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The activity and selectivity of hybrid catalysts of
the content a(ZnaCrbCucKd–Ox)/b[Fe3�/ZSM-
11] have been studied in the reaction of
hydrogenation of CO2 to hydrocarbons, where
a, b, a, b, c, d, and x are variables. The process
was carried out in a flowing-type reactor with
the fixed layer of the catalyst at 3 MPa within the
temperature interval 613–653 K and the volu-
metric rate of the gaseous mixture was 1325–
5000 hÿ1. For the most selective catalyst the
degree of CO2 into hydrocarbons conversion was
64.2% (653 K, 3.0 MPa, 1500 hÿ1) at the ratio of
the hydrocarbons (C5–C11) of iso-structure to
the hydrocarbons of normal structure equal to
3.91. As the temperature of the process in-
creased, the content of the products changed: in
hydrocarbons with the same carbon numbers
the iso-structure products content rises. As the
volumetric rate increases, the selectivity for
hydrocarbons of petrol fraction C5–C11 de-
creases, and for the diesel fraction C12–C18 and
cerezines C19–C24 it increases. The maximum
selectivity for hydrocarbons of the petrol frac-
tion is up to 57.3%. Copyright # 2001 John
Wiley & Sons, Ltd.
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INTRODUCTION

The selectivity of direct higher hydrocarbons (C2�)
synthesis from CO2 and H2 on the catalysts
normally used in HO Fischer–Tropsch reaction
(consisting primarily of transitional metals) is very
low. There is some evidence in to literature
concerning catalysts for hydrocarbons mixtures
direct synthesis from CO2 and H2, the content of
which is different from that of the catalysts for
Fischer–Tropsch synthesis. However, on those
catalysts the yield of C4� is very low, so the
problem of iso-structure hydrocarbons production
was not considered. The so-called hybrid or
composite catalysts belong to those contacts. The
known hybrid catalytic compositions of hydrocar-
bons synthesis from CO2 and H2 usually consist of a
mixture of low-temperature catalyst of methanol
synthesis (Cu–Zn–Al, Cu–Zn–Cr) with zeolite
(HY, NaY, HM, ZSM-5, SAPO-5, SAPO-44).1–6

On one such catalyst (Cu–Zn–Cr/HY) the degree of
CO2 conversion is 36% at selectivity (mol%) for:
CO = 56.5; CH4 = 2.1; C2H6 = 8.5; C3H8 = 12.9;
C4H10 = 10.8; (CH3)2O = 9.2.1

The promotion of hybrid catalysts with alkaline
metals raises the selectivity for C2�-hydrocarbons.
The best promoter is cesium.3 Iron addition to the
composite catalysts results in an increase of
selectivity for light olefines.7

Fujimotoet al.8 think that the reaction of alkenes
hydrogenation with the catalyst for methanol
synthesis (one of the constituents of the composite
catalysts) during CO2 hydrogenation is the crucial
factor for selectivity of the composite catalyst of
C2�-hydrocarbons synthesis. This becomes clear by
considering the scheme for CO2 hydrogenation
presented in Ref. 3.

The processes depicted within the box take place
in the zeolite part of the composite catalyst.

The alkenes hydrogenation occurring on the
methanol-producing constituent of the composite
further inhibits the growth of the carbon chain. So
to reach a higher selectivity for higher hydro-
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carbons(at higherprobability of the carbonchain
growth) the following conditionsare requiredfor
themethanolconstituentof thehybrid catalyst:

. high efficiency in methanolsynthesisat high
temperatures(higherthan570K) at which the
dehydrationcantakeplacea sufficiently high
rate;

. low hydration ability of olefines being pro-
ducedon thezeoliteconstituent.

The methods for hybrid catalystspreparation
describedin the literature did not presumesome
specialtechniquespromotingthe mutualenhance-
ment of eachpart of the hybrid catalyst,but only
allowedacombinationof thetwo processesflowing
at the same temperaturewith the comparable
velocities(that is methanolsynthesisanddehydra-
tion into hydrocarbonsthrough dimethyl ether
production).

EXPERIMENTAL

New waysof increasingtheactivity andselectivity
for higher hydrocarbons(especially C5�) that
promotethe mutualenhancementof the effective-
ness of each part of the hybrid catalyst are
consideredin this work. As the first constituentof

the compositesystemthe catalyst meant for the
alcohol’smixture synthesis(particularly methanol
and iso-butanolmixture) was chosen.The zeolite
chosenwasthe highly siliceousZSM-11 modified
by iron ions to increasethe probability of hydro-
carbonsproductionandbe efficient in the reaction
of hydrocarbonsisomerization.

By changingthealcoholto zeolitehybridcatalyst
ratio by increasingthe latter; this allowed us to
avoid the equilibrium valuesof alcohols’ concen-
trations as they were completely convertedinto
hydrocarbons.The equilibrium concentrationva-
luesof the hydrocarbonswereconsiderablyhigher
than thosefor methanolandotherhigheralcohols
underthesameconditions.

In the caseof using this hybrid catalystfor the
reactionsoccurringaccordingto the schememen-
tionedin Ref. 3 andpresentedabove,it is possible
that the reactionswill take placeaccordingto the
following scheme.

Within the box the reactionsflowing on the
zeoliteconstituentof thehybridcatalystareshown.

Alcohol production is also possible at the
expenseof cross-reactions(C2�C2), (C2�C3),
(C3� C3), (C3� C4), (C4�C4) through the pro-
ductionof thecorrespondingethers.In thiscasethe
probability of higher molecularweight hydrocar-
bonsformationclearlyrises.Theselectivityfor iso-
structurehydrocarbonsproductionalsomustessen-
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tially increase.Moreover,conductingtheprocessat
high temperatureson the highly siliceouszeolite
part of the compositecatalystallows is to obtain
hydrocarbonsof normalstructureisomerization(at
a considerableexcessof the zeolite part of the
catalystover thealcoholicone).

THE TECHNIQUE OF CATALYST
PREPARATION

As the hydrogenatingoxide constituent of the
hybridcatalystweusedthezinc–chromium–copper
oxide contactpromotedwith potassiumcarbonate,
with the componentscontent(wt%) calculatedas:
ZnO= 39–65;Cr2O3 = 26–45;CuO= 9–12;K2CO3
= 1.5–3.0.

Potassiumintroduction as a promoter into the
hydratingpartof thecatalystis causedby reduction
of its hydratingability, resultingin an increaseof
the probability of the alcohol’s carbon chain
growth,andalsoof thehydrocarbonson thezeolite
constituent. The efficiency for higher alcohols
through their dehydrationmust, in turn, raise the
summaryactivity andselectivity of the composite
catalystfor higherhydrocarbons(primarily for iso-
structurehydrocarbons).

As a dehydrating constituent of the hybrid
catalystthe highly siliceouszeolite ZSM-11 with
the moduleSi/Al = 20, modified by Fe3� cations,
whichwereintroducedinto thezeolitebothby ionic
exchange(1.5 wt%), and by the impregnation
technique(up to 10wt%). Thesummarynumberof
iron-ionsin zeolitereached11.5wt% (by recalcu-
lating for atomic iron). It was presumedthat the
iron introductioninto thezeoliteconstituentwould
result in an increaseof carbonchain probability
duringhydrocarbonsproduction.

Thesamplesof hybridcatalystswerepreparedby
mechanicalmixing of modified oxide and zeolite
constituents with their further tabletting. The
compositionof thesecatalystscan be represented
by the following summary formula: a(ZnaCrb
CucKdOx)/b[Fe3�/ZSM-11], where a, b, a, b, c,
and d, are defined from Table 1, and x by
stoichiometry.The no. 3 sampleswere prepared
by mixing of the ZnO aqueouspaste with a
solution of chromic acid. Then the dried contact
masswas impregnatedby a solutionof potassium
carbonate.After repeateddrying it was impreg-
nated by a solution of copper nitrate, dried and
crushed.

The ratio of zinc oxide to chromiumanhydride
was selectedin such a way that in the formed
(reduced)stateit would correspondto the formula
3ZnO�ZnCr2O4, and the contents of potassium
carbonate(wt %) for the samplesbefore mixing
were:no. 1, 1.5; no. 2, 1.8; no. 3, 3.0.

The samples of catalyst nos 4 and 5 were
preparedby the methodof combinedprecipitation
from the concentratedsolutionsof nitrate saltsof
zinc, chromium and copper. After precipitation,
washingand drying the Zn–Cr–Cucontact mass
was impregnated by the potassium carbonate
solution. The ratio of zinc and chromium salts
wasselectedby takinginto accountthatthecatalyst
in thereadyform would correspondto the formula
ZnO�ZnCr2O4. For sample no. 4 the potassium
carbonatecontentwas 1.8 mol%, and for no. 5 it
was3.0 wt%.

Thezeoliteconstituentof thehybridcatalystwas
preparedby ionic exchangeof zeolite ZSM-11 of
thesodiumform by Fe3� ions.Theamountof Fe3�

introduced was 1.5 wt% (calculated for atomic
iron). Iron was additionally introduced into the
modifiedzeoliteaftercalcination,sothatits general
contentin thezeolitewas11.5wt%.

Powdersof the hydrogenationcomponentZn–
Cr–Cu–K–Oconstituentwerecarefullymixedwith
thatof thezeolite.Theratiosof a/b componentsin
thehybridcatalystwere1/4for samplesnos1 and5
and 1/5 for sample nos 2–4. The mixtures of
constituentsobtainedwere tablettedafter careful
mixing, crushedand then the size fraction of 2–
3 mm wasselected.

The samplesof hybrid catalystspreparedwere
formed(reduced)in theflowing-typereactorwith a
fixed layer of the catalyst.The conditionsof the
samples formation–reductionwere: temperature
T = 673–683K, pressureP = 0.4–0.5 MPa, volu-
mentricrateW= 9000–11,000hÿ1; thegas-reducer
content(vol.%) was H2 = 2.5–3.0,CO2 = 1.0, and

Table 1 Compositionof thehybrid catalystsamplesin
HC synthesisfrom CO2 andH2

Compositionof thecomponents(wt%)

Sample
no. ZnO Cr2O3 CuO K2CO3

Fe3�/
ZSM-11

1 12.1 6.0 1.6 0.3 80.0
2 9.7 4.7 2.0 0.3 83.3
3 9.5 4.7 2.0 0.5 83.3
4 7.3 6.9 2.0 0.5 83.3
5 8.8 8.2 2.4 0.6 80.0
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helium madeup the rest; the reductiontime was
12–14h.

EXPERIMENTAL METHOD

Thereactionof CO2 hydrogenationwasconducted
in a three-channelreactorwith a fixed layer of the
catalystat T = 613–653K, P = 3 MPa, W= 1325–
5000hÿ1 while usingsynthesisgasof thefollowing
composition (vol.%): H2 = 74.5–75.5; CO2 =
24.5–25.5.The reactionproductswere hydrocar-

bons C1–C24, carbon monoxide, methanol, and
water.

The initial gaseousmixture waspreparedin the
balloon by mixing of the pure components—
hydrogenandcarbondioxide.Thereactionmixture
first enteredthe buffer part of the experimental
device,and then throughthe pressureregulatorit
enteredthethreein-parallel-locatedchannelsof the
reactor.Moreover,the preliminary heatingof the
working mixture up to the reaction temperature
occurredin thebeginningof eachchannel,thengas
entered the area of the catalyst location. The
reaction products were cooled in the condenser

Table 2 Activity andselectivityof productsin the reactionof CO2 hydrogenationon hybrid catalysts

Sample Reaction
Degreeof CO2

conversion
Yield (g/gct�h�102) Selectivity(%)

i-HC/n-HC
no. products (%) n-HC i-HC n-HC i-HC ratio

1 CO 4.98
CH3OH 0.92
HC-C1–C3 3.39
HC-C4 53.9 0.45 1.88 2.4 10.0 4.18
HC-C5–C11 1.37 5.15 7.3 27.4 3.76
HC-C12–C18 0.27 0.29 1.4 1.55 1.08
HC-C19–C24 0.07 0.02 0.3 0.1 0.29

2 CO 4.76
CH3OH 0.29
HC-C1–C3 4.15
HC-C4 60.0 0.54 2.31 2.57 11.1 4.30
HC-C5–C11 1.68 6.31 7.97 30.2 3.79
HC-C12–C18 0.29 0.42 1.38 2.03 1.44
HC-C19–C24 0.12 0.03 0.60 0.11 0.19

3 CO 4.11
CH3OH 0.22
HC-C1–C3 3.60
HC-C4 55.5 0.47 2.15 2.40 11.1 4.63
HC-C5–C11 1.57 6.24 8.12 32.2 3.97
HC-C12–C18 0.33 0.48 1.71 2.45 1.43
HC-C19–C24 0.17 0.03 0.89 0.16 0.18

4 CO 5.06
CH3OH 0.33
HC-C1–C3 4.25
HC-C4 64.2 0.52 2.36 2.33 10.5 4.53
HC-C5–C11 1.77 6.97 7.96 31.2 3.91
HC-C12–C18 0.36 0.51 1.64 2.26 1.38
HC-C19–C24 0.19 0.05 0.82 0.16 0.20

5 CO 5.13
CH3OH 1.09
HC-C1–C3 3.60
HC-C4 57.1 0.41 1.81 2.06 9.04 4.39
HC-C5–C11 1.50 5.71 7.53 28.6 3.80
HC-C12–C18 0.23 0.26 1.23 1.84 1.50
HC-C19–C24 0.12 0.02 0.60 0.10 0.17

Processconditions:T = 653K, P = 3.0 MPa,W= 1500hÿ1, H2/CO2 = 3:1.
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with aqueouscooling andwereseparatedfrom the
aqueousproducts (condensate)being produced.
The condensateswere collected in the samples
selectionareasseparatelyfor eachchannel,andthe
gaseousproductsandthe mixture that did not take
placein thereactionwasthrottledto theatmosphere
pressure.The gasexpenditurewas establishedby
meansof rheometersseparatelyfor each of the
reactorchannels,alsothegaseousproductsvolume,
andCO2 andH2 thatdid nottakepartin thereaction
were determined according to the gas meters
(watches)readings.After throttling, someshareof
gas was taken for the chromatographicanalysis
conducted on three devices (two LXM-8 and
Biochrom,Russia).

TECHNIQUE OF
CHROMATOGRAPHIC ANALYSIS

The inorganic shareof the gaseousmixture (H2,
CO, CO2 andCH4) wasanalyzedon the catalysis
meters (LXM-8, gas-carriers were argon and
helium) using the packedmetallic columnswith
different absorbents(molecularsievesCaA, CaX,
Polysorb,CarbosieveB). The organicshareof the
gaseousmixture (hydrocarbonsC1–C6, ethersand
alcohols) were analyzedon the flame-ionization
detector (Biochrom, metallic column with the
absorbentSeparonBD-22).

The reaction liquid products obtained were
periodicallypouredawayfrom thesampleselection
areas.Their volumesweremeasuredandanalyzed
on two ‘Hewlett & Packard’ chromatographs
equippedwith glasscapillary columnsand flame-
ionizationdetectorsin aregimeof programmedrise

Figure 1 Velocity vs carbon number (T = 613K, P = 3.0
MPa, W= 5000 hÿ1, black column—i-HC,white column—n-
HC).

Figure 2 Velocity vs carbon number (T = 653K, P = 3.0
MPa, W= 5000 hÿ1, black column—i-HC,white column—n-
HC).

Figure 3 Selectivity vs carbon number (W= 1325 hÿ1,
T = 613K, P = 3.0MPa,blackcolumn—i-HC,white column—
n-HC).

Figure 4 Selectivity vs carbon number (W= 4340 hÿ1,
T = 613K, P = 3.0MPa,blackcolumn—i-HC,white column—
n-HC).
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in temperature(80–200,250°C). To separatethe
non-polarorganiccomponentsof the condensates
(hydrocarbonsand simple ethers) the column
(l = 60mm, d = 0.25mm) with the film corpulence
of theimmobileliquid phaseSuperwax10–25mcm
(helium is the gas-carrier)wasused.To determine
the content of the liquid polar condensates
components(primarily alcohols)the column with
the immobile liquid phase Carbowax-20M was
used.The identification of the synthesisproducts
wascarriedout mainly by comparisonof the time
retention data with those for individual pure
compounds,and also taking into account the
references.

RESULTS

In Table 2 the data for the samplesof hybrid
catalystsactivity andselectivityarepresented,the
contentsof which areshownin Table1.

The degreeof CO2 conversionin the samples
under study was 54–64%. The best indices in
relation to C4� hydrocarbonssynthesiswere the
sampleswith increasedchromiumcontentthathad
on atomicratio Zn/Cr equalto 1:1. In sampleno.4
the degreeof CO2 conversionwas 64.2%. The
overall yield of hydrocarbonswas16.98� 10ÿ2 g
hÿ1 per gram of catalyst(including hydrocarbons
C5–C11 8.74� 10ÿ2 g hÿ1 per gram of catalyst),
and the ratio i-C4/n-C4 = 4.5; i-C5–C11/n-C5–
C11 = 3.91. Heavy hydrocarbonsC19–C24 were
producedof primarily normalstructure,andhydro-
carbonsof diesel fractionsC12–C18 containedthe
normal and iso-hydrocarbonsin approximately
equalquantities.

The influenceof temperature(Figs1 and2) and
volumetric rate (Figs 3 and 4) on the velocity of
hydrocarbonsproduction and their distribution
alongthe lengthof carbonchain,andalsotheratio
betweenhydrocarbonsof normalandiso-structure,
werestudiedon thesampleof thecatalystno. 4.

While the temperatureincreasedfrom 613 K to
653K (Figs 1 and 2), the summary rate of
hydrocarbonsproductionincreased,and the selec-
tivity for the hydrocarbonsC1–C4 and C19–C24
increased; that for the hydrocarbons C5–C11

decreased,andfor C12–C18 it remainedpractically
invariable.While the temperaturewas increasing,
therelativecontentof hydrocarbonsof iso-structure
increased.Themaximumrelativecontentof liquid
hydrocarbonsof iso-structurecorrespondsto the
hydrocarbonsC5–C11, first of all to C5. Theamount
of iso-pentaneswasthreetimesasmuchasthat of
n-pentane.The resulting C14� hydrocarbonshad
mainly normalstructure.

While thevolumetricrateincreasedfrom 1325to
5000 hÿ1 (Figs 3 and 4), the summaryyield of
hydrocarbons was unexpectedly reduced. The
selectivity for hydrocarbonssomewhatreduced,
and the selectivity for hydrocarbonsof petrol
fractionC5–C11 reduced;Hadfor thedieselfraction
C12–C18 and cerezinesC19–C24 increased.The
volumetric rate of i-HC/n-HC had practically no
influenceon thehydrocarbonscontent.

Thus,onthesynthesizedhybridcatalyststhatare
a mixture of Zn–Cr–Cu–K–O catalysts for the
synthesisof aliphaticalcoholsusingiron-modified
highly siliceous zeolite ZSM-11, during CO2
hydrogenationthe hydrocarbonsof petrol fraction
C5–C11 wereprevelentandconsistedmainly of the
iso-structurehydrocarbons.
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