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ABSTRACT 

The r o l e  of a l k a l i  promoters i n  i n c r e a s i n g  t h e  hydrocarbon 
s e l e c t i v i t y  of  c a t a l y t i c  methane coupl ing is under i n v e s t i g a t i o n  f o r  
series of unpromoted and alkali-promoted a l k a l i n e  e a r t h  and r a r e  e a r t h  
oxides.  
of O2 and H 2 0  evolved du r ing  temperature-programmed deso rp t ion  (TPD) 
experiments immediately fol lowing t h e  s t a t i o n a r y - s t a t e  o x i d a t i v e  
d imer i za t ion  of methane by Na/CaO and Li/MgO. These r e s u l t s  sugges t  t h a t  
a r e l a t i v e l y  pas s ive  and p r o t e c t i v e  l a y e r  of molten a l k a l i  ca rbona te  w i t h  
s u r f a c e  hydroxide and s u r f a c e  ox ide  components i s  formed on t h e  promoted 
CaO and MgO s u r f a c e s  during p a r t i a l  oxidat ion.  I so tope  exchange 
experiments with deuterium-labeled methane i n  t h e  absence of g a s  phase 
oxygen showed high rates of H-D exchange on bo th  t h e  unpromoted and t h e  
Na-promoted CaO c a t a l y s t s ,  i n d i c a t i n g  t h a t  t h e  formation of methyl 
r a d i c a l s  may not  l i m i t  t h e  ra te  of product ion of higher  hydrocarbons.  
The presence of an  adsorbed s p e c i e s  t h a t  r e l eased  methane a t  moderate 
temperature ,  about 550 K, was a l s o  revealed i n  t h e  TPD experiments  
fo l lowing  methane d imer i za t ion .  Methyl (or methoxy) and hydroxyl 
e n t i t i e s  coadsorbed on t h e  carbonate  layer are suggested as t h e  sou rce  of 
methane observed i n  t h e s e  TPD experiments.  

Mul t i l aye r  q u a n t i t i e s  of cO2 and f r a c t i o n a l  monolayer q u a n t i t i e s  

INTRODUCTION 

An i n c r e a s e  i n  t h e  worldwide supply of n a t u r a l  g a s ,  i n c r e a s i n g  
r e s t r i c t i o n s  on t h e  f l a r i n g  of remote n a t u r a l  gas ,  and t h e  h i g h  c o s t  of 
s y n t h e s i s  gas  conversion provide g r e a t  i n c e n t i v e s  t o  develop p rocesses  
t h a t  d i r e c t l y  and economically convert  methane t o  r e a d i l y  t r a n s p o r t a b l e  
and h ighe r  value 
s e l e c t i v e  ox ida t ion  of only t h e  excess hydrogen i n  t h e  methane molecule 
is  thermodynamically f avorab le ,  wh i l e  d i r e c t  thermal conversion of  
methane t o  h ighe r  hydrocarbons i s  thermodynamically unfavorable  and 
energy in t ens ive .  However, t h e  p a r t i a l  o x i d a t i o n  of methane is d i f f i c u l t  
because of t h e  r e l a t i v e l y  h igh  r e a c t i v i t y  of u s e f u l  p roduc t s  and the ve ry  

Hydrocarbon formation through t h e  
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f a v o r a b l e  thermodynamics f o r  deep o x i d a t i o n  t o  carbon dioxide.  Success- 
f u l  p rocesses  f o r  d i r e c t  methane conversion i n t o  h i g h e r  hydrocarbons must 
t h e r e f o r e  u s e  h i g h l y  s e l e c t i v e  c a t a l y s t s  t h a t  s t r o n g l y  i n h i b i t  t o t a l  
o x i d a t i o n ,  y e t  r e t a i n  t h e  c a p a b i l i t y  of  a c t i v a t i n g  t h e  s t a b l e  methane 
molecule. 

Severa l  classes of c a t a l y s t s  have s i g n i f i c a n t  s e l e c t i v i t y  f o r  
methane a c t i v a t i o n ,  i n c l u d i n g  a l k a l i n e  e a r t h  oxides ,  r a r e  e a r t h  oxides ,  
manganese oxide,  and o x i d e s  of  t h e  s o f t  metals such a s  lead ,  cadmium, 
bismuth, and antimony. A l k a l i  promoters are widely used wi th  methane 
a c t i v a t i o n   catalyst^,^-^ and o f t e n  i n c r e a s e  s e l e c t i v i t y  wi thout  a corre-  
sponding i n c r e a s e  i n  t h e  methane conversion r a t e .  Thus, a l k a l i  may a c t  
more t o  suppress  hydrocarbon o x i d a t i o n  t h a n  t o  promote methane conversion.  
In the  p r e s e n t ,  work we have used fixed-bed r e a c t o r  k i n e t i c  s t u d i e s ,  
methane H-D exchange r e a c t i o n  experiments ,  and pos t - reac t ion  temperature-  
programmed d e s o r p t i o n  (TPD) examinat ion t o  s t u d y  the mechanism of methane 
o x i d a t i v e  d i m e r i z a t i o n  by a v a r i e t y  of unpromoted and alkali-promoted 
a l k a l i n e  e a r t h  o x i d e  and rare e a r t h  oxide  c a t a l y s t s .  

EXPERIMENTAL RESULTS 

C a t a l y s t  P r e p a r a t i o n  

Samples of a lkal i -promoted a l k a l i n e  e a r t h  oxide c a t a l y s t s  were 
prepared from h i g h - p u r i t y  CaO MgO, Ba(OH)2, Na2C03, K 2 C 0 3  and Li2CO3 
(Johnson Matthew, Pura t ronic@:  > 9 9 . 9 9 % ) .  
adding a p p r o p r i a t e  amounts of  t h e  a l k a l i  carbonate  and a l k a l i n e  e a r t h  
o x i d e  o r  hydroxide t o  a small q u a n t i t y  of d i s t i l l e d  water and b o i l i n g  f o r  
1 hour. 
Various mole f r a c t i o n  composi t ions were prepared where t h e  mole f r a c t i o n  
of  a l k a l i  metal  i s  d e f i n e d  as t h e  r a t i o  of  moles of a l k a l i  metal t o  t h e  
sum of t h e  moles of a l k a l i  meta l  and t h e  moles of a l k a l i n e  e a r t h  oxide. 
BET (N2) s u r f a c e  a r e a  measurements were performed on t h e s e  c a t a l y s t s  
fo l lowing  a s t a n d a r d  pre t rea tment .  Complex r a r e  e a r t h  oxide  c a t a l y s t s ,  
such  as  LaA103 and La2O3, were prepared by p r e c i p i t a t i o n  of n i t r a t e  s a l t  
s o l u t i o n s  w i t h  t e t r a m e t h y l  ammonium hydroxide,  followed by c e n t r i f u g a t i o n  
and drying.  These c a t a l y s t s  were c a l c i n e d  i n  a i r  a t  873 K and 
c h a r a c t e r i z e d  by x-ray d i f f r a c t i o n  and BET s u r f a c e  a r e a  measurements 
p r i o r  t o  t h e  k i n e t i c  s t u d i e s .  

The prepara t ion  cons is ted  of  

The r e s u l t i n g  s l u r r y  was then  a i r  d r i e d  overn ight  a t  423 K. 

Fixed-Bed Reac tor  S t u d i e s  of Methane A c t i v a t i o n  

I so thermal  r e a c t i o n  k i n e t i c s  f o r  methane a c t i v a t i o n  by t h e  alkalL- 
promoted a l k a l i n e  e a r t h  o x i d e  c a t a l y s t  were examined over  a per iod  of 
t i m e  (15 t o  72 h )  s u f f i c i e n t  t o  e s t a b l i s h  s t a t i o n a r y - s t a t e  condi t ions .  
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c a t a l y t i c  r a t e s  were measured using a fixed-bed mic ro reac to r  system. 
Approximately 50mg samples were loaded i n  4mm-ID qua r t z  r e a c t o r s .  The 
r e a c t i o n  products  were analyzed by g a s  chromatography us ing  a 6-f t  
Carbosieve column wi th  a flame i o n i z a t i o n  d e t e c t o r .  The chromotographs 
were c a l i b r a t e d  us ing  a c e r t i f i e d  s t anda rd  blend of r e a c t a n t  and product 
gases.  The methane conversion and product s e l e c t i v i t i e s  were based on  
the number of moles of carbon r eac t ed  p e r  u n i t  t i m e .  
de f ined  as t h e  product of methane conversion and s e l e c t i v i t y .  Product 
d i s t r i b u t i o n s  f o r  t h e  series of alkali-promoted a l k a l i n e  e a r t h  ox ides  a t  
1000 K ranged from t o t a l  combustion ( f o r  CaO) t o  74% Cz+ ( f o r  Li/MgO). 
The h i g h e s t  methane a c t i v a t i o n  rate was observed f o r  t h e  Na/CaO c a t a l y s t .  

@ 

C2+ y i e l d  i s  

The r e s u l t s  of o u r  k i n e t i c  s t u d i e s  are b e s t  understood a s  
competi t ion between o x i d a t i v e  coupl ing of  t h e  methane and i t s  complete 
o x i d a t i o n  t o  Cog. 
r e s p e c t  t o  CH4; however, t h e  coupl ing r e a c t i o n  was i n h i b i t e d  by 
i n c r e a s i n g  oxygen p a r t i a l  pressure.  Thus, w i t h  low oxygen p a r t i a l  
p re s su re ,  methane conversion was no t  a l t e r e d  by Po 
f o r  C2H6 and C2H4 decreased wi th  i n c r e a s i n g  P 

Both r e a c t i o n s  show a p o s i t i v e  r e a c t i o n  o r d e r  w i t h  

bu t  t h e  s e l e c t i v i t y  
2' 

02 
Ext rapo la t ion  of ou r  r e s u l t s  t o  z e r o  oxygen p a r t i a l  p r e s s u r e  

p r e d i c t s  t h a t  s e l e c t i v i t i e s  t o  C2H6 approaching 100% a r e  i n h e r e n t l y  
p o s s i b l e  i n  alkali-promoted c a t a l y s t  systems. S imi l a r  r e s u l t s  i n  t h i s  
range of low oxygen p a r t i a l  p re s su res  were r epor t ed  by I t o ,  e t  al.5 
t h e  deg ree  of  methane conversion i s  h igh ,  both C2H4 and C2H6 are 
observed. 
s e l e c t i v i t y  has  long been noted, and is  t h e  b a s i s  f o r  t h e  redox p rocesses  
invo lv ing  t h e  s e q u e n t i a l  p a r t i a l  o x i d a t i o n  of methane and r egene ra t ion  of 
t h e  ox ide  wi th  a i r  
Keller and Bhasin. 

When 

The b e n e f i c i a l  e f f e c t  of low 02 p a r t i a l  p r e s s u r e  on Cg+ 

a s  demonstrated i n  t h e  work of Jones,  et  al.9 and i o  

Temperature-Programmed Desorpt ion S t u d i e s  

The temperature-programmed deso rp t ion  (TPD) technique was t o  
i d e n t i f y  adso rba te  b ind ing  s ta tes  as w e l l  as bu lk  phases i n  t h e  a l k a l i -  
en r i ched  a l k a l i n e  e a r t h  ox ide  c a t a l y s t s .  Af t e r  r e a c t i o n  a t  e l eva ted  
temperature ,  t h e  c a t a l y s t  was cooled t o  room temperature  i n  t h e  r e a c t i v e  
gas  mixture.  A s t ream of pu re  helium was then  passed through t h e  r e a c t o r  
and t h e  c a t a l y s t  was heated t o  1300 K a t  a r a t e  of 1 K s-'. 
and decomposition products  were cont inuously monitored by on-l ine mass 
spectrometry.  
CO, C3Hx, 0 2 ,  CH30H, and CO2 were cont inuously scanned (F igu re  1 and 
Table 1) .  Variable  amounts o f  02. which evolve a t  high temperatures  
(>IO00 K ) ,  small amounts of H20, and l a r g e  q u a n t i t i e s  of C02 i n d i c a t i v e  
of b u l k  carbonate  decomposition were observed. 
unexpectedly e x h i b i t e d  methane d e s o r p t i o n  a t  low temperature  (650 f 50 K)  
i n  submonolayer q u a n t i t i e s .  

Desorpt ion 

The p r i n c i p a l  i o n  masses corresponding t o  CH4, H20, C2Hx, 

A l l  c a t a l y s t s  
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Figure 1. Temperature programmed desorption from alkali-metal-promoted 
alkaline eaflh catalysts. 
(a) 30 mol Oh LiNgO. 
(b) 30 mol % Na/CaO. 
(1 K S’ heating rate; 0.5 ml s 1  He flow rate) 
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Table 1 

TEMPERATURE-PROGRAMMED PRODUCT ANALYSIS~ 

Amount of  Desorbed Product' ( m o l  g-') 

Conc. of  S i t e s  
C a t a l y s t s  (Mi01 g-I) CH4 H20 02 co2 

~~ ~~ 

0.01 Na/CaO 96 3.5 (600) 312 (700) 1.1 (1175) 27.9 (800) 

0.30 Na/CaO 46 1.7 (675) 10.5 (400+) 0.6 (1100) 583 (1150) 

0.30 Li/CaO 17 0.4 (700) 0.8 (broad)  11.0 (>1100) 3.4 (>1100) 

0.30 Li/MgO 40 12.9 (675) 15.8 (broad) 12.6 (1225) 683 (925, >I3001 

aTPD cond i t ions :  0.5 cm3 

bNumber of s u r f a c e  sites es t ima ted  assuming s i te  d e n s i t y  of 1 x 

He flow r a t e ,  1 K s-l h e a t i n g  r a t e ,  0.04 g 
of c a t a l y s t .  

s i tes  m-2 f o r  t h e  c a t a l y s t  s u r f a c e  area fol lowing p re t r ea tmen t  a t  973 K 
i n  a i r  f o r  48 hours. 

'Number i n  pa ren thes i s  r e f e r s  t o  temperature  of deso rp t ion  peak maxima (K). 

I 

The q u a n t i t i e s  o f  evolved water vapor f o r  30 mol% Na/CaO and 30 mol% 
Li/MgO and oxygen f o r  30 mol% Li /CaO and 30 mol% Li/MgO approached t h e  
e s t ima ted  s u r f a c e  c a t i o n  d e n s i t y  based on t h e  BET s u r f a c e  a r e a  measure- 
ments, assuming 1.0 x 1019 s i tes  m-2. The C O ~  evolved f o r  t h e  0.01 and 
0.3 N a / C a O  and 0.3 Li/MgO samples was almost equa l  t o  t h e  q u a n t i t y  of 
ca rbona te  expected i f  a l l  a l k a l i  was converted t o  t h e  carbonate  d u r i n g  
r eac t ion .  Thermodynamic c a l c u l a t i o n s  p r e d i c t  t h e  formation of  bu lk  
ca rbona te s  under r e a c t i o n  cond i t ions ,  d e s p i t e  t h e  low CO2 s e l e c t i v i t y  of 
t h e  a l k a l i / a l k a l i n e  e a r t h  ox ide  c a t a l y s t s .  
monolayer q u a n t i t i e s  of desorbing oxygen and water vapor ( t h e  l a t t e r  
presumably from hydroxyl s p e c i e s )  may ar ise  from chemisorbed s p e c i e s  or 
poss ib ly  from g a s  d i s so lved  i n  t h e  bulk carbonate.  

The nea r ly  one-fourth 

I s o t o p i c  Exchange 

The e x t e n t  of hydrogen exchange between CD4 and CH4 on calcium ox ide  
c a t a l y s t s  was i n v e s t i g a t e d  by i n j e c t i n g  an a l i q u o t  c o n s i s t i n g  of  a d i l u t e  
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mixture of  CD4 and CH4 i n t o  a s t ream of helium and through t h e  c a t a l y s t  
bed a t  e l e v a t e d  temperatures .  The degree of H-D exchange i n  t h e  methane 
components of  t h e  e f f l u e n t  gas  was measured by on-line mass spectrometry.  
Several  p u l s e s  of  a mixture  con ta in ing  2.0 mol CH4 and 0.6 m o l  CD4 were 
i n j e c t e d  o v e r  a temperature  range from 300 t o  1200 K f o r  CaO and Na- 
promoted CaO c a t a l y s t s  and f o r  an  empty r e a c t o r  con ta in ing  t h e  
thermocouple assembly. Ion c u r r e n t  f o r  masses 15 though 20 amu 
corresponding t o  CH3+, CH4+, CDH3+, CD2H2+, CD3H+ and CD4+ i o n s  
r e s p e c t i v e l y ,  were scanned du r ing  each pulse.  

Both pu re  CaO and sodium promoted calcium oxide showed s u b s t a n t i a l  
a c t i v i t y  f o r  hydrogen exchange wi th  CD4- 
between CH4 and CD4 w a s  t aken  as t h e  conversion of CD4 s i n c e  t h e  
e q u i l i b r a t e d  popu la t ion  o f  CD4 would be very sma l l  (<  1% of t h e  t o t a l  
methane) g i v e n  t h e  low D / H  r a t i o  (D/H = 0.3). 
was converted t o  CD4-xHx on Na/CaO (F igure  2) while  about 60% was 
converted on CaO. Under t h e s e  c o n d i t i o n s ,  s t a t i o n a r y - s t a t e  methane 
conversion wi th  t h e  N a / C a O  c a t a l y s t  was about 5%. S i m i l a r l y  exchange 
measurements have been reported" f o r  MgO and A1203. Based on CD4 
conversion i n  t h e  b l ank  r e a c t o r ,  less than  15% of t h e  observed exchange 
wi th  Na/CaO was a t t r i b u t e d  t o  homogeneous g a s  phase r e a c t i o n  o r  t o  
r e a c t i o n s  occur r ing  on t h e  thermocouple assenbly o r  r e a c t o r  wa l l  
s u r f  aces.  

The ex ten t  of H exchange 

A t  980 K,  6% of t h e  CD4 

Apparently t h e  hydrogen exchange r e a c t i o n  and t h e  coupl ing r e a c t i o n  
The temperature  of t h e  onse t  of  hydrogen exchange occur  s imi l t aneous ly .  

(800 t o  900 K) is approximately t h e  same a s  t h e  appearance of C2+ and C 0 2  
r e a c t i o n  p roduc t s  du r ing  t h e  temperature  programmed o x i d a t i v e  coupling o f  
methane ove r  0.3 Na/CaO and t h e  o n s e t  o f  H 2 0  and C02 evo lu t ion  during t h e  
TPD experiments.  

CONCLUSIONS 

The k i n e t i c s  of methane a c t i v a t i o n  were examined f o r  a s e r i e s  of CaO 
c a t a l y s t s  promoted by l i t h ium,  sodium, and potassium oxide/carbonate  
s a l t s .  
s e l e c t i v i t y  fo l low t h e  o r d e r  Na > L i  > K wi th  r e spec t  t o  promoter. This  
r e s u l t  is i n  accord with t h e  i d e a  t h a t  c a t i o n  s i z e ,  and presumably 
i n t e r s o l u b i l i t y  of  a l k a l i - a l k a l i n e  e a r t h  c a t i o n s ,  i n f l u e n c e s  t h e  n a t u r e  
and s u r f a c e  d e n s i t y  of  a c t i v e  si tes.  

The methane conversion a c t i v i t y  and h ighe r  hydrocarbon 

The sodium-promoted CaO c a t a l y s t  system showed high i n t r i n s i c  C2H6 
s e l e c t i v i t y  (>  80 mol% carbon b a s i s  i n  t h e  l i m i t  of  l o w  conversion and 
low oxygen p a r t i a l  p r e s s u r e ) ,  good a c t i v i t y  (about  twice t h e  methane 
conversion r a t e  p e r  u n i t  a r e a  r e l a t i v e  t o  lithium-promoted magnesia under  

I 
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i d e n t i c a l  r e a c t i o n  c o n d i t i o n s ) ,  and good s t a b i l i t y  (no observable  
dec rease  i n  r a t e  and s e l e c t i v i t y  a f t e r  72 hours) .  
s u b s t a n t i a l  agreement wi th  publ ished work. 

Our r e s u l t s  are i n  

De ta i l ed  r e a c t i o n  o r d e r  experiments showed t h a t  t h e  rate of  methane 
conversion was l i n e a r  w i th  methane p a r t i a l  p r e s s u r e  as expected and 
independent o f  oxygen p a r t i a l  p r e s s u r e s ,  whereas t h e  C2 s e l e c t i v i t y  
va r i ed  a s  t h e  s q u a r e  roo t  of  methane p a r t i a l  p re s su re  and t h e  inve r se  
squa re  r o o t  o f  oxygen p a r t i a l  p re s su re .  
a t  moderate p r e s s u r e  ( e s p e c i a l l y  w i t h  f i x e d  low oxygen p a r t i a l  p re s su re )  
w i th  N a / C a O  and presumbaly o t h e r  alkali-promoted a l k a l i n e  e a r t h  oxide 
c a t a l y s t  would i n c r e a s e  t h e  hydrocarbon y ie ld .  Other k i n e t i c  s t u d i e s  
showed t h e  weak dependence of  C2 s e l e c t i v i t y  of C 0 2  p a r t i a l  p re s su re  and 
t h e  s t r o n g  c o r r e l a t i o n  between ethene/ethane product r a t i o  and methane 
conversion. 

This r e s u l t  shows t h a t  o p e r a t i o n  

ESR experiments  were performed in s i t u  at  temperatures  up t o  920 K 
t o  d e t e c t  t he rma l ly  induced r a d i c a l  oxygen anion s p e c i e s  i n  t h e  presence 
of oxygen, methane, o r  a r e a c t i n g  g a s  mixture. S igna l s  a t t r i b u t a b l e  t o  
0- o r  [A'O-] c e n t e r s  were photoinduced a t  78 K b u t  r a p i d l y  disappeared a t  
h ighe r  t empera tu res  ( temperatures  below 300 K). 
t h a t  0- c e n t e r s  are no t  s i tes  f o r  methane a c t i v a t i o n  by s e l e c t i v e  
d imer i za t ion  c a t a l y s t s .  

This result i n d i c a t e s  

TPD experiments  i n d i c a t e  t h a t  t h e  a l k a l i  components a f t e r  extended 
r e a c t i o n  e x i s t  i n  t h e  form of (probably molten) carbonate  sa l t s  on MgO 
and CaO c a t a l y s t s .  Minor, perhaps f r a c t i o n a l ,  monolayer q u a n t i t i e s  of 
oxygen and hydroxyl  s p e c i e s  were a l s o  shown t o  b e  p re sen t  on t h e  working 
c a t a l y s t s .  
o r g a n i c  i n t e r m e d i a t e  which was s t a b l e  a t  temperatures  below 550 K, but  
which decomposed i n t o  methane a t  750 K i n  t h e  absence of oxygen. 

Other  TPD experiments presented t a n t a l i z i n g  evidence f o r  a n  

A p i c t u r e  o f  t h e  working alkali-promoted a l k a l i n e  e a r t h  methane 
d i m e r i z a t i o n  c a t a l y s t s  and t h e  r e a c t i o n  mechanism is emerging from t h e  
p re sen t  work and t h e  numerous methane a c t i v a t i o n  s t u d i e s  under way 
th rou  hou t  the world. 
group f2-15 conv inc ing ly  confirms t h a t  a f r e e  r a d i c a l  mechanism invo lv ing  
g a s  phase recombinat ion of methyl r a d i c a l s  as a primary s t e p  can e x p l a i n  
t h e  hydrocarbon product  d i s t r i b u t i o n  f o r  o x i d a t i v e  methane dimerizat ion.  
The i n i t i a l  s t e p  is the a b s t r a c t i o n  of a hydrogen atom by an a c t i v e  
s u r f a c e  oxygen s p e c i e s  wi th  subsequent release of a methyl r a d i c a l  i n t o  
t h e  g a s  phase. The h igh  exchange rates w e  observed between CD,, and CHq 
suggest  that  t h e  product ion of methyl r a d i c a l s  i s  r e l a t i v e l y  rapid.  
Methyl r a d i c a l s  are e a s i l y  oxidized so t h a t  t h e  c a t a l y s t  s u r f a c e s  must 
have a ve ry  low c o n c e n t r a t i o n  of  r e d u c i b l e  oxygen. The working c a t a l y s t  
may b e  p a s s i v a t e d  by t h e  formation of a molten OK g l a s s y  l a y e r  of a l k a l i  
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ca rbona te  over  MgO or CaO su r faces .  The carbonate  l a y e r  may c o n t a i n  
s u r f a c e  oxygen o r  hydroxyl spec ie s .  The l o c a t i o n  ( g a d a l k a l i  ca rbona te  
i n t e r f a c e ,  bulk a l k a l i  carbonate ,  or a l k a l i  c a r b o n a t e / a l k a l i n e  e a r t h  
ox ide  i n t e r f a c e )  and t h e  n a t u r e  (0-, 02-, or O-') of t h e  active s i t e  is 
s t i l l  unce r t a in .  Addit ional  r e sea rch  now under way should c l a r i f y  both 
t h e  mechanism and n a t u r e  of t h e  a c t i v e  s i t e  f o r  t h e  i n i t i a l  methane 
a c t i v a t i o n  s t e p .  
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