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Infrared (ir) spectroscopy and thermodesorption studies of propylene adsorption on CuO, 
CusO, CrzOoa, CuO-MgO, gallium molybdate, MoO&O~, and hIoOJA1203 have shown that 
propylene is adsorbed in reversible (r-ally1 and u-allyl) and irreversible (r-complexes, car- 
boxylate, carbonate, and formate) forms. It emerges that both symmetric and asymmetric 
ally1 complexes of propylene may participate in acrolcin formation. The conversion of the 
surface r-ally1 complexes into the RIe-0-CHa-CH=CHz type compound takes place on a 
gallium molybdate catalyst. ?r-Complexes, carboxylates, carbonates, and formates yield the 
products of complete oxidation, CO, and H20. This may occur with surface carboxylate- 
formate complexes either by a stepwise mechanism involving catalyst oxygen or by a concerted 
mechanism with the participation of molecular oxygen. 

I?JTRODUCTION 

Formation of intermediate complexes 
on a catalytic surface is the most important 
stage of a catalytic reaction. For complex 
catalytic reactions which occur through 
various paths we may anticipate several 
varieties of chemisorption on the catalyst 
surface. These lead to different products. 
Specifically, in the catalytic oxidation of 
hydrocarbons involving complete and selcc- 
tive oxidation, the different products result 
from these various forms of chemisorption. 
The adsorbed forms of propylene on oxide 
catalysts have already been studied (I-4). 
Dent and Kokes (1) were the first to 
observe the formation of rr-allylic complcxcs 
on zinc oxide using ir spectroscopy. 

The aim of this work is to elucidate the 
nature of adsorbed propylene forms which 
appear on the surfaces of oxide catalysts 

and to determine the role of these forms in 
the formation of products of complete 
and selective oxidation. This study was 
carried out using ir spectroscopy and 
t,hcrmodesorption. 

EXPERIMENTAL 

Cupric oxide was prepared by thermal 
decomposition of the hydroxide in an 
oxygen stream. The hydroxide was pre- 
cipitated from cupric nitrate solution with 
ammonia. Cuprous oxide was prepared by 
reducing the divalent oxide at 400°C. 
Copper-magnesium catalysts of differing 
compositions were obtained via simul- 
taneous precipitation of copper and mag- 
ncsium hydroxides from a solution of their 
nitrat’es, using aqueous NaOH. Samples 
containing 5, 10, 20, 50, 75, and 100% 
cupric oxide wcrc used. 12ccording to 
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FIG. 1. Propylene desorption from the surface of CUZO [l] and CuO [Z]. 

Maksimov et al. (5) samples containing 
20% or less copper are solid substitution 
solutions of copper for magnesium in the 
magnesium oxide lattice, with somewhat 
higher copper content in the surface layers. 

Chromium oxide was prepared by ther- 
mal decomposition of ammonium dichro- 
mate. Molybdenum oxide catalysts (4$& 
Mo03/A1,03) were prepared by supporting 
tetrakis(x-allyl)molybdenum from pcntane 
on alumina followed by catalyst calcination 
in oxygen at 450°C. Molybdenum and 
nickel complexes were prepared by support- 
ing bis(a-allyl)nickel and tetrakis(allyl)- 
molybdenum ou dchydroxylated silica. 
The silica was treated with a pentane 
solution of the complex in vacua. 

A vacuum chromatographic apparatus 
with programmed sample heating was used 
to study the thermodesorption (6). For 
ir studies the catalyst was pressed into 
20 to 40-mg/cm2 tablets. The ir spectra 
were recorded using a modified UR-10 
spectrometer which permitted operation 
at elevated temperatures (7). Slit width 
at 1000 cm-l was 1.08 mm. 

RESULTS 

Copper-Containing Catalysts 

Chromatographic study of thermodesorp- 
tion from cuprous and cupric oxides (Fig. 
1) and solid solutions of CuO-MgO showed 
that there are two forms of propylene 
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FIG. 2. The ir-spectra of propylene adsorbed on CUPO and CuO-MgO (20% Cu) ; propylene 
adsomtion and evacuation at 20°C indicated by solid line; desorption at 200°C indicated by 
broken line. 

adsorption of the catalyst surface: (a) a 
weakly bound, reversibly adsorbed form 
with a peak maximum in the desorption 
spectrum at -110 f 2O”C, the rate of 
heating being 17”C/min ; and (b) a strongly 
bound form which desorbs only with 
decomposition, beginning at -2OO”C, with 
a peak maximum at 280°C. This peak 
represents propylene’ decomposition pro- 
ducts, mainly carbon dioxide and a trace 
of Jvatcr. Two similar forms of propylene 
adsorption were found on chromium oxide 
and on the oxide aluminum-molybdenum 
catalyst. It is interesting to point out the 
ratio between the absorbed propylene 
forms on catalysts for complete oxidation 
(CuO, CrzOS) compared to catalysts for 
selective oxidation (CU~O, Mo03/h1,03). 
Propylene is primarily adsorbed irreversibly 
on catalysts for complete oxidation. On 
catalysts for selective oxidation adsorption 
is la,rgely rcvcrsiblc. 

The structures formed during adsorption 
were studied by means of ir spectroscopy. 

Propylene adsorption on CuzO and copper- 
magnesium catalysts produces a series of 
discrete maxima in the 1200 to 1800-cm-1 
region (Fig. 2). By thcrmodcsorption 
analysis reversibly bound propylene has 
been shown to leave the surface below 
200°C. Therefore, the disappearance of a 
series of maxima from the spectra of 
adsorbed propylene below this temperature 
(Fig. 2) may be ascribed to the dcsorption 
of propylene molecules whose structures 
have not undergone decomposition. The 
spectra of the adsorbed propylene show 
that a certain portion of molecules are 
adsorbed on the surface without breaking 
the double bond. The existence of a double 
bond is demonstrated by the following 
spectral evidence (Fig. 3) : the presence of 
ir bands due t,o stretching, v =C-H (3095 
cn-l) and v =C-D, of out-of-plane deforma- 
tion vibrations ,6 CH at 950 and 995 cn-1 
in CH, and Corr’c~sl)~)~~dilIgl~ in (:I), groulq 
and also t,hc appearance of a series of 
intense absorption bands in the region of 
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FIG. 3. The k-spectra of CuO-MgO [l] after adsorption of &KG [2a] and C3D6 [2b] at 2O”C, 
subsequently evacuated. 

the asymmetric stretching of Y,, C=C! 
bonds. Taking into account1 the comparison 
of spectra within a wide spectral region 
with those of the individual propylene 
complexes (l-4, G-IS) and the thermo- 
stability of the surface compounds, as 
well as the isot,ope shifts of the vas C-C 
absorption bands during CsDe adsorption 
(Fig. 2), the following interpretation is 
offered for the maxima observed (Table 1). 
It has been shown by spectral analysis of 
individual propylene complexes (10-15) 
that it is most difficult to elucidate differ- 
ences between various complexes via Y C-H 
stretching and deformation vibrations be- 
cause of the overlap of the frequency ranges. 
Therefore, significant characteristics can 
be found only with the C=C vibrations. 
This leads to major uncertainty in iden- 
tification of the surface compounds. 

An absorption band at 1510 cm-l 
which, to our knowledge, has been observed 
only on copper-magnesium catalysts, is 
within the range of frequencies character- 
istic of the vibrations of a greatly weakened 
v C=C bond in a-complexes of propylene 
with metals (10). The surface r-complexes 
are rather stable thermally and can be 
completely removed from the surface only 

within the temperature range 250 to 300°C. 
During CsDs adsorption two maxima are 
observed at 1410 and 1460 cm-’ in the 
region characteristic of Y C=C in PC3D6 
(Fig. 2). The maximum at 1410 cm-1 
may be ascribed to C=C in PC~D~ because 
it behaves similarly to t,he maximum at, 
1510 cm-’ in the desorption cycles; futher- 
more the observed isotope shift is close to 
those known in the literature for the Y C=C 
bond in ?r-complexes (15). A band at 
1460 cm-l is ascribed to Y, C-O in an 
oxidized structure because during C3D6 
adsorption an absorption band was also 
observed within the indicated spectral 
region (near 1450 cm-l). 

There can be no doubt about the 
assignment of the 1510 cm-’ band to a 
weakend C=C bond. At the same time, 
the assignment of the 1440-cm-’ maximum 
to v,~ C=C (10, 19) in a ?r-allylic complex 
is not unambiguous because this band is 
within the frequency range characteristic of 
C-H deformation vibrations. However, as 
proven by a comparison of the absorption 
band intensities of the stretching and 
deformation C-H vibrations for gaseous 
propylene (in this case they are similar) 
and for the adsorbed complex (in this cast 
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TABLE 1 

Assignment of Absorption Bands Observed in the ir Spectra of Copper-Magnesium 
Catalyst after Propylene Adsorption 

C&i 6(ada.)LI 

950 
995 

1285 
1320 
1350 (weak) 
1370 
1400 (weak) 
1440 
1450 
1510 
1.580 
1600 
1640 
1680 
2730 
2830 
2860 
2920 
2950 
3095 
3570 

- 

- 

Type of vibrationb CD GCads.) Type of vibrationb 

BCH 
P CHz 
Yd c-o 
Ys c-o 
6 C-H 
va c-0 
6 C-H 
vu.9 C-C-C in *-ally1 
Yg c-o 
Y C=C in ?r-complex 
VHS GO 
Y C=C in c-complex 
Yas c-o 
Y C=O in aldehyde 
Y C-H 
v C-H 
Y CH3 
Y Cl13 
Y CHB 
Y =CHB 
vOH 

1285 
1320 
1350 (strong) 
1380 
1410 (strong) 

- 
1460 

- 
1580 
1600 
1660 
1700 

2135 v C-D 
2160 Y C-D 
2230 v C-D 

2285 Y =C-D 
2765 ~013 

vs c-o 
Ys c-0 
vas C-C-C in ?r-ally1 
vs c:=o 
Y C=C in a-complex 

Ys c-o 
- 

Y C=C in u-complex 
Yits c-0 
Yes c-o 
v c=o 

a The adsorption bands are given observed in spectra after the gas phase was evacuated. 
b Y, stretching; 6, deformation vibrations; p, out-of-plane deformation vibrations. 

the 1440 cm-l maximum is several times propylene chemisorption requries separa- 
greater than the band intensities of C-H tion of one of the hydrogen atoms from the 
stretching), the assignment of 1440-cm-’ methyl group. We may expect an increase 
band to C-H deformation vibrations in in the surface concentration of allylic 
one of the surface structures is impossible. structures as the energy of bond breaking 
The shift of the maximum from 1440 to during formation of the allylic complex 
1350 cm-l (Fig. 2) during adsorption of is decreased. The substitution of bromine 
CaH6 supports the idea that the 1440-cm-’ for hydrogen in the methyl group results 
band cannot be assigned to C-H dcforma- in a considerable decrease in the binding 
tion vibrations. According to the value energy to -30 kcal/mol. Therefore a 
of the isotopic shift, 90 cm-‘, this band may molecule of allylbromide must form allylic 
be assigned to v,, CC in a ?r-allylic complex complexes on the catalyst surface more 
(I). Figure 2 (broken lines) shows that easily than propylene. The comparison of 
the desorption at 200°C in vacua apparently the ir spectra of adsorbed allylbromide and 
results in complete removal of n-allylic adsorbed propylene on the copper-contain- 
complex from the surface. Spectra of ing catalysts (Fig. 4) leads to the conclusion 
adsorbed allylbromide also lend support that ally1 halides and propylene gcncrally 
to the validity of the interpretation of this form the same surface structures. Ho\vevcr, 
complex as being of the a-allylic type. it follows from a comparison of spectral 
Formation of allylic complexes during intensities of the absorption bands that the 
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FIG. 4. The k-spectra of alIylbromide [l] and propylene [2] adsorbed at 20°C on CuO-MgO. 

concentration of the surface ?r-allylic com- 
plexes increases considerably in the case 

v C=C double bond in u-complexes (11) 
the intensive maximum in the 1580 to 

of allylbromide adsorption, 1600-cm-’ region can be ascribed to the 
Taking into account the position of the C=C stretching in the propylene surface 

w.Io-12 molec CJH~O 

cm’.min 

n,,o-13 molec C3He 
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FIG. 5. Plot of rate with respect to acrolein [l J of the adsorption value of propylene in the 
reversible form [2] and band intensity of a rr-allylic complex [3] vs catalyst composition. 
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complex of a-complex type. This surface 
complex is less stable and begins to dcsorb 
from the surface at 100°C. 

Formation of ?r-allylic and u-complexes 
on the surface must occur with hydrogen 
separation. Study of the ir spectra of 
copper-magnesium catalysts after propy- 
lene adsorption shows that this process is 
really accompanied by hydrogen separation 
and the formation of hydroxyl groups. 
The spectra show the v O-H band at 
3570 cm-l (interaction with CsHe, Fig. 3a) 
and the O-D band at 2765 cm-’ (interac- 
tion with C3D6, Fig. 3b). The appearance 
of the band of the O-D groups cannot be 
a result of the exchange of surface O-H 
groups with propylene because the intensity 
of the absorption bands of surface O-H 
groups does not vary during propylene 
adsorption. Furthermore the intensity of 
the O-D group absorbance does not vary 
with time. 

Thus the ir spectra of propylene adsorbed 
at 20°C on copper-magnesium catalysts 
and copper oxides show that ?r-allylic and 
u-complexes are dcsorbed from the surface 
at temperatures below 200°C with propy- 
lene formation. ?r-Complexes are apparently 
stable below about 300°C. When the 
temperature of deeorption is more than 
2OO”C, in addition to the decomposition of 
the r-complexes, there appear on the 
surface of the copper-magnesium catalysts 
new more-oxidized structures. These are 
formed from r-complexes. Thcrmodrsorp- 
tion data also show that the products 
of complete oxidation are formed from 
propylene at elevated temperatures. This 
is evidenced by the appearance of a peak 
not seen during adsorption. 

Since propylene does not adsorb at, 
20°C on magnesium oxide, the main 

influcncc on the surface propcrtics and the 
nature of adsorption complexes on coppcr- 
magnesium catalysts is attributed to copper 
ions. Therefore it is intcrest,ing to compare 
structures of the surface complexes on 
copper oxides and on copper-magnesium 
catalysts. Study of the ir spectra of 
propylene adsorbed at 20°C shows that 
?r-allylic complexes are observed on all 
copper-magnesium catalysts and copper 
oxides. As the copper concentration in the 
catalysts is increased, the absorption band 
intensities characteristic of Y,, C-C in 
such complexes also increase (Fig. 5, 
curve 3). If we assume that the absorption 
coefficient of this band does not vary with 
different samples, then we may postulate 
that the observed intensity increase is 
related to the incrcasc in concentration of 
?r-allylic complexes per unit of surface. 
The ?r-complexes form only on the surface 
of copper-magnesium catalysts. 

Fundamental changes occur in the a- 
complex accompanying separation from 
a solid solution of copper oxides. The 
a-complex is characterized by a 1600-cm-1 
band for copper-magnesium catalysts and 
by a 1580-cm-’ band for copper oxides. 
Consequently it is difficult to estimate 
with any certainty the change of intensity 
for a given change of composition. In a 
scrics of copper-magnesium catalysts an 
increase in concentration of this structure 
on the surface is observed with increasing 
copper content. 

The absorption bands in the spectra of 
the adsorbed propylene after desorption at 
200°C (Fig. 2) are characteristic of irrever- 
sibly adsorbed complexes. Analysis of the 
spectra shows the following relationships 
between structure and absorption bands : 

vsc ------ 0 

vasC ----- 0 

1370 cm-’ 

1560 cm-’ 
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The presence of thcsc structures on the cm-r) is observed on the surface of copper 
surface is supported by the appearance of oxides : 
6 and v CH (1350 and 2870 err-l) absorption 
bands, which shift during adsorption of 
deuterated propylene. ‘In addition to these 
structures, the formation of the completely 
oxidized structures of the carbonate type In addition, on cupric oxide structures of 
(characterized by bands at 1280 and 1640 carboxylate type are formed at 20°C : 

l&00- 1450 cm-’ 

The irreversible forms of propylene 
adsorbed at 20°C (in addition to the 
a-complex) on copper-magnesium catalysts 

In the ir spectra of propylene adsorbed 

of various compositions are formate (1380 
at 20°C on Mo03/A1203 only a single 

and 1560-1580 cm-‘), carbonate (1280- 
absorption band is found in the region of 

1320 and 1620-1660 cm-l), and carboxylate 
C=C bond vibrations (near 1600 cm-l) 

structures of two types, stabilized on 
which may be ascribed to the u-bond 

magnesium ions (1415 and 1560-1580 cm-l) 
between propylene and the catalyst surface. 

and on copper ions (1450 and 1560-1580 
This complex is weakly bound to the surface 

cm-l). The latter structure is observed 
and is easily removed in vacua. 

only with samples of high copper content Cdh 
(do). Such an interpretation of the observed 
absorption bands is supported by the 

Comparison of the adsorbed forms of 

spectra of adsorbed deuterated propylene 
hydrocarbons on catalysts for complete 

(vibrations of C-O bonds shift almost not 
and for selective oxidat,ion is useful to 
ascertain the roles of various adsorbed 

at all, i.e., 10-20 cm-l). Further support is 
provided by study of the spectra of 

forms of propylene in the catalytic oxida- 
tion. According to ir data, propylene 

propylene adsorbed at high temperatures. undergoes primarily a destructive oxida- 
Under these conditions only the formation tion on the surface of chromium oxide 
of irreversible forms is observed (al). to the species 

- - 
LO 

H-C&--, 

L 
I I , CH, - 

-0) L -I I -I 

These complexes are retained on the surface tion results with ir data for propylene 
up to 400°C. Only a small portion of chemisorbed on oxide systems. The chemi- 
propylene is bound reversibly via the sorption of olefins in a weakly bound 
a-bond. reversible form is accompanied by the 

formation of complexes of u- and n-allylic 
DISCUSSION types. Propylene chemisorption on oxide 

Several conclusions may be reached in aluminum-molybdenum catalysts and on 
consequence of comparing thermodesorp- chromium oxide does not produce a-allylic 

v,&oo- 1560 cm-’ 
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structures. Obviously, the only reversible 
form of the adsorbed propylene on thwc: 
catalysts is a o-allylic complex. 

Absorption bands \vhich appear in ir 
spectra of adsorbed propylene on catalysts 
of selective and complete oxidation serve 
partially to characterize the oxidized car- 
bonatc-carboxylate structures. These struc- 
tures posxcss considerable thcrmostability, 
and their desorption from the catalyst 
surface is accompanied by the appearance 
of CO2 in the gas phase. Therefore the 
formation of oxidized compounds of the 
carbonate-carboxylate type may be at- 
tributed to the irreversible form of 
prtipylenc adsorphion. Thermodesorption 
and ir data indicate that these compounds 
are decomposed at temperatures abovc 
200°C. Such is accompanied by the forma- 
tion of COL and watrr. It should be 
noted that the presence of oxygen facil- 
itates the decomposition of these structures 
and that carbon dioxide appears at or 
below 200°C. On copper-magnesium catal- 
ysts olcfin r-complexes are formed. They 
decompose at 250 to 300°C. Apparently 
they arise from the irrcversiblc form of 
propylene adsorption. 

The formation of rcact,ion products was 
studied during oxidation of adsorbed hydro- 
carbons to olucidatc the possible paths of 
conversion of the surface propylene forms. 
With this aim the samples of cupric 
oxide and copper-magnesium catalysts 
were preliminary reduced to the stage 
where no acrolein appeared during propyl- 
cne thcrmodesorption. In the subsequent 
experiments oxygen leas introduced at 
20°C to samples of prc-adsorbed propylene. 
In 5 to 10 min oxygen was removed, and 
thermodesorption was carried out. Oxygen 
was introduced (i) when two forms of 
propylene adsorption (reversiblo and ir- 
reversible) were present on the surface, 
and (ii) when one of thcsc forms had been 
removed from the catalyst surface before 
oxygen admission. Acrolein formation takes 
place during dcsorption of propylene ox- 
idized forms only when a reversible 
chemisorbed form of propylene is present. 

If the rcvcrsiblc adsorption form had bwn 
rcmowd bcforc oxygen was introduced, 
the subscqucnt~ dcsorption would not have 
1c.d to the formation of acrolein. 

During consecutive adsorption of propyl- 
enc and oxygen at 20°C the dcsorption 
spectrum shows a peak at 200°C which is 
ascribed to CO,. In the prcsencc of oxygen, 
the decomposition of the irrnvcrsiblr form 
of adsorbed propylcnc is facilitated. This 
peak is in the same region as a peak of 
individually adsorbed CO%. The appearance 
of CO2 peak at lower temperatures in the 
presence of oxygen is attributed to the 
the decomposition of strongly adsorbrd 
propylene. 

Thus, the results obtained provide evi- 
dence for the participation of a strongly 
adsorbed propylene form of a carbonate>- 
carboxylate type in the formation of 
products of complctc oxidation. h thcrmo- 
stable r-complex is apparently convcrtc>d 
into the same products. 

Complexes of allylic type which are 
weakly adsorbed on the catalyst surface 
take part in the formation of product,s of 
sclcctive oxidation as shown by a compar- 
ison of data on identification of the surface 
structures by ir spectroscopy and the 
study of dcsorption and oxidation of the 
reversible propylcnc form. However, it is 
not yet clear whether both the observed 
P and ?r-allylic complexes, or only one of 
them, participate in the formation of 
products of selective oxidation. 

It is rather widely believed that oxidation 
of propylene to acrolein takes place via 
participation of a ?r-allylic complex of the 
olcfin. Our results also support this idea. 
Also isotope studies indirectly indicate the 
possibility of acrolein formation by partic- 
ipation of an asymmetric surface complex. 
This complex was observed by us during 
adsorption of CJH, on copper-containing 
catalysts, on chromium and molybdenum 
oxides. 

The thcrmodesorpt’ion of individual sup- 
ported molybdenum o-allylic complexes 
and nickel ?r-allylic complexes, as well as 
the desorption and ir spectra of allyl- 
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bromide were studied to elucidate the 
possible participation of the surface allylic 
complexes in the formation of selective 
products. As noted, the concentration of 
n-allylic complexes (intensity vas C=C? 
1430 cm-l) is higher in the adsorption of 
allylbromide than in the case of adsorbed 
propylene (Fig. 4). If ?r-allylic complexes 
are converted to acrolein then an increase 
in their surface concentration must lead 
to an increase in acrolein yield accompany- 
ing the thermodesorption of allylbromide. 
Indeed, we have found that the yield of 
acrolein during thermodesorption of allyl- 
bromide from CuO-MgO catalyst is 30 to 
40 times greater than that formed during 
propylene desorption under similar condi- 
tions. It is noteworthy that the observed 
increase in acrolein yield is much greater 
than indicated by the variations in the band 
intensity characteristic of n-allylic com- 
plexes. It seems likely that during adsorp- 
tion of allylbromide a considerable quantity 
of allylic complex is converted to acrolein 
almost immediately. In fact, in ir spectra 
(Fig. 4) taken during adsorption of allyl- 
bromide, an intensive band at 1725 cm-’ 
was observed. This is ascribed to v C=O 
in acrolein. 

Experiments on the conversion of sup- 
ported nickel ?r-allylic complexes provide 
more evidence of the conversion of ?r-allylic 
surface compounds to acrolein. The surface 
complexes containing ?r-allylic groups are 
formed as bis(?r-allylic) nickel supported 
on silica (Bd). In desorption acrolein, 
propylene, carbon dioxide, water and 
oil-like products have been found whose 
desorption occurs at 300 to 400°C. In 
the 20 to 200°C temperature region, as 
well as in desorption of propylene and 
allylbromide, propylene and acrolein are 
desorbed. As noted previously, ?r-allylic 
complexes are not formed on chromium 
oxide and on molybdenum oxide supported 
on A1203; a weakly adsorbed propylene is 
present as a a-complex. Nevertheless acro- 
lein formation was observed on these 
catalysts under other conditions which 

indicates the formation of acrolein in the 
presrnce of asymmetric u-complex. 

The ability of n-complaxcs to be con- 
verted into acrolein is supported by data 
on immediate decomposition of individual 
a-allylic complexes of molybdenum. These 
were obtained by supporting tctrakis(allyl)- 
molybdenum on SiOz. As in the case of 
surface ?r-allylic complexes of nickel, during 
thermodesorption of D-allylic complexes of 
molybdenum, acrolein and propylene 
appear with maxima at -170°C. Thus 
propylene conversion into acrolein may 
proceed via the intermediate formation of 
symmetric n-allylic complexes as well as 
asymmetric u-complexes. It is noteworthy 
that the results of the study of the thermo- 
desorption of supported molybdenum and 
nickel complexes provide independent sup- 
port for the above interpretation. 

These conclusions are obviously drawn 
from adsorption studies. Thus it becomes 
desirable to demonstrate that during 
catalytic oxidation of propylene the forma- 
tion of reaction products takes place via 
the same surface forms. 

According ,to thermodesorption data, 
acrolein is formed from a weakly chem- 
isorbed propylene and desorbs at 30 to 
130°C. On this basis one may anticipate 
that the catalytic oxidation of propylene 
t,c acrolein will occur in the same tempera- 
ture region. Total selectivity with respect 
to acrolein formation should be observed 
because strongly adsorbed propylene has 
no reactivit,y under these conditions. When 
pulses of reaction mixture (50 ~01% of 
C&He, 50 volyc of 0,) were contacted with 
copper oxide, copper-magnesium, and chro- 
mium oxide catalysts at 80 to 12O”C, 
oxidation of propylene to acrolein was 
observed with selectivity of almost 100%. 
It is noteworthy that catalyst activity 
decreases with time, apparently as a 
result of blocking the surface with reaction 
products. The catalyst activity is reduced 
after it has been heated in a helium stream 
up to 200 to 250°C. These experiments 
show that oxidation of propylene to acrolein 
at low temperatures does proceed selec- 
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tively and with catalysts of cwlllpl(%c~ 
oxidation (010, CrJ)z). This is in :\glW- 
merit \vith the th(~rmodcsorption and ir 
data \vhich show on these catalysts the 
the same intermediate surface compounds 
as found on the catalysts of selective 
oxidation. 

furthcir c~v:\cu:\l~ion of the gas ph:w;c’, :1lttl 
(1,) vwiations in the absorption bands 
after desorption at diffrrent temperatures 
indicating the thcrmostability of complexes 
rharactcrizcd by these maxima. 

A comparative study of thermodcsorp- 
tion, ir spectra, and catalytic activity of 
copper-magnesium catalysts of various 
composition in the oxidat.ion of propylene 
to acrolcin was carried out to elucidate 
the role of weakly adsorbed propylene in 
the catalytic process. If a reversible form 
of propylene participates in the catalytic 
process, the formation rate of acrolein 
must depend on the surface concentration 
of this form. Catalytic oxidation was 
carried out in a pulse installation at 200°C 
with a reaction mixture of composition: 
10yO CaH,, 10% 02, and 80% He. Figure 5 
is a plot of the rate of formation of acrolein, 
the amount of a weakly adsorbed propylene 
(band at 1440 cm-l, i.e., a-allylic complex) 
vs catalyst composition. It is seen in 
Fig. 5 that the same dependence is observed 
between the rate of propylene conversion 
to acrolein and the concentrations of 
reversible forms of propylene and the 
n-allylic complex. This supports the idea 
t,hat thcsc forms of adsorbed propylene 
take part in the format,ion of acrolcin and 
its catalytic oxidation. 

As is shown by thermodesorption up to 
200°C \\-ith chromatographic analysis of 
the dcsorption products, rovcrsibly hondcd 
propylrnc and partial oxidation products 
are desorbcd from the catalyst surface. 
Therefore, the maxima at 1100, 1400, 
1600, and 16SO cm-’ observed in the 
spectra of adsorbed propylene and vanish- 
ing from the spectra upon desorption of the 
species up to 200°C may be associated with 
bond vibrations in the propylene molecule 
not, subjected to destructive decomposition. 
The presence of neakened double bonds in 
the adsorbed complexes is indicated by the 
presence of adsorption bands at 2260 cm-l 
(V SD) and at 2220 cm-’ (V =CD,>.z 

Our interpretation of the bands observed 
in the ir spectra of propylene adsorbed on 
Ga/Mo catalyst is given in Table 2. The 
complexes obtained were identified from 
the thcrmodcsorption data and by compar- 
ison of t’he ir spectra with those of propylene 
complexes. It was necessary to take into 
account the thermodesorption of surface 
compounds and the difference in t’he 
isotopic shifts of absorption bands ascribed 
to the C=C, C=O, and C=H bonds in 
C3D6 adsorption. 

Of particular interest arc the dat’a on We also wish to clarify the mechanism of 
the interaction between &He and moly- conversion of ally1 complex to the reaction 
bdatcs which arc usually more selective product. Veis et al. (23j and Gcrmen et al. 

toward propylene transformation to acro- (24) assume that a complex of type II 
lcin. Howewr, the literature is almost is formed from that of the ally1 type, as a 
devoid of such information because of result of interaction of the latter with 
technical difficulties (small specific surface the surface oxygen. To test this assumption 
area, etc.) arising in the course of the ir the following experiments were carried out. 
spectroscopic study of molybdates. We Immediately after the introduction of 
have studied propylene adsorption on propylene, the spectrum was recorded in 
gallium-molybdenum catalysts. The experi- the region from 1050 to 1500 cm-1 (record- 
mental technique and characteristics of ing speed, 150 cm-‘/min). During the 
samples have been reported previously by first lo-15 min required to achieve equili- 
Davgdov et al. (27). brium, a simultaneous decrease in the 

Table 2 shows (a) frequencies observed 
in the ir spectra of C3Hs (values for C3D6 in 
parentheses) after adsorption at 20°C with 

2 The Y C-H vibrations in the adsorbed complexes 
are obscured by the strong adsorption of the 
catdyst in this region. 
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conccnt.ration of the n-ally1 complex and we suggrst the following scheme of propyl- 
an increase in the concentration of complex ene interaction with the surface of gallium- 
II were observed. From the results obtained molybdenum catalyst : 

I II 

H 

C3Hs 

H,?,&?,H 
c /- 20°C 7 /H 

-C /C-C =CH2 [H] 
T* 

TTotiC -C=CH, [Hz] 

0 Me 0 Me 0 

VCZ-C - 1400cm- vC-O- IlOOcm-’ vC=O- 1680 cm-’ 

vC=C-I600 cm-’ vC=C-l600- 

1640 cm-’ 

- CO2 + Hz0 

The formation of compound II probably 
requires the presence of a specific oxygen 
on the catalyst surface. This may be 
provided by the oxygen of the molybdenum 
bond, since on other catalysts not contain- 
ing such bonds, the formation of these 
compIexes was not observed. 

The interaction between propylene and 
MoOs/MgO, and Mo03/A1203 catalysts 
has been studied to elucidate the role of 
molybdenum ions. Propylene adsorption 
at 20°C on the reduced surface of MOO,/ 
&IgO (10 at% MO), treated with Hz at 
450X, followed by further treatment in 
uucuo at the same temperature for 2 hr 
leads to the appearance of an absorption 
maximum at 1600 cm-l (in addition to the 
absorption bands of gaseous propylene). 

I 

H H 

0 o---\C/-c~cH, 

According to Mikhaltchenko et al. (25) this 
maximum may be ascribed to v C=C in 
the surface cr-complex. Simultaneously with 
the appearance of this maximum, a shift 
of the band ascribed to the R/lo=0 bond 
from 972 to 965 cm-’ is observed. The 
measurement of ESR spectra in the course 
of propylene adsorption indicates propylene 
stabilization on the oxygen ion of the Mo=O 
bond (.%). Increasing the time of propylene 
contact with a catalyst results in the 
appearance of additional maxima at 1050 
and 1100 cm-l in the spectrum. These may 
only bc ascribed to the v C-C bond vibra- 
tions. From the above results the following 
scheme of the formation and transformation 
of c-complex is proposed : 

II 

H H 
H H 

‘r/- C=CH, 
0’ 0 

4:: -A”, 

II 
Mu + C,H, - 

II I 
- MO H 

L’ 
- MO - MO 

YMOO-9?2cm-’ vcxc- 1600cm -I UC-O- IlOOcm- 

VM,,=O- 965 cm-’ vC=O- 16OOcm-’ 
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7 1ABLE 2 
Frequencies Observed and Interpretations: ir Spectra of CaHe(C3116) Adsorbed on Gallium Molybdate 

Frequency 
(cm-l) 

1100 (1065) 
1260-1320 (1260) 

1350-1375 (1330- 

1350, 1380) 
1400 (1300) 

1460 (1430) 

1520 (1520) 

1560 (1560) 

1600 (1590) 
1640, 1615 (1625) 
1680 (1660) 
2100 
2160 
2220 
2260 

Interpretat,ion’ 

T C-O in C=C-C-O-Me 
vj GO in CO3 

0 

ildaorption” I>esorption* 

20°C 100°C 200°C 300°C 400°C __. 
+(+I -tic+11 +sJ’ -(--I -(--I 
+(-I” +(-I” c t-c+) +(+I 

/ 
6 C-H; v C-O in H-C 

Lo 

Y;, C-O in CO3 +($-I +(-I) -(-I ---I 
vaa C-C-C in T-allyI- +(t-) +1c+11 -(-I -(-I 

0 

Y, C-O in 
6 

CHI-C 
k. 

Y,, C-O in CO, 

Y:,, C-O in 
2 

CH,-C 
R0 

and H-C 
k. 

Y C=C in C=C-C-0-Xe-II 
Y C=O in CO1 
v C=O in ads. acrolein 
Y Gl) 
P C-D 
Y =c-n d 
Y =c-I) - 

+(+) +t(+T) 

+(+) +(+I 

+tc+t, +t(+) +(+I 

+(+I +(-1-l +(+I 

+1 
II .:5’ -(-) -(-I +(+I 
(+I) -iz 2;‘; 
:ii (+) ir; C-1 1; C-1 C-1 C-1 

a Y and 6 represent stretching and bending vibrations. 
b + or -, a band is present or absent; J, or T, an increase or decrease in intensity, respectively. 
c Not observed because of coincidence with intense band at 1300 cm-l. 

Interaction bctw-cen the CsH6 + 02 mixture 
and MoOJMgO catalyst at 20°C is also 
accompanied by the formation of a weakly 
adsorbed c-complex, shift of the 97%cm-’ 
band into the low-frequency region, and 
the appearance of maxima at 10.50 and 
1100 cm-l. An increase in the time of 
C3H6 + OS contact with a catalyst results 
in the disappearance of the 1600-cm-’ band 
of a weakly adsorbed a-complex and the 
appearance of t,he 1700-cm-l band of 

C=O bond stretching. Temperature increase 
up to 300°C does not affect the shape of 
the spectrum. After the catalyst sample 
has been heated in the C3Hs + 02 mixture 
at 3OO”C, new bands appear in the 1300 
to 1700-cm-’ region of the ir spectrum. 
These indicate the formation of surface 
carbonate-carboxylate structures; i.e., on 

the surface the following reactions take 
place : 

0 

II 
H H 
I I 

0-C-C=CH* 0 7 

/’ ’ ‘, 
II 

MoH h - MO + 
//C--C =CH, 

0 

II /’ 
MO + (C3H6+02) 

+ Hz0 
R-O,H,CH, 
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As a comparison of the results of propyl- 
ene adsorption on gallium molybdate and 
copper-containing catalysts shows, a new 
structure II appears. This is an interme- 
diate stage of the r-ally1 complex trans- 
formation to acrolein. Since many reactions 
of unsaturated hydrocarbons may proceed 
through a ?r-ally1 complex (e.g., poly- 
merization, cyclization, and isomerization), 
it is precisely the conversion of the ally1 

complex to structure II that determines 
the course of its conversion to acrolein. 

CONCLUSION 

Therefore, the results obtained and mea- 
surements of the rates of individual steps 
lead us to suggest the following general 
scheme for the reaction mechanism of 
propylene oxidation on oxide catalysts (5’8) : 

[ CH~=CH-CH*] 0’ 
CH2--CH =CH, 

steDwise I - R” c? +02 

‘H 
+K-KO 

+02 
CO,+ K - KO 

- co, 

In this mechanism of selective and 8. Mikhaltchenko, V. G., Sokolovskii, V. D., 

complete oxidation of propylene, K and Boreskov, G. K., Davydov, A. A., Filippova, 

KO represent reduced and oxidized catalyst 
A. A., and Yurieva, T. M., React. Kinet. Catal. 

forms, respectively. 
Lett. 2, 215 (1974). 

9. Mikhaltchenko, V. G., Sokolovskii, V. D., 
Filippova, A. A., and Davydov, A. A., 
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