CHAPTER VI
AN IN SITU INFRARED STUDY OF CO HYDROGENATION AND
ETHYLENE RYDROFORMYLATION ON Ru/Si0; AND SULFIDED Bu/Sif,

6.1 Introduction

Syngas (CO/H,) and related reactions constitute important
pathways for the conversion of coal to chemical feedstocks and liquid
fuel [1,2]. One of the most important syngas related reactions is the
hydroformylation of olefins that représents the largest volume use of
syngas in homogeneously catalyzed reactions [47,48]. Extensive
mechanistic studies have shown that the homogeneous hydroformylation
reaction proceeds via (i) the insertion of C0 into alkyl-metal
complexes leading to the formation of acyl-complex intermediates and
then followed by (ii) the hydrogemolysis to give aldehydes [45-49].
The hydroformylation mechanism has often been used as a model to
explain the formation of C2+ aldehydes and alcohols in the
Fischer-Tropsch (F-T) synthesis (heterogeneous C0 hydrogenation)
[39,54,55]. Probing the mechanism of C0 hydrogenation by olefin
additions has shown that the reaction of added olefins with syngas on
the supported Ru and Rh metals leads to the formation of aldehydes
[565,58,74] . The reaction for the formation of aldehydes on the

supported Ru and Rh catalysts has been considered as the heterogeneous
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hydroformylation that resembles the homogeneous hydroformylation

catalyzed by metal complexes [39,57].

The hydroformylation reaction that is homogeneously catalyzed
reaction was first discovered on the heterogeneous F-T cobalt (Co)
catalyst [47]. It was later recognized that the Co carbonyls produced
from the heterogeneous Co netal during the reaction were responsible
- for the reaction [47— 49]. The interesting development of the
hydroformylation mechanism on the Co catalyst has led us to raise an
important question concerning the nature of hydroformylation on the
Ru/Si0; catalyst that is ome of the most active F-T catalysts
[8,23,70]. Is the hydroformylation reaction on the supported Ru
catalyst a truly heterogeneously catalyzed reaction ?

Sulfur is known to be a severe poison to the heterogeneous
metal catalysts that catalyze CO hydrogenation; olefin hydrogenation,
paraffin hydrogenolysis, and hydrocarbon related reactions [96-98].
The poisoning effect of sulfur compounds on the metal surface has been
a.ttribute& to the blockage of active sites as well as the modificat;‘ton
of surface states of the catalyst by adsorbed sulfur. Interestingly,
several recent studies have shown that sulfur compounds such as H»S
slightly enhanced ethylene hydroformylation over Bh/Si0; and Ni/Si0
catalysts [55,112] but inhibited the reaction on Ru/Sil, [74]. The
failure of sulfur to poison the hydroformylation reaction on the Ni and
Rh catalysts has been ascribed to the inability of adsorbed sulfur to
deactivate the single atom site that is responsible for the reaction.
Hovever, the mechanism for sulfur poisoning of Ru catalysts in the
hydroformylation reaction is still not understood. Because syngas,

produced from coal, usually contaminates with a significant amount of




sulfur compounds suc;h as H2S, developing a better understanding of 88
the role of sulfur in syngas reaction and hydroformylation is of great
technological importance.

The objective of this study was to investigdte the nature of
ethylene hydroformylation over Ru/Sil; and the role of sulfur in the
reaction. An in situ infrared spectroscopic (IR) technique vas
" employed to study CO adsorption, CD hydrogenation, and ethylene
hydroformylation on Bu/Si0; and sulfided Bu/Si0; catalysts. Results of
C0 adsorption and C0 hydrogenation were compared with those of
hydroformylation to clarify the IR bands of various adsorbed species.
The dynamic bebavior of all é,dsorbed species during the
hydroformylation was examined by a transient experiment in which a
steady- state CU/Iiz /CoHy flow vas switched to a steady-state CO/H; flow.
The reactivity of the adsorbed species with H; was studied by
temperature- programmed reaction (TPR) with H;. Due to the presence of
the residual chlorine on the Bu/Si0; catalyst used in this study, the
effect of chlorine on the vibrational frequency of adsorbed C0 was also
examined.

6.2 erimental
6.2.1 Catalyst Preparation and Characterization

The 3 wt% Bu/Si0; catalyst was prepared by impregnation of Si0,
using RuCl;-3H;0. The preparation procedure is described in Chapter
III. Sulfidation was conducted by exposure of Ru/Sil; to flowing H,S
flow (1000 ppm HyS in H) at 513 K for 1 hr. The bulk ratio of sulfur
to ruthenium was determined by energy-dispersive spectroscopy (EDS).
Bu crystallite sizes before and after sulfidation was determined to be
80 A° by X-ray diffraction (XRD) line-broadening technique. No



significant difference in XRD spectra for the sulfided and 89
unsulfided Ru indic.:ates that sulfidation at 513 K could reach only to
the surface of the particle rather than the emtire particle of Ru.
Hydrogen uptake for the Ru/Sil; and the sulfided Ru/Sil (S-Bu/5ilz)
vas measured by hydrogen temperature-programmed desorption. The
reéidua.l chlorine in the reduced Ru/Sil, was determined by Galbraith
. Lab, Inc. The catalyst was pressed into_-a. self- supportiﬁg disk with 20
ng.
6.2.2 Experimental Procedure

C0 hydrogenation and ethylene hydroformylation were studied in
steady- state flow conditions of 513 K a.ngi 10-30 atm in the IR cell
vhich can be considered as a differenmtial reactor. Gas phase C0 bands
vere eliminated by subtracting the absorbance of gas phase C0 with a
$i0, disk in the cell from the spectra of gaseous reactants and
products as well as absorbed species on the Ru/Si0; and S-Ru/Sil,
catalysts. Subsequent to recording each IR spectrum, the effluent of
the IR cell was sampled and analyzed by an on-line gas chromatography.

The transient infrared study was conducted by switching a
steady- state CzH4/CO/H, flow to a steady-state CO/H; flow and
ma.intainiﬁg at constant pressure. The change in the IR intenmsity of
adsorbed species during the switch was closely monitored by the
infrared spectrometer.

Following steady-state ethylene hydroformylation, reactor
temperatures and pressures were decreased to 303 K and 1 atm. The
temperature-programmed reaction (TPR) was then carried out by

introducing a flow of Hy to the IR cell at 10 cm3/min and heating the




reactor at a rate of 5 K/min to 513 K. IR spectra were taken duriing 90

the entire course of the TPR study.
6.3 Results and Discussion
6.3.1 C0 Adsorption

Figure 6.1 shows the infrared spectra of €0 adsorption on the
Ru/Si0, and the S-Ru/Si0, ca;talysts at 513 K. It should be noted that
the Ru/Si0; used in this study contains 0.5 wt% residual chlorime. Two
bands were observed for C0 adsorption on the Ru/Sil; catalyst at 10
atm: a linear CO band at 2040 cm-! and a weak bridge CD band at about
1787 cm-t. The observed wavenumbers of adsorbed CO are in good
agreement ﬁith those reported for Ru/Sil, [23,35,128]. Decreasing the
pressure of C0 from 10 to 1 atm caused a slightly downward shift of the
linear CD vavenumber. Admission of Hy to the reactor at 513 K resulted
in a decrease in the intensity of the linear C0 and in a downwa.rd shift
of its wavenumber. Such a downward shift can be attributed to the
reduction in dipole-dipole coupling [118] as a result of the removal of
the adsorbed C0 by reaction with hydrogen.

The influence of sulfur on the infréred spectra for adsorbed CD

is also shown in Figure 6.1. Sulfidation of the catalyst resulted in

| (i) a reduction in the intensity of the linear €0 band, (ii) a dowmward
shift of the linear C0 wavemumber, and (iii) a suppression of the weak
bridge CO band. Adsorbed sulfur appeared to disrupt the adjacent
pairs of Ru metal atoms, and therefore suppressing bridge CO sites.
The inhibition of CD adsorption in the bridge form brought about by
adsorbed sulfur has also been reported for Ni and BRh [96,97,112]. The
results of (i) and (ii) may be due to a lower concentration of adsorbed

C0 on the surface of sulfided Ru (S-Ru) rather than a ligand effect of
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Figure 6.1 Infrared Spectra of C0 Adsorption at 513 K: (a)
on Ru/Sil; at 10 atm for 20 min, (b) at 1 atm for
20 min, (c) after reduction in flowing H; at a
rate of 5 cm3/min at 1 atm for 20 min, (d) on
gbllu[SiDz at 10 atm for 20 min, (e) at 1 atm for
min.




adsorbed sulfur [98]. The effect of sulfur on the C0 adsorbed on Bu %2
has been found to differ from the effect on Ni and Pt [97,108]. An
upward shift of the wavenumber for the linear C0 has been observed on
the sulfided Ni and Rh [97,112]. The sulfided Ni and Bh catalysts
shoved a lower bonding energy for the C0 than the unsulfided catalysts
[97}.

The decrease in C0 pressures from 10 to 1 atm resulted in a
slight modification of the intensity and wavenumber of linear C0 on the
Ru/Si0;, but a marked decrease in the intensity and a dowmward shift of
the wavenumber for linear CO on the S-Ru/Si0;. The greater dependence
of the intensity of the linear CO on the C0 pressure reflects a smaller
equilibrium constant for the adsorption of C8 on the S-Ru/Sil;.

6.3.2 €O Hydrogenation on Ru/Sil, ‘

The effect of reaction pressure on the infrared spectra for
Ru/Si0, and S-Ru/Sil; are shown in Figure 6.2. Table 6.1 presents
results of the rates of product formation from C0 hydrogenation
corresponding to IR spectra taken under steady-state conditioms. The
T0Fs for CO conversion on the Ru/Si0; catalyst are lower than those
reported in the literature [34]. This may due to the use of higher
ratio of Cﬁ/ﬁg . The major bands observed for the C0 hydrogenation at
513 K and 1 atm were the linear CO band at 2003 cm-! and bands
corresponding to hydrocarbon species in the region of 2860-2970 cm-t
and 1461 cm-! [115]. HNethane was identified to be the major product
vhile no oxygenates were observed under this reaction conditiom.

As reaction pressure increased from 1 to 10 atm, the linear CD
shifted from 2003 cm-! to 2020 cm-! and its intensity increased; the

intensity of hydrocarbon bands and the rate of hydrocarbon formation
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also increased (sh.own' in Table 6.1). Further increases in reaction 95
pressure increased the intensity of hydrocarbon bands, but did not

" affect the intensity and wavenuinber of the linear C0 at pressures above
10 atm. The stability of these adsorbed C0 and hydrocarbons. were
exaphed by treating the catalyst in flowing ﬁg (10 cm3/min) at 513 K
and 1 atm. As shown in Figure 6.2(1)- e, a decrease in the intensity of
the linear C0 band was accompanied by a downward shift of the band. In
contrast, the intensity of the hydrocarbon ba.nds were not affected by
flowing hydrog.en’, indicating that these hydrocarbons may be inert
spectator species [137] and adsorbed on the silica support. Unreactive
surface hydrocarbons have also been observed on the CO hydrogenation on
alumina- supported Ru catalysts. Thes'e bydrocarbon species were formed
on the Bu metal surface and then.migrated onto the alumina support .

- [34,127].

Table 6.1 shows that the rate of acetaldehyde formation
increased with reaction pressure. It has been suggested that C,
oxygenates such as acetaldehyde and ethanol are formed via the
insertion of C0 into CH; which is produced from carbon monoxide
dissociation followed by hydrogenation [20,39,57-60].

Because the formation of €, 6xygenates,, methane and Cj.
hydrocarbons involves é common intemediate, .Cﬂx, a higher ratio of
CH3CHO/CH; represents a higher CO insertion selectivity. The increase
in the ratio of CH3CHO/CH, and CH;CHO/C;.HC with increasing pressures
(see Table 6.1) indicates that CO insertion competed favorably with
hydrogenation and chain growth at higher reaction pressures. However,
the intensity and the wavenumber of the linear C0 band are relatively

insensitive to the overall reaction pressure in the range from 10 to 30



atm. No obvious relation between IR spectra of the adsorbed CO and 96

the activity for C0 insertion can be discermed.

Comparison of IR spectra of adsorbed C0 in the C0 hydrogemation
reaction (Figure 6.2) with those in the C0 adsorption study on Ru/SiD;
(Figure 6.1) reveals that the linear C0 in the C0/H, atmosphere
exhibited a lower wavenumber and a lower absorbance compared to that
- observed in the pure C0 atmosphere. The downward shift accompanied by
the decreases in the absorbance for the adsorbed C0 may be attributed
to the decrease in dipole-dipole interactions as a result of dilution
by adsorbed hydrogen [118] rather than the ligand effect of adsorbed
hydrogen [37].

6.3.3_ Co derogena.tion on Sulfided Ru/Sil,

- As shown in Table 6.1, the addition of sulfur inhibited the
formation of both C;, hydrocarbons and oxygenates. Methane was the
only product observed on the sulfided catalyst. Increasing the
pressure frbm 1 to 30 atm enhanced the rate of the methane formation by
a factor of 2.8. Comparison of the rate of methane formation on
Ru/Si0, and S-Ru/Si0. shows that sulfur slightly inhibited the rate of
methane formation at 1 atm. A more pronounced suppression of the rate
of methane formation by sulfur was observed at higher pressures.

Sulfur appears to have a small effect on the methane formation but a
great inhibition effect on the production of C;. hydrocarbons and
oxygenates. Energy-dispersive spectroscopic studies of the S-Bu/Sif,
showed that the bulk ratio of S to Ru was 0.12. Hydrogen TPD studies
showed that sulfidation led to the loss of hydrogen chemisorption
capacity [74]. Several single crystal studies have shown that a sulfur

coverage of 0.33 on the Bu(111) surface could result in the complete




suppression of hydrogen chemisorption [107]; a similar sulfur o

coverage on the Ru(0001) decreased the methanation activity by a factor
of 10 [98]. Due to the lack of information on the sulfur coverage for
the S-Ru/Si0;, a meaningful comparison between the feaction on the
sulfided Ru/Sil; and the Ru single crystal can not be made.

The infrared spectra eorresponding to the rate data shown in
- Table 6.1 are presented in Figure 6.2(B). The spectrum G.é(B)-a is the
 background spectrum recorded for the used Ru/Sil, that had been exposed
to CO/H;/CyH4 reactant mixture and then followed by reduction in
flowing hydrogen for 10 hr and sulfidation for 1 hr at 513 K. Some
hydrocarbon species on the catalyst were observed by infrared
spectroscopy. It is important to note that those hydrocarbon bands in
the IR background have no effect on the performance of the sulfided Ru.
Sulfidation of the used Ru/Sil; catalysts and the fresh Ru/Sil,
resulted in the same activity and éelectivity. The major spectral
feature for C0 hydrogenation on the sulfided catalyst is the linear C0
at 2000-2013 cm-1. The hydrocarbon bands at 2860-2960 cm-! exhibiting
the same intensity at various conditions appear to be spectator
species.

Comparison of the IR spectra for Ru/Sil; and S-Ru/Sil, (see
Figure 6.2) shows the major effect of adsorbed sulfur on the adsorbed
C0 during CD hydrogenation is to decrease its intemsity. Flowing
hydrogen over the catalysts at 513 K (see spectra 6.2(A)-e and
6.2(B)-¢) caused a downward shift of the linearly adsorbed €0 by 59
cm-! on Ru/Sill; and by 10 cm-! on S-Bu/Sil, and a more decrease in the

CD intemsity for BRu/SiD; than for S-Ru/Si0;. Such a less shift and

decrease of the adsorbed CO on the S-Ru/SiD; catalyst may be due to the




fact that adsorbed sulfur inhibits hydrogen chemisorption [96-98]. 9%
As a result, less a;dsorbéd hydrogen was available to react with C0 and
to remove C0 from the surface of sulfided Ru/Si0; catalyst. The
observed inhibition effects of ‘sulfur on CD adsorption and C0
hydrogenation in this study are, in some respects, consistent with

those reported in the literature [96-98]. Adsorbed sulfur has been

. found to block the bridge C0 sites, weaken the metal-C0 bond, and

inhibit €0 hydrogenation.
6.3.4 Fthylene Hydroformylation on Ru/Sill

Table 6.2 shows the influence of reaction pressure on the rate
of product formation for Cl/H/C;Hs reaction (hydroformylation) ovem.:
Ru/8i0;. The formation of CHs, Cs. hydroca.rbons, C; oxygenates,
ethane, and propionaldehyde indicates that C0 hydrogenation, ethylene
hydrogenation, and ethylene. hydroformylation take place at the same
time. Higher rates of C4 hydrocarbon formation th_a.n Cs hydrocarbon
formation suggest that dimerization of ethylene occurred to a
significant extent. Although the rate of formation of all the products
increased with increasing pressure, there was significant variation in
the pressure effect on the rate of product formation. 4s reaction
pressure increased from 1 to 30 atm, the rate of methane formation
increased by a factor of 2; the rate of ethane formation increased by a
factor of 7.7; and the rate of propionaldehyde formation increased by a
factor of 65. The extent of pressure effect on the rate of product
formation decreased in the order: C;HsCHO > CoHy > CHy, suggesting that
C0 insertion is highly favorable at high pressures.

Figure 6.3 shows the infrared spectra taken under steady-state

C0/Hz /CoHy reaction conditions corresponding to the reaction results
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listed in Table 6.2. At 1 atm, the linear C0 was observed at 1983 101
em-i, Increasing the total pressure resulted in an increase in the
intensity of the linear C0 band and an upward shift of the linear CO
wavenumber. No obvious relation between C0 insertion selectivity and
the waverumber of adsorbed CO was observed. The gaseous ethylene was
observed at 1921, 1888, 1861‘cm'1, 1400-1500 cn-! and in the vicinity
of 3100 cm-t. One band at 1738 cm-! with a shoulder at 1681 cm-! began
to emerge as reaction ‘pressui'e increased. The former corresponds to
adsorbed propionaldehyde, which was identified by the injection of the
propionaldehyde to the Ru/Sill; catalyst and the Sil;. It should be
noted that the adsorption of propionaldehyde on both Ru/Sil; and Siﬂz
produced the same IR band at 1738 cm!. HNow the adsorbed
propionaldehyde is distributed on the surface of Ru and 5ib, can not be
determined from these IR results. The intemsity of this .ba.nd
paralleled the rate of formation of the propionaldehyde. The shoulder
at 1681 cm-! may be assigned to an acyl species [38,93]. The band has
also been detected on Rh derived catalysts which exhibit high
selectivity for C; oxygenate formation [38,60,93] .

Admission of flowing H; to the reactor at 513 K removed the gas
phase ethylene and ethane bands and gradually attenuated the intemsity
of the adsorbed C0 band and propionaldehyde band. However, the
hydrocarbon bands that resemble those observed in C0 hydrogenation
study did not readily desorb under the this reduction condition. This
observation further supports the proposition that these species are

situated on the support rather than on the metal surface.




6.3.5 Ethylene Hydroformylation on Sulfided Ru/Sil, 102

Table 6.3 shows the effect of reaction pressure on the rate of

product formation for CO/H2/C,Hs on S-Ru/Si0;. Ethane was the major
product; methane and propionaldehyde were the minor products. A trace
amount of C3. hydrocarbons and acetaldehyde were also observed.
Increasing reaction pressure .led to increases in the rates of formation
of all products. Incfeases in the ratio of CoHsCHD to C,Hg with |
increasing reaction pressures indicates that the formation of
propionaldehyde is favorable at high pressures. Comparison of ratios
of the formation rates of propionaldehyde and ethane before sulfidation
to those after sulfidation éhows that sulfur had a greater inhibition
effect on the rate of the propionaldehyde formation than that of the
ethane formation. .

The influence of reaction pressure on the infrared spectra for
the ethylene hydroformylation on S-Ru/Si, are shown in Figure 6.3(B).
The infrared bands for S-Ru/Sil; were similar to those observed for the
BRu/Sil; catalyst. The hydrocarbon bands on the Bu/Sifl; and the -
S-Bu/Sil; were idemtical in wavenumber and intemsity. The intemsity of
the linear C0 band was smaller on the sulfided catalyst. A relatively
strong IR intemsity of adsorbed propionaldehyde was also observed on
the sulfided catalyst. Admission of flowing Hy to the reactor led to a
gradual decrease in the intemsity of linear CD and a very slow
reduction in the intensity of propionmaldehyde. As compared to the
Bu/Si0; catalyst, the propionaldehyde appeared to be stromgly bonded on
the S~B.u/SiOz . As a result, the desorption of the adsorbed
propionaldehyde from S-Ru/Sil; was greatly inhibited.
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A careful comparison of the infrared spectra and rate da.ta: 104

for the Bu/Sil; and the S-Ru/Si0; shows that adsorbed sulfur (i)
slightly decreased the intensity and wavenumber of the linear C0 band;
(ii) inhibited desorption/reaction of linear C0 in flowing hydrogen at
513 K; (iii) caused an emergence of the shoulder band of an unknown
species at 1880-1890 cm-t; (iv) increased the intensity of the
propionaldehyde band; (v) suppressed the formation of CO hydrogenation
products such as Cs, hydrocarbon and acetaldehyde; (vi) exhibited a
more severe inhibition effect on the formation of propionaldehyde than
the formation of ethane. The most interesting part of the above
observations is the increaée in the intensity of the propionaldehyde
band and the decrease in the rate of formation of propionaldehyde with
the addition of sulfur. The result suggests that sulfur appears to
promote C0 insertion but inhibit the desorption of propionaldehyde;
therefore making desorption of propionaldehyde the rate-limiting step
on the S-Ru/Sil,.
6.3.6 Dynamic Behavior of Adsorbed Propionaldehyde

In order to determine the effect of .adsorbed sulfur on the
dynamic behavior of adsorbed propionaldehyde, a transient FIIR study
was conducted by the following procedure. Following the steady-state
hydroformylation at 10 atm and 513 K, the feed was switched from a
steady- state flow of CO/H;/C,H4 to. a steady-state flow of CO/H,.
Figure 6.4-A shovs a series of infrared spectra taken during the switch
on the Ru/Si0;. As CO/H, displaced CO/H;/C;H,, the intensity of
gaseous ethyleme, adsorbed propionaldehyde, and acyl bands gradually
decreased while the intemsity and wavenumber of adsorbed C0 increased.

The displacement process for the gaseous ethylene is slow due to the
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condition of high pressure and the low flow rate even though the 106
volume of the IR cell is 120 mm3.

Infrared spectra for the S-Ru/Si0; similar to those for the
Ru/Si0; during the tramsient condition were also obtained as shown in
Figure 6.4-B. The major difference in the spectra of adsorbed species
on the BRu/Si0, and the S-Ru/Sif, during the switch is that the
' intensity of adsorbed propionaldehyde on the Ru/Sill; decreased much
more rapidly than that of adsorbed propionaldehyde on the S-Ru/Si0;.
These results indicate that adsorbed propionaldehyde is more stromgly
bonded on the S-Ru/Sil; than on the Ru/Sil;. As a result, the
desorption of adsorbed propionaldehyde from S-Ru/S5ib; is strongly
inhibited, thus leading to the inhibition of the formation of gaseous
propionaldehyde product from the hydroformylation.

6.3.7 Temperature Programmed Reaction with H, -

The reactivity of all the adsorbed species toward hydrogen was
examined by temperature-programmed reaction with hydrogen. Prior to
the TPR study, the CO/H/C,H, reaction was carried out at 513 X and 10
atm for 1 hr to reach the steady state and then the reactor pressure
and temperature were decreased to 1 atm and 298 K. Hydrogen vas then
passed through the reactor at a flow rate of 10 cm3/min; the reactor
i:emperature was increased at a rate of 5 K/min.

Figure 6.5 shows a series of IR spectra taken during the TPR
study. The initial spectrum at 298 K included the adsorbed linear CO,
kydrocarbons, and propionaldehyde bands which are similar to those
under reaction conditions. Band at 1672 cm-! that has been assigned to

an acyl group was also observed.
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In order to discriminate the change of intensity for €0 and 108
propionaldehyde bands with respect to temperature, a relative change in
intensity of the bands was plotted as a function of temperature. The
integrated absorbance is related to the concentration of the adsorbed
species if the extinction coeﬁicient is assumed to be independent of
the surface coverage of the adsorbed species [31]. The integrated
" absorbance is defined as 4 = j:g:: A(v)dv, where v is wavenumber. As
shown in Figure 6.6, the intemsity of integrated absorbance for the
linear CO band on the Ru/Si0; showed a small decline from room
temperature to 473 K and then followed by a rapid decrease as
temperature increased above 473 K, while the intensity of the
propionaldehyde band exhibited a rapid decrease to 423 K and then

slowly depleted. In contrast, the intensity of the linear CO on the
"S§-Bu/Si0; decreased linearly with increasing temperature, while the
intensity of the propionaldehyde band showed an initial decline and
then level off. These observations provide qualitative evidence that
the linear C0 is more strongly bonded on the Ru/Si0; than the S-Ru/Sil,
at 303-480 K under flowing H; while the adsorbed propionaldehyde showed
the reverse trend. By contrast, the more rapid diminishing of the
liner CO on the Ru/Si0; than on the S-Ru/Si; catalyst at 513 K under
floving Hy (see Figure 6.2) may be explained by the easier of
bydrogenation of adsorbed C8 on the Ru/Sif; than on the S-Ru/Sil;.
6.3.8 C0 Hydrogenation and Ethylene Hydroformylation on the Washed

Ru/Si0,

Several recent studies have shown that an appreciable amount of
residual chlorine (Cl) retains on the Ru/Sill; prepared from BuCl,
[147,148]. Hydrogen reduction followed by hot-water washing is
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required to remove C1 from the Ru/Sil; catalyst. Chlorine analysis 110

for the catalysts used in this study shows that the Ru/Sif0, after
hydrogen reduction contained 0.50 wt% Cl; the same sample which was
vashed by hot water (nearly boiled water) and reduced again at 673 K
consisted of only 449 ppm Cl.
Figure 6.7 shows the infrared spectra of C0 adsorption, CO

' hydrogena.tion, and ethylene hydrogenation on the hot-water washed
Bu/Si0; at 513 K. The C0 adsorption produced the band at 2044 cm™!;
the addition of hydrogen to C0 resulted in the downward shift of the CO
band and the formation of hydrocarbon bands at 2857 and 2927 cam™! at 10
atm. The addition of ethylene to the .Cﬂ/llg mixture resulted in the
further downward shift of the CO band as well as the appearance of
propionaldehyde band at 1734 cm™! and hydrocarbon bands at 2889-3138
cm~!. The infrared bands observed for adsorbed CO, propionaldehyde and
hydrocarbons on the washed catalyst are in a good agreement with those
reported for the Cl-containing Bu/Sif, (shown in Figure 6.1-6.3).

~ Chlorine appears to have little effect on the adsorption of CO
on the Ru/Sib; catalysts. Comparison of the infrared spectra of CO
adsorbed on the high and low Cl-containing catalysts (Figure 6.1-3 and
6.7) shows that the presemnce of Cl did not result in any significant
changes in the wavenumber and intemsity of CD band. The static |
chemisorption study revealed that C0 uptake for the Cl-free Bu/Si0; is
nearly equal to those for the Cl-containing catalyst; however, Hg
uptake for the C1 free Ru/Sil, is significantly higher than those for
the Cl-containing catalyst [148,149]. Steady state tramsient kinetic
analysis [150] showed that the presence of Cl decreased greatly the

concentration of the CHy surface intermediates without markedly
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affecting the coverage in C0 under methanation conditions. These 112
results suggest that the major function of C1 is to depress hydrogen
chemisorption that could lead to the suppression of hydrogenatiom.

Rates of product formation for CO hyd.rogenai:ion and ethylene
hydroformylation on the washed catalyst corresponding to IR data shown
in Figure 6.7 are listed in Table 6.1 and 6.2. Low Cl-containing
" catalysts exhibited higher activity for hydrocarbon formation in C0
hydrogenation as well as for ethane and propionaldehyde formation in
ethylene hydroformylation than high Cl-containing catalyst. This could
be partly attributed to high hydrogenation activity of the low
Cl-containing catalyst that generates large quantity of CpHy (n= 1 and
2) hydrocarbon intermediates for hydrogemation and C0 insertion. The
higher concentrations of hydrocarbon species on the lower Cl-containing
Ru/SiB; can also be clearly discerned form the comparison of IR spectra
of adsorbed €0 in Figure 6.2, 6.3, and 6.7 that shows higher intemsity
of hydrocarbon bands on the low Cl-catalyst.
6.4 Conclusions

Although olefin hydroformylation has been well recognized as
homogeneously catalyzed reaction, the presence of linearly adsorbed CO
and adsorbed propionaldehyde and the absence of Ru carbonyl species on
the surface of the Ru catalysts suggest that the ethylene
hydroformylation can also occur on the surface of the Ru/Si0; catalyst.
Increases in reaction pressure enhance the selectivity to
propionaldehyde on both Bu/Sil; and S- Ru/§i0; catalysts. However,
reaction pressure has little effect on the infrared spectra of C0
adsorbed onr the catalysts. The effect of sulfur on the reaction on

Ru/Sil; can be summarized as follows:



(i) Sulfur blocked bridge C0 sites and inhibited the desorption 113
of Aadsorbed propionaldehyde.
(ii) Sulfur poisomed the formation of higher hydroﬁarbons and
oxygenates in C0 hydrogenation.
(iii) Sulfur poisoned ethylene hydrogenation and hydroformylation.

This is in contrast to our previous observations that adsorbed
sulfur is ineffective in poisoning ethylene hy&roformylation on the
Bh/Si0, catalyst; adsorbed sulfur promotes hydroformylation on the
Ni/5i0,. Vhile sulfur poisons indiscriminately Group VIII metals for
C0 hydrogenation, it exhibits different poison and promotioﬁ effects on
the Ru, Rh, and Ni metals for hydroformylation. The poisoning effect
of sulfur on hydroformylation on the Bu/Sil; has been ascribed to an
inhibition of desorption of the adsorbed propionaldehyde brought about
by adsorbed sulfur. | o

- The presenf:e of residual chlorine on the Ru/Sil: catalyst was
found to affect slightly the infrared spectra of adsorbed CO but to
reduce appreciably the activity of the ca.ta_lyst for the hydrocarbon

formation.




CHAPTER VII
THE EFFECT OF SILVER PPROMOTION ON CO HYDROGENATION AND
ETHYLENE HYDROFORMYLATION OVER Bh/Si0, CATALYSTS

7.1. Introduction

Carbon monoxide hydrogenation over Rh catalysts produces a wide
range of products including hydrocarboms, alcohols, aldehydes, and
acids [8,20]. Several studies have shown that the selectivity of Bh
catalyst greatly depends on the compositions of supports and promoters.
Formation of methanol over Rh is enhanced by use of Zn0, Cs0, and Mgl
as supports [44,47]. BRh on pure 5i0; and Al;0: supports produces
mainly hydrocarbons while Rh on Tily; and Lag0; produces primarily
acetaldehyde and ethanol [10-12,60]. Promoters, including ¥n, Zr, Ti,
YV and La oxides, have been demonstrated to enhance C;, oxygenate '
selectivity over Rh catalysts [38,78]. A selective inhibition effect
of alkali promoters on hydrogenation leads to the enhancement of C;
oxygenate sélectivity [79-82].

The modiﬁcation of catalyst activity and selectivity by
various promoters has been summarized as follows: (i) blockage of
surface sites by the presence of additives, (ii) interaction of
additives with reactant molecules, and (iii) modification of the
catalyst by the electronic effect of additives. Physical blockage of
the surface active site by additives, such as Zn and Fe, have a great

114




effect on C0 dissociation which require large ensembles of surface 115

atoms [84-86]. The oxophilic ions such as Mn, Ti, and Zr tend to
interact with oxygen atom of CO and oxygenate intermediates and to
stabilize these surface species [39,64,83.92]. The eleétronic effects
of the additives, especially that of alkali-promoted metals, are known
to increase C0 adsorption energy and the C0 dissociation activity and
" to suppress hydrogenation of surface carbon [81,82].

Ag, for which electronegativity is similar to that of Rh metal,
is an inactive compound for a number of reactions including C0
hydrogenation, olefin hydrogenation, and alkane hydrogenolysis [98].
Depending on the structure sensitivity of the reactions and
distribution of inert additives on the surface of an active metal, the
additio;1 of the inactive component such as Ag may not only modify the
overall activity but also change the selectivity of the reaction. This
paper reports results of the C0 hydrogenation and ethylené
hydroformylation on Ag-Rh/Sil; catalysts. Emphasis was placed on the
effect of reaction pressure and the concentration of Ag on the C2,

oxygenate selectivity.

7.2 Experimental
7.2.1 Catalyst Preparation and. Characterization

Three wt% Bh/Si0; was prepared by impregnation of Sil; (Strem
Chemicals) using Bh mitrate (Alfa Chemicals). Ag-Bh/Sil; was prepared
by coimpregnation using both Rh and Ag nitrates. The percentage of Bh
is the same for all Ag-Rh/Si0; catalysts. The molar ratios of Ag to Rh
are 0.25, 0.5, and 1. The Ag(1)Rh/Si0; catalyst was demoted as the
catalyst with the Ag/Rh ratio of 1; the Ag(0.5)Bh/Sil; catalyst was
represented by the catalyst with the Ag/Rh ratio of 0.5; and the



Ag(0.25)Rh/Si0 catg.lyét vas denoted as the catalyst with the Ag/B.h'116
ratio of 0.25. After impregnation, the samples were dried overnight in
air at 313 K, then reduced in flowing hydrogen at 673 K for 16 hr.

Infrared spectroscopy of chemisorption of CO and NO and X-ray
photoelectron spectroscopy (XPS) were employed to study the surface
structure and the surface state of the catalysts. Chemisorption of CO
_and NO on the Rh/Sil; and Ag-Rh/Sil; was studied in an IR cell at 301 K
and 1 atm. Gas phase C{i bands were eliminated by subtracting the
absorbance of gas phase CO with a Si0; disk in the cell from the
spectra of adsorbed species on the Rh/Sill; and Ag-Rh/Si0; catalysts.
7.2.2 Experimental Procedure |

C0 hydrogenation and ethylene hydroformylation were performed
over the catalysts in the IR cell under 513 K and 10-20 atm. The
details of experimental proc'c;.dures have been reported in Chapter III.
7.3__Results
7.3.1 X-Ray Photoelectron Spectroscopy

Figure 7.1 shows the XPS spectra of Rh/S5i0, and Ag-Rh/Sil,
taken after reduction at 513 K. The Rh 3d;,; and 3ds,; bonding
energies for the Rh/Sil; catalyst were observed at 311.4 and 306.7 eV,
respectively. The presence of Ag on Rh/Sil; caused an upward shift of
the Rh 3d3,2 and 3d5,2 binding emergies to 312 and 307 eV and a
decrease in the intensity ratio of Rh to Ag peaks. Our recent study
showved that following the oxidation at 513 K, the Rh 3d; 2 and 3d;,.
binding energy shifted to 307.5 and 312.3 eV which as been assigned to
Bh* ion. Comparison of Bh binding emergy of the reduced Rh, oxidized
Bh, and Ag-Bh catalysts shows that the oxidation state of Rh on
Ag-Bh/Si0; catalyst is between 0 and +1 after reduction. The decrease
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in the intensity ratio of Rh to Ag peaks indicates that Bh surface 118

is partly covered by Ag on the Ag-Rh/Sif, catalysts.
7.3.2 (€O Adsorption

Figure 7.2 shows the infrared spectra of C0 adsorption on
Rh/Sil; catalysts with different Ag loading at 301 K and 1 atm. Two
bands at 2060 and 1874 cm-! over the Rh/Si0; catalyst are assigned to
" linear and bridged C0 on the reduced Rh metal [119,120,123], '
respectively. IR study on Ag/Si0; shows that C0 adsorption on Ag/Sif.
did not produce adsorbed C0 species. The presence of Ag on Rh/Sif,
decreased the vavemumber of linear C0 band and the inmtemsity ratio of
the bridge CD to linear CD band. These results clearly indicate that
Ag additives reduced interactions between adsorbed C0 and blocked
bridge CO sites.

As Ag/Bh ratio increased to 1, a new band at 2090 cm-! emerged.
The 2090 cm-! band may be assigned to linear C0 adsorbed on the Bh'
ions. Linear CO adsorbed on Rh* is known to give an IR band in the
2100-2090 cm-! region [17,119,123]. The XPS results further confirm
the possiblé presence of Rh' ion on the surface of the Ag-Rh/Si0,.
7.3.3 NO Adsorption

Infrared spectrum of NO adsorption on silica at room
temperature, as shown in Figure 7.3, displays the IR bands at 1875 cm-!
vith two asymmetric R and P branch at 1903 and 1850 cm-!, respectively.
Increasing the pressure of N increases the intensity of the P breach
and forms a mev band near 1600 cm~1. Purge of nitrogen flow
immediately removes all of these IR bands of NO.

F_ign.ze_ 7.4 shows infrared spectra of NO adsorption on Rh/Sill;
catalysts with different Ag loading. In Table 7.1 the wavenumbers and
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assignments of the bands found in the infrared spectra obtained for

NO adsorption on different catalysts are shown [152-156]. As shown in
Figure 7.4, the band in the 1754- 1667 cm-! region can be assigned to
surface anionic NO (NO"); the band in the 1443-1415 cm-! region is
characteristic of nitrato species such as NO;  and NO;~ [153,154]. The
bands at 1903, 1875, 1851, and 1608 cm-! are similar to the IR bands
" obtained from NO adsc;rption on silica. These bands were éomi;letely;
removed in the flow of nitrogen while the bands of surface NO™ nitrato
species remain unchanged. A band near 1719 cm-! emerged as a shoulder
of the NO© band as the Ag/Rh ratio increased. Increasing the Ag/Rh
ratio to 1 resulted in formation of a band near 1754 cm-! and the NO
band at 1667 cm-! disappeared. Comparison of the wavenumber of the
adsorbed NO species indicates that NO adsorbed on the Ag-Rh/Sifl; may be
assigned to partia.l negative N0 species, Nn& ; which exiﬁbits
wavenumber between vy, and Yo~
7.3.4 CO0 Hydrogenation '

Figure 7.5 shows the infrared spectra for C0 hydrogenation.
The rates of product formation corresponding to the infrared spectra
are presented in Table 7.2. Methane was the major product;
acetaldehyde and C,-C; hydrocarbons were the minor product over the
Rh/Si0; catalyst at 513 K and 10 atm. Under the same condition, the
infrared spectrum shows linear C0 and bridged C0 bands at 2035 cm-! and
1843 cm-1, respectively.

The presence of Ag on Rh/Si0; led to a decrease in the rates of
methane and ethane formation but the formation rate of acetaldehyde was
varied. Our extended study [157] in CO hydrogenation over Ag- Bh/S'il)g

with wide reaction temperature has shown that the selectivity for
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acetaldehyde increases with increased sliver. Infrared spectra 126

corresponding to rate data shows that increasing the Ag/Rh ratio
decreased the ratio of intemsity of bridge and linear C0 bands.
However, the extent of decrease in the intensity ratio of bridge CO0 to
linear C0 band brought about by Ag is smaller for the catalysts under
C0 hydrogenation conditions than those under C0 adsorption at 301 K.
- Increasing reaction ﬁressure from 10 to 20 atm increased the rate and
selectivity for acetaldehyde formation, but did not change the infrared
spectra of adsorbed C0. The intensity of hydrocarbon bands were small
compared to that of adsorbed C0 and no acetaldehyde band was observed.
The linear CO band on the Bh* site was not observed on the Ag(1)Rh/SiD,
catalyst under reaction conditions.
7.3.5 Ethylene Hydroformylation

Figure 7.6 shows infrared spectra of ethylene hydroformylation.
The rates of product formation corresponding to the infrared spectra
are presented in Table 7.3. Ethane and propionaldehyde were the major
products; methane and acetaldehyde were the minor products over the .
Rh/Si0; catalyst at 513 K and 10 atm. Under the same reaction
condition, the infrared spectra shows linear C0 band in the 2025-2020
cm-! region. The bridged CB band is overlapped by gaseous ethyleme at
1919, 1888, and 1850 cm-i. The band at near 1730 cm-! has been
assigned to j:ropionaldehyde [41]. The infrared spectrum in the
3140-2700 cm-! region is due to hydrocarbon species. The bands at 3138
and 3067 cm-! are exhibited by gaseous ethyleme [134]; the band at 2899

cm-t is due to gaseous ethane [135]; and the band at 2720 cm-! is
characteristic of the C-H stretching of propionaldehyde [41].
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The presence of Ag on Rh/SiD; suppressed the rates of 129

methane and ethane formation but enhanced the rate of propionaldehyde
formation. The presence of Ag also significantly reduced the intensity
of bridge CO bands but slightly decreased the intensity of linear CO
bands. Increasing reaction pressure from 10 to 20 atm increased the
formation rate of propionaldehyde and the selectivity toward
" propionaldehyde. The increase in pressure reduced wavenumber but
increased the intemsity of the linear C0 band and increased the
intensity of hydrocarbon_and propionaldehyde bands. The decrease in
wavenumber of the linear C0 band has been attributed to a decrease in
the dipole-dipole coupling as a result of»the dilution of adsorbed CO
by adsorbed propionaldehyde and hydrocarbons [118].
7.4 Discussion '
7.4.1 Catalyst Characterization

Table 7.4 summarizes the results of XPS, IR of adsorbed CO0 and
NO together with previous results in H; chemisorption and X-ray
diffraction studies. The small variation of H, chemisorption to Ag/Rh
ratio indicates that surface area of Rh particle was not greatly
affected by the presence of Ag additives. XRD results suggested that
most of the Ag form aggregates on the Sill, supports. The effect of Ag
on the surface of Rh crystallites can be elucidated from results of XPS
and infrared spectra of C0 adsorption. XPS results indicates an upward
shift of the binding energy and high Ag/Rh peak intemsity ratio when Ag
was added to Bh/Si0;. The high intensity ratio of XPS peak of Ag/Bh
suggests that a fraction of Ag covers the surface of the Bh metal
crystallite. The presence of Ag on the surface of Bh crystallites of
Ag-Rh/Si0; can be fﬁrther confirmed by the low intensity ratio of




130

‘udfoapAiy o3 pasodxd

S9PIS 9ATJ YITA OTqNO aq 0} aforsyed oY) pue | oq 0} yy-03-°j JO OrjEl
oyy Surunsse ‘uorjdiosTwoyd i} WOIF POJRWTISd Sen 9z1s ayorjred odersay
*pueq )y IESUIT 03 w:sa g0 99ptaq Jo orgex Ajrsusjujl

we oo
=B 1)

‘qy 03 3y Jo yead §4Y FO 0T8I AJTSUANT e
6°CT  9€1/56¢€ 001 8891 £6°0 GL81‘080Z°060¢ 6L°0 T'L0E 6°17€ 0°'1I
] 8 48/89% L6 L99T°0GLT 18°0 ¥H81°0%08 92°0 g£°L0ge o0°Ti1e 90
181 - 206 ‘pLT  €3°T 0V81°090% - L°908 Vv°IIE 0

8/tom 4 (ayy) (-woyy Zy) Mw;sov otyey %~.5uv yeag U/spg /epg otyey
‘we) °f  u/3Y T worsdiospy ON /4 vorsdzospy pp 9K (ae) sax  wa/Sy
(of) oz1§ *Te3shi) a4 /5y

orjey yy/Sy snorae) JoF UOTHRZIIOGORIBY) 984TRIE) ' 9IqE]




bridge to linear CO band for the Ag-Rh/SiG,. Ag appears to 131

disperse on the surface of Rh crystallite resulting in the blocking of
bridged CO sites. The change in the ratio of intensities of bridged

and linear C0 bands is similar to those reported for Zn- and

Fe-promoted Rh/Si0, [83-86].

In addition to Ag modification of structure of Rh surface, Ag

- influenced the electronic state of Rh surface. The binding energy for

the Rh 3d;,, and 3ds,, were shift from 311.4 and 306.7 eV for Rh/Sil,
to 312 and 307 eV for Ag-Rh/Sil, indicating that the surface of
Ag-Rh/SiD; contains more Rh™ than that of Rh/SiD,. The présence of Rh*
on the Ag-Rh/Sil; gave prominent CO band at 2090 cm-! as shown in
Figure 7.2. The absence of tilted CD in infrared spectra of CO
chemisorption suggests that the presence of Ag did not directly
interact with oxygen atom of adsorbed CO. |

N0 chemisorption also reveals the effect of Ag on the Rh/Sil,
catalyst. Adsorbed NO has shown a remarkable sensitivity in vibration
frequency to the electronic state of the surface. Variety of forms,
ranging from NO* to NO¥, has been assigned [151-156]. The bent- type
¥-N0* is formed by electron donation from the metal to antibonding
orbital of NO molecule; the linear-type ¥-NO™ is formed by electron
withdrav form NO. The formation of Nﬁﬁ; band in addition to the NO
band in the presence of Ag {shown in Figure 7.4) indicated that the
presence Ag might form Bh* ions which may vary N0~ to X% . The
formation of Rh' is confirmed with the observation of linear CD on the

Bh' site.



7.4.2 Ag Promotion of.Ch Oxygenate Formation 132

As shown in' Table 7.2, the presence of Ag increased the rate of
acetaldehyde formation and slightly increased the rate of ethane and
ethylene formation but decreased the rate of methane formation. It has
been proposed that CD dissociates forms surface carbon which then
hydrogenates to ClHy hyd.rocarbbn intermediates [23-31]. The hydrocarbon
- intermediate may undergo hydrogenation to methane, CHy imsertiom to
ethane or ethylene, or C0 insertion to acetaldehyde.[32-40]. The
increase in the rate of acetaldehyde formation and the molar ratio of
aceta.ldéhyde to méthane indicates that the presence of Ag enhanced the
catalyst activity in C0 insertion.

Increasing reaction pressure enhanced the formation rate of
propionaldehyde, especially on the Ag-promoted Bh/S5il; catalysts which
indicates that high pressure of C0 emhances CO insertion. |

The results of ethylene hydroformylation further confirm the
effect of Ag on enhancement of C;, oxygenate synthesis. Hydrogenation
of adsorbed ethylene forms surface ethyl species. The presence of Ag
enhances the catalyst activity of CO insertion into the ethyl species
leading to imcrease in the formation of propionﬂdehyde (shown in
Figure 7.6). Increase in the Ag/Rh ratio also decreased the rate of
ethylene formation indicating that Ag suppressed hydrogemation.

7.5 Conclusions

The results of XBRD, XSP, H; chemisorption, and infrared spectra
of CD and NO adsorption reveal that part of Ag formed aggregate on
silica support and that a fraction of Ag dispersed on the Rh metal
surface. IR indicates that the major effect of Ag is to block the
bridge CD sites on the Bh surface.



Ag exhibited great effect on (0 hydrogenation and ethylene 133
hydroformylation. The presence of Ag increased the rate and
selectivity of acetaldehyde formation in C0 hydrogenation and the rate
and selectivity of propionaldehyde formation in-ethylene
hydroformylation. The increased C;. oxygenate synthesis activity for
Ag-Rh/Sib; which possesses high concentration of linear CD sites

- indicates that the single BRh site is active for C0 insertion.



CHAPTER VIII
THE EFFECT OF CHEMICAL ADDITIVES ON CO HYDROGENATION
AND ETHYLENE ADDITION OVER Rh/Si; CATALYSTS

8.1 Introduction

One effective approach to énha.ncing the catalyst activity and
selectivity is the use of chemical additives as catalyst modifiers.
Extensive studies have been devoted to. inv;estiga.ting the effect of
chemica} additives (promoters and poisons) and supports om the activity
and selectivity of Bk for C;, oxygenmate synthesis .
[20,22,39,57,59,60,82,163,164,167] . Studies oﬁ the support effect on
C0 hydrogenation have shown that Bh on Mg0, a basic support, exhibits a
90% selectivity to methanol [60]. The use of an acidic support, such
as Al,0;, results mainly in CH,, while the use of a slightly acidic or
basic support (e.g. Sibz, TiDz, and Cél]g) produces both higher alcohols
and hydrocarbons. Due to the complication from the support effect,
identiﬁcétion of the role of additives in the C; oxygenate synmthesis
on supported Bh has been a challenging subject.

The objective of this work vas to investigate the influence of
various additives on the activity and selectivity of Rh/S5i0; for higher
oxygenate synthesis. Sil; was employed for this study due to its

jnertness. The use of Sil; as a support could minimize the possible

complications and effects from the support. The additives Cu, Ag, P,
134




and §, which have different electronegativities, were chosen for th;:s
study. C0 hydrogenation over the thbasedvcatalyst vere studied at
1.01 ¥Pa and 573 K, in which the formation of higher oxygenates is
highly favorable. Ethylene addition was employed as a probe reaction
to investigate the effect of the chemical additive on the specific
reaction steps, i;e. bydrogenation, C0 insertion, chain incorporationm,
" and hydrogenolysis. The performance of catalysts with the additives
were compared with a Rh catalyst with no additive. The results of this

work will be summarized and compared to other additives reported in the

literature.

8.2 erimental
8.2.1 Catalyst Preparation

Unpromoted 3 wt/ Rh/Si0; was prepared by incipient wetness
impregnation of §iy (Strem Chemicals) using RhC13-3H,0 (Alfa
Products). The catalysts P-Rh/Sil,, Cu-Rh/Sil;, and Ag-Rh/Sif, were
prepared by using co-impregnation of P05, Cu(N03)2-3H20, and AgNO;
(all from Alfa Products), respectively. The ratio of additive to Bh is
1:2 and the same amount of Rh/Sill; was used as the unpromoted catalyst.
After impregmation, all the samples were dried overnight in air at 313 -
K and then reduced in flowing hydrogen at 673 K for 16 hours. The
sulfur additive was added by passing 1000 ppm H,S in H, through the
catalyst bed at 673 K for 2 hours.
8.2.2 E;perimenfal Procedure

C0 hydrogenation (CO/H, = 1) over the Rh-based catalysts were
carried out in a differential reactor system at 573 K and 1.01 MPa.

The space velocities were-controlled-in-the-range of-1100-to-115000-
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hr-! to keep the CO conversion below 5% to minimize heat and mass

transfer effects and secondary reactions. The product distribution was
analyzed by an HP-5890A gas chromatograph with a 6 feet porapak PS
column in series with a 6 feet borapa.k QS column. This combination
permits a gqod on-line separation of methane and C;-Cs paraffins and
olefins as well as C;-Cs oxygenates.

Ethylene was employed as a probe molecule to investigate the
effect of the additive on specific reaction steps. The addition of
ethylene to syngas was performed under the same conditions as the Cl
hydrogenation reaction. The addition of ethylene to the reactant
stream was controlled at 2-15 mol’. The added ethylene produces an
adsorbed ethyl species which can u_ndergo the following specific
reaction steps: 1) hydrogenation to ethane; 2) C0 imsertion to
propionaldehyde, 3) chain incorporation to form higher hydrocarbons, 4)
hydrogenolysis to methane [39,55,82,114,161]. The activity and
selectivity of the catalyst for a specific reaction step were examined
by comparing the product distribution before and after ethylene
addition.

8.3 Results and Discussion

Due to the heterogeneity of the surface of pi‘omoted Rh catalyst
and lack of knowledge on the site actually participating in the
reactions, the reaction rate will be reported on the basis of
mole/kg-br rather than turnover mumber. Selectivity will be of major
concern.

Figure 8.1 shows the rate of C0 comnversion and selectivities of

the products of the C0 hydrogenation reaction. Methane, olefins,
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paraffins, and C; oxygenates (acetaldehyde and ethanol) were the na;;?S
products. These selectivities are expressed in terms of the ratio of
the rate of formation of that for a specific product to the total rate'
of product formation as shown in Figure 8.1.

The rate of CO conversion decreases im the order

Cu > unpromoted > P >_Ag > S.

" The suppression of tﬁe overall CO hydf;genation brought about by P and
S has also been reported for Ni catalysts [96,97,105]. The doping of P
or S to Rh increase the selectivity of methane while decreasing the
selectivity of olefins compared to the unmpromoted catalyst. "The Ag and
S promoted catalysts show low paraffin selectivity while the others
remained approximately the same. BRh catalysts modified with S or P
exhibit no activity for C, oxygenates synthesis while Cu-Rh/Sif; shows
a decrease and Ag-Rh/Si0; shows a more than doubled increase in the
selectivity for C, oxygenates.

Previously, researchers have shown that C, oxygemates are
formed by CD insertion to CHy which is produced from C0 dissociation
followed by hydrogenation [20,22,39,5§;60,§2,164,165,167]. Figure 8.2
is the proposed reaction scheme. This mechanism shows that the
formation of higher oxygenates and hydrocarbons go through a common CHy -
intermediate. C: oxygemates, such as acetaldehyde and ethamol, are
formed via the insertion of CD into adsorbed CHy; CHs is produced from
hydrogenation of CHy; C; hydrocarbons are resulted from chain
incorporation of CHy. The variation in product distribution over these
catalysts reflects the difference in catalytic activity for
hydrogenation, C0 insertion and chain growth.

Ethylene addition serves as an excellent probe reaction for the
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study of the effect of chemical addition on the specific reaction steps

[39,57,82]. The selectivities for the products from ethyleme addition
are given in Figure 8.3. The mol/ CoH4 in CO/H;, as shown in Figure
8.3, represents the mole fraction of ethylene added in the CO/H,
reactant stream. Ethylene addition studies over Rh/Sil; have shown
that increasing C,H4 concentration led to an increase in the rate of

" ethylene conversion but hardly affect the product selectivity [74].

The high rate of ethylene conversion on P-Rb/Sil; is due to the
addition of a high concentration of ethyleme. Thus, the selectivity is
of a major concern here, which provides insight into the effect of
additives on the specific reaction steps.

All of the catalysts produce no or a very little amount of
methane and CQ, hydrocarbons indicating that the Rb-based catalysts
are not active for catalyzing hydrogenolysis and chain growth. The
major products in the ethylene addition reaction are ethane,
propionaldehyde, and propanol. The catalysts modified with S, P, Cu,
and Ag shoved large increases in the ethane selectivity while decreases
in the selectivity for propanol. The doping. of additives Ag and S,
however, increase the propionaldehyde selectivity while the addition of
P and Cu to Bh/Sif; decrease with respect to the unpromoted catalyst.

Figure 8.4 shows the reaction scheme for the ethylene addition
reaction [39,57,82]. The gaseous ethylenme reacts with a surface
hydrogen atom to form an adsorbed C.H; intermediate. This intermediate
can undergo C0 insertion to form C; oxygenates (propionaldehyde and
1-propanol), hydrogenation to form ethane, or chain propagation to form
C4 hydrocarbons. High selectivity of the catalyst for C3 oxygemates
reflect the CO insertion activity of the catalyst. The higher
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selectivity for propionaldehyde on S-Rh/Si0, and Ag-Rh/Sil, comparedyzf
Rh/Si0; suggest that S and Ag have a promotional affect on the CO
insertion. Their low selectivity for propanol indicates their low
activity for the hydrogenation of propiomaldehyde to prdpanol.
Additives, such as P and Cu appear to have a detrimental effect on the
C0 insertion as indicated by their low C; oxygemate selectivity.

A comparison of Figures 8.2 and 8.4 shows a very similar
reaction scheme. The surface intermediates of CHy in Figure 3 and C,Hj
in Figure 4 both can undergo a common hydrogenation, chain propagation,
or CD imsertion step. The difference between the twd is the precursor
to these surface intermediates. The precursor to the CHy intermediate
is a surface carbon species produced by CO0 dissociation followed by
hydrogenation. * CO dissociation is an extra catalytic step for the
formation of CHy as compared to the C;H; intermediate, which has
gaseous ethylene as a precursor. Eth&iene.is a good probe molecule for
the C0 insertion step because there are no further complications from
the C0 dissociation step.

The additives P and Cu result in the higher methane formation
in the €0 hydrogenation reaction and higher ethane formation in the
ethylene addition reaction. This indicates that f and Cu enhance the .
hydrogenation of the CHy and C,H; intermediates to hydrocarboms but
suppress the C0 insertion to C,, oxygenates.

The addition of Ag results in an increase in C; oxygenate
selectivity in CO hydrogenation and propionaldehyde selectivity in
ethylene addition. This result indicates that Ag enhances the C0
insertion reaction. T

The S additive lowers the overall C0 conversion rate in'both



reactions' by a substantial amount; however, in the ethyleme addition
reaction, more' oxygenates were produced. The low CO conversion on
S-Bh/Si0; is due to S poisoning the C0 dissociation step [96,97].
Figure 8.5 summarizes the results of this study on the role of
additives on the hydrogenation and C0 insertion steps. The effects of
other additives reported in the literature [57,79,82,158-160,162,166]
" are also included in the figure for comparison. Figure 8.5 provides a
basis for the design of a more active and selective C; oxygenate
synthesis catalyst. One possible way to fine tune catalyst activity
and selectivity is by the use of multiple additives. Multiple
additives can be used to eMce or suppress desired reaction steps.
Further study on the effect of multiple addition is needed for the
development of a practical multiple promoted catalyst.
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CHAPTER IX
SUMMARY

- 9.1 Overview

This study is aimed at establishing the reaction mechanism of
higher oxygenate synthesis from syngas- and-developing a better
understandiﬁg of the the effect of additives on the synthesis.
Extensive studies in higher oxygenéxe synthesis have suggested that CO
insertion is the key step for the formation of higher oxygenates such
as aceta.ldehyde » ethanol, propionaldehyde, and propanol [36-44]. The
reaction pathway for the formation of higher oxygemates from syngas is

present in the following scheme.

*C0
i
H
K c0 I g
C2 Oxyg. —— +(CH;00 ~——— *CBy —— C; HC.
. l CH,
*H €0 - - |
C; nyg. — ‘Cznscu e "‘Cznx | — 02 HC.
| «cn,
CsHC
*H: adsorbed hydrogen HC: hydrocarbon
*C0: adsorbed C0 Oxyg: oxygenate

*CHy: adsorbed hydrocxarbon
*CH3CO: adsorbed acyl
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The nature of active site for the CD insertion step has been a 147
controversial subject for more than a decade. Lack of understanding of
the nature df active sites for the specific reaction step has greatly
impeded the development of highly active and selective catalysts.

An in situ IR reaction system coupled with on-line GC has been
developed to investigate the nature of the active site for CO insertion
“and the roles of additives in the higher oxygenate synthesis. Infrared
spectra of C0 adsorption oni the céta.lyst suﬁace; have been employed to
characterize the surface state of catalyst before, during, and after
reaction. A molecular prbbing technique has been applied to
investigate the reaction pathway for oxygenate synthesis and revealed
the type of adsorbed CO involved in CO insertion and the effect of
additives, such as silver and sulfur, on the synthesis.

9.2 €0 Adsorption

Infrared spectra of Cl adsod'ption on catalyst reveals the state
of the catalyst surface. Infrared studies.show that C0 adsorption on
the surface of Rh, Ru, and Ni produces linear C0, bridged CO0, a.dd
carbonyl species [119-131]. The relative infrared intemsity strongly
depends on the geometric structure ‘and electronic state of metal
surfaces and conditions of reaction and adsorption [119,123-125].
Dicarbonyl has been shown to be formed on the highly dispersed metal
surface where the metal atom possesses a poéitive charge [119-121,125].
Linear C0 exhibiting an infrared band in the 2030-2070 cm-! region and
bridged CO are the dominant species o'n the surface of reduced metal
crystallites. Figure 9.1 summarizes the infrared spectra of C0
adsorptlon on reduced and sulfided catalysts at 513 K and 1 atm. CO0
adsorptlon on the reduced catalysts produces the following infrared
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spectra: linear C0 at 2063 cm-! and bridge C0 at 1911 cm-! for 149

Ni/SiDy; linear CD at 2044 cm-t and bridge CO at 1890 cm-! for
Bh/Sils; linear CD at 2036 cm-! and a broad bridge C0 band near 1782
cm-! for Ru/Sil;. The observed wavenumbers of adsorbed C0 are in good
agreement with those reported for Sill;- supported Ni, Bh, and Ru
[119-131]. The presence of linear and bridge C0 indicates that the

. surface of these reduced catalysts contain both single and pair-atom

- sites which are in zero valence state at 513 K.

The effect of adsorbed sulfur on the structure and state of the
catalyst surface can be elucidated from infrared spectra of C0
adsorption. Adsorbed sulfur appears to disrupt the adjacent pairs of
metal atoms serving as bridge C0 sites }[98,112] . Therefore, the
remaining surface metal may form isolated atoms vhich only permit
adsprption of CO in the linéar forn. The variation of the linear C0
intensity has been found to depend on the coverage of sulfur on the
catalysts [112]. The adsorbed sulfur also alter adsorption
characteristics of G0 through metal- su'lfur.interactions. The. upwa.rd.
shift of linear C0 frequency can be attributed to the weakening of
metal-CO bond as a result of metal-sulfur interactioms. Such an effect
has been observed on the sulfided Ni and Rh of which surface metals may -
possess partial positive charge (112,113]. In comtrast, sulfidation of
Ru led to a slightly downward shift of linear-C0 wavenumber. The
effect of adsorbed sulfur on C0 adsorption on Ru has been shown to
differ from those on Pt and Ni catalysts [97,108].

9.3 Nature of the Active Site for €0 Insertion
Controversy on the active site for CD insertion has been

primarily resulted from the lack of direct observation of active



species undér reactq‘.on.conditions. The in situ IR technique 150
pernits the investigation of active Sp;ecies on the catalyst surface
under reaction conditions. In situ infrared studies of the reaction of
CHy/Hy with‘ adsorbed C0 on reduced and oxidized Rh/Siﬂz ca.ta.iysts
reveals that the linear C0 adsorbed on the single Rh°® site of the
reduced Rh/Sil; and the linear CO adsorbed on the single Rh+ site of

- the oxidized Rh/Sif; are consumed and propionaldehyde is ﬁroduced as
adsorbed C0 species react with CH4 and Ha. The results show that both
single Rh® atoms and Rh* ion sites are active for the C0 insertion
reaction. It can be concluded that the €0 insertion step is more
sensitive to the surface structure than to the electronic state of the
surface. ‘

The above conclusion has been .furtller tested by ethylene
hydroformylation on the oxidized and sulfided Rh/Sil;. Oxidized
Rh/8i0; containing considerable amounts of single Rh* sites exhibits a
higher rate and selectivity for the formation of prOpiona.ldghyde than
the reduced Rh/Sil;; the sulfided Rh/Sil, comprising mainly single Rh
sites shows higher rate and selectivity for the formation of
propionaldehyde than the reduced Rh/Si0;. The low selectivity of the
reduced Rh/Si0; for ethylenme hydroformylation is attributed to the high
hydrogenation activity of the Rh crystallite surface on the reduced
Bh/Si0,.

9.4 Effect of Silver on C,, Oxygenate Synthegis

The XSP and CO and NO chemisorption data indicate that the
presence of Ag tends to produce Rh* ioms and block the bridge CD sites
on the surface of Rh particle. It is, therefore, expected that Ag
should enhance the catalyst activity of C0 insertion. Reaction studies



reveal that the sglecfivity and activity‘of Bh catalysts for Cp, 151
oxygenate synthesis increased with Ag content.
9.5 Oxygenate Synthesis on Ni/Sil, and Ru/Si0, Catalysts

The high cost of Rh metal has prompted us to search for a
potgntial substitute to the Rh metal. Ni and Ru were selected for this
study because of low cost. The dbjective of the study is to elucidate
the nature of CO insertion sites on these hydrocarbon synthesis
catalysts and to shift‘ the selectivity of the catalyst toward
oxygenates.

The result of ethylene hydroformylation shows that Ni/Sil,
exhibits C0 insertion activity. Linear C0-and bridge C0 were observed
at conditions of 513 K and 10-30 atm. Sulfidation of Ni/Sifl; leads to
a blockage of bridge C0 sites, an inhibition of ethylene hydrogenatiom,
and an enhancement of the formation of propionaldehyde ffom ethylene
hydroformylation. The result further confirms that isolated atom sites
are responsible for C0 insertion leading to the formation of
propionaldehyde in ethylene hydroformylation. However, Ni catalyst
tends to react with C0 resulting in the formation of toxic Ni(CB)4.

" Suppression of the formation of Ni(CO)4 under reaction conditions is
required.

On Ru/Si02 catalyst, the dominant CO species at CO adsorption,
C0 hydrogenation, and ethylene hydroformylation is linear C0. CD
insertion was observed in C0 hydrogenation reaction and in ethylene
hydroformylation. Sulfidation of the Ru/Si; catalyst severely
suppressed C0 hydrogenation reactivity. Both fresh and sulfided
Ru/Si0; catalysts exhibit hydroformylation activity. However, the

presence of sulfur reduces the rate of propiomaldehyde formation. The




transient and temperatﬁre— programmed reaction studies revealed that 122
sulfur poisoning oi: Ru/SiB; catalyst for ethylene ‘hydroformyla.tion was
due primarily to the inhibition of desorption of propionaldehyde from
the sulfided Ru/5i0,.

9.6 Effect of Additives

The following can be concluded from the study on the effects of
- variuos additives for the production of higher oxygemates over Bh/Sil;
catalysts:

(1) Addition of S suppresses the C0 dissociation step and
enhances the C0 insertion .step; therefore lowering the
overall product rate but increasing the oxygenate
selectivity in ethylene addition.

(2) Addition of P or Cu enhance the CHy intermediate
hydrogenation, therefore increasing the methane formation.

(3) Addition of Ag enhances the C0 insertion activity,
therefore increasing the C + oxygenate selectivity.

9.7 Concluding Remarks

The study idem_;ifies that both single Rh® atom and Rh* ion
sites are a.étive for the C0 insertion reaction. Linear CO on the Rh*
site appears to be more active for C0 insertion than that on the
reduced Bh° site. Synthesis of C;. oxygemates requires both the active
sites for C0 insertion and the ensemble of Rh metal atoms for the
formation of alkyl species. Thus, the activity and selectivity of
catalyst for C,, oxygenate synthesis lies in the concentration of Rb*
sites, single Rh® sites, and Rh ensemble sites. Enhancement of C,.
oxygenate synthesis activity by the use of Ag promoter suggests that
highly selective and active catalysts for the synthesis can be prepared



. 153
by the careful construction of specific active sites using various

types of promoters.
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APPENDIX A

INFRARED SPECTRA OF GASEQUS HYDROCARBONS
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APPENDIX B
INFRARED SPECTRA OF GASEOUS ALCDHROLS AND ALDEHYDES
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