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The catalytic partial oxidation of methane with oxygen to produce synthesis gas was stud- 
ied under a wide range of conditions over supported ruthenium catalysts. The microreactor 
results demonstrated the high activity of ruthenium catalysts for this reaction. A catalyst hav- 
ing as little as 0.015% (w/w) Ru on A1203 gave a higher synthesis gas selectivity than a catalyst 
having 5% Ni on SiO2. XANES measurements for fresh and used catalyst samples confirmed 
that ruthenium is reduced from ruthenium dioxide to ruthenium metal early during the experi- 
ments. Ruthenium metal is thus the active element for the methane partial oxidation reaction. 

Keywords: Methane partial oxidation; synthesis gas; XANES; Ru/A1203 catalysts 

1. Introduction 

Hydrogen and synthesis gas, a mixture of carbon monoxide and hydrogen, are 
mainly produced by the steam reforming of light hydrocarbons, natural gas being 
generally the feedstock of choice. An alternative process is the partial oxidation of 
hydrocarbons using molecular oxygen. For methane, the major constituent of nat- 
ural gas, the two reactions are 

C H 4  + H 2 0  ~ C O  + 3H2 

ArH~000 K = 225.4 kJ mo1-1 (steam reforming), (1) 

C H 4  + 102 ~ C O  + 2H2 

ArH~000 K = -22.2 kJ mo1-1 (partial oxidation). (2) 

The main advantage of the partial oxidation reaction over steam reforming is that 
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it is slightly exothermic instead of being strongly endothermic. The advantages of 
the steam reforming reaction include the fact that there is no need for pure oxygen, 
or nitrogen separation if air is used as the oxidant, and that the amount of hydro- 
gen produced per unit of methane is 50% higher. These advantages have made 
steam reforming the process of choice for the industry for economic reasons, but 
for the production of small volumes of hydrogen, partial oxidation may be 
cheaper. 

The catalytic partial oxidation of methane has been studied in the past [1-3] 
and again recently [4-12]. In the 1940's, Prettre et al. [2] studied the reaction over a 
nickel catalyst and concluded that synthesis gas is produced by a complex mechan- 
ism where the methane/oxygen mixture reacts first following exothermic reac- 
tions, to give mainly water and CO2. In a second step, water and CO2 rapidly react 
further with unconverted methane to give synthesis gas according to reactions (1) 
and(3), 

CH4 + CO2 ~--- 2CO + 2H2 ArHl~ = 260.5kJmo1-1 . (3) 

Reactions (1) and (3) are linked through the water gas shift reaction (WGSR), 

CO + H20 ~ CO2 + H2 ArH~~ = -34.7kJmo1-1 . (4) 

The endothermic reactions (1) and (3) use the heat generated by the initial exother- 
mic reactions. 

Methane partial oxidation to synthesis gas is thus a two-step process (combus- 
tion followed by reforming). The catalysts used must, therefore, be active (i) for 
methane combustion to CO2 and water, and (ii) for methane steam reforming and 
CO2 reforming to synthesis gas. It is known from methane combustion studies that 
precious metals like ruthenium are better catalysts than nickel for the methane 
combustion reactions [13]. It is also known from the work of Kikuchi et al. [14] that 
the activity of several metals for methane steam reforming follows the relative 
order: Ru ~ R h > N i  > I r > P d  ~ P t > > C o  ~ Fe for 5 wt% metal loading on silica 
gel. Moreover, stability tests for ruthenium, rhodium and nickel catalysts showed 
that the first two are stable, whereas the last one loses its activity with time on 
stream. Following these considerations, ruthenium should prove to be a good cata- 
lyst for the partial oxidation of methane. 

Recently, the catalytic partial oxidation of methane using oxygen was tested 
over ruthenium catalysts [4,10,15]. This metal is a lot less expensive than other pre- 
cious metals which have been tested for the same reaction [4,7,8,10,11]. However, 
the ruthenium catalysts tested so far were mainly of the pyrochlore structure 
(Ln2Ru207, where Ln is a rare earth), and very few results have been obtained with 
low ruthenium content catalysts. Moreover, in the studies where low ruthenium 
content catalysts are tested [4,10], the catalytic activity was determined at a fixed 
temperature and flow rate, and no attempt whatsoever was made to characterize 
the chemical state of the ruthenium. The present paper reports the high activity of a 
series of catalysts made of small amount of ruthenium supported on y-A1203. The 
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catalytic activity toward synthesis gas has been determined at increasing tempera- 
ture and at various flow rates. The ruthenium oxidation state for the as-prepared 
and the used catalysts has been determined from XANES measurements. Finally, 
the activities of these low content ruthenium catalysts are compared with the activ- 
ities of nickel catalysts. 

2. Experimental 

2.1. CATALYST PREPARATION 

Batches of the different supported ruthenium catalysts were prepared by dissol- 
ving RuC13-3H20, 99.9% (Johnson Mat they-  AESAR Group, #11043, 99.9% 
purity) in demineralized water, and by adding 7-A1203 (Aldrich, #19,997-4, 
150 mesh, 155 m2/g) to the solution. The resulting suspension was stirred and eva- 
porated to dryness over a heating plate. The solid obtained was placed in an oven 
at 105 ~ for 16 h. The dry solid was then placed in a quartz reactor located in a fur- 
nace and was reduced in flowing hydrogen (100 ml/min) at 2~ from ambient 
temperature to 420~ with a holding time of 2 h at 420~ The temperature was 
then lowered, hydrogen was replaced by oxygen and the catalyst was heated again 
at 5~ from ambient temperature to 600~ and held at that temperature 
20 rain. Finally, the catalyst was cooled, weighed, and stored. Four catalysts with 
different nominal ruthenium loading were prepared: 0.015% (w/w) Ru/A1203, 
0.029% (w/w) Ru/A1203, 0.1% (w/w) Ru/A1203,and 1% (w/w) Ru/A1203. 

Two supported nickel catalysts were also prepared: 1% (w/w) Ni/AI203, and 
5% (w / w) Ni / SiO2. Both were prepared by dissolving Ni(NO3)2-6H20 in deminer- 
alized water and adding the solid support to the solution. For 1% Ni/AlEO3, the 
u used was the same as for the ruthenium catalysts. The preparation steps 
were also the same as for the ruthenium catalysts, except that the maximum tem- 
perature for the reduction was 450~ which was held for 18 h. The catalyst was 
then cooled to room temperature and reacted with a mixture of 0.5% oxygen in 
nitrogen at room temperature for 20 min. For 5% Ni/SiO2, the support was silica 
gel (Aldrich, grade 923, 100-200 mesh). The mixture of dissolved Ni(NO3)2.6H20 
and SiO2 was evaporated and the solid obtained dried overnight at 105~ The 
next day, the solid was calcined in air at 500~ for 4 h. It was then cooled, weighed, 
and stored. 

2.2. CATALYST TESTING 

The catalysts were tested in a fixed-bed microreactor. The gases used were moni- 
tored by mass flow controllers (MKS Instruments Canada, Ltd.), mixed and direc- 
ted to a quartz reactor (i.d. = 7 mm). The catalysts were held in the middle of the 
reactor by a small amount of quartz wool. The thermocouple used by the tempera- 
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ture controller was inserted in a quartz well, with the tip located inside the catalytic 
bed. At the exit of the reactor, the gases were analyzed on line, in parallel, with a 
gas chromatograph (Hewlett-Packard, model 5890A modified by WASSON-ECE 
Instrumentation) and with a mass spectrometer (Fisons Instruments, VG model 
8-80). The gas line between the microreactor and the gas chromatograph was 
heated above 120~ and each gas, including water vapor, was analyzed once every 
18 min. A cold trap maintained below 0~ was used along the line between the 
microreactor and the mass spectrometer, thus allowing the rapid analysis of every 
gas except water. About 200 mg of catalyst was used for each experiment. The gases 
used were oxygen (Linde, extra dry grade), methane (Linde, UHP grade) and 
helium (Linde, UHP grade). The latter was added as a diluent. The CH4/O2/He 
ratio was 8/4/3 for all the experiments. The methane + oxygen flow rate was 
varied between 90 and 450 ml NTP per minute (methane flow rate between 0.223 to 
1.116 mol(CH4) kg- 1 s - 1). For the experiments at different flow rates, the tempera- 
ture was set at 800~ and the flow rates were varied randomly, each one being 
kept for 1 h. All the experiments were performed at a total pressure of 130 q- 7 
kPa. 

2.3. X-RAY ABSORPTION SPECTROSCOPY 

X-ray absorption near edge structure (XANES) measurements at the Ru LIII 
(,-~ 2832 eV), Ru Lit ("~ 2959 eV) and C1 K (2815 eV) edges were performed 
on ruthenium catalysts and reference compounds. These measurements were 
done using the double crystal monochromator of the Canadian Synchrotron 
Radiation Facilities (CSRF) located at the Synchrotron Radiation Center (SRC) 
at Wisconsin-Madison University. During the time of the experiments, the storage 
ring was operated at 1 GeV, with a current of 100 mA. 

The energy scale was calibrated by using a ruthenium metallic foil. This sample 
was runned periodically during the course of the experiment. All the absorption 
spectra were obtained in the total electron yield mode by recording the sample cur- 
rent. The powdered samples were finely crushed before being spread on a conduct- 
ing tape. 

The raw absorption data were processed according to commonly accepted proce- 
dures. For each absorption spectrum, a first-order polynomial equation was fitted 
to the pre-edge region of the spectrum and subtracted from the entire spectrum. 
All the spectra presented herein were normalized to unity in the region far above 
the edge jump. The energy position of the strong resonance observed at the Ru Lm 
and Ru Ln edges was determined by a curve fitting procedure with a Gaussian- 
type function. 

2.4. NEUTRON ACTIVATION ANALYSIS 

The exact ruthenium content of the four ruthenium catalysts was determined 
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by neutron activation analysis. A 100-200 mg sample of each catalyst was sealed 
in a polyethylene vial and irradiated for 1 h in the neutron flux of the Ecole 
Polytechnique de Montr6al SLOWPOKE nuclear reactor. After a cooling time of 
48 h, the y-ray spectrum of the samples was measured with a semiconductor detec- 
tor. The ruthenium concentration was determined from the number of counts in 
the Ru-103 peak at 497 keV. Since the XANES measurements showed the presence 
of chlorine on the ruthenium catalysts, the chlorine content was also determined 
for ruthenium catalysts and for pure alumina. For chlorine, the samples were irra- 
diated 2 min, the cooling time was 1 h and the number of counts were measured 
for the C1-38 peak at 1642 keV. 

3. Results 

3.1. NEUTRON ACTIVATION ANALYSIS RESULTS 

The ruthenium and chlorine contents measured by neutron activation analysis 
are reported in table 1. The measured ruthenium contents are close to the nominal 
percentages. The chlorine contents are similar for pure A1203 and for 0.015 and 
0.029% ruthenium catalysts, which means that in these cases, chlorine comes from 
the alumina support. For the 0.1 and 1% Ru/AI203 catalysts, the chlorine contents 
are higher, which results from a contribution of chlorine from RuC13 precursor. 

Table 1 
XANES and neutron activation analysis results 

Sample Ru energy Ru content b C1 content b 
position" (eV) (wt%) (wt%) 

LIII edge 
A1203 - - 0.179 
Ru metal 2830.6 n.d. c - 
RuCI3.3H20 2831.2 n.d. n.d. 
RuO2.1.4H20 2832.2 n.d. - 
0.015% Ru/A1203 2832.6 0.0157 0.148 
0.029% Ru/A1203 2832.6 0.031 0.163 
0.1% Ru/A1203 2832.6 0.108 0.29 
1% Ru/A1203 2832.5 0.96 0.92 
1% Ru/A1203 used 2830.6 n.d. n.d. 

L1z edge 
Rumetal 2958.7 
RuC13.3H20 2959.3 
RuO2.1.4H20 2960.2 

" XANES analysis. 
b Neutron activation analysis. 
c n.d.: not determined. 
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3.2.  X A N E S  R E S U L T S  

X-ray photoabsorption by an atom involves the promotion of a core electron to 
a bound or continuum state. Accordingly, the absorption process reveals informa- 
tion about the electronic structure of the absorbing atom and its local environ- 
ment. Fig. 1 shows the Ru LIII X-ray absorption edge of ruthenium metal, 
RuC13.3H20 and RuO2.1.4H20. Each absorption spectrum displays a strong and 
sharp peak in the vicinity of 2832 eV. This resonance is mainly associated with the 
promotion of a 2P3/2 core electron to unfilled or partially filled d orbitals. As 
observed in table 1, the energy position of this peak varies by as much as 1.6 eV as 
the formal oxidation state of ruthenium is changed from 0 in ruthenium metal to 
+4 in ruthenium dioxide. The energy position of this resonance can thus be used as 
a sensitive probe of the ruthenium oxidation state in a given compound. 

At energy above 2832 eV, each spectrum shows a series of rather broad peaks. 
This part of the spectrum involves the promotion of a 2p3/2 core electron to con- 
tinuum states. Due to the very large mean free path of a low-energy photoelectron, 
multiple-scattering effects are important in that region of the spectrum. As 
observed in fig. 1, each compound displays a series of very characteristic peaks in 
that region. Unfortunately, and unlike the case of extended X-ray absorption fine 
structure (EXAFS) spectroscopy, a definitive model of the phenomenon occurring 
in that part of the spectrum is still lacking. This part of the spectrum will therefore 
be used as a fingerprint of the chemical and structural environment of the ruthe- 
nium atom in a particular compound. 

In the case of RuC13.3H20, two other peaks are observed at 2811.7 and 
2820.8 eV. They are assigned to the K edge of the chlorine atom which is just below 
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the Ru LIII edge. When two absorption edges are so closely spaced, there exists 
always the possibility that the resonance of one edge interferes with that of the 
other. In order to check this point, the Ru LII  edges of the ruthenium compounds 
have also been measured. The Ru LII absorption edge occurs at around 2959 eV, 
well above the C1 K edge. The Ru Ln X-ray absorption edge of ruthenium metal, 
RuO2.1.4H20 and RuC13.3H20 have been measured and found to be very similar 
to that of their respective parent LIII edge. This is not surprising since X-ray photo- 
absorption at the Ru LII edge involves the promotion of a Ru 2p~/2 core electron 
to the same set of bound and continuum states as that involved at the gill edge. 
More important for our purpose, table 1 shows that, at the Ru Ln edge, the correla- 
tion between the energy position of the strong resonance and the formal oxidation 
state of the ruthenium atom is similar to that found previously at the Ru LIII edge. 
This indicates that, at the Ru Lni edge, the proximity of the C1 K edge has no effect 
on the energy position of the resonance that will be used to track the variation of 
the oxidation state of the ruthenium atom that occurs in the catalyst. 

Four different as-prepared ruthenium catalysts have been characterized by 
X-ray absorption spectroscopy at the Ru LIII edge. The energy position of the 
strong resonance observed in these spectra are listed in table 1. The energy position 
of this peak is characteristic of a ruthenium atom in a +4 oxidation state 
(Ru(IV)). The same conclusion is also reached if the structure of the spectrum in the 
post-edge region is used to identify the chemical environment of the ruthenium, 
and fig. 2 shows that the LIII X-ray absorption edge of the 1% Ru on A1203 catalyst 
is similar to that of RuO2-1.4H20. 

The XANES measurements performed on the four catalysts also showed an 
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absorption peak associated to the presence of chlorine atoms (this peak is hardly 
seen in fig. 2). There is little likelihood that a significant fraction of RuCI3 still exist 
as such after the catalyst preparation procedure used in that study. The thermal 
decomposition of RuC13 is routinely used by electrochemists to prepare RuO2 elec- 
trodes and most probably this signal originates from chlorine atom strongly 
adsorbed on the support itself. This is supported by the fact that the ruthenium LII 
and Lm X-ray absorption edges of the as-prepared catalysts are at the RuO2 posi- 
tion (Ru(IV)), which excludes a significant contribution from Ru(III) in RuC13. 

It appears that there is a change in the chemical and structural environment of 
the ruthenium atoms as a result of its use in the reactor. Fig. 2 displays the Ru LIII 
X-ray absorption spectrum of the 1% Ru on A1203 catalyst after testing. Both the 
energy position of the strong resonance and the post-edge oscillations correspond 
to that of ruthenium metal. It appears therefore that, under our experimental con- 
ditions, the ruthenium atom is reduced during its use in the reactor to promote the 
partial oxidation of methane. 

3.3. R E A C T O R  RESULTS 

A methane/oxygen mixture was reacted over one of the ruthenium catalysts 
(0.1% Ru/A1203). The temperature was increased from room temperature to 
800~ over 2 h and held for 4 h (see fig. 3). The methane/oxygen reaction started at 
425~ as evidenced by the rapid increase of the catalyst bed temperature (owing 
to the exothermic reaction) and by the appearance of the product gases H2, CO, 
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CO2, and H20. During the 4 h plateau at 800~ the catalyst did not show any 
sign of loss of activity or selectivity. 

The activities for the four ruthenium and the two nickel catalysts are reported 
in table 2. The activities for the methane/oxygen reaction are indicated by the 
methane conversion ()(METHANE) and by the oxygen conversion (XoxYGEN). The 
activities for methane steam reforming (reaction (1)) and for methane CO2 reform- 
ing (reaction (3)) are related to the equilibrium constants calculated from the pro- 
duct gas composition. For a chemical reaction, the thermodynamic equilibrium 
constant is 

H( v, = ( e t )v  Yi)e , (5) K = e x p ( - A r G / R T )  = i)e 
i i 

where ArG is the Gibbs free energy of the reaction at temperature T, R is the univer- 
sal gas constant (0.008315 kJ mo1-1 K-l), T is the reaction temperature in K, (P;)c 
is the partial pressure in atm of gas i at equilibrium, (Yi)e is the mole fraction of 
gas i at equilibrium, (Pt)c is the total pressure in atm at equilibrium, and v is the 
sum of the stoichiometric coefficients (~ i  vi). 

The values of the K's are calculated from the left part ofeq. (5) using thermody- 
namic data (ArG). The activity and selectivity of the catalysts are evaluated using 
the experimental Yi and Pt, in an equation derived from the right part ofeq. (5), 

~V = (et)v I-[(y;) ~i , (6) 
i 

where y~ is the experimental mole fraction of gas i, and Pt is the total pressure in 
arm in the catalytic reactor. 

Eq. (6) has been used for reaction (1) 0Pl), reaction (3) 0P3), and reaction (4) 

Table 2 
Activity of ruthenium and nickel catalysts for the partial oxidation of methane (800~ CHjOE/He ratio 
of 8/4/3, methane flow rate of 0.893 mol(CH4) kg -1 s -1) a 

Sample X'METHANE )/'OXYGEN ~I ~3 k~ 4 Activity 
(%) (%) (mol(CH4) 

kg-I s-l) 

l%Ru/A1203 88.1 99.2 78.7 65.5 1.200 0.787 
0.1% Ru/A1203 84.7 99.7 51.2 47.3 1.082 0.753 

85.3 I00 48.2 39.5 1.220 0.760 
0.029% Ru/A1203 85.5 99.3 42.6 49.1 0.870 0.760 
0.015% Ru/A1203 66.3 99.3 1.84 4.1 0.448 0.592 
5%Ni/SiO2 46.6 85.4 0.228 0.495 0.461 0.416 
l%Ni/AI203 18.7 40.1 5.2 x 10 -3 9.4 x 10 -3 0.556 0.167 
AlzO3 5.0 13.0 2.1 x 10 -s 3.0 x 10 -5 0.680 0.045 

therm, equil, b _ -- ~ 170 ~ 150 1.081 

a -u and XOXVCEN stand for methane conversion and oxygen conversion. ~'s are defined in the 
text. Activity is the methane conversion times the methane flow rate (0.893 mol(CH4 kg -1 s-l). 

b Thermodynamic equilibrium. CalcutatedfromArGat 800~ 
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(k~4). The total pressure inside the reactor during the experiments was 1.2 arm. 
For reactions (1) and (3), v = 2, and for reaction (4), v = 0. Results of XMEa'~ANE, 
XOXY~mq and ~'s are shown in table 2. The experiments with 0.1% Ru/A1203 were 
repeated two times, and the results reported in table 2 show that there are small dif- 
ferences in g' values that are associated with experimental errors. It is seen from 
those results that the gas composition that is the closest to equilibrium is obtained 
with the 1% R u / A 1 2 0 3  catalyst. When the ruthenium content decreases below 1%, 
the gas composition moves away from the equilibrium composition. It is remark- 
able that under our experimental conditions, the catalyst having only 0.015% ruthe- 
nium is more active (XMETI-IANE, XOXVCEN, k~l and k~ 3 higher) than the one with 
5% nickel. Finally, the less active catalysts are 1% Ni/A1203 followed by pure 
A1203. 

The values of gq and g'3 never approached the equilibrium values. For the two 
most active catalysts, 0.1 and 1% Ru/A1203, the k~4 values are close to the thermo- 
dynamic equilibrium and ~'1 > k~3. For the other catalysts, k~4 is lower than the ther- 
modynamic equilibrium value and gq <g'3. This suggests that reaction (1) (steam 
reforming of methane) is more affected by the catalysts than reaction (3) (CO2 
reforming of methane), and that reaction (4) (WGSR) does not reach equilibrium 
under our experimental conditions over the less active catalysts. 

The high activity of the ruthenium catalysts is further demonstrated by the 
results of oxygen conversion as a function of methane/oxygen flow rates. This is 
reported in fig. 4, as the percentage of unconverted oxygen (1 - XOXYGEN) over the 
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different catalysts at increasing flow rates. Fig. 4 shows that the four ruthenium 
catalysts have oxygen conversion of 99% or better for the entire flow rate range 
studied, which clearly shows their high activity for the methane partial oxidation 
reaction. The two nickel catalysts show decreasing oxygen conversion with an 
increase in flow rate, the effect being more important from 0.223 to 0.670 mol(CH4) 
kg-  1 s -1. Finally, 7-A1203 is not active for the methane / oxygen reaction. 

4. Discussion and conclusion 

For the four ruthenium catalysts examined, we believe that the temperature at 
which the catalysts start to be active (the lightoff temperature) corresponds to the 
temperature where the reduction of RuO2 to ruthenium metal by methane occurs. 
The XANES measurement performed on the used 1% Ru/A1203 catalysts con- 
firmed that ruthenium was reduced to the metallic state in the course of the experi- 
ment. Moreover, a similar behavior was reported in two papers for methane 
partial oxidation over Pr2Ru207 pyrochlore catalyst. First, Ashcroft et al. [4] did 
XPS analysis on used Pr2Ru207 catalyst and observed ruthenium metal. Then, 
Poirier et al. [15] performed TG/DTA analysis over a fresh sample of Pr2Ru207 
and observed that the catalyst was reduced at 420~ to ruthenium metal and Pr203, 
and this initiated the methane partial oxidation reaction. As for PrzRuzO7 struc- 
ture, the low content ruthenium oxide catalysts underwent a reduction at about 
400-500~ This proved that it is ruthenium metal that is active for the selective 
production of synthesis gas from methane/oxygen mixtures. 

Fig. 3 results show that when the methane/oxygen reaction begins, there is a 
sharp increase of the catalyst temperature, as recorded by the thermocouple 
located inside the catalytic bed. The temperature reaches about 700~ and then 
decreases slowly with time. When the programmed temperature reaches the cata- 
lyst temperature, the temperature increases again up to 800~ The products gas 
composition reflects these temperature changes, since higher temperature increases 
CO and H2 concentrations. The high flow rate used in this study, combined to the 
heat generated by the reaction, caused some uncertainties as to the exact tempera- 
ture. Vermeiren et al. [5] reported a temperature increase of almost 100~ with a 
methane flow rate of 0.22 mol(CH4) kg -1 s -1 . Here, we have tried to minimize the 
temperature increase by using the thermocouple inside the catalytic bed to control 
the furnace output. Somewhat lower or higher temperatures may, however, have 
been encountered in some part of the catalyst bed as the first exothermic reactions 
mainly occur in the inlet portion of the catalytic bed and the endothermic reform- 
ing reactions occur farther. The temperature variations are, however, similar for all 
the catalysts tested here. 

The activities of our 1, 0.1 and 0.029% ruthenium catalysts are high enough to 
convert all the oxygen present and to produce mainly synthesis gas, at 800~ and at 
a flow rate of 0.893 mol(CH4) kg -1 s -1 , as shown by the ~Pl and ~P3 values reported 
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in table 2. With the 0.015% ruthenium catalyst, however, even if oxygen is still com- 
pletely consumed, the synthesis gas selectivity is lower, which indicates a lower 
activity. In the literature, the only results previously reported for this reaction with 
similar catalysts are from Ashcroft et al. [4], who tested 1 and 0.1% Ru/A1203 cata- 
lysts at 777~ with a methane flow rate of 0.089 mol(CH4) kg -1 s -1 . Their 1% ruthe- 
nium catalyst yielded a high synthesis gas selectivity, but with their 0.1% 
ruthenium catalyst, the synthesis gas selectivity was significantly lower, which is 
surprising considering the very low flow rate used in their tests. To ascertain that 
this difference is not due to a temperature effect, we performed one experiment at 
0.179 mol(CH4) kg-1 s-l, with 50 mg of 0.1% Ru/AI/O3 catalyst and a CH4 / 02 / 
He ratio of 8/3/89, and observed at 680~ the complete conversion of oxygen and 
the selective formation of synthesis gas (near thermodynamic equilibrium). 

The higher activity obtained here is not related to the presence of chlorine on 
the catalysts since there is as much chlorine on pure alumina as in 0.029% ruthe- 
nium catalyst, and the activity of pure alumina is very low compared to this ruthe- 
nium catalyst. The results obtained with the ruthenium catalysts are also better 
than those obtained with the two nickel catalysts tested in this work. Other avail- 
able results for nickel catalysts do not show better activity than our ruthenium cata- 
lysts. Results reported by Vermeiren et al. [5] for their 5% Ni/A1203 catalyst at 
800~ are better than those obtained here with nickel catalysts, but are not as good 
as those obtained with our ruthenium catalysts due to the lower flow rate used by 
Vermeiren et al. These authors got a maximum activity of 0.527 mol(CH4) kg-1 s-1 
which compares well to the value of 0.416 mol(CH4) kg -1 s -1 shown in table 2 for 
our 5% nickel catalyst at the same temperature, but is, however, significantly lower 
than the activity of our ruthenium catalysts (from 0.592 to 0.787 mol(CH4) kg -1 
s -1, in table 2). Vernon et al. [10] tested several catalysts, including Ni/A1203 and 
1% Ru/A1203, and found similar methane conversions and synthesis gas selectiv- 
ities for these two catalysts. The lower synthesis gas selectivity observed in our 
experiments with nickel catalysts comes from the higher flow rate (and conse- 
quently the lower contact time between the gas and the catalyst) used here, which is 
0.893 mol(CH4) kg -1 s -1 compared to 0.089 mol(CH4) kg -1 s -1 for the experi- 
ments of Vernon et al. At this high flow rate, our nickel catalysts cannot bring reac- 
tions (1) and (3) as close to the equilibrium values as the ruthenium catalysts do. 
The other study with nickel catalysts used very low methane flow rate [6]. The 
higher activity of ruthenium catalysts compared to nickel catalysts is thus obvious 
because no nickel catalyst has been reported to lead to an activity as high as those 
reported here for ruthenium catalysts, and because this high activity was obtained 
with catalysts having 0.1% ruthenium content or less. 

The high activity of ruthenium catalysts, combined with their high selectivity 
for synthesis gas (high activity for reactions (1) and (3)), make them excellent 
methane partial oxidation catalysts. Moreover, compared to nickel, ruthenium is 
more stable, does not form volatile carbonyl under experimental conditions as 
nickel did, is less susceptible to be reoxidized during reaction and does not lead to 
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carbon deposition. Volatilisation of some ruthenium oxides (RuO3 and RuO4)  

has previously been reported [16] under oxidizing conditions, but that problem was 
not encountered in our experiments. Finally, the advantages of ruthenium have to 
be weighed against its major drawback, a cost of about 150 times that of nickel. 
That drawback may be less important for a small unit than for a large industrial- 
scale unit. 
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