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Oxidation of methacrolein over heteropoly acid catalysts (mainly 12-molybdophosphoric acid) at 
300°C was investigated by use of a flow method. Primary (Keggin) and secondary structures of the 
catalyst were rather stable upon heat treatment at 250-350°C and reproducible data of the oxida- 
tion reaction were obtained by the pretreatment at 350°C in a N2 + Or + HZ0 stream. Effects of 
oxygen in the feed gas demonstrated that oxygen atoms of polyanions or steam were directly 
involved in the reaction and the reduced polyanions were reoxidized by gaseous oxygen. Presence 
of steam had a remarkable effect both on the rate and selectivity. Rate equation, ESR study, and 
the comparison between the catalytic oxidation (flow method) and noncatalytic oxidation (pulse 
method) indicated that the reduction of catalysts was rate-determining in a redox mechanism and 
the catalysts were in a highly oxidized state under the present reaction conditions. Effects of metal 
salt formation and silica support were also examined. On the basis of these results, a possible 
reaction mechanism with an ester- or diol-type intermediate has been proposed. 

INTRODUCTION 

Application of heteropoly acids as oxida- 
tion catalysts has been attempted for many 
years (I, 2). Recently, the oxidation of me- 
thacrolein to methacrylic acid catalyzed by 
heteropoly compounds has become of ma- 
jor industrial importance. Quite a few stud- 
ies have been published in patents (3) and 
some also in scientific papers (4, 5). It was 
suggested from ir spectra of catalysts that 
the polyanion structure (Keggin structure) 
of IZheteropoly acid (mainly of molybde- 
num) was the effective component for the 
reaction ( 7). 

Besides the application to industrial pro- 
cesses, heteropoly acids are suitable mate- 
rials for fundamental research on catalysis 
by the following reasons. First, their struc- 
ture can be defined at the “molecular 
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level” of heteropoly anion. Second, their 
acidic and oxidizing properties can be mod- 
ified by changing the constituting elements 
(heteroatom, polyatom, and counterca- 
tion). By the control of acid and redox 
properties, it would be also possible to de- 
velop new synthetic processes by use of he- 
teropoly acid catalysts. 

However, although the structure of he- 
teropoly acids in the crystalline state and 
their acid or redox properties in solution 
have been well clarified (8), there is little 
information on those properties in the solid 
state at elevated temperatures. For exam- 
ple, the reduction process of lZmolyb- 
dophosphoric acid is likely different in solu- 
tion and in the solid state, since ESR signal 
at 77 K became extraordinary broad and 
isotropic when reduced in solution (9), 
while an anisotropic signal with hyperfine 
structure was observed at the same temper- 
ature when reduced at 250°C (10). As for 
the acidic properties, it was suggested from 
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color change of an indicator that lZtung- 
stophosphoric acid was an acid stronger 
than Ho = -8.2 (6). However, it was quite 
recent that 1Zheteropoly acids were dem- 
onstrated to be purely protonic and very 
strong in the solid state at high tempera- 
tures (I, II). Moreover, if one considers 
the thermal instability and its strong ten- 
dency to be hydrolyzed, it is uncertain 
whether or not the structure of heteropoly 
anion itself was maintained under the reac- 
tion conditions of earlier studies. 

It appears therefore very important in the 
study of heteropoly acid catalysts to ensure 
the structure and to measure directly their 
acid and redox properties. With sufficient 
care paid to this, it would be possible to 
elucidate the relationships between catalyst 
properties and structure, and further to de- 
scribe the reaction path at a molecular 
level, by taking advantage of “well-defin- 
able” structure of heteropoly acids. 

We have been studying the acid and re- 
dox properties of 1Zheteropoly acids in re- 
lation to their catalytic function, as summa- 
rized in our recent reviews (12). We studied 
previously the oxidation of methacrolein 
over several heteropoly compounds and 
proposed a reaction mechanism in which 
acidity functions in the pre-equilibrium step 
and the oxidizing ability plays roles in the 
rate-determining second step (4). In the 
present study, we examined in more detail 
the oxidation reaction over lZmolyb- 
dophosphoric acid, on the basis of reaction 
kinetics, structural changes by heat treat- 
ment or use for reaction, and the effects of 
oxygen and steam supply, as well as ESR 
measurement. 

EXPERIMENTAL 

XRD and ir. X-Ray diffraction (XRD) 
patterns were determined by a X-ray dif- 
fractometer (Rigaku Denki, Rotaflex) using 
CuKa radiation. In order to minimize rehy- 
dration, in most cases samples were very 
quickly covered by a Mylar film on a sam- 
ple holder after various treatments. Infra- 

red (ir) spectra were recorded after pressed 
into a KBr disk with the aid of a Fourier- 
transform ir spectrometer (JEOL JIR-10). 

Reaction procedure. Oxidation of metha- 
crolein (MCN) was carried out under con- 
tinuous flow conditions in a tubular glass 
made reactor (10 mm in diameter) at 1 atm 
total pressure. The standard procedure was 
as follows. About 1 g of catalyst (unsup- 
ported; powder) was loaded in the reactor 
and the temperature was raised slowly in a 
Nz (22 cm3/min) + 02 (3 cm3/min) stream to 
100°C in about 1 hr. Water (25 cm3-steam/ 
min) was added to the N2 + 02 stream by 
use of a microfeeder when the temperature 
exceeded 100°C. Then the temperature was 
raised to 350°C within about 1.5 hr, and the 
catalyst was kept at 350°C for 2 hr. After it 
was cooled to 3OO”C, MCN was introduced 
to the gas stream by passing a part of the 
stream (Nz only) through an evaporator-sa- 
turator. The standard reactant gas mixture 
was MCN : O2 : H20: N2 = 0.015 atm : 0.06 
atm: 0.5 atm: balance. The total flow rate 
was 50 cm3 (STP)/min. Carbon balance was 
ordinarily better than about 90%. 

Analyses. Products of flow experiments 
were analyzed by gas chromatographs. 
Products in the gas phase of the outlet gas 
(CO, C02, and MCN) were sampled by use 
of a microsyringe and analyzed by a Chro- 
mosorb 101 or Porapak Q column kept at 
16O”C, a molecular sieve column (1.2 m), 
and an activated charcoal (1.2 m) both kept 
at 80°C. After a stationary state of the cata- 
lytic oxidation was confirmed by the gas 
phase composition (usually it took about 
40-60 min), liquid products were collected 
by a condenser kept at 0°C. Liquid prod- 
ucts (MCN, methacrylic acid, and acetic 
acid) were analyzed by a Porapak Q or 
Chromosorb 101 column (both 1.5 m) kept 
at 160°C. The latter was superior in life and 
product separation. Sensitivity of gas chro- 
matographs was frequently calibrated. 

Catalysts and reagents. Two IZmolyb- 
dophosphoric acid samples (H~PMou 
Om. 19-22H,O; abbreviated as PMou here- 
after) were used; one was prepared as de- 
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scribed previously following the literature 
(Z), and the other was kindly donated by 
Climax Molybdenum Co. (Japan) Ltd. 
There was little difference between the two 
samples in the flow experiments, so that no 
distinction was made in the following de- 
scription. H3PWxMo12-x040 (PWIMo& 
was prepared from Na2W04 * 2H20, Naz 
MOO, * 2H20, and Na2HP04 * 2H20 as de- 
scribed previously (I). Na and Cs salts of 
H3PMo12040 (for example, Na2HPMo120a 
will be abbreviated as Na2H) were prepared 
by adding alkali carbonates to H3PMo12040 
(both aqueous solutions) and subsequent 
evaporation to dryness. 

Methacrolein and acrolein were GR re- 
agents obtained commercially (Tokyo Ka- 
sei and Yoneyama Chemicals). Methacro- 
lein was used after adding a small amount 
of hydroquinone to prevent polymeriza- 
tion. 

RESULTS 

Structural Changes by Heat Treatment 
and by Uses for Catalytic Oxidation 

Figure 1 shows the examples of XRD pat- 
terns of PMolz which had been treated in a 
stream of N2 + O2 or NZ + O2 + Hz0 gas at 
various temperatures. In most cases, sam- 
ples were covered with a Mylar film after 
they were quickly placed on sample hold- 
ers, in order to avoid rehydration. By this 
procedure, the variation of XRD patterns 
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FIG. 1. Examples of XRD patterns of H3PMo,2040 
after heat treatments. Heated for 2 hr at (a) 1 WC, (b) 
25O”C, and (c) at 300°C in Nz + O2 stream; at (d) 350°C 
and (e), (0 at 400°C in N2 + O2 + HZ0 stream. Mylar 
!ihns were used except for (f). Peaks due to MOOR are 
marked by open circles. 

during the measurement did not occur. The 
intensity of XRD lines was not very accu- 
rate at 28 - 25°C due to the broad diffrac- 
tion peak of the Mylar film when it was 
used. 

Heat treatment below 100°C gave rather 
broad XRD lines and the XRD patterns 
were not reproducible, owing to the varia- 
tion of water content (which causes 
changes in the secondary structure) (1) and 
poor crystallinity. 

Samples after heat treatments at 
200-350°C gave rather similar XRD pat- 
terns. Broad lines with a very low S/N ratio 
were obtained after treatment in N2 + O2 at 
4OO”C, indicating poor crystallinity. Sam- 
ples after this treatment were yellow- 
brown, but turned to yellow-green or green 
when kept in air without a Mylar film. The 
other samples were yellow or greenish yel- 
low after heat treatments and the color did 
not apparently change in the air. Treatment 
at 400°C in N2 + O2 + Hz0 gave rather 
sharp lines. The samples treated at 400°C 
exhibited lines due to Moo3 (labeled by 
open circles in the figure). The MOOR lines 
increased in intensity as the period of treat- 
ment was extended. After the treatment at 
45O”C, lines due to Moo3 were predomi- 
nant. 

Figure 2 shows the XRD patterns and ir 
spectra of PMolz after it was used for oxida- 
tion of methacrolein for 2 hr at 300°C under 
the standard conditions. The catalysts were 
quickly taken out of the reactor after the 
feed gas was replaced by dry nitrogen. The 
XRD patterns were very similar with one 
another and to those before the reaction 
(see Fig. l), except for the lines at 28 < 
10°C. It was noted that the MoOj lines 
which appeared after the treatment at 400°C 
(Figs. le and f) were often smaller after the 
use as catalyst. This fact together with the 
change in ir spectrum described below (Fig. 
2a) indicates that part of Moo3 reacted with 
phosphoric acid to re-form 12-molyb- 
dophosphoric acid under the reaction con- 
ditions . 

Infrared spectra (taken as KBr disks) re- 
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FIG. 2. Infrared spectra and XRD patterns of 
HSPMo120* after use as catalysts for 2 hr at 300°C. 
H,PMo120,,, samples were pretreated at (a) 400, (b) 
350, and (c) 300°C for 2 hr in N2 + O2 + Hz0 stream. 
Conversion of methacrolein and selectivity to metha- 
crylic acid obtained in the subsequent reaction are also 
given. XRD was measured for the samples covered by 
rdyl~ films. XRD peaks due to MOO, are marked by 
open circles. 

sembled one another. They were in close 
agreement with that of Keggin structure 
(PMoi2040~- or PWi2040~-) (4, 13). There 
were few changes before and after the reac- 
tion in the cases of the 300 and 350°C pre- 
treatment. However, the ir spectrum after 
treatment at 400°C indicated partial decom- 
position of the Keggin structure, but there 
was little indication of the decomposition 
after the reaction (Fig. 2a). 

The effects of heat treatment on catalytic 
properties were examined to choose appro- 
priate pretreatment conditions, since our 
previous studies indicated that the struc- 
ture and catalytic properties of PMOQ were 
sensitive to these treatments. Steam was 
added to the N2 + 02 mixture to promote 
the effect of pretreatment by accelerating 
the rearrangement of the secondary struc- 
ture. Results are given in Fig. 2. Reproduc- 
ible data (conversion, 25-35%; selectivity 
to methacrylic acid, 55-75%) were ob- 
tained by the pretreatment at 350°C. XRD 
and ir did not change before and after the 
reaction as described above. Furthermore, 
variations of the conversion and selectivity 
during the time course of reaction (4 hr) 
were small in this case. After 300°C treat- 
ment XRD and ir of the catalyst were simi- 
lar to those after the 350°C treatment, but 

the data of catalytic oxidation were not re- 
producible. Sometimes, a high conversion 
with a low selectivity was obtained at the 
initial stage and the conversion gradually 
decreased and the selectivity increased dur- 
ing the reaction period, both approaching 
the ordinary values of 25-35% conversion 
and 55-75% selectivity. Therefore, the 
300°C pretreatment was presumably not 
sufficient. Treatment at 400°C which 
caused partial decomposition of PMolZ 
gave an ordinary value of selectivity, but 
the conversion was lower. Thus pretreat- 
ment at 350°C in a stream of NZ + O2 + Hz0 
for 2 hr was chosen as the standard pre- 
treatment. Reaction data were obtained af- 
ter this standard pretreatment unless other- 
wise described. 

Oxidation of Methacrolein over 
fM’Mo12 040 

Rate equation. The following pressure 
dependencies were found at 280-3OO”C, in 
the range of the partial pressure of metha- 
crolein (MCN), 0.004-0.03 atm; oxygen, 
0.004-0.1 atm; and steam, 0.1-0.8 atm (4). 

-d[MCN]/dt = k p;:;p&“.2p;2. (1) 

Conversion was kept below 10% for the de- 
termination of the pressure dependency. At 
higher conversions, the dependency on 
MCN tended to decrease. Pressure depen- 
dencies of the formation of each product 
are summarized in Table 1. Dependency on 
the partial pressure of steam is shown in 
Fig. 3. As reported previously (4), the rate 
and the product composition little changed 
above pu20 = 0.1 atm; they varied in the 
pressure range of 0 - 0.1 atm. In this pres- 
sure range the conversion increased with 
pnZo, but the production of acetic acid, CO, 
and CO2 was high, resulting in a low selec- 
tivity to methacrylic acid. The dependency 
of the rate on po2 in the absence of water 
was higher (e.g., 0.3 th for consumption of 
MCN and 0.6 th for CO2 formation). 

Dependency on WIF. Figure 4 shows the 
data obtained under the standard condi- 
tions with different amounts of catalyst. 
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TABLE 1 

Dependencies of the Rate on Partial Pressure” 

Reaction order on* 

MCN 
(0.004-0.03) (0.020.1, (O.E.8, 

Consumption of 
MCN 

Formation of 
Methacrylic 
acid 
Acetic acid 
co 
co2 

0.6-1.0 0 -0.2 -0 

OS-l.0 0.1-0.2 -0 
0.4-0.8 0 -0.3 -0 
0.3-0.9 0 -0.2 -0 

-1.1 0.1-0.3 -0 

a Catalyst, HjPMo11040; temperature, 300°C. 
b Pressure ranges (in atm) are given in parentheses. 

With the increase in the amount of catalyst 
(W/F), the conversion increased almost lin- 
early, but the selectivity of methacrylic 
acid slightly decreased. Among the by- 
products, the content of acetic acid in- 
creased with W/F, while the ratio of CO 
plus CO2 remained almost constant. It was 
noted that the ratio of methacrylic acid: 
acetic acid : CO + CO2 was reproducible, but 
the CO to CO2 ratio varied considerably in 
the reaction products when different lots of 
PMou were used (the reason is not clear at 
present). When methacrylic acid was fed in 
place of MCN under the same conditions, 
acetic acid, CO, and CO2 were produced in 
the ratio of 2 : 1 : 2. 

Effects of oxygen and steam in the gas 
phase. The composition of products varied 
as given in Table 2, when the supply of oxy- 
gen was stopped at the stationary state in 

Methacryk ocld . 

4 

0 Q2 0.3 0.4 a5 
PHO /atm 

FIG. 3. Dependency of conversion and yields on the 
partial pressure of steam for methacrolein oxidation 
over H3PMo120UI at 300°C. 

W/F x104 /g mi’h 

FIG. 4. Conversion and selectivity vs W/F plots for 
methacrolein oxidation over H3PMo12040 at 300°C. 
Only the amount of catalyst was changed. 

flow experiments. Data in this table are for 
the products collected and analyzed after 
the concentration of oxygen in the outlet 
gas decreased to a very low level. Within 5 
min after the stop of the oxygen supply, the 
concentration became lower than 0.01 - 
0.03%. The variation of the products given 
in the table was very similar to the previous 
results (4); the oxidation reaction contin- 
ued for a prolonged period, although the 
rate decreased significantly. As for the se- 
lectivities it is noted that the selectivity to 
methacrylic acid remained rather constant. 
The formation of acetic acid relatively in- 
creased and that of CO and CO2 decreased. 
The number of oxygen incorporated into 
the products, that is, methacrolein, acetic 
acid, CO, COZ, and Hz0 (Hz0 was esti- 
mated from the other products), in the pe- 
riod of 5-170 min after the stop of the oxy- 
gen supply amounted to 8.7 x 1O-4 
g-atom/g-catalyst which is about 5% of the 
total number of oxygen in the catalyst, or 
about two oxygen atoms per polyanion in 
the whole bulk. This amount is more than 
10 times greater than the amounts of the 
oxygen impurity and adsorbed oxygen. 

When the supply of steam was stopped 
and restarted at the stationary state of flow 
experiments, the products varied reversibly 
in a short period (less than 10 min) as 
shown in Fig. 5. In this experiment, total 
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TABLE 2 

Effect of Oxygen SuppIy on the Oxidation of Methacrolein~ 

Conversion 
(%I 

Methacrylic 
acid 

Selectivity (%) to 

Acetic co CO2 
acid 

(A) In the presence 
of o* 

(B) After O2 supply 
was stopped 

5-60 mill 
60-170 mm 

(A) In the presence 
of 02 

(B) After O2 supply 
was stopped 

5-60 mm 
60-100 min 

16.6 74.4 2.3 11.9 11.4 

6.3 72.5 6.8 8.2 12.5 
2.3 70.1 19.6 3.9 6.4 

33.0 68.0 1.8 15.1 15.1 

9.8 80.1 6.1 7.0 6.8 
2.1 71.2 17.1 2.4 9.3 

# Catalyst, H3PMo120,r,; temperature, 300°C. Feed for (A), MCN/02/H20/N2 = 0.015/0.06/0.5/ balance. 

flow rate was kept constant by changing the A similar trend was observed for the Cs 
flow rate of nitrogen. Obviously the pres- salt of PMou, but the extent of variation 
ence of steam increased both the conver- was smaller (20 - 30% relative decrease by 
sion and selectivity (to metha~~lic acid) as the stop of steam supply). Rapid and re- 
expected from Fig. 3 and the previous data versible variation of products also took 
(4). After the stop of the steam supply, the place for Cu salt. However, in this case, the 
formation of methacrylic acid decreased conversion increased 1.5 times in the ab- 
greatly, the selectivity to it becoming about sence of steam. This increase was mainly 
one-half (68 + 21%, 71 + 32%, and 78 + due to the increased formation of CO, CO2, 
40% in three different runs). and acetic acid. 

Time on stream/ min 

FIG. 5. Variation of composition by the stop of 
steam supply. Catalyst, H3PMo1209c; temperature, 
WC. MCN, Me~ac~le~; MCA, methacrylic acid; 
AA, acetic acid. Steam (0.5 atm) was replaced by ni- 
trogen for the period from A to B. 

Silica-supported PMo12. Figure 6 shows 
the results of MCN oxidation over PMoI:! 
supported on silica gel. At the loading level 
of 20-60 wt% the rate normalized to the 
weight of PMo12 was nearly constant and 
was lo-15 times greater than that for un- 
supported PMor2. 

ESR of PMo12. After the oxidation reac- 
tions in the presence of steam (standard 
conditions) and in its absence, the catalysts 
were cooled in a Nz stream and placed in 
ESR tubes. ESR signals of these samples 
measured at 25°C are shown in Fig. 7. Both 
samples showed signals due to MoS+ which 
are similar to those reported in the litera- 
ture for PMor2 reduced at a high tempera- 
ture ( 20). However, the signal intensity (ap- 
proximately calculated by the integration 
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PMo,~ supported I wt% 

FIG. 6. Oxidation of methacrolein over silica-sup- 
ported H3PMonOU) (100 mg) at 300°C. 

on graphs) of the sample used for the reac- 
tion in the absence of steam was at least ca. 
10 times greater than the sample used for 
the reaction in the presence of steam. The 
color of the former was greenish yellow, 
while the latter was more greenish. 

In Fig. 7, the ESR signals of PMou sam- 
ples which were reduced to different ex- 
tents in a closed circulating system by H2 
(100 Tort-) at 250°C after O2 treatment at the 
same temperature are also shown. These 
ESR signals were not the same as those of 
PMou used for reaction, but some similari- 
ties are found between the samples which 
had been reduced by H2 to lesser extents 

1OOG 
- 

FIG. 7. ESR signals of H3PMoIZOU). (a) and (b) corre- 
spond to (a) and (b) in Table 3. (c)-(e) correspond to 
(d)-(f) in Table 3. Small hfs signals of a Mn marker are 
superimposed. Positions of free electron signal (g = 
2.0023) are indicated by arrows. 

TABLE 3 

Intensity of ESR Signal and Color of HrPM0rr0~ 
Which Had Been Used for Methacrolein Oxidation 

at 300°C or Reduced by Hydrogen at 250°C 

Relative 
ESR 

intensity 

Color 

After use for reaction 
a. In the presence 

of steam 
b. In the absence 

of steam’ 

1 Yellow green 

11 Yellow green 
-green 

Reduction by H2 
Hz/anion = 
c. 0 0 Yellow 
d. 0.11 8 Green 
e. 0.32 16 Blue 
f. 1.25 32 Dark Blue 

0 Steam in the standard conditions was replaced by 
nitrogen, 

and the samples after use for reaction. Vari- 
ation of the signals with the extent of reduc- 
tion (Figs. 7c-e) indicates that there are 
two or more Mo5+ species in PMou reduced 
by Ht. The ESR intensity of the reduced 
PMou is summarized in Table 3 together 
with its color. The intensity increased with 
the extent of reduction. By use of this cor- 
relation, the extent of reduction of PMolz 
used for the reaction may be estimated to 
be ca. 0.01 electrons/anion and ca. 0.2 elec- 
trons/anion for the samples used for the re- 
action in the presence and absence of 
steam, respectively (Table 3). It was con- 
firmed that the ESR signal of sample d in 
Table 3 decreased only by 20% when it was 
kept for 30 min in a stream of oxygen at 
room temperature. 

Oxidation of Methacrolein over 
H3PWxMo12-x040 and Alkali Salts of 
Hd’Mo~z 040 

Oxidation of methacrolein was carried 
out over IZmolybdophosphoric acid, in 
which part or all of the MO atoms are re- 
placed by W atoms. As the results in Fig. 8 
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MolW ratio 

FIG. 8. Effect of the substitution by W for MO of 
H3PMo120UI on methacrolein oxidation (300°C). 

show, the conversion decreased with in- 
crease in the W to MO ratio. The selectivity 
to methacrylic acid changed little up to the 
substitution of six atoms, but the selectivity 
became very small when 10 or more atoms 
were replaced. It was confirmed previously 
that PMosW6 was not a simple mixture of 
PMo,* and PWr2, although PMohWb proba- 
bly contained PMosW7, PMo,Wj, etc. to 
some extent (I). 

The effect of alkali-salt formation on the 
catalytic activity and selectivity was pre- 
liminarily examined. In the case of Na 
salts, the catalytic activity decreased grad- 
ually as the extent of neutralization in- 
creased (H3 > NaH2 > Na2H > Ng, the 
activity of Na3 was a half of H3). The selec- 
tivity varied much less: from 60% for H3 to 
53% for Na3. As for Cs salts, the catalytic 
activity normalized to catalyst weight and 
the selectivity changed only slightly with 
the extent of neutralization. In both cases, 
if the alkali was in excess by lo%, the activ- 
ity was almost null (4). No structural 
change was detected by ir and XRD in the 
case of the Cs salts, while considerable de- 
composition of Keggin structure was indi- 
cated after reaction for the Na salt contain- 
ing Na in excess. 

DISCUSSION 

Structural Changes 

As previously pointed out (I, 4), it is 
necessary, for the understanding of the ca- 

talysis of heteropoly acids, to distinguish 
between the primary structure (polyanion: 
Keggin structure in the case of lZhetero- 
poly acid (A series)) and the secondary 
structure (three-dimensional arrangement 
of polyanion, countercation, and water of 
crystallization). The secondary structure is 
usually very variable, so that water, alco- 
hols, etc. readily penetrate into and come 
out of the bulk by changing the interstitial 
distance, that is, the rearrangement of the 
secondary structure (note that this is not 
diffusion in micropores). By this effect, he- 
teropoly acids behave in some respects 
very like that in solution. The behavior like 
solution may allow us to call the solid state 
of these compounds “pseudoliquid phase” 
(4, 14). Reactions like dehydration of alco- 
hols actually take place in the bulk not only 
on the BET surface (15). 

In the present study the primary struc- 
ture was inferred by ir and the secondary 
structure by XRD. It is seen in Fig. 1 that 
very similar XRD patterns were obtained 
after treatments at 250-350°C in N2 + 02 or 
Nz + O2 + HZ0 and after use for reaction. 
These XRD patterns also resemble those of 
K and Cs salts, which are close to those 
given in ASTM cards (9-408(K), 412 
(NHJ). Slight differences were observed at 
20 + 10” and for the position of main peaks. 
The highest peak appears at 20 = 26.6” for 
K salt and 26.0” for Cs salt, while it is at 28 
= 24.8” in Fig. 1. The XRD pattern of hexa- 
hydrate of H3PW12040 was also similar, the 
highest peak being at 20 = 25.5”. Infrared 
spectra of the samples after the above treat- 
ments are of typical Keggin structure of 12- 
heteropoly anion (4, 13). Therefore, it may 
be concluded that both the primary and sec- 
ondary structures are rather stable at about 
300°C. Since the rehydration process is 
very rapid, the possibility of rehydration 
during the XRD measurement cannot be to- 
tally eliminated, but it may be stated that 
the secondary structure at high tempera- 
tures is at least closely related to the struc- 
ture of hexahydrate (16) and the salts of K, 
Cs, etc. 
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Oxidation State of H3PMo2040 under the 
Reaction Conditions 

XRD and ir indicated that there were no 
significant structural changes before and af- 
ter the reaction. According to the previous 
studies, the reduction of PMor2 proceeds by 
the following scheme (4, 27): 

HjPMoUO‘,,, 3HsPMoYMo#Od,, -+ 
I II 

H3PMoYMoYd039 + HZ0 (1) 
III 

At low temperatures, the reduction to II is 
predominant (reduction beyond or less than 
two electrons/anion is possible in some 
cases), and at high temperatures the reduc- 
tion to III prevails. The presence of water 
vapor has an influence on the rate of reduc- 
tion (17), and probably also on the relative 
ratio of reduction to II and to III, as the 
second step is a dehydration process. The 
reduction to II may cause only a small 
change in ir spectrum, since the structure of 
anion is retained (4).4 However, the reduc- 
tion to III (for example, reduction at 300°C) 
resulted in a significant decrease of P-O 
and MO-O-MO bands (18). Therefore, the 
few changes in ir spectra after use as cata- 
lyst (Fig. 2) suggest either that the oxida- 
tion state was high or that the reduction 
mostly remained at the stage of II (not 
transformed to III). 

According to the ESR measurement of 
PMo12 reduced electrochemically (9), the 
Keggin structure is maintained and an un- 
paired electron migrates rapidly in the 12 
MO atoms in a polyanion, so that ESR be- 
comes very broad and unmeasureable at 
room temperature. It was further suggested 
that reduction by two electrons per polya- 
nion causes reduction of ESR intensity 
(measured at low temperature) by electron 

’ Recently, it was reported that the P-O and 
MO-O-MO bands decreased considerably upon elec- 
trochemical reduction, where probably the anion skel- 
eton remained essentially unchanged (26). Therefore, 
this statement ought to be reexamined by further 
study. 

pairing. On the other hand, ESR signals 
with hfs were observed in the present study 
as in the literature (20). In the latter cases, 
PMor2 was reduced at 250-300°C. If one 
takes into account Eq. (1) and Pope’s 
results on electrochemical reduction (9), it 
is probable that the reduction with HZ pro- 
ceeded mainly to III at high temperatures, 
but the electrochemical reduction only to 
II. In the structure III, unpaired electrons 
would be localized on MO atoms which are 
deficient of coordinated oxygen. Therefore, 
ESR measurement given in Table 3 proba- 
bly have detected considerable portion of 
Mo5+ species present in the samp1es.j 

Provided that most of Mo5+ was detected 
by ESR, the data in Table 3 indicate that the 
degree of reduction at the working state is 
very low. Greater ESR intensity after use 
for the reaction in the absence of steam sug- 
gests that steam accelerated the reoxidation 
of PMou. 

The above argument that the oxidation 
state is very high at the working state is 
supported by the observation of the color of 
the catalyst (Table 3). The color was always 
greenish yellow after the reaction under 
standard conditions. The color was green 
after the reduction (with HZ) of only 0.2 
electrons/polyanion and turned to dark blue 
by the reduction of 0.6 electrons/polyanion 
(Table 3). 

Reaction Mechanism 

Oxygen atoms incorporated into the oxi- 
dation products after the cessation of the 
oxygen supply amounted to a considerable 
amount as described above, so that the oxy- 
gen atoms did not originate directly from 
gaseous or adsorbed oxygen but from the 
oxygen of polyanions or steam. The small 
difference observed in the selectivity to me- 

5 In fact, the heat treatment in vacuum of the sample 
which had been prereduced at 25°C increased the ESR 
signal intensity more than 10 times in agreement with 
the reaction from II to III in Eq. (1). ESR measure- 
ment at 77 K which would furnish the evidence of this 
argument is now being planned. 
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thacrylic acid before and after the cessation 
of the oxygen supply indicates that the oxy- 
gen atoms used in the oxidation reaction 
did not change regardless of the presence of 
gaseous oxygen. The composition of the 
other products changed considerably, but 
this change is probably due to the decrease 
in the secondary reactions. 

Based on the effects of gaseous oxygen 
discussed above, it may be concluded that 
lattice oxygen (oxygen of polyanion) or ox- 
ygen from steam is involved directly in the 
present oxidation reaction as in the case of 
allylic oxidation over Bi-Mo oxide (19) and 
y-FeZ03 (20) or oxidation of propene to ace- 
tone over Sn-Mo oxide (21). In these 
cases, catalysts are reduced by the reactant 
and the reduced catalysts are reoxidized by 
oxygen in the gas phase (“redox” mecha- 
nism). 

We previously reported that the steam 
supply greatly enhanced the rate and selec- 
tivity (4) of PMou. The rather short tran- 
sient period as seen in Fig. 5 indicates that 
considerable change in the catalyst struc- 
ture by HzO, which would take a longer 
time, did not occur. ESR measurements 
suggest as discussed above that the reox- 
idation step is accelerated by steam. Direct 
involvement in the reaction and promotion 
of the removal of products are other possi- 
ble roles of steam. Steam may also affect 
the state of the “pseudoliquid phase,” 
since water-insoluble Cs salt exhibited a 
much smaller effect of steam. As for the 
latter idea no direct evidence has been ob- 
tained so far. Enhanced formation of CO 
and COZ over Cu salt in the absence of 
steam may be attributed to the reaction 
over Cu which changed in state. 

On the basis of the above discussion, the 
following reaction scheme (Eq. (2)) pro- 
posed before (4) appears most probable. By 
the combined pulse-mass spectrometer 
technique as applied previously to acrolein, 
rapid igO exchange between either two of 
HzO, PMoi2, and methacrolein was con- 
firmed (28~). Therefore, the first step is 
rapid, and does not require strong acidity. 

R-CHO & RCH(OM)z + RCOOH 
IV V VI 

(M = H and/or MO) (2) 

A fair relationship between the catalytic ac- 
tivity and the rate of reduction of catalysts 
by H2 led us to propose that the second step 
is rate-determining and the catalysts are re- 
duced in this step as given in Eq. (1) (4). 
The reaction order which was high in MCN 
and low in 02 is consistent with this mecha- 
nism. This idea was confirmed by the agree- 
ment between the order observed for the 
catalytic activity in flow experiments and 
the order in the stoichiometric reaction ob- 
tained by pulse method, that is, PMou > 
PW2Moi0 > PW6M06 > PWiOMo2 > PWIZ 
(22). 

Reaction intermediates similar to V 
(gem-diol or ester of molybdate) have been 
postulated for oxidation of alcohols and al- 
dehydes with chromic acid or permanga- 
nate in a homogeneous system (23). It is 
very interesting in relation to the present 
reaction mechanism that complexes of al- 
dehydes coordinated to an isopoly acid of 
MO have recently been prepared (24~). A 
complex of carboxylic acid with an isopoly 
acid, which may be a model compound of 
an intermediate formed between V and VI, 
was recently reported (24b). An ester-type 
intermediate has been postulated also in the 
allylic oxidation of olefin over Bi-Mo ox- 
ides (25). 
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