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INTRODUCTION 

The heterogeneously catalyzed oxidative dimerization of methane 
has received considerable attention in recent years. A variety Of 
materials have now been examined which include the main group oxides 
(1,2), the rare-earth oxides ( 3 , 4 )  and a number of doped transition 
(5) and main group metal oxides (6). Work in this laboratory has 
focused primarily on the latter materials, and in particular Li-doped 
MgO. (7,s). Over this material it is postulated that methane is 
activated via hydrogen atom abstraction by [Li+O-] centers which are 
present under reaction conditions on the surface of the catalyst. 
Subsequent steps in the mechanism involve the release of these 
radicals from the surface into the homogeneous gas phase where they 
then undergo coupling reactions to produce the selective C2 products. 

The formation of [Li+O-] centers has also been reported on Li- 
doped ZnO ( 9 , l O ) .  This material is considerded to be a non-basic 
semiconductor, whereas, MgO is considered to be a basic insulator. 
Li-doped ZnO was chosen for examination not only because of its 
ability to produce potentially active centers, but also to determine 
the effect of basicity on the catalytic properties. Recent work by 
Matsuura & d. (11) has shown that this material is indeed active for 
the oxidative dimerization of methane. In the present study, this 
material will be examined in further detail in an effort to identify 
the active site on the catalyst surface and to determine the overall 
mechanism €or final product formation. 

EXPERIMENTAL 

The catalysts were prepared by adding zinc oxide (ZnO) and 
lithium carbonate (Li2C0 ) to deionized water and evaporating the 
water, while stirring, u n h  only a thick paste remained. The paste 
was dried.in air at 140'C overnight. This material was then pressed, 
broken into small chips, loaded into the reactor and preconditioned at 
750'C for 4 h under a flow of oxygen before exposure to the reactant 
gases. The unpromoted ZnO catalyst was prepared and pretreated in the 
same manner, except for the addition of Li2C03. 

The catalytic studies were carried out in a conventional fused- 
quartz flow reactor operated at atmospheric pressure. Typical 
reactant feeds consisted of a 2:l methane:oxygen feed diluted with a 
helium carrier gas at a total flow of 50 ml/min. Reaction 
temperatures ranged from 600 to 770'C. Product analysis was 
accomplished by conventional GC techniques. Further details on this 
system can be found in previous papers by Lunsford and co-workers 
(3,7). 

The EPR spectra were obtained using a Varian E76S spectrometer at 
77 K. Quenching studies were carried out using the technique 
previously developed in this laboratory by Wang et al. (12). In this 
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work, the samples were quenched into liquid oxygen after exposure to 
180 torr of gaseous oxygen at 730'C for 1 h. 

RESULTS 

-q 
The method used to pretreat the catalyst was found to have a 

strong influence on the reaction stability. Samples preconditioned 
for 3 h at 650'C in air rapidly deactivated, regardless of the 
reaction temperature, methane/oxygen ratio or the sample purity. 
However, by increasing the pretreatment temperature to 750'C and 
employing a 50 ml/min oxygen flow a steady state could be rapidly 
attained. In this case, a steady state reaction was achieved after 
only 2.5 h and was maintained even after 130 h on stream. Therefore, 
to ensure that all results were obtained after steady state had been 
reached, samples were pretreated at 750'C for 4 h under an oxygen flow 
and measurements were not begun until after 12 h on line. 

In order to gain insight into the overall reaction mechanism the 
effects of temperature, Li-doping levels and reactant partial 
pressures on reactivity were examined in detail. The effect of 
temperature is considered first and the results are illustrated in 
Figure 1. Methane conversion continually increased with increasing 
temperature over the entire range examined. The C2 selectivity slowly 
increased to a maximum at a temperature of approximately 675'C while a 
reverse temperature dependence was observed f o r  the C1 selectivity. 
The increase in C2 selectivity with increasing activity is contrary to 
expected behavior; however, a similar trend was previously observed 
during the oxidative dimerization of methane over Li-doped MgO 
catalysts (7). The .activation energy determined for this reaction, 
over the temperature range of 550 to 700.12 was 51 kcal/mol. 

The effect of lithium doping was examined and a plot of methane 
conversion, C selectivity, c1 selectivity and C2 yield (which is 
defined as tze product of conversion and selectivity) lithium 
doping into ZnO is presented in Figure 2. Methane conversion reached 
a maximum over the pure oxide; however, selectivity to C2 products was 
extremely low. Addition of lithium resulted in a decrease of methane 
conversion, but the C2 selectivity rapidly increased and eventually 
leveled off at a doping level of approximately 1.0 w t %  Li. A 
corresponding decrease in the C1 was also observed. The major 
component in the C1 fraction was C02 ( > g o % )  while the C2 portion 
consisted of a mixture of ethane and ethylene at a constant ratio of 
C2H4/C$i6 =20.85. The surface areas of these used materials decrea ed 

over all of the lithium-doped samples. 
In one experiment a used catalyst was thoroughly washed to remove 

any residual Li2C0 from the surface. This material exhibited an 
activity for C2 fbrmation which was comparable to the original 
catalyst; however, the rate of C1 product formation increased 
considerably. 

The variation of reactivity with respect to oxygen partial 
Pressure is presented in Figure 3. This data was obtained over a 0.9 
w t %  Li/znO catalyst at 720'C; however, similar behavior was also 
observed at a reaction temperature of 660'C. As the oxygen partial 
Pressure was increased, methane conversion continued to increase. A t  
low oxygen partial pressures the formation of selective C2 products 

from 0.5 m /g over the pure oxide to a constant value of -0.1 m 3 /g 
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was favored whereas, as expected, high oxygen partial pressues tended 
to promote the production of non-selective CO and C 0 2 .  

1 

i * 
'I 

'1 

d 

Maximum C2 Yields 
In m d e r  to obtain the maximum C2 yields catalytic runs were 

carried out over 4 g of a 0 . 9  w t %  Li/ZnO catalyst at several different 
temperatures and these results, along with some typical conversion and 
selectivity data, are summarized in Table I. A maximum C2 yield Of 
15% was obtained at a temperature of 750'C. Higher yields apparently 
could be obtained at higher temperatures; however, at these 
temperatures the catalyst appeared to enter a molten phase. It is Of 
value to compare these yields with those previously obtained over the 
Li/MgO catalysts (7). At 720'C under similar reactant feed conditions 
a C yield of 18% was observed. The value of 11% obtained here at 
720'C is obviously lower, but still within the range of the more 
active methane conversion catalysts thus far reported. 

Table I. 

MAXIMUM C2 YIELD 

Temperature ( ' C) 6 5 0  7 0 0  7 2 0  7 5 0  

Selectivity (%)  co 4 4 . 0  3 9 . 6  4 2 . 4  4 3 . 7  

1 0 . 4  2 2 . 2  2 6 . 9  2 8 . 7  
C8 4 . 9  1 . 4  0.0 3 . 0  

4 0 . 7  3 6 . 8  3 0 . 7  2 4 . 6  
5 1 . 1  5 9 . 0  5 7 . 6  5 3 . 3  

C2H4 
C2H6 Total C2 , 

5 . 1  1 3 . 9  1 8 . 7  2 8 . 2  
1 1 . 7  2 5 . 3  3 5 . 2  5 5 . 5  a 4  

0 2  
Conversion (%) 

C2 Yield(%) 2 . 6  'a .  2 1 0 . 8  1 5 . 0  

Catalyst: 4 g  0 . 9  w t %  Li/ZnO; Flow rates: He = 4 2 . 5  ml/min, 
CH4 = 5 . 0  ml/min, O2 = 2 . 5  ml/min. 

EPR Studies 
Quenching of all of the doped materials from high temperature in 

the presence of oxygen resulted in the detection of [Li+O-] centers. 
No [Li'O-] signal, or 0- signal, was detected over pure ZnO. The 
variation of [Li+O-] concentration with respect to lithium doping is 
presented in Figure 2 along with the selectivty and conversion data 
obtained under steady state reaction conditions. 

DISCUSSION 

To simplify presentation of the mechanism it is best to divide 
the discussion into two sections: (1) methane activation and ( 2 )  
stable product formation. 

Methane Activatio 
The presenc? of [Li'O'] centers in the quenched samples once 

again suggests that this site is most likely responsible for the 
initial methane activation. Although the [Li+O-] concentration Curve 
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does not correlate well with the conversion curve in Figure 2, 
relatively good agreement is observed with the c2 yield curve, and 
there is even better agreement with the C2 selectivity curve. 
Furthermore, in the absence of these centers (i.e. over the pure 
oxide) the formation of both ethane and ethylene is negligible which 
provides additional support for the fact that [Li+O-] centers are 
required to promote selective c2 product formation. In accord with 
the earlier work over Li-doped MgO catalysts it is proposed that 
methane is activated via hydrogen atom abstraction by [ Li'0-1 Centers 
to produce the methyl radical (7). 

-n ct 0 t o  
The conversion and selectivity data presented in Figure 2 clearly 

show that selective C product formation is not favored on the pure 
oxide surface. In ad&tion, as C2 selectivity increased the surface 
area of the catalyst fell by a factor of approximately 5. This 
further suggests that the catalyst surface is not entirely responsible 
for the selective product formation. In agreement with the earlier 
Li/MgO work, it is once again proposed that ethane and ethylene are 
formed via coupling of the radicals in the gas phase and not on the 
surface (7). 

The formation of the non-selective products, CO and C02, is also 
briefly considered. As mentioned above, reaction on the catalyst 
surface appears to be a major source for these products. In addition, 
the data of Figure 1 indicates that the selectivity for these products 
increases at temperatures greater than approximately 7 0 0 ' C .  This is 
believed to be due to the further oxidation of the C products. This 
route apparently is only important at these eleva2ed temperatures. 
High oxygen partial pressures also tends to promote complete oxidation 
products (Figure 3), but it is not possible to determine whether this 
is promoted on the surface or in the gas phase from this data. 

Lithium carbonate on the surface appears to moderate the non- 
selective activity of the zinc oxide, but it has no effect on the 
selective oxidative dimerization reaction. When the carbonate was 
removed only the non-selective reactions were affected. Since zinc 
oxide itself is not a strongly basic oxide, one may conclude that 
basicity is not a prerequisite for the selective reaction. 

CONCLUSIONS 

The mechanism for the oxidative dimerization of methane over Li- 
doped ZnO is similar to that previously proposed for the same reaction 
over Li-doped MgO. .Surface-generated gas phase methyl radicals are 
produced from the interaction of methane with [Li+O'J centers. Gas ' 

phase coupling reactions provide the primary route for the formation 
of the Selective C2 products. Non-selective C1 product formation is 
most likely promoted on the pure oxide surface. A strongly basic 
oxide is not required for the selective oxidative dimerization of 
methane. 
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Figure 1. Methane conversion and product selectivity as a function of temperature: 

0 methane conversion; 0 C, selectivity; 0 C2 selectivity. 
Catalyst: 0.9 wt% ti/ZnO. 
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Figure 2. Methane conversion. product selectivity and C yield as  a function of U-doping 
into YO= omethane conversion; OC selecti%ty; OC2 selectivity; OC2 yield; 
I [ti 0 ] concentration. Temp: 750k. 
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Figure 3. Methane conversion and product selectivity os o function of oxygen partiol 
pressure: omethane conversion; 0 C selectivity: 0 C selectlvity. 
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CATALYTIC PARTIAL OXIDATION OF METHANE TO HIGHER HYDROCARBONS 

R.J. T y l e r  and C.A. Lukey 

CSIRO D i v i s i o n  of F o s s i l  F u e l s ,  PO Box 136, North Ryde, NSW 2113, A u s t r a l i a  

1. INTRODUCTION 

The d i r e c t  c o n v e r s i o n  o t  methane t o  h i g h e r  hydrocarbons  such  a s  e t h y l e n e  i s  
c u r r e n t l y  a v e r y  a c t i v e  r e s e a r c h  a r e a .  O l e f i n s  a r e  of p a r t i c u l a r  impor tance  as t h e y  
r e p r e s e n t  i n t e r m e d i a t e s  s u i t a b l e  f o r  o l i p o m e r i s a t i o n  t o  t r a n s p o r t  f u e l s .  J o n e s  e t  
a l .  ( I )  r e c e n t l y  reviewed t h e  p o t e n t i a l  f o r  methane c o n v e r s i o n  and d e s c r i b e d  r e s u l t s  
u s i n g  Mn-based redox t y p e  c a t a l y s t s  ' i n  bo th  c y c l i c a l  ( u s i n g  a i r  and methane 
a l t e r n a t e l y )  and c o n t i n u o u s  r e a c t o r s .  Bytyn and Baerns ( 2 )  r e p o r t e d  t h e  a c t i v i t y  of 
PbO-based c a t a l y s t s  and concluded  t h a t  t h e  a c i d i t y  of t h e  s u r f a c e  i n f l u e n c e s  t h e  
r e a c t i o n  pathway, w i t h  h i g h  a c i d i t y  r e s u l t i n g  i n  poor s e l e c t i v i t y  t o  t h e  d e s i r e d  
hydrocarbons .  Otsuka e t  a l .  ( 3 , 4 )  d e s c r i b e d  r e s u l t s  f o r  a v a r i e t y  of c a t a l y s t s  
i n c l u d i n g  rare e a r t h s ,  t r a n s i t i o n  m e t a l  e l e m e n t s ,  a l k a l i  and a l k a l i n e  e a r t h  
compounds and h a l i d e  doped mixtures .  Lunsford  e t  a l .  ( 5 , 6 )  were t h e  f i r s t  to r e p o r t  
t h e  use  of a Li-doped magnesia and p o s t u l a t e  t h a t  methane a c t i v a t i o n  o c c u r r e d  a t  
[Li'O-] c e n t r e s .  T h i s  c a t a l y s t  i s  n o t a b l e  i n  t h a t  i t  does  n o t  c o n t a i n  meta l  i o n s  of 
v a r i a b l e  o x i d a t i o n  s t a t e  and t h e  a c t i v e  s p e c i e s  i s  t h o u g h t  t o  i n v o l v e  t h e  an ion .  A 
remarkable  f e a t u r e  of t h e  p u b l i s h e d  d a t a  is t h e  v a r i e t y  of s u r f a c e s  t h a t  promote t h e  
r e a c t i o n  and t h e  s i m i l a r i t y  of many of t h e  r e p o r t e d  product  d i s t r i b u t i o n s .  T h i s  
s u g g e s t s  t h a t  a f t e r  t h e  i n i t i a t i o n  s t e p  t h e  hydrocarbon b u i l d i n g  s t e p s  p r o b a b l y  
OCCUK v i a  ,a g a s  phase mechanism ( 1 ) .  

The p r e s e n t  paper  r e p o r t s  r e s u l t s  o b t a i n e d  u s i n g  a Li/MgO c a t a l y s t  w i t h  CH4/02 
m i x t u r e s  and d e s c r i b e s  t h e  i n f l u e n c e  of c o n t a c t  t i m e  and oxygen c o n c e n t r a t i o n  on 
r e a c t i o n  r a t e  and p r o d u c t  s e l e c t i v i t i e s .  I m p l i c a t i o n s  f o r  t h e  r e a c t i o n  mechanism 
a r e  a l s o  d i s c u s s e d .  

2. EXPERIMENTAL 

C a t a l y s t s  were p r e p a r e d  by p r o c e d u r e s  s i m i l a r  t o  t h o s e  d e s c r i b e d  by I t o  and Lunsford  
( 5 )  and c a l c i n e d  i n  a i r  a t  850°C b e f o r e  use. I n i t i a l  L i  l o a d i n g s  were e q u i v a l e n t  t o  
a Li/Mg a t o m i c  r a t i o  of 0.511. However s u b s e q u e n t  a n a l y s i s  showed s u b s t a n t i a l  loss 
on f i r i n g  and t o  some e x t e n t  d u r i n g  r e a c t i o n .  

Exper iments  were conducted  u s i n g  q u a r t z  or  a lumina  f ixed-bed  r e a c t o r s  and a 
c o n t i n u o u s  f l o w  of f e e d  gas .  Pseudo-contact t i m e s  (W/F) e q u i v a l e n t  t o  t h e  w e i g h t  o f  
c a t a l y s t  ( 9 )  d i v i d e d  by t h e  f e e d  g a s  f l o w r a t e  a t  o p e r a t i n g  c o n d i t i o n s  (ml s- ' )  were 
v a r i e d  i n  t h e  range  0.01 t o  2. Tempera tures  were i n  t h e  range  550 t o  850°C. Exit 
g a s  a n a l y s i s  was performed by g a s  chromatography ( h y d r o c a r b o n s )  and c o n t i n u o u s  g a s  
a n a l y s e r s  (CO, C02 and 0 2 ) .  
o u t  e n a b l i n g  oxygen b a l a n c e s  t o  be d e t e r m i n e d  ( u s u a l l y  100 f 5%) and hydrogen  y i e l d s  
t o  be c a l c u l a t e d  from a hydrogen ba lance .  
a n a l y s i s  was o b t a i n e d  i n  s e l e c t e d  exper iments .  

I n  some e x p e r i m e n t s  water a n a l y s e s  were a l s o  c a r r i e d  

Conf i rmat ion  of hydrogen y i e l d s  b y  

3. RESULTS AND DISCUSSION 
3.1 R e a c t i o n  r a t e s  

F i g u r e  1 shows t h e  dependence  of t h e  methane c o n v e r s i o n  r a t e  ( m o l  CH4 min-l  g - l  
c a t a l y s t )  on t h e  pseudo-contac t  t i m e  (W/F) f o r  a range  of  O2 c o n c e n t r a t i o n s  u s i n g  
17.3 g Of c a t a l y s t  a t  770°C. 
a t  90% and t h e  oxygen c o n c e n t r a t i o n  was Var ied  between 1 and 9.4% w i t h  t h e  b a l a n c e  
b e i n g  n i t r o g e n .  

AS e x p e c t e d ,  t h e  methane c o n v e r s i o n  r a t e  i n c r e a s e d  a s  t h e  l e v e l  of oxygen i n  t h e  
f e e d  g a s  i n c r e a s e d .  However, f o r  e a c h  oxygen l e v e l  t h e r e  was a marked d e c l i n e  i n  
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methane c o n v e r s i o n  r a t e  as t h e  c o n t a c t  t i m e  i n c r e a s e d  (i.e. a s  t h e  g a s  v e l o c i t y  
through t h e  r e a c t o r  d e c r e a s e d ) .  The p o s s i b i l i t y  t h a t  t h i s  e f f e c t  was caused  by 
l i m i t a t i o n s  i n  t h e  mass t r a n s f e r  of r e a c t a n t s  a c r o s s  t h e  boundary l a y e r  t o  t h e  
e x t e r n a l  s u r f a c e  o f  t h e  c a t a l y s t  was checked u s i n g  s t a n d a r d  c a l c u l a t i o n  p r o c e d u r e s  
( 7 ) .  In  a l l  c a s e s  t h e  r e a c t o r  was found t o  be o p e r a t i n g  w e l l  o u t s i d e  t h e  regime 
where e x t e r n a l  mass t r a n s f e r  l i m i t a t i o n s  apply .  Presumably t h e  observed  d e c l i n e  i n  
methane c o n v e r s i o n  r a t e  w i t h  i n c r e a s i n g  c o n t a c t  t i m e  r e s u l t s  f rom o p e r a t i n g  t h e  
r e a c t o r  i n  a n  i n t e g r a l  mode where t h e  v a r i a t i o n  i n  W/F r e s u l t s  i n  d i f f e r e n t  a v e r a g e  
r e a c t a n t  and p r o d u c t  c o n c e n t r a t i o n s  and hence d i f f e r e n t  r e a c t i o n  r a t e s .  The 
p o s s i b i l i t y  of r a t e  s u p p r e s s i o n  by one o r  more of t h e  p r o d u c t s  r e d u c i n g  c a t a l y s t  
a c t i v i t y  must a l s o  be c o n s i d e r e d .  

3.2 

Methane c o n v e r s i o n  ( p e r c e n t a g e  of i n p u t  methane c o n v e r t e d  t o  p r o d u c t s ) ,  oxygen 
consumption ( p e r c e n t a g e  of i n p u t  OZ,consumed) and p r o d u c t  s e l e c t i v i t y  (amount of 
i n p u t  methane c o n v e r t e d  t o  a s p e c i t i c  p r o d u c t  a s  a p e r c e n t a g e  of t o t a l  methane 
c o n v e r t e d )  f o r  f e e d  g a s e s  c o n t a i n i n g  1.1 and 9.4% O2 a r e  i l l u s t r a t e d  i n  Fig. 2 a s  a 
f u n c t i o n  of W/F. A t  t h e  lower O2 c o n c e n t r a t i o n  ( F i g .  2a) ,  t o t a l  0 consumption was  
achieved  at  t h e  l o n g e s t  c o n t a c t  t i m e  when CH4 c o n v e r s i o n  reached  32. 
hydrocarbons  was v e r y  h i g h  at  94% f o r  W/F = 0.3, of which 91% corresponded t o  C2 
hydrocarbons  and 3% C3 h y d r o c a r b o n s ,  p r i n c i p a l l y  propane. 
hydrocarbon s e l e c t i v i t y  was s t i l l  h i g h  a t  93% w i t h  C3's i n c r e a s i n g  t o  5% and 
c o n s i s t i n g  p r i n c i p a l l y  of  p r o p y l e n e .  I n c r e a s i n g  c o n t a c t  t ime r e s u l t e d  i n  a n  
i n c r e a s i n g  c o n v e r s i o n  t o  e t h y l e n e  w i t h  a c o r r e s p o n d i n g  d e c r e a s e  i n  e t h a n e .  Carbon 
d i o x i d e  was t h e  dominanc c a r b o n  o x i d e  product .  

With 9.4% O2 i n  t h e  f e e d  g a s  ( F i g .  2b) t h e  s e l e c t i v i t y  t o  hydrocarbons  showed a 
s t r o n g  dependence  on c o n t a c t  t ime,  d e c l i n i n g  from 85% a t  W/F = 0.3 t o  76% a t  1.5. 
C3 hydrocarbons ,  m a i n l y  p r o p y l e n e ,  reached 6% a t  t h e  l o n g e r  r e a c t i o n  times. The 
loss i n  h y d r o c a r b o n  s e l e c t i v i t y  a p p e a r s  t o  be due  t o  an i n c r e a s i n g  c o n t r i b u t i o n  f r o m  
secondary  r e a c t i o n s  i n  t h e  p r e s e n c e  of a h i g h e r  O2 c o n c e n t r a t i o n  and is  r e f l e c t e d  i n  
i n c r e a s i n g  s e l e c t i v i t y  t o  c a r b o n  o x i d e s .  T h i s  is  accompanied by a n  i n c r e a s e d  
p r o d u c t i o n  of e t h y l e n e  and d e c l i n e  i n  e thane .  

Minor y i e l d s  of o t h e r  h y d r o c a r b o n s  were observed ,  i n c l u d i n g  butenes ,  b u t a d i e n e  a n d ,  
a t  h i g h e r  t e m p e r a t u r e s ,  benzene, t o l u e n e  and a c e t y l e n e .  These p r o d u c t s  a l l  
d e m o n s t r a t e  an i n c r e a s i n g  c o n t r i b u t i o n  from s e c o n d a r y  g a s  phase  r e a c t i o n s  a s  
o p e r a t i n g  c o n d i t i o n s  became more s e v e r e .  
s t ream i n  amounts e q u i v a l e n t  t o  a b o u t  15% of t h e  hydrogen l i b e r a t e d  by t h e  methane 
c o n v e r s i o n  and also depended upon r e a c t i o n  s e v e r i t y .  
p y r o l y s i s  of e t h a n e  t o  e t h y l e n e  or p o s s i b l y  by d e c o m p o s i t i o n  of r e a c t i o n  
i n t e r m e d i a t e s  s u c h  as formaldehyde. 

The dependence of CH4 c o n v e r s i o n ,  O2 consumption and p r o d u c t  s e l e c t i v i t y  on 0 
c o n c e n t r a t i o n  i n  t h e  f e e d  g a s  is summarised i n  Fig.  3 f o r  a f i x e d  W/F v a l u e  o$ 
1.5. 
t h e  f e e d  g a s  (CH4 c o n s t a n t  a t  90%) accompanied by i n c r e a s i n g  f o r m a t i o n  of c a r b o n  
oxides.  
whereas e t h y l e n e  i n c r e a s e d  and e v e n t u a l l y  reached  a p l a t e a u  of 42%. 
e x p e r i m e n t s  where  t o t a l  02 consumption was achieved ,  e t h y l e n e  s e l e c t i v i t y  reached a 
maximum and t h e n  d e c l i n e d  w i t h  i n c r e a s i n g  c o n t a c t  t i m e  s u g g e s t i n g  t h a t  secondary ,  
undes i red  p r o d u c t i o n  of c a r b o n  o x i d e s  a d v e r s e l y  a f f e c t e d  e t h y l e n e  p r o d u c t i o n .  O2 
consumption showed a small d e c r e a s e  wi th  i n c r e a s i n g  O2 c o n t e n t  whereas  CH,+ 
c o n v e r s i o n  i n c r e a s e d  markedly ,  r e a c h i n g  11% w i t h  9.4% O2 i n  t h e  f e e d  gas .  

Methane c o n v e r s i o n  and p r o d u c t  s e l e c t i v i t y  

S e l e c t i v i t y  t o  

A t  t o t a l  O2 consumpt ion ,  

Hydrogen was also observed  i n  t h e  p r o d u c t  

Hydrogen c o u l d  a r i s e  by 

Hydrocarbon s e l e c t i v i t y  d e c l i n e d  l i n e a r l y  w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  i n  

Ethane  s e l e c t i v i t y  d e c l i n e d  r a p i d l y  w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  
I n  o t h e r  

3.3 R e a c t i o n  s e q u e n c e  

I t o  e t  a l .  ( 5 , 6 )  proposed  t h a t  t h e  i n i t i a l  s t e p  i n  t h e  c a t a l y t i c  c o n v e r s i o n  was t h e  
format ion  of a m e t h y l  r a d i c a l  by hydrogen a b s t r a c t i o n  from a methane molecule  at a 
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t h e r m a l l y  g e n e r a t e d  [Li+O-] s i t e .  
t h e  s u r f a c e  O K  i n  t h e  g a s  phase produced e t h a n e .  E t h y l e n e  was thought  t o  a r i s e  from 
p a r t i a l  o x i d a t i o n  o r  p y r o l y s i s  r e a c t i o n s  of e t h a n e .  Carbon o x i d e s  a r o s e  from e i t h e r  
o x i d a t i o n  of methyl r a d i c a l s  or f u r t h e r  o x i d a t i o n  of C2 p r o d u c t s .  

I n  a n  a t t e m p t  t o  c l a r i f y  t h e  r e a c t i o n  sequence ,  e x p e r i m e n t s  were conducted  a t  s h o r t  
pseudo-contac t  times u s i n g  a s m a l l  c a t a l y s t  bed (c0.5 g )  i n  o r d e r  t o  examine t h e  
p r o d u c t  d i s t r i b u t i o n  a t  low e x t e n t s  of r e a c t i o n .  F i g u r e  4 shows t h e  dependence  on  
t e m p e r a t u r e  of CH4 c o n v e r s i o n ,  0 
of 0.05 u s i n g  a 50% CH4/5% 02/452 He  f e e d  g a s  m i x t u r e .  
below about  700OC CH4 c o n v e r s i o n  and O2 consumpt ion  were low, C2 hydrocarbon 
s e l e c t i v i t y  was also low and carbon o x i d e s  were t h e  major p r o d u c t s  below a b o u t  
650-C. I n c r e a s i n g  t h e  t e m p e r a t u r e  r e s u l t e d  i n  i n c r e a s i n g  C p  s e l e c t i v i t y ,  which 
reached  a broad  maximum of 75% between 750 and 800°C. Below 650°C e t h a n e  was t h e  
o n l y  hydrocarbon s p e c i e s ,  w i t h  s e l e c t i v i t y  t o  e t h y l e n e  i n c r e a s i n g  a t  h i g h e r  
t e m p e r a t u r e s .  These d a t a  s u g g e s t  t h a t ,  a t  l e a s t  i n  t h e  e a r l y  s t a g e s  of  t h e  
r e a c t i o n ,  e t h a n e  and c a r b o n  o x i d e s  a r e  formed by p a r a l l e l  r a t h e r  t h a n  s e q u e n t i a l  
r e a c t i o n s .  The r e a c t i o n s  i n v o l v e d  must have d i f f e r e n t  a c t i v a t i o n  e n e r g i e s ,  
r e s u l t i n g  i n  a changing  p r o d u c t  d i s t r i b u t i o n  w i t h  i n c r e a s i n g  tempera ture .  

F u r t h e r  e v i d e n c e  i n  f a v o u r  of t h i s  r e a c t i o n  sequence  is  d e p i c t e d  i n  F i g u r e  5. These  
d a t a  were d e r i v e d  a t  s h o r t  r e s i d e n c e  times (W/F = 0.01-0.1) w i t h  a f e e d  g a s  
c o n s i s t i n g  of 95% CHq/5% 02. 
methane c o n v e r s i o n ,  and t h e  d iagram i n c l u d e s  a c u r v e  r e p r e s e n t i n g  O 2  consumption. 
A t  t h e  h i g h e r  c o n v e r s i o n s  C2 s e l e c t i v i t y  s t a r t e d  t o  d e c l i n e  and c a r b o n  o x i d e s  t o  
i n c r e a s e  owing t o  s e c o n d a r y  o x i d a t i o n  a s  t h e  oxygen consumption approached  100%. 
However, e x t r a p o l a t i o n  of t h e  s e l e c t i v i t i e s  back  t o  z e r o  c o n v e r s i o n  p r o v i d e s  
e v i d e n c e  of t h e  pr imary  r e a c t i o n  p r o d u c t s  w i t h o u t  c o n t r i b u t i o n  from s e c o n d a r y  
p r o c e s s e s .  I n  t h i s  example and i n  a l l  o t h e r  e x p e r i m e n t s  o n l y  e t h a n e  and c a r b o n  
o x i d e s  formed i n t e r c e p t s .  
z e r o  a t  z e r o  CH4 c o n v e r s i o n  i n d i c a t i n g  t h a t  t h e s e  p r o d u c t s  a r i s e  from s e c o n d a r y  
r e a c t i o n s  of e t h a n e .  The i n c r e a s e  i n  carbon o x i d e s  at  h i g h e r  c o n v e r s i o n  must be 
a s s o c i a t e d  w i t h  f u r t h e r  o x i d a t i o n  of product  hydrocarbons .  

The s i m u l t a n e o u s  f o r m a t i o n  of e t h a n e  and carbon o x i d e s  a g a i n  s u g g e s t s  t h a t  i n  t h e  
e a r l y  s t a g e s  of t h e  r e a c t i o n  t h e s e  p r o d u c t s  a r i s e  from p a r a l l e l  r a t h e r  t h a n  
s e q u e n t i a l  r e a c t i o n s .  T h e r e  is  t h u s  no d i r e c t  r o u t e  t o  e t h y l e n e .  These s o - c a l l e d  
' p r i m a r y  s e l e c t i v i t i e s '  at z e r o  c o n v e r s i o n  a r e  c o n s i d e r e d  t o  be a n  i n t r i n s i c  
p r o p e r t y  of t h e  c a t a l y s t  and a s  such  provide  a u s e f u l  means of comparing t h e  
per formance  of d i f f e r e n t  c a t a l y s t s .  

Recombination of two methyl  r a d i c a l s  e i t h e r  on 

consumpt ion  and p r o d u c t  s e l e c t i v i t y  a t  a f i x e d  W/F 
C l e a r l y  a t  t e m p e r a t u r e s  

Product  s e l e c t i v i t i e s  are shown a s  a f u n c t i o n  of 

E t h y l e n e  and Cg hydrocarbon s e l e c t i v i t i e s  e x t r a p o l a t e  t o  

CONCLUSIONS 

P r o d u c t  s e l e c t i v i t y  from t h e  c a t a l y t i c  p a r t i a l  o x i d a t i o n  of methane o v e r  a Li/E.lgO 
c a t a l y s t  is  v e r y  dependent  on c o n t a c t  t i m e ,  O 2  c o n c e n t r a t i o n  and t e m p e r a t u r e .  
h i g h  s e l e c t i v i t i e s  t o  hydrocarbons  (>go%) c a n  be  a c h i e v e d  provided  h i g h  CH4;02 
ratios 0 5 0 : l )  a r e  used. The r e a c t i o n  sequence  i n v o l v e s  t h e  i n i t i a l  f o r m a t i o n  o f  
e t h a n e  and c a r b o n  o x i d e s  v i a  p a r a l l e l  r e a c t i o n s .  
e t h y l e n e ,  which a r i s e s  from secondary  r e a c t i o n s  of e t h a n e .  

Very 

There  i s  no d i r e c t  r o u t e  t o  
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Influence of pseudo-contact time and oxygen level in feed gas on 
methane conversion rate at 770°C (feed gas 90% mHS) 
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Figure 2 .  Influence of pSeudO-COntact time on methane conversion, oxygen 
consumption and product s e l e c t i v i t i e s  a t  770°C. (a )  Feed gas 1.1% 02, 
90% C H 4 .  (b) Feed gas 9 .4% 02. 90% CH4 
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Figure 3. Influence of oxygen l e v e l  i n  
feed gas on methane conversion, 
oxygen consumption and product 
s e l e c t i v i t i e s  a t  770°C (W/F = 
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product selectivity (feed gas 50% CH4, 5% 02) 

CH' CONVERSION ('/e) 

Figure 5. Variation of product selectivity and oxygen consumption with methane 
conversion at 750°C (feed gas 95% CH4, 5% 02) 
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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 .  
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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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I n t r o d u c t i o n  

The po lymer i za t ion  of methane, or o t h e r  low-molecular weiqht hydrocarbons ,  i n  
t h e  presence  o f  electrical d i s c h a r g e s  or i n  low tempera ture  plasmas, has  been 
t h e  s u b j e c t  of  a l a r q e  number of r e p o r t s  i n  t h e  l i t e r a t , u r e  (1-3). 
f e a t u r e s  a r e  t h e  o p e r a t i o n  under vacuum and t h e  product ion  of r a d i c a l s  
d i f f u s i n q  towards  t h e  r e a c t o r  wal l  wi th  subseauent  po lymer i za t ion  t o  a s o l i d  
product .  The 
po lymer i za t ion  of hydrocarbons  can be i n i t i a t e d  t.hrouah t h e  p o s i t i v e - i o n  
molecule type  r e a c t i o n  and t h e  r a d i c a l  molecule type  r e a c t i o n  (4). 
ca thode  is a medium of h ioh  i n t e r e s t  f o r  o e n e r a t i n o  a !arqe c o n c e n t r a t i o n  of  
h iqhly  e n e r q e t i c  e l e c t r o n s ,  l ead inq  t o  t h e  p o s s i b l e  format ion  of CHI,+ i ons .  

P re l imina ry  resul ts  ob ta ined  i n  t h i s  l a b  ( 5 - 6 )  have shown t h a t  methane 
conve r s ion  can  be e f f e c t e d  us inq  a hollow ca thode  a s  t h e  sou rce  of polymer 
i n i t i a t o r s .  
ca thode  meta l  used (Tungsten, Tantalum and a Tungsten-Platinum s o l i d  s o l u t i o n )  
a s  wel l  a s  t h e  i n f l u e n c e  on t h e  y i e l d  of  t h e  qas  used a s  a d i l u e n t  (a rgon  and 
he l ium) .  

Theory 

Within t h e  hollow ca thode ,  an atom or molecule  is i o n i z e d  fo l lowing  energy  
t r a n s f e r s  r e s u l t i n g  from atom - e l e c t r o n  c o l l i s i o n s  or charqe  t r a n s f e r  ( 7 ) .  
With mix tu res  of A r - C t i ~ ,  and He- CHI, ,  t h e  i o n i z a t i o n  s t e p  of .methane  t a k e s  
p l a c e  acco rd ing  t o  t h e  r e a c t i o n s :  

Common 

The gas  phase  is q e n e r a l l y  composed of hydrocarbons up t o  C5. 

The hol low 

The p r e s e n t  work i n v e s t i q a t e s  t h e  e f f e c t s  on t h e  p rocess  of  t h e  

Ar + e + Ar+ + 2e ( 1 )  
Ar++ CHI, + A r  + CH4+ (2)  

Also ,  a r aon  m e t a s t a b l e s  3P2 (11.54 eV) and 3Po (11.72 eV) can  be qene ra t ed :  

Ar + e + A r *  + e ( 3 )  
A r *  + CHI, + Ar + CHI,+ + e (4) 

S i m i l a r  r e a c t i o n s  may occur wi th  He* which p r e s e n t s  a me tas t ab le  level a t  19.8 
eV, t h i s  p a r t i c l e  be ina  then  much more e n e r s e t i c  than  t h e  a rqon  me tas t ab le s .  
The po lymer i za t ion  then  proceeds  fo l lowing  t h e  equa t ion :  

CHI,+ + CHI, * C2Hn+ + n/2 H2 ( 5 )  

t h e  cha in  r e a c t i o n  y i e l d i n g  CmH+n. Termina t ion  of t h e  process  occur s  when 
low v e l o c i t y  e l e c t r o n s  a r e  a v a i l a b l e :  

1 
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The s t e p s  d e s c r i b e d  a r e  not unique and low v e l o c i t y  e l e c t r o n s  c a n  a l s o  l e a d  t o  
t h e  format ion  of r a d i c a l s ,  t h i s  l i k e l y  o c c u r r i n g  a t  t h e  o u t l e t  o f  t h e  c a t h o d e :  

CH4 + e + CH3* + H* + e 

CH3* + CH4 + Hf + C2Hg + H2 ( 7 )  

and t h e  p r o c e s s  c o n t i n u e s  through hydroqen a b s t r a c t i o n .  

Experimental  

The r e a c t o r  is shown i n  F i g u r e  1.  I t  c o n s i s t e d  mainly of an a r c  d i s c h a r q e  wi th  
a c y l i n d r i c a l  hollow ca thode  4 cm lonq and 0.2 cm t h i c k .  The c a t h o d e  m a t e r i a l s  
used were t u n g s t e n ,  a s o l i d  s o l u t i o n  of t u n g s t e n  and p la t inum and f i n a l l y  
tan ta lum.  The anode was made o f  s t a i n l e s s  steel wi th  a water -cooled  t u n a s t e n  
d i s c h a r g e  t i p .  The e l e c t r o d e s  were l o c a t e d  i n  a c o o l i n q  chamber where t h e  
polymer obt.ained was c o l l e c t e d  on t h e  water -cooled  w a l l s .  A Var ian  Inl5SL 
quadrupole  mass s p e c t r o q r a p h  was used f o r  t h e  e f f l u e n t  g a s  a n a l y s i s .  Hiqh 
p u r i t y  arqon and chemical pure  (99.9% p u r i t y )  met.hane were used i n  m i x t u r e s  up 
t o  25% methane by volume. Dependinq on t h e  experiment., t h e  e l e c t r o d e  gap was 
a d j u s t e d  between 1 . 5  and 4.0 mm. 
whi le  t h e  a r c  d i s c h a r g e  was s t a r t e d  and t h e  r e q u i r e d  methane flow added t o  t h e  
main arqon s t ream.  
t h e  pre-determined c o n d i t i o n s .  The d u r a t i o n  of an exper iment  was t y p i c a l l y  10  
minutes and t h e  i n i t i a l  ad jus tments  l a s t e d  about 30 seconds .  A t  t h e  end o f  t h e  
run, t h e  polymer d e p o s i t e d  on t h e  cooled  w a l l  of t h e  r e a c t o r  was c o l l e c t e d ,  
t o q e t h e r  wi th  t h e  carbon appear inq  on t h e  e l e c t r o d e s .  They were weighed t o  t h e  
n e a r e s t  20.1 mg. 

R e s u l t s  and D i s c u s s i o n  

The main product  r e s u l t i n g  from t h e  convers ion ,  o f  methane u s i n g  t h e  hollow 
ca thode  is a s o l i d  polymer. F i g u r e  2 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between 
polymer y i e l d ,  d e f i n e d  a s  weiqht of polymer/weight of methane f e d ,  and E/P (E = 
e l e c t r i c  f i e l d  between e l e c t r o d e s ,  V-cm-'; Ps p r e s s u r e ,  T o r r ) .  T h i s  y i e l d  is a 
f u n c t i o n  of t h e  averaqe  e l e c t r o n  energy. 
50% h i q h e r  i n  helium t h a n  i n  arqon, t h e  cor respondinq  E/P v a l u e  f o r  helium 
being about  twice t h e  one r e q u i r e d  f o r  argon. 
ob ta ined  wi th  helium a r e  p o s s i b l y  r e l a t e d  t.o a h i q h e r  r a t e  of format ion  o f  
CH4+. For i n s t a n c e :  

The ca thode  f u r n a c e  was a d j u s t e d  t o  2400°K 

F u r t h e r  a d j u s t m e n t s  were t h e n  made i n  o r d e r  t o  o p e r a t e  a t  

The maximum polymer y i e l d  is about 

The h i g h e r  polymer y i e l d s  

He* + CHI, + CH4" + 2e 
CH4-H + CHI, * 2 CH4+ 

(8) 
(9) 

t a k i n q  i n t o  account t h e  presence  of t h e  h i q h l y  e n e r q e t i c  He+ ( i o n i z a t i o n  
v o l t a q e  24.6V) and He* (19 .W).  

When Helium is used a s  d i l u e n t  h i q h e r  CH, c o n c e n t r a t i o n s  do not  seem t o  
s i q n i f i c a n t l y  a f f e c t  t h e  maximum polymer y i e l d  ( F i g u r e  3 ) .  In a rqon ,  i n c r e a s e s  
i n  methane c o n c e n t r a t i o n  l e a d  t o  d e c r e a s i n q  polymer y i e l d s  a s  shown i n  F i q u r e  4 
curve  2 B. 
i n c r e a s i n g  t h e  ca thode  v o l t a q e .  
a c e t y l e n e  and e t h y l e n e  were found i n  t h e  g a s  phase which is probably t h e  r e s u l t  
of p r o p a q a t i o n  r e a c t i o n  s t e p s  havinq been i n t e r r u p t e d  by t e r m i n a t i o n  r e a c t i o n s  
with slow e l e c t r o n s  or r a d i c a l s  recombinat,ion. 

Higher polymer y i e l d s  can be o b t a i n e d  a t  h igh  c o n c e n t r a t i o n  by 
A t  h i g h  methane c o n c e n t r a t i o n  only  methane, 

' I  
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Another i n t e r e s t i n g  f e a t u r e  observed i n  t h e  c a s e  of CHt+/He mix tures  is t h e  
complete absence  of ca rbon  d e p o s i t s .  The hydrocarbon s p e c i e s  p re sen t  a r e  
c h a r a c t e r i z e d  by h i q h e r  d i f f u s i v i t i e s  i n  He than  i n  Ar ( A ) .  
r e spons ib l e  f o r  h i q h e r  d e p o s i t i o n  r a t e s  of  t h e  hydrocarbon s p e c i e s  p r e s e n t  i n  
t h e  gas phase on t h e  r e a c t o r  wall. I t  cou ld  a l s o ,  at. l e a s t  p a r t l y ,  e x p l a i n  t h e  
dec reas inq  e f f e c t  of c o m p e t i t i v e  r e a c t i o n s  l e a d i n g  t o  t h e  format ion  of carbon 
when argon i s  used as a d i l u e n t  gas.  

Res ides  t u n g s t e n  (work f u n c t i o n  Ow = 4.6 eV), t an ta lum (Qa= 4.1 eV) and a 
tungs ten-p la t inum s o l i d  s o l u t i o n  were used t o  s tudy  t h e  i n f l u e n c e  of ca thode  
m a t e r i a l  on polymer y i e l d .  The work f u n c t i o n  of  t h e  W-Pt ca thode  was e v a l u a t e d  
t o  be 6.5 eV. Th i s  result compares r a t h e r  c l o s e l y  wi th  t h e  6 .3  eV ob ta ined  f o r  
t h e  P t  ca thode .  

These ca thodes  were t e s t e d  wi th  Ar+CHt, mix tures .  F i g u r e  4 i l l u s t r a t e s  t h e  
compara t ive  behaviour  of W-Pt and W ca thodes .  For 10% CHI, m ix tu res  a h i ah  
y i e l d  is ob ta ined  f o r  t h e  W-Pt ca thode ,  t h e  y i e l d  dec reas ing  wi th  i n c r e a s i n g  
e l e c t r o n s  energy  ( c u r v e  IA). 
i n c r e a s i n g  e l e c t r o n  ene rgy  f o r  bo th  t h e  W-Pt and t h e  W ca thodes  (Curve If3 and 
2 8 ) .  
lower conve r s ions ,  a l though  t h e  behaviour  of y i e l d  v s  E/P  is t h e  same (cu rves  
2A and 2R).  

The c u r r e n t  d e n s i t y  f o r  t h e  W-Pt ca thode  is es t ima ted  t o  be 10% t h a t  ob ta ined  
wi th  the  W ca thode .  The d r i f t  v e l o c i t y  be ing  similar i n  both c a s e s ,  one would 
expec t  a lower e l e c t r o n  c o n c e n t r a t i o n  (o f  t h e  same enerqy)  f o r  W-Pt ca thodes .  
A s  a conseauence, lower  rates of  format ion  of  po lymer i za t ion  promotors and 
lower polymer y i e l d s  shou ld  be obta ined  wi th  t h e  W-Pt cat,hode compared t o  t h e  W 
ca thode .  To e x p l a i n  t h e  h ighe r  y i e l d s  observed  t h e  assumption is then  made 
t h a t  the W-Pt ca thode  s u r f a c e  does  p lay  a c a t a l y t i c  r o l e  whose c o n t r i b u t i o n  
i n c r e a s e s  a5  e l e c t r o n  enerqy d e c r e a s e s  ( 6 ) .  
hehaviour of t an ta lum and tungs t en  ca thodes .  Althouqh t h e  thermoemissive 
c h a r a c t e r s  of Ta and W a r e  r a t h e r  s i m i l a r ,  t an t a lum does  show only an i n c r e a s e  
i n  y i e l d  w i t h  a co r re spond inq  i n c r e a s e  of  e l e c t r o n  enerqy (curve  IC, F igu re  
6 ) . I t  is p o s s i b l e  t h a t  c a t a l y t i c  e f f e c t s  a r e  absent  i n  t h i s  c a s e ,  i n  o p p o s i t i o n  
t o  t h e  tunqs t en  behaviour  ( cu rve  2A). 

This  may be 

For t h e  25% CHI, m ix tu re  t h e  y i e l d  i n c r e a s e s  wi th  

Tungsten c a t h o d e s  o p e r a t i n g  a t  the same c o n d i t i o n s  show s i g n i f i c a n t l y  

F iqu re  5 shows t h e  relative 

Conclusion 

Using helium i n s t e a d  of  argon i n  t h e  polymer iza t ion  of methane, by means of a 
hollow ca thode ,  i n c r e a s e s  t h e  r a t e  of  po lymer i za t ion  and suppres ses  carbon 
format ion .  These c o n c l u s i o n s  only apply t o  law methane c o n c e n t r a t i o n s  (10%). 
Tungsten ( I ) ,  t a n t a l u m  ( 2 )  and a s o l i d  s o l u t i o n  tungs ten-p la t inum (3 )  have been 
used f o r  making hol low ca thodes .  
c o l l i s i o n a l  p r o c e s s e s ,  ca thodes  1 and 3 seem t o  p l ay  a c a t a l y t i c  r o l e  i n  t h e  
format ion  of po lymer i za t ion  promoters.  In  t h i s  r e s p e c t ,  ca thode  3 shows h igh  
y i e l d s  of polymer format ion .  
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Figure 2. EFFECT OF GAS DILUENT 
10% methane i n  argon Conditions; tungsten cathode 
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Figure 3. EFFECT OF METHANE CONCENTRATION 
A IOX methane in helium 

20% methane i n  helium 
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Figure 4. EFFECT OF CATHODE MATERIAL  
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Figure 5. BEHAVIOR OF TANTALUM CATHODE 
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ABSTRACT 
In this work, methane and oxygen mixtures have been oxidized to form methanol and smaller 

amounts of formaldehyde, methyl formate, formic acid and ethanol. Substantial amounts of water are 
also produced, as well as a small amount of ethane. The oxidation takes place at ambient conditions of 
temperature and pressure in an alternating electric field which is generated between cylindrical plates 
with a gap of 0.060 inches. Conversions were linearly dependent on the RMS voltagc in experiments 
using up to 10 kV RMS. Among square, triangular, and sinusoidal wave forms, only small differences 
in performance were. observed over the range of frequencies studied, from 25 to 200 Hem. The 
effects of oxygen concentration, space time, frequency, and field plate area have also been examined 
on a limited basis. The power consumption to the power supply has been measured to determine the 
efficiency of this system, in which substantial heat is released. The yield of methanol is from seven to 
nine percent of the methane converted in which methane conversions of five to ten percent are obtained 
when an oxygen limited feed is used. Substantial amounts of the methane convened appear as carbon 
monoxide and carbon dioxide, both of which are somewhat inhibited by operation with the oxygen lim- 
ited feed, although product inhibition during recycle experiments was not observed. 

INTRODUCTION 
There. is currently a great deal of interest in the production of organic oxygenates via partial oxi- 

dation. Of particular interest is the conversion of methane to liquid fuels such as methanol, as well as 
the synthesis of other single and multiple carbon products such as formaldehyde, ethanol and acetic 
acid. Most current research involves the use of heterogeneous catalysts (1). although there has been 
some effort in examining thermal routes (2). It is only in the relatively old literature that the partial 
oxidation of methane in the presence of electric fields appears. 

EXPERIMENTAL 
The experimental reaction system was operated in three different configurations, however most of 

the results of this paper were obtained in the single pass mode. Figure 1 illustrates this configuration 
Oxygen and methane are fed through individual rotameters and mixed and then flow to the react0 inlet. 
The reactor is the reaction vessel from an OREC model 03V5-0 ozone generator. The outer shell is a 
stainless steel cylinder with an outlet at the bottom. This shell serves as one electrode. The inside 
diameter of this outer shell is 77 millimeters. Within this shell, a glass tube is fitted which has a 
sealed bottom and the inner electrode which covers the inside surface of the glass tube. The gap 
between the outer wall of the glass tube and the inner wall of the shell is nominally 1.5 mm. Thus the 
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"active" reactor volume is in the shape of an annulus with an axial length of 332 mm. No analysis of 
the mixing characteristics was conducted, but it may be expected that there is some degree of backmix- 
ing. The volume of the reactor, between the electrodes, is about 118 cc. and the electrode area about 
787 square centimeters. (The last experiment was conducted with one half of this plate area.) The 
outer shell has a water jacket made of PVC for control of the temperature by use of a water recircula- 
tion system or tap water. 

After the gases have passed through the reactor, they pass through a dry ice/acetone trap to 
remove any condensable products. Following this, a small portion of the stream is diverted to a 
paramagnetic oxygen analyzer and, for later experiments, to a Carle gas chromatograph for analysis of 
the gaseous reactants and products. The thermal responses for all species detected were calibrated with 
known standards. 

Power to the electrodes is provided by an Elgar AC power supply and a Wavetek function gen- 
erator is used to generate the triangular wave used in the experiments discussed here. An oscilliscope 
is used to monitor the waveform, voltage level and frequency. A digital voltmeter is also used to mon- 
itor the RMS voltage. 

A few experiments were run in a recycle configuration, illustrated in Figure 2. Mass flow con- 
trollers were used to add methane and oxygen to the system in a make-up gas stream. A Cole-Parmer 
diaphragm pump was used to recirculate the gas stream, with a bypass valve to maintain pressures 
slightly above atmospheric in all parts of the system. 

RESULTS AND DISCUSSION 
Initial runs were conducted at conditions previously established as optimal for a standard set of 

conditions (3). The feed flow rate was 566 c c h i n  at 71 F with a composition of 24.4 volume per- 
cent oxygen and 75.7 percent methane at a pressure of 12 inches of water. The reactor was maintained 
at 155 O F. The electric field was maintained at 8 kV RMS at a frequency of 200 Hz using a uiangu- 
lar waveform. Under the standard conditions, the conversion of methane was about 15 percent and 
that of oxygen about 24 percent. Replicate experiments showed that the conversions of methane and 
oxygen varied f 15 percent and f 10 percent, respectively. The fractional yields of the primary liquid 
products under these conditions, water and methanol, were about .07 for methanol and .33 for water. 
The fractional yield is defined as the moles of a product produced per mole of methane reacted. This 
is used for water even though it is not a carbon based product. Thus about 7 percent of the methane 
converted formed methanol. Although methanol was the primary product, smaller amounts of other 
one and two carbon oxygenates were also formed. These products include formaldehyde, ethanol, 
methyl formate and formic acid. Qualitative GC/MS data showed the presence of numerous other 
compounds in minute quantities. 

Run 4 was conducted to determine the variation on the oxygen conversion with changes in the 
field voltage. The oxygen concentration in the exit stream was used as an indicator of reactivity before 
more detailed analyses were made with later runs. In this experiment, the field was increased in incre- 
ments from zero volts and allowed to equilibrate for several minutes. No decrease in the exit gas oxy- 
gen concentration was observed below 5 kV. At and above 5 kV the steady state oxygen concentra- 
tion in the exit gas stream decreased linearly with increasing voltage. The system could anain a max- 
imum RMS voltage of about 8kV at a frequency of 200 Hz. At 8 kV, the exit oxygen concentration 
was about 19.5 percent, or a conversion of 22 percent. A later run, run 25. was made to assess the 
effect of the frequency on the conversion and this, too, was found to be linear with decreased conver- 
sions at lower frequencies. In this run, the line power to the power supply was monitored and at a fre- 
quency of 50 Hz. the power consumed was approximately 30 percent of that at 200 Hz. The power 
used at 200 Hz was 350 Watts. There did appear to be some selectivity enhancement under these 



conditions, as the methanol produced had decreased to about 43 percent of its amount at 200 Hz. 
However, the decrease in conversion would have a significant influence on the optimal frequency for 
operation. 

Because significant amounts of carbon dioxide and water were produced, as well as the desired 
organic oxygenates, it was desirable to see if these might be inhibited by introduction of these species 
to the inlet stream of the reactor. Depending on the kinetics, it might be expected that significant 
quantities of these two species might drive the equilibrium in a favorable direction. In run 19, the inlet 
mole fraction of oxygen was reduced to .188 and a mole fraction of carbon dioxide of .085 was added, 
with the balance methane and the total inlet flow rate 485 cc/min. No differences could be detected in 
the results compared to runs at standard conditions, thus indicating that no equilibrium constraint 
appears to be limiting for carbon dioxide. 

Run 20 was similar to run 19 except that an inlet mole fraction of water of .021 was used instead 
of the carbon dioxide. The water was added by saturating the inlet gas stream through a bubbler 
assembly. As with run 19, no remarkable results were observed here. 

F, no work had previouly been done to determine 
the effect of temperature on the reactions. Run 14 was made at ambient temperature, and it was 
observed that no effects due to the lower temperature were present. All lulls subsequent to run 14 
were, therefore, made at ambient temperature. It was noted that, in fact, significant quantities of heat 
were generated and a stream of cooling water was passed through the reactor water jacket to maintain 
ambient conditions. Measurements of the temperature rise of the cooling water through the jacket and 
its flow rate were made on several occasions. Although the accuracy may be considered poor. it 
appears that a significant fraction of the input power to the system may be dissipated as heat. 

Because of the complete oxidation of a fraction of the methane to carbon dioxide, several experi- 
ments at lower increments of inlet oxygen concentration were made. The lowest concentration exam- 
ined was about 1 percent oxygen. In run 23, the inlet mole fraction of oxygen was .012. The power 
required to maintain the 8 kV field increased somewhat, to 377 Watts. The conversion of the methane 
decreased substantially to ,059, and the small amount of oxygen was about 49 percent converted. The 
yield of methanol remained near the standard value, about ,073. The yield of water was substantially 
reduced, to ,125, as might be expected with significantly less oxygen available. Interestingly, ethane 
now became a significant product from the methane. This would certainly indicate active methyl 
species participating in the reaction sequence. Another reactor configuration was used for one run, in 
which only the oxygen was passed through the reactor. This stream was then immediatlely mixed with 
methane to determine whether only active oxygen species, primarily ozone, might be the primary locus 
of the reactions. No reaction at all was observed in this case, and the literature on ozone chemistry 
agrees with the inability of ozone to significantly attack methane. Clearly the observed reactions indi- 
cate direct participation of active methane species. 

A last standard experiment was made with one half of the inner electmde plate area. The results 
indicated that, while conversions tracked the decrease in the area, the power did not decrease by 50 
percent. Thus, the inverse extrapolation for scale up would be that a 100 percent increase in the plate 
area, suitably configured, would result in a doubling of the quantities converted, but at less than a dou- 
bling of the power requirement, which is a favorable conclusion. The quantity of power used as "over- 
head" in the power supply was not determined. Attempts to measure the actual power used in the 
reactor field were unsuccessful, but it has already been mentioned that substantial heat was generated. 

In the recycle configuration, two experiments were made. The only difference between them was 
the recycle Row rate. The carbon dioxide absorber shown in Figure 2, was not used for these runs. 
For mn 29, the recycle flow rate, including make up gas, was 2.1 ymin, and for run 30, 1.0 b i n  was 
used. The composition of gas entering the reactor was .005 mole fraction oxygen, once the reaction 

Although the reactor was being heated to 155 
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had been underway for a short time. A material balance on the carbon and oxygen was made at the 
end of each run. The condensed products could only be removed after the system was shut down. 
The carbon balance was able to account for 73 percent of the carbon in the methane cumulatively pro- 
vided to the system, initially and during the run. At the end of a ninety minute run, for run 30, about 
112 millimoles of carbon, as methane, had been fed to the system, of which about 55 remained in the 
system or was lost in the GC bleed stream. About 2.6 millimoles of carbon went to produce ethane, 
about 4.7 as carbon dioxide and 5 as carbon monoxide. 15 millimoles of methanol were produced, but 
other organic compounds were not quantified and could be approximately 5 more millimoles. Thus, in 
this initial system configuration. approximately 13 to 17 percent of the methane used was converted to 
useful products. It may be that better material balances will enhance that figure to some extent. 

On line GC analysis of the gases showed that ethane increased to a maximum of 1.2 and 1.4 mil- 
limoles in the system for the two runs, with the lower recycle rate having the higher maximum. Both 
maxima occurred about 40 minutes into the run. afterwhich the concentrations both decreased by about 
0.2 millimoles at the end of the 90 minute runs. Ethane, therefore appears to exhibit an equilibrium 
behavior. The carbon monoxide produced showed an induction period for the first 20 minutes, then 
continued increasing until the end of the run. Both experiments had virtually the same amount of car- 
bon monoxide. Carbon dioxide increased linearly with time after also showing some induction during 
the first 20 minutes of the runs. However, the carbon dioxide produced at the higher recycle rate was 
significantly higher. At the end of the runs, the 2.1 Vmin recycle rate had produced 6 millimoles of 
carbon dioxide, while the lower recycle rate had produced 4.7. One might think that the shorter con- 
tact time of the higher recycle rate would serve to minimize larger extents of oxidation. 

The oxygen balance was able to account for 87 percent of the oxygen fed to the system. It might 
be noted that the oxygen conversion per pass was essentially 100 percent, and that higher inlet concen- 
trations might alter the results obtained. Of the 40 millimoles of oxygen provided during the run, 5 
appeared as carbon monoxide,'9.4 as carbon dioxide and 12 as water. Methanol accounted for 7.5 mil- 
limoles of the total. 

The most significant result of the recycle experiments was that the percent methanol in the liquid 
product increased from one percent in the single pass runs to 12 percent for the recycle runs. Water 
concentration also increased, however. 

Lastly, mention should be made that a number of other single pass experiments were conducted, 
both in search of other interesting reactions and in attempting to elucidate the reaction pathways of the 
methane-oxygen system. These runs were made at the standard conditions except that the species of 
the feed mixtures were altered. Mixtures examined were: carbon dioxide-methane, carbon monoxide- 
methane, hydrogen-nitrogen and carbon monoxide-hydrogen. Except for a trace amount of material 
produced from the carbon dioxide-methane mixture, no reactions were detected. 

SUMMARY 
The results from a number of scoping runs examining a number of variables have been presented 

for the oxidation of methane in an alternating electric field. Several features of these results point the 
way to further needed experiments to determine the possibilties for production of light organic oxygen- 
ates from this process. Fundamental studies to determine the mechanistic paths would also be useful to 
help focus further research on the optimal conditions for maximizing the yields of desirable products 
and for determining the economic potential of the process. 
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NICKEL SITE OF METHANE CATALYSIS I N  THE METHYL REDUCTASE ENZYME 
* * 

J. A. S h e l n u t t ,  A.  K. Shiemke, R. A. S c o t t  

Sandia,National L a b o r a t o r i e s ,  Albuquerque, NM 87185 

I n t r o d u c t i o n  

U n i v e r s i t y  o f  I l l i n o i s ,  Urbana, I L  61801 

Methy l  r e d u c t a s e  i s  t h e  enzyme o f  methanogenic b a c t e r i a  t h a t  c a t a l y z e s  t h e  
two-e lect ron r e d u c t i o n  o f  t h e  me thy l  group o f  2 - (me thy1 th io )e thanesu l fon i c  a c i d  
(methyl-S-CoM) t o  methane and HS-CoM (1,2). The me thy l  group o f  methyl-S-CoM 
u l t i m a t e l y  comes f r o m  t h e  s i x - e l e c t r o n  r e d u c t i o n  o f  CO by hydrogen, which a l s o  
p r o v i d e s  t h e  r e d u c i n g  e q u i v a l e n t s  needed by me thy l  red6ctase.  The n a t u r e  o f  t he  
c a t a l y t i c  s i t e  o f  m e t h y l  reductase i s  o f  c u r r e n t  i n t e r e s t  f rom the  p o i n t  o f  v iew 
o f  deve lop ing  b i o m i m e t i c  C1  c h e m i s t r i e s  d i r e c t e d  toward methane syn thes i s  and 
a c t i v a t i o n .  I n  p a r t i c u l a r ,  Sandia i s  u s i n g  m o l e c u l a r  g r a p h i c s  and energy 
o p t i m i z a t i o n  techn iques  t o  des ign  macromolecular  c a t a l y s t s  t h a t  mimic the  
s t r u c t u r e  o f  s i t e s  o f  p r o t e i n s  t h a t  c a r r y  o u t  C chemis t r y .  The goal  i s  t o  
produce c a t a l y s t s  whose f u n c t i o n  i s  t h e  o x i d a t i h n  o f  l ow  mo lecu la r  we igh t  
hydrocarbon gases t o  genera te  l i q u i d  f u e l s  o r ,  a l t e r n a t i v e l y ,  t h e  r e d u c t i o n  o f  
abundant i n o r g a n i c  resources  such as CO t o  genera te  gaseous f u e l s .  
U n f o r t u n a t e l y ,  t h e  c a t a l y t i c  s i t e s  o f  mgny o f  t h e  enzymes o f  i n t e r e s t ,  e. g .  
me thy l  reduc tase  and methane monooxygenase, have n o t  been c h a r a c t e r i z e d  by X-ray 
c r y s t a l  1 og raphy and o t h e r  s t r u c t u r a l  techniques . 

Wi th  t h e  goa l  o f  l e a r n i n g  more about  t h e  s t r u c t u r e  o f  one o f  t hese  n a t u r a l l y  
o c c u r r i n g  s i t e s  o f  C c h e m i s t r y ,  we have ob ta ined  t h e  f i r s t  resonance Raman 
s p e c t r a  o f  t h e  n i c k e i - m a c r o c y c l e ,  c a l l e d  F ( 1  i n  F i g u r e  l ) ,  a t  t h e  s i t e  o f  
c a t a l y s i s  i n  m e t h y l  reduc tase  (3) .  
s p e c t r a  o f  t h e  enzyme we have a l s o  ob ta ined  Raman s p e c t r a  o f  s o l u t i o n s  o f  t h e  
m a j o r  forms o f  F 
77 O K  and a l s o ,  @ 8 e r  s i m i l a r  s o l u t i o n  c o n d i t i o n s ,  s p e c t r a  o f  a n i c k e l - c o r p h i n o i d  
d e r i v a t i v e  ( 2  i n  F i g u r e  1 )  t h a t  i s  r e l a t e d  t o  F430 (3-5). 
s p e c t r a  o f  t h e  model n i c k e l - c o r p h i n o i d  2, t h e  F Raman s p e c t r a  c h a r a c t e r i z e  the  
c o o r d i n a t i o n  geometry  o f  t h e  n i c k e l ( I 1 )  i o n  i n  f 3 0  complexes i n  c o o r d i n a t i n g  and 
non-coord ina t i ng  s o l v e n t s .  
conce rn ing  macrocyc le  r u f f l i n g  i n  t h e  s o l u t i o n  complexes. A l though some 
conc lus ions  about  t h e  F s i t e  i n  me thy l  reductase can be made, the  s t r u c t u r e  o f  
F i n  t h e  p r o t e i n  envf?8nment i s  u n i q u e l y  d i f f e r e n t  f rom F430 and t h e  F430 
mif i81 compound i n  t h e  s o l u t i o n s  we have i n v e s t i g a t e d .  

To hel;f38s s t r u c t u r a l l y  i n t e r p r e t  t h e  Raman 

( s a l t - e x t r a c t e d  and c y t o s o l - f r e e )  a t  room temperature and a t  

By analogy w i t h  t h e  

I n  a d d i t i o n ,  t he  s p e 8 P a  g i v e  some i n f o r m a t i o n  

M a t e r i a l s  and Methods 

Methy l  reduc tase  was prepared and p u r i f i e d  as desc r ibed  p r e v i o u s l y  ( 6 ) .  
F was i s o l a t e d  i n  two forms. Free F was i s o l a t e d  f rom t h e  c y t o s o l  by 
m8Rods d e s c r i b e d  b e f o r e  ( 7 ) ;  F 
l i t h i u r n b r o m i d e  p rocedure  ( 6 ) .  41Re s t r u c t u r e  1 o f  s a l t - e x t r a c t e d  F 
determined ( 8 )  and i s  shown i n  F i g u r e  1. 
t o  F 
P f a l f j !  and A. F l s s l e r  ( 9 ) .  

10 mM phosphate a t  pH 7 were used f o r  o b t a i n i n g  resonance Raman spec t ra .  
o f  l i q u i d  s o l u t i o n s  were o b t a i n e d  u s i n g  a c y l i n d r i c a l  c e l l  p a r t i t i o n e d  i n t o  t w o  
compartments. 
r o t a t i n g  t h e  c e l l  a t  100 Hz so t h a t  t h e  two sample s o l u t i o n s  were a l t e r n a t e l y  
probed by t h e  l a s e r  r a d i a t i o n .  The Raman d i f f e r e n c e  i n s t r u m e n t a t i o n  used f o r  

was !%o e x t r a c t e d  f rom t h e  holoenzyme u s i n g  a 
has been 

A n i c k e l - c o r p h i n o i d  d e r i v % f v e  r e l a t e d  
and shown i n  2 o f  F i g u r e  1 was k i n d l y  p r o v i d e d  by A. Eschenmoser, A. 

Samples o f  each chromophore ( 2 - l O ~ l O - ~  M)  i n  aqueous s o l u t i o n  b u f f e r e d  w i t h  
S p e c t r a  

The s p e c t r a  o f  two samples were o b t a i n e d  s imu l taneous ly  by 
I 
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d e t e c t i o n  and s e p a r a t i o n  o f  t h e  s p e c t r a  o f  t h e  two samples has been d e s c r i b e d  
p r e v i o u s l y  (10). 
smoothed spec t ra .  
frequency of t h e  same Raman l i n e  i n  t h e  two s p e c t r a  i s  about 20.3 cm- . 
O c c a s i o n a l l y ,  t h e  s o l u t i o n  o f  F o r  t h e  c o r p h i n o i d  d e r i v a t i v e  was i n  one s i d e  
o f  t h e  c e l l  and t h e  r e f e r e n c e  s f 3 8  con ta ined  o n l y  t h e  n e a t  s o l v e n t .  
o f  t h e  s o l v e n t  Raman l i n e s  c o u l d  then  be a c c u r a t e l y  accomplished l e a v i n g  t h e  
spect rum o f  o n l y  t h e  s o l u t e .  

Raman s p e c t r a  a t  77 "K were n o t  o b t a i n e d  i n  t h e  Raman d i f f e r e n c e  mode, b u t  
s e p a r a t e l y  u s i n g  an EPR dewar w i t h  a t r a n s p a r e n t  t a i l  (Wilmad). The sample was 
con ta ined  i n  a 4 - m  NMR tube  and was f r o z e n  by p l u n g i n g  the  tube i n t o  l i q u i d  N E .  
R e p r o d u c i b i l i t y  i n  t h e  f requency o f  l i n e s  i n  these s p e c t r a  a re  about 1 cm- . 

Peak p o s i t i o n s  were o b t a i n e d  f rom t h e  fas t -Four ie r - t rans fo rm 
For  s p e c t r a  r u n  s imu l taneous ly  t h e  accuracy when cfmpar ing t h e  

S u b t r a c t i o n  

S igna l  averaged Raman s p e c t r a  were o b t a i n e d  us ing  the  441.6-nm l i n e  o f  a 
HeCd l a s e r  (Omnichrome) or t he  411.6-nm l i n e  o f  a k r y p t o n  i o n  l a s e r  (Coherent) .  
The s p e c t r a l  r e s o l u t i o n  was 4 cm- . Raman d i f f e r e n c e  s p e c t r a  were o b t a i n e d  u s i n g  
s tandard  90" s c a t t e r i n g  geometry: f o r  s p e c t r a  o f  f r o z e n  s o l u t i o n s  a 
b a c k s c a t t e r i n g  geometry was used. Absorp t i on  s p e c t r a  as w e l l  as i n d i v i d u a l  scans 
o f  t h e  Raman spect rum were used t o  m o n i t o r  sample i n t e g r i t y .  No decompos i t i on  o f  
F430 o r  t h e  n i c k e l - c o r p h i n o i d  model was observed. 

R e s u l t s  

F and the  model n i c k e l - c o r p h i n o i d  complexes have an a b s o r p t i o n  band i n  
t h e  41@840-nm r e g i o n  o f  t h e  v i s i b l e  spect rum ( 9 , l l ) .  
t h e  Raman spect rum u s i n g  441.6-nm o r  413.1-nm l a s e r  l i g h t  i s  near  t h e  v i s i b l e  
a b s o r p t i o n  band and, consequent ly ,  resonance enhancement o f  t h e  Raman s c a t t e r i n g  
occu rs .  I n  t h e  case o f  t h e  enzyme, resonance enhancement o f  t h e  chromophore's 
spect rum p e r m i t s  us t o  s e l e c t i v e l y  probe t h e  m a c r o c y c l i c  c o f a c t o r  w i t h o u t  
i n t e r f e r e n c e  f rom the  Raman spect rum o f  t h e  p r o t e i n  m a t r i x .  S t r u c t u r a l  d e t a i l s  
o f  t h e  F s i t e  i n  t h e  p r o t e i n  can then  be i n f e r r e d  f rom d i f f e r e n c e s  between t h e  
s p e c t r u m 4 8  prote in-bound F 
s o l u t i o n  env i ronments.  
r e g a r d l e s s  o f  t h e  p o s i t i o n  o f  t h e  l a s e r  wavelength r e l a t i v e  t o  t h e  a b s o r p t i o n  
band maximum o f  t h e  p a r t i c u l a r  complex. I n  f a c t ,  t h e  f requenc ies  and i n t e n s i t i e s  
o f  t h e  l i n e s  a re  so s i m i l a r  t h a t  t h e  corresponding l i n e s  i n  each o f  t h e  s p e c t r a  
can e a s i l y  be i d e n t i f i e d  as can be seen i n  F igu res  2-4. The F igu res  show t y p i c a l  
s p e c t r a  o f  s a l t - e x t r a c t e d  F430, c y t o s o l - f r e e  F430, and methy l  reduc tase .  

and a t  77 O K .  

a t  1293, -1380, 1534, and ( f r o m  o t h e r  Raman d a t a  n o t  shown) -1625 cm-'; t h e  
second f o r m  B has l i n e s  a t  h i g h e r  frequencies-1312, -1382, 1555, and 1629 cm-l. 
A t  low tempera tu re  fo rm A d isappears  and o n l y  B remains. 

l i n e s  a t  12@ 1387, 1529, and 1623 cm- 
b u t  d i s t i n c t  f rom t h e  co r respond ing  l i n e s  o f  t h e  A f o rm o f  s a l t - e x t r a c t e d  F . 
There i s  a l s o  some ev idence o f  a smal l  f r a c t i o n  o f  a fo rm w i t h  l i n e s  near  t%%e 
o f  t h e  B f o rm i n  t h e  weak shou lde rs  o f  t h e  h i g h  f requency l i n e s .  A t  low 
tempera tu re  t h i s  f o r m  i s  more fbundant as ev idenced by t h e  appearance o f  l i n e s  a t  
1311, 1378, 1546, and 1616 cm- t h a t  a r e  b a r e l y  n o t i c e a b l e  i n  t h e  room 
tempera tu re  spectrum. There i s  a l s o  ev idencel for  a second fo rm a t  l ow  
tempera tu re  i n  t h e  l i n e s  a t  1292 and 1628 cm- . 
n o t  t h e  same as t h e  one p resen t  a t  room t e m p e r a p r e  because t h e  1529-cm- l i n e  i s  
n o t  p r e s e n t  o r  e l s e  i s  s h i f t e d  t o  near 1546 cm- . 

Therefore,  e x c i t a t i o n  o f  

and t h e  s p e c t r a  o f  F complexes i n  v a r i o u s  
The4SBectra o f  a l l  o f  t h e  cd$lexes a re  somewhat s i m i l a r  

F i g u r e  2 shows t h e  Raman spect rum o f  L i B r - e x t r a c t e d  F a t  room temperature 
Two forms a re  p r e s e n t  a t  room temperature.  4 8 r m  A has Raman l i n e s  

F ree  F a t  room tempera tu re  i s  pyedominant ly  a s i n g l e  form w i t h  Raman 
( F i g u r e  3) .  The f requenc ies  are s i m i l a r  

I t  i s  c l e a r  t h a t  t h i s  fp rm i s  
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The Raman spec t rum o f  me thy l  reduc tase  a t  room temperature i s  markedly  
d i f f e r e n t  f r o m  b o t h  t h e  spect rum o f  s a l t - e x t r a c t e d  F and f r e e  F (Compare 
t h e  s p e c t r a  i n  F i g u r e  4 w i t h  t h e  co r respond ing  s p e c t # j 0 i n  F i g u r e s  g3&d 3.) 
F i r s t ,  t he  Raman l i n e s  a r e  c l e a r l y  much na r rower  t h a n  f o r  t h e  s o l u t i o n  F 
complexes. 
much h i g h e r  t h a n  t h e  c o r r e j p o n d i n g  l i n e s  o f  t h e  F 
1 i n e s  i n  t h e  1280-1400-cm- r e g i o n  o f  t h e  methyl-#&ctase spectrum have 
f r e q u e n c i e s  comparable t o  F430. 

a re  much s m a l l e r  t h a n  observed f o r  F ' n  s o l u t i o n .  I nc reases  i n  t h e  i n t e n s i t y  
o f  t h e  l i n e s  a t  1312, 1553, and 16324~#1-' i n d i c a t e  an enhanced f r a c t i o n  o f  a fo rm 
o f  F430 w i t h  f r e q u e n c i e s  c l o s e s t  t o  those o f  s a l t - e x t r a c t e d  F430 a t  77 OK. 

Second, f requenc ies  o f  t h e  two s t r o n g  l i n e s  a t  1575 and 16534~#1-1 a re  
species.  I n  c o n t r a s t ,  t h e  

D i f f e r e n c e s  between room tempera tu re  and 77-OK s p e c t r a  o f  me thy l  reduc tase  

D i s c u s s i o n  

Fo r  example, t h e  p i c k e l - c o r $ # n o i d  b i s -me than04~?omp lex  has seve ra l  lweak l i n e s  i n  
t h e  1280-1400-cm- r e g i o n  and two s t r o n g  l i n e s  a t  1556 and 1627 cm- (4) .  Thus, 
t h e  f requency o f  t h e  l i n e s  and t h e  i n t e n s i t i e s  a r e  s i m i l a r  f o r  F and the  model 
compound. 
g e n e r a l l y  a good s t r u c t u r a l  model f o r  F430 forms. 

s h i f t  s y s t e m a t i c a l l y  w i t h  i n c r e a s i n g  c o o r d i n a t i o n  numbyr ( 4 ) .  
s e p a r a t i o n  between t h e  two l i r e s  decreases f rom 93 cm- 
spec ie?  ( i n  CH C1 ) t o  84 cm- f o r  a 5-coord inate NCS- complex ( i n  CH C1 ) and t o  
7 1  cm- 
t h a t  a x i a l l y  l i g a t e ,  t h e  6 -coo rd ina te  s e p a r a t i o n  i s  found t o  be 71+3 cm- 
R u f f l i n g  o f  t h e  c o r p h i n a t e  macrocyc le  may a l s o  i n f l u e n c e  t h e  separa t i on  (vide 
i n f r a ) .  

i s  i n d i c a t i v e  o f  coo rd%t ion  number f o r  F 
t h a t  aqueous s a l t - e x t r a c t e d  F 1s  a m i x t i 8  o f  a dominate 6-coordinate-fomplex 
r e f e r r e d  t o  above as spec ies  b ? w i t h  a s e p a r a t i o n  o f  1629 - 1556 = 73 CT ) and a 
m ino r  4 -coo rd ina te  spec ies  A ( w i t h  a s e p a r a t i o n  o f  1625 - 1534 = 9 1  cm- ) .  
Indeed,  t h e  s e p a r a t i o n  v a r i e s  f rom 62-75 cm- f o r  F 6-coord inate complexes i n  
o t h e r  c o o r d i n a t i n g  s o l v e n t s  ( 5 ) .  
h igh -sp in  s p e c i e s  and a 4-coord inate S=O spec ies  i s  suppor ted by t h e  i n t e r m e d i a t e  
v a l u e  found f o r  t h e  magne t i c  moment (2 .0  pB f o r  F430 versus -2.8 f ie  p r e d i c t e d  f o r  
a pu re  S=1 s p e c i e s )  ( 1 2 ) .  

The a x i a l  l i g a n d s  a r e  p r o b a b l y  H O m o l e c u l e s  r a t h e r  than  some component l e f t  
bound t o  F a f t e r  e x t r a c t i o n  f rom t 6 e  p r o t e i n .  
would a c c o i i e  f o r  t h e  e q u i l i b r i u m  m i x t u r e  a t  room temperature.  
e q u i l i b r i u m  s h i f t s  ove rwhe lm ing ly  toward t h e  bis-aquo F430 complex. 

f o r  t h e  sa l t -ex t rac t$ !  form, s i n c e  a t  room tempera tu re  aqueous f r e e  F 43?s 
a lmos t  e n t i r e l y  a 4 -coo rd ina te  form. T h i s  c o n c l u s i o n  i? based on an dagerved 
s e p a r a t i o n  o f  t h e  s t r o n g  h i g h  f requency l i n e s  o f  94 cm- -a va lue  c l o s e  t o  t h e  
s e p a r a t i o n  f o r  t h e  4 -coo rd ina te  model compound 2. By comparison, i n  s t r o n g l y  
c o o r d i n a t i n g  s o l v e n t s  and i n  t h e  presence o f  Cy-, f r e e  F430 conver t s  t o  a 6- 
c o o r d i n a t e  f o r m  w i t h  a s e p a r a t i o n  o f  63-77 cm- 

Raman s p e c t r a  o f  t h e  F forms and t h e  F model compound 2 are  s i m i l a r .  

The s p e c t r a l  s i m i l a r i t i e s  i n d i c a t e  t h a t  t h e  n i c k e l  co8JRinoid 2 i s  

I n  p r e v i o u s  work i t  was no ted  t h a t  t h e  two s t r o n g  h i g h e s t  f requency l i n e s  
Fo r  example, t h e  

f o r  t h e  4-coord inate 

f o r  th6 6Zcoord ina te  MeOH complex. I n  f a c t ,  f o r  a v a r i e t y  o f Z s o f d e n t s  
( 5 ) .  

Sal t - e x t r a c t e d  F Assuming t h a t  t h e  s e p a r a t i o n  o f  t h e  two s t r o n g  l i n e s  
as w e l l  as t h e  model, we p r e d i c t  

The e x i s t e n c e  o f  %3#I ix ture o f  a 6-coord inate 

Water i s  a weak l i g a n d  which 
A t  77 "K t he  

Cy toso l - f ree  F . Water appears t o  be a poo re r  l i g a n d  f o r  f r e e  F t han  

(5). 
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A t  77 0 5  f r e e  F appears t o  be a m i x t u r e  o f  two f o p s  w i t h  l i n e s  a t  1616 
anc111628 cm- . The 4 $ p a r a t i o n s  o f  t h e  1616- and 1628-cm- l i n e s  f rom t h e  1546- 
cm l i n e  a r e  70 and 82 cm- f o r  t h e  two forms. EXAFS and XAS measurements a t  4 
O K  a r e  c o n s i s t e n t  w i t h  f r e e  F ( t h e  same as hea t -ex t rac ted  F ) e x i s t i n g  as a 
m i x t u r e  o f  p redominan t l y  a 4-!88rdinate, r u f f l e d  spec ies  w i t h  288rt Ni-N bonds 
(1.9 A )  and a m i n o r  6-coord inate,  p l a n a r  spec ies  w i t h  l o n g e r  Ni-N bonds ( 2 . 1  A )  
(12). 
cm s e p a r a t i o n  
species would t h e n  be t h e  more abundant 4-coord inate,  r u f f l e d  species.  A 5- 
c o o r d i n a t e  complex i s  u n l i k e l y  f o r  a n i c k e l  c o r p h i n a t e  i n  a c o o r d i n a t i n g  s o l v e n t  
where two a x i a l  l i g a n d s  would be r e a d i l y  a v a i l a b l e  and f o r m a t i o n  o f  t h e  6- 
c o o r d i n a t e  complex would be favored.  A l t e r n a t i v e l y ,  t h e  two species c o u l d  be 
d i f f e r e n t  r u f f l e d  spec ies ,  f o r  example, t h e  two species ob ta ined  by a 90 O 

r o t a t i o n  o f  t h e  sadd le  s t r u c t u r e  r e s u l t i n g  f rom S r u f f l i n g  and i n v e r s i o n  o f  t h e  
h a l f  c h a i r  con fo rma t ion  o f  t h e ' h y d r o p y r r o l i c  r i n g 4  (12,15). 

The Raman d a t a  i s  i n  agreement w i t h  t h i s  r e s u l t .  The s p e c i f s  w i t h  t h e  70- 
s e p a r a t i o n  i s  p robab ly  t h e  c o o r d i n a t e d  species and t h e  82-cm- 

Comparison o f  t h e  F forms. Eschenmoser and coworkers have suggested t h a t  
t h e  s o l e  d i f f e r e n c e  betwdg! f r e e  and s a l t - e x t r a c t e d  forms o f  F 
e p i m e r i z a t i o n  a t  p o s i t i o n s  12 and 13 i n  wh ich  t h e  hydrogen and4&boxyl ic  a c i d  
a t  each p o s i t i o n  exchange p l a c e s  (12 ) .  The s t r u c t u r a l  change a l s o  occurs upon 
h e a t i n g  s a l t - e x t r a c t e d  F o r  upon h e a t - e x t r a c t i o n  o f  F f rom methy l  
reductase.  The 12 ,13 -d i@her  o f  s a l t - e x t r a c t e d  F r e t 8 t s  i n  a c o r p h i n a t e  
s t r u c t u r e  t h a t  can undergo S f o r  s t e r i c  reasons. 
R u f f l i n g  a f f e c t s  a x i a l  l i g a t ? o n  because i t  a l l o w s  t h e  cent?# co re  o f  t h e  
macrocyc le t o  c o n t r a c t  about  t h e  n i c k e l  i o n .  Thus, s a l t - e x t r a c t e d  F i s  more 
c o o r d i n a t i v e l y  u n s a t u r a t e d  a t  t h e  n i c k e l  i o n  as a r e s u l t  o f  i t s  l a rg8g0core  s i z e ,  
and, t h e r e f o r e ,  has a h i g h e r  a f f i n i t y  f o r  a x i a l  l i g a n d s  than  f r e e  F430 wh ich  can 
e a s i l y  r u f f l e .  

The Raman r e s u l t s  a r e  i n  agreement w i t h  t h i s  s t r u c t u r a l  i n t e r p r e t a t i o n .  A t  
room tempera tu re  s a l t - e x t r a c t e d  F i s  m o s t l y  t h e  6-coord inate bis-H 0 complex, 
whereas f r e e  F 
F u r t h e r ,  t h e  f ? $ ? t i o n  o f  s a l t - e x t r a c t e d  F 
spect rum t h a t  i s  d i s t i n c t  f rom 4 - ~ o o r d i p a & ~ ~ f r e e  F 
f rgpuenc ies .  
cm 
rearrangement o f  t h e  s u b s t i t u e n t s  a t  t h e  12 and 13 p o s i t i o n s  o f  t h e  c o r p h i n o i d  
macrocyc le.  

most l i k e l y  a r e s u l t  o f  g r e a t e r  homogeneity a t  t h e  F s i t e  i n  t h e  p r o t e i n  
env i ronment  r e l a t i v e  t o  the  s o l u t i o n  env i ronment  o f  forms. T h i s  
i n d i c a t e s  a v e r y  s p e c i f i c  s t r u c t u r e  f o r  t h e  F430 s i t e  inF'!% p r o t e i n .  

I t  i s  a l s o  c l e a r  f rom t h e  l a r g e  d i f f e r e n c e s  i n  f requency t h a t  t he  
chromophore o r  i t s  env i ronment  i s  un ique  i n  some way. 
r e s u l t  o f  (1) a nove l  c o o r d i n a t i o n  geometry, ( 2 )  an unusual c o r p h i n a t e  l i g a n d  
conformat ion,  o r  ( 3 )  a d i f f e r e n c e  between t h e  s t r u c t u r e  o f  t h e  chromophore's 
p e r i p h e r a l  s u b s t i t u e n t s  i n  t h e  n a t i v e  p r o t e i n  and a f t e r  s a l t  e x t r a c t i o n .  We have 
observed t h a t  no oxygen, s u l f u r ,  o r  n i t r o g e n  l i g a n d  complex has come c l o s e  t o  
g i v i n g  t h e  f requenc ies  observed f o r  t h e  two s t r o n g  h i g h  f requency l i n e s  o f  me thy l  
reductase.  The s e p a r a t i o n  o f  (1653 - 1575 =) 78 cm- f o r  methy l  reduc tase  i s  
however compa t ib le  w i t h  e i t h e r  5- o r  6 -coo rd ina t i on  a l though  so f a r  no l i g a n d  

second and t h i r d  p o s s i b i l i t i e s  ment ioned above shou ld  n o t  be r u l e d  ou t .  

F430 i s  b e g i n n i n g  t o  make an appearance. 

i s  a d i -  

r u f f l i n g  more r e a d i l j 3 P h a n  F 

a t  room tempera&dPe i s  4-coord inate based on t h e  Ra&an r e s u l t s .  
t h a t  i s  4-coord inate has a Raman 

based on t h e  Raman l i n e  
Fo r  example, t h e  1534-cm- l i n e  o f  s 8 P - e x t r a c t e d  F i s  a t  1529 

f o r  t he  d iep imer .  T h i s  d i f f e r e n c e  i s  p robab ly  s o l e l y  the  r e t d ? t  o f  t h e  

Me thy l  reduc tase .  The na r row ing  o f  t h e  Raman l i n e s  o f  methy l  reduc tase  i s  

The uniqueness may be a 

I examined g i v e s  t h e  h i g h  f requenc ies  observed f o r  these Raman l i n e s .  Thus, t h e  

I A t  77 "K a f o r m  s i m i l a r  t o  t h e  aqueous 6-coord inate fo rm o f  s a l t - e x t r a c t e d  
A t  4 O K  t h e  N i  X-ray a b s o r p t i o n  edge i s  i 
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s i m i l a r  f o r .  m e t h y l  reduc tase  and s a l t - e x t r a c t e d  F ( 1 4 ) .  Thus, a t  4 O K  t h e  
s a l  t - e x t r a c t e d  F430 fo rm may predominate i n  t h e  p 8 8 e i n .  

Conclus ions 

The n i c k e l - t e t r a p y r r o l e  d e r i v a t i v e  i n  t h e  me thy l - reduc tase  enzyme r e s i d e s  i n  
a un ique p r o t e i n  env i ronment .  We have n o t  y e t  been a b l e  t o  f i n d  an e q u i v a l e n t  
s t r u c t u r e  f o r  F i n  s o l u t i o n  based on t h e  Raman spec t ra .  Never the less,  t h e  
Raman data s u g g d 8  t h a t  F i n  the  p r o t e i n  has a t  l e a s t  one a x i a l  l i g a n d  and 
occupies a s i t e  i n  t h e  p r 8 8 i n  w i t h  a l ow  degree o f  he te rogene i t y .  

The f r e e  f o r m  o f  F shows ev idence o f  r u f f l i n g  i n  t h a t  m u l t i p l e  forms a r e  
observed i n  t h e  l o w  tem$$Pature Raman spect rum and t h e  species cannot a l l  be 
a s c r i b e d  t o  a x i a l  l i g a n d  complexes. T h i s  low tempera tu re  behav io r  i s  a l s o  n o t e d  
f o r  t he  model n i c k e l - c o r p h i n o i d  i n  non -coo rd ina t i ng  s o l v e n t s  such as me thy lene  
c h l o r i d e  ( 5 ) .  On t h e  o t h e r  hand, s a l t - e x t r a c t e d  F shows no ev idence o f  
r u f f l i n g ,  b u t  d i s p l a y s  h i g h e r  a f f i n i t y  f o r  a x i a l  l?@nds than  t h e  d iep imer .  

I t  i s  t h o u g h t  t h a t  t h e  a x i a l  c o o r d i n a t i o n  s i t e s  o f  n i c k e l  may serve as a 
b i n d i n g  s i t e  f o r  methyl-S-CoM o r  perhaps t h e  me thy l  g roup  t h a t  i s  reduced t o  
methane i n  t h e  r e a c t i o n .  N i c k e l  c o r p h i n o i d s  a r e  known t o  have h i g h e r  a f f i n i t y  f o r  
a x i a l  l i g a n d s  t h a n  n i c k e l  p o r p h y r i n s  (15 )  and t h e  unusual a f f i n i t y  may p l a y  a 
r o l e  i n  methane c a t a l y s i s .  The n i c k e l  c o r p h i n o i d s  a l s o  e x h i b i t  d i f f e r e n t  
behav io r  i n  t h e  p h o t o l y s i s  o f  a x i a l  l i g a n d s  t h a n  t h e  n i c k e l  p o r p h y r i n s  (16) .  A 
N i ( 1 )  i n t e r m e d i a t e  may be i n v o l v e d  i n  t h e  r e d u c t i o n  o f  t h e  bound methy l  group t o  
methane ( 1 7 ) .  

proposed f o r  v i t a m i n  B (Co-corr in)  enzymes i n v o l v e d  i n  b i o l o g i c a l  methy l -  
t r a n s f e r  r e a c t i o n s  (18:?9). I n  these r e a c t i o n s  an a x i a l  Co-CH3 complex i s  known 
t o  be an i n t e r m e d i a t e .  E f f o r t s  t o  f u r t h e r  e l u c i d a t e  t h e  r o l e s  o f  a x i a l  l i g a t i o n  
and macrocyc le f l e x i b i l i t y  i n  t h e  c a t a l y t i c  p r o p e r t i e s  o f  F i n  me thy l  
reduc tase  a r e  c o n t i n u i n g  u s i n g  resonance Raman and transienf3Raman spec t roscop ic  
techniques.  

Macrocyc le f l e x i b i l i t y  may a l s o  p l a y  a r o l e  i n  methane c a t a l y s i s  as has been 
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C N  

1 2 

F i g .  1. S t r u c t u r e s  o f  F430 (1) and t h e  model n i c k e l - c o r p h i n o i d  d e r i v a t i v e  (2) 

LlBr EXTRACTED F430 
1556 

A 44 1.6 nm 

1280 1360 1440 1520 1600 1680 

FREQUENCY (cm-') 

F i g .  2. Resonance Raman spectrum o f  s a l t - e x t r a c t e d  F 
( t o p )  and a t  77 OK (bo t tom)  i n  aqueous 10 mM4@osphate b u f f e r .  

a t  room tempera ture  
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THE TESTING OF CATALYSTS FOR ALKANE ACTIVATION* 

Frances V. Stoh l ,  John A. S h e l n u t t ,  
Barry Granoff and Daniel  E. Trudel l  

Sandia  Nat iona l  Labora tor ies ,  Albuquerque, NM 87185 

In t roduc t ion  

Low o i l  p r i c e s  have caused a dec rease  i n  t h e  exp lo ra t ion  f o r  and 
development of  new o i l  r e s e r v e s  i n  t h e  United S t a t e s .  This ,  combined 
with an  i n c r e a s e  i n  U.S. o i l  consumption, h a s  r e s u l t e d  i n  an 
increased  dependence on fo re ign  o i l .  I n  June 1986, 40% of t h e  o i l  
used i n  t h e  U . S .  was suppl ied  by fo re ign  sources  a s  compared t o  32% 
i n  1983 (1); it is l i k e l y  t h a t  t h i s  dependence on fo re ign  o i l  w i l l  
cont inue  t o  i n c r e a s e .  This  l eaves  t h e  U.S. vu lne rab le  t o  sudden, 
d r a s t i c  f l u c t u a t i o n s  i n  our  l i q u i d  f u e l  supply.  To minimize t h i s  
dependence on f o r e i g n  o i l ,  it is  necessary  t o  f i n d  new sources  f o r  
l i q u i d  f u e l s .  One p o t e n t i a l  new source  is methane, which makes up 
about 90% of n a t u r a l  gas .  Methane can be p a r t i a l l y  oxid ized  t o  
a lcohol  t h a t  cou ld  be used d i r e c t l y  a s  l i q u i d  f u e l  o r  converted t o  
gaso l ine  by Mobi l ' s  methanol t o  g a s o l i n e  process  (2). Economic 
ana lyses  ( 3 )  of p o t e n t i a l  p rocesses  f o r  t h e  convers ion  of methane t o  
l i q u i d  f u e l  have shown t h a t  t h e  use  of  p a r t i a l  ox ida t ion  t o  form 
methanol, i n  c o n t r a s t  t o  e x i s t i n g  convent iona l  methods of forming 
methanol from syngas,  could  make a methane t o  g a s o l i n e  p rocess  
economically f e a s i b l e .  Research i s  needed, however, t o  f i n d  c a t a l y s t s  
t h a t  are capab le  of  ox id i z ing  methane t o  methanol w i t h  h igh  
convers ions  and h i g h  s e l e c t i v i t i e s .  

oxide c a t a l y s t s  a t  h igh  tempera tures  and p res su res  (4-6).  These 
s t u d i e s  have shown t h a t  c a t a l y t i c  ox ida t ion  o f  methane t o  methanol is 
poss ib l e ,  b u t  convers ion  and s e l e c t i v i t y  are low. Liu ,  e t .  a l .  ( 7 )  
have shown t h a t  M o  suppor ted  on silica is an e f f e c t i v e  c a t a l y s t  f o r  
t h e  p a r t i a l  o x i d a t i o n  of methane t o  methanol and formaldehyde when 
n i t r o u s  ox ide  is p r e s e n t  a s  the oxidant .  A t  a conversion l e v e l  of 3%, 
t h e  combined s e l e c t i v i t y  t o  CH OH and HCHO w a s  78%, wi th  CO be ing  t h e  
p r i n c i p a l  o t h e r  pgoduct. Using3Li-doped MgO a t  a tempera ture  of 
approximately 500 C, D r i S C O l l ,  e t .  a l .  (8)  were a b l e  t o  show t h a t  
methyl r a d i c a l s  w e r e  formed when methane was passed over t h e  su r face  
of t h i s  c a t a l y s t .  The su r face  methoxide ions  were conver ted  t o  

Most work performed on.methane p a r t i a l  ox ida t ion  has  used metal  

methanol by  r e a c t i n g  wi th  water  i n  t h e  system. The mechanism was 
similar to  t h e  one  proposed f o r  t h e  p a r t i a l  ox ida t ion  of CH4 over a 
Mo/SiO, c a t a l y s t  171. 

' Wafson a n i  P a r s h a l l  (9-11) have r epor t ed  t h a t  organolanthanide  
complexes can  react w i t h  t h e  C-H bond as shown by i s o t o p e  exchange 
r eac t ions  us ing  l a b e l e d  methane. I n  t h i s  case ,  t h e  c a t a l y s t  was a 
d icyc lopentadienyl  methyllutetium compound. It w a s  proposed t h a t  an 
e l e c t r o p h i l i c  r e a c t i o n  took  p l ace  between methane and t h e  e l ec t ron -  
d e f i c i e n t  l a n t h a n i d e  complex. 

conver t  a lkanes  i n t o  hydridoalkylmetal  complexes, and t h a t  t h e  
i n s e r t i o n  r e a c t i o n  proceeds through a th ree -cen te r  t r a n s i t i o n  s t a t e .  

* This  work suppor ted  by t h e  U . S .  Dept. of Energy a t  Sandia Nat iona l  
Labora to r i e s  under Cont rac t  DE-AC04-76DP00789. 

Janowicz, e t .  a l .  ( 1 2 )  have shown t h a t  a n  i r i d ium complex can 
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The hydrido products can then be converted to functionalized alkyl 
halides by treatment with mercuric chloride followed by halogens. 
Analogous rhodium complexes were shown to undergo similar C-H 
insertions, but the products were less stable than with the iridium 
complexes (12). Jones and Feher (13,14) have also shown that alkane 
C-H bonds can be activated by homogeneous Rh(1) compounds. 

via a monooxygenase enzyme (15). Organisms capable of utilizing 
methane as their sole carbon and energy source are called 
methanotrophs. In the organism Methylococcus capsulatus, the 
monooxygenase enzyme has been shown to be capable of utilizing a 
variety of alkanes, alkenes, ethers, alicyclic compounds, etc. (15). 
The soluble methane monooxygenase from M. capsulatus was resolved 
into three fractions by ion exchange chromatography, but the 
molecular structures are unknown. 

Several other naturally occurring enzymes, such as cytochrome 
P450 (16), can also catalyze the conversion of alkanes to alcohols at 
low temperatures and pressures. In an attempt to mimic the activity 
of these enzymes, we have initiated a program to tailor-make 
catalysts for the direct conversion of methane to methanol. Our work 
focuses on the use of metalloporphyrins, and relies on computer-aided 
design to guide the synthesis of novel catalytic materials. The 
molecular design techniques are being combined with structural 
studies (17) of biological catalysts to identify the important 
characteristics of the active site, the development of activity and 
selectivity tests to determine structure-activity relationships, and 
the synthesis of designed catalysts. 

Porphyrins are being used because they are present in enzymes 
that perform C chemistry (methyl reductase, methyl transferase), 
have versatilelstructures that can be controlled, and can be 
synthesized with many different metals. Porphyrins have also shown 
significant activity for oxidation of long chain alkanes (C5+) 
(18,19). 

The objective of this paper is to describe the catalyst activity 
and selectivity tests we are developing and to report on the results 
of testing several commercially available porphyrins. To get 
structure-activity relationships, it is necessary to develop several 
different activity tests using alkanes with varying chain lengths. We 
started with a cyclohexane test using previously reported conditions 
(20) so that our results could be compared to literature results. 
Additional tests we have developed to date use hexane and butane as 
reactants. In the future, tests will be developed using ethane and 
methane as reactants. 

Methane can be selectively converted to methanol biochemically 

Experimental Procedures 

Materials 
The catalysts used in this work included iron tetraphenyl 

porphyrin (FeTPPCl), manganese tetraphenyl porphyrin (MnTPPCl) and 
iron pentafluorophenyl porphyrin (FeTF PPC1). The first two catalysts 
were obtained from Porphyrin Products 2nd the third from Aldrich. 
Methylene chloride (99+%) was used as the solvent in all tests. The 
oxidant was iodosylbenzene (C H IO) prepared from the reaction of 
iodosobenzene diacetate with Ba%H (21). The alkanes used for the 
various tests were cyclohexane (99+%), hexane (99%), and butane 
(99.5%). 
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Reaction conditions 
Reactions with cyclohexane and hexane were performed in the 

liquid phase in an argon atmosphere glove-Qox. Each run had 1.4 cm3 
solvent and 0.6 cm3 cyclohexane (or 0.7 cm 
reactant:oxidant:catalyst was 1100:20:1 ( 2 0 )  on a mole basis. These 
reactions were Carrie$ out at atmospheric pressure and ambient 
temperature (about 30 C in the glove-box) for 2 hours. Reactants were 
stirred at 1000 rpm. 

bubbling butane at a flow rate of about 12 cm /min through a solution 
containing 2 cm3 methylene chloride, 0.005 mmol catalyst, and 
0.1 mmol oxidant. A condenser was attached to the reactor to minimize 
tge loss of methylene chloride. The condenser temperature was set at 
7 C so that butane condensation did not occur. At this temperature, 
small quantities of methylene choride vaporized so that additional 
solvent was added during thg run to maintain constant volume. The 
reaction temperature was 19 C. After 6 hours, the flow of butane was 
stopped, the pressure gradually released, and the excess butane was 
allowed to outgas from the methylene chloride prior to analysis of 
the products. 

Product Analyses 
Oxidation products were identified using GC/MS techniques and 

quantified using capillary column gas chromatographic techniques with 
commercially available compounds as standards. Product yields are 
reported on the basis of the amount of oxidant added to the reactor. 

Catalyst Characterization 

were taken of both as received and used porphyrins to determine if 
any degradation of the porphyrin occurred during reaction. 

hexane). The ratio of 

The oxidation of butane was carried out ugder 5 psig pressure by 

The porphyrins were analyzed using W-vis spectroscopy. Spectra 

Results and Discussion 

Cyclohexane tests were run first in order to compare our results 
with published values (20). Initial runs used FeTPPC1. Tests with 
iodosylbenzene, prepared using previously reported procedures (21), 
resulted in low cyclohexanol yields, which were thought to be due to 
a high concentration of contaminants in the oxidant. Infrared (IR) 
spectra of the oxidant showed the presence of iodobenzene (c H I). 
Other phases could not be identified. Extensive cleaning usifig5water 
and chloroform was carried out: the IR pattern of the product showed 
a significant decrease in the amount of iodobenzene present. The 
results we obtained for FeTPPCl and FeTF PPCl with this purified 
batch of oxidant are shown in Table 1. TI?e reported cyclohexanol 
yields (20) were 10.1% for FeTPPCl and 66.6% for FeTF PPC1. Our 
yields for both porphyrins are significantly higher tI?an the 
literature values suggesting that we may have prepared a purer 
oxidant. 

An additional test performed with MnTPPCl showed a much greater 
cyclohexanol yield than obtained with FeTPPC1. UV-vis analyses of the 
three catalysts before and after reaction showed that the FeTPPCl 
degraded during reaction, whereas the FeTF PPCl and MnTPPCl showed no 
significant degradation. The extent of FeT%PCl degradation and the 
cyclohexanol yield from the run with FeTPPCl as a function of time 
are shown in Figures 1 and 2. A comparison of the results in these 
two figures indicates that some reaction still occurred even after 
the porphyrin was completely degraded. A test carried out with 
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reactant, oxidant and solvent, but no porphyrin, did not yield any 
cyclohexanol. This indicates that the iron species resulting from the 
degradation had some activity. The cause of the higher activity of 
MnTPPCl as compared to FeTPPCl is not definitively known. It could be 
entirely due to the degradation of the FeTPPCl or could be partially 
due to FeTPPCl degradation and partially due to differences in the 
activities of the two metals. This cannot be proven from these runs. 
Additional studies are being performed to determine the effects of 
different metals on catalyst activity. 

the replacement of hydrogens with fluorines on the phenyl rkgs . 
Steric and electronic effects of the fluorines prevent catalyst 
degradation to produce a more stable catalyst. The fluorines may also 
cause the catalyst to be more active (20). Runs with MnTPPCl and 
FeTF PPCl that were carried out for about 16 hrs did not show any 
incr2ase in yield beyond the first two hours, suggesting that the 
reactions might be limited by the amount of oxidant remaining. It has 
been suggested (20) that the oxidant can be further oxidized by an 
Fe-oxygen intermediate species of the porphyrin to give iodoxybenzene 
(C H IO ) during these reactions. The iodoxybenzene is not an 
oxfdsnt? We are currently performing studies to determine the fate of 
the iodosylbenzene in these reactions. 

conditions as with cyclohexane so that yields could be compared. 
Results for this test are shown in Table 1. The total hexanol yield 
is lower than the total cyclohexanol yield under the same conditions. 
The hexanol from the run with FeTF PPCl consists of 1% 1-hexanol, 28% 
2-hexanol and 27% 3-hexanol. These5results show that selectivity to 
the 1-hexanol is very low and the total yield has decreased in going 
from the cyclic compound to the straight chain. The decrease in the 
yield of the 2- plus 3- alcohols in the hexane run, as compared to 
the cyclohexanol yield with the same catalyst, is proportional to the 
number of methylene groups. Hexane has 4 secondary carbons whereas 
cyclohexane has 6, and the yield of 2- plus 3- hexanols is 2/3 of the 

The main structural difference between FeTPPCl and FeTF PPCl is 

Activity testing with hexane was performed under the same 

yield of cyclohexanol. 

2-butanol and 1% 1-butanol. The concentration of butane in the 
The run with butane yielded 35% butanol consisting of 34% 

methylene chloride under the test conditions was measured using Raman 
spectroscopy. The results showed that there was about 8% butane (on a 
mole basis). This is significantly lower than the 20% hydrocarbon 
present in the reactions with cyclohexane or hexane. The results of 
the tests with cyclohexane and hexane cannot be directly compared to 
the results of the butane tests because of the lower reactant 
concentration and the differences in reaction times and temperatures. 
Therefore, additional testing is being carried out to enable this 
comparison. 

Conclusions 

The results of the cyclohexane tests carried out for longer times 
indicate that it is necessary to determine what happens to the 
oxidant during the reaction, since the results suggest that oxidant 
is depleted even at low alcohol yields. If a more effective oxidant 
is found, yields should be significantly higher. The results with 
butane suggest that we may have a good test procedure for use with 
shorter chain alkanes. To be able to compare results from tests using 
cyclohexane and hexane to butane (and to future tests with ethane and 
methane), it will be necessary to determine the effects of different 
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r e a c t a n t  c o n c e n t r a t i o n s  and d i f f e r e n t  reaction t i m e s  and 
t empera tu res .  
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Table 1. Yie lds  o f  a l c o h o l s  r e p o r t e d  as  a p e r c e n t  of  t h e  i n i t i a l  
ox idant  i n p u t  t o  t h e  reactor. 

TOTAL 1-ALC* 2-ALC 3-ALC 
REACTANT CATALYST Y I E L D Y I E L D Y I E L D Y I E L D  

Cyclohexane FeTPPCl 14 
MnTPPCl 42 
FeTF5PPC1 84 

Hexane FeTF5PPC1 56 1 28 27 

B u t a n e  FeTF5PPC1 35 1 34 

* ALC = a lcohol .  
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Figure 1. Comparison of UV-vis spectra of FeTPPCl (STD) with catalyst 
removed (at 3 times) from a reaction with cyclohexane. 
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Figure 2. Cyclohexanol yield v s .  run time. Catalyst = FeTPPC1. 0 = 
samples pulled from reaction using a syringe (manual 
injection into GC). + = sample removed from reactor after 
end of run (automatic injection into GC). 
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INTRODUCTION 
.Homogeneous' catalysis. or catalysis by discrete, soluble transition metal 

complexes. is dominated by studies of such species in .soft' ligand environments 
<e.&. consisting of phosphines, sulfides or carbonyls). Historically, one focus 
of research in this field has been the elucidation of changes in reactivity of a 
complex which are effected by subtle modification of the ligand environment of the 
metallic center. 
ligand environment affects the reactivity of a metal system bound to it; 
specifically, we aim to elucidate changes in rules of molecular reactivity which 
occur when the .soft" ligand environment of a transition metal complex is replaced 
by a "hard", oxygen-based one. In this context, solid metallic oxides were chosen 

It is of interest to us to determine how a gross change in this 

to provide this oxygen-based ligation. I 

THE CHEMISTRY OF OXIDE-BOUND RHODIvM(ALLYL)COMPLS 
We chose to focus our attention' on the chemistry of oxide-ligated rhodium 

complexes, given the many interesting and important reactions which exist for this 
metal in "classical", .soft-ligand"-based homogeneous catalysis. In our work we 
have used a variety of chemical and spectroscopic procedures to characterize our 
complexes. 

Tris(ally1)rhodium reacts w i t h  hydroxyl groups of silica with evolution of 1 
cquiv of propylene to give Rh(II1) species [SiO]Rh(allyl)~. 1. (We use the 
terminology g[SiO]" simply to indicate covalent bonding between the oxide and the 
metal. 
of EXAFS studies suggest that several oxygen atom of the support interact with a 
given rhodium center.) 

Details of this interaction are not yet known. although preliminary results 

% 
(OIIYI) MI dR?d on .[sI]-o$ 

-r 
F P A 1 1  

1 

During this time 1 eq of Hydrogen reacts slowly with 1 a t  room temperature. 
propane is evolved. 
propane thus obtained and these data are consistent. stoichiometrically. with the 
formation of [SiO]Rh(allyl)H, 2. 
absorptions attributable to the allyl and hydride ligands (Y&-H - 2010 cm-' ; 
weaker absorption at 1800 cm-1). 
deposition has occurred (1 .e. before formation of 1 is complete) tris(ally1)rhodium 
adsorbed on the oxide rapidly reacts to give a black material which shows no 
infrared transmission. and which may be rhodium metal. 

Hydrogen uptake measurements correlate with the amount of 

The infrared spectrum of 2 shows strong 

If hydrogenation is attempted befoce chemical 

1 w' =w 1 
c 

A series of XF'S experiments was performed on 2 to corroborate its assignment. 

I A single Rh species was found with an oxidation potential at 308.0 eV (Rh 3d 5/2 
Si 2p). Thermolysis of this material at 400' followed by XPS analysis revealed 

4 
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that rhodium metal had been formed (oxidation potential at 307.25 e"). 
obtained for 2 falls outside a range of values (308.4 eV to 311.3 eV) which has 
been determined for Rh(1II) salts, a range which overlaps vith that for typical 
&(I) complexes (307.6 eV to 309.6 eV).  
complexes, however, must be interpreted vith caution: although 2 is formally a 
complex of Ifh(II1). actual positive charge build-up on the metal in this 
hydride-ligated species may be quite low. 

the oxide support, procedures were developed2 for vapor phase deposition of 
tris(ally1)rhodium onto single crystal hydroxylated Ti02 in ultra-high vacuum; 
deposition and a subsequent hydrogenolysls procedure vere investigated through a 
series of UPS measurements made on the surface oxygens of the oxide. 
demonstrated that attachment of the bis(ally1)rhodium moiety to Ti02 vas associated 
vith a removal of electron density from the ourface oxygens, consistent vitb the 
notion that this moiety is a strong electrophile (perhaps stronger than proton). 
Replacement of one of the allyl ligands by hydride revealed by UPS a build-up of 
charge on the surface oxygens. 
toward rhodium, mentioned 
these UPS results. 
of other ligand changes in the coordinetion sphere of the rhodium demonstrate the 

XPS data 

XPS data for covalent organometallic 

To further probe the nature of the interaction between the metal complex and 

These 

Thus the role of hydride 8s a strong donor ligand 
above in discussions of XPS analyses. is corroborated by 

Variation in binding energies for surface oxygens as a function 

coval 
apparel 

Y IE 

l a k e  of the interaction betveen the metal complex and the oxide. which 
I behaves as a conventiona' 'donor" ligand. 

Ve suggest that coordinatlvely unsaturated 1 is electrophilic in its 
reactivity. Activation of H2 has been observed by aqueous Rh(II1) and by numerous 
metal oxides. In these cases, the concept of 'heterolytic" activation of hydrogen 
has been developed; the coordinatively unsaturated metal conter acts as a sink for 

proton. When 2 is exposed to D 2 ,  H-D exchange between the atmosphere and residual 
hydroxyl groups of the silica support is observed, consistent wlth the notion that 
in the presence of 2 H z  or D2 act as e source of H +  or D'. Complex 2 also 
catalyzes rapid (< 1 min) equilibration of 50:50 H z - D ~  mixture at room temperature. 

, and a base in the environment of the metal center stabilizes the released "H -. 
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ACTIVATION OF ALKANES 
Simple alkanes are conceptual analogs of dihydrogen in ths 

4 HD 

they both I mld - -  
able to-form a two center. three electron bond with an unsaturated metal center 
utilizing electron pairs in bonding u orbitals: analogous intramolecular C-H bond 
coordination is now well established experimentally and has been calculated to be 

*I/ 

4- ,H 6- 
H - d  *, 6* n--\ 6* 

'H H 
facile intermolecularly. 
their reaction in the presence of D2 gas. 
was used to catalyze this process between ethane, for example, and Dp (see entry 
1). 
hrs) gave a black species which showed no infrared absorptions attributable to Rh-H 
stretching modes. 
was different from that of 2: whereas 2 gives rise to a distribution of deuterated 
ethanes relatively high in dl- and low in dg-ethane, this other black substance 
gives rise to a bimodal pattern showing a high degree of d6-ethane relative to dl 
(see entry 2). 
XPS analysis) and, therefore, we compared this black material with rhodium on 
silica obtained by conventional methods. Interestingly, rhodium on silica thus 
prepared behaves in a fashion similar to that noted for the pyrolysate (see entries 
3 and 4). 

To probe interactions between alkanes and 2, we studied 
Sequential H-D exchange occurred when 2 

Decomposition of 2 (heating at 400' under one atmosphere of hydrogen for 4 

This species showed catalytic activity for H-D exchange which 

We had noted that simple thermolysis of 2 yields rhodium metal (by 

(1) -Pb(.lly1)B/SiOz 
(2) Ib/Sioz preparul frm 

(3) pb/SiOz prepared from IbC13 

(4) Ib/Si02 pnpand from =Cl3 

-Bh(allJl)a/sio2 at 400.. 1 at. az 

(aquo\u). 400.. 1 atm nz 

(IStb.nc.1). UO.. 1 i m  n2 
(5) Ibmr prepared Inn r I h ( d l Y 1 ) p .  

tamp.. 1 atm az 
(6 )  pb f i l m  

c 4 4 + + +  
ACTIVATION OF METHANE 
We proposed that methane could be activated by an intramolecular ligand 

rearrangement route from a two-electron, three-centered intermediate analogous to 
that one proposed for activation of H2, and we have demonstrated that methane can 
replace hydrogen in the hydrogen activation step shown in Scheme 2. For example, 
when 1 is treated with H2 2 results: similarly we found that when 1 was treated 
with methane, a mixture of hydride complexes 2 and 5 were obtained. Hydrogen also 
reacts with hydridochloride complex 3 to give dihydride 4, and therefore 3 was 
treated with methane. 
equiv): activation of methane was confirmed by use of l3CHl. Here, .infrared 
analysis performed on rhodium-containing materials showed the presence of dihydride 
4, and broadened absorption centered at 2040 cm-' suggested that 4 could be 
contaminatd with another hydride species, perhaps a (methyl)rhodium(hydride) 
complex 6; (for the analogous[SiO]Rh(H)Bu, Y % - H  - 2010 cm-'). 
material ( 6 )  was treated with chlorine, methyl chloride was obtained (0.2 equiv) . 
These observations can be explained3 by the sequences shown below. 

This results in the formation of methyl chloride (0.85 

Indeed when this 
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OXIDE-DEPENDENT DEPOSITION AGGREGATION 
Although we had noted that a variety of oxides could be used for chemical 

attachment of organorhodium complexes, we had not originally studied how variation 
in the oxide itself affects the structure or reactivity of complexes bound thereto, 
and deposition control was attained only by adjustine total content of hydroxyl 
groups on the oxide. 
might vary of reactive hydroxyl groups on oxides of different structure, although 
this distribution of reactive sites would control deposition of one equivalent of 
an organometallic with regard to another. 
commonly used oxides, in general, for chemical attachment to reactive 
organometallic complexes, and we found4 that an interesting oxide-dependent 
deposition phenomenon distinguishes these two materials: 
utilize samples containing a large excess of acidic hydroxyl groups relative to 
total rhodium deposited, we note that for silica, deposition of rhodium complexes 
occurs selectively to generate dimers; on alumina (of comparable total acidity) 

The subtle notion was not considered that relative locations 

Silica and alumina are among the most 

although for both we 

monomers are formed. 
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. Rhodium carbonyl compounds b o n d  to silica are not structurally stable under 
hydrogen'. 
carbonyl compounds formed on deposition and after subsequent treatment vith H2. 
Specifically. we note a relative decrease in intensity attributable to terminal 
carbonyl ligation and an increase in intensity attributable to bridging or 'semi- 
bridging. carbonyl group.. note that rhodium hydride species (2 or 4) on 
silica are also structually unstable under Hz with regard to clusterification. 
When these reactions vere followed by infrared spectroscopy evidence was obtained 
for the presence of intermediary molecular hydrogen adducts. hus, although it is 
8 commonly held assumption that degradation under hydrogen of catalytically ac ive 
complexes to metallic particles occurs first by reduction of the complex to the 
metal and then by aggragation, our data suggest that a complementary route, namely 
aggregation followed by degradation, must also be considered. 
note that dihydrido or dicarbonyl complexes of rhodium bound to either alumina or 
titanium dioxide do not demonstrate any evidence for analogous clusterification 
under Hz. Cl'early the surface properties of all of these oxides muat be better 
elucidated to understand differences in reactivity imparted to the covalently bound 
complexes by their various oxide ligands. 

This can be demonstrated by noting changes in the infrared spectrum of 

We 

It is interesting to 

1. Alkane Activation by Oxide-Bound Organorhodium Complexes. Schwartz. J. 
Acc. Chem. Res. , 1985, 18 .  302-308. and references cited therein. 

2. Investigation of a Model Catalytic System in Ultrahigh vacuum: The 
Adsorption of Bh(ally1)~ on thp Ti02 (001) Surface, Smith, P.; 
Bernasek. S. L.; Schvartz, J.; McNulty. G. S. J .  Am. Chem. SOC. 1986, 
108, 5654-5655. 

3. Activation of Alkanes by Oxide-Supported Organorhodium Complexes, 
Kitaj ima.  El.; Schvartz, J. Proceedings of the Fourth International 
Spposium on Homogeneous Catalysis - Fundamental 
Homogeneous Catalysis. Volume III, 1986. 1003-1014. 

Research in 

4 .  Oxide-Dependent Deposition and H2-Promoted Aggregation of Organo- 
rhodium Complexes, McNulty, G. S.; Cannon, K.; Schvartz, J. Inorg, 
C h m .  1986. 25. 2919-2922. 
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Activation of Methane on Iron, Nickel, and Platinum Surfaces. 
A Molecular Orbital Study 

Alfred B. Anderson and John J. Maloney 

Cleveland, Ohio 44106 
Chemistry Department, Case Western Reserve University 

The activation of alkane CH bonds is the first step in hydrogen- 
olysis and oxidation catalysis. It is clear from simple consideration 
of metal-hydrogen bond strengths (?250kJ/mol) and CH bond strengths 
(434 kJ/mol for breaking the first CH bond in methane) that oxidative 
addition and not hydrogen atom abstraction will be the route followed 
on metal surfaces. In contrast, 0- defect centers at oxide surfaces 
do abstract hydrogen atoms from methane, forming gas phase methyl 
radicals (1). The greater strength of an OH bond over a CH bond 
allows this to happen; a molecular orbital analysis has been published 
recently (2). Though kinetic studies of alkane reactions on metal 
surfaces are large in number, little is known about catalyst surface 
composition and structure or the structure and electronic factors 
responsible for CH activation by metals. The purpose of the present 
work is to explore mechanisms, activation energies, and orbital inter- 
actions associated with the oxidative addition of a methane CH bond to 
several idealized clean transition metal surfaces. 

The metals chosen for our theoretical exploration, iron, nickel, 
and platinum, have been the topics of several systematic methane 
catalysis and surface science studies in recent years. A theoretical 
study of the oxidative addition of methane to an iron surface 
indicated the reaction was exothermic with an activation energy 
barrier of roughly 88 kJ/mol (3). In that study, low barriers were 
also found for dehydrogenation of CHx (x=  1-3) fragments and this is 
reflected in the ability of iron particles to catalyze the high tem- 
perature pyrolysis of natural gas to graphite fibers as studied 
recently by Tibbetts (4). Early work using iron surfaces was unsuc- 
cessful in yielding activation energies, probably because contaminants 
lowered the activity (5). 

In the case of nickel, activation energies are higher on single 
crystal surfaces than on films and supported metal particles. Esti- 
mates are 88 kJ/mol on Ni(ll0) ( 6 ) ,  71 kJ/mol on Ni(ll1) ( 7 ) ,  and 0 
(8) and 30 (9) kJ/mol on Ni(100). On a Ni film 42 kJ/mol has been re- 
ported (5) and independent studies of methane activation by silica 
supported nickel yield similar barriers, 29 (10) and 25 (11) kJ/mol. 

Activation of n-alkanes on platinum has been studied (12,13). 
Activation energies are about 46 kJ/mol on Pt(ll0) (13) and the in- 
activity of Pt(ll1) (12) has been interpreted to mean that n-alkane CH 
activation energies must be greater than 67 kJ/mol (13). 

only the recently determined activation energies, 71 kJ/mol for 
Ni(ll1) and 30 kJ/mol for Ni(100) are likely to be accurate (5,9,13). 
The other values are in greater doubt. 

Because of various experimental difficulties in the early work, 

Theoretical Method 

The atom superposition and electron delocalization molecular 
orbital (ASED-MO) method (14) used in this paper is a semiempirical 
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t h e o r e t i c a l  approach which uses  valence Slater  o r b i t a l s  (15) and 
experimental i o n i z a t i o n  p o t e n t i a l s  (16)  as input  data. The ASED-MO 
method is a simple way t o  p r e d i c t  c e r t a i n  molecular  d a t a  from atomic 
da ta .  Its s t r u c t u r e  and energy p r e d i c t i o n s  are o f t e n  q u i t e  accura te ,  
bu t  i n  g e n e r a l  it is  best used t o  e s t a b l i s h  and e x p l a i n  chemical 
t rends.  

Sur faces  w e r e  modeled us ing  the  bulk-superimposable c l u s t e r s  i n  
Figure 1. Atoms with which methane i n t e r a c t s  d i r e c t l y  i n  t h e  t r a n -  
s i t i o n  state are shaded. Adsorption s t u d i e s  w e r e  performed assuming 
high-spin molecular  o r b i t a l  occupat ions w i t h  lower levels i n  t h e  d 
band doubly occupied and upper l e v e l s  s i n g l y  occupied. T h e  Fe13 and 
Fe14 c l u s t e r s  had 38 unpaired e l e c t r o n s ,  the F e l l  c l u s t e r  30 and the 
N i l 0  and P t l O  c l u s t e r s  6 unpaired e l e c t r o n s .  The c l u s t e r  s t r u c t u r e s  
a r e  bulk-superimposable and based on well-known l a t t i ce  cons tan ts  

Methane a c t i v a t i o n  Fe(100) and (110)  s u r f a c e s  

Key numerical  r e s u l t s  a r e  i n  Table I and t r a n s i t i o n  s ta te  
s t r u c t u r e s  are i n  F igure  2 .  The a c t i v a t i o n  energy f o r  i n s e r t i n g  an 
Fe(100)  s u r f a c e  atom i n t o  a methane CH bond is 32 kJ/mol and occurs  
when the bond is s t r e t c h e d  0.36 A. On a ggroughenedg8 s u r f a c e  site, 
c o n s i s t i n g  of  an Fe ad-atom placed on t o p  i n  a bulk- l ike  p o s i t i o n ,  t h e  
a c t i v a t i o n  energy decreases  s l i g h t l y  t o  27 W/mol. The  bonding i n  the 
t r a n s i t i o n  state is best  charac te r ized  as CH donat ion t o  t h e  sur face  
and t h e  e l e c t r o n i c  s t r u c t u r e  f o r  t h e  ad-atom case is i n  Figure 3. 
T h i s  f i g u r e  is r e p r e s e n t a t i v e  of a l l  o t h e r  t r a n s i t i o n  states d iscussed  
i n  t h i s  work. The s t r e t c h i n g  causes  one of t h e  3-fold degenerate  t 
symmetry methane o r b i t a l s  t o  become d e s t a b i l i z e d .  Its bending of  2 2  
deg away f r o m  the t e t r a h e d r a l  d i r e c t i o n  c o n t r i b u t e s  f u r t h e r  t o  t h e  
d e s t a b i l i z a t i o n  and a l s o  causes  a small  s t a b i l i z a t i o n  i n  one of t he  
o ther  g o r b i t a l s .  The lowest  orbi ta l  is d e s t a b i l i z e d  by t h e  d i s -  
t o r t i o n .  I n t e r a c t i o n s  wi th  t h e  surface c o n s i s t  i n  a s m a l l  s t a b i l i -  
zat ion of t he  lowest o r b i t a l  and mixing of bo th  of t h e  upper o r b i t a l s  
from t h e  t set w i t h  t h e  F e  o r b i t a l s  t o  form c lear ly-def ined  C . - . H - - - F e  
and C - - * F e  u bonding o r b i t a l s .  The main occupied ant ibonding counter- 
p a r t  o r b i t a l  eners;y lies i n  t h e  h a l f - f i l l e d  d band region and p a r t i c i -  
pat ion of the CH u o r b i t a l  i n  it removes almost  a l l  H cont r ibu t ion;  
t h e  o r b i t a l  has a C . - * F e  u bonding c h a r a c t e r .  

(17) - 

The t r a n s i t i o n  state s t r u c t u r e s  given i n  Figure 2 show how t h e  
methyl groups a r e  t i l t e d  with r e s p e c t  t o  t h e  two F e ( 1 0 0 )  sur faces .  
T h e  a c t i v a t e d  CH bonds are bent  away from the t e t r a h e d r a l  d i r e c t i o n s ,  
a s  a r e  t h e  newly-forming metal-carbon bonds. On these s u r f a c e s  t h e  
devia t ions  from t h e  t e t r a h e d r a l  d i r e c t i o n s  are near ly  symmetric; 
numerical v a l u e s  f o r  s t r u c t u r e  parameters a r e  i n  Table I. 

The  t o t a l  Mulliken over lap  between t h e  atom i n s e r t i n g  i n t o  t h e  CH 
bond and the s u r f a c e  c l u s t e r  decreases  when the atom i s  playing its 
a c t i v a t i n g  role. V a l u e s  given i n  Table I i n d i c a t e  a smal le r  decrease 
f o r  t h e  Fe/Fe(100) s u r f a c e  than f o r  Fe(100). Furthermore, t h e  bond 
order  between t h e  adsorbed Fe atom and t h e  s u r f a c e  i s  less than 
between a s u r f a c e  atom and its neighbors. 

The close-packed F e ( l l 0 )  s u r f a c e  is much l e s s  reactive. The 
a c t i v a t i o n  energy for  s i te  A is 118 kJ/mole and f o r  s i te B it is 1 3 5  
kJ/mol - see Figure 2 and Table I. The methyl tilts from v e r t i c a l  are 
less than f o r  t h e  (100)  sur face  and t h i s  is symptomatic o f  increased 
steric r e p u l s i o n s  with t h e  closely-packed s u r f a c e .  The bending of t h e  
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activated CH bond away from the surface is greater than on Fe(100) and 
the Fe-C bonds are closer to the tetrahedral direction despite the 
greater Fe-C distances. There are significant changes in the bond 
order between the activating Fe atom and its neighbors. 
surface the bond order is higher than for Fe(100), indicating more 
near neighbors and stronger bonding. When the iron atom is activating 
CH, its overlap decreases more than for the (100) surface, lending 
further support to the idea that activating CH bonds weakens the metal 
bonding and that the stronger the metal bonding is, the more it must 
be perturbed and the weaker the activating ability of the surface. 
This appears to be borne out by the experimental results for (100) and 
(111) Ni. 

On the clean 

Methane activation Ni(ll1) and Pt(ll1) surfaces 
Ni(ll1) is close-packed and the transition state structures are 

similar to those for Fe(ll0). The calculated activation energy, 64 
kJ/mol, is close to 71 kJ/mol reported in (7), and provides a bench- 
mark for our qualitative numbers. The effect of activation on the 
overlap of the active Ni atom with its neighbors is the same as for 
the close-packed Fe(ll0) surface. 

The 43 kJ/mol activation energy calculated for Pt(ll1) is close 
to the experimentally determined value of about 46 k J / m o l  for the 
(110) surface (13) and is smaller than implied by early studies of n 
alkanes on Pt(ll1) (12). We do not know precisely the reason for the 
disagreement. The calculations have uncertainty, but it is noted that 
the effects of transition state methane on the Pt-Pt bond order are 
more like those for the open Fe(100) surface than the close-packed Fe 
and Ni surfaces. We also note early work which stated Ni(ll1) was 
inactive compared to Ni(ll0) (6), yet very recent experiments yield a 
barrier for the Ni(ll1) surface close to our calculated value. 
Impurities may have passivated the (111) Ni surfaces in the early 
work. 

Conclusions 

The oxidative addition of methane to the iron, nickel, and 
platinum surfaces considered here is characterized by the insertion of 
a surface metal atom into a CH bond. Transition state CH bond 
stretches amount to around 0.4-0.5 A. In the transition state two 
methane CH (I oribtals hybridize with the metal s and d band orbitals 
to form metal-H and metal-C bonds and the antibonding counterpart to 
these (I donation interactions is stabilized by mixing with the empty 
CH (I* orbital to give additional C-metal bond order. Our finding of 
charge donation to the metal surfaces in most of the transition states 
conflicts with the conclusions of Saillard and Hoffmann (19) who used 
stylized structure models and Extended Huckel calculations, but never 
actually studied properties along reaction paths for activating 
methane. 

We have found that the close-packed iron(ll0) surface is a much 
weaker CH activator than the more open (100) surface and that an ad- 
atom on the (100) surface is the most active site of all. These 
activities correlate with the inverse of the bond order between the 
activating surface atom and its neighbors. These bond orders undergo 
larger absolute and percentage changes when the activation energy is 
high, indicating a contribution to the barrier comes from a weakening 
of metal bonding at the transition state. Hydrogen atoms have been 
noted to weaken iron bonding in custers while carbon atoms 
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strengthened iron overlaps (3). It is obvious that adsorption should 
affect metal bonding. The relative activation of close-packed and 
open surfaces toward methane could also have been anticipated. 

Depite being close-packed, Ni(ll1) activates methane with a 
barrier half of that for Fe(ll0). Our calculated value is in good 
agreement with recent experiments and experimental estimates for 
Ni(100) and Ni films are less, as expected from the above theoretical 
results for iron. Pt(ll1) is predicted to be more active than Ni(ll1) 
and, therefore, much more active than Fe(ll0). An updated experimental 
look at Pt(ll1) is in order. 
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on Fe(100). Energy levels of distorted methane 
with the cluster removed are in the CH4* column. 
Orbitals in the shaded metal band region are half- 
filled. 
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Conversion o f  CH i n t o  C H and C H by t h e  Chlor ine-Catalyzed Ox ida t i ve -  
Py ro l ys i s  4CCOP) pFo$ess: I?  f l x i d a t i v e  P y r o l y s i s  o f  CH3C1 

A. Granada, S.B. Karra,  and S.M. Senkan 
* 

Department o f  Chemical Engineer ing 
I l l i n o i s  I n s t i t u t e  o f  Technology 

Chicago, I l l i n o i s  60616 

INTRODUCTION: 

Methane i s  a v a i l a b l e  i n  l a r g e  q u a n t i t i e s  i n  n a t u r a l  gas, thus  c o n s t i -  
t u t e s  an impor tan t  raw mate r ia l  f o r  t h e  syn thes is  o f  h ighe r  mo lecu la r  
weight hydrocarbons. Processess e x i s t  t o  conver t  methane i n t o  acetylene, 
ethylene, and hydrogen us ing  h i g h  temperature p y r o l y s i s .  However, a t  t h e  
h igh  temperatures needed f o r  t h e  thermal decomposition o f  methane, t h e  
y i e l d s  o f  more va luab le  l i q u i d  and gaseous produc ts  are t o o  low due t o  t h e  
fo rmat ion  o f  excessive amounts o f  carbonaceous s o l i d s  (see (1) and r e f e r e n -  
ces the re in ) .  

I n  an e a r l i e r  pa ten t  Gor in  (2 )  proposed a ch lo r i ne -ca ta l yzed  process 
i n  which methane conversion was achieved v i a  CH c h l o r i n a t i o n ,  f o l l owed  by 
the  p y r o l y s i s  o f  c h l o r i n a t e d  methanes (CM) and fo rmat ion  o f  C t produc ts  
and HC1. The HC1 produced can e i t h e r  be converted i n t o  c h l o r f n e  v i a  t h e  
well-known Deacon reac t i on ,  o r  can be used t o  conver t  CH i n t o  CH C1 v i a  
oxych lo r i na t i on  process, thus  complet ing t h e  c a t a l y t i c  c y h e  f o r  c h o r i n e .  
Recently, Benson (3) pa ten ted  a process s i m i l a r  t o  t h a t  o f  Gor in (Z), i n  
which t h e  flame reac t i ons  o f  C1 and CH were invo lved.  La ter ,  Weissman and 
Benson ( 4 )  s tud ied  the  k i n e t i c s 2 0 f  CH3Cf p y r o l y s i s .  

As expected from bond d i s s o c i a t i o n  energy cons idera t ions ,  t h e  decomposi- 
t i o n  temperatures f o r  CM would be lower than t h a t  f o r  methane, thus  t h e  
des t ruc t i on  o f  va luab le  p y r o l y s i s  products,  which i nc lude  acety lene and 
ethylene would be suppressed. However, i n  s p i t e  o f  t he  lower  temperatures 
requ i red  f o r  CM p y r o l y s i s ,  t h e  fo rmat ion  o f  carbonaceous s o l i d s  s t i l l  i s  a 
problem ( 2 , 4 ) ,  and t h i s  renders t h e  d i r e c t  p y r o l y s i s  o f  CMs u n a t t r a c t i v e  
f o r  p r a c t i c a l  app l i ca t i ons .  

The Ch lor ine-Cata lyzed Ox ida t i ve -Py ro l ys i s  (CCOP) process developed 
amel iorates t h e  problem o f  fo rmat ion  o f  s o l i d  products,  w h i l e  ma in ta in ing  
h igh  y i e l d s  f o r  acetylene and e thy lene ( 5 , 6 ) .  The CCOP process e x p l o i t s  t h e  
high-temperature,  non-flame reac t i ons  o f  methane, ch lo r i ne ,  and oxygen, and 
forms an impor tan t  b r i dge  between combustion chemistry,  halogen i n h i b i t i o n  
processes (7,8) and chemical r e a c t i o n  engineer ing.  Al though some carbon 
monoxide forms i n  t h e  CCOP process, CO i s  a gaseous produc t  thus  can be 
handled e a s i l y .  I n  add i t i on ,  CO can i t s e l f  be used t o  syn thes ize  h i g h e r  
molecular hydrocarbons as we1 1 . 
EXPERIMENTAL: 

The experiments were conducted i n  a 2 . 1  cm ID quar t z  tube which was 
about 100 cm long, and was p laced i n  a 3-Zone Lindbergh furnace. A smal l  
amount o f  CH3C1/0 m ix tu re  was i n j e c t e d  d i r e c t l y  i n t o  pre-heated argon 
c a r r i e r  gas. Expzriments were reasonably isothermal as determined by 
thermocouples. Al though lam ina r  f l o w  cond i t i ons  were present,  t h e  d e v i a t i o n  
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from idea l  p l u g  f l o w  behav io r  was determined t o  be i n  the  range 10-15%, by 
t h e  measurements o f  t h e  concen t ra t i on  p r o f i l e s  i n  t h e  r a d i a l  d i r e c t i o n .  

Species p r o f i l e s  were determined by w i thdrawing  gases through a water-  
cooled quar t z  sampl ing probe pos i t i oned  c e n t r a l l y  a t  t h e  downstream o f  t h e  
r e a c t i o n  zone, fo l l owed  by gas ana lys i s  by o n - l i n e  mass spectrometry.  

~- RESULTS AND DISCUSSION: 

The exper imenta l  cond i t i ons  i nves t i ga ted  a r e  presented i n  Table I. It 
should be no ted  t h a t  under these cond i t ions ,  homogeneous gas-phase k i n e t i c s  
would dominate t h e  r e a c t i o n  processes, w i t h  minor c o n t r i b u t i o n s  f rom su r -  
f ace  induced r e a c t i o n s  (4,9). 

TABLE 1 
Experimental Cond i t ions  Inves t i ga ted .  

T=980C, P=515 Tor r ,  v=150 cm/s, res .  time=50-250 ms 

M ix tu re  A Mix tu re  B 
Mol e percent  Mol e percent  

Species Ccop Process S t .  P y r o l y s i s  

CH C1 7.32 7.47 
o3 2.05 
A t  90.6 92.5 

I t  was p o s s i b l e  t o  conduct experiments w i t h  M i x t u r e  A i n d e f i n i t e l y  
w i thou t  any v i s i b l e  s igns o f  fo rmat ion  o f  s o l i d  depos i ts  a t  t h e  e x i t  o f  t h e  
t ransparent  qua r t z  reac to r .  Use o f  m ix tu re  B, however, immediately r e s u l t e d  
i n  t h e  fo rma t ion  o f  dark  s o l i d  deposi ts,  which rendered t h e  quar t z  r e a c t o r  
opaque. The fo rma t ion  o f  s o l i d  depos i ts  i n  t h e  absence o f  oxygen, however, 
i s  an expected r e s u l t ,  cons i s ten t  w i t h  t h e  f i n d i n g s  o f  p rev ious  i n v e s t i g a -  
t o r s  (2,4). 

I n  a l l  t h e  exper iments t h e  major species q u a n t i f i e d ,  o the r  than t h e  
reac tan ts  and argon, were: C H C H C H C H C1, CH , HC1, and CO. 
Minor species i d e n t i f i e d ,  bu t2n8 i  qu$nt; f ie8 t6H6, i20 ,  C02, and 
HCHO. 

I n  F igu re  1 t h e  mole percent  p r o f i l e  f o r  CH C1 and temperature a re  p re -  
sented as a f u n c t i o n  o f  a x i a l  p o s i t i o n .  I n  add j t i on ,  t h e  percent  f o r  unac- 
counted carbon (UC) i s  a l s o  presented. UC i s  de f i ned  as t h e  percent  o f  
carbon unaccounted f o r  by the  measurements o f  ma jor  gaseous species, thus  
i t  represents  a measure o f  ex ten t  o f  fo rmat ion  o f  s o l i d  products.  

t h e  fo rmat ion  o f  h igh  molecu la r  
we igh t  products,  which cannot be q u a n t i f i e d  by mass spectrometry, i s  indeed 
a problem i n  t h e  absence o f  0 . Th is  r e s u l t  i s  c o n s i s t e n t  w i t h  our  q u a l i t a -  
t i v e  observa t ions  no ted  e a r l i z r  and t h e  r e s u l t s  o f  Gor in  ( 2 ) ,  and Weissman 
and Benson (4).  

and CO a re  presen- 
ted. The HC1 mole percents  were c a l c u l a t e d  from ch?or ine  atom balances, 
f rom the  measurements o f  t he  o v e r a l l  conversion o f  CH3C1, and by assuming 
t h a t  no c h l o r i n e  i s  assoc ia ted  w i t h  UC. The conversion o f  O2 was q u i t e  low, 

As seen f rom t h e  UC p r o f i l e s  i n  F i g  1, 

I n  F igu re  2 t h e  mole percent  p r o f i l e s  f o r  HC1, 0 , 
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l e s s  than about lo%, cons is ten t  w i t h  t h e  format ion o f  l o w  l e v e l s  o f  CO, and 
by t h e  absence o f  q u a n t i f i a b l e  amounts o f  C02 o r  H20. 

In Figure  3 t h e  p r o f i l e s  f o r  H and CH4 a re  presented. The mole f r a c -  
t i o n s  fo r  H were ob ta ined f rom Eydrogen atom balances. I n  F igu re  4 t h e  
p r o f i l e s  f o r  ZgHf, CgH4, and C H C1 are  shown. These p r o f i l e s  suggest t he  
eventual  es ta  1 shme t o f  pseu io?s ta t ionary  values f o r  C H and C H4 a t  
h igher  CH C1 conversions, cons i s ten t  w i th  t h e  non-chain Ghgracter 6f the  
process. A$ seen f rom these p r o f i l e s ,  t h e  l e v e l s  o f  thebe produc ts  were no t  
s e n s i t i v e  t o  02. 

REACTION MECHANISM: 

s i s  s t a r t s  w i th  t h e  w e l l  known i n i t i a t i o n  s tep  (IO): 
D e t a i l e d  chemical modeling o f  t he  CCOP process suggests t h a t  CM p y r o l y -  

CH3C1 === CH3 t C1 1) 

CH3C1 t O2 === CH2C1 + H02 2) 

C1 t CH3C1 === CH2Cl  t HC1 3) 

CH 3 t H C l  === CH4 + C1  4) 

as w e l l  by t h e  f o l l o w i n g  r o u t e  i n  t h e  presence o f  02: 

These r e a c t i o n s  a re  fo l l owed  by: 

Once formed, HC1 undergoes t h e  f o l l o w i n g  f a s t  reac t i on :  

regenera t ing  C1, and forming CH as an i n e v i t a b l e  by-product o f  CM p y r o l y -  
sis. React ion 4 a l s o  r a p i d l y  con&mes t h e  CH3, t he re fo re  render ing  CH2C1 as 
the  most impor tan t  C1 r a d i c a l  i n  t h e  system. 

The chemica l l y  a c t i v a t e d  recombinat ion o f  CH C1, as w e l l  as CH C 1  and 
CH then determine t h e  major p roduc t  d i s t r i b u t ? o n s  i n  t h e  CCOP brocess. 
Thsse r e a c t i o n s  a re  t h e  fo l l ow ing :  

* 
CH2C1 t CH2C1 === [1,2-C2H4C12] 5) 

CH3 t CH2C1 === [C2H5C1]* 6) 
* * 

where [ ] denotes t h e  chemica l l y  a c t i v a t e d  adduct. The CH tCH3=[C2H ] 
r e a c t i o n  i s  unimportant because o f  t h e  lower concent ra t ions  30f  t h e  f H 3  
r a d i c a l s .  

The energized adducts [1,2-C H C1 I*, and [ C  H C1]* then undergo t h e  
fo l l ow ing  para1 l e 1  1 s t a b i l  i z a t i o n  grid dzcomposi t i on2 r8ac t i ons :  

[1,2-C2H4Cl2]*  + M - - - >  1,2-C2H4C12 t M ( S t a b i l i z a t i o n )  7) 

> C2H4C1 t C1 8) 

> C2H3C1 t HC1 9) 

- - - - - - -  
- - - - - - - 
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* 
[C2H5C1] t M - - - >  C2H5C1 t M ( S t a b i l i z a t i o n )  10) 

> C2H4 t HC1 11) 

> C2H5 t C1 12) 

- - - - - - - 
- - - - - - - 

As apparent f rom these reac t i ons  gas d e n s i t y  (M) has a s i g n i f i c a n t  impact 
on the  na ture  of t h e  u l t i m a t e  produc t  d i s t r i b u t i o n .  For example, a t  h ighe r  
pressures and/or lower  temperatures where M i s  high, c o l l i s i o n a l  s t a b i l i z a -  
t i o n  o f  t h e  chemica l l y  a c t i v a t e d  in te rmed ia tes  i s  enhanced, thus  t h e  forma- 
t i o n  o f  recombina t ion  products would be favored. a t  l ow  p res -  
sures and/or h i g h e r  temperatures where M i s  low, HC1 and C1 e l i m i n a t i o n  
channels would g a i n  g r e a t e r  s ign i f i cance .  

These r a d i c a l  combinat ion reac t i ons  a re  then fo l lowed by t h e  f o l l o w i n g ,  
again pressure-dependent, un imo lecu la r  reac t i ons  l ead ing  t o  t h e  fo rma t ion  
o f  C2H2, and C2H4: 

Conversely, 

C2H3C1 t M === C2H2 t HC1 t M 13) 

C2H4C1 + M === C2H4 t C1 t M 14) 

1,2-C2H4C12 t M === C2H3C1 t HC1 t M 15) 

C2H5C1 + M === C2H4 t HC1 t M 16) 

Reaction 13 i s  t h e  major channel f o r  t he  fo rmat ion  o f  C H2 and f o r  t h e  
The fo rmat ion  o f  C H occurs p r imar i?y  v i a  r e a c t i o n  

Ethylene a l s o  undergoes t h e  f o l l o w i n g  d e s t r u c t i o n  processess: 

d e s t r u c t i o n  o f  C H C1. 
11, and t o  a l e d e ?  ex ten t  by reac t i ons  14,4and 16. 

C2H4 t C1 === C2H3 + HC1 17) 

C2H4 t CH2C1 === C2H3 t CH3C1 18) 

and f o r m  one of t h e  most impor tan t  C r a d i c a l s  i n  t h e  system, C H . S i m i l a r  
d e s t r u c t i o n  channels f o r  C2H2 would 2e t o o  slow t o  be of  any s i$n?f igance.  

t h e  pr imary  r e a c t i o n  pathways a v a i l a b l e  f o r  
C2H3 a re  i t s  po l ymer i za t i on :  

I n  t h e  absence o f  oxygen, 

C2H3 t C2H2 === CH2CHCHCH 18) 

C2H3 t C2H4 === CH2CHCH2CH2 19) 

‘ZH3 === C2H2 t H 20) 

and t o  a l e s s e r  ex ten t :  

o r  i t s  h igh ly -endothermic ,  thus  slow decomposition t o  acetylene: 

The CH2CHCH CH and CH CHCHCH r a d i c a l s  subsequently undergo dehyd- 
rogenat ion,  hyd?’og&ation, f u r t h e r  a d d i t i o n  reac t i ons  w i t h  C H and C H 
c y c l i z e  and u l t i m a t e l y  r e s u l t  i n  the  fo rmat ion  o f  h igh  mole&dar wets$; 
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carbonaceous s o l i d s .  Al though t h e  d e t a i l e d  chemical k i n e t i c  s teps  l e a d i n g  
t o  t h e  fo rmat ion  o f  s o l i d  p roduc ts  a re  no t  f u l l y  known a t  p resent ,  t h e  p ro -  
cess nevertheless i s  w e l l  known t o  be extremely r a p i d  ( l l ) ,  and r e a c t i o n  
18 i s  be l ieved t o  p l a y  a p i v o t a l  r o l e  (4,12, 13). 

however, t he  C H3 r a d i c a l  has an a d d i t i o n a l  
f a s t  r e a c t i o n  channel which e f f e c t i v e l y  compet2s w i t h  the  above processes: 

I n  the  presence o f  oxygen, 

C2H3 t O2 === HCOH t HCO 21) 

Th is  elementary r e a c t i o n  have o n l y  r e c e n t l y  been i s o l a t e d  and s tud ied  (14), 
and was shown t o  have no a c t i v a t i o n  energy b a r r i e r .  Consequently, oxygen 
has a profound i n f l u e n c e  on t h e  processes o f  fo rmat ion  o f  h igh  mo lecu la r  
weight hydrocarbon s o l i d s  and carbon by d i r e c t l y  i n t e r c e p t i n g  t h e  C H 
r a d i c a l s .  The HCOH and HCO formed by r e a c t i o n  21 subsequenly a re  conver?ed 
i n t o  CO. 

As ev ident  f rom the  above r e a c t i o n  mechanism, al though 0 i n t e r r u p t s  
t h e  processess t h a t  u l t i m a t e l y  l ead  t o  t h e  fo rmat ion  o f  s o l i d  8epos i ts ,  
i t  does not d i r e c t l y  i n t e r f e r e  w i t h  t h e  reac t i ons  respons ib le  f o r  t h e  
fo rmat ion  o f  e thy lene and acetylene. Th is  i s  supported by t h e  exper imental  
measurements presented i n  F igure  4, i n  which t h e  mole percents  f o r  C H and 
C H remained near l y  the  same bo th  i n  t h e  presence and absence o f  ox$ggn a t  
t i e 4  same ex ten t  o f  conversion o f  CH3C1. 

It i s  most impor tan t  t o  no te  t h a t  t he  success o f  t h e  CCOP process 
depends on t h e  presence o f  t he  f o l l o w i n g  combustion i n h i b i t i o n  r e a c t i o n ,  
which a l so  i s  t h e  major r o u t e  f o r  H2 format ion:  

H t HC1 === H 2 t C1 22) 

React ion 22, because o f  i t s  lower a c t i v a t i o n  energy, e f f i c i e n t l y  removes 
t h e  H r a d i c a l s  from t h e  system, and renders t h e  f o l l o w i n g  impor tan t  combus- 
t i o n  cha in  branching reac t i on :  

i- 02 === OH t 0 23 1 
i n e f f e c t i v e  (7,8). 
Consequently t h e  fo rmat ion  o f  flames, thus  t h e  d e s t r u c t i o n  o f  CM and va lua-  
b l e  products a re  prevented. 
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CONVERSION OF METBANE TO GASOLINE-RANGE HYDROCARBONS 

C h a r l e s  E .  T a y l o r  a n d  R i c h a r d  P. N o c e t j  
U.S.  D e p a r t m e n t  o f  E n e r g y  

P i t t s b u r g h  E n e r g y  T e c h n o l o g y  C e n t e r  
P .O.  Box 1 0 9 4 0  

P i t t s b u r g h ,  PA 1 5 2 3 6  

E x i s t i n g  p r o c e s s e s  h a v e  b e e n  a s s e m b l e d  in a n o v e l  c o m b i n a t i o n  c a p a b l e  
o f  p r o d u c i n g  h i g h e r  h y d r o c a r b o n s  f r o m  m e t h a n e  w i t h  h i g h  y i e l d  a n d  
s e l e c t i v i t y .  M e t h a n e ,  o x y g e n ,  a n d  h y d r o g e n  c h l o r i d e  r e a c t  o v e r  a n  
o x y h y d r o c h l o r i n a t i o n  (OHC) c a t a l y s t  in t h e  f i r s t  s t a g e  t o  p r o d u c e  
p r e d o m i n a n t l y  c h l o r o m e t h a n e  a n d  w a t e r .  In t h e  s e c o n d  s t a g e ,  t h e  
c h l o r o m e t h a n e  i s  c a t a l y t i c a l l y  c o n v e r t e d  t o  h i g h e r  h y d r o c a r b o n s ,  
n a m e l y ,  p a r a f f i n s ,  c y c l o p a r a f f i n s ,  o l e f i n s ,  a n d  a r o m a t i c s ,  by  a n  
a l u m i n o - s i l i c a t e  z e o l i t e .  I n  t h e  p r o c e s s  d e s c r i b e d ,  t h e  f i n a l  h y d r o -  
c a r b o n  m i x t u r e  i s  l a r g e l y  i n  t h e  g a s o l i n e  (C4-C10) b o i l i n g  r a n g e .  

The f i r s t  s t a g e  o f  t h e  p r o c e s s  h a s  b e e n  c a r r i e d  o u t  u n d e r  v a r y i n g  c o n -  
d i t i o n s  of  t e m p e r a t u r e  and  r e s i d e n c e  t i m e s .  The c o n v e r s i o n  o f  r e a c -  
t a n t s ,  t h e  y i e l d s ,  and  t h e  p r o d u c t  s e l e c t i v i t i e s  a r e  t a b u l a t e d  o v e r  
t h e  o p e r a t i n g  r a n g e  of t h e  c a t a l y s t .  

The s e c o n d - s t a g e  r e a c t i o n  h a s  b e e n  c a r r i e d  o u t  u t i l i z i n g  f e e d s  o f  
c h l o r o m e t h a n e  a n d  v a r i o u s  m i x t u r e s  o f  c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  
and  t r i c h l o r o m e t h a n e .  A l o n g - t e r m  s t u d y  o n  a c o m m e r c i a l  z e o l i t e  h a s  
shown no s i g n i f i c a n t  c h a n g e s  in c o n v e r s i o n s  o r  p r o d u c t  d i s t r i b u t i o n  
a f t e r  m u l t i p l e  r e g e n e r a t i o n  c y c l e s .  

INTRODUCTION 

C u r r e n t  t e c h n o l o g y  f o r  t h e  c o n v e r s i o n  o f  m e t h a  e t o  more  u s e f  1 com- 
p o u n d s  i n c l u f e s  s t e a m  r e f o r m i n g  r e a c t i o n s ; '  h a l o g e n a t i o n ; '  o x y -  
c h l o r i n a t i  n; o x i d a t i o n ,  i n c l u d i n g  o i d a t i v e  c o u p l i n g  a n d  m e t a l  g x i d e  
r e a c t i o n s ; '  r e a c t i o n  w i t h  s u p e r a c i d s ; '  a n d  v a r i o u s  o t h e r  m e t h o d s .  A t  
p r e s e n t ,  t h e s e  c o n v e r s i o n  s c h e m e s  a r e  u n a t t r a c t i v e  b e c a u s e  t h e y  a r e  
marked by low o v e r a l l  c a r b o n  c o n v e r s i o n s  O K  p o o r  s e l e c t i v i t i e s .  

In 1 9 7 5 ,  M o b i l  O i l  C o r p o r a t i o n  p a t e n t e d  a p r o c e s s . f o r  t h e  c o n v e r s i o n  
of m e t h a n o l  t o  h i g h e r  , h y d r o c a r b o n s  by r e a c t i o n  o v e r  a z e o l i t e  
c a t a l y s t ,  s u c h  a s  ZSM-5. A l t h o u g h  l a t e r  M o b i l  p a t e n t s  c l a i m e d  t h a t  
ZSM-5 wo I d  c o n v e r t  a n y  m o n o f u n c t i o n a l i z e d  m e t h a n e  t o  h i g h e r  h y d r o -  
c a r  o n s , '  m e t h a n o l  was t h e  f e e d s t o c k  o f  i n t e r e s t .  In 1 9 8 2 ,  I o n e  e t  
a l . '  r e p o r t e d  t h a t  t h e  c o n v e r s i o n  p r o d u c t s  o f  m o n o f u n c t i o n a l i z e d  
m e t h a n e s  o v e r  z e o l i t e s  w e r e  i n d e p e n d e n t  o f  t h e  s u b s t i t u e n t  a n d ,  f o r  a 
g i v e n  c a t a l y s t ,  d e p e n d e d  o n l y  on t h e  r e a c t i o n  c o n d i t i o n s .  

In work d o n e  l l i e d  C h e m i c a l  C o r p o r a t i o n ,  P i e t e r s  e t  a l . ' O B  l 1  a n d  
Conner  e t  a l .  '"'* " r e p o r t e d  t h e  s e l e c t i v e  f u n c t i o n a l i z a t i o n  o f  m e t h a n e  
by r e a c t i o n  w i t h  o x y g e n  and  h y d r o g e n  c h l o r i d e  o v e r  a s u p p o r t e d  c o p p e r  
c h l o r i d e  c a t a l y s t  t o  g i v e  t e t r a c h l o r o m e t h a n e  as  t h e  m a j o r  p r o d u c t .  T h e  
a d v a n t a g e s  o f  t h e  A l l i e d  p r o c e s s  a r e  s i g n i f i c a n t .  R e a c t i o n  c o n d i t i o n s  
a r e  m i l d ,  a n d  c o n v e r s i o n  and  p r o d u c t  d i s t r i b u t i o n  a r e  s t a t e d  t o  b e  
f u n c t i o n s  of f e e d  s t o i c h i o m e t r y  and  t e m p e r a t u r e .  

I f  a m o d i f i c a t i o n  of t h e  O H C  r e a c t i o n  c o n d i t i o n s  p r o d u c e d  p r e d o m -  
i n a n t l y  c h l o r o m e t h a n e ,  a t w o - s t e p  p r o c e s s  ( F i g u r e  1 1 ,  in w h i c h  t h e  
c h l o r o m e t h a n e  o l i g o m e r i z a t i o n  s t e p  p r o v i d e s  t h e  h y d r o g e n  c h l o r i d e  
n e e d e d  f o r  m e t h a n e  c h l o r i n a t i o n ,  wou ld  b e  p o s s i b l e .  C h l o r i n e ,  a s  
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h y d r o g e n  c h l o r i d e ,  is e s s e n t i a l l y  a p l a c e h o l d e r  i n  t h e  m e t h y l e n e  s y n -  
t h o n .  T h i s  i s  t h e  b a s i s  o f  t h e  P E T C  p r o c e s s .  

T h e  work  d e s c r i b e d  b e l o w  d e m o n s t r a t e s  t h a t  a n  e f f e c t i v e  method f o r  
s e l e c t i v e  f u n c t i o n s l i z a t i o n  i n  c o m b i n a t i o n  w i t h  o l i g o m e r i z a t i o n  o v e r  a 
z e o l i t e  c a t a l y s t  p r o v i d e s  a f a c i l e  r o u t e  f o r  c o n v e r s i o n  of m e t h a n e  t o  
h i g h e r  h y d r o c a r b o n s .  

BXPEEIIIRBTAL 

T h e  d e t a i l s  o f  t h e  t w o - s t a g e  l a b o r a t o r y  r e a c t o r  s y s t e m  a r e  shown i n  
F i g u r e  2 .  A l l  t h e  r e a c t a n t s  w e r e  i n t r o d u c e d  a t  s l i g h t l y  a b o v e  a t m o s -  
p h e r i c  p r e s s u r e  f r o m  g a s  c y l i n d e r s .  F low r a t e s  w e r e  c o n t r o l l e d  b y  a 
B r o o k s  f o u r - c h a n n e l  m a s s - f l o w  c o n t r o l l e r .  The f e e d  s t r e a m  f o r  t h e  
f i r s t - s t a g e  r e a c t o r  was s a m p l e d  b e f o r e  a n d  a f t e r  t h e  e x p e r i m e n t a l  r u n ,  
w h i l e  t h e  p r o d u c t  s t ream was c o n t i n u o u s l y  s a m p l e d  on l i n e  d u r i n g  t h e  
r u n  t o  o b t a i n  a mass  b a l a n c e  a r o u n d  t h e  OHC r e a c t i o n .  A q u a d r u p o l e  
mass s p e c t r o m e t e r  w a s  u s e d  t o  a n a l y z e  t h e  f e e d  and  p r o d u c t  s t r eams .  
O l i g o m e r i z a t i o n  r e a c t i o n  p r o d u c t s  w e r e  c o l l e c t e d  a t  d r y  i c e  t e m p e r a -  
t u r e s  a n d  a n a l y z e d  on a H e w l e t t - P a c k a r d  5880 c a p i l l a r y  co lumn g a s  
c h r o m a t o g r a p h  e q u i p p e d  w i t h  a H e w l e t t - P a c k a r d  5 9 7 0  mass s e l e c t i v e  
d e t e c t o r  (GC/MSD). 

T h e r m o g r a v i m e t r i c  (TG) m e a s u r e m e n t s  w e r e  c o n d u c t e d  u s i n g  a P e r k i n -  
E lmer  TGS-2 s y s t e m .  D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  (DSC) m e a s u r e -  
m e n t s  w e r e  c o n d u c t e d  u s i n g  a P e r k i n - E l m e r  DSC-PC c a l o r i m e t e r .  B o t h  
t h e  TG a n d  t h e  DS w e r e  c o n n e c t e d  t o  a TADS d a t a  s t a t i o n .  H e a t i n g  
r a t e s  o f  10°C min-' w e r e  e m p l o y e d  f o r  3-6 mg o f  a c t i v a t e d  O H C  c a t a l y s t  
c o n t a i n e d  i n  a g o l d  p a n  u n d e r  a n  i n e r t  a t m o s p h e r e .  

The  c a t a l y s t s  were c o n t a i n e d  b e t w e e n  q u a r t z  wool  p l u g s  w i t h i n  h o r i z o n -  
tal 1- X 35-  c e n t i m e t e r  q u a r t z  t u b e s  e n c l o s e d  i n  s p l i t  t u b e  f u r n a c e s .  
T e m p e r a t u r e s  w e r e  c o n t r o l l e d  by a f e e d b a c k  c o n t r o l l e r .  

T h e  r e a c t a n t s  w e r e  p r e h e a t e d  t o  175OC b e f o r e  e n t e r i n g  t h e  c a t a l y s t  
z o n e .  The  e f f l u e n t  s t r e a m  was m a i n t a i n e d  a t  150°C t o  p r e v e n t  p r o d u c t  
c o n d e n s a t i o n  b e f o r e  t h e  c o l d  t r a p  o r  i n  t h e  c a p i l l a r y  i n l e t  t o  t h e  
mass s p e c t r o m e t e r .  

T h e  o x y h y  o c h l o r i n a t i o n  c a t a l y s t  was p r e p a r e d  a c c o r d i n g  t o  t h e  
l i t e r a t u r e  p6,11 b y  s e q u e n t i a l  l a y e r i n g  o f  CuC1, K C 1 ,  and  L s C 1 3  o n t o  a 
fumed s i l i c a  s u p p o r t  in n o n a q u e o u s  s o l v e n t s .  The OHC c a t a l y s t  was a c -  
t i v a t e d  i n  a s t r e a m  o f  h y d r o g e n  c h l o r i d e  a t  3 O O 0 C  f o r  t e n  m i n u t e s  
p r i o r  t o  u s e .  The ZSM-5 was o b t a i n e d  f r o m  M o b i l  O i l  C o r p o r a t i o n  i n  
t h e  ammonium f o r m  w i t h  a s i l i c a - t o - a l u m i n a  r a t i o  o f  7 0 : l .  The a m -  
monium f o r m  was c o n v e r t e d  t o  t h e  a c i d  f o r m  by c a l c i n i n g  i n  a i r  a t  
538OC f o r  1 6  h o u r s .  The i r o n - p r o m o t e d  ZSM-5, p r e p a r e d  a c c o r d i n g  t o  
t h e  me thod  o f  Rao a n d  G o r m l e y , 1 4  c o n t a i n e d  1 4 . 5 %  i r o n  by w e i g h t  a n d  
h a d  a s i l i c a - t o - a l u m i n a  r a t i o  o f  2 7 : l .  

The  r e a c t i o n  c o n d i t i o n s  f o r  t h e  o l i g o m e r  z a t i o n  o f  c h l o r o m e t h a n e  were 
s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  m e t h a n o l , "  i . e . ,  r e a c t i o n  t e m p e r a t u r e  
o f  35OoC a n d  WHSV = I ,  u s i n g  1 g r a m  o f  c a t a l y s t .  

The  z e o l i t e  c a t a l y s t  was r e g e n e r a t e d  by e x p o s u r e  t o  o x y g e n  a t  t e m p e r a -  
t u r e s  b e t w e e n  350° a n d  550°C u n t i l  t h e  p r e s e n c e  o f  c a r b o n  d i o x i d e  i n  
t h e  e f f l u e n t  s t r e a m  was  no l o n g e r  d e t e c t e d  by  t h e  mass s p e c t r o m e t e r .  
Removal  o f  c a r b o n  r e s t o r e d  t h e  c a t a l y s t  t o  i t s  i n i t i a l  a c t i v i t y  e v e n  
a f t e r  1 4  c y c l e s .  
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RESULTS 

Conversion of methane to chloromethane 

The conversion of methane to chloromethane has been observed under 
various reaction conditions. The data (Table I and Figure 3) show a 
material balance around 100% and display several trends. Note that 
methane conversion and polychlorination both increase as residence 
time and temperature increase. 

The highest level of methane conversion occurred around 345OC, which 
is in the neighborhood oilreported eutectic melting points f o r  several 
CuC1-KC1-LsC13 mixtures. When the temperature exceeded 35OoC, con- 
version decreased. The DSC measurements showed an endotherm with an 
onset at 385OC and a maximum at 4 0 6 O C .  The maximum corresponds o the 
reported melting point of the supported CuC1-KC1-LaC13 layers. l 5  The 
loss of activity occurs well below the experimentally determined melt- 
ing point and may be explained as the result of a surface area 
decrease because of phase transitions in the supported phase o r  a 
loss of stratification due to diffusion. 

Production of carbon dioxide and formic acid, undesirable by-products, 
also varied with residence time and temperature. As either the 
residence time or temperature increased, the amount of carbon dioxide 
increased while the amount of formic acid decreased. Carbon monoxide 
was not detected in the product stream. 

The OHC catalyst is also susceptible to deactivation by exposure to 
oxygen in the absence of methane at temperatures greater than 100°C. 
Reactivation requires exposure of the catalyst to hydrogen gas at tem- 
peratures between 280' and 3 0 O o C .  The catalyst is stable in air at 
ambient temperatures but is hygroscopic. Surface moisture is indi- 
cated by a color change from brown to green. Removal of water from 
hydrated catalyst by heating above 100°C in an inert gas stream gave a 
catalyst with less OHC activity than freshly prepared and activated 
catalyst. 

Conversion of chloromethane to gasoline 

Conversion of chloromethane over ZSM-5 to gasoline-range hydrocarbons 
has been observed to occur under conditions similar to those for the 
conversion of methanol. Two forms of the oligomerization catalyst 
were used in this study. One was a sample of iron-promoted ZSM-5 syn- 
thesized in our laboratory; the other was a sample of H-ZSM-5 obtained 
from Mobil Oil Corporation. Both catalysts produced similar products 
under the same reaction conditions. The gas chromatograms of the 
products collected from methanol o r  chloromethane oligomerization over 
ZSM-5 are shown in Figures 4 and 5, respectively. The mass selective 
detector allowed identification of most of the components in the 
samples, which are listed in Table 11. Generally, the products con- 
tain ten carbons o r  less, and a large fraction of the product is 
aromatic. The presence of chlorinated aromatics was not observed for 
any of the oligomerization reactions conducted. 

Trace amounts of 2-chloropropane and 2-chlorobutane were also found in 
one of the chloromethane oligomerization products. We hypothesized 
that these compounds had been formed by vapor phase addition of 
hydrogen chloride to propene and butene, products of chloromethane 
oligomerization. This typg of addition has been reported to occur un- 
der similar conditions. It was further proposed that if these 
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c , h l o r i n a t e d  a l k a n e s  came in c o n t a c t  w i t h  t h e  z e o l i t e  c a t a l y s t ,  t h e y  
w o u l d  b e  o l i g o m e r i z e d .  To t e s t  t h e  l a t t e r  t h e o r y ,  s e v e r a l  p r i m a r y ,  
s e c o n d a r y ,  a n d  t e r t i a r y  c h l o r o c o m p o u n d s  o f  p r o p a n e ,  b u t a n e ,  a n d  p e n -  
t a n e  w e r e  a l l o w e d  t o  r e a c t  o v e r  ZSM-5 a t  t h e  c o n d i t i o n s  f o r  c h l o r o -  
m e t h a n e  o l i g o m e r i z a t i o n .  In e a c h  c a s e ,  t h e  h a l o c a r b o n  was c o n v e r t e d  
t o  a r o m a t i c  h y d r o c a r b o n s  a n d  h y d r o g e n  c h l o r i d e ,  c o n f i r m i n g  o u r  
h y p o t h e s i s .  I 
Key t o  t h e  PETC p r o c e s s  is t h e  a b i l i t y  o f  t h e  ZSM-5 t o  c o n v e r t  mix -  
t u r e s  o f  c h l o r o m e t h a n e s ,  e s p e c i a l l y  t h o s e  w i t h  c o m p o s i t i o n s  s i m i l a r  t o  
t h e  OHC p r o d u c t  s t r e a m .  w i t h o u t  e x c e s s i v e  d e a c t i v a t i o n  d u e  t o  c o k i n g .  
To d e t e r m i n e  t h e  e f f e c t  of f e e d  c o m p o s i t i o n  on c a t a l y s t  c o k i n g ,  m i x -  
t u r e s  o f  c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r o m e t h a n e ,  
i n c l u d i n g  o n e  w i t h  m o l a r  r a t i o s  i d e n t i c a l  t o  t h e  O H C  p r o d u c t  s t r e a m  
( T a b l e  I ,  5 . 1 4  s e c o n d s ) ,  w e r e  r e a c t e d  o v e r  ZSM-5. C o n v e r s i o n s  a n d  
c o k e  f o r m a t i o n  on t h e  z e o l i t e  w e r e  c o m p a r a b l e  t o  t h o s e  e x p e r i e n c e d  f o r  
s t r a i g h t  c h l o r o m e t h a n e  ( F i g u r e  6 )  w h e n  t h e  m o l a r  r a t i o  o f  
c h l o r o m e t h a n e  t o  d i c h l o r o m e t h a n e  was a t  l e a s t  2 . 7 5  t o  1 a n d  t h e  
t r i c h l o r o m e t h a n e  w a s  2 . 3  mole  p e r c e n t  o r  l e s s .  

T h e  e f f e c t s  o f  c a t a l y s t  a g i n g ,  c a u s e d  by  p r o l o n g e d  c o n t a c t  o f  t h e  ZSM- 
5 w i t h  t h e  p r o d u c t s  o f  r e a c t i o n ,  m a i n l y  h y d r o g e n  c h l o r i d e ,  h a v e  b e e n  
a d d r e s s e d .  C o n v e r s i o n  s t u d i e s  w e r e  u n d e r t a k e n  on a s i n g l e  1-gram ZSM- 
5 s a m p l e  e x p o s e d  t o  v a r i o u s  m i x t u r e s  o f  c h l o r o m e t h a n e ,  
d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r o m e t h a n e  u n d e r  r e a c t i o n  c o n d i t i o n s .  When 
c o n v e r s i o n s  d r o p p e d  b e l o w  50%, t h e  z e o l i t e  was r e g e n e r a t e d  by  r e m o v a l  
o f  t h e  c o k e  a s  d e s c r i b e d  a b o v e .  A f t e r  r e g e n e r a t i o n ,  t h e  i n i t i a l  
c o n v e r s i o n  o f  c h l o r o m e t h a n e  r e t u r n e d  t o  - 1 0 0 % .  P r o d u c t  d i s t r i b u t i o n  
e x h i b i t e d  no n o t i c e a b l e  c h a n g e  d u r i n g  8 0 0  h o u r s  o f  o p e r a t i o n  a n d  1 4  
r e g e n e r a t i o n  c y c l e s .  

1 

C o n c l u s i o n  

M e t h a n e  h a s  b e e n  c o n v e r t e d  t o  h i g h e r  h y d r o c a r b o n s  b o i l i n g  in t h e  
g a s o l i n e  r a n g e  by  t h e  t w o - s t a g e  p r o c e s s  d e s c r i b e d .  In t h e  f i r s t  
s t a g e ,  m i x t u r e s  o f  c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r -  
o m e t h a n e  w e r e  p r o d u c e d  by t h e  OHC c a t a l y s t  i n  r a t i o s  d e p e n d e n t  o n  
r e a c t i o n  t e m p e r a t u r e ,  r e s i d e n c e  t i m e ,  a n d  l a r g e  c h a n g e s  in f e e d  
s t o i c h i o m e t r y .  U n d e r  t h e  c o n d i t i o n s  d e s c r i b e d ,  t h e  r a t i o  o f  
c h l o r o m e t h a n e  t o  d i c h l o r o m e t h a n e  v a r i e d  f r o m  3.82 t o  1 . 7 0  a s  r e s i d e n c e  
t i m e  i n c r e a s e d  f r o m  4.20 t o  9 .58  s e c o n d s .  T h e s e  e x p e r i m e n t s  w e r e  
c o n d u c t e d  a t  a r e a c t i o n  t e m p e r a t u r e  p r o d u c i n g  maximum m e t h a n e  
c o n v e r s i o n .  C h l o r o f o r m  p r o d u c t i o n  a l s o  i n c r e a s e d  w i t h  i n c r e a s i n g  
r e s i d e n c e  t i m e .  T e t r a c h l o r o m e t h a n e  f o r m a t i o n  w a s  a t  o r  b e l o w  
d e t e c t a b i l i t y  l i m i t s  d u r i n g  a l l  e x p e r i m e n t s .  

T h e  o l i g o m e r i z a t i o n  o f  c h l o r o m e t h a n e  t o  g a s o l i n e - b o i l i n g - r a n g e  
h y d r o c a r b o n s  o c c u r r e d  u n d e r  c o n d i t i o n s  i d e n t i c a l  t o  t h o s e  f o r  
m e t h a n o l .  H y d r o g e n  c h l o r i d e ,  t h e  b y - p r o d u c t  o f  o l i g o m e r i z a t i o n ,  is 
r e c o v e r a b l e  f r o m  t h e  p r o d u c t  s t r e a m  a n d  may b e  r e c y c l e d  f o r  u s e  in t h e  
O H C  s t e p .  M i x t u r e s  o f  c h l o r o m e t h a n e  a n d  d i c h l o r o m e t h a n e  in r a t i o s  o f  
g r e a t e r  t h a n  2.75 t o  1 ,  r e s p e c t i v e l y ,  a l o n g  w i t h  m i x t u r e s  o f  
c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r o m e t h a n e  i n  t h e  same m o l a r  
r a t i o s  a6 p r o d u c e d  in t h e  o x y h y d r o c h l o r i n a t i o n  s t a g e ,  a r e  a l s o  
o l i g o m e r i z e d  by ZSM-5. The o l i g o m e r i z a t i o n  o f  t h e  m i x t u r e s  c o n t a i n i n g  
t h e  p o l y c h l o r i n a t e d  m e t h a n e s  o c c u r s  w i t h o u t  o b s e r v a b l e  d i f f e r e n c e  in 
c o n v e r s i o n  o r  c o k e  d e p o s i t i o n  f r o m  t h a t  e x p e r i e n c e d  f o r  c h l o r o m e t h a n e  
o r  m e t h a n o l .  L o n g - t e r m  e x p o s u r e  o f  t h e  z e o l i t e  t o  h y d r o g e n  c h l o r i d e  
a n d  m u l t i p l e  r e g e n e r a t i o n s  d o  n o t  a p p e a r  t o  a f f e c t  e i t h e r  c o n v e r s i o n s  
o r  p r o d u c t  d i s t r i b u t i o n .  
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FIGURE 1 .  CYCLIC PATHWAY FOR THE C O N V E R S I O N  OF 
M E T H A N E  T O  GASOLINE B Y  THE TWO-STAGE PETC PROCESS 

Vent 

FIGURE 2. LABORATORY-SCALE UNIT F O R  
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FIGURE 3. CONVERSION OF OXYHYDROCHLORINATION 
REACTANTS AS A FUNCTION OF TEMPERATURE 
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TABLE I 

Selectivity of the OHC Reaction at 342OC 

C.IcYI.1.d Cmnlonb Y. PmdYCt 

Re.1d.m c w u  
T I W I S . ~ ~  CH. nci 0, CH,CI CH.CI. CHCL, CCI. co co. HCOOH CH,CI, 

4.17 25.m 3.17 3 . 0 1  75.32 1972 156  OW 0.00 061 257 362 

5.14 26.36 3926 58.89 73.86 21.24 1.86 O W  0.03 0.93 1.80 346 

6.M 24.36 9.71 5521 88.42 25.83 292 0.01 0.02 113 139 2.65 

6.X 58.36 57.72 5795 67.80 26.16 2.70 OW OW 164 16d 2.60 

657 4525 6241 62.89 %.70 27.15 3.32 0.01 0.W 162 1.19 2.W 

1.71 42.12 96.58 97.36 M.80 27.47 3.62 001 0.00 2.16 1.62 2.36 

9.12 U . 4 8  98.00 92.89 5 7 . 3  32.31 5.65 0.02 OW 345 0.93 1.77 

T.SLE I1 

Oligomerization Product Identification 

Retention Time (MinJ 

5.022 
5.259 

5.356 
6255 
6.838 
8.980 

13.763 

14.u; 

1E.252 

21.716 

23.276 

26.020 

29.506 

32.078 

Compound 

Pentane 

B u i a n ~  

Benzeie 

Cyclonexane 

Hexane 

Toluene 

Xylene 

Xylene 

Xylene 

1,3.5Trimethylbenzene 

1 2 3 +  1.2.r.Tnme:nytSe:,ze~e 

Tetrsmetnylbenzene 

Durene 

Pen:amelhylkenzene 
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