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OBJECTIVES AND SUMMARY OF RESULTS

The importance of the direct synthesis of 'higher (02—06) alcohols from
synthesis gas as a promising route for providing clean fuels and petrochemical
feedstocks 1s generaliy recognized. It is known that the addition of alkali
salts to methanol synthesis catalysts increases the production of higher
alcohols. However, few investigations have been made into the effect of
various alkall species on the synthesis of oxygenates from CO and hydrogen.

A series of research studies have been carried out which greatly expand
current knowledge in this area. The objectives of these studies were to
investigate the reaction pathways for and the effect of alkali prémotion (Li+,
K+, Rb+, Cs+) on the formation of oxygenated compounds from synthesis gas. A
series of Group VIII metals (Ni, Ru, Rh, and Pd) and alkali~promoted Rh and Pd
catalysts were studied using CO hydrogenation and a chemical probing method
- with ethyleme, ethanol, and acetaldehyde as probe molecules. The chemical
probing method developed for this study was demonstrated to be an effective
way to (a) didentify the possible reaction network occurring on these
catalysts, (b) study the ihterrelationships between oxygenate and hydrocarbon
syntheses, (c¢) determine the catalytic properties of the catalyst surfaces,
and (d) investigate support and alkali promotion effeéts on the reaction
pathways to oxygenates and hyérocarbons.

A reaction écheme for the formation of oxygenated compounds and
hydrocarbons is proposed. The most probable reaction pathway to Gy,
oxygenated compounds is insertion of CO into adsorbed Cny species. Both the
catalyst ability to catalyze CO insertion and the surface concentration of
nondissociatively adsorbed CO are crucial factors for C,; oxygenate
formation. Methancl, however, is probably formed directly by hydrogenation of

nondissociatively adsorbed CO. It appears that different active sites are




responsible for methanol as opposed to Cy4 oOxygenate and hydrocarbon
formation. Due to the fact that Cyy oxygenates and hydrocarbons share common
intermediates, at least on Ru catalysts, it seems inevitable that hydrocarbons
be produced during Cy; oxygenate synthesis.

Supports wére found to have a great effect on the specific reaction steps
occurring during the synthesis over Rh catalysts, i.e., CO insertiom,
hydrogenation, dehydration, dehydrogenation, and decarbonylation. The CO
insertion selectivity was found to decrease in the order: Rh/8102 > Rh/LaZO3
> Rh/Mg0 > Rh/T10, > Rh/A1,04 while hydrogenation selectivity decreased in the
reverse ordef. The selectivity to Cz+_ oxygenates parallels that for CO
insertion but does not correlate with the acidity/basicity of the support.

Suppression of hydrogenation and ethanol dehydration was identifed as a
major effect of alkali'promotion of Rh catalysts. The combined effects of
promoters and supports are not simply the superposition of these two
effects. Specific steps, i.e., CO insertion, decarbonylstion, and hydrocarbon
chain growth, were found to be dependent upon both the nature of the alkali
promoter and that of the support.

In general, all product formation rates decreased upon promotion. The
order of this decrease was

unpromoted { Li < K < Rb ¢ Cs,
While all these rates decreased upon promotion, the rate of hydrogenation
decreased faster than that of CO insertion resulting often in increased

selectivities for C2+ oxygenates.

ii
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1.0 INTRODUCTION

1.1 General Introduction

The importance of the direct synthesis of oxygenated compounds,
especially higher alcohols, from synthesis gas as a promising route
for providing clean fuels and petrochemical feedstocks is generally
recognized. Approaches to the synthesis of oxygenated compounds have
included the use of catalysts based on (a) supported metal catalysts,
such as Fe(l*’z), Co(3), Ru(4), and Rh(5’6), or (b) Cu/Zn0 based
catalysts.(7’8’9) The synthesis of oxygenated compounds over Cu/ZnO
based catalysts(7) requires the use of high_pressures (at least 60
atm), while the synthesis of 02 oxygenates such as ethanol has been
found to o;cur over Rh catalysts at subatmospheric and low temperature
conditions (180-220°C).(10) Synthesis at low temperatures and
pressures appears to be much more attractive than that at high
pressures and moderate temperatures. However, because of high price
of Rh metal, Rh related catalysts must show high selectivity and
activity for the formation of oxygenated compounds and resistance to
deactivation in order to be economically feasible for the commerical
production of oxygenated compounds. This requires an improvement in
our current knowledge of the mechanism of oxygenate synthesis,
promotion effects, ,énd support effects; none of these are well
understood. In adaition to the practical importance of Rh catalysts
for oxygenate synthesis, the unique property of Rh for the production

of both hydrocarbons and oxygenates(s’e) suggests 1ts use as a model

*Parenthetical references placed superior to the line
of text refer to the bibliography.




catalyst to study mechanisms of oxygenate and hydrocarbon formtion

and to 1nvestigate support and promotion effects on the selectivity of

CO hydrogemtion.

1.2 Thermodynamics of Oxygenate Syathesis

The change in Glbbs free energy at 600°K during the formation of
linear alcohols and hydrocarbons from synthesis gas is shown in Figure
1-1. Since change in Gibbs free energy for the formtion of
hydrocarbons is more negative than that for the formtion of alcohols,
alcohol synthesis requires the use of a selective catalyst to preclude
the reaction from proceeding further downhill on the thermodynamic
scale. High pressure 1s also needed to achieve a desirable degree of
conversion of synthesis gas to okygeuated compounds. Figure 1-2 shows
the dependence‘ on temperature of Gibbs free energy change for the
formtion of certain oxygemates and hydrocarbons from synthesis gas.
The Glbbs free energy change association with the formtion of
oxygemated compounds increases rapidly with tet;lperat:ure so that

conditions which favor oxygenate formtion are at low temperatures.

1.3 Reaction Mechanisums

The proposed reaction mechanisms for the formtion of oxygenmated
compounds from synthesls gas can be summarized in Figure 1-3.
Although there still exists a controversy about the nature of the

intermediates to oxygemated compounds, it is generally agreed that
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formtion of methanol involves hydrogemation of nondissociatively
adsorbed CO and formation of C?_+ oxygenated compounds involves the
insertion of CO into adsorbed Cny species which are generated by CO
dissociation followed by hydrogemation. It has also been proposed
that CO insertion into sidrface alkyl groups is a chain termination
step during the Fischer-Tropsch synt:hesis.(”’zl’) On the other hand,
this step has also been proposed as a chain propagation step in the FT

(26-28) Recently, van den Berg(zg) showed that the

synthesis.
reduction of acyl or hydroxyalkyl groups to alkyl gfoups is slow on
Mn—Mo—Rh/SiOz. This my suggest that CO insertion to form oxygen-—
coniéining intermediates may not be a wmjor route for chain
propagation over Rh catalysts. However, this CO insertion step still
can not be completely ruled out as a chain propagation step. Rofer-
DePoorter(so) has pointed out that the network character of the FT
mechanism mkes it difficult to separate one path from the other,

since mny paths have common intermediates; one path doées not

necessarily preclude the other.

l.4 Catalysts

Based on our current knowledge of mechanisms of oxygenate
formtion, the general requirements for a catalyst to catalyze

dxygenate formtion from CO and Hy can be summarized as following.

Methanol Synthesis

- inability to dissociate CO.



- high hydrogenation ability coupled with an ability to

activate nondissociatively adsorbed CO.(7)

Coy Oxygenate Synthesis

- moderate CO[ dissoclation abllity permitting the existence of
both surface carbon and nondissociatively adsorbed CO on the
catalyst surface.(G)

~ ability to catalyze CO insertion into adsorbed Cylg{
species.(”‘)

For group VIII metals, there exists a relationship between their
position in the periodic table and ‘their ability to chemisorb CO
dissociatively. This relationship has been established by Broden et
al.(21) as shown in Table 1-1. Metals on the right hand side of the
200-300°C line, such as Pd, Pt, 'Ir, are mnot active for CO
dissociation. - These metals have also found to be good methanol
synthesis catalysts. Metals on the left hand side of the ambient
temperature line are active for CO dissociation at.room temperature.
These metals, such as Fe, are active for hydrocarbon sy_nthesis.
Metals between these two lines have moderate CO dissociation ability
and only dissocl:i,at:e CO at synthésié temperatures (200°C-300°C). These
metals on the border of the center and group on the right appear to be
good candidates for C, oxygemte synthesis.(6)_ In addition to the
dependence of CO dissociation ability on the position of metal in the
periodic table, both CO dissociat:iqn ability and catalytic ability of
metal also depend on the chemlical and physical state of the metal.

Factors which affect the state of metal catalysts include dispersion,




Table 1-1 CO Chemisorption on Transition Metals
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the type of support, promoter, and impurities, Detalils about the

effects of alkali promoters and supports will be discussed latter.

1.5 Active Sites for Oxygenate Formation

Due to the difficulty in characterizing the state of the catalyst
surface under reaction conditions, 1t is still not clear what type of
active sites 1is responsible for oxygenate formation. Watson and
Somorjai(.”) have suggested that CO insertion to form C2 oxygenates
occurs on Rht sit;es while CO dissociation and hydrogenation takes
place on Rh metal sites. Orita et a1°(25) proposed that the active
sites for the formtion of C, oxygemates my be located at the
interface of Rh and the support. It has also been hypothesizedczg)
that Rh ions mey be stabilized at the metal-oxide support interface.
Rkt has been observed on Rh/SiOz which is able. to catalyze the.
formation of Cq oxygenates(zg) and on Rh/MgO(33) which 1s active in
the formation of methanol(6). Iwasawa et al'.(‘%) reported that
Rh/Si0,, which had been pretreated with Hy/H,0, produced a higher
.yield of oxy;genates than that gretreated with H, alone. It was
speculated that the different pretreatment on Rh catalysts may lead to
different oxidation st.;ates of Rh. On the contrary, Katzer et al.(f’)
reported from a XPS study tha:t there was no. evidenc;e for the existence
of Rh' on Rh/Ti0, which is known to be active for the formtion of Cy
oxygenates., Ponec(so) also found no correlations of the selectivity
to oxygenates to the amount of rRh* present, contrary to what was found

for Pd catalysts. Conflicting suggestions on the type of Pd sites




_responsible for methkanol formtion also exist. Poels(62) suggested

that Pd* 1s the active site for methanol synthesis while Hicks and

Be11(81) proposed that Pd metal is important for methanol formationm.
While questions concerning the active sites for the formtion of
oxygenated compounds remain, the Fformation of hydrocarbons is
generally considered to be by CO dissociation followed by
hydrogenation on: Rh metal sites. CO dissoclation has been shown to
require a large ensemble of surface atoms(17'35), and it 1is a

structure sensitive reaction step. (36)

Howevefr, hydrogenation -of
surface carbon species does not seem to require such an ensemble.
Hydrogemation of olefins is also well known ¢to be structure
insensitive(37). Recently, Boudart and McDonald(36) have suggested
that CH, insertion into surface alkyl groups should require a larger
ensemble as the active site than that required for CO dissociation.
Much has been. done on the structure sensitivity of h)_rdrocarbon
synthesis; however, the requirements £for .active sites for the
formtion of oxygenated compounds over heterogeneous metal catalysts
have never been studied. Based on an analogy with organometallic

chemistry (38), it is possible that CO insertion into a surface methyl

group may occur on a single atom site.

1.6 Effects of Alkali Promotion

While the literature on the effect of alkali promotion on CO
hydrogenation 1is voluminous(2’16'39"43), little has been done in

developing an wunderstanding of the effect of alkali promotion on
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oxygenate syanthesis frqm CO and H,, especially over Rh .cat:alysts.
Alkali promoters are known to modify the activity, sélectivity, and
stability of catalysts(m)o The effect of alkali promotion on CO
hydrogenation over a number of group VIII transition metal catalysts,
such as Ni(“’l"s), Ru(%”[ﬂ), Pd(l“a), Rh(w’“") and Fe(z) can be
sunmmrized as resulting in (a) an increase in the CO dissociation
probability over Ni(49’50’5l), Ru(sz), Fe(53’54’55), Rh(56), (b) a
suppression of hydrogenation abili‘t:y for all the cases, (¢) an
increaée' in selectivity to olefinic and long chain hydroca_rbons, (d)
an increase in oxygenate selectivity for Rh(w’u’), Pd(48), 'la-nd -Fe(z),
and (e) modification of catalytic activity. The initial chemical
state of alkali promoter during the ;;repa'ration of alkali-promoted
catalysts does not seem to affect the extent; of alkali-
prométion.(sn. Addition of alkali species in various forms, such as
the.oxide, carbomate, or nitrate, to supported iron cat:alystis has been
demonstrated to produce similar r’esult:s.(z) However, the effect of
alkali promotion does depend on the type of alkali cations and the
loading of the alkali promoter.(41,58) .

A number of investigators have tried to elucidate the mechanism
for alkali promotion by studying CO and Hy chemisorption on alkali-
promoted catalysts or alkali doping of metal single crystals. Dry et
al.(“) have suggested that alkali sl;gcies, which are strong bases,
tend to domate electrons to neighboring metal atoms. This argument
has long been applied to interpret the increase in the CO adsorption

energy and dissociation probability on alkali-promoted catalysts.
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Several surface sclence studies(“’so’sn have shown that the doping
of K metal on transition metal surfaces results in a decrease in work
function and an increase in the electron emission capability of the
metal surface. These are considered as a consequence of the electron
transfer from the alkali metal promoter to the transition metal
atoms.(sg) These studies also showed that alkali species enhance CO
adsorption and dissociation.

Although the surface science studies seem to support the argument
for charge transfer from alkali promoters, it is unlikely that alkali
species  would exist 1in the metal form under synthesis
conditionsg,“o) It should be emphasized that alkali ilons should not
have the ability to donate electrons to metals.(62). Praliaud et
al.(“’) hav§ observed from an XPS study that potassium remins as k'
after reduction of KNO3- Ni/SiOz. They suggested that K" may be
present in the form of a K-0-NL surface complex resulting in the
observed shift in binding energy of Ni 2P3/2 electrons. They have
further suggested that the shift in binding energy of Ni is due to a
transfer of electrons from K oxide to Ni mel:al.. It has been suggested
that both'alkali oxlide and alkali metal have electron domating
characteristics, although such'a characteristic is less significant
for alkali oxide than alkall metal.(76) 1t was observed that adsorbed
KOH on irom ca.uses a similar increase in the CO adsorption energy as
elemental K‘does.(m) Bonzel(43) has suggested based on his XPS data
that K may ‘exist as KOH after reduction of KNOj-Fe foil. He also

suggested that KOH could be transformed into KZCO3 or KCO, after CO
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hydrogena tion. He further suggested that the promotion effect is
minly due to K* and not the anion,' which my change with the chemical
environment. The controversy about the mechanism of alkali promotion
still exists. Determination of the chemical state _of alkali promoters
during synthesis appears to be crucial in elucidating the mechanism
for alkali promotion.

Hydrogen chemisorption suppression on alkali-promoted catalysts
has been reported for Ru(63) and Pé/TiOZ(64). It was observed in
single crystal studies that alkali promoters increase the adsorption
energy of H, but; decrease the sticking coefficient of Hz‘on Ni(so) and
on Fe.(65) On the contrary, Benziger and Madix(66) reported that K
promotion increases both the adsorption energy and the sticking
coefficient of Hy on Fe. Although results from hydrogen chemisorption
are not abundant and consistent 1in the 1literature, hydrogenation
suppression due to alkali promotion leading to low methane, high
olefin, and Thigh Thydrocarbon selectivities has been well
documented. (44-47) Campbell and Goodman(ds) have pointed out that the
decrease in methanation activity as a result of ¥ promotion must be
related to a poisoning of either the hydrogen adsorption or hydrogen
addition steps. The increase in CO adsorption energy brought about by
alkalli promotion my also contribute to the hydrogemation suppression
since high coverages of CO or a surface carbide is known to decréase
the rate of hydrogen adsorption.(67)

Campbell and Goodmn(45) have also suggested that the decrease in

hydrogenation ability caused by alkali promotion would lead to more
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carbon present on the surface resulting in greater chances for the
formtion of higher hydrocarbons. Besides the chemical effect of
alkali promoters, it 1s expected that these promoters my block the
active -sites for raéct:ions. However, the physical blockage effect of
alkali promoters. would not appear to be a mjor factor for alkali
promotion since alkali promoters are able to greatly enhance the
structure sensitive CO dissociation step and signilfica‘ntly suppress
the structure insensitive hydrogemation step.

While it is well known that the addition of alkali promoters to
{ron catalysts results in an increase in oxygemate yields (16), the
effect of alkali promotion. on the formation of C, oxygemates over Rh

(13,14) Kagami et a1. (13 suggested

has been only recently studied.
that the active sites for the formtion of C, oxygemates are located
at the lnterface ‘of the metal and the support and that modification of
this interface by alkali specles promotes the formtion of C,p
oxygenates. Poels(62) proposed that alkali promoters my (a)

stabilize some metal ilons against reduction and (b) create a defect

structure which could be beneficial for the activity of catalysts.

1.7 Effects of Support

The catalytic properties of a metal can be modified by not only
the addition of a promoter but also by the use of a support. It has
been reported that the selectivity of CO hydrogemation over supported
rhodium catalysts varies with the basicity of the support-(6’12) Rh

on Mg0O, a very basic ~support, exhibits a 907 selectivity to
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methanol. Acidic supports, such as A1203, result mainly in CH,
formtion, while slightly acldic or basic supports -(e.g., 810,, T102,
Ceoz) produce both alcohols and hydrocarbons. It appears that the
observed differences in product selectivity and activity over various
supported Rh catalysts are due to modification by the support of the
catalytic ability of Rh for CO dissociation, hydrogemation and CO
insertion,. Recentiy, Edrohelyi and Solymosi(68) have reported that
the effect of the support in promoting the dissociation of CO over Rh
decreases in the order: TiOp > Al,05 > 8109 > MgO. It may be
expected that oxygemated compound selectivi.ty would follow the reverse
orde‘r. Katzer et al.(6) -have ref;orted, in fact, that alcohol
selectivity over Rh catalysts increases in the order: Ti0, < Al,04 <
§105 < MgO. Edrohelyl and Solymosi(68) have also reported that the
activation energy for the hydrogenation of reactive surface carbon
increased in the order: Rh/T102 < Rh/A1203 < Rh/SiOz. However, little
is knowa about the effect of the support on the CO insertion step
during CO hydrogenmation.

In addition to the above direct effects of alkali promoters and
supports on a metal, the alkali promoters may modify the properties of
a support resulting in an indirect promotion of the metal via the
support. It has been reported that part of the added potassium
promoter tends to be attached to the high surface area support rather
than the smll metal particles.(69) The most obvious effect of alkali
promoters on the support properties is to alter the basicity/acidity

of the support. Alkali promoters have been used to neutralize the
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acld centers and/or create basic centers on catalysts.(AZ) Since the
formation of alcohols over Rh catalysts can be promoted by the use of

basic supports or of alkali promoters when the Rh is supported on an

acidic support, e.g., A1203(13), it would be useful to be able to

determine whether direct alkali promotion or indirect alkali promotion

via the support is predominant on alkali-promoted Rh catalysts.

1.8 Objectives and Scope of this Study

A number of mechanisms have been proposed to explain alkali
promotion of oxygenate synthesis.(l’z’ 6-20, 40-46) Due to a lack of
understanding of basic factors controlling the formation of oxygenated
compounds, vthe effect of alkali promotion om o;:ygenate synthesis 1is
still far from being understood. This study utilizes the fact tht Rh
is able to catalyze the formtion of both oxygenmated compounds and
hydrocarbons to _investigar.e the effects of alkali promotion and of the
na ture of the support on oxygenate -synthesis. This work was
undertaken in order to help provide answers to the following
questions:

Product Distributions

- What are the basic factors controlling product distribution
from CO hydrogenation over group VIII metals?
-~ What are the reaction pathways for the formtion of

oxygenated compounds and hydrocarbons from synthesis gas?



Support and Alkali Promoter Effects on Rhodium Catalysts

- How do supports and alkali promoters affect reaction pathways
of CO hydrogenpation over rhodium catalysts?

-~ How do interactions among metal, support, and alkall
promoters affect the properties of rhodium? |

Relationship Between Methanol Synthesis and C, Oxygemate Synthesis

- Is there any link between the synthesis of methanol on Rh and

on Pd?

- How do pretreatment conditions affect oxygenate synthesis

over Rh/MgO?

AF probe molecule techni-que_has. been developed f:o investigate
aspects of the reaction pathways fof oxygenate formation and the
effects of promoters and supports on the chemical properties of Rh
metal. - Details of this technique are reported in Chapter 2.

The reaction pathways for. the formtion of oxygenated compounds
and hydrocarbous from CO- hydrogenmatiom over group VIII metals were
examined using silica-supported Ni, Ru, Rh, and Pd catalysts since
these catalysts are able to produce distinct product distributions
with respect to one another. This study has provided us with a better
ﬁnderstanding of mechanisms of hydrocarbon and oxygenate compound
formtion. Results of this study are reported in Chapter 3. Chapter
4 reports on results of an investigation of support effects on the
properties of Rh. catalysts, Catalysts wutilized for f:his study

.included Rh black and Rh supported on A1203, T10,, 810,, 12,04, and

Mgo.
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The effect of alkali promotion on C, oxygemate synthesis was
investigated in a systemtic study of various alkali-promoted Rh/'l‘ioz,

Rh/A1203, Rh/SiOz, Rh/12 403, Rh/Mg0, and unpromoted Rh catalysts.
Results of this investigation are presented in Chapter 5-7. Chapter 8
reports on results of a study of the effect of K promotion on methanol
synthesis over Pd/S10,. Results of methanol synthesis over Rh and Pd
catalysts are summrized in Chapter 9. This investigation aim at
elticidating factors controlling methanol synthesis and C, oxygenate
synthesis.

Overall this study has sought to establish a better understanding
of support effects and alkall promot:im; effects on oxygenate
synthesis. The results of this study and their significance for

catalysis are discussed and summrized in Chapter 10.
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2.0 EXPERIMENTAL

2.1 Catalyst Preparation and Characterization

Ru/510, was prepared by ion exchange using Ru(NH3)¢Clsg.
Ru(NH3)6C13 was dissolved in a weak acidic HCl solution (P-H = 4.,5).
This solution was then mixed with 5102 (the solid to liquid ratio = 5
gram/liter) and stirred at room temperature for 50 hours to proceed
lon exchange process. After ion exchange process, the catalyst was
filtered and washed several times by deionized water and then dried in
air for 18 hours.

Ni/SiOz was preparéd by the incipient wetness method using an
aqueous solution of NiCOB.

Alkali-promoted Rh catalysts were prepared by impregnation of
various supports usiﬁg RhCl3.3H20 (Alfa Products) and an alkali
nitrate (i, K, Cs) in aqueous _solut:ion at pH = 3-3.5. The supports
for these catalysts included A1203, 'l‘ioz, 8102, 13203, and Mg0. The
atom ratio of the particular alkali element to Rh was 1/2. Unbromoted
supported Rh catalysts were also prepared in the same way except that
alkali species was not added. '

Pd/SiOz catalysts were prepared by‘ impregnation using PdCl1,.
Potassium=-promoted Pd/8102 catalysts were prepared by subsequent
impregnation of Pd/SiOZ using a KNO3 solution resulting in atom ratios
of K to Pd of 0.6 and 1.8.

The source and compositions lof oxide supports used for

preparation of these catalysts are listed in Table 2-1. After
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Table 2-1 Sources and Compositions of Catalyst Supports
Catalysts Sources Compositions
Ti0, Degussa Primary anatase
5109 stream -
Al,04 stream Y—A1203
L2504 Alpha Ultrapure
MgO Alpha impurities < 55 ppm
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impfegnation, the samples were dried overnight in ailr at 40°C, then
reduced in flowing H, onm heating in 50°C steps (30 minutes) to 400°¢
and holding at this temperature for 16 hou;s. Prior to reaction, the
TiOz-supported catalysts were again reduced in flowing Hy at 500°C for
3 hours. The rest of the supported and promoted catalysts were
reduced at 400°C for 3 hours. The average metal particle sizes for
these catalysts were determined by x-ray diffraction using a Mokx
radiation source, hydrogen temperature programmed desorption "(TPED),
and static hydrogen chemisorption.

The .X-ray diffraction method utilized for the determination of
the average metal particle size was diffraction line broadening. The

average particle size d can be determined by Scherrer equation:

d = KA/B cosP

where B is the broadening of the diffraction line measured at half-
mximum and K 1s a constant of value 0.9 if a sphérical particle is
assumed. A is the wavelength of the applied X-ray (A = 0.70926 A for
a MoKa source), and 8 is the Bragg angle of diffraction.

Hydrogen TPD was operated at a heating rate of 40°C/min from room
temperature to 425°C using a Ar flow rate of 100 ce/min. The amount
of hydrogen ads;)rbed was calculated based on the area under the TPD
curve. Static hydrogen chemisorption measurements were made in a
conventional gas volumetric system at room temperature. In this

study, the metal surface areas were calculated from either hydrogen




TPD or statie hydrogen chemisorption measurements, assuming a
stoichiometry of Hirr/Metal Atom = 1., The average metal particle size

was calculated using the relationship 4 = 5/sp , (assuming particles

are cubic with five sides exposed to gas phase) where d is diameter of
.particle, p is the density of the metal, and s is the metal surface

area per gram of metal. °

2.2 CO Hydrogenmation Studies

A schematic of the reaction system used for these studies.is
deseribed 1ﬁ Figure 2-1l. The gases used for these reaction studies
were obtained from Air Products and included H, (UHP, 99.995%), He
(ups, 99.998%), and CO (UHP, 99.8'7{), which were purified- by passing
through molecular sieve traps to remove water. Prior to passage
through the molecular sieve trap, the hydrogen was passed through a
Deoxo unit to remove oxygen as water.

The reaction temperature, pressure, a.nd reactant flows were
controlled by an Apple I1 computer. A Cyborg Isaac 91A served as the
:'lnterface I?et:ween the computer and 3 mass flow control meters (Brooks
5850) for controlling Hy, CO, and He flow, a relay (Grayhill, Inc.)
for controlling the reaction temperature, and a Brooks flow control
valve for the reactor pressure control. A computer program was used
to control flow rate, reaction temperature, and reaction pressure and
is ptesented‘ in Appendix A. The reactor effluent was analyzed by an
_ on-line Perkin-Elmer Sigm 1B Gas Chromtograph. The products was

separated using a porapak Q column in series with a 80/100 carbopak
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C/0.2% carbowax 1500 column. A He carrier flow rate of ‘20 cc/min was
also utilized. The GC columns were initially-held at 40°C for 2
minutes at}d then temperature programmed at 15°C/min to 16090,
permitting a good on-line separation of all C;-C, paraffins and
olefins, 01-04 alcohols, CI—C4 aldehydes, acetone, ethyl acetate, and
acetic acld in a 60 minute analysis.

The reaction study was carried out in a differential reactor at
250-300%K and 1-10 atm with Hy/CO .= 1 or 0.5. High space velocities
of 1,100 to 11,000 hr"l were used to keep CO counversion below 5% in
order to wminimlze heat and mss transfer effects and secondary
reactions. A detailed error amalysis of kinetic measurements is

presented in Appendix B.

2.3 Addition of Ethylene to CO/H, Reactants

A smll amount of ethylene (2.3~3.0 ;nole %Z of the reaction
mixture) was added to the CO/H2 reactant mixture af the. end of each
experiment run. The relative hydrogenation, chain dincorporation,
hydrocarbonylation, and hydrogenolysis activitles were estimated by
determination of the product distribution before, during, and after
the addition of ethylene.

On the basis of the results from this technique, more information
is able to be obtained about the effects of alkali promoters and
supports on~ thg specific reactions, 1.e., hydrogenmation, chain

incorporation, CO insertion, and hydrogenolysis.
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2.4 Addition of Ethanol to CO/HZ Reactants

The reaction of ethanol added to the CO/H, reactants was studied
in a similar way as given in the above section. By determining the

changes in the rate of formtion for all the products during and after
the addition 6f ethanol, the rate of dehydration, dehydrogenation, and
incorporation into higher hydrocarbons, oxygenatgs aqd other products
could be estimted. The acid and base nature of the catalysts system

was determined by ‘the rate of dehydration and dehydrogenation of

ethanol during the addition of ethanol.(70)

2.5 Addition of Acetaldehyde to CO/H, Reactants

The rate of hydrogemation, decomposition, and incorporation of
acetaldehyde Qas determined 'by the addition of acetaldehyde to
CO/HZ. The effects of alkali promoters and supports on the
decomposition, hydrogenation, and incorporation of acetaldehyde were
delineated.

The addition of  these probe molecules (i.e. ethylene, ethanol and
acetaldehyde) serves as a useful tool (a) to identify the possible
reaction networks occurring on these catalysts, (b) to study the
interrelationship between the oxygenate synthesis and hydrocarbon
synthesis, (c) to identify possible surface intermediates present

during synthesis, and (d) to determine the acidity and basicity of the

catalyst surfaces.
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3.0 INVESTIGATION OF MECHANISMS OF OXYGENATE AND HYDROCARBON
FORMATION OVER GROUP VIII METALS: SILICA SUPPORTED
Ni, Ru, Rh AND Pd. ’

3.1 Background

Fornﬁtion of oxygenated compounds, especially higher alcohols,
from synthesis gas 1s always accompanied by a formtion of
hydrocarbons. Thus., it is {important to study mechanisms of both
hydrocarbon formtion and oxygenate formtion to gain a Dbetter
understanding of the link between oxygenate synthesis and hydrocarbon
synthesis.. The formation of oxygena.tes and hydrocarbons from CO and
Hz appears to involve a number of elementary reaction steps. such as C-
0 bond dissociation, H-H bond scission, C-H bond formation, O-H bond

(38,85) A number -lc_)_f reaction

formtion, and C-C bond formation.
mechanisms consisting of various sequences of these elementary steps
have been prépdsed to explain product formtion 'during co
hydrogenation.(1’2’7’12’16’17’20’22’ 82-88)

These proposed wmechanisms my be ‘classified into two groups:
chain growth via hydrocarbon intermediates and chain growth via
oxygenated intermediates. Due to the complexity of the mechanism of
co hydrogenation, several reaction paths . my have common
1ntermediates.(30) Due to the difficulty in differentiating one path
from another, controversy still exists with regard to the mechanism(s)
of CO hydrogenation.

One of the effective ways for studying complex reaction

mechanisms 1s by the addition of probe molecules to the reactant




stream during reaction. The probe molecule technique has been widely

applied in heterogeneous catalysis. Applications have included (a)
determining rea.ctive intermediates,(ss’aﬁ’ 88-93) (b) detecting the
active sites for specific reactions,(gl"gs) (¢) determining secondary
- reactions of primry products,(29’96’97) (d) elucidat:ing reaction
networks in an overall reaction,(29’93’97’98) (e) determining the
catalytic and chemical properties of the surface of a catalyst,(mo)
and (f) determining the abundance of precursors to various products
under synthesis conditions.(IOI'los)

In order to gain a better understanding of the mechanism of CO
hydro_genag:ibn, we have studied Ni/SiOz (a methamation catalyst),
Ru/SiOz (a higher hydrocarbon synthesis catalyst), Rh/S510, (a
synthesis cataiyst with a high selectivity for CZ oxygenates), and
Pd/SiOZ (a meﬁhanol synthesis catalyst) by the addition of probe
molecules to CO/H, under synthesis conditions. Ethylene, ‘ethanol, and
acetaldehyde were utilized as probe molecules in this study. The
addition of ethylene can produce hydrocarbon intermediates, and the
addition of ethanol and acetaldehyde may lead to oxygen~containing
intermediates. These intermediates may be similar to those produced
by Fischer-Tropsch (F-T) synthesis. The addition of such probe
molecules, however, could have a great effect on the overall product
distribution. The possible reactions due to the addition of these

probe molecules can be summrized in Table 3-1,3-2 and 3-3. By

determining the ability of a catalyst to catalyze these specific
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Table 3~1 Possible Reactions due to Ethylene Addition during CO

Hydrogenation
Formation of CI}A
HZ/CO ' ,
1. CH2=CH2 » 2 CH, Schulz & Achtsnit (94)
[Co] van den Berg (29)
Hydrogenation
Co/H,
{Co,Rh] van den Berg (29)
Chain Growth
CH4 CHy H2/CO " Ekerdt & Bell (90)
3. CHy=CHy + | ~ or | " ———p cqH, :

C4+Hydrocarbons

CO Insertion

4. CHy=CH, + Hy + CO —P CH4CH,CHO Watsom & Somorjai (32)
th203] van den Berg (29)
[Rh] | H,

c H3CH2CH20H




Table 3-2 Possible Reactions due to Ethanol Addition
During CO Hydrogenation

Formtion of CH, or C, Hydrocarbons

[Fe(100) ]

5. C.Ha_..OH(ad)=————> C_H, . 0H(g)
n2n+l (Pt] CO@Ed) + 2(n+1)H(ad) + nC(ad)
Cco(ad) + Cn-lHZn-3(ad) + SH(ad)

Redulic & Sexton (118)

3. CH3CH20H » CH2=CH2 + HZO Krylov (120)
[oxide
cate.]
4. RCHZOH — RCHZCHO + H2 . Pines (100)
[Ni]
RCHZCHO —— RCH3 + CO
[Ni]
[Ni]
Chain Growth
5. CO/H,
CH4CH,0H —p C3, Hydrocarbons Kummer & Emmett (98)
" [Fel
Dehydrogenation
6. CHyCH,OH —————P CH3CHO + H, ' Kreylov (120)
[oxide
cat.]

Formation of C, Oxygenates

i
7. M +  (CH4CHyOH), 4y ———p CH3CH,CH,O0H
a Rofer-DePoorter (30)

M M Hackenbruch et al. (112)
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9. Formation of C, Oxygenates

~2H

2
b
CH3CH=CHCH0 —p CH3CHZCHZCHO
Krylov (120)
Deluzarche et al. (29)
CO/H,
10. CH4CH,OH P EtOAc van den Berg (18)

[Rh(Mn/Mo) /8102]
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Table 3-3 Possible Reactions due to Acetaldehyde Addition
During CO Hydrogenation

Formtion of CH, or C,H,

H
1. CHyCHO 2 # CH, or C,H, Benziger & Madix (119)
[Fe(100)}

Chain Growth

CO/H2
2. CH4CHO — > Cq4, Hydrocarbons
Hydrogenation

)

3. CH3CHO CH3CH20H

Formtion of C, Oxygenates

4, CH3CHO CH3 — CH380H3 Schulz & El Deen (18)
I o+ |
M M [Fe]
[oxide
cat.] Krylov (120)
6. ZCH3CHO ——— CH3CHCHCHO + H20
[oxide
cat.] + H2
butyraldehyde
CO/H2

7. CH4CHO ———Pp EtOAc van den Berg (29)
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reaction steps, the reaction paths for the formation of hydrocarbons

and oxygenates on these metal catalysts may be clarified.

3.2 Results

Metal loadings and average metal particle sizes for these
catalysts are listed in Table 3-4. Due to the fact that the fraction
of surface sites actually participating 1n certain reactions 1is
unknown, and given the innate heterogeneity of . surface sites on '
certain of the catalysts, only relative rates of reaction will be of
concern hera. Thus, the rates of reaction will be reported im units

of moles/kg/hr.
3.2.1 CO Hydrogenmation

The product distributions from CO hydrogenation over Ni/SiOz,
Ru/SiOz, Rh/SiOZ, and Pd/8102 are listed in Table 3-5. Ni/3102
produced mainly methane with small amounts of C,, hydrocarbons aund
oxygenates,  Although Ni is a well known methanation catalyst, the
formation of émall qqantitiés of oxygenated compounds is not
surprising. Pro&oted and supported NI catalysts a;e known to produce
a certain amouﬁt of oxygenmated compounds at 150-350°C and 1-30
atm.(107) Ru/Si02 showed the highest selectivity to G, hydrocarbons
among these catalysts. Ruthenium is known to be one of the most
active catalysts for the F-T synthesis.cloa’log) Numerous studies
have reported that supported Ru catalysts, including Ru/SiOz, are able

to produce significant amounts of higher hydrocarbons.(17’108’109)




Table 3-4 Metal Particle Size of Ni/SiO,, Ru/SiOz
Rh/SiOz and Pd/SiOz

Catalysts

Average Metal Particle Diameter

@)

20 weZ Ni/S10,
1.8 wtZ Ru/SiOz

3 wt? Rh/SiOz

2.3 wt% Pd/$10,

752
gob

16
< 30P

< 30P

42¢

3peasured by hydrogen Flow chemisorption at 25°C.

byetermined by x-ray diffraction.

Cdetermined by static hydrogen chemisorption at 25°¢, Hirr/M = 1.



Table 3-5 Activity and Product Selectivity (mol. %)
during CO Hydrogenation

20 wt3 1.8 wtZ

3wt 2.3 wti

Ni/SiOZ Ru/8102 Rh/SiOz Pd/SiOZ
Teop 0.91 5.06 1.3 2.7
(moles/kg/hr)
% CO Conv. 0.16 3.4 0.88 0.5
CH4 ' 82.8 76.5 41.2 0.9
C2 12.8 8.5 6.8 1.4
C3+HC 3.7 12.6 1.8 0.4
MeOH 0 l.1 1.4 97.0
Et0OH 0 0.6 18.1 0
MeCHO 0051 0.4 1303 O
c30x . 0.14 0.3 16.6 0.14
Acetone
Butyraldehyde 0.03 0 0.6 0

EtOAc

(300°C, 10 atm, CO/H, = 1)
0X: ,Oxygenmated Compounds
HC: Hydrocarbons
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Rh/8102 exhibited a good selectivity to C,, oxygenated compounds with
the production of only a smll amouant of methanol. Pd/Si02 showed a
high selectivity for the formtion of methanol. These results for Rh

and Pd catalysts parallel those reported in the

literature.(zg’n’ 110,111

3.2.2 Addition of Ethylene to CO/H2

The addition of ethylene to CO/H2 resulted in a significant
variation in the rate of the formtion of certain products and in the
conversion of CO. When ethylene addition was terminated, the rates of
product formtion and CO conversion were essentially returned to those
in existence before ethylene addition. Table 3-6 summarizes the
increases in the rates of product formation as a result of ethylene
addition. |

Ni/SiO?_ appeared to demonstrate a moderate activity for the
hydrogenolysis of ethylene to methane under synthesis conditions,
while ﬁu/SiOz, Rh/SiOZ, and Pd/8102 were essentially not active for
hydrogenolysis.. The low hydrogenolysis activities of these catalysts
a(r:e known to 'f)e due to the presence of adsorbed CO and competing
reactions such as hydrogenation and CO insertion.(29,94) CO on metals
is known to affect both hydrogenolysis and hydrogenation,(gl’) and it
appears to have a stronger effect on hydrogenolysis than
hydrogenation. Although Rh has long been known to be one of the most

active catalysts for ethylene hydrogerlation,(“3) the selectivity for

ethane was somewhat lower over Rh than over any of the other three




Table 3-6 Product Selectivity (mol. %) from Ethylene
Reaction During CO Hydrogenmation

20 we? 1.8 wt? 3 wt? 2.3 wtZz .
Ni/S10, Ru/S10, Rh/S10, Pd/5i0,
Selectivity (mol%)
CHy, 5 0 0 0
CyHg 90 97.2 76 99.5
Cq4HC 1 2.0 0.3 0.3
MeOH 0 0 0 (b)
C30X 301 007 2304 0-3
rgo®) (/o) (0.91)  (4.94)  (1.3)  (2.70)
W 1.19 4,98 2.85 1.75
% Co 1.1% 2.8% 3.1% 3.3%
agded
rC2=(a) 8.65 8,12  6.49  36.2
% Cy” 75% 99% 71% 99%
CONVe

(300°C, 10 atm, CO/H, = 1)

(a) all rates expressed as moles/kg/hr

{b) 44% decrease in overall MeOH formtion

(w/o): rate of CO conversion without the addition of
ethylene
w: rate of CO conversion during the addition of
ethylene

39




catalysts. This can be readily understood by the fact that the CO

insertion reaction to form C3 oxygenated compounds (propionaldehyde.
and l-propanoi) competes with hydrogenation to form ethane over
Rh/SiOZ catalysts. The selectivity for CO insertion into adsorbed
ethylene over these catalysts decreased in the order: Rh >> Ni > Ru >
Pd. Although the abilitlies of these catalysts to catalyze CO
insertion are different from one another, it is important to note that
CO insertion would appear to be possible on all of these catalysts to
a certain extent.

It is interesting to note that the addition of ethylene to CO/H2
over Pd/Si0, resulted in dramtic decreases in the coaversion of CO
and in the formtion of methanol. In contrast, a slight increase in
CO conversion was observed for Ni/S$iO, andl Ru/8i0,, and a noticeable
increase in CO conversion was found for Rh/8102 during the a;ddition of

ethylene to CO/HZ.
3.2.3 Addition of Ethanol to CO/HZ

The produgt distributioas resulting from the added ethanol were
estimted by a similar approach as used in the ethylene addition
study. The amount of added ethanol for Ru/SiO; was somewhat higher
compared with the other cases (Table 3-7). The concentration of
ethanol 1s known to affect its selectivity to diethyl ether, a
compound, however, not stable at temperatures above 190°C.(100) As
shown in Table 3-7, Ru showed a strong activity and a high selectivity

for the conversion of ethanol to Cl and CZ hydrocarbons as well as the



Table 3-7 Product Selectivity (mol. %) from Ethanol

Reaction during CO Hydrogenation

20 wt¥ 1.8 wtZ 3 wtZ 2.3 wt¥
Ni/8i0,  Ru/S10, Rh/S10,  Pd/Si0,
Selectivity (mol%)
CH, 0 74.6 15.1 0.7 -
c, 0 10 2.1 4.2
C4,HC 1.8 13.2 3.0 3.3
MeOH 0 0.5 6 ofb)
MeCHO 91 1.4 20.8 87.6
C30X 3.7 0 38.6 2.6
Butyral- 3.1 0 0 2
dehyde
EtOAc 0 0.2 14 0
reo®) (W)  (0.99)  (4.9)  (1.10)  (1.24)
w 0.81, 4.6 1.24 1.67
% EtOH 0.75 2.5 0.65 0.85
added
(a) '
CELOH 0.16 6.5 0.28 0.54
% EtOH 2 81.9 16 6
conv,.

(300°, 10 atm, CO/Hy = 1)

(a) all rates expressed as moles/kg/hr

(b) no decrease in MeOH formation

(w/0): rate of CO conversion without the addition of ethanol
w: rate of CO conversion during the addition of ethanol

41




42

apparent incorporation of ethanol into C3, hydrocarbons. Rh exhibited

a moderate selectivity for the coanversion of ethanol to C; and Cy
hydrocarbons but a relatively high selectivity for the incorporation
of ethanol into Cq oxygemated compounds. In contrast to Rh and Ru,
both N and Pd showed low selectivities for conversion or
incorporation of ethanol to other products and exhibited minly

dehydrogenation activity.

3.2.4 Addition of Acetaldehyde to CO/H,

The product distributions and rates of acetaldehyde coaversion
during the addition of acetaldehyde to CO/H2 are shown in Table 3-8.
In the casehof Ni/SiOz, the selectivity for butyraldehyde was higher
than that for Cj oxygenated compounds indicati;ng i:hat: the aldol
condensation of acetaldehyde occurred on Ni/SiOz during the addition
of acetaldehyde to CO/H,. In addition to the aldol condensation,
Ni/S10, also showed a fair selectivity for the decarbonylation of
acetaldehyde to CH, and a high selectivity for the hydrogenation of
acetaidehyde to ethanol. In contrast to Ni/SiOz,' Ru/S_iOz and Rh/SiOz
did not show aldol condensation activity. Rh/8102 exhibited a stroung
activity for the hydrogenmation of acetaldehyde to ethanol. Ru/SiOz
demonstrated a high activity in the decarbonylation of acetaldehyde to
CH, and the coanversion of acetaldehyde to C, hydrocarbons as well as

the incorpotat:ioh of acetaldehyde into Cay hydrocarbons.



Table 3-8 Product Selectivity (mol. %) from Acetaldehyde
Reaction During CO Hydrogenmation '

20 wt¥ 1.8 wtZ 3 wt?
Ni/sio Ru/S510 Rh/510, "
2 2 2
Selectivity (mol%)
CH, 13 60.7 4.8
Cy 1.1 10.0 0.3
03+HC 4.3 9.6 3.2
MeOH 0 0 0
EtOH 68 19.1 86
C30X 1.8 0.2 2.2
Acetone 0.4 0.26 1.1
Butyral- 10 0 0.6
dehyde
EtOAc 0 0.1 0.6
roo®) (w/o)  (0.68)  (4.9)  (1.32)
w 1.39 3.0 1.32
% HAc added 0.87 2.4 0.73
r,(@) 4t 6.7 1.56
%z HAc 46 95.3 73
conv.

300°C, 10 atm, CO/H, = 1)

(a) all rates expressed as moles/kg/hr '
(w/0) : rate of CO conversion without the addition

of acetaldehyde

w : rate of CO conversion during the addition of
+ acetaldehyde
HAc ¢ Acetaldehyde




3.3 Discussion

3.3.1 Addition of Ethylene to CO/H,

The added probe ﬁolecules may react with adsorbed CO, H, and/or
reactive intermediates produced by CO hydrogenmation and they may eveﬁ
brock the active sites for specific reaction steps. This could result
in variations in the rates of CO conversion and product formation from
co hydrogenaﬁion during the addition of probe molecules. The
selectivity of probe molecule reactions in this study may be
influenced by the surface concentrations of CO hydrogenation
intermediates and probe molecule intermedlates as well as by the
capability of the catalysts to catalyze the specific reaction steps of
these intermediates. As shown in Table 3-1, the adsorbed ethylene
species may react with adsorbed CO and adsorbed H to form
propionaldehyde and l-propanol, may react with H to form ethane, my
incorporate with CH, to form higher hydrocarbons, or may undergo
hydrogenolysis‘ to form methane. Among these three reactants (C,O,.HZ,
and Czﬂ4), adsorbed CO and adsorbed H are probably the most abundant
species on the surface even 1in the presence of vCZH4. As a
consequence, there may be a sufficient amount of adsorbed H and CO for
hydrogenation, hydrogenolysis, or incorporation of ethylene as well as
for hydrogenation of CO. Since the formation of methane and C3s
hydrocarbons over Pd/8102 is only slightly affected by the addition of
ethylene to CO/HZ, the decrease in CO conversion and methanol

formtion would appear to be due to blockage of methanol formation
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sites by the added ethylene. 1In contrast to Pd/SiOZ, an increase in
CO couversion during the addition of ethylene to CO/H2 was observed
for Ni/SiOz, Ru/SiOZ and Rh/SiOz. This appears to be ‘due to the
reaction of ethylene with adsorbed CO.(uz) |

All group VIII metals are known to be active in catalyzing both
CO hydrogenation aﬁd ethylene hydrogenaticn,(17’113) both involving C-
H bond formtion. They also involve different reaction steps and

active site requirements,(17’ll3) so that the activity for éthylene
hydrogenation does not parallel that of CO hydrogenation over these
metals. .

As shown in Table 3-6, hydrogenolysis of ethylene only occurred
on the Ni/5102 catalyst. A similar observation has been reported by
van Barneveld.(8%) |

The capability of group VIII metals to dissociate CO has been
well established in the literature.(n’“l‘) CO dissociation activity
decreases in the order: Ni/S10, > Ru/S10, > Rh/S510, > Pd/S10,. Thus,
the surface concentration of nondissociatively adsorbed CO during
gsynthesis my increase in the reverse order. Since nondissociatively
adsorbed CO is known to be the precursor for insertion into adsorbed
ethylene speclies to form C3 oxygenates (propionaldehyde and
propanol),<32’96) the low éelectivit:y of ethylene toward C4 oxygenates
over Pd/8102 must be attributed ‘to a lower activity of Pd to catélyze
CO insertion than hydrogenation. In contrast to Pd, Rh has a greater
tendency to dissociate CO,. It also is thea best catalyst’for the

formtion of C3 oxygenates from ethylene. It is 1likely t:haf: the
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selectivity Ffor the conversion of ethylene to C3 oxygenates is
dependent upon both the activity of the catalyst for CO insertion and
the surface concentration of nondissociatively adsorbed CO.

All these metal catalysts showed very low selectivities for the
incorporation of ethylene into higher hydrocarhons (Table 3-6). A
similar observation has also been reported by van mrneveld.(as) The
low selectivity for incorporation of ethylene into higher hydrocarbons
could be due to the high activity of these catalysts for éthylene
hydrogemation. Among Group VIII metals, only cobalt has been observed
to be very active in the incorporation of ethyleme into higher

hydrocarbons.(88:116)

3.3.2 Addition of Ethanol to CO/H2

Adsorbed ethanol has been identified in the form of an ethoxy
group on Fe(lu) and Pt,(us) and 1t can react to producé CH, and
CZH4' In the presence of CO/H?_, the adsorbed ethanol and its
decompositon products may react with CO hydrogemation intermediates
resulting in a variety of products (Table 3-2). As shown in Table 3-
7, both Ni/8i0, and Pd/SiOz are active in catalyzing dehydrogenmation
of ethanol to acetaldehyde but inactive 1in -catalyzing any
incorporation of the ethanol into higher hydrocarbons or ox‘ygenated
compounds. Although these two metals have different CO dissociation
abilities, they have similar selectivities for the incorporation and

the conversion of ethanol. This could be due to the fact that

different active sites are responsible for the reactions of these two
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molecules. CO dissociation has been shown to take place on ensemble
sites of metals,(”) while the breaking of the C-0 bond of ethanol has
been proposed to require both intrinsic acidic sites and intriasic
basic sites of metals.(100) |

In the case of Ru, a moderate selectivity for the incorporation
of ethanol into higher hydrocarbons and a high selectivity for the
conversion of ethanol to C; and C, hydrocarbons were observed. As
with Fe,(97'98) Ru also shows a higher selectivity for the
incorporation of ethanol into higher hydrocarbons compared with the
incorporation of ethylene 1into higher hydrocarbons. Emmett and
coworkers(97’98) s;uggested that dehydration products of ethanol serve
as intermediates for chain growth. However, the selectivity for the
incorporation of ethylene, a dehydration product of ethanol, to Cg,
hydrocarbons has been observed to be very low fo: both of these metal
. catalysts. The formation of a significant amount of C5 oxygemated
compounds (propanol and propilonaldehyde) durirlxg the addition of
ethanol to CO/HZ over Rh/SiOz may be also explained by dehydration of
ethanol followed by CO insertion. Reactions 7 and 8 of Table .;3-2 are
also possible on these metal catalysts, but there 1s no definite

evidence for these reactions.

3.3.3. Addition of Acetaldehyde to CO/H,

Adsorbed acetaldehyde has been found to readily form ethoxy
intermediates on Fe.(ug) Since ethanol can dehydrogenate to form

ethoxy intermedlates and acetaldehyde, and acetaldehyde can




hydrogenate to form ethoxy intermediates and ethanol, the differences

in product seiectivity for ethanol reaction versus acetaldehyde
reaction over these catalysts may relate to the relative ease of
hydrogenation and dehydrogemation. If this 1is the case, it would not
be expected that such a significant variation in CO conversion would
occur during the addition of acetaldehyde to CO/HZ as happened over
Ni/8102 and Ru/SiO2. In contrast, the addition of ethanol to CO/H2
did ndt produce such a change. It 1s not clear how adsorbed
acetaldehyde modify CO hydrogenation over these two catalysts. .

Ru appears ‘to have a greater activity for the decarbonylation of
adsorbed acetaldehyde i1ntermediates than for hydrogemation of these
intermediates to ethanol. Significant activity £for the aldol
condensation of acetaldehyde was only observed for Ni/SiOz. A_ld/ehydes
have a great tendency to undergo the aldol condensation but i‘t\’is not
clear why this occurs mostly on the Ni/SiOz catalysts.

A smll amount of acetone was observed during the addition of
acetaldehyde to CO/Hy over Ni/SiO,, Ru/S510,, and Rh/SiOZ. This could
proceed through dehydrogemation of the acetaldéhyde to acyl
intermediates f§llowed by their association with CHy species to
produce acetone.(ls'uS) In fact, by isotopic tracing experiments,

this latter step has already been shown to occur.(us)
3.3.4 Reaction Mechanisms

The selectivities for the various probe molecule reactions are

summrized in Table 3-9. Ni/810,5, Ru/Si0,, Rh/S10, and Pd/Si0,



Table 3-9 Selectivities of the Probe Molecule Reactions

Ni/SiOz Ru/SiOZ Rh/SiOz Pd/SiOz

co Dissociation(38’39)' P +4++ S -0
Hydrogenation of C; b e S ++
Hydrogenolysis of CZ + 0 0 0
Incorporation of C;

into C, HC T+ + 0 0

3+

CO insertion in c; + 0 ++ 0
Dehydrogenation of EtOH  +++ + 4+ ++
Dehydration of EtOH ‘0 ++ + +
Conversion of EtOH to )

to CH4 O +++ 4+ 0
Conversion of EtOH

into C3+OX + 0 4 +
Conversion of EtOH

iato C3+HC . + +++ + +
Conversion of MeCHO

into C4,0X ) , + 0 + ‘NA
Conversion of MeCHO

into CS+HC + ++ + NA
Decarbonylation of

MeCHO et +++ + NA
Aldol Condensation ++ 0 0 NA

(300°C, 10 atm, CO/H, = 1)
+++: strong (> 10%Z of probe reactant incorporated)
++: moderate (> 5%) '

+: weak (> 1%)

0: inactive (< 1%)




catalysts demonstrated differences not only in product selectivity for

CO hydrogenation but also in their catalytic capabilities for
hydrogenation, hydrogenolysis, dehydrogenation, CO insertion, and the
incorporation of ethylene, ethanol and acetaldehyde during CO
hydrogenation, The reaction steps suggested by the results of this
study and by those teport‘ed in the literature(sz"uz) are summrized
in Figure 3-1. Ni, a methanmation catalyst, showed a strong catalytic
actiw/rity Eor éthylene hydrogenation, ethylene hydrogenolysis, ethanol
dehydrogenmation, and acetaldehyde hydrogemation but poor catalyti‘c
activity for CO insertion and incorporation of ethylene, ethanol, or
‘acetaldehyde into higher hydrocarbons and oxygenated compounds. The
catalytic activities displayed by Ni/SiOz appear to be unfavdrable for
the formtion of higher hydrocarbons and oxygenated compounds.
Ru/SiOz, a good higher hydrocarbon synthesis catalyst, demonstrated a
strong catalytic activity for ethylene hydrogemation, conversion of
ethanol to Cl and Cqy hydrocarbons, decarbonyiation of acetaldehyde,
aad incorporation of ethano;l. and acetaldehyde into higher hydrocarbons
but a '‘weak catalytic activity for hydrogenolysis of ethylene and CO
insertion. A poor CO insertion capability and a strong
decarbonylation activity prevent the formtion of Cos+ oOxygenmated
compounds, and they exclude oxygemated intermediates as major
intermediates for hydrocarbon chain growth over Ru/SiOz. Rh/SiOz, a
good Cy oxygenate synthesis catalyst, exhibited strong catalytic
activity for the 1ncorporation of ethylene and ethanol to Cq

oxygematéd compounds but poor catalytic activity for decarbonylation
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of acetaldehyde and hyd!:ogenolysis of ethylene. A strong tendency for
the incorporation of ethylene and ethanol into C3+ oxygenated
compounds indicates that both oxygenmated and hydrocarbon intermediates
could be i1important for chain growth to form oxygenated compounds.
Pd/si0y, a methanol synthesis catalyst, showed strong catalytic
activity £for hydrogenation and poor catalytic activity for CO
insertion, conversion of ethanol to methane, aﬂd tﬁe incorporation of
ethylene and ethanol into higher hydrocarbons and oxygenated
compounds. The activity in catalyzing probe molecule reactions
exhibited by Pd/Si0, 1s somewhat similar to those displayed by

Ni/Sioz. They do not favor the formtion of C,4 species.

3.4 Conclusions

The synthesis of oxygenated compounds and hydrocarbons over
Ni/SiOz, Ru/SiOz, Rh/SiOz, and Pd/SiOz would appear to follow
different reaction paths resulting in different product distributions
at 10 atm. The fo‘rmtion of C,, oxygenated comﬁounds over Rh/SiOz is
controlled by both the activity of the catalyst to catalyze CO
insertion and the surface concentration of nondissociatively adsorbed
CO. Both oxygemated and hydrocarbon intermediates may be important
for oxygemate chain growth on Rh. The insertion of CH, into Cylg‘
appears to be a mjor route for the formmtion of higher hydrocarbons
over Ru/SiOZ. The inability of Ni/8102 and Pd/SiOZ to catalyze the
formtion of C2+ species would seem to be related to their poor

abilities 1in catalyzing the 1incorporation of hydrocarbon and
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oxygemated intermediates to form Cy+ species. Nevertheless, the
factors for controlling these specific reaction steps remain as yet
unclear. A more thorough study of the relationship between the
surface states and electronic configuration of these metals and their
catalytic abilities for specific reaction steps (as shown in Figure 3-
1) should provide a deeper insight into the mechanism : of product

formation over the Group VIII metals.



4.0 SUPPORT EFFECT ON OXYGENATE SYNTHESIS
OVER Rh CATALYSTS

4.1 Background

Support compositions are known to have a great effect( 1-12)

on
the performance of group VIII metal catalysts, especially rhodium
catalysts. Depending on the support composition and pretreatment

conditions, Rh catalysts can prodxice a wlide range of oxygenated

compounds and hydrocarbons d1ncluding methanol, higher alcohols,

aldehydes, aclids, esters, methane, and higher hydrocarbons.“’m"lz’

62).  Rn_ on Mg0 was found to exhibit a 90% selectivity to

methanol.(6) Use of Al,05 resulted minly in CH, formtion while use
of 5102, Tioz, or Ce02 produced both alcohols and hydrocarbons.(6) It
is apparent that the active sites for the formtion of this variety of
products are greatly affected by metal-support interactions. Various
mechanisms for the effect of the support on oxygenate synthesis have
been proposed. Katzer et al.(6) have suggested that Rh on Mg0, a
basic support which has an electron domating ca;;ability, would perform
like Pd. By the same argument, Rh on an acidic support, which would
have a tendency to withdraw electrons, should behave 1like Ru. In
contrast, Somorjai and coworkers(32’123) have suggested that one of
the mjor functions of an oxide support is to stabilize Rh cations
which they suggested to be the active sites for oxygemate formation.
The study discussed in this chapter is aimed at expanding our

current - knowledge of the effect of metal-support Interactions on
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oxygenate synthesis and elucidating the factors - which affect
selectivity to oxygenates and hydrocarbons. A serles of supported Rh
catalysts Including A1203, SiOz, TiOz, Ia203 and MgO—-supported
catalysts and unsupported Rh black were studied by CO hydrogenmation
and by the addition of probe reacﬁant moleéules (ethylene, ethanol,
and acetaldehyde) to the CO(Hz reaction mixture under synthesis

conditions.

4.2 Results

4,2,1 CO Hydrogemation

The rates of formtion of major -products as a function of time
for Rh black, Rh/A1203, Rh/TiOz, Rh/Ia203, and Rh/Mg0 are shown in
Figures 4-1 4-2, and 4-3.  Although these catalysts exhibited
different patterns for the rate of product formation vs. time, all of
them showed essentiallly a stable product selectivity after 300 minutes
on stream,

The product distributions from reaction over these catalysts at
300 to 360 min time-on-stream, 300°C and 10 atm are given in Table 4-
1. The selectivity for the formtion of oxygemated compounds at iO
atm increased in the order: Rh/Al,04 < Rh/Ti0, < Rh/Mg0 < Rh/Ia,04 <
Rh/SiOz. A similar trend in selectivity to oxygenated compounds was
also observed for reaction at 1.3 atm (Table 4~2). High pressures
appear to enhance the selectlivity to Cy oxygenated compounds over

Rh/TiOZ, Rh/SiOZ, and Rh/Mg0o. The 1influence of pressure on
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COM, = 1, 300°C, 10 atm
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Figure 4-3 Product Formation Rate vs. Time over Rh/Mg0
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Table 4~2 Effect of Support on CO Hydrogenmation

Selectivity at 1.3 atm

Catalysts Rh/Ti0,"  RW/S10,  Rh/lag0;  Rh/Mgo
% Dispersion | 24 18 26 15
Press. atm 1.3 1.6 1.3 1.3
Rate (mole/kg/hr) 1.49 0.395 0.68 0.32
Selectivity
(wt X)
CH4 44.2 28.9 20.6 47.5
C2+ 53.8 33.2 43.5 32.0
Total OX 2 37.9 35.9 20-3
MeOH ‘ 0 1.2 107 1-5
CZOX : 2 32.2 29.5 17

Co/H, = 1, 300°C

GHSV = 7,000-11,000 Hr.

Cc + Ox are included in Total OX
*cOfm, = 2 -
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selectivity over Rh/A1203 has also been found to be similar to that

(110) In contrast, high pressures increase the

for these catalysts.
selecéivity to methanol rathér than to C2 oxygenated  compounds for
Rh/1a203. It is interesting to note that Rh black shows a significant
higher selectivity for the formation of oxygenated compounds compared

with those reported for metallic Rh single crystals or foils.uu)
4.2.2 Addition of Ethylene to CO/H2

In order to determine the effect of the support on the
hydrégenation and hydrocarbonylation activities of these s;upported Rh
catalysts, a smll amount of ethylene (3.3% - 3.5 mole % of C,H, in
CO/HZ) was added to the E!O/Hz 'reactant stream urider synthesis
conditions. As shown in Figure 4-4, the addition of eth_y!.ene to the
reaction mixture ove. Rh/SiOZ resulted in a sighifimnt.increase in
the rates of formation of ethane, propionaldehyde, and l-propanol,
while the rates of formtion of methane, acetalldehyde, ethanol, and
other oxygenates were essentially not affected. Whgn ethylene
addition was stopped, the acti\'rity and selectivity of the catalyst
returned to those existing before ethylene addition. Similiar
'pat:terns.of change in product distribution during the .addition of
ethylene was also observed for other catalysts in this study. The
increase in the rate of formation of ethane anci of C3 oxygenated
compounds (propionaldehyde and l-propanol) appeared to result from
hydrogenation and hydrocarbonylation of the added ethylene,

respectively. The selectivities for the reactions of added ethylene
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Figure 4-4 Rate of Product Formation during Addition of Ethylene
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over variously supported Rh catalysts are sumnarizéd‘in Tab‘le 4-3.
The low selectivity for the incorporaﬁion of ethylene into Cas
hydrocarbons indicates that hydrogemation and hydrocarbonylation of
ethylene over;ihelm the incorporation of ethylene into hydrocarbon
chain growth.

The results suggest that conversion of C3 oxygenated compounds to
C4 hydrocarbons did not occur to any noticable extent. Therefore,
ethylené addition can serve as a probe for determining the relative
activity of these suppor;ed catalysts for catalyzing hyd'rogenation and
hydrocarbonylétion (CO 1insertion) during CO hdyrogenation.' The
selectivity for CO insertion increased‘ in "the order: Rh/A1203 <
Rh/T10, < Rh/Mgd, Rh/La203 < Rh/SiOZ while hydrogenatio;t selectivity
incz_'eased in the reverse order. Figure 4-5 shows a comparison of C,
oxygene “e selectivity during CO hydrogemation with C3 oxygenate
selectivity from ethylene during the addition of ethylene to CO/Hy.
The selectivities for CO insértion appear to parallel CZ oxygenate
seléctivities of sup;;orted Rh catalysts during CO hydrogenation. 1In
contrast, Rh black did not follow the trend as shown by supported Rh

catalyst (see Table 4-1 and 4-3).
4,2.3 Addition of Ethanol to CO/HZ

The selectivities for reaction of added ethanol are shown in
Table 4-~4. The concentration of added ethanol was coatrolled in the
range of 0.1 to 0.9%Z. The selectivity for dehydration decreased in

the order: Rh/Al,04 > Rh black > Rh/la,05 > RRW/Si0, > Rh/MgO.
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Figure 4~5 A Comparison of C, Oxygenate Selectivity during CO
. Hydrogenation witg C3 Oxygenate Selectivity during
Addition of Ethylene to CO/H,
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Selectivity for dehydrogenation decreased in the order: Rh black >
Rh/Mg0 > Rh/Al,04 > Rh/8105, > Rh/la,03+ ‘In addition to
dehydrogenation activity, Rh/Sioz and Rh/Mg0 also exhibited a
relatively hi;;h selectivity for incorporation of ethanol to C3
oxygenated compounds’. The formtion of ethyl acetate from ethanol was
observed over Rh/A1203 and Rh/SiOz while this reaction ‘step was not

significant over Rh/MgO, Rh/1a203 and Rh black.
4.2.4 Addition of Acetaldehyde to co/H,

The addition of acetaldehyde was carried out over Rh black,
Rh/A1,04, Rh/8102 and Rh/MgO0. The selectivities for reactions of the
‘added acetaldehyde are given in Table 4-5. Rh black, Rh/Mg0 and
Rh/Al,04 exhibited high selectivities to C, hydrocarbons. In
contrast, Rh/8102 showed mainly hydrogenation activity with a weak
decarbonylation activity. 1In addition to formtion of a smll amount
of C; oxygenated compounds and hydrocarbons, acetaldehyde can also be
decomposed to CO and Hye Since an isotopic tracer study would be
required to determine the rate of this reaction step, no attempt was
mde to determine the extent of this reaction. However, there was no
significant change in the rates of formation of primary products from

CO and HZ'

4.3 Discussions

Though dispersion has been suggested to be an important factor

for controlling product distribution from CO hydrogemation over
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supported Rh catalysts(lzs), ~dispersions ranging from 15 to 33 among

these supported catalysts as shown in Table 4-1 should not result in
such a significant variation in product distribution. It appears that
metal-support interactions played an important role in modifying

product distributions.
4.3.1 Effect of Reaction Pressure

An increase in reaction pressure resulted in an increase in the
selectivity to 02 oxygenated compounds for A1203, TiOZ,_SiOZ and Mg0
supported Rh catalysts and an enhanced selectivity to methanol for
Rh/lazo3. This could be due to an increase in surface.conceutration
of nondissociatively adsorbed CO.

Ramamoorthy and Gonzales(72) have demonstrated that high
coverages of CO can biock CO dissociation. Somorjai(73) has pointe&
out that at high pressures the reaction time miy be longer than the
period between collisions of the reactant with the surface sites of
the catalyst. Thué,.the adsorbed CO could act to block the ensemble
of sites needed for CO ciissociation longer, resulting in a higher
coverage of undissociated CO at higher pressures than at lower
pressures., The increase in coverage of . nondissoclatively adsorbed CO
could enhance those reactions which require nondissociatively adsorbed
CO in this manner. Methanol has been shown to be Fformed via the
hydrogenation of nondisso;iatively adsorbed CO.(22) The formation of

C, oxygenated compounds has also been demonstrated to involve the




70

insertion of nondissociatively adsorbed CO into surface CH,

species. (20 "3 2)

Nondissoclatively adsorbed CO appears to be an essential

precursor for the formation of oxygenated compounds. Thus an increase
in surface concentration of nondissociatively adsorbed CO should
increase the selectivity to either methanol or Coy oxygenated
compounds. Nevertheless, the factors governing the selectivity to
either methanol or CZ+ oxygenated compounds as reaction pressure
increases are still not clear.(n)

An increase in activity and selectivity for methanol formation
with increﬁsing pressure over Rh/I.a203 my be related to an
involvement of active sites on la,03. 1ay04 has been observed to be
active in methanol synthesis at 250°C and 1 atm.(75) Kuznetzov et
al.(75) havé suggested, based on their NMR results, that CHO and CHOZ
are the precufsors for the formtion of methanol. Om Rh/La203, these
precursors could be formed on Ia,04 and then hydrogenated ‘to methanol

on the Rh.
4.3.2 Effect of Support on Product Distribution

Previous results reported in Chapter 3 have suggested that the
formtion of Cyp, oxygemated compounds is partially controlled by both
the activity of the catalyst to catalyze CO insertion and the surface
concentration of nondissociatively adsorbed CO. The difference in
product distribution among these variously supported Rh catalyst as

shown in Table 4-1 and 4-2 my be attributed to am effect of the
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support ‘on the activity of Rh for CO dissociation, hydrogenmation, and
CO insertion. The effect of the support om CO dissociatiom ability
was found to decrease in the order: Ti0, > Al,05 > 5105 > Mgo.(68)
Strong CO dissociation activitj'r would result in less nondissociatively
adsorbed CO available for' CO insertion to form .Cy oxygenated
compounds. In addition to CO dissociation activity, the 'nafure of the
support also exhibited a strong effect on CO insertion ability and
hydrogenation capability of the' Rh catalysts. The CO insertion
abllity decreases in the order: Rh/8102 > Rh/LaZO3 > Rh/MgO > Rh/Ti0,
> Rh/A1203 while hydrogenation ability decreased in the reverse
order. The trend in C, oxygemate selectivity appears to parallel that
of CO insertion ability rather than that of CO dissociation
capability. This can be understood by the fact that nondissociatively
adsorbed CO is an a.bundant species on the catalyst surface, even on
the surface of a strong CO dissociation catalyst such as Ru.(126)
Results of ethylene addition to the CO/H2 reaction mixture study over
these catalysts also showed that formation of Cy oxygenated'compounds
from reaction of ethylene v.vith H2/00 did not deplete the adsorbed CO
in such a way so as to affect the formation of C, oxygenated compounds
(which have to be also formed presumb]:y from adsorbed CO). This is
another india.at:ion that abundant adsorbed CO is avﬁilable for CO
ilnsertion.

Although it 1is still not possible to determine what type of
active site 1is responsible for CO inserﬁion, results of ethylene

addition over Rh_ black have showed that the active sites for CO




insertion do not require stabilization by a promoter or by an oxide

support. This 1s contrary to what has been suggested by Somorjal and
coworkers .(32’ 123)

In addition to the insertion of CO into adsorbed ethylene, Cq
oxygenated compounds can also be formed via 1incorporation of
ethanol. Supports such ‘as Si0, and MgO appear to "promote this
reaction step. This suggests that oxygenated intermediates are also
important Ffor oxygenmate chain growth over these two catalysts. In
coutrast to Rh/SiOz and Rh/Mg0O, this reaction step was not observed
for Rh black, Rh/l’.a203, and Rh/A1203. This may be the reason why Rh
black and Rh/SiOz, which showed similar selectivity for CO inmsertion
into adsorbed ethylene, exhibited different C, oxygenate selectivity
during CO hdyrogenation.

A1c§hol selectivity during CO hydrogemation has been found in the
past to correléte well with the acidity or basicity of the
support.(6) The acidity or basicity of supported Rh catalysts under
synthesis conditions may be determined by the selectivity for
dehydration or dehydr_ogenat.ion of added ethanol. Acidity of the
catalyst appears to decrease in the order: Rh/A1203 > Rh/la,y04 >
Rh/8102 > Rh/Mg0. It can be seen from this study that there is no
direct relationship between alcohol selectivity and the
acidity/basicity of the catalysts. Many factors may contribute to the
disagreement between our study and those reported by Katzer et
al.(s) These include catalyst preparation technique, the nature of

the Rh precursor, dispersion, metal loading, source of the support,



and pretreatment conditlonms. ' Thig complication can be seen from one
of our later studies of Rh/Mg0 which is reported in Chapter 9. Rh/Mg0
reduced at 250°C produced high yields of methanol while reduction at
400°C resulted in a high sélectivity to C, oxygemated compounds.
Similar trends in the effect of reduction on the selectivity of Rh/MgO
have also been reported by Poels.(62) In fact, the acidity or
baéicity of the catalyst can be modified not only by the use of a
support but also by thé use of alkali promoters. van den Berg(zg)
studied CO hydrogenation over a series of MNa-promoted MnMoRh/5102
catalysts in order to investigate the effect of acidity or basicity of
catalysts on alcohol selectivity. No correlation between selectivity
and acldity or basicity of catalyst was observed.

Major products of acetaldehyde reaction on Rh black, Rh/A1203,
Rh/810,, and Rh/Mg0 are C, hydrocarbons and ethanol. The formation of
¢, hydrocarbons has been suggested to be via C-0 bond scission of
diadsorbed acetaldehyde.(llg) It 1s still not clear how the support
may affect this C-0 bond breaking process. Thé se}ectivity for
aéetaldehyde hy&rogenation as shown in Table 4-5 did not parallel the
selectivity for ethylene hydrogenati;n (Table 4-3). These results are
also not consistent with the mole ratio of [CH3CH20H]/[CH3CHO] during
CO hydrogenation as shown in Table 4-6. . This seems to suggest that
ethanol is aot produced by direct hydrogenmation of acetaldehyde. This

argument has been supported by a recent isotope tracing study.(127)
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4.4 Conclusions

CO insertion is an important factor for the formation of Cos
oxygemated compounds. This reaction step was found to be able to
proceed on RH black in the absence of either a support or a
promoter., Correlations between oxygenate selectivity and
acidity/bascity of catalysts was not observed. Factors affecting
product distribution app#rently include CO dissociation, CO insertion,
hydrogenétion, and 1incorporation of hydrocarbon and oxygenated
intermediates. These factors were found to be strongly dependent upon

the support composition.
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5.0 EFFECT OF ALKALT PROMOTION OF Rh/Tioz

5.1 Background

It 18 known that the addition of alkalli salts to methanol
synthesis catalysts often results 1in increased yields of higher
alcohols. However, many questions still remaln concerning the effect

of various alkali species on the catalyst components and mechanism(s)

of alcohol synthesis.

Rh/TiOZ provides an excellent model system for studying the
effects of alkali promoters on alcohol synthesis, It can produce
significant quantities of both alcohols and hydrocarbons from the
reaction of CO with Hy. Thus, one is able to simultaneously determine
how both alcohol and hydrocarbon synthesis reactions are affected by
the presence of a promoter. This chapter reports on an investigation
of the effect of various alkali species (L1, K, and Cs) on the
activity and selectivity of Rh/TiOz for CO hydrogenation and on the

deactivation characteristics of these catalysts.

5.2 Results

5.2.1 Alkali-Promoted Rh/T102

The activitles of alkali-promoted and unpromoted Rh/T10, for CO
conversion as a function of time are shown 1in Figure 5-1,. An
expression of activity in moles/kg/hr has been used due to the

uncertainty in the estimation of the number of Rh surface atoms as a
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Figure 5-1 Rate of CO Conversion vs. Time over Rh/Ti05 and
Alkali-Promoted Rh/T40,
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result of the suppression and/or slow uptake of Hy or CO chemisorption

caused by alkalil promotion(as) -and SMSI.(lso) However, from the
results of X-ray diffraction it would appear that all of the catalysts
before and after reaction had average Rh particle diameters less than
4 nm. In addition, analysis of the amount of H2 desorbed during TPD,
as shown in Table 5-1, assuming all the hydrogen was adsorbed only on
the metal suggests that the T10,~supported cata]l.yst:s‘ had similar Rh
dispersions and surface areas. However, a significant fraction of the
hydrogen appears to be adsorbed on the T102.<128’i29)

The rate of CO conversion decreased in the order: unpromoted >
Li > K > Cs. The unpromoted Rh/T10, exhibited a relatively stable
activity afteﬁ an initial decline in CO conversion during the first
300 min. The rates of formation of the major products as a function
of time for Rh/T10, is shown in Figure 5-2. Since the rates of
formation of all higher hydrocarbons behaved very similarly, only Cq
is shown in Figure 5-2.

Although deactivation was not exactly the-  same for all the
catalysts, similar patterns for the rate of product formation vs.
time, as shown in Figure 5-2 for Rh/TiOZ, were observed for both the
unpromoted and the promoted catalysts. The rate of methanol formation
increased with time while the rates of formation for all the other
products (hydrocarbons and ¢y oxygenates) exhibited an initial decline
followed by a leveling off. An increase in the rate of methanol
formation with time initially has also been reported for LaRh03(32),

Mn-'MO‘Rh/SiOZ(zg), and Pd catalystse(144)



Table 5-1
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Average Metal Particle Size and Chlorine Content
of Rh/TiOZ Catalysts

Avg. Metal Particle Diameter () Cl Content
Catalyst XRD H,y TPD (%)
T102 - - 0.1
Rh/T10, <40 2 0.044
L4 -Rh/T10, <40 Y 0.43
K-Rh/T10, <40 25 -
Cs-Rh/T10, 40 36 0.39




80

COM, = 2, 300°C, 10 atm

100

y Legend
{ 10- \\x______x..—"x--_-"x A CO
g : X CHy
] 0 CH
T = CaHg __
5 E O—---ap—--=-O—eeep B EBOH
é 1% ~g——-®— T8 3yecHo
< ol x<n ....... ™ )( ACETONE
...... Pr——
© ooy TR g peon
; ———p
¢
0.01

1 i ' \ ) 1
0 100 200 300 400 500 600
TIME min |

Figure 5-2 Product Formation Rate vs. Time over Rh/Ti0,



81

The effeét of alkali promotion on the rates and selectivities of
product formation is presented in Table 5~2 and 5-3. The rates for
all the products formed decreased upon alkali promotion ‘while the
selectivity for oxygenated compounds increased,_ Similar results have
also been reported for alkali—promoted'Mn-Rh/SiOz.(ss) The Anderson~
Schulz-Flory (A-S-F) distributions based on the mole fraction of both
hydrocarbon and oxygenated compounds are shown in Figure 5-3 énd 5~
4, The oxygenated products observed were methanol, ethanol,
acetaldehyde, acetone and ethyl acetate, while only trace amounts of
Cq,; straight chain oxygenated compounds were detected. Because of the
lack of straight chain oxygenates above C3 and the uncertainty in
counting acetone as a Cy or a C3 species in A-S-F distribution, it is
difficult to determine the chain growth probability for the oxygenated
compounds. A detailed mechanism for the formation of acetone and
ethyl acetate will be discussed later. The deviation of the C2 mole
fraction €£rom an' Anderson-Schulz-Flory distribution, ‘as shown in
Figures 5-3 and 5-4, decreased in the order: unpromoted > Li > K >
Cs. The chain growth probability of hydrocarbons appeared to be
affected only slightly by the alkali-promoters.

The apparent activation energies determined from Arrhenius plots
for CO conversion and the Fformation of the major products are
presented in Table 5-4. It is evident that the apparent activation
energies for CO conversidn and for the formation of certain products
such as CH4 and EtOH are not greatly affected by alkali promotion.

This suggests that the reaction mechanism is not modified by alkalil
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promotion. The values for the apparent activation energy for CO
conversion agrees well with those previously reported for Rh catalysts
while those for CH, formation are somewhat high.(32’l3l) The higher
values for ECH4' may be due to the high CO/H2 ratio used in this
study. The inconsistency of the activation energies for acetaldehyde
and acetone formation among promoted and unpfomofed catalysts
indicates that these species may have been involved in secondary

reactions. -

5.2.2 Addition of Ethylene to CO/H,

In an attempt to clarify the above findings, ethylene was added
in small concentrations to the reaction mixture (2.3 mole' %4 of the
total). This addition did not result in any significant modification
of the formation of products by CO hydrogenation as indicated by the
constant formation rates of methane, methanol, and C2 oxygenated
compounds. The Eformation rates fof the major products [C2H6, C3+
hydrocarbons, CZHSCHO, and CZHSCHZOH] from ethylene are shown in Table
5-5. The rate of hydrogenation of ethylene to ethane decreased by as
much as 2 orders of magnitude following promotion while the total rate
of formation of propionaldehyde and n-propanol decreased only by a
factor of 2. It 1is wuseful to éonsidgr these t;o products
(propionaldehyde and n-propanol) together since they are probably
formed from ethylene by the same surface intermediate; a simple
hydrogenation step converts the propionaldehyde to propanol. The

smaller variation in the rate of propionaldehyde formation from
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ethylene compared to that of acetaldehyde formation by CO
hydrogenation is expected since proplonaldehyde can Be formed directly
by CO insertion into the adsorbed ethylenic surface intermediate,
whereas acetaldehyde 1s probably produced’via GO insertion into a CHX-
metal specles which has to be generated by CO dissociation followed by

hydrogenation.(24)

5.3 Discussion
5.3.1 Formation of Acetone and Ethyl Acetate during CO Hydrogenation

The presence of acetone has been observed - in the Fischer-
Tropsch(16) and higher.alcohol synthesis.(ls) It has been suggested
that the acetone is formed by the secondary reaction of acetic

acid.(le)

2CH,COOH ~» (CH3)ZCO + H

3 0] +.CO

2 2

However, acetic acid was not observed in this study during steady
state reaction conditions over Rh/TiOz and alkali-promoted Rh/TiOZ.
In addition to the above reaction, Schulz and Zein El Deen(lsy have
proposed that acetone may be formed from a‘ coﬁbination of the
acetaldehyde surface intermediate and a surface methyl species. The
fact that the selectivity of acetone paralléls that of acetaldehyde,
as shown in Table 5-3, supports such a conclusion. In contrast to our

results, acetone was not observed during CO hydrogenétion over Rh/T102

89



by Katzer et al.(6) or by Ichikawa.(lz) The failure of these authors
to observe acetone may have been due to low reaction temperatures, low
CO/HZ ratios, different catalyst preparation methods, and/or different

reduction conditions. Dry(16) has pointed out that acetone is always

present during F-T synthesis at high reaction temperatures.

It is obvious that ethyl acetate could have been formed by the
esterification of ethanol with acet’ic acid. I:Iowever, there exist
other possible routes for forming ethyl acetate not requiring acetic
acid. Recently, Morrison et al.(132) have shown that a ketene complex
is8 able to react with methanol to form methyl acetate. A ketene
surface species has als§ been suggested to be a surface intermediate
for forming C, oxygenated compounds, as discussed in the previous
section. Thusg, the ethyl acetate may have been formed from a reaction
of ketene intermediates with adsorbed ethanol. Although there are
alternative pathways to form acetone and ethyl acetate not requiring
the presencé of acetiec acid, the reaction pathways to these two
species via acetic acid still can not be ruled out. At high reaction
temperatures, acetié aclid could easily be depleted by secondary

reactions and esterification.
5.3.2 Effect of Alkali Promotion

The effects in general of alkali promotion on CO hydrogenation

over group VIII tramsition metal catalysts have been identified by

(44~47)

numerous researchers as (a) a suppression of hydrogenation

ability, (b) an increase in the ability to dissociate CO, (e¢) an

90
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inerease in the selectivity to long chain hy@rocarbons, and (d) a

decrease in CO conversion activity. It would be expected that similar

effects of alkali promotion wmight occur for Rh -cétaiysts. The

suppression of hydrogenation was evidenced by an increase in the

ratios of C3-Cg olefing-to-paraffins and of acetaldehyde~to-ethanol
upon alkali promotion, as presented in Table 5-6.
The '"supposed" electron donation propertles of the alkali

(58) should decrease the average surface oxidation state.

promoters
This should result in a decrease in. the p‘roduct selectivity toward
oxygenated compounds if Rh in the oxide state is responsible for
oxygenate formation. On the contrary, upon alkali promotion, product
selectivity For oxygenated compounds increased while the formation
rates for all the products decreased (Tables 5-2 and 5-3). This
clearly indicates that there was less suppression in the rate of
oxygenated product formation than in that of hydrocarbon férmation.
Results of ethylene addition also indicate that the CO insertion step
to form oxygenated compounds over Rh/Ti0, is not stroungly affected by
the chemical nature of the alkali-promoter. If the enhancement of CO
dissociation did occur 6n the alkali-promoted Rh catalysts, it seemed
to have little effect on CO 1nsertion. The decrease in the rate of
formation of oxygenated compounds upon alkali promotion may ﬁave been
mainly due to a lower rate of formation of the precursor, CH,, as
result of hydrogenation suppression by alkali-promoters since CO

insertion was not strongly affected. The smaller deviation in mole

fraction of ethylene upon alkali promotion as shown in Figures 5-3 and
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5-4 may be due to the lower rate of incorporation of ethylene into
higher hydrbcarbons on alkali-promoted catalysts. The ethylene
addition study showed that the rate of incorporation of ethylene into
higher hydrocarbons decreased in the order: unpromotéd >1i > K> Cs.
The effect of alkall promotion to decrease overall activity of Rh
catalysts €or CO hydrogenation at temperatures above:'275?c and
pressures above 10 atm has been reported by van den Berg(zg), Wilsﬁn
et al.(131), and this study. Coatradictory results reported by Orita
et al.(13) and Kagami et al.(14)_ for alkali-promoted Rh/T102 and
‘Rh/A1203 have shown the alkali promoter increases the formation rate
of oxygenated compounds under low temperature and low pressure
conditions (180°C and < 1 atm). They'have suggested that the active
sites may be located near the juncture of the rhodium metél‘and the
support and that those sites are modified by the addition of alkali
ions. The difference in reaction conditions may be related to these
contradictions. It has been suggested that Rh catalysts can
dissociate adsorbed CO at temperatures of 200-300°C.(21) Thus, alkali
promotion may enhance CO dissociation excessively at high temperatures
(>200°C) resulting in a high coverage of carbon species' and leading
to a decrease in overall activity. However, such a promotion of CO
dissoclation at low temperatures (<200°C) may greatly increase the
formation rate of Cﬂx, a precursor for CO insertion, without

contributing to catalyst deactivation.
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5.4 Conclusions

The selectivity and activity of CO hydrogenation over Rh

catalysts vafy‘with the presence of alkali promoters. The effect of

alkali promotion on Rh/TiOz can be summrized as £ollows:

-

b.

d.

Alkali promoters have a different effect on the formation of
oxygenated compounds than on that of hydrocarbons.

The selectivity for oxygenated compounds increase in the
order: wunpromoted < Li < K = Cs,

The abilities for hydrogenmation in general and ethylene
incorporation to higher hydrocarbans decrease in the order:
unpromoted > Li > K > Cs.

The ability for CO insertion is only a relatively weak function
of promotion. This Ffact combined with the decrease in
hydrogenation activity probably accounts for the increase in
oxygenated selectivity upon promotion.

The chain growth probability is only slightly modified by the

presence of alkali promoters.
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6.0 EFFECT OF ALKALI PROMOTION OF Rh/L3203

6.1 Background

Among supported Rh‘ c‘atalysts, Rh/La203 is known to be highly
selective for the synthesis of oxygenates from synthesis gas.(6) A
study of alkali promotion of Rh/LaZO3 would help to elucidate the
interaction among promoter, support, and Rh metal and the limitations
of alkali promotion in modifying oxygenate selectivity. Small amounts
of olefins (ethylene and propylene) and ethanol were added to the

H2/CO reactant mixture under synthesis conditions in an attempt to

~determine. the effect of alkali promotion on spécific reaction steps

such as CO insertion, hydrogenation, and secondary reaction of primary
products. The relationship between the synthesis of C, oxygenates
from CO and H, and the synthesis of C; oxygenates from CO/H,/C,H, was

investigated.,

.6.2. RESULIS

The average metal particl.é sizes of Rh/La203 and alklai-promoted
Rh/La203 are presented in Table 6-~1. The variation of rate of product
formation with time 1is shown in Figure 6-~1. The activity is expressed
in mole/kg/hr because of the uncertainty in the estimation of the

number of active surface atoms in alkali promoted catalysts. The rate

. of CO conversion and the rate of formation for all the products except

MeCHO showed a slight initial decline and then remained essentially




Table 6~1 The Average Metal Particle Sizes of Rh/Laj04
and Alkali-~Promoted Rh/LaZO3

Catalysts Average Particle Diameter
A
Rh/La,0 27.5¢2)

23 < 30 (b)
Li-Rh/La,0, <30
K-Rh/Lay04 <3
Cs-Rh/La,04 . <30 (b

(a) Determined by hydrogen TPD in flowing Ar at atm
(b) ZX-ray diffraction
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Figure 6-1 Product Formation Rate vs. Time over Rh/La203




constant for at 1least 24 hours. A variation 1in the ratlio of
MeCHO/EtOH was observed only in the first two hours.

The effect of temperature on the product distribution is shown in
Table 6~2. Methanol was the major product for temperatures at or
below 255°C. The selectivity for Cy oxygenated compounds exhibited a
maximum for a reaction temperature of approximately 286°C. Similar
trends in product selectivity have also been observed for LaRhO5 for

reaction conditions of 225-375°C and 6 atm(32), but the maximum

selectivity for C, oxygenates in that case occurtred near 300°C.

6.2.1 Effect of Alkali Promotion

Reaction temperature evidently can have great effects on product
distributions over Rh catalysts. It is therefore useful to compare
the product selectivity for alkali-promoted and unpfomoted catalysts
at several different reaction temperatures. As shown in Figure 6-2,
the Cy oxygenate selectivity appears to be somewhat more sensitive to
alkall promoters at higher temperatures than at lower temperatures.
Since the variation in methanol and C, oxygenate selectivities among
promoted and unpromoted éatalysts showed similar trends at different
temperatures, it may be expected that the apparent activation energies
for the Formation of these products are not greatly changed by alkali
promotion in the temperature range of 255-300°C. The apparent
activation energies determined from Arrhenius plots for the formation
of the major products are presented in Table 6-3. It is evident that

the appareat activation energy for methane formation is essentially



Table 6~2 The Effect of Temperature on the Product
Distribution from CO Hydrogemation Over

300

Reaction Temperature (bC) 255 270 286

Activity (Mole/Kg Hr) 0.212 0.322 0.548 0.772

Selectivity (Wt %)
Cl ) 6.9 11.2 16.2 22.8
Cpt 107 12.4  15.5  18.9
MeOH 56.7  43.2  28.7  21.6
EtOH 17.0  22.5  28.7  26.0
MeCHO 5.4 5.2 4.8 4.8

Total 0OX 82.4 76.4 68.3 58.3

CO/H, = 1, GHSV:1100 hr™!, 10 atm

Acetone, EtAec, and C3-C4 0X are included in Total 0X



COMHy =1, 10 atm

60—
50 - \A——""A\
40 - A

; 30-

20- X\\x//’\

X
10-
o { i ] 1 3
50 - - Li K GCs
4-07 )///\\&

pe 507 /\\\
10 - a
o 3 1§ ]

Cs

Legend
A MeOH (256'C)

X MeQH (300'C)

Legend
A C,0X (256°C)

X C,0X (300°C)

Figure 6-2 The Oxygenate Selectivities over Alkali-Promoted and
Unpromoted Rh/Laj04 at 256 C and 300 C .
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not affected by alkali promotion. 1Its values are, however, somewhat

higher thaun those previously found for Rh-containing catalysts in
studies at 0.1 atm(lz) and 6 atm(32’124) and range very close to those

found under reaction conditions of 40 atm and 227~277°C.(110)
Although the apparent activation energles for other major products
showed a slight variation from unpromoted to promoted catalysts, all
the values except those for CHy0H and MeCHO fell  into the range of
literature data, as shown in Table 6-3. Since the activation energy
for product formation decreases in the order: CH4 > CZOX > CH30H, it
is possible to obtain a high selectivity in methane and methanol by
varying the réaction temperature. Since the trends in product
selectivities among promoted and unpromoged catalysts are similar at
different temperatures, it is convenient to coﬁpare the pe;formance of
these catalysts at 300°C and 10 atm.

As éhown in Table 6-4, Li-promoted catalysts exhibited an
increase in the rate of CO conversion and the selectivity For Cy
oxygenates and a decrease in methane selectivity. Unless otherwise
stated, reactioﬁ results for the promoted catalysts will always be
compared to those for the unpromoted catalyst. The rate of CO-
conversion and the rates of formation for all the products decreased
for the K-promoted catalyst while product selectivities were only
slightly affected. The Cs-promoted catalyst exhibited decreases not
only in the rates of Fformation of all the products but also in the
selectivity toward the oxygenated compounds. The Anderson-Schulz-

Flory (A-3-F) distributions based on the mole fractions both of
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hydrocarbons and oxygenated compounds are showq in Figure 6-3 and 6-
4s Because of the lack of straight chain oxygenates above Cy, it is
difficult to determine chain growth probabilities for the oxygenated
compounds. Although alkali promoters have little effect on the chain
growth probabllity of hydrocarbons, they do affect the mole fraction
of CZ hydrocarbons. The deviation of the mole fraction of ¢,
hydrocarbon éorm the linear A-5-F distribution decreases in the order:
unpromoted, Cs > Li > K. These results are somewhat different from

those reported for alkali-promoted Rh/T10, in Chapter 5.
6.2.2 Addition of Ethylene to CO/H2

A small amount of ethylene (2.6 mole %) was.added to the CO/H2
reaction mixture to clarify the effect of alkali promotion on specific
reactiona occurring during syathesis. As shown 1in Figure 6-5,
ethylene was added to CO/Hz reactant mixture after 800 minutes of
reaction and then was continued for 120 minutes. Although the
formation rates of certain products at 1160 min. (180 min after the
ethylene addition was stopped) were still somewh;t higher than those
before ethylene addition (Figure 6-5), the rates of'formation for all
the products essentially returned to values exlsting prior to ethylene
addition. A similar procedure was also used for propylene and ethanol
addition.

The rates of formation of acetaldehyde (as seen in Figure 5£-53),
methane, methanol, ethanol and acetone (not shown in Figure 6-5) were

virtually unaffected during ethylene addition. This indicates that CO
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hydiogenation to methane, 'methanol, Cz oxygenated compounds, aﬁd
acetone  were not influenced by the added ethylene. The increase in
the formation rate of some products, such as ethane, l-propanol and
propionaldehyde, can be assumed to result primarily from the added
athylene. By‘ determining the differences in the rates of product
formztion during and after the addition of ethylene, the rates of
hydrogenation, chain incorporation, and hydrocarbonylation of ethylene
could be estimated (Table 6-~5). As indicated by the constant rate of
formation of methane on promoted and unpromoted catalysts before,
during, and after ethylene addition, it appears that hydrogenolysis of
ethylene did not oécur to any noticeable extent. Li-promotion
promoted the rate of formation of Cq oxygenated compounds while a
marked decrease was observed for the Cs-promoted catalyst. KrRh/La203
also exhibited lower rates of formation relative to Rh/Laj05 of both

C3 oxygenated compounds and CyHg (by a factor of approximately 2).

108

The low activities for the 1incorporation of ethylene into C3+'

hydrocarbons 1s expected since Rh metal is known to be a poor catalyst
for catalyzing the incorporation of ethylene into higher
hydrocarbons.(73) K and Cs promoters, however, appear to promote this

incorporation of ethylene into Cq4, hydrocarbons on Rh/La203.
6.2.3 Addition of Propylene to CO/H,

The results of propylene addition are presented in Table 6-6.
The rate of propylene hydrogenation decreased by a factor of 10 for

the Cs-promoted catalysts. The ratio of n-butyraldehyde/iso~
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butyraldehyde and the formation rate of n~butyraldehyde and iso-
butyraldehyde were only slightly affected by Li and K promotion but
were greatly decreased for the Cs promotion case. In comparison to
ethylene, propylene showed a much lower activity toward both
hydrogenation and hydrocarbonylation and a- lower selectivity toward

oxygenated compounds.
6.2.4 Addition of Ethanol to CO/HZ

The amount of ethanol added was controlled in the range of 0.1~
0.99 mole % of the CO/H2 reactant mixture. The only possible effect
of the concentration of added alcohols on the reaction of alcohols is
the selectivity toward the formation of ethet.(134) However, ether is
known to decompose readily on Rh metal at températures above

200°C.(79’100) Thus, it is not surprising that ether was not formed

in this case at 300°C. Although the amounts of ethanolladded were not
equal for each catalyst, the trend of relative rateé and selectivities
of specific reactions such as dehydration, dehydrogenation, conversion
of ethanol to methane and  chain iﬁcorporation still can be clearly
discerned. As shown in Table 6-7, the selectivity for decomposition
of ethanol to CH, and dehydfation of ethanol to Co hydrocarbons
decreased in the order: unpromotéd > Li > K, Cs. The selectivity for
déhydrogenation of ethanol increased in the order: unpromoted < Li <
K, Cs, although ove;all activity was very low for both K- and
Cs-Rh/La203. Besides the reaction of ethanol, the addition of ethanol
resulted in a decrease in rates of formation of methanol and Cy
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oxygenates for both promoted and unpromoted catalysts. Addition of
ethanol to CO/H2 was also carried out over La203 to determine the
contribution of La203 to the decomposition of ethanol, La203, as seen
in Tablé 6~7, did not exhibit any dehydration or conversiqn of ethanol
to wmethane activity but it did exhibit dehydrogenation activity at

these reaction conditions (300°C and 10 atm).

6.3 Discussion

6.3.1 Effect of the Addition of Ethylene, Propylene, and Ethanol to
CO/H, on Product Distribution

The addition of éthylene to CO/H2 resﬁlted in a significant
increase in rates of formation of C3 oxygenates and ethane indicating
that ethylene (Table 6-5) is very active in reactions with CO and H,
under synthesis conditions.' The fact that the rates of fqrmation for
methane, methanol, ethanol, -acetaldehyde, acetone, and ethyl acetate
did not change significantly before, during aﬁd aféei the addition of
ethylene for alkali promoted and unpromoted catalyts indicates that
the reaction pathways to these compounds were not affected by the
added ethylene. This also suggests that hydrogenation and
hydrocarbonylation of ethylene do not compete with CO hydrogenation
(formation of CHx,‘CyHx MeOH, CZOX, etc., from CO and H2) for adsorbed
CO and H and for active sites. The constant rate of formation of
methane before, during, and after the addition of ethylene also

suggests that hydrogenolysis of ethylene did not occur to any extent.
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Figure 6-6 shows a comparison of the rate of C, oxygenate

formation from CO hydrogenation with the rate of C3 oxygenate
formation. from the reaction of ethylene with CO/H2 for promoted and
unpromoted Rh/LaZO3. The rate of C, oxygenate formation parallel
those of Cg oxygenaée formation. This suggests that a catal}st which
is active in catalyzing the formation of acetaldehyde and ethanol
during CO hydrogenation is also active in catalyzing the formatiom of
propionaldehydé and propanol during reaction of ethylene with CO/HZ.
In other words, a catalyst which is active in catalyzing CO insertion
into adsorbed CH, is also active in catalyzing CO insertion into the
adsorbed CoH,. However, the trend in the effect of alkali promotion
on CO insertion into adsorbed CgH, 18 not as obvious as for CO
insertion into the adsorbed C,H, (Table 6-5 and 6-6).

From Tables 6~5 and 6-6, it can be seen that the rate of CO
insertion into an adsorbed Cy alkyl group is much slower than that of
CO insertion into an adsorbed .C, alkyl group. A similar trend has
also been observed in Thydroformylation over zeolite-supported
-Rh.(133) It has been suggested that the activity of CO insertion into
alkyl groups over Rh decreases in the order: CH, > CpH > C3Hx.(29)
If this 15 thé case, the lower formation rate of C, oxygenates during
CO hydrogenation compared with that of C3 oxygenates during the
reaction of ethylene with CO/HZ may be attributed to a slow formation
rate of CH, for CO inmsertion. It has been proposed that the rate

determining step for the formation of C, oxygenates is the formation

of cux.(3é)
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The insertion of CO into alkyl groups 1s well known to occur on

Rh complexes. (135,136)

In this study, it 1s still not clear whether
the formation of C3 and C4 oxygenates during ethylene and propylene
- addition occurred homogeneously on some Rh complexes. Although the

formation of Rh complexes is not favored at 300°C, 10 atm, and CO/H2 =
1.(29) Takahashi and Kobayashi(133) have observed that Rh/8102 and
Rh/A1203 are active for hydroformylation of ethylene for a long period
of time without deactivating at 127°C and 1 atm. This suggests that
hydroformylétion may be carried out on the Rh surface without loss of
the active metal via the gas phase. Takahashi et al.(136) have
proposed a surface hydroformylation mechanism to explain their kinetic
results obtained from zeolite-—sgpported Rh catalysts. Ichikawa et’
al.(lls) and Orita et al.(127) have demoﬂstréted by 1isotopic labelling
studies that Cy o#ygenates are formed via CO insertion into surface
CHZICH3 species. | Castener et al.(124) have also shown that the
surface of - Rh,04 is active in catalyzing CO insertion into adsorbed
alkyl gtouﬁs. All of this evidence stronglly supports the case for
formation of C,, oxygenates on the surface of Rh cdtalysts.

As can be.seen in Table 6~7, the addition of ethanol_to CO/HZ
resulted in a decreaée in the formation rates of methanol and 1-
propanol without decreasing the formation rates of hydrocarbons. This
indicates that (a) the added ethanol may strongly adsorb on the active
sites for the formation of oxygenates, inhibiting the formation of
methanol and l-propanol and (b) the active sites for the formation of

oxygenates are different from those for the formation of
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hydrocarbons. A dual site mechanism has been proposed previously to
explain the formaton of hydrocarbons and oxygenafes over Rh
catalysts. It was postulated that the dissociation of -CO and the
hydrogenation of surface carbon take place on metallic Rh sites while
CO insertion occurs on the Rh in an oxi@ized state.(29’32) Rendulic
and Sexton(lls) have suggested that alcohols adsorb on transition
metal surfaces, such as Pt, via interaction of the lone pair orpital
of oxygen in the alcohols with the metal. Benziger and'Madix(ll7)
have observed that ethanol 1s adsorbed as ethoxy on an Fe surface.
One might speculate that an electronegative oxygen in the added
ethanol may perferentially adsorb on Rh? sites to block the formation
of oxygenated compounds. However, anec(so) has ;eported no
correlaFion of the selectivity for Cztoxygenates with the amount of
Rt present, in contrast to what have been found for ©Pd
catalysts.(138) Katzer et al.(6) reported from an XPS study that
there was no ev;dence to support the existence of Rh* on Rh/TiOz,
which 1s known to be active for the formation of C,, lbxygenates.
Similar results have also been reported for Rh/La203 by Kuznetzov et
al.(75). Although we are not able to determine the type of active
site responsible for CO inmsertion at present, our results and several

previous studies(29’3o) have shown that active sites for the formation
of Cz+ oxygenates are probably different from those for the formation
of hydrocarbons.

In addition to a high activity and selectivity in the formation

of ethdnol, Rh/La,04 exhibited a high activity and selectivity in
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conversion of ethanol to methane and dehydration of ethanol. This

suggests that the readsorption’ of ethanol on those sites for
decomposition of ethanol did not occur to any noticeable extent during

the synthesis.
Ethyl acetate is known to be a secondary product formed during CO

hydrogenation over certain supported Rh catalysts.(zg) However, an
increase in the formation of ethyl acetate was not observed during the
addition of ethanol in this study. In contrast to this result, we
have observed that the addition of ethanol over Rh/Si.02 leads to an
increase in the formation of ethyl acetat'e (see Chapter 4). A similar
result has ‘also been reported - for Mn—Mo-Rh/SiOZ.(zg) This
demonstrates that the support has a strong effect not only on the
primary reactions but also on the secondary reactions over Rh

catalysts.,
6.3.2 Effect of Alklai Promotion

The najof effects of the addition of alkali promoters on the
catalytic properties of Rh/Ia203 were to decrease dehydration and
dehydroxymethylation (conversion of ethanol to methane)(79) activities
of ethanol for K and Cs-Rh/La203, to suppress hydrogenation, and to
lncrease C, oxygenate  selectivity for Li-Rh/L2,03 in CO
hydrogenation. La,04 (Table 6~7) is dimactive in dehydration of
ethanol and conversion of ethanol to methane and Rh is active in
dehydration (see Table 4-4) so that the dehydration and conversion of

‘ethanol to methane over Rh/1a203 must be attributed to Rh. The
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inability of K~ and Cs-promoted Rh/La203 to catalyze dehydration of
ethanol and conversion of ethanol to methane as shown in Table 6~7
seems to suggest that at least part of the K and Cs promoters are
lodated on the Rh metal; poisoning dehydration of ethanol and
conversion of ethanol to methane. Praliaud et al.(44) observed that
xt species on K-promoted Ni/SiOZ exist on both the metal and the
support.

The overall acidity of alkali-promoted Rh/La203 decreased in the
order: Rh/La203, Li-Rh/La203 > K-Rh/Lay04, Cs-Rh/LaZOB, as indicated
by the activity of alcohol dehydration. It appears that there is no
correlation of oxygenate selectivity to the acidity/basicity of
alkali-promoted Rh/La203 and unpromoted Rh/La,05 contrary to what was
found for just supported Rh catalysts.(6)

The suppression of hydrogenation over alkali-promoted Rh/La203 is
evidenced by an increase in the ratio of C4=/C4 (Table 6-8) and the
decrease in the rates of ethylene and propylene hydrogenation (Table
6-5 and 6-6). The - increase in olefin selectivity upon alkali
promotion could be due to' a decrease in the amount of adsorbed H
and/or a dim&nition in the hydrogenation stéps.(AS) Moreover, the
increase in CO adsorption energy brought about by alkali pro-

(55-57) may contribute to the suppression of hydrogenation since

motion
high coverages of CO or a surface carbide is known to decrease the
rate of hydrogen adsorption. In addition to these factors, the

decrease in the rate of conversion and the rate of hydrogenation for

the added ethylene and propylene over K- and Cs-Rh/La203 could result



Table 6-8: Effect of Alkali Promoters on the Mole Ratio of
Some Specific Products

CZ/C2 C3/C3 C4/C4
Cs-Rh/Lay04 1.78 2.40 8.32

300°C, 1 atm and CO/H, = 1
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from the suppression of olefin adsorption. Shigehara and Ozaki(14o)
have found that .the addition of potassium to NI suppresses the
irreversible adsorption (strong adsorption) of ethylene. It has been
suggested that the adsorption of hydrocarbons such as ethylene on
transition metals i1s associated with a charge transfer from the
hydrocarbon to the'metal.(141) Zaera and Somotjai(laz) have proposed .
that potassium on the metal surface, serving as an electron donor,
could inhibit this charge transfer, making the adsorption of
hydrocarbong less favorable.

As shown in Flgure 3-1, the suppression of hydrogenation could
increase the C, oxjgenaté selectivity and 1t could also decrease the
overall activity of synthesis by inhibition of the formation of
precursors such as CHg. Thus, the bromotion of CO insertion appears
to be crucial for ifuwproving both the activity and the selectivity of
the formation of C, oxygenates. The enhancenment of CO insertion over
Rh/La203 brought about by the‘Li promoter (Tables.6-4 and 6-5) seems
to be involved with both the L; promoter and the Lay;04 support because
this promotion was not observed for other similar studies using
Rh/Ti0y (Chapter 5), Rh/MgO, Rh/Al,05, and Rh/SiOz (Chapter 7) under
the same reaction conditions. It has been suggested that La species
may migrate onto Pd during hydrogen reduction of EHIL1203 at 400°
forming small patches on the Pd metal particles.(163) It 1s still not
clear whether this migration of La species can occur in s Rh system.
However, there is a possibility that both L{ and La species could Eorﬁ

small patches on Rh metal particle resulting in & metal-alkali




promoter-support interaction. Further characterization of these

catalysts is required to verify this interaction.

6.4 Conclusions

This study has demonstrated that the ability for synthesis of G,
oxygenates during CO hydrogenation is closely related to the ability
for synthesis of C3 oxygenates during the reaction o.f CoH, with
CO/HZ. It also confirms the reaction scheme (Figure 3~1) for the
synthesis of hydrocarbons and oxygenates as proposed in Chapter 3.
The active sites for the formation of oxygenates appear to be
different from those for the formation of hydrocarbons. The
salectivity and activity of a Rh catalyst is dependent upon its
ability to catalyze those specific reaction steps such as GO
dissociation, hydrogenation and CO insertion. These specific reaction
steps have heen found to be strongly dependent upon the type of alkali
promoter. .

The overall efféct of alkalir promoters on Rh/L3203 in the
synthesis of oxygenmated compounds can be summarized as follows:

= Li-promotion enhances CO insertion reaction and slightly

affects hydrogenation on Rh/la203, resulting in increases in
both selectivity and formation rate of C, oxygenated compounds
during CO hydrogenation. It also increases both selectivity
and formation rate of C3 oxygemated compounds during the

reaction of ethylene with CO/H,.




- K or Cs promotion suppresses both CO insertion -and

hydrogenation on Rh/la,05 resulting in decreases in
selectivity and activity to oxygemated -compounds and a

decrease in overall activity.




