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Abstract

The reduction of cobalt and rhodium salts coadsorbed on silica by aqueous NaBH, at 273 K in Ar allows the synthesis of
catalytic systems formed by very small rhodium crystallites (< 4 nm) and cobalt oxide /hydroxide. The presence of an
unreduced cobalt species is well documented by TPR and XPS. The cobalt oxide is probably deposited on the rhodium
surface, obscuring a large amount of the active metal centers. As can be judged by FT-IR and XRD data the morphology of
the system is not modified by thermal treatments in CO and H,. The system resulted inactive for the atmospheric
hydroformylation of propene, but actively catalyzed the reaction when a slight pressure (506 kPa) was applied. The high
values of chemoselectivity towards hydroformylation (R = 0.75) and regioselectivity to linear aldehydes (S, = 96) can be

due to the electronic and steric effects of the cobalt oxide layer.
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1. Introduction

Rhodium based systems, supported on vari-
ous inorganic carriers are the most studied het-
erogeneous catalysts for the atmospheric vapor
phase hydroformylation of light olefins [1-40].
However, monometallic thodium catalysts have
low overall activity and low chemoselectivity
towards hydroformylation. Higher activity and

* Corresponding author. Tel.: +39-41-5298562; fax: +39-41-
5298517.

an improved chemoselectivity in vapor phase
were obtained by doping the catalyst surface
with S [13,18,26,30,31] or Se [16,27,28], adding
promoters such as alkaly [19,25,39,40] or Zn
cations [10,11] or using bimetallic catalysts such
as Rh-Co [1,2,12,37,38], Rh-Fe
[11,12,14,17,22,23], Rh—Ag [29], Rh—Mo [24].
The reduction of transition metal salts in aque-
ous solution with NaBH , is known to cause the
formation of nanocrystalline or amorphous
metallic phases [41]. The formation of amor-
phous borides was observed when nickel and
cobalt salts were reduced by this method [42,43].
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In spite of the extensive use, the chemistry of
the process is still not well understood. Never-
theless, in the case of Ni, Co, Cu and Fe, the
experimental conditions to, respectively, pro-
duce a metal boride or a nanocrystalline metal-
lic powder have been recently described in de-
tail [43].

We have recently described highly chemose-
lective Rh/B and Rh/Al vapor phase hydro-
formylation catalysts prepared by low tempera-
ture reduction of rhodium salts, adsorbed on
silica and silica alumina, with NaBH, and
LiAlH, [34-36), respectively. It was observed
that oxidized boron and aluminum particles
played an important role in protecting the metal-
lic catalyst from sintering and preventing H,
dissociation with a substantial reduction of the
olefin hydrogenation activity. An increased
chemoselectivity towards hydroformylation was
therefore observed.

Supported catalysts based on the Rh—Co cou-
ple, mainly derived from the decomposition of
bimetallic carbonylic clusters, were found par-
ticularly active and selective in the vapor phase
hydroformylation of simple olefins provided that
the two metals were in intimate contact
[1,2,12,37,38].

Here we report the preparation, characteriza-
tion and reactivity studies on propene hydro-
formylation of Rh—Co based catalysts, with var-
ious Rh/Co ratios, obtained by the reduction of
the metal salts coadsorbed on silica with NaBH,
in anaerobic conditions.

2. Experimentals

2.1. Materials

Silica was a Grace 432(3) silica catalyst sup-
port with a surface area of 320 m* g~', pore
volume of 1.2 ml g~', and particle size of
30-100 pm. RhCl; X 3H,0 was used as re-
ceived from Janssen Chimica. All gases (SIAD
99.9%) were used without further purification.

2.2. Catalyst preparation

2.2.1. Preparation of Rhs,Cos, / SiO,

CoCl, *6H,0 (1.0 mmol) and RhCl, *3H,0
(1.0 mmol) dissolved in distilled water (10 ml)
were slowly added to silica (5 g) suspended in
water (100 ml). The mixture was maintained at
338 K under constant stirring for 2 h and then
the solvent was removed under reduced pressure
with a rotavapor.

The resultant powder was rapidly added un-
der argon to an ice (273 K) cooled solution of
NaBH, (1 g) in 500 ml of deaerated distilled
water. An immediate effervescence was ob-
served and a black powder slowly settled. The
catalyst was filtered under Ar, washed many
times with deaerated distilled water and dried
under vacuum.

All the other samples with different Rh/Co
atomic ratios were prepared following the pro-
cedure described above.

2.3. Characterization methods

2.3.1. X-ray diffraction

The samples were examined in the 6-26
reflection geometry with a Philips PW 1310
powder diffractometer working at 45 kV and 25
mA. The beam emitted by a Cu anode was
collimated with 1/2° divergence slit. The
diffracted ray was scanned with a 0.2 mm slit
and focused to the counter with a graphite
monochromator. The surface area was calcu-
lated from the X-ray diffraction of the surface
weighted crystallite mean obtainable from the
Fourier coefficients of deconvoluted peak pro-
files.

2.3.2. XPS analysis

XPS spectra were run on a Vacuum Genera-
tors ESCALAB spectrometer, equipped with a
hemispherical analyzer operating in the fixed
analyzer transmission (FAT) mode, with a pass
energy of 20 or 50 eV. Al ka;, and Mg ka, ,
photons (kv = 1486.6, 1253.6 eV, respectively)
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were used to excite photoemission. All samples
were measured as powders pressed on a metal
tip or spread on double-side scotch tape. The
binding energy (BE) scale (eV) was calibrated
by taking the Au 4f, , peak at 84.0 eV. Correc-
tion of the energy shift due to the static charg-
ing of the samples was accomplished using as
reference the Si 2p peak from the support taken
at 103.6 eV. The accuracy of the reported bind-
ing energies (BEs) was +0.2 eV, and the repro-
ducibility of the results was within these values.
The spectra were collected by a DEC PDP
11 /83 data system and processed by means of
VGS 5200 data handling software.

2.3.3. FT-IR spectroscopy

The IR spectra were recorded on a Nicolet
Magna 750 interferometer at a resolution of 4
cm™!. To simulate the reactor environment, the
adsorption of the CO, CO/H, (1:1) and hydro-
formylation mixture, was studied in an evacuable
IR pyrex cell with CaF, windows. The catalysts
were ground to a fine powder, pressed into
self-supporting wafers at a pressure of ca. 6
MPa and mounted in the holder of the IR cell.
All the measurements were carried out at 0.101
MPa.

2.3.4. Temperature-programmed reduction

Temperature programmed reduction (TPR)
was performed in a conventional, U-shaped,
quartz microreactor (=6 mm, [ =200 mm)
using a 5% H, in Argon mixture flowing at 35
ml min~' (STP). TPR measurements were taken
between 295 and 900 K with a heating rate of
10 K min~'. The reduction of CuO to metallic
copper was used to calibrate the TPR apparatus
for H, consumption.

2.3.5. Catalytic measurements

The hydroformylation of propene was carried
out in a tubular stainless-steel flow reactor, with
a flow system at atmospheric pressure. Gas
chromatographic analysis was achieved by us-
ing two gas chromatographs. The gas chromato-
graph A was used to separate and analyze the

aldehydes with a 25 m fused silica Poraplot Q
(Z=0.53 mm) column while gaschromato-
graph B was used to separate hydrocarbons with
a Plot fused silica Al,O;/KCI 25 m column
(J = 0.53 mm).

The catalysts were treated in an argon flow at
543 K for 24 h and in a CO/H, =1 flow (20
ml min~') at 453 K for 24 h.

Pressure was controlled by means of a relief
valve, using N, as a reference, gas counteract-
ing on a PTFE membrane.

The typical hydroformylation conditions
were: 1/1/1/15 mixture of CO/H,/pro-
pene /N, flowing at 27 ml min~', space veloc-
ity 3100 h~".

3. Results
3.1. X-ray diffraction

The X-ray diffraction spectra of the ‘as pre-
pared” Rh—Co /B samples showed only signals
attributable to metallic rhodium fcc (face cen-
tered cubic) crystallites with diameter of ca. 2.5
nm. Some representative spectra are shown in
Fig. 1.

Arbitrary Units

2.5 3.0 35

20
Fig. 1. XRD pattern of: (A) Rhsy~Cosy—B/SiO,; (B) Rhsy—
Cosy ~B/SiO, treated in CO/H, at 473 K; (C) Rhyy~Coso—
B/Si0, treated in air at 723 K and in hydrogen at 623 K.
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No modifications were found in the XRD
spectrum (A) of the sample prepared under
anaerobic conditions, even after treatment in
CO/H, at 473 K (B). Oxidation of the Rh-
Co/B samples in air at 723 K followed by
reduction in hydrogen at 623 K resulted in an
increase of the rhodium crystallites dimensions
up to 4 nm in diameter. Metallic cobalt was
never detected by XRD.

3.2. X-ray photoelectron spectroscopy measure-
ments

The data of the related Rh—~Co/B and Rh/B
[34] systems on silica are summarized in Table
L.

The Co/Rh atomic ratios were calculated
from the Co 2p;,,/Rh 3d;,, area ratios. The
spectra were recorded soon after sample prepa-
ration and air exposure was avoided, though not
all the operations were conducted in an inert
atmosphere.

The spectra of the Rh—Co/B samples in the
Rh 3d;,, and Co 2p,,, core levels presented a
signal at 307.7 + 0.2 eV attributable to reduced
Rh and a signal at 781.5 + 0.2 eV with a satel-
lite at 787.0 eV typical of Co** probably Co
oxide /hydroxide [44].

The Co/Rh atomic ratios values evidenced a
strong Co enrichment of the surface even in the
rhodium rich Rh,s—Co,s/B sample where the

molar ratio of the starting materials was Rh /Co
=3.

The spectrum of Rh/B, already reported in a
previous paper [34], showed two Rh 3d; /2 com-
ponents at 307.5 4+ 0.2 and 309.2 + 0.2 eV, re-
spectively. The first signal at 307.5 + 0.2 eV
could be assigned to zerovalent rhodium and the
second at 309.5 + 0.2 eV to an oxidized rhodium
species.

The spectrum of Co/B showed two Co 2p;, ,
components at 778.0 £ 0.2 and 781.5 + 0.2 eV,
respectively. The cobalt signal at 778.0 3 0.2
eV was clearly due to zerovalent Co while the
signal at 781.5 £ 0.2 eV was attributed to Co
oxide /hydroxide.

No significative boron amounts were de-
tected in the Co/B and Rh-Co/B samples,
while significant boron signals were recorded
for Rh/B [34].

3.3. Temperature-programmed reduction analy-
S5is

Temperature-programmed reduction (TPR)
and temperature-programmed oxidation (TPO)
have been largely used to study supported mono
and bimetallic catalysts [45,46].

The most important question that has to be
answered in the case of supported bimetallic
catalysts is whether the surface particles really
contain atoms of both metals.

Table 1

Binding energies (eV) * and XPS atomic ratios for reported compounds

Sample Co 2p;,, Co 2p;3 2 Rh 3ds,, Rh 3d; , Moy /Moy Bror/Rhyg Corer/Rhirg
ox red ox, red.

Rh-B/SiO,° 309.2 307.5 20 1.9

Rh,5-Co,5-B /SiO, 781.4 3077 nd. i1

Satellite 786.3

Rh,-Cos,-B /SiO, 781.7 307.5 nd. 42

Satellite 787.6

Rh,s—Co,5—B /SiO, 781.6 307.3 nd. 6.9

Satellite 786.5

Co-B/SiO, 781.5 778.0 72

Satellite 786.0

* All binding energies (BEs) were calibrated by taking the Si 2p at 103.6 ¢V. The accuracy of the reported BE is 0.2 eV and the

reproducibility of the results was within these values.
bRef. [34].
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The TPR technique can be used to obtain
evidence of the interaction between the atoms of
the two metallic components, identifying al-
loyed phases or intimate contact between the
two partners.

The Rh—Co system supported on alumina,
titania and silica [47,48] was studied by TPR
and TPO and the results were correlated with
the XRD and EXAFS data.

It was reported [48] that the reduction of a
Co/Si0, sample prepared by conventional im-
pregnation of the chloride started at 473 K and
was complete at 973 K. The reduction of the
analogously prepared Rh /Si0O, was complete at
473 K. Two peaks were visible in the rhodium
TPR profiles, at 368 K and at 413 K, respec-
tively, assignable to Rh oxide and rhodium
chloride reduction [48].

The TPR profile of the silica supported
bimetallic Co and Rh catalysts showed that the
reduction took mainly place between 273 and
510 K. This demonstrated that the rate of reduc-
tion of the cobalt salt was enhanced by the
presence of rhodium, suggesting that the two
metals were in intimate contact within each
other [48].

EXAFS of the Rh K-edge of the Co-
Rh/Si0, confirmed that, as was already sug-
gested by TPR results, the reduced catalyst con-
tained bimetallic Co—Rh particles, the interiors
of which were enriched in rhodium, while the
outer layer contained more cobalt [48].

We studied the TPR behavior of the as pre-
pared Rh/B and Rh—Co/B samples.

In Fig. 2, we report the TPR profiles in the
300-900 K temperature range, of Rh/B and of
two selected Rh—Co/B samples, both as pre-
pared and after oxidation in air at 723 K.

The Rh/B TPR profile (curve A) presented a
reduction peak at 380 K attributable to the
reduction of the small amount of oxidized sur-
face rhodium also detected by XP-spectroscopy
(34].

The TPR profile of the Rh/B sample after
air oxidation (curve B) showed the characteris-
tic reduction pattern of silica supported Rh,05;
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Fig. 2. TPR profiles of SiO, supported Rh/B and Rh—Co/B
systems in the 300-900 K range: (A) Rh—B/SiO, as prepared;
(B) Rh-B /Si0, after air oxidation at 723 K; (C) Co-B/Si0, as
prepared; (D) Rhs;—Cog,—B/SiO, as prepared; (E) Rhgy—
Cos,—-B/SiO, after air oxidation at 723 K; (F) Rhy5~Co,s~
B/Si0, after air oxidation at 723 K.

the reduction was complete at 420 K with a
maximum at 386 K.

The curve of the as prepared Co/B sample
showed a single broad reduction peak centered
at 765 K (curve C). The curve profile of the
oxidized sample resulted identical for both peak
position and intensity, indicating that most of
the cobalt was not reduced by NaBH, as also
indicated by the BEs values found.

The TPR profile (curve D) of the as prepared
Rh,—Cos,/B sample (the behavior of Rh,s—
Co,5/B was very similar) showed the reduction
peak of cobalt in the 730-900 K temperature
range, while only an extremely weak peak was
present in the ‘Rh reduction range’, confirming
what detected by XPS. Some oxidized rhodium
was probably formed during sample handling in
air before the TPR experiments.

Both the Rh~Co/B samples presented, after
oxidation, a reduction band centered at 450 K
which was complete at 500 K and a Co reduc-
tion band centered at 765 K.

The reduction bands in the ‘cobalt region’ of
the TPR profiles of all Rh—Co /B catalysts hav-
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ing the same intensities in both as prepared and
oxidized samples further confirmed that the
cobalt was not reduced by NaBH, in the
bimetallic samples, as well as was found by
XP-spectroscopy.

The rhodium reduction peak of the oxidized
samples shifted to higher temperatures (450-500
K), suggested a close interaction between the
cobalt and rhodium oxides, if not the formation
of a mixed oxide.

The TPR profile of the oxidized Rh,s—
Co,s/B sample (curve F) showed two reduction
peaks in the rhodium reduction region, respec-
tively at 386 and 450 K which might indicate
that part of the rhodium was segregated and
present on the surface as monometallic parti-
cles.

3.4. IR spectra

The IR spectra of the samples of Rh/B and
Rh-Co /B exposed to a CO flow in an evacuable
cell at room temperature were recorded in order
to study the exposed metal sites in the as pre-
pared samples.

The IR spectrum of Rh/B catalyst, after
exposition to CO flow at 298 K for 48 h, was
already reported by us [34] and showed two
twin bands at 2015 and 2088 cm ™" in the v,
region attributed to the stretching vibrational
modes of two carbonyl groups coordinated to a
Rh(I) center bonded to the oxide surface (Fig. 3,
spectrum D). Treatment in CO/H, at tempera-
tures up to 453 K resulted in the appearance of
two broad bands, respectively at 2015 cm™!
(with a shoulder at 2040 cm™!) and 1850 cm ™!
together with a considerable decrease of the
bands intensity (Fig. 3, spectrum E). The shoul-
der could be due to the stretching vibration of
the linearly coordinated CO on reduced rhodium
sites or to the C-O stretching mode of a
‘thodium carbonyl hydride species’ [49,50]. The
band at 2015 cm~' was thought attributable
either to a chlorine containing carbonyl or to an
adsorption with a significant contribution from a
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Fig. 3. FT-IR spectra in the ¥cq, region: (A) Rhsy—Cogo—
B/Si0, as prepared after exposure to CO at 298 K for 48 h; (B)
Rh;,—Cos,-B/SiO, after exposure to CO/H, at 453 K for 24
h; (C) Rh;5—Co,s-B/ SiO, as prepared after exposure to CO at
298 K for 48 h; (D) Rh—-B/SiO, as prepared after exposure to
CO at 298 K for 48 h; (E) Rh-B /Si0, as prepared after exposure
to CO/H, at 453 K for 24 h.

bridge-bonded CO [35]. The presence of chlo-
rine atoms was proved by XPS.

On the other hand, the IR spectrum (Fig. 3,
spectrum A) of the Rh,—Cos,/B sample ex-
posed at 298 K to flowing CO presented two
weak bands at 2019 and 1880 cm™!, respec-
tively, typical of CO linearly and bridged bonded
to metallic thodium sites. Thermal treatment in
CO/H, at temperatures up to 453 K produced
only little variations of the bands frequencies
and intensities (Fig. 3, spectrum B).

The band at 2019 cm™! can be analogously
attributed to the bands at 2015 cm ™' of Rh/B
[34,35] or Rh /Al [36]. The entire spectrum was
in any case less intense than that of Rh/B and
the intensity of the bands was dependent on the
rhodium content.

The IR spectrum of Rh,s—Co,s/B after ex-
posure to CO at 298 K for 48 h (Fig. 3,
spectrum C) showed the coexistence of various
species on the catalyst surface. The spectrum
was interpreted attributing the features at 1870
and 2019 cm ™! to the Rh—Co/B system while
the bands at 2050, 2092 and part of the band at



L. Storaro et al. / Journal of Molecular Catalysis A: Chemical 112 (1996) 43-54 49

2019 cm ™! appeared to belong to a monometal-
lic Rh system probably similar to Rh/B [34].
Part of the 2019 cm ™' band most likely belongs
to the twin bands system (2092 and 2019 cm™")
characteristic of the Rh(I) gem-coordinated car-
bonyls.

3.5. Catalytic tests

All the prepared samples, pretreated in
CO/H, at 453 K for 24 h before the reaction,
were tested in the vapor phase propene hydro-
formylation.

We have previously reported the results of
the vapor phase hydroformylation of ethylene
and propene on the Rh/B system catalysts at
atmospheric pressure [34,35].

All the Rh—Co/B systems resulted totally
inactive in the same experimental conditions,
with the only exception of Rh,s—Co,—B /SiO,
that showed a negligible hydroformylation ac-
tivity at 453 K, probably due to the small
amount of Rh /B species present.

The other Rh—-Co/B catalysts were active
only at pressures above 506 kPa. However the
Rh—-Co/B catalysts showed high values of both
chemo- and regio-selectivities.

The chemoselectivity towards hydroformyla-
tion (R) decreased with the increasing tempera-
ture while the regioselectivity to the linear hy-
droformylation products (S; ) was almost invari-
ant for both catalysts with the changing reaction
temperature.

4. Discussion

Bimetallic systems, constituted by highly dis-
persed entities of two different metals, represent
an important class of heterogeneous catalysts
[51-54]. It can be reasonably supposed that
metal couples which in the bulk solid solutions
easily form alloy clusters when reduced on the
surface of the support. The closely interacting
alloyed metallic species can mutually modify

their chemical and structural properties. These
modifications are experimentally well estab-
lished, but theoretically still not fully under-
stood [55].

Moreover, it is sometimes very difficult to
determine if the surface particles are authenti-
cally bimetallic and, in that case, their exact
morphology.

The reduction of two salts co-adsorbed on an
inorganic support is widely used to obtain sup-
ported bimetallic particles. It was claimed that
reduction with aqueous alkaly borohydride of
mixed aqueous solutions of iron and cobalt salts
gave origin to ultra-fine amorphous Fe—Co al-
loy particles [56]. Nevertheless, it was recently
reported that anaerobic sodioborohydride reduc-
tion of cobalt chloride in water produced only
cobalt boride Co,B [43]. The metal reoxidation
is even easier when the metal salt is supported
on an oxide [12]. On the other hand it clearly
resulted, from our XPS and TPR data, that
CoCl, adsorbed on silica treated with aqueous
NaBH, at 273 K in anaerobic conditions neither
formed borides nor metallic cobalt.

The same can be said for the cobalt contained
in the Rh—Co /B catalysts. Moreover, a remark-
able superficial cobalt enrichment was observed
by XPS in all the Rh—Co samples.

A shift to higher temperatures of the rhodium
reduction peak was observed in the TPR profile
of all the bimetallic samples analyzed after air
oxidation at 723 K. This behavior was generally
taken as an indication of an intimate contact
between the two metallic species [45,46]. It is
reasonable to presume that also the as prepared
catalyst samples were formed by bimetallic par-
ticles.

The TPR peak in the ‘rhodium reduction
region’ shifted to higher temperatures can in
fact be attributed to the reduction of closely
interacting cobalt and rhodium oxides, if not to
the reducing process of a mixed oxide RhCoO,.
It was also observed that part of the cobalt was
still reduced in the normal cobalt reduction
temperature range.

The TPR curve profile of the sample Rh,s—
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Co,s—B/Si0,, showed two reduction bands in
the Rh reduction range. This finding can be
explained by assuming that in this case small
monometallic rhodium crystallites, similar to
Rh-B coexist with the bimetallic Rh—Co parti-
cles on the silica surface.

It can be proposed from these data that the
bimetallic catalysts obtained by the reduction of
the coadsorbed Co and Rh salts are most proba-
bly constituted by rhodium particles covered in
part by a cobalt oxide layer.

Also, FT-IR, XPS and reactivity data can
find their rationale within this model. Unfortu-
nately, information obtained from FT-IR spectra
of adsorbed CO were very limited because it
was not technically possible to study the system
at the reaction operating pressure.

The two weak carbonylic bands observed

after atmospheric pressure CO adsorption (Fig.
3, curve A) can indicate that only few rhodium
surface sites are available to chemisorb the CO
molecules. The spectrum (Fig. 3, spectrum B)
was not modified after exposure to CO/H, at
453 K, while surface disruption—reconstruction
phenomena were always observed on similar
supported rhodium samples after thermal treat-
ments in CO/H, [34,36].

All the catalysts were found totally inactive
in the hydroformylation of propene at atmo-
spheric pressure, even after a complete oxida-
tion (in air) and reduction (in H,) cycle. Never-
theless, when the system was slightly pressur-
ized (506 kPa) acceptable hydroformylation ac-
tivity and excellent selectivity were observed.

Comparison with XPS and FT-IR data of the
related Rh/B [34,35] and Rh/Al [36] systems

Table 2

Product distribution for propene hydroformylation catalyzed by SiO, supported Rh/B and Rh—Co/B systems at 506 kPa
T K r (propane) * r {n-butanal) 2 r (iso-butanal) ? S b R°¢

Rh-B/SiO, 403 0.36 0.55 0.18 75 0.67
423 1.10 0.99 0.35 74 0.55
453 4.50 1.76 0.66 73 0.35
473 10.57 2.48 0.90 73 0.24
493 29.6 3.52 1.30 73 0.14
E, (kJ mol 1) 75.0 32,0

Rh,5—Co,5/SiO, 403 1.10 2.84 0.33 89 0.74
423 3.76 3.93 0.54 88 0.54
453 13.56 6.67 0.82 89 0.36
473 28.44 8.65 1.07 89 0.25
493 91.31 15.00 2.05 88 0.16
E, (kI mol™") 74.0 327

Rh,—Cosg,/Si0, 403 0.52 1.39 0.06 96 0.74
423 1.77 2.29 0.10 96 0.57
453 6.07 3.96 0.30 93 0.41
473 10.55 6.00 0.69 90 0.38
493 40.00 9.90 1.26 89 0.22
E, (T mol™!) 71.8 35.0

Rh,5—Coss /Sio, 403 0.04 0.10 nd. 0.71
423 0.11 0.14 n.d. 0.56
453 0.37 0.25 0.01 96 0.41
473 0.88 0.50 0.03 94 0.38
493 2.27 0.61 0.07 90 0.23
E, (kI mol™!) 74.0 347

* r=mol gg h™! 103
® 5, = (n-isomer /total hydroformylation products) X 100 ratio.
¢ R = hydroformylation /propene consumption ratio.
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can give some help in understanding the cat-
alytic behavior of the Rh—Co/B system.

The Rh 3d;s,, BE values are very similar in
the three systems and are attributable to Rh(0)
species even if XP-spectroscopy is scarcely sen-
sitive to light variations of the oxidation state.

The catalytic behavior of the Rh/B system at
atmospheric pressure was already described by
us [35]. The catalysts tested at 506 and 1013
kPa (Tables 2 and 3) showed, in comparison
with the reaction at atmospheric pressure, a
regioselectivity decrease and a slight increase of
chemoselectivity values. On the other hand, the
Rh-Co/B catalysts were found totally inactive
at atmospheric pressure while at 506 and 1013
kPa they actively and selectively catalyzed the
reaction, with peak S; and R values of 96 and

0.75, respectively. A close inspection of the
reactivity data showed that the apparent activa-
tion energy (E,) for the atmospheric hydro-
formylation reaction catalyzed by Rh/B was 42
kJ mol ™! while Rh/B and Rh—Co/B catalyzed
the reaction at 506 and 1013 kPa, respectively,
with an activation energy of 32 and 35 kJ
mol ~'. The previously described Rh /Al system
[36] catalyzed the reaction at 0.1 MPa with an
E, =21 kJ mol ™. These data suggested that the
atmospheric reaction on Rh/B occurred most
probably on sites different from those of the
pressurized system. In the light of these findings
it can be useful to compare the IR spectra of
Rh/B, Rh/Al and Rh—Co /B, respectively, re-
visiting the attribution of the 2019 cm™! band
of Rh—Co/B. A band in the 2015-2020 cm ™!

Table 3

Product distribution for propene hydroformylation catalyzed by SiO, supported Rh/B and Rh—Co/B systems at 1013 kPa
T (K) r (propane) * r (n-butanal) ? r (iso-butanal) * 5. ° R®

Rh-B/SiO, 403 0.63 0.98 0.3 74 0.68
423 19 1.34 0.52 72 0.49
453 6.94 1.97 0.77 72 0.28
473 18 2.7 1.05 72 0.17
493 49.7 3.55 1.32 73 0.09
E, (kI mol™!) 75.0 315

Rh,5—-Co,5/Si0, 403 1.55 4.05 0.45 90 0.74
423 5.54 6.8 0.94 89 0.58
453 20.39 13.17 1.55 89 0.42
473 54.85 20.05 2.48 89 0.29
493 163.71 29 3.95 88 0.17
E, (& mol™") 74.0 36.4

Rh,~Cos, /Si0, 403 0.63 1.78 0.09 95 0.75
423 1.85 2.97 0.16 95 0.63
453 6.94 5.68 0.49 92 047
473 15.7 8.51 0.88 90 0.37
493 50.0 11.7 1.34 90 0.21
E, (kI mol™") 74.0 34.7

Rh,5—Co45/SiO, 403 0.07 0.15 n.d. 0.68
423 0.18 0.26 n.d. 0.59
453 0.87 0.5 0.02 96 0.37
473 1.82 0.64 0.06 91 0.28
493 5.76 0.91 0.09 91 0.15
E, (kI mol™!) 74.0 337

* r=mol gg! h™' 10

b S, = (n-isomer /total hydroformylation products) X 100 ratio.

¢ R = hydroformylation /propene consumption ratio.
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region was found in all three catalysts after
treatment in CO/H,. Nevertheless only the
metal carbonyl band at 2015 cm ™! of Rh/Al
appeared attributable to a species involved in
the catalytic process at atmospheric pressure
[36]. The corresponding bands detected in the
other two systems appeared to belong to species
not involved in the catalytic process. This can
indicate that those species are quite similar be-
tween themselves but different from those de-
tected on Rh/Al. We are nevertheless very far
from a satisfactory attribution of these IR ad-
sorptions to well defined surface species.

The catalytic properties of the Rh-Co/B
system can be summarized as follows:

(a) specific activity calculated relative to
rhodium weight increase with the Rh /Co ratio;

(b) chemoselectivity towards hydroformyla-
tion was comparable with that of Rh/B;

(c) selectivity to linear hydroformylation
products was very high (in some cases the
highest value ever found to our knowledge for
propene hydroformylation in vapor phase on
rhodium supported catalysts).

The attribution of this behavior to the surface
coverage by cobalt oxide can only be tentative,
because of the complete lack of spectroscopic
data at higher than atmospheric pressure.

It is well known that olefin hydrogenation
successfully competes with heterogeneous hy-
droformylation on rhodium at atmospheric pres-
sure [3,4,6].

It was demonstrated that the addition of suit-
able promoters to rhodium lead to a remarkable
improvement of the chemoselectivity values
[12-14,16-18,22-31,34-40].

The promoters can operate in various and
sometimes multiple ways according to their na-
ture. Some dopants or promoters appeared to
mainly act by blocking the multicenter rhodium
sites where the CO and H, dissociation which
require large sites occurs. A remarkable sup-
pression of olefin hydrogenation that can favor-
ably compete with hydroformylation on such
kinds of sites was therefore obtained
[10,11,13,26]. It was proposed that hydroformy-

lation requires only small rhodium ensembles
and selectively occurs on protruding edge and
corner sites of the rhodium crystallite. A cata-
lyst formed by small metal crystallites with a
larger number of edges and corners per weight
unit should be more selective for the hydro-
formylation. The relationship between the di-
mensions of metal crystallites (or catalyst dis-
persion) with the activity and selectivity was
underlined in various studies [13,15,38,40].

The most surprising property of our Rh—Co
catalyst is their total inertness towards both
hydrogenation and hydroformylation at atmo-
spheric pressure and their good performance as
soon as a weak pressure was applied.

In the absence of more detailed information
the previously sketched model with particles
composed of a metallic rhodium core almost
completely covered by a layer of cobalt oxide
can offer a qualitative explanation. The model is
similar to that used to explain the catalytic
behavior of the supported Cu—Ru immiscible
couple [50-52]. When supported rhodium cata-
lysts are sulfidated or treated with zinc ions
[10,11,13,18,19] the dopant atoms are preferen-
tially chemisorbed on the flat or hollow sites of
the crystallites while protruding edge and corner
atoms are not affected.

In our probably oversimplified model, cobalt
oxide appears to cover, with a thick poliatomic
and irregular layer, almost all the rhodium sur-
face leaving only few narrow windows available
for the chemisorption of the incoming reacting
molecules. The chemisorption of the small CO
molecule was observed by FT-IR but the coad-
sorption of the other reactants necessary for the
reaction to occur is probably severely physically
hindered at atmospheric pressure. The pressure
is probably necessary to force the reactants
molecules (CO, H,, C,H) onto the relatively
inaccessible catalytic sites. The constrained en-
vironment of the active sites probably hinders
the formation of the bulkier branched isomer
giving an explanation of the high value of the
selectivity of these catalysts towards linear
products.
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