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In the presence of water vapor and gaseous oxygen, lower olefins such as n-butenes are 
subject to oxidative scission over V&-Moo3 catalysts at 170-250°C to form carboxylic acids 
and/or aldehydes. To examine the mechanism of this reaction, the effects of the acid-base 
character of catalysts and the feed of water vapor and gaseous oxygen on the reaction were 
investigated. The results show that, while acidic sites of catalysts, water vapor, and gaseous 
oxygen are all necessary for the reaction, water vapor in particular plays an important role, the 
cut of its feed causing a total loss of reactivity of olefins at temperatures below 250°C. Results 
also show that the reaction proceeds consecutively through the oxyhydrative scission mecha- 
nism previously proposed; an olefin is hydrated on an acidic site of the catalyst to form an 
alcohol followed by oxidation to a ketone and oxidative scission to the final products. The 
oxidation of Cs ketone isomers indicates that the last step, the oxidative scission of ketones, 
follows Popoff’s law. In addition, reactivity orders of assumed intermediates show that, of the 
multiple reaction steps, the oxidative s&ion step is rate determining in propylene oxidation, 
while this step is faster than others in butene oxidation. 

INTR.ODUCTION 

In the catalytic oxidation of n-butenes, 
dehydrogenation to 1,3-butadiene and oxi- 
dation to maleic anhydride are particu- 
larly important (1). For the latter catalysis, 

VZ06-PZ06, V&-TiOz, and V&-Moo3 

are effective (2,s). In the presence of water 

vapor, however, n-butenes are selectively 

oxidized to acetic acid and/or acetaldehyde 

with C-C bond scission over the same 

catalysts at temperatures of 200-250°C 

much lower than that for the maleic 
anhydridc formation (4-G). 

In a previous paper (7), we reported the 
selective formation of acetic acid and both 
acetic and propionic acids from propylene 
and n-pentenes, respectively, over VzOr 
MOOS (V/MO = 9/l) catalysts. Butadiene 
and isobutene were similarly oxidized to 
acrylic acid and acetone, respectively, 
though less selectively. From these results, 
we proposed an “oxyhydrative scission” 
mechanism in which ketones initially 
formed by the oxyhydration (8-11) of 
olefins are consecutively subjected to oxi- 
dative C-C bond scission. However, there 
are very few papers concerning the mecha- 

nism of this reaction. Kaneko et al. (12, 1s) 

have proposed a different mechanism free 

from the participation of water vapor, in 

disagreement with our mechanism. This 
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EXAMINATION OF OLEFIN SCISSION REACTION MECHANISM 

TABLE 1 

Oxidation of cis-2-Butene over Various Catalystsa 

365 

Catalyst Surface Conversion Selectivity (%) Recovered butene (70) 
area (%I 

W/d CHaCHO CH,COOH CO + COz C”G l-C’@ t-2-C’rb C-Z-C’, 

VzOsMo0~ 6.68 39.5 14 54 26 3 20 48 32 

vnoa 2.78 31.5 11 38 44 5 17 43 40 
vzos-P2Os” 1.72 2.5 13 18 22 47 15 33 52 
VrOs-Naz0~ 1.26 6.2 34 29 14 17 9 15 76 

a Catalyst, 4.3 g; reaction temperature, 230°C; feed g&8 (cms/min): butene, 5; N?, 02, and H20, 20.6 each. 
b C”r, butadiene: C’r. butene. 
c MoOa, 10 atomic%; PxOs, NazO, 2 atomic% each. 

paper deals with further verification of the 
oxyhydrative scission mechanism. 

EXPERIMENTAL 

VzOrNazO (V/Na = 98/2) and V,OC,- 
PZO6 (V/P = 98/2) catalysts were pre- 
pared from appropriate compositions of 
ammonium metavanadate, sodium carbon- 
ate, and diammonium hydrogenphosphate 
by the wet and dry method as mentioned 
in a previous paper (7). VzOrMoOs 
(V/MO = 9/l) catalysts were from the 
same origin as in that previous paper (7). 
Experiments were carried out in a conven- 
tional flow system using a 1Bmm-i.d. 
Pyrex glass tube reactor with a fixed 
catalyst bed inside. Liquid reacta& were 
fed to an evaporator located just before 
the catalyst bed by a microfeeder, to be 
evaporated and mixed with the other gases 
there. Products were analyzed by gas 
chromatography except for maleic an- 
hydride which was subjected t’o a neutrali- 
zation analysis. 

RESULTS 

The Effects of Acid-Base Character of 
Catalysts 

The oxidation of cis-2-butene was carried 
out over vanadium oxide catalysts with or 
without additives such as PzO6 and NazO 
to examine the effects of the acid-base 
character of catalysts. BET surface area 
and the performance of the catalysts 
obtained are shown in Table 1, The addition 

of 2% PZOS or NazO to VZOS brought 
about a decrease in surface area, in con- 
trast to the opposite trend exerted by the 
addition of MOOS. However, more pro- 
nounced effects of P,Oa or NazO addition 
arc discerned in the marked depression of 
conversion and the alteration of the product 
distribution, while the effects of Moo3 
addition are modest in these respects. The 
addition of P,Oa causes an extreme in- 
crease in selectivity to butadiene. As can 
be seen from Table 1, the rate of butadiene 
formation per unit surface area slightly 
increases from 1.26 to 1.52 ccmol/min.m2 
with the addition of P2Os. It is also noted 
that the recovered olefins have been sub- 
jected to double bond isomerization to 
considerable extents even at lower conver- 
sion levels in oxidation. It is thus concluded 
that the addition of P20S modifies the 
character of the V205 catalyst in such a way 
as to decelerate the oxyhydrative scission 
reaction without a significant change in 
activity for the allylic oxidation. In the 
case of the addition of Na20, the observed 
reduction of olefin isomerization reflects a 
decrease in acidity of the catalyst. The 
selectivity to butadiene in this case remains 
intermediate between those obtained over 
VZO~-P~OS and VzOrMoOs. We believe 
that the decrease of butene conversion with 
the addition of NazO suggests the partici- 
pation of surface acidic sites t#o the seission 
rctaction. Tho dccrcasc in conversion with 
PzO~ addition, on the other hand, may bc 
caused by increased difficulty in supplying 
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FIG. 1. Effect of water vapor on oxidation of I-butene. Cat,alyst: V~Os-Mo03 (V/MO = 9/l), 
4.3 g. Feed gas (cm”/min): 1-butene, Ti.0; 02, 20.7; solid line, Nz, 41.4; broken line, HZO, 20.7; 
Nz, 20.7. 

active oxygen necessary in the subsequent 
reaction steps. 

The Effect of Water Vapor 

1-Butene oxidation was carried out in 
the absence of the feed of water vapor over 
the VzOrMoOs catalyst outgassed before- 
hand (low3 Torr) at 130°C for 2 hr. The 
result is compared with that obtained under 
the feed of water vapor (broken line) in 
Fig. 1. Clearly, reactivity is much lowered 
in the absence of water vapor, so that 
oxidation of 1-butene becomes significant 
only above 250°C. At 29O”C, butene con- 
version was less than one-sixth of that 
reached in the presence of water vapor. 
While selectivity to acetic acid is reduced 
particularly at lower temperatures, buta- 
dicne and maleic anhydride (MA), which 
are insignificant products in the presence of 
water vapor, form with significant selec- 
tivities of 15 and 187, at 29O”C, respec- 
tively, together with smaller amounts of 
acctonc, n-butyraldehyde, acrylic acid, and 
methyl vinyl ketone. Although the forma- 
tion of these products is steeply accelerated 
above 300°C except for butadiene, selec- 
tivitics to acetic acid and acetaldehyde 

remain low at 15.7 and 1.6yo, respectively, 
at 320°C. The drastic acceleration of the 
oxyhydrative scission reaction in the pres- 
ence of water vapor as shown in Fig. 1 
provides strong evidence for the participa- 
tion of water vapor in the reaction. 

The E$ect of Oayyen 

To know the effect of oxygen on the 
scission reaction, oxidation of cis-2-butene 
was examined over the VzOrMoOa cata- 
lyst in the presence of water vapor but no 
added gaseous oxygen. The feed in this 
case, however, actually contained about 
800 ppm of oxygen as an impurity in the 
nitrogen carrier used. The results are shown 
in Fig. 2a. Naturally, reactivity of butene 
was drastically depressed compared with 
that under the normal oxidation condition. 
Butene conversion was only about 1% 
at 170°C and was only l/25 of that attained 
under the normal conditions at 290°C. 
The rate of oxygen consumption necessary 
to account for the oxidation products up 
to 230°C was smaller than could be supplied 
by the impurity oxygen in the carrier, but 
at 290°C oxygen was apparently supplied 
by the reduction of catalyst. In accordance 
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FIG. 2. Effect of oxygen on oxidation of c&-2- 
butene. Catalyst: VtO&--MoOa (V/MO = 9/l), 4.3 g. 
Feed gas (cm”/min): cis-2-butene, 5.0; H,O, 20.7; 
Nz, 41.4. 

with this, X-ray powder patterns of the 
catalyst after USC at 290°C showed the 
existence of a part of reduced phase 
v201.33. Because of such a reduction of the 
catalyst, the experiments shown in Fig. 2a 
were carried out by increasing the tcmpera- 
ture stepwise. 

The corresponding selectivitirs are sum- 
marized in Fig. 2b. Clearly, s-butanol 
(set-C*H,OH) and methyl ethyl ketone 
(MEK), which are the hydration product 
of butene and its primary oxidation 
product, respectively, assumed much higher 
sclectivities than under the normal condi- 
tions and reached a sum of about 70% at 
temperatures below 200%. With an in- 
crease in temperature, these selectivitics 
were reduced to be replaced by selectivitics 
to other products, AcOH, AcH, and 

CO + CO,. Thcw facts support the contcn- 
tion that the alcohol and the ketow arc’ 
intermediates of the scission reaction. 

Oxidative &%wiox of Neth yl Pmpyl Ketone 
atld Diethyl Ketorre 

In order t,o ltnow how ketone inter- 
mediates undergo tho C-C bond scission, 
catalytic oxidations of methyl propyl 
ketone (MPK) and diethyl ketone (DEK) 
were carried out over the Jr&-Moos 
catalyst (Fig. 3). These l&ones wcrc 
easily oxidized and reachrd ronvcrsion 
levels of 20-305!& at 130°C. 

In the formrr oxidation, MPK was 
sclrctivcly converted to cquimolar amounk 
of acetic acid and propionaldehydc at 
130°C. With an increase in reaction tcm- 
perature up to 19O”C, sclwtivitirs to 
acetaldehydc, COZ, and propionic acid 
incrrasrd at the exprnw of wlrct~ivity to 

Temp. (“C) 

1 

Temp. ( “C ) 

Fra. 3. Oxidation of Cs ket,one isomers. Catalyst: 
Vz06--Moo3 (V/MO = 9/l), 3.0 g. Feed gas (cm”/ 
min): ket,one, 3.0; 02, 18.0; H,O, 18.0; Nf, 21.0. 
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FIQ. 4. Oxidation of isopropyl alcohol (IPA). 
Catalyst: VZOS-MoOa (V/MO = 9/l), 4.3 g. Feed 
gas (cm3/min): IPA, 2.04; 02, 20.7; HtO, 19.5; Nz, 
23.7. 

propionaldehyde, while the selectivity to 
acetic acid remained almost unchanged. 

On the other hand, DEK was oxidized 
to almost equimolar amounts of propionic 
acid and acetaldehyde at 130°C. The 
selectivities to these diminished with in- 
creasing temperature due to the increase 
in CO2 and acetic acid formation. It is 
not,ed in Fig. 3b that the sum of the selec- 
tivities to propionic acid and CO2 and that 
to acetaldehyde and acetic acid both 
amount to about 50% at 210°C. This 
indicates that acetaldehyde is successively 
oxidized to acetic acid and that propionic 
acid is deeply oxidized to COZ at higher 
temperatures. 

Comparison of these two oxidations 
shows that a ketone is oxidatively split 
into two parts in such a way that the 
portion containing the original carbonyl 
Prnun is converted to carboxvlic acid and 

the remaining portion to aldfbhydc, as is 
discussed lat,rr. 

Oxidation of Assumed Intermediates 

According to t,he proposed reaction 
mechanism, oxyhydrative scission of propyl- 
ene proceeds through isopropyl alcohol 
(IPA) and acetone. Therefore, the oxida- 
tions of isopropyl alcohol and acetone were 
examined here over the V&-MOOS cata- 
lyst. In the former case (Fig. 4), IPA 
showed significant reactivity at t,empera- 
tures above 100°C. Acetone was a major 
product in the lower temperature region, 
while the dehydration of IPA to propylcnc 
and the oxidation to acetic acid became 
considerable with increasing temperature. 

From acetone (Fig. 5), acetic and formic 
acids were selectively formed. Below 15O”C, 
the ratio of the selectivity to AcOH and to 
HCOOH + COZ + HCHO was near 2: 1, 
suggesting the oxidativc scission of acetone 
to AcOH and the remaining products. 
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FIG. 5. Oxidation of acetone. Catalyst: VzOb- 
MOO, (V/MO = 9/l), 4.3 g. Feed gas (cma/min): 
acetone, 2.03; 01, 20.7; HzO, 19.8; Nz, 23.7. 
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J)IPCITSSION 

In a previous paper (77, we proposed 
the following reaction mechanism for the 
oxphydrative scission of CL-C5 olefins : 

CH,-CH=CH-CH, 

H OH- or Hd) 

CH3-C+-CH2-CH3 i7+ + 
I 

H 
I 

CH,-y-CH?&Ha (1) 

(I)H 
H 
I K)21 

CHK-C-CH~-CH~ pd 
I 

OH 

CH3-C-CH2-CH3 + Hz0 (2) 
1 

[02] 

CH,-C-CH,-CH, - 

li 
CH,-C-OH + H-C-CHs (3) 

II il 
The first step is an acid-catalyzed hydration 
reaction, for which acidic properties of 
catalysts and the existence of water vapor 
are of inevitable importance. 

As for the acid-base character, V&b 
iklf has acidic sitrs stronger than pi7,, 
= 3.3 which are detectable by the dimethyl 
yellow indicator. However, such qualifica- 
tions with Hammrtt indicators are not 
suitable for binary oxide catalysts contain- 
ing vanadium with colors of orange to 
grayish green. Instead, the acidities of 
catalysts in the present cast were estimated 
from the catalytic activity for the olefinic 
isomerization which is known to be pro- 
moted by acidic sites of catalysts. 

The catalysts listed in Table 1 show a 
wide variety of isomer distributions of 
recovered butenes. While it is not possible 
to give quantitative comparisons of specific 
rates of isomerization between catalysts, 
it is apparent that isomerization of U- 
butcncs is slowest over VzOrNazO, indi- 
cating a decreased acidit,y compared with 
the others. This is considrrcd to be con- 

nected with the depression of scission 
reaction over that catalyst. Specific rates 
of butene consumption, and of AcOH and 
AcH formations, are shown in Table 2 
together with the relative rates normalized 
to unit surface vanadium atoms. Specific 
activity is srcn to be highest at V205 in 
both butene consumption and oxygenated 
compound formation. The high reaction 
rate exerted by Vz05-Moo3 is mainly 
associated with the magnification of surface 
area by the addition of MOOS. In the cast 
of V20r,-P205, however, isomerization takes 
place rapidly \vhilc acetic acid formation 

TABLE 2 

Effect, of Addit,ives on Specific Rates” 

Gdnlyst Rate of butene 
consumption 

(wnoI/mz~ min) 

VzOs-Moos 3.48 
b’l06 5.88 
V2OsP2Or 0.77 
VzOs-NazO 2.60 

‘I Data are taken from Table 1. 

Pate of formation Specific rate 
(pmol/n12~ min) 

Butene CHGHO 
CHICHO CHaCOOH CHKHO consumption +CH&OOH 

+CHGOOH formation 

0.48 1.84 2.32 0.5X 0.81 
0.65 2.23 2.88 1.00 1.00 
0.10 0.14 0.24 0.13 0.08 
0.89 0.75 l.li4 0.44 0.57 



370 TAKITA El’ AL. 

is reduced, the situation appearing to he 
complex as mentioned earlier. 

As the proposed mechanism involves a 
nucleophilic reaction of HZ0 or OH- with 
the carbonium ion formed, the overall rate 
of reaction will be decrcascd when no water 
vapor is fed to the reaction system. 
Actually, as can be seen from Fig. 1, re- 
activity is depressed so much without the 
feed of water vapor that neither the 
oxyhydrative scission nor the complete 
oxidation takes place below 250°C. It was 
also noted that the rate of butrne isomcriea- 
tion was almost halved in this case com- 
pared with the reaction under the normal 
condition. Kaneko et al. (14) proposed 
that the carbonium ion reacts with oxygen 
over a VzOsSnOz-W03 (1: 1:0.5)/SiO2 
(33.7 w-t%) catalyst. They observed the 
promotion effect of water vapor but ac- 
counted for it by the selective retardation 
of the allylic t,ypc oxidation, a reaction com- 
petitive with the scission reaction. How- 
ever, our results strongly suggest that water 
molecules not only favor the formation 
of Brijnsted acid sites but also appear to 
participate in Eq. (1) as reactants. This 
will be clearer from the fact that hydration 
or oxyhydration products such as s-butanol 
s-BuOH and MEK increase when oxygen 
feed is stopped, as mentioned below. In 
this regard, it is thought that the complete 
oxidation to CO and COZ at temperatures 
below 290°C in these cases was brought 
about mainly by successive oxidation of 
the intermediate products of the scission 
reaction. 

The subsequent steps represented by 
Eqs. (2) and (3) in the proposed mechanism 
necessitate the supply of oxygen ; otherwise 
s-BuOH has to be obtained selectively. In 
practice, with the feed of oxygen gas cut 
off, the formation of s-BuOH and MEK 
was certainly enhanced, reaching amounts 
far exceeding those obtained under the 
usual conditions over the whole tempera- 
ture range examined. As for s-BuOH 
formation, it reached 91% of the equi- 

librium conversion calrulated from the 
initial partial pressures of butene and water 
vapor using the following equations (15) : 

n-butcnc + HZ0 2 s-BuOH 

log K, = 1845/T - 6.935. 
(4) 

It is concluded that the hydration of 
butenes is nearly in equilibrium under such 
a condition. The formation of MEK from 
s-BuOH under the same condition takes 
place consuming the impurity oxygen (800 
ppm) in the carrier and a part of the lattice 
oxygen of the catalyst, as st’atcd brforc. 
Such reduction of the catalyst is not un- 
usual because Tarama et al. (15) reported 
that Vz05 was reduced by cyclohrxanc 
even at 81°C in a st,atic method. The fact 
that s-BuOH can bc oxidized to MEK with 
catalyst, oxygen suggests the involvement 
of a redox mechanism in the oxidation st,eps. 

As mentioned above, the effects of water 
vapor and oxygen on the scission reaction 
are consistently explained in terms of the 
proposed mechanism by which olcfins arc 
first hydrated on the acidic sites of cata- 
lysts to form alcoholic intermediates 
followed by their oxidation to ketones 
and further oxygenated compounds. 

Reaction Mechanism of Ketone Oxidation 

It is known that ketones, though rela- 
tively resistant to usual oxidizing agents, 
can be oxidized with strong oxidants such 
as chromic acid to give 2 mol of carboxylic 
acids (16). In the oxidation of an unsym- 
metrical ketone R-CO-R’ where R and R’ 
are primary alkyl groups, the scission occurs 
in such a way that the original carbon)-1 
group remains attached to the smaller alkyl 
group (I?‘). In the present catalytic oxida- 
tion over the oxide catalysts containing 
vanadium, equimolar amounts of acids and 
aldehydes were obtained from lower rr- 

olefins via ketone intermediates. In this 
case, the carbonyls of unsymmetrical 
ketone intermediates such as MEK arc 
retained by the smaller alkyl groups as 
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abow. This may sugg& simply that the 
lvcakcst C-C bond which has the> smallwt 
dissociation energy of a ketone molrcule 
is subjected to oxidative scission. Howewr, 
a problem arises as to which portion of the 
two fragmclnts from a ketone molcculc is 
converted to an acid. This problem can be 
solved by comparing the oxidations of two 
Cs ketone isomers as follows. Assuming that 
the fragment containing the carbonyl 
group is oxidized to a carboxylic acid, the 
following products have to br obtained 
from mc%hyl propyl kctonc and dicthyl 
kotont providrd that thr formed aldchydw 
arc’ not oxidized furthrr. 

CHa-C-CHZ-CH,-CH3 2:: 

ii 

CH,-C-OH + H-C-CH,-CH, (5) 

! 
1’, 

co21 
CH3-CH2-C-CH2-CH3 ---+ 

II 

CHs-CH+OH + H-V-CHs (6) 

a A 
In fact, acetic acid and propionaldehyde 
were formed in equimolar amounts from 
MPK at low tcmperaturcs, as shown in 

Fig. 3. Sinlilarly, the> (lxpwtcld products 
from DEK \v(w also obtained, verifying 
the above schemr. Such a scissioning 
pattern coincides with Popoff’s law (17). 
Bwt et al. (18) showed a high kinetic 
isotope c$frct in the homogeneous oxidation 
of cyclohcxanone by chromic acid and 
suggested the presence of an enol inter- 
mediate. However, it is not clear whether 
oxyhydrative scission over heterogeneous 
catalysts proceeds via the same cnol inter- 
mcdiatc as in the homogeneous oxidation. 

On the basis of these rwults, orw can in 
gcncral cxstimatc scission products from a, 
giwn reactant olrfin. That is, an olcfin is 
first hydrated according to Markovnikov’s 
la\v and the resulting alcohol is oxidized to 
a corwsponding ketone, which is oxida- 
tivrly scissioncd into an aldehydc and an 
acid in accordance with Popoff’s law. 

The Slowest Step of the Scission Reactioll 

As mentioned above, the oxyhydrative 
scission of olefins is composed of multiple 
steps of consecutive reactions. Which step 
is slowest or rate controlling, then? This 
question was studied for the reactions 
starting from propylene and trans-2-butrne. 
Table 3 summarizes the results on the 
separate oxidations of propylene, IPA, and 
acetone at 160°C and of trans-2-butenc, 
s-BuOH, and MEK at 180°C. The apparent 

TABLE 3 

Comparison of Apparent Rate Constant8sa 

Reactant PO renctnnt 
(ah) 

P Pd”dS 
(atm) 

Contact time Apparent rate 
(s) constant, 

k (s-1) 

(a) CO& 0.0745 0.0065 4.02 0.023 

(b) CH,CH(OH)CHs 0.0310 0.0217 4.10 0.294 

(c) CH&OCHa 0.0310 0.0021 4.10 0.017 
(d) t-2-CaHs 0.0743 0.0019 4.02 0.0064 
(e) s-BuOH 0.0221 0.0057 4.15 0.072 
(f) MEK 0.0308 0.017.5 4.15 0.202 

(1 Catalyst: V&-MoOs(V/Mo = 9/l), 4.3 g; temperature: (a) 16O”C, (b) 18O’C. Feed gas (reactant, 
02, NP, H20; cm3/min): (a) 5.C, 20.7, 20.2, 21.3; (b) 2.04, 20.7, 23.7, 19.5; (c) 2.03, 20.7, 23.7, 19.8; (d) 5.0, 
20.7, 20.7, 20.7; (e) and (f) 2.0, 21.0, 21.0, 21.0. 
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rate constants wrc calrulatJcd assuming a 
first-order dcpcndencc of the rates on the 
partial pressures of reactants. In the case of 
the C) series the oxidation of acetone is 
slowest. This explains the high selectivity 
to acetone observed in the stationary 
oxidation of propylene at low temperatures. 
The large rate constant for IPA is partly 
contributed to by a dehydration reaction. 
It is concluded that the slowest step of the 
oxyhydrative scission of propylene is the 
oxidation step of acetone. 

As for the C, series, the rate constants 
increase by an order of magnitude in going 
from butene to MEK. The ease of the 
oxidation of MEK compared with acetone 
is accounted for by the possession of a 
relatively weak internal C-C bond. Be- 
cause of such a reactivity order, the steady 
concentration of s-BuOH in the oxyhydra- 
tive scission of trans-2-butene amounts to 
only 30-40% of the equilibrium conversion, 
whereas that of MEK is very low. The 
rate-determining step of the steady reaction 
in this case is not yet clear. The detailed 
investigation based on the kinetic method 
is in progress. 
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