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The kinetics of ethylene and propylene oxidation over Rh and Ru supported on low 
area a-alumina were studied and found similar to those reported earlier for the same 
metals supported on high area silica. The selectivities for product formation were 
also analogous. The most selective reaction was oxidation of C&He over Rh at ZOO”, 
where substantial amounts of acrolein and acetone were formed. Substitution of 
dcuterium for hydrogen in the olefin methyl-group reduced the rates of these re- 
actions significantly, showing that abstraction of H from this position was involved 
in the rate-determining steps. The acetones formed from labeled propylencs con- 
tained deuterium in all possible positions, but exchange into the product acroleins 
was minor and confined mainly to the 2-position. The acrolein from CD,CHCH, and 
CH,CHCD, contained nearly equal amounts of the CL and d, species, but the unre- 
acted propylene was unisomerized. The absolute values for the deuteriym contents 
showed that the bulk of the acrolein was formed via a symmetric allyl-type interme- 
diate. but that up to 26% of the reaction proceeded with the direct conversion of the 
methyl group of the olrfin into the aldehyde group. The data also showed that the 
isotope effect for the removal of the second H (or D) from the olefin is minimal. 
Possible mechanisms to explain these findings are presented. 

INTRODUCTION 

The literature reveals that a number of 
oxide systems are selective for the hetero- 
geneous catalytic oxidation of propylene to 
acrolein (I), although only two, Cu,O and 
Bi,O,,+tmloO,,, have been studied in very 
great detail (2). Experiments employing 
‘:‘C- and I’C-labeled propylenes have es- 
tablished that the reactions proceed via an 
intermediate in which the two end carbon 
atoms become equivalent (3-G). From the 
rates of oxidation of various deuterium- 
labeled propylcnes over bismuth molyb- 
date, Adams and Jennings (7, 8) concluded 
that the initial step was the removal of a 

*To whom queries concerning this paper 
should be sent: Gulf Research and Development 
Company. Post, Office Drawrr 2038. Pittsburgh. 
Pa. 15230. 

methyl-hydrogen. Furthermore, the dis- 
tribution of deuterium in the acrolein pro- 
duced in their experiments (including Cu,O 
catalysts) was consistent with a discrimi- 
nation isotope effect (Ic,/lc,,) of 0.55 for 
abstraction of both the initial D (or H) 
from the methyl-position and subsequent 
removal of the second, from either end- 
carbon. This provided evidence for a sym- 
metric intermediate of the allylic type, a 
conclusion which has now been widely 
accepted. 

Several oxide systems are known to be 
good catalysts for oxidation of C,H, to or- 
ganic compounds other than acrolein. 
Buiten (9) found that acetic acid and acc- 
tone were formed during oxidation, in the 
presence of water vapor, over a monolayer 
of MOO, supported on SnOz, Moro-oka et 
nl. (10, 11) reported that acetone alone was 
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produced by the same reaction over cata- 
lysts containing 10 mole % moIybdenum 
oxide and 90 mole % of either tin oxide or 
cobalt oxide. The latter authors suggested 
(11) t,hat the reaction involved hydration 
of the olefin to the secondary alcohol fol- 
lowed by oxidative dehydrogenation to the 
ketone. However, Buiten (1%‘) concluded 
from a careful investigation using D,O in 
the feed that. this scheme was not strictly 
valid for his ratalyst system and suggested 
that a surface compound with the isopropyl 
structure was an intermediate in the 
reaction. 

ventional hydrogen chemisorption tech- 
niques so that it was no longer possible to 
determine specific activities. 

The *%- and deuterium-labeled propyl- 
enes were obtained from Merck, Sharp and 
Dohme of Canada. From the mass spec- 
t.rum of each, the following amounts of 
propylcnes containing lesser quantities of 
t.he label were found to be present. 

The Group VIII noble metals arc very 
nctiye catalysts for olefin oxidation, but in 
most investigations only t.race amounts 
i <8%) of part.ially oxidized products have 
hccn reported (I.%-lii). In a recent systcm- 
ntic investigation (16), we have shown that 
the selectivit,y for partia1 oxidation is sub- 
stant.ial for some of these metals when sup- 
ported on silica. Ethylene oxidation over 
Pd and Ir yielded 10-30s acetic acid, and 
Ir gave 25 to 35% of this product from 
propylene. Oxidation of propylene over Rh 
and Ru produced important amounts of 
both acrolein and acetone. This report pre- 
sents further data for olefin oxidation over 
,supportcd Rh and Ru. 

Major componelll, 

Propylerie-l-l:C 
Propylene-1,1-t& 
Propylene-Z-d, 
Propylene-3,3,3-d, 
Perdeuteropropylene 

Other % 

C&c 46.5 
Czl)Hj 4.9 
CJlS 2.9 
Cal )?Hc 2.x 
C,I):,H 5.5 

EXPERIMENTAL RIETH~DS 

The infrared spectrum (as gas) and thr 
NMR spectrum (in Ccl, solution) of each 
deuterated propylene were measured to 
evaluate the H impurity located at the 
specified positions. These data were 
checked against the mass spectrometric 
analyses. Within the experimental error, 
agreement Teas obtained for CD,CHCH,, 
but the CH,CDCH, cont,ained 3%, and 
the CH,CHCD, 1.570 more hydrogen at 
the labeled position than cbuld be ac- 
counted for on t.he basis of impurities with 
lower deuterium content. Consequently, 
some deuterium must be present at nomi- 
nally unlabeled positions, but its location 
could not bc cstimatetl accurately. 

All t,he catalytic experiments reported in During the tracer experiments, the la- 
this paper were carried out using t,he flow bcled compounds were introduced at an in- 
system described elsewhere (16). The ana- jection port from a gas-tight syringe (Sage 
lyt.ical methods, the pretreatment proce- Instrument.s, Model 234) being driven at 
dures and the purifiration of gases were a constant rate such that the pressure of 
also t,he same, as was the 5% Ru/Si% the c,otnpound introduced exactly dupli- 
catalyst uec~l in a few expcrimcnts. In cated that of the normal reactant flow 
all other oxl)crinients, approximately 7-g which had been shut off. Usually, 10 ml 
samples of catalysts prepared for us by CSTP) of the labeled compound were added 
Engelhard Industries, were used. They con- over a 22-min period (giving a pressure of 
sisted of 1.5% of the noble metal deposited about. 7 Torr) and the product.s formed 
on the exterior surfaces of a low arca a- during t.he final 5 min were collected, sepa- 
alumina (Alcoa T-61, 14-28 mesh, surface rated by gas chromatography and the clis- 
area <0.3 m? g-l). These catalysts had bet- tribution of the label was determined mass 
ter heat dissipation characteristics than the spectrometrically. The unreacted propyl- 
metal/silica catalysts and the low surface enes were also collected and examined to 
area of the support, minimized product ad- determine whether any exchange or isom- 
sorpt.ion. However, their metal surface erization had occurred. During co-oxidation 
:I~RS were too low to 1~ measured by con- experiments, products or possible inter- 
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mediates were added to the reaction in the 
same way. 

Infrared spectra were recorded with a 
Beckman IR-12 spectrometer and mass 
spectra with a Nuclide 6-in. magnetic sec- 
tor instrument. The mass spectra of deu- 
terated acroleins were taken with both 
low ionizing voltages (9.5 eV) and under 
conditions of extensive fragmentation (70 
eV). The deuterium distribution was de- 
termined from the former after correction, 
for a small amount of fragmentation 
(<5%‘0), naturally occurring 13C and 
starting impurities. From the 70-eV spec- 
tra, it was possible in some instances to 
estimate the relative number of molecules 
with CD0 and CHO groups, using the in- 
tensities of peaks with m/e = 29 and 30 
and those in the region 55 to 60. The pro- 
cedure was based on the known modes of 
fragmentation of acrolein as described in 
the Appendix of Pap. IV in this series 
(17). The distribution of 13C in acrolein 
formed by oxidation of propylene-l-‘3C 
was similarly estimated from its fragmen- 
tation spectrum. The high resolution NMR 
spectra were taken with a Varian-(A-60) 
spectrometer. 

RESULTS 

Products. The product distribution for 
propylene oxidation over Rh/a-ALO 
underwent the changes shown in Fig. 1 
during the first few hours on stream. Ini- 
tially, acetone amounted to about 50% of 
all propylene consumed, but its rate of 
formation fell by an order of magnitude 
during the first hour. The falloff in rate 
was less pronounced with acetic acid while 
acrolein and acetaldehyde, and CO, and 
H,O as well, were produced in nearly con- 
stant amounts from the beginning of the 
reaction. After a few hours, constant se- 
lectivities were reached and these are listed 
in Table 1. These do not differ significantly 
from our findings with Rh/SiO, catalysts 
(16). All kinetics and tracer data were ob- 
tained with the catalysts in the lined-out 
condition. 

The distribution of partial oxidation 
products was constant during the initial 
stages of C,H, oxidation over Ru/~A1,0~. 

50 100 150 
Time, mins. 

FIG. 1. Variation in product distribution with 
time during propylene oxidat,ion over Rh/a-A1203 
at 173”. PQH( = 7 Torr; Paz = 29 Torr; (a) total 
oxidation to CO2 + HzO; (b) oxidation to acetone; 
(c) oxidation to acrolein; (d) oxidation to acetic 
acid; (e) oxidation to acetaldehyde. 

The selectivities declined in importance 
relative to total oxidation, however, with 
the values listed in Table 1 being attained 
eventually. These were somewhat lower 
than those found with Ru/SiO, (16) and 
only represent pseudo-steady state values. 
Various procedures (such as very high 
conversion levels or a complete shutdown 
in reactant flow) caused further irrever- 
sible declines. Moreover, Table 1 shows 
that Ru and Rh supported on wALO, were 
quite unselective for C,H, oxidation as 
were the corresponding silica-supported 
metals. 

Kinetics. Approximate relative oxidation 
rates in the four systems can be derived 
from the temperatures required to achieve 
an oxidation rate of 0.5 ,J,M olefin min-l g-l 
(Table 1). The values for one metal should 
not be closely compared wit,h the other, 
however, because the metal surface areas 
are unknown. As observed with silica-sup- 
ported metals (16), Rh was more active 
for C,H, than C&H, oxidation, while the 
reverse was true with Ru. 

The temperature dependence of each re- 
action was determined for each catalyst in 
the steady state at olefin conversions below 
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TABLE 1 
ACTIVITY AND SELECTIVITY OF Rh AND Ku FOR OLEFIN OXIDATION 

Catalyst and olefin 

Ethylene Propylene 
- 

13 h/wAlnO3 Ruja-Al*Oa Rh/cu-AlnO, Ku/a-AlnO 

Conditions and results 
Olefin (Torr) pressure 20 21 12 12 
Oxygen pressure (Torr) 55 70 46 45 
Activation (kcal/mole) energy 26.5 * 0.2 29 * 0.4 31.5 + 2 28 + 2 
Temp for standard activity” 2.55 211 184 235 

(“C) 

Products Selectivity (% of oxidized olefin) 
Acetaldehyde <o. 1 <0.5 0.5-1.5 
iicetic acid <0.2 <0.5 4-6 
Acrolein - - IO-18 
Acetone - - 7-10 
C3 acids - <l 

a Temperature required to achieve rate of 0.5 pM olefin mine1 g-l. 

1-2 
2-6 
2-5 
2-5 
<l 

20%. Except for C&H, oxidation over 
Rh/a-Al,Os, the apparent activation ener- 
gies for total oxidation (Table 1) agreed 
closely with values found for reaction over 
the same metals supported on silica. Only 
with the Rh/ru-ALO, catalyst couId suffi- 
ciently accurate data on the net production 
rates be obtained to allow Arrhenius plots 
to be made for the rates of formation of 
the individual products (products were 
held-up on the silica support). These t,em- 
perature dependencies were somewhat de- 
pendent upon reactant pressure, however, 
and the results shown in Fig. 2 are for 
slightly different conditions than used to 
collect the data of Table 1. The apparent 
activation energies (and their standard 
deviations) corresponding to Fig. 2 were 
as follows: total oxidation (H,O), 36.5 
kcal mole-l, u = 2.2; acrolein, 28.4 kcal 
mole-l, u = 0.8; acetone, 30.8 kcal mole-‘, 
c = 2.0; and acetic acid, 33.9 kcal mole-‘, 
0 = 4.0. Although the olefin conversion was 
low, the significance of the first two values 
may be questioned, because acrolein (but 
not acetone or acetic acid) is further oxi- 
dized to CO, and H,O, vide infra. 

The variation in the rate of Hz0 for- 
mation at low conversions (chiefly from 
total oxidation) is shown as a function of 

reactant pressure in Fig. 3. The reactions 
over Ru/c~-Al~0, were less than first order 
in 02-pressure and inhibited by olefin. The 
results for Rh/cu-Al,O, deserve special com- 
ment. When the 02-pressure was reduced 
during C&H, oxidation, the rate increased 
slowly at first, and then very rapidly below 
50 Torr ; near 35 Torr, the rate increased 

3.0r 
‘1 
: ._ 
E 2 20.- 
10 
2 

2 
2 
Lz 
4 lo- 

+ 

N 

FIG. 2. Effect of temperature on rate of propylene 
oxidation over Rh/a-AlzOr. P ~a( = 24 Torr; PO, 
= 73 Torr; (a) oxidation to COZ + HzO; (b) oxi- 
dation to acrolein; (e) oxidation to acetone; (d) 
oxidation to acetic acid. 
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25.0 
A Oxygen Pressure 

I 

E 
gzoo 8. Olefin Pressure 

, 

Reactant Pressure, Torr 

-l 

I 
60 

FIG. 3. Dependence of total oxidation rate 011 
reactant pressure: (a) CzH4 oxidation over Rh/ol- 
AhO3 at 202”; (b) C3H6 oxidat.ion over Rh/a-AlzOa 
at 184”; (c) C&H, oxidation over Ru/cu-AlsOa at 
211”; (d) C3H6 oxidat,ion over Ru/ol-Alr08 at 235”. 
Fixed reactant, pressures as specified in Table 1. 

almost vertically with decrease in pressure 
and total consumption of 0, resulted. Simi- 
lar behavior was found for C,H, oxida- 
tion; the rate was nearly constant and at a 
low level between 150 and 30 Torr, but in- 
creased extremely rapidly near 25 Torr. 
The effect of changing olefin pressure was 
exactly the opposite; very rapid increases 
in rate occurred for pressures above cer- 
tain limits. It was noticeable that these 
rapid rate increases took place only when 
the olefin was in excess of that required for 
total oxidation. With total consumption of 
O,, the selectivity of C&H, oxidation to 
acetic acid increased from about 0.2 to 5%. 
With C,H,, the yield of acrolein was 
greatly diminished, although the yields of 
acetone and acetic acid were little 
changed. The total consumption of 0, in 
this way was not due to loss of control 

much greater rises in temperature could 
be tolerated under other conditions. 

The dependence of the selectivity for 
partial oxidation of C,H, on reactant pres- 
sures is summarized in Fig. 4. With both 
Ru and Rh, the ratio of acrolein/acetone 
was unaffected by these parameters, so 
these products were summed. With Rh, 
this sum went through a maximum with 
pressure of either reactant, the position of 
which was dependent on the pressure of 
the other. The most favorable 0,/C&H, 
ratio was 3:5 under all circumstances, i.e., 
close to the critical condition. With Ru, 
highest selectivity for aerolein and acetone 
formation was achieved with high C&H,- 
and low 02-pressure ; and the same was 
true of acetic acid formation over Rh. 

Tracer studies over Rh/a-Al,O,. The 
olefin pressure used was 7 Torr, ensuring 
that the reaction was close to first order 
for this reactant. The relative rates of oxi- 
dation of each deuterium-labeled propylene 

30 
A Oxygen Pressure 

5~A/3+---~+- 
I I 

10 20 30 40 
Reoctont Pressure, Torr 

-7 

i 

Flc. 4. Variation in selectivity of propylene oxi- 
dation with reactant pressures: (a) acrolein + ace- 

tone formation over Rh/a-AlzOa at 184”; (b) acrolein 
+ acetone formation over I)\~~/~A120~ at 235’; (c) 
acetic acid formation over Ith/u-Al203 at 184”. 

through overheating of t.he catalyst, since Fixed react,ant pressures ax specified in Table 1. 
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over Rh/cY-Al,O, were calculated by nor- 
malizing the rate data for the tracer ole- 
fins to the rate for C,H, under identical 
conditions. The results listed in Table 2 
are averages of several experiments. For 
acrolein formation, CD,CHCH, and C&D, 
were oxidized at about one-third the rate 
of CH,CHCD,, CH,CDCH,, and C&H,. 
Thus, a large kinet.ic isotope effect was 
operative, but only for deuterium in the 
methyl group. Oxidation rates to acetone 
and to CO, + H,O revealed a similar, but 
less pronounced pattern; again CD,CHCH, 
and C&D, yielded the least product, but 
CH,,CHCD, oxidation was also signifi- 
cantly slower than C,H, oxidation. The 
presence of D,O (or H,O) in excess of that 
produced by reaction, led to pronounced 
reduction in total oxidation relative to 
partial oxidation, e.g., the selectivity to 
acrolcin was improved, as indicated in the 
final line of Table 2. 

In one experiment, a mixture of C,H,+, 
49.0% ; C,D,H, 2.5%; and C,D,, 48.5% 
was oxidized and the isotope effect was 
catimat,ed from a mass spectral analysis 
of the relative amounts of hydrogen and 
dcutcrium in each product. The values ob- 
tained, 0.35 for acrolein and 0.54 for ace- 
tow, were in excellent agreement with 
those given in Table 2, which were ob- 
tained by direct rate comparison. 

Propylencs unoxidized during the above 
experiment were found to consist of C&H,, 
47.2%; C,DH,, 1.2% ; C,D,H, 3.4%; and 
C:;l),; 48.1?. Thus, the overall intel??zo- 

leculnr hydrogen-deuterium mixing was 
small, yet significant. Similar results were 
obtained when specifically deuterated 
propylenes, unreacted in other experiments, 
were examined by mass spectrometry. In- 
frared analysis showed that intramolecular 
transfer was also small (at most 5%). Un- 
react#ed propylenes from the oxidation of 
C,H,, (7 Torr) in the presence of D,O (12 
Torr) contained about 3.0% cl, and <0.7% 
of more highly deuterated molecules. Ex- 
tensive intermolecular mixing was found 
in the acetone, hovvever, as shown in Table 
3. Noteworthy was the oxidation of 7 Torr 
of C,,H, in the presence of 10 Torr of D,O, 
which produced acetones containing up to 
and including 6D per molecule in the ap- 
proximately statistical distribution. This 
showed that the mechanism for atom 
scrambling in acetone, when the other 
propylenes were oxidized, was probably 
via repeated keto-enol shifts and exchange 
with D,O, H,O, and HDO formed through 
total oxidation and in acrolein formation. 
Blank experiments showed that H/D ex- 
change between D,O and (CH,),CO did 
not occur in the absence of the catalyst 
under equivalent conditions, while the final 
line of Table 3 shows that Rh/cY-ALO, 
readily facilitated the reaction. 

Results of crucial experiments which 
define the extent and mechanism of ex- 
change processes during acrolein formation 
are list’ed in Table 4. Oxidation of an equi- 
molar mixture of C&H,, and C&D, gave rise 
to a mixture of acrolcins (line 1) which 

Relative rate constants for reac?ions leading to 

System Total oxidation ilcrolein Acetone 

CHaCHCH2 1 .o 1 0 10 
CI~&IXl~* 0.:3-o, v 0 3.5 + 0.05 0. ;55 & 0,Od 
CH,CHCl>z 0. 66 + 0 1 0 .!I * 0.05 0.8 * 0 1 
CD,CHCH, 0.3-0..5’ 0. 3.5 * 0 04 0.55 5 0.05 
CH,CI>CHz 0.92 1 .o 0.97 
CH,CHCHz/l),C* 0.4-O.@ 0.8-0.9 0.6-0.i 

* Propylene pressure 7 Torr; propylene conversion 20 to 40 yc. 
b Oxidation in the presence of 10 Torr I>& vapor. 
c Conversion dependent 
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TABLE 3 
COMPOSITION OF ACETONES FROM REACTIONS OVER 1.5% Rh/a-AlzOa 

System 

C,HdCJh 
CD,CHCHz 
CH$HCDz 
CH,CDCH?, 
C&/DzOb 
Acetone/D@ 

Isotopic distribution (mole %)a 

do dl dz 

42.7 13.6 3.9 
3.4 9.5 25.5 

10.6 26.9 45.9 
35.1 52.6 11.3 
10.9 15.0 19.1 
34.8 34.4 19.3 

3.9 9.4 12.2 14.1 
40.3 17.6 3.9 - 
14.2 2.3 - - 

1.0 - - - 

20.5 18.7 11.7 4.1 
8.0 2.7 0.8 - 

5 Corrected for 1% only. 
b D,O added at 10 Torr. 
c Mole ratio DIO/CH.COCH~ = 5, based on amounts fed. 

was only slightly scrambled with respect 
to H and D. The existence of exchange was, 
however, found in the oxidation of C,H, in 
the presence of substantial excesses of D,O 
(lines 2,3, and 4). Examination of the mass 
spectral fragmentation pattern of the most 
highly exchanged sample of acrolein (line 
4) indicated a composition of: GH,CHO = 
41.1% ; C,H,CDO = 3.8% ; C,H,DCHO = 
51.2%; and C,H2DCD0 = 3.9%. All the 
major peaks in the infrared spectrum of 
this sample were readily interpretable as 
resulting from an approximately equimolar 
mixture of CHCHCHO and CH$DCHO. 
[An authentic sample of the latter was 
prepared for comparison purposes by the 

oxidation of CH,CDCH, over Au where 
this exchange was minimal (17).] Thus, it 
appeared that the major part of the ex- 
change was taking place at the 2-position, 
although a small amount also occurred in 
the aldehyde group. Consideration of the 
theory of similar exchange processes [e.g., 
CH,/CD, mixing (18) ] indicated that the 
rate of the first-named exchange was 5 
to 8 times faster than that of the second. 

This was confirmed by oxidation of 
CH,CDCH, both alone, in which case a 
considerable amount of acrolein-do was 
formed (line 5, Table 4), and in the pres- 
ence of D,O, which greatly suppressed the 
loss of the labeled atom (lines 6, 7, and 8). 

TABLE 4 
COMPOSITION OF ACROLEINS FROM REACTIONS OVER 1.5% Rh/ol-AlzOtG 

Isotopic distribution (mole %)b 

Propylene 

DzOc 

acrolein do d, d2 
Max %d 

CD0 groups 

CJL/CaDe - 67.5 5.4 
CHsCHCHz 50 78.8 21.2 
CHaCHCHl 90 63.9 35.4 
CH&HCHz 300 42.8 53.8 
CHaCDCHz - 28.0 72.0 
CHaCDCHz 40 13.1 85.9 
CH&DCHz 160 5.3 92.7 
None 5 94.4 5.6 

0.2 5.0 21.7 - 

- - - 2 
0.7 - - 3.5 
3.6 - - 7 
- - - 3 

1.0 - - 8 
2.0 - - 8 
- - - 5 

a At 195 to 200” with propylene pressure of 7 Torr, the conversion was between 20 and 30%. 
b From low eV measurements, corrected for fragmentation and 1% content. 
c Based on DzO to reactor and acrolein leaving reactor. The ratio (DzO added)/(H20 from propylene) was 

about & of these values. 
d Estimated from fragmentation pattern. 
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TABLE 5 
COMPOSITION OF ACROLEINS FROM REACTIONS OVER 1.5% Rh/a-A120S0 

Isot.opic distribution (mole %)” 

System Sample no. do & dz d3 d4 

CH,CHCDz 1 1.0 38.0 54.6 6.3 - 
‘2 0.9 38.4 54.7 6.0 - 

CH&HCDJH# 1 1.0 39.7 56.6 3.9 - 
2 0,s 39.4 56.0 3.9 - 

CDaCHCHz 1 2.9 43.6 45.7 8.6 - 
2 1.9 43.3 45.6 9.2 - 

CD&HCHz/H0 1 4.6 49.3 42.1 4.0 - 
2 4.0 50.1 42.8 3.1 - 

(1 At 208” with propylene pressure of 7 Torr; the overall conversion was about 35 %. 
b From low eV measurements, corrected for 1% content, fragmentation and starting propylenes with lesser 

deuterium content except as noted. 
e Reactant stream saturated with Hz0 at 0°C. 

The small amount of acrolein-d, produced 
even in the presence of a vast excess of 
D,O is indicative of the small extent of 
exchange with CHO (and =CH,) groups. 
Thus, our raw data for CD&HCH, and 
CH,CHCD, oxidation over Rh (Table 5) 
must be corrected for exchange at the 2- 
position. Undoubtedly the production of 
small amounts of acrolein-d, from the lat- 
ter olefin stems from this process because 
introduction of H,O into the feed stream 
effectively repressed it (Table 5), in agree- 
ment with the results in Table 4. 

The data of Table 5 were corrected for 
exchange by assuming that it occurred to 
the same extent with both acroleins-d, and 
-d, and that the amount of acrolein-d, was 
a measure of the extra D incorporated into 
originally dZ molecules. The resultant data 
(Table 6) were also corrected for the pres- 
ence of some acrolein-do. While a small 
amount of this compound would be ex- 
pected through replacement of CD0 by 
CHO, its most probable source appeared 
to lie in our experimental procedure, which 
involved replacement of the normal reac- 
tant stream containing C&H, by one con- 
taining the labeled propylene over a 20- 
min period. If the amount of acrolein 
formed during this period was insufficient 
to completely replace the normal acrolein 
retained by the cat.alyst, then the sample 

of acrolein collected over the final stages 
of the replacement period would contain 
do. The supporting evidence was that 
low rates of acrolein formation (e.g., 
CD,CHCH, oxidation compared with that 
for CH,CHCD,) increased the fraction of 
do molecules and each Sample 2, repre- 
senting analysis of material collected when 
a second aliquot of the labeled propylene 
was oxidized immediately following the 
first, contained less do. Thus, the amounts 
of d, were not truly representative of oxi- 
dation of the labeled propylenes, and the 
analysis of the sample was therefore cal- 

TABLE 6 
CORRECTED COMPOSITION OF ACROLEINS FORMED 

RY OXID.ZTION OF LABELED PROPYLENES OVER 

Kh/a-AlnOs 

Corrected isotopic distribution 
(mole %I” 

System 4 dt 

CH,CHCD* 42.2 57.8 
CH&HCDz/HzO” 41.6 58.4 
CD,CHCH, 51.9 48.1 
CD3CHCHJHzOb 56.4 43.8 

(1 Corrected for W, fragmentation (<2oJ,), im- 
purities in st,arting propylenes, exchange at 2 posi- 
tion, and unreplaced do in samples collected. 

b R.eact,ants saturated with water vapor at 0°C. 
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culated on a &-free basis (Table 6). As 
had appeared from the raw data, the iso- 
topic distribution in the acrolein produced 
from CH,CHCD, was similar, but not 
identical with that formed from 
CDSHCH,. 

The question of how much the distri- 
butions were governed by intramolecular 
movement between the two end carbons 
was considered. As described elsewhere 
(l7)f calculations based on the intensities 
of peaks with m/e of 29, 30, and in the 
region 55 to 60 in the mass spectra mea- 
sured at 70 eV can be used for this pur- 
pose. A detailed analysis was made for 
the acrolein formed by oxidation of 
CH,CHCD, in the presence of H?O. The 
distribution best fitting the observed spec- 
tra was as follows: CD,CHCHO = 49.9%, 
CH,CHCDO = 36.3% (primary prod- 
ucts) ; CD,CDCHO = 3.60/o, CH,CDCDO 
= 2.2% (formed by exchange at the 2- 
position) ; and CHDCHCDO = 4.5%, 
CHDCHCHO = 3.3% (resulting from in- 
tramolecular movement of some type). 
Thus, transfer between l- and 3-positions 
(which may have occurred in the course of 
the mass spectral measurement’s) was 
<So/,, which was only a little greater than 
observed in the unreacted propylenes, vide 
supra. The fractions of cl, and d, estimated 
from the above analysis were 41.8 and 
58.20/o, respectively, which were in ex- 
cellent agreement with the values given in 
Table 6. 

The oxidation of propylene-I-‘“C pro- 
vided confirmation that all acrolein was 
not formed by a mechanism in which the 
two end carbon atoms were exactly equira- 
lent. Values for fractional retention of 
double bond position calculated from the 
mass spectral data (17) are listed in 
Table 7. A correction has been included 
for naturally occurring ‘“C but not for 
propylene isomerization. The latter was 
about 3% as determined by infrared mea- 
surements in the manner of George (19) 
(see footnote a to Table 7). Thus, approxi- 
mately 60% of acrolein molecules retain 
the labeled carbon in the terminal olefinic 
group, in good agreement with the findings 
for oxidation of the deuterium labeled 

TABLE 7 
APPMWNT OVEK.\LL It ETICNTION OF Dousr,~ 

BOND POSITION IW ACR~LEIN FORMED BI 
OXIDATION OF PR~P~I,I.:NI.:-~-‘“~ OVER Rh* 

Calculated from Frartional retention (%) 
peak with __ ~ 

m/e of Itlllr I* Run 2” 

25 5% + 10 6‘2 + LO 
26 65 f 10 74 + IO 
27 6!) + 10 67 + 5 
3Od .59 & 5 63 + 3 

a The distribution of 1X2 in the labeled prop)le~ 
was: sta.rt.ing material: I-posit,ion, 96.6%; 2- and 
3-positions, 3.4y0; unreacted material: I-position, 
93.5%; 2- and 3-positions, 6.5 %. 

b At 201”, PO, = 70 Torr; Pc3n, = 7 Torr; pro- 
pylene conversion, 3Ooj,. 

c At 190”, Pot = 28 Tow; PcIn6 = 7 Torr; pro- 
pylene conversion, 25 %. 

d Corresponds t,o the WHO+ fragment. Since all 
the other m/e values cont.ained contributions from 
two fragment ions, calculations based on the nl/e = 
30 value shotdd be the most reliable. 

propylenes. Examination of t,he mass spec- 
trum of acetone formed by propylene-l-13C 
oxidation showed that the amount of 13C 
present at the center carbon was not sig- 
nificantly greater than natural abundance. 

Oxidation of possible intermediates over 
Rh/cu-Al,O,. In each case, the compound to 
be studied was introduced into the normal 
reactant st.ream (i.e., containing propylene) 
and flowed over the catalyst. at a temper- 
ature such that propylene conversion was 
smaI1 (<3%). The results are summarized 
in Table 8. Conversion of ally1 alcohol was 
essentially complete under these conditions 
with acrolein comprising 65% of the prod- 
uct and CO, and H,O the remainder. The 
latter were probably formed by further 
oxidation of acrolein, since in a separate 
test more than 80% of this compound was 
totally oxidized. Oxidation of both satu- 
rated Ca alcohols was rapid with l-propa- 
no1 yielding propionaldehyde and 2-propn- 
no1 giving acetone. Total oxidation of these 
compounds was small. Moreover, acetone 
was unaffected while oxidation of pro- 
pionaldehyde proceeded very slowly to pro- 
pionic acid, acetaldehyde, and acetic acid. 
Acetaldehyde oxidation also yielded mainly 
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TABLE 8 
CO-OXIDATIONS Own Rh IN THE PRESENCE OF PROPYLENE” 

Test compound 

Product. distribution (mole y0 of test. compound oxidized) 
Reaction 
rate c&l Totally Acetal- Arro- Acetic Propion- 

mill-I) oxidized dehyde lein r\cetone acid aldehyde Cg a&k 
- 

Propylene* 0111~ 0. 5 60 ‘2 2: i IO 1 <o. 1 <l 
Ally1 alcohol >6.0 :FJ -c 60 <I - <l 
%Propallol~ 4 5 <4 - >!);I - - 

I-Propanok 4. .5 <4 - - >!I,5 
l’ropionaldehyder <0.3 < 15 :15 1.5 ::.j 
Propylene oxidec <0.4 <“O - - >80 
Auoleilrr I .o >RO - - 10 
Acetaldehyde” 0. 7 <BO - >70 -- 

IQhylene oxided <O.l - No products detected 
Acetottec <o. 1 No products detected 

‘1 At 179”, PO, = 70 Torr; F’Q~I~ = 7 Tow. 
* F’QH~ = 7 Tow, equivalent to 20 &’ min-I. 
r Added at approximately 6.8 &l min-I. 
d Added at approximately 20 PAI min-I. 
p Amount found did not differ significantly from that, formed from C,H, alone. 

acetic acid. Propylene oxide and ethylene 
oxide could be ruled out as intermediates 
in propylene oxidation over Rh, since both 
could be passed over the catalyst with the 
only reaction being isomcrization of the 
former to propionaldehyde. 

Tracer studies over Ru/SiO,. Because 
of poisoning, propylene oxidation over Ru 
could not be investigated in the same de- 
tail as with Rh catalysts. However, two 
experiments were carried out in which 
CI>,CHCH, was oxidized over a freshly 
pretrcatcd cataIyst (where the greatest 

yield of partial oxidation products was ob- 
tained). Acetone, acrolein, and acetalde- 
hyde, derived from these experiments, were 
analyzed by mass spect.rometry. The re- 
sults are shown in Table 9. 

Both acetone samples were extensively 
scrambled, although not at, equilibrium a~ 
the amount of cl,, was considerably in ex- 
cess of that expected for a statistical dis- 
tribution. The results for acctaldehyde also 
indicated that considerable exchange was 
taking place. The average deuterium con- 
tent (0.54 and 0.56 in the rwpwtiw eslwri- 

Acetone -n 4.2 11.2 27.4 46.0 !).X 1.:i - 
-h 6.2 I 3 3 2s :z 41.7 s 9 1.6 - 

Acrolein -h 3 5 :<!I .4 50. 2 6.X - - 

Acet.aldehyde -(I x.2 1X.3 23. !f 47.6 2.0 - - 

-h x.0 15 :< 21.5 .5,3 2 2.0 - 

0 At 175”, Po, = 38 Tow; F’ca~& = 7 Torr; over 1.0 g of 5% &l/SO, pretreated ate 300”. 
b At 165”, PO, = 38 Torr; PC~IT~ = 7 Torr; using catalyst. as for a. 
= From low eV measurements, corrected for 1% and starting impurities. 
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ments) was slightly in excess of that in the 
starting propylene (0.5)) so a tendency did 
exist for the methyl group to be retained, 
but the values were much less than that 
expected for a clean double bond cleavage 
(0.75). Furthermore, the mass spectral data 
obtained with higher ionizing voltages 
showed that the aldehydic position had an 
appreciable deuterium content (the con- 
clusions of Brinton and Blacet (20) were 
assumed regarding the modes of fragmenta- 
tion of deuterated acetaldehydes in making 
these calculations). 

As found for Rh, the major portion of 
the acrolein formed from CD,CHCH, over 
Ru was d, and d,. However, corrections 
for exchange processes were not possible 
because of difficulties in carrying out the 
necessary blank experiments with this less 
stable catalyst. For this reason, it was im- 
possible to evaluate the possible signifi- 
cance of the larger percentage of d, com- 
pared with d,. 

DISCUSSION 
The present findings for C&H, and C,H, 

oxidation over Rh and Ru supported on 
a-Al,O, are in good agreement with those 
reported earlier (16) for the silica-sup- 
ported metals. Activation energies, pressure 
dependencies, and product distributions 
were all similar and can therefore be re- 
garded as characteristic of such oxidations 
under flow conditions. Although Rh was 
very unselective for C&H, oxidation, it was 
the most selective group VIII metal for 
C&H, oxidation, and most of this discussion 
is concerned with acrolein formation from 
labeled propylenes by t’hie reaction. The 
conditions under which these experiments 
were carried out ensured that the reaction 
rate was first order in olefin pressure and 
was inhibited by 0,. Our chief findings 

was about 2.9 compared with theoretical 
maximum values between 3.3 and 4.0 for 
the breaking of a C-H relative to a C-D 
bond at 200“ (21). Thus, the kinetically 
slow step must be removal of a methyl 
hydrogen (or deuterium) . In the absence of 
prior reaction, the species so formed from 
CD,CHCH, and CH,CHCD, should have 
the same formal structure, i.e., CH,CHCD,. 
Adams and Jennings (7, 8) have estab- 
lished such a symmetrical intermediate for 
propylene oxidation over bismuth molyb- 
date; they suggested an adsorbed allylic 
radical. 

2. The chief acroleins produced from the 
last-named propylenes contained either 1 
or 2 D atoms. However, although the nec- 
essary corrections for exchange made the 
product ratios inexact, the t&/d2 ratio was 
not unity, nor always the same. Even the 
uncorrected data indicated that more d, 
acrolein was formed from CH,CHCD, than 
from CD,CHCH,, which could not be true 
if all oxidation took place via a symmetri- 
cal CH,CHCD, intermediate. The data 
suggest that removal of both hydrogens (or 
deuteriums) from the same methyl carbon 
was slightly preferred, and this was sup- 
ported by the results for CH,CH13CH, 
oxidation. 

3. The unreacted olefin did not isomerize 
extensively nor undergo intermolecular nor 
intramolecular exchange. 

4. Extensive isotopic scrambling occurred 
in the acetone produced. 

The data can be readily interpreted by 
assuming that the major reaction pathway 
utilizes the symmetrical allylic radical of 
Adams and Jennings (7, 8)) but that part 
of the time two hydrogens are removed 
simultaneously from the methyl group, 
e.g., by the mechanism suggested by Mar- 
golis (22) : 

CH~CHCD, + Oz- CH,CHCD,OOD -D,O + CH,CHCDO (1) 

were : Of course, other explanations are possible ; 
1. Acrolein formation from CDSHCH, all that is required is that the identity of 

or C&D, was much slower than from C,H, the methyl-carbon be conserved part of the 
or propylenes labeled elsewhere in the time. This could be achieved by forming a 
molecule. The kinetic isotope effect (kII/kD) formal bond with the surface, or by form- 
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ing ally1 alcohol as an intermediate, since @=129J-x+.fx 
- the latter was shown to oxidize selectively 43.8 * (1 -$1x 

03 

to acrolein (Table 8). The larger portion (Values for the experiment with added H,O 
of the acrolein forming reaction, however, were used because exchange with the H on 
involved the symmetric intermediate. A the central carbon with HDO formed in 
tentative reaction scheme follows. It was the reaction was repressed in this way.) 
derived partly from Adams and Jennings Similarly for CH,CHCD, we have the 
(7, 8) and partly from Mullin and Skirrow scheme: 

- f 

/ 

CW-HCD, ----+ CH&HCDO 

YkH 
CH,CHCD, 

\ \\, 

(1-f) (V, 
(I-v)k,, 

HO,CH,CHCD ’ P- CD,CHCHO + H,o 

(.%). It is not certain, however, that all of where y is defined as for x previously. The 
the reaction steps are confined to the sur- ratio d,/d2 is then: 
face. We assume: 

a. Chain initiat.ion; 
41.6=0,1= Yf 
51.4 * Y(l -f> + (1 - yj (8) 

CD,CHCH& 
0 

------+ CD,CHCH&dsj - 
---tq-- 
CD,CHCH2 + *OD (2) 

b. Chain propagation ; Equations (6) and (8) can be respectively 

and 

---i--- 
CD,CHCH, + 0,~ CD,CHCH$, + CH,CHCD,& (3) 

. 
CD,CHCH,O, 

. __--_-_ 
+ CD,CHCH, - CD,CHCH, t 

CD,CHCf&O,D (4) . 
CH,CHCD20, 

/ 
CH,CHCD,O,D 

J 
Products 

c. Chain termination by further oxida- simplified to 
tion of intermediate free radicals to CO, 
and H,O. (1 - f)x = 0.436, (9) 

Using these ideas together with the ex- and 
perimental data, an analysis can be made 
of the relative amounts of acrolein pro- fy = 0.415. w> 

duced via symmetrical and unsymmetrical Within the present definition of f, x and 
intermediates, respectively. Consider first y (all lying between 0 and l), Eq. (9) is 
the reactions of CD,CHCH,, i.e., satisfied only if 0 < f < 0.564, while Eq. 

CD,CHCH, 
/ 

i%-&% (lef) z 2 2 CD CHCHO 1 

xko 

\ f \ (I-%)kD 

DO,CD,CHCH, _‘- CH$HCDO t D,O 

(5), 

where x is fraction of the olefin reacting to (10) is true only for 0.415 < f < 1. Since f 
the symmetric intermediate and f is the must satisfy both limits simultaneously, we 
fraction of the latter which reacts to form have 0.415 < f < 0.564, setting the limits 
acrolein-d,; k, is the rate constant for the on x and y as 0.74 < x < 1 and 0.74 < y 
reaction of the methyl labeled, &, olefin. < 1. 
The ratio of acroleins, d,/d,, was (Table 6) : It should be pointed out that an extreme 
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upper limit for x: (or y) would require that 
y (or 5) have the extreme lower limit. How- 
ever, these extreme combinations would re- 
quire impossible isotope effects as can be 
indicated in the following way. 

From the schemes (5) and (7) and 
Table 2 we have that the relative rates 
of consumption of CD,CHCH, and 
CH,CHCD, is given by 

xk,, + (1 - x)kD kD 
ykH + (1 - y)kH = ii; 

= O.35 = 0.39, (11) 
0.90 

while the relative rates of ally1 radical and 
hydroperoxide formation are, respectively, 

XkD 0.39x 
ylc,=y’ (12) 

and 

(1 - x)tD = 0.39(1 - x) 
* (1 - YNn (1 - Y) 

(13) 

The two quotients represent the kinetic 
isotope effects for the two modes of reac- 
tion of the olefin and can be expected to be 
between 0.25 and 1.3, the theoretical limits 
at the temperature employed (21). (Ac- 
tually we would expect t.he isotope effects 
in hydroperoxide formation to be close to 
1.) Hence we have 

0.25 < z < 1.3 and 
Y 

o 35 < 0.39(1 - x) 
.i 

l-y 
< 1.3. 

The first set of inequalities is satisfied by 
all values of z and y within the previous 
limits, but the second set is true only for 
x < 0.83 and y < 0.92. Thus, the only rea- 
sonable limits for these parameters are 0.74 
< n: < 0.83 and 0.74 < y < 0.92, thus set- 
ting the final limits on f as 0.45 < f < 
0.525. 

This value for f (0.49 c 9.04) implies 
that removal of either an H or a D from 
the symmetric intermediate is equally 
likely, which contrasts with the results of 
Adams and Jennings (7, 8) on oxide cata- 
lysts where the isotope effect in this second 
abstraction was equal to that found in the 
first abstraction from the olefin. The addi- 
tion of 0, to either end of the ally1 radical 

[ Eq. (3) ] is equally probable. This is one 
way that the isotope effect for the removal 
of the second H or D from the molecule 
can be avoided, but it probably is not 
unique. Our values for x and y show that 
no more than 26% of the acrolein is formed 
by the minor pathway. Thus, the overall 
percentage of reaction which proceeds with 
retention of configuration cannot exceed 
630/o, i.e., 26% plus half the remaining 
74%. This agrees well with the results ob- 
tained with the W-labeled propylene 
(Table 7) where the overall percentage of 
acrolein produced with apparent retention 
of double bond position was 59 t 5 and 
63 2 3% from the most reliable results for 
the two runs. 

The isotope effects in formation of acro- 
lein and CO, (+H,O) were quite similar 
(Table 2), thus suggesting the same rate- 
determining step is involved, and also that 
the latter compounds form via successive 
oxidation of the former. The co-oxidation 
experiments detailed in Table 8 substan- 
tiate this hypothesis. A radical mechanism 
is also att,ractive in explaining the anoma- 
lous features of the pressure dependencies. 
The peculiar orders near t,he critical run- 
away condition could reflect a rapid change 
in chain length in a way analogous to that 
observed near the explosion limits in the 
gas phase. To the extent that the kinetics 
of ethylene oxidation over Rh are similar 
to those for propylene oxidation, the same 
instability of surface species can be 
inferred. 

The products of gas phase oxidation of 
propylene in a flow system were found by 
Kamiya (24) to be acetaldehyde, 34%; 
propylene oxide, 24%; acrolein, 12% ; and 
ally1 alcohol, 5%. Only small amounts of 
the first two compounds are observed dur- 
ing oxidation over Rh while the data of 
Table 8 reveal that the metal is not very 
active in their further oxidation. This does 
not rule out radical processes, however, 
since the active surface could still facilitate 
total oxidation, or prevent formation, of 
radicals which lead to these products while 
favoring paths which lead to acrolein and 
acetone. 

Because of rapid exchange processes, it 
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was impossible to assess whether or not the 
reaction mechanism would leave the prod- 
uct acetone with the same six hydrogens 
(or deuteriums) found in the starting 
propylenes. In the absence of FUC~I mising, 
it would be quite possible for the observed 
isotope effect to be much closer to that 
found for acrolein, in which case the same 
rate-determining step couid be inferred. 
Several radical mechanisms could be n-rit- 
ten, but, there is no information to favor 
one or another. Acetone was not formed by 
isomerixation of ljropylene oxidc. since 
R~/o-Al,O, was not very active for this 
process and yielded propionaldehyde. Nor 
do we think it is formed via hydration to 
isopropanol and subsequent dehydrogenn- 
t.ion because H,O was a\-nilable in limited 
amounts only through concurrent total osi- 
dation and the a&one yield relative to 
aerolein fell when additiona x-atcbr wan 
incorporated in the feed. 

The similarity in 1)roduct distribution 
~vould suggest that Ru acts in a similar 
mamler to Rh for olcfin oxidation. HOW- 
cvcr, the deuterium contents in the acro- 
lcins formed from CT),CHCH, over the 
two metals differed, so this may not, be 
strictly true. The lnxsnurc tlependcncies 
differ& also. Bwnuac of rnixing reactions, 
one cannot bc swr that acctaldchydc and 
acetic acid arc Ixodurcd during propylene 
oxidation over Ru in tile same manner we 
ll;tve shown for Tr (25’), i.e., by clean clea- 
vage of the C=C bond. 
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