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At atmospheric pressure thermodynamics limits direct conversion of methane to higher hydrocar- 
bons to temperatures above 1200 K. Converting methane at lower temperatures requires at least 
two steps occurring under different conditions, This paper reports such a low-temperature conver- 
sion route toward ethane, propane, butane, and pentane without using oxygen. The overall reaction 
consists of two steps. Methane is dissociatively adsorbed on a Group VIII transition-metal catalyst 
at a temperature around 700 K, resulting in surface carbonaceous species and hydrogen. In the 
second step a particular carbonaceous intermediate is able to produce small alkanes upon hydrogena- 
tion around 373 K. The maximum yield to C,,H2,+ ~ (n > 1) obtained on a Ru catalyst is 13%. © 1992 
Academic Press, Inc. 

INTRODUCTION 

One of the intriguing problems in hetero- 
geneous catalysis is the direct conversion of 
methane into other useful products. Meth- 
ane activation is difficult because methane 
is a thermodynamically stable product with 
a noble gas-like configuration. The very 
strong tetrahedral C-H bonds [435 kJ/mol 
(1)] offer no functional groups, magnetic 
moments, or polar distortions to facilitate 
chemical attack. This makes methane less 
reactive than nearly all its conversion prod- 
ucts. Especially in the selective oxidation of 
methane (2), this limits methane conversion 
to low conversions when a reasonable selec- 
tivity is to be achieved. Current practice of 
converting natural gas into higher hydrocar- 
bons proceeds by the indirect route in which 
natural gas is first converted to synthesis 
gas at a high temperature (3). Subsequently 
hydrocarbons can be produced in a low-tem- 
perature exothermic process from synthesis 
gas, either by Fischer-Tropsch synthesis (4, 
5) or via methanol and the MTG process (6). 
Direct methane conversion, like pyrolysis 
to acetylene and benzene (7), can only oper- 
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ate at temperatures above 1200 K (8, 9). 
At those very high temperatures graphite is 
much more stable than any hydrocarbon. 
Oxidative coupling of methane to ethene has 
been proposed as an alternative route 
(10-14). This reaction can result in C2+ hy- 
drocarbon yields up to 25% when performed 
at temperatures around 1100 K. To increase 
the catalyst lifetime and the selectivity for 
C2+ hydrocarbons, there is interest for pro- 
cesses operating at lower reaction tempera- 
tures (15, 16). 

A process for converting methane in sev- 
eral steps, but all occurring at lower temper- 
atures, might have potential advantages. Of 
interest are recent experiments demonstra- 
ting that hydrocarbon formation is possible 
at low temperature, once methane is acti- 
vated. Shelimov and Kazansky (17) acti- 
vated methane on a molybdenum oxide cat- 
alyst by photochemisorption at pressures 
between 50 and 6000 Pa at room temper- 
ature. Upon desorption in vacuum, ethene, 
ethane, and propane were detected. Yang et 
al. (18) decomposed preadsorbed methane 
on a Ni(111) single crystal surface by a kryp- 
ton bombardment at 47 K under ultrahigh- 
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FIG. 1. Schematic presentation of the two-step route 
of methane conversion into ethane or higher hydrocar- 
bons using transition-metal catalysts. 

vacuum conditions (P = 5 × 10 -6 Tort). 
They reported the selective desorption of 
benzene around 420 K from surface carbon 
fragments delivered by methane decomposi- 
tion. Tanaka et al. (19) created surface CH~ 
fragments by dissociative methane adsorp- 
tion around 700 K on cobalt catalyst. They 
succeeded in creating small amounts of eth- 
ene during hydrogenation and suggested 
that adsorbed CH 2 species are the precursor 
for ethene formation. 

Here we report the formation of C2 to C6 
alkanes from methane at atmospheric condi- 
tions in a two-step route in which methane 
is first thermally activated. At a temperature 
between 450 and 800 K methane is decom- 
posed by a reduced Group VIII metal cata- 
lyst into hydrogen and adsorbed surface car- 
bonaceous species (1). In a second reaction 
step a particular surface carbonaceous inter- 
mediate produces hydrocarbons upon hy- 
drogenation at 300-400 K (2) (see Fig. 1): 

2CH 4 + 6M---* 2M3C + 4H2 (1) 

2M3C + 3 H  2 ---+ C z H  6 + 6 M  (2) 

2CH 4 --+ C2H6+H2, 
AG(1000 K) = 71.0 kJ/mol, (3) 

where M = zero-valent transition metal. 

Thermodynamics 

The conversion of methane into ethane 
and hydrogen is thermodynamically not al- 
lowed in one reaction step (20), due to the 
positive change in Gibbs free energy. There- 

fore the introduction of oxidants like 02 or 
Clz has been used to convert the liberated 
hydrogen into H20 or HC1. This lowers the 
change in Gibbs free energy to -121.6 and 
- 130.6 k J/tool, respectively. A different ap- 
proach is to split the overall reaction (3) into 
two reaction steps occurring under different 
conditions. In such a two-step route the 
thermodynamic limitation can be circum- 
vented as illustrated in Fig. 2. This is shown 
for the case that the reaction sequence in- 
volves formation of bulk cobalt carbide as 
intermediate. 

The decomposition of methane on cobalt 
forming bulk cobalt carbide is endothermal 
while the change in entropy is negative. This 
reaction is only possible at temperatures 
above 632 K at standard concentrations and 
pressures (1 atm). The hydrogenation of 
bulk cobalt carbide to form ethane is exo- 
thermic and the change in entropy is nega- 
tive. Therefore this reaction is favorable at 
low temperatures and can only occur below 
347 K. There is no common temperature at 
which both reaction steps (1) and (2) can 
occur, so the temperature gap of 283 K is a 
thermodynamic stipulation. This tempera- 
ture gap can be decreased by increasing the 
methane pressure during adsorption, in- 
creasing the hydrogen pressure in the sec- 
ond step, and by working at low conversion 
level. 
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FIG. 2. Gibbs free energy as a function of the temper- 
ature for the decomposition of methane on cobalt and 
the hydrogenation of cobalt carbide to ethane. 
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FIG. 3. Equilibrium temperatures for methane de- 
composit ion into surface carbides (dotted line) and hy- 
drogenation of  surface carbide to ethane (solid line) 
as a function of the meta l -carbon  bond strength. The 
shaded areas show the regions where reaction is possi- 
ble. The equilibrium temperatures are calculated ac- 
cording to Teq" = AH°/AS °. The temperature depen- 
dence of AH and AS are not taken into account. 

The heat of formation of surface carbides 
is normally higher than that of bulk carbides. 
This will shift the lines in Fig. 2 to a lower 
temperature. The temperature at which the 
change in Gibbs free energy is negative de- 
pends on the heat of formation of the surface 
carbides. For a negative Gibbs free energy 
the reaction temperature should be above 
the equilibrium temperature for step (1), 
while it should be under the equlibrium tem- 
perature for step (2), as shown in Fig. 3. 

The heat of adsorption of carbon atoms 
on the metal surface determines the working 
temperature areas for each metal catalyst 
and should be roughly between -60 and 20 
kJ/mol. The heat of formation of surface 
carbide has been estimated by Shustorovich 
(21) for some transition metals. For iron the 
metal-carbon bond is -117 kJ/mol, which 
is too high (see Fig. 3); for copper the 
metal-carbon bond is 53 kJ/mol, which is 
too low. Nickel (4 kJ/mol) and cobalt 
(around -50 kJ/mol) have intermediate val- 
ues and are in principle capable of per- 
forming the desired reaction sequence. Cat- 
alyst morphology and type of surface carbon 
as well as promoters can influence the 

metal-carbon bond strength and are there- 
fore important parameters. 

Instead of working in a temperature cycle 
it is possible to perform the reaction isother- 
mally and work in a pressure swing, as re- 
cently indicated by Belgued et al. (22). 
These authors decomposed methane on a 
ruthenium and platinum catalyst into ad- 
sorbed surface CHx fragments and hydro- 
gen. Subsequently they hydrogenated those 
fragments in a pure hydrogen flow in which 
C2+ hydrocarbons were detected up to C7. 
They were able to perform up to 90 cycles 
per hour. However, to overcome the AG of 
71 kJ/mol, one is limited to very low product 
concentrations, as indicated by Fig. 4. The 
equilibrium pressures are given by Eqs. (4) 
and (5) for step (1) and step (2), respectively. 
From these the equilibrium conversions are 
calculated in a total pressure of I arm. 

(p~,)2 [-aGstep!l)] 
" - exp (4) 

Pcn, RT J 

Pc2H6 [-AGs,op(2)] 
(p@3 - exp RT J" (5) 

AG is the change in Gibbs free energy for 
reaction step (1) in Eq. (4) and reaction step 
(2) in Eq. (5). 

The equilibrium conversions in Fig. 4 are 
the maximum conversions reachable. This 
means that at 200°C, for example, the maxi- 
mum methane conversion into graphite and 
hydrogen is 10-4 a t  1 atm. 

Dissociative Methane Chemisorption 

Methane decomposition on transition- 
metal surfaces is an activated process and 
the activation energies found vary from 25 
to 60 kJ/mol (23-30). These activation ener- 
gies are quite low compared to those of, 
e.g., CO dissociation, while the temperature 
at which methane decomposition occurs 
with a useful yield is normally higher than 
that for CO dissociation, which has a higher 
activation energy. This is due to the low 
methane sticking coefficient. The mecha- 
nism of dissociative methane adsorption is 
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FIG. 4. The thermodynamic equilibrium conversions of  reaction steps 1 and 2 in a total pressure of  1 
atm as a function of  the temperature.  (a) Maximum fraction of  methane converted into carbon and 
hydrogen. (b) Maximum fraction of  hydrogen converted into ethane in the presence of  carbon. Solid 
line, graphite as reaction intermediate; dotted line, bulk cobalt carbide as reaction intermediate. 

not fully understood. From surface science 
studies on platinum (31) it appears that the 
surface temperature does not influence the 
methane sticking coefficient. Molecular 
beam studies show that high methane trans- 
lation energies perpendicular to a metal sur- 
face enhance the methane dissociation prob- 
ability substantially (31, 32). Also, internal 
vibrations enhance the methane sticking 
probability (27, 28). The mechanism for 
methane dissociation may involve quantum 
tunnelling of a proton as the rate-determin- 
ing step (31-33). The large isotope effect for 
CD 4 is consistent with this mechanism (34). 
Beckerle et al. (25) proposed a mechanism 
which they called "chemistry with a ham- 
mer." In this mechanism, at low tempera- 
ture adsorbed methane molecules are acti- 
vated by collisions with other particles, 
which implies that the total pressure is im- 
portant. Trevor et al. (35) studied methane 
decomposition on Pt metal clusters of differ- 
ent sizes and concluded that the methane 
decomposition rate is highest for clusters of 
two to five atoms. One metal atom is unable 
to dissociate CH4, while in larger clusters 
(more than 5 atoms), the platinum atoms 
have higher coordination reducing the CH 4 
decomposition rate. This agrees with results 
of Kuijpers et al. (36) on silica-supported 

nickel catalysts. They showed that methane 
decomposition is most efficient on small 
nickel particles. 

E X P E R I M E N T A L  

Catalysts 

Transition-metal catalysts were prepared 
by incipient wetness impregnation of pre- 
shaped silica (Grace 332, surface area 300 
m2/g, mesh 100) with an aqueous solution of 
the metal nitrates or chlorides. The catalysts 
were dried at 110°C. The ruthenium catalyst 
was prepared from RuCI3 and was treated 
after drying in a HJCO flow for 30 rain at 
250°C to increase its CO chemisorption ca- 
pacity. The catalysts were characterized 
with transmission electron microscopy 
(TEM) and CO chemisorption. 

Method 

The reactions were performed in a micro- 
reactor which consisted of a quartz tube 
with an internal diameter of 10 mm. For 
each experiment 300 mg of the catalyst was 
placed in the reactor and was reduced in situ 
between 350 and 550°C in a diluted hydrogen 
flow. Methane decomposition was per- 
formed from a flow of 45 ml/min of diluted 
methane. Typically a pulse of 3 min of 0.5% 
methane in helium was given at 450°C. The 
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F16.5. (a) Fraction of methane adsorbed from a methane pulse of 3 rain of 0.5% CH 4 in He as a function 
of the temperature on a 5% Ru, 3% Rh, and 10% Co catalyst. (b) Arrhenius plot of the hydrogen 
production. 

methane flow contained no detectable 
amounts of ethane or other hydrocarbon im- 
purities (less than 0.5 ppm). After methane 
decomposition, the catalyst was cooled in 
100 s below 200°C to avoid "aging" of the 
surface carbon species. After cooling, sur- 
face carbon was hydrogenated to higher hy- 
drocarbons in a flow of 22.4 ml/min of hy- 
drogen at 100 kPa around 100°C. The surface 
carbon created from methane was charac- 
terized by a temperature-programmed sur- 
face reaction (TPSR) in a flow of 22.4 ml/min 
of 8% hydrogen in helium. Product analysis 
was performed on line with a quadrupole 
mass spectrometer (PGA 100 from Leybold) 
or with a gas chromatograph (CP 9000 from 
Chrompack) using a wide-bore column (plot 
q) of 25 m isothermal at 220°C at an inlet 
pressure of 200 kPa. With the GC system, 
every 20 s a sample could be taken to ana- 
lyze the hydrocarbons C~ to C 5. 

RESULTS AND DISCUSSION 

Methane Decomposition 

The activity for methane decomposition 
into adsorbed surface carbonaceous species 
and hydrogen was studied for silica-sup- 
ported ruthenium, rhodium, and cobalt cata- 
lyst, as a function of the temperature (see 
Fig. 5). 

Already at 100°C a small amount of meth- 

ane is adsorbed, as was also observed by 
Kuijpers et al. on nickel catalysts (29). At 
that low temperature no hydrogen desorp- 
tion takes place. Above 300°C the sticking 
coefficient for methane chemisorption in- 
creases. The activation energies can be cal- 
culated from the temperature dependence 
of the fraction of methane adsorbed as well 
as from the amount hydrogen produced 
(Fig. 5b). These activation energies are 26 
kJ/mol for ruthenium, 31 kJ/mol for rho- 
dium, and 42 kJ/mol for cobalt in the tem- 
perature range 350-500°C. The ratio of hy- 
drogen produced to methane adsorbed was 
1.4 to 1.7 at temperatures between 400 and 
500°C, indicating that the adsorbed carbon 
species contained still a little hydrogen or 
that not all the hydrogen atoms are desorbed 
from the catalyst. The methane decomposi- 
tion rate appeared to be strongly dependent 
on the carbon coverage. Increasing the car- 
bon coverage from 0 to 0.5 drastically de- 
creased the rate of methane dissociation. 

For the reduced transition metals studied 
the order of methane activation found is Co, 
Ru, Ni, Rh > Pt, Re, Ir > Pd, Cu, W, Fe, 
Mo. This corresponds with the order of ac- 
tivity for the methane-deuterium exchange 
reaction (37, 38). According to the unmodi- 
fied bond order conservation principle (39, 
40, 21) the activation energy for methane 
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FIG. 6. Temperature-programmed hydrogenation of 
surface carbon created by methane decomposition on 
a 3 wt% silica-supported rhodium catalyst at 400°C. 

decomposition is expected to be lower for 
metals with stronger M-C bonds. So for 
metals in the same row of the periodic table 
it is expected that the order for methane 
decomposition is Fe > Co > Ni > Cu. How- 
ever, the results presented show an opti- 
mum at nickel and cobalt. This indicates 
that the activation energy also depends on 
the surface metal-metal bond strength as 
predicted by the modified bond order con- 
servation principle (41). 

Similarly as from dissociative CO adsorp- 
tion (42, 43), CH 4 decomposition on reduced 
transition metals between 350 and 550°C re- 
sults in different surface carbonaceous sur- 
face species. They are distinguished in their 
hydrogenation reactivity as is shown in the 
temperature-programmed surface reaction 
plot of Fig. 6. 

A very reactive surface carbon species 
generated from CH 4 decomposition can be 
hydrogenated at 50°C or even below room 
temperature to methane. This surface car- 
bon is called Ca. It has been identified by 
surface characterization techniques such as 
AES and SIMS on foils and single crystals 
as a carbidic type of carbon (44-46, 32, 51). 
Bell and co-workers (47-50) studied the na- 
ture of carbon types on a silica-supported 
ruthenium catalyst by NMR. They showed 
that this Ca carbon has only metal atoms in 

its first coordination shell (47). The presence 
of subsurface carbon cannot be excluded. 
Our quantum chemical calculations indicate 
that this carbidic carbon atom is adsorbed in 
hollow sites bonded to three or more surface 
metal atoms (52, 53). This carbidic carbon 
species consisting of C~ has been studied 
previously when generated from CO (54-57) 
and is responsible for higher hydrocarbon 
formation (58, 59). The mechanism of higher 
hydrocarbon formation from surface carbon 
from methane follows a Flory-Schulz- 
Anderson like distribution (see Fig. 10). 

A less reactive surface carbon type (C~) 
can be hydrogenated between 100 and 
300°C. During the hydrogenation of C~ only 
traces of higher hydrocarbons up to C6 were 
detected. The C~ species from CO as identi- 
fied by Duncan et al. (47, 60) on ruthenium 
can be separated into C< and C&, which 
differ in their mobility, They showed that 
in this carbon phase C-C, M-C, and C-H 
interactions are present. Therefore, C~ is 
supposed to be an amorphous phase. After 
H2/CO reaction Winslow and Bell (49, 50) 
were able to observe C-H stretch frequen- 
cies by FT-IR spectroscopy. We have 
noted with FT-IR spectroscopy that after 
methane adsorption at 450°C the C-H 
stretch frequencies totally disappeared from 
carbonaceous surface species adsorbed on 
a reduced ruthenium catalyst. 

At temperatures above 400°C the poorly 
reactive Cr reacts to produce only methane. 
This C~ type surface carbon is a graphitic 
phase which consists of adsorbed connected 
six-rings. This carbon phase is probably lo- 
cated partially on the silica support as indi- 
cated by CO chemisorption measurements. 

Because only the reactive Ca type carbon 
has reasonable selectivities for C2+ hydro- 
carbon formation upon hydrogenation, it is 
desirable to maximize its presence during 
methane decomposition. We have studied 
several parameters of C H  4 decomposition 
such as adsorption temperature, adsorption 
time, methane concentration, and aging 
time, which could influence the selectivities 
in the surface carbon formation. One of the 
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parameters which appeared to be important 
is the carbon surface coverage remaining 
after methane decomposition (see Fig. 7). 

Figure 7 shows that only at low carbon 
surface coverage is a high selectivity for re- 
active C~ type carbon obtained. The selec- 
tive formation of reactive carbidic type car- 
bon is related with the ability of the catalyst 
to form multiple-bonded surface carbon spe- 
cies (51). At coverages above 80% methane 
is mainly converted into an unreactive gra- 
phitic type of surface carbon. The distinc- 
tion between C¢ and C~ was not sharp for 
all the catalysts. However, with increasing 
surface coverage, the carbon species always 
becomes less reactive. 

From the methane decomposition experi- 
ments, a tentative reaction scheme can be 
formulated for the transformation of surface 
carbon to methane (see Fig. 8). 

Methane is initially decomposed into car- 
bidic C~. This type of surface carbon can 
be transformed rapidly into C 0. C¢ can be 
partially converted back into C~. This model 
is in agreement with that of Bell and co- 
workers (50, 47) who showed that these car- 
bon types can be in a dynamic equilibrium. 
C~ transforms slowly into the unreactive C~, 
a process called aging. This process is irre- 
versible and its rate depends on the tempera- 

H2- I '  .H2 

FIG. 8. Model for t ransformat ion of surface carbon 
types on transition metals .  

ture, as found for nickel (32) and rhodium 
(42). It is not clear whether Ca can also be 
directly transformed into C~. 

Hydrogenation Reaction of Surface 
Species to Alkanes 

The second reaction step is the hydroge- 
nation of surface carbon to produce C2+ hy- 
drocarbons. Figure 9 shows the products 
formed as a function of the hydrogenation 
time after the reaction gas is switched from 
helium to hydrogen at 95°C. 

By integrating the curves in Fig. 9 from 
time zero until time 4-10 min, the amount 
of hydrocarbon formed can be calculated. 
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FIG. 9. Hydrogenat ion  of  surface carbon created 
from methane  decomposi t ion at 450°C, on a 10 wt% 
cobalt catalyst ,  as a funct ion of  the hydrogenat ion  time. 
For  butane and pentane  the sum of  the iso- and n- 
products  is shown.  
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This leads to the product selectivity, which 
is given as carbon efficiency. The hydrocar- 
bon selectivity follows a Flory-Schulz-  
Anderson type of distribution, indicating 
that adsorbed surface CxHy species can ei- 
ther be hydrogenated to CxH(2~+2) or grow 
further to an adsorbed C(x+ l)H z species. The 
chain growth probability a determines the 
amount of Cz+ hydrocarbons formed. In the 
plot of Fig. 9 the concentration of every 
subsequent hydrocarbon is about a factor of 
four lower, indicating that a is about 0.25. 

As predicted by thermodynamics, the 
temperature at which C~ is hydrogenated 
is an important parameter, determining the 
selectivity for the formation of C2+ hydro- 
carbons. 

Figure 10 shows the selectivities for C2+ 
hydrocarbon formation upon hydrogenation 
of surface carbon species generated from 
methane decomposition. At room tempera- 

ture most of the surface carbon is hydroge- 
nated to methane, 12% is hydrogenated to 
ethane, and only a trace of propane is 
formed. Increasing the temperature results 
in the hydrogenation of more surface carbon 
species (see Fig. 10c). On small metal 
particles different adsorption sites exist for 
carbon atoms, having slightly different 
metal-carbon interactions. The more 
strongly adsorbed carbon atoms are hydro- 
genated at higher temperatures and have 
higher probabilities for C-C bond formation 
versus methanation upon hydrogenation 
(61, 62). Therefore the selectivities for pro- 
pane and butane increase when the tempera- 
ture is raised above 25°C. 

Figures 10c and 10d show that more sur- 
face carbon atoms are removed at tempera- 
tures above 130°C. Also at that temperature, 
unselective C~ is hydrogenated. This de- 
creases the selectivity for C2+ hydrocar- 
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TABLE 1 

Product Distribution of the Hydrogenation Reaction of Reactive Surface Carbon at 460°C on Reduced Silica- 
Supported Transition-Metal Catalysts 

Catalyst Particle size Selectivities for hydrocarbons (%) mmol C 

CO(M) a nm b CH 4 C2H6 C3H8 C4Hlo 

10% Co 
5% Ru 

10% Ni 
3% Rh 

4% Pt 
5% Re 
4% Ir 

2.2 (73) 8.5 79.6 11.3 6.11 2.92 8.0 
35 (4.0) 5.5 80.5 15.8 2.69 1.00 7.10 
13 (12) 9.2 89.3 7.3 1.89 1.40 16.8 
55 (2.2) 2.2 95.8 4.12 0.09 0 3.4 

104 (0.8) 1.4 89.7 10.3 0 0 0.55 
6.4 (24) 3.8 91.3 8.4 0.23 0 0.96 

30 (4.6) 3 98.4 1.3 0 0.29 0.95 

~' Percentage chemisorption CO per metal atom. In brackets is the calculated particle size in nm assuming that 
every surface metal atom adsorbs 1 CO in a pyramid model. 

As measured with TEM. 
c mmol surface carbon hydrogenated at 95°C. 

bons. At temperatures above 180°C hydro- 
genolysis may transform some ethane back 
into methane, which explains why short 
contact times are favorable for high ethane 
selectivities. At temperatures above about 
200°C the formation of higher hydrocarbons 
is thermodynamically forbidden and the sur- 
face carbon removed with hydrogen results 
in nearly only methane. 

The optimum temperature for the forma- 
tion of C2+ hydrocarbons depends on both 
the selectivity and the amount of surface 
carbonaceous intermediates hydrogenated. 
The optimum is around 95°C for ruthenium 
and cobalt catalyst. The highest C2+ hydro- 
carbon selectivities were obtained at short 
contact times and high hydrogen partial 
pressures, namely a residence time of 1.4 s 
at a PH2 of 100 kPa. Higher hydrogen flows 
increase the C2+ hydrocarbon selectivity as 
also found by Belgued et al. (22). However, 
this is accompanied by a lower product con- 
centration and by a less effective use of hy- 
drogen. 

Reduced transition-metal catalysts were 
compared in their ability to form C2+ hydro- 
carbons from methane. The catalysts were 
characterized by CO chemisorption and 
TEM. Methane adsorption occurred from a 

pulse of 3 min of 0.5% C H  4 in He at 460°C. 
The selectivity for the hydrocarbons formed 
during hydrogenation at 95°C as well as the 
amount of hydrogenated surface carbon 
at that temperature was measured (see 
Table 1). 

Most of the butane was n-butane but iso- 
butane also was detected. No alkenes were 
detected. On cobalt and ruthenium pentane 
formation also was observed. The metal par- 
ticle size as measured with TEM and CO 
chemisorption does not agree for all cata- 
lysts, especially not for cobalt, rhenium, and 
nickel. This is ascribed to incomplete reduc- 
tion of the metal. The cobalt and rhenium 
catalysts are especially difficult to reduce. 
In the metal/silica interface not fully re- 
duced metal ions are probably present (63). 
A cobalt catalyst with a loading of 0.5% did 
not produce any higher hydrocarbons in the 
two-step procedure, and it did not chemi- 
sorb any CO. The real metal particle size is 
determined by TEM while the active re- 
duced surface area is measured with CO 
chemisorption. 

The ruthenium and cobalt catalysts are 
more selective toward higher hydrocarbon 
formation than rhodium, iridium, platinum, 
and nickel. Well-reduced iron, tungsten, 
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TABLE 2 

Group VIII Transition-Metal Catalysts with their Chain Growth Probability a to Form C - C  Bonds 
upon Hydrogenation at 95°C 

Cr Mn Fe Co Ni Cu 
- -  0 0 0.071 0.36 0.041 0.31 0 0 

Mo Tc Ru Rh Pd Ag 
0 0 - -  0.098 0.18 0.022 0.015 0 0 - -  

W Re Os Ir Pt Au 
0 0 0.046 0.018 - -  0.007 0 0.057 0 - -  

Note. At the left, a I describing the chance for ca rbon-carbon  bond formation of  two adsorbed C I surface 
fragments; at the right a 2 describing the chance for subsequent insertion of CHx intermediates in adsorbed 
hydrocarbon chains. 

molybdenum, and copper catalysts were un- 
suitable for the stepwise transformation of 
methane into ethane. These results can be 
explained by analyzing the metal-carbon 
bond strength which determines the chance 
for C-C bond formation versus hydrogena- 
tion, as we recently suggested (61, 62, 53). 
This relation has been tested for Group VIII 
transition metals (see Table 2). 

Going to the right in any one row of the 
periodic table, the metal d-valence elec- 
tron band occupation increases and the 
metal-carbon bond strength decreases (40, 
41). This is due to an enhanced occupation 
of the antibonding orbitals of the M-C orbit- 
als (64, 65, 53). At increasing d-valence band 
occupation the chain propagation probabil- 
ity drops from 0.2 for cobalt to 0.09 for 
nickel and becomes zero for copper. How- 
ever, for iron, with an even higher 
metal-carbon bond interaction, no forma- 
tion of C2+ hydrocarbons occurs. No sur- 
face carbon that can be hydrogenated at the 
required low temperature is formed on the 
iron catalyst. This is shown in the tempera- 
ture-programmed hydrogenation plot of 
Fig. 11. 

Iron binds its surface carbon too strongly 
and no surface carbon is hydrogenated be- 
low 200°C. Thermodynamically, ethane for- 
mation is only possible at low hydrogenation 
temperatures (see Figs. 2 and 3) and there- 

fore iron catalysts are not suitable for this 
reaction sequence, although they are known 
as good Fischer-Tropsch catalysts, where 
they are active as a carbidic phase (68). Only 
around 250°C were some parts per million 
of ethane detected. 

Thus for transition metals of rows three 
and four of the periodic table, the formation 
of ethane from surface carbon behaves ac- 
cording to the Sabatier principle. Ruthe- 

0.6 

~ 0 . 5  c. 

0.4 

"~ 0.3 

~ 0.2 

~a 0.1 a. 

100 200 300 400 500 600 
Temperature [ °C ] 

FIG. 11. Hydrogenation of  surface carbon from meth- 
ane on a 10% Fe/SiO2 catalyst with different surface 
carbon loadings, 300 mg of the catalyst containing, 
respectively, 0.55 /xmol surface carbon (a) (methane 
concentration multiplied by 10), 8.9/xmol carbon (b), 
and 53.6 p.mol surface carbon (c). Different carbon 
surface coverages were created by varying the methane 
adsorption time at 500°C. 



HYDROCARBON FORMATION FROM METHANE 111 

nium and cobalt are found to be optimum 
in their metal-carbon bond strength. In the 
fifth row, platinum is an exception. The opti- 
mum in the fifth row is expected at rhenium 
due to a M-C bond strength similar to that 
of ruthenium and cobalt. 

Both alkali and other metal oxide promot- 
ers have been shown to influence the 
metal-carbon bond strength (66, 67) and can 
therefore be expected to play an important 
role in changing the selectivity. We have 
tested the influence of basic (MgO) and 
acidic (V2Os) catalyst supports. These sup- 
ports do not improve the catalytic perfor- 
mance of the metal particles. The results 
obtained on alumina (Ketjen, CK-300) were 
a little better than those obtained on silica. 

Carbon-carbon bond formation is a struc- 
ture-sensitive reaction similar to the oppo- 
site reaction of hydrogenolysis. Therefore, 
larger metal particles are expected to show a 
higher carbon-carbon bond formation. The 
selectivity for C2+ hydrocarbons was in- 
creased when a ruthenium catalyst was sint- 
ered, indicating that larger particles are in- 
deed favorable for carbon-carbon bond 
formation. 

Yield and Heat and Mass Balance 

The overall yield of the formation of C2+ 
hydrocarbons from methane is controlled by 
the conversion of methane during its decom- 
position, the selectivity for Ca surface car- 
bon formation, and the chain growth 
probability upon hydrogenation. These pa- 
rameters are a function of the "carbon" sur- 
face coverage as shown in Figs. 12 a-12d. 

The rate of carbon-carbon coupling is low 
at very low carbon surface coverages (Fig. 
12c). Raising the carbon surface coverage, 
the chain growth probability increases to 
0.15 at a monolayer carbon coverage. How- 
ever, at surface coverages above 20% the 
selectivity for the formation of Ca carbon 
drops (Fig. 12b). Therefore, the optimum 
overall yield for the formation of C2+ hydro- 
carbons from methane is reached at a sur- 
face coverage of only 0.18. The maximum 

yield for C2+ hydrocarbon from methane is 
13% which is a true yield because the meth- 
ane conversion during adsorption is 100%, 
under the conditions used, until a carbon 
surface coverage of 25% is reached (Fig. 
12a). 

In the reaction resulting in a yield of 13%, 
a pulse of 4.57 txmol methane was given 
from a flow of 40 ml/min with 0.28% C H  4 at  

450°C, over 300 mg of the reduced catalyst. 
This resulted in surface carbon (2.66 t~mol 
Ca, 1.61 txmol C 0, and 0.04/xmol C~), 7.6 
/xmol gas-phase hydrogen, and 0.26 /xmol 
CO2. Upon the subsequent reaction with 
hydrogen at 100 kPa at 95°C, 2.66 txmol sur- 
face carbon reacted, from which 21% was 
incorporated into C2+ hydrocarbons. 

The exact heat effects of the two reaction 
steps depend on the heat of adsorption of 
the surface carbon fragments. We have tried 
to estimate the heat of adsorption of a car- 
bon atom on ruthenium from data of Shust- 
orovich (39, 40) and from a comparison of 
Fig. 3 with our experimental data: AHRu_C 
= --20 --+ 10 kJ/mol. AH for methane decom- 
position into surface carbon and hydrogen 
at 100 kPa, at 450°C, is equal to 59 kJ/mol. 
The hydrogenation of ruthenium surface 
carbide to ethane at 100 kPa is accompanied 
by a AH of -29 kJ per mol ethane formed. 
The high-temperature step is entropy-driven 
and consumes heat, while the low-tempera- 
ture step is enthalpy-driven. The transport 
of heat from a high temperature [step (I)] to 
a low temperature (step (2)], is unfavorable 
from an industrial point of view. However, 
it forms the driving force for the overall con- 
version of methane to higher alkanes, which 
is thermodynamically impossible in one 
step. 

The overall yield of 13% is of the same 
order as that obtained with high-tempera- 
ture pyrolysis and selective oxidation. Oxi- 
dative coupling can result in a yield that is 
nearly twice as high. 

CONCLUSIONS 

Thermodynamic temperature limitations 
for methane conversion to higher hydrocar- 
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FIG. 12. Methane  decomposi t ion  at 450°C followed by hydrogenat ion at 95°C on a 5% Ru/SiO 2 catalyst .  
Different carbon surface coverages  were created by varying the adsorpt ion time. (a) Methane  conver-  
sion. (b) Percentage  of  Ca type carbon.  (c) Chain growth probability. (d) Yield for the formation of  C2~ 
hydrocarbons .  All are as a funct ion of the carbon surface coverage.  

bons can be circumvented using a two-step 
process. We have indicated the theoretical 
and practical conditions for such a new con- 
version route of methane conversion to 
small alkanes and hydrogen without the use 
of oxidants. In such a process carbon- 
carbon bond formation occurs upon 
hydrogenation from a specific surface car- 
bon intermediate, generated by thermal de- 
composition of methane. The selective for- 
mation of this carbidic reaction intermediate 
is favored by low carbon surface coverages. 
The carbon-carbon bond formation mecha- 
nism is similar to the process responsible for 
chain growth in the Fischer-Tropsch reac- 
tion. The metal-carbon bond strength in this 

process is important and is optimum for the 
cobalt and ruthenium catalysts used. 

The maximum temperature needed for the 
presented methane conversion route (about 
400-450°C) is much lower than that of con- 
ventional routes. 
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