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The effect of silver promotion on CO hydrogenation and ethylene hydroformylation over Rh/SiO,
has been studied. Catalyst characterization before reaction reveals that Ag and Rh form separate
crystallites; part of the Ag is atomically spread on the surface of Rh crystallite and blocks the Rh
ensembles required for the bridge CO. Although both reactions restructure the catalyst surface and
increase the ratio of bridge to linear CO sites on Ag—Rh/SiO, catalysts, the ratio of the bridge to
the linear CO sites remains lower on Ag—Rh/SiO, than on Rh/Si0, under reaction conditions. Ag
is found to increase the selectivity and the rate of formation for acetaldehyde (C- oxygenate) during
CO hydrogenation and for propionaldehyde (C; oxygenate) during ethylene hydroformylation on
Rh/SiO,. The increased activity and selectivity for C, and C; oxygenates is attributed to a high ratio
of the linear CO to bridge CO sites and a possible presence of isolated Rh™ sites under reaction
conditions. The results are consistent with a previous report that the single Rh atom site that

chemisorbs linear CO is active for CO insertion.

INTRODUCTION

Supported Rh catalysts have been a sub-
ject of extensive studies because of its
unique activity for C, oxygenate synthesis
(1-30). Several mechanistic studies have
suggested that the formation of C, oxygen-
ates occurs via a number of elementary
steps: dissociation of CO to produce surface
carbon, hydrogenation of surface carbon to
form adsorbed methyl species, insertion of
CO into adsorbed methyl species to form ad-
sorbed acyl species, and hydrogenation of
acyl species to form either acetaldehyde or
ethanol. The selectivity of Rh catalysts to C,
oxygenates lies in their CO insertion and dis-
sociation activities (5, 7-9, 11-15, 18).

The CO insertion step leading to the for-
mation of C, oxygenates on supported Rh
catalysts was proposed on the basis of the
mechanism of homogeneous hydroformyla-
tion (4-9, 18, 24, 25, 30). The insertion of
CO into a metal-alkyl bond has been widely
studied and well established in the field of
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organometallic chemistry; CO insertion has
been shown to be a key step in homogeneous
olefin hydroformylation and alcohol carbon-
ylation (30-39). The apparent similarity be-
tween CO insertion on metal carbonyls and
on supported metals has led to the use of
ethylene hydroformylation as a probe reac-
tion to determine the CO insertion activity
of supported Rh catalysts (7, 14, 15, 17, 18,
24, 25, 30). Although propionaldehyde is a
minor product in ethylene hydroformylation
on supported metals, the selectivity to pro-
pionaldehyde usually correlates with the se-
lectivity to C, oxygenate in CO hydrogena-
tion. This observation of hydroformylation
activity of supported Rh catalysts suggests
that the CO insertion selectivity of sup-
ported Rh catalysts may be further im-
proved to compete with homogeneous hy-
droformylation catalysts (40).

A large number of studies have shown
that the CO hydrogenation selectivity of Rh
catalysts greatly depends on the composi-
tions of supports and promoters (/-30). Rh
on pure SiO, and Al,O, supports produces
mainly hydrocarbons, while Rh on TiO, and
La,0, produces primarily acetaldehyde and
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ethanol at 0.1-3 MPa and 433-573 K (2, 3,
5, 9, 27). Methanol formation on Rh is en-
hanced by the use of ZnO, CaO, and MgO
as supports. Promoters, including Mn, Zr,
Ti, V, and La oxides, have been demon-
strated to enhance C,, oxygenate selectiv-
ity over Rh catalysts. Alkali promoters se-
lectively inhibit hydrogenation, leading to
the enhancement of C, oxygenate selectivity
7).

Modification of catalyst activity and se-
lectivity by various promoters (additives)
has been summarized as follows (11, 14, 17,
21, 22, 28): (i) the blockage of surface sites
by the presence of additives, (ii) the interac-
tion of additives with reactant molecules
and reaction intermediates, and (iii) the
modification of catalyst states by the elec-
tronic effect of additives. The physical
blockage of active sites by additives, such
as Zn and Fe, has a great effect on CO disso-
ciation, which requires large ensembles of
surface atoms (//, 12, 16). Mn, Ti, and Zr
promoters tend to interact with the oxygen
atom of CO; such an interaction could en-
hance either CO insertion or CO dissocia-
tion (/ /). The electronic effects of additives,
such as alkali promoters, are known to in-
crease CO adsorption energy and the CO
dissociation activity and to suppress hydro-
genation (/4, 17).

Ag, whose electronegativity is similar to
that of Rh metal, is an inactive element for
a number of reactions, including CO hydro-
genation, olefin hydrogenation, and alkane
hydrogenolysis (4/—47). Due to the in-
ertness and electroneutrality of Ag, Ag—-Rh
catalysts provide an excellent model system
for studying the geometric effect of addi-
tives on CO hydrogenation and ethylene hy-
droformylation. Methanation studies on
Ag-Rh(111) single crystal found that Ag
blocked Rh sites on a one-to-one basis (47,
42). Our previous CO hydrogenation study
has shown that Ag decreases the rate of
hydrocarbon formation more than it does
that for C, oxygenates, resulting in a marked
increase in C, oxygenate selectivity (44).
The difference in suppression of product
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formation by Ag suggests that C, oxygenate
synthesis may be less structure sensitive
than hydrocarbon synthesis.

The objective of this study was to investi-
gate the effect of Ag on CO adsorption, CO
hydrogenation, and ethylene hydroformyla-
tion on Rh/SiO, catalysts. The surface
states and structures of Ag-Rh/SiO, cata-
lysts were studied by X-ray photoelectron
spectroscopy, infrared spectroscopy of NO
and CO adsorption, and ethane hydrogen-
olysis. The structure of chemisorbed CO
during reaction was determined by in situ
infrared spectroscopy.

EXPERIMENTAL

The SiO,-supported Ag-Rh catalysts
were prepared by incipient wetness coim-
pregnation of SiO, (Strem Chemicals) with
an aqueous solution of Rh and Ag nitrates
(Alfa Chemicals). The Rh/SiO, was pre-
pared by the same method using Rh nitrate
solution. Each gram of silica was impreg-
nated with 0.9 cm? of solution. The Rh load-
ing is 3 wt% for Rh/Si0, and all Ag—Rh/SiO,
catalysts. The Ag-Rh/SiO, catalysts with
molar ratios of Ag to Rh of 0.25, 0.5,
and | are denoted as Ag(0.25)Rh/SiO,,
Ag(0.5)Rh/SiO,, and Ag(1)Rh/SiO,, re-
spectively. After impregnation, the samples
were dried overnight in air at 313 K, then
reduced in flowing hydrogen at 673 K for
16 hr.

Average Ag and Rh crystallite sizes were
determined by a Phillips APD3700 X-ray dif-
fractometer using a line-broadening tech-
nique. Hydrogen chemisorption was evalu-
ated from the area under a hydrogen
temperature-programmed desorption (TPD)
curve. Adsorption of hydrogen was carried
out by flowing hydrogen through the TPD
reactor at 303 K. The X-ray photoelectron
spectroscopy (XPS) of the catalysts was
obtained by a Leybold LHS-10 system
equipped with a high-pressure sample prep-
aration facility which allows various pre-
treatments of the catalyst and transfer of
the catalyst sample to the vacuum chamber
without exposure to air. Binding energies
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Fi1G. 1. (A) XPS spectra of Rh/SiO, and Ag-Rh/Si0O,: Rh 3d,, and Rh 3ds,. (B) XPS spectra of
Ag(0.5)Rh/Si0, and Ag(1)Rh/SiO,: Ag 3d;, and Ag 3ds),.

were referenced to the Si** 2p,,, peak at
103.5 eV, which yielded the Is binding en-
ergy of the adventitious carbon on the cata-
lyst sample in the 284.9-285.1 eV range.

The catalyst sample (25 mg) was pressed
into a self-supporting disk and placed in an
IR cell for infrared study (30). Infrared spec-
tra of adsorbed CO and NO at 301 K were
recorded by a Nicolet 5SXC FTIR spec-
trometer at a resolution of 4 cm™~'. Gas-
phase CO bands were eliminated by sub-
tracting the absorbance of gas-phase CO
with a SiO, disk in the cell from the spectra
of adsorbed species on the Rh/SiO, and
Ag-Rh/Si0, catalysts.

Ethane hydrogenolysis (C,Hg: Hy, = 1:6)
was performed in a stainless-steel differen-
tial reactor at 493 K and 0.1 MPa. CO hydro-
genation (CO:H, = 1:1) and ethylene hy-
droformylation (C,H,:CO:H, = 1:1:1)
were studied under steady-state flow condi-
tions of 513 K and 1-2 MPa in an IR
cell, which can be considered a differential
reactor. The effluent of the IR cell was
sampled every 30 min during reaction and
analyzed by an on-line HP-5890A gas chro-
matograph (GC) with a Porapak PS col-
umn. Steady-state activity and product dis-

tribution were achieved after 90 min of
reaction.

RESULTS
X-Ray Photoelectron Spectroscopy

Figures 1A and 1B show the XPS spectra
of Rh/SiO, and Ag-Rh/SiO, taken after re-
duction at 513 K. The Rh/Si and Ag/Rh in-
tensity ratios are presented in Table 1. The
Rh 3d,,, and 3ds;, binding energies for the
Rh/SiO, catalyst were observed at 311.4
and 306.7 eV, respectively. Oxidation of
the Rh/SiO, catalyst resulted in an upward
shift of 0.8-0.9 eV (30). The addition of
Ag to Rh/Si0O, caused an upward shift of
the Rh 3d;,, and 3d;,, binding energies to
312 and 307 eV and an increase in the
intensity ratio of Ag to Rh peaks. The
binding energy for Rh on Ag-Rh/SiO, cata-
lysts falls between those for the reduced
Rh/Si0, and for the oxidized Rh/SiO,. The
results indicate that the oxidation state of
Rh on the Ag-Rh/SiO, catalyst is be-
tween 0 and +1. The Ag 3ds, binding
energy was observed at 368.2 eV for
Ag(0.5)Rh/Si0, and at 368.4 eV for
Ag(1)Rh/SiO, following hydrogen reduc-
tion at 513 K. These binding energies cor-
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TABLE 1
Catalyst Characterization
Catalyst XPS peak IR intensity Crystallite Hydrogen Ethane
intensity ratio of . size chemisorption hydrogenolysis
ratio (A, XRD) (umole/g) at 493 K
_ —_— x 10° (sec™)
Rh Ag bridge CO Rh Ag
Si Rh linear CO
Rh/Si0, 0.3 —_— 1.23 87¢ — 39.2 2.7
Ag-Rh/SiO, 0.19 0.26 0.51 85 468 24.0 0.87
0.5:1)
Ag-Rh/SiO, 0.14 0.79 0.33 136 395 5.4 1.7

(r:1)

¢ Determined after reaction studies.

respond to the oxidation state of more than
+1 for Ag.

CO Adsorption

Figure 2 shows the infrared spectra of CO
adsorption on Rh/SiO, catalysts with differ-
ent Ag loadings at 301 K and 0.1 MPa. CO
adsorption on Ag/SiO, did not produce ad-
sorbed CO species at 301 K, confirming that
Ag is an inactive component for CO-related
reactions. Two bands at 2060 and 1874 cm ™!
observed for the Rh/SiO, catalyst are as-
signed to the linear and bridged CO on Rh

Ag:Bb=
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Fi1G. 2. Infrared spectra of adsorbed CO on Rh/SiO,
and Ag-Rh/SiO, at 301 K.

crystallite, respectively (30, 44, 48-55). The
presence of Ag on the Ag(0.25)Rh/SiO, and
Ag(0.5)Rh/SiO, decreased the wavenumber
of linear and bridge CO bands and the inten-
sity ratio of the bridge CO to the linear CO
band. The downward shift of the CO band
indicates that Ag decreases the dipole—
dipole coupling between neighboring ad-
sorbed CO (56); the decreased intensity ra-
tio of the bridge to linear CO suggests that
the Ag additive blocks the bridge CO sites.

As the Ag/Rh ratio increased to 1, a new
band at 2090 cm ™! was formed and the inten-
sity of the bridge CO band was significantly
reduced. The unusually high intensity ratio
of the 2090 ¢cm™' band to the 2032 cm™'
band is very likely due to the asymmetric
component of the gem-dicarbonyl band and
a linear CO species on a Rh™ site. Linear
CO adsorbed on Rh* is known to give an IR
band in the 2100-2090 ¢m ~ ! region (30, 52).

NO Adsorption

Figure 3 shows the infrared spectra of NO
adsorption on Rh/SiO, catalysts with differ-
ent Ag loading. The observed IR spectra of
NO on Rh/SiO, agree well with previous
studies (57-59). The doublet and the tip at
1875 cm ™! are due to P, R, and Q branches
of the vibrational-rotational spectra of gas-
eous NO; the R branch of the NO spectra is
overlapped with a band at 1851-1859 cm !,
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F1G. 3. Infrared spectra of NO adsorption on Rh/SiO,
and Ag-Rh/Si0O, at 301 K.

which has been assigned to the linear NO
on Rh (the neutral nitrosyl species) (57, 58).
The species and gaseous NO can be com-
pletely removed with flowing nitrogen at
301 K. The bands in the 16601760 cm ™'
region can be assigned to a surface anionic
NO (NO7); the band in the 1443-1415cm ™'
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region is characteristic of nitrato species
NO; and NOj (58). The NO~ band is dras-
tically affected by the presence of Ag. A
band near 1719 cm ™! emerged as a shoulder
of the NO~ band on the Ag(0.5)Rh/SiO,
catalyst. The NO™~ band shifted upward to
1754 ¢cm™' on the Ag(1)Rh/SiO, catalyst.
The shift in the wavenumber of adsorbed
NO suggests that Ag affects the electronic
state of the Rh surface.

CO Hydrogenation

Figure 4 shows the infrared spectra
for CO hydrogenation over Rh/SiO,,
Ag(0.5)Rh/Si0,, and Ag(1)Rh/SiO, cata-
lysts. Little variation of infrared spectra
with time was observed at each reaction
condition. The steady-state rates of product
formation corresponding to the infrared
spectra are presented in Table 2. Methane
was the major product; acetaldehyde and
C,-C, hydrocarbons were minor products
over the Rh/SiO, catalyst at 513 K and
1 MPa. Under the same condition, the infra-
red spectrum shows linear CO and bridged
CO bands at 2035 and 1843 cm™!, respec-
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FiG. 4. Infrared spectra of adsorbed species during CO hydrogenation at 513 K.
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TABLE 2

CO Hydrogenation at 513 K

Catalyst Pressure CO conversion Selectivity Product
(MPa) ratio
TOF x 10° Rate CH, CH, CH¢ C;;HC CH;CHO CH;CHO
(sec™ ) mole/kg-hr (mole%) CH,
Rh/SiO, 1 2.8 0.79 67.9 1.0 23.1 0.5 7.5 0.11
2 3.6 1.03 63.2 102 185 0.7 7.4 0.12
Ag—-Rh/Si0O, 1 0.9 0.15 91.6 2.0 — — 6.4 0.07
0.5:H 2 1.6 0.28 71.6 170 0.4 — 11.0 0.15
Ag-Rh/Si0O, 1 10.2 0.40 59.6  16.3 1.8 8.4 13.9 0.23
(1:1) 2 13.2 0.51 47.6 16.6 0.9 6.5 284 0.60
Note. CO:H, = :1; selectivity = the rate of formation of a specific product/the rate of formation of all the
products,

tively. An increase in reaction pressure to
2 MPa caused a slight variation in infrared
spectra of adsorbed CO and rates of product
formation.

The presence of Ag on Rh/SiO, led to a
decrease in the selectivity for methane and
C, hydrocarbon formation, but an increase
in selectivity and rate of formation for acet-
aldehyde. It should be noted that the TOF
in Table 2 was estimated using the number
of Rh surface atoms determined by H,
temperature-programmed desorption be-
fore reaction. The number of Rh surface
atoms before reaction may not correspond
to that during reaction. The extent of Ag
effects was progressively increased from
Ag(0.25)Rh/SiO, to Ag(1)Rh/SiO, (44). In-
frared spectra corresponding to rate and se-
lectivity data show that increasing the
Ag/Rh ratio decreased the ratio of intensity
of bridge to linear CO bands. However, the
extent of decrease in the intensity ratio of
bridge CO to linear CO bands is smaller
for the catalysts under CO hydrogenation
conditions than those under CO adsorp-
tion at 301 K. Increasing reaction pressure
from 1 to 2 MPa increased the rate and se-
lectivity for acetaldehyde formation on
Ag(0.5)Rh/Si0O, and Ag(1)Rh/SiO, cata-
lysts. The effect of pressure on product se-
lectivity is much more pronounced on
Ag-Rh/Si0, than on Rh/SiO, catalysts.

However, an increase in pressure did not
lead to an appreciable change in the infrared
spectra of adsorbed CO.

Ethylene Hydroformylation

Figure 5 shows the infrared spectra of
the steady-state ethylene hydroformyla-
tion over Rh/SiO,, Ag(0.5)Rh/SiO,, and
Ag(1)Rh/SiO, catalysts. The steady-state
selectivity data corresponding to the infra-
red spectra are presented in Table 3. Ethane
and propionaldehyde were the major prod-
ucts; methane, C;, hydrocarbons, and acet-
aldehyde were the minor products over the
Rh/SiO, catalyst at 513 K and 1 MPa. Un-
der identical conditions, the infrared spectra
show a linear CO band in the 2015-2025
cm ™! region. The bridged CO band is over-
lapped by gaseous ethylene at 1919, 1888,
and 1850 cm~'. The band near 1730 cm ™' is
assigned to propionaldehyde. The bands in
the 3140-2700 cm ™' region are due to C-H
stretching. The bands at 3138 and 3067 ¢cm ™!
are exhibited by gaseous ethylene; the band
at 2899 cm ™' is due to gaseous ethane; and
the band at 2720 cm ™! is characteristic of
the C-H stretching of propionaldehyde (60).

The presence of Ag on Rh/SiO, sup-
pressed the selectivity for methane and eth-
ane formation but enhanced the selectivity
and rate of formation for propionaldehyde.
The addition of Ag also significantly reduced
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F1G. 5. Infrared spectra of adsorbed species during ethylene hydroformylation at 513 K.

the intensity of bridge CO bands, but slightly
decreased the intensity of linear CO bands.
An increase in reaction pressure to 2 MPa
led to an increase in the formation rate and
the selectivity for propionaldehyde, a down-
ward shift of linear and bridge CO wave-
number, and an increase in the intensity of
the linear CO, hydrocarbon, and propional-
dehyde bands.

DISCUSSION

X-ray diffraction (XRD) studies revealed
that Ag and Rh form separate crystallites on
SiO, support. Average crystallite sizes are
85-136 A for Rh and 395-468 A for Ag as
shown in Table 1. Large Agcrystallites have
been observed on the Ag—Rh/SiO, catalysts
prepared from Rh and Ag chlorides (45, 62).
The size of Ag and Rh crystallites depends

TABLE 3

Ethylene Hydroformylation at 513 K

Catalyst Pressure C,H, conversion Selectivity Product

(MPg) ratio

TOF Rate C2H6 CZH5CHO O[her HC CszcHO

(sec™!)  (mole/kg-hr) (mole%) T CH6
Rh/SiO, | 0.17 47.7 77.4 22.2 0.4 0.29
2 0.18 479 71.6 27.3 1.1 0.38
Ag-Rh/Si0O, | 0.29 50.2 63.1 36.5 0.4 0.58
0.5:1) 2 0.37 64.3 55.1 44.8 0.1 0.81
Ag-Rh/SiO, 1 1.23 47.7 57.7 42.1 0.2 0.73
(1:1) 2 1.29 50.1 49.5 50.4 0.1 1.02

Note. CO:H,:C,H,; = 1:1:1. Other HC includes CH,, C; + hydrocarbons, and CH,CHO.
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on preparation methods and the type of SiO,
used (45, 62). A fraction of Ag that cannot be
observed by XRD pattern appears to deposit
on the surface of Rh crystallites. The distri-
bution of Ag on Rh for Ag—Rh/SiO, can be
inferred from results of XPS and IR studies.
A significant decrease in Rh/Si XPS inten-
sity ratio and a marked increase in Ag/Rh
XPS intensity ratio with increasing Ag load-
ing indicate Ag species deposits on the Rh
surface. The thickness of the Ag layer ap-
pears to be great enough to block ejecting
of Rh 3d electrons.

IR observations of CO and NO adsorption
on Ag~Rh/Si0O, at 301 K can be summarized
as the following: (i) the high ratio of linear
CO to the bridge CO site indicates that the
Rh surface is decorated by Ag species; and
(ii) the presence of gem-dicarbonyl bands
and the linear CO on Rh™ as well as a high
wavenumber NO ™ species suggests that the
Rh surface on the Ag(1)Rh/SiO, catalyst
contains positive charges. The infrared
spectra of adsorbed NO is known to be very
sensitive to the electronic state of metal and
bimetallic surfaces (59). The electron-
donating or -withdrawing characteristics
could lead to either a downward or upward
shift of the NO~ band. The upward shift of
the NO~ band brought about by Ag indi-
cates that the Rh surface on Ag(1)Rh/SiO,
is electron-deficient as compared with
Rh/SiO,. XPS results, shown in Fig. 1, also
reveal that the oxidation state of Rh on
Ag(1)Rh/Si0O, 1s between 0 and +1. The
presence of Ag appears to promote the for-
mation of isolated Rh™ sites. Peebles et al.
(61) have found that the transfer of signifi-
cant net electron density between Ag and
Rh takes place at very low Ag coverage on
Rh(100) surface. Our results are not suffi-
cient to determine whether such an electron
transfer occurs resulting in the formation of
Rh* on silica supported Ag~Rh catalysts.

Previous studies have shown that a single
Rh atom site that chemisorbs linear CO is
more active for CO insertion than the Rh
ensemble site required for bridge CO; an
isolated Rh™* site is more active for CO
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insertion than the reduced Rh site (30).
High C, oxygenate activity and selectivity
of Ag(1)Rh/SiO, might be directly related
to the Ag(1)Rh/SiO, catalyst containing a
high concentration of isolated Rh* sites.
Nevertheless, linear CO on Rh* and gem-
dicarbonyl associated with Rh*™ were not
observed during reactions. It is unclear
whether the Rh* site remains on the surface
of Ag(1)Rh/SiO, under reaction conditions.
The absence of linear CO on Rh™ and gem-
dicarbonyl could be due to either their high
reactivities or reductive agglomeration of
isolated Rh™ sites (55) under reaction condi-
tions.

Both CO hydrogenation and ethylene hy-
droformylation affect the surface structure
of Ag—-Rh/SiO, catalysts. The IR intensity
ratios of the bridge to the linear CO on the
Ag-Rh/Si0, catalyst under reaction condi-
tions are significantly greater than those un-
der CO adsorption at room temperature.
The increased intensity ratio of the bridge
to linear CO is likely due to the aggregation
of Agatoms at the expense of interdispersed
Ag atoms on the Rh crystallite under reac-
tion conditions. Surface reconstruction in-
duced by adsorbates has been observed for
a number of catalytic systems (63). Adsorp-
tion of CO on small Rh crystallites at 300 K
causes the disruption of Rh crystailite and
the formation of isolated Rh* sites; CO ad-
sorption at temperatures above 423 K leads
to reformation of Rh crystallites (57, 55).

The difference in the surface structure be-
tween characterization and reaction makes
it difficult to develop relations between the
activity and selectivity of catalysts and the
surface characterized before reaction stud-
ies. Furthermore, the use of different probe
molecules and conditions in catalyst charac-
terization may lead to different conclusions
on the surface structure. The high ratio of
the linear CO to the bridge CO at 301 K,
shown in Fig. 2, suggests that Ag on Rh
is highly interdispersed on Ag—Rh/SiO,. In
contrast, the lack of Ag effect on ethane
hydrogenolysis on Rh/SiO, catalyst at
493 K, shown in Table 1, led to a conclusion
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that Ag forms islands on the surface of Rh
(45). Therefore, caution should be taken in
comparing the TOFs shown in Tables 2 and
3 since the number of Rh surface atom used
for estimation of the TOF was determined
before reaction.

In situ IR observations and simultaneous
rate measurements show that the ratio of
the bridge CO to the linear CO decreases
with increasing Ag content; the rate of for-
mation and selectivity for C,, oxygenates
increases with Ag loading during both CO
hydrogenation and ethylene hydroformyla-
tion. The effect of Ag promotion on C, and
C, oxygenate synthesis can be interpreted in
terms of its geometric and electronic effects.
The decreased ratio of the bridge to the lin-
ear CO sites on Ag-Rh/SiO, catalysts
should enhance CO insertion selectivity be-
cause the single Rh atom site on which the
linear CO adsorbs is the active site for CO
insertion (30). Enhancement of CO insertion
selectivity should increase the selectivity
for the formation of C, oxygenate during CO
hydrogenation as well as for the formation
of C; oxygenate during ethylene hydrofor-
mylation.

Methanation has been shown to be struc-
ture-insensitive on the Rh single crystal; one
metal surface atom site is required for the
reaction (42). The major effect of Ag on
the Rh(111) single crystal is to geometrically
block the methanation sites on a one-to-one
basis (42). The effect of Ag on SiO,-
supported Rh appears to be different from
that on the Rh single crystal. If both metha-
nation and CO insertion occurred on the
single atom sites, the effect of Ag on the
formation of methane and C, oxygenates
should be similar. Qur recent studies of
temperature-programmed reaction of CO
adsorbed on Ag-Rh/SiO, with H, shows
that the addition of Ag to Rh/SiO, shifted
the methane peak to higher temperatures;
the methane peak temperature shifted pro-
gressively from 413 K for Rh/SiO, to 615 K
for Ag(1)Rh/SiO, indicating that Ag addi-
tives suppressed methanation activity of Rh
catalysts (64). The upward shift in methane
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peak temperature suggests that the elec-
tronic effect of Ag may play a role in modi-
fying catalyst activity and selectivity for CO
hydrogenation and ethylene hydrofor-
mylation.

Although the increase in C, and C; oxy-
genate selectivity (i.e., CO insertion selec-
tivity) can be explained by the geometric
blockage effect of Ag on the Rh surface, it
would be difficult to use simply the geomet-
ric effect of Ag to account for the increased
rate of formation for C, and C; oxygenates.
Direct evidence for the electronic influence
of Agon Rh/Si0, include XPS and IR results
at 301 K that show that the presence of Ag
on Rh surface promotes a formation of iso-
lated Rh™ sites. Since Rh* is the most active
form of surface sites for CO insertion, such
a promotion effect of Ag may prevail under
reaction conditions resulting in a significant
increase in the rate of formation for C, oxy-
genates and in the TOF for ethylene conver-
sion during ethylene hydroformylation. Ag
promotion also incenses the rate of forma-
tion for C, oxygenates; however, it in-
creases the TOF for CO conversion in CO
hydrogenation less than it does the TOF for
C,H, conversion in C,H, hydroformylation.
The less pronounced effect of Ag promotion
on CO hydrogenation may be due to the
inhibition of methanation brought about by
Ag.

Product distributions of CO hydrogena-
tion and ethylene hydroformylation over Rh
catalysts depend not only on promoter and
support compositions but also on reaction
conditions. The effects of reaction tempera-
ture on C, oxygenate selectivity over
Ag-Rh/SiO, have been reported in our pre-
vious studies (44). C, oxygenate selectivity
increased with temperatures from 473 to
523 K over Rh/SiO,, Ag(0.25)Rh/Si0O,, and
Ag(0.5)Rh/Si0, ; the temperature for maxi-
mum C, oxygenate selectivity (T,,) occurred
at 523 K. In contrast, T,, occurred at 573 K
for Ag(1)Rh/SiO,. Further increasing the
temperature above T, leads to significant
increases in rate of formation and selectivity
for methane. This is due to the predomi-
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nance of CO dissociation and hydrogenation
over COinsertionathigh temperatures (7, 8).

An increase in reaction pressure from 1
to 2 MPa significantly increased the rate of
CO insertion as evidenced by the increased
rate of formation of C, and C; oxygenates.
Increasing reaction pressure, however, did
not result in any obvious variation of in situ
IR spectra for CO hydrogenation. In con-
trast, increasing reaction pressures during
ethylene hydroformylation decreased the
wavenumber of linear CO, but increased its
intensity. The decreased wavenumber of
adsorbed CO is usually accompanied by
decreased intensity due to the decreased
dipole-dipole coupling of reduced concen-
tration of adsorbed CO (56). One possible
explanation for the reverse trend is that high
CO pressures increase the surface concen-
tration of adsorbed CO and greatly enhance
the formation of adsorbed propionaldehyde
which effectively decreases the dipole—
dipole coupling between neighboring ad-
sorbed CO.

CONCLUSIONS

The effects of Ag promotion on CO hydro-
genation and ethylene hydroformylation
over Rh/SiO, have been identified as (i) a
suppression of methanation and hydrogena-
tion selectivity and (ii) an enhancement of
CO insertion activity and selectivity. The
combination of these effects results in an
increase in the rate of formation and selec-
tivity for C, oxygenates during CO hydroge-
nation and for propionaldehyde (C, oxygen-
ate) during ethylene hydroformylation.
Catalyst characterization of Ag-Rh/SiO, by
XRD and XPS suggests that part of the Ag
forms separate crystallite and part of the Ag
deposits on the surface of Rh crystallites.
IR study of CO adsorption shows that Ag
blocks the bridge CO site on the surface of
the Rh crystallite. The ratio of the linear CO
to the bridge CO sites increases with Ag
loading. A Rh™ site is observed on
Ag(1)Rh/SiO, by XPS and IR studies of CO
and NO adsorption. Exposure of the
Ag-Rh/Si0, catalysts to reactant mixtures
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under reaction conditions leads to a de-
crease in the ratio of the linear to the bridge
CO sites. The promotion effect of Ag on CO
insertion is attributed to a high ratio of the
linear CO to bridge CO sites and the possible
presence of isolated Rh™ sites under reac-
tion conditions.
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