
CHAPTER 2

THEORY OF METHANOL SYNTHESIS

2 .1  L it e r a tu r e  Survey on M ethanol S y n th e s is

M ethanol cou ld  be s y n th e s iz e d  in  many ways from d i f f e r e n t  raw 
m a t e r ia l s ,  in  th e  p r esen ce  o f  v a r io u s  c a t a l y s t s  and under d i f f e r e n t  
r e a c t io n .

In  term s o f  raw m a te r ia l ,  i t  m ight be s a id  th a t  s y n t h e s is  gas 
c o n s i s t in g  o f  CO and H  ̂ was t e c h n ic a l ly  the m ost a p p r o p r ia te  to  m anufacture  
m eth a n o l. De O l iv e ir a ,  Eduardo S ab in s ( 1 9 7 9 )  prepared  s y n t h e s is  gas fo r  
m ethanol m anufacture by p a ss in g  steam  over c  a t  > 5 0 0 ‘ c .  H eat was su p p lie d  
by p a s s in g  an e l e c t r i c a l  cu r r e n t through the c  or by com bustion  o f  
a u x i l ia r y  f u e l ,  from w hich w a ste  h e a t  was r e c o v e r e d . Syngas was o b ta in ed  
by Diemer and e t  a l  ( 1 9 8 1 )  from p a r t ia l  o x id a t io n  o f co k e-o v en  gas (CG) 
w ith  0 or O -en rich ed  a ir  a t  1 , 1 0 0 - 1 , 6 0 0 ' c .  P a r t ia l  o x id a t io n  was proceeded  
by f i r s t  c o o l in g  th e  CG to  <c 7 0 ’ c  fo r  the rem oval o f  ta r  down to  a 
r e s id u a l  c o n te n t  o f  1 - 5  g tar/m ^ CG and se c o n d ly  by th e  rem oval o f  d u st  
and H^S.Then, t a r - f r e e  CG c o n ta in in g  H 5 9 ,  CĤ  2 3 . 6 ,  C^H  ̂ 3 . 4 ,  N 4 , 7 ,

CO 5 . 5 ,  CO  ̂ 2 ,  0  0 . 3 ,  and o th e r s  1 . 5  v o l  % was su b je c te d  to  p a r t ia l  
o x id a t io n  a t  1 . 0 4  bar and 1 , 3 0 0 ' c  by th e  a d d it io n  o f  0 , 3  m~* 0/m^ CG and 
0 . 0 3  kg H^O/m^ CG. The p a r t i a l l y  o x id iz e d  CG c o n ta in in g  CO2 2 . 6 ,  CO 
2 7 . 4 ,  H 6 5 . 5 ,  N + Ar 4 . 1 ,  and H ^ s  + c o s  0 . 4  v o l  % was p u r if ie d  in  an 
e l e c t r o s t a t i c  p r e c ip i t a t o r  fo r  th e  rem oval o f  d u st and tr e a te d ,  w ith  
m ethanol a t  - 3 0  to  - 4 0 ' c  fo r  the rem oval o f  ร compounds. The d u s t - f r e e  
and S - f r e e  s y n t h e s i s  gas was com pressed to  5 0 - 8 0  bar and u sed  fo r  th e  
c a t a l y t i c  s y n t h e s is  o f  m eth a n o l. The sp e n t m ethanol was r eg en era ted  
and the l ib e r a t e d  H^s used  fo r  p r e p a r a tio n  o f e le m e n ta l ร by th e  C laus
p r o c e s s .
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2 .1 .1  Survey on m e ta l-o x id e  c a t a ly s t s

C a ta ly s t s  used fo r  m ethanol s y n t h e s is  w ere b oth  homogeneous 
and h e te r o g e n e o u s . Most h e te r o g en eo u s  c a t a ly s t s  were e i t h e r  pure CuO,
ZnO, Cr^O^j MnO and A120 3 , or b in ary , tern a ry  and q u a rtern a ry  m ix tu res  
o f  t h e s e .  Homogeneous c a t a l y s t s  w ere m o stly  t r a n s i t io n  m e ta ls ,  such  as  
Rh, Pd and Ru.

M itsushim a e t  a l  (1969) s tu d ie d  the e f f e c t s  o f  alum inium  o x id e  
a d d it io n  to  c o p p e r -z in c  o x id e  c a t a l y s t  on m ethanol s y n t h e s is  by k eep in g  
th e  r a t io  o f  Cu to  Zn c o n s ta n t  and v a r y in g  th e  c e n te n t  e f  A l^o^. The ô a t a ly t  
a c t i v i t y  was m easured a t  a sp ace  v e l o c i t y  o f 10,000  hr , p r e s s u r e  o f  
60  kg/cm^ and 2 0 0 - 3 5 0 ‘ c .  I t  was found th a t  th e  r a t io  o f  s u r fa c e  area  
o f  exp osed  Cu to  th e  t o t a l  su r fa c e  area  o f  th e  c a t a l y s t  had a maximum 
a t  10% A1 c o n te n t  and c a t a l y t i c  a c t i v i t y  was a l s o  maximum - a t  t h i s  
c o m p o s it io n .

The e f f e c t  o f  d e p o s i t in g  copper on th e  su r fa c e  o f  a reduced  
Zn-Cr c a t a ly s t  was s tu d ie d  by V lasenko and e t  a l  (1 9 6 9 ) , Wang Ching 
and e t  a l .  (1982) found th a t  sam ples c o n ta in in g  8.6 % Cu had th e  
h ig h e s t  s e l e c t i v i t y  and good s t a b i l i t y ,  the s e l e c t i v i t y  rem ain in g  
a lm o st c o n s ta n t  fo r  more than  90 h o u r s .

Z inc-chrom ium -copper c a t a l y s t  was prepared by K ravchenko, F .F .  
and e t  a l .  (1968) fo r  s y n th e s iz in g  m ethanol by m ixin g  a compound o f  Cu 
w ith  ZnO, chromium a c id  and p rom oters, w ith  su b seq u en t d ry in g  and 
fo rm a tio n  o f  c a t a l y s t .  A b a s ic  Cu chrom ate was used as th e  o r ig in a l  
Cu compound.

P r o p e r t ie s  and s t r u c tu r e  o f  a mixed c a t a ly s t  from b a s ic  copper  
ca rb o n a te  and z in c  ca rb o n a te  was s tu d ie d  by Terao and e t  a l .  (1 9 6 8 ) .
A c o r r e la t io n  between a c t i v i t y  and s t r u c tu r e  o f  the  c a lc in e d  CuO-ZnO
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mixed c a t a ly s t s  was exam ined w ith  r e s p e c t  to m ethanol s y n t h e s i s .  The
m ethanol y i e l d  was determ ined  ch ro m a to g ra p h ica lly  and th e  s tr u c tu r e
was determ ined x-ray  pho tog raph ica lly  (C u-X ^-raâiati»n) CO a d so rp tio n
was a l s o  exam ined. The a c t i v i t y  ( k) was found to  depend on th e  Cu
su r fa c e  a rea  (ร ) .  h e a t r e s i s t a n c e  o f  the c a t a l y s t s  in c r e a s e d  w ith  cu
a g re a te r  k/  r a t i o .  The d iffe re n c e  in  c a ta ly t ic  a c t iv i ty  in  methanol 

cu
s y n t h e s i s  w ere a t t r ib u te d  to  the d i f f e r e n t  s i z e s  o f  CuO and ZnO n u c le i  
as w e l l  as to d i f f e r e n t  r e l a t i v e  s i z e s  o f CuO and ZnO n u c l i  and to  
d i f f e r e n t  c o n c e n tr a t io n s  o f  CuO and ZnO in  th e  m ix tu r e .

Sopava e t  a l  (1970) produced ZnCrû^-2.5 ZnO c a t a l y s t s  from  Cr 
and Zn o x id e s  c o p r e c ip ita te d  from a s o lu t io n  o f  t h e ir  n i t r a t e s  and found  
th a t  i t  had optimum m ech an ica l s tr e n g th  and s e l e c t i v i t y  i n  th e  s y n t h e s is  
a t  280 atm and 3 2 0 -3 8 0 ‘C o f  m ethanol from 2 .7 - 2 .8 : 1  l^iCO m ix tu res  
in tro d u ced  a t  a sp a ce  v e l o c i t y  o f  4 0 ,0 0 0  hr . The 5 mm*5 mm t a b l e t s  
w ere p r e sse d  a t  2600-8200 kg/cm^ from u n c a lc in e d  o x id e  m ix tu res  c o n ta in in g  
1 .5  -  2 .0  % added g r a p h ite  and were c a lc in e d  in  แ2> by h e a t in g  a t  1 0 0 * c /h r  
to  3 8 0 ’ c.

A .c .p .  M cIntosh (1978) d e sc r ib e d  b r i e f l y  th e  c o n v e n t io n a l  
h ig h  p r e ssu r e  p r o c e ss  (ab ou t 350 b a rs) and th e  s u c c e s s  o f  th e  newer 
ICI low  p r e ssu r e  p r o c e s s ,  w hich used a copper based  c a t a l y s t  in  p la c e  
o f  the z in c  oxide-chrom ium  t r io x id e  c a t a l y s t s  used  in  h ig h  p r e s s u r e -  
n ig h  tem perature p la n t s .  The ICI low p r e ssu r e  p r o c e ss  a llo w e d  o p e r a t io n  
a t  a low er tem perature and a t  p r e ssu r e  as low  as 50 b a r s .  I t  a l s o  
r e s u l t e d  in  s i m p l i f i c a t i o n  o f  p la n t  d e s ig n  and o p e r a t io n , and s u b s t a n t ia l  
r e d u c t io n  in  en ergy  consum ption .
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M .s. W ainwright (1978) p r e se n te d  p r e lim in a r y  r e s u l t s  o f  an 
i n v e s t i g a t i o n  in t o  th e  u se  o f  Raney copper c a t a l y s t s  prom oted w ith  z in c  
and chromium fo r  syn th esis o f  m ethanol from carbon  m onoxide and hyd rogen . 
P h y s ic a l and ch em ica l p r o p e r t ie s  o f  th e  Raney copper had b een  in v e s t i c a t e d  
u s in g  a w id e range o f  a n a ly t i c a l  t e c h n iq u e s . The p o t e n t ia l  o f  u s in g  
promoted Raney copper to  c a t a ly z e  the r e a c t io n  and p o s s ib le  r e a c t io n  
m echanism were a ls o  d ic u s s e d .

C orn th w a ite , Derek ( 1 9 7 0 )  prepared  m ethanol s y n t h e s i s  c a t a ly s t s  
from Cu o x id e  and mixed o x id e s  o f  s p in e l  s t r u c t u r e .  The c a t a l y s t  
p e l l e t s  m ight a l s o  c o n ta in  ZnO, A120 3 or Na20 or a co m b in a tio n  o f  th e se  
o x id e s .  These c a t a ly s t s  serv ed  to  e x e m p lify  r e d u c t iv e  c a t a l y s t s .  
Tem perature fo r  th e  r e a c t io n  ranged from 1 9 0 - 2 7 0  ’ c  and 1 0 - 1 5 0  atm, 
t y p i c a l l y  8 0 - 1 2 0  atm . C om bination o f  v a r io u s  r e a c t io n  c o n d it io n s  w ith  
the im proved n a tu re  o f  the c a t a l y s t s  p rov id ed  f o r  a more e f f i c i e n t  
fo rm a tio n  o f  s y n t h e t ic  m eth a n o l.

I l ' k o ,  E.G. e t  a l  (1982) prepared  th e  c a t a l y s t s  2CuO.ZnO. 0 . 0 8  

Cr20 3 , 2Cu0.Zn0, 2C u 0.Z n 0.0 .16C r20 3 , 2C u0.Z n0.0 .25C r203 , and 0.5CuO, 
Z n 0 .0 .25C r20 3 by c o p r e c ip i t in g  Cu and Zn c a r b o n a te s , add ing s t a b i l i z i n g  
a d d it iv e s  (6% A120 3 °r  3% MgO) , d r y in g , b a k in g , and t a b le t  co m p ressio n . 
I n i t i a l l y ,  m e t a l l i c  Cu (or Zn) was d is s o lv e d  as i n  ะ 2Cu +  อ2 + ท ฒ 3 +
2C0; 2^Cu(NH3) n C03 w here ท = 2 - 4 .  AJ-2°3  was formed i n  s i t u  from
A1 fo r m a te . P r e c ip i t a t io n  NH3 + C02 d id  n o t form  th e a l k a l i  m eta l  
w a ste  in  the w a stew a ter  th a t  was- formed by the c o n v e n t io n a l p r e c ip i t a t io n  
method u s in g  a l k a l i  m eta l c a r b o n a te s . C a ta ly s t s  thus prepared  e x h ib ite d  
a c t i v i t y  o f  the same i n t e n s i t y  as c a t a l y s t s  prepared  by u s in g  o th e r
me th o d s .
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Men’shova e t  a l .  C1983) prepared c a t a l y s t s  th a t  composed o f  
Cu, Zn, A l,  and Cr o x id e s  by com bining the th e r m o ly s is  and r e d u c t io n  
s t e p s .  The c a t a l y s t s  w ere h ig h ly  a c t iv e  in  m ethanol s y n t h e s is  from  
s y n t h e s i s  g a s .

B rid gew ater  e t  a l . (1983) s tu d ie d  m ethanol s y n t h e s i s  over  
Raney Cu c a t a l y s t s  made by s e l e c t i v e l y  le a c h in g  Al and Zn from  A l-C u-Zn  
a l lo y s  w ith  aqueous NaOH. The m ethanol y i e l d s  exceed ed  th o se  o b ta in ed  
w ith  an i n d u s t r ia l  c a t a l y s t .  C a ta ly s t s  made from a l lo y s  c o n ta in in g  the  
ter n a r y  phase Cu^Al^Zn had the h ig h e s t  s p e c i f i c  a c t i v i t y  b u t d ev e lo p ed  
low  s u r fa c e  a r e a s  due to  th e  r e s i s t a n c e  to le a c h in g  o f  A l and Zn. 
Synergism  was o b served  b etw een  Raney Cu and Zn o x id e  r e p r e c ip i t a t e d  
d u rin g  e x t r a c t io n .  The Cu was probably  p r e s e n t  as Cu  ̂ under m ethanol 
s y n t h e is  c o n d i t io n s .

K o to sk i e t  a l  (1978) prepared a m ethanol s y n t h e s i s ,  or CO 
c o n v e r s io n , c a t a l y s t  by w ashing th e  p r e c ip i t a n t  o f  CuO to th e  n e u tr a l  
s t a t e ,  d r y in g , m ix in g  w ith  g r a p h ite  and g r a n u la t in g  u s in g  HReO  ̂ or 
NH^ReO  ̂ s o l u t i o n s .  The o b ta in e d  g r a n u le s  w ere com pressed to  t a b l e t s ,  
More s p e c i f i c a l l y ,  an aqueous s o lu t io n  o f  Cu(NO^) 2 "3 ^ 0  + Zn(N0^ )2 *
6แ 2อ + A l(NO ^)2 was h ea ted  to 9 0 -1 0 0 *c  and mixed w ith  9 0 -1 0 0 ' c  

is^CO^. The p r e c ip i t a n t  was washed to n e u tr a l ,  d r ied  a t  1 1 0 ' c  and 
th en  3 0 0 ’ c ,  and th en  tr e a te d  w ith  an aqueous s o lu t io n  o f  Nli^ReO^,

9x9 mm) o f  th e  c a t a l y s t  g r a n u le s .

Lender e t  a l . (1982) re p o r te d  th a t  i n  the  s y n th e s is  o f  m ethanol

over SNM-l c a ta ly s t  the  ra te  o f d i f f u s io n  o f  m ethano l was the  l im i t i n g

f a c t o r .  The re a c t io n  ra te  d id  n o t depend on the  d ia m e te r (5x5 v s ,
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F r ie d r ic h  e t  a l .  (1982) d ev e lo p ed  a R an ey-typ e low  tem perature  
m ethanol s y n t h e s is  c a t a l y s t .  C a ta ly s t s  prepared by c a u s t i c  le a c h in g  
o f  Cu-Zn-Al a l lo y s  had a c t i v i t i e s  g r e a te r  than th a t  o f  a composed Cu- 
based  c a t a l y s t .  The m ost a c t iv e  c a t a l y s t  fo r  m ethanol s y n t h e s is  was 
prepared from a l lo y s  c o n ta in in g  10-20% Zn and ~50% A 1, The a c t i v i t y  
o f  th e  c a t a l y s t s  depended on th e  le a c h in g  t im e .

2 .1 .2  Survey on R are-E arth  M etal C a ta ly s t s  fo r  ileOH S y n th e s is

M ethanol s y n t h e s i s  c a t a l y s t s  m entioned  i n  2 .1 .1  as w e l l  
as d e co m p o sitio n  c a t a ly s t s  in  2 .1 .3  m o stly  c o n s i s t  o f  Cu, Zn, Cr, Na,
Mg, e t c . .  The fo l lo w in g  c a t a l y s t s  a r e  m o stly  composed o f  r a r e - e a r t h  
m e ta ls ,  such  as Rh, P t , Pd, In  e t c .  and a re  e i t h e r  homogeneous or  
h etero g en eo u s  c a t a l y s t s .

M itsu i T aotsu  C h em ica ls, I n c . (1981) prepared m ethanol by 
h y d rogen atin g  CO or co^ in  th e  p resen ce  o f Cu, Pd, P t or t h e ir  o x id e  
in  an a l k a l i  s lu r r y .  A u to c la v in g  a s lu r r y  prepared  from 2 .0  g Pd powder, 
150 ml H^O, and 600 mg NaOH w ith  CO-H (m olar r a t i o  1 .0  ; 270 kg/cm^) 
a t  2 2 0 ' c  and 395 kg/cm^ fo r  6 hours gave 0 .5 3  g m ethanol w ith  tr a c e s  
o f e th a n o l and MeCHO.

P r u e tt  e t  a l .  (1982) found th a t  th e  c lu s t e r  compounds (RCN)2

MoR u ,C (C 0)1,  (R = c .  1, a l k y l ,  Ph, or c ,  1-. a r a lk y l  ; M = Cu, Ag, or  z o 1 ๐ 1 —10 ๐—IU
Au) were u s e fu l  as homogeneous c a t a l y s t s  fo r  c o n v e r t in g  s y n t h s i s  gas  
to m eth a n o l. For exam ple, (Et^N+)2  RUgC(C0)j^  ̂ in  a c e to n e  was 

added to  Cu(MeCN)^+ BF^“ in  a c e to n e  to make (MeCN) 2 ^ u 2 ^6  16 ’
was added (0.6 g) a lo ng  w ith  200 ml THF to  a r e a c to r .  The re a c to r

was th e n  charged w ith  s y n th e s is  gas and heated to  275’ c, 120 MPa f o r

5 hours to  y ie ld  17g m e tha n o l, 3 .8g  IK ^M e  and no h yd ro c a rb o n s .
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Sumitomo C hem ical Co. L td . (1982) found th a t  i n  the p r e p a r a tio n  
o f  MeOH a n d /o r  Me2ซ from CO and H, a m ix tu re  o f  Pd and a m eta l s e le c t e d  
from  Group la  or Group l i a  ©ท c a t a l y s t  c a r r ie r s  w ere used as c a t a l y s t s .  
Tlius, Na^CPdCL^) aqueous s o lu t io n  was mixed w ith  A L y O ^ t  d r ie d  5 h a t  
120" and reduced by H 2 h a t  3 0 0 ' to g iv e  c a t a l y s t .  CO and H (1 :2  r a t io )  
w ere p a ssed  over  th e  c a t a l y s t  a t  130 "c to  g iv e  MeOH and ïle^o (combined  
s e l e c t i v i t y  was 91%)

Dornbek (1981) prepared HOCH^CH^OHjEtOH, and MEOH i n  th e  l iq u id  
phase from  CO and H in  th e  p resen ce  o f  a Ru carb on y l com plex w ith  IR 
bands a t  2100 + 10 cm \  2015 + 10 cm \  and 1990 + 10 cm ^, a t  5 0 -4 0 0 ‘C 
and 500-1500  p s-i. H-CÛ (1 :1 )  was tr e a te d  w ith  (Ph^P) 2พ[Ru (CO) and 
2 e q u iv a le n t  (Ph^P2M) J^HRu (̂CO) J i n  the p resen ce  o f  N al a t  12500 p s i  
and 2 3 0 'C to g iv e  MeOH 2 .9 2  and HOCĤ CĤ OH 0 .4 1  mol hr ^

L in , J ia n g  Jen (1982) prepared a lk o n o ls  e s p e c i a l l y  MeOH, w ith  
h ig h  s e l e c t i v i t y  from a CO-H m ixtu re a t  >150* and 500 p s ig  i n  1 , 4 -  
d io x a n e  or a s im ila r  s o lv e n t  over a c a t a l y s t  system  co m p risin g  a Ru 
com pound., a Re or lin compound, a q u atern ary  phosphonium or ammonium 
compound, and in  some c a s e s ,  Ph^p. For exam ple, a 1 :1  (m olar) CO-H 

m ix tu re  was added a t  22013/8100 p s i  to  a r e a c to r  c o n ta in in g  10 ml 1 , 4 -  
d io x a n e , 0 .1 9  g h yd rated  RuO^, 3 .4  g Bu^PBr, and 84 mg 11ท2 (00)^0 .
A fte r  16 h o u rs , th e  s o lv e n t  c o n ta in ed  4 .0  g r e a c t io n  p rod u cts c o n ta in in g
3 .2  g iieOH and 0 .2 4  g EtOH.

Sumitomo C hem ical C o .L td .(1 9 8 4 )  c a r r ie d  o u t the m an u factu rin g  
o x y g e n -c o n ta in in g  hydrocarbons from carbon m onoxide and hydrogen  p r o c e ss  
w ith  improved s e l e c t i v i t y  fo r  MeOH and EtOH in  th e  p resen ce  o f a supp orted  
Group V III m eta l c a t a l y s t  c o n ta in in g  c o c a t a l y s t (ร) ch o sen  from a l k a l i  
m e ta ls  and T 1. For exam ple, 4 .0  g RhClyüH^C in  400 ml w ater was



10

s t i r r e d  w ith  35% HCl 5 .1 ,  K^co^ 6 .7 g ,  and "tf-A^O^ 3 8 .6  g fo r  1 h ou r, 
c o n e d .,  and d r ied  a t  120" fo r  5 h to  g iv e  a c a t a l y s t .  The c a t a l y s t  
(1 g) was reduced w ith  40 m l/m in  H fo r  6 h a t  2 2 0 ‘ c ,  p la ced  i n  an 
a u to c la v e  under N, p ressu red  w ith  1:1 CO-H to 40 kg/cm ^, and h ea ted  a t  
2 2 0 ‘ c  fo r  6 hours to g iv e  MeOH 0 .8 0 9 ,  EtOH 0 .0 7 1 ,  PrOH 0 .0 0 7 ,  BuOH tr a c e ,
0อ2 0 .0 6 1 ,  CĤ  0 .0 1 8 ,  and hydrocarbons 0.020  mmol/g c a t a l y s t  ; and 
s e l e c t i v i t y  fo r  0 -c o n ta in in g  hydrocarbons was .9 0 .0  %, compared w ith  
0 .0 7 1 ,  0 .0 1 4 ,  0 .0 0 5 ,  0 .0 0 2 ,  0 .0 0 5 ,  0 .2 4 8 ,  0 .2 5 6 ,  and 6 .9 ,  r e s p e c t iv e ly  
in  th e  p resen ce  o f  a s im ila r  c a t a l y s t  prepared w ith o u t K^co^ anc^

M itsu i P etro ch em ica l I n d u s t r ie s ,  L td . (1982) prep ared  a m ix tu re  
o f  compounds, m ain ly  MeOH from  CO and H in  th e  p r e sen ce  o f  a Cu compound 
(e x c e p t  o x id e ) ,  and a l k a l i  m eta l a lk o x id e ,  and o p t io n a l ly  o th e r  c o c a t a l y s t s .  
For exam ple, a u to c la v in g  1 mmol CuCl, 11 mmol NaOMe, and 10 ml THF under 
50-70  kg/cm^ p r e ssu r e  o f  3 : 7  (m olar) CO-H a t  8 0 ' c  fo r  9 h ours gave MeOH 
1 2 4 .5 , HCÔ Me 8 . 8 , and EtOH 0 .1  mmol, w h ile  no 0 -c o n ta in in g  compounds 
w ere o b ta in ed  in  th e  p r e sen ce  o f  NaOMe and o n ly  0 .2 6  mmol MeOH was 
o b ta in ed  in  the a b sen ce  o f CuCl.

M itsu i P e tro ch em ica l I n d u s t r ie s ,  L td . (1982) s tu d ie d  the  
p r e p a r a tio n  o f a lk a n e p o ly o le s  by h y d ro g en a tio n  o f  CO in  th e  p r e se n c e  
o f  Rh compounds and a l k a l i  io d id e .  The gram atom r a t i o  o f  the a l k a l i  
m eta l : Rh was 1:1 to  100 : 1 . A u to c la v in g  a m ix tu re  o f  Rh c c o)2

a c e ty la c e to n e  0 .3  nm ol, KI 3 .7  mmol (gram atom r a t io  o f  K:Rh = 12 : 1 3 ) ,  
s u lf o la n e  7 .5  m l, and a 1:1  m ix tu re  o f  CO and H (200 kg/cm ^) a t  240 " c  

and 300 kg/cm^ fo r  4 hours gave 0 .4 4  e th y le n e  g l y c o l / h r / g  Rh and
0 .5 8  g MeOH/hr/g Rh
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M i t s u i  P e tro c h e m ic a l I n d u s t r ie s ,  L t d .  (1982 ) s tu d ie d  th e

c a t a ly s t  sys te m  f o r  h y d ro g e n a t io n  o f  CO i n  th e  p r e p a r a t io n  o f  a lk a n e p o ly o ls .

The c a t a ly s t  sys tem  c o m p rise d  Rh com pounds, Ru compounds and 1 o r  mover

compounds s e le c te d  fro m  a l k a l i  m e ta l compounds, a l k a l i  e a r th  m e ta l

compounds, NHg, q u a te rn a ry  ammonium com pounds, and o rg a n ic  a m in e s . F o r

exam p le , a u to c la v in g  a m ix tu r e  o f  Rh(co) 2  a c e ty la c e to n e  78 mg, RUg(CO)^ 2

44 mg, K I  301 mg, s u l f o la n e  7 .5  m l and a 1 : 1 m ix tu re  o f  CO and R(200 

2
k g /c m  ) a t  240‘ c f o r  4 h o u rs  gave  3.85 mmol MeOK and 0.85 mmol e th y le n e  

g ly c o l  v s .  2)40 and 0.64 mmol, r e s p e c t iv e ly ,  w i th o u t  RUg(CO)^2 .

P o e ls  e t .  a l .  (1982 ) p re p a re d  c a ta ly s t s  w h ic h ,  com pared w i t h  

c a t a ly s t  c o n ta in in g  no Mg o r  La compound had h ig h e r  a c t i v i t y  and s e l e c t i v i t y  

to  MeOH i n  th e  p r e p a r a t io n  o f  MeOH fro m  s y n th e s is  g a s . S i l i c a  was im p re g n a te d  

w i t h  P d C l2 , M g (N 0 ^)2 , o r  L a ^ o 0 and re d u ce d  in  K a t  575K. S e v e ra l m ethod o f  

Pdn+ b y  a c e ty la c e to n e ,  s p e c t ro m e tr y ,  SEM, e t c . )  in d ic a te d  t h a t  Mg and 

La p rom oted  th e  fo r m a t io n  and s t a b i l i z a t i o n  o f  p o s i t iv e  c e n te rs  Pdn + , 

w h ic h  a r e _ e s s e n t ia l  f o r  th e  p r e p a r a t io n  o f  m e th a n o l fro m  s y n th e s is  g a s .

F a t to r e  e t .  a l .  (1983 ) p re p a re d  c a ta ly s t s  f o r  th e  p r e p a r a t io n  

o f  a lc o h o ls  fro m  H and CO, w h ic h  had th e  c o m p o s it io n  ZnCr^Cu^A^M^O^, 

w he re  A = a l k a l i  m e ta l,  M = o th e r  m e ta l,  a = 0 . 1 - 0 . 8 , b = 0 .0 0 5 -0 .0 5  ; 

c = 0 .0 0 2 - 0 .2 ,  d = 0 - 0 .1 ,  X as r e q u ir e d .  F o r in s ta n c e ,  a m ix tu re  

c o n ta in in g  66-69% H and 30-33% CO was passed o ve r a c a t a l y s t  o f  c o m p o s it io n  

ZnCr^ 2Cu0 027^0 0 2 ^ x  a t  398-404 'C /9 0 0  kPa to  g iv e  a p ro d u c t  c o n ta in in g

5 7 .7  MeOH, 1 .9  Eton, 1 .5  PrOH, 18 .1  Me2CHCH20H, and 2 1 .5  wt% C5+  a lc o h o ls .

L i s i t s y n  e t .  a l .  (1983 ) d e s c r ib e d  c a ta ly s t s  f o r  p r e p a r a t io n  o f  

a lc o h o ls  by  h y d ro g e n a t io n  o f  CO. The c a t a ly s t s  co m p rise d  a Co2 (C 0)g
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o r  UFeCo^(Cû) ^2 a p p lie d  to  s i l i c a  g e l s u p p o r ts ,  s u r fa c e  o f  w h ic h  was 

m o d if ie d  w i th  T i  o r  Z r h y d r id e s .  The c a ta ly s t s  w ere  p re p a re d  by  

d e p o s i t in g  T i  o f  Z r te t r a b e n z ÿ l  com p lex  on  s i l i c a  g e l ,  f o l lo w e d  b y  

d e c o m p o s it io n  o f  com plexes i n  แ 2 a t  4 3 0 "K, c h e m is o rp t io n  o f  Co c a rb o n y ls ,  

and c a lc in a t io n  a t  530 K . The c a ta ly s t s  p ro v id e d  5-30% y i e l d  o f  MeOH 

and EtOH.

Dombek e t .  a l  (1983 ) p re p a re d  a lc o h o ls ,  e s p e c ia l ly  KOCH^CH^OH and 

HeOH fro m  CO-H b y  homogeneous c a t a ly s is  u s in g  s o lu b i l i z e d  Ru c a rb o n y ls  

and Rh c a rb o n y ls  p rom oted  b y  a l k a l i  m e ta l h a l id e s  o r  a c e ta te s .  F o r 

in s ta n c e ,  CO-H was added to  75 m l N -m e th y lp y r r o l id in o n e  c o n ta in in g  

N a l 18, Ru^(CO) 2 6 , and Rh(C0)p 3 mmol a t  2 3 0 ’ C /8 6 2 .5  b a r  and HOCH2CH2OH 

and HeOH w ere  o b ta in e d  a t  r a te s  o f  2 .8 9  and 3 .4 5  m o l / l / h ,  r e s p e c t iv e ly .

Agency o f  I n d u s t r i a l  S c ie n ce s  and T e ch n o lo g y  (1983 ) p re p a re d  

a lk a n e d io ls  b y  r e a c t io n  o f  CO w i t h  H i n  th e  p re se n ce  o f  c a ta ly s t s  

c o m p r is in g  Ru compounds, a m in e s , and h a l id e s .  A m ix tu re  o f  0.-3 m g-atom  

Ru (C0 ) ^ 2 > 3*3 mmol C s l,  1 .5  mmol im id a z o le ,  and 200 k g /c m ^  1 :1  IT CO-H 

i n  s u l f o la n e  was a u to c la v e d  f o r  4 h o u rs  a t  2 0 0 ' c  to  g iv e  0 .7 8  mmol 

(CH20H) 2 and 2 .6 3  mmol MeOH.

Dombek (1983 ) c o n v e r te d  CO and H in t o  MeOH, HOCH2CH2OH, and 

EtOH u s in g  h a lid e -p ro m o te d  Ru c a t a ly s t s  i n  o rg a n ic  s o lv e n ts .  Io d in e  

s a l t s  w ere  e x c e p t io n a l ly  good p ro m o te rs  f o r  t h i s  sys te m . S p e c tro s c o p ic  

and r e a c t io n  s tu d ie s  showed th a t  2 Ru co m p le xe s , HRu^CCO) ^ ^ - and R u C C O )^^ -  

w ere  p re s e n t d u r in g  c a t a ly s is  and w e re  e s s e n t ia l  f o r  op tim um  a c t i v i t y .

The ro le s  o f  these complexes in  c a ta ly s is  were a ls o  d is c u s s e d .
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V id a l  (1982 ) fo u n d  th a t  r e a c t io n  o f  R h (c o )2 (CH(C0M e)) 3 .1 3 0 4  g 

w i t h  CsOBz 0 .7 0 9 6  g i n  1 8 -c ro w n -6  (L )  gave th e  (C s L )+  s a l t  o f  (Rh2 2 (C0 ) 35^x^ 

( I  ; X = 0 -1 0 ,  ท = 0 -5  e t c . ) .  I  was used as a c a t a ly s t  f o r  th e  p r e p a r a t io n  

o f  a lc o h o ls  such as MeOH and HOCH2CH2OH ^ r ๐m CO anc  ̂ H.

B u rm a s te r and C a r te r  (1983) fo u n d  t h a t  h o l l o w - f i b e r  s e p a ra to rs  

(PRISM) p ro v id e d  s te a d y  re c o v e ry  o f  ~60% H and ~ 50% CO^ fro m  MeOH 

s y n th e s is r lo o p  p u rg e  s tre a m . T h is  in c re a s e d  th e  o u tp u t  b y  2 .6 -3 ,9 %  and 

re d u ce d  r e l a t i v e  c o s t  o f  n a tu r a l  gas fro m  9 1 .3  to  69.8% o f  th e  t o t a l  

c o s t  o f  o p e r a t io n  when an 8- s e p a r a to r  s k id  was used a t  600 p s i  d i f f e r e n t i a l  

p re s s u re .  The c o n s t r u c t io n  o f  s e p a ra to rs  was d e s c r ib e d ,  and s e p a ra to r  

sys tem  f lo w  d iag ram s and g e n e ra l iz e d  m a te r ia l  b a la n c e  w ere  g iv e n .

2 .1 .3  S u rve y  on M e th a n o l D e c o m p o s it io n

P er K . F r o l ic h  e t  a l .  (1928 ) s tu d ie d  th e  c a t a l y t i c  

d e c o m p o s it io n  o f  m e th a n o l a t  3 6 0 ’ c and t o t a l  p re s s u re  o f  1 a tm  o v e r  a 

m ix tu r e  o f  z in c  and coppe r o x id e s  i n  v a r io u s  p r o p o r t io n .  They fo u n d  

t h a t  maximum d e c o m p o s it io n  o f  m e th a n o l and maximum fo r m a t io n  o f  c a rb o n  

m onoxide  o c cu re d  when th e  z in c  o x id e  was p re s e n t  i n  e x c e s s .

M .R . F e n s k i and P e r K . F r o l i c h  (1 9 2 9 ) s tu d ie d  th e  

p r o p e r t ie s  o f  th e  c a t a ly s t  composed o f  c o p p e r , z in c ,  and chrom ium  i n  

th e  m o la l r a t i o  o f  49 ะ 43 ะ 8 . They showed t h a t  t h is  te r n a r y  m ix tu re  

possessed  c o n s id e ra b ly  h ig h e r  a c t i v i t y  f o r  b o th  th e  d e c o m p o s it io n  and 

s y n th e s is  o f  m e th a n o l th a n  any  o f  th e  b in a r y  C u -Z n  and C r-Z n  sys te m s .

The te r n a r y  c a t a ly s t  was a c t iv e  a t  lo w  te m p e ra tu re ,  gave h ig h  c o n v e rs io n ,  

and s to o d  up w e l l  i n  m e th a n o l s y n th e s is .  I n  th e  d e c o m p o s it io n  e x p e r im e n ts  

th e re  was a te n d e n cy  f o r  th e  c a t a ly s t  to  d e t e r io r a t e  w i t h  t im e , b u t  i t s  

a c t i v i t y  m ig h t be re s to re d  b y  o x id a t io n  and s u b s e q u e n t r e d u c t io n .
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R o b e rt Nussbaum, J r . ,  and P e r K . F r o l i c h  (1 931 ) fo u n d  t h a t  a 

te n d e n cy  to w a rd  a g r e a te r  c a t a l y t i c  a c t i v i t y  was in d ic a te d  when th e  

t im e  o f  r e d u c t io n  was s h o r te n e d . When added to  th e  m e th a n o l v a p o r ,  

oxygen  was fo u n d  to  s t im u la te  th e  c a p a c ity  o f  th e  c a t a l y s t  f o r  

decom posing m e th a n o l.

Y oon, (1981) p re p a re d  Ii and CO fro m  m e th a n o l b y  p la c in g  m e th a n o l 

v a p o r i n  c o n ta c t  w i t h  a c a t a ly s t  a t  2 5 0 -9 0 0 ‘ F , 0 .1 -5 0  a tm  a b s o lu te ,  f o r  a 

c o n ta c t  t im e  o f  0 .1 -1 0 0  s e c . C a ta ly s t  f o r  th e  o n -b o a rd  r e fo rm in g  o f  

m etha .no l co m p rise d  Mn, Cu, and C r . A t  450, 500 , and 5 5 0 ‘ F , o v e r  50% 

d is s o c ia t io n  o f  m e th a n o l was o b ta in e d  w i t h  th e  C u-C r-M n c a t a l y s t ,  r a t h e r  

th a n  w i t h  th e  known Cu-An c a t a ly s t

2 .1 .4  Survey on Mechanism o f  MeOH S y n th e s is .

Susumu and Tadao (1967 ) s tu d ie d  th e  r e l a t i v e  r e a c t i v i t y  

o f  a d so rbed  s p e c ie s  d u r in g  MeOH s y n th e s is  on a re d u ce d  Zn Ï  C r ะ Cu 

(1 .0  ะ 0 .4 9  ะ 0 .1 6 )  c a t a l y s t .  A b ru p t changes i n  th e  a m b ie n t p re s s u re  

o f  com ponent i n  gas phase w ere  c o r r e la te d  w i t h  th e  c o r re s p o n d in g  

changes i n  th e  amounts o f  th e  a d s o r p t io n  and i n  th e  t o t a l  a m b ie n t 

p re s s u re .  The r e s u l t s  in d ic a te d  t h a t  th e  s p e c ie s  a d s o r p t io n  on th e  c a t a ly s t  

s u r fa c e  in  a n e a r ly  e q u i l ib r a t e d  s y s te m . The s im u lta n e o u s  a d s o r p t io n  

o f  and CO was m o s t ly  th e  s u r fa c e  in te r m e d ia te  com p lex  MeO. The 

r e s u l t s  w ere  c o n s is te n t  w i t h  th e  mechanism  p r e v io u s ly  p ro p o s e d .

Im y a n ito v  e t .  a lo  (1970 ) fo u n d  t h a t  MeOH was p re p a re d  . 

fro m  CO and H^ i n  th e  p re se n ce  o f  c ^  o r  h ig h e r  a lk o x id e s  w i t h  a l k y l  

fo rm a te s  as in te rm e d ia te  p ro d u c ts .  CO m u tu a l i n t e r a c t i o n  was o b s e rv e d .

The r e s u l t s  e x p la in e d  i n  term s o f d isp la ce m e n t e f f e c t  as w e l l  as 

enhancement e f f e c t  th a t  to o k  p la ce  i n  a c e r ta in  re g io n  o f  p a r t i a l  

p re s s u re . A d s o rp tio n  measurement d u r in g  the d e c o m p o s itio n  r e a c t io n



15

su g g e s te d  t h a t  i n  th e  i n i t i a l  s t a t e  th e  a d s o r p t io n  s p e c ie s  w ere  m o s t ly  

th e  a d so rbed  MeOH and t h a t  th e  d e c o m p o s it io n  s te p  o f  MeOH was th e  r a te  

d e te rm in in g  s te p  o f  th e  o v e r a l l  r e a c t io n .  The m echanism  o f  MeOH 

s y n th e s is  o v e r Z in c -O x id e  p ro b a b le  p roceeds  i n  a s im i la r  way as on 

th e  3-com ponent c a t a ly s t  p r e v io u s ly  u se d .

Davydov e t .  a l .  (1 9 8 3 ) fo u n d  t h a t  th e  h y d ro g e n a t io n  o f  CO on  P t /  

A ^ O ^  c a t a ly s t  a t  200-500'C gave CH^, w h i le  a t  te m p e ra tu re  b e lo w  200*c 

MeOIl was fo rm e d . The m echanism  o f  CO h y d ro g e n a t io n  in v o lv e d  i t s  

a d s o r p t io n ,  fo r m a t io n  o f  " s u r fa c e  c a r b o n y l" ,  and h y d ro g e n a t io n  o f  th e  

im m o b il iz e d  CO. IR  s p e t r o s c o p ic  e v id e n c e  was p re s e n te d  i n  s u p p o r t  o f  

t h is  m achanism .

D 'A m ico  e t .  a l  (1983 ) s tu d ie d  th e  i n t e r a c t i o n  o f  CO w i t h  th e  

( lo lo ) ZnO s u r fa c e  b y  h ig h  r e s o lu t io n  e le c t r o n  e n e rg y  lo s s  s p e c tro s c o p y  

(HREELS). The r e s u l t s  re p re s e n te d  a s u c c e s s fu l e f f o r t  to  use HREELS 

to  m easure th e  v i b r a t i o n  o f  CO on any s in g le  c r y s t a l  m e ta l o x id e  s u r fa c e  

and s e rv e d  as a com plem ent to  e a r l i e r  p h o to e le c t r o n  s p e c t ro s c o p ic  

s tu d ie s  o f  th e  CO/ZnO s y s te m . O b s e rv a t io n  o f  th e  i n t r a l i g a n d  C -0 

s t r e t c h in g  mode (273 meV, 2202 cm ^) and i t s  1 s t  o v e r to n e  (539 meV,

4348 cm- '*’) v e r i f i e d  t h a t  th e  CO m o le c u le  a d so rb e d  a t  lo w  co ve ra g e  

u n d e r u lt r a h ig h -v a c u u m  c o n d i t io n  on  ( 1 0 1 0 ) was in d e e d  th e  same h ig h  

fre q u e n c y  CO o b s e rv e d  on ZnO p o w d e rs . I n  a d d i t io n ,  o b s e r v a t io n  o f  th e  

Zn-C m e ta l- l ig a n d  s t r e t c h  (31  meV, 250 cm ^ )  e n a b le d  a p p l i c a t io n  o f  a 

n o rm a l mode o f  c a lc u la t io n  w h ic h  in d ic a te d  t h a t  th e  m a jo r i t y  o f  th e  

in c re a s e d  CO s t r e c h in g  f re q u e n c y  was due to  an  in c re a s e  i n  th e  CO fo r c e  

c o n s ta n t  and n o t j u s t  due o f  m e c h a n ic a l c o u p lin g  to  th e  s u r fa c e .  These 

r e s u l t s  w ere d is c u s s e d  i n  l i g h t  o f  th e  m echanism  o f  MeOH s y n th e s is

on  ZnO.

0 0 8 7 2 5



2 .2  B as ic  Knowledge o f  M ethanol

M e th a n o l i s  a c le a n  s y n th e t ic  f u e l  and c h e m ic a l fe e d s to c k  th a t  

can be made fro m  a w id e  v a r ie t y  o f  .m a te r ia l  and e n e rg y  s o u rc e s  and 

a p p lie d  to  an e q u a l ly  w id e  v a r ie t y  o f  u s e s . A num ber o f  f a c to r s  

have converged  in  th e  la s t  few  y e a rs  to  p ro p e l m e th a n o l to  th e  f o r e ­

f r o n t  o f  th e  d is c u s s e io n  on s y n th e t ic  f u e ls .  The e n e rg y  "  c r i s i s  "  

o f  r a p id ly  d e p le t in g  p e tro le u m  re s o u rc e s  was b ro u g h t in t o  v i v i d  

fo c u s  by  th e  OPEC c a r t e l ' s  embargo o f  1973. E n v iro n m e n ta l c o n s i­

d e ra t io n s  have p la y e d  a n o th e r  s i g n i f i c a n t  p a r t ,  p a r t i c u l a r l y  in  

th e  d i f f i c u l t i e s  o f  re d u c in g  a u to m o tiv e  and pow er p la n t  e m is s io n s , 

a g a in s t  w h ic h  th e  c o m p a ra tiv e  c le a n l in e s s  o f  m e th a n o l was p a r t i c u ­

l a r l y  s t r i k i n g .  E co n o m ica l fa c to r s  a re  a ls o  o f  im p o r ta n c e , w i t h  

m e th a n o l p r o v id in g  more e f f i c i e n t  co m b u s tio n  and m ile a g e , and 

co m pe ting  w i t h  g a s o lin e  and o th e r  s y n th e t ic  f u e ls  i n  p r e d ic te d  

c o s ts  and c o n v e rs io n  e f f i c ie n c y .

2 .2 .1  Uses

A bou t 40% o f  th e  s y n th e t ic  m e th a n o l p ro d u ce d  to d a y  i s  

used f o r  th e  p ro d u c t io n  o f  fo rm a ld e h y d e  s o lu t io n s  in c lu d in g  th e  

m e th a n o l- in h ib i te d  ( s t a b i l i z e d )  g ra d e s . T h is  use  i s  e xp e c te d  to

c o n t in u e  to  g row . Form a ldehyde  p ro d u c t io n  ( 86%. fro m  s y n th e t ic  

m e th a n o l and 14% fro m  h y d ro c a rb o n  o x id a t io n  p ro c e s s e s  as b y ­

p ro d u c t)  i s  consumed f o r  a p p ro x  50% in  r e s in s  ( p h e n o l ic  , 

u re a ,  m e la m in e , and a c e t a l ) ,  10% in  u re a - fo rm a ld e h y d e  l i q u i d  con­

c e n t r a te s ,  30% in  s p e c ia l t y  c h e m ic a l m a n u fa c tu re ,  and 19% m is c e l la ­

neous u s e s . The n e v e r a c e ta l  r e s in s ,  C e lco n  (C e la n e s  C o rp . o f



A m erica ) and D e lr in  ( E . l .  du P on t de Nemours & C o .,  I n c . ) ,  consumed 

12 m i l l i o n  g a l o f  fo rm a ld e h y d e  monomer in  1965, and a re  c o n t in u in g  

to  expand in t o  new uses and to  s u p p la n t o ld e r  r e s in s  and m e ta ls  in  

e x is t in g  uses .(พ .H . ,  1967)

The m e th a n o l a n t i f r e e z e  m a rk e t grew s t e a d i l y  (e x c e p t f o r  

th e  W o rld  War I I  y e a rs )  to  a h ig h  o f  40 m i l l i o n  g a l i n  1954 and ■ 

t h e r e a f t e r  d e c lin e d  s t e a d i ly  to  a b o u t 8 m i l l i o n  g a l in  1965, b e in g  

s u p p la n te d  by  th e  h ig h e r - b o i l in g  a lc o h o ls ,  p r i n c i p a l l y  e th y le n e  

g ly c o l .

The use o f  m e th a n o l in  th e  s y n th e s is  o f  m e th a c r y la te s ,  me- 

th y la m in e s , d im e th y l te r e p h th a la te ,  m e th y l h a l id e s ,  e th y le n e  g ly ­

c o l ,  and o th e r  c h e m ic a ls  has grown m ore r a p id l y  s in c e  1960 th a n  

o th e r  u s e s .

Use o f  m e th a n o l as an a n t id e to n a n t  f u e l - i n j e c t i o n  f l u i d  i s  

d e c l in in g  f o r  a i r c r a f t  r e c ip r o c a t in g  and j e t  e n g in e s , as w e l l  as 

f o r  augmented t h r u s t  in  tu r b in e  e n g in e s . A m in o r  amount i s  used 

as th e  p r in c ip a l  f u e l  in  m o d if ie d  e n g in e s  f o r  r a c in g  c a rs  and b o a ts  

and in  m in ia tu r e  pow er p la n ts  f o r  m o d e ls .

S o lv e n t use  o f  m e th a n o l has in c re a s e d  b u t  g ro w th  o f  t h i s  

use  i s  e xp e c te d  to  ta p e r  o f f .  I t  i s  used d i r e c t l y  as a s o lv e n t  

f o r  in k s ,  d y e s , c e r t a in  r e s in s  and cem en ts , and th e  m a n u fa c tu re  

o f  wood and m e ta l f i n i s h e s ,  w a te r  p r o o f in g  f o r m u la t io n s ,  and co a te d  

f a b r i c s .  I t  i s  a ls o  w id e ly  used as an e x t r a c ta n t  i n  i n d u s t r i a l  

c h e m ic a l p ro c e s s e s  such as r e f i n in g  g a s o lin e  and h e a t in g  o i l s  dewax 

in g  dammar gum, and p u r i f y in g  horm ones and s t e r o id s .  I t  i s  a ls o  

em ployed in  numerous c le a n in g  o p e ra t io n s  such as w a sh in g  s te e l  

s u r fa c e s  p r i o r  to  c o a t in g ,  c le a n in g  r e s in  s h e e ts  b e fo re  f u r t h e r  

p ro c e s s in g ,  and in  s p e c ia l  p re p a ra t io n s  f o r  c le a n in g  le a th e r  and



O ver th e  p a s t  f i f t e e n  y e a rs  p a te n ts  and p u b l ic a t io n s  have 

been is s u e d  f o r  many new o r  im p ro ve d  d i r e c t  uses o f  m e th a n o l.

Among th e s e  a re  f u e l  a n t i - i c e r ;  f u e l  c e l l  com ponent ; f u e l  a d d i t iv e  

f o r  r o c k e t ,  j e t ,  and co m b u s tio n  e n g in e ; p u r i f i c a t i o n  o f  c o a l , 

c o a l t a r ,  and gaseous and l i q u i d  h y d ro c a rb o n s ; in  p la s t i c s  f o r  

c a t a ly s t  re m o v a l, s e p a ra t io n ,  and te lo g e n a t io n ; i n  m e ta l lu r g y  f o r  

c a r b u r iz a t io n  and c e m e n ta tio n  a tm o sp h e re s ; as a seed d i s in g f e c t a n t ; 

a h y d r a u l ic  cement r e t a r d e r ;  and a le a c h in g  a g e n t f o r  u ra n iu m  o re .  

C o u n tle s s  o th e r  p a te n ts  have been is s u e d  d u r in g  th e  same p e r io d  

c o v e r in g  m e th a n o l d e r iv a t iv e s  u s e fu l  i n  a b ro a d  sp e c tru m  o f  in d u s ­

t r y .

O v e ra l l  a s te a d y  and s u b s t a n t ia l  in c re a s e  in  m e th a n o l con­

su m p tio n  seems re a s o n a b ly  a s s u re d .

So th ro u g h ' th e  y e a rs  m e th a n o l's  p ro d u c t io n  has been r i s i n g  

a t  a r a p id  r a te  o f  a b o u t 10% p e r  annum as i t  has become an in c re a s ­

in g ly  im p o r ta n t  c h e m ic a l.  (se e  E ig  2 .1 )

2 .2 .2  M ethods o f  P ro d u c t io n

N a tu ra l M ethods ะ E x t r a c t io n  -  M e th a n o l can be sepa­

ra te d  o r  e x t ra c te d  fro m  a v a r ie t y  of n a tu r a l  p la n ts  (j.P.1978 ) . 

M e th a n o l o b ta in e d  d u r in g  th e  d e s t r u c t iv e  d i s t i l l a t i o n  o f  wood was 

th e  o n ly  co m m e rc ia l s o u rc e  u n t i l  th e  in t r o d u c t io n  o f  th e  s y n th e t ic  

p ro c e s s  in  1927. H ardw oods, such as b i r c h  o r  o a k , th e r m a l ly  decom­

pose when th e y  a re  h e a te d  in  th e  absence o f  a i r  to  te m p e ra tu re s  o f  

160° to  430°c, fo rm in g  c h a rc o a l,  wood t a r ,  n o n c o n d e n s ib le  g a se s , 

and a w a te ry  d i s t i l l a t e  known as p y ro l ig n e o u s  a c id .  M e th a n o l , 

a c e t ic  a c id  and a c e to n e  can be e x t r a c te d  o r  d i s t i l l e d  fro m  t h i s

g la s s  as w e l l  as a f lu s in g  f l u i d  in  h y d r a u lic  b rade  system s.
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F ig u re  2.1 H is t o r i c  P ro d u c t io n  o f  M e th a n o l (J.P., 1978)
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pyroligneous acid . The product i s  a rath er crude so lv e n t w ith many 
im p u rities and an o ffe n s iv e  odor. The y ie ld  i s  rather sm a ll, with  
hardwoods g iv in g  only 1 to 2% methanol or 6 g a l /to n  and softwoods 
only h a lf  o f th at.

Fermentation : Methanol i s  found in  p la n ts  and anim als,
and b a c ter ia  e x is t  which can consume m ethanol. Thus i t  i s  co n ce i­
vable th at b a c ter ia  e x is t  which could decompose the more complex 
natural organic m a teria ls  down to methanol in  a fa sh io n  analogous 
to  the ferm entation  o f carbohydrates to  e th a n o l. However, no 
such p rocesses are b eing used or apparently  even know at p resen t. 
This could p o te n t ia l ly  provide a convenient method of production  
for labor in te n s iv e  areas o f the world i f  s u ita b le  b a c te r ia  could  
be found or g e n e t ic a l ly  engineered (J .p . 1978)

S a p o n ifica tio n  of Methyl C hloride ะ M anufacture o f metha­
n ol from methane by way of methyl ch lo r id e  i s  worthy of n ote be­
cause i t  c o n stitu te d  the f i r s t  su c c e s s fu l sy n th e s is  o f the compound.

C hlorination  o f methane may be carr ied  out using  e ith e r  
ch lorin e  or hydrogen ch lorid e  and oxygen (a ir )  , and has been the  
su b ject o f numerous p aten ts which cover c a t a ly s t s  and operatin g  
c o n d itio n s . Other ch lo r in a tio n  products are formed, and have to  
be sep arated . The r e su lt in g  methyl ch lo r id e  i s  sa p o n if ie d , for  
example, w ith  c a u stic  soda. The method never has a tta in ed  commer­
c ia l  s ig n if ic a n c e ;  in  f a c t ,  most o f th e m ethyl ch lo r id e  today i s  
produced from m ethanol, in stea d  of being used to  manufacture the 
la t t e r  (J .p . 1978) .

Low -P ressure  H yd ro ge n a tio n  o f  Carbon M onoxide ะ E xperim en ts

have been c a r r ie d  o u t f o r  th e  purpose o f  s y n th e s iz in g  m ethano l from

carbon monoxide and hydrogen a t  low  p re s s u re s  and te m p e ra tu re s .
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O r ig in a l l y  co n d u c te d  as a tw o -s ta g e  m ethod , th e  p ro c e s s  c c a p r is e d  

a c t io n  o f  ca rbon  m onoxide  on a m e th a n o lic  sod ium  m e th o x id e  s o lu ­

t io n  (p re p a re d  by d is s o lv in g  sod ium  m e ta l in  m e th a n o l)  to  y ie ld  

m e th y l fo rm a te ;  c o n v e rs io n  o f  m e th y l fo rm a te  to  m e th a n o l b y  h y d ro ­

g e n a tio n  in  th e  p re se n ce  o f  a c a ta ly s t  made u p , f o r  in s ta n c e ,  o f  

c o p p e r, chrom ium , and b a r iu m  o x id e .  The p ro c e s s  may be re p re s e n ­

te d  by th e  f o l lo w in g  e q u a tio n s  : ( J . p .  1978)

H3C0H + CO 

HC00CH3 + 2H2

80°c KC00CH-30 atm  3

3- -8 ° » c 2CH30H

(2 .1 )

(2 .2 )

CO + 2H2 --------- — CH30H (2 .3 )

The o v e r a l l  p ro c e s s  may be c a r r ie d  o u t b a tc h w is e  o r  c o n t i ­

n u o u s ly . I n  1945 a p i l o t  p la n t  was e re c te d .  I n  1954 a tw o -s ta g e  

c o n t in u o u s  r e c y c le  p ro c e s s  was p a te n te d .  The r e a c t io n  o f  ca rb o n  

m onoxide  and h yd ro g e n  i s  c a r r ie d  o u t in  th e  l i q u i d  p h a se , f o r  

exam p le , i n  a m e th a n o lic  s o lu t io n  o f  sod ium  m e th o x id e , and th e  

p r o d u c t ,  m e th y l fo rm a te ,  i s  s e n t to  a second h y d ro g e n a t io n  s ta g e  

w here  co p p e r c h ro m ite  i s  s ta te d  to  be th e  p r e fe r r e d  c a t a l y s t ;  th e  

s p e c i f ie d  p re s s u re  i s  20-60 atm  and th e  te m p e ra tu re  b e lo w  200°c , 

p r e fe r a b le  be tw een 100 and 170°c.

M ethane O x id a t io n  by  S u l f u r  T r io x id e  ะ Some p a te n ts  is s u e d  

in  1948 co ve re d  th e  c a ta ly z e d  r e a c t io n  o f  m ethane and s u l f u r  t r i ­

o x id e  in  l i q u i d  s u l f u r i c  a c id  a t  te m p e ra tu re s  o f  100-450°c and 

p re s s u re s  up to  a b o u t 1000 p s i  to  g iv e  o xyg e n a te d  and s u lfo n a te d  

d e r iv a t iv e s  o f  m e thane, in c lu d in g  some m e th a n o l(พ • แ . ,1967)



22

H y d ro ly s is  o f  M e th y la l ะ V apo r phase c o n t in u o u s  h y d r o ly ­

s is  o f  m e th y la l o ve r a p h o s p h o r ic  a c id  t r e a te d  c h a rc o a l c a t a ly s t  

a t  190-285°c was p a te n te d  by  Newcombe. F a i r l y  p u re  m e th a n o l and 

USP g rade  fo rm a ld e h yd e  w ere o b ta in e d  w i t h  98% h y d r o ly s is  

(W .H ., 1967).

H y d ra t io n  o f  D im e th y l E th e r  : In  1964 F r e i d l i n  and M a t-

y u s h e n s k i i  w ere  g ra n te d  a p a te n t  by  th e  บ . S .S .R  on th e  c a t a l y t i c  

h y d r a t io n  o f  d im e th y l e th e r  o v e r n a t u r a l  c la y s  c o n ta in in g  m ixed  

m e ta l o x id e s .  K ru g lo v  e t  a l .  a ls o  s tu d ie d  th e  r e a c t io n  o v e r  

a lu m in a  a t  280-460°C.(W .Ho, 1967),

S y n th e t ic  M ethods ะ From S y n th e s is  G as- I n  1905, th e  

F rench  c h e m is t P a u l S a b a t ie r  su g g e s te d  th a t  m e th a n o l m ig h t be syn ­

th e s iz e d  by  h y d ro g e n a tin g  c a rb o n  m o n o x id e . M. P a ta r t  a d a p te d  th e  

Haber p ro c e s s  to  s y n th e s iz e  m e th a n o l fro m  c a rb o n  m onox ide  and 

h y d ro g e n , and p a te n te d  th e  p ro c e s s  in  1921 o v e r  a te m p e ra tu re  

ra n g e  o f  300° to  600°c w ith  a p re s s u re  o f  150 to  200 a tm . The 

B a d isch e  Company s e t  up th e  f i r s t  co m m e rc ia l s y n th e t ic  m e th e t ic  

m e th a n o l p la n t  a t  Leunaw erke , Germany in  1923 c o ve re d  b y  a v e r y  

b ro a d  p a te n t .  They began e x p o r t in g  m e th a n o l to  th e  บ .ร .  i n  Feb­

r u a ry  1924 a t  a c o s t  o f  o n ly  tw o - th i r d s  th e  e x is t in g  w o o d -d e r iv e d  

m e th a n o l c o s t .

M ost m e th a n o l c o m m e rc ia lly  m a n u fa c tu re d  to d a y  i s  made by  

p a s s in g  a s y n th e s is  gas c o n ta in in g  h y d ro g e n  and ca rb o n  m onox ide  

o r  ca rbon  d io x id e  o v e r  a c a ta ly s t  u n d e r p re s s u re  and a t  e le ­

v a te d  te m p e ra tu re s .  (See e q u a tio n s  1,2 o f  T a b le  2 .1 ) .  Chromium 

and z in c  o r  co p p e r o x id e s  a re  used as c a ta ly s t s  w i t h  p re s s u re s  

and te m p e ra tu re s  ra n g in g  fro m  50 to  350 atm and up to  400°c depen­

d in g  on th e  c a t a ly s t s  and s y n th e s is  gas m ix tu r e .  The s y n th e s is
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gas has u s u a l ly  been fo rm ed by g a s i f y in g  f o s s i l  f u e ls .  T h is  m ust 

be purged o f  a l l  s u l f u r  compounds to  p r o te c t  th e  s y n th e s is  c a t a ly s t  

The s y n th e s is  gas i s  th e n  re a c te d  w i t h  steam  in  th e  w a te r -g a s  s h i f t  

r e a c t io n  to  s h i f t  th e  r a t i o  o f  th e  gases c lo s e r  to  th e  s to ic h io m e ­

t r i c  r a t i o  o f  2 :1  o r  3 :1 .

T a b le  2 .1  R e a c tio n s  and S ta n d a rd  f r e e  E n e rg ie s  R e le v a n t to  

M e th a n o l S y n th e s is

R e a c t io n  G° (T =๐]ท ,k J /m o l

1. 2H2 + CO - T -  ๓ 3OH (g ) - 1 0 5 .0 + 0.238T

2 . 3H2 +  ๓ 2 - ๓ 3 OH (g )  +  H20 (g ) - 6 4 .9 + ป ี. 0200T

3. ๓ 4 +  รป ี3 — ๓ 3OH +  S02 - 3 8 .9 + ป ี. 122T

4 .  ๓ 4 +  h o  2 —  ๓ 3 OH (g ) . - 1 3 3 .5 + ป ี. 561T

5 . CO +  ๓ 3OH - — —  HC00CH3 +  H2 ------— 2 ๓ 3OH —

6 . "CH2"  +  H20 — —  ๓ 30H(g) - 4 2 .3 + ป ี. 004T

7. c +  H20 (g ) — —  CO + h 2 + 133 .9 - ป ี. 141T

8 . c +  J50 — * -  CO + 110 .5 - ป ี. 089T

9. ๓ 4 +  H20 (g )  - — CO +  3H2 + 215 .9 - ป ี. 234T

10. ๓ 4 +  h o 2 — —  C0 +  2H2 - 2 8 . 5 - ป ี. 182T

11. " ๓ 2"  +  h 20 - -----— C0 +  2H 2 + 1 47 .3 - ป ี. 234T

12. Coal +  ปี2 , ท2ปี - —  CO, h 2 ——

13. Wood +  02 ,H 20 - — CO, h 2 ——

14.  CO + H20 —  C02 + H 2 4 0 .2 + ป ี. 037T

The m ain s y n th e s is  r e a c t io n s  and some a l t e r n a t e  s y n th e s is  r e a c t io n s  

th a t  have been p roposed  aire g iv e n  i n  T a b le  2 .1 .  A l in e a r iz e d  f i t  o f  

th e  s ta n d a rd  f r e e  e n e rg ie s  o f  fo r m a t io n  and c o m b u s tio n  o f  im p o r ta n t  

s p e c ie s  in  th e  s y n th e s is  and g a s i f i c a t io n  r e a c t io n s  a re  sum m arized

i n  T a b le  2 „2 .



Table 2.2 Standard Free Energies of Formation and Com­

b u s t i o n  o f  S p e c i e s  I m p o r t a n t  i n  M e th a n o l  Manu­

f a c t u r e

Substance G°(T)(a) 
kJ mol ^

G°(T)(b) (c) (d) 
^  mo 1 ^

1. CHjOH(g) -215 + 0.149T -668 - 0.045T
2. CH 0H(1) -251 + 0.252T -633 - 0.149T
3. H20(g) -244 + 0.052T 0
4. H20น) -285 + .160T 0
5. H2 0 -244 + 0.052T
6. C02 -395 + 0.0T 0
ๆ. CO -110 + 0.089T -285 + 0.089T
8. c 0 -395 + 0.0T
9. CH,

(c)
-820 + .093T -801 + 0.011T

10. "CH2"
(d)"Coal"

-13 + 0.093T -628 + 0.041T
11 -31 -246
12. "Wood" (e) -48 -148

conversion Factor; 1 :al - 4.1840J

(a) The s ta n d a rd  f r e e  energy of  f o rm a t io n  from the  e le m en ts .
Reed ( J . ? . ,1 9 .* 8 )  f i t  the  a v a i l a b l e  d a ta  to  a l i n e a r  equa­
t i o n  from !G = AH- TAS ove r  th e  range  300 to  1200°K, so 
t h a t  the  two c o n s t a n t s  in  each e q u a t i o n  a re  th e  e f f e c t i v e  
vaues o f  AH° and -  AS° ove r  t h i s  r a n g e .  E s t im a te d  a c c u r a ­
cy ,  + 2 k J .

(b) This  i s  the  low f r e e  energy o f  combus tion  of  co^ and H^OCg) 
(analogous t o  th e  low h e a t i n g  v a lu e  f o r  th e  f u e l ,  LHV) .
The h igh  f r e e  energy o f  combus tion  to  0อ2 + H^OCl) i s  c a l ­
c u la t e d  by adding - 9 .7  + 0 .026  T k J  p e r  mol o f  w a te r  in  
the  combustion p r o d u c t s .

(c )  The l i m i t i n g  v a lu e  f o r  p a r a f f i n i c  h y d ro c a rb o n s ,  f*n^2n+2’ 
a t  h igh  ท.

(d) These a r e  n a t u r a l  s u b s ta n c e s  w i th  v a r y in g  p r o p e r t i e s ;  th e  
v a lu e s  o f  AH° and AH° g iv en  h e r e  a r e  f o r  th e  C l i f t y  Creek 
No.6 h i g h - v o l a t i l e  b i tu m in o u s  c o a l  whose m o le c u la r  formula  
c a l c u l a t e d  from the  u l t i m a t e  a n a l y s i s  i s  Cq 54^0 4 5 %  0 1 %  01

(e) For a wood of  formula  Cq 32^0 4 6 %  22* ” 17.75 J / g

in  I n t e r n a t i o n a l  C r i t i c a l  Tab le  , V o l . l l ,  P.131
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2 .2 .3  M a n u fa c tu re  o f  M e th a n o l

A t p re s e n t th e  m ost im p o r ta n t  m ethod o f  m e th a n o l ma­

n u fa c tu r e  i s  a medium p re s s u re  p ro ce ss  u s in g  h y d ro g e n  and c a rb o n  

m onox ide  w i th  a s m a ll amount o f  ca rb o n  d io x id e  . C arbon d io x id e  

can r e a c t  w i th  h yd ro g e n  to  fo rm  m e th a n o l as f o l lo w s .

C02 + 3H2 CH30H + แ 2อ (2 .4 )

F ig .  2 .2  i s  a s im p l i f i e d  f lo w  d ia g ra m  o f  h ig h -p re s s u re  

s y n th e s is  o f  m e th a n o l fro m  ca rb o n  m onoxide  and h y d ro g e n .

hyd rogen

carbon  m onoxide

m e th a n o l

F ig . 2 .2  F lo w  sh e e t f o r  m e th a n o l s y n th e s is  fro m  

ca rb o n  m onox ide  and h y d ro g e n (J .M ., 1968)

The fo l lo w in g  p ro c e s s  d e t a i l s  a re  l im i t e d  to  th e  ca rb o n  

m onoxide  p ro c e s s . A gas m ix tu re  o f  CO and แ 2 i s  a d ju s te d  w i th

h y d ro g e n  gas u n t i l  th e  a p p ro x im a te  r a t i o  o f  one vo lum e  c a rb o n  mono- 

d ix e  to  two vo lum es o f  h yd ro g e n  i s  o b ta in e d .M ix e d  gases a re  com press­

ed in  m u lt is ta g e  u n i t s  to  p re s s u re  o f  3000 -  5000 p s i ,  and p a r t i a l ­

l y  p re h e a te d . H eated  gases pass in t o  a c o p p e r - l in e d  s t e e l  c o n v e r­

t e r ,  w h ic h  c o n ta in s  a m ixed  c a t a ly s t  o f  th e  o x id e s  o f  z in c ,  c h r o - '  

m ium, manganese, o r  a lu m in iu m ; f o r  exam p le , z in c  o x id e  w i t h  10%
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chrom ium  o x id e .  R e a c t io n  te m p e ra tu re  i s  c o n t r o l le d  a t  a p p ro x im a te ly  

300°c by h e a t re m o va l fro m  th e  e x o th e rm ic  r e a c t io n  and p ro p e r  space 

v e l o c i t y .  The c o n v e r te r  is  h e a te d  i n i t i a l l y  to  s t a r t  th e  r e a c t io n ,  

b u t  th e  r e a c t io n  i s  s e l f - s u p p o r t in g  once i t  i s  s ta r te d .

The m e th a n o l c o n ta in in g  gases le a v in g  th e  r e a c to r  a re  c o o le d  

by th e  r e a c ta n ts  i n  h e a t exchang e rs  and condensed u n d e r f u l l  o p e ra ­

t in g  p re s s u re s .  The p re s s u re  i s  r e le a s e d ,  and th e  c o o le d  ( 0  to  

20°c) l i q u i d  m e th a n o l i s  ru n  o f f .  I t  may be f u r t h e r  p u r i f i e d  by  

d i s t i l l a t i o n .  The r e s id u a l  gases a re  r e tu rn e d  to  th e  sys tem  f o r  

re p ro c e s s in g .  A c c u m u la t io n  o f  i n e r t  gases i s  gua rded  a g a in s t  by. 

p u rg in g  a p a r t  o f  th e  r e c y c le  g a se s . M e th a n o l o f  99% p u r i t y  i s  

o b ta in e d ,  u s in g  t h i s  p ro c e s s , and th e  e q u i l ib r iu m  y e i l d  i s  b e t t e r  

th a n  60%.

Two m a in  v a r ia b le s  i n  th e  s y n th e s is  o f  m e th a n o l a re  th e  s o u rc e  

o f  fe e d  g a s , and s p e c i f i c  o p e ra t in g  c o n d i t io n s .  A number o f  th e  

more im p o r ta n t  so u rce s  o f  r e a c ta n ts  a re  g iv e n  be lo w  ะ (พ;.F . ,  1 9 5 7 ).

1 . C oa l and w a te r  may be re a c te d  to  fo rm  coke and th e n  b lu e -  

w a te r  g a s .

C02 +  H20 ----------- • -  2C0 +  H2 (2 .5 )

The w a te r  gas i s  p u r i f i e d  and f o r t i f i e d  w i t h  a d d i t io n a l
\

h y d ro g e n  o b ta in e d  fro m  co ke -o ve n  g a s .

2 .  N a tu ra l  gas i s  d e s u l fu r iz e d  by passage o v e r a c t iv a te d  

ca rb o n  and s u b s e q u e n tly  p re h e a te d  and m ixed  w i t h  ca rb o n  d io x id e  

and s team  a t  30 p s ig  and 800°c

3CHa +  C02 + 2H20 --------— 4C0 + 8H2 (2 .6 )



Figure 2.3. Flowsheet for methanol synthesis from carbon dioxide and hydrogen.

0®
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3 . P a r t i a l  o x id a t io n  o f  m ethane o r  o th e r  l i g h t  h y d ro c a r ­

bons .

4 . F e rm e n ta t io n  by -  p ro d u c t  gases w h ic h  c o n ta in  h y d ro ­

gen and ca rbon  d io x id e  in  a b o u t e q u a l p r o p o r t ie s .

5 . By -  p ro d u c ts  g a se s , m o s t ly  c a rb o n  m o n o x id e , fro m  

c a lc iu m  c a rb id e  fu rn a c e .

6 . H ydrogen o b ta in e d  fro m  e le c t r o l y s i s  o f  w a te r  and b r in e .

2 .2 .4  M echanism  o f  M e th a n o l S y n th e s is  fro m  CO and

M e c h a n is t ic  in t e r p r e t a t io n  o f  th e  k i n e t i c  m ode ls  may 

be as f o l lo w s .  E q u i l i b r i a  o f  c a rb o n  m onox ide  and m o le c u la r  h y ­

d rogen  be tw een th e  gaseous phase and a d s o rb a te  a re  r a p id l y  e s ta ­

b l is h e d .  W h ile  th e  CO and m o le c u le s  unde rgo  dynam ic exchange 

betw een th e  gas and adsorbed  phase and among th e  s u r fa c e  s i t e s ,  

a s m a ll f r a c t i o n  o f  e a c h ,p r o p o r t io n a l  to  t h e i r  s u r fa c e  c o n c e n tra ­

t io n s ,  i s  a c t iv a te d  f o r  a r e a c t iv e  c o l l i s i o n .  The a c t i v a t io n  may 

in v o lv e  s p l i t t i n g  o f  h yd ro g e n  m o le c u le s  in t o  a tom s, and p a r t i a l l y  

h yd ro g e n a te d  s p e c ie s  may in c lu d e  fo r m y l HCO, fo rm a ld e h y d e  HCHO, 

h y d ro x y -c a rb e n e  HCOH, h y d ro x y m e th y l C ^O H , and m e th o x y l CH^O.

W ith  th e  p a r t i c i p a t i o n  o f  oxygen  atom s o f  th e  s o l i d  o x id e ,  o f  

ca rbon  d io x id e ,  o r  w a te r ,  fo rm a te  HCOO is  a ls o  a p o s s ib le  i n t e r ­

m e d ia te . Once th e  r e a c t iv e  c o l l i s i o n  has o c c u r re d ,  th e  subsequ en t 

p a r t i a l  r e a c t io n s  a re  i r r e v e r s ib l e  and r a p id .  F o r t h i s  re a s o n , 

th e  k i n e t i c a l l y  s ig n i f i c a n t  in te rm e d ia te s  a re  d i f f i c u l t  to  d e te c t  

d u r in g  th e  ร}m th e s is  by e i t h e r  p h y s ic a l  o r  c h e m ic a l m e th o d s , and 

c o n s e q u e n tly  th e  s y n th e s is  m echanism  has n o t been f i r m l y  e s ta b l is h e d .  

Y e t i t  i s  v e ry  im p o r ta n t  to  u n d e rs ta n d  some fu n d a m e n ta l fe a tu re s
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o f  th e  s y n th e s is  pa thw ay because  know ledg e  o f  m e c h a n is t ic  d e t a i l s  

w i l l  a l lo w  th e  c o n t r o l  o f  s e l e c t i v i t y  to  s id e  p ro d u c ts ,  where 

d e s i r a b le ,  and pave th e  way f o r  th e  d e s ig n  o f  c a t a ly s t s  f o r  a lk y ­

la t io n s  w i th  th e  s y n th e s is  gas and o th e r  r e la t e d  r e a c t io n s .

The m echanisms p ro p o se d  in  th e  p a s t may be d iv id e d  in t o  

th re e  b a s ic  g ro u p s : ca rb o n -d o w n , re p re s e n te d  b y  th e  sequence

I  - J U  " '๙ '° ' H '0/
H M+CH^OH

oxygen-dow n re p re s e n te d  b y  th e  sequence

( I )

H '+  CH OH 
ft  J

and s id e -o n  h y d ro g e n a tio n

0
Ic e o I o r  c ___2H

M M
ไ :yd) 2H m +  CH OH ( I I I )

H /  ft

H ere  M i s  a sym bol f o r  a s i t e  in v o lv e d  in  th e  a c t i v a t io n  o f  c a r ­

bon m o nox ide .

I t  i s  h e lp f u l  to  sum m arize b r i e f l y  th e  the rm odynam ic  

e n e rg ie s  o f  th e  v a r io u s  in te rm e d ia te s  in  pa thw ays I - I I I .  F ig u re

2 .4  shows e n th a lp ie s  and G ibbs f r e e  e n e rg ie s  a t  250°c w h ic h  w o u ld  

be r e q u ir e d  f o r  n o n c a ta ly z e d  r e a c t io n s  th a t  in v o lv e  a p a r t i c u la r



s e t  o f in te r m e d ia te s .  Pathway I I  i s  drawn in  F ig .  2 .4  fo r  p o ta s ­
sium h y d ro x id e , fo rm a te , m eth ox id e, and h y d rid e  b eca u se  o f  th e  
la c k  o f  a v a i la b le  thermodynamic d ata  fo r  th e  co rresp o n d in g  com­
pounds o f  z in c  and cop p er. N e v e r th e le s s ,  th e  r e l a t i v e  v a lu e s  o f  
Ag and Ah i l l u s t r a t e  th e  p o in ts  to  be made. The r o le  o f  th e  c a ta ­
l y s t  fo r  Scheme I would be to  low er th e  200 k j/m o l thermodynamic 
b a r r ie r  by s u i t a b le  bonding o f  hydroxycarbene HCOH, w h ile  pathway 
I I  would r e q u ir e  d e s t a b i l i z a t io n  o f  th e  su r fa c e  form ate and m etho­
x id e .  I t  i s  a ls o  seen  th a t  th e  rem oval o f su r fa c e  m eth ox id e by 
h y d r o ly s is  would p roceed  w ith  a low er thermodynamic b a r r ie r  than  
by h y d ro g en a tio n . Pathway I I I  would seem to  be a f e a s i b l e  one  
b eca u se  th e  f r e e  en ergy o f  form aldehyde l i e s  o n ly  17 kJ/m ol above 
th a t  o f  m eth an ol. However, form aldehyde has n ev er  been  ob served  
as in te r m e d ia te  in  m ethanol s y n th e s is  over ZnO/C^O^ and Cu/ZnO 
c a t a l y s t s .  On th e  o th er  hand, form aldehyde was fr e q u e n t ly  found  
to  be th e  prod u ct o f  m ethanol d e c o m p o sitio n . I t  i s  th e r e fo r e  
l i k e l y  th a t  la r g e  k in e t i c  b a r r ie r s  e x i s t  fo r  th e  s y n t h e s is  o f  
form aldehyde th a t  o f f s e t  th e  thermodynamic f e a s i b i l i t y  o f  pathway
I I I .  I t  i s  e v id e n t  th a t  e n t ir e ly  d i f f e r e n t  req u irem en ts would be  
im posed on c a t a ly s t s  fo r  pathways I , I I ,  or I I I :  r o u te  I  would  
r e q u ir e  s t a b i l i z a t i o n  o f h yd roxycarb en e, r o u te  I I  d e s t a b i l i z a t i o n  
o f  form ate and m eth o x id e , and r o u te  I I I  lo w er in g  o f th e  k in e t i c  
b a r r ie r  fo r  form aldehyde s y n t h e s i s .  In  th e  e f f o r t  to  d e t e c t  some 
o f  th e  in te r m e d ia te s  l i s t e d  in  F ig  2 .4  v a r io u s  w orkers in  th e  f i e l d  
r e s o r te d  to  ex p er im en ta l m ethod, which gave p a r t ia l  in s ig h t  in to  
th e  m ethanol s y n t h e s i s  m echanism s.

30
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F ig .  2 .4  Standard en th a lp y  (dashed l i n e s )  and Gibbs fr e e -e n e r g y  
( f u l l  l i n e s )  changes fo r  in te r m e d ia te s  in  m ethanol 
s y n t h e s i s .

(a ) P athw ay I ะ h y d ro x y c a rb e n e  ro u te

C0(g) + H2 (g) ------  HCOH(g), HCOH(g) + H2 (g) ------  CH30H(g)

(b ) P athw ay I I :  fo rm a te -m e th o x id e  r o u te

C0(g) + KOH (ร) ------ -- HCOOK(s)
HCOOK(s) + 2H(g) ------ ►  CH30K(ร) +  น20 (g )
CH30K(ร) + H20 (g ) -------CH30H(g) + KOH(ร)

(c )  P athw ay I I I :  fo rm a ld e h y d e  ro u te

C0(g) + H2 (g) ----- H2C 0 (g ) , H2C0(g) + H2 (g ) ----- ►  CH30H(g)
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T r a d it io n a l ly ,  m ethanol has been produced by c a t a l y t i c  hydro­
g e n a tio n  o f carbon m onoxide. S ev era l g e n e r a t io n s  o f c a t a ly s t s  have 
been d ev e lo p ed . Zinc-c'nromium o x id e  was one o f  e a r l i e s t  used (s e e  
s e c t io n  2 .1  l i t e r a t u r e  s u r v e y ) .  L a ter , a c a t a ly s t  based on a mixed 
z in c -c o p p e r  ox id e  su p p orted  on chromium o x id e  or alum inium  o x id e  
was in tro d u ced . T a b les 2 . 3 ,2 .4  summarized th e  c a t a ly s t s  and th e  
c o n d it io n s  used in  the' cu rren t p r o c e sse s  (K .K ., 1982) .

There are r e c e n t  r e p o r ts  th a t m a t a l l ic  c a t a ly s t s  o f P t ,P d ,
I r ,  and Rh as w e l l  as homogeneous c a t a ly s t s  o f  Rh(CO),- and HCO(CO)^ 
are a ls o  s e l e c t i v e  m ethanol s y n th e s is  c a t a l y s t s .
C a ta ly s t  S e le c t io n

M ethanol s y n th e s is  from carbon mono x id e  fo rm a lly  con­
s i s t s  o f  an attachm ent o f  th r e e  hydrogen atoms onto  th e  carbon end 
and o f  one hydrogen atom . onto  th e  oxygen end o f  th e  CO m o lecu le  
w ith o u t th e  c le a v a g e  o f th e  carbon-oxygen  bond. The two bonding  
n o r b i t a l s  o f  carbon m onoxide, th e  lo n e  p a ir  (5a) o r b i t a l  or ca r ­
b on , and th e  a o r b i t a l s  o f  two hydrogen m o le c u le s  are  u t i l i z e d  to  
make th r e e  C-H sigm a bonds, one 0-H sigm a bond,and one a d d it io n a l  
lo n e  p a ir  o r b i t a l  on th e  oxygen atom, s c h e m a t ic a l ly .

H H-H Hx
I Ic = 01 ___  H-C-Q-H
H H

The ca rb o n -o xyg e n  sigm a (3 a ) and th e  lo n e - p a i r  oxygen (4 a ) o r b i ­

t a ls  re m a in  i n t a c t  e x c e p t f o r  a change in  e le c t r o n  r e p u ls io n .

These fe a tu r e s  o f  th e  r e a c t io n  im pose th e  fo l lo w in g  r e q u ir e ­

2 .2 .5  C a ta l y s t

ments on th e  c a t a ly s t  ะ
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1. The c a t a ly s t  must n o t c le a v e  th e  ca rb o n -o x y g en  sigm a  
bond (""360 k j /m o l) .

2 . The c a t a ly s t  must a c t iv a t e  carbon m onoxide m o lecu le  
so th a t h yd rogen ation  can occu r on b oth  ends o f  th e  m o le c u le .

3 . The c a t a ly s t  must be a f a i r l y  good h y d ro g en a tio n  
c a t a ly s t  which a c t iv a t e s  hydrogen m o le c u le s  in  a manner s u i t a b le  
fo r  th e  r e a c t io n .  From th e  p a tte r n  o f  bonds broken and form ed.
T his appears to  r e q u ir e  s p l i t t i n g  o f  hydrogen m o le c u le s  on th e  
c a t a ly s t  su r fa c e  a t some s ta g e  o f  th e  r e a c t io n .

A lthough a l l  th r e e  req u irem en ts must be s a t i s f i e d  by a good m etha­
n o l c a t a ly s t ,  th e r e  i s  e v id e n c e  th a t  a c t iv a t io n  o f  carbon m onoxide 
i s  more d i f f i c u l t  than th a t  o f  hydrogen . I t  i s  t h e r e fo r e  in s t r u c ­
t iv e  f i r s t  to  exam ine th e  a b i l i t y  o f  v a r io u s  c a t a l y s t s  to  a c t iv a t e  
CO by n o n d is s o c ia t iv e  c h e m iso r p tio n .

For m eta ls  th e r e  e x i s t s  a c le a r - c u t  r e la t io n s h ip  betw een  
t h e ir  p o s i t io n  in  th e  p e r io d ic  t a b le  and t h e ir  a b i l i t y  to  chem isorb  
CO d i s s o c i a t i v e l y . A d iv i s io n  l i n e  has been e s t a b l i s h e d  fo r  am bient 
tem perature by Broden e t  a l .  (K .K ., 1982 ) b etw een  m e ta ls  th a t  
chem isorb CO n o n d is s o c ia t iv e ly  and th o se  w hich have a t  l e a s t  some 
c r y s t a l  fa c e s  th a t  s p l i t  th e  CO m o le c u le  in t o  s u r fa c e  carbon and 
oxygen . Table 2 .5  shows a s e c t io n  o f  th e  p e r io d ic  t a b le  w h erein  
elem en ts on the r ig h t-h a n d  s id e  o f  th e  b o r d e r l in e  adsorb CO non­
d i s s o c i a t i v e l y  and v ic e  v e r s a .  Broden e t  a l .  have a ls o  dem onstra­
ted  on th e  b a s is  o f  uv p h o to e le c tr o n  s p e c t r o s c o p ic  m easurem ents 
th a t th e  Tf-4o energy se p a r a t io n  i s  a f f e c t e d  by th e  bonding o f  
u n d is so c ia te d  carbon m onoxide to  th e  m eta l s u r fa c e :  th e  (11-40) 
energy gap in c r e a s e s  w ith  in c r e a s in g  s tr e n g th  o f  th e  c a r b o n -to -m e ta l
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T able 2 .3  Cu/Zn/Cr Oxide Catalysis Used in the Synthesis of Methanol

Composition"(wt.yj Reactants'’ Temp.
("C>

Pressure(atm)
Space velocity (hr - ■ ) Yield(kg liter'1 hr 1 ) Company

11:70:19 3 250 4000 Pimcr-Gas C'orp
15:48:77 3 270 145 10.000 1.95' Jap. (Jas-C'hcm. Co.
31:38:5 3 230 50 loiooo 0.755 13 A SI-

4 230 50 10,000 1.275 HASP'
33:31:36 3 250 150 10,000 l.l Academic

3 300 150 10,000 2.2 Academic
40:10:50 1 260 100 10.000 0.48r T. UFA
40:40:20 2 250 40 6000 0.26 ICI

2 250 80 10 000 0.77 ICI
60:30:10 1 250 100 9800 2.28 Mctall-GcsellschaU

* Cu0:Zn0:Cr20 2.น, Hj + CO + CO2; 2. Hj + CO + C02 + CH„; 3. CO + Hj : 4, CO + H2 + 0 2 : N2is sometimes used as a diluent.
' Kilograms per kilogram per hour.

T ab le  2 .4 Cu/Zn/AI Oxide Catalysts Used in the Synthesis o f Methanol

SpaceComposition" Temp. Pressure velocity(hr'1) Yield(wt.%) Reactants'’ ( C) (atm) (kg liter ' hr"1 ) Company
12:62:25 2 230 200 10.000 3.290 BASF2 230 100 103)00 2.086 BASF23:46:30 3 240 20̂ 000 2.5 CCI24:38:38 ๆ 226 50 12.000 0.7 ICI35:45:20 Î 250 Academie53:27:6 1 250 50 ICI60:22:8 1 250 50 40.000 0.5 ICI*> 226 100 9600 0.5 ICI64:32:4 3 250 50 10,000 0.3 Academie

\ 300 50 loiooo 0.9 Academie66:17:17 1 275 70 200J 4.75 DuPont
c 1 250 50 10.000 Academic

“ CuO: ZnO: AljOj.น. H, + CO f CO. : 2. II. *• CO f COj + CH4 ; V CO + H. : N, is sometimes Used as a diluent. ' SNM-I catalyst.
4 Moles per hour.
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Table 2.5 CO Chemisorption oil Transition Metals“

V I  A V I I  A V I I I I B
C r พ ก F e C o N i  : C u
M o T c  : R u R h P d A g
พ  ; R e O s  ! i r P f A u

AMBIENT temperature ^  SYNTHESIS TEMPERATURES 
/  2 0 0 -3 0 0 °c

4 Dividing lines separalc metals on the left which split CO from those on the right which adsorb CO nondissociatively.
เ  Brodén t t  111. ( 19",6>-

bond as is  apparent from Table 2.6. The differences of the (îT-4cr) 

energy gap for metals on the two sides of the room-temperature 

borderline are only tenths of electron vo lt (10 kJ) however, and 

i t  is entire ly expectable that the borderline w i l l  depend on tem­

perature. At high temperatures, cracking of carbon monoxide w i l l  

become more probable, and so the borderline w i l l  move to the rig h t. 

Although no measurements sim ilar to those by Broden e t.a l. have 

been reported fo r elevated temperatures, the chemical behavior of 

various metal catalysts permits the conclusion that the division 

line  between nondissociative and dissociative CO chemisorption 

lie s , at 250-300°C, between nickel and copper, rhodium and palla­

dium, and osmium and iridium . This high-temperature divis ion line  

is  also indicated in  Table 2.5. At s t i l l  higher temperatures, even 

copper and palladium w il l  dissociate carbon monoxide.

I t  must be emphasized that nondissociative chemisorption 

of carbon monoxide, which appears to be a necessary condition fo r 

its  hydrogenation to methanol, is  not a su ffic ien t prerequisite.



36

Table 2.6
Weakening of the C-0 Bond by Back-Donation Metal—*-C0(2lf )a

Mo,Fe > พ > Ru > Ni > Pd > I r  > Pt

3.50 3.20 3.15 3.08 2.90 2.75 2.60

aConsequences: E(lrT) increases more than E(4cr) and A(lTT-4a) 

increases with back-bonding. The average values of Afor d iffe ren t 

transition metals are in electron vo lts . The scatter of A for d i f ­

ferent crystal faces is 0.2 eV (0.026 eV = 300 K).

For example,Ni and Ag chemisorb CO nondissociatively at ambient 
temperature but they are not methanol synthesis catalysts.Of the metals

on the right-hand side of the high-temperature borderline in table 2.5 

copper,palladium, platinum, and iridium have been reported to be 

selective methanol synthesis catalysts, while certain forms of 

rhodium have been found catalysts of intermediate a c tiv ity  and 

se lec tiv ity  for methanol. A ll these metals have the common pro­

perty that they l ie  close to the high-temperature borderline in 

Table 2.5. Moreover, metals guiding the synthesis selectively to 

methanol are to the righ t, but not far to the r ig h t, of th is boun­

dary. This indicates that good methanol catalysts chemisorb CO 

w ith moderate strength ,which is  su ffic ien t to perturb th is mele- 

cule to enable i t  to react with hydrogen but in su ffic ie n t to break 

i t  or any of the intermediates into fragments.

Aside from depending on the position of the metal in the 

periodic table as outlined above, the ca ta ly tic  a c tiv ity  of each 

individual metal further depends on its  physical and chemical state. 

Therefore, while the nondissociative chemisorption of CO serves as
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a crude guiding principle for the selection of a catalyst that w i l l  

potentia lly snvthesize methanol, the optimum performance of the ca­

ta lys t results from maximizing and stab iliz ing  its  form that is most 

active, and in the case of methanol also most selective, under the 

desired reaction conditions.

Although most oxides adsorb CO associatively, the adsorp­

tion is weak and the CO molecule is not highly activated for the 

reaction. This d if f ic u lty  can be partly  circumvented by the use 

of a solid solution of oxides with the appropriate cations such 

that at least one of the cations binds CO strongly, as in Sn-Cu-0.

An oxide with a high density of surface oxygen vacancies can also
i

be desirable as the anion vacancies can assist in the adsorption 

and activation of CO by its  interaction with the oxygen. Interes­

tin g ly , an adsorbed CO with both the carbon and the oxygen ends \ 

interacting with the Ni surfaces may also be an important interme­

diate in  the methanation reaction.

In addition to the a b il ity  to adsorb and activate CO, a 

good catalyst must also be able to activate hydrogen. However, 

th is  is  usually not a lim iting  factor.

F inally, based on the assumed mechanism that the synthesis 

reaction proceeds via surface methoxide, an active and selective 

catalyst must not form a too stable metal methoxide. For the syn­

thesis .reaction to occur at a reasonable rate- at 250°C, the activa­

tion energy for the ra te -lim iting  step should not be higher than 

about 15 kcal/mole. Thus the heat of adsorption in the dissociative 

adsorption of methanol on a good catalyst should not be larger than 

15 kcal/mole. In other words, th is is  the lim it  for the s ta b ility
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o f the  s u rfa ce  m e thox ide . In  the  d eco m p o s itio n  o f  fo rm ic  a c id ,  

the  o x id e  c a ta ly s ts  can be c la s s i f ie d  as d e h yd ro g e n a tio n  c a ta ly s ts  

o r  d e h yd ra tio n  c a ta ly s ts .  (H .K .,1 9 8 0  )

By the  p r in c ip le  o f  m ic ro s c o p ic  r e v e r s i b i l i t y ,  one would 

expect th a t  a good d ehyd rogena tion  c a ta ly s t  in  th a t  r e a c t io n  co u ld  

a ls o  be a good m ethanol s y n th e s is  c a ta ly s t ,  as in  th e  case o f  ZnO.

F a c to rs  th a t  have c o n tr ib u te d  to  th e  deve lopm ent o f the  

lo w -p re s s u re  m ethanol c a ta ly s t  have been th e  s t a b i l i t y  o f  m e ta l 

d is p e rs io n ;  the ch o ice  o f  o x id e  " s u p p o r t " ;  th e  c o n c e n tra t io n  o f  

im p u r it ie s  such as a l k a l i - ,  s u l f u r - ,  and c h lo r in e - c o n ta in in g  com-’ 

pounds; p re p a ra t io n  v a r ia b le s  g iv in g  r i s e  to  d i f f e r e n t  p re c u rs o r 

compounds; c a lc in a t io n  and re d u c t io n  reg im e s ; e tc .

A f te r  a complex p re p a ra t io n  p ro ce d u re , p in p o in t in g  the  

" a c t iv e  fo rm " o f  a c a ta ly s t  appears to  be a d i f f i c u l t  ta s k .  

E xpe rim en ta l e f f o r t s  to  f in d  th e  a c t iv e  component o f  a g ive n  c a ta ­

l y s t  o f te n  spur c o n tro v e rs ie s ,  and th e  h is t o r y  o f  th e  copper-based 

m ethanol c a ta ly s t  i s  a p rim e  example o f  a c o l le c t io n  o f  "p u z z lin g  

r e s u l t s " ,  c la im s  and d e n ia ls ,  and d isagreem ents  among th e  v a r io u s  

w orke rs  in  the  f i e l d .  A f te r  the  s u c c e s s fu l developm ent o f  th e  lo w - 

p re ssu re  p ro ce ss , debate has c o n c e n tra te d  on th e  a c t iv e  component 

o f  the  C u/ZnO /A^O ^ and Cu/ZnO/Cr^O^ c a ta ly s t s .  The p a lla d iu m , 

p la tin u m , ir id iu m ,  and rhod ium  c a ta ly s ts  have n o t been co n s id e re d  

f o r  com m erical a p p lic a t io n s  because t h e i r  a c t i v i t y  was found to  be 

s ig n i f i c a n t ly  lo w e r than th a t  o f the  modern copper-based  c a ta ly s ts .

W h ile  the  r e la t io n  between the  p o s i t io n  o f  m e ta l in  the  pe­

r io d ic  ta b le  and t h e i r  a b i l i t y  to  s y n th e s iz e  m ethano l has been es­

ta b lis h e d ,  a s im i la r  p a t te rn  i s  la c k in g  f o r  o x id e s , such as b a s ic
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o x ides  MgO, TiO^ e tc ,  and o th e r  main group o x id e s  such as and

S iC ^. I t  can be a n t ic ip a te d  th a t  the  re q u ire m e n ts  1-3 l i s t e d  e a r­

l i e r ,  must a ls o  be s a t is f ie d  by o x id e  c a ta ly s ts  b u t so f a r  a tte m p ts  

have n o t been made to  l i n k  the  m ethanol s y n th e s is  a c t i v i t y  o f  o x id e s  

w ith  t h e i r  p h y s io c h e m ic a l p ro p e r t ie s  such as b a s ic i t y  o r  a c id i t y ,  

m e ta l-oxygen  bond s t re n g th ,  energy gap and s e m ic o n d u c t iv ity ,  w ork 

fu n c t io n  and e le c tro n  a f f i n i t y ,  e tc .  There does appear to  be con­

sensus among the  w o rke rs  in  the  f i e l d  th a t  s u rfa c e  a c id i t y  o f  o x id e  

leads  to  the  fo rm a tio n  o f d im e th y l e th e r  by a re a c t io n  c o n s e c u tiv e  

to  m ethanol s y n th e s is .

Thus th e  above re q u ire m e n ts  co u ld  se rve  a t  b e s t as v e ry  

crude g u id e lin e s  f o r  a good c a ta ly s t .  F u rth e rm o re , b u lk  p ro p e r t ie s  

a lone  a re  in s u f f i c i e n t  in  c h a r a c te r iz in g  a c a ta ly s t ;  d e ta i le d  s u r ­

face  p ro p e r t ie s  a re  needed.

2 .2 .6  Thermodynamic Chem ical E q u i l i b r ia ะ

The e q u i l ib r iu m  between carbon m onoxide, hydrogen and 

m ethanol i s  h ig h ly  dependent on th e  tem pe ra tu re  and on th e  p a r t i a l  

p re ssu re s  o f  the  gases. For th e  re a c t io n

CO + 2 แ 2  - CH30H (g ) (2 .7 )

th e  e q u il ib r iu m  c o n s ta n t is

Kf  .  f CH30H -  e - 4G/ET ( 2 .8 )

<£C0) ( f H2 )2

when f  is  the  fu g a c ity  o f  th e  gases and where the  G ibbs Free

Energy is
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AG° = ah0 - TAS°

ะ -2 5 ,1 0 0  + 5 6 .8T c a l/m o l (2 .9 )

U sing a cu b ic  hea t c a p a c ity  e q u a tio n , Woodward g iv e s  th e  g e n e ra l 

f re e  energy e q u a tio n .

AG° = -74^622 + 67.28T In T  -  0 .04682T2 + 4 .259 X 10_6T3

+0.339 X l O ' V  -  202T J /m o l (2 .1 0 )

More re c e n t da ta  can be used f o r  more a c c u ra te  r e s u l t s  (see Table 

2 .7 ) .  A t s tandard  c o n d it io n s  the  p re s s u re s  app rox im a te  th e  a c t i v i ­

t ie s ,  and thus

K£: k  -  ร 0 H _  . YCH 30H ( 2 . ท )

(PC0,( P H2) YC0% 2^

-  XcH3011 . K . p - 2 (2 .1 2 )

KC0(XH2) 2

where K .

Y Y ( YT ) 2 co^ แ 2 '

S t r e lz o f f  rev iew ed  th e  e x p e rim e n ta l d e te rm in a t io n s ,  and concluded 

th a t  th e  va lu e s  o b ta in e d  by C herednichenko were a good average , 

namely

lo g  K = 3971T-1  -  7.492 lo g  T + 1.77 X 10_3T -  3.11

X 10“ 8T2 + 9.218 (2 .1 3 )

V a lu e s  o f  th e  f u g a c i t y  r a t i o  f o r  m e th a n o l a re  c a lc u la te d  by

E w e ll and re p ro d u c e d  by S t r e l z o f f .  The m o le  f r a c t i o n  o f  m e th a n o l

can th u s  be d e s c r ib e d  by :
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x CH3OH
K(xco> ^̂ 2̂  p

K
Y

(2 .1 4 )

K in c re ase s  w ith  tem pe ra tu re  b u t decreases w ith  p re s s u re  and KY
decreases w ith  te m p e ra tu re . T h e re fo re  the  e q u i l ib r iu m  o f  m ethanol 

X „T ก in c re a se s  w ith  in c re a s in g  p re s s u re  b u t decreases r a p id ly  

w ith  in c re a s in g  te m p e ra tu re . T h is  i s  in  accordance w ith  the  b a s ic  

o b e re v a tio n s  o f  Le C h a te l ie r 's  r u le  ( th e  re a c t io n  is  h ig h ly  e x o th e r­

m ic and th re e  mois o f  r e a c t in g  gases r e s u l t  in  one o f  p r o d u c t ) .

Thus h ig h  p re sssu re  and low  te m p e ra tu re  w ould move th e  re a c t io n  

tow ard co m p le tio n . Tab les and graphs o f  the  e q u i l ib r iu m  com posi­

t io n  as a fu n c t io n  o f  i n i t i a l  c o m p o s it io n s , tem pe ra tu re  and p re ssu re  

a re  g ive n  be low .

Table  2 .7  P ro p e r t ie s  o f  M e thano l(W .H .,1967)

M o le c u la r w e ig h t ะ 32.042 g mol ^

Synonyms ะ c a rb in o l,  c o lo n ia l  s p i r i t .  Colombian s p i r i t ,  m e th y l ' 

a lc o h o l,  wood naph tha , wood s p i r i t ;  F re n c h -a lc o o l m e th y liq u e ; 

I t a l i a n - a lc o o l  m e t i l ic o ,  m e tan o lo ; G e rm a n -M e th y la lko h o l: P o l is h -

m etylowy a lk o h o l.
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Temperaure R e fra c t iv e D e n s ity Vapor P ressure

( C) Index (g cm 3) (k  Pa) (mm Hg)

-20 - 0.8287
- -

-10 - 0.8194
— -

0 1.3361 0.8100
— -

10 1.33224 0.8007 - -

15 1.33034 0.7960 9.8856 74.15

20 1.32840 0.79131 13.0120 . 97.60

25 1.32652 0.78664 16.9575 127.19

. 30 1.32457 0.78196 21.8832 209.88

40 1.3207 0.7726 36.4677 266.03

50 1.3169 0.7633 55.6106 417.11

60 - 0.7546 84.6032 634.58

70 - 0.7448 - -

80 - 0.7347 - -

90 - 0.7242 - -

100 - 0.7132 - -

D e n s ity  Pgk = A -  B t -  C /(E  -  t )  (F ra n c is  E q u a tio n )

Tem perature P aram eters o f F ra n c is  E qu a tion

t( ° C ) A B X 103 C E

-20  to  50 0.84638 0.9321 423.28 11,641

64-110 0.86867 0.6111 17.267 283.08

V a p o r  p r e s s u r e  f r o m  2 8 8 .1 5  t o  3 3 7 .6 5  K ;

l n ( P / k P a )  = 1 5 .7 6 1 2 9 9 4 4  -  2 .8 4 5 9 2 0 9 8 4  X 103K / T  -  3 .7 4 3 4 1 5 4 5 7  X

105K2 / T 2 +  2 .1 8 8 6 6 9 8 2 8  X 10?K3 / T 3



43

A c c u r a c y  ะ . T  +  0 . 0 0 2  K ,  P  +  L P a  

B o i l i n g  p o i n t  ะ 3 3 7 . 6 6 4  +  0 . 0 0 2  K ,  6 4 . 5 1 4  c  

M e l t i n g  p o i n t ,  t r i p l e  p o i n t  ะ - 9 7 . 5 6  +  0 . 0 2  ๐ c  

C r i t i c a l  t e m p e r a t u r e  ะ 2 3 9 . 4 3  ๐ c  ,  5 1 2 . 5 8 ° K  

C r i t i c a l  p r e s s u r e  ะ 8 . 0 6 9  k P a  ( 7 9 . 9  a t r a )

C r i t i c a l  d e n s i t y  ■  0 . 2 7 2  g  c m

H e a t  o f  f u s i o n :  H  ■  3 2 . 1 3  +  0 . 0 5  k J  m o l

H e a t  o f  v a p o r i z a t i o n  2 6 4 . 7 0  c ,  7 6 0  m m  H g :  H  ■  3 4 . 4 8  +  0 . 0 4  k J  m o l

k J  m o l  *  t o
.  L i q u i d G a s

H e a t  o f c o m b u s t i o n  H ° , H 2 0 ( l l q . ) - 7 2 6 . 1 3 + 0 . 4 - 7 6 4 . 0 8 + 0 . 4

H e a t  o f c o m b u s t i o n  H ^  . ,  k J  m o l  ^ t o H 2 0 ( g a s ) - 6 3 8 . น - 6 7 6 . 0 5

H e a t  o f f o r m a t i o n  H °  1 k J  m o l  ^ - 2 3 9 . 0 3 + 0 . 4 - 2 0 1 . 0 8 + 0 . 4

E n t r o p y ร 0 ,  J K - 1  m o l ' 1 1 2 7 . 2 4 + 0 . 2 2 3 9 . 7 0 + 0 . 2

G i b b s  e n e r g y  o f  f o r m a t i o n  G °  ,  k J m o l  1 - 1 6 6 . 8 2 + 0 . 4 - 1 6 2 . 4 2 + 0 . 4

H e a t  c a p a c i t y  C p ,  J K m o l  ^ 8 1 . 1 7 + 0 . 1 4 3 . 8 9 + 0 . 1

H e a t  o f d i s s o c i a t i o n  H k J  m o l  ^ 1 2 8 . 5 1 + 0 . 4 9 0 . 5 6 + 0 . 4

Thermodynamic functions of ideal methanol gas at one atmosphere:_________ _J_________ _______________I____________ _____

Temperature

(K)

Entropy 

(J K-1mol_1)

Heat

Capacity 

(J K-1mol_1)

Heat of 

Formation 

(kJ mol h

Gibbs Energy 

of Formation 

(kJ mol h

0 0 0 -190.21 -190.21

273.15 235.94 42.47 -200.16 . -165.60

298.15 239.70 43.89 -201.08 -162.42

300 239.99 44.02 -201.17 -162.17

400 253.59 51.42 -204.72 -161.17

500 265.73 59.50 ■ -207.90 -134.22

600 277.48 67.03 -210.58 -119.24

700 288.32 73.12 -212.80 -103.85

800 298.57 79.66 -214.60 -88.12

1 900 308.24 84.89 -216.10 -72.22

• 1,000 317.44 89.45 -217.19
______________

-56.19
______________ _

Conversion factor of 4.1840 J/cal assumed.
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T ab le  2 .8  C a lc u la te d  E q u il ib r iu m  C onstan t f o r  th e  R e a c tio n  (Y,.Wv, 1952)

CO + 2H2 ะะ= ^  CH30H

Tem perature G° K Tem perature G° K

°c c a l/m o l °c c a l/m o l

0 -7147 , 527,450 350 . 12,400 4 .4 5 8 x l0 -6

100 -1766 10.84 400 15,279 1 .0 9 1 x l0 -6

200 3832 1 .6 9 5 x lo ” 2 450 18,148 3 .2 6 5 x l0 -6

250 6671 1 .6 2 9 x l0 -3 500 21,023 1 .1 3 4 x l0 -6

300 9530 2 .3 1 6 x l0 ~ 4

where K
XCH3OH YCH3OH

X p' 2

XC0 x \ 2 ^ 0  x Th 22

where X = mole f r a c t io n  a t  e q u i l ib r iu m ,  p = t o t a l  p re ssu re  (a tm ),

and Y = fu g a c ity  c o e f f ic ie n t  o f  th e  gas. The term

X CH 3 0b/X C0 x X H2 * is  r e fe r re d  to  as Kjj, YCH30i / c o  *
Y2

H2

as K , so 
Y

th a t  K = \  x  Ky x  p~2 -

F ig u re  ,2.5 was a p lo t  o f  lo g  K. a g a in s t _1_. The c a lc u la -
T

t io n s  were based on the  above e q u a tio n s . The r e s u l t s ,  however, 

a re  in  f a i r  agreement w ith  e x p e r im e n ta l v a lu e s .
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Tem perature , °c

F ig u re  2 .5  E q u il ib r iu m  C onstan ts  o f  th e  R e a c tio n

CO + 2H2 —— -- CH^OH. The e n c ir c le d  p o in t  

r e f e r  to  da ta  o b ta in e d  e x p e r im e n ta lly  by 

d i f f e r e n t  w o rk e rs . The l in e  re p re s e n ts  

c a lc u la te d  v a lu e  (Y .W ., 1952).

F ig u re  2 .6  shows a s e t o f  is o th e rm a l cu rves o f  ve rsu s

p re s s u re  fo r  the  re a c t io n  CO + 2แ2 V -  CH^OH, c a lc u la te d  by

Newton and Dodge- . W ith  th e  v a lu e s  o f  K o b ta in e d  from  t h i s
Y

g ra p h , the  e f f e c t  o f  p re s s u re  on th e  re a c t io n  a t  300°c was c a lc u ­

la te d  See T ab le  2 .9 .
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P re s s u re , atm

F ig u re  2 .6  V a lues o f  f o r  th e  R e a c tion  CO + 2H 2- V CH^OH

T ab le  2 .9 E f fe c t o f  P re ssu re  on th e R eac tion CO + 2H2 — ^  CH30H

a t 300 Dc (K = 2 .32 X 10_ * )

P re s s u re , C om pos ition  o f e q u i l ib r iu m  gases

P ercen t CO 
co n ve rs io n  
to  l iq u id  
CH30H in

atm K
Y

PC0
(atm)

V(atm)
PCH OH 

. (atm )

one pass

น ) 0.96 0.0242 3.32 6.65 0.036 0 .0

25 0 .90 0.161 8.15 16.20 9.56 1.7

50 0 .80 0.725 15.3 30.6 4.1 8 .0

100 0.61 3.80 25.2 50.5 24.3 24.2

200 0 .38 24.4 34.2 68.4 97.4 48.7

300 0.27 77.4 37.7 75.4 186.9 62.3

p = p a r t i a l  p re ssu re  o f  i -  
i

component
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A ltho u gh  s to ic h io m e try  in d ic a te s  a hydrogen-cabon  monoxide 

r a t io  o f 2 :1 ,  in  in d u s t r ia l  p ra c t ic e  t h is  is  seldom used. Due to  

the  d i f f i c u l t y  in  d is p e rs in g  th e  hea t o f r e a c t io n ,  a r a t i o  as h ig h  

as 6 :1  o f te n  is  employed in  th e  c y c le  gas; the  excess hydrogen a id s  

in  d is p e rs in g  the  h e a t. T h is  b r in g s  about an in c re a s e d  c o n v e rs io n  

o f  carbon monoxide to  m ethanol a lth o u g h  the  c o n v e rs io n  p e r pass on 

the  b a s is  o f  t o t a l  gas charged w i l l  decrease. T h is  i l l u s t r a t e d  in  

ta b le  2 .1 0 .

T a b le  2.10 M ethano l C onvers ion  a t  E q u il ib r iu m  a t  D i f f e r e n t  

แ2~00 R a tio s  a t  300 atm and 300°c

P e rce n t CO conve rted  to P e rcen t CH^OH in
H2 /CO r a t io CH30H e x i t  gas

2 :1 83.2 62.3

6 :1 98 .0 14.1

2 .2 .7  K in e t ic s

The ra te  a t  w h ich  c o n ve rs io n  to  the  e q u i l ib r iu m  concen­

t r a t io n s  is  approached is  however a much more com plex fu n c t io n  o f  

th e  c a ta ly s ts  used and the  c o n d it io n s  w ith in  the  re a c to rs .  The 

o v e r a l l  re a c t io n  is  a co m b in a tio n  o f  th e  ra te s  o f  re a c t io n  o f  th e  

s y n th e s is  gas, le s s  the  ra te  o f  decom pos ition  o f  the  m e th a n o l. 1 

These in  tu rn  a re  m o d if ie d  by th e  c a ta ly s t  and th e  c o m p o s itio n  and 

c o n d it io n  o f  the  absorbed s p e c ie s . These are  f u r t h e r  co m p lic a te d  

by n o n id e a l i ty  o f  the  gases. inhom ogene ity  in  the  ch e m ica l and 

p h y s ic a l c h a r a c te r is t ic s  o f  th e  c a ta ly s t ,  v a r ia t io n s  in  tem­

p e ra tu re ,  and ra te s  o f  th e  gases c o n ta c t in g  th e  c a ta ly s t s .
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N a tta  e t  a l  (1953) deve loped th e  b a s ic  fo rm u la  f o r  the  re a c t io n  ra te  

f o r  m ethanol s y n th e s is  w h ich  the y  based on the  Langm uir a b s o rp tio n  

is o th e rm . T h is  approach is  p ro b a b ly  the  f i r s t  tho rough  s tud y  o f  a 

he te rogeneous c a t a ly t i c  re a c t io n  ope ra ted  a t  h ig h  p re s s u re s ; th e re ­

fo r e ,  a d e ta i le d  d is c u s s io n  o f  the  method o f  tre a tm e n t fo l lo w s  

(N .G ., 1954).

The fo l lo w in g  p a r ts  o f  th e  complex p rocess have been c o n s i­

dered s e p a ra te ly  ะ

(1 ) D i f fu s io n  o f th e  gases from  th e  b u lk  o f  th e  gaseous - 

phases to  th e  g a s - c a ta ly s t  in te r fa c e .

(2 ) C h e m iso rp tion  o f  each component gas a t  th e  a c t iv e  s u r ­

fa ce  o f  th e  c a ta ly s t .

(3) R e a c tio n s  among th e  chem isorbed gases, a cc o rd in g  to  

d i f f e r e n t  k in e t i c  h ypo theses .

(4) D e s o rp tio n  o f  th e  re a c t io n  p ro d u c ts .

(5 ) D i f fu s io n  o f th e  re a c t io n  p ro d u c ts  from  th e  g a s -c a ta ly s t  

in te r fa c e  to  th e  b u lk  o f  th e  gaseous phase.

A ssum ption  was made, th a t  th e  gaseous phase behaves as an 

id e a l m ix tu re  o f  r e a l  gases, in  w h ich  the  fo l lo w in g  e q u a l i t y  i s  v a l id :

a.  = x .Py . i  i  ■ i

where

a i

p

x i

Yi

a c t i v i t y  o f  the  i t h  component in  the  gaseous phase.

t o t a l  p re s s u re  o f  th e  system .

m o la r f r a c t io n  o f  th e  i t h  component.

fu g a c ity  c o e f f ic ie n t  o f  th e  i t h  component, c a lc u la te d  fo r  

the  t o t a l  p re ssu re  p and f o r  the  tem pe ra tu re  o f the  experim en t
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The processes (1) and (5 ) were so fa s t  w ith  th e  experim en­

t a l  va lu es  o f space v e lo c i t ie s  and re a c to r  shape, th a t  t h e i r  e f f e c t  

upon the  k in e t ic s  o f  the  re a c t io n  c o u ld  be n e g le c te d . T h e re fo re , 

w ith  the  assum ption  th a t  the  a c t i v i t y  o f  each component a t  th e  i n ­

te r fa c e  c a ta ly s t -g a s  is  equa l to  th a t  o f the  component in  the  f lo w ­

in g  gas phase, th e  a d s o rp tio n  ra te s  o f  C0(A) and H^CB) a re  ะ

r A •  พ ่1  -  V a

r B ■ k BaBCL ■ kBCB

where r  = dx _1 is  the  r e s u l t in g  a d s o rp tio n  ra te  ( th e  d if fe re n c e  
d t  พ

between a d s o rp tio n  and d e s o rp tio n  ra te s  expressed as th e  number o f 

moles adsorbed by 1 gram o f  c a ta ly s t  in  u n i t  t im e ) .

I
k  = a d s o rp tio n  ra te  c o n s ta n t

! !
k = d e s o rp tio n  ra te  c o n s ta n t

a = a c t i v i t y  o f  the  co ns ide re d  component a t  the  in te r fa c e

c a ta ly s t -g a s

c = m o la r c o n c e n tra t io n  o f  th e  f r e e  a c t iv e  s i te s  r e fe r r e d  toXj

th e  u n i t  mass o f  th e  c a ta ly s t

C^,Cg= c o n c e n tra t io n s  o f  A and B, expressed moles o f  A o r  B 

adsorbed by the  u n i t  mass o f c a ta ly s t  

พ = w e ig h t o f  th e  c a ta ly s t  in  grams

The fo l lo w in g  mechanism was assumed f o r  a d s o rp tio n  on the  

a c t iv e  s i t e s :

A + L ^ = ^  A*

B + L ะ̂ = dะ B*
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where L re p re s e n ts  an a c t iv e  s i t e .  W ith  the  assum ption  th a t  the  

re a c t io n  proceeds in  the  adsorbed phase, the  fo l lo w in g  d i s t i n c t  

schemes were co n s id e re d :

(1 ) B im o le c u la r re a c t io n

H* + C 0 *^ = i H2C0* + L

r  = ร k C . C L - S k  C„CT ร, —ท ั-  ร 1. A B  —ท— ร, F L1 c .  " 1  
Lo

H2C0* + H* ะ ^  CH30H* + L

; = ร k  c _ c  -  s k  CRCL
2 CL s2 FCB CL s 2 R L

where ร is  th e  number o f a c t iv e  s i te s  lo c a te d  n e x t to  a g ive n  a c t iv e

s i t e ,  and c is  th e  m o la r c o n c e n tra t io n  o f a c t iv e  s i te s  p e r u n i t  o f 
L0

mass o f the  c a ta ly s t ,  and c and c the  m o la r c o n c e n tra t io n s  o f  f o r -F R

maldehyde and m e tha n o l, r e s p e c t iv i t y , adsorbed by u n i t  mass o f c a ta ly s t

(2 ) T r im o le c u la r  re a c t io n
*  *

r  =ร

+ 2H2 _ _ ^  CH30H

;2 * 2 2 ..
^  k  c  c  - ร k
,2 ร A B 2 &  s
L0

where k g and k^ a re  th e  ra te  c o n s ta n ts  f o r  th e  d i r e c t  and re v e rs e

re a c t io n s  in  th e  adsorbed phase.

For th e  d e s o rp tio n  o f  m e th y l a lc o h o l(R )  th e  fo l lo w in g  mechanism, 

s im i la r  to  th e  la s t  one, was chosen:

R* ^ = tะ R + L

r ,  = k_c -  k a  C- A R R R R L

i
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From Che e x p e r i m e n t a l  w o rk  o f  N a t t a  and  h i s  c o - w o r k e r s  
( N . G . , 1 9 5 4 )  i t  h a s  b e e n  c o n c l u d e d  t h a t  t h e  p r o c e s s e s  o f  a d s o r p t i o n  

a n d  d e s o r p t i o n  p r o c e e d  a t  much h i g h e r  r a t e s  t h a n  t h e  r e a c t i o n  a t  t h e  

s u r f a c e ,  and  t h a t  t h e  p r o c e s s  w h i c h  d e t e r m i n e s  t h e  r a t e  o f  t h e  r e a c ­

t i o n  i s  t h a t  o f  r e a c t i o n  among t h e  a d s o r b e d  m o l e c u l e s .  On t h a t  b a s i s ,  

i t  was  p o s s i b l e  t o  a d m i t  t h e  e x i s t a n c e  o f  e q u i l i b r i u m  b e t w e e n  t h e  

a c t i v i t y  o f  e a c h  c o m p o n e n t  i n  t h e  g a s  p h a s e  a nd  i t s  c o n c e n t r a t i o n  i n  

t h e  a d s o r b e d  p h a s e .  I f  f o l l o w s  t h e n :

CA = V a CL

CB = KBaBCL

CR = V rCL

where th e  co n s ta n ts  K , Kg,
kr

are  th e  e q u i l ib r iu m  c o n s ta n ts  f o r  the

a d s o rp t io n  o f  the  components A, B, R.

The c o n c e n tra t io n  o f  f re e  a c t iv e  s i te s  i s  g ive n  by th e  d i f f e ­

rence  between the  m o la r c o n c e n tra t io n  o f  a l l  s i t e s  c , and th a t  o f
L 0

th e  f i l l e d  s i te s  :

CL -  CL0 -  <CA + CB + CR + Cl>

where re p re s e n ts  th e  c o n c e n tra t io n  o f  th e  s i t e s  f i l l e d  w ith  o th e r 

components w h ich  may be p re s e n t ( f o r  exam ple, in e r t  su b s ta n c e s ). 

O p e ra tin g  in  the  absence o f  in e r t  gases, i t  fo l lo w s  th a t

CL -  ------------------7^ ----------------
1 + K a + K a  + K a_

A A  B B R R

S u b s t i tu t io n  o f th e  above v a lu e  o f Cg in  the  e x p re ss io n s  w h ich  g iv e  

th e  ra te  o f  re a c t io n  in  the  adsorbed phase, le a ds  to  e xp re ss io n s  

w h ich  g iv e  the  re a c t io n  r a te  as a fu n c t io n  o f  th e  ra te  co n s ta n ts  o f
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th e  d i r e c t  and in v e rs e  re a c t io n s ,  o f  th e  c o n s ta n ts  o f a d s o rp t io n ,

and o f  th e  c o n c e n tra t io n s  o f a c t iv e  s i te s  c .
L0

These c o n s ta n ts  may be c a lc u la te d  on th e  b a s is  o f  the  k in e ­

t i c  d a ta , whenever a s u f f i c i e n t  number o f a c c u ra te  e x p e r im e n ta l d a ta  

a re  a v a i la b le .

I t  has been shown th a t  th e  k in e t i c  e q u a tio n s , based on the  

h y p o th e s is  th a t  the  s u rfa c e  re a c t io n  is  b im o le c u la r ,  do n o t f i t  the  

is o th e rm a l ra te  c u rv e s .

O nly w ith  th e  h y p o th e s is  o f a t r im o le c u la r  re a c t io n  was i t  

p o s s ib le  to  s o lv e  t h is  p rob lem . The ra te  o f  a s u rfa c e  re a c t io n  f o r  

a t r im o le c u la r  re a c t io n  r e s u l t s :

s2kร, CL0พ B aB - i k I CL0V R

2(1 + V a +  V b +  V r )3

k 'C o n s id e rin g  th a t  the  r a t io  _ เ^ is  equa l to  K, i . e . ,  to  th e  e q u i l i ­

b r iu m  c o n s ta n t o f  th e  re a c t io n  in  th e  adsorbed phase, and th a t  the  

therm odynam ica l e q u il ib r iu m  c o n s ta n t Kg is  r e la te d  to  th e  c o n s ta n ts  

o f  e q u i l ib r iu m  f o r  the  s u rfa c e  re a c t io n  by the  r e la t io n s h ip

kY k 2 _ 1,
A B = K

Y
eq

the  fo l lo w in g  e q u a tio n  is  e a s i ly  o b ta in e d  ะ

a a 2 -  a /K= _______ A B R eq_____

(A + BaA + CaB + DaR) 3

r



The fo u r  co ns ta n ts  A, B, c ,  D re p re s e n te d  in  t h is  e q u a tio n  a re  a l l

p o s i t iv e  and a l l  o f them a re  fu n c t io n s  o f  the  te m p e ra tu re  o n ly ,  i f

th e  assum ption is  made th a t  the  number o f  a c t iv e  s i t e s  c is  in d e -
L0

pendent o f  tem pe ra tu re . S u b s t i tu t io n  o f  the  a c t i v i t i e s  w ith  the  

p ro d u c ts  o f p a r t ia l  p re ssu re s  and fu g a c ity  c o e f f ic ie n t s  ะ

= YA PA: = V b

g ive s

พ 00% 2% 2
YCH3OH % 3 OH 
---------- T T

r  = _Ë£_
(A + BYC0PC0 + CyH2PH2 +  DyCH3OHPCH3OH) '

(2 .1 5 )

E qu a tion  (2 .1 5 ) in te r p r e t s  th e  s u rfa c e  re a c t io n  a c c o rd in g  ■ to  the  

fo l lo w in g  scheme ะ

CO* + 2H* ะ ^ ะ  CH30H* + 2L

For a ve ry  s h o r t  c o n ta c t t im e , s t a r t in g  w ith  m e th a n o l- fre e  

gases th e  c o n c e n tra t io n  o f  m e th y l a lc o h o l is  n e a r ly  ze ro , and th e re  

fo re  E q .(2 .1 5 ) is  th u s  s im p l i f ie d  ะ

A + BYC0PC0 + CyH2PH2
'COPCOYH2PH2

(2 .1 6 )

In  Eq. (2 .1 6 ) r ^  i s  the  i n i t i a l  re a c t io n  r a te ,  o r ,  in  o th e r w ords,

th e  ta n g e n t o f the  re a c t io n  is o th e rm  a t the  o r ig in .
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E qua tion  (2 .1 6 ) c o n ta in s  th re e  unknowns, whose co rre sp o n ­

den t c o n s ta n ts  may be de te rm ined  by m easuring  th e  i n i t i a l  ra te s  o f 

re a c t io n  in  th re e  expe rim en ts  pe rfo rm ed  a t  the  same te m p e ra tu re , 

b u t a t d i f f e r e n t  p re ssu re s  and c o m p o s it io n . T h is  was done a t  se­

v e r a l d i f f e r e n t  te m p e ra tu re s , and th e  v a lu e s  o f  A, B, c were de­

te rm in e d  as fu n c t io n s  o f  te m p e ra tu re . To e s ta b l is h  the  v a lu e s  o f 

th e  c o n s ta n t D, th e  v a lu e s  o f  A, B, c ,  as p re v io u s ly  d e te rm in e d , 

were s u b s t i tu te d  in  Eq. (2 .1 5 ) w h ich  was so lved  by in t ro d u c in g  

th e  e x p e rim e n ta l r  va lu e s  r e s u l t in g  fro m  d i f f e r e n t  va lu e s  o f  tim e  

fa c to r  and w ith  the  e x p e r im e n ta l v a lu e s  o f the  p a r t i a l  p re ssu re s  

o f  CO, H2 , ch3oh.

2 .2 .8  S ide R e a c tio n s .

T h e o r e t ic a l ly ,  carbon m onoxide and hydrogen can re a c t  

to  fo rm  p ro d u c ts  o th e r  than  m e tha n o l. A l i s t  o f  t y p ic a l  s id e  

re a c t io n s  is  g ive n  in  T ab le  2.11

Table 2.11 Typical Side Reactions in Methanol Synthesis from Carbon Monoxide and Hydrogen.

Side reaction AH°5 (cal/mol) AG2 3 (cal/mol) 4H°27(cal/mol) AG°27(cal/mol)

(1) C0+3H2 ch4+h20 (g) -49,250 -33,970 ..-52,040 -17,270

(2) 2C0+5H2 C2H6+ 2H20 (g) -82,960 -51,520 -87,585 -17,580

(3) 3CO+7H2 - —- C3H8+3H20 (g) -IIS',910 -71,095 -125,115 1 -20,830

(4) CO+2H2 CH30H (g) -21,684 - 5,900 -24,250 10,800

(5) 2CCH-4H2 -->*- CH30CH3 (g)+H20 (g) -49,250 -16,320 -52,850 18,720

(6) 2C0+4H2 \ ----- C2H5OH (g)+H20 (g) -61,190 -29,320 -64,610 4,520

(7) 3C0+6H2 ___ X C3H7OH (g)+2H20 (g) -98,800 -53,000 -103,660 -4,400

(8) 2CO+2H2 — - ch4+co2 -55,110 -40,780 -61,360 -21,220

(9) 3C0+3H2 C2H5OH (g) + C02 -71,040 -36,140 -73,920 570

(10)2C0 4 C(s)+C02 -41,220 -28,640 -41,465 -15,730
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I t  is  seen th a t  fo rm a tio n  o f p a r a f f in  h yd roca rb o ns  ( re a c t io n s  

1 -3 , 8) is  fa v o re d  th e rm o d yn a m ica lly  o ve r the  m e thano l r e a c t io n  a t  a l l  

te m p e ra tu re s , and th a t  h ig h  p re ssu re s  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 t io n s  (4 -7 ) and (9 ) .  Some o f th e  s id e  re a c t io n s  

may re p re s e n t a com posite  m ethano l s y n th e s is -m e th a n o l d e c o m p o s itio n , 

f o r  exam ple.

CO + 2H2 CH30H (2 .1 7 )

CH30H + H2 CH4 + H20 (2 .1 8 ) _

CO + 3H2 CH4 + แ 20 (2 .1 9 )
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