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The reaction of  adsorbed CO with C2H4/H 2 and ethylene hydroformylat ion over  reduced,  oxi- 
dized, and sulfided Rh/SiO 2 catalysts  has  been investigated under  reaction condit ions by in situ 
infrared spect roscopy.  Both react ions involve the CO insertion step result ing in the formation o f  
propionaldehyde.  The  linear CO adsorbed on the Rh ° site of  the reduced Rh/SiO 2 and the l inear CO 
adsorbed on the Rh + site of  the oxidized Rh/SiO2 are consumed  and propionaldehyde is produced 
as the adsorbed CO reacts  with C2H 4 and H 2 . The results  show that  both single Rh ° a toms and Rh* 
ion sites are active for the CO insert ion reaction. In situ infrared observat ions  o f  s teady-s ta te  
e thylene hydroformylat ion show that the oxidized Rh/SiO 2 containing considerable amoun t s  o f R h  ÷ 
sites exhibits rate and  selectivity for the formation of propionaldehyde higher than  those  of  the 
reduced Rh/SiO 2 ; the sulfided Rh/SiO 2 compris ing mainly singte Rh sites shows  rate and selectivity 
for the format ion of  propionaldehyde higher than that of  the reduced Rh/SiO z . The low selectivity 
of  the reduced Rh/SiO 2 for e thylene hydroformylat ion is attributed to the high hydrogenat ion  
activity of  the  Rh crystallite surface on the reduced Rh/SiO 2. © 1992 Academic Press, Inc. 

INTRODUCTION 

The insertion of carbon monoxide (CO) 
into a metal-carbon o- bond is one of the 
most widely studied reactions in organomet- 
allic chemistry (1). The interest in CO inser- 
tion stems from the fact that the reaction 
provides a pathway for the conversion of 
olefins or other substrates to high added- 
value chemicals (1, 2). Homogeneous hy- 
droformylation processes have been the 
largest industrial application of the CO in- 
sertion chemistry for more than three de- 
cades (3-5). Although Rh carbonyls and 
complexes are the most active hydrofor- 
mylation catalysts, mechanistic information 
about CO insertion has commonly been ob- 
tained using metals such as Mn, Ir, or Pt, 
which form unreactive and stable acyl com- 
plexes (2). The use of these organometallic 
complexes allows close observation of how 
the migratory CO insertion occurs. Infrared 
study of the BCO insertion on alkyl(penta- 
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carbonyl)-manganese has provided direct 
evidence of the migratory insertion of CO 
into a carbon-metal bond on Mn ÷ (6). The 
rate of CO insertion on methyl(pentacar- 
bonyl)-manganese can be further acceler- 
ated by a Lewis acid (7). 

It has been suggested that the migratory 
CO insertion plays a key role in the Fi- 
scher-Tropsch (F-T) synthesis (8, 9). 
Pichler et al.(8) first used CO insertion as a 
model for rationalization of chain growth in 
the F-T  catalysis on surfaces. However, 
most F-T studies over the past decade have 
shown that CO insertion is not the major 
pathway for the chain propagation of ad- 
sorbed alkyl (10-15). The CO insertion step 
was found to be the chain termination step 
leading to the formation of aldehydes and 
alcohols (14-21). 

While it has been well established that CO 
insertion occurs via the migration of an alkyl 
group to a Rh+-coordinated CO in homoge- 
neous catalysis (1-6), much controversy ex- 
ists concerning active sites for CO insertion 
in the CO hydrogenation reaction (F-T syn- 
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FIG. 1. High-pressure IR cell for in situ IR studies. 

thesis). Watson and Somorjai (16, 17) pro- 
posed that CO insertion to form C2+ oxygen- 
ates occurs on the Rh + sites while CO 
dissociation takes place on the reduced Rh ° 
sites. The postulate has been further sup- 
ported by a number of studies (18-20, 
22-24). On the contrary, Katzer et aL re- 
ported from an XPS study that there was no 
evidence for the existence of Rh* on Rh/ 
TiO2, which was active for the synthesis of 
C2 oxygenates (25). A number of studies 
have shown no correlation of C2+ oxygenate 
activity to the amount of Rh + or Rh "+ ions 
present on the Rh catalysts (26, 27). 

The present study was aimed at identifi- 
cation of the type of adsorbed CO species 
that participates in the CO insertion step in 
ethylene hydroformylation. The Rh catalyst 
system chosen for this study comprises 
three different forms of Rh: reduced Rh, 
oxidized Rh, and sulfided Rh. The types of 
CO adsorbed on t he se  Rh surfaces a r e  
closely related to the surface states of Rh 
(28-35). Infrared data for CO adsorption on 

steel flanges, a gas inlet and outlet, and two 
step CaF 2 windows. The IR cell can be oper- 
ated at temperatures up to 533 K and at a 
pressure of 60 atm. The step windows mini- 
mize the reactor volume and reduce the opti- 
cal path length for the gaseous species in the 
reactor. Infrared spectra were measured by 
a Nicolet 5XSC FTIR spectrometer with a 
DTGS detector at a resolution of 4 cm -~. 

A 3 wt% Rh sample was prepared by im- 
pregnation of SiO2 (Strem Chemicals, No. 
14-7420; SA, 350 mZ/g) with an aqueous so- 
lution of Rh(NO3)3 • 2H20 (Johnson-Mat- 
they Chemicals). After impregnation, the 
sample was dried overnight in air at 301 K 
and then reduced in flowing hydrogen at 673 
K for 16 h. The crystaltite size of Rh was 
determined to be 96 ,~ by hydrogen chemi- 
sorption. The reduced Rh/SiO2 sample was 
pressed into a self-supporting disk (20 mg, 
10 mm in diameter, and 1 mm in thickness) 
and then placed in the IR cell. 

The catalyst disk in the IR cell was sub- 
jected to further treatments prior to the ad- 
sorption and reaction studies. The treat- 
ments included reduction, oxidation, and 
sulfidation. The catalyst disk reduced in H2 
flow at 513 K for 1 h is designated as the 
reduced Rh/SiO2 catalyst; the catalyst disk 
oxidized in flowing air at 513 K for 1 h is 
denoted as the oxidized Rh/SiO 2 catalyst; 
and the catalyst disk sulfided in HzS flow 
(1000 ppm H2S in H2) at 513 K for 1 h is 
designated as the sulfided Rh/SiO2 catalyst. 
Sulfur content of  the sulfided Rh was mea- 
sured by X-ray fluorescence spectroscopy. 
The oxidation state of the Rh surface on the 

these Rh catalysts under various reaction r educedandox id i zed  catalysts was deter- 
conditions were obtained to determine the 
type of adsorbed CO for CO insertion and 
to shed light on the nature of active sites for 
the reaction. 

EXPERIMENTAL 

CO adsorption, the reaction of pread- 
sorbed CO with C2H 4 and H a, and ethylene 
hydroformylation on Rh catalysts were car- 
ried out in an infrared (IR) cell. The IR cell, 
shown in Fig. 1, consists of four stainless- 

mined by X-ray photoelectron spectroscopy 
(XPS) using a Leybold LHS-10 surface anal- 
ysis system. 

CO adsorption was conducted by 
exposing the catalysts to 1-10 atm of CO at 
301 K. Gaseous CO was removed by flowing 
nitrogen. The infrared spectra of adsorbed 
CO were recorded at 1 atm of CO or N 2. 
The reactivity of the adsorbed CO was in- 
vestigated by introducing CEH4/H 2 (molar 
ratio of CEll 4 : H2 = 1 : 1) to the adsorbed CO 
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in the IR cell that served as a batch reactor. 
The reaction of the preadsorbed CO with 
C 2 H  4 and H2 was carried out at 301 K and 
at a pressure of slightly above 1 atm. The 
infrared spectra of adsorbed CO and inter- 
mediates during the reaction were measured 
as a function of reaction time. 

Steady-state ethylene hydroformylation 
over the reduced, oxidized, and sulfided Rh/ 
SiO2 catalysts was carried out in the IR cell 
at 373-513 K and 1-I 0 atm. Infrared spectra 
were recorded as a function of time on 
stream. The effluent of the IR cell was sam- 
pled after 40 min at each reaction condition 
and was analyzed by an on-line HP-5890A 
gas chromatograph with a 6-ft Porapak PS 
column in series with a 6-ft Porapak QS 
column. 

RESULTS 

X-Ray Photoelectron Spectroscopy 

Figure 2 shows the XPS spectra of the 
Rh/SiO2 following different treatments. The 

Rh 3d3/2 and 3d5/2 binding energies for the 
Rh/SiO2 after exposure to air were observed 
at 312.2 and 307.6 eV, respectively. Follow- 
ing the reduction at 513 K, the Rh surface 
was reduced as indicated by the downshift 
of 0.8-0.9 eV. Subsequent oxidation in air 
at 513 K shifted the Rh 3d3/2 and 3d5/~ binding 
energies back to 312.3 and 307.5 eV. The 
difference of 0.8-0.9 eV in binding energy 
between the reduced and oxidized Rh/SiO2 
clearly indicates that the Rh surface on the 
reduced Rh/SiO2 contains primarily Rh ° 
atoms; and the Rh surface on the oxidized 
Rh/SiO2 comprises mainly Rh + ions. 

CO Adsorption 

Figure 3 shows the infrared spectra of CO 
adsorption on the reduced Rh/SiOz at 301 
K. Two intense bands at 2073 and 1898 cm -1 
are assigned to the linear (terminal) and 
bridged CO adsorbed on the reduced Rh 
crystallite surface, respectively. The small 
band at 2104 cm -1 and the shoulder at 2037 
cm-~ are attributed to the symmetrical and 
asymmetrical C-O stretching of Rh+(CO)2, 
the rhodium gem dicarbonyl. Assignments 
of these adsorbed CO species agree well 
with those reported for CO adsorption on 
supported Rh (28-35). 

The intensity of the gem-dicarbonyl bands 
slowly increased with exposure time, but 
the intensity of the bridged CO band re- 
mained essentially constant. A further in- 
crease in the intensity of the gem-dicarbonyl 
bands was observed after exposing the cata- 
lyst to 3 atm of CO. The slow development 
of gem dicarbonyl has been attributed to the 
disruption of Rh crystallites and the forma- 
tion of isolated Rh + sites (35, 36). Removal 
of gaseous CO by flowing nitrogen caused 
decreases in the intensity and wavenumber 
of linear CO and bridged CO bands. The 
decrease in the CO wavenumber has been 
attributed to the decrease in dipole-dipole 
interactions between adsorbed CO species 
(32, 37, 38). 

Figure 4 shows the infrared spectra of  CO 
adsorption on the oxidized RhlSiO 2 at 301 
K. The band at 2096 cm -~ developed and 
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FIG. 3. CO adsorption on the reduced Rh/SiO 2 catalyst at 301 K. 
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FIG. 4. CO adsorption on the oxidized Rh/SiO 2 catalyst at 301 K. 
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FIG. 5. S e q u e n t i a l  d i f f e r e n c e  s p e c t r u m  o f  C O  a d s o r p t i o n  o b t a i n e d  f r o m  s u b t r a c t i o n  o f  s p e c t r a  in F ig .  

4;  s p e c t r u m  5a  = 4b  - 4a ,  s p e c t r u m  5b = 4c  - 4b,  s p e c t r u m  5c = 4d  - 4c ,  e tc .  

shifted to 2101 cm -] as exposure time in- 
creased. A low intensity band at 2025 cm -] 
also increased in intensity with exposure 
time. Exposing the catalyst to 10 atm of CO 
produced a complex infrared spectrum. The 
development  of various IR bands for ad- 
sorbed CO species can be clearly discerned 
in the difference spectra, shown in Fig. 5, 
which highlights the difference between suc- 
cessive spectra in Fig. 4. The  upward shift 
of  the 2096 cm -] band as the intensity in- 
creased indicates that the band is not com- 
pletely due to the symmetric vibration of 
Rh+(CO)2 because the wavenumbers  of  
symmetric and symmetric bands of 
Rh+(CO)2 do not change with their intensi- 
ties (28-30, 32-35). The 2096 cm -~ band is 
assigned to the linear CO adsorbed on the 
Rh + ions. Linear  CO adsorbed on Rh + is 
known to give an IR band in the 2100-2090 
cm -~ region (32, 33, 39, 40). Part of the 2096 
cm -~ band may be due to the symmetric 
vibration of Rh+(CO)2, which also gave rise 
to the asymmetric  vibration at 2025 cm -~. 

The complex spectrum resulting from expo- 
sure to I0 atm of CO consists of  bands at 
2108, 2096, 2078, 2040, 2007, 1882, and 1857 
cm -1. The species is quite stable in nitrogen 
flow. The spectrum does not match with the 
spectra of various types of Rh carbonyls 
such as Rh4(CO)l 2 and Rh6(CO)I6 (5, 41), nor 
does the spectrum correspond to those for 
CO adsorbed on Rh 2+ and Rh 3+ sites (32). 
The structure of  the resulting complex re- 
mains unclear. 

Figure 6 shows the infrared spectra of CO 
adsorption on the sulfided Rh/SiO2 catalyst 
at 301 K. CO adsorption produced a band 
at 2090 cm -~, which may be assigned to a 
linearly adsorbed CO. Exposure  of  the sul- 
tided catalyst to CO for 60 min resulted in 
an increase in the intensity of the linear CO 
band and an upward shift of  its wavenumber  
of 2095 cm -~. Two bands at 2029 and 2005 
cm ] are due to the weakly adsorbed CO 
on the catalyst surface as indicated by the 
decreasing intensity of these bands in flow- 
ing nitrogen. 
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FIG. 6. CO a d s o r p t i o n  on  the sul f ided R h / S i O  2 ca t a ly s t  at  301 K. 

Reaction of  Adsorbed CO with C2H4 
and H2 

Figure 7 shows the infrared spectra taken 
during the reaction of C2H4 and H2 with the 
preadsorbed CO on the reduced Rh/SiO2 
catalyst at 301 K. The infrared spectrum 
prior to admission of CzH4/H 2 exhibited a 
linear CO band at 2070 cm -~, a bridged CO 
band at 1891 cm 1, and gem-dicarbonyl 
bands at 2104 and 2040 cm 1. Exposure of 
adsorbed CO to CzH4/H 2 decreased the in- 
tensity and wavenumber of the linear CO 
band at 2070 cm -t. At the same time, the 
propionaldehyde band at 1724  cm -~ 
emerged. A slight decrease in the intensity 
of gem-dicarbonyl bands was also observed. 
The consumption of linear CO and the for- 
mation of propionaldehyde indicates that 
the linear CO adsorbed on the Rh ° crystallite 
is the major type of adsorbed CO that partic- 
ipates in CO insertion leading to the forma- 
tion of propionaldehyde at 301 K and 1 atm. 
The spectra for hydrocarbons in the 
2650-3200 cm -~ region show that ethylene 
bands at 3124, 3077, and 2988 cm ~ depleted 

as ethane bands near 2954 and 2894 cm -1 
increased in intensity. The simultaneous 
formation of propionaldehyde and ethane 
indicates that the insertion of CO into ad- 
sorbed ethylene competes with ethylene hy- 
drogenation. 

Figure 8 shows the reaction of C2H 4 and 
H 2 with the preadsorbed CO on the oxidized 
Rh/SiO2 catalyst at 301 K. The infrared 
spectrum of adsorbed CO prior to exposure 
to C2H 4 and H2 is identical to that shown in 
Fig. 4. Admission of CzHz/H 2 to the pread- 
sorbed CO resulted in the formation of the 
propionaldehyde band at 1732 cm -j and a 
band at 1632 cm 1 and a dramatic variation 
of CO bands in the 2105-1860 cm -1 region. 
No bands that can be attributed to an ad- 
sorbed acyl species or complex were ob- 
served. The 1631 cm -I band may be as- 
signed to the carboxylate species of which 
carbon attaches on two oxygen atoms (42). 
The role of this species in the propionalde- 
hyde formation remains unclear. 

The change in IR spectra of adsorbed CO 
upon admission of C2Hn/H 2 and during the 
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FIG. 7. Reaction o f  C 2 H 4 / H  2 with adsorbed CO on the reduced Rh/SiO 2 catalyst at 301 K. 

reaction can be clearly discerned by the dif- 
ference spectra as shown in Fig. 9. The dif- 
ference spectrum 9a shows a very complex 
pattern, which is the mirror image of spec- 
trum 5e. The unknown species exhibiting 
the complex spectrum disappeared upon ad- 
mission of C2H 4 and H2. The species ap- 
pears to be unstable under reaction condi- 
tions; its relation to propionaldehyde 
formation remains unclear. A clear relation- 
ship between the variation of adsorbed CO 
and the formation of propionaldehyde can 
be observed after 3 min of the reaction. The 
decrease in the band intensity at 2106 cm -1 
appears to correlate to the increase in the 
propionaldehyde band intensity at 1732 
cm -1, suggesting that the linear CO ad- 
sorbed on the Rh + site is involved in CO 
insertion leading to the formation of propi- 
onaldehyde. 

Figure 10 shows the changes of infrared 
spectra taken during the interaction of C2H 4 

and H 2 with preadsorbed CO on the sulfided 
Rh/SiO 2 catalyst at 301 K. The intensity of 
the linear CO at 2091 cm -j decreased upon 
the addition of C2H 4 and H 2. Neither detect- 
able propionaldehyde nor ethane was ob- 
served during the entire period of the reac- 
tion study. The lack of activity of the 
sulfided catalyst for catalyzing propionalde- 
hyde and hydrocarbon formation may be 
due to a strong inhibition of ethylene and 
hydrogen adsorption brought about by ad- 
sorbed sulfur at 301 K. 

Steady-State Ethylene Hydroformylation 

Figure 11 shows the infrared spectra for 
ethylene hydroformylation on the reduced 
Rh/SiO2 catalyst. The rates of product for- 
mation corresponding to the infrared spec- 
tra are presented in Table 1. Ethane was the 
major product; methane and propionalde- 
hyde were minor products at 373 K and 1 
atm. Under the same reaction condition, the 
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FIG. 8. Reaction of C2H4/H 2 with adsorbed CO on the oxidized Rh/SiO 2 catalyst at 301 K. 

infrared spectrum shows the prominent  lin- 
ear CO band at 2042 cm -~ and the bridge CO 
band at 1871 cm -l.  Increasing temperature 
from 373 to 513 K at 1 atm resulted in a 
significant increase in the rate of formation 
of  ethane and propionaldehyde and a slight 
increase in the selectivity toward propional- 
dehyde.  Increasing the reaction tempera- 
ture also reduced the intensity and wave- 
number of  the linear CO and bridged CO 
bands, but increased the intensity of  hydro- 
carbon bands. A wavenumber  decrease for 
the linear CO and bridge CO has been attrib- 
uted to a decrease in the dipole-dipole cou- 
pling between adsorbed CO (37) as a result 
of  the dilution of adsorbed CO by adsorbed 
propionaldehyde and hydrocarbons.  

Subsequent  increases in pressure from 1 
to 10 atm at 573 K further increased the 
rates of formation for methane,  ethane, and 
propionaldehyde by factors of about 4.6, 8, 
and 17.5, respectively.  The use of high pres- 

sures significantly enhanced the selectivity 
to propionaldehyde.  The increases in pres- 
sure also caused a slight increase in the in- 
tensity of the linear CO band, the formation 
of the propionaldehyde band at 1730 cm -1, 
and the development  of  intense ethane 
bands at 2946 and 2890 cm J. No infrared 
evidence of  CO adsorbed on Rh + ions was 
observed during the entire course of  reac- 
tion studies on the reduced Rh/SiO 2. 

Figure 12 shows the infrared spectra as a 
function of  time for ethylene hydroformyla-  
tion on the oxidized Rh/SiO2 catalyst at 373 
K and 1 atm. Low reaction temperature  and 
pressure were used to prevent  the oxidized 
Rh surface from complete reduction. The 
rate of  product  formation corresponding to 
the IR spectra is listed in Table 1. Ethane,  
propionaldehyde,  and methane were the 
major products.  The infrared spectrum cor- 
responding to the rate data showed the pro- 
pionaldehyde band at 1733 cm -1, the bridge 
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CO band at 1881-1886 cm -~, a sharp peak 
at 2083 cm -1, and a broad band at 2025-2033 
cm -~. The wavenumbers  of the two latter 
bands fall in the range of  rhodium gem dicar- 
bonyl.  The unusually high ratio of  integrated 
intensities of  these bands at 2033 and 2083 
cm -1 and the downward shift of the 2033 
cm -~ band as its intensity decreases  suggest 
that the 2033 cm -~ band is due to overlap- 
ping of  the asymmetric  band of  gem dicar- 
bonyl with other  CO bands. Adsorbed spe- 
cies that exhibit IR bands in the 2025-2033 
cm -~ range include carbonyl  hydride and 
linear CO (45). The band in the 2020-2048 
cm -~ range has been assigned to a carbonyl 
hydride species in a number  of  studies on 
the adsorption of  H2CO, D2CO, and coad- 
sorption of  CO and H2 on the Rh catalyst 
(43-45). The downward shift of the 2033 
cm -1 band to 2025 cm -t as the intensity de- 
creased suggests the presence of the linear 
CO adsorbed on the Rh crystallite. The low 
wavenumber  of  the linear CO band formed 
at 2025 cm -~ can be attributed to the de- 

crease in dipole-dipole interaction between 
adsorbed CO (32, 37, 38) as a result of  ad- 
sorbed CO dilution by adsorbed ethylene 
and propionaldehyde.  

The presence of the bridged CO band at 
1866 cm -~ as well as the formation of  CO2 
(at 2360 and 2340 cm -~) on the oxidized Rh/ 
SiO 2 indicates that the oxidized Rh surface 
was partially reduced during the reaction. 
The 1560 cm -1 band and the 1410 cm -~ band 
(not shown in Fig. 12) may be assigned to 
the bidentate of which oxygen atoms attach 
on a surface metal atom (42, 46, 47). Studies 
on C2 oxygenate synthesis over  Rh/TiO2 and 
Mn-Rh/SiO2 have suggested that the biden- 
tate species is the reaction intermediate for 
the formation of C2 oxygenates (46, 47). In 
contrast,  Fukushima et a1.(48) have pro- 
posed that the bidentate species is formed 
from the spillover of an adsorbed acetyl spe- 
cies on the Rh metal to the oxide. The propi- 
onaldehyde band at 1733 cm -~ and the eth- 
ane bands at 2950-2890 cm -I decreased 
slightly in intensity with reaction time while 
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T A B L E  1 

Rates  of  Product  Format ion  for Ethylene Hydroformylat ion over  Reduced,  Oxidized,  and 
Sulfided Rh/SiO2 Catalysts  

Cata lys t / react ion 
condition 

CH4 

Rate of  product  formation (mol/Kg-h) 

C2H 6 C3+ HC CH3CHO CzHsCHO 

CzH5CHO/C2H6 a 

373 K, 1 a tm 0.025 
513 K, 1 a tm 0.037 
513 K,  10 a tm 0.17 

373 K, 1 a tm 0.012 

373 K,  1 a tm 0.013 
513 K, 1 a tm 0.023 
513 K, 10 a tm 0.094 

Reduced Rh/SiO 2 
0.14 -- -- 0.016 (8.8) 0 
8.27 0.098 0.097 1.4 (14.1) 

66.4 0.094 0.075 24.5 (26.8) 

Oxidized Rh/SiO2 
0.075 - -  -- 0.025 (22.3) 

Sulfided R h / S i O f  
0.001 -- -- -- 

2.5 -- -- 0.43 (14.6) 
48.9 0.092 - -  27.0 (35.5) 

0.11 
0.17 
0.37 

0.33 

0 
0.17 
0.55 

The ratio of  the rate of  product  formation.  
b The selectivity of  propionaldehyde (mol%). 
c The bulk ratio of  S to Rh = 0.12. 

the bidentate band at 1560 cm -1 remained 
constant during the reaction. The propional- 
dehyde band observed on the oxidized Rh/ 

SiO 2 is significantly more intense than that 
on the reduced Rh/SiO2 (shown in Fig. 11). 
The results are consistent with the consider- 
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FIG. 12. Ethylene hydroformylat ion on the oxidized Rh/SiO 2 catalyst ,  
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FIG. 13. Ethylene hydroformylation on the sulfided Rh/SiO 2 catalyst. 
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ably high propionaldehyde selectivity ob- 
served on the oxidized Rh/SiO 2 compared 
to the reduced Rh/SiO2. 

Figure 13 shows the infrared spectra of 
ethylene hydroformylation on the sulfided 
Rh/SiO2. The rate of product formation is 
listed in Table I. At 373 K and 1 atm, the 
linear CO at 2090 cm -l was the only ad- 
sorbed CO on the catalyst; methane and eth- 
ane were the observed products. Increasing 
the reaction temperature from 373 to 513 K 
at 1 atm resulted in propionaldehyde forma- 
tion and a rate increase for hydrocarbon for- 
mation. The temperature increase also 
caused an increase in the linear CO band 
intensity and an emergence of weak propi- 
onaldehyde and hydrocarbon bands. Subse- 
quent increases in reaction pressure from I 
to 10 atm at 513 K slightly increased the 
intensities of the linear CO and further en- 
hanced the intensity of the propionaldehyde 
and hydrocarbon bands; the increasing pres- 
sure also increased the formation rates of 
methane, ethane, and propionaldehyde by a 

factor of 4, 19.5, and 62.8, respectively. 
High pressure greatly enhanced the rate and 
selectivity for the formation of propional- 
dehyde. 

DISCUSSION 

Characterization of the Rh Surface 
by Infrared Spectroscopy of 
CO Adsorption 

The types of CO adsorbed on the Rh cata- 
lysts are very sensitive to the structure and 
chemical environment of the Rh surface. It 
has been well established that the reduced 
Rh crystallite surface chemisorbs CO as lin- 
ear and bridge CO species; the oxidized Rh 
surface contains isolated Rh+sites that ad- 
sorb CO as gem dicarbonyl (28-35). The 
sulfided Rh surface also possesses isolated 
Rh sites, which have been suggested to 
carry positive charges; these sites chemi- 
sorb CO as linear CO or gem dicarbonyl 
(39). 

Three types of adsorbed CO species in- 
cluding linear CO, bridge CO, and gem di- 
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carbonyl were clearly observed from the 
spectra of CO adsorbed on the reduced Rh/ 
SiO2 catalyst, as shown in Fig. 3. The results 
indicate that the surface of the reduced Rh/ 
SiO 2 contains both reduced Rh crystallite 
and isolated Rh + sites. XPS studies revealed 
that the surface of reduced Rh/SiO2 prior to 
CO adsorption contains primarily the re- 
duced Rh ° atoms. The observation of gem 
dicarbonyl suggests that CO adsorption led 
to the formation of isolated Rh + sites on the 
reduced Rh/SiO2. The formation of 
Rh+(CO)2 from adsorption of CO on Rh ° 
sites has been found to involve isolated OH 
groups. The process can be reversed by hy- 
drogen treatment (35, 49, 50). 

XPS studies (shown in Fig. 2) have shown 
that oxidation of the reduced Rh/SiO 2 at 
513 K produced the oxidized Rh/SiO 2, the 
surface of which contains primarily Rh + 
ions. CO adsorption on the oxidized Rh/ 
SiO2 produced linear CO and gem dicarbo- 
nyl adsorbed on the isolated Rh + ions. In- 

creasing CO pressures led to the formation 
of bridge CO adsorbed on Rh crystallites as 
well as the formation of an unknown CO 
species. The formation of bridge CO indi- 
cates that part of the oxidized Rh surface 
was reduced during CO adsorption. 

CO Insertion 

The metal carbonyl hydrides play a cen- 
tral role in the catalytic chemistry of CO 
insertion (51). Metal carbonyl hydride such 
as HCo(CO)4 can protonate methanol re- 
sulting in the formation of methyl cobalt in- 
termediates and the subsequent migratory 
CO insertion leading to the formation of eth- 
anol. The labile nature of the M-H bond 
in the metal carbonyl hydride also permits 
olefin insertion leading to the formation of 
an alkyl metal intermediate; the following 
migration of the alkyl group to the carbon 
of the CO ligand (also known as the migra- 
tory CO insertion) resulted in the formation 
of an acyl intermediates (1, 2), 

/R  
(CO)~M--R .~ . ' (CO)x_jM. C O . .  

.-q 
° , 

c o  

' (CO)~M--C--R 
IL 
0 

(R is an alkyl group and M is a metal). In 
the process of the migratory CO insertion, 
the metal center of the carbonyl species 
maintains its oxidation state of +1 (1, 51). 
The reaction has been observed for all group 
VIII metal carbonyls and complexes (1). 

The apparent analogy between the well- 
defined organometallic reaction steps and 
the elementary step on the heterogeneous 
catalyst surface has been used as a basis for 
the development of CO insertion mecha- 
nism on the surface of supported Rh cata- 
lysts (9, 19, 52). The suggested pathway for 
the CO insertion in ethylene hydroformyla- 
tion over supported Rh catalysts is pre- 
sented in Fig. 14 (19, 53). The formation of 
propionaldehyde involves three major 
steps: hydrogenation of adsorbed C2H 4 to 

form adsorbed ethyl species, insertion of 
adsorbed CO into *C2H5 to form adsorbed 
acyl species, and then hydrogenation to pro- 
duce propionaldehyde. The occurrence of 
migratory CO insertion on the metal center 
with an oxidation state of + I in organome- 
tallic chemistry suggests that CO insertion 
may also take place on the Rh ÷ site on the 
supported Rh catalyst (54). The mechanism 
involving CO insertion on the Rh ÷ sites has 
been proposed on the basis of the following 
observations: (i) preoxidation of Rh foil in- 
creased the initial rates and selectivity for 
the formation of oxygenates from CO hydro- 
genation and ethylene addition (16), and (ii) 
the catalysts containing Rh + ions exhibited 
higher rates for C2 oxygenate synthesis and 
ethylene hydroformylation than those con- 
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C2H4 p 5 ib ~ CzHsCHO 
CO 

CzH 6 C~HC 

FIG. 14. The reaction pathway for ethylene hydrofor- 
mylation on supported Rh catalysts. (*H) Adsorbed 
hydrogen; (*CO) adsorbed carbon monoxide; (*CHx) 
adsorbed CH x species; (HC) hydrocarbon. 

taining Rh ° (16, 17, 19, 23, 54). On the con- 
trary, lack of correlation of the activity for 
C2+ oxygenate synthesis and ethylene hy- 
droformylaton to the Rh ÷ concentration has 
been reported in a number of studies 
(25-27). It should be noted that the sites for 
C 2 oxygenate synthesis include CO dissocia- 
tion, hydrogenation, and CO insertion sites, 
while ethylene hydroformylation occurs on 
hydrogenation and CO insertion sites. The 
catalysts that are active for ethylene hydro- 
formylation generally show high selectivity 
for C 2 oxygenate synthesis (15, 16, 19, 26, 
53, 56, 57). 

The correlation between the formation of 
propionaldehyde and consumption of spe- 
cific forms of adsorbed CO should permit 
unequivocal identification of the forms of 
CO involved in the CO insertion leading to 
the formation of propionaldehyde. The di- 
rect correlation between the propionalde- 
hyde production and the linear CO con- 
sumption observed in Figs. 7 and 9 indicated 
that linear CO adosrbed on the Rh ° site par- 
ticipates in CO insertion on the reduced Rh/ 
SiO2; linear CO adsorbed on the Rh + site 
takes part in CO insertion on the oxidized 
Rh/SiO2. Other adsorbed CO species in- 
cluding gem dicarbonyl and bridge CO serve 
as spectator species that are not involved 
in the reaction. Comparison of the rate of 
growth of propionaldehyde bands in Figs. 7 
and 8 shows that the oxidized Rh/SiO2 is 
more active for catalyzing the formation of 
propionaldehyde than the reduced Rh/SiO 2 
suggesting that Rh + sites are more active for 
CO insertion than Rh ° sites. 

The dominant CO species observed dur- 
ing ethylene hydroformylation on the re- 

duced Rh/SiOz are the linear CO and bridge 
CO adsorbed on the Rh ° crystallite sites. 
The high rate of ethane formation and the 
low rate of propionaldehyde formation on 
the reduced Rh/SiO z as compared to the 
oxidized and sulfided Rh/SiO2 catalyst can 
be attributed to the high hydrogenation ac- 
tivity ofRh crystallite surface. The variation 
of reaction temperatures and pressures from 
373 K and 1 atm of 513 K and 10 atm has 
little influence on the adsorbed CO. Com- 
parison of the wavenumbers of linear CO in 
Figs. 7 and 11 shows that the linear CO 
under hydroformylation conditions exhibits 
lower wavenumbers than those observed 
under CO adsorption. This is primarily due 
to the dilution of adsorbed CO by adsorbed 
reactants and products. The dilution effect 
can be further confirmed by the observation 
that the decreasing wavenumber and inten- 
sity of the linear CO band is accompanied 
by the growing hydrocarbon and propional- 
dehyde bands shown in Fig. 11. 

The gem dicarbonyl on the Rh + sites as 
well the linear CO and bridge CO on the 
Rh ° sites are the major adsorbed CO species 
during ethylene hydroformylation on the ox- 
idized Rh/SiO2. The results indicate that 
both Rh + and Rh ° sites are present on the 
oxidized Rh/SiO2 during the reaction. Due 
to the lack of information on the number of 
active sites on the reduced Rh and oxidized 
Rh catalysts, direct comparison of the activ- 
ity of these two catalysts is not possible. In 
spite of the surface of the oxidized Rh/SiO2 
containing a considerable amount of Rh ° 
sites, the oxidized Rh/SiO2 catalyst exhib- 
ited higher selectivity to propionaldehyde 
than the reduced Rh/SiO2 in steady-state 
ethylene hydroformylation. The high activ- 
ity and selectivity of the oxidized Rh/SiO 2 
appear to be due to the presence of Rh + 
sites on the catalyst. Our results are in good 
agreement with previous reports for the cat- 
alysts containing Rh + sites that exhibited 
high selectivity for C2 oxygenate synthesis 
and ethylene hydroformulation (15, 17, 19, 
23, 54). 

The different conclusions drawn from 
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various studies on the active site for CO 
insertion can be reconciled by results of the 
present study. Results of this study have 
shown that both single Rh ° atoms and single 
Rh + ions are active for CO insertion. The 
observation of Rh°-catalyzing CO insertion 
is in good agreement with previously ob- 
served high C2 oxygenate synthesis and hy- 
droformylation activities for LaRhO3 and 
Rh/V203, which contain only Rh ° sites 
(25-27). It is likely that the Rh ° on the sur- 
face of these catalysts is also in a single atom 
state. 

The important role of the single Rh atom 
site in CO insertion can be demonstrated 
by the high selectivity and activity of the 
sulfided Rh/SiO2 for ethylene hydrofor- 
mylation. The bridge CO sites can be 
blocked by adsorbed sulfur (55) resulting in 
the formation of isolated Rh sites, which 
give rise only to linear CO as shown in Fig. 
6. Comparison of the rate data and IR data 
for the reduced and sulfided Rh/SiO2 cata- 
lysts shows that the rate, selectivity, and 
infrared intensity for propionaldehyde are 
greater on the sulfided Rh than on the re- 
duced Rh at 513 K and I0 atm. Adsorbed 
sulfur also shifts the wavenumber of linear 
CO to higher wavenumber indicating that 
adsorbed sulfur makes the neighboring Rh 
atom more electropositive. In spite of its 
high activity and selectivity for ethylene hy- 
droformylation, the sulfided Rh/SiO2 exhib- 
ited little reactivity for the reaction of C2H 4 
and H2 with adsorbed CO at 301 K as a result 
of the inhibition of C2H4/H 2 adsorption 
brought about by adsorbed sulfur. 

Additives including Ag (53), Zn (58), Ti, 
and Fe (59) have been found to block bridge 
CO sites. The blockage of bridge CO sites 
by these additives increases the ratio of the 
linear CO to bridge CO sites resulting in 
enhancement of CO insertion selectivity. 
Ponec and co-workers (27) have suggested 
that the blocking of the Rh surface by sup- 
ports such as V203 could result in the sup- 
pression of hydrocarbon formation and the 
enhancement of the selectivity for C2 oxy- 
genate synthesis. In addition to the site 

blockage of additives, other possible effects 
of additives on C 2 oxygenate synthesis in- 
clude: stabilization of Rh "+ sites, activation 
of CO by oxophilic additives (Mn and Zr), 
and stabilization of the oxygenated interme- 
diates (60, 61). 

Although the reduced, oxidized, and sul- 
tided Rh/SiO2 catalysts exhibit CO insertion 
activity, the selectivity of these catalysts for 
the CO insertion reaction remains signifi- 
cantly lower than that of Rh carbonyls and 
complexes that have long been used for 
commercial hydroformylation and carbon- 
ylation (1-5). An understanding of the role 
of CO insertion sites in hydrogenation, the 
side reaction of hydroformylation, is essen- 
tial for the improvement of selectivity of 
heterogeneously supported metal catalysts 
for the CO insertion-related reactions. 

CONCLUSIONS 

The linear CO species adsorbed on both 
single Rh ° atom and Rh + ion sites have been 
found to participate in CO insertion leading 
to the formation of propionaldehyde from 
C2H 4 and H 2 . The linear CO on the Rh + site 
of the oxidized Rh/SiO2 appears to be more 
active for CO insertion than that on the re- 
duced Rh ° site of the reduced Rh/SiO2. 
These results show that both single Rh ° 
atom and Rh + ion sites serve as active sites 
for CO insertion. The CO species observed 
under ethylene hydroformylation condi- 
tions are the linear CO and bridge CO on the 
Rh ° crystallite surface of the reduced Rh/ 
SiO2, gem dicarbonyl on the Rh + sites, as 
well as the linear CO and bridge CO on the 
Rh ° crystallite surface of the oxidized Rh/ 
SiO 2, and the linear CO on the sulfided Rh/ 
SiO2. In addition, a species that can be as- 
signed to carbonyl hydride is present on the 
surface of the oxidized Rh/SiO2 under hy- 
droformylation conditions. However, the 
state of Rh atom that associates with the 
species remains unclear. 

The oxidized Rh/SiO 2 exhibits higher 
rates and selectivities for the formation of 
propionaldehyde than the reduced Rh/SiO2 
at 313 K and 1 atm; under high pressure and 
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temperature (513 K and 10 atm) the sulfided 
Rh/SiOz exhibits higher rates and selectivi- 
ties for the formation of propionaldehyde 
than the reduced Rh/SiOz. The difference in 
activity and selectivity of these catalysts for 
ethylene hydroformylation can be attributed 
to the different surface states of Rh on these 
catalysts. Both the electronic state and the 
geometric structure (size of ensembles) of 
surface Rh atoms play important roles in 
determining CO insertion activity and selec- 
tivity. 
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