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Vapor-phase oxidation of butadiene over molybdena-titania as catalyst has been 
investigated with reference to the nature of adsorbed butadiene species selective for 
maleic anhydride formation. Maleic anhydride is formed from butadiene species ad- 
sorbed on Mo5+ in contrast with carbon dioxide from the species on Ti”. Thus, the se- 
lectivity was found to be strongly influenced by the nature of metal ion on which 
butadiene is adsorbed. MO’+ is “softer” than Ti4+, and for different dienes the diene 
for which the energy level of the lowest vacant antibonding molecular orbital is lower 
gave a higher rate of anhydride formation. Therefore, it was concluded that back- 
donation of electrons from the metal ion to adsorbed butadiene species or softness 
of the metal ion has a strong effect on the selectivity. 

The results are also discussed with the aid of quantum chemical calculations of 
the adsorbed butadiene species. The first step of maleic anhydride formation was 
assumed to be addition of radical-like oxygen species to the end of adsorbed butadiene 
species through a radical and ionic mechanism, in contrast with carbon dioxide for- 
mation through an ionic mechanism. 

It has long been recognized in hetero- 
geneous catalysis that, selectivity can be 
remarkably affected by the nature of ad- 
sorbed reactant species. This is true in the 
vapor-phase oxidation of hydrocarbons 
over metal oxides, where the selectivity is 
markedly dependent, on the nature of ad- 
sorbed hydrocarbon and oxygen species. 
In catalytic oxidations, there are few rc- 
ports about the selective hydrocarbon spe- 
cies with the exception of the n-ally1 inter- 
mediate in the oxidation of propylene or in 
the oxidativc dehydrogcnation of hutcne 
over Cu,O or MoO,-Bi,O, (1-S). 

In previous studies on the vapor-phase 
oxidation of butadiene over supported 
molybdena catalysts, it has already hccn 
shown that the selectivity to maleic anhy- 
dride formation is strongly affected by the 
kind of oxygen species formed on the mo- 
lybdenum ion and that double bond type 

lattice oxygen Mo6+=0 plays an important 
role as a selective oxygen species. Mo5+ 
was also found to be an active site for the 
oxidation (4). In this paper, selectivity in 
the oxidation of butadiene over molybdena- 
titania has been investigated by kinetic 
measurements, by competitive adsorption 
and by quantum-chemical calculations. 
The nature of the selective butadicne spe- 
cies and the reaction mechanism for maleic 
anhydridc formation arc then discussed. 

EXPERIMENTAL METHODS 

Catalytic oxidation of butadiene was 
carried out using a conventional flow micro- 
reactor at a pressure of 1 atm as described 
previously (4). As reactants, air, nitrogen, 
very pure pcntenes, isoprene and butadienc 
were used in all experiments. Air was puri- 
fied by passing through silica-gel and a 
soda-lime tower. Molybdcna-titania and 
titania-VA or VIB group element catalysts 
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were also prepared by the same method as 
described before (4). As sources of P,O,, 
Sb,O:,, B&O,, WO, and Cr,O:,, 85 wts 
H,PO,, extra pure Sb,O,, Bi (NO:, I9 .5H,O, 
ammonium tungstate and Cr (NO,~ ,.9H,O 
were used. The gaseous effluent. from t,he 
reactor was analyzed by gas chromatog- 
raphy. Propylene carbonate on Celite 545 
and molecular sicvc 13X wcrc used as 
separating columns. 1Ialcic anhydride 
formed was absorhcd into water followed 
by boiling the solution to remove dissolved 
carbon dioxide and titration with an 
aqueous solution of sodium hydroxide using 
a pH meter. Scarcely any monocarboxylic 
acids were formed in the oxidation of these 
hydrocarbons. The amount of MO”+ formed 
in the catalyst was measured by ESR with 
Mn’+/MgO as an internal standard. 

-Active Site in the Oxidation Over 
MOO,-TiO, Catalyst 

It was already shown in a previous 
paper (4) that the selectivity to maleic 
anhydride formation over MOO-TiO, cata- 
lyst was remarkably influenced by the 
composition of the cat,alyst, in contrast 
with SiO,, Al,O, and MgO carriers. This 
suggests the special participation of ti- 
tanium ions in the oxidation of butadienc 
over MoO,-TiO, catalyst. Table 1 shows 
the selectivity to be independent of the 
contact time in the oxidation of butadienc 

Selectivit,y tu 

COW Naleic 
II’,‘P [g-cat. versiotl (CO:! + CO) anhydride 
hr/g-mol] (c:) (‘;;I (s;:) 

0.3264 30.6 46.X 45.6 
0 3903 39 x 46.6 43.2 
0.4723 51 ,o 45 0 39 7 
0.6070 65.6 44.3 40 0 
0.7822 77.9 48.5 42.2 
1 .0382 92.4 44. :3 4’2.7 

n Cat., MoOs-TiOz (1::~); bntjadiene, I.5 ~017~ 
in air; l,emp, 380°C (reactor). 

FIG. 1. Correlation between content of MoOp 
and kinetic parameters for maleic anhydride for- 
mation reaction. Rraction order, at 365°C; Ac- 
tivation energy. at 350-390°C. 

over Moo,-TiO, ( 1: 3 I catalyst, thus in- 
dicating that successive oxidation of maleic 
anhydride does not occur, the anhydride 
and carbon dioxide being formed through 
different reaction paths. 

For the purpose of investigating the na- 
ture of active sites for maleic anhydride 
and carbon dioxide formation, butadiene 
was oxidized by a different.ial method over 
various MoO,-TiO, catalysts and the re- 
sults obtained were described by the power 
rate law. Apparent activation energies and 
reaction orders of butadiene and oxygen 
for the anhydride or carbon dioxide for- 
mation arc shown in Fig. 1 or 2, respec- 
tively. The kinetic parameters for maleic 

FIG. 2. Correlation between content of MOO, 
and kinetic parameters for carbon dioxide forma- 
tion reaction. Reaction order, at 365°C; activa- 
tion rnrrgy, at 350-390°C. 
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anhydride formation remained constant 
over the catalysts of 13-50 mol% MOO, 
content in contrast with those of 5-10 
mols MOO,. This provides powerful evi- 
dence for the homogeneity of the active 
sites for maleic anhydride formation. In 
the case of the latter catalysts, the dis- 
tance between active MO”+ sites on the 
surface seems to be fairly large, which may 
give rise to some enhancement of the acti- 
vation energy and of the amount of ad- 
sorbed butadiene species. Therefore, it can 
presumably be concluded that the nature 
of each act,ive site for maleic anhydride 
formation is homogeneous over these 
MOO:+-TiO, catalysts. 

In the cast of carbon dioxide formation, 
the reaction order of oxygen shows a small 
perturbation over the 5-25 mols MoOa 
catalysts but the order of butadiene and 
the activation energy is constant. This also 
suggests the homogeneity of the sites for 
carbon dioxide formation over the catalysts. 
However, when the content of MOO, at- 
tains 30 mols and the presence of free 
MOO, becomes observable by X-ray anal- 
ysis (4), the kinetic parameters change 
noticeably. Therefore, it seems that the 
active sites for carbon dioxide formation 
over the catalysts of 5-25 molojo MOO:, do 
not agree with those on pure MOO,. Thus, 
the catalyst in which free MOO, is not 
present was investigated extensively with 
reference to the sites for carbon dioxide 
formation. In contrast with maleic anhy- 
dride formation, there is no sudden increase 
in the activation energy and decrease in 
the reaction order of butadienc over the 
catalysts of lower MOO, content. This sug- 
gests that the distance between the sites 
for butadienc and oxygen adsorption is 
not, so large as in the case of maleic anhy- 
dride formation on these catalyst surface. 

In order to determine the sites for huta- 
diene and oxygen adsorption, oxidation of 
butadiene was carried out over the rata- 
lysts consisting of titania and VA or VIB 
group element using a differential reactor. 
The kinetic parameters for carbon dioxide 
formation were plotted vs - AH,[kcal/ 
0 atom] or enthalpy change per oxygen 
atom in t.he oxide formation at the standard 

state as shown in Fig. 3. Increasing -AH, 
results in a decrease of the reaction order 
of oxygen or in an enhancement of the 
amount of adsorbed oxygen species during 
the oxidation, which is also in good agree- 
ment with the activation energy. Moro-oka, 
Morikawa and Ozaki (5) studied the com- 
plet,e oxidation of olefins over various oxide 
catalysts and concluded that the reaction 
order of oxygen decreases in inverse pro- 
portion to -AH, in contrast with that of 
olefin and the activation energy. There- 
fore, it is very possible that, the oxygen 
species does not form on the titanium ion 
but does so on these added elements or the 
nature of sites for oxygen adsorption on 
titania changed according to -AH,. At any 
rate, the sites for oxygen adsorption in- 
herent to titania seem to disappear by addi- 
tion of a small arnount of the oxides. 

Figure 3 also shows the reaction order 
of butadicne to be independcnt of -AH,, 
thus suggesting that butadiene is adsorbed 
on titanium ions. It is very difficult to as- 
sume that butadiene can be adsorbed on 
bismuth, antimony and phosphorus ions as 
strongly as on molybdenum, tungsten and 
chromium ions, which also gives powerful 
evidence for the above conclusion. A similar 
regularity was also observed over the cata- 
lysts containing 5 atom%/Ti atom of the 
elements. 

Figure 4 shows the result of temperature 
programmed desorption, in which various 

1’6r55 

0.4 ’ ’ 5 
45 50 60 70 80 90 103 

-*Ho [kcal/O-atom, 

FIG. 3. R.elationships in carbon dioxide forma- 
tion. Reaction order, 365°C; activation energy, at 
350-390°C; content of the added element, 10 
atom%/Ti atom. 



0XII)ATION OF BUTAI)IEIiE “81 

catalysts ‘it’ere ev:icuatctl at 200°C for I hr 
ancl t~tttarlienc was adsorl~otl at 100°C. 
After tlic cvacuatioti of the catnlyst,s at 
100°C for 30 min, tcmlwraturc was raised 
at a fixctl rate with a constant flow of 
helium. By gas chromntogral)hic analysis 
carl)oti tlioxide was olwrwd in the cfflttcnt 
hut not hutadiene. Thus, adsorl~c~tl lntt.:tclictw 
s])ccics scctn to react with oxygen st:ccicr 
on the catalysts hy tltc tetttlw:Ltur(~ riw 
formittg carbon dioxide. 

4s sh0~~1r in Fig. 4, tlic rcqwnsr was 
alnwptly dccreawd by addition of only 0.5 
molt/r, MOO:: to atiatascx titania and further 
addition resulted in the appearance of a 
new peak. It haa 1we1t gcncrally accepted 
in oxidation reactions that catalytic ac- 
tivity is strongly aflcctetl by the st,rengtlt 
of the tnctnl-oxygczn hontl ; breakittg t,hc 
bond is tttc most itnportant s-t(q) for the 
reactiott. The tliffcrcnt, peak tetnl)eratruw 
can t hrrcforc he attrilmtetl to tlifffcrcnt 
strengths of the bond. Thus, it can tw con- 
cluded that oxygen species itthcrrnt to 
titania disappeared by the addition of 
AloO, with alternative formation of oxy- 
gen speciei: characteristic to Moo:,. In a 
previous paper (4)) ESR studies on oxygen 
qwcies adsorbed on MoO:,-Tic?, catalyst 
revealed that. oxygen is adsortwd on r\Io’+, 
which also provides strong cvidcnce for the 
al)o\:c conclusion. Thus, carbon dioxide was 
found to be formed by the reaction of huta- 

oxygen species formed on molybdenum ions 
over r\Io0,+-Ti02 catalyst. 

For the purpose of cletermining the num- 
lwr of No”+ ions participating in the rate 
controllitig step of maleic arthpdritlr or car- 
bon clioxidc formatioti, the arnoutit, of sur- 
fact MO’- was detcrtniticd by tiwiui:: of 
ESR (6) Correlation hctwecn this amount 
and the rate of maieic anltydridc or CitrbOtl 

clioxidc format,ion as tncasurcti hy a clif- 
fcrcntial method is shown in Fig. 5. TIICW 
rates were dctcrtnincd at 365°C autl :I 
l~ut:~tiietie cottcrntration of 1.5 \-01% iti air. 
Ratrs of carbon dioxiclc formation over the 
catalysts ( AIo( ).(, 30. 40 and 50 tnol% I arc 
not taken into account bxurt~ of the tlif- 
fcrctit. active site:: for carhott tliositlc for- 
tnwtioti from those on tlir otltctr c:ttal;vAs. 
WC can we a linear relationship exibtittg 
bctwwt tltc rate uticl tlic :mioutit of X10”+, 
which suggests l~art~icil~stioti of one 1\Io” 
ion itt carbon dioxide formation itI tltc ratct 
controlling step. 

In Fig. 5, a sudden increarc itt tlt(l r;ttc 
of malcic atiliytlritlc formation is alro 01~ 
rcrral)le witlt c~nhaticcmettt of the amount 
of No”+. This may itidicatc that mow than 
one MO”+ takes lwrt in tlw formatiott of 
malcic anltydride at the rate controlling 

0 0.2 0.4 0.6 0.8 1.3 ^I I.‘ 

Fin. 5. Ratr of carbon dioxidr or mdeic~ :tnhy- 
dride form t’ R ion vs relative amount of MO” on 
t.hc catalyst surface. Rate, I g-mol/g-rat. hrl. E;rch 
number shows MO& content (mol%) in t tw 

diene species adsorbed on Ti”+ ions with cYlta1yst. 
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step. Ti”+ and Moj+ are hard Lewis acids 
(‘7) and the latter ion is capable of polym- 
erizing olefins (8)) which suggests that, 
butadiene is strongly adsorbed on the metal 
ions, adsorbed butadiene species and the 
intermediate compound being immobile on 
the surface. Therefore, it can be concluded 
that the reaction of oxygen species formed 
on molybdenum ions with butadiene species 
adsorbed on Ti4+ ions forms carbon dioxide, 
in contrast with butadiene species on MO”+ 
which leads to maleic anhydride. MOO:,- 
TiO, (MOO, 18 mol%) in which the pres- 
ence of free MOO, was not observed pos- 
sesses a maximum surface area and showed 
the maximum selectivity to (CO, + CO) 
formation (41. This also supports the par- 
ticipation of Ti4+ in carbon dioxide forma- 
tion. Thus, the above result clearly demon- 
strates the dependency of the selectivity to 
malcic anhydride formation on the nature 
of adsorbed butadiene species or of the 
metal ion on which butadicne is adsorbed. 

Nature of Adsorbed Kutadiene Species and 
Its Selectivity to Maleic Anhydride 
Formation 

The mechanism of olefin adsorption has 
long been studied by many investigators 
(9). A competitive adsorption method is 
very advantageous for investigating the 
nature of adsorbed olefin species during 
catalytic rea,ctions. So the nature of ad- 
sorbed butadiene species on MO”+ and Ti4+ 
was investigated by a competitive adsorp- 
tion of butadiene with various pentenes. 
If the reaction order of butadiene in carbon 
dioxide or maleic anhydride formation is 
nearly zero, the rate of the formation from 
pure butadiene or pentene can be written 
as rO; as shown in (al. 

KiCi 
To; = Ici 1 + KiC; fi KM, (4 

where ki 

Ki 

Ci 

rate constant of sur- 
face reaction 
equilibrium constant of 
adsorption 
concentration of com- 
ponent i in gaseous 
phase 

f i(O2) term of oxygen con- 
centration formed on 
catalyst 

i=4or5 butadiene or pentene 

In the simultaneous oxidation of buta- 
diene and pentene, the rate r will be 

5 

r= c KiCi 
Ici 1 + K,C, + K6C5fi(oz)’ (b) 

i=4 

If &,K, >>O or KiCi >> 1, the following 
equations can be derived from (a) and (b). 

T= 
c 

KiCi 
Iri m+KsC,fi(O’)- (4 

i=4 

Thus, Eq. (e) is obtained from (c) and 
(d). 

TO4 + rT(c5’c4) = 1 -I- (KE,/K~)(C~/CJ. (e) 

The relative equilibrium constant of ad- 
sorption (KS/K,) can be determined by a 
linear plot of (e). 

Oxidation of butadiene or l-pentene was 
carried out at 362°C over Moo,-TiO, 
(MOO, 18 molCjo) catalyst by means of a 
differential method and the resulting reac- 
tion order of the hydrocarbons in maleic 
anhydride formation was 0.16 (butadiene) 
or -0.07 (1-pentene) , respectively. That 
of butadiene in carbon dioxide formation 
over anatase titania was 0.17 at 382°C. 
Thus, the assumption of the competitive 
adsorption method was sufficiently satisfied. 

In Fig. 6, the result of the competitive 
adsorption of butadiene with pentene in 
carbon dioxide formation over anatase 
titania is shown as a linear plot of Eq. (e). 
The relative equilibrium adsorption con- 
stants of pentenes are as follows: 

2-methyl-2-butene (1.950) > 1-pentene (1.640) > 
3-methyl-l-butene (1.541) > butadiene (1.000). 

This order is in good agreement with that 
on 1.3.5-trinitrobenzene (TNB) (10). The 
following sequence was obtained on MO”’ 
in malcic anhydride formation (Fig. 7) : 



A 1-P 

CO2 FORMPTION 

CAT. ANATASE Ti02 

0 002 004 0.6 0.8 1.0 
WC4 C-l 

FIG. 6. Competitive adsorption of pentenes with 
butadiene in carbon dioxide formation. Reaction 
temp, 382°C; butadiene or pentenes. 1-6 ~01% 
in air. 

2-methyl-2-butene (2.125) > 2-methyl-1-butene 
(1.67.5) > 3-methyl-1-butene (1.580) > 

1-pentene (1.425) > butadiene (1.000). 

The order of 1-pentene and 3-methyl-l- 
butene is inverted but the tendency of the 
adsorption strength almost agrees with that 
on TNB, which is in accordance with the 
result on Ti4+. The equilibrium composition 
of 2-methyl-2-butene or 2-methyl-1-butene 
in pentenes at 400°C is 51.5 or 22.3%, 
respectively. If the metal ions adsorb these 
pentenes with formation of carbonium ions, 
the equilibrium adsorption constant of 2- 
methyl-l-butene can be expected to be 
larger than that of 2-methyl-2-butene. But 
this is not consistent with our results. Thus, 
the above results provide good evidence for 
the adsorption of butadiene and pentenes 
on MO”+ and Ti4+ with formation of slightly 
positively charged x-complexes instead of 
carbonium ions. 

Misonii (111 calculated the value of a 
parameter (designated X or Y) for hard- 
ness or softness of a metal ion AIn+ using 
the electronegativity of the element M, its 
ionization potentials and the ionic radius 
of MS+, i.e., hardness or softness of a metal 
ion increases in proportion to X or Y, 
respectively. The X and Y values of various 
metal ions were calculated similarly and 
t.he results are Ti” (X = 12.22, Y = 1.47)) 

I 0 2-M-2-E 

4 0 2-M-1-B . 3-M-l-E 

A 1-P 

1 M.A FORMATION 

CAT. MoOz-Ti02(18:82) 

0 0.4 088 1.2 1.6 200 
C5/C4 C-l 

FIG. 7. Competitive adsorption of penetentls 
with butadiene in malric anhydride formation. 
Reaction temp, 362°C; butadiene or pentencs. 
l-6 vo!% in air. 

,\lo’+ (13.56, 2.581, No”+ (20.62, 2.62) and 
MO”+ (28.37, 1.36). It is apparent that the 
equilibrium adsorption constant or nature 
of adsorbed olefin species is a function of 
X and Y. In the case of Ti”+, X is large 
relative to Y, thus suggesting that pentenes 
are adsorbed on Ti”’ by donating their T- 
electrons to the ion. It is of interest to note 
that MO“+ and MO”+ are softer than the 
other metal ions. Disproportionation of 
olefin is a symmetry forbidden process ac- 
cording to the Woodward-Hoffmann rules, 
but the symmetry restrictions tan, in 
theory, be totally removed by introducing 
into the system the appropriate transition 
metal complex such as Mo4+ which injects 
an electron pair into an antibonding ligand 
combination (12). This shows that back- 
donation of electrons frorn Mo4+ to adsorbed 
olefin species occurs (13). MO’+ has one 
4d-electron while Ti4+ has an electronic 
structure similar to that of argon. There- 
fore, it is very likely that Mo,~+ is also able 
to inject an electron into an antibonding 
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molecular orbital of adsorbed pentene and 
butadiene species in contrast with Ti”+, 
though its amount is smaller than that 
donated from the adsorbed species. 

The back-donation seems to occur more 
easily in the case of olefins for which the 
energy level of the lowest vacant antibond- 
ing molecular orbital is lower. The energy 
levels of butadiene and isoprenc are 3.4 and 
3.2 cV (14). When these diencs are oxidized 
by gaseous oxygen over MOO,-Ti02 cata- 
lyst, they possibly form various maleic an- 
hydrides through the same reaction mech- 
anism. If the back-donation is favorable 
to malcic anhydride formation, the rate of 
dicarboxylic acid formation can, therefore, 
be expected as follows: butadiene (malcic 
anhydride) > isoprene (citraconic anhy- 
dride). Thus, the dicnes were oxidized over 
MOO,-TiO, (MOO, 18 mols) catalyst by 
a differential method and t,he kinetic pa- 
rameters obtained are shown in Table 2 
with the rate of dicarboxylic acid and of 
carbon dioxide formation. 

WC can see that the apparent activation 
energy of maleic anhydride formation from 
butadiene is approximately equal to that 
of citraconic anhydride from isoprene, 
which suggests that these anhydrides are 
formed according to the same reaction 
mechanism. But there is a great difference 
between the rates of formation of these an- 
hydrides, which can be attributed to differ- 
ent surface reaction constants or to different 
frequency terms. According to the activated 
complex theory, the concentration of ac- 
tivated complexes suitable for maleic anhy- 
dride formation seems to be very much 
larger than that for citraconic anhydride 
on the catalyst surface. The energy level 
of the lowest vacant antibonding molecular 

orbit,al of the diene will affect the concon- 
tration of the activated complex and its 
reactivity with oxygen species. Even if 
some citraconic anhydride was successively 
oxidized through abstraction of hydrogen 
in the methyl group to form carbon dioxide, 
the rate of maleic anhydride formation is 
apparently larger than that of citraconic 
anhydride formation. This result gives 
evidence for the effect of back-donation on 
maleic anhydride formation. Thus, butadi- 
ene species adsorbed by donation and back- 
donation of electrons seems to be selective 
for maleic anhydride formation in contrast 
with that by only donation. 

Reaction Mechanism 

By means of the simple Hiickel method, 
the electronic structure of butadicne species 
was studied with reference to different’ re- 
activities with oxygen species. In the 
ground state, four r-electrons occupy the 
bonding molecular orbitals (E, and E,) in- 
stead of the antibonding orbitale (E:, and 
E,), where Ei means energy level of i-th 
molecular orbital from the lowest. Assum- 
ing that one r-electron occupying the or- 
bital (E2) is lost by the donation and that 
one d-electron is injected into the anti- 
bonding molecular orbital (E,,) by the 
back-donat,ion, the mobile bond order Pij, 
the index of free valence Fi and the x-elec- 
tron density on carbon atom D,i were cal- 
culated by the method proposed by Co&on 
(15). The result is shown in Table 3. 

When butadiene is adsorbed by donation 
(D-type butadiene) , mobile bond orders 
between each carbon atom are nearly equal, 
but C, and C, carbon atoms are more posi- 
tively charged than C, and C:, carbon 

TABLE 2 
OXIUATI~N 0F VaRrous l>Itsn-l~:sa 

Dicarboxylic acid Carbon dioxide 
-- 

E [kcal/ E [kc&’ 
Diene ah P g-m011 Rate X lo3 a B g-mol] Rate X lo3 

Butadiene 0.16 0.92 31.8 12.52 0.23 1.00 27.1 9.40 
Isoprene 0.00 0.52 30.1 1.72 0.10 0.73 28.9 3.21 

0 Cat: MoQ-TiOz (18:82); 02, 7-217,; diene, 0.5-2.07,; 360-390°C. 
b (y, 8: reaction order of diene or oxygen, rate [g-mol/g-cat. hr] at 363°C and diene 1.5”‘; in air. 
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atoms. On the other hand, oath curl)on hIo’;+=() are sclectiI~c oxygen qwice, rad- 
atom of butadiene species adsorbed bJ iwl-like oxygen species initially reacting 
tlollation-:tntl-l,ack-tlollation (DB-t,yl;e bu- with adsorbed butadienc species to form 
tadicncl is neutral and the bond bctTwen malcic anhydride (4) . The double boncl 
the (‘:! and C1,, carbon atoms i:: approxi- type lattice oxygen was also found to be- 
mately equal to a double bond. It, is Wry hnvc like a radical through electron trans- 
intcrwting to note that free valcnco at the fcr from ndrorlw~ hutaclient into a non- 

cwds of the butadienc species incwnws rc- bonding atomic orbital of Alo”- during the 
markably on this kind of adsorption form- oxidation (171. Thus, reaction of these rad- 
ing a birndiwtl type butadirnc species. The ical-like oxygen species with butatlicwc~ 
cle&onit nature of butadicw species species on JIo”’ is I)ossibly the initial step 
formcld on Ti”+ probably looks like that of of the anh>-clridc formation. 

Mo”*-zO. + (f) __ t Mo5+ + (g) 

Mo~‘--O~~ + (f) - MoSt..(,: + (h) 

D-tylw butadicne, whilst butadicne species 
on MO”+ looks like a hybrid of D-type 
and DB-type l)utadicne species as shown 
in (ft. 

a++.CH,~~+CH=a+CH-a++CH~.. (0 

Krylov (161 investigated the adsorption 
of butadiene on MO-MgO catalyst (X2+, 
S = 4.75, Y = 2.82) and at,tributed the in- 
tense absorption bands in the 1600 cm1 
region to a strctrhing vibration of t’he 
-C=C- bond in “-CHzCH--CH= 
CH--“. So it may be possible that the 
butadiene species (f) has a struct,ure MO”+ 
---CHz-CH=CH-CHB -~ MO”+ similar to 

that. described above. 
It was already reported that Oz- and 

This reaction mechanism is similar to that 
for cpoxidc formation in autocatalytic 
oxiiiation of olcfins 1181 

In thcw reactions, reaction (g 1 possibl\ 
plays an important role of 2.5~diliytlrofuran 
formation in contast with reaction (hi, 
since O,- is wry unstable on MO”‘. No nt- 
tempt can be made here to indicate the 
further mechaiiisrn for maleic anhydride 
formation, but it is apparent that 2.5- 
dihytlrofuran cali lead to malcic anhydride. 
Thus, the first step of maleic anhydritlt~ 
formation from butadicnc~ was found to be 
an addition of O,- or the double bond Iat- 
tire oxygen to the end of the biradicnl type 
butadicnc species tlirolvgh a radical and 
nucleol)hilic mechanism. In the CRW of cnr- 
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bon dioxide formation, attack of these 2. ADAMS, C. R., AND JENNINGS, T. J., J. Catal. 

oxygen species on D-type butadiene species 2, 63 (1963). 

seems to be a nucleophilic reaction, which S. SACHTLER, W. M. H., Reel. Trav. Chim. 82, 

is similar to that. of the anhydride forma- 243 (1963). 

tion, but the intermediate compound formed 4. AKIMOTO, M., AND RC.HIGOYA, E., J. Catal. 29, 

is easily destroyed presumably with scission 191 (1973). 

of the carbon chain. A more detailed ex- 
5. MORO-OKA, Y., MOHIKAWA, Y., AND OZAKI, A., 

planation is given below for the different 
J. Ca!al. 7, 23 (1967). 

6. AKIMOTO, M., AND ECHIGOYA, E., Bull. Chem. 
reactivities of intermediates. Sm. Jap. 46, 1909 (1973). 

on Mo5+ : ~O-CH,+CH=CH--CH,~6+ t---t. 0-CH+ CH=CH-CH,] ‘+-..- 

- 2.5-dihydrofuran - maleic anhydride 

on Ti*+ : ‘0 -CH,+ CfI=CH-=CH,JS++‘+~O-CH2+CH~CH-~H,~6+ 

I 
i 

CH,O + 1 CH--CH--CH,] ‘+ - co, 

The intermediate compound on Mo5+, 
which is formed by addition of the oxygen 
species to the biradical type butadiene, has 
more than two but less than three r-elec- 
trons in the ca,rbon chain and therefore can 
be a biradical type structure by resonance 
of rr-electrons. This suggests that 2.5-dihy- 
drofuran can be formed from this inter- 
mediate by intramolecular cyclization. On 
the other hand, such a cyclization reaction 
is hardly to be expected in the case of the 
intermediate compound on Ti4+ because this 
has no more than two r-electrons in the 
carbon chain. Thus, the intermediate on 
Ti”+ seems to lead to carbon dioxide with 
scission of the C&C, bond. 

In conclusion, the hardness or softness 
of the metal ion present in the catalyst has 
been found to have a strong effect on the 
selectivity to maleic anhydride formation 
in the vapor-phase catalytic oxidation of 
butadiene. An oxide of a hard metal ion 
is not an adequate catalyst for the selective 
oxidation, but increasing the back-donation 
seems to result in an enhancement of the 
selectivity. 2.5-Dihydrofuran has been as- 
sumed to be the first intermediate of maleic 
anhydride formation from butadiene. 
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