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The isothermal, non-oxidative, two-step conversion of CH4 to C2+ hydrocarbons was investigated over unsupported and supported
Pt and Ru catalysts at moderate temperatures and elevated pressures. The single-cycle specific activity (µmol C2+/gcat) and total product
yield (µmol C2+/µmol surface metal) for Ru powder at 430 K were significantly higher than for Pt powder at 503 K. The activity
and total product yield for mixed metal oxide (MMO)-supported Ru were significantly less than for Ru powder; however, Pt/MMO
exhibited similar activity and product yield in comparison to Pt powder. The formation of methylbutane and methylpentane increased
with increasing pressure over Ru/MMO. However, increasing pressure favored the formation of C4 species over Pt/MMO.
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1. Introduction

In 1991, two independent research groups demonstrated
the two-step, non-oxidative conversion of CH4 to C2+ alka-
nes over reduced Group VIII transition metals at temper-
atures lower than 773 K [1,2]. Since that time, numer-
ous investigations of this two-step route to CH4 homologa-
tion have been reported by researchers at the Université
de Nancy [3–10], Eindhoven University of Technology
[11–13] and elsewhere [14–28]. During the first step the
catalyst is exposed to CH4, in which both dissociative ad-
sorption to CHx species and some C–C bond formation
occur [29,30]. Hydrogen is subsequently introduced in the
second step to hydrogenate the surface carbonaceous de-
posits and induce alkane desorption, though hydrogenolysis
reactions can also occur [30]. A one-step variation of this
process, in which CH4 is pulsed into a dilute H2 stream,
has also been reported [22].

The C2+ product distribution and yield during two-
step CH4 homologation are a function of the metal [31],
support/metal–support interaction [18], temperature, pres-
sure, space velocity and contact time [7]. For example,
it has been shown for SiO2-supported metals that the C2+

product yield, the chain growth probability, and the selec-
tivity to C2+ during the hydrogenation step, can be corre-
lated empirically with the heat of adsorption for carbon on
the metal surface [31]. For isothermal operation, the C2+

product yields over SiO2-supported Ru, Pt and Co exhibit
a maximum at intermediate temperatures [7]. In addition,
Paréja et al. have demonstrated that an increase in operat-
ing pressure results in a marked shift to higher molecular
weight products [32].

Despite this substantial research effort in the area of
non-oxidative, two-step CH4 homologation, a commercial

process has not yet been developed. A significant economic
hurdle has been that the C2+ product distribution typically
contains only branched and linear C2–C6 alkanes, rather
than, for example, significant quantities of olefins or aro-
matics. Recently, however, the predominant formation of
cyclohexane, methylcyclohexane and dimethylcyclohexane
over SiO2-supported Ni–Cu has been reported [32]. In ad-
dition, the formation of relatively large quantities of ethyl-
ene has been observed over NaY-supported [18] and sol/gel
prepared, Al2O3-supported [21] Ru catalysts.

Therefore, the main purpose of the preliminary research
described herein was to probe the roles of pressure and
metal–support interactions on the C2+ product distribution.
Consequently, the isothermal, non-oxidative, two-step con-
version of CH4 was investigated over unsupported and sup-
ported Pt and Ru catalysts at moderate temperatures and
elevated pressures.

2. Experimental

2.1. Catalyst preparation and characterization

Nanoparticle Pt (Nanophase Technologies, 99.5+%) and
Ru (Aldrich, 99.9+%) powder samples of relatively low
dispersion were purchased for use in this investigation. The
Pt powder sample contained up to 10 ppm Cu as an im-
purity; however, detailed analysis on this sample was not
performed. The Ru powder sample used herein contained
trace levels of Al (5 ppm), Mg (1 ppm) and Cu (1 ppm).
These Pt and Ru powders were pretreated ex situ following
a procedure used previously for Pt powder [33]. Samples
were oxidized under flowing 5% O2 in He for 1 h at 673 K,
and subsequently reduced under flowing H2 (99.999%) for
1 h at 723 K. Thereafter, the samples were cooled to room
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temperature under flowing He (99.999%) and subsequently
stored in a desiccator for later use. During this pretreatment
procedure, gas hourly space velocities of 2400 cm3/h gcat

and 1200 cm3/h gcat were used for Pt and Ru, respectively.
A portion of the Pt powder was not subjected to this high-
temperature pretreatment procedure, but was used as re-
ceived.

Mixed metal oxide (MMO)-supported Pt and Ru cat-
alysts were prepared via incipient wetness. Prior to use
the MMO powder was calcined in a tube furnace under
flowing O2 (99.96%) for 2 h at 773 K. The Ru/MMO
and Pt/MMO catalysts were prepared via impregnation of
the calcined MMO powder with solutions of RuCl3·xH2O
and H2PtCl6·xH2O, respectively, dissolved in distilled H2O.
The impregnated samples were then dried overnight in sta-
tic air at 393 K, calcined under flowing O2 for 2 h at 773 K,
and ultimately stored in a desiccator for later use. Due to
the uncertainty of salt hydration number (x) and the pos-
sibility of Co contamination (from the ceramic boats used
during MMO calcination), metal contents were measured
using direct current plasma emission spectroscopy (Luvak
Inc.).

The total surface areas of the MMO-supported catalysts,
measured using N2 BET, and the metal dispersions for all
catalysts, measured using both H2 and CO pulse chemisorp-
tion, were obtained by Dr. Flytzani-Stephanopoulos and
her research group at Tufts University. Prior to either
N2 BET or chemisorption, the samples were pretreated in
flowing H2 (6000 cm3/h gcat) for 2 h at 523 K. In ad-
dition, temperature-programmed reduction (TPR) of the
MMO-supported catalysts (β = 10 K/min, N2/H2 = 19,
GHSV = 24 000 cm3/h gcat) was performed by Dr. Anil
Prabhu at Quantachrome Corporation.

2.2. Bench-scale reactor

High-purity CH4 (99.99%), H2 (99.999%) and He
(99.999%) were introduced independently to the feed-gas
manifold. Industrial excess flow valves were installed im-
mediately downstream of the CH4 and H2 cylinder reg-
ulators to prevent huge leaks of these gases in case of
catastrophic instrument failure. All gas exiting the gas
manifold passed through a 0.5 µm filter prior to entering
a high-pressure metering valve, where it was subsequently
directed to either the reactor bypass line or inlet. The re-
actor was a 1′′ diameter 304SS tube. Electrical heating
tape (Thermolyne, Insulated Fibrox, Tmax = 753 K) pow-
ered by a Glas-Colr PL312 Minitrol was used to con-
trol reactor temperature. A portable digital thermometer
(Omega, model HH11) was used to monitor reaction tem-
perature from a K-type thermocouple located inside of the
catalyst bed. The reactor head assembly included a ther-
mocouple port, a pressure gauge and a safety relief valve
(Nupro model SS-4R3A) set at ∼750 psig, and was con-
tained within a fume hood. Reactor effluent entered a back-
pressure regulator (GO model BP60-1A11CEL1H1), and
was then directed to either a rotameter or to the hydrocar-

bon product trap, which was a 1.125′′ diameter 316SS tube
suspended in a liquid-N2 bath. The trap was connected to
a pressure gauge and a safety relief valve set at ∼750 psig.
A valve connected to the product trap was used to introduce
gas from the hydrocarbon trap to a manual gas-sampling
port.

2.3. Catalyst testing

The performances of Ru powder, Pt powder, Ru/MMO
and Pt/MMO for isothermal, two-step CH4 homologation
were examined. Approximately 0.5 g of catalyst was packed
into the reactor between plugs of Heraeusr Amersil quartz
wool (Friedrich and Dimmock, Inc.). Thereafter the cat-
alyst was purged with He (80 psig, 12 000 cm3/h gcat)
overnight. The following morning the gas flow was
switched to H2 (100, 400 or 700 psig, 12 000 cm3/h gcat), the
reactor was heated to 523 K, and the catalyst was reduced
for 2 h. Thereafter the catalyst was purged for ∼60 min
with He (80 psig, 12 000 cm3/h gcat) to remove residual
H2 from the system. Near-optimal reaction temperatures
of 433 and 523 K were chosen for Ru and Pt, respec-
tively, based on the work of Amariglio et al. [7]. Once
at reaction temperature, the catalyst was exposed to flow-
ing CH4 (100, 400 or 700 psig, ∼48 000 cm3/h gcat) for
either 2 min (Pt powder and Pt/MMO) or 15 min (Ru and
Ru/MMO). To remove gas-phase CH4 from the system prior
to hydrogenation, the reactor was then flushed with flow-
ing He (∼84 000 cm3/h gcat) for 5 min. The reactor effluent
was then routed to the liquid-nitrogen trap, and the cata-
lyst was exposed to flowing H2 (∼60 000 cm3/h gcat) for
45–60 min.

Upon completion of the second step, i.e., introduction
of hydrogen, the liquid-nitrogen trap was isolated, ex-
cess H2 pressure was vented, and the trap was gradually
warmed overnight to room temperature. After recording
the trap pressure and temperature, the molar amount of
gas in the trap was estimated using the calibrated trap vol-
ume (24.8± 1.2 cm3) and the ideal gas law. The gas was
then sampled with a 1000 µl syringe and manually injected
into a gas chromatograph (SRI model 8610) equipped with
an 80/120 Carbopack B/3% SP-1500 column and a flame
ionization detector. Through a combination of retention
time data provided by Supelco [36], in-house calibration
data, and published FID sensitivity factor data [37], prod-
uct quantification was accomplished.

3. Results and discussion

3.1. Catalyst characterization

Metal contents of the MMO-supported catalysts are pro-
vided in table 1. Although the atomic ratio of Co/Ru =
0.05 in the Ru/MMO catalyst is fairly small, the ratio of
Co/Pt = 0.33 in the Pt/MMO catalyst is significant. Never-
theless, the extent of interaction in these catalysts between
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Co, Ru and Pt, if any, is unknown at this time. A summary
of the N2 BET surface areas, chemisorption uptakes, and
metal crystallite sizes estimated for each catalyst is provided
in table 2. The average particle size of the as-received Pt
powder reported by the manufacturer is 23 nm; however,
reduction of this Pt powder for 2 h at 523 K increased par-
ticle size to 70± 24 nm (table 2). Ex situ pretreatment in
5% O2 at 673 K prior to in situ reduction further increased
the Pt particle size to 163± 50 nm. The Ru powder sam-
ple, which was also subjected to this ex situ pretreatment,
exhibited a particle size of 420 ± 140 nm. The surface-
weighted particle sizes of the MMO-supported Pt and Ru
particles were calculated assuming negligible H2 and CO
chemisorption onto Co. Considering that the Co was intro-
duced accidentally during calcination of the MMO support
in the solid state, an assumption of poor Co dispersion and
low adsorption capacity seems reasonable. Nevertheless,
with this uncertainty, the calculated particle sizes for Ru
and Pt in the MMO-supported samples must be consid-
ered as lower-limit estimates. Regardless, it is interesting
to note that the irreversible H2 uptakes were considerably
higher than the corresponding CO uptakes on the MMO-
supported samples. Although it is possible that residual
Cl from the metal salt precursors is present on the MMO-
supported catalysts after reduction at 523 K, the presence of
Cl on Ru, for example, more strongly suppresses H2 rather
than CO adsorption [38]. Thus, the relatively higher hydro-
gen adsorption capacity is not likely due to the presence of
Cl. Possibly, this phenomenon is due to hydrogen spillover
onto the support surface during chemisorption. The for-
mation of stable (Ti–H)3+ species on, e.g., reduced TiO2

surfaces, has been reported [39].
Temperature-programmed reduction (TPR) spectra for

Ru/MMO and Pt/MMO are shown in figure 1. A tem-

Table 1
Bulk metal composition of MMO-supported catalysts.

Catalyst Metal content (wt%)

Pt Co Ru

Pt/MMO 1.01 ± 0.02 0.10 ± 0.01 –
Ru/MMO – 0.056 ± 0.005 1.85 ± 0.05

perature maximum was observed in the TPR spectrum for
Ru/MMO at ca. 505 K, indicating that in situ reduction in
H2 at 523 K (used for the CH4 homologation experiments)
is sufficient to reduce this catalyst. In contrast to this, two
temperature maxima were observed, at ca. 425 and 800 K,
for the Pt/MMO catalyst. It is tentatively presumed that the
peak near 425 K is due to the reduction of Pt, and that the
remainder of the TPR spectrum is indicative of the partial
reduction of the support and/or Co. If the latter postulate
is correct, then this TPR spectrum is evidence for hydro-
gen spillover, and possibly either metal–support or Pt–Co
interactions, in the Pt/MMO catalyst. Similar reduction
behavior has been observed for numerous other supported
catalysts, such as Pt/TiO2 [35].

3.2. Catalyst performance

The single-cycle performances of the Ru and Pt catalysts
for isothermal, two-step CH4 homologation are shown in ta-
ble 3. Both Ru/MMO and Pt/MMO exhibited an apparent
maximum in activity for CH4 homologation at a pressure of
ca. 400 psig; consequently, the Pt and Ru powder samples
were examined only at this pressure. It is of interest that,
over Ru/MMO, an increase in pressure from 100 to 700 psig
resulted in a concomitant increase in both n-C5H12 and
branched alkane (<n-C5 and >n-C5) production. Similar
results with respect to pressure have been observed previ-
ously over Ni–Cu/SiO2 [32]. The unsupported Ru powder
sample exhibited an activity for CH4 homologation signif-
icantly higher than Ru/MMO (table 3). In addition, the
Ru powder exhibited a higher molecular weight product
distribution than Ru/MMO; i.e., the dominant C2+ alkane
over Ru/MMO was ethane, while over Ru powder it was n-
pentane. A more interesting result was that over Ru/MMO
at 100 psig, there was a significant increase in C4 produc-
tion (table 3). The major C4 species eluted in the gas chro-
matograph at a retention time between those of isobutane
and n-butane, corresponding to C4 olefins [36]; however,
definitive assignment of these species is not possible at this
time and is dependent upon future GC/MS studies. The
Pt/MMO catalyst exhibited higher activity than Ru/MMO
and Pt powder on a per gram catalyst basis (table 3). More

Table 2
BET surface areas (S), chemisorption uptakes, metal dispersions and particle sizes for Ru and Pt catalysts.

Catalyst S Uptake (µmol/gcat) Dispersion (%)a Particle size (nm)b

(m2/g) H2 CO H2 CO H2 CO

MMO 4.9 – – – – – –
Pt/MMO 5.2 59 ± 24 35.4 ± 2.2 100 68 ± 4 1.1 1.7 ± 0.1
Ru/MMO 5.3 38 ± 26 6.0 ± 0.3 42 ± 28 3.3 ± 0.2 2.7 34 ± 2
Pt powder – – 24.3 – 0.75 ± 0.25 – 163 ± 50
Pt powderc – 45 59 ± 8 1.8 1.8 ± 0.6 63 70 ± 24
Ru powder – – 15.3 – 0.3 ± 0.1 – 420 ± 140

a Metal dispersions for Pt/MMO and Ru/MMO are calculated assuming the adsorption stoichiometry of Had/metalsurf =
COad/metalsurf = 1. Mean values reported for Pt and Ru powder result from assumed stoichiometries of 1 and 1/2; the
stoichiometry of 1/2 has been observed for CO adsorption on Pt(111) and low surface area Pt powder [33,34].

b Surface-weighted particle size (ds) calculated from dispersion (D) using ds (nm) = 113/D (%). From [35].
c This sample was not subject to ex situ oxidization at 673 K and reduction at 723 K prior to analysis.
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Figure 1. Temperature-programmed reduction (TPR) spectra for Ru/MMO and Pt/MMO. Conditions: GHSV = 24 000 cm3/h gcat, N2/H2 = 19,
P = 1 atm, β = 10 K/min.

interesting, however, is that at 700 psig over Pt/MMO the
major products in the C2+ distribution were C4 species.

A comparison of C2+ product distributions reported
herein over Ru/MMO with data reported over Ru/SiO2 is
shown in figure 2. Excluding data for Ru/MMO at 100 psig,
for which there was a significant promotion of C4 forma-
tion, the data in figure 2 illustrate a shift in the product
distribution to higher molecular weights with increasing
pressure, as mentioned previously. The C2+ product distri-
butions obtained during isothermal, two-step CH4 homolo-
gation over Pt powder at 492 K and 400 psig, and Pt/SiO2

at 473–523 K and 0 psig [40] are compared in figure 3. Typ-
ically, there are negligible metal–support interactions for
SiO2-supported Pt after reduction at 523 K; consequently,
SiO2-supported Pt particles should exhibit similar catalytic
behavior (regarding CH4 activation) to unsupported Pt pow-
der [41]. Nevertheless, a notable difference is that the Pt
powder exhibited a slightly lower C4− yield and a slightly
higher C5+ yield. Presumably this is a direct consequence
of the negative H2 pressure dependence on hydrogenolysis
over Pt; i.e., the rates of hydrogenolysis of C2–C5 alka-
nes over Pt typically decrease with increasing H2 partial
pressure [42].

It is also of interest to compare the catalyst turnover
numbers (TON); i.e., the moles of surface C converted to
C2+ per mole of surface metal atom, per cycle. A true
turnover frequency cannot be calculated for two-step CH4

homologation, because the process is not truly catalytic [4].
Koerts et al. studied two-step CH4 homologation at at-
mospheric pressure by adsorbing CH4 at 723 K and hy-
drogenating the carbon deposits at 373 K [13]; it is pos-
sible to calculate a TON of 0.027 for Ru/SiO2 using their

data. This agrees well with the TON range of 0.018–0.051
measured for Ru/MMO in this investigation (table 3). The
TON of 0.190 for Ru powder in this study is higher than
for either Ru/MMO or Ru/SiO2. Possibly, this is indicative
of either a metal particle size effect, an inhibiting effect
of MMO on the activity of dispersed Ru, an inhibiting ef-
fect of adsorbed Cl on the Ru/MMO catalyst or the influ-
ence of pressure (in regard to Ru/SiO2). However, none
of these possibilities can be excluded at this time. A TON
of 0.001 for Pt/SiO2 can also be calculated from the data
of Koerts et al. [13]. However, this value is over an or-
der of magnitude less than the TON range of 0.010–0.026
measured for Pt powder and Pt/MMO in this investigation
(table 3). Possibly the difference is due to reaction con-
ditions, most notably, the higher pressures and lower CH4

adsorption temperatures used herein.
With this limited information it is possible to speculate

about some mechanistic aspects of two-step CH4 conver-
sion over MMO-supported Pt. In general, CH4 dissociation
over a supported Group VIII metal should yield a distribu-
tion of CHx (or CmHn) species. For example, it is possible
that CH4 dissociation over Pt/MMO at elevated pressures
(400 6 P (psig) 6 700) results in the formation of some
CH2 species on the Pt surface:

CH4 + 4M→ CH2–M2 + 2H–M (1)

where M is a surface Pt atom. Each CH2 surface fragment
in equation (1) is considered bonded to two surface metal
atoms (M2) because CHx fragments on Pt tend to complete
their tetravalency if an appropriate site is available [43].
For two-step CH4 homologation, surface CHx species with
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Table 3
Total CH4 homologated and C2+ product distribution for isothermal, two-step CH4 homologation over unsupported and MMO-supported Ru and Pt.

Catalyst Reaction conditionsa Experimental results

T (K) GHSV (cm3/h gcat) P Homologated CH4 C2+ product distribution (wt%)

CH4
b H2

c CH4 H2 (psig) µmol/gcat C/Msurf
d C2H6 C3H8 C4 n-C5H12 othere

i-C4H10 C=
4 n-C4H10 <n-C5 >n-C5

Ru/MMO 431± 3 433± 3 98 000f 14 900g 100 0.10± 0.06 0.017 41.0± 1.8 13.6± 4.1 6.5± 1.5 17.2± 2.6 12.4± 0.6 8.3± 0.1 0.9± 0.9 0± 0
432± 4 434± 7 47 300 59 100 400 0.29± 0.03 0.048 46.2± 1.5 12.6± 2.2 1.9± 0.3 0.4± 0.4 13.6± 2.0 19.2± 2.2 5.7± 0.3 0.4± 0.4
427± 9 433± 7 47 400 59 200 700 0.17± 0.01 0.028 27.5± 0.5 15.1± 1.2 2.1± 0.2 1.1± 1.0 15.1± 1.5 22.9± 0.4 8.8± 0.1 7.3± 2.0

Ru 427± 8 430± 6 48 000 60 000 400 2.9± 1.7 0.190 22.6± 1.0 7.8± 0.1 1.3± 0.1 0.5± 0.2 13.3± 0.2 34.9± 0.0 8.1± 0.1 11.7± 0.9

Pt/MMO 506± 12 522± 15 47 100 58 900 400 0.98± 0.01 0.028 43.3± 1.8 5.4± 0.4 0.8± 0.1 32.6± 4.0 2.2± 0.2 3.2± 1.4 4.8± 1.2 6.5± 0.2
483± 29 516± 28 46 300 58 000 700 0.50± 0.06 0.014 26.7± 2.5 2.7± 0.3 1.0± 0.1 62.9± 3.1 0.8± 0.1 0.6± 0.1 1.3± 0.1 4.0± 0.1

Pth 492± 25 514± 14 47 600 59 500 400 0.57± 0.01 0.010 60.8± 2.8 1.7± 0.1 0.3± 0.1 3.6± 0.5 0.6± 0.2 15.2± 1.4 8.3± 1.5 9.5± 2.7
a All catalyst samples were pretreated in situ for 2 h at 523 K prior to reaction.
b Temperature during dissociative CH4 adsorption (±1σn).
c Temperature during hydrogenation.
d Atomic ratio of carbon homologated to C2+ to exposed surface metal atoms (as measured by CO chemisorpiton – see table 2).
e The “other” sub-group refers to species which elute in the GC analysis prior to (<n-C5) and after (>n-C5) n-C5H12. The <n-C5 species are most likely methylbutane and either cyclopentane

or pentene. The >n-C5 species are mostly methylpentane.
f This GHSV is from an average of two different experiments at 5960 and 190 200 cm3/h gcat.
g This GHSV is from an average of two different experiments at 5960 and 27 800 cm3/h gcat.
h This sample was not subject to ex situ oxidization at 673 K and reduction at 723 K.
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Figure 2. A comparison of C2+ product distributions during isothermal, two-step CH4 homologation at 423–433 K over Ru/MMO (table 3) and
Ru/SiO2 [40]. Note that n-C5H12 and <n-C5 species listed in table 3 have been lumped together as C5 species in this figure.

Figure 3. A comparison of C2+ product distributions during isothermal, two-step CH4 homologation over Pt powder (table 3) and Pt/SiO2 [40]. Note
that n-C5H12 and <n-C5 species listed in table 3 have been lumped together as C5 species in this figure.

1 < x 6 2 (or CmHn species with 1 < n/m 6 2) are
believed to be optimal for the production of higher hydro-
carbons [22]. In addition, it is of interest to note that ki-
netic data for CO2 reforming of CH4 over supported Pt
catalysts at temperatures less than 723 K are explained
well by a model derived from a mechanism which includes

surface CH2 species as the main CHx reaction intermedi-
ate [44].

Carbon–carbon bond formation may occur during CH4

adsorption, as mentioned previously. The BOC/MP-esti-
mated [45] heats of adsorption for ethane (5 kcal/mol),
ethylene (12 kcal/mol), and acetylene (14 kcal/mol) on Pt
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are significantly less than, for example, CH2 (68 kcal/mol),
H3C–C (97 kcal/mol) and H3C–CH (70 kcal/mol). Con-
sequently, on the basis of simple desorption theory, the
surface coverages of ethane, ethylene and acetylene on Pt
at 523 K should be significantly less than those of CH2,
H3C–C and H3C–CH [46]. Assuming the presence of these
species on the catalyst surface after dissociative CH4 ad-
sorption, introduction of hydrogen during the second step of
the two-step homologation sequence could induce several
reactions to occur, such as the recombinative desorption of
CH2 as ethylene,

2CH2–M2 → C2H4 + 2M (2)

which could be subsequently either hydrogenated on the Pt
surface to produce ethane,

C2H4 + H2 → C2H6 (3)

or dimerized to butenes,

2C2H4 → C4H8 (4)

Alternatively, it is possible that surface CmHn species,
such as H3C–C and H3C–CH, are formed during CH4 dis-
sociation:

2CH4 + 8M→H3C–C–M3 + 5H–M (5)

2CH4 + 6M→H3C–CH–M2 + 4H–M (6)

Both H3C–C and H3C–CH have H/C ratios within the pro-
posed optimal range of 1–2, and, presumably, may undergo
numerous reactions, such as hydrogenation and hydrogen-
assisted recombinative desorption, to yield C2 and C4 prod-
ucts.

Thermodynamically, both ethylene hydrogenation and
dimerization are favored with increasing pressure. In addi-
tion, the ethylene reaction order for hydrogenation over sup-
ported Pt is apparently negative or zero at pressures higher
than 75 Torr [47]. Therefore, the observed increase in C4

selectivity over Pt/MMO with increasing reaction pressure
may be due simply to intrinsic kinetics.

There are insufficient experimental and theoretical data
available at this time to explain why C2+ olefins, in par-
ticular C4 olefins, may form and survive in the H2-rich en-
vironment which exists during the second step of the two-
step homologation process. Nevertheless, it is worth noting
that in previous investigations of two-step CH4 homologa-
tion, significant ethylene formation has been observed over
supported Ru [18,21], and butene formation has been ob-
served over Pd–Co/SiO2 [22]. Possibly, Pt–Co and metal–
support interactions exist in the reduced Pt/MMO catalyst
which create sites necessary to promote C4 olefin forma-
tion. Clearly, however, more work needs to be done before
any non-speculative conclusion can be reached.

4. Summary

The isothermal, non-oxidative, two-step conversion of
CH4 to C2+ hydrocarbons was investigated over unsup-

ported and supported Pt and Ru catalysts at moderate tem-
peratures and elevated pressures. The experimental re-
sults reported herein indicate that unsupported and SiO2-
supported Pt exhibit a similar product distribution for
isothermal, two-step CH4 homologation. Product yields
for Pt/MMO, however, were slightly higher than those for
either Pt/SiO2 or Pt powder. Conversely, product yields
for Ru powder were larger than those observed for ei-
ther Ru/MMO or Ru/SiO2. More importantly, the data
herein demonstrate that use of a support which exhibits
mild metal–support interactions can shift the product dis-
tribution. In addition, in agreement with earlier studies, it
was shown that an increase in reaction pressure increases
the branching and molecular weight distribution of the prod-
uct.
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