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S~HAIY 

The objective of th is  research is to elucidate the role of various 

chemical additives on ethanol synthesis over Rh- and Ni-based catalysts .  

Chemical additives used for this  study will include S, P, Ag, Cu, in,  and Ha 

which have different electronegativeit ies.  The effect of additives on the 

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

reaction intermediates, reaction pathways, reaction kinet ics ,  and product 

distr ibutions i s /wi l l  be investigated by a series of experimental studies of 

NO adsorption, reactive probing, steady state rate measurement, and transient  

kinet ic  study. 

better  understanding of the role of additive on the synthesis reaction 

may allow us to use chemical additives to manipulate the cata lyt ic  properties 

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

syngas. 

IESI~TS T8 DATE 

ell insertion is known to be a key step to the formation of acetaldehyde 

and ethancl from CO hydrogeuation. Reaction of ethylene with syagas is used 

as a probe to determine CO insertion capabilities of metal catalysts. During 

the sixth quarter of the project, the mechanism of C0 insertion on Ni/Sifl2 

was investigated by in-situ infrared spectroscopy. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
OovernmenL Neither the United States Government nor any agency thereof, nor any oF their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or reprc,sents that its use would nut infringe privately owned rights, Refer- 
encc herein to any specific commercial product, process, or service by trade name., trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency therco£ The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any ag=ncy thereof. 



ABSTRACT 

N i / S i 0 2 ,  a m e t h a n a t i o n  c a t a l y s t ,  has  been  shown to 

exhibit C8 insertion activity, In situ infrared studies of 

CO/H 2 and C2H4/CO/H 2 reactions show that t~Le carbonylation 

of Ni/Si02 to Ni(CO)4 leads to an inhibition of methanation 

in CO hydrogenation but an enhancement of formation of 

p r o p i o n a l d e h y d e  in  C2H4/C0/H2 r e a c 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  s i t e s  f o r  p r o p i o n a l d e h y d e  f o r m a t i o n  i s  

d i f f e r e n t  from those  f o r  m e t h a n a t i o n .  

1. I n t r o d u c t i o n  

The r e a c t i o n  of e t h y l e n e  w i t h  syngas  has been used as 

a probe r e a c t i o n  f o r  i n v e s t i g a t i n g  t h e  mechanism of t he  

F i s c h e r - T r o p s c h  (F-T) s y n t h e s i s  and t h e  a c t i v i t y  of F-T 

catalysts for catalyzing the specific reaction steps(l-5). 

The added ethylene may undergo various specific reactions: 

(i) hydrogenation, (ii) chain incorporation, and (iii) CO 

insertion leading to the ~ ormat ion o~ ethane, C3 ÷ 

hydrocarbons, and propionaldehyde. The selectivity of F-T 

catalysts has been shown to depend on their capabilities 

for these specific reactions (1- 3,6). In general, a 

catalyst which shows a strong C8 insertion activity is 

active for producing C2+ oxygenates in the F-T synthesis. 

The catalysts including Eh, Ru, Co, Fe, and Mo have been 

shown to exhibit the activity ~or C0 insertion (I-5, 7,8). 
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P, 

Ni i s  known t o  be t h e  a c t i v e  c a t a l y s t  f o r  t h e  F-T 

s y n t h e s i s  ( 9 ) .  Due to  i t s  h i g h  m e t h a n a t i o n  a c t i v i t y  and 

s e l e c t i v i t y ,  t h e  c a t a l y t i c  c a p a b i l i t i e s  of Hi c a t a l y s t  f o r  

o t h e r  s y n g a s  r e l a t e d  r e a c t i o n s  have  been o v e r l o o k e d .  We 

have r e c e n t l y  found  t h a t  N i / S i 0 2 ,  a m e t h a n a t i o n  c a t a l y s t ,  

e x h i b i t s  s t r o n g  CO i n s e r t i o n  a c t i v i t y ;  i t s  a c t i v i t y  f o r  CO 

i n s e r t i o n  i s  comparable  t o  t h a t  of Eh which i s  known t o  be 

t h e  most a c t i v e  f o r  CO i n s e r t i o n .  I n  o rde r  t o  d e v e l o p  a 

b e t t e r  u n d e r s t a n d i n g  of t h e  CO i n s e r t i o n  on N i / S i 0 2 ,  i n  

s i t u  i n f r a r e d  ( I~)  s p e c t r o s c o p i c  s t u d i e s  of  CO/H2 and 

C2H4/CO/H2 r e a c t i o n s  were u n d e r t a k e n .  

2. Experimental 

15 wtT, Ni/Si02 was prepared by impregnation of Si02 

( s t r em c h e m i c a l s )  u s i n g  Ni~NOs)2 6H20 ( Johnson  M a t t h e y  

C h e m i c a l s ) .  The c a t a l y s t  was r e d u c e d  in  f l o w i n g  h y d r o g e n  

a t  673 ° K f o r  24 h o u r s .  The Ni c r y s t a l l i n e  s i z e  was 

d e t e r m i n e d  t o  be 108 CA by  x- r a y  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  The c a t a l y s t  was ground to  a ~ i n e  powder 

and t h e n  p r e s s e d  i n t o  a d i s k  (10 mm i n  d i a m e t e r  and 0 . 5  mm 

in  t h e  t h i c k n e s s ) .  A f t e r  p l a c i n g  t h e  c a t a l y s t  d i s k  i n  t h e  

IR c e l l ,  t h e  c a t a l y s t  was r e d u c e d  a g a i n  a t  240" C. The 

d e s i g n  of I E  c e l l  i s  s i m i l i a r  t o  t h o s e  r e p o r t e d  by Wolf and 

co -worke r s  ( 1 0 ) .  CO/H2 and C2H4/CO/H2 r e a c t i o n s  on Ni/SiO2 

were s t u d i e d  i n  t h e  IR c e l l  a t  240 ° C and 1~30 arm. The 

r e a c t a n t  ~low was m a i n t a i n e d  a t  s t e a d y  s t a t e .  IK s p e c t r a  

of adso rbed  s p e c i e s  were r e c o r d e d  by a FTIE s p e c t r o m e t e r  
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with a DTGS detector at a resolution of 4 cm-1. Gas phase 

CO bands were e l i m i n a t e d  by s u b t r a c t i n g  t h e  abso rbance  of 

g a s  phase  CD w i t h  SiO2 d i s k  in  t h e  c e l l  f rom t h e  s p e c t r a  of 

a d s o r b e d  s p e c i e s  on t h e  Eh/SiO2 c a t a l y s t .  Subsequen t  t o  

r e c o r d i n g  each  IR s p e c t r u m ,  a n a l y s i s  of c o m p o s i t i o n  of  

r e a c t o r  e f f l u e n t  was pe r fo rmed  u s i n g  an HP-5890A gas  

ch roma tog raph  wi th  a 12 f t .  Po rapak  PS column.  

3 .  R e s u l t s  and d i s c u s s i o n s  

IR spectra of CD/H2 reaction on Ni/Si02 at 240 ° , 1 

arm, 10 arm and 20 arm are shown in Figure I. Table 1 

shows the results of rate of CO coversion and product 

distribition at 240" C and 1~20 atm corresponding to each 

IE spectrum taken. Two major bands were observed for CO/H2 

reaction at i atm: linearly adsorbed CO at 2046 cm "I and 

b r i d g e - b o n d e d  CO a t  1890 cm- ' .  Methane was i d e n t i f i e d  t o  

be t h e  major  p r o d u c t  w h i l e  no o x y g e n a t e s  were obse rved  

u n d e r  t h i s  c o n d i t i o n .  As t h e  r e a c t i o n  p r e s s u r e  was s l o w l y  

i n c r e a s e d  to  10 arm, a band a t  2055 cm -1 became p r o m i n e n t  

whe reas  t h e  band a t  2048 cm -1 s h r a n k .  The i n c r e a s e s  i n  

r e a c t i o n  p r e s s u r e  a l s o  l e d  to  marked d e c r e a s e s  i n  t h e  r a t e  

o f  CO c o n v e r s i o n .  S h u t t i n g  o~f t h e  r e a c t i o n  i n f l o w  and 

o u t f l o w  and m a i n t a i n i n g  t h e  r e a c t i o n  p r e s s u r e  a t  10 atm l e d  

t o  f u r t h e r  growth of  t h e  band 2055 cm-1 . This  band 

c o r r e s p o n d s  t o  t h e  v i b r a t i o n a l  f r e q u e n c y  of ga seous  

Ni(CO)4.  Gas sample  c o l l e c t e d  f rom t h e  e f f l u e n t  of IR 

r e a c t o r  c e l l  was found  t o  c o n t a i n  l a r g e  amounts of Ni (C8)4 .  
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i n d i c a t i n g  t h a t  c a r b o n y l a t i o n  c f  Ni s u r f a c e  t o  Ni(CO)4 

o c c u r r e d  a t  240" C and 10 a tm.  

A f t e r  resuming  r e a c t i o n  s t u d y  a t  s t e a d y  s t a t e ,  f u r t h e r  

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

e l i m i n a t i o n  of a l l  t h e  a d s o r b e d  C0 and NI(CO)4 bands  as 

w e l l  as  t h e  l o s s  of CO h y d r o g e n a t i o n  a c t i v i t y .  These 

r e s u l t s  s u g g e s t  t h a t  t h e  a c t i v e  s i t e ,  i . e . ,  t h e  r e d u c e d  Ni 

s u r f a c e  a tom,  f o r  CO h y d r o g e n a t i o n  has  been  c o m p l e t e l y  

removed f rom Ni/Si02 by c a r b o n y l a t i o n .  I t  a p p e a r s  t h a t  

c a r b o n y l  f o r m a t i o n  can be one of  t h e  ma jo r  c a u s e s  f o r  

d e a c t i v a t i o n  of N i -ba sed  c a t a l y s t s  f o r  t h e  F-T r e a c t i o n .  

The p o s s i b l e  f o r m a t i o n  of  c a r b o n y l  s p e c i e s  u n d e r  F-T 

c o n d i t i o n  has  been no t ed  by t h e  P i c h l e r ' s  work which  l e d  to  

the suggestion that the best pressure range for F-T 

r e a c t i o n  on Ni i s  l e s s  t h a n  1 atm (11) .  S t o r c h  e t .  a l  (12) 

have a l s o  s u g g e s t e d  t h a t  r emova l  of a c t i v e  m e t a l  from 

c a t a l y s t s  by c a r b o n y l  f o r m a t i o n  i s  p r o b a b l y  one of the  

factors limiting tha Fischer- Tropsch synthesis to 

r e l a t i v e l y  low p r e s s u r e s  as  compared wi th  t h e  a l c o h o l  

s y n t h e s i s .  

Pigure 2 shows IR spectra of C2H4/CO/H2 reaction. 

Comparison of IE spectra of C2H4/CO/H2 with those of CO/H~ 

( F i g u r e  1) shows t h a t  t h e  a d d i t i o n  of  e t h y l e n e  t o  syngas  

caused  a downward s h i f t  of  b o t h  l i n e a r  and b r i d g e  C0 bands .  

The downward s h i f t  of CO bands  may be ; . '_- ; r ibuted t o  t he  

d i l u t i o n  of  t h e  a d s o r b e d  CO l a y e r  caused  by  adso rbed  
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e t h y l e n e  s p e c i e s  ( 1 3 ) .  As shown i n  Table  2 ,  t h e  "major  

p roduc t  of t h e  r e a c t i o n  i s  e t h a n e  which i s  r e s u l t e d  f rom 

e t h y l e n e  h y d r o g e n a t i o n .  A p p r e c i a b l e  amounts  of  

p r o p i o n a l d e h y d e  and 1 - p r o p a n o l  was a l s o  obse rved  a t  t h e  

p r e s s u r e  above  1 arm. As t h e  p r e s s u r e  was i n c r e a s e d  t o  10 

arm, t h e  bands  a t  1732 and 1678 cm "1 began to  a p p e a r .  The 

fo rmer  c o r r e s p o n d s  t o  adso rbed  p r o p i o n a l d e h y d e .  The band 

a t  1876 cm "1 may be a s s i g n e d  t o  adso rbed  a c y l  s p e c i e s  

(Ni(CO)C2115). Al though t h e  v i b r a t i o n a l  f r e q u e n c y  of  a c y i  

group in  t h e  Ni complex has  n o t  be r e p o r t e d ,  t h i s  

a s s ignmen t  i s  i n  l i n e  wi th  the  wave number of a c y l  band  o f  

a number of Rh and I r  a c y l  complexes  ( 1 4 - 1 6 ) .  The p o s s i b l e  

p r e s e n c e  of  adso rbed  a c y i  s p e c i e s  s u g g e s t s  t h a t  t h e  

p r o p i o n a l d e h y d e  may be ~ormed v i a  CO i n s e r t i o n  p a t h w a y  on 

Ni .  

Compar ison  of  the  IR s p e c t r a  as  w e l l  as  p r o d u c t  

f o r m a t i o n  r a t e  i n  F i g u r e  2 and Tab le  2 shows s e v e r a l  

i n t e r e s t i n g  f e a t u r e s  of p r e s s u r e  e f f e c t  on t h e  IR s p e c t r a  

and the  r a t e  of  p r o d u c t  f o r m a t i o n .  I n c r e a s e s  i n  t o t a l  

r e a c t i o n  p r e s s u r e  l e d  to ( i )  i n c r e a s e s  in  t he  i n t e n s i t y  o~ 

Ni(CO)4 band ( ! i )  i n c r e a s e s  i n  t h e  i n t e n s i t y  of  b o t h  

l i n e a r  and b r i d g e  CD f o r  t h e  p r e s s u r e  from 1 t o  10 atm and 

d e c r e a s e s  i n  i n t e n s i t y  of bo th  a d s o r b e d  CD ~or t h e  p r e s s u r e  

above 10 arm.  ( i i i )  i n 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  

p r o p i n o a l d e h y d e  and 1 - p r o p a n o l ,  and ( i v )  d e c r e a s e s  i n  t h e  

r a t e  of e t h a n e  f o r m a t i o n .  
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C a r b o n y l a t i o n  of  Ni /Si02 which was obse rved  in  C0 

h y d r o g e n a t i o n  ( t he  F-T r e a c t i o n )  was a l s o  observed  i n  

r e a c t i o n  of e t h y l e n e  w i t h  syngas as  i n d i c a t e d  by t h e  

f o r m a t i o n  of  Ni(CO)4 a t  h igh  p r e s s u r e .  Al though  t h e  

i n t e n s i t y  of Ni(CO)4 band i s  i n  p a r a e l l e l  w i t h  t h e  r a t e  of  

f o r m a t i o n  of  p r o p i n o a l d e h y d e ,  Ni(CO)4 i s  w e l l  known to  be 

i n a c t i v e  f o r  homogeneous h y d r o f o r m y l a t i o n  ( 1 7 ) .  The a c t i v e  

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

t h e  s u r f a c e  of t h e  Ni/SiO~ c a t a l y s t s .  The d i f f e r e n c e  i n  

t h e  p r e s s u r e  e f f e c t  on t h e  p roduc t  f o r m a t i o n  s u g g e s t s  t h a t  

t h e  a c t i v e  s i t e s  f o r  t h e  f o r m a t i o n  of p r o p i n o a l d e h y d e  a re  

d i f f e r e n t  from t h o s e  f o r  e t h a n e  f o r m a t i o n .  

I t  has been shown t h a t  r e d u c t i o n  of  Ni ox ide  to  t h e  

z e r o - v a l e n t  Ni i s  t h e  r e q u i r e d  s t e p  f o r  t h e  c a r b o n y l a t i o n  

of  o r e  or  ox ides  t o  Ni(CO)4 (18) .  Our i n f r a r e d  s t u d i e s  of 

C0 a d s o r p t i o n  on u n r e d u c e d  Ni c a t a l y s t s  r e v e a l  t h a t  

c a r b o n y l a t i o n  does n o t  occu r  on t he  n n r e d u c e d  c a t a l y s t s  

( 1 9 ) .  C a r b o n y l a t i o n  of  Ni /SiO 2 under  r e a c t i o n  c o n d i t i o n s ,  

e s p e c i a l l y  a t  h i g h  p r e s s u r e ,  appears  t o  l e a d  t o  t h e  removal  

of  t h e  r educed  Ni which  i s  known t o  be r e s p o n s i b l e  f o r  CO 

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 g e n a t i o n .  The removal  of 

t h e  r educed  Ni s u r f a c e  atoms could  r e s u l t  i n  an  i n c r e a s e  i n  

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 Ni ÷6, wh ich  may be 

r e s p o n s i b l e  f o r  C8 i n s e r t i o n ,  l e a d i n g  t o  i n c r e a s e s  i n  r a t e  

of  p r o p i o n a l d e h y d e .  Th i s  p r o p o s i t i o n  a p p e a r s  t o  be 

c o n s i s t e n t  w i th  our  e x p e r i m e n t a l  o b s e r v a t i o n .  T h e  
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p r o p o s i t i o n  i s  a l so  in  l i n e  w~th t h e  s u g g e s t i o n  t h a t  CO 

i n s e r t i o n  i s  ~avored a~ i n s o l a t e d  Eh +~ s i t e s  (20) .  

I n  c o n t r a s t  to  C2 oxygena te  S y n t h e s i s  c a t a l y s t  such as 

Eh ( 1 , 2 , 4 ) ,  Ni/SiO~, which e x h i b i t s  s t r o n g  m e t h a n a t i o n  

a c t i v i t y  d u r i n g  CS/H 2 r e a c t i o n ,  i s  a c t i v e  ~or  c a t a l y z i n g  

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

e t h y l e n e  w i t h  syngas.  The absence of c o r r e l a t i o n  i n  t he  

oxygenate  s e l e c t i v i t y  between CO/H2 and C~ H 4/CO/H 2 

r e a c t i o n s  on the  Ni/SiO 2 s u g g e s t s  t h a t  t he  CO i n s e r t i o n  

s i t e  may n o t  be a c c e s s i b l e  t o  C}Lx which i s  p roduced  on CO 

dissociation and hydrogenation sites during the C0/H2 

reaction whereas ethylene may directly land on the C8 

insertion site during C2H4/CS/H2 reaction. Work is under 

way to prepare a Ni-based catalyst of which C0 insertion 

site should be in the proximity of CHx formation site so 

that the insertion of CO into adsorbed CHx can take pl~ce 

during the F-T reaction. 
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Table 1 

Product Selectivity of CO/H~ Reaction over Ni/Si02 

P r e s s u r e  (arm) 1 10 20 

O v e r a l l  r a t e  

(,,o I /~g- hr)  o. 22 o. as o. 14 

Selectivity 

(,.o:1.7,) 

C, HC 65 .2  30 .9  26 .0  

C2 HC 2 5 . 8  6 5 . 9  7 3 . 9  

Ca HC 6.2 3.2 0.0 

C4 HC 2.8 0.0 0.0 

R e a c t i o n  T e m p e r a t u r e :  

CO : H2 = 1 :1  

HC = H y d r o c a r b o n s  

240 ° C 



Rate of Product 

Table 2 

Formation from C 2 ]{4/C0/]{2 React ion on Ni/SiO~ 

Pressure  (arm) 1 

Rate (mole/kg- hr) 

C2 H4 36.6 

C2 ]{5 CHO O. 96 

I- C2 HT DH O. 038 

10 

8 2 . 3  

1.52 

0.13 

2O 

51.5 

4.26 

0.Ii 

3O 

48.7 

6.18 

0.14 

Temperature = 240 ° C 

C2H4 :CD:H2 = 1:1.1 
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