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Abstract

The influence of the cationic promoters (M= Li , Na, K, Rb, Cs) on silica-supported rhodium catalysts was examined in
the hydroformylation of propene at 413 K and atmospheric pressure. The catalysts were prepared by aqueous co-impregnation
of RhCl3·3H2O and alkali-metal chloride. The rhodium to promoter molar ratio was 1. A pre-treatment cycle under O2/H2/O2

at 673 K was carried out on the catalyst before the admission of the hydroformylation mixture. By in situ Rh K-edge extended
X-ray adsorption fine-structure (EXAFS) characterization of the activated catalyst, two different Rh and alkali-metal oxide
phases, highly dispersed and in intimate contact with each other, were detected on the support surface. Under catalytic
conditions, small Rh metal particles are formed, with a mean diameter of 3.2 nm, as detected by HRTEM. The activity in
aldehyde formation depends on the alkali-metal promoter in the following order: Li> Na > K > Rb � Cs. This behavior
parallels the trend of the polarizing power of the cation within the Group 1.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In last decades, many efforts have been made in
the preparation of a heterogeneous catalyst for the
hydroformylation of light alkenes with performances
at least comparable to those obtained with homoge-
neous systems[1,2]. Leaving out the immobilization
or heterogenization of active transition-metal com-
plexes on solid carriers, many examples of deposition
of metal precursors on amorphous, microporous or
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mesoporous inorganic oxides have been reported[3].
In such studies, rhodium is by far the most widely
used metal. Nevertheless, in the vapor-phase reaction
most of the monometallic catalysts display a low total
activity together with a low chemoselectivity to oxy-
genated products. A remarkable improvement of the
catalytic performances has been obtained by doping
the catalyst surface with sulphur[4,5] or selenium[6],
by adding promoters, as alkali metals[7–9], zinc [10]
or boron [11,12], and by using bimetallic systems,
e.g. Rh-Co[13,14], Rh-Mo [15], Rh-Fe[16,17]. In a
previous study, the influence of the cationic promoters
on rhodium was examined in the hydroformylation

1381-1169/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1381-1169(03)00333-9



510 L. Sordelli et al. / Journal of Molecular Catalysis A: Chemical 204–205 (2003) 509–518

of ethene using silica-supported M2[Rh12(CO)30]
(M = Li, Na, K) species, in which the promoting
cation was present in the coordination sphere of the
precursor cluster[8]. In this contribution, the catalytic
systems were prepared by direct impregnation of
the traditionally used chloride salts of both rhodium
and the promoter, respectively. Moreover, in order to
have an insight also into the regioselective properties,
the catalysts were tested in the hydroformylation of
propene. We present also a detailed investigation of
the structural properties of the rhodium surface chem-
istry resulting from the pre-treatments, as determined
by in situ EXAFS spectroscopy.

2. Experimental

2.1. Catalysts preparation

SiO2 (Grace Davison 62; mean pore diameter and
specific surface area 14 nm and 357 m2 g−1, respec-
tively), ground and washed with 1 M HNO3 and with
demonized water to neutrality, was used as a sup-
port. The rhodium-containing catalysts were prepared
by impregnation or co-impregnation of the support
using an aqueous solution of RhCl3·3H2O (Engel-
hard) and, eventually, an aqueous solution of a metal
chloride MCl (M = Li , Na, K, Rb, Cs; Carlo Erba).
After drying, the samples were stored under N2. All
the samples had a rhodium loading of 2.0 ± 0.1 wt.%
(AA spectroscopy measurement). The rhodium to
promoter molar ratio was 1 in all the samples
(M/Rh = 1).

The chlorine content was determined by potentio-
metric titration of Cl− with AgNO3 [18] after each
activation step and after a 20 h-catalysis run for all
samples (2% Rh loading). In order to get higher spec-
tral signal-to-noise ratio, some samples used in the
EXAFS characterization had a rhodium loading of
4.0 ± 0.1 wt.% (after checking the overlapping with
the corresponding 2% loading samples).

2.2. Catalytic studies

A series of previous catalytic tests, performed by
varying the promoter content with respect to rhodium,
allowed to establish that the M/Rh value of 1 dis-
plays the best catalytic performances. All the sam-

ples underwent a calcination (O2; 10 ml min−1; 1 h),
reduction (H2; 10 ml min−1; 1 h) and calcination (O2;
10 ml min−1; 1 h) pre-treatment at 673 K before reac-
tion mixture admission.

The hydroformylation of propene was carried out
in a fixed-bed continuous-flow glass reactor (typical
load = 320 mg of catalyst) at 413 K, at atmospheric
pressure and at a total gas flow of 15 ml min−1

(C3H6:CO:H2 = 0.5:1:1 molar ratio; contact time=
39 s). Quantitative analysis was performed with
GC-FID instrumentation (HP 5890A) equipped with
a Poraplot Q column (0.53 mm i.d.; 25 m length).
Reported activity and selectivity were evaluated af-
ter 20 h on stream, when all the systems reached the
steady state. In order to operate in differential mode,
the catalytic parameters were tuned so to keep the
total propene conversion≤1%.

2.3. HRTEM characterization

The high resolution electron microscopy (HRTEM)
study has been performed on a JEOL 2000 elec-
tron microscope, operating at 200 kV. The samples
were micro-dispersed iniso-propanol by ultrasounds.
A drop of the suspensions was deposited on a
carbon-covered copper grid and the solvent was evap-
orated. Before the analysis, the samples were kept in
UHV overnight. Micrographs were taken at 340,000×
magnification.

2.4. EXAFS characterization

EXAFS transmission measurements were car-
ried out at the XAS-13 station of the DCI ring at
LURE (Orsay, France), using a Si(331) channel-cut
monochromator. Rh metal foil has been used for the
angle/energy calibration.

All spectra were recorded at 300 K in transmission
mode at the Rh K-edge over the range 23–24.2 keV,
with a sampling step of 2 eV and an integration time
of 2 s for each point. Incident and transmitted photon
fluxes have been detected with ionization chambers
filled, respectively, with 0.1 and 0.4 bar of Kr. Each
spectrum had been acquired three times in order to per-
form the statistical analysis and average the extracted
EXAFS oscillation, so increasing the signal-to-noise
ratio. The powder samples were loaded under inert at-
mosphere, and treated in situ inside a catalysis-EXAFS
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cell (Lytle type), and cooled down to room tempera-
ture before spectra acquisition.

Extracted�(k) data had been averaged before the
EXAFS data analysis. Standard deviation calculated
from the averaged spectra was used as an estimate
of the statistical noise for the evaluation of the er-
rors associated with each structural parameter[19].
Experimental�(k) data were extracted from absorp-
tion data by a conventional procedure[20]. The
k3-weighted�(k) data were Fourier transformed over
a typicalk range of 3–14 Å−1 and main contributions
to the Fourier transform modulus were filtered in or-
der to obtain metal nearest-neighbor shells. The so
obtained filtered contributions were analyzed using
the programs developed by Michalowicz[21] whose
non-linear least-squares fit exploits the minimization
capabilities of the MINUIT program[22]. Phase shift
and amplitude functions of scattering atoms have
been extracted from the experimental spectra of the
following model compounds: Rh foil, Rh2O3 and
RhCl3/SiO2 (10 wt.% in Rh). It is not possible to
detect the Li scatterers, since the scattering ampli-
tude is very low. Whenever necessary the statistical
significance of the results obtained was checked by
applying theF-test proposed by Joyner et al.[23].

3. Results and discussion

In our previous studies, with cluster-derived
rhodium catalysts prepared from salts (Li+, Na+,
K+) of the cluster anion [Rh12(CO)30]2− supported
on silica, remarkable effects on the activity and selec-
tivity to propanal were induced only upon a catalysts
pre-treatment in O2 at 773 K. A simple exposure to
the hydroformylation mixture at 393 K was enough
to generate the active metallic phase[24].

In the present study, the catalysts were prepared by
using the chloride salts of both rhodium and alkali pro-
moter. In order to optimize the chlorine removal in the
fresh catalyst and to form a highly dispersed Rh2O3
phase, the residual chloride amount on the catalyst was
evaluated after each step of the pre-treatment cycle.
The titration results are reported inTable 1. The resid-
ual chloride amount on the catalysts at the end of the
O2/H2/O2 pre-treatment cycle at 673 K was negligi-
ble. Significant amounts of chlorine were still present
only on the Li/Rh = 5 system.

Table 1
Chloride residue on the catalysts after each pre-treatment step at
673 K (reference: fresh catalyst corresponds to 100%)

Catalyst O2 O2/H2 O2/H2/O2

Rh/SiO2 80 7 –
Rh-Li/SiO2, Li/Rh = 1 32 6 –
Rh-Li/SiO2, Li/Rh = 5 72 51 44

3.1. Catalytic properties

The vapor-phase propene hydroformylation on
Rh/SiO2, under the present conditions, is governed
by two parallel reactions: hydrogenation to propane
and hydroformylation to C4 aldehydes. No de-
tectable formation of C4 alcohols was registered.
The non-promoted catalyst Rh/SiO2, activated with
a O2/H2/O2 treatment at 673 K, showed a good hy-
drogenating activity to propane together with the
production of oxygenated compounds (n-butanal and
iso-butanal), as reported inTable 2. All of the cat-
alytic systems promoted by alkali metals gave rise to
efficient systems with better activity and selectivity
performances than the non-promoted one (Table 2).
In particular, the promoting effect was maximum with
lithium and decreased gradually descending in the
Group 1 metals, from sodium to cesium. The presence
of Li, in the molar ratio 1:1, promoted mainly the hy-
droformylation reaction: the aldehyde formation rate
on the Li-containing sample was six times higher than
the non-promoted one, while the chemo-selectivity to
oxygenated compounds was only ca. 50% higher. The
performances of the Rh-Li/SiO2 sample are reported
in Fig. 1. On the opposite, the addition of Cs re-
sulted in a deactivation of both the hydrogenation and
hydroformylation activity. An excess of promoting
metal caused a drop of the total conversion and indeed
the sample with a Li/Rh ratio= 5 was completely
inactive towards both hydrogenation and hydroformy-
lation. With respect to the regioselectivity, on all of
the catalysts the formation ofn-butanal was favored
and only a slight improvement was observed passing
from lithium to cesium. Some tests were run with
long reaction times up to 150 h, to check the stability
of the catalysts. In all of these cases, no noteworthy
deactivation was recorded and both activity and se-
lectivity reached steady values after the first 15 h on
stream (Fig. 1).
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Table 2
Hydroformylation of propene

Catalyst Total conversion (%)a Rateb (×103) Selectivity (%)

C3H8 i-CHOc n-CHOd OXYe Regiof i-CHOc n-CHOd

Rh/SiO2 0.20 2.32 0.51 1.16 42 70 13 29
Rh-Li/SiO2 0.85 7.26 2.89 7.70 59 73 16 43
Rh-Li/SiO2

g <0.05 – – – – – – –
Rh-Na/SiO2 0.54 6.00 1.13 4.34 48 79 10 38
Rh-K/SiO2 0.55 5.92 1.32 4.33 48 77 11 37
Rh-Rb/SiO2 0.34 4.15 0.72 2.86 46 80 9 37
Rh-Cs/SiO2 <0.05 – – – – – – –

Values after 20 h on stream. Conditions: 413 K; C3H6:CO:H2 = 0.5:1:1; 15 ml min−1 total flow; 1 bar; Rh= 2 wt.%, M/Rh= 1.
a Total conversion based on propene consumption (%).
b Rate of formation (mol [min]−1 [molRh]−1).
c i-CHO: iso-butanal.
d n-CHO: n-butanal.
e Selectivity to oxygenated products (aldehydes).
f Regioselectivity as ration/(n + iso).
g Li/Rh molar ratio= 5.

3.2. Structural characterization

The EXAFS analysis has been performed on the
monometallic RhCl3/SiO2 and on the more active

Fig. 1. Catalytic performances of Rh-Li/SiO2 sample vs. time in the hydroformylation of propene. Conditions: 413 K, C3H6:CO:H2 = 0.5:1:1,
15 ml min−1 total flow, 1 bar, Rh= 2 wt.%, M/Rh= 1. Catalysts pre-treatment: O2/H2/O2 at 673 K. (�) n-Butanal conversion; () propane
conversion; (�) i-butanal conversion; (�) selectivity to i-aldehyde; (�) selectivity ton-aldehyde.

RhCl3-LiCl/SiO2 catalysts (molar ratio Li/Rh = 1
and 5, for a comparison with a Li excess system as
a model of a totally inactive promoted catalyst) after
each step of the pre-treatment cycle, after exposure
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Table 3
Curve fitting results of the Rh K-edge EXAFS data

Samplea Treatmentb Shell CN R (Å) �σ (Å) × 102 �Eo (eV) �k (Å−1)e �R (Å)f

Rh/SiO2 Fresh Cl 5.7± 0.2 2.300± 0.002 7.0± 0.3 3.8± 0.2 3.0–14.0 1.2–2.5
Rh/SiO2 O2 O 4 ± 0.1 2.002± 0.002 7.2± 0.4 −3.4 ± 1.0 3.0–14.0 1.2–3.1

Cl 1.3 ± 0.1 2.330± 0.002 8.2± 0.3 4.7± 0.7
Rh/SiO2 O2–H2 Rh 10.5± 0.3 2.692± 0.002 7.6± 0.1 0.4± 0.1 3.0–14.0 1.8–2.9
Rh/SiO2 O2–H2–O2 O 5.3 ± 0.3 2.012± 0.003 8.8± 0.5 1.6± 0.1 3.0–14.0 1.2–2.1
Rh/SiO2 CO/H2

c Rh 10.7± 0.3 2.692± 0.002 7.7± 0.1 0.3± 0.2 3.0–14.0 1.8–2.9

Rh-Li/SiO2 Fresh Cl 5.9± 0.1 2.303± 0.002 6.6± 0.2 1.4± 0.2 3.0–14.0 1.3–2.5
Rh-Li/SiO2 O2 O 2.1 ± 0.5 2.055± 0.015 7.0± 1.0 2.7± 0.8 3.0–14.0 1.3–2.5

Cl 3.9 ± 0.9 2.30± 0.03 7.0± 1.0 1.8± 0.5
Rh-Li/SiO2 O2–H2 Rh 6.8± 0.3 2.722± 0.002 10.6± 0.2 −4.7 ± 0.2 3.0–14.0 1.3–2.9
Rh-Li/SiO2 O2–H2–O2 O 6.0 ± 0.1 2.012± 0.001 10.4± 0.1 4.5± 0.1 3.0–12.0 0.9–2.2
Rh-Li/SiO2 CO/H2

c O 1.0 ± 0.5 2.076± 0.005 9.4± 0.4 3.7± 0.1 3.0–14.0 1.4–2.9
Rh 7.7± 0.3 2.746± 0.003 11.4± 0.4 3.5± 0.5

Rh-Li/SiO2 Used O 1.5± 0.5 2.060± 0.005 9.4± 0.4 3.7± 0.1 3.0–12.0 0.9–2.2
Rh 5.7± 0.3 2.699± 0.003 8.5± 0.4 −3.5 ± 0.5

Rh-Li/SiO2
d Fresh O 1.2± 0.5 2.05± 0.01 7.0± 1.0 2.7± 0.8 3.0–14.0 1.3–2.5

Cl 5.0 ± 0.9 2.31± 0.03 7.0± 1.0 1.8± 0.5
Rh-Li/SiO2

d O2 O 1.9 ± 0.1 2.005± 0.005 7.2± 0.4 −3.4 ± 1.0 3.0–14.0 1.4–2.4
Cl 2.3 ± 0.1 2.330± 0.004 8.2± 0.3 4.7± 0.7

Rh-Li/SiO2
d O2–H2 O 1.0 ± 0.5 2.076± 0.005 9.4± 0.4 3.7± 0.1 3.0–14.0 1.3–2.9

Rh 7.7± 0.3 2.746± 0.003 11.4± 0.4 3.5± 0.5
Rh-Li/SiO2

d O2–H2–O2 O 6.0 ± 0.1 2.012± 0.001 10.4± 0.1 4.5± 0.1 3.0–12.0 1.0–2.2

a Rh loading: 4 wt.%; Li/Rh molar ratio: 1 (unless otherwise reported).
b At 673 K (unless otherwise reported).
c At 413 K.
d Li/Rh molar ratio= 5.
e FFT and k-fit range.
f FFT−1 range (not phase corrected).

to CO/H2 at 413 K, and after a 20 h-catalysis run.
Best-fit results are reported inTable 3.

3.2.1. Rh/SiO2
The comparison of the FT spectrum of the just im-

pregnated RhCl3/SiO2 (4 wt.%) sample (Fig. 2) with
the reference used for rhodium chloride (RhCl3/SiO2,
10 wt.%), shows their complete overlay. The only large
peak at about 2.3 Å corresponds to the Cl shell. The fit
calculated over the filtered range�R = 1–3 Å gives
5.7 Cl atoms at 2.300 Å. By simple impregnation all
the rhodium is still present as RhCl3. After the first
calcination treatment at 672 K, a three shell structure
(Rh-O, Rh-Cl and Rh-Rh) occurs. The comparison
with the crystal data of rhodium salt and rhodium ox-
ide shows that the sample structure corresponds to a
mixed phase where part of the rhodium is still present
as chloride and part as oxide or, possibly, oxochloride

species. After the reduction at 673 K, the FT spectrum
exhibits all the features of the rhodium foil up to the
fourth shell (Fig. 2) and the first shell fit gives 10.5
Rh atoms at 2.692 Å. That means small rhodium metal
particles with fcc structure. No chlorine is detected
any more. A further in situ calcination at 673 K pro-
duces a completely oxidized rhodium, where the first
shell fit gives values coincident with those of Rh2O3.
After the reduction at 413 K in the CO/H2 mixture,
the FT spectrum exhibits the same features than after
the high temperature hydrogen reduction and the first
shell fit gives 10.7 Rh atoms at 2.692 Å, that means
that small Rh metal particles are formed with the same
structure and dispersion degree as after reduction.

3.2.2. Rh-Li/SiO2
The comparison between the FT spectra of the

freshly impregnated Rh-Li/SiO2 sample (Fig. 2) and
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Fig. 2. Fourier transform moduli of the Rh K-edge k3-weighted EXAFS data of Rh/SiO2, Rh-Li/SiO2 Li/Rh = 1 and of
Rh-Li/SiO2 Li/Rh = 5 after the following steps: (a) impregnation (···); (b) calcination (—); (c) calcination-reduction (- - -) and (d)
calcination-reduction-calcination ( ).

the RhCl3/SiO2 reference, shows that the presence
of LiCl does not significantly affect the chemical
surrounding of rhodium atoms. The best fit for the
inverse Fourier Transform of the first peak filtered
region, �R = 1.21–2.39 Å, reveals the presence
of a single shell of six chlorine atoms around the
rhodium absorber at almost the same distance as in
the RhCl3 crystal (2.303 Å versus 2.310 Å). The FT
spectrum of the same sample after oxidation, shown

in Fig. 2, exhibits a strong large peak, at about the
same distance than Rh-Cl in RhCl3 crystal, which
is due to a not well resolved overlap of 2 O atom
shell at 2.055 Å and a 4 Cl atoms shell at 2.31 Å.
As in the case of the Rh/SiO2 sample, the struc-
ture after calcination corresponds to a mixed phase
where part of the Rh is still present as chloride
and part as oxide, now with a dominant chloride
contribution respect to the oxide. No contribution
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from Li oxide is detectable in the nearest Rh
surrounding.

The Rh-Li/SiO2 Li/Rh = 5 sample after impreg-
nation shows a large first peak due to the overlap of
an O and a Cl shell, both species at distances com-
parable to the corresponding oxide and chloride com-
pounds, which suggest the contemporary presence of
the two species since from the impregnation step. The
Rh-Li/SiO2 Li/Rh = 5 sample after calcination shows
two distinct peaks (Fig. 2) which correspond to Rh-O
in the Rh oxide and Rh-Cl in the Rh chloride. The fit
obtained on the basis of a two shell model reaches the
best quality factor for 1.9 O at 2.005 Å (to be com-
pared with the 2.048 Å in the Rh2O3) and 2.3 Cl at
2.330 Å (versus the 2.310 Å of the RhCl3), for a total
of six neighbors around the rhodium atom. The low
intensity of the FT spectrum is due to the phase oppo-
sition between O and Cl as scatterers, which produces
destructive interference.

After the reduction at 673 K, the FT spectrum of
Rh-Li/SiO2 exhibits all the features of the Rh foil
up to the fourth shell (Fig. 2), and the first shell fit
gives 6.8 Rh atoms at 2.722 Å, that means small Rh
metal particles with fcc structure. The introduction
of an O shell, to include the possible presence of the
support, gives a fit statistically not more significant,
as evaluated by theF-test. The longer Rh-Rh dis-
tance than in the foil (2.722 Å versus 2.692 Å) can
be assigned to some interstitial Li inside the frame
of Rh metal particles. The Rh-Li/SiO2 Li/Rh = 5
sample after reduction (Table 3) has a Rh neighbors
shell (N = 7.7) corresponding to slightly bigger
metal particles with still some O or Cl contribution
at 2.076 Å (the introduction of an additional shell, to
include both the presence of the support and of the
Cl residue, gives a fit statistically not more significant
than the two shells one). The further elongation of
the Rh-Rh distance than in the Li/Rh = 1 sample
(2.746 Å versus 2.722 Å) is consistent with the higher
Li loading of this sample, a larger fraction of which
can be now interstitial inside the frame of Rh metal
particles.

The second in situ calcination at 673 K on both
Rh-Li/SiO2 catalysts, produces completely oxidized
rhodium species, where the first shell best fit gives
values coincident with those of Rh2O3. In Fig. 3 is
shown the comparison of the FT moduli between the
Rh-Li/SiO2 and Rh/SiO2 catalysts after in situ reduc-

tion in CO/H2 at 413 K, following the pre-treatment.
The two spectra have some resemblance in the Rh
peak, but on the Li-promoted sample there is an ev-
ident interaction with the support (presence of an O
contribution) and no more correspondence between
the outer metal shells. The fit of the first shell gives
and 7.7 Rh atoms at 2.746 Å plus 1 O atom at 2.076 Å
for Rh-Li/SiO2 versus 10.7 Rh neighbors at 2.692 Å
for Rh/SiO2. Noticeably the comparison between the
Rh-Li/SiO2 samples after the CO/H2 reduction treat-
ment and after the catalysis run (Fig. 3) shows that
smaller metal particles in contact with the support
are formed under catalytic (CO/H2/C3H6) conditions,
with 5.7 Rh neighbors at 2.699 Å and 1.5 O at 2.06 Å.
From the Rh-Rh distance it seems that after catalysis
there is no more interstitial lithium inside the metal
crystal frame.

The metal particles have also been characterized
by HRTEM microscopy. The Rh-Li/SiO2 (Rh 2 wt.%,
Li/Rh = 1) catalyst pre-treated in O2/H2/O2 at 673 K
and was observed after either a reduction treatment
in CO/H2 mixture at 413 K or a catalysis run (in
CO/H2/propene) at 413 K. The histograms of the metal
particle size distribution are compared inFig. 4. After
the CO/H2 reduction the Rh-Li/SiO2 sample showed
an average particle diameter= 4.8 nm; on the other
hand, the sample treated in CO/H2/propene at 413 K
displayed a mean diameter= 3.2 nm.

3.3. Relationship between structure and catalytic
properties

On the basis of EXAFS data, the global effect of
the O2/H2/O2 pre-treatment cycle appears to be: (i)
the formation of highly dispersed Rh2O3 without any
surface contamination by chlorine; (ii) the reductive
carbonylation of Rh2O3 upon admission of the hydro-
formylation or CO/H2 mixture at 413 K, leading to the
formation of metallic particles. However, the compari-
son of the results of the exposure to CO/H2 mixture of
the non-promoted Rh/SiO2 with the promoted system,
shows that different surface restructurings take place:
Rh metal particles, with no visible contribution from
the oxygen, were present in the non-promoted sample,
meanwhile smaller particles, strongly interacting with
the support and with some small lithium oxide ensem-
bles, were detected for the promoted system. In fact,
after the O2/H2/O2 treatment two different Rh and Li
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Fig. 3. Fourier transform moduli of the Rh K-edge k3-weighted EXAFS data of O2/H2/O2 pre-treated: Rh-Li/SiO2 ( ) and Rh/SiO2

(—) after in situ reduction in CO/H2 at 413 K, and of Rh-Li/SiO2 (- - -) after catalysis.

oxide phases are likely to be formed, highly dispersed
and in intimate contact with each other. In this way
small metal domains are closely in contact, or covered
by, small oxidic aggregates. At Li/Rh = 1 ratio the
two phases have a large common surface and so the
reaction may occur at this interphase. Whenever the
promoter/metal ratio is higher (as in Li/Rh = 5), the
covering effect prevails with a consequent decrease of
the active sites number, as reported elsewhere[25]. It
is thus evident that, after the almost complete chlo-
rine removal via O2/H2 treatment, the subsequent cal-
cination is a crucial step to have an effective contact
between the rhodium and lithium phases. Then, the
following in situ reduction with the reaction mixture
(H2 + CO + propene) leads to the surface restruc-
turing of the rhodium oxide into the catalytically ac-
tive species. Consistently to such a hypothesis, on the

Rh-Li/SiO2 sample, which underwent a simple O2/H2
pre-treatment, rhodium metal particles were observed,
but they exhibited a very low catalytic activity (total
conversion<0.05%).

In the most accredited picture of the promotion
mechanism, the alkali-metal promoter is present as
“patches” of oxide at the surface of the metal parti-
cles and the process occurs at the metal/oxide inter-
face[26,27]. Actually, with these systems, it is worth
noting that the presence of lithium enhances the selec-
tivity to oxygenated compounds, but it does not sup-
press the hydrogenation activity. Rather, it promotes
both hydrogenation and hydroformylation in a differ-
ent ratio. Therefore, according to the model proposed
by Sachtler et al.[10,16], there is an interaction be-
tween the carbonyl group and the cation of the alkali
oxide, which is similar to those observed in the Lewis
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Fig. 4. Histograms of metal particle size distribution, as measured by HRTEM micrographs of Rh-Li/SiO2 (Rh 2 wt.%, Li/Rh = 1) catalyst,
pre-treated in O2/H2/O2 at 673 K, after: (a) CO/H2 reduction at 413 K, (b) CO/H2/C3H6 treatment at 413 K.

acid–base couples in solution[28]. Such an interac-
tion appears to increase the rate of CO insertion, as
indicated by the enhancement in selectivity for butanal
formation. Moreover, in our results, the total activity
decreased constantly passing from lithium to cesium
in the following order:

Li > Na > K > Rb � Cs

This behavior parallels the trend of the polarizing
power of the cation within the Group 1. The lower the
polarizing effect of the metal, the smaller is the pro-
moting effect in hydroformylation. In fact, it is also
consistent with the Lewis acid–base model: the more
polarizing the cation, the more acidic the promoter
and the greater is the enhancement of the aldehyde
formation.

4. Conclusions

The use of aqueous co-impregnation of chloride
salts of both rhodium and alkali metal promoter,

as precursor of active supported metal catalysts, is
strictly connected to the pre-treatments applied to
the freshly prepared catalysts. After the O2/H2/O2
treatment two different Rh and alkali metal oxide
phases, highly dispersed and in intimate contact with
each other, were obtained. This oxidic interphase is
likely to be the factor responsible for the promotion
effect of the catalytically active species generated by
reductive carbonylation under catalytic conditions.
Among alkali metals, lithium is the most favorable to
aldehyde formation.
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