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The effects of the partial pressures of oxygen and methane as well as temperature on the rates 
of C2 hydrocarbon formation, carbon oxide formation, and total methane conversion in the oxidative 
coupling of methane over a NaOH/CaO catalyst were studied at differential operating conditions 
in a microcatalytic fixed-bed reactor. Temperature and partial pressures of the reactants were varied 
within the following ranges: 933 K -< T -< 1033 K, 5 kPa <- P~H 4 -- 80 kPa, 0.3 kPa <- P~2 -< 20 kPa. 
The rate of CO x formation was of 0.5 order in methane as well as in oxygen; the rate of C2 
hydrocarbon formation was first order in methane while it passed through a maximum with respect 
to oxygen partial pressure. The rate of methane conversion was well described by a power-law rate 
equation. Mechanistic assumptions derived from these kinetic results and corroborated by kinetic 
isotope effects are presented. In addition, kinetic equations for C2 hydrocarbon formation, carbon 
oxide formation, and methane conversion as reported in the literature were scrutinized for their 
applicability to describing the experimental data obtained in this work. ~ 1992 Academic Press. Inc. 

INTRODUCTION 

The kinetics of the oxidative coupling re- 
action of methane to C2+ hydrocarbons 
have been studied by various authors on the 
basis of different reaction schemes (1-33). 
As can be derived from their results, no 
complete agreement on the dependence of 
the various reaction steps on the partial 
pressures of the reactants exists even when 
similar catalysts are considered. 

Against this background the effects of the 
partial pressures of methane and oxygen on 
the rates of the primary reaction steps lead- 
ing to ethane plus ethylene and to COx were 
studied over a wide range of reactant partial 
pressures (5 kPa - P~H4 -< 80 kPa, 0.3 
kPa < P° < 20 kPa) and temperatures - -  O2 - -  

(933 K -< ~F -< 1033 K) applying a NaOH/ 
CaO catalyst. Power-law equations but also 
Langmuir-Hinshelwood-type rate equa- 
tions were used for describing the kinetic 
data. Accounting for the kinetic relation- 

i To whom correspondence should be addressed. 

ships, mechanistic assumptions are pre- 
sented and discussed in relation to kinetic 
isotope effects observed in another study 
(34). In addition to the equations applied in 
this work, kinetic equations proposed by 
other researchers were also tested for appli- 
cability to the experimental data obtained in 
this work. 

METHODS 

The rates of C2 hydrocarbon and carbon 
oxide formation were measured at nearly 
differential operating conditions; i.e., oxy- 
gen conversion was always less than 20% 
and methane conversion was usually below 
2%. 

Apart from the fact that reaction rates can 
be easily approximated by this method, the 
differential reactor was chosen mainly for 
two reasons: 

(1) Consecutive reactions of C2 hydrocar- 
bons to COx are negligible. The total oxida- 
tion of ethane and ethylene was investigated 
over the NaOH/CaO catalyst in another 
work (35); at differential conversion grades 
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the conversion rate of C 2 hydrocarbons is 
slow (at the maximum 1.5%) compared to 
their formation rate. 

(2) Preliminary experiments carried out 
by the present authors demonstrated the in- 
hibiting effect of carbon dioxide on the for- 
mation of carbon oxides as well as on that 
of hydrocarbons. This is in agreement with 
the results of Campbell and Lunsford (36), 
who demonstrated the detrimental effect of 
carbon dioxide on the rate of methyl radical 
formation over a Na/CaO catalyst. Since 
only low concentrations of COz resulted 
from the differential conversion grades, its 
inhibitory effect on the reaction rates was 
neglected as a first approximation. 

For the reasons outlined above, a parallel- 
path reaction scheme seemed justified as a 
basis for the kinetic evaluation: 

COx 

C H  4 (1) 

C2 

Ethane and ethylene were lumped as a 
pseudo-compound, since a significant 
amount of C2H 6 is consumed by gas-phase 
oxidative and thermal dehydrogenation 
leading to C2H 4 (catalytic reactions may also 
occur) .  

Blank runs confirmed that homogeneous 
methane oxidation could be neglected com- 
pared to the catalytic route. Rate limitation 
by external or internal mass transfer was 
proven to be negligible by applying suitable 
criteria. 

EXPERIMENTAL 

Catalyst 

The NaOH/CaO catalyst was prepared by 
i m p r e g n a t i n g  C a ( O H )  2 particles (dp = 
0.16 - 0.36 mm) with an aqueous 2.1 M 
NaOH solution by the incipient wetness 
method; the loading amounted to 11 mol% 

NaOH. The catalyst precursor was dried at 
400 K and subsequently pressed to pellets 
(hp = 4 mm, d p =  4 mm) at 60 bar. The 
pellets were then calcined at 1073 K in air 
whereby Ca(OH)2 was transformed into 
CaO. Smaller-sized catalyst fractions were 
obtained by crushing the pellets; the grain 
size of the catalyst fraction applied for the 
kinetic measurements amounted to 100- 
160/zm. 

Apparatus 

A quartz-made tubular catalytic fixed-bed 
reactor with an internal diameter of 6 mm 
was used for the kinetic measurements. 
After the catalyst layer the internal diameter 
was reduced to 2 mm in order to minimize 
the post-catalytic residence time, thereby 
reducing any consecutive total oxidation. 
The catalyst particles were diluted with 
quartz granules of the same size in order to 
avoid severe temperature gradients within 
the catalytic bed. The temperature within 
the catalyst layer was measured by an axi- 
ally movable thermocouple placed in a thin 
quartz tube (outer diameter, 2.5 mm); a 
maximum temperature gradient of 4 K over 
the catalyst layer was observed. The reactor 
effluent was analyzed on-line by gas chro- 
matography: H2,02, N2, CO, C H  4 , and CO2 
were separated and analyzed by a Carbo- 
sieve SII column connected to a thermal 
conductivity detector. Ethylene, ethane, 
propylene, propane, and C4 hydrocarbons 
were separated and analyzed by a Porapak 
Q column linked to a flame ionization detec- 
tor; however, no measurable amounts of C3 
and higher hydrocarbons were observed. 

Experimental Conditions 

Kinetics were measured at a constant cat- 
alyst activity at atmospheric pressure in the 
temperature range between 933 and 1033 K 
in intervals of 20 K. The initial partial pres- 
sure of oxygen was varied (0.3-20 kPa) at a 
constant initial pressure of methane (70 kPa) 
and the initial partial pressure of methane 
was varied (5-80 kPa) while keeping the ini- 
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RCO x 110 -5 rnol.g -I. s-1 
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FIG. 1. Rate of carbon oxide formation versus the 
square root of methane partial pressure at various tem- 
peratures (P~2 = 7.5 kPa). 

tial pressure  of  oxygen (7.5 kPa) constant;  
the balance to 100 kPa  was always nitrogen. 

RESULTS 

In the following section, results on the 
kinetics and on the kinetic isotope effects for 
carbon oxide and C2 hydrocarbon  format ion 
are presented.  

Rate o f  Carbon Oxide Formation 

The rate of  carbon oxide format ion de- 
pends both on methane  and oxygen partial 
pressure  with a reaction order  of  0.5: 

Rcox = kl . PO ScH4 . PO5o2 (2a) 

with 

kl = kl.0" e x p ( -  Ea/RT). (2b) 

kinetic relationship is illustrated in This 
Figs. 1 and 2, in which the rates of  carbon 
oxide format ion are plotted versus the 
square roots of  methane and of oxygen par- 
tial pressure.  A similar kinetic relationship 
has been repor ted by McCar ty  et al. (18) for 
a Na-p romoted  CaO catalyst  (similar to the 
catalyst  used in the present  work) at 1000 K: 
the order  in methane  was 0.5 -+ 0.2 and in 

oxygen 0.6 -+ 0.1. The same kinetic equat ion 
was found by Lo et al. (16) for a K - S b / S i O  2 
catalyst;  apparent  reaction orders of  meth-  
ane and oxygen for carbon oxide format ion 
that are close to 0.5 have also been  repor ted 
by Miro et al. (30) for a Li /NiTiO 3 catalyst .  

The f requency factor  and the act ivat ion 
energy for carbon oxide format ion derived 
f rom an Arrhenius plot (no figure shown) 
are (2.77 + 1.03) x 10 -4 mol .  g -  l. s 1. Pa 1 
and 101 - 3 kJ/mol.  

Rate o f  C2 Hydrocarbon Formation 

The rate of  hydrocarbon  format ion is first 
order  in methane partial pressure  over  the 
whole tempera ture  range studied, as can 
easily be seen in Fig. 3 in which the rate of  
hydrocarbon formation is plotted versus  the 
methane partial pressure:  

Rc2 -- P~H4 (3) 

The same kinetic relationship has been  ob- 
served by McCar ty  et al. (18) and by  Lo  et 
al. (16) for the above-ment ioned  catalysts .  
Fur thermore ,  apparent  reaction orders in 
methane for hydrocarbon  format ion close to 
1 have been reported by Miro et al. (30) for  
Li /NiTiO 3 as catalyst.  

RCO x / 10 -5 mot- g-1. s-1 

6 

2 
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FIG, 2. Rate of carbon oxide formation versus the 
square root of oxygen partial pressure at various tem- 
peratures (P~H 4 = 70 kPa). 
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Fl6.3. Rate of hydrocarbon formation versus meth- 
ane partial pressure at various temperatures (P~., = 7.5 
kPa). 
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FIG. 5. Rate of hydrocarbon formation versus oxygen 
partial pressure at 933 K (P~n4 = 70 kPa). Symbols, 
experimental data. (--) Data calculated according to 
model 1 (Eq. (9)). (---) Data calculated according to 
model 2 (Eq. (10)). 

Wi th  r e s p e c t  to o x y g e n  pa r t i a l  p r e s s u r e ,  
the  h y d r o c a r b o n  f o r m a t i o n  ra te  p a s s e s  
t h r ough  a m a x i m u m  ( see  F igs .  4, 5, and  6). 
W i t h  i nc r ea s ing  t e m p e r a t u r e  this  m a x i m u m  
is sh i f ted  to h igher  o x y g e n  pa r t i a l  p r e s s u r e s  
and  the  inh ib i t ing  ef fec t  l ead ing  to  a ra te  
d e c r e a s e  is d i m i n i s h e d .  The  r e l a t i on  be-  
t w e e n  Rc2 a n d  Po_, as  o b t a i n e d  in th is  s t udy ,  

RE2 1 I0 -5 mot- g-1. S-1 
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FIG. 4. Rate of hydrocm-bon formation versus oxygen 
partial pressure at various temperatures (P~H 4 = 70 
kPa). 

i .e . ,  a ra te  i n c r e a s e  wi th  o x y g e n  pa r t i a l  p r e s -  
sure  in i ts low c o n c e n t r a t i o n  r ange  and  a 
d e c r e a s e  at high o x y g e n  c o n c e n t r a t i o n s ,  
c o n s o l i d a t e s  ea r l i e r  r e su l t s  tha t  a p p e a r e d  to  
be  d i f ferent .  O t s u k a  and  J inno  (6) r e p o r t e d  
tha t  the  h y d r o c a r b o n  f o r m a t i o n  r a t e  p a s s e s  

RE2 /10 "6 mot.g-~.s -I 
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FIG. 6. Rate of hydrocarbon formation versus oxygen 
partial pressure at T = 1033 K (Pc~4 = 70 kPa). Sym- 
bols, experimental data. (--) Data calculated according 
to model I (Eq. (9)). (---) Daha calculated according to 
model 2 (Eq. (10)). 
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through a maximum in dependence on the 
oxygen partial pressure over a Sm203 cata- 
lyst between 873 and 973 K. Tagawa and 
Imai (11) found negative reaction orders 
when applying CH4/O 2 ratios below 4 and 
positive reaction orders for CH4/O 2 ratios 
above 4 using a LaAIO3 catalyst at 983 K. 
Hatano and Otsuka (17) observed a negative 
dependence of the hydrocarbon formation 
rate on the oxygen partial pressure over a 
LiNiO2 catalyst between 953 and 973 K at 
oxygen partial pressures higher than 1 kPa. 
Furthermore, McCarty et al. (18) observed 
a reaction order of -0 .5  at oxygen partial 
pressures between 10 and 50 kPa for the 
sodium-promoted CaO catalyst at 1000 K, 
while Iwamatsu and Aika (27) reported a 
positive reaction order for a catalyst be- 
tween 973 and 1023 K at oxygen partial 
pressures below 3 kPa. For hydrocarbon 
formation over a Na/NiTiO 3 catalyst, Miro 
et al. (30) found a negative reaction order 
with respect to oxygen ( -0 .3)  at 973 K and 
orders of 0.1 and 0.4 at 1023 and 1073 K, 
respectively. Finally, the same maximum- 
type behavior as that observed in this work 
has been reported by Lunsford and co- 
workers for a Li/MgO catalyst at 893 K 
(2) and for a Na/CaO catalyst at 898 K 
(15). 

The temperature dependence of the hy- 
drocarbon formation rate was considered at 
a low oxygen partial pressure of 0.3 kPa, 
i.e., in the range of a positive reaction order 
in oxygen and at a high partial pressure of 
20 kPa, where the respective reaction order 
is negative. The apparent activation energy 
for hydrocarbon formation derived from an 
Arrhenius-type evaluation amounts to 167 
kJ/mol at Po., = 0.3 kPa and 317 kJ/mol at 
Po2 = 20 kPa (no figure shown); it increases 
with increasing oxygen partial pressure, be- 
cause at high oxygen pressures the inverse 
temperature dependence of the inhibition 
has a stronger influence on the overall tem- 
perature dependence. In both cases the ap- 
parent activation energy is significantly 
higher than that for carbon oxide formation, 
which is I01 kJ/mol. 

Rate of  Methane Conversion 

For each temperature applied, the rate of 
methane conversion was fitted to a power- 
law rate equation for determining k3, m, 
and n: 

- -  R C H  4 = k 3 • P~H 4 " P" 02 (4) 

The kinetic parameters obtained are listed 
in Table I. Furthermore, the methane con- 
version rate was fitted to an overall power- 
law rate equation covering all temperatures 
by introducing k 3 = k3. 0 • e x p ( - E / R T )  into 
Eq. 4; the results are given in the last row 
of Table I. The activation energy amounted 
to 137 -+ 4 kJ/mol. 

Kinetic lsotope Effects 

As a basis for further discussion of the 
kinetic results described above, reference 
is made to experimentally observed kinetic 
isotope effects for the formation of carbon 
oxides and C2 hydrocarbons, which are re- 
ported elsewhere in more detail (34). When 
CH 4 was substituted by CD 4, the carbon 
oxide formation rate remained constant 
within experimental accuracy, whereas the 
rate of hydrocarbon formation decreased 
significantly (see Table 2). 

D I S C U S S I O N  

In the following, some mechanistic con- 
clusions derived from the kinetic results are 
discussed. 

Reaction Scheme 

The formation of methyl radicals has of- 
ten been proposed to be the rate-determin- 
ing step in the oxidative coupling reaction 
of methane. It is often assumed that these 
methyl radicals are released into the gas 
phase, where they either recombine to eth- 
ane or react further with oxygen-containing 
species to form carbon oxides. If this reac- 
tion scheme were valid and the rate- 
determining step were the methyl radical 
formation in both competitive reaction 
steps, the same kinetic isotope effects would 
be expected for carbon oxide and hydrocar- 



472 LEHMANN AND BAERNS 

TABLE 1 

Kinetic Parameters for the Methane Conversion Rate According to Eq. (4) 

T (K) k3 a m rt 

933 (1.32 -+ 0.28). 10 -9 0.56 ± 0.02 0.35 ± 0.01 
953 (1.51 ± 0.14). 10 -9 0,58 -+ 0.02 0.35 -+ 0.01 
973 (1,53 --_ 0.30). 10 -9 0.61 ± 0.02 0.35 ± 0.01 
993 (1.64 _+ 0.27). 10 9 0.64 ± 0.02 0,34 --+ 0.01 

1013 (2.42 -+ 0.31), 10 -9 0.65 ± 0.02 0.32 ± 0.01 
1033 (2.46 _+ 0.28). 10 -9 0.68 ± 0.02 0,32 ± 0.01 

T (K) k3. f E a (kJ" tool -I) m n 

933-1033 (2.46 _+ 0.77) × 10 -2 137 _ 4 0,65 ± 0.05 0.33 ± 0.03 

a Units o f m o l . g - l . s - I . P a - "  n. 

bon formation. Since this is not the case (see 
Table 2 and also (37-40)), C 2 and COx are 
assumed to be formed by separate reaction 
pathways involving different rate-determin- 
ing steps and different intermediates, as pro- 
posed earlier by Nelson et al. (37) and Miro- 
datos et al. (39). Therefore, the mechanism 
for carbon oxide formation and for hydro- 
carbon formation is treated separately in the 
following. 

Carbon Oxide Formation 

The carbon oxide formation is of 0.5 order 
in methane as well as in oxygen. This kinetic 
relationship suggests that methane and oxy- 
gen reacting to CO x are adsorbed dissocia- 
tively in fast reaction steps on the catalyst 
surface. The slow and rate-determining step 
for COx formation is then assumed to be the 

TABLE 2 

Primary Kinetic Isotope Effects for 
Carbon Oxide and Hydrocarbon Forma- 
tion over a NaOH/CaO Catalyst 

T (K) kH/kD 

R¢o x Rc 2 

933 0.99 -+ 0.06 2.18 ± 0.13 
973 1.04 -+ 0.06 1,91 ± 0.10 

1013 1.02 -+ 0.05 1,60 -_+ 0.09 

reaction between a CH 3 species and an O 
species reacting via various intermediates 
to the carbon oxides: 

k I 
CH3(ads) + O(ads) 

CH30(ads)~ ~ --~ CO x (5) 

Since no C-H bond is broken in this reaction 
step, no kinetic isotope effect should be ob- 
served, which in fact agrees with experi- 
mental evidence (see Table 2). It should be 
noted that considering solely the kinetics, 
no conclusions can be drawn concerning the 
nature of the CH 3 and O species. 

Hydrocarbon Formation 

The kinetic results for hydrocarbon for- 
mation and the mechanistic assumptions de- 
rived therefrom are summarized below. 

(1) The hydrocarbon formation rate 
passes through a maximum with respect to 
oxygen partial pressure. With increasing 
temperature this maximum is shifted to 
higher oxygen partial pressures and the in- 
hibiting effect is reduced. From this behav- 
ior it is concluded that the inhibitory effect is 
due to adsorption of oxygen on the catalyst 
surface; the effect is reduced by increasing 
the temperature and decreasing the partial 
pressure due to lesser adsorption. This con- 
clusion is in agreement with Hatano and Ot- 
suka (17), who ascribed the inhibiting effect 
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of oxygen on C2 hydrocarbon formation 
over LiNiO2 to competitive adsorption of 
methane and oxygen on the active sites for 
hydrocarbon formation. The occurrence of 
a rate maximum cannot be explained by to- 
tal oxidation of ethane and ethylene, since 
these consecutive reactions were proven to 
be negligible at the experimental conditions 
applied in this work. Lin et al. (15) explained 
the occurrence of a maximum in hydrocar- 
bon formation and methane conversion with 
respect to oxygen partial pressure by a gas- 
phase free radical chain mechanism involv- 
ing the equilibrium reaction of methyl radi- 
cals with oxygen: 

CH3' + O 2 ~ CH302" (6) 

This reaction has often been used as an ex- 
planation for the influence of oxygen partial 
pressure and temperature on the hydrocar- 
bon selectivity over nearly all catalysts, 
since with increasing temperature and de- 
creasing oxygen pressure the equilibrium is 
shifted to the left side (41). However, the 
proposed radical mechanism implies that 
carbon oxides and hydrocarbons are formed 
via the same intermediate that was excluded 
due to different kinetic isotope effects. Fur- 
thermore, by a sensitivity analysis of radical 
reactions during oxidative methane cou- 
pling in the gas phase, reaction (6) is shown 
to be of minor importance (42). This is in 
agreement with Lunsford (43), who ob- 
served that modeling results are essentially 
the same when reaction (6) is omitted. It 
should be mentioned at this point that in 
Lunsford's opinion the role of CH302" in 
equilibrium with CH 3- and 02 appears to be 
less significant than previously thought (43). 
Hence, the influence of temperature and ox- 
ygen partial pressure on equilibrium reac- 
tion (6) can be dismissed as an explanation 
for the inhibiting effect of oxygen on hydro- 
carbon formation. 

(2) CH4 and 02 involved in hydrocarbon 
formation are adsorbed on the same sites. If 
methane were adsorbed on a different site 
or reacted from the gas phase according to 
an Eley-Rideal mechanism an inhibitory ef- 

fect of oxygen could not be observed but 
the rate of hydrocarbon formation would 
approach asymptotically a constant value 
with increasing oxygen partial pressure. 

(3) The hydrocarbon formation is first or- 
der in methane. This relationship suggests 
that methane involved in hydrocarbon for- 
mation is only weakly adsorbed in molecular 
form so that the surface coverage of meth- 
ane is very low and any inhibition by ad- 
sorbed methane can be neglected. 

(4) It is generally accepted that ethane 
formation occurs via the recombination of 
two methyl radicals. 

(5) The rate-determining step for hydro- 
carbon formation involves C-H bond rup- 
ture, since a kinetic isotope effect for hydro- 
carbon formation has been observed in this 
work (see Table 2) and also by various other 
authors (37-40, 44, 45). As mentioned by 
Cant et al. (46), another possibility for the 
rate-determining step over a Li/MgO cata- 
lyst is the breaking of an O-H bond during 
rearrangement of [Li+OH ] sites. How- 
ever, this reaction step was proven by Cant 
and co-workers to not be rate determining 
since the conversion rate of methane with 
D20 addition was equal to the rate of meth- 
ane conversion with H20 addition. Ac- 
cording to Burch et al. (31), the rate- 
determining step over a Na/MnOx/SiO x 
catalyst is the reduction of an active centre 
on a reducible metal oxide surface by meth- 
ane. This proposal cannot be transferred to 
the NaOH/CaO catalyst investigated in this 
work, since this system is not reducible. 

Taking items 1 to 5 into consideration, 
the rate-determining step for hydrocarbon 
formation is proposed to be the formation 
of methyl radicals by reaction of weakly ad- 
sorbed molecular methane with either dis- 
sociatively or molecularly adsorbed oxygen 
involving C-H bond rupture: 

k, 
CHn(ads) + Ox(ads) 

CH3.(ads) + HOx-(ads) (7) 

x = !: dissociative adsorption of oxygen 

x = 2: molecular adsorption of oxygen. 
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TABLE 3 

Kinetic Parameters for Model 1 (Eq. (9)) and 
Model 2 (Eq. (10)) 

T (K) k2,1 a k2.2 a b2.1 b b2,2 b 

933 0.82 * 0.07 0.93 + 0.03 26.6 -+ 12.3 9.38 ± 0.86 
953 1.25 +- 0.03 1.47 -+ 0.06 8.56 ÷ 1.45 5.37 -~ 0.56 
973 2.04 ± 0.05 2.52 ± 0.17 3.57 + 0.53 3.36 + 0.51 

993 3.75 ± 0.05 4.57 + 0.31 1.80 ± 0.16 2.49 ± 0.38 
1013 6.23 +- 0.05 7.52 ± 0.56 1.48 ± 0.08 2.30 + 0.39 

1033 10.2 + 0.20 11.9 + 1.04 0.99 ± 0.11 1.86 ± 0.38 

" U n i t s o f l 0  l ° r n o l - g  l ' s  I. 
h Uni ts  of  10 -4  Pa. 

According to Eq. (7) the hydrocarbon for- 
mation is proportional to the coverage of 
methane and oxygen on the catalyst surface: 

Rc2 = k 2 • 0 C H  4 " O O x .  ( 8 )  

Assuming Langmuir-Hinshelwood adsorp- 
tion the following kinetic equations can be 
derived. 

Model 1. Oxygen involved in hydrocar- 
bon formation is dissocatively adsorbed 
(x = 1) 

k z , I P c H 4 ~  

Rcz (I + X/bz, IPo2) 2 (9) 

Model 2. Oxygen involved in hydrocar- 
bon formation is adsorbed in molecular form 
(x = 2) 

k2,2b2,2PcH4Po 2 
Rc2 = (I + b2,2Po2) 2" (10) 

The experimentally determined rates of hy- 
drocarbon formation were fitted to rate 
equations (9) and (10) by nonlinear regres- 
sion analysis. The values obtained for the 
rate and pseudo-adsorption constants k 2 and 
b2, respectively, are listed in Table 3. The 
relationships Rc2(Po2) as calculated for the 
two models are shown in Figs. 5 and 6. At 
the lowest temperature of 933 K (Fig. 5) the 
experimental data can be well described by 
model 2, whereas at the highest temperature 
of I033 K (Fig. 6) model 1 is more suitable; 
this finding is quantified by the sums of the 

squared residuals of the two models at the 
various temperatures (see Table 8). Consid- 
ering this result it is proposed that a dioxy- 
gen species is effective for hydrocarbon for- 
mation at low temperatures and an atomic 
oxygen species at high temperatures, re- 
spectively. This conclusion reveals parallels 
to results obtained by Freund et al. (47), 
who carried out CDA (charge distribution 
analysis) measurements over a NaOH(ll  
mol%)/CaO catalyst activated at reaction 
conditions. According to these measure- 
ments O~ species present at temperatures 
below 873 K dissociate into O- species be- 
tween 873 and 1048 K. 

The rate and pseudo-adsorption constants 
should be considered physically meaningful 
only in the range of applicability of the re- 
spective model. 

Applicability o f  Different Literature-based 
Rate Equations 

In the preceding section, mechanistic as- 
sumptions were derived from the kinetic re- 
lationships. Also since different rate equa- 
tions for carbon oxide and hydrocarbon 
formation as well as for methane conversion 
have been suggested earlier, their applica- 
bility to the present data was tested. As far 
as a quantitative evaluation according to the 
pattern of relationships appeared meaning- 
ful, the data were fitted to the respective rate 
equations at all temperatures investigated 
in the present work. The sum of squared 
residuals between experimental and calcu- 
lated values was used as a quantitative mea- 
sure of the quality of data fitting and as a 
basis for a model discrimination by statisti- 
cal means. Furthermore, the dependence of 
calculated and experimental rates on re- 
actant partial pressures at 973 K is pre- 
sented for illustration. 

Carbon oxide formation. Rate equations 
for carbon oxide formation proposed earlier 
and included in model discrimination are 
listed in Table 4. According to Eq. 12 de- 
rived by Wada et al. (26) for a lanthanum 
boron oxide catalyst the rate of carbon oxide 
formation depends on the oxygen partial 
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T A B L E  4 

Kinetic Equat ions for Carbon Oxide Format ion 
Reported in the Earlier Li terature 

Asami et al. (8) 

klokllflo(P(O2))fl1(P(CH4)) 
Rco x = kloflo(P(02) ) + kHflt(P(CH4) ) (1 la) 

with flo(P(02)) = P(O 2) and fll(P(CH4)) = P(CH4) 
(1 lb) 

Wada et al. (26) 

d[COx] r l, o.s vo.5oo.sDo.zs ] |^~ ,-1 --M--O k4 
dt k6P o [ . "  ~ ~ ;  (12) 

M is methane  and 0 is oxygen 

Iwamatsu and Aika (27) 

dPco x 3-0,  8klk2k4Po2Pcn 4 ]o.5 

d--"~ - 4k~- 1 + k ~ P ~ + k z - ~ c n Q  j - 1 

(13) 

pressure with a reaction order of 1-1.25. 
This equation is not applicable to the present 
NaOH/CaO catalyst, for which the respec- 
tive reaction order was observed to be 0.5. 
In order to check the applicability of the rate 
equation of Asami et al. (8, Eq. (11)), the 
present experimental data were fitted to this 
equation for all temperatures applied. The 
obtained sums of squared residuals are 
listed in Table 7. In order to check the appli- 
cability of the rate equation suggested by 
Iwamatsu and Aika (27, Eq. (13)), the fol- 
lowing procedure was applied. The kinetic 
parameters k4/k~, and x of rate equation (13) 
(Ref. (27)) were determined by plotting 
ln(Rc2/Rcox) against In Po, also using rate 
equation (16) (Ref. (27)) t'or hydrocarbon 
formation (Table 5); the constants kj and 
k2 were then obtained by fitting the total 
methane conversion rate to Eq. (19) (Table 
6). By means of these constants the carbon 
oxide formation rates were calculated for 
the experimental methane and oxygen par- 
tial pressures according to Eq. (13) (Ref. 27) 
for all temperatures applied. The sums of 
squared residuals are listed in Table 7. For 
illustration the calculated and experimental 

rate data at 973 K are plotted versus meth- 
ane and oxygen partial pressure in Figs. 7a 
and 7b. 

Applying the F test, the models are sig- 
nificantly different (level of significance, 
99%) when the ratio of the variances ex- 
ceeds a value of 4. Considering Figs. 7a and 
7b and the sums of squared residuals in Ta- 
ble 7 it is evident that the kinetic equation 
of Asami et al. (8) and that of Iwamatsu 
and Aika (27) are capable of describing the 
general trend; nevertheless, the carbon ox- 
ide formation rate can be described signifi- 
cantly better by a power-law rate equation 
with a reaction order of 0.5 for both methane 
and oxygen. 

Hydrocarbon formation. Rate equations 
for hydrocarbon formation proposed by var- 
ious authors are listed in Table 5. Equation 
(14) proposed by Asami et al. (8) and Eq. 
(15) of Wada et al. (26) were dismissed since 
these equations are not capable of describ- 
ing the rate maximum experimentally ob- 
served with respect to oxygen partial pres- 
sure. Rate equation (16)  derived by 
Iwamatsu and Aika (27) for C2 hydrocarbon 
formation was applied for all temperatures 

T A B L E  5 

Kinetic Equations for C2 Hydrocarbon Format ion 
Reported in the Earlier Li terature 

Ar~ami et aL (8) 

k3k4A(P(CH4))A(e(O:)) 
Rc~ = k3f~(P(CHD) + kd4(P(O,.)) (14a) 

with f3(P(CH4)) = P(CHD and f4(P(O2)) = P(O2) 
(14b) 

Wada  et al. (26) 

d{C-C] k2K,Put~6~ k°Sk, k°5 p~5/:~25 (15) 
dt ~.s 

M is methane  and O is oxygen 

lwamatsu  and Aika (27) 

dPczl46 k3P o, 2 
dt 16k4 I + " " " LL---~ - 1 k~P~),(ktPo" + kzPcHQ] 

(16) 
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T A B L E  6 

Kine t i c  E q u a t i o n s  fo r  the M e t h a n e  C o n v e r s i o n  

R e p o r t e d  in the  Ea r l i e r  L i t e r a t u r e  

--RcH 4 = k 

O t s u k a  and  J inno  (6) 

KmPCH * K,,P% 

1 + KmPcH 41 + KoPoz 

-- RCH 4 = 

A m o r e b i e t a  and  Coluss i  (20) 

k3KI/2[O2]I/2[CH4] 

1 + K1/2[02] 1/2 + K2[CH 4] 

M a r s / v a n  K r e v e l e n - t y p e  ra te  l aw (19, 27, 30) 

- RCH 4 = 

klPo2k2PcH , 

klPo 2 + k2PcH 4 

--RcH 4 = 

Roos  et al. (28) 

krbo2Po2bcH4PCH4 

or  

-- RCH 4 = 

- -  RCH 4 

(1 + bco2Pc%)(l + bcH4PcH 4 + b~o2Pco.,) 

(20a) 

k,-bo2Po 2 bcGPcr % 

(1 + bcH4PcH 4 + bco2Pc02 )2 

Miro  et al. (30) 

kIKP%PcH 4 

(1 + KP%) 

and partial pressures (the procedure for de- 
termining the constants k I , k 2 , k4/k~, and x 
has already been described above). The 
sums of squares of residuals are listed in 
Table 8. For illustration the calculated and 
experimental rate data at 973 K are plotted 
versus methane and oxygen Partial pressure 
(see Figs. 8a and 8b). Considering these fig- 
ures it is evident that Eq. (16) in Ref. (27) 
is capable of describing the general pattern 
(rate maximum with respect to 02) of the 
relationship between the rate and the oxy- 
gen partial pressure. Nevertheless, the fit is 
not satisfactory, especially in the range of 
low partial pressures. According to the F 
test, Eqs. (9) and (10) derived by the present 
authors fit the experimental data in the range 

of their applicability significantly better than 
Eq. (16) in Ref. (27) (cf. Table 8). 

Methane conversion. The various rate 
equations for the overall conversion of 
methane that have been proposed in the lit- 
erature are summarized in Table 6. The 

(17) equations of Roos et al. (28, Eq. 20) and 
Miro et al. (30, Eq. 21) can be ruled out, 
since for the present NaOH/CaO catalyst 
the methane conversion was not observed 

(18) to be first order in oxygen or in methane (see 
Table 1). The models of Otsuka and Jinno 
(6, Eq. (17)), Amorebieta and Colussi (20, 
Eq, (18)), and the Mars/van Krevelen-type 

(19) rate law (Eq. (19)) (Ref. 19, 27, 30) were 
tested by fitting the experimental methane 
conversion rates to the respective rate equa- 
tions by nonlinear regression analysis at all 
temperatures. The obtained sums of squares 
of residuals are listed in Table 9. The calcu- 
lated and experimental rate data at 973 K 
plotted versus methane and oxygen partial 
pressure are shown in Figs. 9a and 9b as 
an illustration along with the data for the 

(20'o) 
power-law rate equation (4) of this study. 
Considering these figures it can be con- 
cluded that the kinetic equations Eq. (17) 
(Ref. 6); Eq. (18) (Ref. 20); Eq. (19) (see 

(21) above) give a satisfactory fit of the data al- 
though the power-law rate equation (4) is 
more suitable. According to the F test, Eq. 
(4) is significantly better than the other ki- 
netic equations (see Table 9). 

C O N C L U S I O N S  

In the present study the effect of reactant 
partial pressures and temperature on the 

T A B L E  7 

C a r b o n  Oxide  F o r m a t i o n :  S u m  of  S q u a r e s  of  

Res idua ls  for  the  R e s p e c t i v e  Ra te  E q u a t i o n s  

T (K) Equation (2) Asami et aL Iwamatsu and Aika 
(8, Eq. (11)) (27, Eq. (13)) 

933 7.68 x 10 -13 1.43 x 10 u 2.84 × 10 n 
953 9.17 X 10 -13 4.42 X 10 U 6.59 X 10 u 
973 3.08 x 10 -n  5.18 x 10 u 6.30 x 10 i1 
993 5.83 x 10 -I: 8.47 x 10 -n  9.84 x l0 t~ 

1013 6.06 x 10 ~2 1.45 x 10 -m 1.55 × 10 -m 
1033 5.18 x 10 - n  2.13 x 10 to 1.98 x 10 m 
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RCOx 110-5 m°tg -1's-~ a RCOx 110-5 moI'g -~s-~ 

..-::% 

z0 6'0 go 
PCH: / k Po 

I0 15 20 
Po21kPo 

FIG. 7. R a t e  o f  c a r b o n  o x i d e  f o r m a t i o n  v e r s u s  (a) m e t h a n e  a n d  (b) o x y g e n  pa r t i a l  p r e s s u r e  a t  T = 

973 K .  S y m b o l s ,  e x p e r i m e n t a l  d a t a .  ( - - )  C a l c u l a t e d  a c c o r d i n g  to  the  p o w e r - l a w  r a t e  e q u a t i o n  (2). (. • .) 

C a l c u l a t e d  a c c o r d i n g  to  the  r a t e  e q u a t i o n  p r o p o s e d  b y  A s a m i  et al. (8, E q .  (11)). ( - - - )  C a l c u l a t e d  

a c c o r d i n g  to  t he  r a t e  e q u a t i o n  p r o p o s e d  b y  I w a m a t s u  a n d  A i k a  (27, E q .  (13)). 

rate of hydrocarbon formation from meth- 
ane, on its total oxidation to COx and on its 
total conversion, was investigated applying 
a NaOH/CaO catalyst. Furthermore, ki- 
netic isotope effects were determined. 

The carbon oxide formation is of 0.5 order 
both in methane and in oxygen. No kinetic 
isotope effect was observed for COx forma- 
tion. Accounting for these results it was sug- 
gested that methane and oxygen reacting to 
COx adsorb dissocatively and that the rate- 
determining step for COx formation is the 
reaction between a CH 3 species and an O 
species. 

The hydrocarbon formation is first order 

T A B L E  8 

H y d r o c a r b o n  F o r m a t i o n :  S u m  o f  S q u a r e s  o f  

R e s i d u a l s  f o r  the  R e s p e c t i v e  R a t e  E q u a t i o n s  

T (K) Model 1, Model 2, Iwamatsu and Aika 
Eq. (9) Eq. (10) (27, Eq. (16)) 

933 2.87 x 10 t3 1.02 x 10 -t3 1.67 x 10 t2 
953 2.94 x 10 t~ 8.95 x 10 -j3 4.31 x 10 -~2 
973 3.31 x 10 -13 2.75 x 10 t2 4.62 x 10 ~-" 
993 3.86 x 10 t3 9.35 × 10 -t2 1.24 x 10 it 

1013 3.54 x 10 ~3 2.98 x 10 it 2.76 x 10 - u  
1033 5.32 x 10 t~ 1.04 x 10 ~ 7.99 x 10 H 

in methane and passes through a maximum 
with respect to oxygen partial pressure; this 
was suggested to be due to inhibition by 
adsorbed oxygen on the catalyst surface. 
For C2 formation a significant kinetic iso- 
tope effect was observed; therefore the rate- 
determining step was assumed to be the for- 
mation of a methyl radical by C-H bond 
breaking. It was proposed that this reaction 
occurs between weakly adsorbed molecular 
methane and a strongly bound oxygen 
species. 

The proposition that methane reacting to 
carbon oxides is adsorbed dissociatively 
while methane reacting to hydrocarbons is 
adsorbed associatively can be best ex- 
plained by assuming that CO x and C2 are 
formed on different sites. This suggestion is 
supported by the occurrence of significantly 
different kinetic isotope effects for carbon 
oxide and hydrocarbon formation. In 
agreement with Nelson et al. (37) and Miro- 
datos et al. (39), different kH/k D ratios are 
regarded as indication that carbon oxides 
and hydrocarbons are formed by separate 
reaction pathways involving different rate- 
determining steps via different intermedi- 
ates. Burch et al. (40) regard different active 
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F[6. 8. Rate of hydrocarbon formation versus (a) methane and (b) oxygen partial pressure at T = 
973 K. Symbols, experimental data. (---) Calculated according to the rate equation proposed by 
Iwamatsu and Aika (27,  Eq. (16)). 

centers for carbon oxide and hydrocarbon 
formation as a possible explanation for the 
different kinetic isotope effects observed by 
these authors. According to Hatano and Ot- 
suka (17) and Mirodatos and Martin (24), 
significantly different pressure effects on the 
rates of COx and C2 formation, as also ob- 
served in the present work, indicate that 
both reactions proceed via different reaction 
intermediates and on different sites. Two 
different types of active sites have also 
been proposed by other authors, for exam- 
ple by Sinev et al. (19) and by Hutchings 
et al. (48). 

It was derived that a weakly adsorbed 

TABLE 9 

Methane Conversion: Sum of Squares of Residuals 
for the Respective Rate Equations 

T ( K )  E q u a t i o n  (4) O t s u k a  A m o r e b i e t a  M a r s / v a n  

a n d  J i n n o  a n d  Co lus s i  K r e v e l e n ,  

(6. E q .  (17)) (20, E q .  (18)) E q .  (19) 

933 1.27 x t 0  -12 3 .49  x 10 -11 9 .50  z t 0  u 4 .46  x ~0 -11 

953 1.66 x 10 -12 7 .86  × 10 t] 2 .43 x .10 10 1.19 x 10 -1°  

973 3 .96  x 10 -12 9 .60  x I0  11 6 .12  x 10 - l l  1.13 x 10 - l °  

993 5~69 x 10 -12 2 .02  × 10 1o 2.09 x 10 - I °  2 .24 × 10 -1°  

1013 6 .16  × 10 - t 2  3 .66  x 10 -10 3.30  x 10 -1°  4 .30  × 10 -1°  

1033 8 .52  × 10 -12 8 .20  × 10 -10  1.16 x I0  1o 8 .83  x I 0  - I °  

oxygen species is responsible for carbon ox- 
ide formation whereas the oxygen species 
effective for C2 hydrocarbon formation is 
more strongly bound to the surface. Similar 
results have been reported by other groups. 
Tagawa and Imai (11) demonstrated by us- 
ing a pulsed-flow technique that a strongly 
adsorbed oxygen species is effective for C2 
formation while a weakly adsorbed or gas- 
phase oxygen species is involved in CO x 
formation over a LaA103 catalyst. France et 
al. (49) considered strongly bonded oxygen 
to be effective for hydrocarbon formation 
and weakly bonded oxygen for deep oxida- 
tion over perovskite-type oxides. From 
pulse experiments over a Sb/SiO 2 catalyst 
Lo et al. (16) concluded lattice oxygen to 
be active for the coupling reaction, whereas 
adsorbed or gaseous oxygen was considered 
to be active for carbon oxide formation. 
Similar conclusions were drawn by Asami 
et al. (8) for a PbO/MgO catalyst and by 
Hatano and Otsuka (17) for a LiNiO2 cata- 
lyst. Different oxygen species effective for 
COx and C 2 formation were also proposed 
by Otsuka et al. (3), by Iwamatsu and Aika 
(27), and by Spinicci (50). 

The apparent reaction orders in methane 
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FIG. 9. Rate of methane conversion versus (a) methane and (b) oxygen partial pressure at T = 
973 K. Symbols, experimental data. (--) Calculated according to the power-law rate equation (4). (. • .) 
Calculated according to the rate equation proposed by Otsuka and Jinno (6, Eq. (17)). (-. -) Calculated 
according to the rate equation proposed by Amorebieta and Colussi (20, Eq. (18)). (---) Calculated 
according to the rate equation proposed in (19, 27, 30); Eq. (19). 

and oxygen for the overall methane conver- 
sion display a dependence on temperature 
(see Table 1). These exponents should not 
be considered as physically meaningful, 
since a mechanistic relevance could be as- 
cribed to the reaction orders only if both 
reaction paths leading to CO x and C2 would 
involve the same intermediate that was ex- 
cluded because of different kinetic isotope 
effects. 

Kinetic equations published earlier were 
only partly applicable to the experimental 
data of this study. This finding may be ex- 
plained by two reasons: (1) Catalysts differ- 
ent from the present NaOH/CaO catalyst 
were applied, which may catalyze the oxida- 
tive methane coupling reaction according to 
a partly different mechanism, and (2) in 
most of the earlier studies methane and 
oxygen partial pressures were varied over 
a smaller range than that applied in this 
investigation. 
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