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The catalytic properties of various oxides were determined in the oxidation of iso- 
butene, acetylene, ethylene, and propane and were correlated with the heat of formation 
of the catalyst oxides divided by the number of oxygen atoms in the oxide molecule 
(tie). It was observed there is a distinctive relation between catalytic activity and 
mo; the lower the AHO of the catalyst, the higher its activity. For isobutene and 
acetylene oxidations, the reaction order in hydrocarbon increased and that in oxygen 
decreased with increasing hHo, whereas for ethylene and propane both orders in oxygen 
and hydrocarbon were insensitive to AZZo. 

Some experiments on competitive oxidation of hydrocarbons were undertaken, and it 
was concluded that the hydrocarbon reacts via the adsorbed state. The sequence of 
adsorption strength was determined as isoX& > C*Hr > C& > C2H4 > CsHs, 
which is the reverse of the reaction order sequence. 

In recent studies on the catalytic prop 
erties of metals and metal oxides, correla- 
tions between catalytic activity and the 
physical properties of catalysts have been 
examined by several groups of workers (1, S) . 
Special attention has been paid to the corre- 
lation between the catalytic activity and 
the heat of formation of catalysts (3, 4, 6). 

In a preceding report by the authors (6), 
dealing with the catalytic oxidation of 
propylene, both the catalytic activity of 
metal oxides and the reaction order in 
propylene were correlated with the heat of 
formation of the catalyst oxides divided by 
the number of oxygen atoms in the oxide 
molecule @Ho). It was shown that the 
larger the AHO, the less active the catalyst 
and the higher the order in propylene. 
Considering that the AHO signifies the bond 
strength between metal atom and adsorbed 
oxygen, those results were interpreted as 
indicating that the degree of surface coverage 
of oxygen increased whereas that of hydro- 

carbon decreased with increasing AHo value 
of catalyst. 

In the present paper, the catalytic prop- 
erties of metal oxides were simiIarIy ex- 
amined in the oxidation of isobutene, 
acetylene, ethylene, and propane. Some 
experiments were directed to competitive 
oxidation of mixed hydrocarbons to examine 
whether the oxidation proceeds via an ad- 
sorbed state and to find the relative adsorp- 
tion affinity of hydrocarbons to catalysts. 

E~PERJMENTAL 

All of the data were obtained using a flow 
system at atmospheric pressure. The react- 
ant gas composition for catalytic activity 
measurement was a mixture of 50 vol y0 
oxygen, 48 vol ye nitrogen, and 2 vol y0 
hydrocarbon. The reaction order was deter- 
mined by varying the partial pressure of 
oxygen or hydrocarbon in the vicinity of 
this composition. 

The catalysts were obtained from the 
same batch as reported in the preceding 
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TABLE 1 
KINETIC PARAMETER OBTAINED IN ISOBUTENE OXIDATION 

Catalysts 
orders in 
isobutene 

Reaction Temperature 
orders in ranse 

oxygen (“C) 

Pt 
Pd 
co304 
NiO 
MnOn 
Fez03 
Crz03 
CeOp 
ThOz 

-0.41 1.05 
-0.22 0.78 
-0.09 0.75 

0.15 0.55 
-0.25 0.54 

0.21 0.60 
0.25 0.47 
1.00 0.00 

- 

E 
(kcal/mole) 

log ‘4 
(A in 

mole/m2 set) 

92-118 22.6 5.58 -3.05 
132 ~153 33.4 10.14 -2.60 
220 -262 38.4 8.35 -6.30 
263 -305 24.8 2.02 -7.45 
193 -238 36.4 5.88 -6.01 
270 ~312 37.3 6.56 -7.66 
242 -270 30.9 5.15 -6.64 
207 -250 23.8 2.71 -7.37 
273 -312 14.8 -2.72 -8.37 

paper (6). The reactor was packed with 10 
ml of catalyst and the total flow rate was 
fixed at 100 ml STP/min (25°C) for all 
experiments. The procedures for determining 
reaction orders and catalytic activity were 
t,he same as previously reported (6). 

RESULTS 

I. Reaction Orders and Catalytic Activity 

In all cases carbon dioxide was the sole 
product of oxidation of isobutene, acetylene, 
ethylene, and propane, irrespective of the 
catalyst employed. 

Values for both reaction orders, apparent 
activation energy, and pre-exponential factor 
observed for each of the four hydrocarbons 
are summarized in Tables 14. As shown in 
Tables 1 and 2, both reaction orders in 
oxygen and in hydrocarbon, for the oxida- 
tion of isobutene and acetylene, depend 
markedly upon the type of catalyst. In no 
case was the order in oxygen negative, while 

the order in hydrocarbon was occasionally 
negative, indicating the retardation of reac- 
tion rate by the hydrocarbon concerned. 
This ret.ardation was particularly remarkable 
over Pt and Pd. These features are essen- 
tially the same as reported in the preceding 
paper on propylene oxidation. 

On the other hand, both reaction orders 
for the oxidation of ethylene and propane 
depended slightly upon the type of catalyst. 
The oxidat’ion of propane was, in every case, 
virtually first order in propane and inde- 
pendent of oxygen. 

Thus the reaction order sequence for the 
hydrocarbons studied, including propylene, 
is assessed over a catalyst as follows: 
C3Hs > C&H4 > C&H6 > C&Hz > iso-CqH8. 

The apparent activation energy and pre- 
exponential factor show a compensat,ion 
effect, as exemplified in Fig. 1 for acetylene. 
The effect is similarly observed for the result 
of propylene oxidation reported earlier, 
whereas the corresponding lines for iso- 

TABLE 2 
KINETIC PARAMETER OBTAINED IN ACETYLENE OXIDATION 

Catalysts 

Reaction 
orders in 
acetylene 

Reaction 
orders in 
oxygen 

Temperature 
range 
(“C) 

E 
‘(“A” .t 1 ‘%-: 

(kcal/mole) mole/m~ see) mole/m’ see) 

Pt -0.61 1.37 138 - 177 12.4 1.26 -4.47 
Pd -0.68 0.79 187 ~227 28.2 7.94 -5.11 
cue 0.08 0.49 176 -206 26.1 6.83 -5.12 
co304 -0.28 0.71 186 -207 41.4 13.8 -5.12 
NiO -0.07 0.61 217 -257 27.6 6.25 -6.52 
MnB 0.16 0.45 165 -203 27.1 7.35 -5.10 
Fez03 0.42 0.24 196 -218 37.3 10.4 -5.78 
a03 0.58 0.09 205 -245 28.0 6.82 -6.14 
CeB 0.91 0.00 176 -216 17.4 1.86 -6.19 
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TABLE 3 
KINETIC PARAMETER OBTAINED IN ETHYLENE OXIDATION 

Catalysts 

Reaction Reaction 
orders in orders in 

Temperature 
range 

ethylene OXYgWl PC) 

Pd - - 
cue 0.39 0.27 
Co*04 0.14 0.21 
NiO 0.38 0.39 
MnOz 0.52 0.34 
Fez08 0.58 0.47 
cd8 0.50 0.30 
CeOa 0.67 0.32 

log A 
(A in 

mole/m’ set) 

174 - 195 26.6 5.95 -4.23 
238 - 282 24.5 4.12 -6.86 
200 - 251 30.5 7.32 -5.93 
268 - 316 26.3 4.05 -7.63 
229 - 279 19.6 2.91 -6.21 
280 - 320 29.3 5.04 -7.77 
240 - 292 27.7 5.13 -7.07 
342 - 395 24.4 1.45 -9.48 

TABLE 4 
KINETIC PARAMETER OBTAINED IN PROPANE OXIDATION 

Catalysts 

Reaction Reaction 
orders in orders in 

Temperature 
range 

plWp*W3 oxygen (“C) 

Pt 
Pd 
cue 
CO804 
NiO 
MnOz 
Fez08 

C&08 
Ce08 
ThOz 

0.83 
1.3 
0.54 
0.94 
0.89 
1.01 
0.68 
0.78 
0.67 

- 

-0.09 220 - 260 17.0 1.39 -5.09 
-1.6 337 - 368 36.3 6.89 -6.99 

0.16 309 - 363 28.7 3.83 -7.13 
0.30 275 N 341 24.5 2.58 -6.76 
0.40 350 N 416 26.2 1.68 -8.33 
0.00 294 N 358 28.3 3.80 -7.01 
0.22 395 N 425 35.9 4.87 -8.83 
0.17 283 - 341 21.9 1.47 -6.88 
0.25 383 - 450 27.8 1.41 -9.21 
- 373 - 418 36.8 4.65 -9.26 

butene, ethylene, and propane are less 
satisfactory. Details of this effect will be 
published elsewhere. 

In order to evaluate the catalytic activity 
on a common basis, the reaction rate at 

0 
I I 1 I 

IO 20 30 40 

E (kcoi/mole) 

FIG. 1. Compensation effect for the oxidation of 

3oo”c, vm, was estimated by using the 
above activat,ion energy and is shown in 
the last columns of Tables 1, 3, and 4. In 
the case of acetylene, since the rate data were 
taken at temperatures lower than 300°C due 
to its high reactivity, the catalytic activity 
was evaluated by the reaction rate at 22O”C, 
VzzO, and is shown in Table 2. The values 
of V300 or VzzO indicate the reactivity differ- 
ence among the hydrocarbons tested, the 
reactivity sequence of hydrocarbons is 
assessed as 

with most catalysts, except Pt and Pd, on 
which considerable retardation by the hy- 
drocarbon was observed. 

W. Competitive Oxidation 

It is generally accepted that the reaction 
order of a surface-cat,alyzed reaction is 
strongly affected by the degree of coverage 
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by reactant. The variety of orders found in 
this reaction might be the result of the 
difference in adsorption strength. Therefore, 
it would be of interest to investigate the 
affinity of hydrocarbon to the catalyst oxide 
under the reaction condition. However, the 
conventional static adsorption seems in- 
adequate to this purpose, because the 
catalyst oxide could be reduced under the 
condition being employed. The competitive 
oxidation met.hod (7, 8) seems to be more 
favorable. 

The experiments were carried out under 
the gas composition shown in the following 
table: 

Hydrocarbon Hydrocarbon 
tested added 02 N2 

2% 0% to 3% 56% balance 

The concentration of one of the hydro- 
carbons was fixed at 2 vol To, while that of 
the other was varied from 0 to 3 ~01%. The 
total flow rate was adjusted at a fixed value 
by a corresponding decrease in nitrogen flow. 
The conversions of two hydrocarbons were 
determined in each run. As a typical ex- 
ample, the results of competitive oxidation 
of propylene and isobutene on Co304 at 
260°C are shown in Fig. 2. In the separate 

z 

0 
0 0.0 I 0.02 0.03 

partial Pressure of Added Hydrocarbon (atm.1 

FIG. 2. Competitive oxidation of propylene and 
isobutene over COSO~ at 260°C: -0--, effect of 
isobutene on the conversion of propylene; -X-, 
effect of propylene on the conversion of isobutene. 

oxidation run, the conversion of propylene 
was 32a/,, being higher than the 19% ob- 
served for isobutene as shown on the vertical 

axis of Fig. 2. However, replacing nitrogen 
by isobutene in the system of propylene 
oxidation produced a considerabIe decrease 
in the conversion of propylene. When iso- 
butene was added up to a concentration 
equal to propylene, the reaction of propylene 
was completely inhibited. On the contrary, 
addition of propylene to the system of iso- 
butene oxidat.ion produced no decrease in 
t.he conversion of isobutene. 

Three catalysts, Co304, Fe203, and CeOl 
were employed for these series of experi- 
ments. They were selected in view of the 
reaction order in hydrocarbon. Co304 be- 
longs t.o the group of catalysts of lowest 
order, Fez03 to the medium, and CeOs to 

I 
0 CSH. 

0 

Partial Pressure of Added Hydrocarbon (atm.) 

FIG. 3. Effect of added hydrocarbons on the 
conversion of propylene over Coa04 around 260°C. 

the highest. The variation of propylene con- 
version resulting from the added hydro- 
carbons was determined over CoJ04 around 
260°C and is shown in Fig. 3. In the case of 
propylene addition to propylene, the incre- 
mental partial pressure of propylene is 
plotted on the horizontal axis. Figure 3 
shows that the inhibitive effect of hydro- 
carbons on the propylene oxidation decreases 
in the order 

iso-CdHa > CzHz > CsHe > C&L > GHs 

However, it might be possible that t’he effect 
of acetylene was underestimated because its 
high reactivity should reduce its partial 
pressure in the catalyst bed much faster 
than the other hydrocarbons. In this connec- 
tion the effect of acetylene addition on the 
oxidation of isobutene was similarly ex- 
amined. Although acetylene was more reac- 
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tive than isobutene over any oxide catalysts 
including Co804 as already pointed out, 
addition of an equal amount of isobutene, 
i.e., 0.02 atm, resulted in complete inhibi- 
tion of the reaction of acetylene. This in- 

0 -0' 
0 0.01 0.02 0.03 

Partial Pressure of Added Hydrocarbon (afm.1 

Fm. 4. Effect of added hydrocarbons on the con- 
version of acetylene over ChaO, at 228°C: -O-, 
effect of isobutene; -Xx-, effect of acetylene. 

hibitive effect of isobutene was much more 
pronounced than that of acet,ylene itself. 

The data with the FezOa catalyst are 
shown in Table 5, where the propylene oxi- 
dation with an equal amount of added 
hydrocarbon is compared with the respective 

5 ’ x $ 80,: x-x- 

a G 
I” 60 

z 
g 40 
?I 

I 

jj ‘11 yy”-, 

0 0.01 0.02 0.03 

Partial Pressure of Added Hydrocarbon (otm.) 

FIQ. 5. Competitive oxidation of propylene and 
acetylene over C& at 343°C; -O-, effect of 
acetylene on the conversion of propylene; -Xx--, 
effect of propylene on the conversion of acetylene. 

carbons was not observed over the CeOz 
catalyst as exemplified in Fig. 5. 

DISCUSSION 

1. Interpretation of Reaction Order on 
the B& of Competitive Oxdution 

As described above, when two types of 
hydrocarbons were oxidized competitively 
on Co30a or FezOi, the reaction rate of 

TABLE 5 
COMPETITIVE OXIDATION OVER FeaOa 

Pair of 
hydrocarbons 

Tern erature 
PC) Hydrocarbon 

Conversion 
in Be 

ox* ation J 
mate 

(%) 

Conversion 
in competitive 

oxidation 
(%I 

Decrease 
of conversion 

(%) 

CaHcCaHa 393 CaHe 76.0 76.0 0 
CaHs 19.6 0 100 

CA-GHa 345 CaHs 20.8 10.7 48.5 
G& 76.2 61.8 18.9 

CJ&-iso-CIHs 343 Cal& 17.8 
iso-C4HS 26.0 

0 
25.9 

loo 
0 

separate oxidation. The features of the one or both of them decreased as compared 
inhibitive effects of hydrocarbons indicated with the case of separate oxidation. Similar 
in this table are similar to those over the phenomena have been observed in other 
Co304 catalyst. Isobutene was the heaviest catalytic reactions. For example, when a 
inhibitor so that propylene could not be mixture of ethylene and acetylene is hydro- 
oxidkd in the presence of an equal amount genated competitively on palladium catalyst, 
of isobutene. Acetylene was moderately ethylene is hardly hydrogenated until almost 
poisonous, while propane was completely all coexisting acetylene is consumed (9). The 
nonpoisonous to the propylene oxidation. phenomenon was interpreted as an inhibi- 
Such an inhibitive effect of added hydro- tion of the hydrogenation of ethylene by 
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the strong and exclusive adsorption of co- 
existing acetylene. In the case of oxidation, 
the competitive reaction of ethylene and 
carbon monoxide over various metal oxides 
was studied by Hofer et al. (10). Belousow 
et al. (8) determined the relative order of 
the strength of chemisorption for isobutene, 
propylene, ethylene, and propane on a silver 
catalyst by the method of competitive oxi- 
dation, by means of a pulse flow technique 
using oxygen as carrier gas. 

While the inhibitive effect in the competi- 
tive reaction is reasonably explained by the 
difference of adsorption strength between 
two kinds of reactants, an alternative inter- 
pretation may be derived from the result 
shown in Fig. 2. That is, the decrease in 
propylene conversion might result, not from 
the decrease in surface concentration of 
propylene, but that of oxygen due to the 
higher reactivity of isobutene or stronger 
adsorption of isobut.ene. However, in view of 
the fact that isobutene inhibited the reac- 
tion of acetylene (cf. Fig. 4), which was 
proved to be more reactive than isobutene, 
the above interpretation can be ruled out. 
The most reasonable interpretation of the 
resuIt shown in Fig. 2 is that propylene 
could not be adsorbed because of strong 
adsorption of isobutene. This seems to hold 
true in the other pair of hydrocarbons. The 
reacting hydrocarbon may be first adsorbed 
on the catalyst before the interaction with 
oxygen, instead of a direct attack to ad- 
sorbed oxygen. 

On the basis of the above discussion, the 
inhibitive effect sequence of hydrocarbons 
(cf. Fig. 3) 

iso-CbHs > CZH2 > CzHs > CzH4 > CaHg 

may be regarded as the order of the adsorp- 
tion strength. This order would also be valid 
for the case of FezOn catalyst, as shown in 
Table 5. On the other hand, the reaction 
order sequence of hydrocarbons 

C&H% > C&H4 > CkH6 > C&HZ > iso-C4Hs 

is completely the reverse of the above order. 
Therefore, it would be concluded that the 
higher the reaction order in hydrocarbon, 
the weaker the adsorption. 

An electron-donating nature of propylene 

adsorption has been suggested by Enikeev 
et a2. (11) over CuO, NiO, and VzOs on the 
basis of measurement of work function 
change on adsorption. 

While an allylic intermediate complex has 
been proposed for the oxidation of propylene 
or butene over bismuth molybdate by 
Adams and Jennings (12) and by Sachtler 
(IS), and over cuprous oxide by Voge et al. 
(I4), this intermediate was suggested to be 
formed after the rate-determining abstrac- 
tion of hydrogen or dissociative adsorption 
of olefin (15? 16). In the present case, the 
observed zero or near to zero order kinetics 
in hydrocarbon suggests that the adsorbed 
hydrocarbon is in equilibrium with gas 
phase. In t.his respect, the scheme is differ- 
ent from that suggested for bismuth molyb- 
date cat.alyst. Thus, the adsorbed st,ate of 
the hydrocarbon discussed here, though 
being not incompatible with the dehydro- 
genation mechanism, may not be identical 
with the allylic intermediate. The reaction 
of hydrocarbon may proceed as follows: 

The adsorbed state revealed by the com- 
petitive oxidation may correspond to the 
state (II), which is rapidly equilibrat,ed with 
gas phase. 

2. The Relation between Reaction Orders 
and the Heat of Formation of Oxide 

Both the reaction orders in hydrocarbon 
and in oxygen found in the oxidation of iso- 
butene and acetylene were plotted against 
the heat of formation of catalyst, oxide 
divided by the number of oxygen’ atoms, 
AHo, as shown in Figs. 6 to 9. It is evident 
from those figures that the reaction orders 
in both reactants depend upon AHO of the 
catalyst. The higher the value of AHo the 
higher the reaction order in hydrocarbon 
and the lower the reaction order in oxygen. 

For example, in the case of acet,ylene, the 
reaction kinetics over Pd or Pt catalyst 
shows a considerably negative order, i.e., 
-0.6 to -0.7 in hydrocarbon and virtually 
first order in oxygen. The kinetics over CuO, 
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f 0.; 

ii 
.!. 

- 1.0 - 
0 50 100 

AHo (kcal/ 0 atom) 

FIG. 6. Correlation of the reaction order in iso- 
butene tith AHo. 

Co304, NiO, and MnOz of lower AHo value 
was virtually independent of acetylene pres- 
sure aqd half-order in oxygen. The increase 
in AHo from CuO, etc., to Fe203 and Crz03 is 
accompanied by an increase in Ohe acetylene 
drder and decrease in the oxygen order. Over 
CeOz, which has the highest value of AHo, 
the kinetics were first order in acetylene and 
independent of oxygen. This dependency of 
the reaction orders on AH0 and the com- 

- 1.0 1 I I 
0 50 100 

AHO (kcal/O atom) 

FIG. 8. Correlation of the reaction order in 
acetylene with AHo. 

pensation between two kinds of orders, i.e., 
in hydrocarbon and in oxygen, are identical 
with the results previously reported in the 
oxidation of propylene. 

Such variation in reaction order from one 
catalyst to another catalyst may be ex- 
plained on the basis of adsorption st,rength. 
The results obtained in the competitive oxi- 
dation of hydrocarbons strongly support this 

1.5 - 

j- 

t- I I I- 

0 AHo 5Pkcar/ 0 ato:’ 

0 50 100 

&HO (kcal/Oatom) 

FIG. 7. Correlation of the reaction order in oxygen FIG. 9. Correlation of the reaction order in oxygen 
with A Ho in the oxidation of isobutene. with AHO in the oxidation of acetylene. 8 
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view, according to which the surface state 
of the catalyst is discussed as follows: 

The trend in the variation of reaction 
order with AH0 of the catalyst discussed 
above is less significant in the oxidation of 
ethylene and propane, as shown in Figs. 10 (1) A group of catalysts of low AH0 value, 

such as Pt and Pd, is characterized by nega- 
tive order in hydrocarbon and nearly first 
order in oxygen. This suggests that the 
surface is fully covered by hydrocarbon and E 1.0 
the slow step of the oxidation is the chemi- 

“1 .z I 
h 

sorption of oxygen on the surface covered f 
W 

by hydrocarbon. 
(2) Another group of catalysts of medium 

.E 0.5 - 
OC” 

AH0 value, such as Co304 and Fez03, is 
& ‘Ni 

characterized by a nearly zero or positive 2 / CO 
0 .** 0 

low order in hydrocarbon and a nearly half- O- 
order in oxygen. This suggests t.hat hydro- 

E .- 

carbon and oxygen occupy the surface and 
t 
% 

the slow step is the surface reaction between LT 

adsorbed species. On the basis of reaction 
I I 

order change, it seems that the surface 
0 50 100 

coverage of hydrocarbon decreases and that AHO ( kcol/O atom) 

of oxygen increases with increase in AHo. 
(3) The third group of catalysts of higher 

AH0 value is characterized by first order in 
hydrocarbon and zero order in oxygen. This 
suggests the surface of catalyst is fully 
covered by oxygen. The slow step of the 
oxidation over this t,ype of catalyst would 
be either the chemisorption or the reaction 
of hydrocarbon on the oxygen-covered sur- 
face. The absence of interaction between 
hydrocarbons in the competitive oxidation 
is consistent with this view. 

Summarizing, the catalyst surface is in- 

FIG. 10. Correlation of the reaction order in 
ethylene with AHo. 

to 13. Particularly in t.he case of propane, 
the reaction kinetics are virtually first order 
in hydrocarbon and independent of oxygen 
irrespective of catalyst. This insensitiveness 
of the reaction order to the variat,ion of AH0 

NiO 
OFe 

Ce 

creasingly covered by oxygen and decreas- 
.5 -..-0 

0 Mn 0 

ingly by hydrocarbon as the AH0 value iii t 
C” oco 

Cr 

m 

increases. The slow step of the oxidat,ion 
correspondingly shifts from t,he step of oxy- 
gen chemisorption to the surface reaction. 
Since AHo can be taken to signify the bond 
strength between metal and oxygen, as 
discussed in the preceding paper, this change 0 50 100 
of the surface state of working catalyst and 
of the slow step of oxidation with AHo seems 

AHO ( kcal/ 0 atom) 

to be reasonable. When the metal-to-oxygen 
bond is weak, the adsorbed oxygen would 
readily react on the attack of hydrocarbon, 
while the catalyst may be unfavorable for 
chemisorption of oxygen. Such a catalyst is 
likely to be reduced, forming a surface 
deficient in oxygen. This situation will be 
reversed as AHo increases. seems to favor an oxygen-covered surface. 

FIG. 11. Correlation of the reaction order in 
oxygen with AHo in the oxidation of ethylene. 

is probably due to the weakness of the 
adsorption of propane and ethylene, which 
is evidenced in the competitive oxidation. 
The weakness of hydrocarbon adsorption 
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Fig. 12. Correlation of the reaction order in pro- 
pane with A&. 

ONi 
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Ce 

Ler 
O- 
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, ‘C” 

d’ 

Mn 
0 

I pt 

0 50 100 

Ah (kcal/O atom) 

FIG. 18. Correlation of the reaction order in oxy- 
gen with AH0 in the oxidation of propane. 

3. Activity of Catalysts 

The reaction rates, V,, for isobutene, 
ethylene, and propane, and VBO for acetylene 
against AH0 are plotted in Figs. 1617. As 
can be seen in those figures, the higher the 
AHo, the less active the catalyst. This varia- 
tion in activity with AHo is essentially 
identical with those found by Sachtler et al. 
(5) and by the authors (6) in propylene 
oxidation, and by Komuro et al. (4) in a 
rearrangement, of the data of Popovskii and 
Boreskov (17) on hydrogen oxidation. 

T-4 - 
2 

5 -5 - \ 
2! 
E” 

3-” 

-i -7 - 
>” 
Er - 

-8 - 

0 50 100 150 
AHO (kcal/O atom) 

FIG. 14. Correlation of the catalytic activity VW 
with AH0 in the oxidation of isobutene. 

This consistent variation of catalytic ac- 
tivity with AHo should refer to the reaction 
mechanism, particularly to the type of rate- 
determining step. As discussed in the pre- 
ceding paragraph, the probable slow step of 
this reaction seems to depend upon the AHo 
of the catalyst. However, over most catalysts 
the slow step seems to be ihe surface reac- 
tion between adsorbed oxygen and adsorbed 
hydrocarbon whereas, in the case of acety- 
lene and isobutene over Pt and Pd, it seems 
to be the step of oxygen adsorption. The 

3 
P 
“E -4 
\ 
% 
E -5 . . 
:: 

>” 
- -6 

I 1 1 

0 50 100 

A Ho ( kcal / 0 atom) 

FIG. 15. Correlation of the catalytic activity Vm 
with AHo in the oxidation of acetylene. 
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with AHo in the oxidation of propane. 

activity with AHo is the so-called volcano- 
shaped variation, with the slow step being 
different on both sides of the maximum, 
while the maximum position probably 
depends on the nature of reactant. As shown 
in Figs. 14 to 17, the left side of the maxi- 
mum seems to be missing. The slow step 
over the most active catalysts, Pt or Pd, is 
the oxygen adsorption as suggested by the 
observed kinetic feature. This is in agree- 
ment with the above prediction. 
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