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INTRODUCTION 
\ 

In t h e  a t t empt  t o  produce h i g h e r  molecular  weight  oxygenated compounds from 
s y n t h e s i s  g a s  (Hp + CO) f o r  u t i l i z a t i o n  as f u e l s  and i n t e r m e d i a t e  chemica ls ,  an  ap- 
proach t o  c a t a l y t i c a l l y  forming  h i g h e r  a l c o h o l s  i s  t o  combine a n  a lkyl - forming  a g e n t  
w i th  a methanol s y n t h e s i s  c a t a l y s t .  
a r e  ve ry  s e l e c t i v e  f o r  t h e  s y n t h e s i s  of methanol  (1-3). On t h e  o t h e r  hand, coba l t -  
and iron-based c a t a l y s t s  promote t h e  F ischer -Tropsch  s y n t h e s i s  (4 ,5)  of hydrocarbons .  
The Fischer-Tropsch p rocess  c o n v e r t s  s y n t h e s i s  g a s  t o  a mix tu re  of predominant ly  
l i n e a r  a l k a n e s  and a l k e n e s  r a t h e r  non- se l ec t ive ly  b u t  i n  such  a manner t h a t  t h e  
product  d i s t r i b u t i o n  wi th  r e s p e c t  t o  carbon cha in  l e n g t h  d i s p l a y s  a r ecogn izab le  
p a t t e r n  (6-8), commonly r e f e r r e d  t o  as t h e  Schulz-Flory d i s t r i b u t i o n  (9 , lO) .  T h i s  
d i s t r i b u t i o n  a r i s e s  from t h e  s t e p w i s e  c a t a l y t i c  po lymer i za t ion  and hydrogena t ion  of  
CO by p rocesses  whose r e a c t i o n  mechanisms have n o t  been f u l l y  e s t a b l i s h e d  (11-13).  

U t i l i z i n g  mixed c o p p e r l c o b a l t  c a t a l y s t s  h a s  l e d  t o  enhanced s e l e c t i v i t i e s  f o r  

It i s  well-known t h a t  copper-based c a t a l y s t s  

t h e  s y n t h e s i s  of h ighe r  a l c o h o l s  (14-19). However, t h e  q u a n t i t y  of hydrocarbons  
formed were g r e a t e r  than  t h e  q u a n t i t y  of h i g h e r  a l c o h o l s  formed (18 ,19) ,  methane w a s  
t h e  dominant product  (15 ,16) ,  o r  methanol w a s  t h e  most s e l e c t i v e l y  formed p roduc t  
(14 ,17 ,18) .  It appea r s  t h a t  t h e  coppe r / coba l t  c a t a l y s t s  t h a t  c o n t a i n  s m a l l  amounts 
of c o b a l t  (<8 wt%) are p r i n c i p a l l y  methanol s y n t h e s i s  c a t a l y s t s  i n  which t h e  c o b a l t  
has  suppressed  t h e  c a t a l y t i c  a c t i v i t y  wh i l e  s h i f t i n g  t h e  s e l e c t i v i t y  toward h i g h e r  
molecular  weight  p roduc t s  (19) .  
i n d i c a t e s  t h a t  they  a r e  formed by a Fischer-Tropsch mechanism. 

The d i s t r i b u t i o n  of p roduc t s ,  which a r e  l i n e a r ,  

Iron-based Fischer -Tropsch  c a t a l y s t s  a r e  u s u a l l y  promoted w i t h  copper ,  e .g .  20% 
Cu r e l a t i v e  t o  Fe (20-23),  where t h e  copper  i n c r e a s e s  t h e  a c t i v i t y  o f  t h e  c a t a l y s t s  
v i a  i t s  redox p r o p e r t i e s  d u r i n g  t h e  p r e p a r a t i o n  of t h e  c a t a l y s t s  (20,22). 
a t e s  are o f t e n  observed as p roduc t s  over  t h e s e  c a t a l y s t s ,  b u t  t h e  y i e l d s  o f  t h e s e  
p roduc t s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r e a c t a n t  stream space  v e l o c i t y ,  e.g.  more 
oxygenates  a r e  formed a t  lower g a s  hour ly  space  v e l o c i t i e s  (GHSV) (21 ) .  The l i n e a r  
p roduc t s  t h a t  are syn thes i zed  o v e r  t h e s e  c a t a l y s t  f o l l o w  t h e  Schulz-Flory d i s t r i b u -  
t i o n .  

Oxygen- 

The  p r e s e n t  work has  u t i l i z e d  a we l l - cha rac t e r i zed  Cu/ZnO = 30170 mol% methanol 
s y n t h e s i s  c a t a l y s t  ( 2 , 2 4 - 2 7 )  i n t o  which small amounts of i r o n  have been in t roduced .  
It i s  shown t h a t  t h e  i n c o r p o r a t i o n  of  t h e  l a t te r  a lkyl - forming  agen t  caused  t h e  
p roduc t ion  of  h i g h e r  molecular  weight  compounds, bo th  p a r a f f i n s  and o l e f i n s ,  as w e l l  
a s  a l coho l s .  

EXPERIMENTAL 

The Fe/Cu/ZnO c a t a l y s t s  were c o p r e c i p i t a t e d  from hea ted  n i t r a t e  s o l u t i o n  by 
sodium ca rbona te ,  c a l c i n e d ,  p e l l e t i z e d ,  and reduced w i t h  H z / N 2  = 2/98 vo l% a t  250'C 
accord ing  t o  a procedure  p r e v i o u s l y  desc r ibed  i n  d e t a i l  f o r  t h e  b i n a r y  Cu/ZnO cata- 
l y s t s  (2,25). A schemat ic  of t h e  c a t a l y t i c  r e a c t o r  sys tem has  been p resen ted  ( 2 ) .  
bu t  a high p r e s s u r e  u n i t  f o r  pumping l i q u i d s  i n t o  t h e  s y n t h e s i s  gas  s t ream a t  a 
r e a c t o r  p r e s s u r e  of 75 a t m  has  been added a t  t h e  t o p  of t h e  r e a c t o r  p r e h e a t e r  sec-  
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t i o n  (28) .  The e x i t  g a s  was reduced t o  ambient p r e s s u r e  and was sampled approximate- 
eve ry  h r  u s i n g  a hea ted  au tomat i c  sampling v a l v e  and ana lyzed  us ing  a n  on - l ine  
Hewlett-Packard 5730A g a s  chromatograph coupled  wi th  a H-P Model 3388A I n t e g r a t o r /  
C o n t r o l l e r .  
u id  i n j e c t i o n  i n t o  t h e  H-P GC and a Finnigan  4021 GC/MS/Nova system. The a n a l y s e s  
r e s u l t e d  i n  less t h a n  2 %  e r r o r  i n  t h e  carbon atom ba lance .  

Condensables  ( a t  0°C) w e r e  c o l l e c t e d  and f u r t h e r  ana lyzed  by d i r e c t  l i q -  

The c a t a l y s t s  were  c h a r a c t e r i z e d  by BET s u r f a c e  a r e a  d e t e r m i n a t i o n  us ing  a rgon 
a n d  by e l e c t r o n  microscopy u s i n g  a P h i l i p s  400T e l e c t r o n  microscope  f i t t e d  w i t h  a 
STEM u n i t  and a n  X-ray ene rgy  d i s p e r s i v e  spec t romete r .  

RESULTS 

The i n f l u e n c e  o f  i r o n  c o n c e n t r a t i o n  on t h e  c a t a l y t i c  a c t i v i t y  of  t h e  Fe/Cu/ZnO 
c a t a l y s t s  was de te rmined  f o r  t h e  u s u a l  t e s t i n g  c o n d i t i o n s  employed f o r  methanol syn- 
t h e s i s  c a t a l y s t s .  The  r e s u l t s  a r e  g iven  i n  T a b l e  1, and i t  is ev iden t  t h a t  t he  ac- 
t i v i t i e s  of  t h e  c a t a l y s t s  d e c r e a s e  w i t h  i n c r e a s i n g  i r o n  con ten t .  These  convers ions  
can be compared w i t h  t h e  55 2 5% carbon conve r s ion  observed  w i t h  t h e  undoped Cu/ZnO = 
30/70  methanol  c a t a l y s t  (26).  The c a t a l y s t  c o n t a i n i n g  t h e  lowes t  i r o n  con ten t  pro- 
duced predominant ly  me thano l ,  w h i l e  t h e  c a t a l y s t  c o n t a i n i n g  9 .0  mol% i r o n  produced an  
a p p r e c i a b l e  q u a n t i t y  of  waxes. The re fo re ,  t h e  Fe/Cu/ZnO = 1.2 /31 .8 /67 .0  c a t a l y s t  was 
chosen f o r  f u r t h e r  s t u d y .  

In examining t h e  e f f e c t  of C02 c o n c e n t r a t i o n  i n  t h e  s y n t h e s i s  g a s  on  t h e  a c t i v -  
i t y  a n d  s e l e c t i v i t y  o f  t h e  c a t a l y s t ,  i t  was observed t h a t  t h e  maximum conver s ion  t o  
p roduc t s  (12.0 mol%) and t h e  g r e a t e s t  s e l e c t i v i t y  t o  C2-C7 hydrocarbons  (60.7 C atom 
X )  occur red  w i t h  a Hz/CO/CO2 = 70/28/2  vol% s y n t h e s i s  gas .  However, t h e  h i g h e s t  se- 
l e c t i v i t i e s  toward methanol  and methane were produced by t h e  H2/CO/CO2 = 70/24/6 v o l %  
s y n t h e s i s  g a s  ( s e e  T a b l e  1). On t h e  o t h e r  hand, t he  h i g h e s t  s e l e c t i v i t y  toward t h e  
C p C 5  a l c o h o l s  (17.1%) w a s  ach ieved  w i t h  Cop-free H z / C O  = 70/30  s y n t h e s i s  g a s  t o  
y i e l d  a Cz-C5/C1 a l c o h o l  molar  r a t i o  of  0.61. 

Using t h e  b i n a r y  H2/CO s y n t h e s i s  gas ,  t h e  e f f e c t  o f  t h e  p a r t i a l  p r e s s u r e  of t he  
r e a c t a n t s  on t h e  h i g h e r  a l c o h o l  s y n t h e s i s  was i n v e s t i g a t e d .  The r e s u l t s  a r e  pre-  
s en ted  i n  Tab le  2 ,  a n d  i t  i s  ev iden t  t h a t  as t h e  H 2 / C O  r a t i o  dec reased ,  the  % carbon 
convers ion  t o  p r o d u c t s  a l s o  decreased .  However, the  wa te r  g a s  s h i f t  r e a c t i o n  became 
more e f f i c i e n t  a t  t h e  same time s o  t h a t  t h e  s e l e c t i v i t y  of CO conve r s ion  t o  CO2 in- 
c reased  a s  t h e  H2/CO r a t i o  dec reased .  A s  t h e  l a t t e r  r a t i o  dec reased ,  t h e  s e l e c t i v -  
i t y  toward t h e  h i g h e r  a l c o h o l s  r e l a t i v e  t o  methanol i n c r e a s e d .  Analyses  of t h e  con- 
densab le  l i q u i d s  c o l l e c t e d  from t h e  r e a c t i o n s  w i t h  t h e  low H 2 / C O  r a t i o  s y n t h e s i s  
g a s e s  showed t h a t  traces of 2-methyl-1-propanol and 2-methyl-1-butanol were p re sen t .  
It was e s t i m a t e d  t h a t  t h e s e  trace compounds were each  less t h a n  5 w t %  of  t h e  t o t a l  
C4 and C5 a l c o h o l  p r o d u c t .  

In  s t u d y i n g  t h e  e f f e c t s  of t h e  s y n t h e s i s  g a s  f eed  r a t e  on a l c o h o l  s y n t h e s i s ,  
t he  i n l e t  GHSV w a s  v a r i e d  i n  f o u r  s t e p s  from 2500 t o  6250 hr-1 ( c o n t a c t  t i m e  = 1.44 
t o  0.58 s e c ,  r e s p e c t i v e l y )  w i t h  t h e  H2/CO = 50 /50  g a s  mix tu re .  A s  t h e  c o n t a c t  time 
inc reased ,  t h e  carbon conve r s ion  t o  a l c o h o l s  and hydrocarbons  i n c r e a s e d  i n  a d i r e c t -  
l y  p r o p o r t i o n a l  manner. 
mained r e l a t i v e l y  c o n s t a n t  a t  2 .1  f 0 .1 ,  w h i l e  t h e  a l coho l /hydroca rbon  molar r a t i o  
decreased  w i t h  i n c r e a s i n g  c o n t a c t  time. Thus, l o n g e r  c o n t a c t  times favored  hydro- 
carbon s y n t h e s i s ,  w h i l e  s h o r t e r  c o n t a c t  times s h i f t e d  t h e  s e l e c t i v i t y  towards  t h e  
a l c o h o l s .  

The carbon atom r a t i o  o f  h i g h e r  a l c o h o l s  t o  methanol re- 

T h i s  i n d i c a t e s  t h a t  bo th  a l c o h o l s  and hydrocarbons  are pr imary  p roduc t s .  

T h i s  was f u r t h e r  suppor ted  by i n j e c t i n g  l i q u i d  i sopropylamine  i n t o  the  i n l e t  
s y n t h e s i s  g a s  s t r eam under  t h e  expe r imen ta l  c o n d i t i o n s  g iven  i n  Tab le  3. 
q u a n t i t y  of  i sop ropy lamine  pumped i n t o  the  sys tem had l i t t l e  e f f e c t  on  the  carbon 
convers ion .  However, t h e  p roduc t ion  of  a l c o h o l s  was comple te ly  suppres sed ,  wh i l e  
t h e  s y n t h e s i s  of  hydrocarbons  w a s  on ly  p a r t i a l l y  i n h i b i t e d ,  p a r t i c u l a r l y  t h e  forma- 

The s m a l l  
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TABLE 1 

Conversion of H2/CO/C02 = 7012416 v o l %  S y n t h e s i s  Gas t o  P roduc t s  a t  250"C, 75 atm, 
and GHSV = 5000 hr-1 ove r  PelCuIZnO C a t a l y s t s  

FeICulZn (mol%) 0.3132.1167.6 1.2131.8167.0 9.0/31.4/59.6 ' C a t a l y s t  Charge (8) 2.4547 2.4556 2.6971 
\ 

T o t a l  Conversion 
CO + C02 (mol%) 23.1 10 .6  8.3 

(mollkg c a t / h r )  17.0 8 .0  6.3 

S e l e c t i v i t y  (C atom%) 
Methanol 
Ethanol  
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
Methane 
Ethane 
E thy lene  
Propane 
Propylene  
C4-C7 Hydrocarbons 
C5+ Alcohols  and 

c8+ Hydrocarbons 

95.2 
0.4 
0.0 
0.0 
0.0 
0.0 
1 .4  
0.7 
0.0 
0 .1  
0.0 
2 . 2  

0.0 

16.0  
4 .2  
2.4 
0.2 
1 .4  
0.7 

24.3 
9 .0  
1 . 0  

12 .4  
1 . 0  

23.3 

4 .1  

5 .1  
7.8 
2.8 
0.2 
2.2 
1 .2  

17.9 
10.2 

1 .0  
7.3 
7.6 

24.5 

11.2 

Group Mole R a t i o s  
C2-C5 Alcohols/Methanol 0.002 0.22 1 . 1 2  
C1-C5 Alcohols/Ci-C7 

C2-C3 Olefins/C2-C3 
Hydrocarbons 38.9 0 .51  0.31 

P a r a f f i n s  0.0 0 .10  0.47 

Y i e l d s  (g lkg  c a t / h r )  
I Methanol 518 41 .0  10.3 

C2-Cg Alcohols  1 .6  15 .6  18 .3  

t i o n  of  methane and e thane .  
toward longe r  cha in  molecu le s  and ,  as i n d i c a t e d  i n  Tab le  3 ,  from p a r a f f i n s  t o  o l e -  
f i n s .  It i s  ev iden t  from t h e  d a t a  f o r  t h e  amines  t h a t  t h e  i n j e c t e d  i sop ropy lamine  
p r i n c i p a l l y  t r apped  methyl  and e t h y l  groups .  

Thus, t h e  hydrocarbon d i s t r i b u t i o n  was s h i f t e d  s l i g h t l y  

1 A reduced FeICulZnO = 1.2131.8167.0 c a t a l y s t  was examined by e l e c t r o n  microsco- 
py a f t e r  be ing  u l t r a s o n i c a l l y  d i s p e r s e d  from an  e t h a n o l  suspens ion  on to  a carbon- 
coa ted  t i t an ium g r i d .  M e t a l l i c  copper  c r y s t a l l i t e s ,  p redominant ly  w i t h  a d i ame te r  
of about  5.0 nm, were suppor ted  on t h e  ZnO m a t r i x .  E l e c t r o n  d i f f r a c t i o n  showed t h a t  
Cu ( i l l )  p l anes .  Using a 5 nm e l e c t r o n  probe ,  energy  d i s p e r s i v e  X-ray a n a l y s i s  of  
t h e  ZnO phase i n d i c a t e d  t h a t  i t  con ta ined  abou t  15% Cu and 0.8% Fe. A few b ime ta l -  
l i c  Fe-Cu p a r t i c l e s  were observed  t h a t  con ta ined  more i r o n  than  copper .  However, i n  
g e n e r a l  t h e  i r o n  w a s  homogeneously d i s p e r s e d  over  t h e  c a t a l y s t .  

Ana lys i s  of a t e s t e d  c a t a l y s t  by Auger spec t roscopy  i n d i c a t e d  t h a t  t h e  a tomic  
composi t ion  of t h e  s u r f a c e  w a s  Cu/Zn/O/C = 15.0/9.9/6.2/68.¶ %. No Fe was d e t e c t e d  
by Auger o r  X-ray pho toe lec t ron  spec t roscopy .  Thus, i t  appea r s  t h a t  carbon covered  
t h e  i r o n  and most of t h e  ZnO s u r f a c e ,  b u t  much of  t h e  copper  phase  w a s  l e f t  exposed. 
The BET s u r f a c e  a r e a  Of t h e  used c a t a l y s t ,  a s  removed from t h e  r e a c t o r  under  a 
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TABLE 2 

Reac tan t  Concen t r a t ion  E f f e c t s  on Alcohol  S y n t h e s i s  over  t h e  1.2% I r o n  
C a t a l v s t  a t  25OOC. 75 a t m .  5000 h r - l  and  H2/CO/CO2 = 30/70/0  t o  70/30/0.  
C a t a l y s t  Charge = 2.4524g. 

H2/m/m2 (M1%) 3 0/7 0/0 

Conversion 

co ( r n l % )  1.5 
(ml/kg ca th -1  2.7 

Y i e l d s  (g/kg cat/hr) 
*than01 4 . 1  
Ethanol 3.2 
1-pmpanol  1.8 
2 - p m p o l  0.2 
1-Butanol 0.9 
1-Pentanol  0.4 

S e l e c t i v i t y  (c atan%) 

Carton Dioxide 41.5 
Methanol 4.8 
C2-C5 Alc~hols 11.4 
C1-C7 Itydrocarbns 42.3 

40/60/0 50/50/0 

2.8 4.3 
4.1 5.4 

9.2 15 .1  
6.5 9.4 
3 .9  5.4 
0.4 0.5 
2.0 2.9 
1 . 0  1.5 

30.5 23.9 
6.9 8.7 

15.9 17.4 
46.7 50.0 

60/40/0 

6.5 
6.5 

18.2 
10.6 

5.6 
0.4 
2.9 
1.5 

19.6 
8.8 

15.4 
56.2 

70/30/0 

8.2 
6 . 1  

17.7 
9.0 
4.9 
0.4 
2.7 
1.3 

16.8 
8.9 

14.2 
60.1 

n i t r o g e n  a tmosphere ,  was 0.4 m2/g, and t h i s  c o n t r a s t s  w i t h  t h e  s u r f a c e  a r e a  of 
37-40 m2/g f o r  t e s t e d  b i n a r y  Cu/ZnO = 3 0 / 7 0  c a t a l y s t s  (25 ,26) .  
t e s t e d  t e r n a r y  c a t a l y s t  w i th  cyc lohexane ,  t h e  s u r f a c e  a r e a  was found t o  be 1 5  m2/g. 

A f t e r  washing t h e  

DISCUSSION 

The composi t ion  o f  t h e  s y n t h e s i s  g a s  mix tu re  h a s  a pronounced e f f e c t  on  t h e  
s e l e c t i v i t y  observed  o v e r  t h e  Fe/Cu/ZnO c a t a l y s t .  
t h e s i s  g a s  t e n d s  t o  f a v o r  t h e  fo rma t ion  of low molecular  weight  p roduc t s ,  i . e .  
methanol and methane. When C02 i s  removed from t h e  r e a c t a n t  stream, carbon cha in  
growth i s  promoted, a p p a r e n t l y  due t o  exposure  of  sites a c t i v e  i n  t h e  t r a n s f e r  of 
a l k y l  groups .  
ox ide ,  a l c o h o l s ,  and hydrocarbons  i n c r e a s e d  as t h e  H2/CO r a t i o  w a s  i n c r e a s e d  from 
0.43 to  2.33. 
which t h e  r a t e  of  s y n t h e s i s  i nc reased  as t h e  hydrogen c o n t e n t  of t h e  f eed  inc reased  
( 6 ) .  

The p resence  of CO2 i n  t h e  syn- 

I n  t h e  absence  of  C 0 2 ,  t h e  pe rcen tage  of  CO conver ted  t o  carbon d i -  

S i m i l a r  behav io r  h a s  been  observed  w i t h  o t h e r  i r o n  c a t a l y s t s ,  f o r  

The carbon cha in  growth r e a c t i o n s  t h a t  occu r red  ove r  t h e s e  i ron -con ta in ing  Cat- 
a l y s t s  c a n  be t r e a t e d  a s  a po lymer i za t ion  p rocess  i n  which t h e  molecu la r  weight  
d i s t r i b u t i o n  o f  p roduc t s  is de termined  by t h e  cha in  p ropaga t ion  and cha in  t r a n s f e r  
s t e p s .  
fo l lowing  equat ion:  

The Schulz-Flory  molecular  weight d i s t r i b u t i o n  can  be de r ived  t o  g i v e  t h e  

N, = No(1-a)2ax-1, 1 )  

where Nx i s  t h e  t o t a l  number of molecules  c o n t a i n i n g  x carbon atoms, No i s  t h e  t o t a l  
number of monomer u n i t s  (-CH2-) i n  t h e  system, and a i s  t h e  p r o b a b i l i t y  of cha in  
growth (28). Equa t i ion  1 can b e  expres sed  i n  l o g a r i t h m i c  form as 

264 



h 

k-.. 

\ TABLE 3 

E f f e c t s  of I sopropylamine  on Product  D i s t r i b u t i o n s  over  a 1 .2% Fe 
Con'taining Cu/ZnO C a t a l y s t  a t  235OC, 75 atm, 5000 h r - l ,  and H2/CO/C02 = 
70/30/0 ~ 0 1 % .  C a t a l y s t  Charge = 2.414 g .  (R = i s o p r o p y l ) .  

Isopropylamine i n  Feed ( u l l m i n )  

H2ICOIRNHp (molar r a t i o )  

CO Conversion (mol%) 
(mol/kg/hr)  

Products  (xlO+4 mol /hr )  
c1-C~ Alcohols  
C1-C7 Hydrocarbons 
Amines: 

R-NH-CH3 
R-N-(CH3) 2 
R-NH-C2H5 
R-N-(CH~,CZH~) 
R-N-(C2H5)2 
R-NH-(n-C3H7) 

C e r t a i n  Molar R a t i o s  
Alcohols /Hydrocarbons 
O l e f i n s / P a r a f f i n s  

l o g  ( N ~ / N ~ )  = l o g  [ ( 1 - a ) 2 / a ]  + xloga .  

0 

2.33/1.00/0 

4.45 
3.4 

7.03 
38.43 

0 
0 
0 
0 
0 
0 

0.2 
0.1 

20 

2.33/1 .OO/O.  08 

4.38 
3.3 

0 
23.01 

1 . 0 1  
1.34 
0.70 
7 .71  
0.35 
0.38 

0 
1.4 

I f  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  of l o g  (Nx/No) v s  x g i v e s  a s t r a i g h t  l i n e ,  and t h e  
v a l u e s  of a determined from t h e  i n t e r c e p t  and t h e  s l o p e  a r e  i n  good agreement ,  then  
t h e  molecular  weight  d i s t r i b u t i o n  f o l l o w s  t h e  Schulz-Flory law. 

F igure  1 demonst ra tes  t h a t  bo th  t h e  a l c o h o l s  and t h e  hydrocarbons produced over  
The p r o p a g a t i o n  c o n s t a n t  (a) i s  t h e  Fe/Cu/ZnO c a t a l y s t  f o l l o w  t h e  Schulz-Flory law. 

0.32 f o r  t h e  a l c o h o l s ,  w h i l e  i t  is  e q u a l  t o  0.55 f o r  t h e  hydrocarbons.  T h i s  d i s -  
t i n c t  d i f f e r e n c e  i n  a v a l u e s  a g a i n  s u g g e s t s  t h a t  t h e  a l c o h o l s  and t h e  hydrocarbons  
a r e  formed by d i f f e r e n t  pathways over  t h i s  c a t a l y s t .  
lower  tempera ture  o f  235'C, t h e  d i s t r i b u t i o n s  f o r  a l c o h o l s  and hydrocarbons  y i e l d  a 
v a l u e s  of 0 .47 and 0.53, r e s p e c t i v e l y .  
t o r  feed  g a s  (Table  3 ) ,  t h e  product ion  of a l c o h o l s  was s topped ,  w h i l e  t h e  hydrocar-  
bon d i s t r i b u t i o n  w a s  s h i f t e d  toward l o n g e r  c h a i n  p r o d u c t s  t o  g i v e  a = 0.58. The 
d i s t r i b u t i o n  of a l k y l  groups  on t h e  product  amines (exc luding  t h e  i s o p r o p y l  group)  
y i e l d e d  a non- l inear  p l o t ,  showing t h a t  t h e  format ion  of  t h e s e  a l k y l  groups  do not  
f o l l o w  t h e  Schulz-Flory d i s t r i b u t i o n .  This  i n d i c a t e s  t h a t  t h e  amines p r i m a r i l y  at- 
t a c k  t h e  a l c o h o l  p r e c u r s o r .  I f  t h e  amines had r e a c t e d  w i t h  t h e  a l c o h o l s  a f t e r  they  
formed, t h e  Schulz-Flory d i s t r i b u t i o n  of t h e  a l k y l  groups  would have produced t h e  
same d i s t r i b u t i o n  as t h a t  of t h e  a l c o h o l s  w i t h  a =  0.47. 

I n  t h e  absence  of CO2 and a t  a 

Upon a d d i t i o n  of i sopropylamine  t o  t h e  reac-  

The y i e l d  of C2 s u b s t i t u t e d  amines l i e s  above t h e  expec ted  v a l u e  found f o r  t h e  
a l c o h o l  d i s t r i b u t i o n ,  w h i l e  t h e  q u a n t i t i e s  of C 1  and C3 a l k y l a t e d  amines f a l l  below 
t h e  expected v a l u e s .  
p r e v i o u s l y  (29), t o  form a C p  oxygenated s p e c i e s  t h a t  is r e a d i l y  a t t a c k e d  by t h e  
amine. The r e s u l t s  of t h e  p r e s e n t  amine t r a p p i n g  exper iments  a r e  i n  c o n t r a s t  to 
t h o s e  obta ined  w i t h  ammonia and s y n t h e s i s  g a s  over  o t h e r  i r o n  c a t a l y s t s  ( 3 0 ) .  
t h e  l a t t e r  work, e x c l u s i v e l y  pr imary amines were formed t h a t  obeyed t h e  Schulz-Flory 
d i s t r i b u t i o n  t o  g i v e  a =  0.69. It was proposed t h a t  ammonia a t t a c k e d  (-CHx) i n t e r -  

T h i s  could  b e  due t o  a methyl  t r a n s f e r  r e a c t i o n ,  a s  r e p o r t e d  

In 
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media t e s .  However, i n  t h e  p re sence  work, i t  i s  e v i d e n t  t h a t  t h e  amines r e a c t e d  wi th  
t h e  oxygenated i n t e r m e d i a t e s  and t h a t  t h e  hydrocarbon i n t e r m e d i a t e  w a s  l e f t  e s s e n t i a l l y  
und i s tu rbed .  

CONCLUSIONS 

While a comple t e  mechan i s t i c  r e a c t i o n  scheme has  n o t  been v e r i f i e d  f o r  t h i s  
c a t a l y s t  system, t h e  fo l lowing  conc lus ions  have been deduced from t h e  exper imenta l  
da t a :  

( a )  bo th  a l c o h o l s  and hydrocarbons  are pr imary  p roduc t s  formed ove r  t h e  Fe/ 
CulZnO c a t a l y s t s ,  

(b) t w o  po lymer i za t ion  p r o c e s s e s  a r e  i n d i c a t e d ,  one wi th  s h o r t  carbon cha in  
l e n g t h  €or a l c o h o l s  and one  w i t h  t h e  u s u a l  cha in  l e n g t h  € o r  hydrocarbons ,  

(c )  t h e  a l c o h o l s  a r e  formed by i n t e r a c t i o n  of  methanol p r e c u r s o r s  and  i ron -  
bound i n t e r m e d i a t e s ,  w i th  t h e  methanol p recu r so r  behaving  a s  a monomer i n  the  a l -  
cohol s y n t h e s i s ,  

(d) t h e  optimum c a t a l y s t s  f o r  t h e  s y n t h e s i s  of C2-C5 a l c o h o l s  c o n t a i n  m a l l  
amounts o f  i r o n  ( - I % ) ,  which is homogeneously d i s p e r s e d  throughout  t h e  c a t a l y s t ,  
and 

(e )  hydrocarbon growth appea r s  t o  occur  v e r y  a c t i v e l y  over  Fe-Cu i n t e r m e t a l l i c  
p a r t i c l e s .  
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I '  

THE SYNTHESIS OF HIGHER ALCOHOLS ON Cu/ZnO CATALYSTS 

PROMOTED WITH K 2 C 0 3  

by Kevin J. Smith" and Robert  B. Anderson 

Department o f  Chemical Engineer ing  and I n s t i t u t e  f o r  M a t e r i a l s  Research 

McMaster U n i v e r s i t y ,  Hamil t o n ,  O n t a r i o ,  Canada L8s 4L7 

Alka l i  ox ides  added t o  methanol c a t a l y s t s  i n c r e a s e  t h e  format ion  o f  

e t h a n o l ,  n-propanol and i s o b u t y l  a l c o h o l .  T h i s  r e s u l t  h a s  been known 

for many years ,  y e t  few q u a n t i t a t i v e  s t u d i e s  have been r e p o r t e d  i n  t h e  

l i t e r a t u r e .  Data o b t a i n e d  on a commercial copper-zinc o x i d e  c a t a l y s t  

promoted with K2C03 a r e  presented  and compared with publ i shed  work. 

C a t a l y s t  p a r t i c l e s  with a mean d iameter  o f  about  0.9 mm were used.  The 

c a t a l y s t  was i n i t i a l l y  reduced i n  2H2 + 1CO g a s  a t  300°C and a tmospher ic  

P r e s s u r e  f o r  12-15 hours .  Most o f  t h e  s y n t h e s i s  t e s t s  were made a t  

285OC and 13.2 MPa of  1H2 + 2CO gas .  The a l k a l i  c o n c e n t r a t i o n  v a r i e d  

from 0-10 w t  % K2C03;  t h e  optimum amount was about  0.5% by w e i g h t ,  a s  

shown i n  Table 1. The H2 t o  CO feed  r a t i o  was impor tan t  i n  d e t e r m i n i n g  

t h e  h igher  a l c o h o l  s e l e c t i v i t y .  The r a t e  o f  product ion  o f  i s o b u t y l  

a l c o h o l  var ied  a s  Pi:'7 pE02 w h i l e  for  methanol ,  e t h a n o l  and n-propanol 

bo th  exponents were p o s i t i v e  and l e s s  than  1.6. Decreas ing  t h e  hydrogen 

t o  carbon monoxide r a t i o  from 2 t o  0.5 more t h a n  doubled t h e  i s o b u t y l  

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

P r e s e n t  a d d r e s s :  Research Department ,  SASOL 1,  Sasolburg  9570, South 

Afr ica .  

RBA/1-27Q 
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TABLE 1: PROMOTER CONCENTRATION EFFECTS 

P r e s s u r e  = 13.2 MPa. Temperature = 285OC 

2 1 
W t . %  K2C03 0 0.5 1 .0  2.0 3.0 10.0 

I n l e t  space  v e l o c i t y  ( h - l )  4300 3300 3800 4300 4600 2900 
H 2 : C 0  i n  feed 0.44 0.47 0.52 0.49 0.48 0.44 

( 1 )  Alcohol  s e l e c t i v i t i e s  
methanol  65.8 48.6 61.4 75.7 
e t h a n o l  6.4 4.8 4.8 3.7 
2 -pro pan01 1.7 0.8 1.8 1.8 
1-propanol  5.3 6.7 9.2 8.1 
1 -butanol  2.1 4.0 2.5 1.3 
2-but ano 1 0.8 1.5 1.7 1.0 
2-methyl-1 -propanol  10.1 18.8 13.8 7.1 
pen tano l  s 8.0 14.8 4.8 1.2 

82.4 81.8 
2.6 1.6 
1.4 0 . 3  
7.0 5.2 
1.1 2.2 
1.3 0.9 
3.8 4.6 
0.5 3.4 

( H 2 + C O )  consumption 

50.5 58.5 68.5 41.5 54 .3  16.0 m m o l  .g12. 1 h-l 

mmol .m .h-' 1.19 1.61 1.76 1.18 1.66 0.89 

( 1 )  s e l e c t i v i t y  = C atoms i n  a l c o h o l  i 
t o t a l  C atoms i n  a l c o h o l s  loo% 

I 
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A c h a i n  growth scheme f o r  t h e  s y n t h e s i s  o f  a l c o h o l s  from carbon 

monoxide and hydrogen is proposed. The scheme d e s c r i b e s  t h e  a l c o h o l  

Product  d i s t r i b u t i o n ,  assuming one or  two carbon a d d i t i o n  a t  t h e  4- o r  

I j -carbon atom of  t h e  growing a l c o h o l .  Es t imates  of t h e  d i s t r i b u t i o n  

Parameters  were obta ined  from s e l e c t i v i t i e s  measured f o r  a r a n g e  o f  

o p e r a t i n g  c o n d i t i o n s  on a C u / Z n O  c a t a l y s t  promoted with 0.5% K2C03. 

T y p i c a l  d a t a  showing t h e  v a l u e s  o f  growth parameters  and t h e  comparison 

o f  observed and p r e d i c t e d  a l c o h o l  y i e l d s  a r e  given i n  Table  2. The 

..(-addition i s  a slow s t e p  wi th  a l a r g e  a c t i v a t i o n  e n e r g y  (140 kJ /mol)  

w h i l e / $ - a d d i t i o n  is  f a s t e r  and h a s  a s m a l l e r  a c t i v a t i o n  energy  (66 

kJ /mol) .  Large methanol s e l e c t i v i t i e s  r e s u l t  from t h e  slow i n i t i a l  

. ; j -addi t ion,  and l a r g e  2-methyl-1-propanol s e l e c t i v i t i e s  f romny-addi t ion 

be ing  t h e  o n l y  growth s t e p  o f  t h e  2-methyl-1-propanol i n t e r m e d i a t e .  The 

r a t e  of  cha in  growth is approximate ly  p r o p o r t i o n a l  t o  t h e  CO p a r t i a l  

p r e s s u r e  and t h e  r a t e  o f  c h a i n  t e r m i n a t i o n  p r o p o r t i o n a l  t o  t h e  H2 

p a r t i a l  p ressure .  Addit ion of a l c o h o l s  t o  t h e  s y n t h e s i s  g a s  r e s u l t e d  i n  

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

wi th  t h e  cha in  growth scheme. 

Two papers  have been publ i shed  on t h i s  work, Can. J .  Chem. Eng.,  

61, 40 (1983) and J .  C a t a l . ,  E, 428 (1984) .  
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Table  2: P r e d i c t e d  and Measured Product  D i s t r i b u t i o n s  

P r e s s u r e  10.4 MPa Temperature 285OC 

Feed H ~ / C O  0.49 0.93 2.01 

Space V e l o c i t y  (h-' ) 2900 8200 32000 

Conversion X 
(H2+CO) 39 41 23 

co 28 34 27 

( 1 )  A 1  coho1 s 

methanol 

e t h a n o l  

2-propanol  

1-propanol 

1 -bu tanol  

2-butanol  

2-methyl-1 - 
p e n t a n o l s  

measured p r e d i c t e d  measured p r e d i c t e d  measured predic ted  

0.6177 0.6313 

0.0536 0.0575 

0.0046 0.0040 

0.0643 0.0574 

0.0224 0.0077 

0.0111 0.0065 

propanol  0.1484 0.1519 

0.0780 0.0838 

Est imated growth scheme parameters :  

0.8530 

0.0505 

0.0022 

0.0378 

0.0062 

0.0043 

0.0402 

0.0059 

0.8572 

0.0512 

0.0022 

0.0357 

0.0007 

0.0029 

0.0414 

0.0086 

Rate  c o n s t a n t s  : 

U 0.136 0.056 

8 1.986 0.870 

Y 0.170 0.013 

P r o b a b i l i t i e s :  

h 

k 
e 

0.136 0.056 

0.665 0.465 

0.057 0.007 

(1 )  selectivity = C atoms i n  a l c o h o l  i 
t o t a l  C atoms i n  a l c o h o l s  
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0.9610 0.9649 

0.0227 0.0227 

0.0021 0.0003 

0.0076 0.0071 

0.0027 0.0008 

0.0027 0.0004 

0.0012 0.0024 

0 0.00'15 

0.015 

0.254 

0.022 

0.015 

0.203 

0.018 
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INTRODUCTION 

The hydrogenation of carbon monoxide to aliphatic alcohols follows the general 
equations 

I 
2nH2 + nCO --LC,H~~+~OH + (n-1)H20 1) 

and 

I 

(n+l)H2 + (2n-1)CO -.+ CnH2n+10H + (n-1)C02 2) 

The isomer distributi0n.h the CnHZn LOH involves linear primary, branched primary, 
or branched secondary alcohols depenhng on the catalysts used. 
that linear alcohols are co-products of hydrocarbon synthesis over Group VI11 
metals, primarily iron (l), while both linear and branched alcohols are products 
of CO hydrogenation over methanol synthesis catalysts modified with alkali promo- 
ters (2). It is this second class of catalysts that has been shown to produce 
2-methyl-1-propanol in relatively high yields. The conditions utilized in the 
early work (3-7) were rather severe, however, exemplified by the pressure range 
300-400 atm and temperatures above 400°C. 
promoted oxides of zinc and manganese with structural promoters such as chromia or 
alumina. Only recently Smith and Anderson (8) have demonstrated that the low pres- 
sure copper-zinc oxide-alumina methanol synthesis catalysts could be promoted by 
potassium carbonate to enhance the yields of higher alcohols, optimized the K2CO3 
concentration, and developed a mathematical model for the chain growth that accoun- 
ted for high degree of branching. The synthesis was carried out at temperatures 
below 300°C and pressures 100 - 130 atm over the K2C03/Cu/ZnO/A1203 catalysts. 
Further study of alkali and alkaline earth promoted copper-based catalysts demon- 
strated that alkali hydroxide promotion enhances higher alcohol yields at pressures 
as low as 75 atm in the temperature range 250-310°C ( 9 ) .  Cesium was found to be 
the most effective promoter and its surface concentration optimized 5n the binary 
CuIZnO catalysts. 

tions on the yields of higher alcohols, particularly 2-methyl-1-propanol (isobuta- 
nol), over the Cs/Cu/ZnO = 0.4/30/70 catalyst ( 9 ) .  High selectivities f o r  direct 
synthesis of isobutanol are demonstrated herein. 

It is well known 

The catalysts were in general alkali- 

In the present work we report an investigation of the effect of reaction condi- 

RESULTS AND DISCUSSION 

The selectivity patterns have been studied at 75 atm, temperature range 288- 

The catalyst preparation was that of ref. 9 with the cesium compound 
325'c, H IC0 = 0.45, and contact time range 1-5 sec in an apparatus described ear- 
lier (107. 
being csOH. 
hols, esters, ketones, and aldehydes. 

conditions used. These results can be summarized as follows: 

The products of the synthesis were, in the order of abundance, alco- 

Figures 1-4 and Tables 1-2 describe the product composition under various 

1 
i.' 
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1. The g e n e r a l  Smith-Anderson p a t t e r n  f o r  a l c o h o l s  (8) i s  confirmed. However, 
secondary a l c o h o l s  are ve ry  minor 
This  i s  a r e s u l t  t h a t  d i f f e r s  from a l l  p rev ious  r e p o r t s  (2 -8)  and is i n t e r -  
p re t ed  as due t o  the  absence of an  a c i d  component i n  t h e  Cs/Cu/ZnO c a t a l y s t .  

2 .  The s e l e c t i v i t y  t o  i s o b u t a n o l  i n c r e a s e s  wi th  i n c r e a s i n g  temperature  and 
c o n t a c t  t i m e .  

3. E s t e r s  a r e  minor p roduc t s  w i th  methyl e s t e r s  of C1-C3 ca rboxy l i c  a c i d s  
dominating. 
t u r e  and goes through a maximum w i t h  i n c r e a s i n g  c o n t a c t  t ime.  Th i s  i s  
c o n s i s t e n t  w i t h  t h e  a b i l i t y  of t h e  CsICulZnO c a t a l y s t  t o  hydrogenate  e s t e r s  / 

t o  t h e  corresponding a l c o h o l s  (11) .  

p roduc t s  over  t h e  Cs/Cu/ZnO c a t a l y s t .  

The s e l e c t i v i t y  t o  e s t e r s  d e c r e a s e s  wi th  i n c r e a s i n g  tempera- 

The mechanism of t h e  a l c o h o l  and ester forming r e a c t i o n s  has  been d i scussed  
elsewhere (9 ) .  We p o i n t  o u t  t h a t  t h e  s e l e c t i v i t y  p a t t e r n  i s  such t h a t  t h e  forma- 
t i o n  of i s o b u t a n o l  c a n  be maximized and t h a t  of e s t e r s  Suppressed by t h e  choice of 
cond i t ions  and of r e c y c l i n g  schemes. The u t i l i t y  of i s o b u t a n o l  r e s t s  i n  its high 
energy d e n s i t y  compared t o  methanol ,  i n  i t s  h igh  o c t a n e  number (12 ) ,  and i n  i t s  
being a convenient  s o u r c e  of i sobu tene  v i a  c a t a l y t i c  dehydrat ion.  
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Table I 

Product distribution over Cu/ZnO = 30/70 catalysts with varying 
concentrations of cesium salts at 288'C, 75 atm, Hz/CO = 0.45 
Total flow rate = 8 l/hr Yield in gmlkg cat/hr, 

Selectivity in carbon atom percent 

co 

c02 

H20 

CH4 

'2"6 
CH30H 

HCOOCH) 

CZH50H 

C H C 0 0 C H 

C3H70H 

( C H 3 ) 2 ~ ~ ~ ~ 2 ~ ~  

C4HgOH 

C2H5COOCH3 

CH3COOC2H5 

CU conversion 

Yield Selec- 
tivity 

l136.65 - 
124.38 - 

- - 

3.93 2.06 

1.90 1.06 

283.73 74.31 

6.16 1.72 

20.83 7.59 

11.13 3.78 

12.11 5.07 

5.33 2.41 

3.67 1.66 

0.55 0.21 

0.30 0.12 

14.11 

CsOH/Cu/ZnO 
(0.4/30/70) 

Yield Selec- 
tivi ty 

1757.35 - 
96.17 - 
- - 

3.46 1.54 

0.54 0.26 
322.11 71.88 

7.94 1.89 

17.90 5.56 

8.04 2.33 

24.29 8.67 

14.82 5.72 

5.59 2.16 

17.54 

CsOH/Cu/ZnO 
(0.8/30/70) 

Yield Selec- 
tivity 

Z110.69 - 
78.83 - 
- - 

3.89 1.92 

0.37 0.19 

318.66 78.86 

8.74 2.31 

12.92 4.45 

4.45 1.43 

14.95 5.92 

9.01 3.86 
2.47 1.06 

- - 
14.27 

CsOOCH/Cu/ZnO 
(0.4/30/70) 

Yield Selec- 
tivity 

2015.85 - 
97.67 - 
0.32 - 
3.47 1.72 

0.57 0.30  

303.58 75.31 

8.04 2.13 

15.01 5.18 

6.68 2.15 

17.55 6.97 

12.11 5.20 

2.44 1.05 

- - 

14.89 
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I I 1 I 

C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  

3501 \ a t  288OC, 75 a t m  

I 
I 

301 

H 2 / C O = 0 . 4 5  

MeOH 

- 2-Me-PrOl- 

PrOl- 

'"I ' 
C o n t a c t  T i m e  ( s e c )  

Figure 1. The contact time dependence of alcohol 
yields at 75 atm, 288'C, H2/CO = 0.45 
over the CsOH /Cu/ZnO = 0 . 4 / 3 0 / 7 0  
catalyst. 
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I I I I I 

C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  t a t  3 2 5 O C , 7 5  a t m ,  

1.0 2.0 3.0 4 .0  5.0 6. 
C o n t a c t  T i m e ( s e c 1  

0 

Figure 2. The contact time dependence of alcohol 
yields at 75 atm, 325'C, H2/C0 = 0.45 
over the CsOH/Cu/ZnO = 0 . 4 / 3 0 / 7 0  
catalyst. 



80- 

7 0- 
n 

A= 
L 

a t  75 atm,H,/CO=O.45, 

F l o w  r a t e = 3  I / h r  

C S O H  / C u / Z n O = O  . 4 / 3 0 /  7 0  
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/ O H  

c. 6 0 -  
([I 
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," 5 0 -  
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1.65 1.70 1 . 7 5  1 .80 

2 -Me-PrOH / 

- 1  
T e m p e r a t u r e  ( X  , OK-' 

Figure 3 .  The temperature dependence of a lcohol  
y i e l d s  a t  75 atm, H2/CO = 0.45 a t  
GHSV = 1200 over the  CsOH ./Cu/ZnO = 
0 . 4 / 3 0 / 7 0  c a t a l y s t .  
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C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  ' I  
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Figure 4 .  Selectivity to 2-methyl-1-propanol 
expressed as the ratio of yields of 
2-methyl-1-propanol and methanol at 
75 atm, H2/CO = 0 .45 ,  as a function of 
contact time and temperature. 
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