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Interactions of C;H,/H, with Rh*(CO),/Si0, and CO adsorbed on RhCl;/Si0; and Rh(NO,),/Si0,
and the activity of these catalysts for ethylene hydroformylation have been studied by infrared
spectroscopy. Chemisorption of CO on RhClL/SiO, and Rh(NO,);/Si0, at 298 K results in the
formation of linear CO on Rh* (or Rh*?) and Rh*? sites as well as gem-dicarbonyl. Temperature-
programmed decomposition studies show that thermal stability of these adsorbed CO species
decreases in the following order: linear CO on Rh* of RhCl;/8i0, > Rh*(CO), on Rh(NO,);/Si0,
> Rh*(CO), and linear CO on Rh*? on RhCL/SiO,. Linear CO on Rh™ sites is more active than
Rh*(CO), on either Rh{NO;);/SiO, or RhCl;/Si0, at 298 K toward C;H, and H, leading to the
formation of propionaldehyde. Gem-dicarbonyl is observed as a dominant CO species adsorbed on
RhCl;/SiO, while both gem-dicarbonyl and linear CO on Rh’ sites are found on Rh(NO;),/SiO,
during ethylene hydroformylation at 393 K and 1 MPa. RhCl,/SiO, shows higher hydroformylation
selectivity than Rh(NO,),/Si0,. RhCL/SiO; is less susceptible to reduction by the reactant mixture
than Rh{NQ,);/8i0,, resulting in higher hydroformylation selectivity. Increasing the reaction tem-
perature from 393 to 513 K results in the reduction of RhCl; and Rh(NO;); to reduced Rh crystallites.
Both catalysts remain active for hydroformylation and exhibit similar hydroformylation selectivities
at 513 K. However, their selectivities for hydroformylation are significantly lower than those at 393
K. The low hydroformylation selectivity is related to the reduced Rh crystallite, which is highly

active for hydrogenation.

INTRODUCTION

The nature of Rh™(CO),, rhodium gem-
dicarbonyl, on the supported Rh catalyst
has been extensively studied for more than
3 decades (/-17). Spectroscopic studies of
the adsorption of CO on the supported Rh
catalyst demonstrated that the gem-dicarbo-
nyl species exhibiting bands in the range of
2116-2090 ¢cm ™' and 2048-2022 cm™! are
associated with isolated Rh* ions (/-20).
Generation of Rh*(CO), on the oxide sup-
port can be achieved by (i) adsorption of CO
on the oxidized or reduced Rh (/-12), (ii)
exposure of supported Rh(CO),, and
Rh,(CO),, to oxygen (/3-15), and (iii) the
reaction of supported Rh salts such as chlo-
rides and nitrates with CO and H,0 (6, /4,
16, 17). Most studies of Rh*(CO), have been
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confined to the vibrational spectroscopy of
the gem-dicarbonyl and characterization of
the state of rhodium which associates with
the gem-dicarbonyl. Little work has been
done on the activity of oxide-supported
Rh"(CO), for catalytic reactions (/8, 19).
One important industrial process that is
catalyzed by Rh catalysts is olefin hydrofor-
mylation (2/-24). The commercial hydro-
formylation catalyst consists of Rh car-
bonyls and complexes which are the most
active and selective form of Rh catalysts.
The reaction has also been found to occur
on oxide- and zeolite-supported Rh (25-28),
Rh-metal, and Rh oxides (29-33). A number
of studies have suggested that the pathway
for the hydroformylation on rhodium zeolite
resembles that found in the homogeneous
system (26, 27); Rh* sites on the oxide-
supported Rh metal serve as the active site
for the reaction (29, 34-39). These sugges-
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tions are mainly derived from (i) the appar-
ent similarity between the state of CO (or
organic molecules) adsorbed on metal sur-
faces and the coordinated state of CO ligand
(or organic fragments) bound to the metal
atoms which form the mononuclear or poly-
nuclear complexes and (ii) the ostensible
analogy between the well-defined organo-
metallic reaction steps and the elementary
steps on heterogeneous catalyst surfaces
(40-48).

This paper reports the results of a study
on the interactions of C,H, and H, with
Rh(CO),/Si0, and CO adsorbed on Rh
chloride and Rh nitrate and the activity of
these catatlysts for hydroformylation (the
Oxo reaction). The nature of Rh"(CO), and
CO adsorbed on RhCl;/SiO, and Rh(NO,),/
Si0, was characterized by temperature-pro-
grammed decomposition. The reactivity of
various adsorbed CO species for propional-
dehyde formation was determined by in situ
infrared studies of the reaction of adsorbed
CO with C,H,/H,. In situ infrared studies of
ethylene hydroformylation were carried out
with the catalyst precursors containing
Rh*(CO), and CO adsorbed on Rh ions
ranging from the condition in which
Rh*(CO), can stay intact to that in which
Rh(CO), can be decomposed to Rh metal.
A correlation between the infrared intensity
of various forms of adsorbed CO and hydro-
formylation activity under reaction condi-
tions provides insight into the role of
Rh " (CO), in the hydroformylation reaction.
The types of adsorbed CO are closely re-
lated to the states of Rh (/-17). The results
of this study shed light on the nature of ac-
tive sites for hydroformylation on the het-
erogeneous Rh catalyst.

EXPERIMENTAL

Supported rhodium chloride and nitrate
samples containing 3 wt% Rh were prepared
by impregnation of silica (large pore, Strem
Chemicals) with aqueous solutions of RhCl,
- XH,0 (42.5% Rh) and Rh(NOy), - 2H.0
(32% Rh) (Alfa), respectively. Each gram of
silica was impregnated with 1 cm?® of solu-

tion. The resulting silica-supported Rh chlo-
ride and nitrate were dried in air at 313 K for
24 h and were pressed into self-supporting
disks (10 mm in diameter, 1 mm inthickness,
and 25 mg). The disk was placed in an infra-
red (IR) cell for infrared studies of CO ad-
sorption and reactions. Transmission infra-
red spectra were obtained by a Nicolet
5SXC Fourier transform infrared spectrom-
eter at a resolution of 4 cm™'. The spectrum
of the catalyst disk before admission of ad-
sorbate was used as a background spectrum.

Rh*(CO),/810, was prepared by chemi-
sorption of CO on the RhCl, - XH,0/SiO,
and Rh(NO,), - XH,0/8i0, at 298 K. The
amount of H,O in the catalyst samples prior
to CO chemisorption was not determined.
CO chemisorption led to carbonylation of
RhCl; - XH,0 and Rh(NO,); - XH,O ac-
cording to the following reactions (28, 50):

Rh** +3CO + H,0—

Rh*(CO), + 2H* + CO,
Rh** +3CO + OH —

Rh*(CO), + H* + CO,.

Due to the vague change in the IR spectra
of OH ™ and H,O during carbonylation, the
extent of the contribution of the above reac-
tions to the formation of gem-dicarbonyl
cannot be accurately determined from infra-
red spectroscopy. Carbonylation produced
not only Rh*(CO), but also linear CO spe-
cies adsorbed on Rh ions. It also led to a
change in the apparent color of the RhCly/
SiO, sample from pink to pale orange and
that of Rh(NO,),/SiO, from pale yellow to
pale orange.

Temperature-programmed  decomposi-
tion (TPDE) was used to determine the ther-
mal stability of adsorbed CO and Rh*(CO},
species on the catalyst. TPDE was con-
ducted in a high-temperature IR cell which
is capable of operating up to 723 K and 6
MPa. The pathlength for the infrared beam
in the cell is slightly less than 2.7 mm and
the net reactor volume is 0.21 cm®. After the
carbonylation of Rh chloride and nitrate in
the IR cell, the catalyst was heated in flow-
ing helium at 60 cm*/min from 303 to 673 K
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at a rate of 15 K/min. The composition of
the effluent from the IR cell during TPDE
was determined by a Balzer QMG-112 mass
spectrometer.

The reaction of C,H, and H, with
Rh *(CO), and CO adsorbed on the catalyst
was performed in a low temperature IR cell
(49). The path length for the infrared beam
in the cell is slightly less than 2 mm and the
net reactor volume is 0.2 cm®. The reactor
cell can be used up to pressures of 6 MPa in
a temperature range of 293 to 563 K. Follow-
ing carbonylation of Rh chioride and nitrate
and removal of gaseous CO by flushing the
sample with N,, the sample containing ad-
sorbed CO was exposed to a mixture of C,H,
and H, (C;H;:H, = [:1) at approximately
0.1 MPa and 298 K. The change in the IR
intensity of the adsorbed species during
TPDE and reactions was measured by the
infrared spectrometer.

Steady-state ethylene hydroformylation
(CO:H,:C,H, = 1:1:1) was carried out in the
same IR cell at 393-513 K and 0.1-1 MPa.
H, (UHP, 99.999%), CO (CP, 99.0%). He
(UHP, 99.999%), C,H, (CP, 99.5%) were
purified by passing through a trap of liquid
nitrogen before use. The reaction products
were analyzed by an HP-5890A gas chroma-
tograph with a 6-ft Poropak PS in series with
a 6-ft Poropak QS column. IR spectra were
taken during the entire course of reaction
studies. The loading of Rh before and after
the TPDE and steady-state reaction studies
was determined by a Philips PV 9550 X-ray
fluorescence spectrometer.

RESULTS

Temperature-Programmed Decomposition
(TPDE)

The infrared spectra taken during temper-
ature-programmed decomposition of
Rh " (CO), and adsorbed CO on RhCl,/SiO,
is shown in Fig. 1. Prior to the TPDE study,
infrared spectra for CO adsorbed on RhCl,/
SiO, at 303 K showed three major bands
at 2145, 2102, and 2036 cm ™. These bands
were observed following exposure of RhCl/
Si0, to 1 MPa of CO for 30 min at 303 K and
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FiG. 1. Infrared spectra of Rh*(CO); and CO ad-
sorbed on RhCly/Si0O, during TPDE.

flushing the sample with nitrogen. These IR
bands closely match those resulting from
exposure of RhCl,/SiO, to CO at 0.08-0.1
MPa and 323 K for 0.5-1h (/3, 16, 17). The
intense bands at 2102 and 2036 cm ™' can
be tentatively assigned to symmetric and
asymmetric stretching of Rh " (CO), , respec-
tively. The high frequency band at 2145
cm ™' has been attributed to linear CO ad-
sorbed on Rh*?; the intensity of the band
appears to depend upon details of treat-
ments (6, {3, 16—18). The weak band at 1870
cm ™! is assigned to bridge-bonded CO.
The major gas phase products resulting
from TPDE are CO and CO,, whose TPDE
profiles are shown in Fig. 2A; the variation
of the IR absorbance of the three major
bands as a function of temperature are plot-
ted in Fig. 2B. Both CO and CO, were imme-
diately observed as temperature increased
from 303 K. The high base-line concentra-
tion of CO at the onset of TPDE is due to
the nonlinear increase of the reactor temper-
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Fi1G. 2. (A) CO and CO, profiles during TPDE: (B)
variation of absorbance of IR bands with temperature.

ature between 303 and 323 K. Both 2145-
and 2102-cm ! bands increased in intensity
with temperature to 393 K. The reason for
the slightly increased intensity with temper-
ature remains unclear. Further increase in
temperature caused decreases in the inten-
sity of all the bands at about the same rate.
The peak temperature for CO occurred at
453 K where a substantial decrease in the
intensity of all the IR bands began. The peak
temperature for CO, was observed at 565 K
where both 2145- and 2036-cm " ' bands were
almost completely removed from the sur-
face of the catalyst. CO, may be formed
by either (i) CO disproportionation [2CO —
CO, + C] or (ii) the reduction of Rh* by
oxidation of a CO ligand (5/) [2Rh*(CO), +
0O >— 2Rh-CO + CO, + 2CO (12), where
O is an oxygen of a surface oxide]. The
occurrence of the latter would lead to the

simultaneous formation of CO and CO,. The
significant difference in CO and CO, peak
temperatures indicates that CO dispropor-
tionation is the dominant pathway for the
formation of CO,. CO disproportionation
has also been proposed to be the major path-
way for the formation of CO, during TPDE
of oxide-supported metal carbonyls (52).

Upon reaching 573 K, both the 2145- and
2036-cm' bands were completely removed,
leaving a residual CO species exhibiting a
band at 2093 cm~'. This band may be as-
signed to a linear (terminal) CO adsorbed on
a Rh™ site. This is consistent with a number
of studies which have shown that isolated
Rh” can chemisorb CO in both the gem-
dicarbonyl and linear forms (6, 53,54). The
linear CO adsorbed on a Rh* site exhibited
an IR band in the 2080-2100 cm ' range (6,
54). However, the distinction between Rh'
sites that adsorb linear CO and Rh™* sites
that adsorb gem-dicarbonyl remains un-
clear. The 2102-2105 cm ™' band which was
previously assigned to the symmetric
stretching vibration of gem-dicarbonyl is ap-
parently due to the combination of the sym-
metric vibration of the gem-dicarbonyl and
the vibration of a linear CO speciesonaRh*
site. Such a combination yields an unusually
high intensity ratio of the 2102-cm ' to the
2036-cm ™! band.

Figure 3 shows the infrared spectra taken
during temperature-programmed decompo-
sition of Rh*(CO), and adsorbed CO on
Rh(NO,),/Si0,. The adsorption of CO on
Rh(NO,);/Si0, at 303 K produced four
bands at 2104, 2091, 2036 cm ~ ', and a shoul-
der at 2083 cm~'. The former three bands
agree well with those reported by Keyes and
Watters (16, 17). The 2091- and 2036-cm !
bands may be attributed to a gem-dicarbo-
nyl. The 2104-cm ' band may be assigned
to a linear CO adsorbed on either Rh* or
Rh*? sites; the assignment remains incon-
clusive. The shoulder band at 2083 c¢cm™'
could be due to CO adsorbed on a partially
oxidized Rh; this CO species completely de-
sorbed at temperature below 393 K.

Figure 4A shows the CO peak tempera-
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F1G. 3. Infrared spectra of Rh™(CO), and CO ad-
sorbed on Rh(NO,);/S10, during TPDE.

ture at 335 K and CO, peak temperature at
393 K where substantial decreases in ab-
sorbance of the 2104-, 2091-, and 2036-cm !
bands began. Figure 4B shows the variation
in IR absorbance of adsorbed CO species
as a function of temperature. Although CO
desorption and disproportionation occurred
at lower temperatures on Rh(NO,),/Si0O,
than it did on RhCl;/Si0,, the temperature
for the complete decomposition of
Rh*(CO), was higher on Rh(NO,),/SiO,
than on RhCl;/SiO,. In addition to CO de-
sorption and disproportionation, XRF anal-
ysis before and after the TPDE revealed that
the Rh loading decreased from 3 to 2 wt%
on RhCl,/Si0O,, and from 3 to 2.7 wt% on
Rh(NO;),/Si0,.

Since CO disproportionation is consid-
ered to be the major pathway for the forma-
tion of CO,, each CO, molecule is produced
by two adsorbed CO. The total amount of
CO adsorbed prior to TPDE, listed in Table
1, was estimated by (i) summation of the
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number of CO desorbed and two times the
number of CO, produced during TPDE and
(ii) adjustment of the resulting value for Rh
lost during TPDE assuming that the Rh dis-
persion remains constant. Although both
catalysts contain the same amount of Rh salt
whose crystallite size is determined to be
less than 35A by X-ray diffraction line-
broadening, Rh(NO,),/SiO, showed a higher
CO chemisorption capability than RhCl,/
Si0,.

Interactions of C;H/H, with Rh* (CO),
and CO Adsorbed on Silica-Supported
Rh Chloride and Nitrate

Figure 5 shows the IR spectra for the
reaction of C,H,/H, with CO adsorbed on
RhCL;/Si0, at 298 K. The initial spectrum
prior to the admission of C,H,/H, to the
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TABLE !
Ethylene Hydroformylation over RhCl;/SiO, and Rh(NO,;),/Si0, at 393 K and 1 MPa

Reaction Rate of C,H, TOF Selectivity (mol%)
time (min) conversion (sec™! x 10%
(mol/kg h) CH, C,H¢ C,H;CHO CHC
Catalyst: RhCly/Si0,

90 0.09 1.16 12.8 52.0 35.2 0.0
150 0.20 2.50 18.7 493 32.0 0.0
180 0.35 3.83 14.1 379 48.0 0.0
220 0.39 4.88 13.5 34.9 51.6 0.0
250 0.38 4.75 14.0 35.1 509 0.0
280 0.36 4.50 10.8 348 54.4 0.0

Catalyst: Rh(NO,)y/Si0O,

30 0.27 0.38 4.0 59.9 25.8 0.3

90 0.29 0.41 13.5 58.9 26.8 0.8
120 0.27 0.38 13.0 §5.0 313 0.7
180 0.29 0.41 12.4 50.7 36.2 0.7
21s 0.27 0.38 12.8 52.6 339 0.7

Amount of CO(ads) on RhCly/SiO, before TPDE and reaction

= 83.13 x 107% mol/gm cat
Amount of CO(ads) on RhCl,;/SiO, (corrected to Rh loss during the reaction)

= 22.16 X 107° mol/gm cat
Amount of CO(ads) on RK(NO;):/Si0O, before TPDE and reaction

= 197.1 x 107° mol/gm cat
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Fi1G.. 5. Infrared spectra for the reaction of C;H,/H,; with Rh*(CO), and CO adsorbed on RhCl,/Si0O,
at 298 K.
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FiG. 6. Infrared spectra for the reaction of C,H,/H, with Rh*(CO), and CO adsorbed on Rh(NO;),/

Si0, at 29% K.

IR cell shows the IR band for CO adsorbed
on Rh** at 2146 cm™! and the gem-dicar-
bonyl bands at 2105 and 204! ¢cm ', which
are similar to those at 303 K shown in Fig.
1. Exposure of CO adsorbed on RhCly/
SiO; to 0.1 MPa of a C,H,/H, mixture at
298 K led to the following spectroscopic
changes: (i) an initial, rapid decrease in the
intensity and a downward shift of the 2105-
cm~! band, (ii) a gradual decrease in the
intensity of the band at 2041 cm ! which
then split into two bands at 2045 and 2039
cm™}, (iii) an increase in the intensity of
the propionaldehyde band at 1722 cm™!,
(iv) an emergence of C—H stretching vibra-
tion of ethane at 2850-3000 cm™! after 15
min of reaction, and (v) a slight change in
intensity and wavenumber for the band at
2146 cm~!. Gaseous ecthylene shows IR
bands at 1850-1900 and 2900-3200 c¢cm '.
No obvious change in the spectra was
observed after 60 min of reaction as the
reaction appeared to reach equilibrium.
The initial decrease in the intensity of the
band at 2105 cm ! correlated to the increase

in the intensity of the propionaldehyde band
at 1722 cm™ ', Due to the overlapping of the
symmetric vibration of gem-dicarbony! with
the vibration of linear CO on Rh* at 2105
c¢m ™!, the contribution of the gem-dicarbo-
nyl to the formation of propionaldehyde has
to be determined from the decrease in the
intensity of the asymmetric vibrational band
at 2041 cm~'. A gradual decrease in the in-
tensity of the asymmetric vibration band at
2041 ¢cm "', as well as a rapid initial decrease
in the intensity and a downward shift of the
band at 2105 cm™!, suggests that the
involvement of linear CO on Rh™ sites in
the formation of propionaldehyde is signifi-
cantly more than that of the gem-dicarbony]
during the first 15 min of the reaction.
Figure 6 shows the spectral development
for the reaction of C,H, and H, with CO on
Rh(NO,);/SiO, at 298 K. The initial spec-
trum prior to the reaction consisted of the
bands at 2106, 2092, and 2033 cm ', which
are similar to those shown in Fig. 3. The
intensity of the bands at 2092, 2106, and
2033 ¢cm ™! showed an initial decrease sub-
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Fi1G. 7. Infrared spectra for ethylene hydroformylation on RhC);/SiO, and Rh(NO;),/Si0; at 393 K

and 1 MPa.

stantially and a gradual constant decrease
with reaction time; the intensity of the propi-
onaldehyde band at 1716 c¢m™! increased
slowly with reaction time. The rate of in-
crease in the intensity of propionaidehyde
band is significantly lower on Rh{(NO,),/
Si0, than on RhCL/Si0,. The development
of the 2057 cm ! band after 2 min of reaction
indicates that a part of the surface has been
reduced to the Rh" state that adsorbs linear
CO.

Steady-State Ethylene Hydroformylation

The IR spectra for ethylene hydrofor-
mylation on RhCl;/Si0, and Rh(NO;),/Si0O,
at 393 K and 1 MPa are shown in Fig. 7.
Exposure of CO adsorbed on RhCl;/Si0, to
a steady-state flow of CO/H,/C,H, gave rise
to the propionaldehyde band at 1725 cm ™!
and weak ethane bands in the 2850-3000
cm™! region. The gem-dicarbonyl bands
shifted from 2104 and 2039 cm ™! t0 2093 and
2023 cm ™!, respectively. It should be noted

that exposure of gem-dicarbonyl to H, may
lead to the reduction of Rh* to Rh?, resulting
in the formation of adsorbed CO on Rh" sites
and HCO (carbonyl hydride). The latter spe-
cies displays an IR band in the 2027-2040
cm ! range which overlaps with the asym-
metric vibration (the low-frequency band) of
gem-dicarbonyl. The formation of carbonyl
hydride would change the contour of the
low-frequency band of the gem-dicarbonyl.
The formation of carbonyl hydride can be
ruled out because both 2023-cm ~ ! and 2039-
cm ™' bands have similar contours.

There was no obvious change in the IR
spectra during the entire course of the reac-
tion. Table 1 presents the rates of C,H, con-
version and selectivity corresponding to the
IR spectra shown in Fig. 7. Ethane and pro-
pionaldehyde were the major products;
methane and C, hydrocarbons were the mi-
nor products. The rate of C,H, conversion
and product selectivity showed an initial
variation and then remained constant during
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5 h of reaction; the XRF analysis of the
catalyst after the reaction study showed that
the Rh loading decreased from 3 to 0.8 wt%.
The stable rate of product formation after
an initial variation suggests that most of the
Rh loss occurred during the initial stages of
the reaction. The concentration of the Rh
species in the effluent of the reactor was
below the detection limit of our infrared and
mass spectrometers. The forms of the lost
Rh species in the effluent stream remains
unclear.

TOF (turnover frequency) in Table | was
calculated by dividing rate by the number of
CO molecules adsorbed (adjusted for the
percentage of Rh loss). Although a similar
approach has been used to estimate TOF
for hydroformylation over Rh/SiO, catalysts
(54), it should be noted that the ratio of CO/
Rh surface atom depends on the way CO
adsorbs. Lack of extinction coefficients (or
absorption intensity) prohibits the use of
TPDE and IR resuits to determine the num-
ber of Rh sites for linear CO and gem-dicar-
bonyl. TOF in Table 1 should be used cau-
tiously and only for comparison.

Admission of a steady-state flow of CO/
H,/C,H, to CO adsorbed on Rh(NO,),/Si0,
resulted in the formation of propionalde-
hyde and weak C,H, bands which resemble
those on RhCL/Si0O, (Fig. 7). Selectivity
data listed in Table 1 shows Rh(NQO,),/SiO,
is more selective for ethylene hydrogenation
than RhCly/SiO,. The carbonyl band at
2082-2090 cm ! first increased and then de-
creased gradually in intensity with reaction
time. In contrast, the 2032-cm~! band in-
creased slightly in intensity and became a
shoulder at 2032-2010 cm~' as the 2046-
cm~! band slowly emerged as a dominant
band in the final spectrum as shown in Fig.
7. The increase in intensity of the 2046-cm ™"
band with reaction time is apparently due
to the formation of Rh® during the reaction
process. In spite of the distinct variation of
CO bands at 2046 cm ™' with reaction time,
the rate of C,H, conversion and product se-
lectivity remained essentially constant as
the reaction proceeded.
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Table 2 shows the rate of product forma-
tion and selectivity for ethylene hydrofor-
mylation on the RhCIy/SiO, and the
Rh(NO;);/Si0O; catalysts at 1 MPa and 513
K. The reaction produced C,H, and propi-
onaldehyde as major products. The rate of
C,H, conversion and product selectivity re-
main essentially constant tor the entire 3 h
of reaction studies. Rh(NO,),/Si0O, exhib-
ited higher activity for ethylene conversion
and product formation than RhCl;/Si0O,, but
both catalysts showed similar selectivity.
XRF analysis revealed that the Rh loading
for RhCl,/SiO, decreased from 3 to 1.9 wt%,
while the Rh loading for Rh(NO,),/Si0, re-
mained constant during steady-state reac-
tion studies. Figure 8 shows the IR spectra
for the CO/H,/C,H, reaction on RhCl,/SiO,
and Rh(NO,),/Si0,, at 513 K and 1 MPa.
The band near 2039 cm™!, which may be
assigned to a linear CO on Rh°, increased
in intensity with reaction time over RhCl,/
Si0,. The broad band at 1890 ¢cm ~! overlap-
ping with the gaseous ethylene band corre-
sponds to bridged CO. Reaction time has
little influence on the propionaldehyde band
at 1722 em ™! and hydrocarbon (ethene and
ethane) bands in the 2850-3200 cm ~ ! region.

The reaction on Rh(NO,),/Si0, gave rise
to a linear CO band at 2020 cm ™ !, a propion-
aldehyde band at 1721 em ™!, and hydrocar-
bon bands in the 2850-3200 cm~' range.
These bands were considerably more in-
tense than those observed for the reaction
on RhCL/Si0,. The high intensity of linear
and bridged CO bands for Rh(NO,);/SiO, as
compared to those for RhCly/SiO, indicates
that the surface area of the metallic Rh crys-
tallite is higher for the catalyst prepared
from Rh(NQ,),/Si0O, than that from RhCl,/
SiO,.

DISCUSSION
Chemisorbed CO on RhCly/SiO, and
Rh(NO,),/8i0,

Although both RhCl,/SiO, and Rh(NO),/
Si0, contain Rh*? sites, adsorption of CO
on Rh*? associated with different anions re-
sults in the formation of linear CO and gem-
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TABLE 2
Ethylene Hydroformylation over RhCl;/Si0; and Rh(NO,);/Si0, at 513 K and | MPa

Reaction Rate of C,H, TOF Selectivity (mol%)
time (min) conversion (sec™! x 109
(mol/kg h) CH, C,H, C,H,CHO CHC
Catalyst: RhCly/SiO,
30 6.29 33.16 39 75.2 20.2 0.7
60 6.15 32.33 0.9 72.0 26.9 0.2
90 6.28 33.00 0.9 72.1 26.8 0.2
135 5.60 29.50 1.1 70.9 27.8 0.2
Catalyst: Rh(NO,),/Si0,

60 59.8 84.00 0.2 73.3 26.4 0.1
90 57.2 80.00 0.2 72.4 27.2 0.2
125 59.9 84.00 0.2 72.7 26.9 0.2

Amount of CO(ads) on RhCl;/Si0, (corrected to Rh loss during the reaction)
= 52.64 x 107% mol/gm cat

dicarbonyl which exhibit different vibra- as the linear CO on Rh*? and Rh* sites:
tional frequencies and catalytic properties. the predominant forms of CO adsorbed on
The major forms of chemisorbed CO on Rh(NO,);/SiO, are gem-dicarbonyl and lin-
RhCl,/SiO, are the gem-dicarbonyl as well ear CO on Rh* (or Rh*?) sites giving the
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FiG. 8. Infrared spectra for ethylene hydroformylation on RhCly/SiO, and Rh(NQ,),/Si0, at 513 K
and | MPa.
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2105-cm~' band. Keyes and Watters noted
that the gem-dicarbonyl on RhCL,/SiO, may
be in the form of [Rh(CO),Cl], physisorbed
on the surface of SiO, ; the physisorbed car-
bonyl species can be readily extracted from
the surface into pentane (/6, /7). In fact,
carbonylation of RhCl; with H,O and CO is
a standard approach for the preparation of
[Rh(CO),Cl], (52, 55). Due to its low boiling
point (313-333 K), [Rh(CO),Ci]l, can be
evaporated and flushed out of the catalyst
before being decomposed. However, mass
and infrared spectroscopic analysis of the
effluent of the TPDE reactor failed to iden-
tify [Rh(CO),Ci],. The concentration of
[Rh(CO),Cl], could be far below the detec-
tion limit of our mass and infrared spectrom-
eters. XRF analysis revealed that the Rh
loading for RhCl;/Si0O, decreased from 3 to
2 wt% while the Rh loading for Rh(NO;),/
SiO, only dropped to 2.7 wt% during TPDE
studies.

It has been suggested that Rh™(CO), on
Rh(NO;),/Si0, may be in the form of
[Rh(CO),0,], (where O, is a surface oxide)
which strongly interacts with the surface ox-
ide; the species can not be removed from
the surface by solvent extraction (16, 17).
TPDE studies show that the temperature
required for the complete removal of gem-
dicarbonyl is higher on Rh(NO;),/Si0, than
on RhCl;/SiO,. Furthermore, most of the
Rh species is retained on the surface of
Rh(NO,); during TPDE studies.

The Formation of Propionaldehyde on
RACL/Si0, and RI(NO-),/Si0,

The correlation between the decrease in
the intensity of the 2105-cm ™! band and the
increase in the intensity of propionaldehyde
band indicates that the linear CO on Rh"
sites displaying the 2105-2098 ¢cm ' band
participates in the formation of propionalde-
hyde on RhCL/SiO,. The involvement of
gem-dicarbonyl in propionaldehyde forma-
tion is less than that of linear CO on Rh*
as indicated by the slow attenuation of the
asymmetric vibration band of gem-dicar-
bonyl (shown in Fig. 5). In contrast to the
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reaction on RhCl,/SiO,, the correlation be-
tween CO consumed and propionaldehyde
formed on Rh(NO,);/Si0O, is not obvious
enough to assign the type of adsorbed CO
species responsible for the propionaldehyde
formation. The adsorbed CO species on
Rh(NO,),/SiO, showed a significantly lower
reactivity toward C,H,/H, than the linear
CO on Rh™ sites of RhCl,/SiO, at 298 K.

The observation of involvement of linear
CO on the Rh™ site of RhCl;/SiO, in the
formation of propionaldehyde is in good
agreement with our previous studies (49).
Our previous studies on CO insertion on
reduced and oxidized Rh/SiO, have shown
that both single Rh® and Rh™ sites that
chemisorb linear CO are active for CO inser-
tion leading to the formation of propionalde-
hyde from ethylene; Rh™ sites appear to be
more active than Rh sites (49). The forma-
tion of propionaldehyde on supported Rh
catalysts is proposed to involve three ele-
mentary steps: hydrogenation of adsorbed
C,H, to form adsorbed ethyl species, inser-
tion of linearly adsorbed CO to form ad-
sorbed acyl species, and then hydrogenation
to produce propionaldehyde. Due to the
transient nature of reaction intermediates,
most of these proposed intermediates could
not be identified by in siti infrared spectros-
copy. Only stable adsorbed species were
observed under hydroformylation condi-
tions.

Steady-State Ethylene Hydroformylation
on RhCLISIO, and Rh(NO,),/Si0,

The dominant CO feature in steady-state
ethylene hydroformylation on RhCl;/SiO,
at 393 K and 1 MPa is the gem-dicarbonyl
exhibiting bands at 2093 and 2023 cm™',
as shown in Fig. 7. By comparison of the
infrared spectra of gem-dicarbonyl before
and after exposure to C,;H,/H, (Fig. 5) and
CO/H./C,H, reaction (Fig. 7), it is evident
that gem-dicarbony! in the atmosphere of
CO/H,/C,H, exhibited lower wavenumbers
than those in the absence of the reactant
mixture. Physisorbed CO has been ob-
served to shift the vibrational frequency of
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gem-dicarbonyl to lower wavenumbers at
80-320 K (56). The Rh carbonyl species
exhibiting 2110- and 2044-cm~' bands
has been tentatively assigned to the
Rh*(CO).(C,H,) (57) while the species dis-
playing 2092- and 2025-cm™' bands has
been attributed to the Rh"(CO),H (58). No
definite information is available to justify
the existence of such species on the cata-
lyst surface in the present study.

Although it remains unclear how coad-
sorbed ethylene and hydrogen affect the
symmetric and asymmetric vibration of the
gem-dicarbonyl, the presence of the gem-
dicarbonylin hydroformylation at 393 K and
1 MPa indicates that a significant fraction of
the catalyst surface is in a Rh* state, and
gem-dicarbonyl on RhCly/SiQO, is stable un-
der conditions of ethylene hydroformylation
(393 K and 1 MPa). The present studies and
previous studies of interactions of C,H,/H,
with adsorbed CO have demonstrated that
the terminal CO adsorbed on Rh™ is in-
volved in the reaction with C,H,/H, to form
propionaldehyde at 298 K and 373 K how-
ever, no clear band for the linear COonRh*
sites can be observed in the high-pressure
ethylene hydroformylation at 393 K due to
the presence of intense gaseous CO bands.
The presence of high-pressure CO in the
reactant mixture could result in further ad-
sorption of CO on the Rh™ site which asso-
clates with a terminal carbon monoxide,
CO + Rh " (CO)— Rh"(CO),. The step has
been suggested to be an intermediate step
for the formation of Rh *(CO). from adsorp-
tion of CO on a highly dispersed Rh catalyst
().

The major forms of adsorbed CO ob-
served in steady-state ethylene hydrofor-
mylation on Rh(NO,);/Si0O, at 393 K and
1 MPa include a linear CO adsorbed on
Rh' sites and gem-dicarbonyl. Evidence for
the existence of carbony! hydride remains
inconclusive due to the presence of the
linear CO band at 2046 cm ' and the
shoulder for asymmetric vibration of gem-
dicarbonyl at 2015 cm~'. The attenuation
of the gem-dicarbonyl band and the growth
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of the band for the linear CO on Rh sites
indicate that a significant fraction of the
Rh(NO,),/SiO, surface was reduced to me-
tallic Rh crystallites during the reaction.
The reduction of Rh(NO,},/Si0, to metallic
crystallites in the reaction atmosphere oc-
curred even at 298 K, as shown by the
formation of linear CO on Rh" sites (shown
in Fig. 6). The high-surface-area metallic
Rh formed from Rh(NO;)./S10, is probably
the reason why Rh(NO,);/SiO, showed a
considerably higher hydrogenation activity
and selectivity than RhC}/S8i0, at 393 K
(Table 1}.

Exposure of RhCl/Si0, and Rh(NO;),/
SiO, to a steady-state flow of CO/H,/C,H,
at 513 K and 1 MPa gave rise to infrared
absorption bands for the linear CO, bridge
CO, adsorbed propionaldehyde, and C.H,.
No infrared evidence for the gem-dicarbo-
nyl was observed during ethylene hydro-
formylation at 513 K. Several infrared stud-
ies have also failled to detect the gem-
dicarbonyl on the Rh* ion for Zn-Rh/SiO,
and Ag~Rh/SiO, which showed high CO
insertion selectivity (59, 60). TPDE results
in Figs. 1-4 have shown that only part of
the gem-dicarbonyl on RhCl; and Rh(NO,),
can survive under helium flow at 513 K.
CO in the reactant mixture promotes ag-
glomeration of isolated Rh* to metallic Rh
crystallites converting gem-dicarbonyl to
linear CO at temperatures above 448 K
(/2); and another reactant, hydrogen, fur-
ther enhances the process. The presence
of the linear and bridge CO and the absence
of the gem-dicarbonyl show that a signifi-
cant fraction of the catalyst surface has
been reduced to metallic Rh crystallites.
The observation of IR bands for linear CO
on Rh" sites (Fig. 8) and similar selectivity
for the formation of propionaldehyde on
both Rh(NQO,); and RhCl; catalysts at 513
and 1| MPa suggest that the reduced Rh
sites catalyze hydroformylation. This ob-
servation is in agreement with a previous
proposition that the single Rh® sites that
chemisorb linear CO are active for hydro-
formylation (49).
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CONCLUSIONS

The origin of the difference in vibrational
frequencies and properties of gem-dicar-
bonyl and linear CO on RhCL/SiO, and
Rh(NO,),/Si0, catalysts may be related to
the anions associated with Rh species. CO
adsorption on RhCI/SiO, produced
Rh*(CO),, linear CO on Rh™ sites, and lin-
ear CO on Rh™? sites; CO adsorption on
Rh(NO,),/Si0, formed Rh " (CO), and linear
COonRh" (or Rh*?)sites. Thermal stability
of these various CO species decreased in the
following order: linear CO on Rh* of RhCl,/
Si0, > Rh*(CO), on Rh(NO,),/SiO, >
Rh*(CO), and linear CO on Rh** on RhCl,/
Si0,. Linear CO on Rh ™ sites is more active
than Rh*(CO), on either Rh(NO,),/SiO, or
RhCl;/8§i0, catalysts at 298 K toward C,H,
and H, leading to the formation of propional-
dehyde.

Under ethylene hydroformylation condi-
tion (CO/H,/C,H,, 393 K and | MPa), the
dominant CO species is gem-dicarbonyl on
RhCl,/8i0,, indicating that most surface Rh
is in the Rh™ state while the major forms of
CO on Rh(NO,);/SiO, are linear CO on Rh"
sites and gem-dicarbonyl. Rh(NO,),/S10, is
more susceptible to reduction by the re-
actant mixture than RhCl,/Si0,, resulting in
higher hydrogenation selectivity. Increasing
the reaction temperature from 393 to 513 K
led to the emergence of linear CO on Rh
crystallites which were reduced from RhCl,
and Rh(NO,);. Although both catalysts re-
main active for hydroformylation at 513 K,
their selectivities are significantly lower
than those at 393 K. The low hydroformyla-
tion selectivity appears to be associated
with the reduced Rh crystallites which are
highly active for hydrogenation.
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