
H. D. Gesser  , N. R. Hunter ,  L. A. Morton..P. S.  Yarlagadda and D. P. C. Fung* 

Department of Chemistry, Univers i ty  of Manitoba, Winnipeg, Manitoba, R3T 2N2 and 
*Energy Research Laboratory,  CANMET. Department o f  Energy, Mines and Resources ,  

Ottawa, K1A O G 1 ,  Canada. 
1 

INTRODUCTION 
The conversion of methane to a l i q u i d  s t o r a g e a b l e  f u e l  is a d e s i r a b l e  

a l t e r n a t i v e  t o  compressed n a t u r a l  gas .  The s i m p l e s t  l i q u i d  is methanol p r e s e n t l y  
formed by t h e  steam reforming of methane t o  s y n t h e s i s  gas  fol lowed by t h e  h i g h  
p r e s s u r e  c a t a l y t i c  conversion of t h e  s y n t h e s i s  gas t o  methanol. The p r o c e s s  is most  
economic f o r  l a r g e  (2000 tonne/day)  p l a n t s  and must be l o c a t e d  near  l a r g e  r e s e r v e s  
of n a t u r a l  gas  o r  near  an a p p r o p r i a t e  p i p e l i n e .  The s impler  p a r t i a l  o x i d a t i o n  r o u t e  
o f f e r s  the  advantage of d i r e c t l y  conver t ing  methane t o  methanol i n  a s i n g l e  s t e p  
r e a c t i o n .  The p o t e n t i a l  f o r  t h e  p a r t i a l  o x i d a t i o n  r o u t e  t o g e t h e r  wi th  an economic 
e v a l u a t i o n  h a s  been r e p o r t e d  by Edwards and F o s t e r  (1) who showed t h a t ,  p rovided  t h e  
s e l e c t i v i t y  f o r  methanol format ion  is about  77%,  t h e  p a r t i a l  o x i d a t i o n  r o u t e  h a s  a n  
economic advantage over  t h e  convent iona l  s y n t h e s i s  r o u t e  w i t h  no p e n a l t y  f o r  
convers ions  as low as 4%. 

Much h a s  been publ i shed  on t h e  combustion of methane t o  CO and H 0 b u t  v e r y  
l i t t l e  h a s  been concerned w i t h  t h e  i n t e r m e d i a t e  formation of me$hanol.2 Gesser  et 
- a l .  (2) r e c e n t l y  reviewed t h e  c o n t r o l l e d  o x i d a t i o n  of CH to CH OH emphasizing t h e  
f r e e  r a d i c a l  mechanis t ic  aspec ts .  The heterogeneous c a t a k y t i c  s l u d i e s  was reviewed 
by  F o s t e r  (3) and P i t c h a i  and K l e i r  (4) .  Although t h e  l i t e r a t u r e  i n d i c a t e d  some 
p o t e n t i a l  c a t a l y s t s  ( 5 )  no commercial v i a b l e  r e a c t i o n  system h a s  been developed.  
Before embarking on a s t u d y  of t h e  c a t a l y t i c  conversion of CH t o  CH OH we a t tempted  
t o  e s t a b l i s h  a base- l ine s t u d y  by examining the  homogeneous r e a c t i o n  ( 6 , 7 , 8 , 9 )  and 
h e r e  r e p o r t  a summary of t h e  r e s u l t s  w i t h  methane. 

EXPERIMENTAL 
The experiments  were performed i n  a g l a s s  l i n e d  t u b u l a r  r e a c t o r  (0.36 cm I D ,  

3.3 mL hea ted  volume). React ion tempera ture  was i n d i c a t e d  by a s t e e l  shea thed  
thermocouple probe i n  t h e  r e a c t i o n  zone. 

Gases (2% N i n  CH and pure  0 ) from t h e  r e s p e c t i v e  c y l i n d e r s  were thoroughly  
pre-mixed before’en ter ing  i n t o  t h e  r e a c t o r  by p a s s i n g  them through a mixing c r o s s  
f i l l e d  wi th  Tef lon  t u r n i n g s .  Ni t rogen  w a s  d e l i b e r a t e l y  in t roduced  i n t o  t h e  f e e d  g a s  
so a s  to a c t  as an i n t e r n a l  r e f e r e n c e .  The p r e s s u r e s  a t  v a r i o u s  p o i n t s  were 
monitored by c a l i b r a t e d  p r e s s u r e  t ransducers .  The r e a c t i o n  products  were ana lyzed  
b y  g a s  chromatography w i t h  a thermal  conduct iv i ty  d e t e c t o r  us ing  an 8-port  sampling 
v a l v e  and two columns -- 5A molecular  s i e v e  and a Porapak S column. 

Using N as an i n t e r n a l  r e f e r e n c e  it was  p o s s i b l e  t o  measure t h e  changes i n  t h e  
r a t i o  (CH4/d ) i n  t o  (CH4/N2but and s o  determine t h e  conversion and m a t e r i a l  
ba lances .  S e l e c t i v i t y  w a s  c a l c u l a t e d  i n  terms of t o t a l  carbon products .  The w a t e r  
y i e l d  w a s  i n v a r i a b l y  g r e a t e r  than  t h a t  of t h e  methanol. Formaldehyde was found i n  
t r a c e  q u a n t i t i e s  and was determined c o l o r i m e t r i c a l l y  (10). 

Experiments were conducted by f i r s t  a d j u s t i n g  t h e  gas  f lows  and, when s t a b l e ,  
t h e  tempera ture  of t h e  r e a c t o r  w a s  r a i s e d  t o  the  d e s i r e d  va lue .  The on- l ine  
a n a l y s i s  w a s  t h e n  performed over  a per iod  of s e v e r a l  hours .  

The r e s i d e n c e  time was  u s u a l l y  about  2 minutes  but v a r i e d  from 0.2 t o  about  5 
min w i t h  no obvious e f f e c t s  on t h e  products .  

RESULTS 
The e f f e c t  o f  tempera ture  on  CH OH conversion a t  d i f f e r e n t  tempera tures  and 

p r e s s u r e s  i s  shown i n  F i g u r e  1. A2 higher  O2 c o n c e n t r a t i o n s  t h e  i n c r e a s e  i n  
temperature  s i g n i f i c a n t l y  i n c r e a s e s  the  conversion.  The p o s s i b l e  CH4 convers ion  is 
a maximum of twice ,  and a minimum of h a l f ,  t h e  0 consumed. Calcu la ted  convers ion  
of g r e a t e r  than  twice  t h e  O2 consumed were due t o  e r r o r s  i n  t h e  CH4/N2 rat ios 
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measured and t h e  accompanying e r r o r s  i n  t h e  d i f f e r e n c e s  of  two l a r g e  numbers. 
Ma te r i a l  ba l ances  were u s u a l l y  good (wi th in  100 ?lo%) f o r  carbon bu t  poor f o r  
oxygen. 

The r e s u l t s  i n  F igure  2 show t h e  e f f e c t  o f  tempera ture  on t h e  methanol 
s e l e c t i v i t y  a t  v a r i o u s  0 concen t r a t ions .  As t he  tempera ture  i s  increased  t h e  

2 s e l e c t i v i t y  p a s s e s  th rougz  a maximum which i s  at lower tempera tures  f o r  lower 0 
concen t r a t ions .  

The methanol s e l e c t i v i t y  dec reases  as t h e  O2 concen t r a t ion  i n c r e a s e s  as shown 
i n  F igure  3. 

The e f f e c t  of p r e s s u r e  on the  methanol s e l e c t i v i t y  was determined i n  ano the r  
r e a c t o r  (0.4 cm I D ,  5.7 mL r e a c t o r  volume). The r e s u l t s  a r e  g iven  i n  Table  1 and 
c l e a r l y  show t h a t  for a g iven  oxygen concen t r a t ion  i n  t h e  feed  gas  and, g i v e n  
r e a c t i o n  t empera tu re ,  p re s su re  had a p o s i t i v e  in f luence  on methanol s e l e c t i v i t y ;  
e s p e c i a l l y  a t  above 50 atm. Thus, a t  an oxygen concen t r a t ion  of 5 t o  6% i n  the  f e e d  
gas  and a r e a c t i o n  tempera ture  of about 453"C, t he  methanol s e l e c t i v i t y  inc reased  
from 65% at 35 atm t o  76% a t  50 a t m  and a t  65 atm i t  was 83%. A similar t r end  was 
observed a t  t h e  o t h e r  oxygen concen t r a t ions  used i n  t h i s  s tudy .  

DISCUSSION 
Much of the  e a r l i e r  work on p a r t i a l  ox ida t ion  of methane has  been conducted i n  

s t a t i c  r e a c t o r s  ( 1 1 , l Z ) .  Limited s t u d i e s  have been performed employing f low 
r e a c t o r s  at  h igh  p r e s s u r e s  (13,14,15). Boomer e t  a l .  (16) showed t h a t  a t  a p r e s s u r e  
of 180 atm, tempera ture  of 475°C and 3.2% o x y g e n c o n c e n t r a t i o n  i n  the  f eed  gas ,  a 
maximum methanol s e l e c t i v i t y  of 74% could  be ob ta ined .  The methane convers ion  a t  
the  above c o n d i t i o n s  w a s  on ly  1.9%. S imi l a r  r e s u l t s  were r epor t ed  by P i c h l e r  and 
Reder (14), and k' iezevich and F ro l i ch  (15). Brockhaus and Franke (17) from t h e i r  
s t u d i e s  on t h e  p a r t i a l  ox ida t ion  of methane under cool  flame cond i t ions  were a b l e  t o  
ob ta in  a combined s e l e c t i v i t y  of methanol and formaldehyde of up t o  91%. However, 
t he  convers ion  p e r  p a s s  was of t h e  o rde r  of 2%. I n  compariscn t o  a l l  of the  s t u d i e s  
r epor t ed  t o  t h i s  d a t e  on homogeneous gas  phase ox ida t ion  of methane, our r e s u l t s  
seem t o  be  t h e  most promis ing  i n  t h a t  a methanol s e l e c t i v i t y  of 83% a t  a convers ion  
l e v e l  of 8% p e r  pas s  could  be obta ined .  

The h igh  methanol s e l e c t i v i t i e s  observed i n  our  exper iments  can be  expla ined  by 
the  type  of t he  r e a c t o r  used and the  r e a c t i o n  cond i t ions  employed i n  the  s tudy .  
Seve ra l  workers (18 ,19)  have i d e n t i f i e d  s u r f a c e  r e a c t i o n s  such as ox ida t ion ,  
decomposition of oxygenated products  and coke format ion  t o  be  r e spons ib l e  f o r  t h e  
decrease  i n  methanol s e l e c t i v i t y .  Su r face  r e a c t i o n s  were found t o  be impor tan t  i n  
meta l  r e a c t o r s ,  packed r e a c t o r s  and a l s o  a t  low r e a c t i o n  p res su res  ( 2 0 ) .  I n  our 
s tudy ,  probably t h e  s u r f a c e  r e a c t i o n s  were of  less importance due t o  t h e  use  o f  a 
g l a s s  l i n e d  and/or  h i g h  p r e s s u r e  where d i f f u s i o n  t o  r e a c t o r  w a l l  would not  be  
s i g n i f i c a n t .  

The proposed mechanism f o r  t he  p a r t i a l  ox ida t ion  of methane a t  h igh  p r e s s u r e  
(12) sugges t s  t h a t  t h e  r e a c t i o n  between t h e  peroxide  r a d i c a l  CH 0 and methane 
r e s u l t i n g  in  the  format ion  of methylhydroperoxide and methyl radi>al% may compete 
s t r o n g l y  w i t h  t h e  decomposi t ion  of t h e  peroxide  r a d i c a l .  The methylhydroperoxide 
r a d i c a l  then decomposes i n t o  methoxy and hydroxy r a d i c a l s  and methanol i s  formed by 
a r e a c t i o n  between t h e  methoxy r a d i c a l  and methane. Hence, h ighe r  p r e s s u r e s  f avour  
t h e  methanol s e l e c t i v i t y  and our r e s u l t s  as shown i n  Table 1 suppor t  t h i s  view. 
Although i n  the  p r e s e n t  work t h e  maximum r e a c t i o n  p res su re  employed w a s  65 a t m ,  
e a r l i e r  exper iments  (6,21) showed t h a t  an  inc rease  i n  p r e s s u r e  t o  125 a t m  had lower  
methanol s e l e c t i v i t y .  Thus a t  a n  oxygen concen t r a t ion  of  5% i n  t he  feed  gas t h e  
methanol s e l e c t i v i t y  w a s  found t o  decrease  from 61% a t  50 atm t o  25% a t  125 atm. 
The maximum methanol s e l e c t i v i t y  may occur  between 65 and 125 atm and t h i s  has yet  
t o  be e s t a b l i s h e d .  

CONCLUSIONS 

10% convers ion  l e v e l s  p e r  pas s  could  be obta ined  du r ing  t h e  p a r t i a l  ox ida t ion  of 
methane i n  t h e  t u b u l a r  r e a c t o r  opera ted  a t  about 65 a t m ,  450°C and a r e s idence  t i m e  
of about 4 min. The methanol s e l e c t i v i t y  was observed to depend s i g n i f i c a n t l y  on 

In t h i s  s tudy  w e  showed t h a t  methanol s e l e c t i v i t i e s  of 75 t o  over  80% a t  8 t o  1 
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t h e  oxygen c o n c e n t r a t i o n  i n  t h e  f eed  g a s  and r e a c t i o n  p r e s s u r e .  Oxygen 
concen t r a t ions  l e s s  than 5X and r e a c t i o n  p r e s s u r e  h i g h e r  than 50 atm were found t o  
be conducive f o r  h ighe r  methanol s e l e c t i v i t y .  

ACKNOWLEDGEMENT 

providing the f i n a n c i a l  support  du r ing  t h e  e n t i r e  s tudy .  

REFERENCES 

The a u t h o r s  are g r a t e f u l  t o  Energy, Mines and Resources ,  CANMET of Canada f o r  

Edwards, J.  H. ,  F o s t e r ,  N. R . ,  F u e l  Science 6 Technology I n t ' l  4, 365 (1986). 
Gesser. H .  D . ,  Hunter ,  N .  R.. Prakash,  C.  B . ,  Chemical Reviews, E, 235 (1985) .  

~ 

F o s t e r ,  N. R.. Appl. Catal.. 19, 1 (1985). 
P i t c h a i ,  R . ,  Klier,  K . ,  Ca ta l .  Rev. Sc i .  Eng., 3, 13 (1986). 
L i u ,  H. F.. Liu,  R. S . ,  Liew, K .  Y.. Johson. R. E . ,  Lunsford,  J.  H . ,  J .  Am. 
Chem. SOC., 106, 4117 (1984). 
Hunter, N. R. ,  Gesser, H. D . ,  Morton, L:A., and Prakash,  C. B.. P roceed ings  of 
t h e  V I  I n t e r n a t i o n a l  Symposium on Alcohol  Fue l s  Technology, Ottawa, May 21-25 
(1984). 
Hunter ,  N. R.. Gesser, H. D. ,  Morton, L. A . ,  and Fung, D. P. C . ,  Proceedings of 
t h e  35th Canadian Chemica1,Engineering Conference, Calgary,  Oct. 6-9 (1985) .  
Gesser ,  H. D . ,  Hunter, N. R . ,  Morton, L. A. ,  U.S. P a t e n t  No. 4,618,732, I s s u e d  
Oct. 21,  1986. 
Yarlagadda, P. S . ,  Morton, L. A.,  Hunter ,  N. R . ,  and Gesser, H. D.. Fue l  Sc ience  
& Technology I n t ' l  ( i n  p r e s s ) .  
Newit t ,  D. M. ,  Haffner ,  A. E . ,  Proc.  Roy. SOC. London, e. 591 (1932). 
L o t t ,  J. L.,  The s e l e c t i v e  o x i d a t i o n  of methane a t  h igh  p r e s s u r e ,  Ph.D. T h e s i s ,  
Un ive r s i ty  of Oklahoma (1965). 
Newit t ,  D. M . ,  Szego, P. ,  Proc. Roy. SOC. London, x, 555 (1934). 
P i c h l e r ,  H . ,  Reder, R. ,  Angewandte Chemie, 46, 1 6 1  (1933). 
Wiezevich, P. J., F r o l i c h ,  P. K . ,  Ind.  Eng. Chem.. 26, 267 (1934). 
Boomer. E. H . ,  Can. J .  Res., 15B, 375 (1937). 

16a.Boomer. E. H.,  Thomas, V.. C a C J .  Res., E, 401 (1937). 
16b.Boomer. E. H . ,  Thomas, V., Can. J .  Res., E, 414 (1937). 
16c.Brockhaus. R. and Franck, H. - J . ,  Deutsches P a t e n t a n t  2,743,113 (1979). 
17. Mahajan, S . ,  Menzies, W. R., A l b r i g h t ,  L. F., Ind.  Eng. Chem. P rocess  Des. Dev., 

1 8 a . E h a j a n ,  S . ,  Nickolas ,  D. M. ,  Sherwood. F . ,  Menzies, W. R., A l b r i g h t ,  L. F., 

18b.Mahajan, S . ,  Nickolas ,  D. M., Shewood.  F., Menzies, W. R . ,  A l b r i g h t ,  L. F. ,  

19. L o t t ,  J .  L. ,  S l i epcev ich ,  C. M . ,  Ind.  Eng. Chem. P rocess  Des. Dev., 6, 67 

20. Chou, T. C.. A lb r igh t ,  L. F. ,  Ind.  Eng. Chem. P rocess  Des. Dev.. 17, 454 (1978). 
21. Gesser. H. D . ,  Hunter, N. R . ,  Morton, L. A.,  Prakash,  C. B . ,  The P roduc t ion  o f  

16 ,  271 (1977a). 

Ind.  Eng. Chem. P rocess  Des. Dev., 2, 275 (1977b). 

Ind.  Eng. Chem. P rocess  Des. Dev., 16, 275 (1977b). 

(1967). 

methanol by t h e  c o n t r o l l e d  o x i d a t i o n  o f  methane a t  h igh  p r e s s u r e s ,  F i n a l  Report  
submit ted t o  Energy, Mines and Resources  Canada (1984). 

257 



0 
0 

0 * 0 
U N 

0 0 
93 W 

(o 
e 

258 



PRESS. TEMP. 
ATY 'C 

B 35 411 

PRESS. TEMP. 
ATY 'C 

B 35 411 

I 

0 2 L 6 8 10 
O2 conc. in Feed gas (mol %) 

Figure 3. Effect of oxygen concentration in the feed 
gas on methanol selectivity. 

Table I. 
oxygen concentrations in the feed gas. 

The effect of varying reaction pressure on methanol selectivity at different 

Run (I Reaction Conditions Residence Conversion Selectivit , mol%* CH OH 
Temperature Pressure 0 Conc. Time mol2 CH30H C; C02 Yi&d 

OC atm 2m012 m in mol4 

29 455 34.0 10.3 2.5 7.5 59.8 25.1 15.1 4.5 
28 453 34.7 6.0 3.5 8.1 64.9 20.7 14.7 5.3 
27 450 34.4 2.1 3.2 3.9 77.0 10.7 12.3 3.1 
26 453 50.0 '8.0 2.8 7.5 56.5 23.9 19.3 4.3 
24 45 1 50 .O 6.7 3.7 9.5 76.0 12.6 11.4 7.2 
25 451 50.0 3.5 4.6 5.9 16.7 12.6 10.1 4.5 
32 456 65.4 7.4 4.5 11.0 66.5 22.6 10.9 7.3 
31+ 456 65.3 5.1 4.1 8.0 83.0 10.7 6.4 6.6 
33 468 65.6 2.6 3.7 5.3 81.5 9.6 8.9 4.3 

i 

i. f 
*Average of at least 4 on-line analysis. 
+Reducing the heated zone from 45 cm to 35 cm increased the CH OH selectivity to 84.52. 3 
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