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The catalytic coupling of CO2 and propylene has
been studied on a silica-supported platinum–tin
catalyst containing the well-defined PtSn phase.
Microcalorimetry of adsorption has been ap-
plied to investigate the interaction of the
reactants with the surface of the catalyst. When
the adsorption properties of the bimetallic
catalyst are compared with those of monome-
tallic counterparts, significant differences in the
strength and number of adsorption sites con-
cerning CO2 and propylene are evidenced. The
adsorption properties of the bimetallic catalyst
have been related to its catalytic behaviour.
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INTRODUCTION

The reaction of CO2 with a mono-olefin is an
interesting synthetic route to obtain the formation
of new C—C bonds. This way can allow the

synthesis of useful organic compounds from CO2
and alkenes, a cheap feedstock available from the
petrochemical industry. There exist in the literature
various reports in which the coupling between CO2
and unsaturated hydrocarbons yields to the forma-
tion of different types of carboxylic acid, ester and
lactone.1,2 For instance, propylene, CO2 and
methanol react yielding the correspondingn- and
iso-butanoic esters using ruthenium complexes and
pressures in the range 150–250 bar.3 However,
minor attention has been devoted to this topic using
catalysts in the heterogeneous phase, and only a few
examples have been reported.4,5 In this context,
silica-supported platinum–tin catalysts containing
the well-defined PtSn phase have been shown to be
active in the catalytic activation of CO2 and
ethylene to give lactic acid selectively, in the
presence of H2 or water.5–7 Here we report the
behaviour of this material in the reaction of CO2
and propylene. The purpose of this research is to
progress the understanding of the surface require-
ments for supported metallic catalysts to be
selective for the simultaneous activation of an
olefin and carbon dioxide, and their subsequent
coupling. A study of the adsorption of the reactants
on the catalyst has been carried out by micro-
calorimetry, and the capability of adsorption of the
bimetallic sample has been compared with that of
monometallic counterparts.

EXPERIMENTAL

Preparation of catalysts

Aerosil-type SiO2 (Degussa, 200 m2 gÿ1) was used
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as support.The bimetallic samplePtSn–SiO2 was
preparedby successiveimpregnationsfrom methy-
lene chloride [PtCl2(PPh3)2] and acetone–SnCl2
solutionsas reportedelsewhere.5 By using these
metallic precursors,the two monometallicsamples
Pt–SiO2 and Sn–SiO2 were preparedas reference
materials. After each impregnation the samples
were dried under vacuum at 373K, and then
reducedunderhydrogenat 2 K minÿ1 up to 673K
for 16 h.

Adsorption experiments

The heats of adsorption were measuredin a
differential heat-flow microcalorimeter of the
Tian–Calvet type (C80 from Setaram).Details
about the experimentalset-upcan be found else-
where.8 The adsorption vessels containing the
sampleswere introduced in the calorimeter and
connectedto a calibrated dosing system. This
apparatusconsists of a Pyrex volumetric line
equippedwith a greaselessstopcockthat allows
theintroductionof smallpulsesof probemolecules.
All sampleswereexposedto a previousreduction

treatmentunder hydrogenat 673K for 1 h, and
outgassedat the same temperatureunder high
vacuum (10ÿ6 mbar) for 16h; they were then
cooled to the adsorptiontemperature.The hydro-
gen, carbon monoxide, propylene and carbon
dioxide chemisorptionbehaviourswere examined
at 330K. Once the calorimeter containing the
reducedsamplewas thermally stabilized,succes-
sive dosesof probe moleculeswere introduced
from thevolumetricapparatus,until afinal pressure
of several torrs was reached.The equilibrium
pressurerelevant to each adsorbedamount was
measuredby meansof a temperature-controlled
pressuretransducerheatedat373K (MKS Baratron
628) in the caseof propyleneand carbondioxide
andaroomtemperatureoperatingtransducer(MKS
Baratron627) was usedfor hydrogenand carbon
monoxide.Thedifferentialheatsof adsorptionQdiff
wereobtainedasthe ratio betweenthe exothermic
integrated values of each pulse DQint and the
adsorbedamountna. Gaseswith a minimumpurity
of 99.9% were suppliedby S.E.O.(Air Liquide).
Hydrogen was passedthrough a trap of liquid
nitrogen, whereaspropylene,carbondioxide and

Figure 1 Isothermsof hydrogenadsorptionat330K on: (&),
Pt–SiO2; (&), PtSn–SiO2.

Figure 2 Isothermsof carbonmonoxideadsorptionat 330K
on: (&), Pt–SiO2; (&), PtSn–SiO2; (~), Sn–SiO2.
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carbonmonoxidewerefurtherpurifiedby perform-
ing freeze–pump–thawcycles.

Catalytic reaction

Catalytic studieswerecarriedout in two different
reactionsystems:a batchreactor(reactioncondi-
tions PT = 39–59 bar, C3H6:CO2 = 2:3, catalyst
charge0.8g, T = 393–423K), and a microreactor
operatingunder continuousflow and differential
conditions(reactionconditionsPT = 9 bar,T = 393–
453K, C3H6:CO2:H2 = 5:5:1). When the batch
reactorwas used,after 12h of reactionthe solid
was treatedwith a water–methanolmixture. Sub-
sequently,the filtered solution was acidified with
HCl, and then analysed.While operatingundera
continuousflow of reactants,theoutlet reactorwas
automaticallysampledon-lineusinggaschromato-
graphy apparatus(Varian 3400 CX). Conversion
valueswere calculatedon the basisof propylene
consumption.In all casesthe reaction products
wereidentifiedby massspectrometryusingan HP
5920 GC instrument equipped with a mass-
selectivedetector.

RESULTS AND DISCUSSION

A full structuralcharacterizationof PtSn–SiO2 and
Pt–SiO2 hasbeenreportedelsewhere.5 Briefly, in
the PtSn–SiO2 catalystthe presenceof the single,
well-defined PtSn bimetallic phase has been
evidenced(meanparticle size 24 nm). The mean
particle size determined for Pt–SiO2 has been
1.8nm. Volumetric isotherms correspondingto
hydrogenandcarbonmonoxideareshownin Figs
1 and 2. In the PtSn–SiO2 samplethe numberof
metallic surface sites able to chemisorb these
molecules is very small, according with its
structuralcharacteristics.In this catalyst,asstated
above, only big particles of the silica-supported
well-defined PtSn bimetallic phase had been
detected,anda dilution effectof Pt by Snhadbeen
proposed.9 Figure3 depictsthedifferentialheatsof
carbonmonoxideadsorptionas a function of the
coverage.The PtSn–SiO2 samplepresentsweaker
adsorptionsitesfor carbonmonoxidethan the Pt–
SiO2 sample.On the otherhand,no adsorptionof
hydrogenor carbonmonoxidewasdetectedfor the
Sn–SiO2 sample.Concerningthe propyleneinter-

Figure 3 Differentialheatof carbonmonoxideadsorptionon:
(&), Pt–SiO2; (&), PtSn–SiO2.

Figure 4 Isothermsof propylene adsorptionat 330K on:
(&), Pt–SiO2; (&), PtSn–SiO2; (~), Sn–SiO2.
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actionwith thesurfaces,adifferentbehaviourof the
sampleswasagainevidenced.Figures4 and5 show
thevolumetricadsorptionandthedifferentialheats
as a function of propylenecoveragerespectively.
Although the adsorptioncapacitiesof PtSn–SiO2
andSn–SiO2 arenotnegligible,theyarelower than
that of Pt–SiO2. Besidesthat, the Pt–SiO2 sample
showspropylenechemisorptionheatsmuchhigher
than that of the PtSn–SiO2 and Sn–SiO2 samples.
When the carbon dioxide chemisorptionis ana-

lysed, a distinct behaviourbetweenthe different
samplesis alsoobserved.In Fig. 6 theisothermsof
carbon dioxide adsorption are shown for the
different samplesandFig. 7 showsthe adsorption
heats as a function of the amount of adsorbed
carbondioxide.Theanalysisof theseresultsreveals
thatevenif, underour experimentalconditions,the
amountof carbondioxideadsorptionsurfacesitesis
very low for all catalysts,the initial adsorption
heatsare significantly higher for PtSn–SiO2 and

Figure 5 Differential heatof propyleneadsorptionon: (&),
Pt–SiO2; (&), PtSn–SiO2; (~), Sn–SiO2.

Figure 6 Isothermsof carbondioxideadsorptionat330K on:
(&), Pt–SiO2; (&), PtSn–SiO2; (~), Sn–SiO2.

Table 1 Productdistributionunderdynamicconditions(C3H6:CO2:H2 = 5:5:1, 9 bar) over the PtSn–SiO2 catalyst
(0.86g) duringa 22h experimentat different flow ratesandtemperatures

Selectivity(%)

T (K) C3H6 conv.(%) Total flow (ml minÿ1) t (h) EtOH i-PrOH n-PrOH 2-OH-butanoic HC

393 0.8 11 4 46.0 15.2 24.8 — 14.0
423 1.6 11 6 18.0 33.4 30.3 1.3 17.0
423 0.4 22 8 — 38.3 14.9 — 46.8
453 2.2 11 14 3.0 58.7 14.0 1.8 22.5
423 1.2 5.5 22 9.2 59.7 13.0 0.8 17.3
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Sn–SiO2 (70kJmolÿ1) thanfor thePt–SiO2 sample
(45 kJ molÿ1).

Theseresultsindicate that there are significant
differencesbetweenthe behaviourof the PtSn–
SiO2 and Pt–SiO2 samplesin front of reactants.
Differences in the carbon monoxide and carbon
dioxide adsorption have also been revealed by
infraredspectroscopy.The carbondioxide coordi-
nation to PtSn–SiO2 has been evidencedby the
appearanceof abandat2339cmÿ1, andthissample
has shown a preferred coordination for carbon
dioxide rather than for carbon monoxide. In
contrast,when the monometallicPt–SiO2 catalyst
wascontactedwith carbondioxide, a banddue to
coordinatedcarbonmonoxideevolved.9

Catalyticstudiesof the reactionbetweenpropy-
lene,carbondioxideandhydrogenindicatethatthe
PtSn–SiO2 bimetallic catalyst producesthe cou-
pling reactionwith formation of hydroxybutanoic
acids. Taking into account that the PtSn–SiO2
catalysthasbeenshownto beactivein the reverse
water-gasshift reaction,5 we interprettheseresults
via the formationof water,which takespart in the
reaction with propylene and carbon dioxide.

However, the processto obtain hydroxybutanoic
acidsis notselectiveandthedistributionof products
changesunderdifferent reactionconditions.

Table1 compilesthe catalytic datafor the pro-
cesscarried out under a continuousflow of re-
actants.2-Hydroxybutanoicacid is produced at
temperatureshigherthan423K through:

CO2�H2ÿÿ!CO�H2O

C3H6�H2O�CO2ÿÿ!CH3CH2CH (OH) COOH

However, ethanol, isopropanol and n-propanol
constitutethe main productsof the reactionin any
condition.When the reactionis carriedout in the
batchreactorat higherpressureandlongercontact
time, besidesisopropanol,3-hydroxybutanoateis
extracted(3-hydroxybutanoicacid and3-hydroxy-
butanoicmethylester).Thehigherthe temperature
and pressurethe greater is the amount of 3-
hydroxybutanoateextracted (see Table 2). The
reactivityof propyleneversuswaterdeterminesthe
selectivity of the processas a function of the
reactionconditionsused.

In this work, the differencesin the propertiesof
PtSn–SiO2 andPt–SiO2 catalystsfor theadsorption
of hydrogen,carbonmonoxide,carbondioxideand
propylenehavebeendeterminedandrelatedto their
structuralcharacteristics.All thesecharacterization
results can be used to understandthe improved
catalytic properties of the PtSn–SiO2 for the
simultaneousactivation of carbon dioxide and
lower olefins. In particular, the unique properties
of the bimetallic sample for carbon dioxide
adsorptionmay contributeto its capability to give
thecouplingreaction.
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Figure 7 Differential heat of carbondioxide adsorptionon
(&), Pt–SiO2; (&), PtSn–SiO2; (~), Sn–SiO2.

Table 2 C4 carboxylic derivativesextractedfrom the
couplingreactionbetweenpropyleneandcarbondioxide
over thePtSn–SiO2 catalyst

T (K) P (bar) mmol 3-OH–butanoate/gcata

393 39 1.3
423 59 3.9

a Includes 3-OH–butanoicacid and 3-OH–butanoicmethyl
ester.
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