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The oxidation of methane over a Pd/ Al203 catalyst was studied for oxygen-to-methane ratios ("r") varying from 4 to 0.66. After aging under the reactants mixture at 600°C an increase in the catalytic activity was observed whatever the "r" value. In addition, the selectivity of the reaction depends on the oxygen-to-methane ratio. In oxygen deficient mixtures, the formation of carbon monoxide was observed at conversion levels corresponding to the total oxygen consumption. Palladium supported on alumina was found to be active in the methane steam reforming reaction at moderate temperature. This reaction was proposed to be responsible for carbon monoxide formation in the case of methane oxidation in lean mixtures.

INTRODUCTION

The majority of energy production in the world is achieved by means of the combustion of fossil fuels. Conventional flame burners lead to the fo r mation of nitrogen oxides which are noxious and constitute the most common and dangerous pollutant of the atmosphere [ 1]. By contrast the catalytic combus tion of hydrocarbons produces very little NOx because of the lowering of the reaction temperature [ 2]. For this reason there is a resurgence of interest in the application of catalytic processes to the total oxidation of hydrocarbons [3][4][5].

Platinum-and palladium-based catalysts show the highest activity for this type of reaction [6]. For the combustion of methane [7][8][9][10][11][12] as well as other hydrocarbons ' [13,14], the reaction has been found to be structure sensitive. In addition, previous investigations have shown a restructuring of the metal particles in the presence of reactants [ 15] or under cycles of carbon monoxide exposure and reduction [ 16]. Moreover the introduction of chlorine contain ing compounds during methane oxidation leads to changes in selectivity [17][18][19]; for instance, when using a Pd/Ti02 catalyst, the addition of CH2Cl2 is responsible for a high selectivity to formaldehyde at low conversion levels [ 19].

Nevertheless, in the case of palladium-supported catalysts, the catalytic combustion of methane has been mainly studied in oxygen rich mixtures. Only very recently have palladium-supported catalysts been considered in the selec tive oxidation of methane to carbon monoxide [20].

The aim of this paper is to investigate the influence of the oxygen-to-meth ane ratio upon. the activity and the selectivity of a Pd/ Al203 catalyst in the reaction of methane combustion.

EXPERIMENTAL

Catalyst preparation

The support was an alumina SCM 129 from Rhone-Poulenc consisting of a mixture of the y-and 6-forms, having a BET surface area of 107 m2 g-1 and a pore volume of 0.6 cm 3 g-1• The palladium(II) chloride precursor was dis solved in an excess of concentrated hydrochloric acid in order to form the H2PdCl4 compound. Excess of hydrochloric acid and water was removed under reduced pressure. The solid obtained was finally dissolved in water. The aqueous H2PdC14 solution was added to a suspension of the support in water. Water was eliminated by using a rotary evaporator under reduced pressure. The sam ple was dried overnight at ll0°C, then calcined for a few hours under a flow of nitrogen at 500°C and finally reduced by hydrogen for 12 hat the same tem perature. The palladium content deduced from chemical analysis was 1. 93 wt.-%.

Catalytic activity measurements

Details of the catalytic tests have been previously published [ 12]. The cat alyst sample (200 mg) was reduced "in situ" at 500°C under a hydrogen flow. It was submitted to a 6 1 h-1 flow of methane and oxygen, highly diluted in nitrogen. The methane concentration remained constant (1 vol.-%) whereas the oxygen amount was varied between 2 and 0.66 vol.-% in order to lead to the following oxygen-to-methane ratios: 4, 2, 1 and 0.66 (the stoichiometric oxygen-to-methane ratio is equal to 2).

The catalytic activity was measured for 4 h at each temperature which was increased by steps of 50°C. Unconverted methane as well as the products of reaction (CO and C02) were analyzed by gas chromatography, CO and C02 being converted into methane by using a Ni/MgO methanation catalyst. In some experiments, a gas chromatograph equipped with a thermal conductivity detector and molecular sieve column was used for hydrogen analysis.

The influence of water addition was studied as follows: water was added into the reactants feed with a glass syringe (2 ml) by means of a microfeed pump and different flow-rates of water were achieved by selection of different output positions on the pump micrometer. Liquid water was fed through a 1/4 in. 0 .D. pipe heated at ll0°C, and instantaneously vaporized. The homogeneous mix ture of reactants and steam was then flushed through the reactor.

RESULTS AND DISCUSSION

Following reduction by hydrogen at 500 ° C, and purging by a flow of nitrogen at the same temperature, the sample was cooled down to between 200 and 300°C. Reactant gases (methane, oxygen and nitrogen with a total flow of about 6.3 l/h) were passed through the catalyst bed and the catalytic activity was measured according to the procedure described in the experimental part. The freshly reduced catalyst will be denoted as state I. For each oxygen-to methane ratio, after obtaining a 100% conversion level, the reaction temper ature was increased to 600 ° C, and the system was maintained under the reac tants mixture for 12 h. Then the sample was purged under a flow of nitrogen at the same temperature and cooled to 25 ° C. The catalyst obtained after such a treatment will be called state II in the subsequent sections of this paper.

Oxygen rich and stoichiometric mixtures

Fig. 1 shows the variation in the rate of methane combustion (in mols of methane per hour and per mol of introduced palladium) as a function of the reaction temperature over the freshly reduced Pd/ Al20 3 sample. The catalyst was studied under an oxygen rich atmosphere corresponding to a oxygen-to methane ratio of 4 and under a stoichiometric atmosphere ( oxygen-to-meth ane ratio of 2). The catalytic activities were identical for the two oxygen-to methane ratios. The reactions started at a temperature between 300-350°C, and the 100% conversion level was reached at ca. 500°C. For both oxygen-to methane ratios, the conversion increased continuously with the reaction time for a given temperature within the range 435-460°C. This is illustrated by the vertical segments in the curve plotted by a dotted line (in Fig. 1).

The catalytic activity of Pd/ Al20 3 in state II was measured under the same conditions as those used for the catalyst in state I. Fig. 2 shows the variations in catalytic activity as a function of the temperature. The catalyst in state II was more active than in state I. The conversion of a catalyst in state II began at a lower temperature, i.e., 210 instead of 310°C for the catalysts in state I.

Similarly the temperature of 50% conversion was ca. 375 instead of 445 ° C for the catalyst in state I. As for the fresh sample, an increase in catalytic activity with time at a given temperature was observed in the 340-390°C range, i.e., at a lower temperature than in the case of the sample in state I. The values of the apparent activation energy for low conversion levels were comparable for both oxygen-to-methane ratios. These values were close to 100 kJ / mol for the fresh sample (state I) and close to 7 5 kJ / mol for the sample in state II.

Several explanations have been proposed to explain this increase in activity. Reconstruction of palladium oxide crystallites has been proposed as a cause of the catalytic activation [ 8]. In a previous paper [ 11], similar results have been reported on alumina supported platinum; it was postulated that changes in the reactivity of adsorbed oxygen could be responsible for the enhancement of the catalytic activity in state II.

Further investigations by nanodiffraction and transmission electron mi- croscopy (TEM) studies [15] have shown that platinum particles grow epi taxially on alumina with Pt (llO) planes parallel toy-alumina (110) planes.

The preferential exposure of Pt (llO) planes in the aged sample as opposed to the freshly reduced one was considered to be responsible for the increase in catalytic activity. This might also be the case with our alumina-supported pal ladium catalyst. It might be suggested that modification of preferentially ex posed palladium planes could have occurred under the mixture conditions of the reactants [21].

The similarity of the catalytic activity of alumina-supported palladium ob served under oxygen rich or stoichiometric methane-oxygen ratio conditions, is in agreement with the results reported on methane combustion [ 22,[START_REF] Golodets | Heterogeneous Catalytic Reactions Involving Molecular Oxygen[END_REF] where the reaction rate is generally found to be independent of oxygen pressure.

Methane oxidation in oxygen deficient mixtures

The methane oxidation was then studied for mixtures of reactants deficient in oxygen. Two oxygen-to-methane ratios have been studied: 1 and 0.66. 02/CH4=1 Fig. 3 shows the evolution of the rate of methane oxidation with the reaction temperature. As previously mentioned for oxygen-to-methane ratios of 4 and 2, the catalytic activity increased with time at a given temperature, the catalyst was also more active in state II than in state I.

Under oxygen-rich as well as under stoichiometric conditions, the only prod uct is carbon dioxide, carbon monoxide never being detected. However the analysis of the effluents obtained with the oxygen-to-methane ration equal to 1 revealed the presence of CO, H2 and C02• This is illustrated in Fig. 4 where the methane conversion increased with temperature while C02 selectivity de creased in favour of CO formation. The evolution of partial pressures of meth ane, carbon monoxide and carbon dioxide are given in Fig. 5. The diagram can be divided in to three parts: The first one (part A) corresponds to the exclusive conversion of methane into C02 and water, as long as the reactant mixture contains oxygen; this means that the methane conversion level is still below 50%. The half methane conversion corresponding to the full oxygen con sump- tion is reached at a temperature of about 450°C. At higher temperature (450°C<T<550°C), when all oxygen has been consumed, the C02 pressure is constant while CO pressure increases at the expense of methane pressure (part B ). For temperatures higher than 550°C (part C ), both C02 and meth ane pressures decrease while that of CO increases.

02/CH4=0.66

With such a substoichiometric oxygen-to-methane ratio, C02 was the only product until oxygen was fully consumed. For a methane conversion level close to 33% (between 365 and 400°C) there is no more oxygen in the feed. When the conversion exceeds this value, the formation of CO was observed while C02 pressure remained constant in the temperature range 400-475°C. CO became the main product (with a selectivity of 75% ), for higher temperatures at the expense of C02 formation, (Fig. 6). The amount of water produced from meth ane combustion under these conditions is lower than that obtained for an ox ygen-to-methane ratio of 1. This can influence the evolution of the reaction.

With the two oxygen-to-methane ratios investigated in the present study, the catalyst produced CO and C02 under the same conditions. The highest yield (selectivityxconversion) of CO was obtained when the oxygen-to-meth ane ratio was lower ( 0.66). Unlike the stoichiometric oxygen atmosphere, where methane was com pletely converted at high temperature, the results obtained under stoichiomet ric conditions showed that methane was still present especially for the less oxygen containing 02-CH4 mixture. In all cases, a carbon balance was ob served suggesting that no carbon deposition on the catalyst occurs.

The most striking feature of the results described above is the formation of CO at low temperatures, (below 400°C), when oxygen was completely con sumed under substoichiometric oxygen conditions. Without a deficit of oxy gen, methane is usually completely oxidized on palladium and platinum which are combustion catalysts. After the total consumption of oxygen, it may be expected that unburnt methane would be observed. The formation of CO would be due to an incomplete methane oxidation by either oxygen remaining ad sorbed on palladium or by oxygen contained in a palladium oxide phase. But the amount of oxygen so available is too low, taking into account the palladium content as well as the flow of reactants. Thus the incomplete combustion of methane is unlikely to occur under these conditions.

Water produced during the first stage of the reaction, i.e. methane oxidation, could be another source of oxygen. Thus, the influence of water addition has been investigated with regard to methane conversion and C02 selectivity.

Introduction of water

In order to study the effect of water on the catalytic behaviour, some exper iments were carried out on a Pd/ Al203 catalyst under substoichiometric oxy gen conditions. In a first experiment, the activity was measured at low conver sion, i.e. at low temperature (with both methane and oxygen present in the gas mixture), and compared with that obtained when water was added to the reac tants mixture. The values of methane conversion and C02 selectivity are given in Table 1. An increase in the C02 selectivity was observed in the presence of water whatever the temperature below 500°C for the two oxygen-to-methane ratios (0.66 and 1.0). Nevertheless, the methane conversion is not greatly af- fected by the introduction of water for the oxygen-to-methane ratio equal to 1. A slight increase in methane conversion was observed for the oxygen-to-meth ane ratio equal to 0.66. This result suggests that the addition of water favours C02 formation whatever the oxygen-to-methane ratio.

A second experiment was performed using methane, oxygen and water as reactants mixture. The methane conversion was measured in the presence of all the components and compared to that obtained when the oxygen was cut off, so only methane and water were present in the gas feed. For this purpose the water content used was below 7% to avoid some loss in activity. The results are given in Table 2. They show a slight variation in activity, without catalyst deactivation (due for instance to carbon deposition) . Moreover CO and C02 were produced although oxygen was no longer present in the feed.

These results suggest that oxygenated products do not need the presence of oxygen but can be produced by a reaction between methane and water accord ing to the two well known reversible reactions: the steam reforming reaction (A) and the water-gas shift reaction or WGS (B):

(A) CH4+H20�C0+3H2 AH=206 kJ/mol (B) CO+H20�C02+H2 AH= -41 kJ/mol
The reforming process is strongly endothermic, so it is favoured by high temperature while the WGS reaction is exothermic and is favoured by low temperature.

Under the experimental conditions, the methane steam reforming and water gas shift reactions are thermodynamically possible in the 400-600 ° C temper ature range. The evolution of equilibrium constants of both reactions are given in Fig. 7. It was calculated that when the temperature was increased the equi librium constant (KA) of the steam reforming reaction was strongly increased, whereas the decrease of the equilibrium constant, (KB) of WGS was rather smooth. If only reaction (A) is considered, the methane conversion increases with temperature while C02 pressure is unchanged and CO pressure increases. According to reaction (B), C02 partial pressure must decrease when the tern- perature increases and we have verified, in our experimental conditions, that the sum of the CO and C02 partial pressures remains constant when the con version increases.

In addition, the influence of water pressure on the catalytic behaviour was also investigated. For a Pd/ Al203 sample in state I with an oxygen-to-methane ratio of 0.66, the water content varied from 0 to 2.8 vol.-% for a reaction tem perature within the range of a complete oxygen consumption ( 493 ° C). Fig. 8 shows the evolution of the CH4, CO and C02 pressures as a function of the amount of introduced water. By increasing the water partial pressure, methane conversion increases and C02 formation is favoured, while the formation of CO is reduced. The increase of the methane conversion in the presence of water is necessarily due to the steam reforming reaction. Carbon monoxide so pro duced is then converted into C02 by the water-gas shift process. In conclusion, the formation of C02 is favoured by the presence of water at 493 ° C.

Methane steam reforming reaction

From the previous experiments, the Pd/ Al203 solid might be considered as an active catalyst in the methane steam reforming and water-gas shift reac-tions. From a fundamental point of view, CO does not seem to be an interme diate of methane oxidation. Many results concerning numerous kinetics stud ies of methane steam reforming have been published [24][25] and Ni/ Al203 has been recognized as the most suitable catalyst for the steam reforming of hydrocarbons ( syngas production).

In the following section, the activity of a Pd/ Al20 3 catalyst was investigated in the methane steam reforming reaction in the same experimental conditions as previously described.

The variation in CH4, CO, C02 and H2 pressures as a function of the reaction temperature using a fresh Pd/ Al20 3 sample, (state I), is shown in Fig. 9. The reaction began at a rather low temperature (ca. 350 ° C) and the conversion increased with the temperature. A maximum conversion level (90%) was reached at ca. 780 ° C. At a given temperature the activity did not change with time, in contrast to the observed behaviour in methane combustion. The se lectivities appeared to be dependent on the temperature. Below 480°C, C02 was formed in larger quantities than CO. It was also observed that at a tem perature of about 500°C, the C02 pressure is approximately equal to that of CO. A corresponding increase in the production of hydrogen occurred with the increase in temperature, together with an increase in carbon monoxide for temperatures higher than 500 ° C (CO increased at the expense of methane and C02) . This ev o lution is in accordance with the thermodynamics of reactions (A) and (B). At high temperatures, the steam reforming equilibrium is shifted towards CO and C02 formation; under the same conditions the reverse water-gas shift reaction also occurred leading to C02 consumption (formed by previous water gas shift reaction) , and hydrogen formation (produced also by the methane steam reforming reaction). So the equilibrium (B) was shifted towards CO formation. At temperatures higher than 600°C, the amount of C02 in the ef fluent was rather low; methane was mainly converted into CO and hydrogen. The experimental Hr to-CO ratio was equal to 2.8, i.e. close to the theoretical value expected for the steam reforming reaction (H2/C0=3) . Methane con version was bel. ow 100% even at high temperature. Two hypotheses could be proposed to explain such a behaviour:

(i) the reversibility of the (A) reaction towards methane formation in the presence of a large amount of CO and hydrogen;

(ii) due to the presence in the effluents of C02 obtained by the water-gas shift, reaction (A) occurs with a deficit of water compared to the initial stoi chiometric mixture.

Additional experiments were carried out on the steam reforming reaction using a supported palladium catalyst in state II. State II was obtained, as in the case of methane combustion, by heating the sample under an oxygen-to methane ratio (02/CH4= 1) highly diluted in nitrogen at 600°C for 12 h. The rates of methane conversion in the steam reforming reaction for states I and II are shown in Fig. 10. The catalyst in state I is more active than in state II; such a behaviour is in opposition with the results obtained for methane combustion. The variations of the activity and selectivities as a function of the temperature are similar for both states of the catalyst.

The decrease in activity observed in state II is not associated with a catalyst deactivation, because carbon deposition was not observed. Such a behaviour is not clear at the present time: the steam reforming could be a structure insen sitive reaction. The sintering of the metal crystallites which occurs during the transformation from state I to state II results in a decrease of the number of available active sites. The new sites developed in state II are responsible for the higher activity in methane combustion. They do not exhibit a similar behaviour for methane steam reforming.

•

CONCLUSIONS

In the methane oxidation reaction, whatever the oxygen-to-methane ratio, a Pd/ Al203 catalyst in state II was found to be more active than in state I.

For substoichiometric oxygen atmosphere ( 02/CH4 < 2), CO formation was observed as soon as oxygen had been consumed. It becomes the main product for the lowest oxygen-to-methane ratio (r=0.66).

The changes in products selectivities are due to the methane steam reforming reaction. This have been confirmed by the introduction of an excess of water into the reactant mixture.

A Pd/ Al203 catalyst can be considered as an active component in the partial oxidation of methane and in the methane steam reforming reaction at a lower temperature than that needed for the industrial steam reforming catalysts based on nickel.
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 1 Fig. 1. Catalytic activity of the Pd/ Al203 sample in state I with two oxygen-to-methane ratios: 02/CH4=4 (0) and 02/CH4=2 ( + ) .
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 2 Fig. 2. Comparison of the rate of methane oxidation over Pd/ Al203 samples in state I ( D) and state II ( 0) for oxygen rich mixture (02/CH4=4).
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 34 Fig. 3. Variation of methane oxidation rate with reaction temperature on Pd/ Al203 samples in state I ( 0) and state II (Li ) for oxygen deficient mixture ( 02/CH4 == 1).

Fig. 5 .

 5 Fig. 5. Evolution of partial pressures of CH4 ( D), C02 ( 0) and CO (A ) as a function of the reaction temperature over a Pd/ Al203 sample in state II and for oxygen deficient mixture ( 02/ CH4=1) .
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Fig. 6 .

 6 Fig. 6. Evolution of partial pressures of CH4 ( D ) , C02 ( 0) and CO ( .6. ) as a function of the reaction temperature over a Pd/ Al203 sample in the state I and for oxygen deficient mixture ( 02/ CH4=0.66) .

Fig. 7 .

 7 Fig. 7. Equilibrium constants KA (methane steam reforming reaction) and KB (water-gas shift reaction) as a function of the temperature.

Fig. 8 .

 8 Fig. 8. Changes of partial pressures of CH4 ( 0 ) , C02 ( 0) and CO (!::,.)as a function of the amount of added water for an oxygen-to-methane ratio equal to 0.66.

Fig. 9 .

 9 Fig. 9. Methane steam reforming reaction with a CH4/H20 ratio equal to I. Partial pressures of CH4 (D ), C02 (0 ), CO (t;) and H2/3 (& ).

Fig. 10 .

 10 Fig. 10. Pd/ Al203 activities in state I ( e) and state II ( O) for the methane steam reforming reaction ( CH4/H20 ratio equal to 1) .

  

TABLE 1

 1 Influence of water addition on the catalytic properties in methane oxidation with oxygen deficient mixtures

	Amount of water (vol.-%)	T (°C)	Orto-CH4 ratio	CH4 conversion ( % )	C02 selectivity ( % )
	0		433	1		67	84
	2.8		433	1		65	91
	7		433	1		65	93
	0		456	1		67	79
	7		456	1		72	92
	0		498	0.66		80	43
	1.4		498	0.66		82	74
	2.8		498	0.66		89	85
	TABLE2				
	Methane conversion on Pd/ Al203 in the presence of water with oxygen deficient mixtures. Influ
	ence of oxygen cut off		
	Water (vol.-%)	Oxygen (vol.-%)	T (°C)	CH4 conversion ( % )	C02 selectivity ( % )
	1.4	0.66		498	82	74
	1.4	0		498	61	43
	7	1		600	71	86
	7	0		600	74	74
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