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RESEARCH SCOPE AND OBJECTIVES 

The goals of this program are (I) identification of the reaction inter-. 

mediates present during CO hydrogenation reactions, (2) determination of the 

r e a c t i o n  pathways whereby the  i n t e r m e d i a t e s  a r e  c o n v e r t e d  i n t o  p r o d u c t s  and 

(3) the development of an understanding of the causes for catalytic activity 

end selectivity. Direct CO hydrogenation into branched alkanes and aromat- 

Ice, isosynthesie, i s  being investigated over zirconium dioxide and alkali- 

promoted z i rcon ium d i o x i d e .  React ion mechanisms have been i d e n t i f i e d  by use 
/ 

of  i n f r a r e d  s p e c t r o s c o p y ,  temperature-programmed'reaction t e c h n i q u e s ,  and 
{ 

{ 

ca rbon- l~  and oxygen-18 i so tope  l a b e l i n g .  Ch&~n propagat ion  proceeds by CO 
/ 
/ 

insertion into adsorbed aldehyde~ketone epec~'es and by a condensation 
/ 

r e a c t i o n  between methoxide  and e n o l a t s  spec~ies.  C u r r e n t ,  and f u t u r e ,  r e -  
s 

search is focusing on these chain growth 5eactlons and Is directed toward 

establishing how acid and base promoters ~ffect the absolute rake of these 

t 

individual reactions. The active site for CO activation was suggested, on 
l 

the basis of oxygen-18 studies, to be an anion vacancy. The role of anion 

v a c a n c i e s  in  C0 h y d r o g e n a t i o n  i s  currently under  investigation. 

DESCRIPT~gN OF THE RESEARCH EFFORT 

Previous work at I atm had revealed the C l species that form and how 

they interconvert [I-6]. The key surface reactants for the formation of C 2 

and h i g h e r  p r o d u c t s  (C2+) a p p e a r  t o  be me thox ide  and the  s p e c i e s  i n t e r m e d i a t e  

between formate and methoxide.  Th is  i n te rmed ia te  spec ies  could be ass igned 

t o  e i t h e r  oxTmethylene or  a d s o r b e d  fo rma ldehyde  a s  shown i n  F t s u r e  1 [ 7 ] .  

A r e c e n t l y  completed s t u d y  o f  C2+ p r o d u c t  s y n t h e s i s  [ 7 , 8 ]  has  e n a b l e d  us  

to  i d e n t i f y  the  r e a c t $ o n e  r e s p o n s i b l e  f o r  c h a i n  propagation. Chain g rowth  
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has been shown to  proceed by CO i n s e r t i o n  i n t o  bound a l d e h y d e /  k e t o n e  s p e c i e s  

and by condensation between methoxlde and enolate species. The CO insertion 

reaction appears to dominate, is the only reaction for C 2 formation and may 

be the only reaction for C 3 formation. Formaldehyde initiates the major 

chain growth process. The condensation reaction causes an increase in C4+ 

products and accounts for the some of the branching that is observed over 

ZrO 2. 

The conclusions listed above are based on an extensive series of carbon- 

13 labeling experiments. The experiments involved adding a labeled-oxygenate 

to the CO/H 2 feed mixture and determining the products into which the oxy- 

genate i n c o r p o r a t e d .  I n c o r p o r a t i o n  o r  lack of  i n c o r p o r a t i o n  by v a r i o u s  

additives was used to discriminate between possible reaction mechanisms, ge 

found that carbon-13 isotopes were needed because the product distribution, 

as analyzed on the GC, did not always clearly show incorporation into any 

product had occurred. Carbon-15 isotope distributions provide unambiguous 

evidenae for incorporation. Acetone provides the greatest amount of insight 

because it reacts to iso-C4"s by CO insertion and linear C4"s by condensation 

and because i t  can  be used to measure t he  a b s o l u t e  r a t e s  of  t h e s e  two p r o p a -  

g a t i o n  reactions. (The reaction paths for acetone incorporation are shown in 

Figures 2 and 3, respectively.) We found that at 425 °C 2r02 catalyzed the 

insertion reaction four times faster than the condensation reaction. 

Identification of the reaction path is a major benchmark in our research 

~rogram. It is now possible to design experiments that will probe how the 

metal oxide catalyst influences the relative rates of key reactions in the 

propagation sequence. W~thout the mechanisms we would only be able to 

e s t a b l i s h  o v e r a l l  changes  in  s e l e c t i v i t y  and in  k i n e t i c  p a r a m e t e r s ,  
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Figure 3. Proposed condensation reac t i on  for  bound acetone [ 7 ] .  



a c t i v a t i o n  e n e r g i e s  and  p a r t i a l  p r e s s u r e  d e p e n d e n c e ,  a s  t h e  ZrO 2 was m o d i f i e d  

or as other metal oxides were examined. 

Re are currently examinlng the effects of acid and base modifiers on the 

absolute rates of CO ~nsertlon and condensation reactions. Carbon-13 labeled 

acetone will be added to the reaction mixture and the rate of incorporation 

into the iso-C4"s and linear C4"s will be establlshed. This was done over 

unmodified ZrO 2 that was 9D percent monocllnlc [7] as a means of establishing 

the technique. ~e are currently synthesizing a group of modified z~rconias 

and zirconias with different ratios of phases to find systems that have 

selectivity that differs from the monoclinic ZrO 2.  Our primary thrust in- 

volves doping with alkali hydroxides to increase basicity and enhancing the 

acidic nature of the ZrO 2 with the addition of alumina, ylttrla or H2SO 4. 

The isosynthesis properties and the product distributions of these catalysts 

are belng examined to identify systems that have significantly different 

llnear to branched or C4/C 5 ratios. (The labeling st~dles can only be done 

on a limited number of systems due the cost of the labeled acetone.) 

Zirconia has both basic and acidic sites [9,10]. Pichlerand Ziesecke 

examined tee effect of acid and base modifiers on the isosynthesis products 

and found that ThO 2 modified with alumlna and alkali was the most active 

[11]. The enolate, XVIII (Figure 3), will be etablllzed over a more acidic 

surface and its formation via hydride abstraction should be enhanced by more 

basic surfaces. The,e effects should combine to enhance the rate of conden- 

satlon. The role of acid and base in the propagatlon reactlon is less clear° 

The valance structure resultlng fro~ insertion, ZV (Figure 2), may be sta- 

bilized by basic sites, and if so, we expect that insertion may be enhanced. 

The role of acid and base sites in Isosynthesis is central to establishing 



why c e r t a i n  c l a s s e s  o f  m e t a l  o x i d e s  t h a t  have  a c i d / b a s e  p r o p e r t i e s  a r e  e f f i -  

c i e n t  i s o s y n t h e s i s  c a t a l y s t s .  

The o t h e r  a s p e c t  o f  our  r e s e a r c h  i s  f o c u s e d  on t h e  m a t e r i a l s  p r o p e r t i e s  

of ZrO 2 and how defects are related to synthesis activity. Methanol eyn- 

thesis is the primary activity probe. A previous study [5] had SUEEeSted 

that oxYEen anion vacancies were the sites at which CO was converted into the 

methoxide. These sites would also be associated [7] with the formation of 

aldehyde, the chain initiatinE species. The research involves measurlng the 

anion vacancy concentration over various preparations of zirconia and es- 

tablishing if the activity for methanol synthesis and anion vacancy con- 

centration are quantitatively related. If relationships ere found, we will 

investiEate Eeneration of the vacancies and how the various components 

present durinE isoeynthesis interact w~th the vacancies. 

Vacancy concentration will be measured with SO 3. YamaEuchl etal. [12] 

have established that S03 adsorbs at the anion vacancy sites of Zr02 and 

forms an S04 anion. The amount of 504 is being established wlth IR and TGA 

techniques. The anion has characteristic IR stretches that enable us to 

i d e n t i f y  i t s  p r e s e n c e  bu t  n o t  t h e  a b s o l u t e  amount p r e s e n t .  We have  r e c e n t l y  

rebuilt a TGA for use in our studies and have beEun eubjectlnE ZrO 2 to var- 

ious pretreatment and various calclnation conditions in the TGA to determine 

how these variables affect the amount of 503 that adsorbs. The correspondlnE 

methanol synthesis actlvlty measurements have already been obtained. 

Methano l  a c t i v i t y  h a s  been  d e t e r m i n e d  o v e r  m o n o c l S n i c  ZrO 2 (1 t o  5 

p e r c e n t  t e t r a E o n a l ) ,  m o n o c l i n ~ c  and t e t r a E o n a l  (5  t o  20 p e r c e n t  t s t r a E o n a l )  

and o v e r  c u b i c  z i r c o n t a .  The c a l c i n a t i o n  t e m p e r a t u r e ,  p e r c e n t a g e  m o n o c l i n i c  

and p r e t r e a t m e n t  i n  H 2 o r  02 a f f e c t  t he  amount o f  m e t h a n o l  f o r m e ~ .  We s h o u l d  



.learn, during the current budget year, if anion vacancies, as measured by SO 3 

adsorption, correlate with the methafiol act£vlty. Me are exam~nlng a set of 

cubic zlrconias that have a known amount of bulk anion vacancies as a check 

on our technique. The surface anion vacancy concentration should be related 

to the bulk concentrationl lie have found that on a p e r  unit area basis the 

one cubic zlrconia tested to date has the highest methanol synthesis 

activity. 

6 

FUTURE RESEARCH 

The m a j o r  f e a t u r e s  o f  t he  i s o s y n t h e s i s  mechanisms have  been  i d e n t i f i e d ,  

namely that propagation involves CO insertion and condensation reactions [7]. 

The details of these reactions were proposed by Mazanec [15] on the basis of 

analogles to orEanometallic chemistry~ Information concerning the primary 

products, the termination reactions to the primary products, and how the 

synthesis variables of temperature and H 2 and CO pressure influence the 

reaction remain unknown over aheterogeneous surface. Me Will examine these 

issues by the use of steady State rate measurements at varying synthesis 

pressures, residence times. This rate data will be combined with the mechan- 

istic p £ c t u r e  we have  p r o p o s e d  [7 ]  t o  d e v e l o p  a d e t a i l e d  k i n e t i c  mode l .  The 

kinetic model will be useful in probing how the catalyst composition affects 

the overall isosynthe~ie process. The model is a necessary component in 

d e v e l o p i n g  our  u n d e r s t a n d i n g  of  CO h y d r o g e n a t i o n  o v e r  m e t a l  o x i d e s  bu t  c a n n o t  

be  e x p e c t e d  t o  p r o v i d e  i n f o r m a t i o n  on t h e  e l e m e n t a r y  p r o c e s s e s  t h a t  a r e  

occurrlnE. Thls infor~atlon will come from the experiments such as the iso- 

tope l a b e l i n g ,  which  p r o b e  i d e n t i f i a b l e  a s p e c t s  o f  t h e  r e a c t i o n .  

The use  o f  c a r b o n - 1 3  l a b e l e d  a c e t o n e  t o  p r o b e  t h e  r e l a t i v e  r a t e s  o f  C0 



i n s e r t i o n  and c o n d e n s a t i o n  w i l l  be c o n t i n u e d .  The l a b e l i n g  work,  combined 

with the kinetic model, should enable us to identify the catalyst features 

t h a t  f a v o r  b r a n c h e d  p r o d u c t  f o r m a t i o n  and a r e  r e s p o n s i b l e  f o r  t h e  h i g h  ~ e l e c -  

tlvity displayed by Zr0 2 during CO hydro~enatlon. This Informatlon will be 

used he begin an examination of other oxide system,s that have the same C l 

surface chemistry as ZrO 2. A prevloua study [3] had shown that ZnOp TiO 2 and 
f 

Zr0 2 activated C0 and formed a common set of intermediates. Re hope to 

establish if Zr0 2 is unique in ~t~ ability to catalyze IsosFnthesis products 

or if previous surveys [11] were conducted under the wrong set of conditions. 

S i n c e  a common s e t  of  C 1 s p e c i e s  a r e  formed over  t h e s e  o x i d e s  i t  s h o u l d  be 

p o s s i b l e  t o  d e t e r m i n e  i f  a c e t o n e  w i l l  undergo  C0 i n s e r t i o n  and c o n d e n s a t i o n  

w i t h  m e t h o x i d e  o v e r  a l l  o f  t h e  o x i d e s ,  de hope t o  d e t e r m i n e  whe the r  t h e  

transformations that give rise to isosyntheslz selectivity (Figures 2 and 3) 

are possible over other metal oxides and, if so, what controls.the energetics 

and selectivity of  these reactions. 

The anion vacancy studies will continue. The alkali promoter studies 

discussed above are expected to lead to enhancement in the rate of condensa- 

tion. Th? alkali will be added as the hydroxide. Alkall under certain 

c o n d i t i o n s  can a c t  to  a l t e r  t h e  s o l i d  s t a t e  p r o p e r t i e s  o f  Zr0 2. P r o p e r  

t h e r m a l  t r e a t m e n t  and d o p a n t  l e v e l s  a r e  u sed  t o  make a v a b S e t y  of  s t a b i l i z e d  

and partially stabilized cubic zirconlas. The alkali hydroxides may incor- 

porate into the outer ZrO 2 surface and lead to higher anion vacancy con- 

c e n t r a t i o n s ,  i n  a d d i t i o n  t o  i n c r e a s i n g  t h e  b a s i c t t F .  T h e  SO 5 a d s o r p t i o n  

s t u d i e s  s h o u l d  p e r m i t  us t o  a s s i g n  c h a n g e s  i n  a c t i v i t y  more a c c u r a t e l y  t o  

s p e c i f i c  c h a i n  b r a n c h i n g  r e a c t i o n s  o r  t o  CO a c t i v a t i o n °  
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