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The oxidation of propylene to benzene has been found to be catalyzed by indium 
oxide. lb-Hexadiene and acrolein are produced in the early stages of the reaction, 
the diene oxidizing further to produce benzene. The kinetics of the reaction have 
been examined in some detail, and a tentative mechanism has been advanced 
involving the removal of hydrogen from the allylic carbons of propylene a-bonded 
to an In3+ ion as the rate-determining step. 

The oxidation of olefins to unsaturated 
products over mixed oxide catalysts has 
received much at,tention over the last few 
years (1-3). The process has many advan- 
tages over conventional dehydrogenation 
reactions (4), not least that the latter 
process is reversible and the maximum 
yield of products is defined by the equilib- 
rium constant at the particular conditions 
of reaction. 

Similar drawbacks exist for acid cata- 
lyzed polymerization and cyclization reac- 
tions (5), but in this case no comparable 
oxidative process has been developed. With 
this in mind, attempts were initiated to 
identify a catalyst for the polymerization 
and subsequent cyclization of olefins under 
oxidat,ive conditions, using the oxidation of 
propylene to benzene as an illustrative 
example. 

Early experiments were based on reports 
from the literature: possible catalysts were 
found either to be active for the dimeriza- 
tion reaction and inactive for cyclization 
(e.g., thallium oxides (6)) or to be active 
for cyclization and rather inactive for 
dimerization (e.g., tin/antimony oxide (2) 
or bismuth molybdate (I) : see however, 
Ref. (7) ) . As a result, an attempt was made 
t,o identify a new catalyst, using the 
analogy of oxidative dehydrogenation over 

* Athlone Fellow. 

molybdates as a guide (1). With this re- 
action, there is general agreement, that ab- 
straction of an allylic hydrogen by oxidic 
oxygen occurs after adsorption of the olefin 
on the catalyst surface. An electron is then 
transferred to the metal center, subsequent 
reactions leading to the formation of an 
unsaturated aldehyde or a diene, depend- 
ing on the st,ructure of the original fuel. 

With these ideas in mind, it was thought 
that a similar mechanism could be pro- 
posed for the dimerization of propylene. 
The formation of acrolein from propylene 
over bismuth molybdate demands the 
transfer of two elect,rons for the overall re- 
action: these are, however, transferred one 
at a time to the catalyst,. If a metal ion 
required two electrons effectively simul- 
taneously (8), then there seemed to be a 
good chance that one electron could be re- 
moved from each of two adsorbate mole- 
cules. If, as a result of the electron trans- 
fer, the adsorbate-catalyst bonding became 
weakened, the organic fragments might be 
expected to dimerize. Reoxidation of the 
reduced metal ion would then complete the 
catalytic cycle. Once the concentration of 
hexadiene had built up, a similar reaction 
could occur over the same type of catalyst 
to give cyclization and further dehydro- 
genation to benzene. 

A survey of possible compounds showed 
that indium oxide could be a suitable cata- 
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lyst: the exact reasons for this are dis- 
cussed in the context of the reaction 
mechanism. The oxide was tested experi- 
mentally and found to be a selective 
catalyst for the oxidation of propylene to 
benzene. 

EXPERIMENTAL 

Indium oxide was prepared by precipitat- 
ing the hydroxide from a solution of 
indium sulfate (B.D.H.) with ammonia. 
The precipitate was washed, dried at 
150°C and activated at 560°C in a stream 
of air. Supported catalyst was prepared by 
wet mixing fine ground oxide with 20-30 
mesh pumice, the solid being dried and re- 
activated. Such a catalyst could be pre- 
pared containing between 14 and 70% 
In,O, by weight. 

Experiments were carried out in a con- 
ventional flow apparatus, the catalyst 
being placed in a glass reactor mounted in 
a tin bath. The temperatures at the start, 
middle and end of the bed could be meas- 
ured, and, in the absence of a chemical re- 
action, were constant to within -I-0.2”C. 

The products of reaction were analyzed 
gas chromatographically using two systems. 
Analysis of combustible products involved 
a flame ionization detector associated with 
a column containing diethylene glycol/ 
silver nitrate (30:70) supported on chro- 
mosorb P (15 hr: 25°C). Oxygen, nitrogen 
and carbon monoxide were analyzed on a 
molecular sieve column (3 hr: 20°C) while 
carbon dioxide and propylene were sepa- 
rated from other components on a silica 
gel column (2.5 hr: 20°C) : all of these 
gases were analyzed using a katharometer 
detector. Product identification was con- 
firmed by mass spectrometric analysis and 
by the use of alternative columns. 

RESULTS 

Initial studies were completed over an 
unsupported indium oxide catalyst, nomi- 
nally maintained at 444°C. Preliminary 
experiments showed that the yield of hexa- 
diene plus benzene passed through a maxi- 
mum relative to other products at a mole 
fraction of oxygen near to 0.2. The yield 
of major products was examined as a func- 
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FIG. 1. Product yields as a function of contact 
time. 2’ = 445°C; unsupported catalyst; oxygen 
= 0.2 mole fraction, propylene = OS mole frac- 
tion. 77 = Hexadiene ; 0 = benzene ; 0 = carbon 
dioxide. 

FIG. 1. Product yields as a function of contact 
time. 2’ = 445°C; unsupported catalyst; oxygen 
= 0.2 mole fraction, propylene = OS mole frac- 
tion. 77 = Hexadiene ; 0 = benzene ; 0 = carbon 
dioxide. 

tion of contact time under these conditions 
(Fig. 1). Traces of acrolein were observed 
among the initial products of reaction, but 
these tended to overoxidize readily. The 
yield of benzene passed through a well- 
defined maximum at a contact time of 1.2 
cc/set/cc. 

Using this value, the yield of products 
was examined as a function of the oxygen 
and fuel concentrations (Figs. 2 and 3). 
With no oxygen in the feed, no production 
of hexadiene or of benzene was apparent, 
but both products increased and passed 
through a maximum as the concentration 
of oxygen was increased. The yield of car- 
bon dioxide, on the other hand, increased 
linearly with the proportion of oxygen. 
The effect of varying the concentration of 
propylene was then examined with the 
oxygen concentration maintained at 8.9 X 
1O-3 M liter1 (Fig. 3). The yield of hexa- 
diene increased with the proportion of 
propylene while the yield of benzene passed 
through a maximum (and the yield of car- 
bon dioxide through a minimum) at a mole 
fraction of propylene of 0.6 (corresponding 
to a concentration of 26.7 X 1O-3 M liter-l). 

The effect of temperature on the reaction 
was found to be more complex (Fig. 4), the 
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FIG. 2. The dependence of yield on oxygen. 
2’ = 445°C; unsupported catalyst; contact time 
= 1.2 cc catalyst/cc/set; propylene concentration 
= 26.7 X 10m3 moles 1-l (0.6 mole fraction). Key 
as in Fig. 1. 

amounts of hexadiene and benzene pro- 
duced appearing to be inversely related. 
Examination of the results at higher tem- 
peratures showed that homogeneous reac- 
tions were influencing the products. The 
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FIG. 3. The dependence of yield on propylene. 
2’ = 445°C; unsupported catalyst; contact time 
= 1.2 cc catalyst/cc/set; oxygen concentration = 
8.9 x 10m3 moles 1-l (0.2 mole fraction). Key LL~ 
Fig. 1. 
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FIG. 4. The effect of temperature. Unsup- 
ported catalyst; contact time = 1.2 cc catalyst/ 
cc/set; [oxygen] = 8.9 X IO-’ moles 1-l; [propyl- 
enel = 35.6 X 10ea moles 1-l. Key as Fig. 1. 

reaction was studied in a reactor filled only 
with support and the results were com- 
pared with those obtained from experi- 
ments over a supported indium oxide cata- 
lyst (Fig. 5). No carbon dioxide was 
observed in the absence of catalyst, and the 
overall reaction was not appreciable below 
460°C. At higher temperatures, the 
amounts of hexadiene produced heteroge- 
neously were much greater than homoge- 
neously, except at very low contact times. 
The apparent activation energies for the 
homogeneous and heterogeneous reactions 
were calculated to be cu. 40 and 50 kcal/ 
mole, respectively. 

Temperature measurement,s made during 
reaction over the unsupported catalyst 
showed that the temperature in the bed 
could rise by as much at 50°C. In many 
cases the oxygen was found to be totally 
consumed during t.he react’ion. The effect 
of using a supported catalyst was therefore 
examined: at low loadings of indium oxide, 
the bed was effectively isothermal and the 
conversion of oxygen was less than total. 
The dependence of products on reaction 
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FIG. 5. The importance of the noncatalytic 
reaction. Supported catalyst = 0.15 wt % InzOz on 
pumice ; contact time = 0.6 cc solid/cc/set; 
oxygen: propylene: nitrogen = 1: 2: 7. Non cata- 
lytic reaction investigated over pumice. 

conditions was similar to the results ob- 
tained with the unsupported catalyst, al- 
though the yield of acrolein observed was 
considerably larger under isothermal con- 
ditions. No diminution in the yield of ben- 
zene (Fig. 1) could be observed when oxy- 
gen was available at all stages of reaction. 

Measurements of the kinetics of the re- 
action were completed over dilute catalysts 
at isothermal conditions near to the con- 
centrations of propylene and oxygen found 
to give maximum yield in the absence of 
any homogeneous interaction. 

a. Initial rate studies. The rate of reac- 
tion was investigated as a function of re- 
action conditions initially at a temperature 
of 440°C. The homogeneous reaction was 
not appreciable at these temperatures, and 
the catalyst bed was isothermal. It was 
particularly important to work at low con- 
versions to avoid inhibition of the reaction 
by products. Under these conditions only 
1,5-hexadiene and acrolein were produced: 
benzene and carbon dioxide could not be 
identified in the exit stream from the 
reactor. 

TRIMM AND DOERR 

The variation of the yields of hexadiene 
and acrolein with contact time (defined as 
g of indium oxide/flow rate) was examined 
as a function of the concentration of pro- 
pylene and of oxygen and as a function of 
temperature. Typical results are shown in 
Figs. 6-8. Calculation of the reaction orders 
and activation energies from graphs of this 
type showed that the initial rates of for- 
mation of hexadiene and of acrolein could 
be described by the equations 

RateH 
= 1.75 X 10’ exp( -45.6/RT)Cp0+Z’00~3g 

and 

RateA 
= 6.0 X lo4 exp( - 16.0/RT)Cp0~38C01, 

where H and A refer to hexadiene and 
acrolein, and CP and Co are the concen- 
tration in the gas phase of propylene and 
of oxygen, respectively. Values of energies 
of activation are given in kcal/mole. 
Standard tests for mass transfer effects 
(9) showed that these did not influence the 
results. 

0 0 10 0 20 O#) 

CONTACT TIME (GM SEClLlTRE) 

FIQ. 6. The dependence of initial rate on the 
concentration of propylene. T = 440°C; [oxygen] 
= 8.9 X 10m3 moles 1-l; [propylene] = (1) 11.1 X 
lo-‘, (2) 8.9 X lo-‘, (3) 4.45 X 10m3 moles 1-l. V- 
V Hexadiene; 0-0 acrolein. 
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FIG. 7. The dependence of initial rate on the 
concentration of oxygen. T = 440°C; [propylene] 
= 8.9 X 10m3 moles 1-l; [oxygen] = (1) 8.9 X 10m3, 
(2) 4.45 X 1Om3, (3) 2.23 X 10m3 moles 1-l. 

b. Reactions at longer contact times. At 
longer contact times, two products ap- 
peared that had been previously observed 
only over the unsupported catalyst, 

I I I 0 
0 0 10 0 20 0 30 
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FIG. 8. The dependence of initial rate on tem- 
perature. [Propylene] = [oxygen] = 8.9 X 10e3 
moles/liter; T = (1) 450, (2) 440, (3) 430, (4) 
420°C. 

namely carbon dioxide and benzene. Small 
amounts of hexatriene and 1,3-cyclohexa- 
diene were also observed in some cases. 
Typical results for the behavior of the 
four major products are shown in Figs. 
9 and 10. Several interesting trends can be 
noted. The yield of hexadiene was found 
to increase relatively rapidly with time, 
but to reach a steady value after ea. 
50 g set liter-l. The yield of benzene, on 
the other hand, increased linearly and was 
influenced only to a very small extent by 
changes in the concentration of propylene 
or of oxygen. The yield of both products 
increased with increasing temperature. 

The yield of acrolein showed evidence 
of considerable overoxidation at. higher 
temperatures and longer contact times al- 
though, surprisingly, this did not appear 

FIG. 9. The yield of benzene and hexadiene at 
longer contact, times. 

Temperature [Propylene] [Oxygen1 
“C moles 1-l X lo-” 

(1) 460 8.9 8.9 
(2) 460 4.5 9.9 
(3) 440 9.9 5.0 
(4) 440 8.9 8.9 

V-V Hexadiene ; Oi) benzene; e@ acrolein; 
0-O carbon dioxide. 
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I I P 1 and oxygen, produced almost the same re- 
sults with respect to benzene as mixtures 
of propylene and oxygen under the same 
conditions. 

Attempt,s were made t,o characterize the 
overoxidation of acrolein, but the results 
were very irreproducible owing to polymer- 
ization of the aldehyde in the service lines 
to the reactor, causing irregularities in the 
feed. 

The effect of product inhibition was ex- 
amined by feeding products together with 
reactants to the catalyst. The addition of 
acrolein had a significant if irreproducible 
inhibit,ory effect on the yield of all prod- 
ucts. The addition of benzene had no effect 
but the addition of hexadiene decreased 
the overall reaction and also the produc- 

CONTACT TIME (GM SECILITRE) tion of acrolein (Table 1). The addition 
FIG. 10. The yield of oxygenated products at of butadiene, which could be recovered un- 

longer contact time. Key as in Fig. 4. changed from the product stream, de- 
creased the concentration of both hexa- 

to be reflected directly by the yield of car- 
bon dioxide. 

diene and acrolein by an amount inversely 

At these long contact times, it is con- 
proportional to the concentration of buta- 
diene added. 

venient to express the rate of production 
of carbon dioxide in terms of the propylene 
available, and of benzene (be) in terms of 
the gas phase concentration of hexadiene. 
The rate expressions so obtained were 

Rat’e,,, 

TABLE 1 
INHIBITION BY ADDED PKODUCTF 

Added hexadiene Acrolein produced 
moles liter X 1OW moles liter X lo+ 

= 1.G X lOa exp(-445,5/RT)C~0~08Ca0~37 0 3.30 
0.48 2.94 

Rateco, 0.64 2.86 

= 1.0 exp( - ~~.O/RT)CP~~~~C~~~~~. 3.46 2.50 

Overoxidation of benzene was found to 
17.25 1.67 
23.60 1.37 

be negligible at 46O”C, in that less than 
3% of carbon dioxide was produced on a [Propylene] = [Oxygen] = 8.9 X lo+ moles/ 

passing a mixture of benzene (2.23 X lit,er: Supported catalyst = 0.15 wt y0 IntO on 

10-3M 1-l) and oxygen (4.45 X 1O-3 M pumice; T = 440°C; contact time = 3 g set liter-l. 

1-l) over the catalyst. The overoxidation 
of hexadiene, on the other hand, was more DISCUSSION 

important and involved both a homoge- The preliminary results showed that in- 
neous and a heterogeneous component. dium oxide is a good catalyst for the oxida- 
Under any of the conditions used in the tion of propylene to 1,5-hexadiene and to 
kinetic studies, the homogeneous oxidation benzene. The selectivity of the catalyst, 
produced benzene and carbon dioxide, but defined in terms of the number of moles 
was some 500 times less important than the of propylene converted to C, products 
heterogeneous reaction. Subtracting these compared with the number of moles totally 
amounts from the overall yields showed converted, was high, even under not too 
that the heterogeneous reaction, giving carefully controlled conditions. Certainly 
benzene and carbon dioxide from hexadiene the reaction demanded more detailed in- 
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vestigation under well-defined circum- 
stances. 

Some preliminary conclusions can be ob- 
tained from the result’s reported above. As 
a general trend, hexadiene and acrolein 
were found to be formed as initial products 
with benzene and carbon dioxide becoming 
important at later stages in the reaction. 
The overall process is a true oxidation in- 
volving the stoichiometric equations 

2 CH&HCHz + f 02 = CH,CHCH,CH,CHCH2 

+ Hz0 (a) 
CH,CHCH,CH&HCHz + 02 = C6Hs + 2 Hz0 (b) 

CH&HCHz + 02 = CHzCHCHO + H20 (7) 

CH&HCH% + 4; 02 = 3 CO2 + 3 H,O. (d) 

No hydrogen was detected among t.he prod- 
ucts and benzene does not appear to be 
destroyed except when the oxygen concen- 
tration drops to zero. At high oxygen con- 
centrations, hexadiene seems more readily 
overoxidized than benzene. 

The effect of varying the concentration 
of propylene is more revealing in the con- 
text of reactions on the surface. If the 
oxidation of propylene to hexadiene, step 
(a), and of hexadiene to benzene, step (b) , 
both occur on the surface, then increasing 
the concentration of propylene should first 
favor step (a), and then, as t.he concen- 
tration of hexadiene builds up, step (b) 
should become of increasing importance. If 
the concentration of propylene is increased 
still further, hexadiene could be displaced 
from the surface, resulting in an increased 
gas phase concentration of the diene and 
a decreased concentration of benzene. At 
the same time the oxidation of hexadiene 
to carbon dioxide would decrease, and the 
oxidation of propylene to the same product 
should increase, resulting in a minimum in 
the yield of carbon dioxide as the pro- 
pylene concentration is increased. All of 
these effects have been observed experi- 
mentally (Fig. 3). 

Similar reasoning can be used to explain 
the dependence of products upon tempera- 
ture (Fig. 4). As a result of the overheat- 
ing of the unsupported catalyst, the actual 
temperatures in the bed are higher than 
the values recorded, but the trend in the 
isot’hermal system was found to be the 

same. The initial decrease in hexadiene and 
increase in benzene presumably results 
from the acceleration of step (b). As the 
temperature is increased still more, the 
desorption of hexadiene should become 
easier, and the gas phase concentration of 
hexadiene should increase at, the expense 
of benzene. As is seen in Fig. 4, this overall 
pattern of product formation is observed 
experimentally. 

Results obtained from kinetic experi- 
ments tend to support and to extend these 
observations. Hexadiene and acrolein are 
seen to be the initial product’s of reaction 
(Figs. 6-8), while benzene is produced only 
when the concentration of hexadiene is ap- 
preciable (Fig. 9). The fact that the yield 
of benzene produced by the oxidation of 
hexadiene is almost the same as from 
propylene when the reaction is carried out 
under the same conditions indicates that 
benzene is formed from hexadiene, as do 
the values of the kinetic parameters for 
the two reactions. The formation of 
acrolein appears to be concurrent with, but 
independent of, the reaction producing 
hexadiene. 

Attempt.s were made to fit, the results 
obtained under controlled conditions (Figs. 
6-10) with a Langmuir-Hinshelwood 
model. The reaction was known to be in- 
hibited by the products of reaction (Table 
1) and by butadiene. The number of 
models generated was limited by the in- 
dication, from the observed power rate 
laws, that the production of hexadiene in- 
volved adsorbed propylene and oxygen and 
that the production of acrolein involved 
adsorbed propylene and gaseous oxygen. 
The most satisfactory Langmuir-Hinshel- 
wood equations were found to have the 
form 

f-H = [ICH(KPCP)2/(l + KPCP + KHCH 

+ KACA)'] x [KOCO/[(l + ma21 (1) 

and 

rA = [kA(KPCP)'/(l + KPCP + Kt&‘H 
+ KACA)O] x co (2) 

where subscripts P, H, A, 0 refer to pro- 
pylene, hexadiene, acrolein and oxygen, 
respectively. 
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Calculated values of K,(620 liter 
mole-l), KH(6.5 X lo* liter mole-l), 
K,(5.3 X lo5 liter mole-l) and K,(560 liter 
mole-l) were inserted into Eqs. (1) and 
(2), together with the appropriate experi- 
mental conditions, and used as the basis 
of a RungeKutta method of integration 
on an IBM 7090 digital computer (10). 
The results obtained were in good agree- 
ment with the experimental values given in 
Figs. 9 and 10. 

These equations were based on a model 
in which the rate-determining reaction for 
the production of hexadiene involves two 
adsorbed propylene molecules reacting with 
dissociatively adsorbed oxygen. Propylene, 
hexadiene, and acrolein compete for the 
same sites, but oxygen is adsorbed at dif- 
ferent sites. The model for the production 
of acrolein involves adsorbed propylene re- 
acting with oxygen. Good agreement was 
not obtained between experimental results 
and equations based on a model involving 
only one propylene molecule in the rate- 
determining step. 

It is possible to advance a tentative 
mechanism which satisfies many of the 
experimental observations. Basically the 
proposals rest on the possibility of adsorp- 
tion of more than one olefin at an Ins+ 
center (cf. indium trialkyls) and on the 
characteristics of the In3+-In1+ couple. 
Firstly, In2+ has not been generally ob- 
served, and the reduction of In3+ appears to 
require two electrons effectively simulta- 
neously (8). Secondly, In3+, with a dl” elec- 
tron outer shell can r-adsorb olefins, while 
this is not possible with InI+, which has an 
.s? outermost shell. 

The initial step in the proposed reaction 
scheme involves adsorption of two olefins 
at an In3+ center (reaction 1 below). Once 
this has occurred, the olefin is well placed 
for the extraction of hydrogen ions from 
the allylic carbon atom by oxidic oxygen 
(reaction 2). The residual charged organic 
fragment can then transfer one electron to 
the In3+, but the transfer of a second elec- 
tron would be much more difficult. Since 
In3+ requires two electrons simultaneously, 
the transfer of one electron from two ad- 

sorbates would appear to be favored (reac- 
tion 3). This transfer would leave the two 
fragments in a position such that dimer- 
ization to 1,5-hexadiene could be expected 
(reaction 4). Reoxidation of Inl+ would 
then complete the catalytic cycle. 

CH, CHT, CHfCHCH, 

1 
2 CH,CH=CH2*ln203- 02-l in3:oZ- 

0 12 0 
CH,-U-CH, CH*-CH-CH, 

I 

I”” * 2lOHi;,, * CH,-CH-CH, CH,-CH-CH, 

14 
Cti=CH.CH> CH2 CH=CHz 

I"" * 40, i l"3. + 02. 

*(OH-iad, d 0'. +H,O 

The experimental observation that the 
1,5 isomer of hexadiene is produced exclu- 
sively is in agreement with this mechanism 
and a Langmuir-Hinshelwood model based 
on reaction 2 rate controlling is of the form 
given in Eq. (1). 

The experimental evidence obtained so 
far appears to be best explained by this 
proposed mechanism, but there are difficul- 
ties. Almost certainly reaction 1 should be 
represented by adsorption followed by 
migration of the adsorbed species to the re- 
action center. Chemically, it is difficult to 
reconcile x-adsorption of two olefins at 
one center, but the demands of the In3+ 
ion, together with the Langmuir-Hinshel- 
wood model, support the postulated reac- 
tions for the data so far available. Whether 
or not the reaction involves, e.g., stepwise 
reaction on pairs of sites (11, 12) demands 
more careful investigation. 

The production of benzene could be sug- 
gested to occur subsequently to the oxida- 
tive dehydrogenation of hexadiene to hexa- 
triene. Indium oxide has been found to 
catalyze such reactions, albeit in low selec- 
tivity (13). It is this low selectivity, com- 
pared to the high specificity of the produc- 
tion of benzene from hexadiene observed in 
the present system, that argues against this 
mechanism. In addition only traces of hexa- 
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triene were observed among the products 
of reaction, It seems preferable to propose 
a mechanism that has much in common 
w&h the sequence l-6 above. 

Adsorption of hexadiene on W+ is prob- 
ably associative and strong, since the car- 
bon number of the diolefin is large (14). 
If adsorpt.ion is bidentate, then the mole- 
cule should be favorably located for the 
formation of the 1,3 isomer of cyclohexa- 
diene via an oxidative route: 

CH,CH, 

,n,=Ch CH, Ch; CH= CH,+ ln3' 2 
/ \ 

CH ln3' CH+ZO“ 

%-CT 

2/9 z 

CH-CH 

/ \ 
In 'I + ZIOH-I,,, + CH 

\ /" 
CH,-CCH, 

which could then migrate to a new In3+ 
center where benzene is produced: 

Reactions 7-9 bear obvious resemblances 
to the dimerization reactions. The indi- 
vidual reactions and the overall scheme 
satisfy the requirements: a) that two elec- 
trons should be transferred simultaneously 
to In3+ at each step; b) that provided the 
amount of hexadiene on the surface is con- 
stant as a result of strong adsorption, the 
rate of production of benzene should be 
independent of the concentration of gas 
phase hexadiene but dependent on oxygen; 
c) that the observed energies of activation 
for the production of hexadiene and of ben- 
zene should be approximately the same; 
and d) that 1,3-cyclohexadiene is the only 
cyclic olefin observed among the product,s 
of t,he reaction. 

The kinetic results for the production of 
acrolein would appear to support the 
mechanistic suggestion that the reaction 
involves the donation of one electron to 

In3+ from two adsorbates, the residual frag- 
ments being so placed that dimerization is 
impossible. Closer inspection shows, how- 
ever, that this cannot be the case. If this 
were to be true, the same type of inter- 
mediate must be involved in the production 
of hexadiene as in the production of 
acrolein and this intermediate must be pro- 
duced by the same type of reaction (i.e., 
reactions l-6 above). This cannot be so 
since: a) the apparent orders of reaction 
for the production of hexadiene and acro- 
lein are different; and b) the observed en- 
ergies of activation are very different. 
Under these circumstances, a stepwise re- 
action of the type suggested by Matsuura 
and Schuit (11, IS?) would seem to offer 
t.he most likely route to acrolein. 

The finding that acrolein is more 
strongly adsorbed than hexadiene and that 
both are more strongly adsorbed than 
propylene is typical of this type of catalyst 
(14), as is the observation that butadiene 
inhibits the reaction by preferential ad- 
sorption on the surface. 

ACKNOWLEDGMENTS 

One of the authors (L.A.D.) thanks Shell 
Canada for valuable financial support. 

REFERENCES 

1. VOGE, H. H., AND ADAMS, C. R., in “Advances 
in Catalysis” 17, 151. Academic Press, New 
York, 1967. 

8. TRIMM, D. L., AND GABBAY, D. S., Trans. 
Faraday Sot. 67, 2782 (1971). 

S. PEACOCK, J. M., PARKER, A. J., ASHMORE, 
P. G., AND HOCKEY, J. A., J. Catal. 15, 373, 
379, 387, 398 (1969). 

4. BOND, G. C., “Catalysis by Metals” (1962) 
Academic Press. 

5. STEINER, H., in “Catalysis” (P. H. Emmett, 
ed.), Vol. 4, p. 529. Reinhold, New York, 
1956. 

6. TRIMM, D. L., AND DOERR, L. A., J. Catal., 
23, 49 (1971). 

7. SAKAMOTO, T., EGASHIRA, M., AND SEIGAMA, 
T., J. Catal. 16, 407 (1970). 

8. HALPERN, J., Quart. Rev. 15, 207 (1961). 
9. SATTERFIELD, C. N., ‘(Mass Transfer in Hetero- 

geneous Catalysis.” M.I.T. Press, Cam- 
bridge, MA, 1970. 

IO. MILNE, W. E., “Numerical Solutions of Dif- 



10 TRIlIM AND DOERR 

ferential Equations.” Wiley, New York, 13. ALKHAZOP, T. G., BELENKY, M. S., ALEK- 

(1953). SEYEVA, R,. I.. .~ND AZIZBEKOV, M., 4th Int. 
11. MATSUURA, I., AND SCHUIT, G. C. A., J. Catal. Congr. Catal., Moscow, Preprint no. 17 

20, 19 (1971). (1968). 
18. BATIST, PH.A., VAN DE MOESDIJK, C. G. M., 14. ADAMS, C. R., Ind. Eng. Chem. 61, 6. 31 

MATSUURA, I., AND SCHUIT, G. C. A., J. (1969). 
catcd. 20, 40 (1971). 


