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Lanthanum-modified alumina supports pre-
pared by the impregnation method have been
used as supports for potassium-promoted iron
catalysts in CO, hydrogenation. The catalysts
have been characterized by X-ray diffraction,
CO, chemisorption, temperature-programmed
reduction (TPR) and temperature-programmed
decarburization (TPDC) techniques. The selec-
tivity towards total hydrocarbons and lower
olefins (C—~C4) was found to increase with
increase in lanthanum content up to 4 wt% in
Fe—K/La—Al,O5 catalysts and to decrease above
this lanthanum content. The TPR profiles of the
catalysts of lanthanum-modified ALO; shows
the reduction of Fe,O3 to iron(0) follows a three-
stage reduction mechanism through formation
of the FeO phase. The TPDC profiles show the
formation of three types of carbide species on the
catalysts during the reaction. The activities of
the catalysts are correlated with physico-chemi-
cal characteristics of the catalysts. Copyright
© 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

of CO, in the atmosphere has been of acute concern
to the global community. One of the ways to
mitigate this problem is to convert GQat the
generation point, to valuable industrial feed stocks,
such as lower olefins, and commercially important
high molecular weight hydrocarbons. Lower al-
kenes, such as ethene and propene, are primary
feedstocks for the manufacture of polymers and
petrochemicals. Production of higher hydrocar-
bons, in particular the long chain ones, has
immense significance, considering that many in-
dustrial R&D teams are working towards this goal.
Long-chain  hydrocarbons, particularly their
branched counterparts, can replace aromatics as
octane boosters. Iron-based catalysts have shown
great promise in the hydrogenation of CO and,CO
Potassium has been reported to be an effective
promoter, as it facilitates elementary steps, reverse
water-gas shift (RWGS) and Fischer—Tropsch (F—
T) reactions™ Lee et al2® have reported higher
selectivities for the formation of lower olefins on
unsupported Fe—K catalysts in the £€dydrogena-
tion reaction. This selectivity enhancement was
attributed to the formation of iron carbides on these
catalysts. Several authdrs emphasized the im-
portance of support in iron catalysts for F-T
synthesis, as it is expected to influence the iron
particle size, reducibility, degree of interaction with
the support and the chemical form of species
present at the surface of the catalyst. Kiskaal?
have reported that the Fe—K catalysts supported on

The environmental impact of high concentrationsAl,Oz—MgO gives improved selectivity towards the
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lower olefins and higher hydrocarbons compared
with Fe—K catalysts supported either on,@k or

"MgO in CO, hydrogenation. There are also several

report§~2° that the presence of rare earth oxides
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various reactions over supported metal catalysts.
For instance, Barraulket al.’ reported that lantha-

num or cerium oxide promoters improved the total
activity and increased the selectivity to alkenes and
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higher hydrocarbonson carbonsupportedCo and
Ru catalystsin CO hydrogenationThe stability of

the supportis the mostimportantfactor governing
the life. It hasbeenfound that the addition of a
lanthanideoxide to Al,O5 retardsthe transforma—
tion (throughsintering)of y-Al ,05 to o-Al ,05.11*2
The presenceof the perovskite- typestructureof

lanthanidealuminatecould be responsiblefor the
thermal stabilization of such transition alumi-

nal'2 Thusthe presencef lanthanumis known
to stabilize the alumina supportand enhancethe
selectivity of higher hydrocarbonsn CO hydro-
genation.

In the presentstudy, we have usedlanthanum-
modified Al,O; as supports for potassium-pro-
motediron catalystsin CO, hydrogenationThese
catalystshavebeencharacterizedby X-ray diffrac-
tion (XRD), temperature-programed reduction
(TPR), temperature-programed decarburization
(TPDC) and CO, chemisorption.An attempthas
also been made to correlate the results with
hydrocarbordistributionin CO, hydrogenation.

EXPERIMENTAL PROCEDURE

Different La—Al,Os3 ratio supportswere prepared
by impregnatingAl ,Os with the requiredamounts
of lanthanumnitrate. The supportswere dried and
calcinedat 773K for 8 h. 20 wt% Fe—K catalysts
supportedon the above lanthanum-modifiedalu-
minaswerepreparedy impregnatingsupportawvith
the requiredamountsof iron nitrate and potassium
carbonateThe atomicratio of Fe:K is maintained
as 2:1. The catalystswere dried and calcined at
773K for 24 h.

PowderXRD patternsof supportsand catalysts
were recorded using a Rigaku 2155D6 X-ray
diffractrometerwith nickel-filtered Cu Ko radia-
tion. Chemisorptiorof CO, wasperformedusinga
conventionalhigh-vacuumvolumetric chemisorp-
tion apparatugMicromeritics, ASAP 2400)by the
double-isothermmethod at 298 K.* Prior to the
adsorption measurementsthe sampleswere re-
ducedin a flow of hydrogenat 723K for 16 h and
the catalystcell wasevacuatednd cooledto room
temperaturainderdynamicvacuum(<10~° Torr).

For TPR studies,50mg of the calcinedcatalyst
wasloadedin a quartzreactorandheatedat 673K
for 6 h underargonatmosphereAfter cooling the
sampleto room temperature,a high-purity pre-
mixed gascontaining95% argonand5% hydrogen
was usedas a reducingagent. TPR profiles were

Copyright© 2000JohnWiley & Sons,Ltd.

collectedwhile the catalystwas heatedlinearly at
5K min~'. Tracesof oxygen and water were
removedby passinghroughanactivatedmolecular
sievetrap keptin anice bath.

Prior to decarburizatiorexperiments200mg of
catalystwasreducedat 623K in hydrogerfor 24 h.
The reducedcatalystwasexposedo H,/CO, (3/1)
mixed gasat 573K and 1 atm for 4 h. After the
reactionthe catalystbedwasquickly cooleddown
to roomtemperaturen argongas.Thenargonwas
replacedby hydrogengasand TPDC profileswere
obtained while raising the temperatureof the
catalyst lineraly to 973K at 5K min~t. It was
found that the product was almost exclusively
methangover 99%).

Hydrogenatiorof CO, wascarriedoutin afixed-
bedflow reactormadeof stainlessteel(10mmi.d.
and 200mm length). The particle size of the
catalystswasmaintainedbetweer25 and40 mesh.
Prior to introducingthe reactantgas mixture (H,/
CO, = 3) into the reactor,the catalystwasreduced
in hydrogenat 723K for 24h. The reactionwas
carriedoutat573K andat10atmpressurdor 24 h.
The gastransferline from the reactorto the gas
chromatograpfiChrompakCP 9001)wasequipped
with thermalconductivity (PorapakQ column)and
flame ionization (GS-Q capillary column) detec-
tors.

RESULTS AND DISCUSSION

The XRD data show that there are no peaks
correspondingto iron and potassiumin all the
sampleswhich indicatesthat iron and potassium
are well dispersedon the surfaceof the supports.
The resultsof CO, hydrogenatiorto hydrocarbons
aresummarizedn Tablel. It is clearfrom Tablel
that CO, conversion,selectivity to CO and total
hydrocarbonssary basedon the supportcomposi-
tion (Fig. 1). The conversiorof CO, increasedvith
increase in lanthanum content in the support
composition.The total hydrocarbonsand selectiv-
ity towardsC,—C, olefinsin the productsincreased
with increasinglanthanumcontent, peaking at 4
wit%, whereasfurther increasesn the lanthanum
content of the support had the opposite effect.
Theseresultsmaybeattributedto anincreasen the
basicityof the catalystsasrevealedby theincrease
in CO, chemisorptionwith lanthanumcontentof
the support. Our previous result§ also clearly
indicate that the CO, conversion,selectivities of
total hydrocarbons,C—~C, olefins and higher

Appl. Organometal Chem.14, 794—798(2000)
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Table 1 BET surface areaand CO, chemisorption
valuesof Fe—K catalystssupportedon La—Al,O5

100 —x— Conversion BET sy rface CO, uptake
1 — 450  Catalyst area(m?g!) (molg™?)

TN

§80q I Fe—K/ALO; 95 290.8

8 NN oo Fe-K/La(1)-AbOs (99) 110 385.9

g - S e Fe—K/La(4)-ALOs (96) 106 409.2

L o Fe—K/La(7)-AbOs (93) 101 359.9

2 / ~ Lo Fe—K/La(10)—AbOs (90) 85 356.2

3404 _ / T

X / U e TTX 300

20— é ) . : 0 the catalystshe major partof the CO, is converted

Wt% of La in Fe-K/La-Al,Q, catalysts

Figure 1 Dependenceof total hydrocarbon,C>—C, olefin
selectivities,and CO, chemisorptiorover supportcomposition
in Fe—K/La—ALO; catalysts.

hydrocarbonslepencnthesupportcompositionn

Fe—K/AlLOs—MgO catalysts;an optiomal concen-
tration of about20 wt% of MgO offersthe highest
selectivity to olefins. The selectivity of higher
hydrocarbonsncreasewith increasinglanthanum
content, whereasthe selectivity of methanede-
creasedwith increasinglanthanumcontentin Fe—
K/La—Al,O5 catalysts.Dry and Oosthuizeh® had
also observeda decreasein methaneselectivity
with enhancedC O, chemisorptioron alkali-metal-
promotediron catalystssupportedon SiO.. In all

into high molecular weight hydrocarbons.The
increaseof higher hydrocarbonswith lanthanum
contentmight be dueto chaingrowth probability of
lanthanum Severalauthors” alsoreportedthatthe
presenceof lanthanumincreaseghe chain growth
probability (alpha)in F-T synthesisA major part
of theolefinic contents constitutedoy Cs olefins.It
is also interesting to note that in each carbon
numbertheolefinic contentis muchhigherthanthe
paraffinic content, which is very important in
polymersandthe getrochemicalndustry.

Barrault et al.” reportedthat the addition of
lanthanumto cobaltsupportedon carboncatalysts
increasedhe selectivityfor C,—C, fractionandthis
fractionis essentiallyolefinicin CO hydrogenation.
Theseauthorsbelievedthatthe enhancedctivity is
an indication of the formation of new sites.
Pettigrewet al.? also reportedan enhancemenin

Table 2 CO, hydrogenatiofiover Fe—K catalystssupportedon La—Al,Og

Catalyst(Fe: 20wt%) Fe—K/La— Fe—K/La— Fe—K/La— Fe—K/La—
(Fe:K=2:1) Fe-K/ALO;  Al,03(1:99) Al,03(4:96) Al,03(7:93) Al,O3(10:99)
CO, conv. (%) 22.6 22.8 26.5 30.51 32.75
Selectivity (C mol%)
CO 40.6 40.9 18.7 26.9 28.8
—HC— 59.4 59.1 81.3 73.1 71.2
Hydrocarbondistribution (C mol%)
C1 16.3 14.3 13.9 5.85 4.36
C2= 10.5 9.45 10.4 3.50 3.49
Cc2 3.40 241 2.3 1.16 1.25
C3= 14.3 15.2 15.3 5.77 5.21
C3 3.30 0 2.210 5.86 4.87
C4= 12.2 11.2 14.5 8.84 6.32
C4 3.40 21 0.58 2.29 1.95
C5> 36.4 45.3 40.5 66.7 60.6
Selectivityof olefin (C.—C,) (C mol%)
OL/(Ol. + Para.) 75.5 80.8 88.6 66.1 63.0

@ CO, hydrogenatiorat 1900ml/g~* h=! 573K, and10 atm.
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activity in the RWGS reactionby modifying the
alumina support with lanthanum in palladium
catalysts.

TheCO, uptakevaluesincreasedvith increasing
lanthanumcontentup to 4 wt% in the catalysts,
while afurtherincreasen lanthanuncontentied to
a decreaseA goodcorrelationwasfound between
the CO, hydrogenatioractivity resultsand chemi-
sorptionuptakes(Fig. 1). It is evidentfrom Fig. 1
that the selectivities of total hydrocarbonsand
lower (C—C,) olefinscorrelatewith CO, uptakes.

The TPRprofilesof Fe—K catalystssupportedn
La—Al,O3 catalystsare shown in Fig. 2. They
indicatea two- or three-stageeductionmechanism
dependingon the supportcomposition. There is
generalagreementhat the reduction of the bulk
phasex-Fe,0O3 proceedsn the following steps:

a-F&0O; — FeO, — FeQ — q-Fe
haematite magnetite wustite iron

The TPR profile of the Fe—K/AlLO; catalyst
showsa two-stagereduction the first stepbeingat
around733K andthe secontneat 945K. It is the
seconcdbeakthathasshiftedto highertemperatures
with increasinglanthanumcontentin the catalyst.
Usually the first peakis attributedto reductionof
Fe,0; (haematite)to Fe;O, (magnetite),whereas
the secondpeakis attributedto the reduction of
Fes0,4 to iron metal. We did not observeany peak
correspondingo the formation of metastabld-eO
or iron(ll) aluminatefor the Fe—K/Al,O3 catalyst.
However, for Fe—K/La—AbO; catalystsa three-

(e)
(d)

()

(b)

H, consumption rate(a.u)

(a)

rlll‘

373 593

819 1039

1173 1173
Temperature, K

Figure 2 The TPR profiles of 20 wt% Fe—K catalystswith

different La—Al,O3 proportions: (a) Fe—K/AlL,Os; (b) Fe—K/

La(1)-AlL,05(99); (C) Fe—K/La(4)—AbO5(96); (d) Fe—K/La(7)—
Al,05(93); () Fe—K/La(10)—AbO5(90).
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stage reduction profile has been observed.The
middle peakmay be attributedto transformatiorof

Fes0,4 to FeO. Bulk-phaseFeOis thermodynami-
cally metastableomparedvith eithermagnetiteor

a-Fe at temperaturedelow 840 K.** However,in

the presencef certainoxide supportsFeOmay be

stabilized and the stability of FeO on different
oxide supportsanbe usedto estimatethe extentof

the iron-oxide—supportinteraction®'® In these
catalyststhereexistsa stronginteractionbetween
surface iron oxide with the mixed lanthanum-
modifiedaluminasupport.In particular,the Fe—K/
La(4)-Al,0O5(96) catalysthasa high peakareaat

820K, which is believedto be responsibleor the

formation of active iron carbides. Several
authoré*® also reportedthat the iron carbides,
which arereportedto be activein CO, hydrogena-
tion, havebeenspeculatedo beformedeitherfrom

FeOor a-Fe.Ourreactionresultsare confirmedby

the TPR profiles.

TPDC profiles of Fe—K catalystssupportedon
La—Al,O5 are shownin Fig. 3. All TPDC profiles
show a single predominantpeak with a peak
maximumtemperatureshifting from 800 to 923K
whenthe lanthanumcontentis increasedrom 0 to
10% in the catalystsupport. This showsthat the
stability of the surfacecarbideshasincreasedwvith
increasing lanthanum content. The amount of
carbideincreasedvith lanthanumcontentsup to 4

(e) _//L

{d)

(c)

()

Decarburization rate a.u.

(a)

| I | T T
550 650 750 850 950

Temperature. K
Figure 3 The TPDC profilesof 20 wt% Fe—K catalystswith
different La—Al,O3 proportions: (a) Fe—-K/ALOs3; (b) Fe—K/
La(1)—-Al;05(99); (c) Fe—K/La(4)—AbO5(96); (d) Fe—K/La(7)—
Al,05(93); (e) Fe—K/La(10)—A$05(90).
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wt% in Fe—K/La—-AbO; catalysts, but further
increasedn lanthanumcontentled to a decrease.
For all the catalyststwo small broadhumpswere
observedprior to the main peakand the areasof
these peaks were highest for the Fe—K/La(4)-
Al,05(96) catalyst. These peaks may represent
eitherthe presencef othercarbideswith different
stabilitiesor anotherdecarburizatiorpathwaydue
to metal-supportinteractions. Barbier et al.'’
reporteda relation betweenthe selectivity andthe
extentof carbideformationin F—T synthesisover
supportechickel catalystsFor our studiesalso,the
areaof the main peakincreasedwith increasein
lanthanuncontentup to 4 wt% in the catalystanda
decreasebeyond this lanthanum loading. The
formation of larger quantities of these carbides
would increasethe chain growth probability and
increasethe selectivity of olefinsand Cs, hydro-
carbonsas discussedor the activity results.The
similarity betweenthe TPR peaks particularly the
peak at 820K, and the main TPDC peaksshows
that a closerelationshipexistsbetweenthe reduc-
tion of Fe;O, to FeO, the formation of carbide
structuresand the activity in CO, hydrogenation
overthesecatalysts.

CONCLUSIONS

Theresultsof an XRD studyof the catalystseveal
thatiron andpotassiurmarewell disperseverlLa—
Al O3 supports.The conversionof CO, and the
selectivity of higher hydrocarbondncreasedwith
increasen lanthanunmcontent. The TPR profilesof
the catalystsof lanthanum-modifiedAl O3 show
that the reductionof Fe,0O; to iron(0) follows a
three-stagereduction mechanismthrough forma-
tion of FeO phase.The TPDC profiles show the
formation of threetypesof carbidespecieson the
catalystsduring the reaction. The selectivity of
lower olefins (C~C,;) and total hydrocarbon

Copyright© 2000JohnWiley & Sons,Ltd.

selectivity are found to increasein the sameway
as CO, chemisorptionand the areasof the TPDC
andTPRpeaksorrespondingo reductionof Fes04
to FeOof the catalysts.
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