catalysts were character-
ized using temperature programmed reduction and
desorption techniques.

First, the reducibility of the catalyst was studied by
a TPR technique with H, as a reductant. The experi-
ments were performed on, not only the loaded cata-
lysts but also on support tin oxide, as shown in Fig. 3.
Reduction of tin oxide occurred at about 473 K, and
continued up to 773 K. Two broad peaks of hydrogen
consumption were observed at 550 and 700 K. The
total amount of consumed hydrogen was plotted
against the calcination temperature, as shown in
Fig. 4.

By varying the calcination temperature, the reduc-
tion behavior of SnO, changed small, and the total
amount of H, required for the reduction until 773 K
was kept almost a constant. On the other hand, the
amount of consumed H, increased by the loading of
MoO;5; on the SnO, calcined at 773-973 K. On the
catalysts containing SnO, calcined at 1073 and

1173 K, however, it was decreased or unchanged.
The change of consumed amount of hydrogen by
the loading of MoOj is thus similar to that observed
for the variation in catalytic activity. The amount of H,
molecule divided by loaded Mo atom was 2.5-4.3 on

2 T T T T T T T

@ Mo0,/Sn0,
O  Sn0O,

Consumption of hydrogen/mmol/g

0 B I 1 L | L 1 L
773 873 973 1073 1173
Temp./K

Fig. 4. Amount of H, required for the reduction of SnO, and MoO;
(9.5 Mo nm™~2)/SnO, until 773 K.
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Fig. 5. TPD of ammonia on SnO, with and without the water vapor

treatment.

the catalysts with the SnO, calcined at 773-973 K,
and larger than 1 which was expected from the reduc-

tion to MoQ,.

3.4. TPD of ammonia

Acidic property of the catalyst was then measured

by the TPD of ammonia. As shown in Fig. 5, the TPD
profile on SnO, showed three desorption peaks of
ammonia at ca. 400, 520 and 680 K, and ammonia
was desorbed completely at 800 K. The temperature
of ammonia desorption was so high that the desorption
peak could be identified as ammonia strongly
adsorbed on acid sites on SnO,. The concentration
of adsorbed ammonia was ca. 1 nm72, and did not
largely change by the calcination up to 1173 K, as
shown in Table 1. However, the water vapor treatment,
which was made at room temperature after the ammo-
nia adsorption, deleted the ammonia peak almost
completely. In this case, water was found to be
desorbed in place of ammonia. It was thereby clear
that water was adsorbed to be replaced with adsorbed
ammonia which would be desorbed during the TPD
experiment without the water vapor treatment.

On the other hand, the TPD on MoO; loaded on
773 K calcined SnO, with 8 Mo nm "~ of the concen-
tration showed a broad desorption peak with the peak
maximum at 390 K, as shown in Fig. 6. The treatment
by water vapor had only a small effect on the TPD
profile; the intensity did not change, and the peak
temperature was shifted to high by ca. 30 K only.
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Fig. 6. TPD of ammonia on MoO; (8 Mo nm 2 of the concentra-
tion)/SnO, (calcined at 773 K) with and without the water vapor

treatment.

Consequently, ammonia adsorbed on the loaded
MoO; was not replaced by water. Thus, the water
vapor treatment resulted in the contrastive behaviors
on SnO, and MoO3/Sn0O,.

In Fig. 7 are summarized the desorption profiles on
the MoOs loaded on 773 K calcined SnO,, which was
obtained after the water vapor treatment. Intensity of
the desorption peak increased with increasing the
amount of loading, and became outstanding at more
than 8 Mo nm 2. Fig. 8 shows the TPD on the MoOs
(8 nmfz) loaded on SnO, calcined at different tem-
peratures. The peak maximum temperature shifted

small to the high temperature with increasing the
calcination temperature. The amount of desorbed

1.0 T T T T T
8 Mo nm™
«@ 08 .
£
=}
g
g 06 B
=~
2 6 Mo nm™
S 04
:E’ ’ 4 Mo nm™
Z 2
02| 2 Mo nm i
0 e 4
700 800

3
Temp./K

Fig. 7. TPD of ammonia on MoO; loaded on 773 K calcined SnO,
with different concentrations of Mo.
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Fig. 8. TPD of ammonia on MoOj; loaded on SnO, calcined at

different temperatures with the concentration of 8 Mo nm ™2

ammonia decreased greatly upon calcination at tem-
peratures above 1073 K.

Amount of ammonia desorbed was summarized in
Table 2, where its ratio divided by the loaded Mo was
shown. It was revealed that 17-20% of molybdenum
loaded on the SnO, which was calcined at 773-973 K
with the concentration of 8 Mo nm ™~ showed the solid
acidity. In other words, about one fifth of the Mo atom
showed the solid acidity, but it decreased either by the
calcination at such high temperatures as 1073 and
1173 K or by the loading of less than 6 Mo nm ™2 of
the concentration. Solid acidity was therefore created,
when molybdenum oxide was loaded on the SnO,
calcined below 973 K at the concentration of the full
coverage monolayer or a little excess.

Reaction rate / £ mol/g.s

Amount of desorbed NH; /mol/kg

. 2
Mo concentration(nm™)

Fig. 9. Comparison between rate of methanol oxidation into
formaldehyde (dotted line) and the desorbed ammonia (O, @) as
obtained by varying the concentration of molybdenum loaded on
SnO, calcined at 773 (O) and 1173 (@) K.

Figs. 9 and 10 show the comparison between the
catalytic activity and amount of desorbed ammonia.
Good agreements were observed between them in not
only the comparison for the loaded molybdenum
concentration but also for the calcination temperature
of SnO,. However, there was a deviation in Fig. 9 at
such a high concentration as 8§ Mo nm 2, because the
amount of ammonia desorbed increased steeply with
the concentration of Mo, while the reaction rate did
not.

3.5. TPD of methanol

Adsorption of methanol was studied on SnO, and
MoOj; loaded catalyst using the TPD of methanol, as

Table 2
Ratio of desorbed ammonia against the loaded Mo
Calcination temperature of SnO, (K) Concentration of Mo (nm’z) NHs/Mo
Upon loading of 8 Mo nm ™2 on SnO, calcined at different temperatures
773 0.17
873 0.20
973 0.19
1073 0.09
1173 0.05
Upon loading on SnO, calcined at 773 K
2 0.07
4 0.05
6 0.06
8 0.17
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Fig. 10. Comparison between rate of methanol oxidation into
formaldehyde (dotted line) and desorbed ammonia (@) as obtained
by varying the calcination temperature of SnO,.

shown in Fig. 11. In this experiment, the catalyst with
8 Mo nm 2 of the concentration was selected in order
to know the adsorption behavior on the surface which
was almost covered with the loaded molybdenum
oxide.

Desorption profile was summarized in Fig. 11, and
the amount of desorbed molecule in a unit of surface
concentration was shown in Table 3. On the MoO;
loaded on 773 K calcined SnO,, methanol and for-
maldehyde were desorbed at 420 K, and CO, at 560 K.
The desorption temperature for formaldehyde was
close to the temperature at which formaldehyde was
formed in the catalytic reaction. On the other hand,
very small amount of formaldehyde was detected on
the 773 K calcined SnO,, and methanol and CO, were
desorbed at 490 and 550 K, respectively. On the SnO,

M T T T M T
. MoO;( 8Monm 2y/Sn0,(773K)

m

s HCHO
A

CH;OH

Arbitary unit

...........

SnO,(773K) |

Arbitary unit

300 300 600 700
Temp./K

300 300 800700
Temp./K

- :
MoO,(8Monm2/SnO,(1173K)

Arbitary unit

Temp./K

T M T

T T
SnO,(1173K) |
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Fig. 11. TPD of methanol: (a) on MoOj3 loaded on SnO, calcined at 773 K; (b) on SnO; calcined at 773 K; (c) on MoOj3 loaded on SnO,

calcined at 1173 K; (d) on SnO, calcined at 1173 K.
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Table 3

Surface concentration of adsorbed molecule measured by TPD of methanol (nm~?)

Sample CH;0H HCHO CO,
SnO, (773 K calc.) 0.18 0.06 3.83
MoO; (8 Mo nm2)/Sn0O, (773 K calc.) 0.21 0.27 2.55
Sn0O, (1173 K calc.) 0.15 0.019 11.9
MoO3; (8 Mo nm2)/Sn0O, (1173 K calc.) 0.10 0.002 8.36

calcined at 1173 K with and without MoQOs;, few of
HCHO was desorbed, and methanol and CO, were
desorbed at 490 and 540 K, respectively. It was thus
found that only the MoOj; on 773 K calcined SnO,
which had the selective activity showed a different
behavior about the desorption of CH;0OH and HCHO.
It was noteworthy that methanol was adsorbed on any
catalysts studied, but it was desorbed from the selec-
tive catalyst at lower temperature than from others. In
other words, a different scheme of methanol adsorp-
tion was suggested only on the selective catalyst, and
the close relation with solid acidity was able to be
indicated.

4. Discussion

Molybdenum oxide readily spread on the tin
oxide which was calcined at the temperatures from
773 to 1173 K. The readily spreading of MoO3; on
these metal oxides is expected to be due to the
different properties of MoO; and tin oxide support.
As observed previously [21], the basic property of
support and the acidic property of loaded metal
oxide form a strong interaction, and enable the
loaded Mo highly spread on tin oxide. On the other
hand, the turn-over frequency for the methanol
oxidation into formaldehyde depended upon the
calcination temperature of tin oxide. Different
reactivity of the loaded molybdenum oxide is due
to the different property of support which was
prepared at different temperatures. In the present
investigation, our focus is thus directed to understand-
ing the catalyst property from viewpoints of reduci-
bility and solid acidity. Discussion will be made at first
on these properties, and then on the reactivity of the
loaded catalyst which is related to the reaction
mechanism.

4.1. Reducibility

The agreement of the experimental finding in redu-
cibility and reactivity indicates that the reducibility
measured from TPR with hydrogen may affect the
activity in methanol oxidation. Temperature for the
reduction did not change largely by loading of molyb-
denum oxide, but the amount of hydrogen required for
the reduction of metal oxide was enhanced by the
loading of molybdenum oxide on tin oxide calcined at
lower temperatures. The amount of H, molecule
divided by loaded Mo atom on the catalysts with
the SnO, calcined at 773-973 K was larger than 1.0
which was expected from the reduction of MoOj into
MoO,. The temperature for reduction and the stoi-
chiometry which correspond to qualitative and quan-
titative profiles of reduction, respectively, indicate that
tin oxide support also is reduced in the TPR experi-
ments. It is therefore suggested that the oxygen atom
on the surface and in the bulk of tin oxide can
participate in the oxidation. However, the oxygen
was used for the reduction of H, at the temperatures
quite different from the reaction temperature of
methanol oxidation. Thereby, the TPR does not assure
the participate of reducible oxygen in the reaction
completely.

4.2.  Solid acidity of oxide

TPD of ammonia on this catalyst system has pre-
viously been reported by us [8]. However, the TPD
spectrum was measured with a thermal conductivity
detector, and identification of the peak was impossi-
ble. On the other hand, in this investigation, mass
spectroscopy was used to identify the desorption peak.
In addition, an improved method of water vapor
treatment has been undertaken in the present investi-
gation. With this method, not only the number of acid
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site is precisely determined, but also the quality of acid
site can be estimated. As indicated previously by
Bagnasco [22], the water vapor treatment is a method
to improve the selectivity of ammonia adsorption. He
indicated that Brgnsted and Lewis type acid sites
might have different adsorption abilities to water
and ammonia, and their strengths to the probe seemed
to be ordered in a different way, i.e., water>ammonia
for the Lewis type acid site, and ammonia>water for
the Brgnsted type acid site. Another explanation is
however possible based on a concept of the ligand field
stabilization energy [23]. Water is not stabilized as
aquo ligand on the Sn*" cation with d° configuration
so that it undergoes the hydration to form the hydro-
xide. Adsorbed ammonia is thus replaced with sub-
sequently admitted water molecule. It is therefore
concluded that the site on the SnO, adsorbs water
to make the hydroxide easily. The adsorption site for
ammonia could be ascribed to the exposed site of Sn**
cation as a Lewis type acid. Although the adsorbed
ammonia species on SnO, could not be identified by
infrared spectroscopy due to the low transmittance, the
species adsorbed on ZrO, has been identified as NH;
on the Lewis acid site [24]. No infrared absorption
ascribable to NH, was observed on ZrO,. Both SnO,
and ZrO, having the similar property, the desorbed
ammonia molecules from SnO, are to be identified as
those on the Lewis acid site of SnO,, and the strong
acidity of tin oxide is estimated.

On the other hand, it may be possible to identify the
adsorption site on the MoO; loaded catalyst as the
Brgnsted acid site, because the water vapor treatment
did not affect the desorption profile largely, unlikely
on SnO,. The high probability for the loaded molyb-
denum to show the acidity, i.e., ca. 1/5 is of interest.
There are now two kinds of explanation for the gen-
eration of acid site on the surface of loaded molybde-
num oxide. This would be explained by the idea that
the Mo®"=0 could be reduced into Mo ™—OH. We
have already studied Mo’ " cation by electron spin
resonance, and found the relationship between number
of Mo”" cation and catalytic activity on the SnO,—
MoO5; mixed catalyst [25]. Thereby, the previous
observation adds support to the estimation of genera-
tion of acid site by the reduction. Another idea to
explain the mechanism of acid site generation is the
formation of a clustered molybdenum anion species
on the surface of support. Some protons would be

formed on the anion to compensate for the excess
electron. The latter mechanism of clustered species
would explain the probability to create the acid site on
the loaded MoO3, 1/4-1/5, if 5-7 molybdenum atoms
containing species forms the mono- or di-valent anion.

The generation of acid sites is strongly related with
the calcination temperature of tin oxide, as mentioned
above. Obviously, the physico-chemical property of
tin oxide surface affects the formation of acid sites on
the loaded molybdenum oxide. Among various mea-
sured properties, the concentration of surface hydro-
xide of tin oxide may be related with the formation of
solid acidity, because its concentration is high up to
973 K of the calcination temperature of tin oxide.
From the correlation, it could be possibly explained
that the surface hydroxide of tin oxide has a role of
creating the acid site of the loaded molybdenum oxide.
However, more detailed study is required to prove not
only the generation of acid sites but also the role of
support.

4.3.  Mechanism of methanol oxidation on the
loaded molybdenum oxide

The turn-over frequency of methanol oxidation
depended strongly on the concentration of the loaded
Mo. It was very low in the low Mo concentration, and
increased almost linearly with the loaded Mo at more
than ca. 2 Mo nm 2. The linear increase of TOF seems
to suggest the structure of active site, because this
means the two neighboring Mo atoms working as the
active site, i.e., one for adsorption of methoxide and
another for oxidative abstraction of hydrogen from the
adsorbed methoxide. This mechanism of methanol
oxidation is in agreement with that previously pro-
posed by many researchers [1,3,4,6]. However, the
solid acidity was created by the loading, and the
generation of acidity also depended on the concentra-
tion of Mo, as mentioned above. Because the gener-
ated acidity may induce the adsorption of selective
species of methanol, the concentration of loaded Mo
affects the rate of methanol oxidation doubly, i.e., the
formation of dual active site of Mo and the formation
of acid sites. A complex dependence of the TOF on the
concentration of Mo could thus be explained.

In order to catalyze the partial oxidation of metha-
nol, therefore, two kinds of property, i.e., adsorption of
methanol and oxidation activity, has to be optimized.
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In this investigation, the acidity and reducibility were
characterized, and these were correlated with the
activity. The solid acidity was however found to be
correlated more closely to the activity for oxidation of
methanol than the reducibility.

Adsorption and desorption of methanol on these
oxides provide us information to estimate the reaction
mechanism. On SnO,, and MoO; loaded on SnO,
calcined at higher temperature, methanol was
adsorbed strongly, and only CO, was formed. On
the other hand, methanol was adsorbed weakly on
the MoOj; loaded on SnO, calcined at lower tempera-
ture, and yielded formaldehyde. Most probably, the
Brgnsted acid sites are generated by the loading of
MoO; on SnO, calcined below 973 K. Methanol may
be adsorbed on the acid site to form methoxide, and
then the methoxide species finally yields formalde-
hyde. On the other hand, methanol seems to be
strongly adsorbed on SnO, as another type species.

Ai [26] studied the influence of the acidity upon the
oxidation activity in various cases of reaction and
catalyst. He used the dehydration of isopropyl alcohol
to characterize the acidity of catalyst, and found a lot
of relations. However, he did not indicate exactly how
the solid acidity affected the reaction. On the other
hand, it was found in the present study that the acid site
of catalyst affected the adsorption of methanol to form
formaldehyde selectively, i.e., the acid site does not
enhance the adsorption of methanol, but it has a role of
adsorption site for the species to form formaldehyde
selectively.
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