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The effect of condensing metal atoms (tungsten and vanadium) on the catalytic properties of 12-
heteropolyphosphoric acids, as heterogeneous oxidation catalysts, has been investigated. While
both the reducibility by isobutyric acid and carbon monoxide and reoxidizability by gaseous oxygen
of molybdovanadophosphoric acids (H;.,,[PMo,;.,V,04l, n = 0, 1, 2, and 3) paralleled their high-
est oxidation-reduction potential and showed the maximum at Hy[PMo,,;V,04], the reoxidizability
of molybdotungstophosphoric acids (Hy[PMo,_,W,04],n =0,1,2,. . . 6, and 12) increased with
lowering their highest oxidation—reduction potential and their reducibility decreased markedly with
increasing the content of tungsten atom irrespective of the change in their highest oxidation—
reduction potential. The preferential formation of V** in the reduced molybdovanadophosphoric
acids and that of Mo** in the reduced molybdotungstophosphoric acids, which were revealed by
ESR, also suggested different mechanistic roles of condensing metal atoms between tungsten and
vanadium atoms. These results are discussed as the effect of condensing metal atoms on the
reducibility and reoxidizability of 12-heteropolyphosphoric acids, and it is shown that unlike the
tungsten atoms as a Mo-0 bond strength modifier the vanadium atoms play the role of an electron
reservoir: their redox properties decisively affect the reducibility and reoxidizability of molyb-
dovanadophosphoric acids. It is also shown that potassium, rubidium, and cesium salts of H,
[PMo,,V,04] are fairly selective catalysts for the oxidative dehydrogenation of isobutyric acid to

methacrylic acid.

INTRODUCTION

Heteropoly acids and their salts are a
unique group of compounds produced by
condensation of molybdates, tungstates, or
other heavy metal oxyanions together with
a heteroion (1, 2). Since 12-molybdophos-
phoric acid, H3[PMo0,,04] and its related
compounds have recently been reported to
be superior catalysts for the vapor-phase
oxidation of methacrylaldehyde and isobu-
tyric acid (IBA) to methacrylic acid (MAA)
(3-6), the effects of the catalyst compo-
nents (cations, heteroatoms, and condens-
ing metal atoms) on the catalytic properties
of 12-heteropoly compounds as heteroge-
neous oxidation catalysts have extensively
been investigated (7-13). However, only a
few mechanistic studies (3) have been pub-

lished on the effect of condensing metal at-
oms. Otake and Onoda (3) determined the
catalytic activity and selectivity of molyb-
dotungstophosphoric acids and molyb-
dovanadophosphoric acids for the oxida-
tive dehydrogenation of IBA and then cor-
related the highest oxidation-reduction po-
tential of molybdovanadophosphoric acids
with their catalytic activity and selectivity
to MAA, although the physical meaning of
the proposed correlation was not shown.
In our previous papers (9, 13), the effects
of cations (H*, alkali metal and alkaline-
earth metal ions, and group Ib, IIb, IIIb,
and VIII metal ions) and heteroatoms (P5+,
As**, and Si**) on the reducibility and
reoxidizability of 12-heteropolymolybdates
as heterogeneous oxidation catalysts were
mechanistically investigated in the vapor
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phase oxidative dehydrogenation of 1BA.
In the present work, we have prepared
molybdotungstophosphoric  acids  and
molybdovanadophosphoric acids and then
determined their catalytic activity and se-
lectivity for the oxidative dehydrogenation
of IBA. We have also investigated the be-
havior of the electrons formed by reduction
of these 12-heteropolyphosphoric acid-type
catalysts by means of electron spin reso-
nance (ESR) and evaluated the oxidizing
activity (i.e., an affinity for electron) of the
catalysts by means of cyclic voltammetry
as well as the reoxidizability by gaseous ox-
ygen by means of ESR. These results are
then discussed as the effect of condensing
metal atoms on the physicochemical and
catalytic properties (reducibility and reox-
idizability) of the 12-heteropolyphosphoric
acids and are compared with the results (9,
13) reported for metal [2-molybdophos-
phates. The catalytic activity and selectiv-
ity of various metal salts of 11-molybdo-1-
vanadophosphoric acid (H4[PMo;,V 04}
for the oxidative dehydrogenation of 1BA
are also determined.

METHODS

Vapor phase catalytic oxidative dehydro-
genation of IBA was carried out at 300°C
with a conventional flow fixed-bed reactor
at atmospheric pressure. The reactor sys-
tem and the method of catalytic reaction
employed in the present work were the
same as those in our previous papers (9,
13). Guaranteed reagent grade IBA (Wako
Pure Chemical Industries, Ltd.) was used.
The total feed rate was held constant at 150
NTPml/min: the standard feed composition
was IBA 1.8 vol% and O; 3.1 vol%. Pur-
chased nitrogen, helium, and hydrogen of
greater than 99.99% purity were used with-
out further purification. All reaction prod-
ucts were analyzed by gas chromatography
as reported previously (9). The formation
of acetone and propylene is always accom-
panied by an equimolar amount of CO or
CO; (see Discussion). Hence, the combined
yields of CO and CO, shown in this paper,
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which are attributed to the destructive oxi-
dation of IBA, were determined by deduct-
ing one-fourth of the yield of acetone +
propylene from the experimentally deter-
mined yield of CO + CO,,

Guaranteed reagent grade 12-molyb-
dophosphoric acid and 12-tungstophos-
phoric acid (H3[PW,04]) were purchased
from Kanto Chemical Co., Inc. Molyb-
dotungstophosphoric acids and molyb-
dovanadophosphoric acids were prepared
following the procedures of Tsigdinos and
Hallada (/4). These 12-heteropolyphos-
phoric acids obtained (powder) were then
calcined at 300°C in air for 3 hr and were
then stored over silica gel. Metal salts of H,
[PMo;,V,04] were similarly prepared as in
the case of 12-molybdophosphates (9, 13).

The ESR measurements were carried out
at room temperature with a JEOL-PE spec-
trometer operating in the X band, adopting
a 100 kHz modulation frequency. The g val-
ues of paramagnetic species were deter-
mined by the use of Mn?* dissolved in mag-
nesium oxide, and radical concentrations
were estimated by a comparison with the
standard solution of 2,2-diphenyl-1-picryl-
hydrazyl in benzene. The surface area was
determined conventionally by the BET
method after drying at 150°C for 1 hr in
flowing dried nitrogen. Both molyb-
dotungstophosphoric acids and molyb-
dovanadophosphoric acids prepared as
solid catalysts had small surface areas, 1-3
m?/g. The result of differential thermal
analysis revealed that those 12-heteropoly-
phosphoric acids began to decompose
above 400°C in dry air. The highest oxida-
tion—reduction potential of these 12-hetero-
polyphosphoric acids was determined at
20°C by means of cyclic voltammetry: a
conventional H-cell (volume = ca. 20 ml)
equipped with platinum wire electrodes
was used.

RESULTS
Catalytic Results

Figure 1 shows the variation in the cata-
lytic activity and selectivity of 10-molybdo-
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FiG. 1. Variation in the catalytic activity of 10-mo-
lybdo-2-tungstophosphoric acid with time in the oxida-
tive dehydrogenation of isobutyric acid. Reaction tem-
perature: 300°C. Feed: IBA 1.8 vo0l%,0, 3.1 vol%,
N,,He—diluent. Contact time: 3.14 g-catalyst - hr/g-
mol. O, Conversion of IBA; B, yield of MAA; O,
yield of propylene; @, yield of acetone; A, yield of CO
+ CO,; A, selectivity to MAA, @, (acetone/MAA)
yield ratio.

2-tungstophosphoric acid (H;[PMo; oW,
Oy4]) with elapsed time of reaction in the
oxidative dehydrogenation of IBA at 300°C.
Conversion of IBA was as high as 72.3% at
30 min, but it decreased with time and lev-
eled off at nearly a constant value of 54.4%
after a preliminary period of 4 hr. Similarly,
the yields of MAA, propylene, and acetone
decreased with time and they became
nearly constant at 23.9, 21.7, and 6.3%, re-
spectively, within 4 hr. Although the selec-
tivities to MAA and propylene remained
nearly constant at 43.6-44.0% and 39.2-
40.0%, respectively, throughout the course
of the reaction, the selectivity to acetone
decreased a little at the initial stages of the
reaction (12.2% at 30 min — 11.2% at 1 hr)
and then became nearly constant at 11.2—
11.6% after a preliminary period of 1 hr.
The relatively great values of the selectivity
to acetone and the (acetone/MAA) yield ra-
tio at 30 min (Fig. 1) are caused by the rela-
tively high degree of the oxidation states of
the catalyst at the initial stages of the reac-
tion. At any rate, the observation of nearly
constant values of the selectivity to MAA,
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propylene, and acetone throughout the
course of the reaction indicates that the sur-
face properties of the catalyst did not
change much during the course of the ox-
idative dehydrogenation of IBA at 300°C.
The combined yield of CO and CO; due to
the destructive oxidation of IBA was as low
as 2.5-3.7% throughout the course of the
reaction (Fig. 1).

The steady-state catalytic activity and se-
lectivity of the other molybdotungstophos-
phoric acids were similarly determined at
300°C and the results obtained are summa-
rized in Table 1. Conversion of IBA over H;
[PMo,;04] was as high as 80.6%, but it de-
creased as the molybdenum atoms in H;
[PMo,,04] were replaced by tungsten at-
oms and the conversion was as low as 9.0%
over H;[PW,04]. The yields of MAA and
acetone and the selectivity to MAA showed
a trend similar to the conversion of 1BA:
the selectivity was the highest, 60.5%, over
Hi3[PMo,,04] whereas that was the lowest,
1.5%, over H3[PW;04] (Table 1). How-
ever, the yield and selectivity to propylene
showed different trends. That is, the yield
of propylene rather increased as the molyb-
denum atoms in Hi[PMo,;04] were re-
placed step by step with tungsten atoms
and it reached the maximum value (21.7-
228%) over H3[PMO|0W204()] and H3[PM09
W304]. It should be noted that the ob-
served trend in the yield of propylene
agreed with the trend in the highest oxida-
tion-reduction  potential of molyb-
dotungstophosphoric acids (Table 1). In
contrast to the selectivity to MAA, the se-
lectivity to propylene increased markedly
with increasing the content of tungsten
atom and it was as high as 91.5% over H;
[PW,2040]. ThUS, H3[PW|2040] promoted
predominantly the acid-base catalytic reac-
tion of IBA (i.e., propylene formation, see
Discussion) and had a negligible activity as
an oxidation catalyst. The (acetone/MAA)
yield ratio showed the minimum value
(0.26) over Hs[PMo0,,W,04] (Table 1). Sim-
ilar trends in the conversion of IBA, yields,
and selectivity to the products were ob-



199

12-HETEROPOLYMOLYBDATES AS OXIDATION CATALYSTS

‘(1 219eL) sp1oe suoydsoydojsgunjopqAow Jo ased ay} Ul Se A[IR[IWIS paurusldq D07 3V ¢
‘Tow-8/1y . 18ATe18d-3 (g oW} 19BIUOD) “JUIN[IP—IH IN‘%[0A '€ CO'%I0A §'1 VI P29 "D,00¢ :2imeiodwa) uonoeay »

0C0 [ 4! 9°IL [0 Ly L'y 8'¢C [433 0LY°0 [("O*A*OIWdI°H
170 8Tl 6°1L 10 L9 6'L 9°LE £°Cs (4340 ["O'A%ONdI*H
£C°0 6'tl 889 01 $°01 611 9IS 0°SL 10$°0 ["O'A"oWdI"H
§6°0 il LS 10 Y I's1 yLe 0'8y 81¢°0 ["OM'oId]*H
susjAdold VVIA 0D + 0D dudlAddolg 2uo0dY VYV DS sA A)
VVIA/2U0I0R JO (%) vdI jo renuatod uonodnpas
(=) one1 ppaIx 03 (%) ANANd3ag 3O (%) PIPTIA UoIsIaAu0) —UonepIxo 1sa3y3iH 184[R1ED)

»PIOY 2LIAINQOS] JO uonrudZOIPAYI( ANRPIX() 3Y) ul spIy duoydsoydopeusaopqiloy JO A11A1DY d1AIRIR) 31BIS-APEaIS oY) JO Alewwung

¢d71dvL

(1)1 = 101M

/2uex0Ip) *OS H N | Ul Sp1oe dLoydsoydols3uniopqA[ow j 1(°Q PUR a1im 14 :apoyie) “(1/] = 1218M/2URX0Ip) *OSTH N | PUE 21IM 1 13pOUY "D0T 1V 4
‘Jow-§/1y . 18Afe1Rd-8 H1°¢ 1auIl) 1DBIUOD JUIN[IP—IH IN‘9%I0A '€ L0 %I0A 8T VI P94 "D.00¢ :2Imeradwa) uonoeay

- $°16 Sl 90 8 10> 10 06 ST0— > [0 MdI*H
0S°0 TLL S0l 9] L A €7 € 6670 [*O°M°ONdI*H
SP°0 9°¢9 L9l 67 1's1 8’1 0y 8°€C 90£°0 ["O*MOWd]*H
€0 59 S6l [ ¥'81 81 $'s 1'87 0z€'0 [*O*MPONd]*H
LT0 6'1¢ §TE £y 87 8¢ I'v1 0'vb 8T€°0 [*O*MOONdI*H
9Z°0 00 L'€Y k4 L1z €9 6'€T v'pS 0£€°0 ["O*M " oNdI*H
%0 1'1e 8'LS 07 8yl LTl SOy 0°0L 97€°0 [*O'M"'OWd]*H
wo STl $09 Sl 0°01 €02 8'8Y 9'08 81€°0 [*0oNd]*H
ausjAdold  VVIN {00 + 0D sudhdold  QUOIVY YV ¢(dDS sA A)
VVN/3U0130% JO (%) vdI jo renuajod uonanpal
(—) oner ppatx 01 (%) ANANdIAS 30 (%) PRI UOISIDAUO]) —uonEpIXO 1S3YSIH 184re1eD

»PIOY SLIAINQOS] JO UONBUSSOIPAYI 2ATIBPIX(Q oY) UI spIoy duroydsoydoisSumopqA[ojA Jo A1IANDY dnA[RIR) 91eIS-ApRals 9yl Jo Alewimng

[ 474Vl



200

served at the initial stage (at 30 min) of the
oxidative dehydrogenation of IBA.

The steady-state catalytic activity and se-
lectivity of molybdovanadophosphoric ac-
ids for the oxidative dehydrogenation of
IBA were similarly determined at 300°C
(Table 2). Unlike molybdotungstophos-
phoric acids, both the conversion of IBA
and the yield of MAA paralleled the value
of the highest oxidation-reduction poten-
tial of molybdovanadophosphoric acids:
the conversion and the yield were the great-
est over Hy[PMo,,V,04]. The yield of pro-
pylene also paralleled the value of the high-
est oxidation-reduction potential of the
acids as in the case of molybdotungsto-
phosphoric acids. The selectivity to MAA
increased as the molybdenum atoms in
Hi{PMo,,04] were replaced step by step
with vanadium atoms and the selectivity
was as high as ca. 72% over Hs[PMo,V;
O4) and H¢[PMoyV304). The (acetone/
MAA) vyield ratio decreased from 0.55 to
0.20-0.23 with replacement of the molyb-
denum atoms by vanadium atoms (Table 2).
The observed trends in the catalytic activ-
ity and selectivity of 12-heteropoly phos-
phoric acids in the oxidative dehydrogena-
tion of IBA (Tables 1 and 2) are similar to
those reported by Otake and Onoda (3).

Kinetic Study

The catalytic oxidative dehydrogenation
of IBA over some molybdotungstophos-
phoric acids and molybdovanadophos-
phoric acids at 300°C was kinetically stud-
ied on the basis of the redox mechanism
shown below.

IBA + O, products + O, (1)
20, + 0, 3 20,. )

Where £ is rate constant, and O, and O, are
surface lattice oxygen and its vacancy, re-
spectively. Assuming that the catalyst is
nearly completely oxidized during the ox-
idative dehydrogenation of IBA, the follow-
ing two equations had been derived for the
surface concentration of O, and the initial

AKIMOTO ET AL.

TABLE 3

Summary of the Kinetic Parameters for the Catalytic
Oxidative Dehydrogenation of Isobutyric Acid over
Molybdotungstophosphoric Acids and
Molybdovanadophosphoric Acids®

Catalyst kb k¢ {0} ()¢
H)[PMO]zow] 0.180 1-2 0.906
H;[PMo,,W,04] 0.172 1-2 0.909
H;[PMogW Oyl 0.096 1-2 0.947
H;3[PMosWOy] 0.030 1-2 0.983

{ H,[PMo,,V,04]) 0.329 1-2 0.847
H;s[PMo0,,V:04] 0.201 1-2 0.960

2 Reaction temperature: 300°C. Feed: IBA 1.3-2.2
vol%,0, 2.5-3.6 vol%,N, ,He—diluent.

b g-mol/g-catalyst - hr - atm.

4 At IBA 1.8 vol%,0, 3.1 vol%, and k, = 1.0.

rate of the catalytic oxidative dehydrogena-
tion of IBA(/3).

[O,] = _1‘2}102___ (3)
Y kiPga t+ kPo,
kykyPigaPo,
4)

"7 kiPa + kaPo,

Here P is the partial pressure of reactant in
the feed mixture. Thus,
PipaPo, E(_)E

r ky

Piga
+ —E (5)

The linear relationship between PigaPo,/r
and Po, was really observed when Po, was
changed with a constant value of Piga, and
the values of rate constant, &, and k,, deter-
mined at 300°C for several 12-heteropoly-
phosphoric acids are summarized in Table
3. The value of intercept Piga/k, was al-
ways an order of 0.01 for all of the catalysts
studied. Thus, k, was estimated to be 1-2
although its exact values were not deter-
mined. The values of rate constant for the
reoxidation step (k;) are undoubtedly much
greater than those of rate constant for the
reduction step (k;) and the values of {O,]
calculated using Eq. (3) at IBA 1.8 vol%, O,
3.1 vol%, and k; = 1.0 are approximately
equal to unity for all of the 12-heteropoly-
phosphoric acid-type catalysts studied (Ta-
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FI1G. 2. Reduction of molybdotungstophosphoric ac-
ids and molybdovanadophosphoric acids by carbon
monoxide at 300°C. Catalyst: 0.50 g. Pulse reactor: CO
pulse 1.0 NTPml, carrier gas—He 24 NTPml/min. O,
H;[PMOQ,,,W,,OM)] (n = 0, ], PR 6, and 12), O, H3+,,
[PMo,, ,V,04] (n =0, 1, 2, and 3).

ble 3). This indicates that these six 12-
heteropolyphosphoric acid-type catalysts
were nearly completely oxidized during the
catalytic oxidative dehydrogenation of IBA
at 300°C. Additionally, the observed rela-
tion of the value of k;, which is in one case
H;3[PMogW¢O4] < Hi3[PMogWiO4] < Hj
[PM010W2040] < H3[PM012040] and is in an-
other case H3[PMO|2040] < Hj[PMO]0V2
Ol < Hy{PMo,,V04], agrees with that of
the conversion of IBA obtained with an in-
tegral reactor (Tables 1, 2, and 3). There-
fore, we conclude that the reduction of cat-
alyst by IBA is rate controlling at 300°C.

Reduction by Carbon Monoxide

Reduction of 12-heteropolyphosphoric
acid-type catalysts by carbon monoxide
was carried out at 300°C using a pulse reac-
tor (Fig. 2). In the case of molybdotungsto-
phosphoric acids, the yield of CO; over H;
[PMo0,,04] was 0.97%, but it decreased
monotonously with increasing the content
of tungsten atom and it was as low as 0.05%
over H;[PW,04] (Fig. 2). In contrast, the
yield of CO, increased from 0.97 to 1.95%
when one molybdenum atom in Hi[PMoj;
O4] was replaced by one vanadium atom,
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and the yield of CO, then decreased with
further increase in the content of vanadium
atom (Fig. 2). Thus, the observed relations
of the yield of CO, in the reduction of
molybdotungstophosphoric  acids  and
molybdovanadophosphoric acids by CO
agreed with those of the rate constant for
the reduction of these 12-heteropolyphos-
phoric acids by IBA at 300°C (k) (Fig. 2,
Table 3). This supports the view that the
reduction of catalyst is rate controlling in
the oxidative dehydrogenation of IBA at
300°C. Thus, it is found that the reducibility
of molybdotungstophosphoric acids by IBA
and CO decreases with increasing the con-
tent of tungsten atom irrespective of the
change in their highest oxidation—reduction
potential whereas that of molybdovanado-
phosphoric acids parallels their highest oxi-
dation-reduction potential, although the re-
ducibility is normalized to constant catalyst
weight and is not to constant catalyst sur-
face area.

The surface area of 12-heteropoly com-
pounds is markedly affected by degree of
hydration (/5). Hence, the conventionally
determined BET surface area cannot be
used as the effective surface area during the
oxidative dehydrogenation of IBA at 300°C.
In our previous papers (9, 13), however,
the catalytic activity of 12-heteropoly-
molybdates for the reaction of IBA could
well be understood on the basis of the cata-
lytic activity normalized to constant cata-
lyst weight. In the present work, the BET
surface areas of molybdotungstophos-
phoric acids and molybdovanadophos-
phoric acids employed as catalysts are
small and are close to each other, 1-3 m?/g
(see Methods). Additionally, the parallel re-
lations of the value of the highest oxida-
tion-reduction potential of the catalyst
with the yield of propylene and the reduc-
ibility of molybdovanadophosphoric acids
by IBA and CO are obtained (Tables 1 and
2, Fig. 2). Hence, we may compare the cat-
alytic activity and reducibility of these 12-
heteropolyphosphoric acids on the basis of
the conversion of IBA and the yield of the
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F1G. 3. The ESR spectrum of reduced 11-molybdo-
1-vanadophosphoric acid. Catalyst: 0.10 g, reduced by
hydrogen at 50 Torr pressure at 300°C for 30 min and
then degassed at 300°C for 30 min.

products normalized to constant catalyst
weight.

Reoxidation Study

The catalyst (0.10 g in a 3-mm-i.d. quartz
tube) was reduced by hydrogen at 50 Torr
pressure (1 Torr = 133.3 N/m?) at 300°C for
30 min and was evacuated at 300°C for 30
min (degree of reduction = 70-80 elec-
trons/100 KU, KU = Kegggin unit, e.g.,
[PM0;,04]). After the value of g and spin
concentration of paramagnetic species
formed had been determined, gaseous oxy-
gen was introduced at 50 Torr pressure at
room temperature and the catalyst was then
heated step by step at 75, 100, 150, 200,
250, and 300°C for 30 min.

The ESR spectra of paramagnetic species
formed in the reduction of molybdotungsto-
phosphoric acids (H;[PMo;;-,W,04], n =
0, 1,2 .. .6) were relatively broad and
anisotropic, whose g value ranged from
1.93 to 1.94. The paramagnetic species
formed in these reduced molybdotungsto-
phosphoric acids are Mo**, because the g
value of W3+ formed in reduced 12-tungsto-
phosphoric acid is as low as 1.827 (16). In
contrast, the preferential formation of V4*
in reduced 12-heteropolyphosphoric acids
was seen in the case of molybdovanado-
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phosphoric acids. That is, the ESR spec-
trum of paramagnetic species formed in the
reduced H,[PMo;;V,04] had hyperfine
splitting caused by the nuclear magnetic
moment of vanadium I = { (Fig. 3), as re-
ported by Otake and co-workers (/7). Anal-
ogous ESR spectra were observed in the
reduced H;s[PMo,;V,04] and He¢[PMoyV;
Oyl. As reported previously (/7), this
spectroscopic result indicates the preferen-
tial formation of V#4* than Mo’* in the re-
duced molybdovanadophosphoric acids.
The reoxidation of Mo’* formed in the
reduced H;[PMo;,04] was initiated at ca.
250°C, but the Mo’* atoms formed in the
reduced H3[PMO|]W[O4()], H3[PMO]0W2
Oyl, and Hi[PMoyW104] could be reox-
idized even at 100°C. In the case of Hj;
[PM08W4040], H3[PMO7W504Q], and H3
[PMogW¢O4], the reoxidation took place at
much lower temperatures, 75, 25, and 25°C,
respectively (Fig. 4). With the exception of
H;3[PMo0,,04], the temperature at which the
reoxidation was initiated thus lowered
markedly with lowering the highest ox-
idation-reduction potential of molybdo-
tungstophosphoric  acids.  Additionally,

100 k

=g
o
T

[=a]
o
T

=
o
T

Mo>* Unoxidized (%)

53
o
T

0 100 200 300
Reaction Temperature (°C)

F1G. 4. Reoxidation of molybdotungstophosphoric
acids by gaseous oxygen. Catalyst: 0.10 g, reduced by
hydrogen at 50 Torr pressure at 300°C for 30 min and
then degassed at 300°C for 30 min. Oxygen: 50 Torr.
Reaction time: 30 min. O, H;[PMo,04]; @, H;[PMoy;
W,04,]; ©, Hy[PMo,4W:04]; @, H3[PMo,W3041; A,
H;[PM03W4040]; D, Hg[PMO7W§Ow]; A, H;[PM06W6
Ogyl.
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TABLE 4

Summary of the Steady-State Catalytic Activity of Metal 11-Molybdo-1-vanadophosphates in the Oxidative
Dehydrogenation of Isobutyric Acid?

Catalyst BET surface Conversion Yieid (%) of Selectivity
area (m?/g) of IBA (%) to MAA (%)
MAA  Acetone Propylene CO + CO:

Li;H[PMo,, VO] 43 29.5 19.7 9.1 0.7 0.1 66.8
Na;H[PMo V0] 4.1 7.5 5.2 1.9 0.5 0.1 69.3
K;3;H[PMo,;V 0] 113 46.5 36.0 10.4 0.3 0.1 77.4
Rb;H[PMo,V,04] 122 449 33.7 7.0 1.7 2.6 75.0
Cs;H[PMo,, V0] 126 26.0 19.3 34 1.0 23 74.2
Pb;H,[PMo,,VOxl: 4.0 18.1 11.3 29 4.0 0.1 62.4
Cu;H;[PMo,,V0y)2 2.7 26.3 18.7 53 2.1 0.1 71.1
{ Hg3;Hy[PMo1V Ogla 49 377 26.3 10.4 1.0 0.1 69.8

4 Reaction temperature: 300°C. Feed: IBA 1.5 vol%.,0; 3.1 vol%,N, He—diluent. Contact time: 1.51 g-catalyst - hr/g-mol.

the percentages of Mo’* reoxidized at
300°C were 63, 75, 81, 83, 87, and 99% for
H3[PMogW204], Hi[PMogW304], H;
[PMo;;W,04], Hi[PMosWsO4], H3[PMo;
W5040], and H3[PM06WGO40], respectively
(Fig. 4). Thus, the reoxidizability of molyb-
dotungstophosphoric acids by gaseous oxy-
gen increased with lowering the highest oxi-
dation—reduction potential of the acids. Al-
though H;[PW,04] could hardly be
reduced by hydrogen at 300°C, the W3+ at-
oms formed in an electrolytically reduced
12-tungstophosphate anions were readily
reoxidized by gaseous oxygen even at room
temperature (25°C).

On the other hand, the reoxidizability of
molybdovanadophosphoric acids rather de-
creased with lowering of their highest oxi-
dation-reduction potential, and the temper-
ature at which the reoxidation by gaseous
oxygen was initiated increased when the
molybdenum atoms in Hs[PMo0,04] were
replaced by vanadium atoms. That is, the
reoxidation of V** atoms formed in the re-
duced H4[PMO|1V|O40], H5[PMO|0V204()],
and He[PMogV304] was initiated at ca.
300°C, and 16, 5, and 2% of the V** atoms,
respectively, were reoxidized at 300°C. In
this reoxidation study, formation of such
negatively charged adsorbed oxygen spe-
cies as O, and O~ was scarcely observed
by means of ESR even at room temperature
and at the temperatures at which the reox-

idation took place. This indicates that ex-
clusive participation of the lattice oxygen in
the catalyst took place in the catalytic ox-
idative dehydrogenation of IBA at 300°C.

Catalytic Activity of Metal
11-Molybdo-1-vanadophosphates

Since H4[PMo,;V04] was the most ac-
tive and at the same time fairly selective for
the catalytic oxidative dehydrogenation of
IBA to MAA (Table 2), alkali metal, lead,
copper, and mercury 11-molybdo-1-
vanadophosphates were prepared and their
catalytic activity and selectivity for the ox-
idative dehydrogenation of IBA were deter-
mined at 300°C (Table 4). The potassium,
rubidium, and cesium salts showed rela-
tively great catalytic activities and could
have produced MAA with a fairly high se-
lectivity of 74-77%. Although the BET sur-
face areas of these metal salts presented in
Table 4 are not always effective ones during
the catalytic oxidative dehydrogenation of
IBA at 300°C, the relation of the conversion
of IBA over the alkali metal salts, which is
in one case NasH[PMo,;V,04] < LisH
[PMo0,,V04] and is in another case Cs;:H
[PMo0,,V,04] < Rb;H[PMo;,V;04] < K;H
[PMo,;V,04] (Table 4), indicates that the
catalytic activity of the alkali metal salts as
oxidation catalysts increases with increas-
ing electronegativity of alkali metal ions as
cations. On the other hand, the relation of
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the conversion of IBA over the transition
metal salts, Pb3H2[PMO“V1040]2 < CusH,
[PMo;;V,04]> < HgzsHy[PMo;;V,04), (Ta-
ble 4), agrees with the relation of standard
electrode potential of the cations as already
found for group Ib, IIb, I1Ib, and VIII metal
12-molybdophosphates (/3).

DISCUSSION

In our previous papers (9, 13), the effects
of cations and heteroatoms on the reduc-
ibility and reoxidizability of 12-heteropoly-
molybdates as catalysts for the oxidative
dehydrogenation of IBA were investigated.
The results obtained are summarized as fol-
lows. That is, the oxidizing activity of the
Mo®* atoms as condensing metal atoms par-
alleled such affinity for electron of cations
and heteroatoms as electronegativity and
standard electrode potential, and the cata-
lyst components (cations, heteroatoms, and
condensing metal atoms) were thus found
to interact electrically with each other
through the chemical bonds (9, 13). On the
other hand, since the reducibility of alkali
metal and alkaline-earth metal 12-molybdo-
phosphates by IBA increased with lowering
of the electronegativity of these metal ions
as cations, we considered that the Mo-O
bond in 12-molybdophosphate anions is
weak when the oxidizing activity of the
Mo?®* atoms is low, and we then explained
the roles of alkali metal and alkaline-earth
metal ions as cations as affecting the Mo-O
bond strength via electrostatic effects pro-
duced by these cations (9). In contrast, the
reducibility of group Ib, IIb, IlIb, and VIII
metal 12-molybdophosphates rather in-
creased with increase of the standard elec-
trode potential of these metal ions as cat-
ions (13). Since these four groups of metal
ions as cations captured the electrons
formed in the reduction step in proportion
to the value of the standard electrode po-
tential, we proposed that the Mo—O bond in
12-molybdophosphate anions breaks off
readily also when the delocalization of the
electrons by these metal cations formed in
the reduction step takes place extensively
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(13). In addition to these findings, it was
shown that the reoxidizability of these two
series of metal 12-molybdophosphates by
gaseous oxygen increases with increase of
the electron-donating nature of reduced
metal 12-molybdophosphates, and the ef-
fect of heteroatoms (P3*, As’*, and Si**) on
these reduction and reoxidation properties
of 12-heteropolymolybdates was similarly
understood as in the case of alkali metal
and alkaline-earth metal ions as cations (9).
We also pointed out that these observed ef-
fects of cations and heteroatoms on the re-
duction and reoxidation properties of 12-
heteropolymolybdates as heterogeneous
oxidation catalysts are similar to those in
usual metal oxide catalysts and are not in-
herent to 12-heteropoly compound-type
catalysts (9, 13). Here, we would like to
show that the effects of tungsten and vana-
dium atoms as condensing metal atoms on
the reducibility and reoxidizability of 12-
heteropolyphosphoric acids can similarly
be understood as in the case of cations, al-
though the observed trends in the catalytic
properties of molybdotungstophosphoric
acids and molybdovanadophosphoric acids
(Tables 1 and 2, Figs. 2, 3, and 4) suggest
different mechanistic roles of these two
condensing metal atoms.

Thatis, the reduction-controlling catalytic
oxidative dehydrogenation of IBA and the
nearly constant values of selectivity
throughout the course of the catalytic reac-
tion of IBA (Table 3, Fig. 1) indicate that
the catalytic activity and selectivity of the
12-heteropolyphosphoric acids can be re-
lated to the physicochemical properties of
these acids determined at completely oxi-
dized state. Additionally, both the negligi-
ble activity of H3[PW,04] as an oxidation
catalyst and the negligible yield of CO; in
the reduction of H3;[PW,,04] with CO (Ta-
ble 1, Fig. 2) indicate that the W—0 bond in
molybdotungstophosphoric acids i§ hard to
break off and that such lattice oxygen as
Mo%*=0 or Mo®*—0—Mo®" is active for
the catalytic oxidative dehydrogenation of
IBA. The concentration of the active lattice
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oxygen in molybdotungstophosphoric acids
undoubtedly decreases with increase of the
content of tungsten atom. Additionally, the
formation of Mo’" in the reduced molyb-
dotungstophosphoric acids (see Results),
which is in agreement with the previously
reported results for H;[PMo;;W,04] (16),
supports that the oxidation state of W at-
oms in molybdotungstophosphoric acids is
preserved in the course of the catalytic ox-
idative dehydrogenation of IBA. Since the
value of the highest oxidation—reduction
potential of molybdotungstophosphoric ac-
ids varied with the composition of condens-
ing metal atoms (Table 1), we could say that
the role of the tungsten atoms is, addition-
ally, to vary the concentration of the active
lattice oxygen, to modify the redox and
acid-base properties of molybdotungsto-
phosphoric acids via electrostatic effects.
The preferential formation of Mo** upon
reduction (see Results) also indicates that
the highest oxidation-reduction potential
of molybdotungstophosphoric acids is asso-
ciated with the oxidizing activity of Mof*
atoms in these acids at solid state and hence
their acidic properties. No theoretical cor-
relation has been reported between the
strength of the metal-oxygen bond in metal
oxides and the oxidizing activity of the
metal atoms. Analogous to the correlation
of the Mo-0O bond strength with the oxidiz-
ing activity of Mo%* atoms in alkali metal
and alkaline-earth metal 12-molybdophos-
phates reported (9), however, the observed
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trend in the value of the highest oxidation-
reduction potential of molybdotungsto-
phosphoric acids (Table 1) suggests that the
Mo-0 bond strength in the acids increases
by replacing the molybdenum atoms in Hj
[PMo0,;04] with tungsten atoms to reach
the maximum at H3[PMo;W,04] and then
decreases with further increase in the con-
tent of tungsten atom. Nevertheless, both
the conversion of IBA in the catalytic ox-
idative dehydrogenation and the yield of
CO, in the reduction by CO at 300°C de-
creased monotonically with increase of the
content of tungsten atom (Table I, Fig. 2).
It appears that both the values of the con-
version of IBA and the yield of CO, at
300°C were predominantly affected by the
concentration of the active lattice oxygen
(Mo*=0 or Mo®*—0—Mo®*) in molyb-
dotungstophosphoric acids, although the
reducibility of the acids, when it is normal-
ized to one Mo-O bond, must be affected
by the strength of the Mo-0O bond.

The product distribution of the catalytic
oxidative dehydrogenation of IBA is read-
ily understandable by assuming the sug-
gested changes in the Mo-O bond strength
and the acidic properties of molyb-
dotungstophosphoric acids with the compo-
sition of condensing metal atoms. We al-
ready proposed the following reaction
scheme for the catalytic oxidative dehydro-
genation of IBA in which the dehydrogena-
tion of IBA proceeds via a homolytic mech-
anism (9).

CH; CH,
CH—COOH(gas) = /CH—COOH A CH,=CH—CH, + CO + H,0
/
CH3 CH3 ads
CH3 CH1
N +02- \ . -H-
/co + CO or CO; «— /C*——COOH (In) —> CH2=C|—COOH
CHS CH3 ads CH3
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That is, the adsorbed IBA molecule forms
an intermediate (In) when the hydrogen
atom bonded to the tertiary carbon atom of
IBA is dehydrogenated by the surface lat-
tice oxygen. Further dehydrogenation of
one hydrogen atom by the lattice oxygen
from the methyl group of In gives MAA
whereas acetone is formed when the sur-
face lattice oxygen adds onto the central
carbon atom C* of In. Here, this carbon
atom acquires a positive charge by donating
its 2P electrons to the catalyst and also to
the neighboring COOH group. Hence the
addition of the surface lattice oxygen onto
the carbon atom proceeds through a nucleo-
philic mechanism. By analogy with allylic
oxidation (I8, 19), this nucleophilic addi-
tion proceeds readily when the carbon atom
has a high positive charge and when the
Mo-0 bond breaks off readily. This view
was really supported by the results of the
oxidative dehydrogenation of IBA over al-
kali metal and alkaline-earth metal 12-
molybdophosphates reported (9). Thus, the
observation of the minimum (acetone/
MAA) yield ratio over the most acidic cata-
lyst (H3[PMo;,W,04]) (Table 1) is evidence
of the view that the Mo-O bond in H;
[PMo;,W;,04] is the strongest in a series of
molybdotungstophosphoric acids studied.
On the other hand, the adsorbed IBA mole-
cule is decomposed to propylene, carbon
monoxide, and water when the IBA mole-
cule interacts with a Brgnsted acid (20).
Hence, the observed parallel relation of the
yield of propylene with the value of the
highest oxidation-reduction potential of
molybdotungstophosphoric acids (Table 1)
is an expected result because the strength
of cations (H") as a Brgnsted acid increases
with increasing the highest oxidation-re-
duction potential of the acids.

We now discuss the effect of tungsten at-
oms on the reoxidizability of molyb-
dotungstophosphoric acids. As shown in
Fig. 4, the reoxidizability of the Mo’* at-
oms by gaseous oxygen increased markedly
with lowering of the highest oxidation—re-
duction potential of molybdotungstophos-
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phoric acids. Since the electron-donating
nature of Mo*t atoms formed in the re-
duced molybdotungstophosphoric acids in-
creases with lowering of the highest oxida-
tion-reduction potential of the acids, the
observed results concerning the reoxidiza-
bility of the Mo’* atoms (Fig. 4) is an ex-
pected result and is in harmony with the
already reported results (9) for alkali metal
and alkaline-earth metal 12-molybdophos-
phates. Thus, the effect of tungsten atoms
on the catalytic properties (reducibility and
reoxidizability) of molybdotungstophos-
phoric acids as heterogeneous oxidation
catalysts is reasonably understood as af-
fecting not only the oxidizing activity of the
Mo®* atoms (hence the Mo-O bond
strength) through an electrostatic mecha-
nism but also the concentration of the ac-
tive lattice oxygen (Mo®*=0 or Mo®"—
O—Mo%"). The role of tungsten atoms as a
Mo-0 bond strength modifier agrees with
that of alkali metal and alkaline-earth metal
ions as cations for 12-molybdophosphates
reported (9).

In contrast to tungsten atoms, the effect
of vanadium atoms as condensing metal at-
oms on the reducibility and reoxidizability
of molybdovanadophosphoric acids is un-
derstandable as playing the role of an elec-
tron reservoir. That is, the observed de-
crease in the reducibility of Hs,,[PMoj;—,
V,.04] (n = 1, 2, and 3) with increase of the
content of vanadium atom in spite of the
decrease in the highest oxidation-reduction
potential of the acids (Table 2, Fig. 2) does
not support the view that the lattice oxygen
bonded to the vanadium atom or the vana-
dium atoms (V=0 or V—0—YV) is re-
duced by IBA and CO. We believe that the
active lattice oxygen which is reducible by
IBA and CO is the lattice oxygen bonded to
the molybdenum atom or the molybdenum
atoms (Mo®*=0 or Mo**—0—Mo°*) as
in the case of molybdotungstophosphoric
acids. The concentration of the active lat-
tice oxygen in molybdovanadophosphoric
acids again decreases with increase of the
content of the vanadium atom. Further-
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more, judging from the trend in the value of
the highest oxidation-reduction potential
of molybdovanadophosphoric acids (Table
2), the Mo-0 bond strength is expected to
increase with replacement of one molyb-
denum atom in H3[PMo,,04] by one vana-
dium atom and then decrease with further
replacement of the molybdenum atoms by
vanadium atoms. These two trends in the
concentration of the active lattice oxygen
and the Mo-O bond strength are similar to
those of molybdotungstophosphoric acids.
Nevertheless, the reducibility of molyb-

2MoSt + 0%~ + 2V5*H 2Mo** + 2V3 & 2Mof*t + 2V4
MAA + H.O

IBA

It is reasonable to consider that the V3+ at-
oms strongly shift the above reaction to the
right side through capture of the electrons
formed by the reduction in proportion to
the value of the highest oxidation-reduc-
tion potential of molybdovanadophos-
phoric acids. An analogous role was al-
ready found for group Ib, IIb, IIIb, and VIII
metal ions as cations for 12-molybdophos-
phates (13). The observed increase in the
catalytic activity of alkali metal 11-mo-
lybdo-1-vanadaphosphates for the oxida-
tive dehydrogenation of IBA with increas-
ing electronegativity of alkali metal ions

2V4 + 2Mo®t 2 2V3T + 2Mo’t m 2V3+ + 2Mobt

The temperature at which the reoxidation
by gaseous oxygen was initiated increased
from 250 to 300°C with replacement of the
molybdenum atoms in H3[PMo0;,04] by va-
nadium atoms (see Results). We believe
that this increase in reaction temperature
was caused by the relatively larger electron
affinity of the V°* than Mo®* atoms. The
observed increase in the reoxidizability
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dovanadophosphoric acids by IBA and CO
showed the maximum at Hy[PMo,;V,04]
(Table 2, Fig. 2). We believe that this unex-
pected result is caused by the role of the
V3*+ atoms as an electron reservoir. Both
the formation of V** in the reduced molyb-
dovanadophosphoric acids and the increase
in the reducibility of the acids with increase
of the value of their highest oxidation—re-
duction potential (Table 2, Figs. 2 and 3)
support this view. Thus, the reduction of
molybdovanadophosphoric acids by IBA
can be written as follows:

(6)

(Table 4) can be understood on the basis of
the view that the electron-capturing nature
of the V°* atoms increased with the change
in the nature of alkali metal ions as cations.
The parallel relation of the yield of propyl-
ene with the value of the highest oxidation—
reduction potential of molybdovanado-
phosphoric acids (Table 2) is understood
similarly as in the case of molybdotungsto-
phosphoric acids.

On the other hand, the electrons cap-
tured by the V3* atoms in the reduction step
must be supplied to oxygen in the reoxida-
tion step.

)

%02 0~

of the V*' with increase of the highest
oxidation-reduction potential of molyb-
dovanadophosphoric acids (see Results)
does not agree with the results for molyb-
dotungstophosphoric acids (Fig. 4) and al-
kali metal and alkaline-earth metal 12-
molybdophosphates reported (9). How-
ever, a similar result was already obtained
in the effect of group Ib, IIb, 11Ib, and VIII
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metal ions as cations on the reoxidizability
of 12-molybdophosphates (/3). It seems
that the electrons, once captured by the V>*
atoms having a great reducibility, are mo-
bile also in the reoxidation step. At any
rate, it is evident that the redox properties
of molybdovanadophosphoric acids are de-
cisively affected by those of V3* in the ac-
ids. The remarkable decrease in the (ace-
tone/MAA) vyield ratio caused by the
replacement of the molybdenum atoms
with vanadium atoms (Table 2) remains un-
known.

In conclusion, we feel that while few
studies have been published with which our
model presented herein should be com-
pared, it is based on the different redox
properties of tungsten and vanadium atoms
and explains well our findings in respect to
the catalytic properties of molybdotungsto-
phosphoric acids and molybdovanadophos-
phoric acids and offers a reasonable expla-
nation for the parallel relation of the cata-
lytic activity of the latter acids with their
highest  oxidation-reduction  potential
found by Otake and Onoda (3).
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