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Abstract Fe/SiO, and Rh-Fe/SiO, catalysts with
increasing Fe/Rh ratio have been prepared and character-
ized by TEM, XRD, oxygen adsorption and Mdssbauer
spectroscopy. It was confirmed that Fe/SiO, catalysts
cannot be reduced under hydrogen flow, to more than 50 %
whatever the temperature in the 200-500 °C range and
shown that the presence of even a small amount of Rh (Fe/
Rh <2,000) promoted the reduction of iron up to 85-95 %.
This promoting effect also took place with a Fe/
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SiO, + Rh/SiO, physical mixture (Fe/Rh <2,000).
Therefore, the occurrence of a hydrogen spillover effect
may be involved in the observed process.

Keywords Rhodium - Iron - Reducibility - Promoting
effect - Mossbauer - Oxygen absorption

1 Introduction

Iron was formerly the basic metal used as supported
catalyst in Fischer-Tropsch synthesis, transforming the
syngas (CO + 2H,) into a mixture of hydrocarbons [1].
Later, it was found that Rh—Fe/SiO, catalysts could pro-
duce an appreciable amount of oxygenate products
(=50 %), i.e. mainly methanol and ethanol besides
methane [2-9]. This type of catalyst also showed inter-
esting properties in selective hydrogenation of o-f-
unsaturated aldehydes [10, 11]. The preparation of such
catalysts generally involved the classical incipient wetness
method for impregnation of silica or other supports, from
an aqueous mixture of salts of both metals in similar or
various proportions; [2, 12] sometimes, the deposition of
mixed Fe—Rh clusters was used for that purpose [13-15].
Various characterization studies have also been performed
on Fe—Rh/Si0, or Fe—Rh/C systems showing the forma-
tion of alloys under reductive conditions as well as a
promoting effect of rhodium on the reducibility of iron;
[12, 16] the promoting effect on iron reduction was also
observed with other Fe-M/SiO, [17, 18], Fe-M/C [19,
20] M = Co, Ni, Ru, Rh, Pd, Ir and Pt) or Fe-Pd/Al,O;
[21] bimetallic systems involving a noble metal where the
reducing agent was mainly hydrogen and sometimes CO;
[21] however in every case, even after a treatment under
flowing hydrogen at high temperature (400-500 °C) the
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reduction of iron in these bimetallic systems proved
incomplete [19].

Similarly, Batley et al. [22] showed the influence of
small amounts of Pt atoms on Co reduction. This result was
later confirmed by Holmen and coworkers [23] and more
recently, Bianchi [24] showed that not only Pt, but other
transition metals such as Ru, Ir could promote the reduc-
tion of Co. Nevertheless, it is necessary to note that all the
samples supported on alumina, reduced under the experi-
mental conditions of these studies, never showed a com-
plete Co reduction to the metal species even at 900 °C.
Conversely, Goodman and co-workers [25] showed that
silica-supported Co catalyst, doped by small amount of Rh
(0.1 % Rh, 15 % Co) were fully reduced at 400 °C.

In this paper we report on the effect of very small
amounts of Rh in Fe—Rh/SiO, catalysts on the reduction
extent of iron by hydrogen. For that purpose, Fe—Rh/SiO,
catalysts treated at different temperatures under hydrogen
and getting various reduction degrees have been charac-
terized by Mdssbauer spectroscopy of >’Fe and volumetric
measurement of oxygen uptake.

2 Experimental
2.1 Catalysts Preparation

2.1.1 Synthesis of Fe/SiO, from an Aqueous Solution
of FeCl;

The silica support was an Aerosil 200 from Degussa with a
specific surface area of 200 m%/g. In a typical preparation,
a solution of iron (IIT) chloride FeCl; (1.452 g, 5 wt% Fe
equiv. introduced) in 25 ml of permuted water was pro-
gressively added at pH 4, to a well-stirred aqueous sus-
pension of silica (10 g; 50 ml) in a jacketed reactor
maintained at 25 °C. A solution of sodium hydroxide
(0.2 M, 15 ml) was added when required, via a servo-
syringe controlled by a pH-meter (Hanna Instruments (pH
500-212) with a double junction Tuff Tip gelled pH
electrode provided by Bioblock™), to neutralize the for-
mation of H;O" [26]. At the end of FeCly addition, the
suspension was stirred during 4 h. After filtration, the solid
was dried under vacuum (10> mbar) at increasing tem-
perature up to 100 °C and stored in air.

Natural iron contains only 2.2 % of the >'Fe isotope
active for gamma-nuclear resonance (Mdssbauer) absorp-
tion; so that, with natural iron loading of 1.62 and
3.57 wt%, the 57Fe amount in the catalysts was considered
too low to record Mdossbauer spectra in the better condi-
tions. Therefore, a >’Fe enriched precursor (*’FeCl; with
98 % °’Fe) was used for the preparation of a >’Fe/SiO,
sample dedicated to the Mdssbauer characterization. 30 mg

(0.526 mM) of *’Fe enriched turning, purchased to Euriso-
top, was dissolved in 3 ml of concentrated HCI (Aldrich) to
form a solution of >’FeCls. >’Fe was then deposited onto
500 mg of silica with the same procedure as that used for
unlabelled Fe, to obtain a >'Fe loading of 5.33 wt%
(5.44 wt% total Fe).

2.1.2 Synthesis of Rh—Fe/SiO, and Rh—""Fe/SiO,
Bimetallic Catalysts

One gram of Fe/SiO, solid was treated under hydrogen
during 4 h at 400 °C. After cooling, the catalyst was cov-
ered with 20 ml of pure deoxygenated water (pH 7). An
aqueous solution of [RhCI(NH3)sCl,] (11.5 mg, 0.4 wt%
Rh introduced) went through an ion exchange resin (Am-
berlite IRN 78) and dropped onto the Fe/SiO, solid in
aqueous suspension. The suspension was stirred during 4 h.
After filtration, the solid was dried at increasing tempera-
ture up to 100 °C under vacuum and stored in air. The
Rh—""Fe/SiO, bimetallic catalyst was prepared in the same
way, starting with 500 mg of >"Fe/SiO,.

2.1.3 Preparation of a Fe/SiO, + Rh/SiO, Physical
Mixture

The Fe/SiO, + Rh/Si0, physical mixture was prepared by
mixing 1.06 g of the 3.57 wt% Fe/SiO, catalyst with
11 mg of a 0.31 wt% Rh/SiO, sample previously reduced
under H, at 500 °C; the whole was manually grinded in an
agate mortar. This catalyst was thus previously reduced at
500 °C under flowing H, (10 ml/min) before O, uptake
measurements as for the other Fe—Rh catalysts.

2.2 Catalysts Characterization
2.2.1 Oxygen Uptake on Fe/SiO, or Rh—Fe/SiO, Catalysts

Oxygen uptake on Fe and Rh—Fe catalysts was measured
using a home made static volumetric apparatus previously
described [27]. The catalyst (500 mg) was introduced into
a cell connected to the volumetric apparatus and treated
under a hydrogen flow (10 ml/min) at the required tem-
perature for 10 h. After cooling the reduced solid to room
temperature, the event of the cell was sealed under
hydrogen; the solid was further desorbed under vacuum at
300 °C (2 hup to 300 °C and 2 h at 300 °C). After cooling
again at 25 °C, oxygen was introduced into the cell, the
sample was heated at 400 °C for 4 h and the pressure value
noted when back at room temperature. Assuming that after
this later treatment, Fe and Rh are both in the fully oxidized
state (Fe'" and Rh™") [28], the oxygen uptake was deduced
from pressure variation, and used to determine the total
reduction degree of the sample.

@ Springer



986

E. Bonnefille et al.

The pressure gauge of the apparatus is a Barocell 655
AB 1,000 mbar from Edwards. Its resolution is better than
0.1 mbar and the whole volume of the working cell is close
to 100 cm3, so that, the experimental error from the amount
of oxygen uptake on a 500 mg sample is less than
0.002 mmol/g. Blank experiments done with the silica
support alone have shown that adsorption of oxygen is
close to 0.001 mmol/g under 100 mbar, so that it can be
neglected. The iron and rhodium weight content of the
samples were determined at the “Service Central d’Ana-
lyse, USR-59/CNRS, Solaize, France”. The experimental
error of these analyses is estimated as less than 5 %.

2.2.2 Electron Microscopy and X-ray Diffraction

Transmission electron microscopy (TEM) was carried out
using a JEOL 100 CX electron microscope. TPR coupled
with X-ray diffraction powder patterns were recorded using
a Panalytical X’Pert Pro MPD diffractometer equipped
with an Anton Paar XRK 900 reactor chamber (Cu Ka
radiation, X’Celerator detector with 127 channels used).
Data were collected in continuous scanning mode at
0.016552°/s, i.e. 2 s per step of 0.033° (26) and 256 s per
data point. The sample was heated at various temperatures
from 25 to 500 °C under flowing H, (40 ml/min). The
X-ray patterns were recorded every fifty degrees after a
30 min dwell time.

2.2.3 Mossbauer Spectroscopy
The Mossbauer spectrometer is a home made apparatus

described elsewhere [29]. The Rh-Fe/SiO, powder was
treated in a glass reactor fitted with a side arm bearing the

Mossbauer cell so that the catalyst can be transferred
without any contact with air. Spectra of the powder sam-
ples were recorded using a 2 GBq *’Co/Rh source and a
conventional constant acceleration spectrometer, operated
in triangular mode. The isomer shifts (d) were given with
respect to a-Fe. The relative areas of observed spectral
components have been used to quantitatively evaluate the
relative amounts of the iron species present in the catalysts.
This has been done by assuming equal recoil-free fractions
for all Fe species.

3 Results and Discussion
3.1 Fe/SiO, Catalysts

Two Fe/SiO, catalysts with Fe contents of 1.62 and
3.57 wt% and another one of 5.44 wt% Fe with 98 % °'Fe
content, were prepared and characterized (see “Experi-
mental” section).

Electron Microscopy of the 3.57 wt% Fe/SiO, sample
shows that during the preparation treatments, rather large
iron particles of size ranging between 15 and 25 nm are
formed (Fig. 1).

In order to determine the effect of temperature on the
iron reduction degree, a quantitative titration by oxygen
adsorption was performed using the 1.62 wt% Fe/SiO,
sample (see “Experimental” section). Curiously, the re-
oxidation of the reduced Fe/SiO, required a prolonged
heating at 400 °C (around 4 h) under partial pressure of
oxygen before reaching a stabilized pressure value. A total
reduction degree of the Fe/SiO, samples was determined
by comparing the amounts of oxygen uptake for each

Fig. 1 TEM of the 3.57 wt% Fe/SiO, sample

@ Springer
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Fig. 2 Oxygen amounts adsorbed per gram of sample at 400 °C by
the 1.62 wt% Fe/SiO, solid and the corresponding Fe reduction
degree (%) as a function of the reduction temperature

reduction temperature with the total theoretical amount of
oxygen it could consume (total conversion of Fe’ to ferric
oxide). It appears that the reduction degree of iron
increased slightly with the reduction temperature in a range
between 30 and 50 % confirming that pure iron is difficult
to reduce (Fig. 2). These results are consistent with some
reported in the literature; for instance Niemantsverdriet
observed during TPR up to 500 °C that Fe was not reduced
more than 30-40 % [12].

3.2 Rh-Fe/SiO, and Rh->"Fe/SiO, Bimetallic
Catalysts

The following catalyst preparations were obtained:
3.57 wt% Fe, 0.25 wt% Rh; (Fe/Rh = 26); 5.44 wt% >'Fe,
0.16 wt% Rh; (57Fe/Rh = 63) (see “Experimental” sec-
tion) and characterized.

Fig. 3 TEM of the Fe—Rh/SiO, (Fe/Rh = 26) sample

3.2.1 Electron Microscopy

TEM of Rh-Fe/SiO, sample (Fe/Rh = 26) revealed a
heterogeneous size distribution ranging from 20 to 50 nm
(Fig. 3).

3.2.2 X-Ray Diffraction

The XRD pattern of the previous Rh—Fe/SiO, sample (Fe/
Rh = 26) after reduction under hydrogen at 450 °C is
shown in Fig. 4. It shows the presence of iron (88 %), Rh
(5 %) and FegRh; alloy (7 %). However, from these val-
ues, an average Fe/Rh molar ratio of 12 could be calcu-
lated, instead of 26 given by elemental analysis. This
indicates that some Fe particles could not be detected by
this method and were amorphous or well-dispersed in very
small clusters not detectable by XRD; indeed, this method
requires a minimum particle size to proceed.

3.2.3 Oxygen Uptake

In order to check a possible effect of rhodium on the reduc-
ibility of iron, the oxygen uptake on the Rh-Fe/SiO,
(Fe/Rh = 26) catalyst treated under flowing hydrogen at
various temperatures was measured, according to the pro-
cedure described in experimental section. Fig. 5 shows the
amount of oxygen consumed by the Rh—Fe/SiO, (Fe/Rh =
26) solid and thus the total reduction degree for increasing
reduction temperatures from 200 to 500 °C. The extent of
reduction increased with the reduction temperature to reach
about 90 % at 500 °C. Therefore, it appeared clearly that iron

@ Springer
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Fig. 4 X-ray diffraction of the Fe—Rh/SiO, sample (Fe/Rh = 26) at
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Fig. 5 Quantity of oxygen adsorbed per gram of sample at 400 °C by
the Fe-Rh/SiO, solid (Fe/Rh = 26) and the corresponding total
reduction degree (%) as a function of the reduction temperature

was more deeply reduced in the presence of even a small
amount of rhodium. Such phenomenon has already been
reported in the literature for comparable amounts of Fe and
Rh [12] and also with other couples involving a noble metal:
Fe—Ru [18], Fe-Pt [20] or Fe-Pd [21].

Intensity (a.u.)

Velocity (mm/s)

Fig. 6 Mossbauer spectrum of the *’Fe~Rh/SiO, sample, recorded at
25 °C after a second reduction at 500 °C; the solid line is derived
from least-square fit

3.2.4 Mossbauer Spectroscopy

In order to better investigate the evolution of iron oxidation
states during the thermal treatments under hydrogen, at
different temperatures, Mdssbauer spectroscopy was used
with a 98 % °’Fe-enriched Rh—""Fe/SiO, catalyst (Fe/
Rh = 63) (Table 1). At the difference of X-ray diffraction,
Mossbauer spectroscopy enabled to detect all the iron
species present on the support. To illustrate the results, the
spectrum of the sample after a second reduction at 500 °C
which was the most reduced sample obtained, is presented
in Fig. 6. All spectra of the reduced catalysts consist of a
doublet and a sextet that can be attributed respectively to
Fe?" and Fe species (Table 1). The hyperfine parameters
of the sextet are those of pure a-iron although the internal
magnetic field appeared slightly lower (32.7 instead of
333 7).

Table 1 ’Fe absorption

. Successive 0 (mm/s) A (mm/s) H (T) Relative Attribution Total reduction
Mbssbauer hyperfine parameters conditionings intensity (%) degree (%)*
calculated from the fitting of the g y v & 7
spectra recorded at 25 °C H,/400 °C ~0.01 0.00 327 64 Fe’ 77

1.01 1.83 - 36 Fe*"
H,/500 °C 0.00 0.00 326 90 Fe? 93
0.99 1.83 - 10 Fe?™
* The total reduction degree is 0,/400 °C 0.32 1.28 _ 100 Fe3+
the ratio of th d

¢ Talio 0 J1€ MEAsured H,/300 °C 0.00 0.00 328 77 Fe” 85
oxygen uptake to the maximum 5
theoretical amount the catalyst 0.98 1.90 14 Fe’*
can consume 0.88 1.10 8 Fe?*

o isomer shift (referred to a-Fe),  H,/500 °C 0.00 0.00 327 93 Fe’ 95
A quadrupolar splitting, 0.98 1.80 7 Fet

H internal magnetic field

@ Springer
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The average Mossbauer parameters of the doublet
indicate that the coordination of the Fe*" ions was tetra-
hedral or octahedral with a strong distortion. The reduction
extent which could be deduced from the concentration of
these species fitted roughly with the values obtained from
oxygen adsorption, i.e. around 90-95 % after treatment at
500 °C. All iron species were re-oxidized to Fe*™ by a
subsequent treatment under O, at 400 °C. The hyperfine
parameters of the detected doublet were typical of those
measured when ferric oxide was distributed at the surface
of silica [30]. Upon re-reduction, the same Fe?* and Fe’
species were observed. As already described in literature
[31], a second reduction treatment at this stage produced a
deeper reduction of iron at similar temperature; for
instance, Fe was reduced up to 85 % at 300 °C while
oxygen adsorption gave a 61.5 % value for the same
temperature in the first reduction run.

3.2.5 Effect of the Fe/Rh Ratio on the Reducibility of Iron

In order to test the extent of the promoting effect of Rh on
the reducibility of Fe, a series of catalysts with increasing
Fe/Rh ratio up to the value 2,000 were prepared, starting
from the 3.57 wt% Fe/SiO, solid. All these catalysts were
reduced at 500 °C under hydrogen flow and the reduction
degree determined with the subsequent oxygen uptake. It
turned out that even with the higher Fe/Rh ratio, the
reduction extent of Fe remained in the same range of values
around 80-95 % as observed at lower ratio (Fig. 7). These
results thus indicate that a very small amount of rhodium
proves sufficient to promote the almost complete reduction
of iron. Again, it turned out that a second reduction leads to
an increased reduction degree of iron (Fig. 7: see lozenges
and discs). Note that for a 30 nm diameter particle, the
number of Fe atoms is about 1.000.000. Even for the ratio
Fe/Rh = 2,000, a 30 nm iron particle may contain
approximately 500 Rh atoms. Since most of the iron par-
ticles are around 30 nm, the probability to have some Rh
atoms in each one is rather high. However, if we consider
the hypothesis that some iron particles may not be in
contact with rhodium atoms then the promoting effect
should involve an indirect way and possibly use the
transfer of activated hydrogen through the usually called
hydrogen spillover effect [32]. This phenomenon is com-
mon in heterogeneous catalysis and has been observed on
various supported rhodium catalysts such as Rh/SiO,, Rh/
Al,O3, Rh/TiO,, Rh/CeO, [33-36]. To check the possi-
bility of a spillover effect, a physical mixture of Fe/SiO,
and 0.4 wt% Rh/SiO, (Fe/Rh = 2,000) was also prepared
by mixing the two powders; recall that before mixing Rh/
Si0, was reduced at 500 °C under hydrogen which would
prevent Rh migration; since the Fe/Rh ratio is very high,
most of Fe could not be in contact with Rh particles. In this

100

80

60

40

% Fe Reduction

20

10 32 100 316 1000 3162
Fe/Rh

Fig. 7 Evolution of the iron reduction degree under H, at 500 °C as a
function of the Fe/Rh ratio in Fe-Rh/SiO, catalysts (in logarithmic
scale); filled diamond first reduction run; filled circle second reduction
run; open triangle >"Fe-Rh/SiO, sample; open square Fe/SiO, + Rh/
SiO, physical mixture

case again, the reduction degree of Fe proved high (Fig. 7,
open square symbol), supporting the occurrence of a
hydrogen spillover through the solid.

4 Conclusion

The reducibility by hydrogen of Fe/SiO, and Rh-Fe/SiO,
with only a very low Rh content has been studied by
oxygen adsorption and Mossbauer spectroscopy. Whereas
Fe/SiO, cannot be reduced to more than 50 % within the
temperature range between 200 and 500 °C, the presence
of even a small amount of Rh (Fe/Rh < 2,000) promotes
the reduction of iron at 500 °C, up to 85-95 %. The pro-
moting effect also takes place with a Fe/SiO, + Rh/SiO,
physical mixture (Fe/Rh <2,000) which suggests the
occurrence of a hydrogen spillover process. Such effect
may also take place in the other bimetallic Fe—Rh catalysts.

References

—_

. Fischer F, Tropsch H (1926) Brennstoff Chemie 7:97
. Bhasin MM, Bartley W1J, Ellgen PC, Wilson TP (1978) J Catal
54:120
. Burch R, Petch MI (1992) Appl Catal A 88:39
. Burch R, Petch MI (1992) Appl Catal A 88:77
. Burch R, Hayes MJ (1997) J Catal 165:249
. Gronchi P, Tempesti E, Mazzocchia C (1994) Appl Catal A
120:115
7. Mazzocchia C, Gronchi P, Kaddouri A, Tempesti E, Zanderighi
L, Kiennemann A (2001) J Mol Catal A Chem 165:219
8. Ma H, Yuan Z, Wang Y, Bao X (2001) Surf Interface Anal
32:224
9. Ojeda M, Granados ML, Rojas S, Terreros P, Garcia-Garcia FJ,
Fierro JLG (2004) Appl Catal A 261:47
10. Richard D, Ockelford J, Giroir-Fendler A, Gallezot P (1989)
Catal Lett 3:53

(3]

AN L AW

@ Springer



990

E. Bonnefille et al.

11.

12.
13.
14.
15.

16.

18.

19.

20.
21.
22.
23.

Galvagno S, Donato A, Neri G, Pietropaolo R, Pietropaolo D
(1989) J Mol Catal 49:223

Van’t Blik HFJ, Niemantsverdriet JW (1984) Appl Catal 10:155
Gatte RR, Phillips J (1987) J Phys Chem 91:5961

Ichikawa M, Fukuoka A (1988) Shokubai 30:168

Fukuoka A, Kimura T, Kosugi N, Kuroda H, Minai Y, Sakai Y,
Tominaga T, Ichikawa M (1990) J Catal 126:434
Niemantsverdriet JW, Van der Kraan AM, Van Loef JJ, Delgass
WN (1983) J Phys Chem 87:1292

. Niemantsverdriet JW, Van der Kraan JAC, Flipse CFJ, Van der

Kraan AM (1985) J Catal 96:58

Niemantsverdriet JW, Aschenbeck DP, Fortunato FA, Delgass
WN (1984) J Mol Catal 25:285

Guerrero-Ruiz A, Sepulveda-Escribano A, Rodriguez-Ramos I
(1992) Appl Catal A 81:81

Bartholomew CH, Boudart M (1973) J Catal 29:278

Garten RL (1976) J Catal 43:18

Batley GE, Ekstrom A, Johnson DA (1974) J Catal 34:368
Shanke D, Vada S, Belkkan S, Hilmen EA, Hoff A, Holmen A
(1995) J Catal 156:85

@ Springer

24.
25.
26.
27.

28.

29.

30.
31.

32.
33.
34.
35.
36.

Bianchi CL (2001) Catal Lett 76:155

Yan Z, Bukur DB, Goodman DW (2011) Catal Today 160:39
Candy JP, Godard G, Basset JM (2003) Chem Eng Trans 2:787
Candy JP, El Mansour A, Ferretti OA, Mabilon G, Bournonville
JP, Basset JM, Martino G (1988) J Catal 112:201

Liu K, Wang A, Zhang W, Wang J, Huang Y, Shen J, Zhang R
(2010) J Phys Chem C 114:8533

Millet JM, Virely C, Forissier M, Bussiere P, Vedrine JC (1989)
Hyperfine Interact 46:619

Gager HM, Hobson MC Jr (1975) Catal Rev Sci Eng 11:117
Niemantsverdriet JW, Van der Kraan AM (1986) Surf Interface
Anal 9:221

Conner WC, Falconer JL (1995) Chem Rev 95:759

Cavanagh RR, Yates JT Jr (1981) J Catal 68:22

Martin D, Duprez D (1993) Stud Surf Sci Catal 77:201

Apple TM, Gajardo P, Dybowski C (1981) J Catal 68:103
Bernal S, Calvino JJ, Cifredo GA, Laachir A, Perrichon V,
Herrmann JM (1994) Langmuir 10:717



	Effect of Rhodium Traces on the Reducibility of Silica-Supported Iron Particles
	Abstract
	Introduction
	Experimental
	Catalysts Preparation
	Synthesis of Fe/SiO2 from an Aqueous Solution of FeCl3
	Synthesis of Rh--Fe/SiO2 and Rh--57Fe/SiO2 Bimetallic Catalysts
	Preparation of a Fe/SiO2 + Rh/SiO2 Physical Mixture

	Catalysts Characterization
	Oxygen Uptake on Fe/SiO2 or Rh--Fe/SiO2 Catalysts
	Electron Microscopy and X-ray Diffraction
	Mössbauer Spectroscopy


	Results and Discussion
	Fe/SiO2 Catalysts
	Rh--Fe/SiO2 and Rh--57Fe/SiO2 Bimetallic Catalysts
	Electron Microscopy
	X-Ray Diffraction
	Oxygen Uptake
	Mössbauer Spectroscopy
	Effect of the Fe/Rh Ratio on the Reducibility of Iron


	Conclusion
	References


