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4BSTRACT 

Experiments using gas mixtures of 02, C,H, or C,H, and CH, or He have been carried out with 
EI Li !MgO catalyst using a well-mixed reaction system which show that the total oxidation prod- 
,Icts. CO and CO,, are formed predominantly from ethylene, formed in the oxidative coupling of 
methane It is therefore concluded that the network of reactions taking place during oxidative 
c*oupling of methane over a Li-doped MgO catalyst can be simplified to a serial reaction scheme: 
c_‘H, +C,H, +C,H,+CO,. Additional experiments have shown that the rates of gas-phase oxi- 
dation reaction of C2H, and C,H, are lowered by the presence of excess CHI or by alkali metal 
carbonates. 

11’TRODUCTION 

In the oxidative coupling of methane to give higher hydrocarbons, it is im- 
portant tn suppress kinetically the rates of formation of carbon oxides relative 
to those of the desired products as the formation of carbon oxides is thermo- 
dynamically more favourable. A general reaction scheme for the reactions lead- 
ing to the formation of CPHB, C,H, and total oxidation products, CO, (i.e. CO 
and CO, I is shown in Fig. 1 [l-3]; this is a network in which CO, may be 

Fig. 1 General reaction scheme for the oxidative coupling of CH, to C2Hs and C,H,. 
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formed both directly from the reactant methane (i.e. parallel to the desired 
reaction) as from the C2 products (i.e. a consecutive path). It is important to 
gain a clear idea of the relative importance of each of these steps as such an 
understanding might lead to the development of more selective catalyst. A 
number of proposals have been made concerning the reaction network for var- 
ious catalyst systems, For example, Ito et al. [l] and Otsuka et al. [2] have 
proposed a parallel mechanism for the case of Li/MgO and Sm,O, catalysts 
respectively. Basing their arguments on measurements of the rates of total 
cata!\tic oxidation of ethane or ethylene compared to that of methane at tem- 
peratures of GlO--62O”C, both sets of authors concluded that CO and CO, are 
formed directly from methane (reaction 5 of Fig. 1). 

La hinger and Ott [ 41 and Sofranko and co-workers [ 5,6], who studied sup- 
ported Mn,O ( catalysts using cyclic modes of operation, assume however that 
further oxidation of the higher hydrocarbons formed takes place, especially at 
higher conversions This conclusion was based on measurements showing the 
effect of residence time on product selectivity: extrapolation back to zero res- 
idence time resulted in 100% selectivity for ethane. Results from our labora- 
tory have also shown that total oxidation reactions of ethane and ethylene play 
an important role in the formation of total oxidation products [ 71. We found 
that the addition (in low concent,rat,ions) of ethane or ethylene to a methane/ 
oxygen gas mixture used as the feed to a Li/MgO or Ca/Sm,O, catalyst re- 
sulted in a decrease of the methane conversion by competition between the C, 
molecules and methane for the available oxygen; the oxygen conversion was 
total or? all th.e experiments We argued that this indicates that ethane and 
ethylene are more reactive with oxygen (to give CO, and water) than is meth- 
ane These results tended to favour a sequential mechanism. The assumption 
that the Cz products are intermediates in the route to total oxidation products 
explained the previous observation that better C, selectivities were obtained 
in a plug flow reactor than in a reactor where some back-mixing occurred [S]. 

Ths article reports the results of experiments aimed at determining the rel- 
ative Importance of the individual reactions in the overall reaction scheme of 
Fig. 1 It ~111 be shown that reactions 3 and 4 are catalysed by the Li/MgO 
catalvst, and that, these reactions also take place in the gas phase at higher 
reaction temperatures. The rate of these gas-phase oxidation reactions is low- 
ered by the presence of excess methane or alkali metal carbonates. 

EXPFRIMENT -21, 

RPW non sysbms 

The majority of the experiments have been performed in a recycle system, 
described in detail elsewhere [ 9 ] I The reaction system behaves as a gradient- 
less reactor with respect to gas-phase concentrations, this being achieved by 
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external recirculation of the product gas using a membrane pump. Various 
different gases may be fed to the reaction system: 02, CH,, CzH4, COz, CO and 
He By adjusting the concentration of any one or more of these gases in the 
feed, its concentration in the catalyst bed can be kept at a desired value. 

The experiments aimed at the determination of the effect of alkali carbon- 
ates on the rate of oxidation of C&H6 and C2H4 (see Results and Discussion) 
were performed in a tubular (fused alumina) single-pass flow reactor with a 
heated length of 40 cm. A small bed of 500 mg Na,CO, or K ,CO, (bed length 
i 4 ) was placed in the middle of the reactor. A gas mixture containing 2.8 kPa 
of C,H, or C,H, or C&H, and 3.6 kPa of O2 (balance He, total pressure= 101 
kPa) was fed to the reactor (flow-rate 3.3 cm3 s-’ (STP) ). 

The same Li/MgO catalyst was used as was used in the experiments de- 
scribed in previous publications [9,10]. 

RESlJLTS 4ND DISCUSSION 

Experiments at 72O”C, determination of the reaction path 

As outlined in the introduction it is important to understand the source of 
the total oxidation products. A number of experiments in which the effect of a 
variation of the partial pressure of CH,, C2H, and C&H, (at a constant partial 
pressure of oxygen) on the rate of formation of total oxidation products (CO,) 
was determined have therefore been performed with a Li/MgO catalyst using 
rhe recycle system. The results are shown in Table 1. The reaction temperature 
was chosen to be 720’ C as previous experiments [ 71 have shown that the rates 
of gas-phase oxidation reactions of CH4, C&H6 and C&H4 are negligible under 

TARLE 1 

Rate of formation of CO and CO, ii. &&ion experiments, in which the reactor was filled with 
,500 mg of LI /MgO catalyst, T= 720’ C 

Hydrocarbons in reactor feed 

1: C,H, 2 : CH,/C,H, 3 : C,H, 4: CH,/C,H, 5:CH, 

5.4 5.7 5.8 5.5 5.6 
0.3 103.3 0.5 100.9 113.5 
0.0 1.4 7.6 7.5 2.1 
6.3 6.3 6.1 6.5 1.9 

R , ‘), ‘lo-’ mol-SK’ 3.9 4.0 4.0 4.5 2.1 



these conditions. The initiation of the reactions of the hydrocarbons is thus 
strictly catalytic at this temperature; we cannot however exclude the possibil- 
Ity that the hydrocarbon radicals formed by the catalyst may react further in 
the gas phase. 

The five columns in Table 1 represent five different experiments. The first 
four rows give the partial pressures of 02, CH,, C&H, and C,H, as measured at 
the exit of the reactor; as the reactor is practically gradientless (see above), 
these concentrations can be taken to be the concentrations throughout the 
reactor. The last row gives the rate of CO,-formation for all the experiments. 
In the first experiment, the gas feed consisted of a mixture of O,, C&H4 and He; 
m the second of 02, CH, and C&H,; in the third of 02, C2H, and He; in the 
fourth of O,, C2Hs and CH,; and in the fifth of 02, CH, and He. In all cases, 
the concentrations of 0, in the reactor feed was adjusted to maintain the same 
partial pressure in the catalyst bed; further, almost the same partial pressures 
of C&H, and C,H, were used in the first and second and the third and fourth 
experiments, respectively. Making use of the results of Table 1, the following 
ohservatlons can be made regarding the reaction network shown in Fig. 1: 

(i) The relative importance of reaction 5, i.e. the formation of CO, directly 
from methane, can be derived by a comparison of columns 1 to 4 of Table 1. It 
can be seen that a variation by a factor of 340 of the partial pressure of methane 
in the (ideally mixed) reactor (columns 1 and 2) does not affect the rate of 
CO, formation. We therefore conclude that the contribution of reaction 5 is 
negligible in the case of the Li/MgO catalyst under these conditions. 

(ii) The importance of reaction 2, i.e. the formation of CO, from ethane, can 
also be derived from a comparison of columns 1 to 4 of Table 1. A change of 
the partial pressure of ethane from zero (column 1) to 7.6 kPa (column 3) 
hardly affects the rate of CO, formation. We therefore also conclude that there 
is a negligible contribution from reaction 2 to the overall reaction scheme. The 
rate of CO, formation thus appears only to be affected (at least in this series 
of experiments carried out at constant temperature and oxygen partial pres- 
sure ) by the partial pressure of ethylene; compare the results of column 5 with 
those of the other columns of the table. In the experiment of column 5, the 
partial pressure of ethylene is lower than in the other experiments and this is 
the only experiment with a significantly lower rate of CO, formation. We there- 
fore propose that the overall reaction scheme for the reactions taking place in 
the oxidative coupling of methane in the presence of a Li/MgO catalyst at a 
reaction temperature of 720” C can be simplified to the sequential reaction 
scheme shown in Fig. 2. 

It has been shown earlier [ 91 that the oxidative coupling reaction of meth- 

c ~1~ - c2tie - c2n, -cox 

Fig. 2. Reaction scheme for the ox&dative coupling of methane over a Li/MgO catalyst (T= 720°C 1. 
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ane over a Li/MgO catalyst may be described by an Langmuir-Hinshelwood 
type mechanism in which competitive adsorption of 0, (and possibly CH,) on 
the active sites of the catalyst plays an important role. We can now also con- 
clude that the oxidation reactions of C,H, and C,H, at 720°C are also accel- 
erated by the Li/MgO catalyst, as the gas-phase reactions of these molecules 
are negligible at this temperature. It is not yet clear whether or not these re- 
actions take place on the same sites at which the activation of methane occurs 
or on separate (total oxidation) sites. If molecules other than methane (e.g. 
C,H, and C2H4) react on the sites which cause the activation of methane, the 
adsorption of these molecules (i.e. in competition with methane) should also 
be incorporated in the detailed kinetic expression for the reaction. 

Reacttons at 800” C 

It has been shown above that at a reaction temperature of 720°C the total 
oxidation products are formed solely from C,H,. At this temperature, the rates 
of gas-phase oxidation reactions of CH,, C2H6 and C&H4 are negligibly low 
under our conditions. However, at a reaction temperature of 800°C gas-phase 
oxidation reactions are likely to be of more importance [7] and to compete 
with the catalytic reactions. It is therefore interesting to attempt to obtain the 
reaction network at this temperature also. It will be shown below, however, 
that an effect of methane on the rates of the total oxidation reactions of C,H, 
and C,H, in the gas phase [ 111 makes it difficult to reach such definite con- 
clusions as were reached for reactions at 720 o C. 

Experiments with a reactor packed with quartz 
The effect of the presence of excess methane on the rate of oxidation of 

ethylene in the absence of a catalyst is shown in Table 2; these measurements 

TABLE 2 

Rates of production of CO and CO, in oxidation experiments in which the reactor was filled with 
quartz, T=800’C 

Hydrocarbons in reactor feed 

1: C,H, 2 : CH,/C,H, 

PopI Wa 3.0 2.9 
PCHJ Wa 1.4 117.8 
PMI Wa 0.1 0.3 
PM+/ kPa 3.3 3.3 

R co,/lO-’ mol.s-l 6.2 0.8 
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were performed in the recycle system at a temperature of 800°C with a bed of 
quartz particles replacing the catalyst bed. The experiment shown in column 
1 clearly indicates that the rate of total oxidation of ethylene in the gas phase 
is relatively high if the methane concentration is low. (It is here assumed that 
quartz is catalytically inactive [7]; see also below.) The gas-phase oxidation 
of ethylene thus takes place readily at 800°C. However, if the concentration of 
methane is increased, the concentration of oxygen and ethylene being kept the 
same, the rate of CO, formation is much diminished: see column 2. Analogous 
results to those shown in Table 2 were achieved with ethane in place of ethylene. 

Experiments with a catalyst 
Table 3 shows similar experiments to those given in Table 2, the reaction 

temperature again being 800°C; however, in this case the reactor contained 
the Li/MgO catalyst (500 mg). Comparison of the rates of CO, formation in 
the two experiments of Table 3 shows that the inhibiting effect of excess meth- 
ane (i.e. the differelzce in the rates of CO, formation with and without excess 
CH,) on the rate of total oxidation of ethylene is still present, but that it is less 
pronounced. Analogous results to those shown in Table 3 were obtained when 
ethane was used in place of ethylene. 

The fact that the inhibiting effect of methane on the rate of ethylene oxi- 
dation is smaller in the presence of the Li/MgO catalyst than in the presence 
of quartz (only gas-phase reactions) can be explained by suggesting that the 
presence of excess methane lowers only the rates of the gas-phase oxidation 
reactions of the C2 products, while the rates of the catalytic reactions of these 
compounds are not significantly influenced by methane. At a temperature of 
800” C with a Li/MgO catalyst present, both gas-phase and catalytic reactions 
probably take place. Accordingly, the presence of excess methane will have a 
smaller effect on the rate of ethylene oxidation in the experiments with the Li/ 

TABLE 3 

Rate of formation of CO and CO, in oxidation experiments, in which the reactor was filled with 

500 mg of Li/MgO catalyst, T=800”C 

Hydrocarbons in reactor feed 

PO.,/ kPa 

PcHII kPa 

PC& kPa 

Pc&kPa 

1: CPH, 2 : CH,/C,H, 

2.2 2.2 

0.4 119.1 

0.1 1.6 

3.7 3.7 

&o,/lO- mol*s-’ 6.4 4.7 
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MgO catalyst present than in the case of a reactor filled with quartz particles: 
with the catalyst, the reactions will take place in the gas phase only to a limited 
degree. At a reaction temperature of 720’ C, when the rates of gas-phase oxi- 
dation reactions of CH*, C&H, and C&H4 are negligible (see above), it would 
thus be expected that the presence of excess methane has now no effect on the 
rates of the oxidation reactions of C2H6 and &H,. Table 1 (see above) shows 
that this is indeed the case; compare columns 1 and 2 and columns 3 and 4. 

The inhibiting effect of methane on the rate of gas-phase oxidation of ethane 
and ethylene can be explained by a reduction of the number of active chain 
carriers (or replacement of active chain carriers by less active ones) in the 
propagation steps of the chain reactions taking place. In these reactions, rad- 
icals such as H, 0, OH, as well as hydrocarbon radicals play an important role 
[ 121. Removal of these radicals (by the CH4 or a product of the CH,) will thus 
lead to a lower rate of oxidation of the hydrocarbon. This explanation is anal- 
ogous to the explanation which has been advanced for the observed inhibition 
of the Hz/O, reaction by various hydrocarbons, including methane [ 131: in 
this case, the hydrocarbon RH reacts with a H radical to form an R radical and 
Ha. 

RH+H+R+H, (1) 

If ethane or higher hydrocarbons are added to a HZ/O, mixture, reaction (1) 
leads to chain termination as the alkyl radicals (&HZ, C3H7, etc.) have low 
reactivity [ 131. In the case of methane however, an active CH, radical is formed 
with is capable of continuing the reaction chain by reaction (2 ): 

CH,+O,+HCHO+OH (2) 

Although the reactive OH radical is formed, the all-over effect is inhibitory as 
formaldehyde is also formed in reaction ( 2 ) [ 131; formaldehyde has been shown 
to be extremely effective as an inhibitor, bringing about the removal of chain 
carriers [ 141. We suggest that this explanation may also be applied to the case 
of the lowering of the rates of gas-phase reaction of CzHB and C,H, caused by 
the presence of excess CH,. In the experiments reported in Table 2, the form- 
aldehyde concentration is probably much higher in the case of excess CH4 
(column 2 ) than in the case of excess He (column 1) ; this may thus explain 
the inhibiting effect of excess CH, on the oxidation of C&H, and C2H4. 

The surpressing effect of methane on the rate of C, oxidation at a reaction 
temperature of 800 o C makes it impossible to drawn conclusions regarding the 
importance of formation of CO, direct from methane (reaction 5 of Fig. 1) 
compared to that from the C2 products (reactions 2 and 4); this is because the 
partial pressure of methane cannot be varied without having an effect on the 
rates of reactions (2) or (4). (In the experiments of Table 1, the methane 
concentration was varied over a wide range to determine the contribution of 
reaction 5 to the total reaction network). Although we have shown earlier [ 71 
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that the oxidation reactions of the Cz products at 800°C are very important, 
we cannot exclude on the basis of the results shown above that some formation 
on CO, direct from CH, may occur at temperatures above 720’ C; however, we 
believe that it will be a relatively small contribution. 

Effect of alkali carbonates on the rates of total oxidation reactions of ethane 
and ethylene 

It has been reported in the literature that the oxidation of hydrocarbons in 
a flame may be retarded by injecting e.g. finely powdered Na,CO, into the 
flame [ 12,15]. Many other compounds may also be active as flame retardants, 
e.g. KzS04, NaCl, CuCl, NaHCO, or KHCOB [ 15,161. This flame retarding 
effect of the alkali carbonates has been explained in two ways: (i) there is a 
thermal inhibition, in which the decomposition of Na,CO, absorbs heat from 
the flame, thus lowering reaction rates [ 61; (ii) there is a chemical inhibition 
in which alkali hydroxides are believed to be formed from the carbonate, these 
reacting with a hydrogen radical (a very reactive chain carrier) to form the 
alkali metal atom and water [ 12,15,17]. The alkali hydroxide is reformed by 
the reaction of the alkali metal with an (also very reactive) OH radical. The 
rate of the oxidation reaction is thus lowered by the removal of active chain 
carriers. 

The effect of Na&03 and K,CO, on the rate of oxidation of ethane and 
ethylene in the gas phase was investigated in a single-pass flow reactor with a 
small bed of 500 mg of Na,C03 or K&O3 (see Experimental) and the results 
were compared with those of reaction without added alkaline carbonate. Fig. 3 
shows the oxygen conversion of the reaction of ethylene with oxygen as func- 
tion of the reaction temperature in four situations in which the reactor was 
filled with a bed of Na,CO,, K&O3 or quartz or in which a clean empty reactor 

Fig. 3. The oxidation of C2H, in a single-pass tubular reactor, with an without alkali carbonates 
present in the reactor: oxygen conversion as a function of reactor temperature; (0 ) empty, ( l ) 
quartz, (V ) Na,CO,, (A ) K&O,. 
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was used. The experiment with the bed of quartz particles was performed so 
that exactly the same residence time was obtained as in the experiments with 
a bed of alkali carbonate. This experiment resulted in exactly the same oxygen 
conversion (as a function of the temperature) as in the experiment with the 
empty reactor. As the bed fills only a small part of the reactor tube and there 
has been a small change in the empty volume (but a large change in surface 
area due to the addition of quartz particles which have a large surface area 
compared to the reactor wall), we can conclude (see earlier) that quartz is 
catalytically inactive. Fig. 3 clearly shows that the presence of Na,CO, or K&O, 
lowers the total oxidation rate of ethylene, even though only a small part of 
the volume of the reactor is filled with the alkali carbonate. Analogous results 
were obtained for the oxidation of ethane. 

The first explanation of the flame retarding effect of alkali carbonates, i.e. 
that there is a removal of heat from the flame (see above ), is not applicable to 
this experiment as the temperature in the reactor is kept constant by the oven 
and the bed of alkali carbonate only takes up a small part of the reactor. The 
second, chemical explanation is therefore favoured: the alkali carbonates are 
volatilized and reduce the number of chain carriers of the oxidation reaction, 
thereby lowering the reaction rate. We thus conclude that the rates of the gas- 
phase oxidation reactions of ethane and ehtylene are lowered by the presence 
of Na,COZ or K&O,. L&CO, probably has the same effect but could not be 
used for these experiments because it melts under the conditions used. How- 
ever, it is not only in the gas phase that addition of alkali promoters lowers the 
oxidation rate of CZ products. It is known from the literature [ 1] that the 
addition of alkali promoters to MgO lowers its total oxidation activity, favour- 
ing the formation of C, products; this reaction is thought to proceeding the gas 
phase near the surface of the catalyst [ 11. It has been shown above that in the 
case of a Li/MgO catalyst, the formation of CO, proceeds through C&H,. The 
beneficial effect of alkali addition on the selectivity of an MgO catalyst may 
thus partly be explained by a decrease by the alkali promoter of the rate of 
oxidation of C&H, at the catalyst surface as well as in the gas phase, in a way 
analogous to that outlined above. 

CONCLUSIONS 

(i) The reactions taking place during the oxidative coupling of methane in 
the presence of a Li/MgO catalyst at a reaction temperature of 720°C follow 
a sequential reaction scheme, as shown in Fig. 2. 

(ii) The gas-phase total oxidation of ethane and ethylene is retarded by the 
presence of excess methane and of alkali carbonates. 
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