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The interaction of oxygen with propylene adsorption was investigated over a wide 
range of oxides as an extension of the previous work on zinc oxide. On Co&),, after 
propylene adsorpt,ion t,he oxygen uptake due to format,ion of a surface propylene-oxygen 
complex occurred even at -78°C. Almost the same oxygen uptake was observed after 
ethylene adsorption on Co304. On NiO, CuO and Fe&, the oxygen uptake induced by 
propylene occurred at’ 0°C. On the other hand, on Cr203, \‘205, TiOy and MoOa, such 
phenomenon was not observed. The activit)y order for the oxidation of propylene ad- 
sorbed on oxides was essentially the same as that found for the catalytic oxidation of 
propylene over the correspondin g oxides. In addition, the propylene adsorption was 
examined on CopOa snbjected to various pretreatmen1.s sr1c.h as water vapor adsorptiolr. 

In order to obt)ain the information on the 
mechanism of the cat,alyt’ic oxidation of 
olefins on oxides and on the role of the inter- 
mediates in t>he selectivity of t’he oxidation, 
the interaction of oxygen with olefins ad- 
sorbed on zinc oxide was investigat,ed in the 
previous paper (1). It was found that the 
oxidation proceeds in t(he two consecut,ive 
steps, i.e., t’hr formation of an olefin-oxygen 
complex and its oxidation t,o CO, and H20. 
In addition, the characteristics of the t,wo 
processes were clarified. It seems of interest 
to extend such investigat,ion to ot’her 
oxides and t,o find out whethw or not, this 
conclusion is applicable. In the present 
work, therefore, the interactions of oxygen 
with propylene adsorbed on various oxides 
such as Co304, NiO, 12et03, CuO, Cr203, 
VZ05, TiO, and Mo03 were investigated in 
a similar manner. 

Ferric oxide (ol-Fez03) was prepared by 
precipitation from the solutions of ammo- 
nium carbonate and ferrous nitrat,e. The 
resulting precipitat,e was washed, dried and 
heated to 500°C in air. 

Co304 was prepared by prccipitat8ion wit,h 
ammonia from a cobalt nitrat,e solution. 
The washed and dried material was heat’ed 
in air at 4.sO”C. The X-ray analysis showed 
only spine1 stjructure of Co304 to be present. 

V,Oj w-as prepared by prccipitat,ion from 
the solut,ions of ammonium metavanadate 
and nitric acid. Thr precipitate was washed, 
dried at 120°C and heated at 450°C. 

MoOa was prcxpared by heating ammonium 
molybdat,r in air at 45d”C. 

NO was prepared by heating nicktll 
nitrat,e in air at 500°C. 

EXPERIAlENT.4L METHODS 

Ti02 and CuO ww of c,xtra pure grad<, 
and obtained from the Merck and the 
Nihonshiyaku Co., resprc%ively. 

All rcagcnts uwd in the prcwnt work \v(w 
of extra purcl grade. The surfaw area of the 
catalysts detcrminc~d by the BET method 
using argon were RS follows: CosO,, 10.0; 

Chromic oxide (CrzOa) was prepared by 
controlled ignition of CrOa in a stream of 
dry air at 450°C. 
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Fe203, 16.2; Crz03, 10.9; V,O,, 2.0; Moos, 
1.3; NiO, 3.3; TiOz, 2.0; CuO, 12.5 m2/g. 

The preparation of the gases used in the 
present work was the same as described 
previously (1). 

Apparatus and Procedure 

Details were described in the previous 
paper (1). A closed circulation system was 
used. The temperature of the catalysts 
which had already adsorbed a known 
amount of propylene was raised up in stages 
in the presence of oxygen. The amounts of 
,oxygen consumed and of t’he reaction 
products were determined as described 
previously. 

Prior to the experiments all t,he cat.alysts 
were evacuated at 450°C except for CuO, 
which was evacuated at 300°C. 

RESULTS AND DISCUSSION 

Interaction of Oxygen with Propylene 
Adsorbed on Cos04 

Oxygen was admitted to the catalyst 
which had already adsorbed propylene at 
0°C. Then, the temperature of the cat,alyst 
was raised up in stages, successively T1, 
T,, Tz, . . . . The amounts of oxygen up- 
take or consumed by the reactions and those 
of CO, and H20 formed at each stage are 
shown in Fig. 1, where the amount of oxygen 
uptake at T3 refers to the uptake during the 
temperature rise from Tz to T3 and after the 

Temperature “C 

FIG. 1. Reaction of oxygen with propylene ad- 
sorbed on Co,Oa. Catalyst, 5 g; Amount adsorbed of 
propylene, 5.06 cc; (O-) 02 uptake or consumed 
by the reactions; (a-) CO2 formed; (A- -) H,O 
formed. 

0 2 4 6 
Amount of C3H, adsorbed ccSTP 

FIG. 2. Correlation between the amounts of 
oxygen uptake and olefin preadsorbed. Cat,alyst, 
CodA 5 g; Temp, 0°C; (a---) C3H6; (o-) C2HI. 

temperature became constant at T3. It is 
seen that an appreciable amount of oxygen 
uptake is observed even at 0°C. As shown in 
Fig. 2, this oxygen uptake increases with 
increasing amount of propylene previously 
adsorbed. After the oxygen uptake the de- 
sorption experiments were carried out. It 
was found that there was no reversible de- 
sorption of propylene. In the case where only 
propylene was adsorbed, about, 15y0 of pro- 
pylene adsorbed was desorbed as such. In 
addition, when, instead of oxygen, hydrogen 
was admitted to the catalyst which had 
adsorbed propylene, 50% of propylene 
adsorbed was hydrogenated to propane at 
0°C. Similar hydrogenat,ion experiments 
were carried out with t’he catalyst which 
had been subjected to the propylene adsorp- 
tion followed by the oxygen uptake. No 
hydrogenation occurred. Such behavior sug- 
gests that this oxygen uptake results from 
the interaction of oxygen with propylene 
to form an adsorption complex by analogy 
with zinc oxide described in the previous 
paper (1). It was found that at -78°C hhe 
oxygen uptake proceeded at a similar rate to 
that observed at’ 0°C. This suggests that’ the 
activity of Co304 for formation of the pro- 
pylene-oxygen complex is much higher than 
that of ZnO, the activation energy of the 
complex formation being very small. The 
pressure dependence of the rate of formation 
was determined by changing the pressure 
abruptly during the rate measurements, the 
rate being proportional t.o PO+O.~. 
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Similar experiment,s were carried out, with 
ethylene in place of propylene. It was found 
that, a similar oxygen uptake occurred after 
the adsorption of ethylene. The amount of 
oxygen upt,ake induced by ethylene was 
almost the same as t,hat wit.h propylene 
(Pig. 2). Furthcrmorc, the behavior of oxi- 
dation of the complex was similar to that 
with propylene. It, is to be noted that, such 
similarity is in contrast, to a marked dif- 
ference bet’ween the behavior for both olefins 
obtained with ZnO (1). 

Efects of Pretreatments on the Propylene 
Adsorption on. Coa04 

It is well known that the charact,eristics 
of the oxide surface are markedly changed 
after various treatments such as the reduc- 
tion and oxidation treatments (2). Furt,her- 
more, in the study of t,he cat.alyt,ic oxidation 
by the usual flow method, the experiment’s 
are carried out, in t,he presence of water 
vapor and other react,ion products. It seems 
of interest t’o obtain the informat,ion on t,he 
propylene adsorption under such experi- 
mental condit,ions. The experiments for this 
purpose were carried out wit,h the results 
shown in Table 1. Aft,er t,he water vapor 
adsorpt’ion at 2OO”C, the amounts of propyl- 
ene adsorbed at 0°C as well as the remain- 
ing amount adsorbed aft,er desorption at 
0°C (the amount of the strong adsorption) 
are decreased. Although such a decrease 

TABLE 1 
EFFIXT OF PHETRIXTMENTS ON THE 
PROPYLENIZ ADSORPTION ON Co30p 

Remaining 
amount 

adsorbed 
Amount after 
adsorbed desorpt,ion 

at 0°C (cc) at 0°C (cc) 

Before treatment, 
After 3.24 cc of Hz0 

adsorption at. 200°C 
After Hz reduction 

treatment at, 450°C 
After 0.83 cc of O2 

adsorption at 25°C 

5.09 4.38 
4.14 2.10 

4.19 2.65 

6.70 4.50 

a 5 g of catalyst was used. 

would be expected, it is t,o be noted that an 
appreciable amount of the strong adsorption 
still remains aft,er adsorption of a large 
amount of water. A similar decrease in the 
amount of the strong adsorption is observed 
wit,h the catalyst after the reduction treat- 
mcnt . In the case of preadsorption of oxygen, 
there is lit’tle or no change in the amount of 
propylene adsorbed strongly. 

It was found that, the amount of the 
strong adsorption with propylene was almost 
the same as that with ethylene. Such a 
behavior is in contrast with the result~s 
obtained wit,h ZnO, where t.he strengt.hs of 
adsorpt,ion for both olefins are markedly 
different from each other. In the case of 
ZnO, there appears sufficient evidence for 
the formation of n-ally1 in the propylene 
and of g surface complexes in the ethylene 
adsorption (3). It, has been proposed t,hat. 
?r-complex is formed in the adsorpt,ion of 
propylene as well as of et,hylene on Co304 
(4). Such conclusion, however, is applicable 
to the intermediate in hydrogenation reac- 
t,ions on it. The work concerning the nat,ure 
of the overall olefin adsorption on Co304 
is now in progress. Details will be published 
in the near future. 

The oxidat,ion of propylene adsorbed after 
various treatments was carried out’ by rais- 
ing the cat,alyst) temperature T in stages as 
described above. Values of R = (the amount] 
of COz formed from 0 t,o T”C)/(the corre- 
sponding amount from 0 t,o 450°C) were 
plotted against’ T (Fig. 3). The plots after 
various tjreatments lie on the same curve, 
suggesting that although the amounts of 
the strong adsorpt,ion vary according to the 
prrtrratment, its react,ivity for the oxida- 
tion exhibits no marked difference. 

Ideraction of Oxygen with. Propylene 
Adsorbed on Various Oxides 

Similar experiments w-err extended to 
other oxides. In the case of Fe203, after t,he 
adsorption of propylene bhe oxygen upt,ake 
occurred at O”C, it,s amount’ of uptake being 
approximately equal t,o t,hat. of propylene 
adsorbed (Fig. 4). In this case little or no 
oxygen adsorption took place before the 
propylrne adsorption, leading to a r&able 
ratio of t,hc oxygen upt,ake to t)he propylene 
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O.Oho 0 

Temperature ‘C 

FIG. 3. Increase in 6he amount of CO, formed 
with temperature. Cat,alyst, CotOh, 5 g; (a-) 
after Hz0 adsorption; (A-) after reduction t’reat- 
ment; (O-) after O2 adsorption. 

adsorption. The temperature and pressure 
dependencies of the rate of oxygen uptake 
were determined as described above. The 
activation energy for the complex formation 
and that for the oxidat,ion of the complex 
were 13 and 25 kcal/mole, respectively. 
The rate of the complex formation varied 
as po.8-o.9, similar t,o that observed with 
ZnO. The activity of FezOX for the complex 
formation is higher than that of GO, since 
with Fez03 the oxygen uptake occurred at’ 
much lower temperatures. 

Similar results were obtained wit,h NiO 
and CuO, i.e., the oxygen uptake induced by 
the propylene adsorpt’ion occurred again at 
O”C, its amount being equal to the amount 
of propylene adsorbed (Fig. 4). In the case 
of VzOj and Crz03, somewhat different 

Amount of C3Hg adsorbed ccSTP 

FIG. 4. Correlation between the amounts of 
oxygen uptake and propylene preadsorbed. Catalyst, 
5 g; Temp, 0°C; (0-) FezOa; (A-) CuO. 

Temperature T 

FIG. 5. Reaction of oxygen with propylene ad- 
sorbed on VZO~. Catalyst, 15 g; Amount adsorbed, 
0.52 cc; Symbols are t,he same as for Fig. 1. 

behavior was observed. As shown in Figs. 
5 and 6, there is no oxygen uptake at 0°C. 
With increasing the catalyst temperat,ure, 
disappearance of oxygen is observed, but 
simultaneously formation of COz and Hz0 
takes place. As a result, the amounts of 
oxygen ret.ained by the catalyst are much 
smaller than those obtained with other 
oxides. In the case of V205, the Hz0 forma- 
tion occurs in a lower temperature range 
than the CO2 formation. Such a behavior 
is quite different from those obtained with 
other oxides. For TiOz and MOOS with a 
negligible amount of the strong propylene 
adsorption, no oxygen uptake was observed. 
The fact that the oxygen upt,ake occurs 
easily with Co304, NiO and CuO, and not 
with TiOz and Moo3 suggest’s that there is 
some similarity in the activity pattern ob- 

R :: 
5 

r 

Temperature “C 

FIG. 6. Reaction of oxygen with propylene ad- 
sorbed on Crz03. Cat,alyst., 5g; Amount adsorbed, 
3.98 cc; Symbols are the same as for Fig. 1. 
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tamed for the propylene-oxygen complex 
formation and for the catalytic oxidation 
of propylene cm oxides. The activity pattern 
in the oxidation of hydrocarbons on oxides 
has been discussed by various workers (5). 
From the standpoint of the oxygen-catalyst 
bond oncrgy, such a change in the activity 
of oxidw for tjhe propylencPoxygrn complex 
formation might be cxplic~ablc by assuming 
that the reactivity of adsorbed oxygen is 
higher on the oxide wit,11 a loww oxygen 
bond energy. An appreciable activity for 
the compl(,x formation with ZnO and no 
activity with Cr20a, however, appears to be 
unexphcablr on such basis, since the oxygen 
bond energy incrcascs with the order Co304 
< CuO < NO < Cr20a < Fr,O, < V20i < 
ZnO < TiO, according t,o t,he work of 
Sazonov. I’opovskii and Boreskov (6). 

The: conclusion such that the oxidat’ion 
proceeds via the two consecutive steps, i.e., 
the complex formation and its oxidation to 
CO* and Hz0 is obtained with the reaction 
of olcfin adsorbed, and not, with the catalytic 
oxidation of &fins. In order to check its 
applicability to csatalytic reactions, the fol- 
lowing expcrimmts were carried out with 
CosO,. During the rate measurements of the 
oxidation of propylene adsorbed, the com- 

E 
cn 

tlme of abrupt change 

Time hr 

FIG. 7. Oxidat~ion of propylene adsorbed on Co,Oc 
at X2”C. Catalyst, .5 g: initial, 02, 30 mm Hg; after 
3 hr, mixture of C,H, and C)P (IS), PO mmHg; 
(a---) CO, formed; (A-) C,H, adsorbed; (o-) 
O2 adsorbed. 

Temperature ‘C 

FIG. S. Increase in the arnomlt of CO, formed 
with temperature. (O--) Co,Oa: (@-) CuO; 
(A-) Cr203; (c1-) V&k: (o-1 FenOs; (a-), 
ZnO; (A-) TiO:. 

position of the gas phase was abruptly 
changed from pure oxygen to a mixture of 
propylene and oxygen (Fig. 7). Little or no 
change in the reaction rate was observed, 
while a slight. increase in t.hr amount of 
propylene adsorbed took place. This sug- 
gests that weakly adsorbed propylene Lvhich 
is expected to form in the prescncc of gaseous 
propylene, has no significant role in the 
reaction. On the basis of these results to- 
gether with those for ZnO described pre- 
viously (1) the conclusion described above 
is applicable to the catalytic: oxidation of 
olefirls as well as to the oxidation of &fins 
adsorbed. 

The relative rates of oxidation of the 
complex to CO, and Hz0 were determined 
from the experiments when the catalyst 
t,emperaturc 7’ was raised up in stages 
during the oxidation of propylene adsorbed. 
Valurs of R described above were plotted 
against the cat,alyst temperature 7’. The 
results am shown in Fig. 8. The activity of 
oxides for the oxidation decreases in the 
order C&O1 > CuO > Cr20a > V20j > 
lc;ceO:3 > ZnO > TiO,, being essentially the 
sanw as that obtained with usual flow 
exptrimrnts (7). This suggest.s that the rate 
of the catalytic oxidation of &fins on oxides 
is determined by the second step, i.e., t,ht 
oxidation of t,he olcfin-oxygen complex. 
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