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Abstract

Five perovskite oxides with the compositioylaK ,Mn, Fe;_,O3 (0 < x,y < 0.2) were synthesized by the co-precipitation
method. Techniques such as chemical and XR fluorescence analysis, powder X-ray diffraction (XRD), BET surface area, IR,
EPR and Mdssbauer spectroscopy were applied to characterize the structural features of the perovskites. The activity of the
solids was strongly dependent on the presence of iron carbides. It was observed that K promotes the reducibility of the solid
to a-Fe giving rise to more carbide phases. Mn produces a significant increase in alkenes production. The combined presence
of both K and Mn (LagKo.1FengMng 102.9) strongly modified the selectivity of the oxides, giving rise to a stable catalyst
with high yield of G—C,4 alkenes.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction shown by this reaction, the production of low molecu-
lar weight alkenes from syngas calls for new catalytic
The unpredictability of crude oil prices, proved systems to be developed. Complex mixed metal ox-
over the last three decades, has brought about in recenides with the perovskite structure and composition
years renewed interest in the conversion of syngas, ABO3 have long attracted the interest of chemists, as
especially for the selective production of petrochemi- they exhibit interesting solid-state properties, making
cal feedstock such as,€C,4 alkenes[1-5]. The key the structure very appropriate as model catalysts. One
factors to have into account are all related to the cat- interesting feature of these complex mixed-oxides is
alyst[6]. On one hand, the synthesis of new catalysts that their catalytic activity can be highly improved
is object of intensive researdb] and on the other, by partial substitution on A and/or B sites, with only
highly selective catalysts seem to be the challenge for small changes in the average structure. A and B sites
the present centurf7]. Due to the lack of selectivity — doping, gives rise to fA,B1B,03 type oxides, that
improve the catalytic activity[8,9,12—-16,18,20] B
* Corresponding author. Fax:58-212-239-21-62. cations could be partially reduced to well-disperse
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make them ideal catalyst precursors for a series of conversion lower than 10%. Venter and othi@#,35]
reactions such as syngas conversion. reported well-dispersed, carbon-supported Fe-Mn and

Fe is an active component in synthesis gas con- KFeMn catalysts, prepared from mixed metal clus-
version; the use of this element in catalysts for the ters as very active for CO hydrogenation while at the
Fischer—Tropsch synthesis (FTS) has been extensivelysame time retaining a very high selectivity for light
studied[2—4,21-37] For iron-based catalysts, activity alkenes.
in syngas conversion appears to correlate better with  While a great number of promoted iron-based cat-
the extent of Fe reduction, a parameter related to the alytic systems has been studigt-4,21-37,45-50]
degree of metal-support interaction, rather than with our system focuses on the use of Fe-based perovskite-
dispersion, which is related to metal crystallite surface like oxides as precursors to in situ produce K-Mn pro-
structure[21,24]. moted iron catalysts for syngas conversion.

It is well known that the addition of promoters to In this work, we try to find trends between solid
supported metal catalysts has an effect on the light compositions of a series of La-Fe perovskite-like
alkenes selectivity4,21-24] Bartholomew[21] and oxides, used as catalyst precursors, and the activ-
Dry [4,22] attributed the increase of the C/H surface ity/selectivity pattern irsyngas conversioffo achieve
ratio produced by K to both a donation of electron this, both La and Fe cationis the perovskite pre-
density to Fe as well as a local chemical interaction cursor were partially substituted by K and/or Mn as
at the metal-promoter interface. Mn has also received promoters in order to control the selectivity of the re-
a great deal of attention due to the observed increaseaction and to enhance low molecular weight alkenes
in the low alkenes ratio, together with a decrease in formation.
methane formation, on Mn promoted iron catalysts
[25—-36] However, the nature of the effect of Mn on
iron has been more controversial, and it is still not 2- Experimental
clear. The existence of an electronic like interaction
[27] and the formation of solid solutions between 2.1. Catalyst preparation
iron and manganese, have been clainj28-30]

High selectivity to low molecular weight alkenes Five perovskite-like oxides were prepared by dop-
has been observed over K and/or Mn iron promoted ing the matrix LaFe® with K and/or Mn, to obtain
catalytic systemq31-36] Oades and Morrig31] a series of oxides of general formula:jLaKFe_,
patented the use of Fe-Mn supported on silica and Mn,Os (x andy were varied from 0 to 0.2). The solids
magnesia and on Fe-K and Fe over MnO for the are named as shown ifable 1

production of G—C4 hydrocarbons. Barrault and Re- Catalysts were prepared by the co-precipitation
nard[32] obtained an active and selective catalyst for method dissolving the nitrate salts in water using/NH
low alkenes production from syngas, using a cata- OH as precipitating agent. The precursor precipitates
lyst prepared from iron acetyl acetonate, Fe(ACAC) were dried overnight at 413K, pressed at 10 torfm
on MnO. The catalytic conversion was 10%. Kre- and calcined at 923K for 12h in flowing air
itman and Baerng33] with Fe/MnO obtained a (50 mimin~t). For all solids, the effect of pre-treatment

Table 1

Chemical analysis and BET surface areas

Solid Chemical formula La (wt.%) Fe (wt.%) K (wt.%) Mn (wt.%) Surface areas
(m?g™)

LaFe LaFeQ@ 69.0 (67.1) 23.0 (32.9) - - 13

LaKFe 1 La oKo1FeGg 68.0 (63.4) 29.4 (34.5) 0.5 (2.1) - 7

LaKFe 2 LagKo2FeQr g 60.0 (59.4) 30.0 (36.4) 2.0 (4.2) - 3

LaMnFe LaMny 2Fey gO3 69.0 (67.2) 17.0 (26.3) 2.1 (6.5) 37

LaKMnFe Lay.oKo.1Mng 1F&y 9029 69.0 (63.5) 19.7 (31.1) 1.8 (2.0) 1.5 (3.4) 6

Values in parentheses shows theoretical values expressed as oxides.
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and of temperature on the conversion/selectivity pat-
tern was studied. The usual protocol was as follows:
calcined— reduced— carburated— catalytic test.

2.2. Syngas conversion reactions

Before reaction, the perovskite oxides were sub-
mitted to treatment with bl (30 mImin~1gcat?) at
723K during 16 h (reduced catalysts), followed by
exposure to CO (10 ml mirt gcat'1) leaved at 423K
for 8h and then at 623K for 14 h (carburated cata-
lysts). Catalytic tests were performed in a continuous
flow system with a fixed-bed stainless steel reactor
(20cm, 0.7cm i.d.) using 1.5g of catalyst, under
1.1 MPa, 553K, H/ICO = 2 and 5% N as internal
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by EPR (E-line Century Series, X band, 9.5 GHz and
77K) and by Mdssbauer spectroscopy at room tem-
perature using®’Co in a Pd matrix as a source of
v-ray. About 0.2 g of the samples were rapidly placed
on an aluminum holder and sealed with epoxy, in or-
der to diminish the probability of reoxidation. Spectra
were fitted by means of a least squares program.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Chemical analysis and surface
area measurements

standard. Effluent gases were analyzed periodically by  Table 1llists the synthesized perovskite oxides, their

gas chromatography. Permanent gases (0D, CH;

chemical formula and surface areas. In general, the La

and CQ) were analyzed on line with a Varian 3300 and Fe chemical composition of the perovskite oxides
gas chromatograph equipped with a thermal conduc- are within the expected values. However, Mn and spe-
tivity detector using a CTR-I Alltech packed column. cially K content are always lower than the theoretical
C1—C7 hydrocarbons were analyzed in a Perkin-Elmer values. The low K content observed for the K-doped
Sigma 3B chromatograph with a flame ionization de- solids could be explained in terms of the volatility
tector and a Durapahk-octane Porasil packed column. of K,O at high temperature. BET surface areas lie in
CO conversions were determined using nitrogen as anthe range 3-37 Ay~ which is not surprising, since
internal standard, and chromatograms were correlatedpreparation of perovskite oxides by solid-state reac-
through methane. Selectivities were obtained basedtion of the precursor oxides, to form the characteris-
on CO converted. tic A1A2B1B20O3 structure, requires long exposure to
high temperatures leading to low surface area solids
[8,9,14-16,20] As expected, the surface areas shown
by K containing oxides were lower, due to the sintering
The sample compositions were determined by character of K36]. An increase in the surface area of
inductively coupled plasma emission spectroscopy the lanthanum—iron perovskite (LaFe) when Mn is in-
(ICEPS) using a Perkin-Elmer ICP/5500 instrument troduced in the perovskite, from 13 to 3%gr?!, was
to determine Fe, K and Mn, while La was analyzed by observed. Similar behavior has also been reported by
X-ray fluorescence analysis (Phillips, PW 1410). The Hansen et al[10] and Sinquin et al[17] when work-
surface areas of the materials were measured on a Mi-ing with LaSrFeMn and LaCoMn perovskites respec-
cromeritics Flowsorb Il 2300 analyzer using nitrogen tively. However, in our work a relationship between
adsorption at 77 K and the BET method. Prior to the surface area of the precursor perovskites and activity
adsorption measurements, the samples were out gassedas not observed, since the perovskite precursor with

2.3. Characterization

at 573K for 3h. Powder X-ray diffraction (XRD)
(Phillips PW 1390, Cu K radiation,A = 1.54178 A,

flat plate sample, 0< 20 < 70°) and infrared spec-
troscopy (Perkin-Elmer 283B, KBr/sample: 5/1)
were carried out at room temperature to ascertain
formation of the perovskite structure, phase purity

the higher surface area (LaMnFe) showed the lower
activity.

3.1.2. IR spectroscopy and X-ray diffraction
All the perovskite oxides showed the usual IR spec-
trum [38] with two strong and broad bands centered at

and cell parameters. To determine the degree of Fe600 and 400 cm!. The high frequency band, which

reduction and formation of different iron phases, cat-

corresponds to a stretching vibration due to a change

alysts were analyzed after pre-treatment and reactionin length of a B—O bon{39,40]shifted to higher wave
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numbers on doping, corroborating that solid solution
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The similarity of the diffractograms and the system-

has been obtained and that doping has been successfuktic line shift after doping, together with the reduction

The observed XRD spectra were the typical for a
perovskite structure with alternating strong and weak
peaks Fig. 1). Some precursors, such as single oxides

or not identified by-products, were also observed, es-

pecially in the more complex solid solutions. In par-
ticular, peaks signaled by asterisksHig. 1, has been

in cell dimensions, corroborated the solid solution for-
mation and the presence of perovskite-like oxides.

3.1.3. Mdssbauer spectroscopy
As previously mentioned, being the perovskite ox-
ide a very stable structurf®,16,19] it is expected

assigned to a lanthanum oxide species, most probablythat iron in the perovskite could only be partially

La(OH), as this sub-spectrum can be indexed with the
reported most strong lines for that spedigk]. Bernal

et al.[42] and Squire et a[43] have also pointed out
the presence of La(OH)n the surface of lanthanum
oxide. As K and Mn replaced La and Fe, the intensity
of La(OH); peaks increases being higher for LaKM-
nFe. Because of the hydrophilic character opQg,
water adsorption during sample handling could be re-
sponsible for the presence of La(QH)The forma-
tion of LapO3 and La(OH} is in agreement with the
high lanthanum content observed by chemical analy-
sis (Table J).

Atroom temperature, all synthesized solids could be
indexed with an orthorhombic LaFg@ymmetry by
JCPDS (file 37-1493%4], with cell parameters shown
in Table 2 The observed cell parameters values for the
original LaFe perovskites, are in good agreement with
those reported by Geller and Wogd5]. Although

reduced to the metallic species. This observation was
monitored by Mdssbauer spectroscopy comparing
the spectra before and after reduction and after car-
burization and reaction. It can be observed that the
as-synthesized perovskitdsd. 2a and dor LaFe and
LaKFe 1, respectively) showed only a symmetric sex-
tuplet characteristic of magnetic iron in an octahedral
(cubic) environmen{37,47-51]with hyperfine pa-
rameter values, Hpf, presentedTiable 3which corre-
spond to Fe in the perovskite structure. For simplicity,
it was named as the perovskite phase Fe (P). After re-
action, the spectrum of LaFe perovskite looks nearly
unchangedKig. 2b. However, some weak lines, at-
tributed to formation of a carbide phase, can be seen
in the central zone of the spectrum. Only 11% of the
iron (Table 3 is in the form of a carbide phase, with
the rest remaining as part of the perovskite structure.
The Moéssbauer spectrum and hyperfine parameters

no significant changes can be easily observed in the of the as-synthesized LaKFe 1 are similar to those

diffraction pattern after doping with K and Fé*, a
systematic shifting of the lines to92higher values

of LaFe fig. 29, indicating that only small changes
of the original perovskite took place after K doping.

was shown, associated to an observed cell dimensionHowever, as the K content increases, the stability of
decrease. However, this behavior is unexpected sincethe perovskite structure seems to have decreased, as

the ionic radii of K" and Mr?* are larger than that
of La®t and Fé*, respectively. Lost of oxygen to

suggested by the presencewsfe after reduction. It
is believed that A cations act as electron donors to B

form oxygen vacancies (for charge compensation on cationg11], which seems to be reflected in an increase
doping) together with a probable change in manganesein iron reducibility. The presence afFe, observed for

oxidation state (MAt/Mn*+) could account for this
phenomenoi6].

Table 2

Cell parameters of as-synthesized perovskite-like oxides

Solid a (A b (A) c (A Cell volume
(A3

LaFe 550 (7) 7.83(4) 552(3) 2377

LaKFe 1 549 (4) 7.82 () 551(4) 2366

LakMnFe 547 (7) 7.81(4) 530(2) 2268

Values in parentheses refers to the uncertainty in the last digit.

both K containing perovskites, LaKFe 1 and LaKFe
2 (Fig. 2d Table 3, was greater than that present in
LaFe. The presence ef-Fe led to the formation of
iron carbides by treatment with CO and syndag(2e
and f Table 3.

Mn doping to produce the species LaMnFe brings
about some variation in hyperfine parameters (503 kG
compare to 519kg). In particular, a decrease in Hpf
values must be attributed to partial substitution of Fe
by Mn, indicating that the environment near Fe has
changed by Mn incorporation on the perovskite struc-
ture increasing the electron density on Fe. However,
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Fig. 1. X-ray diffraction patterns for as-synthesized LaFe, LaKFe 1 and LaKMnFe perovskite-like oxideRerovskite-like phasesi)
La(OH)s; (@) Lay0s3.
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Fig. 2. Mdssbauer spectroscopy for LaFe and LaKFe perovskites before and after reduction and reaction. (AS): as-synthesized; (Red):
reduced; (R): reacted; (CR): carburated-reacted.

this effect is not reflected in the iron reducibility since stability of LaKFe perovskite. Thus, the proportion of
only the Fe (P) sextuplet was present in the spectrum. iron in the perovskite phase after reduction and after
a-Fe or Fe-carbide phases were not observed. carburization and reaction was lower for the Mn con-
Fig. 3shows the Mdssbauer spectrum for LaKMnFe taining perovskite. The LaKMnFe perovskite seems
under different stages of treatment. Three Hpf values to be especially susceptible to CO pretreatment or to
for iron are reported for the as-synthesized LaKM- syngas exposure during reaction. These treatments led
nFe (Table 3 because of introducing K and Mn in the to a significant decrease in the proportion of iron in
original LaFe matrix. Formation af-Fe can be seen the perovskite phase. Further, incomplete reduction of
in the spectrum after reduction (36%). The appear- iron seemed to occur, as indicated by the presence
ance of the Hagg carbide phase increased accordinglyof a FgO4 phase {able 3 30%). Probably, a cer-
(37%). Comparison of Mdssbauer resullalfle 3 for tain degree of substitution of Mn in the iron oxide
LaKFe 1 and LaKMnFe perovskites suggests that in- lattice increases the difficult of reduction of the iron
troduction of Mn produced a further decrease in the oxide. It is interesting to point out the coincidence
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Table 3
Méssbauer hyperfine parameters
Solid DI (mms1) QS (mms?t) Hpf (kG) Phase Percentage
LaFe (AS) 0.36 —0.08 519 Fe (P) 100
LaFe (R) 0.36 —0.09 526 Fe (P) 89
0.25 0.09 213 x-FesCo 11
0.25 0.01 185
0.25 0.01 115
LaKFe 1 (Red) —0.36 —0.07 522 Fe (P) 74
—-0.01 0.00 329 a-Fe 26
La KFe 1 (CR) 0.36 0.09 529 Fe (P) 74
0.25 0.09 213 x-F&Co 26
0.25 0.01 185
0.25 0.01 115
La KFe 2 (Red) 0.36 —0.07 525 Fe (P) 59
—0.01 0.00 330 a-Fe 49
LaKMn (R) 0.34 —0.05 503 Fe (P) 100
LaKMnFe (Red) 0.38 —-0.10 511 Fe (P) 39
0.32 -0.13 483 Fe (P) 25
—-0.01 0.00 324 a-Fe 36
LaKMnFe (CR) 0.25 0.10 213 x-F&sCo 37
0.25 0.01 185
0.25 0.01 116
0.38 0.10 520 Fe (P) 34
0.32 0.13 490 F£0, 23
0.40 0.20 460 F£O, 6

(P): perovskite; (AS): as-synthesized; (Red): reduced; (R): reacted; (CR): carburated-reacted.

between the amounts of Hagg carbide present in the subjected to carburization, this could be related to the
carburated-reacted (CR) samples to thatuefe in presence of Hagg carbides observed by Mdssbauer
the reduced (Red) samples, which are nearly identi- spectroscopy.
cal (26% for LaKFe 1 and 36-37% for LaKMnFe,
Table 3. 3.1.5. Catalytic measurements
Catalytic results are shown ifable 4 The unpro-

3.1.4. EPR spectroscopy moted LaFe perovskite exhibits poor catalytic proper-

An EPR study was conducted on LaKFe 1 and ties, even when tested at higher temperature (573 K),
LaKMnFe perovskite oxides. The as-synthesized and with CO conversions around 6%. The higher than 50%
reduced samples did not show any relevant mag- CO, selectivity value, which is the maximum to be
netic properties, only a broad signal was observed at expected from stoichiometric considerations, indicates
=10.000 G, typical of the presence of iron phases in that this catalyst continues to be reduced under reac-
different magnetic environments. Similar spectra were tion conditions.
observed for the reduced solids. However, when those K doping of LaFe to produce LaKFe 1 perovskite
samples were subjected to treatment under CO orwas seen by Mdssbauer spectroscopy to increase
after syngas reaction, a hysteresis loop was observedHagg carbide formation. This substantially increases
(Fig. 4). This hysteresis phenomenon is characteris- CO conversion (38%) with also a slight increase in
tic of the presence of ferromagnetic species in the the alkenes/alkanes ratio and simultaneously reduces
solid, and since it was observed only in the samples CH4 and CQ production.
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The presence of Mn in the LaFe matrix (LaMnFe)
Fig. 3. Mdssbauer spectroscopy for LaKMnFe under different did not have a strong effect on the catalytic activity.
treatments. (Red): reduced; (CR): carburated-reacted. This behavior is in agreement with the Mossbauer re-
sults, since on this solid neitherFe nor Fe-carbide
Further doping with K (LaKFe 2) continued to in- phases were observed. A slight increase on the chain
crease the activity of the catalysts (45% CO conver- growth probability seems to have occurred, together
sion) with a small reduction in the GCselectivity. with a decrease in Cfselectivity.
The hydrocarbon distribution indicates that the chain ~ The combined presence of K and Mn on the LaFe
growth probability was increased giving rise to more matrix (LaKMnFe) strongly modified the catalytic
C5+ hydrocarbons at expense of ¢Hnd G—Cy4 hy- behavior of the solid. It produced a stable catalyst
drocarbons, which could be related to the increase in that showed a high formation of ,€-C4= alkenes
the Hagg carbides proportion. The slight decrease in (alkenes/alkanes ratio of 11.4) with a quite low £H
the alkenes/alkanes ratio could be attributed to the sec-production &10%) as compared to LaFe and the
ondary hydrogenation of alkenes. other perovskites.
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Table 4
Activity/selectivity of perovskite-like solids
LaFe (573K) LaKFe 1 LaKFe 2 LaMnFe LaKMnFe

XCO (%) 6 38 45 8 14
SCQ (%) (carbon-based) 56.6 38.2 334 325 30.4
Products (wt.)

C1 27.1 21.4 17.7 22.2 9.8

Co—Cy 66.6 59.1 56.7 60.8 76

Cst 6.3 195 25.6 17.0 14.2

(Alkeneyalkane$c,—c, 2.7 3.4 2.4 2.4 11.4

T =553K; P = 1.1MPa; tr= 24 h on streamW/F = 1.4ghl"1; H,/CO = 2.

The results indicate that the activity of the species, different fronm-Fe, hematite or magnetite,
perovskite-based catalysts seems to be directly relatedhas been formed.
to the formation of Hagg carbides. In addition, the Moéssbauer and EPR results strongly suggest the
LaKMnFe perovskite is the precursor of a catalyst presence of a carbide phase. The species present on
with a high selectivity to @-C, alkenes, in which the  the more interesting catalysts (LaKFe 1, LaKFe 2 and
promotion of Fe with manganese has to be invoked. La KMnFe) were:a-Fe, Hagg carbide, mixed oxides
The observed relationship between catalytic activity of the perovskite type, and for the LaKMnFe per-
and the abundance of Hagg carbides is in agreementovskite, a FgO4 phase was also detected, which seems
with our previous results for CO and GQhydro- to be stabilized by the presence of Mn. Although it is
genation on a laterite and a Fef8l3 catalysts both difficult to correlate the catalytic properties with the
unpromoted and promoted with K and M80-50] presence of any of them, the presence of Hagg car-
In that work, it was established that only those iron bides seems to play a primary role. The combined
species that can be reduced—carburated were able tqresence of K and Mn in the perovskite-like oxides
perform the CQ hydrogenation. Similarly, Jung and strongly increases selectivity towards low molecular
Thomson [51] working with unsupported reduced weight alkenes. The LaKMnFe perovskite is the pre-
iron catalysts attributed the observed increase in cat- cursor of an iron catalyst with a high selectivity to
alytic activity to the presence of Hagg carbide phases. C,—C, alkenes.
Dictor and Bell[52] concluded that Hagg carbide or
freshly reduced iron, and not magnetite is the active
phase for FTS for reduced and unreduced iron oxide. References

Compared to other catalytic systerf&l—36] the
combined perovskite-like oxide baKo1Mng1Feyg
O2.9 looks promising. Further research on this system
will be carried on in the near future.
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