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OBJECTIVES AND SUMMARY OF RESULTS 

The importance of the direct synthesis of higher (C2-C 6) alcohols from 

synthesis gas as a promising route for providing clean fuels and petrochemical 

feedstocks is generally recognized. It is known that the addition of alkali 

salts to methanol synthesis catalysts increases the production of higher 

alcohols° However, few investigatlons have been made into the effect of 

various alkali 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 promotion (Li +, 

K +, Rb +, Cs +) on =he formation of oxygenated compounds from synthesis gas. A 

series of Group VIII metals (Ni, Ru, Rh, and Pd)and alkall-promoted Rh and Pd 

catalysts were studied using CO hydrogenation and a chemical probing method 

with ethylene, ethanol, and acetaldehyde as probe molecules. The chemical 

probing method developed for this study was demonstrated to be an effective 

way to (a) identify the possible reaction network occurring on these 

catalysts, (b) study the interrelationships between oxygenate and hydrocarbon 

syntheses, (c) determine the catalytic properties of the catalyst surfaces, 

and (d) investigate support and alkali promotion effects on the reaction 

pathways to oxygenates and hydrocarbons. 

A reaction scheme for the formation of oxygenated compounds and 

hydrocarbons is proposed. The most probable reaction pathway to C2+ 

oxygenated compounds is insertion of CO into adsorbed CyH x species. Both the 

catalyst ability to catalyze CO insertion and the surface concentration of 

nondlssoclatively adsorbed CO are crucial factors for C2+ oxygenate 

formation° Methanol, however, is probably formed directly by hydrogenation of 

nondissociatlvely adsorbed CO. It appears that different active sites are 

i 



r e spons lb l e  fo r  methanol as opposed to C2+ oxygenate and hydrocarbon 

format lou .  Due to  t he  f a c t  t h a t  C2+ oxygenates  and hydrocarbons share  common 

i n t e r m e d i a t e s ,  a t  l e a s t  on Ru c a t a l y s t s ,  i t  seems I n e v l t a b l e  t h a t  hydrocarbons 

be produced dur ing  C2+ oxygenate s y n t h e s i s .  

Supports were found to  have a g r ea t  e f f e c t  on the  s p e c i f i c  r e a c t i o n  s t eps  

occur r ing  dur ing the  s y n t h e s i s  over  Rh c a t a l y s t s ,  i . e . ,  CO i n s e r t i o n ,  

hydrogenat lon ,  dehydra t ion ,  dehydrogenat ion ,  and deca rbony la t lon .  The CO 

i n s e r t i o n  s e l e c t i v i t y  was found to  dec rea se  i n  the  o r d e r :  Rh/SIO 2 > Rh/La203 

> Rh/HgO > Rh/TIO 2 > Rh/A1203 whi le  hydrogena t ion  s e l e c t i v i t y  decreased i n  the  

reverse order. The selectivity to C2+ oxygenates parallels that for CO 

insertion but does not correlate with the acldlty/baslclty of the support. 

Suppresslon of hydrogenation and ethanol dehydration was identlfed as a 

major effect of alkali' promotion of Rh catalysts. The combined effects of 

promoters and supports are not slmply the superposltlon of these two 

effects. Specific steps, i.e., CO inse~tlon, decarbonyl~tlon, and hydrocarbon 

chain growth, were found to be dependent upon both the nature of the alkali 

promoter and that of the support. 

lu 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 resultlng often in increased 

selectlvltles for C2+ oxygenates. 

iI 
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1 . 0  INTRODUCTION 

I.i 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 (I*,2), Co (3), Ru (4), and Rh (5'6), or (b) Cu/gnO 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 

arm), while the synthesis of C 2 oxygenates such as ethanol has been 

found to occur over Rh catalysts at subatmospheric and low temperature 

conditions (180-220°C). (I0) 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, and support effects; none of these are well 

understood. In addltiou to the practical importance of Rh catalysts 

for oxygenate synthesis, the unique property of Rh for the production 

of both hydrocarbons and oxygenates (5'6) suggests its use as a model 

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



catalyst to study mechanisms of oxyger~te and hydrocarbon formation 

and to Investlgate support and promotion effects on the selectivlty of 

CO hydrogenation. 

2 

1 . 2  Thermodynamics of  Oxygenate Syn thes i s  

The change i n  Gibbs f r e e  energy  a t  600°K du r ing  the  f o r m t i o n  of  

linear alcohols and hydrocarbons from synChesls gas is shown in Figure 

I-i. Since change in Gibbs free energy for the formation of 

hydrocarbons is more negative than that for the formation of alcohols, 

alcohol synthesis requ/res the use of a selective catalyst to preclude 

the reaction from proceeding further downhill on the thermodynamic 

s c a l e .  High p r e s s u r e  i s  a l s o  needed to  a c h i e v e  a d e s i r a b l e  degree  of  

conve r s ion  of  s y n t h e s i s  gas to oxygenated compounds. F igure  I -2  shows 

the dependence on t empera tu re  of  Gibbs f r e e  energy  change f o r  the  

fo rmat ion  of  c e r t a i n  oxygenates  aud hydrocarbons  from s y n t h e s i s  gas .  

The Gibbs free energy change association with the formation of 

oxygenated compounds increases rapidly with temperature so that 

condltlons whlch favor oxygenate formatlon are at low temperatures. 

1.3 React ion  Hechanisms 

The proposed r e a c t i o n  mechanisms fo r  the  fo rmat ion  of  oxygenated 

compounds from s y n t h e s i s  gas can be summarized i n  F igure  1-3. 

Although t h e r e  s t i l l  e x i s t s  a c o n t r o v e r s y  about  the na tu r e  of the  

i n t e r m e d i a t e s  to oxygenated compounds, i t  i s  g e n e r a l l y  ag reed  tha t  
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formation of methanol involves hydrogenation of nondissociatively 

adsorbed CO and formation of C2+ oxyge~ted compounds involves the 

insertion of CO into adsorbed CyH x species which are generated by CO 

dissociation followed by hydrogenation. It has also been proposed 

that CO insertion into sdrface alkyl groups is a chain termination 

step during the Fischer-Tropsch synthesis. (17~24) On the other hand, 

this step has also been proposed as a chain propagation step in the FT 

synthesls.(26-28) Recently, v a n  den Berg (29) showed that the 

reduction of acyl or hydroxyalkyl groups to alkyl groups is slow on 

Mn-Mo-Rh/SiO 2. This may suggest that CO insertion to form oxygen- 

containing intermediates may not be a major route for chain 

propagation over Rh ca~lysts. However, this CO insertion step still 

can not be completely ruled out as a chain propagation step. Rofer- 

DePoorter (30) has pointed out that the network character of the FT 

mechanism makes it difficult to separate one path from the other, 

since many paths have common intermediates; one path does not 

necessarily preclude the other. 

1.4 Catalysts 

Based on our current knowledge of mechanisms of oxygenate 

formation, the general requirements for a catalyst to catalyze 

oxygenate formation from CO and H 2 can be summarized as following. 

Methanol Synthesis 

- irmbility to dissociate CO. 
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- high hydrogenation ability coupled with an ability to  

a c t i v a  t e  n o n d i s s o c i a t i v e l y  a d s o r b e d  CO. (7) 

~2~ Oxygenate Synthesis 

- moderate CO dissociation ability permitting the existence of 

both surface carbon and nondissociatively adsorbed CO on the 

catalyst surface. (6) 

- ability to catalyze CO insertion into adsorbed CyH x 

species. (I i) 

For group Vlll metals, there exists a relationship between their 

position in the periodic table and their ability to chemisorb CO 

dissociatlvely. This relationship has been established by Broden et 

al. (21) as shown in ~ble I-I. Metals on the right hand side of the 

200-300°C line, such as Pd, Pt, Ir, are not 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 synthesis. 

Metals between these two lines have moderate CO dissociation ability 

and only dissociate CO at synthesis 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 2 oxygenate synthesis. (6) In addition to the 

dependence of CO dissociation ability on the position of metal in the 

periodic table, both CO dissociation ability and catalytic ability of 

metal also depend on the chemical and physical state of the metal. 

Factors which affect the state of metal catalysts include dispersion, 
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the type of support, promoter, and impurities. Details about the 

effects of alkali promoters add supports will be discussed latter. 

1o5 Active Sites for Oxygenate Formation 

Due to the difficulty in characterizing the state of the catalyst 

surface under reaction conditions, it is still not clear what type of 

active sites is responsible for oxygermte formation. Vatson and 

SomorJai (32) have suggested that CO insertion to form C 2 oxygenates 

occurs on Rh ÷ sites while CO dlssocia=ion and hydrogenation takes 

place on Rh metal sites. Orita et al. (25) proposed that the active 

sites for the formation of C 2 oxygenates may be located at the 

interface of Rh and the support. It has also been hypothesized (29) 

that Rh ions m~y be stabilized at the metal-oxlde support interface. 

Rh + ~as been observed on Rh/SiO 2 which is able to catalyze the 

formation of C 2 oxygenates (29) and on Rh/MgO (33) which is active in 

the formation of methanol (6). lwasawa et al. (34) reported that 

Rh/Si02, which had been pretreated with H2/H2 O, produced a higher 

yield of oxygenates than that pretreated with H 2 alone. It was 

speculated that the different pretreatment on Rh catalysts may lead to 

different oxidation states of Rh. On the contrary, ~atzer et al. (6) 

reported from a XPS study that there was no evidence for the existence 

of Rh + on Rh/TiO 2 which is known to be active for the form~tlon of C 2 

oxygenates. Ponec (80) also found no correlations of the selectivity 

to oxygenates to the amount of Rh + present, contrary to what was found 

for Pd catalysts° Conflicting suggestions on the type of Pd sites 
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responsible for met~nol formation also exist. Poels (62) suggested 

that Pd + is the active site for methanol synthesis while Hicks and 

Bell (81) proposed that Pd metal is important for methanol formation. 

While questions concerning the active sites for the formation of 

oxygenated compounds remain,  the  fo rmat ion  of  hydrocarbons i s  

g=nerally considered to be by CO dissociation ~ollowed by 

hydrogena t ion  on. Rh metal  s i t e s .  CO d i s s o c i a t i o n  has beeu shown to 

r e q u i r e  a l a r g e  ensemble of  s u r f a c e  atoms (17 ,35) ,  and i t  i s  a 

structure sensitive reaction step. (36) However, hydrogenation of 

surface carbon species does not seem to require such an ensemble. 

Hydrogenation of olefins is also well known to be structure 

insensitive(37)° Recently, Boudart and McDonald (36) have suggested 

that CH x insertion into surface alkyl groups should require a larger 

ensemble as the active site than that required for C0 dissociation. 

Much has been done on the  s t r u c t u r e  s e n s i t i v i t y  of  hydrocarbon 

s y n t h e s i s ;  however,  the r equ i rement s  fo r  . a c t i v e  s i t e s  fo r  the  

fo rmat ion  of oxygenated compounds over  he te rogeneous  meta l  c a t a l y s t s  

have never been studied. ~ased on an analogy with organometalllc 

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

group may occur on a single atom site. 

1.6 Effects oE Alkall Promotion 

While the literature on the effect of alkali promotion on CO 

hydrogenation is voluminous (2'16'39-43), little has been done in 

developing  an  unde r s t and ing  o£ the  e f f e c t  of a l k a l i  promotion on 
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oxygenate synthesis from CO and H2, especially over Rh catalysts. 

Alkali promoters are known to modify the activity, selectivity, and 

stability of catalysts(16)o The effect of alkali promotion on CO 

hydrogenation over a number of group VIII transition metal catalysts, 

such as Ni (~4'45), Ru (46'47), Pd (48), Rh (13'14) and Fe (2) can be 

summarized as resulting in (a) an increase in the CO dissociation 

probability over Ni (49'50'51), Ru (52), Fe (53,54,55), Rh (56), (b) a 

suppression of hydrogenation ability for all the cases, (c) an 

increase in selectivity to olefinic and long chain hydrocarbons, (d) 

an increase in oxygenate selectivity for Rh (13'14), Pd (48), and Fe (2), 

and (e) modification of catalytic activity. The initial• chemical 

state of alkali promoter during the preparation of alkall-promoted 

ca ta lysts does no t seem to affect the extent of a Ika li 

promotlon. (57). Addition of alkali species in various forms, such as 

the oxide, carbonate~ or nitrate, to supported iron catalyses has been 

demonstrated to produce similar results. (2) However, the effect of 

alkali promotion does depend on the type of alkall 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 H 2 chemisorptlon on alkali- 

promoted catalysts or alkali doping of metal single crystals. Dry et 

el. (41) have suggested that alkali species, which are strong bases, 

tend to donate 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 science studies (43'50'51) 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 ~he 

metal surface. These are considered as a consequence of the electron 

transfer from the alkali metal promoter to the transition metal 

atoms. (59) 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 in the metal form under synthesis 

condltions. (60) It should be emphasized that alkali ions should not 

have the ability to donate electrons to metals. (62). Praliaud et 

al. (44) have observed from an XPS study that potassium remains as K + 

after reduction of KNO 3- Ni/SiO 2. They suggested that K + may be 

present in the form of a K-O-NI 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 metal. It has been suggested 

that both alkali oxide and alkali metal have electron donating 

characteristics, although such a characteristic is less significant 

for alkali oxide than alkali metal° (76) It ~ms observed that adsorbed 

KOH on iron causes a similar increase in the CO adsorption energy as 

elemental K does. (61) Bonzel (43) has suggested based on his KPS data 

that K may exist as KOH after reduction of KNO3-Fe foil. He also 

suggested that KOH could be transformed into K2CO 3 or KCO 2 after CO 
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hydrogermtion. He further suggested that the promotion effect is 

mainly due to K + and not the anlon, which may 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 chemlsorptlon suppression on alkall-promoted catalysts 

reported for Ru (63) and Pt/Ti02(64). It ~as observed in has been 

s i n g l e  c r y s t a l  s t u d i e s  t ha t  a l k a l i  promoters i n c r e a s e  the a d s o r p t i o n  

energy of  H 2 but dec rea se  the  s t i c k i n g  c o e f f i c i e n t  of  H 2 on Ni (50) and 

on Fe. (65) On the contrary, Benzlger and Madlx (66) reported that K 

promotion increases both the adsorption energy and the sticking 

coefficient of H 2 on Fe. Although results from hydrogen chemlsorptlon 

are no= abundant and consls=ent in the llterature, hydrogenation 

suppression due to alkali promotion leading to low methane, high 

olefln, and high hydrocarbon selectlvltles has been well 

documented. (44-47) Campbell and Goodman (~5) have pointed out that the 

decrease in methanatlon activity as a result of K 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 

alkali promotion may also contribute to the hydrogenation suppression 

since high coverages of CO or a surface carbide is known to decrease 

the rate of hydrogen adsorption. (67) 

Campbell and Goodman (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 

formation of higher hydrocarbons. Besides the chemical effect of 

alkali promoters, it is expected that these promoters may block the 

active sites for reactions. However, the physical blockage effect of 

alkali promoters would not appear to be a major factor for alkali 

promotion since alkali promoters are able to greatly enhance the 

structure sensitive CO dissociation step and significantly suppress 

the structure insensitlve hydrogenation step. 

While it is well known that the addition of alkali promoters to 

iron catalysts results in an increase in oxygenate yields (16), the 

effect of alkali promotion on the formation of C 2 oxygenates over Rh 

has been only recently studied. (13'14) ~gaml et al. (13) suggested 

that the active sites for the formation of C 2 oxygenates are located 

at the interface of the metal and the support and that modification of 

this interface by alkali species promotes the formation of C 2 

oxygenates. Poels (62) proposed that alkali promoters may (a) 

stabilize some metal ions 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 hydrogenation over supported 

rhodium catalysts varies with the hasicity of the support. (6'12) Rh 

on MgO, a very basic support, exhibits a 90% selectivity to 
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methanol. Acidic supports, such as A1203, result mainly in CH 4 

formation, while slightly acidic or basic supports (e.E. , SiO2, Ti02, 

CeO 2) 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, hydrogenation and CO 

insertion. Recently, Edrohelyi and Solymosi (68) have reported that 

the effect of the support in promoting the dissociation of CO over Rh 

decreases in the order: TiO 2 > AI203 > Si02 > MgO. It may be 

expected that oxygenated compound selectivity would follow the reverse 

order. ~atzer et al. (6) have reported, in fact, that alcohol 

selectivity over Rh catalysts increases in the order: TiO 2 < AI203 < 

SiO 2 < MgO. Edrohelyi and Solymosi (68) have also reported that the 

activation energy for the. hydrogenation of reactive surface carbon 

increased in the order: Rh/TiO 2 < Rh/A1203 < Rh/SiO 2. However, little 

is known about the effect of the support on the CO insertion step 

during CO hydrogenation. 

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 smallmetal 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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a cld centers and/or create basic centers on catalysts. (42) 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 

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

determine whether direct alkali promotion or indirect alkali promotion 

via the support is predominant on alkall-promoted Rhcatalysts. 

1.8 Ob jec t ives  and Scope of  this Study 

na tu re  of  

unde r t aken  

q u e s t i o n s :  

A number of mechanisms have been proposed to explain alkali 

promotion o£ oxygenate synthesis. (1'2' 6-20, 40-46) Due to a lack of 

understanding of basic factors controlling the formation of oxygenated 

compounds, the effect of alkali promotion on oxygenate synthesis is 

still far from being understood. This study utilizes the fact tht Rh 

is able to catalyze the formation of both oxygenated compounds and 

hydrocarbons to investigate the effects of alkali promotion and of the 

the support on oxygenate synthesis. This work was 

in order to help provide answers to the following 

Product Distributions 

What are the basic factors controlling product distribution 

from CO hydrogenation over group V~II metals? 

What are the reaction pathways for the formation of 

oxygenated compounds and hydrocarbons from synthesis gas? 
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Suppqrt and Alkali Promoter Effects on Rhodium Catalysts 

How do supports and alkali promoters affect reaction pathways 

of CO hydrogermtion over rhodium catalysts? 

- How do interactions among metal, support, and alkali 

promoters affect the properties of rhodium? 

Re la, tionship Between Methanol Synthesis and C 2 Oxygenate Sznthesi ~ 

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

on Pd? 

- How do pretreatment conditions affect oxygenate synthesis 

over Rh/MgO? 

A probe molecule technique has been developed to investigate 

aspects of the reaction path~ys for 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 path~mys for the formation of oxygenated compounds 

and hydrocarbons from CO hydrogenation over group VIii metals were 

e~ralned 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 

understanding of mechanisms of hydrocarbon and oxygermte compound 

formation. Results of this study are reported in Chapter 3o Chapter 

4 reports on results of an investigation of support effects on the 

properties of Rh catalysts. Catalysts utilized for this study 

included Rh black and Rh supported on A1203, Ti02, SiO2, la203, and 

MgO. 
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The effect of alkali promotion on C 2 oxygenate synthesis ms 

investigated in a syste-~tlc study of various alkall-promoted Rh/TiO2, 

Rh/A1203, P,h/SIO 2, Rh/La 203, Rh/MgO, and unpromoted Rh ca ~a lysts. 

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/Si02. Results of methanol synthesis over Rh and Pd 

catalysts are summarized in Chapter 9. This investigation aim at 

elucidating factors controlling methanol synthesis and C 2 oxygenate 

synthesis. 

Overall this study has sought to establish a better understanding 

of support effects and alkali promotion effects on oxygenate 

synthesis. The results of this study and their significance for 

catalysis are discussed and summarized in Chapter 10. 
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2.1 C a t a l y s t  P r epa ra t i on  and C h a r a c t e r i z a t i o n  

Ru/StO 2 was prepared  by ion exchange us ing  Ru(NH3) 6Cl 3 . 

Ru(NH3)6CI 3 was dissolved in a weak acidic HCI solution (PH = 4.5). 

This solution was then mixed with SiO 2 (the solid to liquid ratio - 5 

gram/llter) and stirred at room temperature for 50 hours to proceed 

ion exchange process. After ion exchange process, the catalyst was 

filtered and washed several times by delonlzed water and then dried in 

air for 18 hours. 

Ni/SiO 2 was prepared by the incipient wetness method using an 

aqueous solution of NiCO 3. 

Alkali-promoted Rh catalysts were prepare d by impregnation of 

various supports using RhC13.3H20 (Alfa Products) and an alhali 

n~trate (Li, K, Cs) in aqueous solution at pH - 3-3.5. The supports 

for these catalysts included A1203, Ti02, SiO 2, La203, and MgO, The 

atom ratio of the particular alkali element to Rh was i/2. Unpromoted 

supported Rh catalysts were also prepared in the same way except that 

alkali species was not added. 

Pd/SiO 2 catalysts were prepared by impregnation usin E PdCl 2. 

Potassium-promoted Pd/SiO 2 catalysts were prepared by subsequent 

impregnation of Pd/SiO 2 using a KNO 3 solution resultlng in atom ratios 

of K to Pd of 0.6 and 1.8. 

The source  and composi t ions  of  oxide suppor t s  used fo r  

preparation of these catalysts are listed in Table 2-I. After 
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Table 2-1 Sources and Compositions of Catalyst Supports 

Ca ta lysts Sources Compositions 

TiO 2 Degussa Primary anatase 

SiO 2 stream - 

AI203 stream ~ -AI203 

La 203 Alpha U1 tra pure 

MgO Alpha impurities < 55 ppm 
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impregnation, the samples were dried overnight in air at 40°C, then 

reduced in flowing H 2 on heating in 50°C steps (30 minutes) to 400°C 

and holdlhg at this temperature for 16 hours. Prior to reaction, the 

TiO2-supported catalysts were again reduced in flowing H 2 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 ca, talysts were determined by x-ray diffraction using a Mona 

rad~atlon source, hydrogen temperature programmed desorption (TPD), 

and static hydrogen chemisorptlon. 

The X-ray diffraction method utilized for the determination of 

the average metal particle size was diffraction llne broadening. The 

average particle size d can be determined by Scherrer equation: 

d = K~/B cosO 

where B is the broadening of the diffraction llne measured at half- 

maximum and K is a constant of value 0.9 if a spherlcal particle is 

assumed. ~ is the wavelength of ~ the applied X-ray (~ = 0.70926 A for 

a MoKs source), and 0 is the Bragg angle of diffraction. 

Hydrogen TPD was operated at a heating rate of 40°C/rain from room 

temperature to 425°C using a Ar flow rate of I00 cc/mln. The amount 

of hydrogen adsorbed 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 
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TPD or static hydrogen chemisorption measurements, assuming a 

stolchlometry of ~rr/Metal Atom = i. The average metal particle size 

was calculated using the relationship d - 5/~p , (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 Hydrogenation Studies 

A schematic of the reaction system used for these studies is 

described in Figure 2-I. The gases used for these reaction studies 

were obtained from Air Products and included H 2 (UHP, 99.995Z), He 

(UPS, 99.998%), and CO (UHP, 99.8Z), which were purified by passing 

through molecular sieve traps to remove water. Prior to passage 

through the molecular sieve trap, the hydrogen ~s passed through a 

Deoxo unit to remove oxygen as water. 

The reaction temperature, pressure, and reactant flows were 

controlled by an Apple II computer. A Cyborg Isaac 91A served as the 

interface between the computer and 3 mass flow control meters (Brooks 

5850) for controlling H2, 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 presented in Appendix A. The reactor eEfluent was analyzed by an 

on-line Perkin-Elmer Sigma IB Gas Chromatograph. 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 initlally held at 40°C for 2 

minutes and then temperature programmed at 15°C/min to 160°C, 

permitting a good on-line separation of all CI-C 6 paraffins and 

olefins, CI-C 4 alcohols, CI-C 4 aldehydes, acetone, ethyl acetate, and 

acetic acid in a 60 minute analysis. 

The reaction study was carried out in a differential reactor at 

250-300°K and i-i0 arm with H2/CO = 1 or 0.5. High space velocities 

of I,I00 to II,000 hr -I were used to keep CO conversion below 5% in 

order to minimize heat and mass transfer effects and secondary 

reactions. A detailed error analysis of kinetic me3surements is 

presented in Appendix B. 

2.3  Addition of E t h y l e n e  t o  CO/H 2 R e a c t a n t s  

A smll amount of ethylene (2.3-3.0 mole % of the reaction 

m i x t u r e )  ~ s  a d d e d  to  t h e  CO/R 2 r e a c t a n t  m i x t u r e  a t  t h e  end o f  each  

e x p e r i m e n t  r u n .  The r e l a t i v e  h y d r o g e r m t i o n ,  c h a i n  i n c o r p o r a t i o n ,  

h y d r o c a r b o n y l a t i o n ,  and  h y d r o g e n o l y s i s  a c t i v i t i e s  were e s t i m t e d  by 

d e t e r m i n a t i o n  o f  t h e  p r o d u c t  d i s t r i b u t i o n  b e f o r e ,  d u r i n g ,  and  a f t e r  

t h e  a d d i t i o n  o f  e t h y l e n e .  

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 the specific reactions, i • e., hydr ogena tion, chain 

incorporation, CO insertion, and hydrogenolysis. 
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2.4 Addition of Ethanol to CO/H 2 Reactants 

The reaction of ethanol added to the CO/H 2 reactants was studied 

in a similar way as given in the above section. By determining the 

changes in the rate of formation for all the products during and after 

the addition of ethanol, the rats of dehydrations dehydrogenation, and 

incorporation into higher hydrocarbons~ oxygenates and other products 

could be estimated. 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 2 Reactants 

The r a t e  oE hydrogenat ion ,  decomposi t ion ,  and i n c o r p o r a t i o n  of 

acetaldehyde was deeermlned by the addition of acetaldehyde to 

CO/H 2. The effects of alkali promoters and supports on the 

decomposi t ion ,  hydrogenat ion ,  and i n c o r p o r a t i o n  of ace t a ldehyde  were 

d e l i n e a t e d .  

The a d d i t i o n  of. these  probe molecules  ( i . e .  e t h y l e n e ,  e thano l  and 

a c e t a l d e h y d e )  se rves  as  a u se fu l  t o o l  (a) to i d e n t i f y  the p o s s i b l e  

r e a c t i o n  networks occur r ing  on these  c a t a l y s t s ,  (b) to study the 

i n t e r r e l a t i o n s h i p  between the  oxygenate s y n t h e s i s  and hydrocarbon 

s y n t h e s i s ,  (c)  to i d e n t i f y  p o s s i b l e  sur face  i n t e r m e d i a t e s  p resen t  

dur ing s y n t h e s i s ,  and (d) to de termine  the  a c i d i t y  and b a s i c t t y  of  the  

catalyst surfaces. 
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3. I ~ckground 

Formation of oxygenated compounds, e s p e c i a l l y  h igher  a l c o h o l s ,  

from s y n t h e s i s  gas i s  always accompanied by a format ion  of 

hydrocarbons,  Thus, i t  i s  impor tant  to study mechanisms of both 

hydrocarbon format ion and oxygenate format ion  to ga in  a b e t t e r  

unders tanding  of the l i n k  between oxygenate s y n t h e s i s  and hydrocarbon 

s y n t h e s i s .  The format ion Of oxygermtes and hydrocarbons from CO and 

H 2 appears  to  invo lve  a number o~ e lementary  r e a c t i o n  s t eps  such as  C- 

O bond d i s s o c i a t i o n ,  H-H bond s c i s s l o n ,  C-8 bond format ion ,  O-H bond 

format ion,  and C-C bond format ion .  (38 '85)  A number -o f  r e a c t i o n  

mechanisms consisting of various sequences of these elementary steps 

have been proposed to explain product formation dur ing  CO 

hydrogena t ion . (  1 ,2 ,7 ,12 ,16 ,17 ,20 ,22 ,  82-88) 

These proposed mechanisms may be c l a s s i f i e d  i n t o  two groups: 

chain growth via hydrocarbon i n t e r m e d i a t e s  and chatn growth via 

oxygenated i n t e r m e d i a t e s .  Due to  the complexi ty  of  the mechanism of 

CO hydrogena t i o n ,  severa 1 rea c t i o n  paths may ha ve common 

intermediates. (30) Due to the dlfEiculty in dlf~erentlatlng 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 is by the addition of probe molecules to the reac~nt 
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stream during reaction. The probe molecule technique has been widely 

applled in heterogeneous catalysis. Appllcations have included (a) 

determining reactive intermediates, (85'86' 88-93) (b) detecting the 

active sites for specific reactions, (94'95) (c) determining secondary 

reactions of primary products, (29'96'97) (d) elucidating reaction 

networks in an overall reaction, (29'93'97'98) (e) determining the 

catalytic and chemical properties of the surface of a catalyst, (I00) 

and (f) determining the abundance of precursors to various products 

under synthesis conditions. (101-106) 

In order to gain a better understanding of the mechanism of CO 

hydrogermtion, we have studied Ni/SiO 2 (a methanation catalyst), 

Ru/SiO 2 (a higher hydrocarbon synthesis catalyst), Rh/SiO 2 (a 

synthesis catalyst with a high selectivity for C 2 oxygenates), and 

Pd/SiO 2 (a methanol synthesis catalyst) by the addition of probe 

molecules to CO/H 2 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 0xygen-containing 

intermediates. These intermediates may be similar to those produced 

by Fischer-Tropsch (F-T) synthesls. The addition of such probe 

molecules, however~ could have a great effect on the overall product 

distribution. The posslble reactions due to the addition of these 

probe molecules can be summarized 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-I Possible Reactions due to Ethylene Addition during CO 
Hydrogenation 

Formation of  CHt. 
r 

H2/CO 
1. CH2=CH 2 ~ 2 CH 4 

[co] 

H?drogenation 

Schulz & Achtsnit (94) 
van den Ber~ (29) 

. 
CO/H 2 

CH2=CH 2 + C2H 6 Schulz & AchCsnit (94) 
van..den Ber E (29) 

Chain Growth 

H !H 2 H2/CO Ekerdt & Bell (90) 
3, CH2=CH 2 + or ~ C H ". 

M [Ru] 3 6 
C3H 8 
C4+Hydrocarbons 

CO Insertion 

4, CH2=CH 2 + H 2 + CO ~ CH3CH2CHO Watson & Somorjai (32) 
[Rh203] ~ van den ~lrgll(29) l 

[Rh] H 2 

CH3CH2CH20H 
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Table 3-2 Possible Reactions due to Ethanol Addition 
During CO Hydrogenation 

Formation of CH~ or C~ .Hydr,ocarbons 
+ 

i. CH3CH20H ~ CH 4, C2H 4, C2H6 
[Fe(100) ] 

Benzi~er & Madix (,117) 

2. CnH2n +lOH(a d) + -~ [Pt:] 
C.H..+ toil(g) 
C~([~)++ 2(n+1)H(ad) + nC(ad) 

C0(ad) + Cn_iH2n_3(ad) + 5H(ad) 

Redulic & Sexton (118) 

3. CH3CH20H , . . ~  CH2~CH 2 + H20 
[oxide 
car . ]  

Krylov (120) 

4. RCH20H ~ RCH2CHO + H 2 
[Ni] 

Pines (I00) 

RCH2CHO ~ RCH 3 + CO 
[Ni] 

CO + 3H 2~cH 4 + H20 
[Ni] 

Chain Growth 

. co/n 2 
CH3CH20H 

[Fe] 
C3+ Hydrocarbons Kummer & Emmett (98) 

Dehydro~ena tion 

6. CH3CH20H -~ CH3CH0 + H 2 
[oxide 
cat.] 

Krylov (120) 

Formation of C 5 Oxygenates 

CH 2 
E 

7. M + (CH3CH2OH)a d CH3CH2CH20H 
Rofer-DePoorter (30) 

8. nCH 2 CH2CHO H 
! + I 

M M 
CH3(CH2)nCHOads 

Pmckenbruch et al. (112) 
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9. Formation of C 40xysenate@ 

2CH3CH20H ...... 
-2H 2 

10. 

'~ 2CH3CHO 

CH3CH=CHCHO 

co/H 2 

CH3CH20H " ~ EtOAc 
[Rh(Mn/Mo)/SiO 2 ] 

+H 2 
CH3CH2CH2CHO 

~rylov (120) 
Deluzarche et al. (29) 

van den B e r g , ( 1 8 )  
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Table 3-3 Possible Reactions due to Acetaldehyde Addition 
During CO Hydrogenation 

Formation 9f CHh or C~ 

H 2 
I. CH3CHO 

[Fe(lO0)] 
CH 4 or C2H 4 Benziger & Madix (119) 

Chain Growth 

co/~ 2 
2. CH3CHO -~ C3+ Hydrocarbons 

Hydrogenation 

H 2 
3. CH3CHO CH3CH2OH 

Zormt, lon oE C3 °xy, ge~.tes 

. CH3~HO 

M 

+ 
CH 3 ~ CH3~CH 3 
J 
M Ire] 

Schulz & E1 Deed (18) 

5 • CH3CHO + H2CO-----~CH3CH2CHO + H20 
[oxide 
cat.] Krylov (120) 

6. 2CH3CHO 

7. CH3CHO 

• ~ CH3CHCHCHO + H20 
[oxide 
eat.] + H 2 

butyra idehyde 
colH 2 

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 loadlngs 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 in certain reactions is 

unknown, and give~ the innate heterogeneity of surface sites on 

certain of the catalysts, only relative rates of reaction will be of 

concern here. Thus, the rates of reaction will be reported in units 

of moles/kg/hr. 

3.2.1 CO Hydrogenation 

The product distributions from CO hydrogenation over Ni/SiO 2, 

Ru/Si02, Rh/Si02, and Pd/SiO 2 are listed in ~ble 3-5. Ni/SiO 2 

produced mainly methane with small amounts of C2+ hydrocarbons and 

oxygenates. Although Ni is a well known methanation catalyst, the 

f orma tion of s me II qua nti tles of oxygena ted compounds is no t 
[ 

surprising. Promoted and supported Ni catalysts are known to produce 

a certain amount of oxygenated compounds at 150-350°C and 1-30 

arm. (I07) Ru/SiO 2 showed the highest selectivity to C2+ hydrocarbons 

among these catalysts. Ruthenium is known to be one of the most 

active catalysts for the F-T synthesis. (I08'I09) Numerous studies 

have reported that supported Ru catalysts, including Ru/SiO 2, are able 

to produce significant amounts of higher hydrocarbons. (17'108'109) 
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Table 3-4 Metal Particle Size of Ni/SiO 2, Ru/SiO 2 
P.h/SiO 2 and Pd/SiO 2 

q 

Catalysts Average Metal Particle Diameter 

(A) 

20 wt% Ni/SiO 2 

[.8 wt% Ru/SiO 2 

3 wt% Rh/SiO 2 

2.3 wt% Pd/SIO 2 

75 a 

80 b 

16 c 
< 30 b 

< 30 b 

42 c 

ameasured by hydrogen flow chemisorptlon at 25°C. 
bdetermlned by x-ray diffraction. 
Cdetermlned by static hydrogen chemlsorption at 25°C, Hirr/M = i. 



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

20 wt% 1.8 wt% 3 wt% 2.3 wt% 
Ni/Si02 Ru/SiO 2 Rh/SiO 2 Pd/SiO 2 

rco 0.91 5.06 1.3 ' 2.7 
(moles/kg/hr) 

% CO Cony. 0.16 3.4 0.88 0.5 

CH 4 82.8 76.5 

C 2 12.8 8.5 

C3+HC 3.7 12.6 

MeOH 0 I. I 

EtOH 0 0.6 

MeCHO 0 • 51 0 • 4 

C30X 0.14 0.3 

Acetone 
Butyra Idehyde 0.03 0 
E tOAc 

41.2 0.9 

6.8 1.4 

1.8 0.4 

I .4 97.0 

18.1 0 

13.3 0 

16.6 0.14 

0.6 0 

(300°C, I0 arm, CO/H 2 = I) 
OX: Oxygenated Compounds 
HC: Hydrocarbons 

37 
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Rh/SiO 2 exhibited a good selectivity to C2+ oxygenated compounds with 

the production of only a small amount of methanol. Pd/SiO 2 showed a 

high selectivity for the formatlon of methanol. These results for Rh 

and Pd catalysts parallel those reported in the 

llterature.(29,31,110, III) 

3.2.2 Addition of Ethylene to CO/H 2 

The addition of ethylene to CO/H 2 resulted in a significant 

variation in the rate of the formation of certain products and in the 

conversion of CO. When ethylene addition was terminated, the rates of 

product formation 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 2 appeared to demonstrate a moderate activity for the 

hydrogenolysis of ethylene to methane under synthesis condltions, 

while Ru/Si02, Rh/Si02, and Pd/SiO 2 were essentially not active for 

hydrogenolysls. The low hydrogenolysis activities of these catalysts 

are known to be due to the presence of adsorbed CO and competing 

reactions such as hydrogenation and CO insertlon. (29'94) CO on metals 

is known to affect both hydrogenolysis and hydrogenation, (94) 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 hydrogenation, (I13) the selectivity for 

ethane was somewhat lower over Rh than over any of the other three 
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Table 3-6 Product Selectivity (mol. %) from Ethylene 
Reaction During CO Hydrogenation 

20 wt% 1.8 wt% 3 wt% 2.3 wt% 
Ni/SiO 2 Ru/SiO 2 Rh/SiO 2 Pd/SiO 2 

Selectivity (mol%) 

CH 4 5 0 0 0 

C2H 6 90 97.2 76 99.5 

C3+HC 1 2.0 0.3 0.3 

MeOH 0 0 0 (b) 

C3OX 3.1 0.7 23.4 0.3 

(a) (w/o) (0.91) (4.94) (I 3) (2.70) rco 
w 1.19 4.98 2.85 1.75 

% C = 1.1% 2.8% 3.1% 3.3% 
a~ded 

rc2=(a) 8.65 8.12 6.49 36.2 

% C2 = 75% 99% 71% 99% 
conY. 

(300°C, I0 arm, CO/H 2 = I) 

(a) all rates expressed as moles/kg/hr 
(b) 44% decrease in overall MeOH forum tion 
(w/o): rate of CO conversion without the addition of 

ethylene 
w: rate of CO conversion during the addition of 

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

insertion reaction to form C 3 oxygenated compounds (propionaldehyde 

and l-propanol) competes with hydrogenation to form ethane over 

Rh/SiO 2 catalysts. The selectivity for CO insertion into adsorbed 

ethylene over these catalysts decreased in the order: Rh >> Ni > Ru > 

Pd. Although the abilities 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/H 2 

over Pd/SiO 2 resulted in dramatic decreases in the conversion of CO 

and in the formation of methanol. In contrast, a slight increase in 

CO conversion was observed for Ni/SiO 2 and Ru/BiO 2, and a noticeable 

increase in CO conversion was found for Rh/SIO 2 during the addition of 

ethylene to CO/~ 2. 

3.2.3 Addition of Ethanol to CO/H 2 

The product distributions resulting from the added ethanol were 

estimated by a similar approach as used in the ethylene addition 

study. The amount of added ethanol for Ru/SiO 2 was somewhat higher 

compared with the other cases (~kble 3-7). The concentration of 

ethanol is known to affect its selectivity to diethyl ether, a 

compound, however, not stable at temperatures above 190°C. (I00) As 

shown in Table 3-7, Ru showed a strong activity and a high selectivity 

for the conversion of ethanol to C 1 and C 2 hydrocarbons as well as the 



Table 3-7 Product Selectivity (mol. %) from Ethanol 
Reaction during CO Hydrogenation 
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20 wt% 1.8 wt% 3 wt% 2.3 wt% 
Ni/SiO 2 Ru/SiO 2 Rh/SiO 2 Pd/SiO 2 

Selectivity (mol%) 

CH 4 0 74.6 15. I 0.7 

C 2 0 10 2.1 4.2 

C3+HC [.8 13.2 3.0 3.3 

MeOH 0 0.5 6 0 (b) 

MeCHO 91 1.4 20.8 87.6 

C3OX 3.7 0 38.6 2.6 

Butyral- 3.1 0 0 2 
dehyde 

EtOAc 0 0.2 14 0 

rco (a) (w/o) (0.99) (4.9) (I. I0) (1.24) 
w 0.81 4.6 1.24 1.67 

% EtOH 0.75 2.5 0.65 0.85 
added 

rEtO H(a) O. 16 6.5 0.28 0.54 

% EtOH 2 8 l .9 16 6 
C O N Y .  

(300°C, i0 arm, CO/H 2 = I) 

(a) all rates expressed as moles/kg/hr 
(b) no decrease in MeOH formation 
(w/o): rate of CO conversion without the addition of ethanol 
w: rate of CO conversion during the addition of ethanol 
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apparent incorporation of ethanol i n t o  C3+ hydrocarbons. Rh exhibited 

a moderate selectivity for the conversion of ethanol to C 1 and C 2 

hydrocarbons but a relatively high selectivity for the incorporation 

of ethanol into C 3 oxygenated compounds. In contrast to Rh and Ru, 

both Ni and Pd showed low selectlvltles for conversion or 

incorporation of ethanol to other products and exhibited mainly 

dehydrogenation activity. 

3.2.4 Addition of Ac.etaldehyde to CO/H 2 

The product distributions and rates of acetaldehyde conversion 

during the addition of acetaldehyde to CO/R 2 are shown in Table 3-8. 

In the case of Ni/Si02~ the selectivity for butyraldehyde ms higher 

than that for C 3 oxygenated compounds indicating that the aldol 

condensation of acetaldehyde occurred on Ni/SiO 2 during the addition 

of acetaldehyde to CO/R 2. In addition to the aldol condensation~ 

Ni/SiO 2 also showed a fair selectivlty for the decarbonylation of 

acetaldehyde to CH 4 and a high selectlvlty for the hydrogenation of 

acetaldehyde to ethanol. In contrast to Ni/Si02; Eu/SiO 2 and Rh/SiO 2 

did not show aldol condensation activity. Rh/SiO 2 exhibited a strong 

activity for the hydrogenation of acetaldehyde to ethanol. Eu/SiO 2 

demonstrated a high activity in the decarbonylation of acetaldehyde to 

CH 4 and the conversion of acetaldehyde to C 2 hydrocarbons as well as 

the incorporation of acetaldehyde into C3+ hydrocarbons. 

I" 
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Table 3-8 Product Selectivity (mol. %) from Acetaldehyde 
Reaction During CO Hydrogenation 

20 wt% 1.8 wt% 3 wt% 
Ni/SiO 2 Ru/Si02 Rh/Si02 

Selectivity (mol%) 

cH 4 6o.7. 4.8  

C 2 1.1 I0 .0  0.3 

C 3+[IC 4.3 9.6 3.2 

MeOH 0 0 0 

EtOH 68 19. i 86 

C30X 1.8 0.2 2.2 

Acetone 0.4 0.26 I.I 

Butyra i- I0 0 0.6 
dehyde 

E t0Ac 0 0. i O. 6 

rco (a) Cw/o) (0.68) (4.9) (1.32) 
w 1.39 3.0 1.32 

% HAc added 0.87 2.4 0.73 

rA(a) 4.4 6.7 1.56 

% HAc 46 95.3 73 
CO,IV. 

300°C, I0 arm, CO/H 2 = I) 

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

of acetaldehyde 
w : rate of CO conversion during the addition of 

acetaldehyde 
HAc : Acetaldehyde 
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3.3 Discussion 

3 . 3 . 1  A d d i t i o n  o f  E t h y l e n e  t o  CO/H 2 

The a d d e d  p robe  m o l e c u l e s  may r e a c t  w i t h  a d s o r b e d  CO, H, a n d / o r  

r e a c t i v e  i n t e r m e d i a t e s  p r o d u c e d  by CO h y d r o g e n a t i o n  a n d  t h e y  m y  even  

b~ock the active sites for specific reaction steps. This could result 

in variatlons:in the rates of CO conversion and product formation from 

CO hydrogenation 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 ~able 3-I, the adsorbed ethylene 

species may react with adsorbed CO and adsorbed H to form 

p r o p i o n a l d e h y d e  a n d  1 - p r o p a n o l ,  may r e a c t  w i t h  H t o  fo rm e t h a n e ,  may 

i n c o r p o r a t e  w i t h  CH x t o  form h i g h e r  h y d r o c a r b o n s ,  o r  may unde rgo  

h y d r o g e n o l y s i s  t o  f o r m  m e t h a n e .  Among t h e s e  t h r e e  r e a c t a n t s  (CO, H2, 

a nd  C2H4) , a d s o r b e d  CO and  a d s o r b e d  H a r e  p r o b a b l y  t h e  most  a b u n d a n t  

s p e c i e s  on  t h e  s u r f a c e  even  i n  t h e  p r e s e n c e  o f  C2H 4. As a 

c o n s e q u e n c e ,  t h e r e  may be a s u f f i c i e n t  amount  o f  a d s o r b e d  H and  CO f o r  

h y d r o g e n a t i o n ,  h y d c o g e n o l y s i s ,  o r  i n c o r p o r a t i o n  o f  e t h y l e n e  a s  w e l l  a s  

f o r  h y d r o g e n a t i o n  o f  CO. S ince  t h e  f o r m a t i o n  o f  methane  and  C3+ 

h y d r o c a r b o n s  o v e r  Pd/SiO 2 i s  o n l y  s l i g h t l y  a f f e c t e d  by t h e  a d d i t i o n  o f  

e t h y l e n e  Co CO/H2, t h e  d e c r e a s e  i n  CO c o n v e r s i o n  and  m e t h a n o l  

f o r m a t i o n  would  a p p e a r  co be due t o  b l o c k a g e  o f  m e t h a n o l  f o r m a t i o n  
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sites by the added ethylene. In contrast to Pd/Si02, an increase in 

CO co-verslon during the addition of ethylene to CO/H 2 was observed 

for Ni/Si02, Ru/SiO 2 and Rh/S%02. This appears to be "due to the 

reaction of ethylene with adsorbed CO. (112) 

All group VIII metals are known to be active in catalyzing both  

CO hydrogenation and ethylene hydrogenatlon, (17.I13) both involving C- 

H bond formation. They also Involve different reaction steps and 

active site requirements, (17,113) so that the activity for ethylene 

hydrogenation does not parallel that of CO hydrogenation over these 

metals. 

As shown in Table 3-6, hydrogenolysls of ethylene oniy occurred 

on the Ni/SiO 2 catalyst. A similar observation has been reported by 

van Ba rneveld. (85) 

The capability of group VIII metals to dissociate CO has been 

well establlshed in the llterature. (21,I14) CO dissociation activity 

decreases in the order: Ni/SiO 2 > Ru/SiO 2 > Rh/SiO 2 > Pd/Si02. Thus, 

the surface concentratlon of nondlssoclatively adsorbed CO during 

synthesis may increase in .the reverse order. Since nondlssoclatlvely 

adsorbed CO is known to be the precursor for insertion into adsorbed 

ethylene species to form C 3 oxygenates (proplona idehyde and 

propanol), (32'96) the low selectlvlty of ethylene toward C 3 oxygenates 

over Pd/SiO 2 must be attributed to a lower activity of Pd to ca~lyze 

CO insertion than hydrogenation. In contrast to Pd, Rh has a greater 

tendency to dissociate CO. It also is the best catalyst for the 

formation of C 3 oxygenates from ethylene. It is likely that the 
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selectivity for the conversion of ethylene to C 3 oxygenates is 

dependent upon both the activity of the catalyst for CO insertion and 

the surface concentration of nondlssoclatively adsorbed CO. 

All these metal catalysts showed very low selectlvltles for the 

incorporation of ethylene into higher hydrocarbons (Table 3-6). A 

similar observation has also been reported by van ~rneveld. (85) The 

low selectivity for incorporation of ethylene into higher hydrocarbons 

could be due to the high activity of these catalysts for ethylene 

hydrogenation. Among Group VIII metals, only cobalt has been observed 

to be very active in the incorporation of ethylene into higher 

hydrocarbons. (88' I 16) 

3.3.2 Addition o f  Ethanol to CO/H 2 

Adsorbed ethanol has been identified in the form of an ethoxy 

group on Fe (I17) and Pt, (I18) and it can react to produce CH 4 and 

C2H 4. In the presence of CO/H 2, the adsorbed ethanol and its 

decomposlton products may react with CO hydrogenation intermediates 

resulting in a variety of products (Table 3-2). As shown in Table 3- 

7, both Ni/SiO 2 and Pd/SiO 2 are active in catalyzing dehydrogenation 

of ethanol to acetaldehyde but inactive in catalyzing any 

incorporation of the ethanol into higher hydrocarbons or oxygenated 

compounds. Although these two metals have different CO dissociation 

abilities, they have similar selectlvltles for the incorporation and 

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

different active sites are responslble for the ~eactlons of these two 
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molecules. CO dissociation has been shown to take place on ensemble 

sites of metals, (17) while the breaking of the C-O bond of ethanol has 

been proposed to require both intrinsic acidic sites and intrinsic 

haslc sites of metals. (I00) 

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 1 and C 2 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 into higher hydrocarbons. Emmett and 

coworkers (97'98) suggested thac dehydration products of ethanol serve 

as intermediates for chain growth. However, the selectivity for the 

incorporation of ethylenes a dehydration product of ethanols to C3+ 

hydrocarbons has been observed to be very low for both of these metal 

catalysts. The formation of a significant amount of C 3 oxygenated 

compounds (propanol and proploualdehyde) during the addition of 

ethanol to CO/H 2 over Rh/SiO 2 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 catalystss but there is no definite 

evidence for these reactions. 

3.3.3. Addition of Acetaldehyde to CO/H 2 

Adsorbed acetaldehyde has been found to readily form ethoxy 

intermediates on Fe. (I19) Since ethanol can dehydrogenate to form 

ethoxy intermediates and acetaldehyde, and acetaldehyde can 
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hydrogenate to form ethoxy intermediates and ethanol, the differences 

in product selectivity for ethanol reaction versus acetaldehyde 

reaction over these catalysts may relate to the relative ease of 

hydrogenation and dehydrogenation. If this is the case, it would not 

be expected that such a significant variation in CO conversion would 

occur during the addition of acetaldehyde to CO/H 2 as happened over 

Ni/SiO 2 and Ru/SiO 2. In contrast~ the addition of ethanol to CO/H 2 

did n b t  produce such a change. It is n o t  clear how adsorbed 

acetaldehyde modify CO hydrogenation over these two catalysts. 

Ru appears to have a greater activity for the decarbonylation of 

adsorbed acetaldehyde intermediates than for hydroge~atlon of these 

intermediates to ethanol. Significant activity for the aldol 

condensation of acetaldehyde was only observed for Ni/SiO 2. Aldehydes 

have a great tendency to undergo the aldol condensation but it is not 

clear why this occurs mostly on the Ni/$102 catalysts. 

A small amount of acetone was observed during the addition of 

acetaldehyde to CO/H 2 over Ni/Si02~ Ru/Si02, and Rh/SiO 2. This could 

proceed through dehydrogenatlon of the acetaldehyde to acyl 

intermediates followed by their association with CH 3 species to 

produce acetone. (18,115) In ~act~ by isotopic tracing experiments~ 

this latter step has already been shown to occur. (I15) 

3.3.4 Reaction Mechanisms 

The selectivities for t h e  various probe molecule reactions are 

summarized in Table 3-9. Ni/SiO 2, Ru/Si02, Rh/SiO 2 and Pd/SiO 2 

t# 
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Ni/SiO 2 Ru/SiO 2 Rh/SiO 2 Pd/SiO 2 

CO Dissociation (38'39) 

Hydrogenation of C 2 

Hydrogenolysis of C 2 

Incorporation of C~ 
into C3+HC 

CO insertion in C~ 

Dehydrogenationof EtOH 

Dehydration of EtOH 

+++ +++ ++ 0 

+++ +++ +++ +++ 

+ 0 0 0 

+ + 0 0 

+ 0 +++ 0 

+++ + +++ +++ 

0 ++ + + 

Conversion of EtOH to 
to CH 4 0 +++ +++ 0 

Conversion of EtOH 
into C3+OX + 0 +++ + 

Conversion of EtOH 
into C3+HC + +++ + + 

Conversion of MeCHO 
into C3+OX + 0 + NA 

Conversion of MeCHO 
into C3+HC + ++ + NA 

Deca~bonylation of 
MeCHO +++ +++ + ~A 

Aldol Condensation ++ 0 0 NA 

(300°C, i0 arm, CO/H2 = I) 
+++: strong (> 10% of probe reactant incorporated) 
++: moderate (> 5%) 
+: weak (> IZ) 
0: inactive (< I%) 

# 
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catalysts demonstrated dlfEerences not only in product selectivity for 

CO hydrogena tion but a Iso in their ca =a lytlc cape bill ties for 

hydroger~tion, hydrogenolysls, dehydrogenatlon~ 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 reported in the llterature (82-I12) are s~rlzed 

in Figure 3-1. Ni, a methanatlon catalyst, showed a strong catalytic 
! 

activity for ethylene hydrogenation, ethylene hydrogenolysls, ethanol 

dehydrogenation, and acetaldehyde hydrogenation but poor catalytic 

activity for CO insertion and incorporation of ethylene, ethanol, or 

• acetaldehyde into higher hydrocarbons and oxygenated compounds. The 

catalytic activities displayed by Ni/SiO 2 appear to be unfavorable Eor 

the formation of higher hydrocarbons and oxygena ted compounds. 

Ru/SIO2, a good higher hydrocarbon synthesis catalyst, demonstrated a 

strong catalytic activity for ethylene hydrogenation, conversion of 

ethanol to C I and C 2 hydrocarbons, decarbony1"~tlon of acetaldehyde, 

and incorporation of ethanol 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 

decarbonylatlon activity prevent the formation of C2+ oxygenated 

compounds, and they exclude oxygena ted Int ermedla tes a s maJ or 

intermediates for hydrocarbon chain growth over Ru/SiO 2. Rh/SiO 2, a 

good C 2 oxygenate synthesis catalyst~ exhibited strong catalytic 

activity for the incorporation of ethylene and ethanol to C 3 

oxygenated compounds but poor catalytic activity for decarbonylation 

~e 
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CH 4 C2HC, C3HC 

*CH x *CH x 
*H ~*CH x ' ~- *C2H x - ~ *C3H x 

s *CO *CO 

*CO -C 

* c ~ o  .~, ~ ,c3~:o 

l ' i *H *H 

=~,o~ • ~ ~ox 

Figure ~-I Possible Reaction Network for CO Hydrogenation 
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of acetaldehyde and hydrogenolysis of ethylene. A strong tendency for 

the incorporation of ethylene and ethanol into C3+ oxygenated 

compounds indicates that both oxygenated and hydrocarbon intermediates 

could be important for chain growth to form oxygenated compounds. 

Pd/$i02, a methanol synthesis catalyst, shdwed strong catalytic 

activity for hydrogenation and poor catalytic activity for CO 

insertion, conversion of ethanol to methane, and the incorporation of 

ethylene and ethanol into higher hydrocarbons and oxygenated 

compounds. The activity in catalyzing probe molecule reactions 

exhibited by Pd/SiO 2 is somewhat similar to those displayed by 

Ni/SIO 2. They do not favor the formation of C2+ species. 

W 

3.4 Conclusions 

The synthesis of oxygemted compounds and hydrocarbons over 

Ni/SiO 2, Ru/SiO 2, Rh/Si02, and Pd/SiO 2 would appear to follow 

different reaction paths resulting in different product distributions 

at I0 arm. The formation of C2+ oxygenated compounds over Rh/SiO 2 is 

controlled by both the activity of the catalyst to catalyze CO 

insertion and the surface concentration of nondlssociatively adsorbed 

CO. Both oxygevated and hydrocarbon intermediates may be important 

for oxygenate chain growth on Rh. The insertion of CH x into CyH x 

appears to be a major route for the formation of higher hydrocarbons 

over Ru/SiO 2. The inability of Ni/SIO 2 and Pd/SiO 2 to catalyze the 

formation of C2+ species would seem to be related to their poor 

abilities in catalyzing the incorporation of hydrocarbon and 
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oxygenated intermediates to form C2+ species. Nevertheless, the 

f a c t o r s  fo r  c o n t r o l l i n g  these  s p e c i f i c  r e a c t i o n  s t eps  remain a s  ye t  

u n c l e a r .  A more thorough s tudy of  the r e l a t i o n s h i p  between the 

s u r f a c e  s t a t e s  and e l e c t r o n i c  c o n f i g u r a t i o n  o£ these  me ta l s  and t h e i r  

catalytic abilities for specific reaction steps (as shown ~n Figure 3- 

1) should provide  a deeper  i n s i g h t  i n t o  the  mechanism of product  

£ o r m t i o n  over  the  Group VII I  me ta l s .  
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4.0 SUPPORT EFFECT ON OXYGENATE SYNTHESIS 
OVER Rh CATALYSTS 

i 

4. I Background 

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

the performnce of group VIII metal catalysts, especially rhodium 

catalysts. Depending on the support composition and pretreatment 

conditions, Rh catalysts can produce a wide range of oxygenated 

compounds and hydrocarbons including methanol, higher alcohols, 

aldehydes, acids, esters, methane, and higher hydrocarbons. (6'I0-12' 

62) Rh on MgO was found to exhibit a 90% selectivity to 

methanol. (6) Use of AI203 resulted mainly in CH4 formation while use 

of Si02, Ti02, or CeO 2 produced both alcohols and hydrocarbons. (6) It 

is apparent that the active sites f o r  the formation 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. ~atzer et al. (6) have suggested that Rh on MgO, a 

basic support which has an electron donating capability, would perform 

llke Pd. By the same argument, Rh on an acidic support, which would 

have a tendency to withdraw electrons, should behave llke Ru. In 

contrast, Somorjai and coworkers (32'123) have suggested that one of 

the major functions of an oxide support is to stabilize Rh cations 

which they suggested to be the active sites for oxygenate formation. 

The study discussed in this chapter is aimed at expanding our 

current knowledge of the effect of metal-support interactions on 



55 

oxygenate synthesis and elucidating 

selectivity to oxygenates and hydrocarbons. 

catalysts including AI203, SiO 2, Ti02, 

the factors • which affect 

A series of supported Rh 

la203 and MgO-supported 

catalysts and unsupported Rh black were studied by CO hydrogenation 

and by the addition of probe reactant molecules (ethylene, ethanol, 

and acetaldehyde) to the C0~H 2 reaction mixture under synthesis 

conditions. 

4.2 Results 

4.2.1 CO Hydrogenation 

The rates of formation of major products as a function of time 

for Rh black, Rh/AI203, Rh/Ti02, Rh/La203, and Rh/MgO are shown in 

Figures 4-i 4-2, and 4-3. Although these catalysts exhibited 

different patterns for the rate of product formation vs. time, all of 

them showed essentially a stable product selectivity after 300 minutes 

On stream. 

The product distributions from reaction over these catalysts at 

300 to 360 n~n time-on-stream, 300°C and I0 arm are given in Table 4- 

I. The selectivity for the formation of oxygenated compounds at i0 

arm increased in the order: Rh/A1203 < Rb/TiO 2 < Rh/MgO < Rh/La203 < 

Rh/SiO 2. A similar trend in selectivity to oxygenated compounds was 

also observed for reaction at 1.3 arm (Table 4-2). High pressures 

appear to enhance the selectivity to C 2 oxygenated compounds over 

Rh/Ti02, Rh/SiO2, and Rh/MgO. The influence of pressure on 
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Figure /4- 3 Product Formation Rate vs. Time over R~MgO 
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Table 4-2 Effect of Support on CO Hydrogenatlon 
Selectlvlty at 1.3 arm 

Ca ta  lys t s 

Z Dispersion 

RhlTI02* RhlSlO 2 Rhlla203 RhlMgO 

24 18 26 15 

Press, arm = 1.3 1.6 1.3 1.3 

Rate (molelkg/hr) 

Select tvt l :y  
(wt Z) 

cH 4 

C2+ 

Total OX 

1.49 0.395 0.68 0.32 

44.2 28.9 20.6 47.5 

53.8 33.2 43.5 32.0 

2 37.9 35.9 20.3 

MeOH 

C20X 

0 1.2 1.7 1.5 

2 32.2 29.5 17 

CO/H = Z, 300°C 
GHSV 2= 7,000-11,000 Hr. 
C~ Ox are Included in Total OX 

*C0/H 2 = 2 
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selectlvity over Rh/AI203 has also been found to be similar to that 

for these catalysts. (110) In contrast, high "pressures increase the 

selectivity to methanol rather than to C 2 oxygenated- compounds for 

P.h/L~203. It is interesting to note t h a t  Rh black shows a significant 

higher selectivity for the formation of oxygenated compounds compared 

with those reported for metallic Rh single crystals or foils. (124) 

4.2.2 Addition of Ethylene to CO/H 2 

In order to determine the effect of the support on the 

hydrogenation and hydrocarbonylation activities of these supported Rh 

catalysts, a sun11 amount of ethylene (3.3Z - 3.5 mole % of C2H 4 in 

CO/H2) was added to the CO/H 2 reactant stream under synthesis 

conditions. As shown in Figure 4-4j the addition of ethylene to the 

reaction mixture ove~ Rh/SiO 2 resulted in a significant increase in 

the rates of formation of ethane~ proplonaldehyde, and l-propanol, 

while the rates of formation of methane, acetaldehyde, ethanol, and 

other oxygenates were essentially not affected. When ethylene 

addition was stoppedj the activity and selectivity of the catalyst 

returned to those existing before ethylene addition. Similiar 

• patterns of change in product distribution during the .addItlbn of 

ethylene was also observed for other catalysts in this study. The 

increase in the rate of formation of ethane and of C 3 oxygenated 

compounds (propionaldehyde and l-propanol) appeared to result from 

hydrogenation and hydrocarbonylation of the added ethylene, 

respectively. The selectlvlties for the reactions of added ethylene 
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to CO/H 2 over Rh/SiO 2 
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over variously supported Rh catalysts are summarized in Table 4-3. 

The low selectivity for the incorporation of ethylene into C3+ 

hydrocarbons indicates that hydrogeTmtion and hydrocarbonylation of 

ethylene overwhelm the incorporation of ethylene into hydrocarbon 

chain growth. 

The results suggest that conversion of C 3 oxygenated compounds to 

C 3 hydrocarbons did not occur to any noticable extent. Therefore, 

ethylene addition can serve as a probe for determining the relative 

activity of these supported catalysts for catalyzing hydrogenation and 

hydrocarbonylation (CO insertion) during CO hdyrogenatlon. The 

selectivity for CO insertion increased in the order: Rh/A1203 < 

Rh/TiO 2 < Rh/MgO, Rh/La203 < Rh/SiO 2 while hydrogenation selectivity 

increased in the reverse order. Figure 4-5 shows a comparison of C 2 

oxygen~'e selectivity during CO hydrogenation with C 3 oxygenate 

selectlvlty from ethylene during the addition of ethylene to CO/H 2. 

The selectivities for CO insertion appear to parallel C 2 oxygenate 

selectlvltles of supported Rh catalysts during CO hydrogenation. In 

contrast, Rh black did not follow the trend as shown by supported Rh 

catalyst (see ~ble 4-1 and 4-3). 

4.2.3 Addition of Ethanol to CO/R 2 

The selectivities for reaction of added ethanol are shown in 

~ble 4-4. The concentration of added ethanol was controlled in the 

range of 0.I to 0.9%. The selectivity for dehydration decreased in 

the order: Rh/AI203 > Rh black > Rh/la203 > Rh/SiO 2 > Rh/MgO. 
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Selectivity for dehydrogenation decreased in the order: Rh black > 

Rh/MgO > Rh/AI203 > Rh/SiO 2 > Rh/La203 ~ In addition to 

dehydrogenation activity, Rh/SiO 2 and Rh/MgO also exhibited a 

relatively high selectivity for incorporation of ethanol to C 3 

oxygenated compounds. The formation of ethyl acetate from ethanol was 

observed over Rh/AI203 and Rh/SiO 2 while this reaction step was not 

significant over Rh/MgO, Rh/la203 and Rh black. 

4.2.4 Addition of Acetaldehyde to CO/H 2 

The addition of acetaldehyde was carried out over Rh black, 

Rh/AI203, Rh/SiO 2 and Rh/MgO. The selectivities for reactions of the 

added acetaldehyde are given in Table 4-5. Rh black, Rh/MgO and 

Rh/A1203 e x h i b i t e d  h igh  s e l e c t i v i t i e s  to  C 2 hydrocarbons .  In 

contrast, Rh/SiO 2 showed mainly hydrogenation activity with a weak 

decarbonylation activity. In addition to formation of a small amount 

of C 3 oxygenated compounds and hydrocarbons, acetaldehyde can also be 

decomposed to CO and H 2. Since an isotopic tracer study would be 

required to determine the rate of this reaction step, no attempt was 

made to determine the extent of this reaction. However, there was no 

significant change in the rates of formation of primary products from 

CO and H 2. 

4.3 Discussions 

Though d i s p e r s i o n  has been sugges ted  to be an impor tan t  f a c t o r  

f o r  c o n t r o l l i n g  product  d i s t r i b u t i o n  from CO hydrogena t ion  over  
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suppor ted  Rh c a t a l y s t s ( 1 2 5 ) , . d i s p e r s i o n s  rang ing  from 15 to 33 among 

these  suppor ted  c a t a l y s t s  as  shown i n  ~able 4 - i  should  not  r e s u l t  i n  

such a s i g n i f i c a n t  v a r i a t i o n  i n  product  d i s t r i b u t i o n .  I t  appears  t ha t  

me ta l - suppor t  i n t e r a c t i o n s  played an impor tan t  r o l e  i n  modifying 

product  d i s t r i b u t i o n s .  

4 .3 .1  E f f ec t  o f  React ion Pressure  

An i n c r e a s e  i n  r e a c t i o n  p re s su re  r e s u l t e d  i n  an i n c r e a s e  i n  the  

s e l e c t i v i t y  to  C 2 oxygenated compounds f o r  A1203, TiO2, S iO 2 and MgO 

suppor ted  Rh c a t a l y s t s  and an enhanced s e l e c t i v i t y  to methanol fo r  

Rh/Ia203. This could  be due to  an i n c r e a s e  i n  s u r f a c e  c o n c e n t r a t i o n  

of  n o n d i s s o c i a t i v e l y  adsorbed CO. 

Ramamoorthy and Gonzales (72) have demonst ra ted  t ha t  h igh 

coverages  of  CO can b lock CO d i s s o c i a t i o n .  SomorJai (73) has po in t ed  

out  t ha t  a t  h igh  p re s su re s  the r e a c t i o n  time may be longer  than the  

pe r iod  between c o l l i s i o n s  0f the  r e a c t a n t  wi th  the  s u r f a c e  s i t e s  of  

the  c a t a l y s t .  Thus, the  adsorbed CO could a c t  to b lock the  ensemble 

of s i t e s  needed fo r  CO d i s s o c i a t i o n  l o n g e r ,  r e s u l t i n g  i n  a h i g h e r  

coverage of u n d i s s o c i a t e d  CO a t  h igher  p r e s s u r e s  than a t  lower 

p r e s s u r e s .  The i n c r e a s e  i n  coverage of~ n o n d i s s o c i a t i v e l y  adsorbed  CO 

could enhance those  r e a c t i o n s  which r e q u i r e  n o n d i s s o c i a t i v e l y  adsorbed 

CO i n  t h i s  manner. Methanol has been shown to be formed v ia  the  

hydrogena t ion  of  n o n d i s s o c i a t i v e l y  adsorbed CO. (22) The fo rmat ion  of 

C 2 oxygenated compounds has a l s o  been demons t ra ted  to  i n v o l v e  t h e  
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insertion of nondissoclatively adsorbed CO into surface CH x 

specles.(20, 32) 

Nondlssoclatively adsorbed CO appears to be an essential 

precursor for the formation of oxygenated compounds. Thus an increase 

in surface concentration of nondissoclatlvely adsorbed CO should 

increase the selectivity to either methanol or C2+ oxygenated 

compounds. Nevertheless~ the factors governing the selectivity to 

either methanol or C2+ oxygenated compounds as reaction pressure 

increases are still not clear. (74) 

An increase in activity and selectivity for methanol formation 

with increasing pressure over Rh/la203 may be related to an 

involvement of active sites on la203. La203 has been observed to be 

active in methanol synthesis at 250°C and I atm. (75) Kuznetzov et 

al. (75) have suggested, Based on their NMR results, that CHO and CHO 2 

are the precursors for the formation of methanol. On Rh/la203, these 

precursors could be formed on la203 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 

formation of C2+ oxygermted compounds is partially controlled by both 

the activity of the catalyst to catalyze CO insertion and the surface 

concentration of nondissoclatlvely adsorbed CO. The difference in 

product distribution among these variously supported Rh catalyst as 

shown in Table 4-1 and 4-2 may be attributed to an effect of the 
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s u p p o r t  on t h e  a c t i v i t y  o f  Rh f o r  CO d i s s o c i a t i o n ,  h y d r o g e n a t i o n ,  and  

CO i n s e r t i o n .  The e f f e c t  o f  t h e  s u p p o r t  on CO d i s s o c i a t i o n  a b i l i t y  

was f ound  to  d e c r e a s e  i n  t h e  o r d e r :  TlO 2 > A1203 > SiO 2 > MgO. (68)  

Strong CO dissociation activity would result in less nondissociatively 

adsorbed CO available for' CO insertion to form .C 2 oxygenated 

compounds .  In  a d d i t i o n  t o  CO d i s s o c i a t i o n  a c t i v i t y ,  t h e  n a t u r e  o f  t h e  

support also exhibited a strong effect on CO insertion ability and 

hydrogenation capability of the Rh catalysts. The CO insertion 

ability decreases in the order: Rh/SiO 2 > Rh/La203 > Rh/MgO > Rh/TiO 2 

> Rh/AI203 while hydrogenation ability decreased in the reverse 

order. The trend in C2 ~ oxygenate selectivlty appears to parallel that 

of CO insertion ability rather than that of CO dissociation 

c a p a b i l i t y .  T h i s  can  be u n d e r s t o o d  by t h e  f a c t  t h a t  n o n d i s s o c i a t i v e l y  

a d s o r b e d  CO i s  a n  a b u n d a n t  s p e c i e s  on  t h e  c a t a l y s t  s u r f a c e ,  even  on 

t h e  s u r f a c e  o f  a s t r o n g  CO d i s s o c i a t i o n  c a t a l y s t  s u c h  a s  Ru. (126)  

R e s u l t s  o f  e t h y l e n e  a d d i t i o n  t o  t h e  CO/H 2 r e a c t i o n  m i x t u r e  s t u d y  o v e r  

t h e s e  c a t a l y s t s  a l s o  showed t h a t  f o r m a t i o n  o f  C 3 o x y g e n a t e d  compounds 

f rom r e a c t i o n  o f  e t h y l e n e  w i t h  H2/CO d i d  n o t  d e p l e t e  t h e  a d s o r b e d  CO 

i n  such  a way so  a s  t o  a f f e c t  t h e  f o r m a t i o n  o f  C 2 o x y g e n a t e d  compounds 

(which  have  to  be a l s o  fo rmed  p r e s u m a b l y  f rom a d s o r b e d  CO). T~is  i s  

a n o t h e r  i n d i c a t i o n  t h a t  a b u n d a n t  a d s o r b e d  CO i s  a v a i l a b l e  f o r  CO 

insertion. 

Although it is still not possible to determine what type of 

active site is responsible for Co insertion, results of ethylene 

addition over Rh blsck have showed that the active sites for CO 
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insertion do not require stabiliz@tion by a promoter or by an oxide 

support. This is contrary to what has been suggested by SomorJai and 

coworker s. ( 32, 123) 

In addition to t h e  insertion of CO into adsorbed ethylene, C 3 

oxygenated compounds can also be formed via incorporation of 

ethanol. Supports such as $I02 and MgO appear to promote this 

reaction step. This suggests that oxygenated intermediates are also 

important for oxygenate chain growth over these two catalysts. In 

contrast to Rh/SiO 2 and Rh/MgO, this reaction step was not observed 

for Rh black, Rh/la203, and Rh/A1203. This may be the reason why Rh 

black and Rh/Si02, which showed similar selectivity for CO insertion 

into adsorbed ethylene, exhibited different C 2 oxygenate selectivlty 

during CO hdyrogenation. 

Alcohol selectivity during CO hydrogenation has been found in the 

past to correlate well with the acidity or baslclty of the 

support. (6) The acidity or basiclty of supported Rh catalysts under 

synthesis conditions may be determined by the selectivity for 

dehydration or dehydrogenation of added ethanol. Acidity of the 

catalyst appears to decrease in the order: Rh/AI203 > Rh/La203 > 

Rh/SiO 2 > Rh/MgO. It can be seen from this study that there is no 

direct relationship between alcohol selectivity and the 

acidity/haslclty of the catalysts. Many factors m y  contribute to the 

disagreement between our study and those reported by Katzer et 

al. (6) These Include catalyst preparation technique, the nature of 

the Rh precursor, dispersion, metal loading, source of the support, 
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and pretreatment conditions. This complication can be seen from one 

of our later studies of Rh/MgO which is reported in Chapter 9. Rh/MgO 

reduced at 250°C produced high yields of methanol while reduction at 

400°C resulted in a high selectivity to C 2 oxygenated 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 

basicity of the catalyst can be modified not only by the use of a 

support but also by the use of alkali promoters, van den Berg (29) 

studied CO hydrogenation over a series of Na-promoted MnMoRh/SiO 2 

catalysts in order t o  investigate the effect of acidity or baslcity of 

catalysts on alcohol selectivity. No correlation between selectivity 

and acidity or basicity of catalyst was observed. 

Major products of acetaldehyde reaction on Rh black, Rh/AI203, 

Rh/Si02, and Rh/MgO are C 2 hydrocarbons and ethanol. The formation of 

C 2 hydrocarbons has been suggested to be via C-O bond scission of 

diadsorbed acetaldehyde. (I19) It is still not clear how the support 

may affect this C-O bond breaking process. The selectivity for 

acetaldehyde hydrogenation as shown in Table 4-5 did not parallel the 

selectivity for ethylene hydrogenation (Table 4-3). These results are 

also not consistent with the mole ratio of [CH3CH2OH]/[CH3CHO] during 

CO hydrogenation as shown in Table 4-6. This seems to suggest that 

ethanol is not produced by direct hydrogenation of acetaldehyde. This 

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

CO insertion is an important factor for the formation of C2+ 

oxygenated 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 selectlvlty and 

acldlty/basclty of catalysts was not observed. Factors affecting 

product distribution ~pparently include CO dissociation, CO insertion, 

hydroge~tlon~ and incorporation of hydrocarbon and oxygenated 

intermediates. These factors were found to be strongly dependent upon 

the support composition. 
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5.1 Background 

It is known that the addltlon of alkali salts to methanol 

synthesis catalysts often results in increased yields of higher 

alcohols. However, many questions still remain concerning the effect 

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

of alcohol synthesis. 

Rh/TiO 2 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 H 2. Thus, one is able to slmultaneously 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 alkall species (Li, K, and Cs) on the 

actlvlty and selectlvlty of Rh/TIO 2 for CO hydrogenation and on the 

deactivation characteristics of these catalysts. 

5.2 Results 

5 .2 .1  A l k a l i - P r o m o t e d  Rh/TiO 2 

The a c t i v i t i e s  o f  a l k a l i - p r o m o t e d  and unpromoted Rh/TiO 2 f o r  CO 

c o n v e r s i o n  as  a f u n c t i o n  of  t ime  a r e  shown i n  F i g u r e  5 - I .  An 

e x p r e s s i o n  o f  a c t i v i t y  i n  m o l e s / k g / h r  has  been used due to  the  

u n c e r t a i n t y  i n  t h e  e s t i m a t i o n  o f  t h e  n ~ b e r  o f  Rh s u r f a c e  atoms as a 
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result of the suppression and/or slow uptake of H 2 or CO chemisorption 

caused by alkali promotion (45) and SMSI. (130) 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 oE H 2 desorbed during TPD, 

as ~hown in Table 5-I, assuming all the hydrogen was adsorbed only on 

the metal suggests that t h e  TIO2-supported catalysts had similar Rh 

dispersions and surface areas. However, a significant fraction of the 

hydrogen appears to be adsorbed on the TiO2.(128~/29) 

The rate of CO conversion decreased in the order: unpromoted > 

Li > K > Cs. The unpromoted Rh/TiO 2 exhibited a relatlvely stable 

activity after an initial decline in CO conversion during the first 

300 mln. The rates of formation of the major products hs a function 

of time for Rh/TiO 2 is shown in Figure 5-2. Since t h e  rates of 

formation of all higher hydrocarbons behaved very similarly, only C 3 

is shown in Figure 5-2. 

Although deactivation was not exactly the same for all the 

catalysts, slmllar patterns for the rate of product formation vs. 

tlme~ as shown in Figure 5-2 for Rh/Ti02, 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 C 2 oxygenates) exhibited an initial decline 

followed by a levellng off. An increase in the rate of methanol 

formation with time Inltlally has also been reported for LaRh03(32) , 

Mn-Mo-Rh/Si02(29), and Pd catalysts "(144) 



79 

Table 5-I Average Metal Particle Size and Chlorine Content 
of Rh/TiO 2 Catalysts 

Ca ta lys t 

Avg. Metal Particle Diameter (A) Cl Content 

XRD H 2 TPD (%-) 

TiO 2 

Rh/TiO 2 

Li-Rh/TiO 2 

K-Rh/TiO 2 

Cs-Rh/TiO 2 

<40 

<40 

<40 

<40 

- 0.I 

24 0.044 

27 0.43 

25 

36 0.39 
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The effect of alkali promotion on the rates and selectlvltles 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 alkall-promoted-Mn-Rh/Si02.(58) 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 and 5- 

4. The oxygenated products observed were methanol, ethanol, 

acetaldehyde, acetone and ethyl acetate, while only trace amounts of 

C3+ straight chain oxygenated compounds were detected. Because of the 

lack of straight chain oxygenates above C 3 and the uncertainty in 

counting acetone as a C 2 or a C 3 specles 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 C 2 mole 

fraction from 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 alkall-promoters. 

The apparent activation energies determined from Arrhenius plots 

for CO conversion and the formation of the major products are 

presented in Table 5-4. It is evident that the apparent activation 

energies for CO conversion and for the formation of certain products 

such as CH 4 and EtOH are not greatly affected by alkali promotion. 

This suggests that the reaction mechanism is not modified by alkali 

81 
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8-7 

promotion. The values for the apparent activation energy for CO 

conversion agrees well with those previously reported for Rh catalysts 

while those for CH 4 formation are somewhat hlgh. (32,131) The higher 

values for ECH 4 may be due to the high CO/H 2 ratio used in this 

study. The inconsistency of the actlvation energies for acetaldehyde 

and acetone formation among promoted and unpromoted catalysts 

indicates that these species may have been involved in secondary 

reactions. 

5.2.2 Addition of Ethylene to CO/H 2 

In an attempt to clarify the above flndings, ethylene was added 

in small concentrations to the reaction mixture (2.3 mole" % 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 C 2 oxygenated 

compounds. The formation rates of the major products [C2H6, C3+ 

hydrocarbons, C2HsCHO , and C2H5CH2OH] 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 proplonaldehyde and n-propanol decreased only by a 
b 

factor of 2. It is useful to consider these two products 

(proplonaldehyde and n-propanol) together since they are probably 

formed from ethylene by the same surface intermediate; a simple 

hydrogenation step converts the proplonaldehyde 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 ethylenlc surface intermediate, 

whereas acetaldehyde is probably produced via CO insertion into a CH x- 

metal species which has to be generated by CO dissociation followed by 

hydrogenation. (24) 

r 

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 hlgher alcohol synthesis. (15) It has been suggested 

that the acetone is formed by the secondary reaction of acetic 

acld.(16) 

2CH3COOH + (CH3)2C0 + H20 + CO 2 

However, acetic acid was not observed in this study during steady 

state reaction conditions over Rh/TiO 2 and alkali-promoted Rh/TiO 2. 

In addition to the above reaction, Schulz and Zeln E1 Deen (18)" have 

proposed that acetone may be formed from a combination of the 

acetaldehyde surface intermediate and a surface methyl species. The 

fact that the selectivity of acetone parallels that of acetaldehyde, 

as shown in Table 5-3, supports such a conclusion. In contrast to our 

results, acetone was not observed during CO hydrogenatlon over Rh/TiO 2 

4 w 
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by Katzer et al. (6) or by Ichlkawa. (12) The failure of these authors 

to observe acetone may have been due to low reaction temperatures, low 

CO/H 2 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 

esterlfication of ethanol with acetic acid. However, there exist 

other possible routes for forming ethyl acetate not requiring acetic 

acid. Recently, Morrlson et al. (132) have shown that a ketene complex 

is able to react with methanol to form methyl acetate. A ketene 

surface species has also been suggested to be a surface intermediate 

for forming C 2 oxygenated compounds, as discussed in the previous 

section. Thus, 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 presence of acetic acid, the reaction pathways to these two 

species via acetic acid still can not be ruled out. At high reaction 

temperatures, acetic acid could easily be depleted by secondary 

reactions and esterification. 

5.3.2 Effect of Alkali ITomotion 

The effects in general of alkali promotion on CO hydrogenation 

over group VIII transition metal catalysts have been identified by 

numerous researchers (44-47) as (a) a suppression of hydrogenation 

abillty, (b) an increase in the abillty to dissociate CO, (c) an 
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increase in the selectivity to long chain hydrocarbons, and (d) a 

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

effects of alkali promotion might occur for Rh-catalysts. The 

suppression of hydrogenation was evidenced by an increase in the 

ratios of C3-C 5 olefins, to-paraffins and of acetaldehyde-to-ethanol 

upon alkali promotion, as presented in Table 5-6. 

The "supposed" electron donation properties of the alkali 

promoters (58) should decrease the average surface oxidation state. 

This should result in a decrease in the product 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 formation. 

Results of ethylene addition also indicate that the CO insertion step 

to form oxygenated compounds over Rh/TiO 2 is not strongly affected by 

the chemical nature of the alkali-promoter. If the enhancement of CO 

dissociation did occur on the alkali-promoted Rh catalysts, i~ seemed 

to have little effect on CO insertion. The decrease in the rate of 

formation of oxygenated compounds upon alkali promotion may have been 

mainly due to a lower rate of formation of the precursor, CHx, 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 r a t e  of i n c o r p o r a t i o n  of e t h y l e n e  i n t o  

h ighe r  hydrocarbons on a lka l i - p romo ted  c a t a l y s t s .  The e t h y l e n e  

addition study showed that the rate of incorporation o£ ethylene into 

higher hydrocarbons decreased inthe order: unpromoted > Li > K > Cs. 

The effect of alkali promotion to decrease overall activity of Rh 

c a t a l y s t s  for  CO hydrogena t ion  a t  t empera tu res  a b o v e  275°C and 

pressures above I0 arm has been reported by van den Berg (29), Wilson 

et al. (131), and this study. Contradictory results reported by Orlta 

et al. (13) and Kaga~i et al. (14) for alkall-promoted Rh/TiO 2 and 

Rh/AI203 have shown the alkali promoter increases the formation rate 

of oxygenated compounds under low temperature and low pressure 

conditions (180°C and < I arm). They have suggested that the active 

sites may be located near the Juncture of the rhodium metal 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 dissociatlon 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 

dissociation at low temperatures (<200°C) may greatly increase the 

formation rate of CH x, a precursor for CO insertion, without 

c o n t r i b u t i n g  to c a t a l y s t  d e a c t i v a t i o n .  

93 
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5.4 Conclusions 

The selectivity and activity of CO hydrogenation over Rh 

catalysts vary with the presence of alkali promoters. The effect of 

alkali promotion on Rh/TiO 2 can be summarized as follows: 

a. Alkali promoters have a different effect on the formaclon of 

oxygenated compounds than on that of hydrocarbons. 

b. The selectivity for oxygenated compounds increase in the 

order: unpromoted < Li < K = Cs. 

c. The abilities for hydrogenation in general and ethylene 

incorporation to higher hydrocarbons decrease in the order: 

unpromoted > Li > K > Cs. 

d. The ability for CO insertion is only a relatively weak function 

of promotion. This fact combined with the decrease in 

hydrogenation activity probably accounts for the increase in 

oxygenated selectlvlty upon promotion. 

e. The chain ~rowth probability is only sllghtly modified by the 

presence of alkali promoters. 
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6.0 EFFECT OF ALKALI PROMOTION OF Rh/La203 

6.1 Background 

Among supported Rh catalysts, Rh/La203 is known to be highly 

selective for the synthesis of oxygenates from synthesis gas. (6) A 

study of alkali promotion of Rh/La203 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 oleflns (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 specific reaction steps 

such as CO insertion, hydrogenation, and secondary reaction of primary 

products. The relationship between the synthesis of C 2 oxygenates 

from CO and H 2 and the synthesis of C 3 oxygenates from CO/H2/C2H 4 was 

investigated. 

6.2. RESULTS 

The average metal partlcle sizes of Rh/La203 and alklal-promoted 

Rh/La203 are presented in Table 6-I. The variation of rate of product 

formation with time is shown in Figure 6-I. The activity is expressed 

in mole/kg/hr because of the uncertainty in the estimation of the 

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

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

MeCHO showed a sllght initial decllne and then remained essentially 
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Table 6-1 The Average Metal Particle Sizes of Rh/La203 
and Alkali-Promo~ed Rh/La203 

Catalysts Average Particle Diameter 
A 

Rh/La203 27.=+ . 

< 30 (b) 

Li-Rh/La203 < 30 (b) 

K-Rh/La203 < 30 (b) 

Cs-Rh/La203 < 30 (b) 

(a) Determined by hydrogen TPD in flowing Ar at arm 
(b) X-ray diffraction 
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constant for at least 24 hours. A variation in the ratio 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 C 2 oxygenated compounds exhibited a 

maximum for a reaction temperature of approxlmately 286°C. Similar 

trends in product selectlvlty have also been observed for LaRhO 3 for 

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

selectlvlty for C 2 oxygenates in that case occurred near 300°C. 

6.2.1 E f f e c t  o f  Alkali Promot ion  

! 

Reaction temperature evidently can have great effects on product 

distributions over Rh catalysts. It is therefore useful to compare 

the product selectivity for alkall-promoted and unpromoted catalysts 

at several different reaction temperatures. As shown in Figure 6-2~ 

the C 2 oxygenate selectivity appears to be somewhat more sensitive to 

alkali promoters at hlgher temperatures than at lower temperatures. 

Since the variation in methanol and C 2 oxygenate selectlvltles among 

promoted and unpromoted catalysts 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 alkall 

promotion in the temperature range of 255-300°C. The apparent 

activation energies determined from Arrhenlus plots for the formation 

of the major products are presented in Table 6-3. It is evident that 

the apparent activation energy for methane formation is essentially 
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Table 6-2 The Effect of Temperature on the Product 
Distribution from CO Hydrogenation Over 
Rh/La203 

Reaction Temperature (°C) 255 270 286 300 

Ac t i v i t y  (~ole/Kg Hr) 0.212 0.322 0.548 0.772 

Se lec t i v i t y  (Wt %) 

C 1 6.9 11.2 16.2 22.8 

C2+ 10.7 12.4 15.5 18.9 

MeOH 56.7 43.2 28.7 21..6 

gtOH 17.0 22.5 28.7 26.0 

MeCHO 5 • 4 5.2 4 • 8 4.8 

Total  OX 82.4 76.4 68.3 58.3 

CO/H 2 = I, GHSV:II00 hr -I, I0 atm 
Acetone, EtAc, and C3-C 40X are included in Total OX 

A. 
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not affected by alkali promotion. Its values are, however, somewhat 

higher thai~ those previously found for Rh-containlng catalysts in 

studies at 0.i arm (12) and 6 arm (32'124) and range very close to those 

found under reaction conditions of 40 arm and 227-277°C. (II0) 

Although the apparent activation energies for other major products 

showed a slight variation from unpromoted to promoted catalysts, all 

the values except those for CH30H and MeCHO fell Int~ the range of 

literature data, as shown in Table 6-3. Since the activation energy 

for product formation decreases in the order: CH 4 > C20X > CH30H , it 

is possible to obtain a high selectivity in methane and methanol by 

varying the reaction temperature. Since the trends in product 

selectlvltles among promoted and unpromoted catalysts are similar at 

different temperatures, it is convenient to compare the performance of 

these catalysts at 300°C and I0 arm. 

As shown in Table 6-4, Li-promoted catalysts exhibited an 

increase in the rate of CO conversion and the selectivity for C 2 

oxygenates and a decrease in methane selectivity. Unless otherwise 

stated, reaction results for the promoted catalysts will always be 

compared to those for the unpromoted catalyst. The rate of CO 

conversion and the rates offormatlon for all the products decreased 

for the K-promoted catalyst while product selectlvitles were only 

slightly affected. The Cs-promoted catalyst exhibited decreases not 

only in the rates of formation of all the products but also in the 

selectivity toward the oxygenated compounds. The Anderson-Schulz- 

Flory (A-S-F) distributions based on the mole fractions both of 

.e 
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hydrocarbons and oxygenated compounds are shown in Figure 6-3 and 6- 

4. Because of the lack of straight chain oxygenates above C3, it is 

difficult to determine chain growth probabilities for the oxygenated 
i 

compounds. Although alkall promoters have little effect on the chain 

growth probability of hydrocarbons, they do affect the mole fraction 

of C 2 hydrocarbons. The deviation of the mole fraction of C 2 

hydrocarbon form the llnear A-S-F distribution decreases in the order: 

unpromoted, Cs > Li > K. These results are somewhat different from 

those reported for alkall-promoted Rh/TiO 2 in Chapter 5. 

6.2.2 Addition of Ethylene to CO/H 2 

A small amount of ethylene (2.6 mole %) was added to the CO/H 2 

reaction mixture to clarify the effect of alkali promotion on specific 

reactions occurring during synthesis. As shown in Figure 6-5, 

ethylene was added to CO/R 2 reactant mixture after 800 minutes of 

reaction and then was continued for 120 minutes. Although the 

formatlon rates of certain products at 1160 min. (180 mln after the 

ethylene addition was stopped) were still somewhat higher than those 

before e~hylene addition (Figure 6-5), the rates of formation for all 

the products essentially returned to values existing 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 6-5), 

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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hydrogena t ion  to methane, methanol ,  C 2 oxygenated compounds, and 

acetone'were not influenced by the added ethylene. The increase In 

the formation rate of some products, such as ethane, 1-propanol and 
! 

proplonaldehyde, can be assumed to result prlmarily from the added 

ethylene. By determlnlng the differences In the rates of product 

for~tlon during and after the addition of ethylene, the rates of 

hydrogenation, chain incorporation, and hydrocarbonylatlon of ethylene 

could be estimated (Table 6-5). As indicated by the constant rate oE 

formation of methane on promoted and unpromoted catalysts before, 

during, and a£ter ethylene addition, it appears that hydrogenolysls oE 

ethylene dld not occur to any noticeable extent. Ll-promotlon 

promoted the rate of formation oE C 3 oxygenated compounds while a 

marked decrease was observed for the Cs-promoted catalyst. K-Rh/La203 

also exhibited lower rates of Eormatlon relative to Rh/La203 of both 

C 3 oxygenated compounds and C2H 6 (by a factor of approxlmately 2). 

The low actlvltles for the incorporation of ethylene Into C3+ 

hydrocarbons Is expected since Rh metal Is known to be a poor catalyst 

for  c a t a l y z i n g  the  i n c o r p o r a t i o n  of e t h y l e n e  i n t o  h igher  

hydrocarbons.  (73) K and Cs promoters,  however, appear to  promote t h i s  

i n c o r p o r a t i o n  of  e t h y l e n e  i n t o  C3+ hydrocarbons on Rh/La203. 

6 .2 .3  AddtZton of Propylene to CO/H 2 

The r e s u l t s  of  propylene a d d i t i o n  are  p resen ted  in  Table 6-6.  

The r a t e  of propylene hydrogenat ion  decreased by a Eactor of 10 for 

the  Cs-promoted c a t a l y s t s .  The r a t i o  oE n -bu ty ra ldehyde / t so~  
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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 

ethy%ene, 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/H 2 

The amount of ethanol added was controlled in the range of 0. i- 

0.99 mole % of the CO/H 2 reactant mixture. The only possible effect 

of theconcentratlon of added alcohols on the reaction of alcohols is 

the selectivity toward the formation of ether. (134) However, ether is 

known to decompose readily on Rh metal at temperatures above 

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

in this case at 300°C. Although the amounts of ethanol added were not 

equal for each catalyst, the trend of relative rates and selectivities 

of specific reactions such as dehydration, dehydrogenation, conversion 

of ethanol to methane and chain incorporation still can be clearly 

discerned. As shown in Table 6-7, the selectivity for decomposition 

of ethanol to CH 4 and dehydration of ethanol to C 2 hydrocarbons 

decreased in the order: unpromoted > Li > K, Cs. The selectivity for 

dehydrogenation of ethanol increased in the order: unpromoted < I/ < 

K, Cs, although overall 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 C 3 
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oxygenates for both promoted and unpromoted catalysts. Addition of 

ethanol to CO/H 2 was also carried out over La203 to determine the 

contribution of La203 to the decomposition of ethanol. La203, as seen 

in Table 6-7, did not exhibit any dehydration or converslon of ethanol 

to methane activity but it did exhibit dehydrogenation activity at 

these reaction conditions (300°C and i0 arm). 

6.3 Discussion 

6.3.1 Effect of the Addition of Ethylene, Propylene, and Ethanol to 
CO/H 2 on Product Distribution 

The addition of ethylene to CO/H 2 resulted in a significant 

increase in rates of formation of C 3 oxygenates and ethane indicating 

that ethylene (Table 6-5) is very active in reactions wlth CO and H 2 

under synthesis conditions. The fact that the rates of formation for 

methane, methanol, ethanol, acetaldehyde, acetoneD and ethyl acetate 

did not change significantly before, during and after 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 

hydrocarbonylatlon of ethylene do not compete with CO hydrogenation 

(formation of CHx, CyH x MeOH, C2OX , 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 hydrogenolysls of ethylene did not occur to any extent. 
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Figure 6-6 shows a comparison of the rate of C 2 oxygenate 

formation from CO hydrogenation with the rate of C3 oxygenate 

formation, from the reaction of ethylene with CO/H 2 for promoted and 

unpromoted Rh/La203o The rate of C 2 oxygenate formation parallel 

those of C 3 oxygenate formation. This suggests that a catalyst which 

is active in catalyzing the formation of acetaldehyde and ethanol 

during CO hydrogenation is also active in catalyzing the formation of 

proplonaldehyde and propanol during reaction of ethylene with CO/H 2, 

In other words, a catalyst which is active in catalyzlng CO insertion 

into adsorbed CH x is also active in catalyzlng CO insertion into the 

adsorbed C2~. However~ the trend in the effect of alkall promotion 

on CO insertion into adsorbed C3H x is not as obvious as for CO 

insertion i n t o  the adsorbed C2H x (Table 6-5 and 6-6). 

From Tables 6-5 and 6-6j it can be seen that the rate of CO 

insertion into an adsorbed C 3 alkyl group is much slower than that of 

CO insertion into an adsorbed .C 2 alkyl group. A similar trend has 

also been observed in hydroformylatlou 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 x > C2H x > C3Hx .(29) 

If this is the case, the lower formation rate of C 2 oxygenates during 

CO hydrogenation compared with that of C 3 oxygenates during the 

reaction of ethylene with CO/H 2 may be attributed to a slow formation 

rate of CH x for CO insertion. It has been proposed that the rate 

determining step for the formation of C 2 oxygenates is the formation 

of CHx.(3i) 
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Figure 6-6 A Comparison of the Rate of C 2 Oxygenate Formation during 
CO Hydrogenation with that of C 3 Oxygenate Formation 

during Addition of Ethylene to CO/H 2 
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The insertlon of CO into alkyl groups is well known to occur on 

Rh complexes. (135,136) In this studyj it is still not clear whether 

the formation of C 3 and C 4 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/H 2 = 

I. (29) Takahashl and Kobayashl (133) have observed that Rh/SiO 2 and 

Rh/A1203 are active for hydroformylation of ethylene for a long period 

of time without deactivating at 127°C and 1 arm. This suggests that 

hydroformylatlon may be carried out on the Rh surface without loss of 

the active metal via the gas phase. Takahashl et al. (136) have 

proposed a surface hydroformylatlon mechanism to explain their kinetic 

results obtained from zeolite-supported Rh catalysts. Ichikawa et 

al. (I15) and Orlta et al. (127) have demonstrated by isotopic labe11ing 

studies that C 2 o~ygenates are formed via CO insertion into surface 
I 

CH2/C~ 3 species. Castener at al. (124) have also shown that the 

surface of,R h203 is active in catalyzing CO insertion into adsorbed 

alkyl groups. All of this evidence strongly supports the case for 

formation of C2+ oxygenates on the surface of Rh catalysts. 

As can be seen in Table 6-7, the addition of ethanol to CO/H 2 

resulted in a decrease in the formation rates of methanol and l- 

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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a. 

hydrocarbons. 

explain the 

catalysts° 

A dual site mechanism has been proposed previously to 

formaton of hydrocarbons and oxygenates over Rh 

It was postulated that the dissociatlon of CO and the 

hydrogenation of s u r f a c e  carbon take place on metallic Rh sites while 

CO insertion occurs on the Rh in an oxidized state. (29'32) Rendullc 

and Sexton (I18) have suggested that alcohols adsorb on transition 

metal surfaces, such as Pt, via interaction of the lone pair orbital 

of oxygen in the alcohols with the metal. Benzlger and Madix (I17) 

have observed that ethanol is 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, Ponec (80) has reported no 

correlation of the selectivity for C 2 oxygenates with ~he amount of 

Rh + present, in contrast ~o what have been found for Pd 

catalysts. (138) Katzer et al. (6) reported from an XPS study that 

there was no evidence to support the existence of Rh + on Rh/TiO 2, 

which is known to be active for the formation of C2+ oxygenates. 

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 insertion at present, our results and several 

previous studles (29'30) have shown that active sites for the formation 

of C2+ oxygenates are probably dlfferen~ ~rom those for the formation 

of hydrocarbons. 

~n addition to a high activity and selectivity in the formation 

of ethanol, Rh/La203 exhibited a high activity and sel~ctivlty in 
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conversion of ethanol to methane and dehydration of ethanol. This 

suggests that the readsorptlon 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. (29) 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/SiO 2 leads to an 

increase in the formation of ethyl acetate (see Chapter 4). A similar 

result has also been reported for Mn-Mo-Rh/S iO 2 . (29) 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 Alklal Promotion 

The major effects of the addition of alkali promoters on the 

catalytic properties of Rh/la203 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 

increase C 2 oxyge na te selectivity for Li-Rh/La 203 in CO 

hydrogenation. La203 (Table 6-7) is inactive in dehydration of 

ethanol and conversion of ethanol to methane and Rh is active in 

dehydration (see Table ~-4) so that the dehydration and conversion of 

ethanol to methane over Rh/La203 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 

located on the Rh metal, poisoning dehydration of ethanol and 

conversion of ethanol to methane. Prallaud et al. (44) observed that 

K + species on K-promoted Ni/SiO 2 exist on both the metal and the 

support. 

The overall acidity of alkall-promoted Rh/La203 decreased in the 

order: Rh/La203, Li-Rh/La203 > K-Rh/La203, Cs-Rh/La203, as indicated 

by the activity of alcohol dehydration. It appears that there is no 

correlation of oxygenate selectivity to the acldlty/baslclty of 

alkall-promoted Rh/La203 and unpromoted Rh/La203 contrary to what was 

found for just supported Rh catalysts. (6) 

The suppression of hydrogenation over alkall-promoted Rh/La203 is 

evidenced by an increase in the ratio of C4=/C 4 (Table 6-8) and the 

decrease in the rates of ethylene and propylene hydrogenation (Table 

6-5 and 6-6). The increase in olefin selectivlty upon alkali 

promotion could be due to" a decrease in the amount of adsorbed H 

teps(45 ) and/or a dlmunltlon in the hydrogenation s Moreover, the 

increase in CO adsorption energy brought about by alkali pro- 

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

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 
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,¢ 

C2/C 2 C3/C 3 C4/C 4 

Rh/La203 1.69 3.95 5.76 

Li-Rh/La203 2.68 6.06 7.67 

K-Rh/La203 1.74 2.35 8.40 

Cs-Rh/La203 1.78 2.40 8.32 

300°C, 1 arm and CO/H 2 ~ 1 
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from the suppress ion  of o l e f i n  ad so rp t i on .  Shigehara and 0zakf (140) 

have found tha t  t h e  a d d i t i o n  of potassium to Ni suppresses  the 

i r r e v e r s i b l e  adso rp t ion  ( s t rong  adsorp t ion)  of  e t h y l e n e .  I t  has been 

sugges ted  t h a t  the  adso rp t ion  of hydrocarbons such as e t h y l e n e  on 

t r a n s i t i o n  metals  i s  a s soc i a t ed  wi th  a charge t r a n s f e r  from the 

hydrocarbon to  t h e  meta l .  (141') Zaera and SomorJai (142) have proposed 

tha t  potassium on the metal  su r f ace ,  s e rv ing  as an e l e c t r o n  donor, 

could i n h i b i t  t h i s  charge t r a n s f e r ,  making the  adso rp t ion  of 

hydrocarbons l e s s  f avorab le .  

As shown in  Figure 3-1, the  suppress ion  of hydrogenat ion  could 

i n c r e a s e  the C 2 oxygenate s e l e c t i v i t y  and i t  could a l so  dec rea se  the 

o v e r a l l  a c t i v i t y  of  syn thes i s  by i n h i b i t i o n  of the format ion  of 

p recursors  such as CH x. Thus, the  promotion of CO i n s e r t i o n  appears 

to be c r u c i a l  fo r  improving both the  a c t i v i t y  and the  s e l e c t i v i t y  o~ 

the format ion  of  C 2 oxygenates .  The enhancement of  CO I n s e r t i o n  over 

Rh/La203 brought about by the  IX promoter (Tables 6-4 and 6-5) seems 

to  be invo lved  wi th  both the  IX promoter and the  La203 suppor t  because 

t h i s  promotion was not observed fo r  o the r  s i m i l a r  s t u d i e s  us ing  

Rh/TiO 2 (Chapter 5) ,  Rh/HgO, l~h/A1203, and Rh/SIO 2 (Chapter 7) under 

the  same r e a c t i o n  c o n d i t i o n s .  I t  has been suggested Chat La spec ies  

may ~ g r a t e  onto Pd dur ing hydrogen r e d u c t i o n  og Pd/La203 a t  400°C 

forming small patches on the Pd metal partlcles. (143) It is s~ill not 

clear whether thls migration of La species can occur In a Rh system. 

However, there is a possibility that both Li and La speelal ~ould form 

small patches on Rh metal particle resulting In a |mtal-alkall 
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promoter-support interaction. Further characcerlzaClon of these 

catalysts is required co verify thls Interaction. 

6.4 Conclus ions  

This s tudy  has demonst ra ted  t h a t  t he  a b i l i t y  fo r  s y n t h e s i s  of C 2 

oxygenates  dur ing  CO hydrogena t ion  i s  c l o s e l y  r e l a t e d  to the  a b i l i t y  

fo r  s y n t h e s i s  of  C 3 oxygenates  dur ing  the  r e a c t i o n  of  C2H 4 wl th  

CO/H 2. It also confirms the reaction scheme (Figure 3-I) for the 

synthesis of hydrocarbons and oxygenates as proposed in Chapter 3. 

The active sites for the formation of oxygemtes appear to  be 

different from those ~or the formation of hydrocarbons. The 

selectivity and activity of a Rh catalyst is dependent upon its 

abillty to .catalyze those specific reaction steps such as CO 

dissociation, hydrogenaclon and CO insertion. These specific reaction 

steps have been found CO be strongly dependent upon the type of alkali 

promoter .  

The overall effect of alkali promoters on Rh/la203 in the 

synthesis of oxygenated compounds can be summarized as follows: 

- Li-promotlon enhances CO insertion reaction and slightly 

affects hydrogenaclon on Rh/la203~ resultlng in increases in 

both selectlvlty and formation rate of C 2 oxygenated compounds 

during CO hydrogenation. It also increases both selectlvlty 

and formation rate of C 3 oxygenated compounds during the 

reaction of ethylene with CO/H 2. 

a~ 
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- K or Cs promotion suppresses both CO insertion "and 
! 

hydrogenation on Rh/la203 resulting in decreases in 

sele~tlvi=y and activity to oxygenated compounds and a 

decrease in overall activity. 


