
IIIIIIIIIIIIIIIIIIIIII!11111111111111111111111111111111111 
DE92018966 

One Source. One Search. One Solution. 

EFFECT OF CHEMICAL ADDITIVES ON THE 
SYNTHESIS OF ETHANOL. TECHNICAL PROGRESS 
REPORT 15, MARCH 15, 1991--JUNE 15, 1991 

AKRON UNIV.; OH. DEPT. OF CHEMICAL 
ENGINEERING 

JUN 1991 

Y 
U.S. Department of Commerce 

N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e  



One Source.  One Search.  One Solution. 

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
to  U .S .  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 
largest repository and disseminator of government- 
initiated scientific, technical, engineering, and related 
business information. The NTIS collection includes 
almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetR; tape, diskette, multimedia, microfiche 
and paper. 

i;! , 

i 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites, 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of thebibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

Q U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



RECEIVED 
U C .~ t',1 ~ / r~,"2. "~':", ,,..;lM~.Jl..,ti t.., t -., 

ON' 'THE SYNTHESIS OF ET~NOL 
i~-:': r[. ," e.; '~" . 'i.i" • " '' 
,~_...~....,.. ~.•.,-.'..~.,,. ~ I, 

DOE/PC/79923--TI9 

DE92 018966 

Technical Progress Eeport 15 

Grant No. DE-FG22- 87PC79923 

March 15, 1991 - June 15, 1991 

! 

Steven S.C. Chuang 

and 

Shy]/- Img Pien 

Department of Chemical Engineer ing 

U n i v e r s i t y  of Akron 

Akron, OH 44325 U.S.A. 

Date of Submission: June 1991 

US/DOE Paten t  Clearance i s  not  requi red  p r i o r  to  the  p u b l i c a t i o n  

of this document. 



SUMMARY 

The o b j e c t i v e  of t h i s  r e s e a r c h  i s  t o  e l u c i d a t e  t h e  r o l e  

c f  a d d i t i v e s  on t h e  me thano l  s y n t h e s i s  over  Rh- and  N i - b a s e d  

c a t a l y s t s .  Chemica l  a d d i t i v e s  used  f o r  t h i s  s t u d y  ~ i l l  i n c l u d e  

S, P, Ag, Cu, Mn, and Na which have  d i f f e r e n t  

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

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

r e a c t i o n  i n t e r m e d i a t e s ,  r e a c t i o n  pa thways ,  r e a c t i o n  k i n e t i c s ,  and 

p r o d u c t  d i s t r i b u t i o n s  i s / ~ i l l  be i n v e s t i g a t e d  by a s e r i e s  of 

e x p e r i m e n t a l  s t u d i e s  of NO a d s o r p t i o n ,  r e a c t i o n  p r o b i n g ,  s teady-  

s t a t e  r a t e  measurement ,  and t r a n s i e n t  k i n e t i c  s t u d y .  . 

k b e t t e r  u n d e r s t a n d i n g  of  t h e  r o l e  o~ a d d i t i v e s  on t he  

s y n t h e s i s  r e a c t i o n  may a l l o w  us t o  use  chemica l  a d d i t i v e s  t o  

m a n i p u l a t e  t h e  c a t a l y t i c  p r o p e r t i e s  of Hh- and N i - b a s e d  c a t a l y s t s  

f o r  p r o d u c i n g  h i g h  y i e l d s  of e t h a n o l  f rom syngas .  

EESULTS TO DiTE 

During the second quarter of 1991, the nature of active 

site for CU insertion was investigated by in situ infrared 

spectroscopic technique. The study found that the Eh + is more 

a c t i v e  t h a n  ]th e f o r  t h e  C0 i n s e r t i o n  l e a d i n g  t o  t h e  f o r m a t i o n  of  
. , . .  

h i g h e r  a l d e h y d e s  and a l c o h o l s .  
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INTRODUCTION 

The insertion of carbon monoxide ( C8 ) into a metal-carbon 

bond is one of the most widely studied reaction in 

organometallic chemistry [I]. The interest in CO insertion stems 

f rom t h e  f a c t  t h a t  t h e  r e a c t i o n  p r o v i d e s  a pathway f o r  t h e  

c o n v e r s i o n  of o l e f i n s  or  o t h e r  s u b s t r a t e s  to  h igh  added v a l u e  

chemica l s  [ 1 , 2 ] .  Homogeneous h y d r o f o r m y l a t i o n  p r o c e s s e s  have 

been  t h e  l a r g e s t  i n d u s t r i a l  a p p l i c a t i o n  of t h e  CO i n s e r t i o n  

c h e m i s t r y  f o r  more t h a n  t h r e e  decades  [3 -5 ] .  Al though Rh 

c a r b o n y l  complexes a r e  the  most a c t i v e  h y d r o f o r m y l a t i o n  

c a t a l y s t s ,  m e c h a n i s t i c  i n f o r m a t i o n  abou t  CO i n s e r t i o n  has  

commonly been o b t a i n e d  us ing  m e t a l s  such as Mn, I r ,  or  P t  which 

form u n r e a c t i v e  and s t a b l e  a c y l  complexes [2 ] .  The use  o f  t h e s e  

organometallic complexes allows close observation of how the 

migratory CO insertion occurs. Infrared study of the i 3C0 

i n s e r t i o n  on t h e  a l l r y l ( p e n t a d a r b o n y l ) m a n g a n e s e  has  p r o v i d e d  

d i r e c t  ev idence  f o r  t h e  m i r g r a t o r y  i n s e r t i o n  of CO i n t o  a 

c a r b o n - m e t a l  bond [8 ] .  The r a t e  of t h e  C8 i n s e r t i o n  on t h e  

methyl -  ( p e n t a c a r b o n y l ) m a n g a n e s e  can be f u r t h e r  a c c e l e r a t e d  by 

t h e  a c t i o n  of a Lewis a c i d  [7 ] .  

I t  has been  sugges t ed  t h a t  t h e  m i g r a t o r y  CO i n s e r t i o n  p l a y s  

a key  r o l e  in  t h e  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  [ 8 , 9 ] .  P i c h l e r  

and Schulz f i r s t  used  C0 i n s e r t i o n  as  a model f o r  r a t i o n a l i z a t i o n  

of  cha in  growth i n  t h e  F-T c a t a l y s i s  on s u r f a c e s  [8 ] .  However, 

most s t u d i e s  o v e r  t h e  p a s t  decades  have shown t h a t  C8 i n s e r t i o n  

i s  not  the  ma jo r  pathway f o r  t h e  c h a i n  p r o p a g a t i o n  of a d s o r b e d  

a l k y l  [ 1 ~ 1 5 ] .  The CO i n s e r t i o n  s t e p  was found to  be t h e  c h a i n  
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termination step leading to the formation of aldehydes and 

a l c o h o l s  [14- 2 1 ] .  

Whi le  i t  h a s  b e e n  w e l l  e s t a b l i s h e d  t h a t  CD i n s e r t i o n  o c c u r s  

v i a  t h e  m i g r a t i o n  of an  " a l k y l  g roup  t o  a Eh +- c o o r d i n a t e d  C0 i n  

homogeneous  c a t a l y s i s ,  much c o n t r o v e r s y  e x i s t s  c o n c e r n i n g  a c t i v e  

s i t e s  f o r  C0 i n s e r t i o n  i n  t h e  C0 h y d r o g e n a t i o n  r e a c t i o n  (F-T 

s y n t h e s i s ) ,  l ~ a t s o n  and  S o m o r j a i  p r o p o s e d  t h a t  CO i n s e r t i o n  t o  

~orm C2 + o x y g e n a t e s  o c c u r s  on Eh ÷ s i t e s  w h i l e  C0 d i s s o c i a t i o n  

t a k e  p l a c e s  on Eh ° s i t e s  [ 1 6 , 1 7 ] .  The p o s t u l a t e  h a s  b e e n  f u r t h e r  

supported by a number of studies [18-20,22-243 . On the contrary, 

Katzer et. al. reported from an XPS study that there was no 

evidence ~or the existence of Eh ÷ on Eh/Ti02 which was active ~or 

the synthesis of C2 oxygenates [253 . Gysling et. al also found 

no correlation of C~ ÷ oxygenate activity to the amount of Eh ÷ 

present on the La~hOs catalyst [26]. They concluded that C0 

insertion took place on Eh ° rather than any Eh ÷ species. 

The present study was aimed at identification of the type of 

adsorbed CO species which participates in the CO insertion step 

in ethylene hydroformylation. The Eh catalyst system chosen for 

this study comprises three different forms of Eh: reduced Eh, 

oxidized ih, and sulfided Eh. The types of CO adsorbed on these 

]~h surface are closely related to the surface state of Eh 

[27-33]. Infrared data for these Eh catalysts under various 

r e a c t i o n  c o n d i t i o n s  were  o b t a i n e d  t o  d e t e r m i n e  t h e  t y p e  o~ 

a d s o r b e d  CO f o r  CO i n s e r t i o n  and t o  s h e d  l i E h t  on t h e  n a t u r e  of  

a c t i v e  s i t e s .  

9. 



Experimental 

Experiments including CO adsorption, C2H4/H2/CO(ads ) 

reaction, and ethylene hydroformylation reaction in this study 

~as carried out in an IK cell. The IR cell consists of. four 

stainless-steel flanges, a gas inlet and outlet, and two step 

CaF2 windows as sho~rn in Figure 1. The step windows were used to 

minimize the reactor volume and to reduce the optical path length 

between  t h e  windows i n  o r d e r  t o  lower  the  i n t e n s i t y  of gas phase  

s p e c i e s .  I n f r a r e d  s p e c t r a  were measured by a N i c o l e t  5XSC 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 -1 . 

A 3 wtT. Eh sample was p r e p a r e d  by i m p r e g n a t i o n  of Si82 

(Strem Chemica l s ,  #14-7420,  SA: 350 m2/g) w i t h  an aqueous 

solution of Eh(NOs).~ "2H20 (Johnson Matthey Chemicals). After 

impregnation, the sample was dried overnight in air at 301 K and 

then reduced in flowing hydrogen at 673 K for 18 hr. The reduced 

Eh/Si02 sample was pressed into a self-supported disk (20 rag, 10 

mm in diameter, and 1 mm in thickness) and then placed in the IK 

cell. 

The catalyst disk in the IE cell was subject to further one 

of three treatments, reduction, oxidation, and sulfidation, prior 

to the experiment. The catalyst disk reduced in H2 flow at 513 K 

for 1 hr is designated as the reduced Kh/Si02 catalyst; the 

catalyst disk oxidized in flowing air at 513 g for 1 hr is 

denoted as the oxidized Eh/Si62 catalyst; and the catalyst disk 

s u l f i d e d  i n  H2S f low (1000 ppm H2S i n  H2) a t  513 K f o r  1 h r  i s  

d e s i g n a t e d  as t h e  s u l f i d e d  Rh/Si02 c a t a l y s t .  I t  s h o u l d  be n o t e d  

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

s u r f a c e .  XPS s t u d i e s  of t h e  same c a t a l y s t  sample  a f t e r  r e d u c t i o n  



a t  513 o C shows t h a t  t h e  c a t a l y s t  s u r f a c e  c o n t a i n s  a p p r o x i m a t e l y  

607, c f  Eh ° and 407. o f  Rh*. 

CO a d s o r p t i o n  was conducted  by  e x p o s i n g  t h e  r e d u c e d ,  

o x i d i z e d ,  and s u l f i d e d  c a t a l y s t s  t o  1 -10  arm C0 a t  301 K. The 

i n f r a r e d  s p e c t r a  of  adsorbed  CO were r eco rded  as  a f u n c t i o n  of 

exposure  t i m e  a t  1 a tm.  F o l l o w i n g  CO a d s o r p t i o n ,  N2 was p a s s e d  

over  t h e  c a t a l y s t  t o  remove t h e  g a s e o u s  C0. 

The r e a c t i v i t y  of  t h e  a d s o r b e d  CO was i n v e s t i g a t e d  by 

i n t r o d u c i n g  C2H4/H2 (C~H4:H~ molar  r a t i o =  1:1)  t o  t h e  IR c e l l  

which s e r v e d  as  a b a t c h  r e a c t o r .  The r e a c t i o n  of CzH4/H2 w i t h  

t h e  p r e a d s o r b e d  CO o c c u r r e d  a t  301 K w i t h  p r e s s u r e  m a i n t a i n e d  

s l i g h t l y  above 1 arm. The i n f r a r e d  s p e c t r a  of a d s o r b e d  C0 and 

r e a c t i o n  i n t e r m e d i a t e s  du r ing  t h e  r e a c t i o n  was measu red  as  a 

f u n c t i o n  of r e a c t i o n  t i m e .  

S t e a d y - s t a t e  e t h y l e n e  h y d r e f o r m y l a t i o n  over t h e  r e d u c e d ,  

o x i d i z e d ,  and s u l f i d e d  Rh/S.i02~ c a t a l y s t s  was c a r r i e d  o u t  a t  

373-513 K and 1-10 arm. I ~ f r a r e d  s p e c t r a  were r e c o r d e d  as  a 

f u n c t i o n  of t i m e  on s t r eam~auder  t h e  r e a c t i o n  c o n d i t i o n s .  The j 

e f f l u e n t  of  t h e  IR c e l l  was sampled  a f t e r  40 min a t  e a c h  r e a c t i o n  

c o n d i t i o n  and was a n a l y z e d  by an o n - l i n e  HP-5890A gas  

ch romatography  w i t h  a Porapak PS column and a P o r a p a k  qS column. 

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

CO A d s o r p t i o n  

F i g u r e  2 shows t h e  i n f r a r e d  s p e c t r a  of C8 a d s o r p t i o n  on the  

r educed  Eh/Si02 a t  301 K. Two i n t e n s i v e  bands a t  2073 and 1898 

cm -1 a re  a s s i g n e d  t o  t h e  l i n e a r  and b r i d g e d  C0 a d s o r b e d  on t h e  

reduced"Rh c r y s t a l l i t e  s u r f a c e ,  r e s p e c t i v e l y .  The s m a l l  band a t  

4 



2104 cm-* and t h e  s h o u l d e r  a t  2037 cm -* a r e  a t t r i b u t e d  t o  t h e  

symmetrical and asymmetrical C: 0 stretching of Eh + (C0)2, the 

rhodium gem-dicarbonyl. Assignments of these adsorbed CO species 

are well documented [97-33J. 

Both linear and bridged Cfl are the predominant species of 

which intensity and wavenumber remained about the same with 

respect to exposure time and variation of CO pressure from I to 

i0 atm. In contrast, the dicarbonyl slowly increased in its 

i n t e n s i t y  w i thou t  c h a n g i n g  i t s  wavenumber as exposure  t ime  and CO 

p r e s s u r e  i n c r e a s e d .  

The slow development of gem-dicarbonyl may be attributed to 

the disruption of Eh cluster and the formation of isolated Eh + 

sites. Solymosi and Pasztor [343 proposed the similar effect of 

C0-induced disruption on different Eh crystallites sizes and 

r e p o r t e d  t h a t  t h e  d i s r u p t i o n  t ook  p l ace  t o  a s m a l l  e x t e n t  a t  

higher metal loading or with larger Eh crystallites. EXAFS 

s t u d i e s  of ~h/A12Os by P r i n s  e t .  a l .  [35J suppor t ed  t h e  

d i s r u p t i o n  of Eh c r y s t a l l i t e s  v i a  CO a d s o r p t i o n .  

Pass ing  N2 ove r  t h e  c a t a l y s t  caused a r e d u c t i o n  i n  t h e  

i n t e n s i t i e s  of a l l  t h e  t h r e e  adsorbed CO. The r e d u c t i o n  i n  

l i n e a r  CO and b r i d g e d  CO l e d  to  a downward s h i f t  Of t h e i r  

wavenumbers. However, t h e  i n t e n s i t y  of t h e  d i c a r b o n y l  d e c r e a s e d  

w i t h o u t  changing  i t  wavenumber. Coverage-dependen t  wavenumber 

s h i f t s  are  w e l l  known f o r  bo th  l i n e a r  CO and b r i d g e d  C8 and h a v e  
/ 

been  a t t r i b u t e d  t o  t h e  v a r i a t i o n  of d i p o l e - d i p o l e  c o u p l i n g  w i t h  

c o n c e n t r a t i o n  of t h e  l i n e a r  and b r idge  CO s p e c i e s  [36 ,37 ] .  The 

independence  of t h e  wavenumber of t he  g e m - d i c a r b o n y l  on chang ing  

t h e  coverage p r o v i d e s  c o n f i r m a t i o n  t h a t  d i c a r b o n y  ! i s  formed on 
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i s o l a t e d  Rh atoms [ 2 7 , 2 8 , 3 0 ] .  

F i g u r e  S shows t h e  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  on t h e  

o x i d i z e d  Rh/S~02 a t  301 K. A d s o r p t i o n  of CO on t h e  o x i d i z e d  

catalyst initially formed dicarbonyl (at 9.098 and 2025 cm -I ) at 1 

atm. It is agreed with the fact that dicarbonyl is formed 

p r e f e r e n t i a l l y  on o x i d i z e d  Rh c a t a l y s t s  [ 2 7 , 2 9 , 3 2 ] .  The 

i n t e n s i t y  of  t h e  d i c a r b o n y l  i n c r e a s e d  w i t h  e x p o s u r e  t i m e  and w i t h  

t h e  p r e s s u r e  of  C0. Marked changes  i n  t h e  s p e c t r a  of  a d s o r b e d  C0 

were o b s e r v e d  a f t e r  h i g h - p r e s s u r e  t r e a t m e n t  by i n c r e a s i n g  C0 

p r e s s u r e  f o r m  1 atm t o  10 atm and t h e n  d e c r e a s i n g  t h e  p r e s s u r e  

back  t o  1 arm. The h i g h - p r e s s u r e  t r e a t m e n t  n o t  o n l y  i n c r e a s e d  

t h e  i n t e n s i t i e s  of t h e  d i c a r b o n y l  b u t  a l s o  d e v e l o p e d  t h r e e  bands  

a t  2105,  2079,  and 1880 cm -1 The i n t e n s i v e  band  a t  2079 cm "1 i s  

due t o  t h e  l i n e a r - C O  and t h e  1 8 8 ~  cm -1 band i s  c h a r a c t e r i s t i c  of 

t h e  b r i d g e d  CO. The d e v e l o p m e n t  of  t h e  l i n e a r  CO and  t h e  b r i d g e d  

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

. .pr '~ssure of  CO. 
. f .  

The h i g h - w a v e n u m b e r  band  a t  2105 cm" 1 may be  a s s i g n e d  t o  an 

a d s o r b e d  CO on Rh w i t h  h i g h e r  o x i d a t i o n  s t a t e  [ 3 1 ] .  Yang e t .  a l .  

[27] p e r f o r m e d  s e y e r a l  o x i d a t i o n  e x p e r i m e n t s  on CO a d s o r p t i o n ,  

and f o u n d  t h a t  upon o x i d a t i o n  t h e  l i n e r  CO s h i f t e d  t o  a h i g h e r  

wavenumber .  S tudy  by Gonza l ez  e t .  a l .  showed t h a t  e x p o s u r e  of a 

Rh/SiO2 c a t a l y s t  ~ t o  a m i x t u r e  of  CO and 03 gave r i s e  t o  a band a t  

2104 cm "1 wh ich  was a s s i g n e d  t o  an a d s o r b e d  CO on Rh w i t h  a t  

l e a s t  +1 and  p o s s i b l y  as  h i g h  as  +3 [39] .  Yang and  Ya tes  [39] 

f o u n d  t h a t  t r i c a r b o n y l  s p e c i e s  i s  formed on o x i d i z e d  Rh/A12 Os by 

IK a t  2120 ,  2078,  and 2026 cm -1 , however ,  t h e  p r e s e n t  s t u d y  d i d  

n o t  e x h i b i t  IR band c h a r a c t e r i s t i c  o~ t h e  t r i c a r b o n y l  s p e c i e s .  



Figure  4 shows t h e  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  on t h e  

snlfided Eh/SiO2 catalyst at 310 g. Initial CO adsorption 

produced a linear-C0 band at 2090 cm-1.. Exposure of C0 for 80 

min r e s u l t e d  i n  an i n c r e a s e  i n  t h e  i n t e n s i t y  of t h e  l i n e a r - C 0  

band and a f o r m a t i o n  o5 t~o  bands a t  9.029 and 2005 cm -1 . The 

s p e c i e s  d i s p l a y i n g  t h e s e  two bands appea r s  t o  be weak ly  a d s o r b e d  

on t h e  s u l f i d e d  Eh s u r f a c e  as i n d i c a t e d  by t h e  e a s y  o f  

elimination of these species by flowing N~. 

Comparison of infrared spectra of CO adsorption on reduced 

and s u l f i d e d  c a t a l y s t s  (F igu re s  2 and 4) shows t h a t  t h e  b r i d g e d  

CO and d i c a r b o n y l  were s u p p r e s s e d  by t h e  p r e sence  of  s u l f u r  aud 

t h a t  t he  l i n e a r - C O  band p r e s e n t e d  a t  a h i g h e r  wavenumber ove r  t h e  

s u l f i d e d  c a t a l y s t .  S a c h t l e r  e t .  a l .  conduc ted  CO c h e m i s o r b e d  on 

Eh/Si02 as a f u n c t i o n  o~ s u l f u r  cove rage  and showed t h a t  t h e  

i n t e n s i t i e s  of  t h e  b r i d g e d  C0 and d i c a r b o n y l  s p e c i e s  were 

d e c r e a s e d  by i n c r e a s i n g  t h e  s u r f a c e  coverage  of s u l f u r  [40] .  The 

adsorbed  s u l f u r  has  been found  t o  d i s r u p t  t he  a d j a c e n t  p a i r s  of 

Eh me ta l  atoms and b l o c k s  t h e  s i t e s  f o r  t h e  f o r m a t i o n  of t h e  

b r i d g e d  CO [ 4 1 - 4 4 ] .  The i n c r e a s e  i n  ~he wavenumber of  t h e  

l i nea r -CO band  ha s  been  e x p l a i n e d  as an e l e c t r o n i c  e f f e c t  of  t h e  

p r e s e n c e  of s u l f u r  [44] .  The e l e c t r o n i c  e f f e c t  i n d u c e d  by 

su l f -ur ,  an e lec t '~ 'on  a c c e p t e r ,  r e s u l t s  i n  s t r e n g t h e n i n g  t h e  C~ 0 

bond by w i t h d r a w i n g  e l e c t r o n  f rom t h e  a n t i - b o n d i n g  of  CO [44] .  

E t h y l e n e  H y d r o ~ o r m y l a t i o n  

The r e a c t i o n  r a t e  and i n f r a r e d  d a t a  f o r  t h e  s t e a d y - s t a t e  

e t h y l e n e  h y d r o f o r m y l a t i o n  were c o l l e c t e d  simultaneously by gas 

chromatograph  and i n f r a r e d  s p e c t r o m e t e r ,  r e s p e c t i v e l y .  I n f r a r e d  
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spectra for the reaction are shown in figures 5-7. The rate of 

product formation corresponding to infrared spectra taken under 

the same reaction condition are presented in Table I. Figure 5 

shows the infrared spectra under the reaction conditions of the 

ethylene hydroformyla~ion. Gaseous CO was observed at 2170 and 

2115 cm-1; gaseous ethylene was observed at the bands at 3194, 

3077, 300g, and 2968 cm -I as well as a sharp peak at 1888 cm "I 

superimposed with a bridge-CO band. A close examination of 

infrared spectra for adsorbed species in figure 5 ~nd rate data 

for the reduced Eh in Table I shows that the dominated species on 

the reduced Rh surface were ~:inear C8 at 2053-2042 cm'1 and 

bridged CO at 1880-1871 cm-; the major reaction product was 

e t h a n e  a t  373 K, 1 arm. As t h e  r e a c t i o n  t e m p e r a t u r e  i n c r e a s e d  

from 373 to  513 K, t h e  i n t e n s i t i e s  of t h e  l i n e a r - C 0  and 

br idged-CO bands  d e c r e a s e d  and t h e  wavenumbers of  t h e s e  bands 

s h i f t e d  downward. The i n t e n s i t y  of h y d r o c a r b o n  b a n d s  and t h e  

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

f o r m a t i o n  of o x y g e n a t e d  p r o d u c t s  such as  a c e t a l d e h y d e  and 

p r o p i o n a l d e h y d e  i n c r e a s e d  under  t h i s  r e a c t i o n  c o n d i t i o n .  

Subsequen t  i n c r e a s e s  i n  r e a c t i o n  p r e s u r e  from 1 arm t o  10 arm 

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

of propion~Idehyde. The infrared spectra showed a continuous 

growth o~ the propionaldehyde band (1730 cm -I) , however, the 

intensities of both linear- and bridge-CO bands decreased. The 

d e c r e a s e s  i n  t h e  i n t e n s i t i e s  of t h e  l i n e a r  CO and  b r i d g e d  CO 

migh t  be due t o  a c o m p e t i t i v e  a d s o r p t i o n  be tween  H2, C2H4, and CO 

over  t h e  c a t a l y s t  s u r f a c e  and due t o  h i g h  r e a c t i v i t y  of t h e  

a d s o r b e d  CO a t  t h e  h i g h  t e m p e r a t u r e  and p r e s s u r e  c o n d i t i o n s .  
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Format ion  of p r o p i o n a l d e h y d e  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  

has  been s u g g e s t e d  t ¢  f o l l o w  an i n s e r t i o n  of CO i n t o  C2Hx which 

i s  produced from e t h y l e n e  a d s o r p t i o n  fo l l owed  by h y d r o g e n a t i o n  as  

shown i n  t h e  f o l l o w i n g  r e a c t i o n  pathway.  

C2 H4 

H* cgs 
H. C8. CH2 H* 

C2He ~ CzHv --~ C-8 ----4 CsHsSH 

CH* 

Cs HC. 

Because t h e  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 ,  e t h a n e ,  and C.~+ 

hydrocarbons  i n v o l v e s  a common i n t e r m e d i a t e ,  C2Hx, a h i g h e r  r a t e  

r a t i o  of C2HsCHO t o  C2H6 and t o  C8÷ HC r e p r e s e n t s  a h i g h e r  CO 

• i n s e r t i o n  s e l e c t i v i t y .  I n c r e a s e  i n  t h e  r a t i o  of CsHsCHO/C2H6 and 

C2HsCHO/Cs+ HC w i t h  i n c r e a s i n g  t e m p e r a t u r e s  and p z e s s u r e s  (see 

Table  1) i n d i c a t e d  t h a t  CO i n s e r t i o n  competed f a v o r a b l y  ~ i t h  
I 

h y d r o g e n a t i o n  and c h a i n  growth a t  h i g h e r  r e a c t i o n  t e m p e r a t u r e s  

and p r e s s u r e s .  

F i g u r e  6 shows a s e r i e s  Of i n f r a r e d  s p e c t r a  as a f u n c t i o n  of 

t ime  i n  t h e  e t h y l e n e  h y d r o f o r m y l a t i o n  r e a c t i o n  a t  373 E and 1 

arm. ~e have l i m i t e d  t h e  r e a c t i o n  t e m p e r a t u r e  t o  373 K because  

t h e  oxide Eh  t e n d s  to  be reduced  a t  h i g h  r e a c t i o n  t e m p e r a t u r e  i n  

t h e  p r e s e n c e  o2 H~. The i n f r a r e d  s p e c t r a  demons t r a t ed  a 

l i nea r -CO band a t  203& 2025 cm -1 , a bridge-CO band a t  1881-1866 

cm -1 , and a 2083~  cm -I band c h a r a c t e r i s t i c  o2 t h e  s y ~ .  e t r i c a l  

gem- d i c a r b o n y l .  The a s y m m e t r i c a l  gem- d i c a r b o n y l  band was 
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o v e r l a p p e d  by t h e  l i n e a r - C O  band .  Carbon d i o x i d e  was p r o d u c e d  

and was o b s e r v e d  a t  2360 and 2340 cm -1 Hydroca rbon  p r o d u c t s  

were  o b s e r v e d  i n  t h e  C~H s t r e t c h i n g  r a n g e  (28g0-2988 cm-1) .  The 

p r o d u c t  of p r o p i o n s , l d e h y d e  was o b s e r v e d  a t  1733 cm "I . A c l o s e  

e x a m i n a t i o n  of  t h e  s p e c t r a  shows t h a t  t h e  i n t e n s i t i e s  of  l i n e a r  

C8 and d i c a r b o n y l  were  o s c i l l a t i n g  d u r i n g  t h e  r e a c t i o n ;  t h e  

i n t e n s i t y  of  t h e  b r i d g e d  CD r e m a i n e d  unchanged ;  and  t h e  bands  of  

h y d r o c a r b o n s  and p r o p i o n a l d e h y d e  were  d e v e l o p e d  i n  t h e  f i r s t  5 

rain and t h e n  a t t e n u a t e d  as t h e  r e a c t i o n  ; t ime e l a p s e d .  The 

p r o d u c t s  a t  t h i s  r e a c t i o n  c o n d i t i o n  c o n s i s t e d  of m e t h a n e ,  e t h a n e ,  

and p r o p i o n a l d e h y d e  ( s ee  Table  1 ) .  

A reduction process of the catalyst was observed under this 

reaction condition. Presence of intensive linear-CO and 

bridge-CO bands on the catalyst indicates a formatioff;of reduced 

Ehmetal sites. Formation of C02 during the reaction also 

reveals that oxygen on the oxidized catalyst might interact with 

the adsorbed CO to form C02. 

Figure 8 sho~s the influences of reaction pressures and 

temperatures on the infrared spectrum of ethylene 

hydroformylation'on the sulfidedEh/Si02. At 373 , 1 arm, the 

only adsorbed C0 species is the linear CO displaying the band at 

2090 cm -I Methane and ethane were identified to be the major 

products while no oxygenates were observed under this reaction 

condition. As the temperature increased from 373 to 513 K, the 

linear CO shifted form 2090 to 2049 cm -I and its intensity 

increased; a small amount of propionaldehyde was produced. As 

reaction pressure increased from I to 10 atm~ the rate of product 

formation increased in the order of CH4 < C2H6 < C2HsCHO. The 
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infrared spectr~ showed a decrease in the intensity of the linear 

C0 and increases in the intensities of hydrocarbon products and 

propionaldehyde. 

This ethylene hydroformylation study reveals that the 

reduced, oxidized, and suliided Rh/Si02 are active for 

propionaldehyde synthesis. Comparison of the product 

distribution between the  oxidized cata . , lys t ,  t he  s u l f i d e d  c a t a l y s t  

and the reduced catalyst shows that the oxidized catalyst 

exhibited hisher activity and selectivity toward propionaldehyde 

t han  zhe reduced  c a t a l y s t  a t  373 K and 1 a t e  whi le  t h e  s u l f i d e d  

c a t a l y s t  d id  no t  produce p rop iona ldehyde  a t  t h i s  c o n d i t i o n .  

However, t h e  s u l f i d e d  Eh/Si02 ~: ' . . talyst had a h i g h e r  s e l e c t i v i t y  

of propionaldehyde than the reduced catalyst at 513 K. 

Somorjai and coworkers [163 have found that Rh oxide is more 

active than Rh metal for oxygenate synthes.%s. Suppression oi CO 

d~ssoci~ion by oxidized Eh catalysts [45] may also enhance the 

2ormation o2 propionaldehyde. On the other hand, the presence o2 

sul~ur is known to poison catalytic reaction, particularly 

i n v o l v i n g  H2 and CO [41 ,44] .  In  t h e  p r e s e n t  s t u d y ,  t h e  s u l f i d e d  

c a t a l y s t  showed s u p p r e s s i o n  o2 t h e  e thane  f o r m a t i o n  more t h a n  

p rop iona ldehyde  f o r m a t i o n  and enhanced the  s e l e c t i v i t y  o~ 

p rop iona ldehyde .  S imi la~  o b s e r v a t i o n  has been r e p o r t e d  i n  

literature [40,43] 

The in situ in~rared spectra show that linear C0 and bridged 

C0 were formed on the  reduced  Eh/Si02 ; l i n e a r  CO, b r i d g e d  CO, and 

d i c a r b o n y l  were formed on t h e  ox id i zed  Eh/Si02 ; and only  l i n e a r  

C8 was observed ,  on t he  s u l 2 i d e d  Eh/Si02 under  t h e  s t e a d y - s t a t e  

r e a c t i o n " c o n d i ¢ i o n s .  However, no obvious z ~ l a t i o n  between 
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i n f r a r e d  s p e c t r a  of  t h e  a d s o r b e d  C0 and t h e  a c t i v i t y  f o r  C0 

i n s e r t i o n  can be d i s c e r n e d .  

The r e s u l t s  d i s c u s s e d  above r e v e a l  t h e  c a t a l y s t  a c t i v i t y  and 

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

a d s o r b e d  C0 on t h e  c a t a l y s t  s u r f a c e  unde r  t h e  r e a c t i o n  

c o n d i t i o n s .  However,  t h e  s t e a d y - s t a t e  r e s u l t s  d i d  n o t  t e l l  t h e  

i n t e r m e d i a t e s  i n v o l v i n g  i n  t h e  CO i n s e r t i o n  r e a c t i o n .  The 

f o l l o w i n g  r e a c t i o n  of C2H4/H2 w i t h  t h e  p r e a d s o r b e d  C0 was used  t o  

d e t e r m i n e  Which t y p e  of a d s o r b e d  C0 i s  t h e  r e a l l y ~ r e a c t i v e  

i n t e r m e d i a t e  f o r  CO i n s e r t i o n .  I t  s h o u l d  be n o t e d  t h a t  t h e  

~ o r m a t i o n . o f  t h e  p r e s o r b e d  Cfl on reduced~ o x i d i z e d ,  and s u l f i d e d  

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

s t u d i e s .  

l e a c t i o n  of A d s o r b e d  CO w i t h  C2H4 and H2 

F i g u r e  8 shows t h e  i n / r a t e d  s p e c t r a  t a k e n  d u r i n g  t h e  

r e a c t i o n  of C2H4/H2 w i t h  t h e  p r e a d s o r b e d  C0 on t h e  r e d u c e d  

Eh/Si02 catalyst at 301 K. The infrared spectrum prior t o  

admission of C2H~/H~ exhibited linear. C0 at 2070 cm "~ , bridged C0 

at 18@1 cm -I , and gem-dicarbonyl at 2104 and 2040 cm-1. An 

o b v i o u s  • e t h y l e n e  baud  was o b s e r v e d  2-rain a f t e r  t h e  i n t r o d u c t i o n  

of C~H4/H~, and t h e n  a growing p r o p i o n a l d e h y d e  band a t  1724 cm -1 

was o b s e r v e d ,  p a r a l l e l i n g  w i t h  an a t t e n u a t i o n  of t h e  l i n e a r - C O  

baud ,  w h i l e  t h e  i n t e n s i t y  of t h e  b r i d g e d  C0 and d i c a r b o n y l  were 

n o t  changed .  The c o r r e l a t i o n  o f  t h e  i n t e n s i t y  of  t h e  

propionaldehyde band w'~th the intensity of the linear-C0 band 

indicates that linear C0 is the major adsorbed C0 participating 

in C0 insertion leading to the ~ormation of propionaldehyde. 
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Following the reaction time after 13 min, the ethylene band 

slowly eliminated. The intensity of the adsorbed CO also 

d e c r e a s e d :  l i n e a r  CO s h i f t e d  downward t o  2035 cm-' ; b r i d g e d  CO 

s h i f t e d  t o  1867 cm-1; s y m m e t r i c a l  d i c a r b o n y l  was o b s e r v e d  a t  2100 

cm -1 The i n t e n s i t y  of t h e  p r o p i o n a l d e h y d e  i n c r e a s e d  t o  a 

c e r t a i n  e x t e n d  a n d  t h e n  d e c r e a s e d  w h i l e  t h e  h y d r o c a r b o n  s p e c i e s  

were  c o n t i n u o u s l y  d e v e l o p e d .  The o b s e r v a t i o n  i n d i c a t e s  t h a t  t h e  

l i n e r  CO t e n d e d  t o  fo rm p r o p i o n a l d e h y d e  f a s t e r  t h a n  h y d r o c a r b o n s .  

F i g u r e  9 shows t h e  r e a c t i o n  of C2H4/H2 w i t h  t h e  p r e a d s o r b e d  

CO on the oxidized Eh/Si0z catalyst at 301 K. The spectra prior 

to reacting with C2H4 and H2 showed linear-CO band at 2078 cm':~ 

bridge-C0 band at 1885 cm'1; gem-dicarbonyl doublet at 2096 and 

2040 cm-1; and the 2105-cm -I band characteristic of a linearly 

a d s o r b e d  CO a t  Eh w i t h  h i g h e r  o x i d i z e d  s t a t e s  (Khn*) .  Exposure  

of t h e  a d s o r b e d  C0 t o  CzH4/H2 f o r  2 rain caused  ( i )  a downward 

shift of linear-C8 band to 2033 cm -I , (if) a growth of an 

intensive bridge-C0 band, (iii) a decrease of the intensity of 

the dicarbonyl and the 2105-cm -I bands, and (iv) a formation of a 

small propionaldehyde band at 1723 cm "I . 

An obvious growth of the propionaldehyde band with respect 

to time was observed after 2-min of reaction. In order to 

clearly discern the species involved in the formation of 

propionaldehyde, sequential difference spectra was taken as shown 

i n  F i g u r e  10. The s e q u e n t i a l  d i f f e r e n c e  s p e c t r a  d e m o n s t r a t e  t h e  

i n c r e m e n t  or  t h e  dec remen t  of each  s p e c i e s  w i t h  r e s p e c t  t o  t i m e .  

The i n t e n s i t i e s  of  a l l  t h e  a d s o r b e d  CO bands were  obse rved  t o  

i n c r e a s e  s u d d e n l y  be tween  2 and 3 min.  The r e s u l t s  of s u b s e q u e n t  

changes  i n  i n t e n s i t y  show t h a t  t h e  l i n e a r - C 8  band  (2083 cm "1 ) a t  
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Eh ° s i t e s  and t h e  g e m - d i c a r b o n y l  bands  (2096 and 2040 cm -1)  were 

i n c r e a s e d  f i r s t  and t h e n  were d e c r e a s e d ;  t h e  band (2105 cm -I ) of 

l i n e a r l y  adso rbed  C0 a t  Ehn÷~ s i t e s  d e c r e a s e d  c o n t i n u o u s l y  and 

much f a s t e r  t h a n  t h e  l i n e a r - C B  band a t  Eh ° s i t e s ;  and t h e  

b r i dge -  C0 band (1890 cm -z ) and t h e  2084- cm -1 band i n c r e a s e d  

c o n t i n u o u s l y .  The p r o p i o n a l d e h y d e  band observed a t  1723 cm -I 

grew s i m u l t a n e o u s l y .  The r e s u l t  s u g g e s t s  t h a t  l i n e a r l y  adsorbed  

C8 on h i g h e r  o x i d i z e d  Rhn* s i t e s  was r e s p o n s i b l e  f o r  t h e  

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  v i a  a CO i n s e r t i o n  r e a c t i o n .  

F i g u r e  11 shows t h e  changes of i n f r a r e d  s p e c t r a  t a k e n  d u r i n g  

t h e  i n t e r a c t i o n  of  C~H4 and H2 w i t h  adsorbed C8 on t h e  s u l f i d e d  

Eh/Si02 c a t a l y s t  a t  301 K. The i n t e n s i t y  of t h e  l i n e a r  C0 a t  

2901 cm -I decreased following the addition of C2H4 and H2. No 

detectable propionaldehyde was observed during the entire period 

of the study. The previous ethylene hydroformylation study has 

shown that ethylene hydroformylation occurEed on sulfided Rh/Si02 

s t  1 aim and 513 g.  Recent  s t u d y  has  a l so  d e m o n s t r a t e d  t h a t  

p r o p i o n a l d e h y d e  was formed a t  r e a c t i o n  t e m p e r a t u r e  above 343 K on 

s u l f i d e d  Eh/Si02 [46] .  

P r e v i o u s  i n v e s t i g a t o r s  have r e p o r t e d  c o n f l i c t i n g  d a t a  on t h e  

a c t i v e  s i t e s  f o r  C0 i n s e r t i o n .  Somor ja i  and coworkers  [16] ,  

c o n d u c t i n g  CO h y d r o g e n a t i o n  over  h y d r a t e d  and anhydrous  rhodium 

o x i d e s ,  found  t h a t  t h e  anhydrous  rhodium oxide r e d u c e d  t o  

m e t a l l i c  rhodium r a p i d l y  wh i l e  t h e  h y d r a t e d  rhodium ox ide  was 

q u i t e  s t a b l e  under  t h e  r e a c t i o n  c o n d i t i o n .  Th i s  s t a b l e  h y d r a t e d  

rhodium oxide  showed c a t a l y t i c  a c t i v i t y  f o r  CO i n s e r t i o n  i n  C0 

h y d r o g e n a t i o n  l e a d i n g  t o  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 .  Ve 

observe  t h a t  t h e  o x i d i z e d  Eh/SiO2 c a t a l y s t  p roduced  
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p r o p i o n a l d e h y d e  i n  a r e a c t i o n  of C2H4/H2 wi th  t h e  p r e a d s o r b e d  C0 

a t  310 K; f u r t h e r m o r e ,  we f i n d  t h a t  t h e  l i n e a r l y  a d s o r b e d  C8 on 

t h e  Eh n* s i t e s  was a c t i v e  f o r  CO i n s e r t i o n  p roduc ing  

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

o x i d i z e d  Eh/SiO2 c a t a l y s t  a l so  showed h i g h e r  p r o p i o n a l d e h y d e  

s e l e c t i v i t y  t h a n  on t h e  reduced Rh/Si82 c a t a . l y s t  a t  373 K, bu t  

t h e  ox id i zed  c a t a l y s t  t ended  t o  be r educed  in  t h e  r e a c t i o n .  On 

t h e  o t h e r  hand ,  Rh-based  c a t a l y s t s  w i t h o u t  t h e  p r e s e n c e  of Eh "÷ 

have a l so  shown CO i n s e r t i o n  a c t i v i t y  a t  t e m p e r a t u r e  above 573 k 

[25,26]. I n  our  p r e s e n t  s t udy ,  t h e  r educed  Eh/Si02 e x h i b i t e d  

h i g h  a c t i v i t y  i n  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 o  produce  

p r o p i o n a l d e h y d e .  ~ o r e o v e r ,  t h e  l i n e a r - C O  a t  Eh ° s t i e s  on ' the 

reduced ~h/Si02 catalyst was shown to participate in CO 

insertion. 

A p a r t i a l  p o i s o n i n g  e f f e c t  of  s u l f u r  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  was a l s o  p r e s e n t e d  i n  t h i s  s t u d y .  The s u l f i d e d  

Eh/Si02 c a t a l y s t  s u p p r e s s e d  b r i d g e d  CO and d i c a r b o n y l  b u t  

enhanced t h e  s e l e c t i v i t y  of p r o p i o n a l d e h y d e .  S i m i l a r  o b s e r v a t i o n  

has  been o b s e r v e d  on promoted Eh c a t a l y s t s  which promote  t h e  

f o r m a t i o n  of o x y g e n a t e d  p r o d u c t s .  These chemica l  a d d i t i v e s ,  such 

as  Zn and Fe ,  n o t  only  s t a b i l i z e  t h e  Eh ÷ s i t e s  bu t  a l s o  b l o c k  the  

s i t e s  f o r  b r i d g e d  CO and f o r c e  t h e  adso rbed  CO i n t o  l i n e a r  CO 

[47- 49] .  

The a b o v e _ o b s e r v a t i o n s  and d i s c u s s i o n s  i n d i c a t e  t h a t  bo th  

l i n e a r l y  a d s o r b e d  CO on the  r e d u c e d  Rh s i t e s  (Rh ° ) and t h e  Rh ion  

sites (~h. ÷) are active for CO insertion to form oxygenated 

p r o d u c t s .  However,  i t  i s  s u g g e s t e d  t h a t  a d d i t i o n  of p r o m o t e r  i s  

n e c e s s a r y  t o  s t a b i l i z e  t he  m e t a l  oxide  f o r  C8 i n s e r t i o n .  ' 
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Table i. Rates of Products of Ethylene Hydroformylation over 

Reduced, Oxidized, and Sulfided Eh/Si82 Catalysts a. 

Product Reduced Oxidized Sulfided 

373 K 513 K 373 K 

1 atm 1 atm i0 arm I atm 

373 K 513 E 

1 arm 1 arm 10 arm 

CH4 O. 025 O. 037 O. 17 0.012 O. 013 0.023 0.094 

C2 H6 O. 14 8.27 66.4 0.075 O. 001 2.5 48.9 

C~ + H C .  - O .  0 9 8  O .  0 9 4  - - 0 . 0 9 2  

CH~ CHO - O. 097 0.075 . . . .  

C2HsCHO 0.016 1.4 24.5 0.025 27.0 

(8 .8 )  (14 .1)  (26 .8)  (22.3)  - (14 .6)  (35 .5)  b 

C2 H6 CHOC 0.11 0.17 0.37 0.33 0 0.17 0.55 
C2 H6 

a: The r a t e s  of  p roduc t  f o r m a t i o n  (mole /Kg-hr )  c o r r e s p o n d i n g  wi th  t h e  
i n f r a r e d  s p e c t r a  were t a k e n  40-min a f t e r  t h e  r e a c t i o n  was s t a r t e d .  

b: Selectivity of propionaldehyde. 

c: Ratio of the formation rate 
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