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SUMMARY 

~he objective of this researd% is to elucidate the role of various 

d~mical additives on ethanol synthesis over ~h- and Ni-hased catalysts. 

(heroical additives used for this study will include S, P, Ag, Cu, Mn, and Na 

which have different electronegativeities. ~he effect of additives on the 

surface state of the catalysts, heat of adsorptiun of reactant molecules, 

reaction intermediates, z~acticn pathways, reaction kinetics, and product 

distributicms is/will be invest/gated by a series of experimental studies of 

No adsorption, reactive probing, ~dy state rate ~ ,  and transient 

kinetic study. 

A better understarding of the role of additive on the synthesis r~ction . 

may allow us to use dlemical additives to manipulate the catalytic properties 

of Rh- and Ni-based catalysts for producing high yields of ethanol from 

syngas. 

I~SOLq~ ~D ~ 

~ring the second quarter of 1989, A~h/SiO 2 was used as a model 

catalyst for studying the structure sensitivity of C 2 oxygenate synthesis. 

~he results reveal that the C 2 oxl~enate synthesis may be less 

stru~itive than the hydrocarbon synthesis during CO hl~enat/on. 

DISCLAIMER 

This report was prepared as an account of  work sponsored by an agency of the United States 
Government. Neither the United States C~vcrnment nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or rcsl~nsi- 
bility for the aceuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, proems, or service by trade name, trademark, 
manufactorer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors egpre.~ed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

| ,m I 



° .  

I 

ABSTKACT 

The e f f e c t  of Ag on CO h y d r o g e n a t i o n  over  Eh/Si02 has  been  

s t u d i e d .  Ag i s  found t o  d e c r e a s e  t h e  r a t e s  of  f o r m a t i o n  f o r  CH4 

and C2+ hydroca rbons  more t h a n  t h o s e  f o r  C2 oxygena te s  r e s u l t i n g  

i n  a ~a rked  i n c r e a s e  i n  C2 oxygenate  s e l e c t i v i t y .  I n f r a r e d  

s p e c t r o s c o p i c  s t u d i e s  r e v e a l  t h a t  Ag b l o c k s  t h e  bridge-CO s i t e s .  

E t h y l e n e  a d d i t i o n s t u d i e s  show t h a t  Ag promotes  CO i n s e r t i o n  and 

s u p p r e s s e s  h y d r o g e n a t i o n .  The r e s u l t s  s u g g e s t  t h a t  t he  number of 

Eh atoms r e q u i r e d  f o r  CO i n s e r t i o n  may be l e s s  t h a n  t h a t  f o r  

h y d r o g e n a t i o n  and m e t h a n a t i o n .  

INTRODUCTION 

Approaches to  t h e  s y n t h e s i s  of h i g h e r  a l c o h o l s  from syngas  

have i n c l u d e d  the  use  of c a t a l y s t s  based  on ( i}  suppor t ed  m e t a l  

c a t a l y s t s ,  such as s u p p o r t e d  ~h, Ru, Co, Fe ,  and Mo [1-5] and 

( i i )  Cu/ZnO-based c a t a l y s t s ,  such as  a l k a l i - p r o m o t e d  Cu/ZnO and 

Co-Cu/ZnO/A120s c a t a l y s t s  [ 6 -8 ] .  The s y n t h e s i s  over  Cu/ZnO-based 

c a t a l y s t s  which r e q u i r e s  t h e  use of h igh  p r e s s u r e  ( a t  l e a s t  5 

~Pa} produces  methano l  as  a major  p roduc t  and h i g h e r  a l c o h o l s  as 

minor  p r o d u c t s .  I n  c o n t r a s t ,  suppor t ed  Rh c a t a l y s t s  have been 

found  to  be h i g h l y  a c t i v e  and s e l e c t i v e  f o r  t h e  p r o d u c t i o n  of  C2 

oxygena t e s  i n c l u d i n g  a c e t a l d e h y d e ,  e thano l~  and a c e t i c  a c i d  a t  

low p r e s s u r e  c o n d i t i o n s  [ 1 , 9 - 1 4 ] .  

The unique a c t i v i t y  of t he  rhod ium-based  c a t a l y s t s  f o r  C2 

o x y g e n a t e s y n t h e s i s  l i e s  in  t h e i r  modera te  CO d i s s o c i a t i o n  and 

s t r o n g  CO i n s e r t i o n  c a p a b i l i t i e s .  A d d i t i v e s ,  i n c l u d i n g  Zn, T i ,  

Z r ,  V and La oxides~ have been d e m o n s t r a t e d  to  enhance CO 
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i n s e r t i o n  a c t i v i t y  of Kh/Si02 c a t a l y s t s  [ 10 ,11 ] .  The a d d i t i v e s  

such as Mn and ~o r e s u l t e d  i n  i n c r e a s e s  i n  t h e  r a t e  of  both  CO 

d i s s o c i a t i o n  and CO i n s e r t i o n  l e a d i n g  to  i n c r e a s e s  in  t h e  

a c t i v i t y  f o r  t h e  f o r m a t i o n  of  C2 oxygena tes  [ 1 2 , 1 3 ] .  I n  c o n t r a s t  

t o  t h e  p r o m o t i n g  e f f e c t  of t r a n s i t i o n  meta l  o x i d e s ,  a s e l e c t i v e  

i n h i b i t i o n  e f f e c ~  of a l k a l i  a d d i t i v e s  on h y d r o g e n a t i o n  l e d  t o  

enhancement  of C2 oxygena te  s e l e c t i v i t y  on Eh c a t a l y s t s  [14].  

The m o d i f i c a t i o n  of c a t a l y t i c  b e h a v i o r  by t h e s e  v a r i o u s  a d d i t i v e s  

has  been  a t t r i b u t e d  to  e i t h e r  t h e  e l e c t r o n i c  e f f e c t  of a d d i t i v e s  

or  t h e  c h e m i c a l  i n t e r a c t i o n  of a d d i t i v e s  w i t h  r e a c t a n t  mo lecu l e s .  

Ag, f o r  which e l e c t r o n e g a t i v i t y  i s  s i m i l a r  t o  t h a t  of Eh 

m e t a l ,  i s  an i n a c t i v e  component f o r  a number of  r e a c t i o n s  

i n c l u d i n g  CO h y d z o g e n a t i o n ,  o l e f i n  h y d r o g e n a t i o n ,  and a lkane  

h y d r o g e n o l y s i s  [15 ,16 ] .  Depending on t h e  s t r u c t u r e  s e n s i t i v i t y  

of t h e  r e a c t i o n s  and d i s t r i b u t i o n  of i n e r t  a d d i t i v e s  on the  

s u r f a c e  of an a c t i v e  m e t a l ,  t h e  a d d i t i o n  of t h e  i n a c t i v e  

component such as Ag may no t  on ly  modify t h e  o v e r a l l  a c t i v i t y  but  

a l s o  change t h e  s e l e c t i v i t y  of t h e  r e a c t i o n .  T h i s  paper  r e p o r t s  

r e s u l t s  of t h e  CO h y d r o g e n a t i o n  s t udy  on AgEh/Si02 c a t a l y s t s .  

Emphasis  was p l a c e d  on t h e  e f f e c t  of t e m p e r a t u r e  and t h e  

c o n c e n t r a t i o n  of A~ on t h e  C2 oxygenate  s e l e c t i v i t y .  E t h y l e n e  

a d d i t i o n  was used t o  d e t e r m i n e  t h e  e f f e c t  of Ag on t h e  a c t i v i t y  

of Eh/Si02 f o r  CO i n s e r t i o n  and h y d r o g e n a t i o n .  I n f r a r e d  

s p e c t r o s c o p i c  s t u d i e s  of CO a d s o r p t i o n  were employed t o  probe t he  

s t r u c t u r e  of  t h e  s u r f a c e  of AgEh/Si02 c a t a l y s t s .  
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EXPERIMENTAL 

C a t a l y s t  P r e p a r a t i Q n  

Three wt.  ~ Rh/S~02 was p r e p a r e d  by i m p r e g n a t i o n  of Si02 

(Strem Chemica l s )  u s i n g  Rh n i t r a t e  (A l fa  Chemica l s ) .  AgRh~Si02 

was p r e p a r e d  by c o i m p r e g n a t i o n  u s i n g  bo th  Eh and Ag n i t r a t e s .  

The p e r c e n t a g e  of Eh was t he  same i n  a l l  of t he  Rh/Si02 and 

AgRh/SiO2 c a t a l y s t s .  The molar  r a t i o s  of Ag t o  Rh a r e  0 .25 ,  0 .5 ,  

and 1. A f t e r  i m p r e g n a t i o n ,  t h e  samples  were d r i e d  o v e r n i g h t  in  

a i r  a t  313 K, t h e n  reduced in  f l o w i n g  hydrogen a t  673 K ~or 16 

h r .  The c r y s t a l l i t e  s i z e s  of t h e  Rh and Ag me ta l s  was de te rmined  

by X- r ay  d i f f r a c t i o n  l i n e - b r o a d e n i n g  t e c h n i q u e .  E f f e c t  of  Ag on 

t h e  hydrogen c h e m i s o r p t i o n  was d e t e r m i n e d  by t h e  f low 

c h e m i s o r p t i o n  method.  

Reac t ion  S t u d i e s  

C0 h y d r o g e n a t i o n  (CO/H2 = 1) was performed over  t h e  

c a t a l y s t s  i n  a d i f f e r e n t i a l  r e a c t o r  sys tem under  393 - 573 K and 

1.01 MPa. Space v e l o c i t i e s  of 1 ,100 t o  11,000 h r  "I were used to  

keep CO c o n v e r s i o n  below 5~ i n  o r d e r  t o  minimize  h e a t  and mass 

t r a n s f e r  e f f e c t s  and secondary  r e a c t i o n s .  P r o d u c t d i s t r i b u t i o n  

was de t e rmined  by an HP-5890A gas chromatograph (GC) w i th  a 6 f t  

Porapak PS i n  s e r i e s  wi th  a 6 f t  Porapak  q column. The 

combina t ion  of  t h e s e  two GC columns p e r m i t s  a good o n - l i n e  

s e p a r a t i o n  of  methane and C2~C8 p a r a f f i n s  and o l e f i n s  as w e l l  as 

CI~C4 a l c o h o l s  and a ldehydes .  

A sma l l  amount of e t h y l e n e  (2 mole ~ of t h e  r e a c t a n t  

mix tu re )  was added t o  t he  syngas  s t r eam t o  i n i t i a t e  t h e  r e a c t i o n  

of e t h y l e n e w i t h  syngas  ( e t h y l e n e  h y d r o f o r m y l a t i o n )  a t  573 K and 

m 
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1.01 MPa. The a d d i t i o n  of e t h y l e n e  l e d  to  a s i g n i f i c a n t  i n c r e a s e  

i n  t h e  r a t e  of f o r m a t i o n  of  e thane  and p r o p i o n a l d e h y d e  wh i l e  t h e  

a d d i t i o n  h a r d l y  a f f e c t e d  t h e  r a t e  of f o r m a t i o n  of o t h e r  C0 

h y d r o g e n a t i o n  p r o d u c t s  (14) .  The r a t e  of e t h a n e  and 

p r o p i o n a l d e h y d e  f o r m a t i o n  d u r i n g  e t h y l e n e  a d d i t i o n  on t h e  v a r i o u s  

AgKh/Sif2 was used  t o  de t e rmine  t h e  e f f e c t  of Ag on h y d r o g e n a t i o n  

and Cfl i n s e r t i o n  a c t i v i t i e s  of Kh c a t a l y s t s .  

I n f r a r e d  S p e c t r o s c o p i c  (IR) S t u d i e s  

Adsorp t ion  of Cfl on t h e  Rh/Si02 and AgRh/Si02 was s t u d i e d  i n  

an I ~  c e l l  a t  510 K and 1.01 MPa. The I ~  c e l l  i s  made of 

s t a i n l e s s  s t e e l  w i t h  CaF2 windows u s i n g  G r a f o i l  O- r ings  (Union 

C a r b i d e ) .  The c a t a l y s t s  f o r  t he  s t u d y  were ground to  a f i n e  

powder and p r e s s e d  i n t o  a d i s k  (approx.  10 ms i n  d i ame te r  and 1 

mm i n  t h i c k n e s s  w i t h  25 mg). IR s p e c t r a  of adsorbed  s p e c i e s  were 

r e c o r d e d  by a N i c o l e t  5SXC FTIR s p e c t r o m e t e r  w i t h  a DTGS d e t e c t o r  

a t  a r e s o l u t i o n  of 4 cm -* . Gas phase  CO bands were e l im inaZed  by 

s u b t r a c t i n g  t h e  a b s o r b a n c e  of gas phase CO w i t h  a Sift2 d i s k  i n  

t h e  c e l l  from t h e  s p e c t r a  of adsorbed s p e c i e s  on the  ~h/Si02 and 

AgKh/SiO2 catalysts. 

RESULTS AND DISCUSSION 

Table 1 l i s t s  r e s u l t s  of hydrogen c h e m i s o r p t i o n  and X - r a y  

d i f f r a c t i o n  s t u d i e s .  The sma l l  v a r i a t i o n  of h y d r o g e n a t i o n  

c h e m i s o r p t i o n  t o  Ag/~h r a t i o  and t h e  o b s e r v a t i o n  of l a r g e  kg 

c r y s t a l l i t e s  i n d i c a t e s  t h a t  on ly  a ~mal l  amount of Ag cove r s  t h e  

s u r f a c e  of t he  ~_h p a r t i c l e s  and t h a t  most  of t h e  Ag atoms g a t h e r  

t o g e t h e r  to  form a g g r e g a t e s .  Temperature  programmed d e s o r p t i o n  
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s t u d i e s  of hydrogen showed t h a t  Ag does no t  a f f e c t  t h e  s i t e s  f o r  

hydrogen  c h e m i s o r p t i o n  [17]o F i g u r e  1 shows i n f r a r e d  s p e c t r a  of 

CO a d s o r p t i o n  a t  513 K. Two ma jo r  bands were o b s e r v e d  on Kh/Si02 

and AgRh/SiO2: l i n e a r  CO band around 2041-2064 cm -1 and 

br idge-CO band around 1854-1876 cm "1 . For Ag/Rh= 0 . 5 ,  t he  

i n t e n s i t y  of  l i n e a r  CO band was s l i g h t l y  i n c r e a s e d  w h i l e  t he  

i n t e n s i t y  of  bridge-CO band was dec rea sed .  As t h e  r a t i o  of Ag to  

Rh i n c r e a s e d  t o  1, Ag a d d i t i v e s  dec reased  t h e  i n t e n s i t y  of 

br idge-CO band more t h a n  t h a t  i f  l i n e a r  CO. In  gener~!~  t h e  

i n c r e a s e s  i n  Ag con t en t  on t h e  c a t a l y s t  l ed  t o  an i n c r e a s e  i n  t he  

r a t i o  of l i n e a r  CO i n t e n s i t y  t o  bridge-CO i n t e n s i t y  and a s l i g h t  

v a r i a t i o n  of  bo th  l i n e a r  and bridge-CO wave number.  

The s m a l l  change in  t h e  wave number of a d s o r b e d  CO may be 

a t t r i b u t e d  t o  the  d i l u t i o n  of  Rh by Ag r a t h e r  t h a n  t h e  l i g a n  d 

( e l e c t r o n i c )  e f f e c t  of Ag. Ponec and coworkers  [183 have 

s u g g e s t e d  t h a t  a downward s h i f t  of 15~30 cm-! f o r  adsorbed  CD 

upon a l l o y i n g  of m e t a l s ,  such as Ni-Cu, Pd-Ag, Pd-Au, and Pt-Cu,  

shou ld  be a s c r i b e d  to  t h e  g e o m e t r i c  e f f e c t  of g roup  IB m e t a l s .  

The r e d u c t i o n  of bridge-CO i n t e n s i t y  brought  abou t  by Ag 

i n d i c a t e s  t h a t  the  major  e f f e c t  of Ag i s  to  b l o c k  bridge-CO 

s i t e s .  Such a b lockage e f f e c t  of Ag on t h e  br idge-CO s i t e  on Rh 

has been r e p o r t e d  by Kochetkova  and Sokolova [19] .  The b lockage  

of br idge-CO s i t e  on Group Y I I I  me ta l s  by IB and I IB  meta l s  has  

a l s o  been  observed  f o r  Ag-Pd, Cu-Rh, and Zn-Rh sys t ems  [20-~2].  

These r e s u l t s  sugges t  t h a t  Ag may be i n t e r d i s p e r s e d  on the  

s u r f a c e  of Rh p a r t i c l e .  However, r e s u l t s  of an e t h a n e  



h y d r o g e n o l y s i s  s t u d y  on AgRh/Si02 s u g g e s t  t h a t  Ag may form 

pa t ches  or i s l a n d s  on t he  s u r f a c e  of Rh c a t a l y s t s  [23] .  F u r t h e r  

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

r e q u i r e d  f o r  v e r i f y i n g  how Ag d i s t r i b u t e s  on t h e  Eh s u r f a c e .  

The p r o d u c t  d i s t r i b u t i o n  from CD h y d r o g e n a t i o n  on Eh/Si02 i s  

shown in  Table  2. Methane, C2÷ h y d r o c a r b o n s ,  and C2 oxygena te s  

a re  the  major  p r o d u c t s  whi le  me thano l  c o n s t i t u t e s  t h e  minor  

p roduc t .  The t u r n o v e r  f r equency  f o r  C0 conve r s ion  i n  t h e  p r e s e n t  

s tudy  f o r  Rh/Si02 i s  i n  the  same r a n g e  as those  r e p o r t e d  f o r  

Eh/Si02 [11] ,  a l t h o u g h  r e a c t i o n  c o n d i t i o n s  f o r  t h e s e  two s t u d i e s  

a re  not  e x a c t l y  t h e  same. The s e l e c t i v i t y  f o r  methane dec r ea sed  

s l i g h t l y  from 473 t o  503 K and i n c r e a s e d  wi th  f u r t h e r  i n c r e a s e  i n  

t empera tu re  w h i l e  t h e  C2 oxygena tes  s e l e c t i v i t y  i n c r e a s e d  from 

473 t o  503 E and d e c r e a s e d  wi th  f u r t h e r  i n c r e a s e  i n  t e m p e r a t u r e .  

The maximum C2 oxygena te  s e l e c t i v i t y  appears  t o  occur  around 

503 K. A s i m i l a r  v a r i a t i o n  of C2 oxygena t e  s e l e c t i v i t y  v e r s u s  

t empera tu re  has  a l s o  be~n observed  on Ag/Rh= 0.25 and Ag/Eh= 0 .5  

c a t a l y s t s  as shown in  Figure  2. The t e m p e r a t u r e  (Tm) f o r  maximum 

C2 oxygenate  s e l e c t i v i t y  depends on t h e  Ag/Rh r a t i o .  

E x t e n s i v e  r e s e a r c h  on CO h y d r o g e n a t i o n  on the  Eh-based  

c a t a l y s t s  has  shown t h a t  C2 oxygena t e s  a re  formed v i a  t h e  fo rma l  

i n s e r t i o n  of CO i n t o  CHx which i s  p roduced  from C8 d i s s o c i a t i o n  

fo l l owed  by h y d r o g e n a t i o n  [ 1 , 9 - 1 4 ] .  The r e a c t i o n  scheme i s  shown 

i n  F igure  3. S i n c e  t h e  f o r m a t i o n  of  C2 oxygena tes ,  CH4, and C2+ 

hydrocarbons  i n v o l v e s  a common i n t e r m e d i a t e ,  CHx, t h e  s e l e c t i v i t y  

and r a t e  f o r  C2 oxygena te  f o r m a t i o n  s h o u l d  depend on t h e  r e l a t i v e  

c o n c e n t r a t i o n  of  adsorbed  s p e c i e s ,  such as *CU, *CRx and *H as 
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w e l l  as  t he  r a t e  of t h e s e  s p e c i f i c  r e a c t i o n  s t e p s .  The p r e s e n c e  

o~ b o t h  d i s s o c i a t i v e  and n o n d i s s o c i a t i v e  CO on t h e  c a t a l y s t  

s u r f a c e  i s  e s s e n t i a l  f o r  t h e  f o r m a t i o n  of C2 oxygena te  s i n c e  t h e  
v 

d i s s o c i a t i v e  CO i s  t h e  p r e c u r s o r  f o r  t h e  f o r m a t i o n  of CHx and t h e  

n o n d i s s o c i a t i v e  CO i s  t h e  p r e c u r s o r  f o r  t h e  CO i n s e r t i o n .  

The v a r i a t i o n  of C2 oxygenate  s e l e c t i v i t y  w i th  t e m p e r a t u r e  

r e f l e c t s  t h e  d i f f e r e n c e  i n  the  dependence of  t h e s e  v a r i o u s  

s p e c i f i c  r e a c t i o n s  (shown in  F igu re  3) on t e m p e r a t u r e .  ~ a t s o n  

and Somor ja i  [24] s u g g e s t e d  t h a t  CO i n s e r t i o n  competes f a v o r a b l y  

~ i t h  h y d r o g e n a t i o n  i n  t h e  i n t e r m e d i a t e  t e m p e r a t u r e  range  

(498-598 K) on t he  KhLaOs c a t a l y s t  which e x h i b i t s  a maximum C2 

oxygena te  s e l e c t i v i t y  a round 573 K. In  t h e  h i g h  t e m p e r a t u r e  

r ange  (above 598 K)~ CO d i s s o c i a t i o n  and h y d r o g e n a t i o n  of CHx 

g e n e r a l l y  p redomina te  over  CO i n s e r t i o n  r e s u l t i n g  i n  the  

~ o r m a t i o n  of methane as a major  p r o d u c t .  The s i m i l a r  v a r i a t i o n  

of  C2 oxygena te  s e l e c t i v i t y  wi th  t e m p e r a t u r e  among Ag/ILh=O, 

Ag/Kh=0.25, and Ag/Kh=0.5 c a t a l y s t s  i n d i c a t e s  t h a t  Ag does no t  

modi fy  the. dependence of t he  s p e c i f i c  r e a c t i o n  r a t e s  on t h e  

t e m p e r a t u r e .  However~ Ag does promote t h e  CO i n s e r t i o n  as 

i n d i c a t e d  by t h e h i g h e r  C2 oxygenate  s e l e c t i v i t i e s  on lgKh/Si02 

c a t a l y s t s  compared w i t h t h a t  on Rh/Si02.  F u r t h e r  i n c r e a s e  in  

Ag/Kh from 0 .5  t o  1 l ed  t o  the  s h i f t  of t h e  Tm to  h i g h e r  

t e m p e r a t u r e  r a t h e r  t h a n  i n c r e a s e s  i n  t he  C2 oxygena te  

s e l e c t i v i t y .  This  o b s e r v a t i o n  sugges t s  t h e r e  may be an upper  

l i ~ i t  of  Ag p romot ion  on t h e  C2 oxygenate  s e l e c t i v i t y .  

I | I 
! 
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Rates  of f o r m a t i o n  f o r  C]4 and C2 oxygena te s  v e r s u s  Ag/Eh 

r a t i o  a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  shown in  t h e  F i g u r e s  4 and 5. 

The most obv ious  e f f e c t  of Ag i s  t o  d e c r e a s e  t h e  a c t i v i t y  f o r  t h e  

p roduc t  f o r m a t i o n .  The s u p p r e s s i o n  of t h e  r a t e  of p r o d u c t  

f o r m a t i o n  by Ag s u g g e s t s  t h a t  Ag may i n h i b i t  bo th  CO d i s s o c i a t i o n  

and h y d r o g e n a t i o n  r e s u l t i n g  in  d e c r e a s e s  i n  t h e  r a t e  of f o r m a t i o n  

of CHx f o r  f u r t h e r  r e a c t i o n s  toward  p r o d u c t s .  The i n h i b i t i o n  

e f f e c t  of Ag on t h e  p roduc t  f o r m a t i o n  r a t e  i s  more pronounced a t  

h i g h  t e m p e r a t u r e  t h a n  a t  low t e m p e r a t u r e .  As Ag/Rh r a t i o  v a r i e d  

from 0 to  1 a t  573 ° K, t h e  r a t e  of f o r m a t i o n  of methane dec rea sed  

by a f a c t o r  of 10 wh i l e  t h e  r a t e  of f o r m a t i o n  of C2 oxygena tes  

on ly  d e c r e a s e d  by a f a c t o r  of 2 t o  3. The l e s s  i n h i b i t i o n  e f f e c t  

of AK on C2 oxygena te  f o r m a t i o n  compared wi th  t h a t  of methane 

f o r m a t i o n  l e d  to  i n c r e a s e s  i n  C2 oxygena te  s e l e c t i v i t y .  

Table  3 l i s t s  t he  a p p a r e n t  a c t i v a t i o n  ene rgy  f o r  t h e  

f o r m a t i o n  of methane ,  C2÷ h y d r o c a r b o n s ,  a c e t a l d e h y d e ,  and 

e t h a n o l .  The a c t i v a t i o n  e n e r g i e s  o b t a i n e d  from t h i s  s t u d y  are  i n  

t he  range  16-30 Kca l /mole  i n d i c a t i n g  t h a t  t h e  r e a c t i o n  was 

o p e r a t e d  i n  t h e  k i n e t i c  r eg ime .  AK has  l i t t l e  e f f e c t  on t h e  

a p p a r e n t  a c t i v a t i o n  ene rgy  f o r  methane f o r m a t i o n .  Th i s  i s  i n  

agreement  w i t h  a number of CO h y d r o g e n a t i o n  s t u d i e s  on t h e  

b i m e t a l l i c  c a t a l y s t s  i n d i c a t i n g  t h a t  t h e  mechanism f o r  t h e  

f o r m a t i o n  of methane i s  v i r t u a l l y  unchanged [ 2 5 , 2 6 ] .  For Ag/Eh = 

1, t h e  a p p a r e n t  a c t i v a t i o n  ene rgy  f o r  t h e  f o r m a t i o n  of C2÷ 

hydroca rbons  i s  l o v e r  t h a n  t h a t  f o r  o t h e r  Ag/Eh r a t i o s  wh i l e  t he  

appa ren t  a c t i v a t i o n  ene rgy  f o r  t h e  f o r m a t i o n  of a c e t a l d e h y d e  i s  

m , ! 
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h i g h e r  t h a n  t h a t f o r  o t h e r  Ag/ILh r a t i o s .  The h i g h  a c t i v a t i o n  

ene rgy  f o r  a c e t a l d e h y d e  f o r m a t i o n  f o r  Ag/Rh = 1 i n d i c a t e s  t h a t  

t he  f o r m a t i o n  of a c e t a l d e h y d e  i s  f a v o r e d  a t  h igh  t e m p e r a t u r e  on 

t h i s  c a t a l y s t .  Comparison of t h e  a c t i v a t i o n  energy  f o r  t h e  

p r o d u c t  f o r m a t i o n  i n  Table 3 r e v e a l s  t h a t  a c t i v a t i o n  e n e r g i e s  f o r  

methane f o r m a t i o n  a r e  g e n e r a l l y  h i g h e r  t h a n  t h o s e  f o r  

a c e t a l d e h y d e  f o r m a t i o n .  This  i s  a n o t h e r  i n d i c a t i o n  t h a t  

h y d r o g e n a t i o n  competes f a v o r a b l y  w i th  C0 i n s e r t i o n  a t  h i g h  

t e m p e r a t u r e  on AgRh/Si02.  

I n  o r d e r  t o  g a i n  a b e t t e r  u n d e r s t a n d i n g  of t h e  Ag e f f e c t  on 

h y d r o g e n a t i o n  and CO i n s e r t i o n  a c t i v i t i e s  of Rh c a t a l y s t s ,  a 

s m a l l  amount of e t h y l e n e  was added to  t he  C0/H2 m i x t u r e .  The 

r a t e  of  p r o d u c t  f o r m a t i o n  from r e a c t i o n  of e t h y l e n e  w i th  syngas  

(C2H4/CO/H~) on Kh/Si02 i s  shown in  Table  4. The o b s e r v a t i o n  of 

CH4, Cs+ h y d r o c a r b o n s  (HC), C2 o x y g e n a t e s ,  e t h a n e ,  and 

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

h y d r o g e n a t i o n ,  and e t h y l e n e  h y d r o f o r m y l a t i o n  t a k e  p l a c e  a t  t h e  

same t ime .  Higher  r a t e s  of  f o r m a t i o n  f o r  e thane  and 

p r~p iona ldehyde  compared wi th  t h o s e  f o r  methane s u g g e s t  t h a t  

e t h y l e n e  h y d r o g e n a t i o n  and h y d r o f o r m y l a t i o n  a r e  the  dominant  

r e a c t i o n s  d u r i n g  e t h y l e n e  a d d i t i o n .  The p roposed  r e a c t i o n  scheme 

f o r  t h e  f o r m a t i o n  of  e thane  and p r o p i o n a l d e h y d e  from e t h y l e n e  a r e  

shown in  F i g u r e - 6 .  I t  i s  i m p o r t a n t  to  no te  t h a t  t h e  CO i n s e r t i o n  

s t e p  i n  CO h y d r o g e n a t i o n  ( i n  F i g u r e  3) has  been c o n s i d e r e d  t o  

c l o s e l y  resemble  t h a t  in  e t h y l e n e  h y d r o f o r m y l a t i o n  [ 2 4 , 2 7 ] .  

As shown in Table  4,  t h e  most obvious  e f f e c t s  of  Ag on t h e  

r e a c t i o n  of  e t h y l e n e  wi th  syngas  a r e  ( i )  t h e  s u p p r e s s i o n  of 

| 
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h y d r o g e n a t i o n  and ( i i )  a s l i g h t  enhancement of CO i n s e r t i o n  

( h y d r o f o r m y l a t i o n )  a t  573 K and 1.01 MPa. These o b s e r v a t i o n s  

s u g g e s t  t h a t  t h e  s i z e  of a c t i v e  s i t e  f o r  C0 i n s e r t i o n  may be 

s m a l l e r  t h a n  t h a t  f o r h y d r o g e n a t i o n  s i n c e  t he  r e a c t i o n s  c a t a l y z e d  

by l a r g e  ensembles  a re  g e n e r a l l y  more s e n s i t i v e  t o  a l l o y i n g  t h a n  

t h o s e  c a t a l y z e d  by sma l l  ensembles  [ 1 8 , 1 8 ] .  A r e c e n t  s t u d y  by 

Arakawa e t .  a l .  [28] have shown t h a t  t h e  CD i n s e r t i o n  competes 

f a v o r a b l y  w i t h  h y d r o g e n a t i o n  on Eh/Si02 f o r  Eh p a r t i c l e  s i z e s  

b e l o w  3 0  A ° . 

The r e s u l t s  of Ag e f f e c t  on t h e  CO a d s o r p t i o n  and syngas  

r e a c t i o n  a r e ,  t o  some e x t e n t ,  s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  Zn 

and S-Eh/Si02 [ 2 2 , 2 9 , 3 0 ] .  The a d d i t i o n  of t h e s e  a d d i t i v e s  on 

Eh/Si02 l e d  t o  ( i )  b lockage  of br idge-CO s i t e s ,  ( i i )  d e c r e a s e  i n  

m e t h a n a t i o n ,  ( i i i )  r e d u c t i o n  i n  h y d r o g e n a t i o n ,  and ( i v )  i n c r e a s e  

i n  CO i n s e r t i o n .  The b lockage  of br idge-CO s i t e s  and promot ion 

of CO i n s e r t i o n  b rough t  about  by t h e s e  a d d i t i v e s  s u g g e s t  t h a t  a 

CO i n s e r t i o n  s i t e  may be a s i n g l e  atom s i t e .  Comparison of t h e  

r e s u l t s  of t h i s  s t udy  w i th  t h o s e  r e p o r t e d  f o r  S-}[h and Zn-Eh 

c a t a l y s t s  shows t h a t  s u l f u r  (S) has a g r e a t e r  i n h i b i t i o n  e f f e c t  

on h y d r o g e n a t i o n  and m e t h a n a t i o n  t h a n  Ag and Zn w h i l e  Zn has  a 

g r e a t e r  enhancement e f f e c t  on CO i n s e r t i o n  t h a n  S and Ag. 

Goodman and coworkers  [15,25] have shown t h a t  Ag s e r v e s  as a 

d i l u e n t  of Eh to  b lock  s i t e s  f o r  m e t h a n a t i o n  on t h e  o n e - t o - o n e  

b a s i s .  In  c o n t r a s t ,  adsorbed  S on t h e  Eh s u r f a c e  caused  a marked 

d e c r e a s e  in  t h e  m e t h a n a t i o n  a c t i v i t y  t h r o u g h  m o d i f i c a t i o n  of t h e  

s u r f a c e  e l e c t r o n i c  s t r u c t u r e .  The CO i n s e r t i o n  s i t e  appea r s  t o  

' ! 
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be l e s s  s e n s i t i v e  t o  a d d i t i v e s  (such as a l k a l i ,  Ag and S) w i th  

v a r i o u s  e l e c t r o n e g a t i v i t i e s  t h a n  t h e  m e t h a n a t i o n  s i t e .  

SUMMARY 

The effect of Ag on Eh/Si02 can be summarized as follows: 

(i) Ag blocks the bridge-C0 site on Eh/SiO2. 

(2) The selectivity for hydrocarbon decreases with 

increased Ag while the selectivity for C2 oxygenates 

increases with increased Ag during CO hydrogenation. 

(3) Ethylene addition studies show that Ag promotes CO 

insertion and suppresses hydrogenation. 

Although r e s u l t s  of t h i s  s tudy  do n o t  p e r m i t  i d e n t i f i c a t i o n  

of t h e  s t a t e  of a c t i v e  s i t e  f o r  CO i n s e r t i o n ,  t h e  above 

o b s e r v a t i o n s  i n d i c a t e  t h a t  CD i n s e r t i o n  may be l e s s  s t r u c t u r e  

s e n s i t i v e  t h a n  h y d r o g e n a t i o n ;  C2 oxygena te  s y n t h e s i s  r e a c t i o n  

may be l e s s  s t r u c t u r e - s e n s i t i v e  t h a n  t h e  hyd roca rbon  s y n t h e s i s  

r e a c t i o n .  
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The r a t e  of  C2 o x y g e n a t e  f o r m a t i o n  as  a f u n c t i o n  of Ag/Eh.  

R e a c t i o n  pa thway  f o r  t h e  f o r m a t i o n  of  Cs o x y g e n a t e s  f rom t h e  
r e a c t i o n  of  e t h y l e n e  w i t h  s y n g a s .  



i m 
°° 

! 

S~" 

e "  

d, 
I !  
e -  

e l  

"~L8L 

I ! I 

130" I; S/_" OS" SZ" 
33NUBWOSBU 

r."- 
o~ 

II 

| 

I 

J 

(~ 
CO 

0 
CO 
--O3 

oZ I,I 
> 
CC 
Z 

0 

N 

0 

N 
00" 

J 'I 



i I 

L~  

L"rl 

I 
i i . .  

~ .,,-~ 
l_r=J~ 

,,,=~ C*~I IjFj ,,,=l 

~ ~ ~ .,~-.~ 

II U II II 

e.= tin. r.- j~- 
r-r= I::~.. r=r" rr = 

I::=II IC~1 I=3"I I~*I 
• ,~C ,,~ .cC .,or. 

4 - . . >  

I 

) A~I,A~,~oalaS a~EuaS~xo 23 

r~ 

1:1.1 

to 

F--- 

--C'~I 

0 



l ,t i 
. 

CO C _ 

± 

*H *CO ,*If 
,, Cllx 

CH4 C2 ItC 

CHs 

± 

*It 
,,~ CH3 ClIO 

a 



t i 

C_.~ r ' l  C_,1 

L.O f',,- ~ 
L-L.! L '~  k"-n~ 

t i  It i t  

I,.-.,. t,.,.,- I""-  

4 H i .  LL"J 
r " - -  

- r " ' l  

, • L "  

,<~ 

L.~ 
,L'k.i 

L ,~ t.L'h 
I I I I - -  ! 

t , ~  t , ~  L,~ ~ I , ~  
r",- , .  • L"k.! f-,,,,. 

(" JH-O>II B[olN'O) BQI2U 

L ~  

o 



i i 

Q 

I L 

C'I.I C'I.I I~ 

II II II 

E ~ E 
o=) ~ a=1 ~== I=== ~== 

l_r] 
I I im i' I 

0 
-r-'i 

m "¢'0 

C'~I 

0 

f-. 
,..m 
rT" 

(JH-'O)I / eIoH'g) a~oU 

I 



I J 

C2 H4 
*H *CO,*H 

_1_ 
*H *CIL~ 
J ",,. 

C2 H~ Cs He 

CHs 

*H 
3 C2H5 CH0 

r 



| I 

Tab le  1 

• Average C r y s t a l l i t e  S ize  and H2 C h e m i s o r p t i o n  

f o r  Var ious  Ag / lh  h t i o  

Ag/Rh C r y s ~ a l l i t e  S ize  (A ° ° )  H2 Chemisorbed 
"Ratio Eh(H2 Chemiso rp t i on )  AE/Rh(XED) p mole /g  

0 96 - 13.7  

0 .5  97 468[85 13.5 

1.0 100 395/136 12.9 

* Average p a r t i c l e  s i z e  was e s t i m a t e d  from H2 c h e m i s o r p t i o n ,  
assuming t he  r a t i o  of  Hs t o  Rh t o  be 1 and t he  p a r t i c l e  t o  
be cubic  wi th  f i v e  s i d e s  exposed t o  hyd rogen .  

r l  



Table  2 

P r o d u c t  D i s t r i b u t i o n  ~rom CO Hydrogena t ion  

~or  E~/SiU2 a t  Va r ious  Tempera tures  

Tempera ture  (K) 473 503 523 548 573 

Rate of  CU cony.  0 .13  0 .34  0 .73 1 .87  3 .93 
(mol/k~ hr) 
TOF (x 108 ) (Sec -1 )  1 .3  3 . 4  7 .4  18 .9  39.3 

S e l e c t i v i t y  (mol Z) 

C~ 69.4  63 .7  64.6  70 .8  78.8  

C2+ Hydrocarbons  12.4  12 .9  11.6 10 .5  9 .2  

CHsOH - - 0 . 8 8  0 . 9 3  0 . 6 7  

MeCHO + C2HsOH 18.2 23.4 22.9 17.7 11.3 
(C2 Oxygena tes )  

TOF: Turnover  Frequency  

Reac t ion  P r e s s u r e :  1 .01 MPa 
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, Table 3 
) 
; i  

Apparent Activat ion Energies ~or major Products 

from CO Hydrogenation 

I 

B ~ 

Ag/  
Ratio 

Temp. CH4 
Range (K) 

C2+ CHsCHO 
(Kcal/Mole) 

C2 }I5 OH. 

0 

0.25 

0.5 

1.0 

L i t e r a t u r e  Value 

~ / S i 0 2  (31) 

Eh- Na/Sie2 (31) 

LaEhOs (24) 

 20s (9) 

473/573 23" 19 

473/573 24 20 

473/573 26 20 

473/573 .24 16 

393/473 20 19 

433/523 23 21 

513/613 27 27 

513/573 26 26 

15 

16 

12 

22 

16 

21 

28 

26 

29 

29 

28 

26 

m . 



Rate  

T a b l e  4 

o f  P r o d u c t  F o r m a t i o n  f rom ~ e a c t i o n  o f  E t h y l e n e  

vith Symgas (C2 ][4/CQ/H2 ) on AgEh/Si0~ 

Ag/Eh E a t i o  O 0.25 0 .5  1 

Rate  of  P r o d u c t  
Formation (mol/k~ hr) 

CH4 1 .91  1 . 7  0 . 8 4  0 .24  

C2H6 23.1 23.1 15.7 11.2 

C3÷HC 0.34 0.2 0.07 0.026 

CHsCHO 0.28 0.35 0.22 .11 

C2HsCH0 2.4 3.1 2.7 4 .6  

C3HTOH 0.27 0.3 0.4 0.13 

Temperature: 573 E 

Pressure: 1.01MPa 

C0:H2:C2H4= 25:25:1 
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