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Abstract

Rh/ZrO, catalysts (1% w/w) with different amounts of iron as promoter ( Fe/Rh atomic ratio in the range 0-2) were prepared
from three precursors: carbonyl clusters, chloride salts, nitrate salts. The catalysts were characterized by H, and O, chemisorption,
titration of chemisorbed oxygen with hydrogen, TPR, X-ray analysis and IR spectroscopy of chemisorbed CO in the range of
300-773 K. The activity has been tested in the CO hydrogenation reaction (H,/CO=3/1) at 493 K under atmospheric pressure.
The physico-chemical characterization of the catalysts evidenced that iron is present either as oxidized Fe®* or in the reduced
Fe® form: IR analysis revealed that some reduced iron either decorates or is near the border of Rh particles. The metal precursors
do not seem to influence significantly the behaviour of the catalysts. Two opposing effects of iron were evidenced: (i) a decrease
of Rh sites available for carbon monoxide and hydrogen chemisorption; (ii) an increase of doubly bonded CO (Rh~CO-Fe)
favoured by Fe** sites, contiguous to Rh sites, that are reduced to Fe® sites in reaction conditions. Depending on the surface
environment, the bridged CO may dissociate to Rh—C and Fe-O or insert a hydrogen or an alkyl group with formation of an acyl
species.
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1. Introduction

In previous papers we reported the results of
CO/H, reaction on Rh/ZrO, catalysts, prepared
from Rh carbony] clusters both on pure ZrO, and
in the presence of additives [1,2].

Rh/ZrO, unpromoted catalysts [1] show a
good activity and selectivity to oxygenates,
mainly to ethanol [3]. The activity decreases by
increasing the temperature of the thermal pretreat-
ment in hydrogen stream, owing to the increase of
the metal support interaction, due to a partial
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migration of zirconia over rhodium particles, as
shown by the decrease of the chemisorption of CO
and H, [1].

Catalyst additives for CO hydrogenation reac-
tion have been classified as ‘oxophilic’ and ‘basic’
according to Sachtler and Ichikawa [4]. The first
category includes MoQ;, MnQ,, Ti,0;, ZrO,, etc.
and promotes the CO conversion and the selectiv-
ity to oxygenates. On the other hand ‘basic’
oxides, such as Fe,0s;, ZnO, etc., increase the
selectivity to oxygenates while having a very
small effect on the activity [5].
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We have tested the effect of Mo addition on the
Rh/ZrO, catalysts [6]: in agreement with other
authors [7,8] Mo increases both the activity and
the selectivity to oxygenates. Moreover it has been
possible to evidence an interaction between rho-
dium and molybdenum and to define some ele-
mentary steps in CO hydrogenation.

According to Ichikawa, iron is a very good pro-
moter of Rh, Pt, Pd on SiO, catalysts for the CO
conversion to alcohols [9].

More recently Somorjai et al. [ 10] have studied
the influence of the Lewis acidity of some metal
oxides (AlO,, TiO,, VO,, FeO,, ZrO,, MbO,,
TaO, and WO, ) on the hydrogenation activity of
polycrystalline Rh foil. With AlO, and FeO, a
decrease in the rate of methane formation has been
observed.

In order to exploit the potential utility of the
Rh/ZrO, catalysts for CO hydrogenation, in this
work we report the use of ‘basic’ Fe promoter,
that complements our previous studies in this
field.

2. Experimental
2.1. Catalyst preparation

Zirconium oxide was prepared by dropping a
10% ammonia solution into a water solution of
ZrOCl,-8H,0 (Riedel), with stirring, until
pH = 10 was reached. The precipitated zirconium
hydroxide, after filtration, was washed, under stir-
ring, with a warm (313 K) diluted (pH 8-9)
ammonia solution until the disappearance of chlo-
ride ions. Finally, the zirconium hydroxide was
dried in an oven at 383 K for 18 h. The hydroxide
was transformed into zirconium oxide by heating
in a fluidized bed at 773 K for 2 h in a stream of
air (40 ml/min). Surface area and crystalline
phase composition of the support were determined
by BET and X-ray diffraction analysis respec-
tively. The catalysts were prepared by supporting
various precursors, such as carbonyl clusters,
chloride or nitrate salts, on the previously prepared
zirconium oxide.

Table 1
Analytical data of the catalysts reduced at 523 K

Catalysts w/wRh (%) w/wFe (%) Fe/Rh atomic ratio
Rh(CO) 1.0 - 0.0
Rh-Fe(CO) 0.99 0.26 0.48
Rh-Fe(CO) 0.99 0.43 0.80
Rh-Fe(CQ) 1.01 0.57 1.06
Fe(CO) - 0.52 -
Rh(C1) 1.09 - 0.0
Rh-Fe(Cl) 1.23 0.42 0.63
Rh-Fe(Cl) 0.82 0.58 1.30
Rh-Fe(Cl) 1.00 0.79 1.42
Rh-Fe(Cl) 0.90 1.69 346
Rh(Cl) 1.09 - -
RhFe(Cl) 0.83 0.30 0.67
RhFe(Cl) 0.75 0.52 1.27
RhFe(Cl) 0.82 0.57 1.28
RhFe(Cl) 1.21 1.63 249
Fe(Cl) - 2.50 -
Rh(N) 1.03 - 0.0
RhFe(N) 1.36 0.46 0.62
RhFe(N) 0.89 0.86 1.40
RhFe(N) 0.88 0.98 1.90
RhFe(N) 1.39 143 2.00
Fe(N) - 248 -

Rh-Fe two-stage impregnation; RhFe co-impregnation. (CO) from
carbonyl clusters; (Cl) from chloride salts; (N) from nitrate salts.

Supported Rh carbonyl clusters were prepared
by adding dropwise a solution of Rh,(CO),,
(Fluka) in heptane to a suspension of ZrO, under
stirring. The same procedure was used for sup-
porting Fe;(CO),,. Since the adsorption of the
iron—carbonyl is slow the mixture was refluxed at
363 K for 1 h. Bimetallic Rh-Fe catalysts were
prepared by adsorption of Fe;(CO),,, followed
by the adsorption of Rh,(CO),,. The suspension
was left under stirring for 2 h. IR analysis of the
heptane solution revealed the presence of
Fe(CO);, suggesting that some iron was not com-
pletely adsorbed and could be lost. (see Table 1)
The prepared samples were heated (=5 K/min)
until 523 K in a fluidized bed, in a stream of H,
(40 ml/min), to decompose the carbonyls to met-
als. After 2 h at 523 K the system was cooled to
room temperature and the surface of the metals
was passivated with 5% O, in Ar at 298 K for 15
min. The resulting catalysts were stored in air. The
preparation of supported RhCl; or Rh(NO;);
samples was performed by wet impregnation of
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ZrO, under stirring (18 h) followed by evapora-
tion of water under vacuum and by drying at 383
K for 15 h. Monometallic Fe/ZrO, samples were
prepared according to the same procedure.

The bimetallic catalysts were prepared accord-
ing to the previously described wet impregnation
technique using a solution of rhodium and iron
salts. Only for the chloride precursors a two step
wet impregnation has also been performed by sup-
porting FeCl; on samples previously impregnated
with Rh.

All the samples prepared from inorganic salts
were calcined at 773 K for 2 h followed by reduc-
tion in H, stream (40 ml/min) at 523 K for 2 h.
All samples were passivated with an oxidizing gas
mixture.

Metal analysis was carried out by atomic
absorption on a Perkin Elmer 2380 spectropho-
tometer.

2.2. Catalyst characterization

The supported metals have been characterized
by pulse chemisorption of H, (5% H, in Ar), O,
(5% O, in Ar) at 298 K and titration with H, at
373 K of the O, chemisorbed at 298 K. Before
chemisorption all samples have been pretreated at
523 K in a stream of H, (40 ml/min) for 2 h and
then in a stream of Ar for 3 h. After this cleaning
procedure the catalysts were cooled to 298 K,
always in a stream of Ar. The chemisorption tem-
perature of 298 K was chosen on the basis of the
literature [11-13]. The titration of chemisorbed
oxygen performed at 373, to allow the desorption
of water formed during titration [13].

TPR [14] experiments were performed from
298 to 1173 K with a rate of 10 K/min in a stream
of H, (40 ml/min), using 100-150 mg of cata-
lysts. The hydrogen mixture was purified by an
oxy-trap. Before testing, all samples were heated
in situ for 1 h at 773 K in a stream of 5% oxygen
in argon, followed by cooling at room temperature
under the same stream.

The FTIR experiments were performed in situ,
after chemical and thermal treatments in the cell,
using ultra-high purity gases (Matheson). The

spectra (80-100 scans with resolution 2 cm ™)
were recorded at room temperature with a Perkin
Elmer 1760 instrument equipped with a cryo-
detector.

2.3. Catalytic activity

Catalytic activity tests were performed in a
glass tubular reactor (200 mm long, 8§ mm i.d.)
immersed in a fluidizes bed of carborundum,
externally heated by an oven. The temperature was
controlled (+0.5 K) with a thermocouple
immersed in the catalytic bed. The product mix-
ture was analyzed by an on-line GC (Hewlett
Packard 5890 A) equipped with two columns and
two detectors (Porapak Q to TCD and Porapak R
to FID).

About 0.2 g of catalyst diluted with 0.6 g of
carborundum ( 100-200 mesh) was pretreated in
H, stream at 523 K or at 773 K for 2 h and then
cooled at the reaction temperature (493 K). At
this temperature the H, flow was stopped and the
reaction mixture was fed at a rate of 20 ml/min.
A transition period of about 4 h was observed for
all catalysts. Data were collected 2 h after attaining
stationary conditions.

3. Results
3.1. BET, X-ray and chemisorption

The prepared ZrO, has a BET surface area of
78 m?/g and X-ray analysis shows 72% mono-
clinic and 28% tetragonal phase. The presence of
some amorphous ZrO, cannot be excluded.

In Table 1 the prepared catalysts and their ana-
lytical data are listed. In Table 2 chemisorption
and titration data are reported for monometailic
Rh samples. The assumed chemisorption stoichi-
ometries are: Hi/Rh=1; O,/Rh=1.5. The titra-
tion stoichiometry results: H,/ O, =2.66.

From the chemisorption data the diameters of
rhodium metal particles determined either with
hydrogen (DH) or with oxygen (DO) chemi-
sorption are in good agreement for samples pre-
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Table 2
Chemisorption and titration data of monometallic catalysts

Chemisorption data * Titrationdata Dy Do

Catalyst H,/Rh O,/Rh O/H, H/Rh H/O, (A) (A)

Rh(CO) 078 1.04 133 262 252 14 16
Rh(N) 053 074 140 188 254 21 22
Rh(Cl) 017 064 376 149 233 63 26
i 048 064 133 149 233 22 26

2 H;/Rh, O,/Rh atomic ratio of chemisorbed species; the theoretical
value are respectively 1 and 1.5. Therefore the theoretical value of
O,/H, is 1.5. H/Rh, H,/O; atomic hydrogen consumption for the
titration of chemisorbed oxygen; the theoretical value of H,/O; is
2.7.

® Samples calcined and washed again to eliminate chloride.

Table 3
Chemisorption data of bimetallic catalysts

Catalysts Fe/Rh H,/Rh O,/Rh H/Rh H,/O, Fe
dispersion
Rh(CO) 00 078 104 262 252
Rh-Fe(CO) 048 080 186 - - 100
Rh-Fe(CO) 0.80 0.73 212 - - 95
Rh-Fe(CO) 1.06 063 225 - 90

Rh(Cl) 00 017 064 149 233
Rh-Fe(Cl) 063 0.11 068 153 225 28
Rh-Fe(Cl) 130 0.11 082 191 233 21
Rh-Fe(Cl) 142 0.08 089 194 218 27
Rh-Fe(Cl) 346 004 159 336 211 28
Rh(CI) 00 017 064 149 233

RhFe(Cl) 067 013 069 151 219 20
RhFe(Cl) 127 012 077 175 227 17
RhFe(Cl) 1.28 0.10 084 194 231 24
RhFe(Cl) 249 0.09 140 314 224 28
Rh(N) - 053 074 188 554

RhFe(N) 0.62 047 090 210 233 26
RhFe(N) 140 057 1.09 247 227 14
RhFe(N) 190 042 149 334 224 31
RhFe(N) 2.00 049 158 340 1.13 30

pared from carbonyl clusters (Rh(CO)) or from
nitrate salts (Rh(N) ). Moreover the experimental
values of H,/Q, are not far from the theoretical
one (2.5vs.2.66). As to the sample prepared from
chloride, the O,/H; value is significantly greater
than the theoretical one (1.5) and consequently
DH differs greatly from DO. Indeed, after exten-
sive washing to eliminate chloride, this sample
behaves similarly to the others.

Chemisorption data suggest that chloride has a
strong inhibiting effect on hydrogen chemisorp-

tion, while oxygen chemisorption is not affected.
Under the same experimental conditions, a sample
of iron supported on ZrO, prepared and treated as
the bimetallic catalysts neither adsorbs hydrogen
nor oxygen: this indicates that iron is present in
an oxidized form, its reduction occurring only at
higher temperatures, as will be shown by TPR
data.

In Table 3 the chemisorption data of bimetallic
Rh-Fe catalysts are reported: both sets of samples
from chloride salts show a low hydrogen chemi-
sorption, indicating the presence of chloride on
the surface of the catalysts. Reliable data can be
obtained with oxygen chemisorption, that is unaf-
fected by the presence of chloride, as was shown
above. These O,/Rh values indicate a significantly
higher dispersion for the samples prepared from
carbonyl clusters.

Hz consumption (a. u.)

400 600 800 1000 1200

Temperature (K)
Fig. 1. TPR spectra of Rh~Fe(CO) samples prepared from Rh and
Fe carbony] clusters calcined at 773 K; Fe/Rh atomic ratios: a. 0.0;
b. 0.48; c. 0.80; d. 1.06; e. pure ZrO;; f. Fe(CO).
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Fig. 2. TPR spectra of RhFe(Cl) samples prepared by co-impreg-
nation of Rh and Fe chloride calcined at 773 K; Fe/Rh atomic ratios:
a.0.0;b. 0.67; c. 1.27; d. 1.28; e. 2.49; . pure ZrO,; g. Fe(Cl).
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Fig. 3. TPR spectra of RhFe(N) samples prepared by co-impreg-
nation of Rh and Fe nitrate calcined at 773 K; Fe/Rh atomic ratios:
a.0.0; b. 0.62; c. 1.40; d. 1.90; e. 2.0; f. pure ZrO,; g. Fe(N).

3.2. TPR

In Figs. 1-3 the TPR of samples prepared from
carbonyl clusters or salts, using the co-impreg-
nation method, are reported. With Rh/ZrO, sam-
ples, independently of the precursor used, a
hydrogen consumption peak in the range 320-500
K is always present, whose shape is larger in the
case of salt precursors than in the case of the car-
bonyl precursor, showing a greater heterogeneity
in Rh dispersion in the former. All Fe/ZrO, sam-
ples show two hydrogen consumption peaks, the
first one at about 600 K and a second one at about
730 K, that have been attributed to a two stage
reduction of Fe,0; to Fe® through Fe;0, [15].
The peak in the range 820-1140 K, also present
on pure ZrO,, was assigned to the reaction of
hydrogen with oxygen atoms present on the sur-
face of zirconia [7]. It has to be pointed out that
this peak has a maximum temperature that
depends on the preparation procedure of the zir-
conia and is probably due to the crystalline phase
composition.

All bimetallic samples show a hydrogen con-
sumption peak with a maximum in the range 320~
500 K, and a second peak in the range 8201140
K, the former increasing with the content of iron.
No iron reduction peaks are present.

These experimental data seem to indicate that
in bimetallic samples the whole metal phase
reduces in the same temperature range, probably
owing to a very close interaction between Rh and

Fe causing the catalytic reduction of Fe by disso-
ciated hydrogen spilled from the incipient Rh
metal.

All samples, after an oxidation pretreatment
(see Experimental), behave similarly in TPR
runs, and there are no apparent differences
depending on the precursor. The pretreatment was
necessary to eliminate the variable amount of CO,
chemisorbed on the catalysts stored in air and giv-
ing rise to a hydrogenation peak in the 500-600
K range during the TPR runs.

3.3. IR

In Fig. 4 are reported the IR spectra of CO
adsorbed on the three samples reduced with H, at
500 K in static conditions, and evacuated for 10
min at the same temperature.

The curves show an apparently different behav-
iour. Curve a refers to sample RhFe(N), 4 show-
ing maxima at 2190-2180, 2138, 2062, 2017
cm ™' and broad bands at 1900-1850, 1680-1560
cm ™', Curve b shows the spectrum of CO chem-
isorbed on sample RhFe(Cl), ,¢: the maxima are
at 2187, 2174, 2104, 2038 cm ! and broad bands
at 1912-1850 and 1700-1600 cm~'. In curve ¢
the spectrum of CO adsorbed on sample Rh-
Fe(CO) s is shown: the adsorbing background is

R e o N —

2000 " T1s00’ 1300

Wavenumbers (om—1)
Fig. 4. FTIR spectra of CO adsorbed at 300 K on three samples
reduced 60 min and outgassed for 10 min at 500 K; curve a,
RhFe(N}, 4, p(CO) =42 mbar; curve b, RhFe(Cl), ,g,
p(CO) =32.3 mbar; curve ¢, Rh-Fe(CO)q g0, p(CO) =32.6 mbar.
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very strong (transmittance <1%) and this does
not allow to achieve a good resolution. Moreover
the envelope of the adsorbed CO bands in the
region 2100-1950 cm ™' is very intense and out
of the capability of detection of the instrument.
However weak bands appear at 2190, 2146 cm ™!
and broad bands are formed at 1865 and 1670-
1620 cm !, This spectrum is very similar to that
shown by CO adsorbed on the Rh, carbonyls
decomposed on ZrO, [16] and suggests the same
band assignment. The bands at 2146 cm ™', pre-
viously assigned to CO weakly chemisorbed on
Fe** (x=2) sites for the Fe/ZrO2 system [17],
can be correlated to the presence of iron. The band
at 2190-2180 cm™' present in all spectra is
assigned to CO weakly chemisorbed on coordi-
natively unsaturated Zr*™* sites [16,18].

Curve b shows the formation of two strong cou-
pled bands at 2104 and 2038 cm ™', assigned to
Rh™ (CO), carbonyl groups [19,20] that easily
form and result more stable starting from chloride
precursors [21,22]. The weak bands at 2174~
2181 cm ™! could be tentatively associated to a
CO species adsorbed on oxidized Fe* * sites [17],
stabilized by the presence of C1~ on ZrO, surface.
Only the shoulder at =2070 cm™"' can be corre-
lated to a linear CO adsorbed on reduced Rh spe-
cies together with the bridged CO species at 1912—
1850 cm ™' [19]. In agreement with the literature
the weak broad doublet bands at 1700-1600 cm ™!
can be assigned to a bridged CO species, C-
bonded on Rh and O-bonded to unsaturated Zr**
or Fe**; these weak Lewis acid sites [3,16,23]
explain the minor decrease of CO stretching fre-
quency ( =200 cm ™) with respect to the Shriv-
er’s adducts [3].

Finally, the ex-nitrate sample seems to be the
most reduced one, at least as far as the Rh particles
are concerned: the strong band at 2062 cm ™' may
be assigned to CO linearly adsorbed on reduced
Rh, whereas the band at 1900-1850 cm ' may be
assigned to bridged Rh,—CO species [18]. The
weak broad band at 16801560 cm ™ is similar to
the band at 1700-1600 cm ~ ' of curve b and could
be assigned to the same species. The band at 2138
cm ™! can be assigned to CO weakly chemisorbed

T T Ty

T T20000 1500 1300
Wavenumbers (om-—1)

Fig. 5. FTIR spectra of CO and CO + H, adsorbed at 300 K on sample
RhFe(Cl), 54 after the following treatments: curve a, H,/CO=2,
mixture at p=30.6 mbar adsorbed on the 500 K reduced sample;
curve b, after heating the same mixture for 30 min at 500 K; curve
¢, CO 30.2 mbar adsorbed on the same sample reduced for 60 min
and outgassed for 10 min at 773 K.

on Fe?* sites [17]. The band at 2017 cm™! is
intermediate between the Rh—CO and Fe-CO
[24] stretching frequencies. Tentatively it could
be assigned to a linear Rh—CO species surrounded
by dispersed Fe atoms. The low intensity and the
shift to lower frequency of the bands at » <2000
cm ™! (bridged Rh,CO groups) shown in curves
a and b may be attributed to the decoration of Rh
particle with Fe atoms with formation of bimetal-
lic Rh—Fe ensembies that reduce the number of
Rh ensembles able to bind bridged CO [2,21,25].

Fig. 5 illustrates the effect of reduction of the
ex-chloride sample by a H,/ CO = 2 mixture at 300
and 500 K (curves a and b) and, by comparison,
the spectrum of CO on a sample reduced at 773 K
(curve ¢). The spectrum of curve a is nearly iden-
tical to that of CO alone adsorbed at 300 K on the
same sample, shown in Fig. 4, curve b. Warming
for 30 min at 500 K the H,/CO mixture in the cell
(curveb) is however sufficient to eliminate nearly
completely the bands at 2104 and 2038 cm ™'
assigned to Rh* (CO), species with growing of
bands at 2062 and 1825 cm ™! assigned respec-
tively to CO adsorbed as linear and bridged spe-
cies on Rh crystals [19]. The reducing effect is
demonstrated also by the broad band at 1600-
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2000 1000
Wavenumbers (om-—1)

Fig. 6. Comparison between the spectra of H,/CO mixtures heated
at 500 K on samples RhFe(N), , and RhFe(Cl) | ,5: curve a, as curve
b of Fig. 5; curve b, spectrum at 300 K of ex nitrate sample reduced
at 500 K, after heating 15 min in H,/CO = 3 mixture at p = 36 mbar.

1560 cm ™!, accompanied by a very strong, broad
absorption centred at 3300 cm ™', (not shown in
the figure for brevity) and are assigned to H,O
bending and stretching modes perturbed by some
HCl formed during reduction. The weak bands at
1458, 1442, 1386, and 1345 cm ™' are accompa-
nied by weak bands at 2962, 2932 and 2866 cm
in the higher region of the spectrum (see Fig. 6)
and are assigned to the bending and stretching
modes of CH; and CH, groups in methoxy and
ethoxy species.

The spectrum of curve b does not show any
band of CO adsorbed on Zr*™ sites (that were
probably saturated by the water of reaction) and
any traces of CO adsorbed on Fe ions. The
increase of the band between 1600-1560 cm '
could be correlated not only to H,O bending but
also to an increase of CO species bridging between
Rh and an acid centre.

The CO chemisorbed at 300 K on the sample
reduced at 773 K (curve c) shows a strong
decrease of the coupled bands at 2100 and 2040
cm ' (Rh*(CO),) and a relative increase of the
band at 2075 cm ™', assigned to CO groups line-
arly adsorbed on a reduced Rh species probably
surrounded by iron sites; in fact, the same fre-
quency is found for CO adsorbed on Rh perturbed
by MoO, [6].

The bands at 2170 and 2192 cm ™' may be
assigned to CO adsorbed on Fe** and Zr** sites
respectively, their high intensity being possibly
due to the complete elimination of water at 773
K. The lower intensity of the spectrum of CO
adsorbed on Rh (2000-2100 cm ™' region) for
the sample reduced at 773 K could be attributed
to a partial covering of Rh particles by ZrO, and/
or FeO,. This hypothesis is supported by the
increase of Zr**CO and Fe** CO peaks.

In Fig. 6 the spectra of the H,/CO mixture
heated in the cell at 500 K on the ex-chloride
(curve a) and on the ex-nitrate (curve b) in the
region of C—H stretching (3000-2800 cm ') and
bending (1450-1350 cm~™') modes are com-
pared. The strong bands at 1580-1550, 1350 and
1056 cm ™' indicate that on the latter sample the
formation of carbonates and formates, that are
intermediates in the production of alcohols
[3,6,8], is favoured. Moreover the extent of CO
hydrogenation is higher, as shown by the lower
intensity of the bands at 2022 and 1825 of CO
adsorbed on the Rhodium phase. Besides, these
bands are shifted to lower frequencies by a dilut-
ing effect of H, adsorbed on Rh with decreasing
of the dipole-dipole coupling of CO overlayers.

3.4. Catalytic activity

The reactivity of all catalysts in the hydrogen-
ation reaction of carbon monoxide was studied at
493 K after pretreatment in H, stream at 523 and
773 K. The CO conversion and the product distri-
bution obtained in typical experimental runs are
reported in Table 4 for two selected catalysts
[Rh(N) and RhFe(N) 1.4].

The following general observation can be
made:
carbon dioxide is never found on catalysts pre-
pared from chloride precursor; on all the other
catalysts the carbon efficiency to carbon dioxide
is independent of the Fe/Rh ratio;
the most evident effect of iron addition is the
decrease in the carbon efficiency to higher hydro-
carbons (C,~Cg) while the carbon efficiency to
C, and C, changes very little;
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Table 4
Conversion and product distribution data in typical experimental runs

Catalyst Activation temperature co Product distribution in carbon efficiency (%) *
(X) % CH, C, C; Cis MeOH EtOH Ox CO,
Rh(N) 523 6.0 49.7 238 9.2 19.7 1.2 11.9 14 4.1
773 53 516 29 8.1 16.8 1.8 16.7 21 -
RhFe(N)1.4° 523 9.2 52.1 23 5.6 9.4 34 221 1.3 38
773 6.0 52.8 3.0 4.9 9.9 34 23.6 24 -

Reaction conditions: T, =493 K, P, =101 kPa, H,/CO=13/1.
® Carbon efficiency = (n,A,/£nA;) where: n, ;=number of carbon atoms in a molecule; A, ;= moles of the product i,j.
® Fe/Rh atomic ratio.

60

' ' . Catalytic tests performed on Fe/ZrO, samples
J show negligible activity (CO conversion <1%)
only for samples reduced at 773 K.

Due to the small differences among the various
sets of activity data of bimetallic catalysts (some-
times in the range of the experimental error)
instead of presenting individually all the kinetic
results it has been preferred to plot the band of

0 , ) . confidence limits of the mean values. In Fig. 7 the

RR(CO) Rh(C  Rh{N) rate of CO conversion (mmol CO/h g Rh) on

Fig. 7. Rate of CO conversion on unpromoted catalysts prepared monometallic catalysts from the various precur-
from different precursors: activated at 523 K (circles); activated at sors is plotted: the activities of the four catalysts
773K (squares). are not significantly different, however the cata-
120 ———— - lysts pretreated at high temperature have a lower

activity than those pretreated at low temperature.

In Fig. 8 the confidénce limits of the mean val-
ues of CO conversion on the various catalysts
independently of the precursor vs. the Fe/Rh ratio

80
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100 |
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@
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Fig. 8. Rates of CO conversion vs. Fe/Rh atomic ratio. The reported g
bands refer to the confidence limits of mean reaction rates of different 20
catalysts, independently of the precursor. Activation temperatures: 10 ©
523 K (circles); 773 K (squares). 8 oxygenates
o A 1 - 1
. : : 0 05 1 1.5 2
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£

reported bands refer to the confidence limits of mean reaction rates
of different catalysts, independently of the precursor. Activation
temperatures: 523 K (circles); 773 K (squares).

genates seems unaffected by the Fe/Rh ratio.
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Selectivity hy/ox

Fe/Rh
Fig. 10. Selectivity ratio between total hydrocarbons and total oxy-
genates formation rates vs. Fe/Rh atomic ratio. a: RhFe(N); b.
RhFe(Cl); c. Rh—Fe(Cl); d. Rh-Fe(CO).
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o 1 1 1 i
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Fig. 11. Selectivity ratio between EtOH and MeOH formation rates.
For each set of catalysts the mean value with the relevant standard
deviation is reported. Activation temperatures: 523 K (circles); 773
K (squares).

is reported. The upper band refers to the catalysts
activated at 523 K and the lower at 773 K.

In Fig. 9 are reported the confidence bands for
the mean values of the rate of total hydrocarbon
and of total oxygenated compounds on catalysts
activated at 523 K and at 773 K. It seems that the
effect of iron is slightly greater on the rates of
hydrocarbons than oxygenates formation. In order
to evidence the effect of Fe on the selectivity of
the reaction, in Fig. 10 the ratio between the total
hydrocarbon formation rate and the total oxygen-
ate formation rate vs. the Fe/Rh ratio is reported:
indeed in all cases Fe promaqtes the formation of
oxygenates.

To investigate whether Fe promotes the selec-
tive formation of one of the lower alcohols, the
ratios between the rate of formation of ethanol and
methanol vs. the Fe/Rh ratios have been reported

in Fig. 11. For each set of catalysts the rate ratios
change randomly with Fe/Rh therefore only the
confidence limits bands of mean values of the rate
ratios are reported. The figure indicates that for
the whole set of the catalysts, either those acti-
vated at 523 K or those activated at 773 K, no
significant variation in the ratio of ethanol to meth-
anol formation rate is evident.

4. Discussion

The presence of a strong peak in TPR spectra
of all bimetallic catalysts and the absence of any
signal of reduction of iron indicate that in H,
atmosphere Rh is able to reduce iron oxide at the
same temperature of Rh reduction ( =373 K)
forming bimetallic Rh—Fe ensembles [9]. Since
normally the reduction of Fe oxides occurs at
higher temperature (see Fig. 1) this observation
may indicate that, during rhodium reduction, the
adsorbed hydrogen atoms have a very high rate of
spillover so that they reduce iron oxide at the same
temperature of Rh reduction. This explanation is
in line with that one proposed by Garten for the
system Pd-Fe supported on silica [26]. Indeed
not all the iron is reduced as IR spectra show a
weak Fe"*—COband (n=2,3) intherange 2138
2174 cm™ .

An analysis of oxygen chemisorption data
seems to indicate that only on catalysts prepared
by carbonyl clusters iron is highly dispersed while
in the other cases large iron particles are present.
The dispersion of iron can be calculated by assum-
ing that the H;/O, ratio for monometallic Rh/
ZrQ, is the same also for each set of bimetallic
catalysts and does not depend on the amount of
iron present, that is, this ratio is a constant, inde-
pendently of the presence of iron. This allows to
calculate the excess of oxygen chemisorbed on
iron containing samples and therefore to calculate
the dispersion of iron relative to the theoretical
value of oxygen chemisorbed on the bases of the
iron content.

These values are reported in the last column of
Table 3. It results that on samples prepared by
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salts the amount of iron that can be titrated at room
temperature is, at the maximum, one third of the
total iron present indicating that iron is present
mainly as large particles or in a partially oxidized
state (e.g. Fe?*).

In fact IR spectra revealed the presence of Fe"*
ions not easily reducible and stabilized by thermal
treatment at 773 K. We suggest that these are
isolated iron atoms on ZrQ, surface, stabilized in
oxidized state by surface hydroxyl groups. A quite
narrow band at 3660 cm ™' remains in fact in the
spectrum after this treatment (data not shown for
the sake of brevity): it could be attributed to OH
groups bound to zirconia but also to an isolated
ferrous site. For ex-chloride or ex-carbonyl sam-
ples there is no evidence of any interaction
between rhodium particles and iron, while in the
case of ex-nitrate samples, Fig. 4, curve a, the CO
band at 2017 cm ! indicates the presence of an
interaction between Rh particles and iron. How-
ever it is not possible to exclude a partial coverage
of rhodium particles by iron as indicated by the
decrease of hydrogen adsorption by increasing the
amount of the Fe/Rh ratio (Table 3).

Fig. 7 indicates that the reaction rate of CO
hydrogenation (mmol CO/h g Rh) change little
with the precursor used. Rates have been
expressed with respect to the weight of Rh present,
in order to make a comparison between the mono-
metallic and the bimetallic catalysts. In fact, in the
case of bimetallic catalysts it is impossible to
determine, without arbitrary assumptions, the
number of surface active sites and to distinguish
between the role of rhodium and that of iron. On
the other hand the TOF (molecules of CO/s atom
Rh) for monometallic catalysts changes from
1.6 X 10~ in the case of catalysts prepared from
rhodium carbonyls to 4.5X 107 in the case of
nitrate precursor, thereby reflecting the estimated
Rh surface sites as determined by hydrogen chem-
isorption.

The effect of iron on the reaction rate is com-
plex: for low Fe/Rh ratios ( <1.5) iron increases
the reaction rate, but for higher values there is a
significant decrease. This trend is the same also
for the catalysts activated at high temperature,

although with lower reaction rates. In all cases
iron does not significantly change the reaction
rates. This can be due to the fact that only a small
fraction of iron, decorating or at the border line of
rhodium particles, is active in the CO reaction.
Isolated Fe"™* ions or large iron particles are not
active under the experimental conditions used, the
latter conclusion being supported by the activity
test performed on Fe/ZrO, samples. Increasing
the Fe content increases the fraction of surface
rhodium atoms covered by iron and no longer
available for a direct interaction with CO.

Promotion effects of iron on supported noble
metals have been observed by various authors
[9,10,27-32]. Ichikawa [25], following a model
proposed by Yermakov [32] and Prins [33] to
explain the role of Re in Pt-Re/AlLQ; catalysts,
suggests that in catalysts with low Fe/Rh ratio
( < 1), most of the iron atoms are present as Fe**
and are located at the metal-support interface
forming Rh-Fe-SiO, bonding. When the Fe/Rh
atomic ratio is increased, or in reducing reaction
conditions, the fraction of Fe® relative to
Fe’ *increases. EXAFS analysis [ 33 ] showed that
the excess Fe atoms, mostly as Fe, are more likely
to be found on the surface of a Rh metal particle.

Indeed the IR spectrum of Fig. 5, curve b,
shows that under reaction conditions no free Fe**
species are present and therefore the only possible
promotion role may be due to Fe® on Rh particles.
The shoulder at 2000-1950 cm™' (see also
Fig. 6) may account for CO adsorbed on such Fe°
sites. Following the model proposed by Ichikawa
[10,34] we suggest that Fe** ions contiguous to
Rh atoms may give rise to a two-centre activation
site on which CO can be adsorbed having C coor-
dinated to Rh and O coordinated to adjacent Fe.
Under reaction conditions the Fe** ions are
reduced to Fe®, but since Rh is more electroneg-
ative than Fe, atoms of Fe on the surface of Rh
particles may have slightly acidic properties.

Depending on the surface environment, the Rh—
CO-Fe species may either dissociate to Rh~C and
FeO or insert a hydrogen or an alkyl group with
formation of an acyl species.
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Since we have proved that under the reaction
conditions used, iron alone is not active, the addi-
tion of Fe on Rh/ZrO, catalysts produces two
opposing effects:
it reduces the number of Rh atoms available for
CO and hydrogen adsorption;
it increases the number of doubly bonded CO and
favours the formation of oxygenated products.

Even at high values of Fe/Rh ratio (> 1.5)
when the negative effect of the covering of the Rh
particles dominates, the rate of formation of oxy-
genates is still higher than on monometallic sam-
ples, as shown by Fig. 9.

Nevertheless the Lewis acid properties of Fe,
as ion surrounding the Rh° particles and as the
intermetallic Rh—Fe cluster in reaction conditions
induced by the small difference in electronegativ-
ity with rhodium, must be weak and therefore the
effect of iron is not comparable with that of
stronger Lewis acids, such as Mo** or Zr**, as
has been shown in a previous paper [7].

In conclusion, iron promotes the activity and
the selectivity to oxygenated products in Rh/ZrO,
catalysts when present in small quantity (Fe/Rh
< 1.5), while it decreases the activity only when
present in larger amount. However, only the frac-
tion of iron in direct contact with Rh has some
role in the reaction and behaves like a weak Lewis
acid centre promoting the formation of doubly
bonded CO, that is the determining step in the
formation of oxygenated products.
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