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SUMNARY

The objective of this research is to elucidate the role
of additives on the methanol synthesis over Rh; and Ni- based
catalysts. Chemical additives used for this study will include
S, P, Ag, Cu, Mn, and Na which have different
electronegativities. The effect of additives on the surface
state of the catalysts, heat of adsorption of reactant molecules,
reaction intermediates, reaction pathways, reaction kinetics, and
product distributions is/will be imvestigated by a series of
experimental studies of NO adsorption, reaction probing, steady-
state rate measurement, and transient kinetic study.

A better understanding of the role of additives on the
synthesis reaction may allow us to use chemical additives to
manipulate the catalytic propertiés of Bh- and Ni- based catalysts

for producing high yields of ethanol from syngas.

RESULTS T0 DATE
During the second quarter of 1991, the nature of active
site for CD ipsertion was investigated by in situ infrared
spectroscopic technique.' The study found that the Rh* is more
active than Bh® for the CO insertion leading to the formation of

higher aldehydes and alcohols.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Gnavernment nor any agency thereof, nor any of their
cr.n.ploym, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privatcly owned rights. Refer-
ence herein 1o any specific commercial product, process, or service by trade name, trademark,
manufaf:turcr, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof, The views
and opinions of authors cxpressed herein do not necessarily state or reflect thosc of the
United States Government or any agency thereof.




INTRODUCTION

The insertion of cﬁrbon monoxide ( CO ) into a metal- carbon

o bond is one of the most widely studied reaction in
organoﬁetallic chemistry [1]. The interest in C0 insertion 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 hydroformylation processes have
been the largest industrial application of the CO0 insertion
chemistry for more than three decades [3-5]. Although Rh
carbonyl complexes are the most active hydfoformylation
catalysts, mechanistic information about C0 imsertion has
commonly been obtained using metals such as Mn, Ir, or Pt which
form unreactive and stable acyl complexes [2]. The use of these
organometallic complexes allows close observation of ﬁow the
migratory CO insertion occurs. Infrared study of the 13CD
insertion on the alkyl(pentaéarbonyl)m;nganese has provided
direct evidence for the mirgratory insertion of CO into a
carbon-metal bond [6]. The rate of the (0 insertion on the
methyl- (pentacarbonyl)manganese can be further accelerated by
the action of a Lewis acid [7]. _

. It has been suggested that the migratory CO insertion plays
a key role in the Fischer-Tropsch (F-T) synthésis [8,9]. Pichler
and Schulz first used C0 insertion as a model for ratiomalization
of chain growtk in the F-T catalysis on surfaces [8]. However,
most studies over the past decades have shown that CO insertion
is not the major pathway for the chain propagation of adsorbed

alkyl [10-15]. The CO insertion step was found to be the chain
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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
homogeneous catalysis, much controversy exists concerning active
sites for CO insertion in the CD hydrogenation reaction (F-T
synthesis). Watson and Somorjai proposed that C0 ipsertion to
form C,* oxygenates occurs on Rh* sites while C0 dissociation
take places on Bh° sites [16,17]. The postulate has been further
supported by a number of studies [18-20,22-24]. On the contrary,
Katzer et. al. reported from an XPS study that there was no
evidence for the existence of Bh* on Bh/Ti0, which was active for
the synthesis of C, oxygenates [25]. Gysling et. al also found
no correlation of C,* oxygenate activity to the amount of Rh*
present on the LaBRh0; catalyst [26]. They concluded that CO
insertion took place on Rh® rather than any Rh* species.

The present study was aimed at identification of the type of
adsorbed CD species which participates in the CO0 insertion step
in ethylene hydroformylation. The Bh catalyst system chosen for
this study comprises three different forms of BRh: reduced Rh,
oxidized Rh, and sulfided Bh. The types of CO adsorbed on these
Rh surface are closely related to the surface state of Rh
[27-33]. Infrared data for these Rh catalysts under various
reaction conditions were obtained to determime the type of

adsorbed CO for CO insertion and to shed light on the nature of

active sites.




Experimental

Experiments including GO adsorption, CoHy/Hy /CO(ads) -
reaction, and ethylene hydroformylation reaction in this study
vas carried out in an IR cell. The IR cell comsists of. four
stainless- steel flanges, a gas inlet and outlet, and twe step
CaF, windows as shown in Figure 1. The step windows were used to
minimize the reactor volume and to reduce the optical path length
between the windows in order to lower the intemnsity of gas phase
species. Infrared spectra were measured by a Nicolet 5XSC FIIR
spectrometer'withba DTGS detector at a resolution of 4 cm!.

A 3 wt7 BRh sampie was prepared by impregnation of Si0,
(Strem Chemicals, #14-7420, SA: 350 m?/g) with an aqueous
solution of Rh(NO;);-2H,0 (Johnson Matthey Chemlcals) After
impregnation, the sample was dried overnlght in air at 301 K and
then reduced in flowing hydrogen at 673 K for 16 hr. The reduced
Bh/Si0; sample was pressed into a self- supported disk (20 mg, 10
mm in diameter, and 1 mm in thicknmess) and then placed in the IR
cell. »

The catalyst disk in the IR cell was subject to further ome
of three treatments, reduction, oxidation, and sulfidatiom, prior
to the experiment. The catalyst disk reduced in H; flow at 513 K
for 1 br is desigmated as the reduced BRh/Si0, catalyst; the
catalyst disk oxidized in flowing air at 513 K for 1 hr is
denoted as the oxidized Rh/Sil; catalyst; and the catal&st disk
sulfided in HpS flow (1000 ppm H,S in Hy) at 513 K for 1 hr is
designated as the sulfided Bh/SiG, catalyét. It should be noted
that the reduction processes did not completely reduce the Rh .

surface. XPS studies of the same catalyst sample after reduction
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at 513 °C shows that the catalyst surface contains approximately
. 60% of Rh’ and 40% of Rh*.

CO0 adsorption was conducted by exposing the reduced,
oxidized, and sulfided catalysts to 1-10 atm CD at 301 K. The
infrared spectra of adsorbed C0 were recorded as a function of
exposure time at 1 atm. Following CO adsorption, N; was passed
over the catalyst_td remove the gaseous CO.

The reactivity of the adsorbed CO was investigated by
introducing CoHy/Hy (C3Hy:Hy molar ratio= 1:1) to the IR cell
which served as a batch réactor. The reaction of GH,/H; with
the preadsorbed CO occurred at 301 K with pressure maintained
slightly above 1 atm. The infrared spectra of adsorbed CO and
reaction intermediates during the reaction was measured as a
function of reactiom time.

Steady- state ethylene hydroformylation over the reduced,
oxidized, and sulfided Rh/Siﬁépcatalysts was carried out at
373-513 K and 1-10 atm. Iﬁfrared spectra were recarded as a
function of time on stream;hnder the reaction conditions. The
effluent of the IR cell waé sampled after 40 min at each reaction
condition and was anal&zed by an on- line HP- 5890A gas

chromatography with a Porapak PS column and a Porapak {5 column.

Results and discussion
CD Adsorption
Figure 2 shows the infrared spectra of C0 adsorption on the
reduced Rh/SiUé‘at 301 K. Two intensive bands at 2073 and 1898
cm~! are assigned to the linear and bridged CO0 adsorbed on the

reduced Bh crystallite surface, respectively. The small band at
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2104 cm~! and the shoulder at 2037 cm~! are attributed to the
symmetrical and asymmetric#l C-0 stretching of Rh*{(C0);, the
rhodium gem-dicarbonyl. Assignments of these adsorbed CO species
are well documented [27-33].

Both linear and bridged CO0 are the predominant species of
which intensity and wavenumber remained about the same with
respect to exposure time and variation of CD pressure from 1 to
10 atm; In contrasf, the dicarbonyl slowly increased in its
intensity without changing its wavenumber as exposure time andAGD
pressure'increased.-

The slow development of ggm—dicarbonyl may be attributed to
the disruption of.Rh cluster and the formation of isolated Rh* |
sites. Solymosi and Pasztor [34] proposed the similar effect of
CO- induced disruption on different Bh crystallites sizes and
reported that the disruption took place to a small extent at
higher metal 1oéding or with larger Rh crystallites. EXAFS
studies of Rh/Al1,0; by Pfins et. al. [35] supported the
‘disruption of BRh crystallites via CD adsorption. '

Passing N, over the catalyst caused atreduction in the
intensities of all the three adsorbed CO. The reduction in
linear CO and bridged CO led to a downward shift of their
wavenumbers. However, the intemsity of the dicarbonyl decreased
without changing it wavenumber. Coverage-dependent wavenumber
shifts are well known for both linear CO0 and bridged CO and have
been attributed to the variation of dipole-dipole coupling with
concentration of the linear and bridge CD species [36,37]. The
independence of the wavenumber of the gem- dicarbomyl on.changing

the coverage provides confirmation that dicarbonyl is formed on
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iselated Bh atoms [27,28,30].

Figure 3 shows the infrared spectra of G0 adsorption on the
oxidized Bh/Si0, at 301 K. A&Sorption of CD on the oxidized
catalyst initially formed dicarbonyl (at 2098 and 2025 cm!) at 1
atm. It is agreed with the fact that dicarbonyl is formed
preferentially on oxidized Bh catalysts [27,29,32]. The
intensity of the dicarbonyl increased with exposure time and with
the pressure of C0. Marked changes in the spectra of adsorbed CO
were observed after high- pressure. treatment by increasing CO
pressure. form 1 atm to 10 atm and then decreasing the pressure
back to 1 atm. The high- pressure treatment not only increased
the intensities of the dicarbonyl.but also developed three bands
at 2105, 2079, and 1880 cm~!. The intensive band at 2079 cm~! is
due to the linear-C0 and the 1880- cm~! band is characteristic of
the bridged CO. The development of the linear CO and the bridged
Cco indicateé that reduction of the catalyst may occurred at high
_pressure of CO.

— The high- wavenumber band at 2105 cm~! may be assigned to an
adsorbed CO on Bh with higher oxidation state [31]. Yang et. al.
[27] performed several oxidation experiments on CO adsorptiom,
and found that upon oxidation the liner CO shifted to a higher
vavenumber. Study by Gonzalez et. al. showed that exposure of a
Rh/Si0; catalyst:to a mixture of CO and 0 gave rise to a band at
2104 cm~! which was assigned to an adsorbed CO on BRh with at
least +1 and possibly as high as +3 [39]. Wang and Yates t39]
found that tricarbonyl species is formed on oxidized Rh/Al,0; by
IR at 2120, 207?, and 2026 cm~!, however, the present study did

not exﬁibit IR band characteristic of the tricarbomyl species.
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-Figure 4 shows tlhe infrared spectra of CD adsorption on the
sulfided Rh/Si0; catalyst at 310 K. Imnitial C0 adsorption
produced a linear- CO band at 2090 cm™* . Ex?osure of CO for 60
min resulted in an increase in the intensity of the linear- Co
band and a formation of two bands at 2029 and 2005 cm~!. The
species displaying these two bands appears to be weakly adsorbed
on the sulfided Rh surface as indicated by the easy of
elimination of these si)ecies by flowing N,.

Comparison of infrared spectra of C0 adsorption on reduced
and sulfided catalysts (Figures 2 and 4) shows that the bridged
C0 and dicarbonyl wére suppressed by the presence of sulfur and
that the linear- CO band presented at a higher wavenumber over the
sulfided catalyst. Sachtler et. al. conducted CO chemisorbed on
Rh/Si0; as a function of sulfur coverage and showed that the
intensities of the bridged C0 and dicarbonyl species'were
decreased by increasing the surface coverage of sulfur [40]. The
adsorbed sulfur has been foiund to disrupt the adjacent pairs of
Bh metal atoms and blocks the sites for the formation of the
bridged CO [41-44]. The increase in the wavenumber‘ﬁf the
1inear-CU band bas been explained as an electronic effect of the
presence of sulfur [44]. The electromic effect induced by
sulfur, an electron accepter, results in strengthening the C-0

bond by withdrawing electron from the anti-bonding of CO [44].

Ethylene Bydroformylation
The reactiocn rate and infrared data for the steé,dy- state
ethylene hydrofoiﬁy’lation were collected simulta.neously by gas

chromatograph and infrared spectrometer, respectively. Infrared
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spectra for the reaction are shown in figures 5-7. The rate of
product formation corresponding to infrared spectra taken under
the same reaction condition are presented in Table 1. Figure 5
shows the infrared spectra under the reaction conditions of the
ethylene hydroformylation. Gaseous CB was observed at 2170 and
2115 cm~! ; gaseous ethylene was observed at the bands at 3124,
3077, 3009, and 2968 cm~! as well as a sharp peak at 1888 cm"!
superimposed with a bridge-C0 band. A clese examination of
infrared spectra for adsorbed species in figure 5 and rate data
—for the reduced Rk in Table 1 shows that the dominated species on
the reduced Bh surface were linear CO0 at 2053-2042 cm™! and
bridged CO at 1880-1871 cm ; the.major reaction product was
ethane at 373 K, 1 atm. As the reaction temperature increased
from 373 to 513 K, the intensities of the linear-CO and
bridged- C0 bands decreased and the wavenumbers of these bands
shiited downward. The intensity of hydrocarbon bands and the
rate of hydrocarbon formation also increased. The rate of
formation of oxygenated products such as acetaldehyde and
propionaldehyde‘increased under this reaction condition.
Subsequent increases in reaction presure from 1 atm to 10 atm
resulted in increases in the formation rate and the selectivity
of propionaldehyde. The infrared spectra showed a continuous
growth of the propionaldehyde band (1730 cm~!), however, the
intensities of both linear- and bridge- C0 bands decreased. The
decreases in the intensities of the limear CO and bridged CO
night be due to a competitive adsorption between Hy;, C,H;, and CO
over the catalyst surface and due to high reactivity of the

adsorbed CO at the high temperature and pressure conditions.
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Formation of propiomaldehyde in ethyleme hydroformylation
has been suggested to follow an imsertion of CO into C,Hx which
is produced from ethylene adsorption followed by hydrogenation as

shown in the following reaction pathway.

Cz He
i CH;
H= CO+ CH; H*
02 He —n Cg Hs —— =0 — C2 H5 OH

e 2

l CH

C; HC.

Because the formation of p;opionaldehyde, ethane, and Cj,
hydrocarbons invélves a common intermediate, CoHx, a higher rate
ratio of CyHsCHO to C,H; and to C3, HC represemts a higher CO
‘insertion selectivity. Increase in the ratio of CyHs CHO/C,H; and
C,H;CHO/C3 . HC with increasing temperatures and pressures (see
Table 1) indicated that C0 insertion competed favorably with
hydrogenation and chain growth at higher reaction temperatures
and pressures.

Figure 6 shows a series of infrared spectra as a function of
time in the ethylene hydroformylation reaction at 373 K and 1
atm. We have limited the reactiom temperature to 373 K because
. the oxide Rh tends to be reduced at high reaction temperature in
the presence of H,. The infrared spectra demonstrated a
linear- C0 band at 2033-2025 cm !, a bridge-CO band at 1881- 1866
cm™!, and a 20830- cm™! band characteristic of the symmetrical

gen- dicarbonyl. The asymmetrical genm- dicarbonyl band was
9



overlapped by the linear- CO0 band. Carbon dioxide was produced
and was observed at 2360 and 2340 cm~1. Hydrocarbon products
were observed in the C-H stretching range (2800-2988 cmt). The
product of propionaldehyde was observed at 1733 cm . A close
examination of the spectra shows that the intensities of linear
CO0 and dicarbonyl were oscillating during the reaction; the
intensity of the bridged CO remained unchanged; ;ﬁd the bands of
hydrocarbons and propionaldehyde were deyeloped in the first 5
min and then attenunated as the reaction?%ime elapsed. The
products at this reaction condition consisted of methane, ethane,
and propionaldehyde (see Table 1).

A reduction process of the catalyst was observed under this
reaction condition. Presence of intensive linear-CO and
bridge- C0 bands on the catalyst indicates a formatioﬁéoi reduced
Rh metal sites. Formation of C0, during the reaction also
reveals that oxygen on the oxidized catalyst might interact with
the adsorbed CO to form CO,.

Figure 8 shows the influences of reaction pressures and
temperatures on the infrared spectrum of ethylene
hydroformylation on the sulfided Bh/SiD,. At 373 , 1 atm, the
only adsocrbed CD species is the linear CO0 displaying the band at
2090 cm~!. Methane and ethane were identified te be the major
products while no oxygenates were observed under this reaction
condition. As the temperature increased from 373 to 513 K, the
linear CO shifted form 2090 to 2049 cm™! and its intensity
increased; a small amount of propionaldehyde was produced. As
reaction pressure increased from 1 to 10 atm, the rate of product

formation increased in the order of CHy < CoHg < CoHzCHO. The
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1nfrared spectra showed a decrease in the intensity of the linear
C0 and increases in the 1nten51t1es of hydrocarbon products and
propionaldehyde. _

This ethylene‘hydrof;rmylation study revea1§ that the
reduced, oxidized, and sulfided Bh/Si0, are active for
propionaldehyde éynthesis. Comparison of the product
distribution between the oxidized catalyst, the sulfided catalyst
and the reduced catalyst shows that the oxidized catalyst .
exhibited higher activity and selectivity “toward proplonaldehyde
than the reduced catalyst at 373 K and 1 atm while the sulfided
catalyst did not produce propicnaldehyde at this condition.
However, the sulfided Rh/SiBz {>talyst had a higher selectivity
of propionaldehyde than the reduced catalyst at 513 K.

Somorjai and coworkers [16] have found that Rh oxide is more
active than Rh metal for oxygenate synthesis. Suppression of CO
dissociation by oxidized Bh catalysts [45] may also enhance the
formation of propionaldehyde. On the other hand, the presence of'
sulfur is known to poisen catalytic reactionm, particularly
involving Hy and CO [41,44]. In the present study, the sulfided
catalyst showed suppression gf the ethane formation more than
propionaldehyde formation and enhanced the gglectivity of
proﬁionaldehyde. Similar observation has been reported in
literature [40,43]

The in situ infrared spectra show that linear CD and bridged
C0 vere formed on the reduced Rﬂ/Siﬂg; linear €0, bridged CO, and
dicarbonyl were formed on the oxidized Bh/Si0,; ; and only linear
C0 was observed.on the sulfided Rh/Si0, under the steady- state

reaction-conditions. However, mo obvious relation between
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infrared spectra of the adsorbed CO and the activity for CO
insercion can be discermed.

The results discussed above reveal the catalyst activity and
selectivity for propiomaldehyde synthesis and the presence of |
édsorbed C0 on the catalyst surface under the reaction
conditions. However, the steady- state résults did not tell the
interggdiates invelving in the CO insertion reaction. The
following reaction of G, H;/H; with the preadsorbed CO was used to
determine which type of adsorbed CO is the really reactive
intermediate for CD insertion. It should be moted that the
formation of the presorbed CO0 on reduced, oxidized, and sulfided

cataiysts has been discussed in the previous CU0 adsorption

studies.

Reaction of Adsorbed COD with G, Hy and H;

Figure 8 shows the infrared spectra taken during the
reaction of CpHs/Hy with the preadsorbed CO0 on the reduced
Rh/SiD, catalyst at 301 K. The infrared spectrum prior to
admission of CoH,/H, exhibited linear CO at 2070 cm"!, bridged CD
at 1891 cm !, and gem- dicarbonyl at 2104 and 2040 cm . An
obvious'ethylene band was observed 2-min after the introduction
of CyHy/Hy, and then a growing propionaldehyde band at 1724 cm™!
was observed, paralleliné with an attenuation of the linear-CO
band, while the intensity of the bridged CO and dicarbonyl were
not changed. The correlation of the intemsity of the
propionaldehyde band with the intensity of the linear-CO band
indicates that linearlCU is the major adsorbed CD participating

in CO insertion leading to the formation of propionaldehyde.
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Following the reaction time after 13 min, the ethylene band
slowly eliminated. The intensity of the adsorbed CO also
decreased: linear CO shifted downward to 2035 cm~!; bridged CO
shifted to 1867 cm !; symmetrical diqarbonyl was observed at 2100
cm-!. The intensity of the propionaldehyde increased to a
certain extend and then decreased while the hydrocarbon species
were continuously developed. The observation indicates that the
liner CO tended to form propionaldehyde faster than hydrocarboms.

Figure 9 shoﬁs the reaction of C,Hy/H; with the preadsorbed
CO on the oxidized Bh/Si0; catalyst at 301 X. The spectra prior
to reacting with C,H,; and H; showed linear-CO band at 2078 cm™!; -
bridge- CO band at 1885 cm~!; gem-dicarbonyl doublet at 2096 and
2040 cm~!; and the 2105-bm'1 band characteristic of a linearly
adsorbed CO at Bh with highex oxidized.states (Rha+). Exposuie
of the adsorbed CO to CyHi/Hy for 2 min caused (i) a downward
shift of linear-CO band to 2033 cm-!, (ii) a growth of an
intensive bridge- CO band, (iii) a decrease of the intensity of
the dicarbonyl and the 2105-cm~! bands, and (iv) a formation of a
small propionaldéhyde band at 1723 cm~!.

An obvious growth of the propiomaldehyde band with respect
to time was observed after 2-min of reaction. In order to
clearly discern the species involved in the formation of -
propionaldehyde, sequential difference spectra was taken as shown
in Figure 10. The sequential difference spectra demonstrate the
increment or the decrement of each species with respect to time.
The intensitieé of all the adsorbed CD bands were observed to
increase suddenly between 2 and 3 min. The results of subsequent

changes in intensity show that the linear-C0 band (2033 cm~!) at
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Rh’ sites and the gem- dicarbonyl bands (2096 and 2040 cm~!) were
increased first and then were decreased; the band (2105 cm 1) of
linearly adsorbed COD at Bha* sites decreased continuously and
much faster than the linear-CD band at Bh’ sites; and the
bridge- CO0 band (1890 cm~!) and the 2084-cm™! band increased
continuously. The propionaldehyde band observed at 1723 cm!
grew simultaneously. The result suggests that linearly adsorbed
CO0 on higher oxidized Rh=* sites was responsible for the
formation of propionaldehyde via a CO imsertion reactiomn.

Figure 11 shows the changes of infrared spectra taken during
fhe interaction of CyH; and H, with adsorbed CO on the sulfided
Bh/Si0; catalyst at 301 K. The intensity of the linear CO at
2901 cm ! decreased following the addition of C;Hy and Hp. No
detectable propionaldehyde was observed during the entire period
of the study. The previous ethylene hydroformylation study has
shown that ethylene hydroformylation occurred on sulfided Rh/Si0,
at 1 atm and 513 K. Recent study has alsc demonstrated that
propionaldehyde was formed at reaction temperature above 343 K on
sulfided BRh/Si0, [46].

Previous investigators have reported conflicting data on the
active sites for C0 insertion. Somorjai and coworkers [16],
conducting CO hydrogenation over hydrated and anhydrous rhodium
oxides, found that the anhydrous rhodium qxide reduced to
metallic rhodium rapidly while the hydrated rhodium oxide was

~qnite stablé under the reaction condition. This stable hydrated
rhodium oxide showed catalytic activity for CO insertion in CO
hydrogenation leading to the formation of acetaldehyde. Ve
observe that the oxidized Rh/Si0, catalyst produced

14




propionaldehyde in a reaction of CyH,/H; with the preadsorbed CO
at 310 K; furthermore, we find that the linearly adsorbed CO on
the Bho* sites was active for CO imsertion producing
propionaldehyde. The ethylene hydroformylation study on the
oxidized Rh/Si0; catalyst also showed higher propionaldehyde
selectivity than on the reduced BRh/Si0, catalyst at 373 K, but
the &xidized catalyst tended to Be reduced in the reaction. 0On

the other hand, Rh-based catalysts without the presence of Rho*

have alsc shown CO insertion activity at temperature above 573 k

[25,26]. In our present study, the reduced Bh/Sil; exhibited
high activity in e%hylene hydroformylation to produce .

'propionaldehyde. Moreover, the linear-CO at Bh’ sties on the

reduced Bh/Sif, catalyst was shown to participate in CO
insertion. .

A partial poisoning effect of sulfur in ethylene
hydroformylation was also presented in this stﬁdy. The sulfided
BRh/Si0, catalyst suppressed brldged CO0 and dicarbonyl but
enhanced the selectivity of proplonaldehyde. Similar observation
has been observed on promoted Rh catalysts which promote the |
formation of oxygenated products. These chemical additives, such
as Zn and Fe, not only stabilize the Bh* sites but also block the
sites for bridged C0 and force the adsorbed CD into linear CO
[47-49].

The above.observations and discussions indicate that both
linearly adsorbed CO on the reduced Bh sites (Rho) and the BRh ion
sites (Rhn*) are active for CO inserﬁion to form oxygenated
products. However, it is suggested that addition of promoter is

necessary to stabilize the metal oxide for CO imsertiom. !
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Table 1. Rates of Products of E‘thylene Hydroformylation over
Beduced, Oxidized, and Sulfided Rh/Si0; Catalysts 2:

Product Reduced Oxidized Sulfided

373 X 513 K 373 K 373 K " 513 X

1atm 1 atm 10 atm 1 atm 1 atm 1 atm 10 atm

CH, 0.025 0.037 0.17 0.012  0.013  0.023 0.094
Cy Hs 0.14  8.27 66.4 0.075  0.001 2.5  48.9
Cs. HC. - 0.098 0.094 - - - 0.092
CH; CHO - 0.097 0.075 - - - -
C,H;CHO 0.016 1.4 24.5 0.025 27.0
(8.8) (14.1) (26.8) (22.3) - (14.6) (35.5)°

G, H; CHO® 11

0.17 0.37 0.33 0 0.17 0.55
Gy Hg

a: The rates of product formation (mole/Kg-hr) corresponding with the
infrared spectra were taken 40-min after the reaction was started.

b: Selectivity of propionaldehyde.

c: Ratio of the formation rate
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