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Active phase of iron catalyst for alcohol
formation in hydrogenation of carbon oxides"’
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Hydrogenation of CO, over iron catalysts has used in the water-gas shift (WGS) reacfias well
been carried out and compared with the activity as Fischer—Tropsch (F-T) reactiom, iron is a
obtained with CO. The rates of hydrocarbonand candidate as a catalyst for the hydrogenation of
alcohol formation were higher in the reaction  CO.. However, the hydrogenation of GOver iron
with CO. The rates of hydrocarbon and alcohol catalyst is difficult for practical use at present
formation were suppressed by addition of steam because of its much lower reactivity than g?).la

to the reactant gas mixture of H—CO,. Although  In addition HO produced by the reverse water-gas
no significant change in the structure of the shift (RWGS) reaction may lead to deactivation of
catalyst was observed by the X-ray diffraction the iron catalyst. Hence, consideration of the
analyses, change in the oxidation state of the differences in the catalyst surface affected yOH
surface iron was detected by recording X-ray in the reaction with CO and C{are necessary in
photoelectron spectroscopy of the catalysts. order to develop new catalysts for G@ydrogena-
During the reaction with CO, the catalyst tion.

surface was further reduced even after the It is known that F—T synthesis over iron catalyst
reduction at 500°C, whereas it was oxidized in  produces both hydrocarbons and oxygenates. The
the reaction with CO,. A change in product active phase for hydrocarbon formation is believed
distribution and the results of X-ray photoelec- to be FeG. Miller and Moskovits showed a
tron spectroscopy analyses showed that the iron different pathway for oxygenate formation and this
carbide is the active site for hydrocarbon implies the presence of other active phakes.
formation and the oxygen species in iron However, identification of the active phases is not
hydroxide (Orc—OH) may be relevant to the easy because the surface iron is not stable during
formation of MeOH. Copyright 2000 John the reaction. That is, formation of FgGpecies
Wiley & Sons, Ltd. accompanies accumulation of carbon on the surface
and reduction of B to FeO, and to metallic
iron also proceed?.

In the present study we have carried out the
hydrogenation of CO and GQover iron catalyst
and compared the catalytic activities and the
differences in the surface phase. We have also
carried out the addition of steam into the reactant
gas mixture to examine the effect of,® on the
catalytic activity, as well as to clarify the change in
the surface phase of the catalyst.

Keywords: carbon monoxide; carbon dioxide;
hydrogenation; comparative study; alcohol; iron
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1 INTRODUCTION

The transformation of C®into useful chemicals
such as hydrocarbons is an option for reduction of
CO.. Since iron-based catalysts have been wide2 EXPERIMENTAL

Iron catalyst was prepared by calcination of iron

* Correspondence to: H. Ando, Osaka National Research Institutehydroxide in air at 500C for 3 h. The resulting

é'rSnTa{-lMﬁdgﬁ'cgﬁékgar'-kSg% Osaka 563-8577, Japan. solid was crushed intec60 mesh granules by using
-mail: h- i.g0.j ; ;

t This paper is based on work presented at the Fifth Internationala .mortar' The hydrogenatlon of G@as Ca.med out

Conference on Carbon Dioxide Utilization (ICCDU V), held on With @ fixed-bed flow reactor made of stainless steel

5-10 September 1999 at Karlsruhe, Germany. tube with 10 mm i.d. The catalyst was pretreated

Copyright© 2000 John Wiley & Sons, Ltd.
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Table 1 Hydrogenatiorof CO, overiron catalyst(rate of formation;unit: zmol h™* pergramof catalyst)

Hydrocarbons

Alcohols

Selectivity to
Reactan{composition) COy Cig Cs, MeOH EtOH PrOH alcohol$
H,/CO (67/33) 20.3 69.3 52.8 22.4 11.6 4.5 24
H,/CO, (75/25) 3.3 7.5 .0 1.6 0.3 0 12
H,/CO/H,O (42/21/37) 20.1 1.1 5 1.9 0.2 0 56
H,/CO./H,0 (48/16/36) 0 <0.1 0.1 0 0 95°

Conditions:250°C, 1 MPa, stableactivity.
2 (Yields of C,_z alcohols)/(totalyield — yield of CQy) x100.
b The CO, conversionwas0.1%.

with a diluted hydrogen(10 vol% H, in N,) stream
(50ml min~%) under atmospheric pressure at
500°C for 1h. After sufficient cooling of the
reactorthereactangasmixture(33vol% COin H,
or 25 vol% CO, in H,) was introduced and,
pressurewas raisedto 1 MPa and temperature
was setat 250°C. The effluentgaswas analyzed
with on-line gas chromatographghe columns of
which were PorapakQ for CO,, MS-13X for
methaneand CO, PLOT (fusedsilica, Al ,Os/KCI)
for hydrocarbons, and PEG-6000(15%)
TCEP(8%) supportedon ChromosorbWAW(60/
80 mesh)for alcohols.Yields andselectivitieswere
calculatedon the basisof carbonnumbersin the
products.
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Figure 1 Schulz—Floryplotsfor the hydrogenatioroveriron
catalystreducedat 500°C: (a) reactionwith CO; (b) reaction
with CO..

Copyright© 2000JohnWiley & Sons,Ltd.

The BET surfaceareasof the catalystswere
determinedfrom the isothermsof nitrogen physi-
sorption. X-ray diffraction (XRD) patternswere
recorded with a Rigaku ROTAFLEX diffrac-
tometer(Cu Ko, 40kV, 150mA). Surfaceanalyses
by X-ray photoelectronspectroscopy(XPS) were
performed with a Shimadzu ESCA-750. The
spectrawere recordedafter argon-ionetching for
1min (2kV, 25 mA). The binding energy was
correctedwith the energyof C(1s) (284.6eV) for
carboncontaminant=>

3. RESULTS AND DISCUSSION

3.1 Catalytic performance of iron
catalyst

The catalytic hydrogenationof CQO, over iron
catalystreducedat 500°C is summarizedn Table
1. Sincethe purposeof this studyis notto develop
a highly active catalystbut to elucidatethe factor
that controls the catalytic performancein the
reaction with CQ,, the reaction conditions de-
scribedin Table 1 were not optimizedto getgood
yield. In the reactionwith CO, the major products
were C,—Cy hydrocarbons,C,—C; alcohols, and
CO,. The product distribution of hydrocarbons
almost obeyed the Schulz—Flory law (Fig. 1a).
From the plots of the carbonnumbern vs In(W,/
n), the probability of chain growth « was
estimated as 0.64. When CO, is used as a
reactantC,—Cs hydrocarbonsC; andC, alcohols,
and CO were obtained. The distribution of
hydrocarbonsproducedalso obeyedthe Schulz—
Flory law (Fig. 1b), showingthat the hydrogena-
tion of CO, proceedsalong with the F-T-type
reactionschemefollowed by the RWGS reaction.
A smallervalueof o for CO, hydrogenatior{0.44)

Appl. Organometal Chem.14, 831-835(2000)
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Figure 2 XRD patterndor iron catalyss, (O) Fe,(x) FesO04,

(A) FeC: (a) after reduction at 500°C; (b) followed by
reactionwith CO; (c) followed by reactionwith CO..

than that obtainedin the CO reactionreflectsthe
higherselectivity to light hydrocarbongseeTable
1).

It is noteworthythat the formation rate of CO,
was almostthe samebefore and after addition of
H,O. The rates of hydrocarbon and alcohol
formation were suppressedy addition of H,0,
then totally, the selectivity to alcoholsincreased
(see Table 1). This means that the site for

Copyright© 2000JohnWiley & Sons,Ltd.

Binding energy (eV)

Figure 3 XPSspectraof Fe(s,,) for iron catalysts(a) after
reductionat 500°C; (b) followed by reactionwith CO; (c)
followed by reactionwith CO..

hydrocarbon formation was deactivated. It is

conceivablethat H,O oxidizes the surfaceiron

andthis may preventformationof carbidespecies.
The catalystseemgo havethe activity for MeOH

formation evenafter additionof H,O, whereaghe
ratesfor C,, alcoholproductionalmostdiminished
(see Table 1), suggestingthat the site for C,,

alcohol formation is relevantto that for hydro-
carbonformation.

Appl. Organometal Chem.14, 831-835(2000)
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Table 2 Surfaceanalysisby XPSfor iron catalysts

Surfacecomposition(mol%)

Reactant Fe Fet Fe*t Oke — OH Ore - o [Fe]/[O]?
b 13 32 10 16 29 1.2
H,/CO 19 40 3 17 21 1.6
H./CO, 2 28 14 23 33 0.8
H,/CO/H,O 0 18 18 40 24 0.6
H./CO,/H,0O 0 16 18 42 24 0.5

Conditions:Mg Ko, 8kV, 30 mA. Ar™ etching(2 kV, 25 mA) for 60s was performedbeforemeasurement.

2 [Fe], total amountof Fe species{0], total amountof O species.

b After redudion with Ho/N..

On the other hand, the catalytic activity almost
disappearedvhen H,O was addedto CO, hydro-
genation. Only trace amounts of methane and
methanolwere observed.The apparentselectivity
to alcoholswas high owing to low conversionof

CO..

3.2 Characterization of iron
catalyst

When the reactionfinished, the reactantgas was
switchedto helium gasandthe reactorwascooled
to room temperature The samplewas taken out
from the reactorandtransferrednto XRD or XPS
instrumentsn air. Reymondet al.® confirmedthat
the exposureof samplescomposedf iron to air is
not a seriousdrawbackfor the reliability of the
characterizationof the catalyst®*® however, the
reasorwhy is asyet unclear.

XRD analyseshoweda clear peakattributedto
a-Feat 44.6° in 20 for the sampletakenout from
the reactorjust after the reductionat 500°C (Fig.
2a).Thesampletakenout from thereactorafterthe
reactionwith CO retainedthe structure,and peaks
attributedto y-Fe, -,C werealsorecordedFig. 2b).
The sampleafter the reactionwith CO, also kept
the a-Festructurebut no peaksattributedto carbide
specieswere observedFig. 2c). This implies that
the presencef CO, in thereactanicanpreventthe
formationof carbidespecieswhichis considereds
anintermediaten the F-T reaction.

Althoughnossignificantchangen thestructureof
the catalystexceptfor formationof carbidespecies
during the hydrogenatiorof CO was observedby
theXRD analysesachangen theoxidationstateof
the surface iron was detectedby XPS of the
catalysts.In the range of Fe(%s/2) a major peak
attributedto Fe” wasrecordedby XPSat 706.7eV
for the catalystjust after the reductionat 500°C.*°

Copyright© 2000JohnWiley & Sons,Ltd.

The spectrum can be deconvolutedto three
Gaussianpeaksand minor peakswere at 709.3
and712.5eV afterthe reactionwith CO (Fig. 3a).
Theformercanbe attributedto F&*" andthe latter
to Fe*".*> No peakor shoulderattributedto iron
carbidewasobservedThe profilesfor O(1s) were
alsoseparateihto two Gaussiampeaksat529.5and
531.1eV; the former can be attributed to the
oxygen connectingto iron and the latter to the
oxygenin the hydroxide(Oge _ on).*°

The surface compositionswere calculated by
using the atomic sensitivity factors for each
element'® and they are tabulatedin Table 2. The
value of the [Fe]/[O] ratio just after the pretreat-
mentwas1.2 andthoseafter the reactionwith CO
andCO, werel.6and0.8respectivelyTheamount
of metallic iron increasedand the y-Fe, .C phase
was detectedby XRD for the sample after the
reactionwith CO, showingthattheiron carbideis
an active species for hydrocarbon formation.
Although no metallic iron phasewas observedin
thesampleafteradditionof steamtheselectivityto
alcohol increased.This implies the presenceof
other active phasesto producealcohols.On the
otherhand,the surfaceiron wasoxidized after the
reactionwith CO, andthis may preventformation
of carbide species,resultingin low hydrocarbon
formation.

In thereactionwith H,/CO/H,O, thesuppression
of the rate of MeOH formation was not so
significant,whereaghoseof C,__ alcoholformation
were drastically suppressedsee Table 1). This
meansthat the active site for MeOH formation is
differentfrom thosefor C, alcohol. Furthermore,
the amount of Op._ oy Speciesincreased by
addition of steam(see Table 2), suggestingthat
the Oe _ o1 Specieplaysanimportantrole in the
formationof MeOH; however furtherinvestigation
is necessaryo clarify the details.

Appl. Organometal Chem.14, 831-835(2000)
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