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Abstract

A previous study of LaCpFe1 )O3 perovskites demonstrated the potential of such materials to produce light olefins from syngas by Fischer-

Tropsch synthesis. The partial reduction of LaGbey §O3 generates small @articles in interaction with a deficient perovskite. However, the
stability of the perovskite limits the amount of metal to 2% in weight. To increase the amount of active phase (metal) that can be extracted fr
the oxide precursor by reduction, we attempted to synthesize A-site deficient perovskites)Cap 4Fey 6035 series prepared by a sol-gel-

like route revealed to be, instead of expected A-site deficient oxjd&®,O3/LaCo;Fey ;)O3 composites. Magnetic nanocores)ofe03

are surrounded by a perovskite-type shell. The epitaxial growth of the perovskite phase on the cubic iron oxides drives its crystallization tow:
the same cubic system. The characterization @f LgCop 4Fep 6035 oxides are presented, and the structural hypotheses are discussed. The
reducibility of such oxides is studied by thermoprogrammed reduction and Mdssbauer experiments, and the formulae of the stable parti
reduced materials are determined. These materials are composed of an equimolar Co—Fe alloy on a cubic perovskite enriched in iron with re:
to that of the fresh catalyst. TheFe,O3 disappear; one part of the Fe cations is reduced into Bén the alloy, and the other part of the¥e
“replaces” a part of the o cations of the perovskite, which also reduce intd @othe alloy. After partial reduction, the reactivity of these
oxides in Fischer—Tropsch synthesis is evaluated. Their efficiency to produce light olefins and their stability over 300 h of test is demonstrated
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction they can be partially reduced to generate metal particles within
stable cation-deficient perovskitel,12].
Because Co and Fe are the most widely adapted metal cat-
Perovskites have been of major interest over the past decadgfsts for Fischer—Tropsch synthesis, we integrated both met-
because of their numerous applicati¢h]. For example, the  als in a La-based perovskite to obtain, after partial reduction,
oxygen-permeating property of LaSrBFe® = Co, Ga) per- efficient catalysts for light olefin formation from syngas. Ear-
ovskite makes it suitable as membrgBg whereas interest in  lier studies on the LaGd-g1—,)Os series[12] have pointed
the La_,Ca,MnOs3 series is because of its magnetic proper-out that the amount of extractable metal is closely related to
ties [4]. Perovskites are also widely studied in the heterogeboth the perovskite crystalline system (only orthorhombic per-
neous catalysis field, particularly for oxidation reactions, suchovskites < 0.5] enable metal formation after partial reduc-
as total[5-8] or partial[9,10] methane oxidation. In addition, tion) and the calcination temperature. When calcined afZ50
the maximum extractable metal amount reaches 2.1 wt% for
LaCq 4Fey 603. Metal formation is limited by the very high

" Corresponding author. Fax: +33 3 90 24 27 68. staplllty of the perovskite. To improve it, the perovskite crys-
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decrease its stability, as well as increase the amount of reducible The magnetic properties were studied on a Foner VSM mag-

B-cations. netometer in the 300 to 4 K temperature range and under a
The literature contains numerous reports of deficient permaximum magnetic field of 18,000 Oe.
ovskites[13—18] For instance, Stevenson et §L3] stud- Materials morphology was studied using a Topcon EM-

ied (Lag_Sry)1--(Gay gMgo.2)O3_s materials, and Waller et 002B transmission microscope coupled to a Kevex Deltapro

al. [14] reported the existence of a 27% A-site deficient per-Quantum EDX spectrometer.

ovskite phase, (L&sS1.13)(Cn 2Fey.8)O3—s. Thermoprogrammed reductions (TPRs) were carried out on
This paper presents the materials of the general formul20 mg of catalyst, heated from 25 to 900 (15°C min~1) un-

Lag1—y)Cop.aFen.603—s and discusses the advanced characterder 10% H/He (total gas flow, 50 mL mint). The hydrogen

ics of the structure. It also describes the reducibility of theconsumption was followed and quantified by an external stan-

lanthanum-deficient perovskites and discusses their efficiencjard.

as catalysts for Fischer—Tropsch reactions to produce light
olefins. 2.3. Catalytic tests

For the reaction of CO dissociation, 100 mg of catalyst was
first reduced in situ by heating from 20 to 48D (2°C min™1)
under a 10% k/He flow (total gas flow, 50 mL mint). The
2.1. Preparation of fresh catalysts flow was then replaced by only He at 30 mL min At 350°C,

pulses of CO (0.5 mL) were admitted onto the catalyst at steady

The Lgi—,)Cop.4Fep 603—s oxides (fory between 0 and 8-minintervals. The exit gases (CO and §f@ere analyzed by
0.4) were prepared by a soft chemistry method based on thgas chromatography.
thermal decomposition of mixed La—Co—Fe propionafey. Catalytic tests under CO/MHwere performed in a fixed-bed
Starting materials [powdered £d a acetate La(OOCC3)s - reactor at 1 MPa pressure. First, 300 mg of catalyst was reduced
1.5H,0, and Co acetate Co(OOCGH - 4H,0] were sepa- in situ under 10% K/He. The reduced catalyst was then heated
rately dissolved in boiling propionic acid at a concentration ofunder N, which was then replaced by the €&, (1:1) mixture
3 x 103 molL~1 in cations. Each starting salt leads to the ex-With a GHSV of 3000 hl. The catalytic tests were carried out
clusive formation of the corresponding propionates (controlledPetween 210 and 28, for 50 h at each temperature. The re-
by IR of the species crystallized from the propionate solution)@ction products were analyzed on-line by gas chromatography.
[19,20] The three boiling solutions were then mixed to gener-
ate mixed La—Co—Fe propionates in solution, and, after 30 mis- Resultsand discussion
of stirring, propionic acid was evaporated until a dark-brown o
pasty resin was obtained. The final oxide resulted from 6 h of-1. Characterization of fresh catalysts
calcination of the resin at either 750 or 90D (2°C min™1).

2. Experimental

3.1.1. Bulk analysis and specific surface areas

The Lgi—y)Cop.4Fen 603—s oxides =0, 0.1, 0.2, 0.3, and
0.4) are black powders. Their exact composition, reported in
Table 1 was determined by ICP. Because of greater than ex-

X-Ray diffraction (XRD) was done recorded using a Sie-pected hydration of lanthanum acetate, lanthanum deficiency
mens D5000 diffractometer equipped with a Cp-Eource. was generally greater than expected (evgs 0.43 instead of
Patterns were recorded between 20, antl @ scale) with  0.40). Despite this difference, the samples are labeled based on
0.04 steps and a 5-s counting time. their theoretical lanthanum deficiency.

5’Fe Méssbauer spectra were recorded using a spectrome- For the series at 75, the specific surface area increased
ter equipped with a 50 mCi'Co in Rh source. A bath cryostat with y (from 6.8 nf g~ for y =00 10.9 nfg~1 for y = 0.4).
allowed measurements for all samples at a liquid He temperdor the series at 90, the specific surface area decreased with
ture of 4 K. The spectrometer was calibrated with reference te (from 4.3 nf g~ for y =0 to 2.8 nfg~1 for y = 0.4). In all
a sheet ofx-Fe, and isomer shift values are given relative tocases the surfaces were very low, and the variations were not

2.2. Characterization

this. considered significant.

Table 1

6 (dimension of the A-site vacancies) amd(theoretical cubic cell parameter) calculated parameters according to hypotheses 1, 2 and 3

y Exact composition a(A) 60 (A) a (A a (A
750°C 900°C hypothesis 1 hypothesis 2 hypothesis 3

0 LaCq 4Fey 603 3.912%) 3.896(4) - 3911 3911

0.1 Lag 82Cop 38F€0.6203—s 3.904(%) 3.882(4) 5.35 3894 3895

0.2 Lag.66C00.48F€0. 52035 3.91013) 3.886(3) 3.90 3878 3876

0.3 Lag.66C00.40F€0.6003—s 3.902(3) 3.8933) 3.88 3879 3877

0.4 Lag 57C00.40F €. 60035 3.9093) 3.900(2) 3.52 3871 3866
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Fig. 1. Diffractograms of Lg _ y)Cap 4Fep.603-s. Calcined at 750 and 90C.

3.1.2. XRD assigned to its maximum intensity. The cubic cell parameter
The XRD diffraction patterns of samples calcined at 750 and a” of the perovskite phase was calculated using a least squares
900°C are presented iRig. 1 For both calcination tempera- method[21]; results are given iffable 1
tures, a given sample led to the same observed reflections in the Despite an average ionic radius decreasing with the lan-
diffractogram. Only the crystallinity was affected by varying thanum content, the cell parameter remained the same within
the calcination temperature; those at 900exhibited a better experimental limits (3.902-3.912 A for calcination at P&D
signal on noise ratio and narrower lines than those af@50 and 3.882—3.900 A for calcination at 990). Furthermore, this
For La-deficiency< y = 0.4, all reflections can be assigned to very small variation is not linear with the La deficiency. No ob-
a single cubic perovskite-type phase, whereas non-La-deficiemtous relation between the cell parameter of the perovskite and
LaCo Feg1-x)O3 oxides crystallized in either the orthorhombic its stoichiometry is seen.
(when x < 0.5) or the rhombohedral system (when> 0.5) Three structural hypotheses can be proposed to describe
[12]. An additional weak reflection was detected at241.4° such La-deficient perovskite single phases. First, considering
(d = 2.53 A) for the y = 0.4 samples (750 and 90C cal-  the work of Chakhmouradian et §.8] on the Thy o5 1o 75NbO3
cined) only. This line may be due to a trace of iron oxide,system, we can infer that A-site cationic vacancies may be
a- or y-Fe0s. The nonsymmetric shape of the reflections (es-envisaged. Second, B-site cationic vacancies, with fewer con-
pecially in calcination at 750C) may be due to either the,X  straints, have also been report@2] and can be considered,
radiation or a gradient of the perovskite composition. To morehird, a combination of the two assumptions is possible. For-
easily compare the different patterns, a reflection position wamulations according to each hypothesis are as follows:
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Fig. 2. Lay 7Cop 4Fey 603_5 experimental Mdssbauer spectrum at 4 K and its deconvoluted components (A) or their sum (B).

1. A-Site cationic vacancies. The detailed formulation shouldrable 2

be: Characteristics of the lggyCaog 4Fey 603_s deconvoluted Mdssbauer compo-
nents
(Laa-y)0y)(Coo.4Fen.6)O3-s. Component § (mms1) Ammsl) H(KG) Atribution (%)
2. B-Site cationic vacancies and presence of Fe in A-sites3extet 358 0 538 F&* (B-site) 42
Sextet 0349 0 512 FeOs3 58

Compounds can be written as:

(La—y)Fe,)(Cop aFep6—yy)O3-s. 3.1.3. Mdssbauer

3. No cationic vacancies and presence of Fe in A-sites. The To precisely determine the degree and location of Fe oxida-

formulation could be: tion, 5’Fe Méssbauer spectroscopy was performed. A typical
spectrum of the 750C calcined Lg 7Cop 4Fey.603—5 sample
(Lag-y)Fey/2)(Con.aFe6-y/2)O3-s- recorded at 4 K is shown ifig. 2

] The experimental spectrum was deconvoluted into two sex-
According to hypotheses 2 and 3, we can calculate a theggg, the parameters of which are reportedable 2 To fit the
retical cubic cell parametes;, using the method of Poi23]  experimental spectrum, external bands of the first sextet must

based on the invariance of the cation—-oxygen distance. FOr cys proadened by considering a gradient in the hyperfine field.
bic perovskite, the cell parametef can be estimated by the gych enlargement results from variation within thé“Fen-

relation vironment from changes in either the composition gradient of
the phase or the size distribution of the grains. The mean para-
/ —_— . . . .
1207 = Z Vi + Z vibjs meters of this sextet were= 0.358 mms ! and H = 538 kG.
l J

This sextet was assigned to¥docated in the perovskite phase
wherey; ; are the stoichiometric coefficients afdandg; are  B-sites[24,25] Despite the gradient of the hyperfine field, a
the cation—oxygen distance with 12-fold and 6-fold coordina-second sextet was needed to achieve thé fit 0.349 mms?,
tion, respectively. Fe in A-sites is supposed to b&FEa2-fold ~ H = 512 kG). This sextet was assigned to*Fén an FeOs
coordinated F&" in oxide is not known. phasg26].

It is not possible to calculate a theoretical cell parameter in - Thus, neither F& nor FE* in perovskite A-sites was de-
accordance with the first hypothesis, because the dimension tgcted; however, Fe in perovskite B-sites represents only 42%
the A-site vacancie# is unknown. However, we can estimate of the total Fe contained in the sample. The crystallizegOze
this parameterd(s) from the experimental cell parameter. For phase present in large amounts in the material (58% of the Fe)
hypothesis 1 to be true, the calculatzd must be constant for was then observable by Mdssbauer spectroscopy, but not by
all samples. Calculated parametersand 5 are reported in  XRD (except fory = 0.4). The fact that- andy-Fe;O3 have
Table 1 similar MAssbauer spectra makes exact identification difficult;

The hypothetical A-site vacancies exhibited size fluctuationgiowever, we can speculate that instead of having an A-site defi-
from 5.35 to 3.52 A; this clearly is not feasible. All of the cient perovskite-type phase, the excess B cations were rejected
calculateda’ parameters are closely related to the La contenvia Fe into the observed F®s phase.
of the sample and decrease linearly with it, whereas we ob-
serve that the experimental cell parameter was almost constaBtl.4. Magnetic measurements
along the series and obviously independent of the La content. The magnetic behaviors of andy-Fe0Os differ. a-FeO3
None of the above assumptions are acceptable to describe tlean antiferromagnet below the Morin transition of 243 K and
Lag—,)Cop.4Fen.603—s materials. Further characterizations area weak ferromagnet above this transition (maximum magneti-
therefore required. zation of 0.4 emuq?) [27]. y-FeOs3 is ferrimagnetic with a
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Table 3
Developed formulation of L@ y)Cap 4F€p 6035
y Raw formula Developed formula Calculated aexp (750°C)
(ICP determination) A A
0 LaCay.40Fep.6003 [La][Coo.40Fe0.60103 3911 39124
01 Lag 82C00.38F€0.6203—s [La][Cog.46F€p 54103 + 0.11F03 3.910 39044
0.2 Lag 66C0p.48F€0.5203—5 [La][Cog.75Fep 27103 + 0.26F03 3.906 3910(3)
0.3 Lag.66C00.40F€0.6003—s [La][Cop.61Fen.39O3 + 0.26Fe03 3.908 3902(3)
0.4 Lag 57C0p 40F€0.6003—s [La][Cog.70Fep 3003 + 0.38Fe03 3.906 39093)
Magnetization (emu/g) 10 Ms max = 7.81 emu/g small particles), then these particles should represent at least
6.5/59.2 = 11 wt% of the sample.
61 If we assume that the perovskite phase has no cation defi-
ciency and that the excess B cations form $he€e,O3 phase,
21 Coercitive field:

/85000 then the formulation of the L@a_,)Cop 4Fep.603—s Oxides can
e ! )
' ; , , be broken down ta;FeO3 + Lag—,)Cao.aFgo6-y)O3-5. To
-/10000 _ 20000 recover an ABQ perovskite, all of the stoichiometric coeffi-
1 Magnetic field (Oe) cients must be divided by (& y). The formulation of these
materials is summarized ifable 3
| The exact composition of the= 0.3 sample is LaesC0o 40
-10- Fen.s003—s5. Taking into account no cation vacancy and pres-
ence of an iron oxide phase, this can be broken down into its
Fig. 3. Virgin magnetization (after ZFC) and hysteresis effect at 4 K for components, LaGsiFep 3003 + 0.26Fe0s. In this Composite
Lag 7C0p 4Fep 6035 calcined at 750C. material, iron oxide represents 10.6 wt% of the sample. This
. o 1 formulation is then in close agreement with the 11 wt% of
maximum magnetization of 74 emugbut only 59.2emug’  y.Fe03 estimated from magnetization datéig. 3). In this
when the particles are smalp8]. The magnetic behavior formulation, the Fe in F£3 represents 57% of the total Fe of
of the La;—,)Cop4Fene03-s series was studied to obtain the sample, corresponding to the phase repartition calculated
more information about the structure. As showrFig. 3for  from the Mdssbauer results (58%, Seble 9.
Lap 7Coy 4Fen.603_s calcined at 750C, a hysteresis cycle was Thus, like the experimental cell parameters a (Ezae J),
obtained when varying the magnetic field betweeh8 and  the variation of the calculated cell parametefslong the se-
+18 kOe. The existence of a strong coercive field (8500 Oe) i§€S was very weak and independent of the La deficiency. This
consistent with a hard magnetic material. also confirms the assumpt!ons that we made to describe the
The observed magnetization of the sample of 7.8 enfug La(ll—y)coo-4':a)-603;]5 materials. drawing th o
cannot be assigned only to the perovskite contribution. Indeed nour systems_, three structures r_awmgt ese two-phase ox-
. - ides can be envisaged, as schematize8dheme 1A core-
previous work on pure LaGée O3 indicated that such ox-

id ¢ imal tizati ¢ about 1.3 emh shell phenomenon can be imagined with either a unique
ides present a rqaxmq magnetization ot about 1.5 €MUg ., e 0. core Scheme A) or multiple nanosized-cores dis-
[29]. A6.5 emu g+ contribution of FeO3 then must be consid-

. ’ = persed in the perovskite phagzheme B). The last possibility
ered to explain the experimental magnetization of 7.8 emug  (scheme C) is that the two phases coexist as individual parti-
Such magnetization (6.5 emud is higher than the theoret- cles, but with ay-FexOj size too small to diffract X-rays.
ical maximum fora-Fe03 (0.4 emug? for pure «-Fe03)

The iron oxide phase cannot be consideteffe,O3, but if  3.1.5. TEM

we assign the experimental magnetizationytemall FeOs Samples were dispersed in a resin, then cut and polished.
small particles (59.2 emud theoretical magnetization when The cut of 750C calcined La 7Cop 4F&.603_s material ob-

-20000

. v-Fe;0; phase
Perovskite phase

Scheme 1.
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Fig. 4. TEM pictures of cut of Lg7Cog 4Fey 603_s (750°C): (a) general viewx 3000); (b) zone of large grains@0,000); (c) of zone of small grains«@29,000).
Average molar distribution (%) of cations in the whole sample (a), the large grains (b) and the small grains (c).

served by TEM is shown ifrig. 4 The existence of two types explains the nonsymmetric shape of the reflections observed on
of grains is clearly shoen on low magnificatidfid. 4a). Zones the XRD patterns and is consistent with the composition distri-
of small grains (20-50 nnFig. 4c) surround zones of larger bution taking the Mdssbauer spectra into account.

grains (120-190 nmFig. 4b). Analyzed by EDX, the ele- The La content from one edge to the other of both small and
mental composition over a large area covering both the smallarge grains was studied by analyzing consecutive 8-nm-wide
and large-grain regions is in agreement with that determinedreas by EDX; results are plotted fig. 5. Whatever the size

by ICP. If separately analyzed, small-grain regions exhibit af the grain, 190 or 26 nm, the La content remained almost
higher Fe content (53.4 mol%) than the large grain regiongonstant all along the grain. According to the unique central
(17.9 mol%). Because the small grains are not puiee,O3 y-Fe0s core hypothesis, the La content should decrease when
particles and have too large a diameter to not be detected tanalyzing the core; thus, this hypothesis also must be discarded.
XRD, Scheme € must be discarded. The different perovskite The only structure that can describe our compounds is that in
compositions in the small and large grains (LaG¢-.5003 + Scheme B. Materials are then made of nanocores dispersed in
0.61Fe03 and LaCg g7/Fey.3303 + 0.015Fe03, respectively) a La—Co—Fe perovskite matrix.
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Fig. 5. Distribution of the La-content along thed.#Cop 4Fep.603_s (750°C) grains.

Because of the rejection of the excess B-cations via Fe int0.90 to 4.85 mL for the series at 990. Hydrogen consump-
the y-FeO3 phase, the perovskite phase average compositiotion is practically independent on calcination temperature. The
is Co-rich, up to LaCg73Fen. 2703 for y = 0.2. In a previous amounts of hydrogen consumed in the second zone (volumes
study[12] we showed that when the La—Co—Fe perovskites con¥,) do not vary much with varying. The slight variations are
tain at least as much Co as Fe, they crystallize in the rhombaiue to the difficulty in achieving total reduction at 9GD.
hedral system. The observed cubic symmetry of the perovskite The perovskite phases of the sampjes 0.2 andy = 0.4
phase is probably caused by an epitaxial growth on the cubigre noticeably identical (seEable 4. However, V; is largely
y-F&03 cores. This interpretation could also explain the highemigher fory = 0.4 (4.79 mL) than fory = 0.2 (3.22 mL). These
Fe content in the smaller grains than in the larger grains seen Qo catalysts differ only in terms of their iron oxide content

TEM. (0.26 FeOs per perovskite fory = 0.2 and 0.38 fory = 0.4).
A part of the hydrogen consumed in the first reduction zone
3.2. Reducibility and reduced catalysts can then be attributed to the reductionyofe,03. The same
conclusion can be drawn when comparing: 0 and 0.1.
3.2.1. TPR A partial reduction of the materials is then possible for the

Because the metal phase is the active phase in Fischetwo series of perovskites. In a previous w¢i] we showed
Tropsch synthesis, attention was given to reducibility. The rethat the partial reduction at 45C of LaCq 4Fey.603 generates
duction was first followed by TPR. The hydrogen consumptionCo” particles on partially reduced perovskite. Here the pres-
profiles are presented fig. 6for the series of perovskites cal- ence of an additional phase ptFe0O3, which seems to be

cined at 750 and 90TC. reducible, would modify the nature of the metal phase gener-
The two series of catalysts present two zones of reductiorated by partial reduction, as can be seen by XRD, magnetic
the maxima of which appear around 450 and 90@or calci- measurements and Mossbauer.

nation at 750C and a little higher for calcination at 90C.

The lanthanum deficiency does not strongly influence the re-

duction temperature, but it does affect hydrogen consumptioﬁ'z'z' XRD ] )

in the first zone of reduction; the volume of hydrogen consumed _ 1 he difiractograms of the partially reduced oxides (1.5 h at
at low temperature increases linearly with 450°C under 10% H/He) are presented ifig. ?for the two se-

The other effect of the higher calcination temperature ig€s: The crystalline structure of the perovskite phases was pre-
to increase the separation between the two reduction zonekerved whatever the calcination temperature and the lanthanum
Whereas for the series at 750, separation involves only a deficiency. The peak of-Fe;Os detected on fresh samples
short return to the base line around 3@ the stability without ~ for y = 0.4 disappeared to the benefit of a new peak around
any hydrogen consumption lasts betweerfG@or y =0 and 20 = 53, attributed to a bcc Co-Fe all¢g0]. The lattice pa-
120°C for 0.1 < y < 0.4 for the series at 90TC. Consequently, rameters of the two phases of the partially reduces samples are
all of the partially reduced perovskites are stable under reduddiven inTable 5 The cubic lattice parameter of the perovskite
ing conditions around 50TC. This stability of partially reduced Phase does not vary much with from 3.908(3) to 3.920(3) A
oxides would allow their use as stable catalysts for Fischerfor the series at 750C, and from 3.899(3) to 3.924(2) A for the
Tropsch synthesis. series at 900C. The cubic lattice parameter of the metal phase

The volumes of hydrogen needed for the reduction of 50 mdies between 2.856(7) and 2.849(7) A for the two series, cor-
of fresh oxide at the two calcination temperatures are reportetesponding to alloy composition between 6GoFen.50° and
in Table 4 The amount of hydrogen consumed in the first(Cop.eoF€n.40)° [31]. The alloy crystallite medium size was es-
zone (volumed/p) increases with the lanthanum deficiency timated by the Debye—Scherrer formula as 10 nm for the series
from 1.02 to 4.79 mL for the series at 790, and from at 750°C and 28 nm for the series at 9%0.
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Fig. 6. TPR profiles of L y)Cop.4Fep.603—5. Calcined at 750 and 90C.

Table 4
Volume of hydrogen consumed during the two zones of reducfign first
reduction around 45%C; V5, second reduction around 90C

y  Formula 750C 900°C

Vi (mL) Vo (mL) Vq(mL) Vp(mL)
0 LaCq40Fen,6003 1.02 617 090 616
0.1 LaCq46Fen 5403 +0.11Fe0O3 2.21 607 216 614
0.2 LaCq 73Fep 2703+ 0.26Fe03 3.22 593 301 558
0.3 LaCqgiFep 3903 +0.26Fe0O3 3.83 601 375 536
0.4 LaCq 70Fep 3003 + 0.38Fe03 4.79 531 485 546

3.2.3. Magnetic measurements

netization increased with the lanthanum deficiency, from 3.3
to 25.3 emug?! for the series at 750C and from 1.3 to
33.4 emug? for the series at 90TC. Saturation magnetiza-
tions at ambient temperature for various iron-based alloys de-
pending on their composition have been given previo{&2y.
The content in alloy (whose composition is determined from
the lattice parameter) can then be deduced fronMievalues.
For the two sampleg = 0.1, the lattice parameter could not be
determined by XRD, and so the alloy composition was taken to
be equal to that of the sampje= 0.2 in the same series.

As reported previously, for stoichiometric perovskites<
0), the metal phase generated by reduction is only c¢ba]t

In view of quantifying the metal generated by partial re- In contrast to the partially reduced stoichiometric perovskites,
duction, magnetization cycles were performed on partially rein which the amount of metal (&) decreases with the initial
duced samples. The cycles for the two series of partially reealcination temperature (by 2.1% for=0 at 750°C and 0.8%
duced catalysts are shown kig. 8 and the corresponding for y = 0 at 900°C), the amount of metal formed after partial

saturation magnetizations are givenable 5 Saturation mag-

reduction of deficient perovskites increased with the initial cal-
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Fig. 7. Diffractograms of Lg_ y)Cop.4Fep.603—s. Calcined at 750 and 90, after partial reduction at 45.

Table 5

Lattice parameters of oxide and metal phases after partial reduction of the yo,}@og 4Fep. 603 series. Saturation magnetizatioH §) after partial reduction.
Amount of metal (wt%) and formula of the metal phase

y 750°C 900°C
a(oxide) a(metal) (A) Ms(emug?l) a(oxide) a(metal) (&) Mg (emug?l)
A) [composition] [metal amount] A [composition] [metal amount]
0 3.920(3) - 33 38993 - 1.3
[Co] [2.1 wt%] [Co] [0.8 wt%)]
0.1 3.921(3) - 11.0 3921(3) - 9.5
[Cog.50Fen .50 [4.8 wt%] [4.0 wt%]
0.2 3.914(3) 2.856(7) 15.2 3193 2.853(7) 15.9
[Cop 50Fen.5d [6.6 wt%0] [Cop.55Fep.45] [6.8 wt%]
0.3 3.9083) 2.856(7) 21.8 D113 2.854(7) 23.4
[Cop 50Fen.5d [9.5 wt%] [Cop.53Fep.47] [10.1 wt%]
0.4 3.914(3) 2.854(7) 253 D242 2.849(7) 334

[Cop 53Fep.47] [10.9 wt%] [Cop s0Fen.4dl [14.1 wt%]
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Fig. 8. Magnetization cycles of ka_,)Cop 4Fep.603-5. Calcined at 750 and 90, after partial reduction at 45.

cination temperature (10.9% for= 0.4 at 750°C, compared tics of which are given iriTable 6 The isomeric shift of the
with 14.1% at 900C). first sextet § = 0.345 mms!) and the value of the hyperfine
The amount of metal generated by partial reduction infield (H = 537 kG) allowed its attribution to P& in the B
creased significantly with increasing lanthanum deficiency. Theites of the perovskite phase. The sextet of'Fim y-FeOs3
maximum was obtained for the sampje= 0.4 calcined at encountered in the fresh oxide (s&able 2 disappeared to
900°C. the benefit of another sextet, whose isomeric shift close to 0
Note that for the series at 78C, the saturation magneti- (§ = —0.003 mms!) is characteristic of metal iron. The value
zation of reduced samples was difficult to reach (B&e 8),  of the hyperfine field # = 339 kG) is in accordance with an
accounting for a superparamagnetic behavior, in accordancglioy phase of composition G&Cop s (342 kG)[33]. Partial
with the small particle size calculated from XRD (10 nm). This reduction of the perovskite involved the total reduction of the

was not the case for the series at 900 y-Fe03 cores into metal iron, which combined with the metal
cobalt coming from perovskite reduction to form agcbey s
3.2.4. Mdssbauer experiments alloy.

To understand the origin of the Co—Fe alloy, M&ssbauer ex- Combining the various characterization results allowed us
periments were carried out on partially reduced deficient perto determine the formulae of the partially reduced perovskites.
ovskites. The Mésshauer spectrumyof 0.3 (calcination at These are presentedTable 7
750°C) after partial reduction is shown ifig. 9. The exper- The amount of metal generated by partial reduction in-
imental spectrum is the sum of two sextets, the charactericreased with increasing La deficiengyand with increasing
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Fig. 9. Partially reduced lg;Cog 4Fep 6035 experimental Méssbauer spectrum at 4 K and its deconvoluted components (A) or their sum (B).

Table 6 and Mdssbauer would then be located at the surface of the cat-
Characteristics of the lggyCop 4Fey 603 (after partial reduction) deconvo- alyst grains.
luted MOssbauer components

Component § (mms1) A(mms?1) H(KG) Attribution (%)

Sextet 0345 0 537 F&t (B-site) 74
Sextet —0.003 0 339 Fe 26

3.3. Catalytic results

Before testing the reactivity of the partially reduced systems
in Fischer—Tropsch synthesis, we evaluated their ability to initi-
initial calcination temperature of the oxide, except fo=0  ate the reaction by studying the CO dissociation reaction under
andy = 0.1. For the systeny = 0.2, they-Fe;O3 phase was  atmospheric pressure. The CO dissociation in tgr&e and

difficult to reduce, possibly because of its higher Co contenty ;. ..is considered the limiting step of the Fischer—Tropsch
compared with other systems. The proportion of iron in the perreaction[34].

ovskite was increased after reduction.

3.3.1. CO dissociation

CO conversion into C®and Gyrface for the partially re-

The cut of 750 C calcined L3.7Cop 4Fen.603_s material af-  duced series of perovskites calcined at 750 anc@08 shown
ter partial reduction observed by TEM is showrig. 10 Asin  in Fig. 11 Among the catalysts of a single series, the activity
the fresh catalyst, the grains are heterogeneous in size and com-CO dissociation increased with increasing lanthanum defi-
position. Mean grain size was the same in the reduced samptgency, due to the increased metal generated by reduction. For
and the fresh sample, for both large (100-200 nm) and smathe series at 750C, CO conversion increased almost linearly
(20-50 nm) grains. The morphology was not modified by refrom 12% fory = 0 (2.1 wt% of metal) to 19% foy = 0.4
duction. EDX analysis found no grains free of lanthanum andq10.9 wt% of metal).
no isolated particles of alloyrig. 10 shows the mean molar Comparing the two series, it appears that despite their higher
composition in cations in the whole sample, as well as in thenetal content, the catalysts of the series atdD®ad weaker
small and large grains. The grain composition of the reducedctivity in CO conversion than those of the series at 450
sample was similar to that determined before reduction, smalFor example, fory = 0.4 (14.1 wt% of metal), CO conversion
grains are enriched in iron compared with large grains. The lanwas only 12%. In these systems, the larger metallic particle size
thanum content profile along the graisd. 10 reveals thatit (28 nm compared to 10 nm for the series at 76D led to a
was always higher in the center of the grain than at the edgelecrease in surface/volume ratio, and the higher metal content
The metallic phase detected by XRD, magnetic measurementdid not have a beneficial effect on catalytic activity.

3.25. TEM

Table 7
Developed formulation of partially reduced &a ;) Cop.4Fep.603-—s Oxides calcined at 750 and 960G

y Calcination at 750C and partial reduction Calcination at 900 and partial reduction

0 Cef ggdLaC 1 (CO3 h Fen.6002.78 Cof ogLaCeh 31Cag heFen.6002.80

0.1 (Co.50F€0.509 5/ LaCC{z)EsFQJ.Gsoz.sz (Cop 55F .43 14/ LaCQZ)EGFeo.MOz.sz +0.02 FeQ
0.2 (Con 50F €050 39LACKH 5gFe0.4402.72+ 0.09FeQ (Coo 557 499 5/LaCE s Fen 460273+ 0.09FeQ
0.3 (Co 50F€0.50 47/ LaCC€37FQJ.6302.82 +0.02FeQ (Cop 53Fe.47)9 5o/ LaCC%E4Feo.6602.83+ 0.01FeQ
0.4 (Con.50F€0.509 5¢/LACH hoFe0.6102.80+ 0-09FeQ (Co0.60F.409 75/LaCE HoFev.7502.84
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Fig. 10. TEM pictures of cut of Lg;Cog 4Fep.603—s (750°C) after partial reduction (top). Average molar distribution (%) of cations in the sample (middle).
Distribution of the La-content along the grains (bottom).

20 q

5 750°C 3.3.2. Fischer-Tropsch synthesis

16 - After the initial evaluation of the catalytic activity by CO
S 14 dissociation at atmospheric pressure, the catalysts were tested
‘g 12 | 900°C in real Fischer—Tropsch synthesis conditions under 1 MPa pres-
% 10 sure (see Sectiop). The CO conversion obtained for partially
g 8 | reduced catalysts of the series at 7680 as well as the most ac-
s 6 tive catalyst of the second serigs=£ 0.4 at 900°C), are shown
© 4] in Fig. 12 The increased CO conversion witlis in accordance

24 with the results obtained by CO dissociation. A temperature of

0 : : , , 230°C was sufficient to obtain a CO conversion of 4.5% with

0 0.1 oyz 0.3 0.4 the catalyst LasCap 4F&n 603—s (y = 0.4), whereas the system

in which y = 0 required an increase in reaction temperature to
Fig. 11. CO conversion (%) versus lanthanum deficientyr the two seriesof ~ 280°C to reach a conversion of the same order (3.7%). At the
catalysts (calcined at 750 and 90D), reaction of CO dissociation. same La deficiencyy(= 0.4), as foreseen by CO dissociation,
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25 1 lar selectivity into oxygenated products (mainly methanol and
=0.4 (750 °C) ethanol) ranged from 6.4% for= 0 and 12.1% fory = 0.4.
9 20 - More than a catalyst effect, the formation of such oxygenated
E y=0.4 (900 °C) products seems to be favored by lower reaction temperatures.
5 15 - In comparison with the literature data on FeCo alloys in
g y=0.3 Fischer—Tropsch, our catalytic systems appeared to produce lit-
S 101 tle CO;,. Previous studies of Co—Fe alloys deposited on zeolites
g y=0.1 at a 3% conversion of CO found variable molar selectivity to
© 5| " CO, depending on the support, 41% with HZMS-5 and 51%
/X' with HY zeolite [35], whereas at the same order of conversion,
0 the CQ selectivity of our systems was only around 20%.
‘ ‘ ‘ ‘ In the hydrocarbon fraction, the ratj@€,—C4]/Cs™ was in-
210 230 250 270 290

dependent ofy and equals 2.4 (weight distribution). For lan-
T(°C) thanum deficiency up te = 0.3, methane was the main hy-

_ _ _ _ drocarbon fraction (accounting for 47-52% of the total weight
Fig. 12. CO conversion (%) vs. Fischer-Tropsch reaction temperature for th8f the hvdrocarbon fraction) For the most deficient catalyst
catalysts of the series at 73C andy = 0.4 at 900°C. y . s ' Y
(y = 0.4), decreasing the reaction temperature (to Z30in-

oCco, EHC O00x duced a significant decrease in methane formation, to only

80 32% of the total weight. For this catalyst, at CO conversion of
—~ 70 A 5%, the main fraction was the,E€C, fraction (48% of the to-
> 60 - tal weight). The decrease in reaction temperature changed the
g : L . .
2 olefin proportion in the &-C4 fraction. Olefins were clearly
% 50 favored fory = 0.4 (230°C), because the olefin/paraffin ratio
= 40 - reached the value of 3 (75% of olefins in this fraction). This
; 30 ~ is in accordance with a decrease in the secondary reactions of
s 20 A olefin readsorption and their consecutive hydrogenation at low
g 10 - reaction temperatur@6,37].
0 The selectivity into olefins in the light fraction is much
higher than that reported by Chen et @8] and Ishihara et
(2%';90) (3'5:8;(1:) (3'5: 50%) (3':50%) (g;?;é) al. [39] on FeCa-based catalysts. Chen et al. reporigd] an
olefin/paraffin ratio of 0.2-0.5 (depending on the reducing pro-
B CH, =3C,-C, —1Cs" % 0O/P in C>-C,4 cedure) over FeGgcarbon catalyst, whereas Ishihara e{28]
reported olefin/paraffin ratios in thex&Cs fraction of 1.5 over
— 60 — TiO2 and 0.6 over Si@ The FeCo-based catalysts studied by
& 50 A_-3 Butt et al. [35] were also poorly selective into light olefins
.§ 40 |_ L (olefin/paraffin ratios in the &-Cs3 fraction between 0.3 and
= ) ] 0.7).
E 30 + | 2 To summarize this comparative study of the catalysts, it ap-
) i pears that the amount of metal phase generated by controlled re-
%D 20 1 L1 duction did not significantly affect the selectivity of the reaction
g 10 1 | but did direct Fischer—Tropsch activity. ¢.6Cop 4Fep.603_s
exhibited high CO conversion at moderate reaction tempera-
0 0 tures (21% conversion at 258), with such temperatures al-
y=0 y=0.1 y=02 y=03 y=04 lowing high selectivity toward light olefins.
(280°C) (250°C) (255°C) (245°C) (230°C) The aim of the present study—to increase the metal amount

_ _ o _ , to improve the catalytic performance of the La—Co—Fe perovs-
Fig. 13. Fischer-Tropsch product distribution at CO isoconversion of 5% fork.t th | | hi d. With th . L
the catalysts of the series at 750, ites—thus was largely achieved. Wi e previous non-La-
deficient perovskitg12] (which corresponds ty = 0 in the
present work), Fischer-Tropsch activity was much lower (2%

the activity of the catalyst calcined at 900 was lower than of CO conversion at 27CC).

that of the catalyst calcined at 750.
The product distribution obtained at CO isoconversion of al-3_3'3_ Long-term activity

most 5% is shown ifrig. 13 At isoconversion, the product dis- The perovskite Lg7Cay.4Fen 603 of the series at 750C
tribution did not vary much among the series. Molar selectivitycorresponding to a La deficiency = 0.3 was extensively

to CO;, varied between 26% for = 0.2 andy = 0.3 and 19%  characterized before catalytic tests and after reducing treat-
for y = 0.4. Hydrocarbon fraction was always the major partments. Long-term Fischer—Tropsch activity studies were then
of the products (around 67—-69% of molar selectivity). The moperformed on that catalyst, under the same experimental condi-
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tions as before, at 25, for 300 h. The results, presented in
Fig. 14 show that CO conversion increased in the first 75 h of
catalytic testing from 4.5 to almost 7%, and then remained quite
constant over the next 225 h. No deactivation was observed.

During the test, the product distribution remained almost un-
changed. As seen for the CO conversion, an initial period of
75 h was necessary to reach the steady state. Hydrocarbons rep-
resented 70% (in mol) of the products; the molar selectivity into
CO, and oxygenated products stabilized at around 25 and 5%,
respectively. Among the hydrocarbons, the-Cy4 fraction rep-
resented 46% of the total weight, 41% for ¢£lnd 13% for
heavier hydrocarbons. The olefin/paraffin ratio in the-Cy
fraction decreased initially from 3 to 2.3, and remained con-
stant at this value.

3.4. Characterization after testing

Fig. 15presents diffractograms of the .#8Cap aFey.603—s
catalyst after partial reduction at 450 and compares them
with those obtained after CO dissociation reaction and after
Fischer—Tropsch synthesis. As explained earlier, after partial re-
duction, the perovskite crystalline structure was preserved, and
the reduction of cobalt cations in the perovskite along with the
reduction of they-Fe,O3 cores gave rise to a (Co—Eealloy
detected by XRD. After CO dissociation, the perovskite struc-
ture was still preserved, and the alloy was still detectable by
XRD. However, after Fischer—Tropsch synthesis, although the
perovskite phase was not modified, the alloy main diffraction
peak disappeared. No carbide phase was detected, ngither
Fe;Co (thought to be the active phase by many autlds-44)
nor cobalt carbide G, unstable at ambient temperature but
detected on bimetallic Co—Fe Fischer—Tropsch catalysts after
testing[45,46] One explanation for this finding could be the
redispersion of metal aggregates into smaller particles (metal
and/or carbide) that are not detectable by XRD. This assump-
tion could not have been confirmed by TEM observation of
the catalyst after Fischer—Tropsch reaction, because no isolated
particles of Co—Fe (without lanthanum) were detected by TEM.

55 60 65 70 75 80 85

2 6 (deg)

Fig. 15. Diffractograms of Lg7Cop 4Fen 603_s (750°C): (a) after partial reduction, (b) after CO dissociation, (c) after SFT.
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4. Conclusions higher than that of the best catalyst of the previous seyies(
in the present work, CO conversion of 2% at 20).

Lag—,)Cop.4Fen.603—5 materials prepared by the thermal
decomposition of mixed La—Co—Fe propionates did not leadkeferences
to La-deficient perovskites, although single perovskite phases
were observed by XRD up to a La deficiency of 0.3. Mdssbauer[1] L.J. Tejuca, J.L.G. Fierro, Properties and Applications of Perovskite Type
spectroscopy revealed the presence of gitDg@hase in addi- Oxides, Dekker, New York, 1993.
tion to the perovskite. Magnetic measurements were in favor of2] M-A. Pefia, J.L.G. Fierro, Chem. Rev. 101 (2001) 1981. _
the iron oxide phase-Fe;Os instead ox-Fe;03. According to 3l Isc;nl;(?se’1}25.38(.3531?(2(.)}3.:’,\),\?807’.‘]'\/\/. Kim, T. Ishihara, D.K. Kim, Solid State
both micrographs and EDX analysis, iron oxide particles WET€ 41 BT Cong, P.N. Anh Huy, N.H. Long, J. Magn. Magn. Mater. 262 (3)
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[11] L. Wachowski, S. Zielinski, A. Burewicz, Acta Chim. Sci. Hung. 106
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