
CHAPTER 7

DISCUSSION AND COMPARISON OF EXPERIMENTAL RESULTS

Appendix. B_ summarizes the  r e s u l t s  o f  a n a ly s is  o f 

e xp e rim e n ta l da ta  f o r  the case o f the  te rn a ry  m ethano l s y n th e s is  

c a ta ly s t  d e sc rib e d  i n  C hapte r 6, the  r e s u l t s  o f  t h i s  and an 

in d u s t r ia l  b in a ry  c a ta ly s t  as w e l l  as those  o b ta in e d  by 

พ. Tanthapan ichakoon f o r  a s im i la r  te rn a ry  c a ta ly s t  b u t w i t h  d i f f e r e n t  

co m p o s itio n  a re  p lo t te d  i n  F ig s  7 .1 -7 .5 5 ,  so th a t  the  e f fe c ts  o f  

re a c t io n  p re s s u re , te m p e ra tu re , space v e lo c i t y  and c a ta ly s t  type  on 

the  CO c o n v e rs io n  p e r pass, p ro d u c t s e le c t i v i t y  and p ro d u c t space 

tim e  y ie ld  o f m ethano l and DME may be v is u a l iz e d .

7 .1  D is c u s s io n  o f  E xp e rim e n ta l f o r  C a ta ly s t  N o . l

Here c a ta ly s t  n o . l  means the  te rn a ry  m ethano l s y n th e s is  

c a ta ly s t  composed o f  Cu : Zn ะ Cr = 31 : 38 ; 10 . To in v e s t ig a te  

the  e f fe c ts  o f  te m p e ra tu re , p re s s u re , and space v e lo c i t y  on m ethano l 

s y n th e s is  w ith  t h is  c a ta ly s t ,  experim en ts  were c a r t ie d  o u t under the  

c o n d it io n s  summarized in  T ab le  7 .1 . The c a ta ly s t  powder was p e l le t iz e d  

to  o b ta in  a d e n s ity  o f  2 gm/cm^ and then  screened between meshes It 16 

and 30. An amount o f  1 .5  ml o f the screened c a ta ly s t  was packed i n  

the  tu b u la r  re a c to r  f o r  m ethanol s y n th e s is  from  a s y n th e s is  gas 

c o n ta in in g  CO ะ H^ = 1 ะ 2 .
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Table 1,1 Summary o f  E x p e rim e n ta l C o n d it io n s  f o r  C a ta ly s t  N o , l 

(Cu ะ Zn : Cr = 31 : 38 : 10)

P ressure  (a tg ) Space V e lo c i t y  (h r  ) Tem perature Range C’ c)

20 2000 200-300

4000 200-300

8000 200-300

16000 200-300

30 2000 200-300

4000 200-300

8000 200-300

16000 200-300

40 2000 200-300

4000 200-300

8000 200-300

16000 200-300
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T o ta l CO C onvers ion

F igs  7 .1 -7 .1 2  show th a t  t o t a l  c o n v e rs io n  o f C0(%) sm ooth ly  

in c re a se d  w ith  tem pe ra tu re  and e s p e c ia l ly  w i th  p re s s u re . A t h ig h  

tem pe ra tu re  and h ig h  p re s s u re , in te rm o le c u la r  d is ta n c e  o f  re a c ta n ts  

(CO and H^) was c lo s e r  and the re a c ta n ts  were more a c t iv a te d  than  

a t  low  tem pera tu re  and low  p re s s u re . Hence i t  was much e a s ie r  f o r  

the re a c t io n  to  proceed. The same can be s a id  o f  o th e r  re a c t io n s .

T o ta l c o n v e rs io n  o f CO decreased a g a in s t in c re a s in g  space v e lo c i t y ,  

because a t  a h ig h e r  space v e lo c i t y  th e re  was le s s  tim e  f o r  CO and 

H2 to  re a c t .

M ethanol S e le c t iv i t y

T h e o r e t ic a l ly ,  bes ide s  m e tha n o l, CO and H2  c o u ld  re a c t  to  

fo rm  o th e r  p ro d u c ts , as in d ic a te d  i n  T ab le  2 .1 1  We see th a t  the  

fo rm a tio n  o f  p a r a f f in ic  hyd roca rbons  ( re a c t io n s  1 -3 , 8 i n  Table  2 .1 1 ) 

was fa vo re d  the rm od yn am ica lly  ove r the  m ethano l re a c t io n  a t  a l l  

tem pera tu res  and th a t  h ig h  p re ssu res  shou ld  have th e  g re a te s t  fa v o ra b le  

e f f e c t  on re a c tio n s  4-7  and 9 . T h e re fo re  an a p p ro p r ia te  c a ta ly s t  shou ld  

be s e le c te d  f o r  m ethanol s y n th e s is .  F igs 7 .1 -7 .1 2  w ere the  r e s u l t s  

o b ta in e d  u s in g  a prepared  c a ta ly s t ,  w ith  m ole r a t io s  o f  CuO ะ ZnO ะ 

Cr^O^ = 3 1 :3 8 :5 . They in d ic a te d  th a t  m ethano l s e le c t i v i t y  in c re a s e d  

w ith  p re ssu re  m o s tly  i n  the  range o f  200-240 ' c ,  and beyond th a t  

tem pera ture  i t  began to  dec rea se . I f  the  te m p e ra tu re  was below  2 00 ' c ,  

m ethanol was r a r e ly  s y n th e s iz e d . T h e re fo re , the  o p t im a l te m p e ra tu re  

range o f  h ig h e s t m ethanol s e le c t i v i t y  f o r  t h is  c a ta ly s t  was between 

220-250*C . Tha t m ethanol s e le c t i v i t y  would decrease a g a in s t tem pe ra tu re  

above 250’ c was i n l i n e  w i th  therm odynam ic e q u i l ib r iu m ,  nam ely,
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XCH3OH
K w co> t y V

W hile  in c re a s e d  w ith  tem pe ra tu re  and decreased a g a in s t 

p re ssu re , K decreased e x p o n e n t ia l ly  w i th  te m p e ra tu re . T h e re fo re  the  

e q u il ib r iu m  y ie ld  o f  m e thano l, X , and m ethano l s e le c t i v i t y  shou ld  

in c re a se  w ith  in c re a s in g  p re ssu re  b u t decrease r a p id ly  a g a in s t te m p e ra tu re . 

The same c o n c lu s io n  m ig h t be o b ta in e d  by a p p ly in g  Le C h a te l ie r ’ ร r u te  to  

the  s y n th e s is  re a c t io n ,  w h ich  is  h ig h ly  e xo th e rm ic  (.see T ab le  2.11.) and 

is  accompanying by a c o n t ra c t io n  i n  volume th re e  m oles o f  re a c t in g  gases 

r e s u l t  i n  one mole o f  p ro d u c t.

F ig s  7 .1 3 -7 ,1 9  in d ic a te d  th a t  the  space tim e  y ie ld  (STY) o f  

m ethanol g e n e ra lly  in c re a s e d  w ith  te m p e ra tu re , p re ssu re  and w ith  space 

v e lo c i t y  between 2000-8000 h r  %  However, STY o f  m ethanol decreased f o r  

space v e lo c i t y  above 8000 h r  ^ beaause the  y ie ld  and s e le c t i v i t y  o f  

m ethanol were decreased.

PME S e le c t iv i t y

F ig s  7 .1 -7 .1 2  show th a t  DME s e le c t i v i t y  m ig h t v a ry  w ith  

tem pera tu re  and p re ssu re  i n  a s im i la r  manner to  m e tha n o l. The m ain 

reason was th a t  a c c o rd in g  to  e q u a tio n  5 o f ta b le  2 . 1TDME was produced 

by the d e h y d ra tio n  o f  m ethanol ะ

2C0 + 4H2 w  2CH30H CH30CH3 +  H20

W ith  r e s p e c t  to  sp ace  v e l o c i t y ,  DME s e l e c t i v i t y  d e c re a s e d  a g a in s t

sp ace  v e lo c i t y  b e c a u s e  a t  a h ig h  sp a ce  v e l o c i t y ,  th e r e  was n o t  enough

tim e  f o r  m e th a n o l to  d e h y d ra te  f u r t h e r  to  becom e DME,
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F ig s  7 .2 0 -7 .2 6  in d ic a te d  th a t  the  space tim e  y ie ld  o f  DME in c re a s e d  

w ith  tem pera tu re  a t  f ix e d  p re s s u re .

C02 S e le c t iv i t y

F ig s  7 .1 -7 .1 2  show th a t  s e le c t i v i t y  o f  C02 in c re a s e d  w ith  

in c re a s in g  tem pe ra tu re  b u t a g a in s t d e c re a s in g  space v e lo c i t y .  The 

in f lu e n c e  o f  p re ssu re  was n o t re m a rka b le . I t  was surm ised  th a t  cc>2 came 

m a in ly  fro m  the  fo l lo w in g  re a c t io n

CO + แ20 -  ■■■ฯ: C02 + แ2

I f  so, then  the  y ie ld  o f  CO,, shou ld  depend on th e  a v a i l a b i l i t y  

o f  H20 and the c o n c e n tra t io n  o f  CO. I t  was observed th a t  when l i t t l e  

แ 20 was d e te c te d , the  c o n c e n tra t io n  o f  C02 w ou ld  be h ig h ,  and v ic e  v e rs a . 

A t  h ig h  te m p e ra tu re s , t o t a l  CO c o n v e rs io n  as w e l l  as C02 s e le c t i v i t y  was 

was found to  be h ig h e r .  W ith  re s p e c t to  space v e lo c i t y ,  i t  was the  same 

as CHgOH, DME s e le c t i v i t y  and CO c o n v e rs io n  th a t  a t  h ig h e r  space v e lo c i t y  

i t  was n o t enough tim e  f o r  CO to  h y d ra te  w ith  แ20 to  o ccu r C02 f u r t h e r ,  

so le ss  C02 was o b ta in e d  a t  h ig h e r  space v e lo c i t y .

Hydrocarbons S e le c t iv i t y

Only l i g h t  s a tu ra te d  hydroca rbons from  our m e thano l syn th e ­

s is ,  such as CH^, C2Hg, and CgHg, co u ld  be d e te c te d . As m e n tio ­

ned e a r l ie r ,  the  m e th a n a tio n  re a c t io n  is  fa v o re d  the rm od ya na m ica lly  

ove r the  m ethanol s y n th e s is  r e a c t io n .  So a re  the  fo rm a tio n  o f  h ig h e r  

p a r a f f in s .  However, the  ra te s  o f  fo rm a tio n  o f h ig h e r  p a r a f f in s  a re  

s low er than  th a t  o f  m ethane, because o f th e  in c re a s in g  number o f  moles
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F i g u r e  7 .1  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 -3 0 0 ° C )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  40 a t g ,

2 ,0 0 0  h r  ^ )  o f  C a t a l y s t  n o . l

T
O

T
A

L
 

C
O

 
C

O
N

V
E

R
S

IO
N

 
(

%
)



I l l

4 0

3 6

3 2

2 8

2 4

2 0

16

12

8

4

F ig u r e  7 .2  E f f e c t  o f  T e m p e ra tu re  (2 0 0 -3 0 0 ° C )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  40 a t g ,

4000 h r  ^) o f  C a t a l y s t  n o . l
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F ig u r e  7 .3  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 -3 0 0 ° C )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  A O .a t g ,

8000 h r  ร  o f  C a t a l y s t  n o . l
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F ig u r e  7 .4  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 - 3 0 0 ° C )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  40 a t g ,

16000 h r  ร  o f  C a t a l y s t  n o . l
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F ig u r e  7 .5  E f f e c t  o f  T e m p e ra tu re  (2 0 0 -3 0 0 ° C )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  30 a t g ,

2000 h r - * )  o f  C a t a l y s t  n o . l
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T E M P E R A T U R E ( ° C )

F ig u r e  7 .6  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 -3 0 0  c )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  30 a t g ,

4000 h r  ^ )  o f  C a t a l y s t  n o . l

T
O

T
A

L
 

C
O

 
C

O
N

V
E

R
S

IO
N

 
(

%
)



116

4 0  

3 6  

3 2  

2 8  

2 4  

2 0  

16  

12 

8  

4

1 8 0  2 2 0  2 6 0  3 0 0

T E M P E R A T U R E ( ° C )

F ig u re  7 .7  E f fe c t  o f Tem perature ( 200-300°C) on T o ta l CO

C onvers ion  and P roduc t S e le c t iv i t ie s  (a t 30 a tg ,  

8000 h r ^) o f C a ta ly s t  n o . l
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F i g u r e  7 .8  E f f e c t  o f  T e m p e r a tu r e  (2 0 0 -3 0 0 ° C )  on T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  30 a t g ,

16000 h r  ร  o f  C a t a l y s t  n o . l
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T E M P E R A T U R E ( ° C )

F ig u re  7 .9  E f fe c t  o f  Tem perature (200-300°C ) on T o ta l CO

C onvers ion  and P roduct S e le c t iv i t ie s  (a t  20 a tg ,  

2000 h r ร  o f C a ta ly s t  n o . l
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F ig u r e  7 .1 0  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 -3 0 0  c )  ๐ ท T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  ( a t  20 a t g ,

4000  h r  * )  o f  C a t a l y s t  n o . l
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F ig u re  7.11 E f fe c t  o f  Tem perature (200-300°C ) ๐ท T o ta l CO

C onvers ion  and P roduc t S e le c t iv i t ie s  (a t  20 a tg ,  

8000 h r ^) o f  C a ta ly s t n o . l
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T E M P E R A T U R E ( ° C )

F i g u r e  7 .1 2  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 - 3 0 0 ° c )  on  T o t a l  CO

C o n v e r s io n  a n d P r o d u c t  S e l e c t i v i t i e s  ( a t  20 a t g ,

16000 h r  * )  o f  C a t a l y s t  n o . l
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F ig u r e  7 .1 3  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 -3 0 0 ° C )  and Space V e l o c i t y

(2000  -  16000 h r - 1 ) on Space T im e  Y i e l d  o f  MeOH

( a t  40 a t g )  o f  C a t a l y s t  N o . 1
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F ig u r e  7 .1 4  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 - 3 0 0 ° C )  and Space V e l o c i t y

(2 0 0 0  -  16000 h r - 1 ) on  Space T im e  Y i e l d  o f  MeOH

( a t  30 a t g )  o f  C a t a l y s t  N o . l
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F i g u r e  7 .1 5  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 - 3 0 0 ° C )  and Space V e l o c i t y

(2 0 0 0  -  16000 h r  ^ )  on  Space T im e  Y i e l d  o f  MeOH

( a t  20 a t g )  o f  C a t a l y s t  N o .1
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F i g u r e  7 .1 6  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 -3 0 0 ° C )  and P r e s s u r e

( 2 0 - 4 0  a t g )  on  Space T im e  Y i e l d  o f  M eOH(at

2000  h r - l ) o f  C a t a l y s t  N o . l
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F ig u r e  7 .1 7  E f f e c t  o f  T e m p e ra tu re  (2 0 0 -3 0 0 ° C )  and P r e s s u r e

( 2 0 - 4 0  a t g )  o n  Space T im e  Y i e l d  o f  MeOH(at

4000 h r  ^) o f  C a t a l y s t  N o . l
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T E M P E R A T U R E  ( ° C )

E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 -3 0 0 ° C )  and P r e s s u r e

( 2 0 -4 0  a t g )  on Space T im e Y i e l d  o f  MeOH(at

8000 h r  ^) o f  C a t a l y s t  N o .1

F ig u re  7 .1 8
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F ig u r e  7 .1 9  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 - 3 0 0 ° C )  and P r e s s u r e

( 2 0 -4 0  a t g )  ๐ท Space T im e  Y i e l d  o f  MeOH(at

16000 h r  ^) o f  C a t a l y s t  N o . l
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F ig u r e  7 .2 0  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 - 3 0 0 ° C )  and Space V e l o c i t y

(2 0 0 0  -  16000 h r  ^) on  Space T im e  Y i e l d  o f  DME

( a t  40 a t g )  o f  C a t a l y s t  N o . 1
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F i g u r e  7 .2 1  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 -3 0 0 ° C )  and Space V e l o c i t y

(2 0 0 0  -  16000 h r  * )  on  Space T im e  Y i e l d  o f  DME

( a t  30 a t g )  o f  C a t a l y s t  N o .1
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T E M P E R A T U R E ( ° C )
F i g u r e  7 .2 2  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 - 3 0 0 ° C )  and Space V e l o c i t y

(2 0 0 0  -  16000 h r  ^) on  Space T im e  Y i e l d  o f  DME

( a t  20 a t g )  o f  C a t a l y s t  N o . 1
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T E M P E R A T U R E  ( ° C )

F ig u r e  7 .2 3  E f f e c t  o f  T e m p e ra tu re  (2 0 0 -3 0 0 ° C )  and P r e s s u r e

( 2 0 -4 0  a t g )  on  Space T im e  Y i e l d  o f  DME

( a t  2000 h r  ^ ) o f  C a t a l y s t  N o . l
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T E M P E R A T U R E  ( ° C )

F ig u r e  7 .2 4  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 -3 0 0  ° c )  and P r e s s u r e

( 2 0 - 4 0  a t g )  on  Space T im e  Y i e l d  o f  DME

( a t  4000  h r  ร  o f  C a t a l y s t  N o .1
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F ig u r e  7 .2 5  E f f e c t  o f  T e m p e ra tu re  ( 2 0 0 - 3 0 0 ° c )  and P r e s s u r e

( 2 0 - 4 0  a t g )  on  Space T im e  Y i e l d  o f  DME

( a t  8000 h r  ^ ) o f  C a t a l y s t  N o . l
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F ig u r e  7 .2 6  E f f e c t  o f  T e m p e r a tu r e  ( 2 0 0 - 3 0 0 ° C )  and P r e s s u r e

( 2 0 - 4 0  a t g )  on  Space T im e  Y i e l d  o f  DME

( a t ! 6 0 0 0  h r  ^ )  o f  C a t a l y s t  N o . 1
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p a r t i c i p a t i n g  i n  th e  r e a c t i o n .  W ith  p r o p e r  s e l e c t i o n  o f  a c a t a l y s t  

t o g e th e r  w i t h  good te m p e ra tu re  c o n t r o l ,  i t  was p o s s ib le  to  su p p re ss  

th e  fo r m a t io n  o f  methane and o th e r  h y d ro c a rb o n s .  From F ig u r e s  7 .1 - 

7.12 we see t h a t  h y d ro c a rb o n s  s e l e c t i v i t y  g e n e r a l l y  d rc re a s e d  a g a in s t  

i n c r e a s in g  p re s s u re  . I t  a ls o  d e c reased  i n  th e  te m p e ra tu re  

range  o f  200-250°C b e fo r e  r i s i n g  a g a in  w i t h  te m p e r a tu r e .  Thus th e  

e f f e c t  o f  te m p e ra tu re  on h y d ro c a rb o n s  s e l e c t i v i t y  was c o n t r a r y  to  

m e thano l s e l e c t i v i t y .  Hence, t h e r e  e x is t e d  an optimum te m p e ra tu re  

f o r  m e th a n o l s e l e c t i v i t y ,  w h e re in  l i t t l e  h y d ro c a rb o n s  w ere  p ro d u ce d .

C o n c lu s io n s  o f  M e th a n o l  S y n th e s is  R e s u l t s  f o r  P repa red  C a t a ly s t  N o . l

I t  was fo u n d  t h a t  b o th  te m p e ra tu re  and p r e s s u re  a s s is t e d  to  

in c re a s e  t o t a l  CO c o n v e r s io n ,  b u t  a t  h ig h  te m p e ra tu re s  (o v e r  2 5 0 °c )  

m e th a n o l s e l e c t i v i t y  was q u i t e  lo w .  T h is  ag reed  w e l l  w i t h  th e  t h e r ­

modynamic e q u i l i b r i u m  o f  th e  m e th a n o l  s y n th e s is  r e a c t i o n .  S ince  

p re s s u re  had n o t  much i n f l u e n c e  on th e  s e l e c t i v i t i e s  o f  o t h e r  b y ­

p r o d u c ts ,  th e  m e th a n o l  s y n th e s is  o u g h t  to  be o p e ra te d  a t  a h ig h e r  

p re s s u re  (a round  80~100) and i n  th e  te m p e ra tu re  range  o f  220 -250°C .

7 .2  Com parison o f  E x p e r im e n ta l  R e s u l t s  be tw een C a t a ly s t  N o . l  and 

N o .2

The c a t a l y s t  n o . l  and n o .2 w ere  b o th  t e r n a r y  c a t a l y s t  b u t  

w i t h  d i f f e r e n t  c o m p o s i t io n  o f  Cu , Zn and Cr

F o r  c a t a l y s t  n o . l i t  was Cu : Zn : Cr » 31 : 38 : 10 , w h e re ­

as f o r  c a t a l y s t  n o .  2 i t  was Cu : Zn : Cr » 2 : 2 : 1. O n ly  expe­

r i m e n t a l  r e s u l t s  u n d e r  com parab le  c o n d i t i o n s  f o r  c a t a l y s t  n o . l  and 

n o .  2 may be com pared, a l th o u g h  th e  g e n e r a l  q u a l i t a t i v e  e f f e c t s  o f
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p r e s s u r e ,  te m p e ra tu re  and space v e l o c i t y  w i l l  a l s o  be compared 

Comparison o f  T o t a l  CO C o n v e rs io n

The q u a l i t a t i v e  e f f e c t s  o f  te m p e ra tu re  and p r e s s u r e  a t  f i x e d  

space v e l o c i t y  on m e th a n o l  s y n th e s is  were th e  same f o r  b o th  c a t a l y s t s .  

B o th  te m p e ra tu re  and p r e s s u r e  a s s i s t e d  to  i n c r e a s e  t o t a l  CO c o n v e r ­

s io n  (see  F ig u r e s  7 . 1 - 7 . 2  and 7 . 2 7 - 7 . 3 3 ) .  S i m i l a r l y ,  t o t a l  CO 

c o n v e rs io n  dec reased  w i t h  i n c r e a s in g  space v e l o c i t y  f o r  b o th  c a ta ­

l y s t s .  Thus, we may c o n c lu d e  t h a t  th e  e f f e c t s  o f  te m p e r a tu r e ,  p r e s ­

su re  and space v e l o c i t y  on t o t a l  CO c o n v e r s io n  q u a l i t a t i v e l y  th e  

same f o r  c a t a l y s t  n o .1 and n o . 2

Maximum o b se rve d  t o t a l  CO c o n v e r s io n  f o r  c a t a l y s t  n o . l  was 

38% a t  40 a tg ,  2 6 8 °c ,  4000 h r   ̂ w h i l e  i t  was 30% a t  30 a t g ,  3 0 0 °c ,

1900 h r   ̂ f o r  c a t a l y s t  n o . 2 . These w e re ,  h o w e v e r ,  n o t  d i r e c t l y  

com parab le  because th e y  b e lo n g e d  to  d i f f e r e n t  e x p e r im e n ta l  c o n d i ­

t i o n s .  T a b le  7 .2  a t te m p ts  t o  make some q u a n t i t a t i v e  com pa r isons  

under s i m i l a r  e x p e r im e n ta l  c o n d i t i o n s .  We see t h a t  a t  30 a tg ,

300°c and 2000 h r  \  t o t a l  CO c o n v e r s io n  a t  24% f o r  c a t a l y s t  n o . l  

was o n ly  s l i g h t l y  lo w e r  th a n  a t  27% f o r  c a t a l y s t  n o . 2 .  On th e  

o th e r  hand, a t  40 a t g ,  300°c  arid 2000 h r  t o t a l  CO c o n v e r s io n  

f o r  c a t a l y s t  n o . l  a t  34% was s l i g h t l y  h ig h e r  th a n  a t  30% f o r  c a ta ­

l y s t  n o . 2.

Thus we m ig h t  say t h a t  t h e r e  was n o t  much d i f f e r e n c e  i n  

t o t a l  CO c o n v e r s io n  be tw een th e  two c a t a l y s t s  a t  h ig h  te m p e ra tu re

and h ig h  p r e s s u r e .
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A t  low  te m p e ra tu re s  ( 2 3 0 ~ 2 6 0 ° c ) , h o w e ve r ,  c a t a l y s t  n o . l  

appea rs  t o  have a s i g n i f i c a n t l y  h ig h e r  t o t a l  CO c o n v e r s io n  th a n  

c a t a l y s t  n o . 2

T a b le  7 .2  Com parison o f  T o t a l  CO C o n v e rs io n  Between C a t a l y s t

N o .1 and N o.2

E x p e r im e n ta l  C o n d i t io n
T o t a l  CO Conv e r s i o n  (%)

C a t a l y s t  N o . l C a t a l y s t  N o .2

20 a t g ,  2 6 0 °c ,  «  2000 h r " 1 9 4

20 a t g ,  3 0 0 °c ,  «  2000 h r " 1 20 11

30 a t g ,  2 3 0 °c ,  «  2000 h r " 1 14 2

30 a t g ,  3 0 0 °c ,  S3 200 h r " 1 24 27 :

40 a t g ,  2 4 0 °c ,  {3 2000 h r " 1 9 3

.40 a t g ,  3 0 0 °c ,  «  2000 h r " 1 34 30

Comparison of Methanol Selectivity and Space Time Yield of 

Methanol

M e th a n o l  s e l e c t i v i t y  f o r  b o th  c a t a l y s t s  g e n e r a l l y  in c r e a s e d  

w i t h  i n c r e a s in g  p r e s s u r e .  I t  ten d e d  to  r i s e  a t  f i r s t  w i t h  tem pe ra ­

t u r e  b e fo r e  d e c re a s in g  as te m p e ra tu re  in c r e a s e s  f u r t h e r .  W i th  

r e s p e c t  t o  space v e l o c i t y  f o r  b o th  c a t a l y s t s  f a i l e d  to  e x h i b i t  any 

r e g u l a r  p a t t e r n  (see  F ig u re s  7 .1 - 7 .1 2  and 7 .2 7 - 7 .3 3 )

T a b le  7 .3  compares m e th a n o l  s e l e c t i v i t y  u nde r  s i m i l a r  e x ­

p e r im e n t a l  c o n d i t i o n s  between c a t a l y s t  n o . l  and n o .  2 ,  as o b ta in e d  

fro m  f i g u r e s  7 . 1 - 7 . 3 3 .  I t  i s  o b v io u s  f ro m  t a b le  7 .3  t h a t  c a t a l y s t  

n o . l  g e n e r a l l y  had a s i g n i f i c a n t l y  h ig h e r  m e th a n o l  s e l e c t i v i t y  th a n
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c a t a l y s t  n o . 2 u nde r  a l l  com parab le  e x p e r im e n ta l  c o n d i t i o n s .  

T ab le  7 .3  Com parison o f  M e th a n o l  S e l e c t i v i t y  Between C a t a l y s t

N o.1 and No.2

E x p e r im e n ta l  C o n d i t io n s

M e th a n o l  S e l e c t i v i t y

C a t a l y s t  N o . 1 C a t a l y s t  N o .2

20 a tg ,  260°C, «  2000 h r " 1 51 25

20 a tg ,  300°c ,  «  2000. h r " 1 27 7

30 a tg ,  230°c , «  2000 h r " 1 28 25

30 a tg ,  300°c ,  «= 2000 h r " 1 37 5

40 a tg ,  240°c , พ  2000 h r " 1 76 25

40 a tg ,  300°C, »  2000 h r " 1 46 5

I n  g e n e r a l ,  space t im e  y i e l d  (STY) o f  m e th a n o l  f o r  b o th  

c a t a l y s t s  in c re a s e d  w i t h  b o th  p r e s s u r e  and te m p e r a tu r e ,  e x c e p t  a t  

20 a tg  f o r  c a t a l y s t  n o . 2 (see  F ig u r e s  7 . 1 3 - 7 . 1 9 ,  and F ig u r e s  7 .3 4 -  

7 .3 5 ) .  W i th  r e s p e c t  to  space v e l o c i t y ,  STY o f  m e th a n o l  f o r  c a ta ­

l y s t  n o . l  in c re a s e d  as space v e l o c i t y  in c r e a s e d  f ro m  2000-8000 h r  * 

b u t  decreased  f o r  space v e l o c i t y  above 8000 h r  1 because t o t a l  CO 

c o n v e r s io n  and m e th a n o l  s e l e c t i v i t y  d ropped  r a p i d l y  a t  v e r y  h ig h  

space v e l o c i t y .  On th e  o t h e r  hand , STY o f  m e th a n o l  f o r  c a t a l y s t  

n o . 2 in c re a s e d  a l l  th e  way w i t h  space v e l o c i t y  because i t s  m e th a n o l  

s e l e c t i v i t y  dec reased  o n ly  s l i g h t l y  w i t h  space v e l o c i t y .  (N ote  

t h a t  STY = space v e l o c i t y  X t o t a l  CO c o n v e r s io n  X m e th a n o l  s e le c ­

t i v i t y )

T a b le  7 .4  compares th e  STY o f  m e th a n o l  u nde r  s i m i l a r  expe­

r im e n t a l  c o n d i t i o n s .  O b v io u s ly ,  c a t a l y s t  n o . l  had a much h ig h e r  

STY o f  m e th a n o l th a n  c a t a l y s t  n o . 2 u n d e r  co m pa rab le  c o n d i t i o n s .
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T a b le  7 .4  Com parison o f  Space Time Y i e l d  o f  M e th a n o l  

Between C a t a l y s t  N o . l  and N o .2

E x p e r im e n ta l  C o n d i t io n s
Space Time Y i e l d  ( m o l / l - c a t . h r )

C a t a l y s t  N o . l C a t a l y s t  N o .2

20 a tg ,  2 6 0 °c ,  «  2000 h r -1 1 .4 0 .3 8

20 a t g ,  3 0 0 °c ,  «  2000 h r " 1 1 .6 0 .2 8

ท 1
30 a t g ,  230 c ,  K  2000 h r 1 .2 0 .3 7

-1
30 a t g ,  300 c ,  ะะ 2000 h r 2 .6 0 .4 8

40 a t g ,  2 4 0 °c ,  ระ 2000 h r ' 1 1 .4 0 .0 5

40 a t g ,  3 0 0°c ,  ร:- 2000 h r ' 1 4 .6 0 .6

Com parison o f  co ,̂ s e l e c t i v i t y

F o r  b o th  c a t a l y s t s  ผ 2 s e l e c t i v i t y  g e n e r a l l y  in c re a s e d  

w i t h  te m p e ra tu re  i n  th e  h ig h  range  . How ever, i n  th e  lo w  tempe­

r a t u r e  ra n g e ,  some e x p e r im e n ts  showed co^ s e l e c t i v i t y  to  dec re a se  

w i t h  te m p e ra tu re .  S ince  th e s e  were  accom pan ied  by  in c re a s e d  me­

th a n o l  s e l e c t i v i t y ,  i t  m ig h t  be though  t h a t  some co^  was c o n v e r te d  to  

CH^OH as i n  th e  r e a c t i o n  co^  +  3H2 ■ร -"— CH^OH +  H^o. W i th  r e s p e c t  

t o  p r e s s u r e  and space v e l o c i t y ,  co^  s e l e c t i v i t y  appea red  s l i g h t l y  

a f f e c t e d  f o r  b o th  c a t a l y s t s .

From t a b l e  7 .5  we see t h a t  c a t a l y s t  n o . l  had a lo w e r  CO2 

s e l e c t i v i t y  th a n  c a t a l y s t  n o . 2 u nde r  s i m i l a r  e x p e r im e n ta l  c o n d i t i o n s



, S e l e c t i v i t y  Between C a t a l y s tT a b le  7 . A Com parison o f  co^ 

No.1 and No.2

E x p e r im e n ta l  C o n d i t io n s

C07 S e l e c t i v i t y (%)

C a t a l y s t  N o . l C a t a l y s t  N o .2

20 a tg ,  260°c » ~ 2000 h r ” 1 17 15

20 a tg ,  300°c , c 2000 h r " 1 28 22

30 a t g ,  230°c , ^  2000 h r ” 1 5 65

30 a tg ,  230°c, ^ 2 0 0 0  h r ” 1 22 70

40 a t g ,  240°c . c?2000 h r ” 1 10 53

40 a tg ,  300°c . ท:2000 h r ” 1 22 75

Com parison o f  H yd roca rbon  S e l e c t i v i t y

H yd roca rbon  s e l e c t i v e l y  o f  c a t a l y s t ' n o .1 g e n e r a l l y  dec reased  

w i t h  te m p e ra tu re  and p r e s s u r e .  But i t  was c o n t r a r y  to  c a t a l y s t  no . 

H y d ro ca rb o n  s e l e c t i v i t y  f o r  b o th  c a t a l y s t s  g e n e r a l l y  in c re a s e d  as 

space v e l o c i t y  ro s e  ( F ig u r e s  7 .1  -  7 .1 2  and 7 .27  -  7 .33 )

We see f ro m  t a b l e  7 .5  t h a t  c a t a l y s t  n o . l  possessed h ig h e r  

h y d ro c a rb o n  s e l e c t i v i t y  th a n  c a t a l y s t  n o . 2 unde r com parab le  c o n d i ­

t i o n s  b u t  showed lo w e r  co^ s e l e c t i v i t y .
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T a b le  7 .6  Comparison o f  H yd ro ca rb o n  S e l e c t i v i t y  Between

C a t a ly s t  N o . l  and N o .2

E x p e r im e n ta l  C o n d i t io n s
H yd ro ca rb o n S e l e c t i v i t y (%)

C a t a ly s t  N o . l C a t a ly s t  No02

20 a tg , 260°c*2000  h r " 1 24 5

20 a tg , 300°C,er2000 h r -1 28 10

30 a tg , 230°C,-2000 h r " 1 63 2

30 a tg , 300°c,*2000 h r " 1 24 3

40 a tg , 240°c,«2000 h r " 1 10 3

40 a tg , 300°c, '2000 h r " 1 22 4

C om parison  o f  PME s e l e c t i v i t y  and Space Time Y i e l d  o f  PME

S e l e c t i v i t y  and STY o f  DME f o r  b o th  c a t a l y s t s  g e n e r a l l y  

in c re a s e d  w i t h  te m p e ra tu re  b u t  w ere  s l i g h t l y  a f f e c t e d  by  p r e s s u r e .  

I t  m ig h t  be s a id  t h a t  th e  e f f e c t  o f  p r e s s u r e  was n o t  much d i f f e ­

r e n t  be tw een b o th  c a t a l y s t s  (see  F ig u r e s  7 . 1 - 7 .3 3 )

W i th  r e s p e c t  to  space v e l o c i t y ,  DME s e l e c t i v i t y  f o r  b o th  

c a t a l y s t s  n o r m a l ly  decreased  w i t h  space v e l o c i t y .  However, f o r  

c a t a l y s t  n o „ l  STY o f  DME in c re a s e d  w i t h  space v e l o c i t y  u n t i l  

8000 h r  ^ ,  above w h ic h  i t  th e n  d e c re a s e d .  F o r  c a t a l y s t  no „2  STY 

o f  DME g e n e r a l l y  decreased  w i l K  space v e l o c i t y .  The re a so n  was 

t h a t  STY o f  DME depended on b o th  t o t a l  CO c o n v e r s io n  and DME se­

l e c t i v i t y ,  b u t  DME s e l e c t i v i t y  f o r  c a t a l y s t  n o . l  dec reased  o n ly  

s l i g h t l y  w i t h  space v e l o c i t y ,  w h i l e  t h a t  o f  c a t a l y s t  n o . 2 dec reased  

c o n s id e r a b ly  w i t h  space v e l o c i t y .

T a b le  7 .7  shows t h a t  c a t a l y s t  n o . l  a lo w e r  DME s e l e c t i v i t y  

th a n  c a t a l y s t  n o . 2 under com parab le  c o n d i t i o n s .  On th e  o th e r  hand, 

c a t a l y s t  n o . l  g e n e r a l l y  gave a s l i g h t l y  h ig h e r  space t im e  y i e l d  o f  

DME because i t s  t o t a l  CO c o n v e r s io n  was h ig h e r .
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Table 7.7 Comparison o f DME S e le c t iv ity  and Space Time Y ie ld  o f DME 

Between C ata lys t No. 1 and No.2

Experimental

Conditions

DME S e le c t iv i ty ( 7. ) STY o f DME (m o l/ l-c a t. h r " 1)

C ata lyst No.l C a ta lys t No.2 C a ta lys t No.1 C ata lyst No.2

20 a tg , 260°c, ร: 2000 h r " 1 10 45 0.15 0.3

20 a tg , 300°c, «  2000 h r " 1 18 52 0.32 0.88

30 a tg , 230°c, ระ 2000 h r " 1 5 8 0.08 0.02

30 a tg , 300°c, « 2000 h r " 1 18 15 0.63 0.76

40 a tg , 240°c, พ 2000 h r " 1 5 15 0.08 0.01

40 a tg , 300°c, «2000 h r " 1 18 11 0.9 0.61

From th e  above we may c o n c lu d e  t h a t  th e  q u a l i t a t i v e  e f f e c t s  

o f  te m p e ra tu re ,  p r e s s u r e  and space v e l o c i t y  on m e th a n o l  s y n th e s is  

were q u i t e  s i m i l a r  be tw een c a t a l y s t  n o . 1 and n o . 2 ,  e x c e p t  a t  v e r y

h ig h  space v e l o c i t y  ( o v e r  8000 h r  ) .  More s p e c i f i c a l l y ,  c a t a l y s t
• c

n o . l  g e n e r a l l y  y i e l d e d  le s s b y - p r o d u c t s  (e x c e p t  h y d ro c a rb o n s )  th a n  

c a t a l y s t  n o . 2 ,  and th u s  s y n th e s iz e d  more m e th a n o l .

' B o th  c a t a l y s t s  w ere  same o f  t h e  t e r n a r y  ty p e  c o m p r is in g  Cu, 

ZnO and C r20 3 and w ere  p re p a re d  w i t h  t h e  same p ro c e d u re  t h a t  i n ­

c lu d e d  m e ch a n ic a l  m ix in g  o f  ZnO and C rO^, w h ic h  r e p o r t e d l y  had 

h ig h e r  a c t i v i t y  th a n  c a t a l y s t s  o b ta in e d  by c o p r e c i p i t a t i o n  (K .K . 

1982 ).  T h e i r  c o m p o s i t io n s ,  h ow eve r ,  were d i f f e r e n t ,  th e  a to m ic  

r a t i o s  o f  Cu ะ Zn ะ Cr b e in g  31 : 38 : 10 and 2 : 2 : 1  f o r  c a ta ­

l y s t  n o . l  and n o . 2 ,  r e s p e c t i v e l y .
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Going back to  th e  s e c t i o n  on s e l e c t i o n  o f  m e th a n o l  s y n th e ­

s i s  c a t a l y s t s ,  we see t h a t  Cu and Zn a re  m e ta ls  n o t  f a r  t o  th e  r i g h t  

o f  the  boundary  marked on th e  p e r i o d i c  t a b le  2 . 5 .  They g u id e d  the  

h y d ro g e n a t io n  o f  CO to  m e th a n o l  because t h e i r  o x id e s  chem iso rbed  CO 

w i t h  o n ly  m odera te  s t r e n g t h ,  j u s t  s u f f i c i e n t  to  p e r t u r b  th e  CO m o le ­

c u le  to  e n a b le  i t  t o  r e a c t  w i t h  h y d ro g e n . On th e  o th e r  hand , c ^ o  

caused d i s s o c ia t e d  c h e m is o r p t io n  o f  CO and tended  to  b re a k  CO o r  any 

o f  th e  in t e r m e d ia te s  i n t o  f r a g m e n ts .  So C r^o^ was n o t  q u i t e  a p p ro ­

p r i a t e  as m e th a n o l s y n th e s is  c a t a l y s t .  I n  th e  p a s t ,  i t  was found 

t h a t  p u re  CuO o r  ZnO c a t a l y s t  induced  le s s  m e th a n o l  y i e l d  th a n  a 

mixed c a t a l y s t  o f  CuO and ZnO s im p ly  because th e  p re se n ce  o f  ZnO 

induced  th e  amorphous s t a t e  o f  c o p p e r ,  w h ic h  was obse rve d  i n  th e  

most a c t i v e  m e th a n o l s y n th e s is  (K .K .  1982) . From a p r a c t i c a l  p o i n t  

o f  v ie w ,  a good c a t a l y s t  s h o u ld  posses h ig h  a c t i v i t y ,  h ig h  s e le c ­

t i v i t y  and f i n a l l y  good r e s i s t a n c e  to w a rd  a g in g .  The p re se n ce  o f  

Cr^O^ (beyond a d i f i n i t e  C r^o^ c o n c e n t r a t io n  l i m i t )  h e lp e d  to  h i n ­

d e r  th e  r e c r y s t a l i z a t i o n  o f  ZnO. F o rm e r ly  v e r y  h ig h  m e th a n o l  y i e l d s  

had been o b ta in e d  w i t h  c a t a l y s t  c o n t a in in g  20-30% C r^ o ^ .  R ecen t­

l y  th e  m e th a n o l i n d u s t r y  has w i tn e s s e d  and s u c c e s s f u l l y  employed 

some a c t i v e  and r e s i s t a n t  c a t s l y s t s ,  w h ic h  c o n t a in  C r^o^ i n  concen­

t r a t i o n s  lo w e r  th a n  t h a t  f o r m e r l y  c l a s s i f i e d  as "o p t im u m " .  F o r  ' 

example, M o n t e c a t in i  C hem ica l Co. used a c a t a l y s t  c o n t a in in g  11% 

by w e ig h t  o f  C r^o^  (w h ic h  was th e  same as c a t a l y s t  n o .1 ,  w h i l e  i t  

was 19% f o r  c a t a l y s t  n o . 2)

I n  f a c t ,  c a t a l y s t  n o .1 and n o . 2 had th e  same a to m ic  r a t i o s

o f  Cu and Zn. So i t  m ight be sa id  th a t  i t  was d i f f e r e n c e  in  Cr^o^
t h a t  c o n t r i b u t e d  to  th e  d i f f e r e n t  r e s u l t s .  As m e n t io n e d  e a r l i e r  

Cr^O^ caused d i s s o c ia t e d  c h e m is o r p t io n  CO and tended t o  b re a k  CO

and any o f  th e  in te r m e d ia te s  o f  m ethanol in to  fra g m en ts , thus
r e s u lt in g  in  more b y -p r o d u c ts , w hich were e v id e n t  from th e  e x p e r i-
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F ig u r e  7 .29  E f f e c t  o f  T e m p e ra tu re  ๐น T o t a l  CO C o n v e rs io n

and P ro d u c t  S e l e c t i v i t i e s  o f  ( a t  30 a t g ,
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T  ( ° C )
Figure 7.34 E ffec t o f  Temperature (200-300°C ), Pressure

(20-50 a tg ) and Space V e lo c i t i t y  (2400-3500 hr )̂ 
on Space Time Y ield  of MeOH of C ata lyst No.2
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F i g u r e  7.35 E f f e c t  o f  T e m p e r a tu r e  (200-300 c) and s p a c e  V e l o c i t y

(3500-15100 h r - 1 ) on  Space T im e  Y i e l d  o f  MeOH o f

C a t a l y s t  Noo2
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F ig u re  7 .3 b  E f fe c t  o f  T e m p e ra tu re  (2 0 0 -3 0 0 °C ) , P re s s u re

(20 -50  a tg )  and Space V e lo c i t y  (2 4 0 0 -3 9 0 0  h r  ^) 

on Space Time Y ie ld  o f  DME o f  C a ta ly s t  N o .2
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F ig u re  7.37 E f fe c t  o f  T e m p e ra tu re  (200-300°C) and Space V e lo c i t y  

(3500-15100 h r ^) on Space T im e Y ie ld  o f  DME o f  

C a ta ly s t  N o .2
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m e n ta l r e s u l t s  o f c a t a ly s t  n o .2 So i t  was n o t s u r p r is in g  th a t  

c a ta ly s t  n o . l  w h ich  c o n ta in e d  a s m a lle r  amount o f  C r^o ^ was found  

to  p e r fo rm  b e t te r  th a n  c a t a ly s t  n o .2 . H ow ever, i t  i s  d o u b t fu l  

w h e th e r th e  c o n c e n tra t io n  o f  C r^o^ may be re d u ce d  b e lo w  11 wt%

Because o f  th e  d i f f e r e n c e  in  C r^o ^ th e  "o p tim u m " c o n d i t io n s

o f  m e th a n o l s y n th e s is  f o r  th e  two c a ta ly s t s  appea red  to  be s l i g h t l y

d i f f e r e n t  in  th e  p re s e n t s tu d y .  To m a x im ize  m e th a n o l s e l e c t i v i t y

f o r  c a ta ly s t  n o . l  s y n th e s is  sh o u ld  be c a r r ie d  a t  a h ig h  p re s s u re

b u t lo w  space v e lo c i t y  w i t h in  th e  ra n g e  o f  20 0 -2 5 0 °C . F o r  c a t a ly s t

n o .2 th e  optimum c o n d i t io n s  f o r  m e th a n o l s e l e c t i v i t y  was s im i la r  to

th o s e  o f  c a ta ly s t  n o . l  e x c e p t th a t  th e  te m p e ra tu re  ra n g e  was 220-260°C

w ith  re s p e c t to  STY o f  m e th a n o l, th e  optim um  c o n d i t io n s  f o r  c a t a ly s t  

n o . l  c a l le d  f o r  a h ig h  p re s s u re ,  h ig h  te m p e ra tu re  and space v e lo c i t y

around  8 ,0 0 0  h r ” l .  C a ta ly s t  n o .2 a ls o  re q u ir e d  a h ig h  p re s s u re  and 

te m p e ra tu re  b u t w i t h  space v e lo c i t y  as h ig h  as 16 .000  h r - -*-

7 .3  Q u a l i t a t iv e  C o m p a ris io n  o f  E x p e r im e n ta l R e s u lts  among C a ta ly s ts  

N o . l ,  No.2 and No.3

S in ce  c a t a ly s t  n o . l  and n o .2 w ere  o f  th e  same te r n a r y  ty p e  

w i th  an o n ly  d i f f e r e n c e  i n  c o n c e n t r a t io n ,  th e y  e x h ib i te d  s i ­

m i la r  e f f e c t s  o f  te m p e ra tu re ,  p re s s u re  and space v e lo c i t y  on m e tha ­

n o l  s y n th e s is .  Thus i t  s u f f i c e s  to  compare e i t h e r  o f  them  to  c a ta ­

l y s t  n o .3 . Here we choose to  compare m a in ly  c a t a ly s t s  n o . l  and 

no .3 .

C a ta ly s t  n o .3 was an i n d u s t r i a l  b in a r y  c a t a ly s t  o b ta in e d  

fro m  th e  C a ta ly s ts  C hem ica ls  I n c . ,  F a r E a s t .  I t  composed o f  z in c  

and chrom ium  o x id e s  w i th  Z n /C r = 1 .8 - 2 .2 .  The recommened p ro c e s s  

c o n d it io n s  w ere p re s s u re  = 300 kg ^ /cm  , te m p e ra tu re  = 300 -400  c, 

and space v e lo c i t y  = a round  30 ,0 0 0  h r  . Because o f  p re s s u re  l i m i ­

t a t io n  in  th e  p re s e n t e x p e r im e n ta l a p p a ra tu s ,  a l l  s y n th e s is  e x p e r i ­

m ents w ere  c a r r ie d  o u t a t  r e l a t i v e l y  low  p re s s u re  (2 0 -4 0  a tg )  o v e r
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a w id e  range  o f  space  v e lo c i t y  (1600 -16 000  h r  ) .  The te m p e ra tu re

range, however, was the same as recommended (300-400°C). The 
difference in temperature between catalyst no.1 and no.3 allowed US

to  make o n ly  q u a l i t a t i v e  c o m p a ris o n .

C om parison  o f  T o ta l  CO C o n v e rs io n  Between C a ta ly s ts  N o . l 

and No.3

T o ta l  CO c o n v e rs io n  f o r  c a t a ly s t  n o . l  g e n e r a l ly  in c re a s e d  

w i th  p re s s u re  and te m p e ra tu re  b u t  d e c re a se d  as space v e lo c i t y  i n ­

c re a se d  (see  F ig u re s  7 . 1 - 7 .1 2 ) .  F o r c a t a ly s t  n o .3 , how ever, t o t a l  

CO c o n v e rs io n  re m a ined  m ore o r  le s s  w i t h  re s p e c t  to  p re s s u re  and 

te m p e ra tu re  (see  F ig u re s  7 .3 7 -7 .5 0 )

W ith  re s p e c t  to  space  v e l o c i t y ,  t o t a l  CO c o n v e rs io n  f o r  

b o th  c a ta ly s t s  te n d e d  to  d e c re a s e  as space v e lo c i t y  in c re a s e d , b u t 

th e  e f f e c t  o f  space  v e lo c i t y  f o r  c a t a ly s t  n o .3 was r a th e r  s l i g h t .

I n  g e n e ra l c a t a ly s t  n o .3 was fo u n d  to  g iv e  a much h ig h e r  

t o t a l  CO c o n v e rs io n  (m o s t ly  i n  th e  ra n g e  60-80% ) th a n  c a ta ly s t s  

n o . l  and n o .2 (m o s t ly  i n  ra n g e  10 -30% ), th o u g h  i t  had a much lo w e r  

m e th a n o l s e l e c t i v i t y .

C om parison  o f  M e th a n o l S e le c t i v i t y  and STY o f  M e th a n o l B e t­

ween C a ta ly s ts  N o . l  and N o .3

M e th a n o l s e l e c t i v i t y  f o r  c a t a ly s t  n o . l  g e n e r a l ly  in c re a s e d  

w i th  p re s s u re  and up to  a c e r t a in  p o in t  w i t h  te m p e ra tu re . However 

i t  was n o t much a f f e c te d  by  space v e lo c i t y  (see  F ig u re s  7 .1 - 7 .1 2 ) .  

S in ce  m e th a n o l s e l e c t i v i t y  f o r  c a t a ly s t  n o .3 was u s u a l ly  v e ry  lo w  

(see  F ig u re s  7 - 3 7 - 7 .5 0 ) ,  i t  was h a rd  to  t e l l  th e  e f f e c t s  o f  tem ­

p e r a tu r e ,  p re s s u re  and space v e lo c i t y  fro m  th e s e  e x p e r im e n ta l r e s u l t s .  

From some s im u la t io n  r e s u l t s  ( S .L . ,  1984) based on N a t ta 1ร



w ork on a s im i la r  b in a r y  c a t a ly s t  , th e s e  r e s u l t s  in d ic a te d  th a t  

as p re s s u re  a n d /o r  space v e lo c i t y  in c re a s e d  m e th a n o l s e l e c t i v i t y  

was enhanced. A t th e  same t im e ,  th e  optim um  te m p e ra tu re  f o r  m e tha ­

n o l s e l e c t i v i t y  a ls o  s h i f t e d  to  a h ig h e r  v a lu e .  I n  any ca se , we 

may c o n c lu d e  th a t  th e  q u a l i t a t i v e  e f f e c t s  o f  p re s s u re ,  te m p e ra tu re  

and s e l e c t i v i t y  on m e th a n o l w ere  s im i la r  f o r  th e  two c a t a ly s t s .

When th e  o b se rve d  v a lu e s  o f  m e th a n o l s e l e c t i v i t y  w ere  com­

pared  among c a t a ly s t  no 1(ทo2 and 3 i t  was fo u n d  th a t  c a t a ly s t  n o .3 

u s u a l ly  p e rfo rm e d  th e  w o r s t .  The p o s i t i v e  e f f e c t  o f  p re s s u re  on 

STY o f  m e th a n o l was th e  same f o r  a l l  th re e  c a ta ly s t s  (see  F ig u re s  

7 .1 3 -7 .1 9 ,  7 .3 4 -7 .3 5  and 7 .5 0 - 7 .5 5 ) .  W ith  re s p e c t  to  space v e lo c i ­

t y ,  c a ta ly s t  n o .2 and n o .3 b o th  e x h ib i te d  a p o s i t i v e  e f f e c t  on th e  

STY o f  m e th a n o l. F o r c a t a ly s t  n o . l  th e  STY o f  m e th a n o l in c re a s e d  

w i th  space v e l i c i t y  up to  8000 h r  above w h ic h  i t  in s te a d  d e c re a s e d . 

The STY o f  m e ta n o l f o r  c a ta ly s t s  n o . l  and n o .2 in c re a s e d  w i th  tem ­

p e ra tu re  b u t  c a t a ly s t  n o .3 showed no r e g u la r  e f f e c t  o f  te m p e ra tu re  

i n  STY.

C om parison  o f  o b se rve d  v a lu e  o f  STY o f  m e th a n o l re v e a le d  t h a t  

c a t a ly s t  n o . l  had a much h ig h e r  STY th a n  c a t a ly s t  n o .3 a t  th e  same 

p re s s u re  and space v e lo c i t y  (N o te  t h a t  th e  te m p e ra tu re  ra n g e s  w ere  

d i f f e r e e n t ) . E xce p t a t  30 a tg ,  c a t a ly s t  n o .2 a ls o  had a s l i g h t l y  

h ig h e r  STY th a n  c a t a ly s t  3

C om parison o f  CO S e le c t i v i t y

ผ 2 s e l e c t i v i t y  f o r  a l l  th re e  c a ta ly s t s  tended  to  in c re a s e  

w ith  te m p e ra tu re .P re s s u re  ten d e d  to  have a s l i g h t l y  p o s i t i v e  w h i le  

space v e lo c i t y ,  a s l i g h t l y  n e g a t iv e  e f f e c t  on co^ s e l e c t i v i t y ,  

e s p e c ia l ly  f o r  c a ta ly s t s  n o . l  and n o .3.

158
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Observed v a lu e s  o f  0อ2 s e l e c t i v i t y  f o r  c a t a ly s t  n o .3 gene­

r a l l y  w ere  h ig h e r  th a n  th o s e  f o r  c a t a ly s t  n o .1  b u t lo w e r  th a n  th o s e  

f o r  c a ta ly s t  n o .2 (se e  F ig u re s  7 .1 - 7 .1 2 ,  7 .2 7 -7 .3 3  and 7 .2 7 - 7 .4 9 ) .  

The t y p ic a l  co^ s e l e c t i v i t y  was 30-40% f o r  c a t a ly s t  n o .3 , was 10-20% 

f o r  c a ta ly s t  n o .1 ,  and 50-70% f o r  c a t a ly s t  n o .2 .

C om parison  o f  H yd ro ca rb o n  S e le c t i v i t y

The g e n e ra l e f f e c t s  o f  p re s s u re  and te m p e ra tu re  on h y d ro ­

c a rb o n  s e l e c t i v i t y  o f  c a t a ly s t  n o . 1 ,2 ,  and 3 w ere  r a t h e r  d i f f e r e n t .  

H yd ro ca rb o n  s e l e c t i v i t y  f o r  c a t a ly s t s  n o . l  and n o .3 te n d e d  to  d e ­

c re a s e  a g a in s t  p re s s u re  e x c e p t a t  40 a tg  f o r  c a t a ly s t  n o .3 . On 

th e  o th e r ,  p re s s u re  o n ly  s l i g h t  e f f e c t  on h y d ro c a rb o n  s e l e c t i v i t y  

f o r  c a t a ly s t  n o .2 (see  F ig u re s  7 .1 - 7 .1 2 ,  7 .2 7 -7 .3 3  and 7 .3 7 - 7 .4 9 ) .  

W ith  re s p e c t  to  te m p e ra tu re ,  h y d ro c a rb o n  s e l e c t i v i t y  g e n e r a l ly  de ­

c reased  a g a in s t  te m p e ra tu re  f o r  c a t a ly s t  n o . l  and in c re a s e d  s l i g h t ­

l y  w i t h  te m p e ra tu re  f o r  c a t a ly s t  n o . 2 . F o r c a t a ly s t  n o .3 h y d ro ­

c a rb o n  s e l e c t i v i t y  u s u a l ly  in c re a s e d  u n t i l  i t  rea ch e d  a peak a t  a 

c e r t a in  te m p e ra tu re ,  above w h ic h  i t  th e n  d e c re a s e d .

O bserved v a lu e s  o f  h y d ro c a rb o n  s e l e c t i v i t y  f o r  c a t a ly s t  

n o .2 w ere  le s s  th a n  th o s e  o f  th e  o th e r s .  The v a lu e s  w ere  in  th e  

range  10-20% f o r  c a t a ly s t  n o .2 , w h i le  i n  th e  range  50-60% f o r  

th e  o th e r  two and as h ig h  as 70-90% in  some c a s e s . A t  lo w  tem ­

p e ra tu re s  c a t a ly s t  n o . l  g e n e r a l ly  gave a h ig h e r  h y d ro c a rb o n  se ­

l e c t i v i t y  th a n  c a t a ly s t  n o .3 and v ic e  vesa  a t  h ig h  te m p e ra tu re .

C om parison  o f  DME S e le c t i v i t y

C a ta ly s t  n o .3 had n e g l ig ib le  DME s e l e c t i v i t y ,  e x c e p t a t  two 

c o n d it io n s  (40 a tg ,  1600 h r   ̂ and 30 a tg ,  2385 h r  ) p o s s ib ly
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because i t  gave v e ry  low  m e th a n o l y i e l d .  T h e re fo re ,  i t  was n o t 

p o s s ib le  to  compare any f u r t h e r  w i t h  th e  o th e r  c a t a ly s t s .

I n  summary, we m ig h t c o n c lu d e  th a t  c a t a ly s t  n o .2 gave a 

much h ig h e r  co^ s e l e c t i v i t y  th a n  th e  o th e r s ,  and th a t  c a t a ly s t  

n o .3 gave on th e  a ve ra g e  th e  same h y d ro c a rb o n  s e l e c t i v i t y  as c a ta ­

l y s t  n o . l  b u t a much h ig h e r  s e l e c t i v i t y  th a n  c a t a ly s t  n o ,2 .

On th e  o th e r  hand c a t a ly s t  n o . l  gave a h ig h e r  m e th a n o l s e l e c t i v i t y  

th a n  c a ta ly s t  n o .2 and c a t a ly s t  n o .3, though  th e  co m p a riso n  w i th  

c a t a ly s t  n o .3 m ig h t n o t be m e a n in g fu l because th e  te m p e ra tu re  

range  w ere  d i f f e r e n t .

I t  s h o u ld  be n o te d  t h a t  c a ta ly s t  n o . l  and n o .2 w ere  te r n a r y  

c a t a ly s t s ,  (C uO /Z nO /C r^O ^), w i t h  d i f f e r e n t  c o n c e n t r a t io n  o f  c ^ o ^ ,  

w hereas c a ta ly s t  n o .3 was b in a r y  c a t a ly s t ,  (Zn and ch ro m iu n  o x id e s ) ,  

whose a to m ic  r a t io s  o f  Zn and Cr was e q u a l to  t h a t  o f  c a t a ly s t  n o .2 

(a b o u t 2 : 1 ) .  The e x p e r im e n ta l r e s u l t s  seemed to  in d ic a te  t h a t  th e  

te r n a r y  c a ta ly s t s  w ere  b e t t e r  th a n  th e  b in a r y  c a t a ly s t .
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T E M P E R A T U R E  ( ° C )

F i g u r e  7 . 3 8  E f f e c t  o f  T e m p e ra tu re  (2 8 0 -3 6 0 ° C )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s

( a t  40 a t g ,  17000 h r - l )  o f  C a t a l y s t  N o . 3
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F ig u r e  7 .3 9  E f f e c t  o f  T e m p e r a tu r e  (3 0 0 -3 8 0 ° C )  ๐ท T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s

( a t  30 a t g ,  2400 h r ~ L  o f  C a t a l y s t  N o . 3
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T E M P E R A T U R E  ( ° C )

F ig u r e  7 .4 0  E f f e c t  o f  T e m p e ra tu re  ( 2 8 0 - 3 6 0 ° C )  ๐ท T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s

( a t  20 a t g ,  1600 h r  ^ )  o f  C a t a l y s t  N o . 3
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T E M P E R A T U R E  ( ° C )
F i g u r e  7 .4 1  E f f e c t  o f  T e m p e ra tu re  (2 8 0 -3 6 0 ° C )  ๐ท T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s

( a t  40 a t g ,  3900 h r  ^ )  o f  C a t a l y s t  N o . 3
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F ig u r e  7 .4 2  E f f e c t  o f  T e m p e ra tu re  (2 8 0 -3 6 0  ° c )  on  T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  a t  30 a t g ,

3500 h r -  ̂ o f  C a t a l y s t  N o . 3
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T E M P E R A T U R E  ( ° C )
F ig u r e  7 .4 3  E f f e c t  o f  T e m p e ra tu re  ( 2 8 0 - 3 6 0 ° C )  on  T o t a l  Co

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  a t  20 a t g ,

3700 h r   ̂ o f  C a t a l y s t  N o . 3

TO
TA

L 
CO

 
C

O
N

V
ER

SI
O

N
(%

)



167

T E M P E R A T U R E  ( ° C )

F ig u r e  7 .4 4  E f f e c t  o f  T e m p e ra tu re  (2 8 0 -3 6 0 ° C )  on T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  a t  40  a t g ,

7000 h r   ̂ o f  C a t a l y s t  N o . 3
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F ig u r e  7 .4 5  E f f e c t  o f  T e m p e ra tu re  ( 2 8 0 - 3 6 0 ° C )  on T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  a t  30 a t g ,

6700 h r  o f  C a t a l y s t  N o . 3
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F ig u re  7„46 E f fe c t  o f  T e m p e ra tu re  (280-360 c) on T o ta l  CO 

C o n v e rs io n  and P ro d u c t S e le c t i v i t i e s  a t  20 a tg ,  

6000 h r \  o f  C a ta ly s t  N o .3
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F ig u r e  7 .4 7  E f f e c t  o f  T e m p e r a tu r e  ( 2 3 0 -3 6 0 ° C )  on

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s

16000 h r   ̂ o f  C a t a l y s t  N o . 3
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3 8 0

F ig u r e  7 .4 8  E f f e c t  o f  T e m p e r a tu r e  ( 2 8 0 - 3 6 0 ° C )  on T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  a t  30  a t g "

13000 h r   ̂ o f  C a t a l y s t  N o . 3
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F ig u r e  7 .4 9  E f f e c t  o f  T e m p e ra tu re  ( 2 8 0 - 3 6 0 ° C )  on T o t a l  CO

C o n v e r s io n  and P r o d u c t  S e l e c t i v i t i e s  a t  20 a t g ,

13000 h r  o f  C a t a l y s t  N o . 3
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F ig u r e  7 .5 0  E f f e c t ,  o f  Space V e l o c i t y  (3 9 0 0 -1 6 0 0 0  h r  ^ )  and

T e m p e r a tu r e  ( 2 8 0 -3 8 0 ° C )  on Space  T im e  Y i e l d  o f

KeOH a t  40 a t g  o f  C a t a l y s t  N o . 3
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T E M P E R A T U R E  ( ° C )

F ig u r e  7 .5 1  E f f e c t  o f  Space V e l o c i t y  (35 00  -  13000 h r  ^ )  and

T e m p e ra tu re  (2 8 0 -3 6 0 ° C )  on Space T im e  Y i e l d  o f

MeOH ( a t  30 a t g ) o f  C a t a l y s t  N o . 3
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T E M P E R A T U R E  ( ° C )

F ig u r e  7 .5 2  E f f e c t  o f  Space V e l o c i t y  (16 00  -  13000 h r - 1 ) and

T e m p e ra tu re  ( 2 8 0 -3 6 0 ° C )  on Space T im e  Y i e l d  o f

MeOH a t  20 a t g  o f  C a t a l y s t  N o . 3
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F ig u r e  7 .5 3  E f f e c t  o f  P r e s s u r e  ( 2 0 -4 0  a t g )  and T e m p e ra tu re

(2 8 0 -3 8 0 ° C )  on Space T im e  Y i e l d  o f  MeOH

(3 5 0 0  -  3900 h r  ^ )  o f  C a t a l y s t . N o . 3
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F i g u r e  7 .5 4  E f f e c t  o f  P r e s s u r e  ( 2 0 - 4 0  a t g )  and T e m p e ra tu re

(2 6 0 -3 8 0 ° C )  on Space T im e Y i e l d  o f  MeOH

(1 3 0 0 0  -  16000 h r  ^ )  o f  C a t a l y s t  N o . 3
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E f f e c t  o f  P re s s u re  (2 0 -4 0  a tg )  and T e m p e ra tu re  

(2 6 0 -3 6 0 °C ) ๐ท Space Time Y ie ld  o f  MeOH 

(6500 -70 00  h r - 1 ) o f  C a ta ly s t  N o .3



CONCLUSIONS

The f o l lo w in g  c o n c lu s io n s  may be d raw n fro m  th e  p re s e n t

w o rk  :

1 . A te r n a r y  m e th a n o l s y n th e s is  c a t a ly s t  (CuO/ZnO/Cr^O^)
*

w ith  th e  a to m ic  r a t i o  o f  C u :Z n :C r = 3 1 :3 8 :1 0  was p re p a re d  by

a) p r e c ip i t a t i n g  Cu(NO^) 2 .311^0 w i t h  NH^OH to  g iv e  

[Cu2 (0H)3NO3]  ,

b ) m ix in g  m e c h a n ic a lly  w i t h  ZnO and CrO^,

c ) c a lc in in g  a t  70°c f o r  3 h o u rs  in  an oven and

d) re d u c in g  a t  220°c f o r  a b o u t 45 m in u te s  in  a h e a t in g  

fu rn a c e  u n d e r th e  f lo w  (6 0 m l/m in )  o f  a gas m ix tu re  w i th  ^ : บ 2 : 0 0  = 

69:2:1. The c a t a ly s t  th u s  o b ta in e d  was th e n  p e l le t i z e d  to  have

a b u lk  d e n s i ty  a b o u t 2 .7  gm /cc th e n  c ru sh e d  and screened  betw een 

mesh It 16 and It 30 f o r  use i n  m e th a n o l s y n th e s is  e x p e r im e n ts .

2. The e x p e r im e n ta l a p p a ra tu s  f o r  m e th a n o l s y n th e s is ,  w h ic h  

was m ounted w i t h in  a fra m ç o f a n g u la r  s t e e l ,  was f a b t ic a te d  u s in g  

s t a in le s s  s t e e l  S w agelok p a r t s .  The maximum d e s ig n  p re s s u re  was

50 a tg  and th e  maximum d e s ig n  te m p e ra tu re  450°c. The h e a t in g  f u r ­

nace was made o f  r e f r a c t o r y  b r i c k  fu rn a c e  and te m p e ra tu re  c o n t r o l  

was done u s in g  2 s l id a c e s .  L e a k - te s ts  a t  1,2 ,5 ,10  a tg  w i th  บ 2 f i r s t  

and th e n  10,20,30 40 a tg .  w i t h  แ 2 was c a r r ie d  o u t .

3 . I n  th e  e x p e r im e n ts  m e th a n o l was s y n th e s iz e d  fro m  a p re ­

m ixed  gas o f  CO and แ 2 (0 0 :แ 2  = 1 :2 ) .  E x p e rim e n ts  w ere c a r r ie d  o u t
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a t 20,30 and 40 a tg  w h ile  v a ry in g  th e  te m p e ra tu re  from  200-300°C 
and the  space v e lo c i t y  from  2000 -  16,000 h r  . The amount o f  c a -

II
t a l y s t  packed i n  O.D. tu b u la r  r e a c to r  was 1 .5  m l.  A n a ly s is  o f

2
p ro d u c t gases was p e rfo rm e d  u s in g  gas ch ro m a to g ra p h y  (Shim adzu 

GC m odel 8 A IT  (TCD)) e qu ipp ed  w i th  a MS-5A and a p o ra p a k  T co lum n.

4 . From th e  e x p e r im e n ta l r e s u l t s  done in  t h i s  s tu d y  and in  

o th e r  re s e a rc h e rs ,  i t  may be c o n c lu d e d  th a t  th e  e f f e c t s  o f  te m p e ra ­

t u r e ,  p re s s u re ,  space  v e lo c i t y  and c a t a ly s t  ty p e  and c o m p o s it io n  on 

m e th a n o l s y n th e s is  w e re  as fo l lo w s  ะ

4 .1  F o r c a t a ly s t  n o . l ,  a te r n a r y  c a t a ly s t  o f  CuO /ZrO /

Cr^O^ ( , (h i:Z n :C r  “  3 1 :3 8 :1 0 )  t o t a l  CO c o n v e rs io n  g e n e r a l ly  i n ­

c re a se d  w i th  te m p e ra tu re  and p re s s u re  b u t de c re a se d  a g a in s t  space 

v e lo c i t y .  M e th a n o l s e l e c t i v i t y  in c re a s e d  re m a rk a b ly  w i t h  te m p e ra ­

t u r e  up to  optim um  te m p e ra tu re  (a ro u n d  250°c) above w h ic h  i t  in s te a d , 

d e c re a s e d . M e th a n o l s e l e c t i v i t y  a ls o  in c re a s e d  w i th  p re s s u re .

Space t im e  y ie ld  o f  m e th a n o l u s u a l ly  in c re a s e d  w i th  te m p e ra tu re  and 

p re s s u re ,  and a ls o  w i t h  space  v e lo c i t y  up to  a round  8000 h r  ^ ,  above 

w h ic h  i t  th e n  d e c re a s e d .

4.2  F o r c a t a ly s t  n o .2, a s im i la r  te r n a r y  c a t a ly s t  o f  CuO/ 

ZnO/Cr^O^ (C u :Z n :Z r  = 2:2:1) t o t a l  CO c o n v e rs io n  u s u a l ly  in c re a s e d  

w i th  te m p e ra tu re  and p re s s u re  b u t de c re a se d  a g a in s t  space v e lo c i t y .  

M e th a n o l s e l e c t i v i t y  g e n e r a l ly  in c re a s e d  up to  an optim um  te m p e ra tu re  

and p re s s u re  b u t de c re a se d  a g a in s t  space v e lo c i t y .  M e th a n o l s e le c ­

t i v i t y  g e n e r a l ly  in c re a s e d  up to  an optim um  te m p e ra tu re  (a ro u n d  

240°c) , above w h ic h  i t  th e n  d e c re a s e d . Space t im e  y ie ld  o f  m e th a n o l 

was fo u n d  to  in c re a s e  w i t h  te m p e ra tu re  , p re s s u re  and space v e lo c i t y

in  th e  e x p e r im e n ts .
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4 .3  F o r c a t a ly s t  n o .3 , an i n d u s t r i a l  b in a r y  c a t a ly s t  o f  

z in c  and chrom ium  o x id e s  n o t . o n ly  e x p e r im e n ts  b u t  a ls o  a co m p le te  

s im u la t io n  s tu d y  w e re  c a r r ie d  o u t .  I t  was found  t h a t ,  i n  g e n e ra l,  

m e thano l s e l e c t i v i t y  in c re a s e d  up to  an optim um  te m p e ra tu re ,  whose 

v a lu e  s h i f t e d  h ig h e r  as p re s s u re  and space v e lo c i t y  in c re a s e d .

Above t h i s  te m p e ra tu re ,  m e th a n o l s e l e c t i v i t y  th e n  d e c re a s e d . B o th  

p re s s u re  and space v e lo c i t y  w ere  fo u n d  to  enhance m e th a n o l s e le c ­

t i v i t y ' .  The space t im e  y ie l d  o f  m e th a n o l a ls o  behaved l i k e  m e th a n o l 

s e l e c t i v i t y  u n d e r th e  e f f e c t s  o f  p re s s u re ,  te m p e ra tu re  and space 

v e lo c i t y .

4 .4  I t  was seen t h a t  th o u g h  th e  e f f e c t s  o f  te m p e ra tu re , 

p re s s u re  and space  v e lo c i t y  on m e th a n o l s y n th e s is  o f  t r i p l e  c a ta ­

l y s t s  w e re  q u a l i t a t i v e l y  r a t h e r  s im i la r  f o r  a l l  th re e  c a t a ly s t s ,  

t h e i r  q u a n t i t a t i v e  e f f e c t s  on th e  y ie ld s  o f  m a in  and s id e  p ro d u c ts  

w ere re m a rk a b ly  d i f f e r e n t .  C a ta ly s t  n o . l  c o n v e r te d  more CO to  m etha­

n o l  th a n  c a t a ly s t  n o .2 u n d e r th e  same p re s s u re ,  te m p e ra tu re  and space 

v e lo c i t y ,  and th a n  c a t a ly s t  n o .3 u n d e r th e  same p re s s u re  and space 

v e lo c i t y  b u t  d i f f e r e n t  te m p e ra tu re .  C a ta ly s t  n o .2 and n o .3 c o n v e rte d  

a s iz a b le  p r o p o r t io n  o f  CO to  CO2 and in  a s m a lle r  p r o p o r t io n  to  

h y d ro c a rb o n s . /
4 .5  S in c e  c a t a ly s t  n o .2 had a h ig h e r  p r o p o r t io n  o f  Cr 

th a n  c a t a ly s t  n o . l  b u t  y ie ld e d  le s s  m e th a n o l,  i t  was co n c lu d e d  th a t  

th e  w e ig h t  p e rc e n t  o f  C r^o ^ c o u ld  be as lo w  as 11% f o r  th e  te r n a r y  

c a t a ly s t s  o f  C uO /ZnO /C r^O ^.
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