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The adsorption isotherms of propylene were determined on a Bi-Mo/SiOt oxide cata- 
lyst in the range of 37-150°C and on a Bi-Mo oxide catalyst without carrier at 35°C. For 
the individual propylene doses, the adsorption heats were also determined calorimetri- 
cally. The adsorption heat of propylene on the Bi-Mo/SiOz catalyst is equal to 8 kcal/ 
mole, independently of the surface coverage, whereas the adsorption heat on the Bi-Mo 
catalyst decreases with the coverage of the surface from 12 to 2 kcal/mole. 

In measurements carried out at 17O”C, the adsorption of propylene is followed by a 
consecutive process, i.e., the oxidation of propylene to acrolein, which is accompanied by 
reduction of the catalyst. Oxygen is adsorbed from this catalyst at the same temperature 
with a high heat of adsorption, 75 kcal/mole, in an amount exceeding the preceding 
amount of adsorbed propylene by about 13%. Moreover, the adsorption of propylene 
from a propylene-oxygen mixture was also investigated. 

The results obtained are discussed with regard to the interaction between propylene 
and the surface of the Bi-Mo/SiOz oxide catalyst, and an attempt has been made to 
evaluate the reaction mechanism of the oxidation of propylene to acrolein from the view- 
point of thermochemical data. 

INTRODUCTION 

Catalytic oxidation of olefins has attained 
considerable significance in the last 20 years, 
in particular after the discovery of the prop- 
erties of the bismuth molybdate catalyst. 
This catalyst is employed on a carrier and 
without carrier; it is very selective for the 
oxidation of propylene to acrolein or, in the 
presence of NH,, to acrylonitrile, or for the 
oxidation of n-butenes to butadiene. 

Only a small number of papers concerned 
with the field of oxidation catalysis, however, 
has dealt with the study of the adsorption 
and with the determination of the heats of 
adsorption of propylene and oxygen on the 
bismuth-molybdenum oxide catalyst. Gel’b- 
shtein et al. (1) measured the’adsorption of 
oxygen in the range from 100 to 450°C and 
that of propylene between 150 and 300°C. 
Krylov and Margolis (2) report that both 
propylene and oxygen are adsorbed on a 
Bi-Mo oxide catalyst and give the ratio of 

both adsorptions determined at one tem- 
perature in the range of 100-200°C for a 
number of oxide catalysts. The adsorption of 
propylene is higher than that of oxygen. The 
latter authors give for the heat of adsorption 
of propylene on MoOJ on a carrier (r-A1203) 
at room temperature the value of 6-11 kcal/ 
mole. 

The significance of these values, deter- 
mined especially in the temperature range of 
the beginning reaction, is obvious, e.g., from 
the viewpoint of judging the suitability of 
the suggested reaction mechanism. For this 
reason, we were concerned with the meas- 
urement of the adsorption of propylene and 
the determination of the adsorption heats by 
the calorimetric method on a bismuth- 
molybdenum oxide catalyst with and with- 
out carrier mainly in the temperature range 
of the beginning oxidation of propylene. The 
present paper is the continuation of that 
listed in Ref. (3). 
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EXPERIMENTAL 

Adsorption apparatus. The adsorption 
of propylene was measured in a volume 
adsorpt,ion apparatus connected with gas 
reservoirs and a vacuum source. Low 
pressures (p < 12 Torr) were measured with 
a McLeod manometer, higher pressures with 
a mercury U-manomet.er. The adsorption 
vessel with the catalyst was located during 
the measurement in a calorimeter. The dead 
volume of the adsorption vessel was deter- 
mined at the individual measuring tem- 
peratures by means of helium. 

Catalyst employed. The measurements 
were carried out on two specimens of a 
precipitated mixed oxide catalyst on a 
carrier, Bi-Mo/SiOz, and without carrier, 
Bi-Mo. The atomic ratio of both components 
Bi:Mo is near unity. The surface areas of 
t,he specimens, determined by means of 
adsorption of argon at the hemperature of 
liquid nitrogen, were 93 m*/g and 1.75 m”/g, 
respectively. The catalyst employed for the 
adsorption measurements had a grain size of 
0.3-0.6 mm. 

Before t)he measurement, the catalyst in 
the adsorption vessel was always heated in 
vacua to 450°C for 4 hr and then in an oxygen 
atmosphere (p = 150-200 Torr) at the same 
t,emperat,ure for 30 min (activated catalyst). 
After completed heating, t#he adsorption 
vessel was sealed off, placed into the calorim- 
eter and joined to the adsorption apparatus 
through t#he glass valve. Before the meas- 
urement, the glass valve was broken, and the 
cat,alyst was evacuated at the temperature 
of the experiment for 30 min. As will be 
pointed out later, t.he heat,ing of the catalyst 
in vacua did not, result in a reduction of its 
surface. 

Gases employed. Propylene was with- 
drawn from a steel cylinder, and before its 
introduction into the gas reservoir of the 
apparatus, it was purified by freezing in 
an evacuat.ed glass tube cooled with liquid 
nitrogen. Acrolein was purified by vacuum 
distillation. The vessel with the liquid acro- 
lein was cooled down to -lO”C, and the 
dist,illate was condensed in a storage vessel 
cooled by solid COZ. The distillation was 
repeat.ed several times, and the specimen 

obtained was colorless. Hydroquinone was 
added as a stabilizer t’o the liquid acrolein. 
Oxygen was prepared by thermal decomposi- 
tion of KMnOc and dried by passing it 
through a trap cooled by solid CO,. 

Calorimeter. The heat evolved in the 
adsorption was measured by means of a 
calorimeter of the Wittig type (4). The ad- 
sorption vessel with about 10 g of the cata- 
lyst was located in the calorimeter. The 
catalyst was packed in a layer of 2 mm, 
between the wall of the adsorptionvessel, and 
a Ni mesh wound into the form of a cylinder 
and placed in the center of the vessel. The 
Ni mesh is seated on a glass spiral sealed to 
the bottom of the vessel (Fig. 1). This per- 
mits the contact of the gas with the entire 
surface of the catalyst and at the same time 
facilitates the transfer of the heat from the 
catalyst to the calorimeter. Inside the calori- 
meter, in close contact with the adsorption 
vessel, there is also a calibration resistor con- 
sisting of a constantan wire wound on a 
mica plate and placed in a copper casing. 
The water value of the calorimeter was de- 
termined after each measurement in an 
atmosphere of the investigated gas. Tem- 
perature changes inside t’he calorimeter were 
indicated by means of Fe-constantan ther- 
mocouples and recorded by an electronic 

FIG. 1. Diagram of adsorption vessel. 
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compensation recorder type EZ 2 (Labora- 
torni Potieby-Laboratory Equipment, 
Prague) with a sensitivity of 100 PV over the 
entire scale (28 cm). 

RESULTS 

A. Adsorption of Propylene on the 
Bi-Mo/Si02 Oxide Catalyst 

The adsorption of propylene was meas- 
ured on the Bi-Mo/SiOz oxide catalyst at 
temperatures of 37, 61, 103, 150, and 170°C. 
According to the time-dependent course of 
adsorption, the results can be divided into 
three groups: (1) the adsorption of pro- 
pylene ends within a few minutes and does 
not further change with time-temperature 
range 37-103°C; (2) transitional region- 
temperature 150°C; at lower pressures as 
adsorption (1) ; at higher pressures the be- 
havior approaches that defined adsorption 
(3) ; (3) small, rapid drop of the propylene 
pressure in the burette at the beginning of 
the measurement, followed by a permanent, 
moderate pressure drop with time-tem- 
perature 170°C. 

1. Adsorption of propylene on the Bi- 
Mo/SiOz oxide catalyst in the range of 
37-103°C. Figure 2 presents the isotherms 
for 37, 61, and 103”C, measured on the 
activated catalyst and on the same specimen 
of the catalyst after preceding long-term 
(about 2 hr) desorption of propylene into 
vacuum at the temperature of the experi- 
ment (used catalyst). The difference of the 
adsorptions measured on both specimens, the 
activated and the used one, increases with 
rising temperature approximately from 3 to 
12%. This difference of the adsorptions in- 
dicates that a small part of the adsorbed 
propylene is bound irreversibly. For this 
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FIG. 2. (a) Adsorption isotherms of propylene on 
activated (0) and used (0) Bi-Mo/SiOn catalyst at 
37, 61, and 103°C. (b) Adsorption isotherms of 
propylene on activated (0) and used (+ ) catalyst 
at 150°C. 

reason, the amount of desorbed propylene 
was measured after completed adsorption at 
the individual temperatures in such a way 
that the propylene was desorbed into an 
evacuated gas burette with a cold finger at 
liquid nitrogen temperature. The pressure 
in the burette was practically zero during 
the desorption. 

Table 1 presents the values of the adsorp- 
tion of propylene on the activated catalyst 
determined at the individual temperatures, 
further the values of the desorbed amount 
found after 30 min of desorpGon at the tem- 

TABLE 1 
ADSORPTION OF PROPYLENE ON Bi-Mo/SiOz OXIDE C.~TALYST -4~ 37-150°C 

Temp Adsorption 
PC) Lmole/gcA 

Pressure 
(Torr) 

Desorption 
mole/gc,t 

Irreversible part 
(70) rmolelg,,, 

37 40.7 69.4 37.9 6.9 2.8 

63 22.5 62.8 20.2 10.2 2.3 

103 8.6 41.9 4.8 44.2 3.8 

103 9.1 41.4 5.6 38.5 3.5 

150 5.7 28.0 2.3 60.0 3.4 
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perature of t,he experiment, and the per- 
centage of the irreversibly bound propylene. 
These values are about t,hree times as high as 
the values read from the adsorption iso- 
therms. A considerable part of the irreversi- 
bly bound propylene can be removed from 
t,he catalyst by several hours’ evacuation. 

The adsorption was pursued for a total 
time of about 40 min, and after an initial 
rapid drop the pressure in the burette did not 
change during t’his time interval. 

2. Adsorption of propylene on the 
Bi-Mo-SiO, oxide catalyst at 150°C. 
Figure 2b shows the values of the pro- 
pylene adsorbed on the act’ivated catalyst at 
150°C. These values, read after about 50 
min, are in agreement with the values meas- 
ured at 103°C (Fig. 2b, solid line). The course 
of the adsorption at this temperature, at a 
lower pressure, is the same as at, lower tem- 
peratures, whereas at a higher pressure a 
moderate pressure drop with time can be 
observed (Fig. 3, curve 1). When the meas- 
urement of the adsorption of propylene was 
repeated on the used cat#alyst, the measured 
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FIG. 3. Time-dependent course of the pressure of 
propylene, acrolein, and oxygen during the adsorp- 
t.ion: 1, propylene, 150°C; 2, propylene, 170°C; 3, 
oxygen, 170°C; 4, acrolein, 170°C; 5, propylene- 
oxygen mixture, 170°C. 

values of t,he adsorption were almost half of 
those measured on t)he activated catalyst. 

After complet’ed adsorption of propylene 
on the activated catalyst, t,he amount of the 
desorbate was ascertained in the same way 
as at lower temperatures. It was found that 
BOoj, of propylene remained irreversibly 
bound on the catalyst (Table 1). A com- 
parison of the values of the irreversibly ad- 
sorbed propylene, read from Table 1 and 
Fig. 2b, reveals that long-term evacuation at 
150°C can remove only a small part of the 
irreversibly bound propylene from the sur- 
face of the catalyst. 

3. Adsorption of propylene on the 
Bi-Mo/SiO, catalyst at 170°C. The 
curve of the pressure of propylene in the 
buret,te in dependence on time at 170°C is 
presented in Fig. 3, curve 2. Since in this case 
no equilibrium values of the adsorption of 
propylene can be read, no adsorption iso- 
t,herm is given. After completed adsorption 
of propylene within 60 min, the amount of 
the desorbate was again determined. It was 
found t#hat 90-93y0 of t)he adsorbed pro- 
pylene remained bound on t.he catalyst. 

Aft,er a comparison of the curves 1 and 2 
(Fig. 3) it, can be stat’ed that) the pressure 
drop wit,h t.ime is more distinct at rising 
propylene pressure in the burette and rising 
temperature of the catalyst. 

4. Heat of adsorption of propylene on 
the Bi-Mo/SiOz oxide catalyst. The 
course of the adsorption was also investi- 
gated in t,he calorimeter, and the heat effects 
of the adsorption of the individual doses 
were evaluated. The value of the heat of 
adsorption of propylene on the Bi-Mo/SiOz 
oxide catalyst is independent of the occupa- 
tion of the surface and the temperature of 
the catalyst in the range of 37-103°C (Fig. 
4). The average value is 8 kcal/mole, the 
same on both the activated and t)he used 
catalyst. 

The adsorpt’ion heat of propylene at 
170°C on the act’ivated catalyst amounted to 
22.3 kcal/mole (Table 2). The values meas- 
ured on the used specimen, only evacuated 
at 17O”C, were lower, the lowest was 11.4 
kcal/mole. 

The heat of adsorption of propylene was 
also calculated from the adsorption iso- 
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TABLE 2 
ADSORPTION OF PROPYLENE AND OXYGEN AND HEAT OF ADSORPTION ON 

Bi-Mo/SiOr OXIDE CATALYST AT 170°C 

Heat of adsorption (k&/mole) 

Adsorption &mole/g,& Propylene 

Propylene Oxygen h% hH h% 

Oxygen 

hH h% 

21.85 14.7 - - - 78.8 +4.8 
- 3.1 - - 41.3 - 

7.3 7.7 +5.5 21.9 -1.8 75.2 0.0 
7.9 9.3 +17.7 21.0 -5.8 71.2 -5.3 
6.8 7.9 +16.2 24.1 +s.o 75.6 f0.5 

22.3” 75.2” 
35.W 19.P 76.4* 

a Adsorption of acrolein. 
b Measured after the desorption of acrolein. 
c Average value. 

12 c. 
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FIG. 4. Dependence of heat of adsorption of 
propylene on the occupation of the surface of the 
catalyst at 37”C, 0, 61°C 0, and 103°C A. 

therms for 37, 61, and 103”C, as given in 
Fig. Za, according to the Clausius-Clapeyron 
equation, and the values for the individual 
degrees of occupation of the surface were 
also calculated: 7.7 kcal/mole (0 = 2.5 
&mole/g), 6.9 kcal/mole (0 = 5.0 pmole/g) 
and 6.2 kcal/mole (0 = 7.5 pmole/g). 

B. Adsorption of Propylene on a Bi-Mo 
Oxide Catalyst* 

Figure 5a presents the adsorption iso- 
therm for propylene determined at 35°C on a 

* These measurements were carried out in the 
Institute of Technical Chemistry, Technical Uni- 
versity, Berlin. 

mixed Bi-Mo oxide, without carrier, acti- 
vated at 450°C. The corresponding values of 
the heat of adsorption are given in Fig. 5b 
in dependence on the occupation of the 
surface of the catalyst. The heat of adsorp- 
tion of propylene decreases rapidly from 12 
to 2 kcal/mole. 

C. Adsorption of Oxygen on the Bi-Mo/SiOt 
Oxide Catalyst at 170°C 

After desorption of propylene, the cata- 
lyst was evacuated for another 30 min at 
170°C by direct connection to the vacuum 
source, whereupon an oxygen dose was ad- 
mitted onto the catalyst. The oxygen pres- 
sure decreased rapidly to a value which then 
changed with time only negligibly (Fig. 3, 
curve 3). The measured heat of adsorption 
of an oxygen dose approximately equalling 
that of the adsorbed propylene amounted 
to 75.2 kcal/mole. The measured values are 
listed in Table 2. 

It is interesting that the adsorption of 
oxygen was always higher than the preceding 
adsorption of propylene. A further dose of 
oxygen did not lead to additional adsorption. 
However, when the first oxygen dose is 
lower than the preceding adsorption of 
propylene, oxygen is adsorbed also in 
further doses, but with a lower heat of 
adsorption. 

The adsorption of oxygen was also in- 
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FIG. 5. (a) Adsorption isotherm of propylene on 
activated Bi-hlo catalyst-adsorption at 35°C. 
(b) Heat of adsorption of propylene on Bi-Mo 
catalyst, determined at 35”C, in dependence on the 
occupation of the surface. 

vestigated on an activated catalyst which 
was evacuated at 450°C and a pressure of 
IO-3 Torr for about, 20 hr, in order to deter- 
mine whether the surface is not reduced 
during the evacuation. No adsorption of 
oxygen was observed. 

D. Adsorption of Propylene from a Propyl- 
eae-Oxygen Mixture on the Bi-Mo/Si02 
Oxide Catalyst at 170°C 

Curve 5 in Fig. 3 represents the time- 

According to the analysis of the gas mixture 
at the end of the measurement, the catalyst 
retained nearly twice as much propylene as 
oxygen. The composition of the gas mixture, 
however, changes during the adsorption 
from 1: 1 to 2 : 1 (oxygen: propylene), and 
this change is already small in the last phase 
of the measurement. The value measured for 
the adsorption heat of propylene amounted 
in this case to 43.5 kcal/mole. 

E. Adsorption of Acrolein on the Bi-MO/ 
SiOz Oxide Catalyst at 170°C 

dependent course of the total pressure in the Besides the adsorption of propylene on the 
adsorption of a propylene-oxygen mixture activated catalyst, the adsorption of acrolein 
(1: 1) on the activated catalyst. The break at 170°C was also investigated. The time- 
found on the curve has obviously it.s signifi- dependent course of the pressure of acrolein 
cance. If the pressures of oxygen and pro- in the burette is analogous to the course of 
pylene, as given in the paper by Peacock, are the propylene pressure (Fig. 3, curve 4). The 
added up, the curve of the total pressure amount of adsorbed acrolein and the corre- 
exhibits a similar break. The course of the sponding heat of adsorption could not be 
adsorption is also represented by the rela- established due to the complicated course of 
tion log p,/p vs t (min), where p is the the adsorption, because the acrolein was 
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FIG. 6. Semilogarithmic dependence of pressure 
on time in t,he adsorption of propylene (Curve 1) 
and propylene-oxygen mixture (Curve 2) at 170°C. 

pressure of the gas at the time t, and p. is 
the pressure at the beginning of the meas- 
urement (Fig. 6, curve 2). The graph 
present,s for comparison also the course of 
the adsorption of pure propylene on the 
same catalyst (curve 1). 
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partly spontaneously eliminated from the 
gaseous phase by a side reaction. 

F. Analysis of the Gaseous Phase 

After completed adsorption of propylene, 
acrolein, and the propylene-oxygen mixture, 
the gas phase in the burette was analyzed in 
a chromatographic column, and no desorp- 
tion products were found. The analysis of 
the desorbate after adsorption of propylene 
and the propylene-oxygen mixture at 170°C 
revealed traces of acrolein and COZ. In the 
analysis of the desorbate after the adsorption 
of acrolein, CO, and CO were found as 
desorption products. 

DISCUSSION 

A. Adsorption of Propylene on the Bi-Mo 
and Bi-Mo/SiOp Oxide Catalysts 
at 55-l 60°C 

The adsorption of propylene on the Bi- 
Mo/SiOz oxide catalyst in the range of 
37-103°C is practically reversible (see Fig. 
2a). The heat of adsorption determined in 
this temperature range is 8 kcal/mole and 
independent of the occupation of the surface. 
This value is in good agreement with the 
value determined from bhe adsorption iso- 
therms (7.7 kcal/mole) as well as with the 
value ascertained chromatographically (S), 
7.7 kcal/mole, in the range of 30-200°C. 

The heat of adsorption of propylene on 
Bi-Mo oxide decreases from 12 to 2 kcal/ 
mole. We assume that this value is not in 
disagreement with the value of 3.8 kcal/ 
mole, as determined chromat,ographically 
(S), because this value is near the mean 
value of the calorimetrically established 
heat of adsorption of propylene, which is 
near ,4 k&/mole. The value of the heat of 
adsorption of propylene measured on both 
specimens of the cat.alyst supports the eon- 
elusion expressed in Ref. (S), according to 
which the adsorption of propylene on Bi- 
Mo/SiOz oxide proceeds on two different 
centers, SiO, and the active constituent 
Bi-Mo. Calorimetric measurements of the 
heat of adsorption show that the adsorption 
of propylene on SiOz predominates, mainly 
at temperatures below lOO”C, over the 
adsorption on the active constituent Bi-Mo. 

The overall adsorption of propylene at 103 
and 150°C is equal. Since the adsorption of 
propylene on silica gel is of physical nature 
and decreases with rising temperature, this 
means that the adsorption of propylene on 
the active constituent Bi-Mo in the range of 
103-150°C increases with rising temperature, 
obviously in consequence of a change in the 
character of t’he bond of the adsorbed pro- 
pylene. This change of the bond leads prob- 
ably to irreversible adsorption as well as to 
an increase in the value of the heat of 
adsorption of propylene. 

In agreement with this concept are the 
results of some authors, according to whom 
the adsorption isobar of propylene passes 
through a minimum near the temperature 
of 100°C (2, 5, 6). 

B. Adsorption an,d Reaction of Propylene on 
the Surface of the Bi-Mo/SiO? 
Catalyst at 170°C 

According to the time-dependent course of 
the pressure during the adsorption at 170°C 
(Fig. 3, curve 2) it can be concluded that the 
adsorption to which corresponds only the 
initial rapid pressure drop is accompanied by 
a slow subsequent reaction, whose course 
satisfies the equation for a monomolecular 
reaction. This process can be explained by 
the reaction of the adsorbed propylene with 
the lattice oxygen leading to the reduction of 
the surface of the catalyst. Peacock (10) 
investigated the interaction between pro- 
pylene and the Bi-Mo/SiOz catalyst in 
dependence on time in the range of 225- 
500% by means of a MO”+ signal in the ESR 
spectra. The dependence on time of this 
signal at 225’C exhibits qualitatively en- 
tirely the same course as t,hat of the time- 
dependent’ adsorption of propylene in our 
case. Table 3 presents the values of the 
amounts of the Mo5+ ions (2nd column) as 
read for various times from the graph given 
by Peacock, as well as the values of the 
adsorbed amounts of propylene for the same 
times from our measurements (3rd column). 
The ratio of both values is practically con- 
stant,, and this indicates that the same 
process takes place in both cases. 

Propylene reacts with latt,ice oxygen to 
form acrolein and water, and these products 
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TABLE 3 
CHANGE OF Mo6+ SIGNAL AND ADSORPTION OF 

PROPYLENE WITH TIME ON Bi-Mo/SiOa 
OXIDE CATALYST 

Time 

(fin) 

0.5 
5.0 

10.0 
26.0 

Mob+. 10F6 CaHa . lo-‘6 CaHa/Mob+ 

1.7 50.5 29.4 
7.1 160.0 22.4 
8.1 201.5 24.7 

10.3 284.8 27.7 

should be desorbed from the surface of the 
catalyst and appear in the gaseous phase. In 
our case, however, acrolein is completely 
removed due to the spontaneous polymeri- 
zation (7), and also water disappears due to 
the adsorption on the surface, probably 
bound by silica gel, since the analysis of the 
adsorption product’s reveal always only 
traces of acrolein besides a small amount of 
COZ. On the basis of the measurements per- 
formed it cannot be directly said whether 
the polymerization of acrolein takes place on 
the surface of the catalyst or only after de- 
sorption of the gaseous phase. In conse- 
quence of the instantaneous removal of 
acrolein by polymerization and of water by 
adsorption it was possible to pursue the 
time-dependent course of the adsorption of 
propylene. 

The oxidation of propylene consumes 
oxygen from the surface of the cat#alyst. This 
decrease in oxygen was ascertained by 
measuring the amount of adsorbed oxygen 
after preceding desorption of propylene and 
evacuation of the catalyst. According to the 
data in Table 2, t)he amount of adsorbed 
oxygen is on an average 130/, higher than 
the amount of adsorbed propylene. 

The measured heat) of adsorption of oxy- 
gen amount)ed to 75.2 kcal/mole. This value 
approaches the reaction heat, of MoOz + 
+ O2 = Moos, which according to t)he tables 
(8) is equal to 100.8 kcal/mole OZ. Nearly 
the same value is given for the reaction heat 
of 2 Bi + + O2 = Biz03, i.e., 92 kcal/mole 02. 
This difference between the measured and 
the calculated value can be explained by the 
circumstance that the heat of adsorpt’ion of 
oxygen characterizes the bond between oxy- 
gen and the metal ion on the surface, whereas 

the reaction heat characterizes the bond 
between oxygen and the metal in the bulk. 
Another explanation of this difference is 
presented by the concept of Krylov and 
Margolis, who assume that the formation of 
the Mo5+ ions, observed in the ESR spectra 
during the oxidation of propylene on the 
surface of the catalyst without oxygen in 
the gaseous phase, results from the reaction 
between Mo4+ and Mo6+ ions, Mo4+ + 
Mo6+ = 2 Mo5+. Consequently, the surface 
of the reduced catalyst would contain Mo5+ 
ions, so that the adsorption of oxygen would 
be accompanied by the oxidation of these 
ions only, and this could lead to a lower value 
of the heat of adsorption of oxygen. 

The approximately equal values of the 
heat of oxidation of Mo4+ and Bi indicate 
that during the oxidation of propylene both 
surface ions, Mo6+ and Bi3+, could be re- 
duced. According to the results obtained by 
Kamran Aykan (9), who studied the reduc- 
tion of the Bi-Mo/SiOz oxide catalyst during 
the oxidat,ion of propylene in the absence of’ 
oxygen in the gas phase, MOO* and metallic 
Bi are formed during the reaction. The 
reduction of Bi3+ in this reaction is also 
assumed by other authors (2, 10). 

According to the value of the adsorption 
heat of oxygen, the reducbion of the surface 
is of the same type also in the case of the 
adsorption of acrolein (see Table 2), which 
is oxidized to COZ and CO. 

In view of the fact t,hat the adsorption of 
propylene and its oxidation proceed almost 
simultaneously on the surface of the cata- 
lyst,, the value of the heat, of adsorption of 
propylene, as given in Table 2, is de facto 
given by the sum of the adsorption and the 
reaction heat of propylene. Consequently, 
bhe value of t(he heat of adsorption of,pro- 
pylene at 170°C cannot be specified unam- 
biguously on t’he basis of our results. 

According to the chromatographic deter- 
minations of the heat of adsorption of 
propylene, given in Ref. (S), this heat is 
constant in the range of 3&2OO”C and equal 
to 7.7 kcal/mole; it relates rather to the 
reversible adsorption on the carrier, i.e., 
SiOz. Consequently, the conclusion following 
from our adsorption measurements is more 
probable that at, a temperature above 100°C 
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the type of bond between propylene and the 
surface undergoes a change. However, we do 
not know the corresponding heat of ad- 
sorption. 

The heat of adsorption of propylene 
adsorbed from a propylene-oxygen mixture 
at 170°C has a higher value (43.5 kcal/mole) 
than that found in the adsorption of pro- 
pylene in the absence of oxygen in the gas 
phase (22.3 kcal/mole). This difference is 
just due to the presence of oxygen in the gas 
phase, whose consumption during the re- 
action partly compensated the decrease in 
the lattice oxygen. 

The rate of the reaction of propylene with 
oxygen, expressed by the drop of the pro- 
pylene pressure in unit time, is in this case 
higher than that of the reaction of propylene 
with the surface of the cat,alyst without 
oxygen in the gaseous phase (see Fig. 3). (We 
assume on the basis of t,he results obtained 
by Peacock (11) that the drop of both the 
propylene and the oxygen pressure proceeds 
at equal rate at the beginning of the re- 
action.) 

The values of the heats measured in the 
interact,ion of propylene with the surface of 
the catalyst involve the heat effects corre- 
sponding to the individual steps of the 
reaction. Now we shall attempt to indicate 
the course as well as the individual steps of 
the reaction and to verify them by means of 
t)he measured or already known heat effects. 

C. Heat Effects and Partial Steps of the 
Oxidation of Propylene 

According to Voge and Adams (l.S), the 
molecule of propylene reacts with the oxygen 
atom adsorbed on the surface of the Bi-Mo/ 
SiOZ oxide catalyst either directly from the 
gaseous phase or in the adsorbed st#ate. This 
process can be represented by following 
equations : 

C&(g) -+ GWa) + QL (1) 
Cd%(a) + KOe --) Cd&O(a) + HzO(a) + K + Qz, 

(2) 

where Q1 and QZ are the heat effects of the 
individual processes. KO2 denotes the cata- 
lyst in the oxidized state, K in its reduced 
state. In our case it was found that neither 

acrolein nor water appears in the gaseous 
phase. The water is bound by the catalyst 
carrier, and acrolein is removed by polymeri- 
zation, which can proceed either after pre- 
ceding desorption anywhere in the reaction 
system 

CZO(a) -+ CJLO(g) - Q8 (3) 

‘XLOk) + tK33,OMs) + Qd, (4) 

or directly on the surface of the caOalyst 

C&O(a) ---f t(C&O)&) + Q6. (5) 

In the reactions (l-5), the catalyst is reduced 
and can be returned into it)s initial state by 
adsorption of oxygen 

K + 02(g) -+ KOz + Qe. (6) 

The result is the equation of the over-all 
react.ion 

CaWg) + Odd + 3UXLOMs) 
+ HzOb) + zQ, (7) 

;hyeQ “,“,= $l QZ - QS + QJ + QG or 
1 2 5 6. 

From the data listed in Table 2 it follows 
that the consumption of oxygen for returning 
the catalyst into its initial state (Eq. (6)) is 
on an average 13oj, higher than the con- 
sumption of propylene. We assume that this 
higher oxygen consumption is due to the 
oxidation of propylene to COZ. From the 
calculation it follows that about 3.7yo of 
propylene is oxidized to COZ. (We do not 
take into consideration that part of this 
propylene can be oxidized only bo CO.) 

CsHe,(g) + 4.5 KOz --t 3 CO,(g) 

+ 3 HnO(a) + 4.5 K + QT. (8) 

For the homogeneous oxidation of propylene 
to COZ we obtain from the tables (8) the 
reaction heat of 461.7 kcal,/mole. 

CaHdg) + 4.5 Odd + 3 CO&) 
+ 3 &O(g) + 461.7. (9) 

An appropriate adjustment of this equation 
leads to the following equations (8) 

3 HzO(g) + 3 HzO(a) + 3 Qs, (10) 

and 

4.5 KOz + 4.5 K + 4.5 OS(g) - 4.5 Qe. (11) 
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The sum of Eqs. (9), (lo), and (11) gives Eq. 
(8), and for the value of Q, we obtain 

Q7 = 461.7 + 3 Qs - 4.5 Qc. 

For Qs we have selected the value of the heat 
of condensation of water, i.e., 9 kcal/mole 
(IS), and for Q6 the measured value of the 
heat of adsorption of oxygen, i.e., 75.2 
kcal/mole : 

Q, = 461.7 + 27.0 - 338.4 = 150.3. 

A 3.7y0 conversion of propylene to CO2 
liberates a heat amount of 5.6 kcal. If we 
now subtract from the heat of adsorption of 
propylene (22.3 kcal/mole) the contribution 
of 5.6 kcal corresponding to the oxidation of 
propylene to COZ (and convert this difference 
to a 100% conversion of propylene to acro- 
lein), we obtain for ZQ the value 

2Q = 17.3 + 75.2 = 92.5 k&/mole 

as the over-all heat effect of the adsorption 
of propylene and its oxidation to acrolein. 

For the sum &I + QZ + Q6, or &I + QZ - 
Q3 + Q4, we have obtained the value 17.3 
kcal/mole. Now we shall try to subdivide 
this value into the individual partial steps. 
To Eq. (7) we coordinate the equation of the 
desorption of water 

&O(a) + &O(g) - Qs (12) 

and after summing up Eqs. (7) and (12) we 
obtain 

CdMg) + On(g) + 3GH~OMs) 
+ HzO(g) + 83.5. (13) 

Now we compare this equation with the 
equation for the homogeneous oxidation of 
propylene, where the reaction heat has been 
calculated from the tables (8) 

CJMg) + G(g) --+ GHdNg) + HrOk) -I- 83.2. 

(14) 

From a comparison of bot’h equations it 
follows that the transfer of acrolein from the 
gaseous into the solid phase (polymer) pro- 
ceeds without a heat effect. This is possible 
only in such a way that acrolein is desorbed 
from the surface of the catalyst and poly- 
merizes from the gaseous phase outside the 
adsorption vessel. According to this con- 
clusion, the heat of adsorption of propylene 

at 170°C is given by the sum of the three 
heats &I + Qz - Q3 = 17.3 kcal/mole. On 
the assumpbion that the heat of adsorption 
of propylene will be near to the heat of 
adsorption of acrolein (as it is the case in the 
region of physical adsorption (S)), the 
difference Q1 - Q3 will be relatively small. 
From this would follow that the value of 17.3 
kcal/mole would for the greatest part 
correspond to the heat Q2. 

In the oxidation of propylene from a pro- 
pylene-oxygen mixture, a heat of adsorption 
of propylene of 43.5 kcal/mole was meas- 
ured. According to an analysis of the gaseous 
phase, 218 pmoles of propylene and 120 
pmoles of oxygen were retained on the cata- 
lyst. If we now add to the measured value of 
43.5 kcal/mole the heat liberated by the 
adsorption of oxygen, 98 pmoles, necessary 
for returning the catalyst into its init)ial, 
oxidized state, (33.8 kcal) and if we subtract 
the heat of adsorption of water (because the 
water remains adsorbed on SiOZ), 9 kcal/ 
mole, we obtain the value of the over-all 
heat of the react.ion 43.5 + 33.8 - 9 = 68.3 
kcal/mole. 

This value is about 17% lower than the 
theoretical value, S3.2 kcal/mole. In this 
case we did not take into account the possi- 
ble format,ion of CO and COZ, because 
according to the results obtained by Peacock 
(11), the formation of these products of the 
oxidation of propylene from a mixture with 
oxygen is strongly suppressed, in comparison 
with the oxidation of propylene on the sur- 
face of the catalyst without oxygen in the 
gaseous phase. The somewhat lower value of 
the calculated heat, 65.3 kcal/mole, can be 
partly explained by the low accuracy of the 
analysis of the propylene-oxygen mixture 
carried out at the end of the measurement. 

In a similar way it would be possible to 
represent in detail also the course of oxida- 
tion of acrolein and to calculate the heat 
effects for the individual steps. At present, 
however, we still need some experimental 
data necessary for verifying the calculated 
values. 
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