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The adsorption and interaction of carbon
dioxide and propylene on Rh–Co/Al2O3 catalysts
have been investigated by using experimental
and quantum chemical methods. It was estab-
lished that in the region of 0.1–1.8 MPa and 523–
673 K a complex of oxygenates and hydrocar-
bons is formed. It has been shown that the CO2
molecule adsorbs associatively as well as dis-
sociatively with formation of COads and Oads.
Propylene adsorbs in the same manner. The
adsorption mechanism is determined by the
structure and composition of surface active
centers of the Rh–Co/Al2O3 catalyst. The results
of the experimental study of chemisorption
of both CO2 and propylene are correlated
with quantum chemical calculations. Copyright
# 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The studies of catalytic activation of CO2 and its
interaction with hydrocarbons are intensively
increasing at the present time because of the need
to decrease carbon dioxide in the atmosphere.
Utilization of carbon dioxide can solve the problem

of the greenhouse effect by involving the carbon in
the production of artificial oil, different organic
compounds and synthesis gas (CO�H2).

Recently the results of a study of the interaction
between hexene-1 (propylene) and carbon dioxide
on Ru–Co/Al2O3 have been published.1,2 In this
paper the process of interaction between CO2 and
propylene over Rh–Co/Al2O3 cluster-type catalysts
has been studied.

EXPERIMENTAL

The process was carried out in a flow-type reactor at
various temperatures from 523 to 673 K and
pressures from 0.1 to 1.8 MPa. The space velocity
was 100–120 hÿ1. The mixture C3H6/CO2 = 1/4
was used. Catalysts were prepared by impregnation
of Al2O3 support with a mixture of RhCl3 and
Co(NO3)2�6H2O solutions. Then they were reduced
by hydrogen at 773 K for 3 h, washed to remove
Clÿ and NO3

ÿ ions and dried in air at 303–323 K.
Catalyst was additionally reduced directly in the
reactor at various temperatures from 523 to 673 K
for 1 h before the reaction between CO2 and
propylene. The reaction rate was determined
through propylene decrease by use of chromato-
graphic analysis.

The IR spectra of reactants adsorbed on the
catalyst surface were registered by UR-75 spectro-
meter in the 1200–3500 cmÿ1 range.

Quantum chemical calculations have been made
on the basis of the extended Hu¨ckel method
complemented with Anderson core–core repulsion
as an item of total electron energy. Cluster
approximation was used for calculations. A Mini-
mal quantity of metal atoms (2–7–13) was taken
into account. This approach seems reasonable,
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because,as is known, chemisorptionis a highly
localizedphenomenon.3

RESULTS AND DISCUSSION

It has been establishedthat the conversion of
propylene and carbon dioxide dependson the
catalyst compositionand the partial pressuresof
the CO2� propylenemixture. Conversionof pro-
pylene on Rh–Co(1:1)/Al2O3 at Texp= 523K and
P = 1.8 MPa is 25.0%.The reactionproductsare
methanol(8.4 mol%), formaldehyde(0.8 mol%),
acetone (10.3 mol%), ethanol (8.7 mol%), i-
propanol(13.9mol%),butanol(1.7mol%),butyric
acid(37.3mol%),tracesof butyraldehydeandother
compounds.Ondecreasingthepressureto 1.5MPa
(Texp= 523 K) the propyleneconversiondecreases
to 8.3%. Also, the product compositionchanges.
The yield of methanol, formaldehyde and i-
propanol increasesup to 22.7 mol%, 3.4 mol%
and31.0 mol% respectively.The yield of acetone
and butyric acid decreasesto 5.4 mol% and 20.3
mol% respectively(Table1).

It was shown that the degree of propylene
conversionis 7.9–9.3%on increasingTexp from
523 to 673K (P = 1.5 MPa). But with the
temperatureincreasethe ratio of productsformed
changessignificantly.It is observedthat thereis a
tendencyto decreasethe yields of methanolfrom
22.7 to 18.4 mol% formaldehydefrom 3.4 to 1.7
mol% andethanolfrom 7.9 to 0.7mol%.Theyield

of butyric acid changesextremely.The maximal
yield reaches33.0mol% at Texp= 573K. Thenthe
yield of butyric aciddecreasessharplyto 7.3mol%
at Texp= 673K. In theseconditionsthe yields of
acetoneandi-propanolincreasefrom 5.4mol%and
31.0 mol% respectively (Texp= 523 K) to 17.5
mol% and38.3mol% (Texp= 673 K) respectively.
Propioaldehydeare formed at 673K (2.8 mol.%)
(Table1).

In IR spectratheabsorptionbandsat 3500,3300
(OH groups),3060, 3000 (=CH2 groups),2980,
2920,2850(—CH, —CH2, —CH3 groups),2380,
2350(COgas

2ads),2030and1900cmÿ1 corresponding
to linear and bridge forms of COads on Rhn� and
Rh0 are presented at chemisorption of the
CO2� C3H6 mixture (T = 473 K) on Rh–Co(9:1)/
Al2O3 catalyst. In addition, intensive absorption
bandswereobservedin the range1700–1300,and
at 1580 and 1440cmÿ1. The absorptionbandsat
1580 and 1440cmÿ1 correspondto the chemi-
sorbed CO2 molecule. With increasing cobalt
concentrationin the catalyst compositionto 30–
50 mass%the intensityof the absorptionbandsin
the range2400–2000cmÿ1 increases.

Thepositionsof theabsorptionbandsvaryalittle
with temperatureincrease from 473 to 573K.
However,the intensitiesof theabsorptionbandsat
1950and2380–2350cmÿ1, andespeciallyat 1550
and1430cmÿ1, significantlyincreaseonadsorption
of the mixture on the Rh–Co(1:1)/Al2O3 catalyst.
Thesestructuresare sufficiently strongly bonded
with the catalystsurfaceand do not disappearat
vacuumization.

Table 1 InteractionbetweenCO2 andpropyleneoverRh–Co/Al2O3

Amount (mol%)

Texp= 523K Texp= 673K Texp= 523K Texp= 573K
Tred= 523K Tred= 673K Tred= 523K Tred= 573K

Product P = 1.5MPa P = 1.5MPa P = 1.8MPa P = 1.5MPa

Methanol 22.7 18.4 8.4 16.8
Formaldehyde 3.4 1.7 0.8 4.2
Acetone 5.4 17.5 10.3 5.5
Ethanol 7.9 0.7 8.7 4.2
i-Propanol 31.0 38.3 13.9 33.6
n-Propanol 1.5 3.0 1.3 2.6
n-Butanol 1.4 1.2 1.7 —
Butyraldehyde Trace 2.0 Trace —
Butyric acid 20.3 7.3 37.3 33.0
Propioaldehyde — 2.8 — —
Otherproducts 6.4 7.1 17.6 0.1

Conversionof C3H6 (%) 8.3 9.3 25.0 7.9
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Thestructureandstateof thesurfaceof theRh–
Co/Al2O3 catalystwerestudiedby physico-chemi-
cal methodsof analysis.The size of the metal
particles in the Rh–Co(9:1)/Al2O3 catalyst is 9–
10nm.With increaseof cobaltconcentrationin the
catalyst composition the particle size decreases.
The particle size of Rh–Co(1:9)/Al2O3 catalystis
1.5–2.0nm. It has beenestablishedthat rhodium
andcobaltform theclusterstructure.Theirstateand
stability aredeterminedby theRh:Coratio.

Using quantumchemical methodsit has been
shownthatreplacementof rhodiumoncobaltin 13-
atom clusters results in an increaseof cluster
stability. It grows with the increasingquantity of
cobaltatoms.Theformationof bimetallicstructures
in thecatalystis moreenergeticallyfavourablethan
monometallicones.The stability of the 13-atom
Rh–Coclustersdecreasesin theseries:

12Co--Rh�7� < 12Co--Rh�1� < 3Co�1;7;8�--10Rh

< 3Co�1;5;4�--10Rh< 3Co�1;4;7�--10Rh

< 2Co�1;7�--11Rh< 1Co�1�--12Rh< 1Co�5�--12Rh

< 13Rh

The hexagonalclusterof cobalt is ratherstable.
On replacementof cobalt by rhodium atomsthe

clusterstability is sharplyincreased.Theresultsof
calculationsshowthat the possibility of formation
of bimetallic clusters is higher than of the
monometallicones.It is especiallycharacteristic
for catalystswith high cobaltcontent.It shouldbe
noted that at the location of the Rh atom in the
centreof the 13-atomscobalt clusterthe maximal
stabilizationof theclusteroccurs.

By usingquantumchemicalmethodstheadsorp-
tion of carbondioxide and propyleneon two and
seven-atommono-andbi-metallicrhodium,cobalt,
and Rh–Co clustershas beeninvestigated.It has
been shown that destructionof the C=C bond
occurs and CH2 and CH3—CH fragments are
formed at propyleneadsorptionon the monomet-
allic rhodium centers.The type of adsorptionon
bimetallic Rh–Co clusters is determinedby the
orientationof the C3H6 molecule.There are two
types:thefirst typeof orientationis wheretheCH2
group of the C3H6 molecule is adsorbedon the
rhodium atom; the secondtype is wherethe CH2
group is adsorbedon the cobalt atom. In the first
caseassociativeadsorptionof the propylenemol-
eculetakesplace.In thesecondcasethedestruction
of the propylenemoleculewith formationof CH3,
CH2 and CH fragments occurs. At propylene
adsorption on monometallic cobalt clusters the

Figure 1 Thestructuresobtainedat total optimizationof propylenemoleculegeometry.

Figure 2 Total optimizationof CO2 moleculegeometryon Rh–COclusters.
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formation of weak covalent bondsof Co—C3H6
occurs.The C=C bond weakenswithout further
destruction(Fig. 1).

It hasbeenobservedthat thereis a complicated
dependenceof theCO2 moleculeadsorptionon the
Rh–Coatomic ratio in surfaceactivecenters(Fig.
2). Vertical chemisorptionof theCO2 moleculeon
the central rhodium atom in seven-atomRh–Co
clustersresults in an associativelyadsorbedCO2
molecule. Chemisorptionon one of the external
rhodium atoms in such a cluster results in the
dissociationof CO2 with COadsandOadsformation.
Basically,carbondioxide adsorbsassociativelyon
monometallicrhodiumandcobaltclusters.

Carbondioxidecanadsorbon thesurfaceof Rh–
Co/Al2O3 associativelyas well as dissociatively.
Interactionof associativelyadsorbedcarbondio-
xide with propyleneandproductsof its decompo-
sition resultsin acid formation.

Onsomecentersof bimetalliccatalystpropylene
is exposedto destructionwith formation of C1-

and C2-containingradicals.Their interactionwith
CO2 ads, COads, Oads resultsto C1–C3 oxygenates
formation.

The resultsof the IR studyof chemisorptionof
CO2 andpropylenearecorrelatedwith thequantum
chemicalcalculations.
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