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Abstract

Zirconia-supported iron-based Fischer—Tropsch catalysts were prepared using incipient wetness impregnation. The choice
of the precursor, in this case the chelating ammonium iron(lll) citrate, and the applied calcination temperature determine
the final distribution of the precursor on the zirconia support. Several techniques reveal that both an unpromoted and a
potassium-promoted catalyst can be prepared, of which the iron(lll) oxide exhibits a high dispersion and is, moreover,
monodisperse.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction carbon nanofibers, since the growth of nanofibers
proceeds very rapidly3]. A high dispersion of the
Though supported iron catalysts frequently have iron particles could be maintained by anchoring par-
been proposed for Fischer-Tropsch synthesis, sup-ticles which are (partly) oxidic to the oxidic support
ported cobalt catalysts are presently preferfe@] material.
as it is difficult to suppress the growth of carbon  The presence of iron oxide as such during the
nanofibers from iron particles, which are plugging Fischer—Tropsch reaction, however, is not desired,
the reactoff3]. However, it has been established that since iron oxide is known to catalyze the watergas-
very small metallic iron particles (less than about shift reaction, the conversion of carbon monoxide with
5nm) do not grow carbon nanofibef4]. However, steam into carbon dioxide and hydroggs). More-
it is difficult to achieve a high degree of reduction over, using an oxidic iron catalyst, a high hydrogen-
of the supported iron oxide precursor without pro- to-carbon monoxide ratio leads to a relatively high
ducing a fraction of large metallic iron particles. production of methane, which is very unfavorable.
Even such a small fraction of large metallic iron Starting from methane as presently most preferred
particles is capable of producing a large amount of feedstock it is already difficult to achieve the desired
hydrogen-to-carbon monoxide ratio of about 2 with-
* Corresponding author. out the carbon monoxide shift conversion proceeding.
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A virtually complete reduction of the iron oxide
precursor is therefore the objective.

To obtain small metallic iron particles, a low load-
ing of an iron oxide precursor very well dispersed
over the surface of the support is required. With the
common oxidic supports silica and alumina it is dif-
ficult to prevent reaction of the iron(ll), which is ini-
tially produced during reduction, with the support to
iron(Il) silicate or iron(ll) aluminate. As both iron(ll)
silicate and iron(ll) aluminate are very difficult to re-
duce[6-11], silica and alumina are not very suitable
as support for iron-based Fischer—Tropsch catalysts.
Zirconia does not form bulk iron(ll) zirconate, al-
though the interaction with iron oxide is sufficient
[12-16] to anchor supported metallic iron particles
through an intermediate very thin iron oxide layer.

It has been mentioned that alkali metals, especially
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the water of the impregnating solution proceeds al-
most exclusively at the external edge of the support
bodies, the liquid migrates to the external edge of the
support bodies in the later stages of the drying process
as a liquid film on the pore walls of the support. With
the usually well soluble salts dissolved in the impreg-
nating liquid, crystallization proceeds at or near the
external edge of the support bodies.

Important parameters during the drying step are the
change in viscosity of the impregnated liquid during
drying, the interaction of the drying solution with the
surface of the support and the tendency of the precur-
sor to crystallize within the solution, which becomes
more concentrated during drying. van den Brink et al.
[18] investigated impregnation and drying of solutions
of a considerable number of different iron compounds.
This author showed unambiguously that a uniform dis-

potassium and cesium, promote the Fischer—Tropschtribution of an iron oxide precursor and very small

synthesig5,16]. Therefore, a reaction of the support
with the alkali promoters also has to be avoided. As
silica and alumina both react with alkali metal oxides

and zirconia does not, we selected zirconia as the sup-

port for our supported iron catalyst.

The preparation of very small supported metallic
iron particles without a significant fraction of larger
iron particles is also interesting, because in literature it
is mentioned that it may be possible to produce a com-
mercially interesting fraction of light olefins by per-
forming the Fischer-Tropsch reaction at a relatively
elevated temperatufé7]. With iron catalysts accord-
ing to the present state of the art, a higher tempera-

iron oxide particles could be achieved by impregnat-
ing with a solution of a compound with a chelating an-
ion, such as, ammonium iron(lll) citrate. Ter6@o]
discovered that the reason for this is that the viscosity
of ammonium iron(lll) citrate solution increases dur-
ing evaporation of the water in contrast to solutions
of, e.g. iron(lll) nitrate.

While van den Brink et al.[18] and Terdrde
[20] mainly investigated silica supports, Chen et al.
[15] employed zirconia supports. These authors pre-
pared their catalyst by impregnation with a solution
of iron(lll) nitrate. Using Mdssbauer spectroscopy
(MAS) and X-ray diffraction (XRD) they concluded

ture leads to growth of carbon nanofibers. The ability that the particle size distribution of the iron oxide

to selectively and continuously produce a significant
fraction of olefins therefore depends on the possibility
to prepare catalysts containing metallic iron particles

phase was bimodal containing particles larger than
12nm next to smaller particles. Since, the nitrate
precursor is highly soluble and not immobilized

of a size not larger than about 5 nm without a marked during drying (no increase in viscosity during dry-

fraction of larger iron particles.
In this, study we have selected a preparation proce-

ing), the presence of such relatively large iron ox-
ide particles is not surprising. As mentioned above,

dure that can be readily scaled up, viz. incipient wet- a better dispersion can be obtained when an or-
ness impregnation, drying and subsequent calcination.ganic chelating precursor is employed. Boot et al.
After loading in the reactor reduction to metallic iron [12,21] studied potassium-promoted and unpromoted
using hydrogen is performed. Whereas pore-volume zirconia-supported iron oxide catalysts using ammo-
impregnation smoothly leads to a homogeneous dis- nium iron(lll) citrate as a precursor. With both the
tribution of the impregnating solution throughout the promoted and the unpromoted catalysts he obtained
pores of the support, it is very difficult to maintain uniform distributions throughout the zirconia support
a uniform distribution of the precursor during drying. bodies of small iron oxide particles. Investigation of
Elsewhere several aspects of the drying step have beerthe catalysts on a microscopic scale, however, showed
described in detail18,19] Since, the evaporation of a bimodal size distribution of iron oxide particles.
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MAS indicated the presence of some relatively large
particles, the size of which even exceeded 12 nm.
As dealt with above very favorable properties in
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system. Co &1 radiation with a wavelength of
1.78897 A was used. The samples were crushed very
finely prior to the measurements.

the Fischer—Tropsch synthesis can be expected from TEM was performed using a Philips CM30T elec-

highly dispersed, zirconia-supported metallic iron
catalysts. Furthermore, the production of a significant
fraction of light olefins may be possible employing
suitable iron catalysts in the Fischer—Tropsch syn-
thesis. We, therefore, set out an investigation of the
production of zirconia-supported iron catalysts with
very small particle sizes using the ammonium iron(l11)
citrate impregnation method. This paper involves the
first step in the synthesis of the catalyst, viz. impreg-
nation and drying of pre-shaped zirconia extrudates
with a solution of ammonium iron(lll) citrate. The
iron oxide particles resulting after calcination are
investigated by MAS, XRD, transmission electron
microscopy (TEM), and thermogravimetry (TGA).

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by means of incipient

tron microscope with a LaBfilament as the source of
electrons operated at 300 kV. Samples were mounted
on a microgrid carbon polymer supported on a cop-
per grid by placing a few droplets of a suspension
of ground sample in ethanol on the grid, followed by
drying at ambient conditions.

Mdossbauer absorption measurements were car-
ried out in a constant acceleration mode using a
5’Co in Rh source. Isomer shifts (1.S.) are reported
relative to the NBS standard sodium nitroprusside
(NapFe(CNENO-2H,0). Magnetic hyperfine fields
were calibrated with the 515 kOe field afFe,O3 at
room temperature. The Méssbauer parameters were
determined by fitting the spectra with subspectra con-
sisting of Lorentzian-shaped lines using a non-linear
iterative minimization routine. The accuracy for the
I.S. is £0.03 mm/s, for the electric quadrupole split-
ting (Q.S.)+0.05 mm/s and for the spectral contribu-
tion (S.C.) 5%.

The measurements were performed at ambient pres-
sure using an in situ Mossbauer reactor described in

wetness impregnation. The pre-shaped support mate-more detail in[22]. The freshly prepared unpromoted

rial used was zirconia (Norton XZ16075). The zirco-

and potassium-promoted catalysts were measured at

nia extrudates possessed a pore-volume of 0.28 ml/gvarious temperatures, viz. 4.2, 77 and 300K.

and a specific surface area of 48m Ammonium
iron(lll) citrate (Merck, 28% Fe) was employed
as precursor to obtain a calculated iron loading of
2.5wt.%. The potassium-promoted catalyst was pre-
pared by co-impregnation of ammonium iron(lll)

A Perkin-Elmer thermobalance was used to assess
the amount of carbon that was left on the catalyst
from the citrate precursor after the calcination. There-
fore, samples of the Fe/ZgOand the Fe/K/Zr@
catalyst were heated in the thermobalance from room

citrate and potassium carbonate; an atomic ratio Fe/K temperature to 1123K. A flow of carefully dried

of 1 was applied. For MGssbauer measurements, a cit-

rate complex enriched with tiéFe isotope was pre-

pared in order to shorten the measuring times. After
impregnation, the loaded support was dried at 350 K
in flowing air, and subsequently calcined at 723K
for 2h (heating rates were 5K/min). These calcined

catalysts are referred to as freshly prepared catalysts.

2.2. Catalyst characterization

The catalysts are characterized by XRD, TEM,
MAS and TGA.

air was passed through the thermobalance. The gas
flow out of the thermobalance was analyzed with a
mass-spectrometer (Fisons).

3. Results
3.1. Thermogravimetry

During heating the weight of the ambient air ex-
posed calcined Fe/ZrOcatalyst dropped. Up to a
temperature of about 473K the weight loss was

Powder XRD measurements were performed on an 1.13% due to the release of water as follows from the

Enraf Nonius PDS120 X-ray powder diffractometry

mass-spectrometer. At higher temperatures the weight



220 F.R. van den Berg et al./Applied Catalysis A: General 235 (2002) 217-224

decreased due to the reaction of carbon to carbon
dioxide. The rate of weight loss due to the combustion
of carbon was at a maximum at about 673K, and the
mass-spectrometer displayed a maximum signal of
mass 44 due to carbon dioxide. The total weight loss
from 473 to 1123 K was 0.64%, which corresponds to
the carbon content of the catalyst. With the loading of
2.5wt.% iron the atomic ratio of iron and carbon of the
freshly calcined Fe/Zr@catalyst is Fe/G= 4.5/5.3.

The ambient air exposed calcined Fe/K/Zr€ata-
lyst lost 0.98% of its weight due to release of water
during heating to a temperature of 473 K. At more el- r
evated temperatures the mass-spectrometer indicated
the evolution of carbon dioxide (mass 44). The maxi- W
mum rate of release of carbon dioxide was exhibited at 2 = AN
about 573 K. The weight loss of the Fe/K/Zr©@ata-
lyst due to the combustion of carbon was significantly

higher than that of the Fe/ZgCratalyst, viz. 2.09%.  very crystalline as is demonstrated by the long-range

The atomic ratio Fe/C of this Catalyst is 4.5/17.4. ordering of the |atticesmg_ 1 clearly shows fringes
Clearly, both oxidic catalyst precursors still jndicating the atomic layers). Note that all Zr@ar-

contained a lot of carbonaceous species after the calci-ticles exhibit smooth surfaces.

nation treatment. The carbon content of the potassium-  The XRD profile of the prepared Fe/Zs@atalyst

promoted Catalyst turned out to be three times hlgher after impregnation and dry|ng at 350 K—as presented

Fig. 1. TEM image of pure Zr@

than that of the unpromoted one. in Fig. 2—shows only the ordering of the zirconia
which turns out to be purely monoclini@3]. The

3.2. Transmission electron microscopy XRD pattern of the loaded support after calcination

and X-ray diffraction of Fe/ZrO, also shows no sign of a long-range ordered iron oxide.

The iron oxide species is therefore present as either
For comparison both pure and loaded (but unpro- small (beyond the detection limit, which is approxi-
moted) zirconia were investigated. The pure Zi® mately 3nm) particles or it is amorphous.

30 38 40 45 &0 58 &0 5 70 i &0
20(°)

Fig. 2. XRD pattern of the prepared 2.5wt.% Fe/Zr€atalyst after impregnation and drying at 350 K.
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Fig. 3. TEM image of freshly prepared 2.5wt.% Fe/Zr€atalyst.

Fig. 3shows a transmission electron micrograph of
the calcined zirconia support loaded with iron oxide.
Also in this figure the lattice fringes of the support are
clearly visible. The surface of the zirconia crystallites
exhibits a very thin amorphous layer of approximately
1nm in contrast to the images of the pure support.
Energy-dispersive analysis of the emitted X-rays
(EDX) shows that the thin layer contains iron. Study-
ing the specimen of the calcined iron-loaded zirconia
at a large number of different spots did not reveal the
presence of larger crystalline iron oxide particles. The
absence of crystalline iron oxide agrees with the XRD
results, which do not show any sign of large crystalline
iron oxide. It can therefore be concluded that the iron
oxide is present in the catalyst within a thin amorphous
layer (1 nm) on the crystallites of the zirconia support.

However, when the iron oxide loading is used to
calculate the thickness of the amorphous layer, a dif-
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An inhomogeneous distribution of the iron oxide over
the zirconia can be ruled out. Investigation of ran-
domly taken samples at low magnification in either the
light microscope or the scanning electron microscope
did not reveal any inhomogeneity. The presence of flat
patches of a thickness of about 1 nm not completely
covering the zirconia crystallites of the support is
more difficult to exclude based on the images taken in
the transmission electron microscope. The amorphous
layer is most evident at spots in the specimen where
the surface of zirconia crystallites is oriented essen-
tially parallel to the electron beam. Superposition of
flat patches of amorphous iron oxide in the image may
suggest the presence of a continuous amorphous layer.

However, the amorphous layer being thicker than
can be accounted for by the iron oxide loading can
be explained by the following. Ifsection 3.1it is
shown that during the calcination at 723 K the carbon
of the citrate is incompletely removed. The thermal
pre-treatment leads to a presumably porous layer of
intimately mixed iron oxide and carbon of a uni-
form thickness on the zirconia support. The carbon
remaining after the thermal pre-treatment effectively
prevents formation of crystalline iron oxide particles
sufficiently large to show up in XRD patterns or dis-
playing diffraction contrast in transmission electron
micrographs.

3.3. Mosshauer absorption spectroscopy

The measured Méssbauer spectra of the unpromoted
and promoted zirconia-supported iron oxide catalysts
reveal only a doublet a&f = 300 and 77 K. As shown
in theFigs. 4 and 5atT = 4.2 K a very broad S.C. of
a magnetically split component is found in addition to
the central doublet for both catalyst samples. Due to

ferent value results. For convenience, the density of the applied Doppler velocity scales the mean positions

crystallinea-Fe03 (p = 5.24 g/cn?) was taken for

the density of the iron-containing layer. A value of
approximately 0.15nm results for the thickness of
this layer. Even after adjusting for an amorphous iron

of the absorption lines 1 and 6 of the sextuplets are
just present on the border of these figures, and hence,
not directly visible.

The Moéssbauer parameters derived from the spec-

oxide compound, the experimental thickness cannot tra measured at 300, 77 and 4.2K are presented in

be reproduced.

The amorphous layer being thicker than can be ac-
counted for by the iron oxide loading may be due to an
inhomogeneous distribution of the iron oxide over the
extrudates of the zirconia support or to the iron oxide
layer incompletely covering the zirconia crystallites.

Table 1 For the magnetically split spectral compo-
nents at 4.2 K the I.S. values, mean effective hyperfine
fields “Hes” and S.C. are given. The parameters are
not significantly different for the unpromoted and
promoted catalysts. The doublets as well as the mag-
netically split spectral components can be assigned
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Fig. 4. Mossbauer spectra measured at (a) 300K; (b) 77K and (c) Fig. 5. MGssbauer spectra measured at (a) 300K; (b) 77K and (c)
4.2K of freshly prepared 2.5wt.% Fe/Z50O 4.2K of freshly prepared 2.5wt.% Fe/K/ZgO
to high spin F&t oxides. The observed line broaden- The high dispersion of the iron oxide is supported by

ing for the doublets and the very broad magnetically the size of the Q.S. Since this splitting depends on the
split spectral components &t = 4.2K point to the electric field gradient, it is a measure for the asymme-
presence of a superparamagnetic iron oxide. The try of the environment of the iron ions. van der Kraan
dispersion of the iron oxide must be very high (a [24] concluded that the Q.S. for iron ions present in

completely magnetically split spectrum At= 4.2 K the surface ofx-FeOg3 is higher than for iron ions
is observed for particle sizes 4 nm of FeO3 [24]). present in the interior of the oxide, viz.92 + 0.04
Table 1
Mdossbauer parameters for fresh 2.5wt.% Fe/ZeDd Fe/K/ZrQ at different temperatures
T(K) I.S. (mm/s) Q.S. (mm/s) I (mm/s) ‘Hett” (KO€) S.C. (%) Compound
FelZrG

300 0.60 0.99 0.57 100 )

77 0.72 1.00 0.57 100 Be

4.2 0.73 1.04 0.81 50 Be

0.73 420 50 Fer

Fel/K/ZrO,

300 0.61 0.93 0.57 100 fe

77 0.71 0.97 0.57 100 Be

4.2 0.72 1.05 0.91 65 Fe

0.73 420 35 =3
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and 0.52 mm/s, respectively. We observed a value of maintained. The carbon remaining after the thermal
0.99 mm/s, which closely resembles the Q.S. of sur- pre-treatment effectively prevents formation of crys-
face ions. Hence, the iron phase in our catalyst exhibits talline iron oxide particles sufficiently large to show
a large fraction of surface ions. up in XRD patterns or displaying diffraction contrast
in transmission electron micrographs.

In the following, the possible nature of the potas-
sium species present in the catalyst will be discussed.
In view of this, the interaction of potassium carbonate

Using the incipient wetness impregnation tech- during calcination with the iron oxide and the car-
nique it turned out to be possible to prepare a bonaceous material resulting from the decomposition
zirconia-supported iron oxide catalyst of a high disper- of the citrate has to be considered. Potassium car-
sion as is shown with TEM and MAS. The MAS spec- bonate reacts at more elevated temperatures (above

4. Discussion

tra clearly show that all iron(lll) oxide particles in both
the unpromoted and promoted catalystsadenm. In

the following, our catalyst synthesis is compared to
other synthesis routes described in literature. In partic-

ular, the applied calcination temperature is discussed.

After the drying step a very thin amorphous layer

1000K) with iron(lll) oxide to potassium ferrite,
KFe(Q,, under release of carbon dioxid25,26] If

the FeOs species is highly dispersed and also in
the presence of steam the reaction to Kga@curs
already at 723K[27]. KFeQ, has a characteristic
light-green color, but the compound is not stable upon

of the citrate precursor has been deposited on the sup-exposure to atmospheric §28,29] The olive green

port. This is due to the high increase in viscosity upon
drying which generates a (flat) gel-like structure on the
entire surface of the suppd&0]. To maintain the thin

layer containing iron oxide and carbon the tempera-

color was never observed in our experiments. Sto-
bbe[28] observed KFe@at calcination temperatures

above 923 K for a well-dispersed iron-on-magnesia
catalyst. Zirconia-supported iron-based catalysts re-

ture during calcination appears to be essential. Boot veal KFeQ after calcination at 1023 H29]. Both

et al.[12,21] calcined up to a temperature of 1023 K.
MAS of this calcined catalyst showed a magnetically

splitted spectral component even at room temperature,

which unambiguously indicates the presence of iron
oxide particles larger than 12 nm. TEM and XRD con-
firmed the presence of larger iron oxide patrticles in the
catalysts investigated by Boot for both the unpromoted
and the potassium-promoted zirconia-supported iron
oxides, which had a higher loading with iron oxide.
van den Brink et al[18] used the impregnation
method to deposit ammonium iron(lll) citrate on a
silica support (OX50, Degussa Germany, specific sur-
face area 50Aig). The catalyst was calcined at a
significantly lower temperature, viz. 770K. A sextu-
plet was revealed only at a temperature of 77 K, indi-
cating the presence of a (small) fraction of particles
larger than 4nm. In the present study, a calcination
temperature of 723 K was used. It is shown that even
at temperatures as low as 4.2K a magnetically split

Stobbe[28] and Boot[29] prepared their catalysts
through incipient wetness impregnation with the same
precursors (ammonium iron(lll) citrate and potas-
sium carbonate) as applied here. The main difference
between their experiments and those described here
is the lower calcination temperature, namely 723 K.
Apparently, this temperature is too low for the reac-
tion to KFeQ to occur and, moreover, Mdssbauer
experiments have not shown any sign of the potas-
sium ferrite. Although the ferrite is not present, Boot
has shown using infrared experiments thaCiQs is
present after calcinatidi29]. Based on the aforemen-
tioned it is likely that KCOg is initially present in
our catalyst.

In literature, it is reported that this carbonate may
react with hydrogen to potassium hydroxide (KOH) or
it may disproportionate to potassium oxide(®) and
carbon dioxidg30,31] On carbon, KOH and/or ¥O
spread out over the carbon surfd88], impeding the

spectral component is hardly present. This leads to oxidation (of the carbon species) during calcination.
the conclusion that the iron oxide in the presently Consequently, the carbon content of the catalyst pre-
investigated catalysts is highly disperse and, more- pared by co-impregnation of potassium carbonate is
over, monodisperse. The combination of TEM, TGA much higher than that of the catalyst prepared by im-
and MAS has made it clear why a high dispersion is pregnation of ammonium iron citrate only.
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