
Catalysis Letters 17 (1993) 223-237 223 

Synthesis gas formation by direct oxidation of methane 
over Rh monoliths 

D.A.  H i c k m a n  1, E .A.  H a u p f e a r  and  L.D.  Schmid t  2 

Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, 
MN55455, USA 

Received 9 September 1992; accepted 30 November 1992 

The production of H 2 and CO by catalytic partial oxidation of C H  4 in air or O 2 at 
atmospheric pressure has been examined over Rh-coated monoliths at residence times 
between 10 -4  and 10 .2 s and compared to previously reported results for Pt-coated 
monoliths. Using 02, sclectivities for H 2 (SH2) as high as 90% and CO selectivities (Sco) of 
96% can be obtained with Rh catalysts. With room temperature feeds using air, Rh catalysts 
give SH2 of about 70% compared to only about 40% for Pt catalysts. The optimal 
selectivities for either Pt or Rh can be improved by increasing the adiabatic reaction 
temperature by preheating the reactant gases or using 0 2 instead of air. The superiority of 
Rh over Pt for H 2 generation can be explained by a methane pyrolysis surface reaction 
mechanism of oxidation at high temperatures on these noble metals. Because of the higher 
activation energy for OH formation on Rh (20 kcal/mol) than on Pt (2.5 kcal/mol), H 
adatoms are more likely to combine and desorb as H 2 than on Pt, on which the O + H-~  
OH reaction is much faster. 

Keywords: Methane oxidation; rhodium catalyzed oxidation of methane; synthesis gas 
(CO + H 2) from methane 

I. Introduction 

T h e  conve r s ion  o f  m e t h a n e  to m o r e  usefu l  and  easi ly t r a n s p o r t e d  chemica l s  is 

essen t ia l  if  the  wor ld ' s  a b u n d a n t  r e s o u r c e s  o f  na tu r a l  gas a re  to be  ef fec t ively  
ut i l ized.  In  genera l ,  m e t h a n e  is c o n v e r t e d  to synthes is  gas  via s t e a m  re fo rming ,  

C H  4 + H 2 0  ~ C O  + 3 H  2, zXH = + 4 9 . 2  k c a l / m o l .  (1) 

T h e  synthes is  gas  p r o d u c t  is a f e e d s t o c k  for  m a n y  chemica l  p rocesses ,  inc luding 
the  p r o d u c t i o n  o f  m e t h a n o l  and  F i s c h e r - T r o p s c h  synthesis .  F o r  these  two 
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processes, the desired H 2 / C O  ratio is -- 2, which is exactly the stoichiometry of 
the direct oxidation reaction 

1 CH 4 + ~ 0  2 ~ C O  -t- 2H2, AH = -8 .5  kcal/mol.  (2) 

Because the reforming reaction gives a H2 /CO ratio of 3, additional down- 
stream reactors are required to adjust this ratio by the water-gas shift reaction, 

CO + H 2 0  ~ CO 2 + H2, AH = - 9 . 8  kcal/mol.  (3) 

In addition to its more desirable stoichiometry, the direct oxidation reaction is 
slightly exothermic. The endothermicity of the steam reforming reaction re- 
quires energy input, while a reactor based on the exothermic direct oxidation 
reaction would be more energy efficient. 

Another advantage of a direct oxidation process would be that smaller 
reactors (or higher throughput) would be possible because the direct oxidation 
reaction is significantly faster than the reforming reaction. Steam reforming 
reactors typically have superficial contact times (based on the feed gases at STP) 
on the order of 1 s [1], while a direct oxidation process could have superficial 
contact times of 10 -2 s or less [2]. 

Although thermodynamic equilibrium calculations show that a 2 /1  CH4/O 2 
feed is completely converted to a 2/1 H2 /CO mixture at temperatures above 

1000~ the approach to this equilibrium is slowed by formation of the total 
oxidation products H20  and CO 2, leaving e x c e s s  CH 4 in the products. There 
are several catalytic systems in the literature [3-6] whose equilibrium yields of 
synthesis gas are attributed to a reaction sequence in which a fraction of the 
feed CH 4 is converted to H 2 0  , CO, and CO2, and the remainder of the CH 4 is 
converted via reforming reactions. 

In this paper, we present results from experiments on autothermal direct 
oxidation to synthesis gas of fuel-rich CH4-air or CH4-O 2 mixtures over 
Rh-coated AI203 foam monoliths and compare these results with previously 
reported data for Pt-coated monoliths [2]. We will contrast the performance of 
these two catalysts at conditions approaching adiabatic reactor operation and 
suggest an explanation for the difference based on our understanding of 
elementary surface reactions on these noble metal surfaces. 

Besides comparing the performance of Pt- and Rh-coated catalysts, we will 
describe the microstructure of these catalysts as observed using scanning elec- 
tron microscopy (SEM). We will correlate this microstructural information with 
variations in catalyst selectivity due to the catalyst loading and the catalyst age. 
Finally, the effect of reactor pressure on product selectivity, especially the 
formation of C 2 hydrocarbons, will be addressed. 

2. Apparatus and procedure 

The apparatus and experimental procedure used for these experiments have 
been described in detail previously [2]. The reactor consists of an 18 mm i.d. 
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quartz tube into which the cylindrical catalytic monoliths are placed. The 
reactor is insulated with high temperature silica-alumina insulation outside the 
tube and radiation shields (noncatalytic monoliths) before and after the catalyst 
inside the tube. The reactor is operated at a steady-state autothermal tempera- 
ture which is 50-100~ less than the adiabatic reaction temperature due to heat 
losses which are unavoidable in a reactor of this size. The product gas composi- 
tion is monitored by a gas chromatograph and the autothermal temperatures are 
measured using a chromel-alumel thermocouple located immediately after the 
catalytic monolith and before the downstream radiation shield. 

For these experiments, the noble metals were applied directly to foam 
monoliths. These monoliths, which are ot-Al20 3 with an open cellular, sponge- 
like structure, had nominally 30-50 pores per inch (ppi) and were cut into 17 
mm diameter cylinders 2-20 mm long. The catalyst loadings on the monoliths 
varied from 0.1 to 20 wt% noble metal. The samples with high (>  1%) weight 
loadings of metal were prepared by a technique involving an organometallic 
deposition. Scanning electron microscopy (SEM) micrographs of these mono- 
liths before and after use revealed that the catalyst formed large crystallites on 
the support with the metal covering a significant fraction of the support surface. 
The samples with lower loadings were prepared by soaking the monoliths in an 
aqueous salt solution (Rh(NO3) 3 or HzPtC16), drying in air, and then calcining 
for 4 h at 600~ 

3. Results 

3.1. Rh VERSUS Pt 

In fig. 1, we compare the H 2 and CO selectivities, fractional C H  4 conversion, 
and autothermal temperature for two monoliths: a 11.6 wt% Pt, 50 pores per 
inch (ppi) A120 3 foam monolith 7 mm long, and a 9.8 wt% Rh, 80 ppi AI20 3 
foam monolith 10 mm long. For each sample, the feed composition was varied 
while maintaining a fixed total flow rate of 4 standard liters per minute (slpm) 
and a constant feed gas temperature. Data for feed gas temperatures of 25 and 
460~ are shown. 

The primary observation is that Rh is a significantly better catalyst for 
p r o d u c i n g  H 2 and CO by direct oxidation of methane. With a room temperature 
feed, the optimal selectivities are Sia2 = 0.43 and Sco = 0.89 for the Pt catalyst 
compared to SH2 -- 0.73 and Sco = 0.90 for the Rh catalyst, where the selectivi- 
ties are defined as 

0.5 FH2 FH2 

SH2 = FCH4,i n __ FcH4,out "~- FH 2 + FH20 q- 2Fc2H4 + 3Fc2H6 (4) 
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Fig. 1. (a) H 2 and (b) CO selectivities, (c) CH 4 conversions, and (d) autothermal temperatures for 
a 50 p p i •  ram, 11.6 wt% Pt monolith and a 80 pp i •  10 mm, 9.8 wt% Rh monolith as a function 
of feed composition and preheat temperature at a total mass flow rate of 4 slpm CH 4 and air. 
Squares represent Rh, circles represent Pt, open symbols represent a feed temperature of 25~ 

and filled symbols represent a feed temperature of 460~ 

and 

Fco Fco 

Sco = FcH4,i n _ FcH4,out = Fc ~ + Fco2 + 2F%H ' + 2Fc~x_i6, (5) 

where F i is the molar flow rate of species i. 
Furthermore, because the Rh catalyst gives better selectivities, the feed 

composition corresponding to optimal synthesis gas production (=  19% C H  4 for 
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Table 1 
Comparisons of monoliths 
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ID Monolith Metal Loading Cell Length Feed C H  4 / SH2 Sco ACH 4 / 
(wt%) density a (mm) 02 CHe,in 

1 foam Rh 9.8 80 ppi 10 0 2 1.6 0.86 0.95 0.98 
2 foam Pt 11.6 50 ppi 7 0 2 1.7 0.64 0.89 0.77 
3 foam Rh/Pt 9.9/9.9 40ppi 7 O 2 1.8 0.72 0.93 0.75 
4 foam Rh 0.56 50 ppi 7 O 2 1.7 0.74 0.93 0.80 
5 extruded Pt 12.0 400csi 7 air 1.05 0.45 0.82 0.82 
6 extruded Pt ~ 0.1 400 csi 7 air 1.05 0.13 0.83 0.67 

a ppi = pores per inch; csi = cells per square inch. 

Pt and = 22% for Rh) is closer to the ideal feed composition of 29.6% CH 4 in 
air. 

In addition, both catalysts give higher CH 4 conversions for a given feed 
composition when the feed gas is preheated since preheating increases the 
autothermal temperature of the reactor, resulting in higher selectivities of direct 
formation of H 2 and CO. For both Pt and Rh, the autothermal reactor 
temperature levels off for compositions with a CH4/O  2 feed ratio higher than 
the optimal ratio for H 2 production. Furthermore, because Rh is a more 
selective catalyst for the only slightly exothermic direct partial oxidation reaction 
(2), the autothermal reactor temperature is significantly lower (by as much as 
250 K) for Rh than for Pt. 

In table 1, optimal selectivities are shown for several samples of various 
catalyst compositions. In addition to the two samples discussed above, a third 
sample containing 9.9 wt% each Pt and Rh was tested. A comparison of the 
performance of these three samples confirms that Rh is a better catalyst than Pt 
for synthesis gas production, especially for H e production. Sample 3, with 1/1 
P t /Rh ,  gives H 2 selectivities significantly higher than sample 2, which has a 
high loading of Pt, and significantly lower than sample 1, which has a high 
loading of Rh. 

3.2. CATALYST MICROSTRUCTURE AND LOADING 

Table 1 also compares optimal selectivities for the samples with 9.8 and 0.56 
wt% Rh (samples 1 and 4, respectively), with higher loadings of Rh giving higher 
H 2 selectivities. Similar results are seen for the Pt-coated extruded monoliths 
(samples 5 and 6). Comparisons of the microstructure (by SEM) and elemental 
surface composition (by energy dispersive spectroscopy, EDS) of fresh catalysts 
with different loadings showed that higher loadings of Pt or Rh resulted in 
higher ratios of metal to A1 on the catalyst surface, and the AI203 was almost 
completely covered with --- 10 wt% Pt or Rh. 

An interesting correlation between catalyst microstructure and activity was 
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Fig. 2. (a) Selectivities and CH 4 conversion as a function of time after initial ignition of the 9.8 
wt% Rh catalyst in fig. 1. Steady-state values are shown by the dashed lines. Micrographs are of 
the 9.8 wt% Rh-coated foam monolith after several hours of reaction. (b) A typical area on the 
monolith at a magnification ratio of 1000. (c) is a higher magnification ( • 8000) view of an area of 
the catalyst whose elemental composition was primarily Rh. (d) An area whose elemental 

composition was primarily A1 (magnified • 1000). 
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observed for the 9.8 wt% Rh sample. Following the initial ignition of the 
original, unused catalyst, the product selectivities were monitored for 2 h. As 
shown in fig. 2, the initial Sn2 and ACH4/CH4,in were slightly higher than the 
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steady state values observed after several hours of operation, while Sco was 
initially lower than the eventual steady state value. 

Analysis of several different locations on a fresh Rh catalyst with 11.1 wt% 
Rh by EDS and SEM revealed a fairly uniform coverage of Rh crystallites -- 1 
Ixm in diameter which almost completely covered the A120 3 support. However, 
after several hours of reaction, the catalyst microstructure and surface composi- 
tion changed significantly. The three micrographs in fig. 2 show the 9.8 wt% Rh 
sample after several hours of operation at the steady state conversion and 
selectivities in fig. 2a. Fig. 2b shows a typical area whose elemental composition 
was determined by EDS to include both AI and Rh. Examination of several 
different areas on the front face of the monolith revealed that the Rh tended to 
accumulate in certain areas of the monolith, fig. 2c, while very little Rh was 
detected in other areas, fig. 2d. As shown in fig. 2c, the Rh appears to sinter 
into large connected particles with rounded features. Similar microstructural 
changes were also observed for Pt catalysts. 

In general, EDS showed that the ratio of exposed AI to exposed Rh on the 
front face of the monolith increased during the reaction. This must be a 
consequence of the sintering of the Rh particles and perhaps the migration of 
the Rh particles to areas located further downstream in a given channel. 

After the initial change in catalyst activity described above, all of the mono- 
lith catalysts maintained their steady state activities for several hours of use, 
with no apparent long term deactivation observed. In addition, the initial 
catalyst deactivation appeared to be irreversible since operating under more 
oxidizing conditions did not restore the catalyst to its initial activity. 

3.3. AIR VERSUS 0 2 

Data for experiments over the 9.8% Rh sample using both air and 0 2 are 
shown in fig. 3. For all of these experiments, a total flow rate of 4 slpm was 
maintained with room temperature feed gases. To facilitate comparison of the 
air and the 02 experiments, the selectivities and CH 4 conversion are plotted as 
a function of the C H 4 / O  2 ratio. This data reveals that elimination of the N 2 
diluent is essentially equivalent to preheating the feed gases to about 460~ for 
this sample. Preheating the C H 4 - O  2 feed further improves the selectivity of H 2 
and CO formation to as high as 0.90 and 0.96 respectively. 

3.4. HYDROCARBON FORMATION 

In fig. 4a, the selectivities of hydrocarbon formation for samples 1-4 are 
compared as a function of feed composition for a feed containing methane and 
oxygen. In these and all other experiments, the only products observed besides 
H2, H 2 0  , CO, and CO 2 were C z H  4 and C z H  6. The formation of C 2 hydrocar- 
bon byproducts is obviously a function of the catalyst used. The gas chromato- 
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Fig. 3. (a-b) Selectivities, (c) CH 4 conversion, and (d) autothermal temperatures for the 9.8 wt% 
Rh catalyst using air or 02 and various feed temperatures at a total flow rate of 4 slpm. 

graphic  analysis employed  in these  exper iments  has a lower de tec t ion  limit of  
about  0.02 tool% (corresponding to a hydrocarbon  selectivity of  ~ 0.1%) for the 
hydroca rbon  species. 

A compar i son  of  the  p roduc t ion  of  hydrocarbons  with the opt imal  H 2 and 
CO selectivities l isted for the same samples in table 1 reveals tha t  a catalyst  
giving be t te r  SH2 and  Sco gives correspondingly  lower hydrocarbon  selectivities. 
In addi t ion,  since all of  these  exper iments  were  conduc ted  at the  same total  flow 
rate  (4 slpm) and  feed  t e m p e r a t u r e  (25~ be t te r  SH2 and Sco cor respond to 
lower au to the rma l  reac tor  t empera tu res .  Thus,  the fo rmat ion  of  hydrocarbons  
may  be af fec ted  by the  au to the rma l  reactor  t empe ra tu r e  or the catalyst. 
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Fig. 4. (a) Overall C a hydrocarbon ( C 2 H  4 + C 2 H  6) selectivity (x  100) based on carbon atoms as a 
function of the CH 4/ '0  2 feed ratio with a total flow rate of 4 slpm over a 40 ppi foam monolith 
with 9.9 wt% each of Pt and Rh. (b) C 2 hydrocarbon selectivities, (c) SH2 , Sco , and CH 4 
conversion as a function of reactor pressure for a fixed mass flow rate of 4 slpm over the same 

monolith as in (a). 

Figs. 4b, 4c demons tra te  the  effect  o f  reactor pressure on  C H  4 convers ion,  
hydrocarbon  formation,  SH2, and Sco .  S ince  an industrial  synthesis  gas process  
w o u l d  be likely to operate  at pressures  as h igh as 30 atm, it is important  to 
unders tand  the  in f luence  o f  the  reactor pressure on  product  selectivities.  Specif-  
ically, b imolecular  gas phase  react ions  shou ld  have rates proport ional  to the  
square o f  the  total  pressure,  whi le  f lux-l imited surface react ion rates will  
increase  proport iona l  to the  pressure.  Thus,  if gas phase  react ions  are signifi- 
cant,  their impact  will  increase  with h igher  reactor pressures.  

For these  experiments ,  sample  3 from table  1 was tested for a fixed mass f low 
rate of  4 slpm and a 2 / 1  C H 4 / O  2 feed at room temperature .  As  shown in the  
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figure, increasing the reactor pressure over a range of 4 to 12 psig does have a 
slight effect on the product selectivities. However, over the entire range of 
pressures used here, the hydrocarbon selectivity, defined as 

3C2 ~- 8C2H4 -~- 8C2H6 , (6) 

is more than two orders of magnitude smaller than SH2 and Sco. As the 
pressure increases, SH2, and Sc2 increase slightly, while Sco decreases slightly. 
In addition, the CH 4 conversion increases with increasing pressure. 

It is important to note that this experiment was conducted at a constant mass 
flow rate, so the residence time of the gases in the monolith increased propor- 
tional to the absolute pressure. Thus, the observed increase in SC2H4 and Sc2I_I6 
could be partially due to increasing residence time. Longer residence times 
might allow more of the unreacted CH 4 to adsorb dissociatively and form CH x 
radicals, which are believed to  be the precursors to the products of oxidative 
coupling. 

In addition, longer residence times would allow the water-gas shift reaction 
(3) to move the composition of the product gases closer to thermodynamic 
equilibrium. For these experiments, equilibrium requires a shift toward increas- 
ing concentrations of H 2 and CO 2, so the increase in SH2 and the corresponding 
decrease in Sco can be attributed to the water-gas shift reaction. Likewise, the 
slight increase in CH 4 conversion can be partially attributed to the slow progress 
of the steam reforming reaction (1) toward essentially complete equilibrium 
conversion of CH 4. 

4. Discussion 

4.1. Rh VERSUS Pt 

As with Pt [2], the primary mechanism of formation of H 2 and CO on Rh 
must be methane pyrolysis. Thus, H 2 and CO can be formed in the following 
reaction sequence: 

CHg,g ~ CHx, s + (4 - x ) H s ,  (7a) 

2H s --+ H2,g, (7b) 

0 2 , g  ---> 2 0  s , (7c) 

C s + O s ~ CO s ---> COg. (7d) 

However, any reactions involving OH, such as 

CHx, s + Os ~ CH x_ 1,s -l- OHs, (Sa) 

H s + O s ~ OH s, (8b) 

OH s + Hs ~ H2Og (8c) 

C O  s + O s ~ CO2,g  , (8d) 
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should all lead almost inevitably to H 2 0  and C O  2 because reverse reactions of 
these products are slow or thermodynamically unfavorable. 

The superiority of Rh over Pt for synthesis gas formation must be because 
one or more of the surface reaction steps (8) involving OH is slower on Rh than 
on Pt. In fact, the difference in H 2 selectivity between Pt and Rh can be 
explained by the relative instability of the OH species on Rh surfaces. For the 
H 2 - O 2 - H 2 0  reaction system on both Pt and Rh, the elementary reaction steps 
have been identified and reaction rate parameters have been determined using 
laser induced fluorescence (LIF) to monitor the formation of OH radicals 
during hydrogen oxidation and water decomposition at high surface tempera- 
tures. These results have been fitted to a model based on the mechanism [7,8]. 

From these LIF experiments, it has been demonstrated that the formation of 
OH by reaction (8b) is much less favorable on Rh than on Pt (activation energies 
of 20 kcal /mol  on Rh and 2.5 kcal /mol  on Pt). This explains why Rh catalysts 
give significantly higher H 2 selectivities than Pt catalysts in our methane 
oxidation experiments. 

Although the primary reason for the experimentally observed differences 
between Rh and Pt appears to be the very different activation energies for OH s 
formation, other steps in the above mechanism may be quite different for the 
two metals. It is well known that methane adsorption on Pt and Rh is an 
activated process [9-12]. Since the rate of CH 4 adsorption, reaction (7a), is 
accelerated exponentially by higher temperatures, while the surface coverage of 
O s adatoms decreases with higher temperatures, the ratio of CHx, s and H s to O s 
surface species will increase with higher temperatures. As the surface becomes 
more and more depleted of O s adatoms, the rates of H 2 0  and CO2 formation 
decrease relative to the rates of H 2 and CO formation. 

If the rate of CH 4 chemisorption were different for the two metals, this would 
also influence the difference in observed selectivities. Experiments examining 
CH 4 adsorption on Rh films have shown that CH 4 chemisorption has an 
activation energy of = 5 kcal /mol  [9]. Although similar experiments for poly- 
crystalline Pt or P t ( l l l )  have not been reported, semiempirical electronic 
structure calculations for small clusters estimate an activation energy of dissocia- 
tive chemisorption of 10.3 kcal /mol  [13]. In addition, measurements of CH 4 
dissociative adsorption give an apparent activation energy of 14.4 kcal /mol  on 
Pt(ll0)-(1 • 2) [14] and 9.9 kcal /mol  on Pt(100) [12]. Therefore, Rh also may be 
a better catalyst because of its ability to better facilitate breaking of the C - H  
bond during CH 4 chemisorption. 

4.2. CATALYST MICROSTRUCTURE 

With high metal loadings (=  10 wt%) on the monoliths, the catalytic activity 
appears to be primarily due to reactions on the metal surfaces, with relatively 
little influence from the support material. Since the initial fresh catalyst is 
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essentially covered with noble metal particles, relatively small changes in SI-I2, 
Sco, and CH 4 conversion ( < 5%) with time suggest that most of the reaction is 
occurring on the noble metal surfaces even after significant changes in mi- 
crostructure have occurred. 

Nevertheless, these changes in microstructure result in exposure of the A1203 
substrate to the reaction gases. In addition, higher loadings of metal correspond 
to less exposed substrate and better selectivities. These two observations indi- 
cate that the catalyst microstructure can have an important effect on C H  4 

oxidation selectivity. Furthermore, these results suggest that the catalytic activity 
of exposed A1203 may be responsible for decreases in SH~ which are observed 
with lower metal loadings or with microstructural changes that occur during 
reaction. 

4.3. GAS PHASE REACTIONS 

In addition to generation of undesired H 2 0  and C O  2 o n  the noble metal 
surfaces, the formation of these species and higher hydrocarbons in the gas 
phase may influence the observed selectivities and conversions. Experiments in 
empty quartz tubes at atmospheric pressure have demonstrated that methane 
may be converted to the carbon oxides and C 2 hydrocarbons at temperatures as 
low as 650~ [15]. Gas phase reactions will result in a mixture of several species, 
including the undesired combustion byproducts H 2 0  and CO 2, and are thus 
undesirable in a direct partial oxidation reactor. 

For our atmospheric pressure experiments, the best indicators of the possible 
presence of gas phase reactions are C 2 hydrocarbons in the product gases. 
Typical selectivities for Cal l  4 and C2H 6 are shown in fig. 4. Fig. 4a demon- 
strates that the production of C 2 H  4 and C2H 6 varies significantly with the 
catalyst chosen, but the overall selectivity of C 2 formation is always much less 
than 5%. In general, higher C 2 selectivities are observed for Pt catalysts than for 
Rh catalysts, and higher loadings of Rh reduce the generation of C 2 species. In 
fact, the 9.8 wt% Rh catalyst did not generate any detectable hydrocarbons. 

The dependence of SC2H4 and Sc2n~ on the catalyst used is probably a direct 
consequence of the autothermal reactor temperatures. Since Pt gives signifi- 
cantly lower S~I~ than Rh for a given feed composition and temperature, the 
adiabatic temperature increase due to reaction is significantly higher. This 
results in higher autothermal temperatures than with a Rh catalyst, such as 
shown in fig. ld. Since the rates of gas phase reactions increase exponentially 
with temperature, they should be much faster for Pt catalysts than for Rh 
catalysts. 

Extrapolation of these results to higher pressures is important since an 
industrial reactor would be expected to operate at pressures as high as 30 atm. 
The results in fig. 4 suggest that at reactor pressures of 1 to 2 atm, gas phase 
reactions only affect the reaction selectivity slightly. For all catalysts studied in 
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this research, none produced hydrocarbons at high enough levels to suggest that 
gas phase reactions play a major role in these experiments. Thus, a high 
pressure reactor for synthesis gas production from methane  over Rh would be 
expected to give the high selectivities resulting from the methane  pyrolysis 
surface reaction mechanism. 

5. Summary 

We have demonstra ted that hydrogen and carbon monoxide can be produced 
in residence times of less than 10 - 2  S over Rh catalysts with H 2 and CO 
selectivities as high as 90 and 95%, respectively. The predominance of surface 
reactions over competing gas phase reactions is evidenced by the very low levels 
of hydrocarbons produced and by the high hydrogen selectivities, which are a 
function of both the catalytic species and the catalyst loading. The large 
improvement in SH2 obtained by using Rh instead of Pt can be attributed to the 
much slower rate of OH formation on Rh surfaces. These very short residence 
times argue that H 2 is formed by a direct oxidation process rather  than by 
CH 4 + H 2 0  or CH 4 + CO 2 reactions because H 2 0  and CO 2 would have to 
form in a primary reaction. However, it is possible that s o m e  H 2 is formed by 
these reactions at high temperatures.  

These results have significant applied and fundamental  implications. The high 
selectivities and C H  4 conversions suggest that a new industrial process for 
synthesis gas production by direct oxidation of methane  may be developed, and 
the differences between Pt and Rh suggest that these effects can be explained 
by known adsorption and reaction steps on these surfaces. 
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