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Methane homologation has been investigated over Co/SiO2 cata-
lysts at a CH4 activation temperature of 450◦C. At this temperature,
the total moles of CHx (x= 0, 1, 2, 3) accumulated on the catalyst sur-
face was significantly greater than the moles of surface Co, and the
3% C2+ yield/site obtained from hydrogenation of the CHx species
at 100◦C was significantly higher than the <1% reported in pre-
vious studies. However, a significant fraction of the CH4 produced
inactive carbon and this led to catalyst deactivation during repeated
cycling. C2+ selectivity decreased when the deposit was aged at ei-
ther 450 or 100◦C and when the activation temperature decreased.
These trends were related to changes in the H content of the CHx

species, with x= 1 giving the highest C2+ selectivity. Generation of
C2+ products in the second step by isothermal (100◦C) reaction in
Ar instead of H2 demonstrated that C–C bond formation occurred
after activation, whereas the presence of H2 facilitated hydrogena-
tion and hydrogenolysis of C–C surface species, thereby decreasing
C2+ selectivity in comparison with Ar. c© 1999 Academic Press
INTRODUCTION

In the two-step CH4 homologation reaction (1–4), CH4

is initially activated on a transition metal catalyst at high
temperature and low H2 partial pressure, generating H2 and
surface CHx species, with x= 0, 1, 2, or 3. Subsequently, the
CHx species are hydrogenated at low temperature and high
H2 partial pressure to yield CH4 and higher hydrocarbons
such as C2H6 and C3H8, herein referred to collectively as
C2+ products.

In previous studies, CH4 activation was performed over
supported group VIII metal catalysts either at high tem-
perature (300–430◦C) in a dilute stream of CH4 (2, 5), or
with short pulses of CH4 introduced to the feed gas (6), or
at temperatures below 300◦C (3). In each case the moles
of CH4 reacted per mole of surface metal atoms was less
than one; i.e., the (nominal) coverage of the metal by CHx

species was <1. The C2+ yield/site, defined as the moles of
C2+ product per mole of surface metal, reported in these
studies was less than 1% (2, 5, 7).
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Three different types of surface carbonaceous species
have been identified on the catalyst following CH4 ac-
tivation using temperature-programmed surface reaction
(TPSR) in H2 (2). The relative amount of each species de-
pends on the metal coverage and only the most reactive
species produce C2+ in the isothermal hydrogenation step.
Exposure of the carbonaceous species to high temperature
results in an “aging” phenomenon by which active carbona-
ceous species transform to less active species (1, 8). Hence
the type, amount, thermal history, and age of the carbona-
ceous deposit influence the C2+ yield.

One possible approach to increasing C2+ yield is to in-
crease the surface concentration of the most active car-
bonaceous species. The objective of the present study was
to determine if this may be achieved by increasing the con-
centration of CH4 in the feed and reacting more CH4 during
the activation step. The present authors recently proposed
a kinetic model for CH4 decomposition over Co catalysts
under conditions of high CH4 concentration in the feed and
high activation temperature (450◦C) (9). Under these con-
ditions, the rate of CH4 decomposition (reported per mole
of surface Co available initially) increased to a maximum
within the first 30 s of CH4 exposure, followed by a rapid de-
cline to a steady, nonzero decomposition rate within 1 min.
The decomposition rate continued at this level and after
2 min reaction, the CHx species had an average H content
corresponding to x≈ 1. The observed CH4 decomposition
kinetics were well described by a model that included mi-
gration of the CHx species from the Co surface to the sup-
port that allowed CH4 decomposition to continue beyond
a nominal monolayer coverage of the Co by CHx.

In the present study, the relative amount and reactivity
of the different surface carbon species that result from the
decomposition of CH4 at 450◦C are examined. The effect
of aging of the carbonaceous deposit on reactivity and the
effect of operating conditions are reported. Furthermore,
in previous studies, C2+ and CH4 were produced by isother-
mal hydrogenation in the second step but the significance of
the reaction medium (H2) used in this step has not been ad-
dressed (1, 2, 5, 6, 10–12 ). In the present work, the isother-
mal step is carried out using different gases in an attempt
to examine this issue.
2
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EXPERIMENTAL

Two different batches of supported Co catalysts were
prepared by incipient wetness impregnation of precal-
cined (25 h at 500◦C) silica gel (Grade 62, Aldrich) with
Co(NO3)2 · 6H2O. Catalyst series A was vacuum-dried at
100◦C for 37 h after impregnation and then calcined for
10 min at 450◦C. Catalyst series B was simply dried for
at least 10 days at 110◦C after impregnation. The catalysts
were then reduced by temperature-programmed reduction
(TPR) in a 60 ml/min flow of 20% H2/80% Ar using a tem-
perature ramp of 10◦C/min up to the maximum tempera-
ture of 450◦C. Catalyst properties including extent of reduc-
tion of cobalt oxides to zero-valent Co and metal dispersion
were determined by powder X-ray diffraction (XRD), TPR,
and Co reoxidation procedures, details of which have been
reported previously (9).

The reactor setup consisted of multiport feed gas se-
lection valves, mass flow controllers, and a fixed-bed mi-
croreactor loaded with 0.5 g of catalyst. The U-tube quartz
microreactor with an in-bed thermowell and fused silica
catalyst support was heated using a temperature-controlled
furnace. The reactor product analysis section comprised a
thermal conductivity detector (TCD), a quadrupole mass
spectrometer (QMS), and a gas chromatograph (GC)
equipped with a 10-loop sampling valve and a flame ion-
ization detector (FID).

The two-step homologation reaction sequence was some-
times followed by two additional reaction steps to ensure
complete recovery of the carbon deposited during the CH4

activation step. The full sequence of steps proceeded as fol-
lows: After reduction of the catalyst and Ar purge of the re-
actor, CH4 was activated (or decomposed) on the reduced
Co–SiO2 catalyst by exposing the catalyst to a 54 ml/min
flow of 5% CH4/95% Ar at 450◦C for a period of 1 to 7 min.
The reactor effluent was monitored with the QMS during
this activation step. After rapid cooling to 100◦C in <30 s
and purging in 54 ml/min of Ar for 5 min, the carbonaceous
deposit was aged for approximately 20 min in static Ar (the
aging time for the carbonaceous deposit). The resulting car-
bonaceous species were then hydrogenated isothermally at
100◦C to complete the two-step reaction cycle, producing
higher hydrocarbons and CH4. The Ar purge was designed
to remove any residual CH4 from the reactor following ac-
tivation so that an accurate measure of CH4 and C2+ pro-
duction in the subsequent isothermal hydrogenation could
be made. Although it is possible that some hydrocarbons
were removed from the catalyst during this Ar purge, mon-
itoring this step by QMS showed insignificant amounts of
C2+. To ensure complete recovery of the carbon deposited
in the activation step, a TPSR with H2 and a temperature-
programmed oxidation (TPO) followed.
Details of the experimental setup, catalyst reduction, and
CH4 activation steps have been reported previously (9). In
the isothermal hydrogenation step, the catalyst was exposed
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to 11 ml/min H2 at 100◦C for 10 min. The reaction products
were monitored with the QMS and nine gas samples of the
reactor effluent were taken in 1-min intervals using the GC
multiloop automatic sampling valve. The GC analysis was
done using the FID and a 5 ft (1.5 m)× 1

8 in. (3.2 mm) 60/80
Carbosieve G packed column (Supelco Canada Ltd) with
30 ml/min of UHP-grade He carrier gas for separation of
CH4, C2H4, C2H6, C3H6, and C3H8. The gas chromatograph
was calibrated regularly with an analyzed calibration gas
mixture (Praxair).

The isothermal hydrogenation was followed by the TPSR
in H2 to quantify the amount and reactivity of the less ac-
tive carbon species. For the TPSR, 11 ml/min of H2 flowed
through the reactor while the reactor temperature was in-
creased from 30 to 700◦C at 15◦C/min. The reaction prod-
ucts were monitored with the calibrated QMS.

TPO was used to quantify the carbon species that did
not react with H2. After the TPSR in H2, the reactor was
cooled and flushed in He. The catalyst was then exposed
to a flow of 11 ml/min O2 (UHP, Praxair) while the reactor
temperature was increased from 40 to 700◦C at 15◦C/min.
CO2 production was monitored with the QMS.

RESULTS

1. Carbon Recovery

Figure 1 shows the profiles of CH4, C2H4, and C2H6 pro-
duction as a function of time during isothermal hydrogena-
tion, after a 2-min activation of 5% CH4/Ar at 450◦C over
FIG. 1. Profiles of CH4 (h), C2H6 (s), and C2H4 (4) production as a
function of isothermal hydrogenation at 100◦C in 11 ml/min H2 flow over
the A-series 12% Co–SiO2 catalyst after 2 min activation with 5% CH4/Ar
mixture at 450◦C.
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FIG. 2. Profiles of CH4 production (h) and temperature (—) as a
function of time in temperature-programmed surface reaction (TPSR) in
11 ml/min of H2 flow on A-series 12% Co–SiO2 catalyst. Activation of
CH4 (2 min flow of 5% CH4/Ar mixture at 450◦C) followed by 10 min
isothermal hydrogenation at 100◦C.

the A-series 12% Co–SiO2 catalyst. The total number of
moles of each hydrocarbon and the carbon selectivity to
C2+ products were calculated by numerical integration of
the production profiles. TPSR in H2 followed the 10-min
isothermal hydrogenation, with CH4 being the only signif-
icant product. Figure 2 shows that two peaks occurred in
CH4 production: one at about 200◦C and the other at 540◦C.
Hence, in terms of reactivity to H2, three types of carbon de-
posit were identified. Previous studies have classified these
species as Cα, Cβ, and Cγ , in order of their decreasing reac-
tivity to H2 (2), and a similar classification is valid here.

TPO was the final step in accounting for all the carbon
deposited during CH4 activation and Fig. 3 shows the CO2

generated during TPO. Integration of this profile yielded
the amount of inactive carbon not removed by TPSR in
H2. During TPO, the mass numbers 18, 31, and 28 corre-
sponding to H2O, CH3OH, and CO were also monitored.
H2O showed a distinct peak due to oxidation of hydrogen
adsorbed on the catalyst and this corresponded to the rapid
initial increase in reactor temperature shown in Fig. 3. There
was no evidence for CH3OH or CO production.

Table 1 compares the amounts of deposited and recov-
ered carbon from each reaction step over the 12% Co/SiO2

catalyst. About 10% of the deposited carbon was recov-
ered by isothermal hydrogenation, 60% by TPSR in H2,
and most importantly approximately 30% was inactive to-
ward hydrogenation and was recovered only by TPO. The
average error between the moles of CH4 reacted in the ac-
tivation step and the moles of carbon recovered, based on a

number of repeated experiments (not shown), was ±20%.
In previous studies (2, 5, 13–15), the amount of carbon re-
covered from the isothermal hydrogenation and TPSR was
D SMITH

FIG. 3. Profiles of CO2 production (h) and temperature (—) as a
function of time during temperature-programmed oxidation (TPO) in
11 ml/min of O2 flow on A-series 12% Co–SiO2 catalyst. Activation: 2 min
flow of 5% CH4/Ar mixture at 450◦C.

assumed to equal the carbon deposited in the activation
step. Table 1 shows that under the conditions of the present
study, a significant fraction of the deposited carbon was in-
active toward hydrogen. Product yield data are therefore
based on the total moles of carbon deposited in the activa-
tion step and not on the carbon recovered in the isothermal
and TPSR hydrogenations.

TABLE 1

Carbon Recovery after CH4 Activation at 450◦C for 2 min Using
the 12% Co–SiO2 A-Series Catalyst

Complete
Complete cycle excluding

Reaction sequence cyclea hydrogenationsb

CH4 activation
CH4 reacted at 450◦C for 2 min

(µmol CH4 converted) 61 63

Carbon recovery
Isothermal hydrogenation at 100◦C

C recovered as CH4+C2+ (µmol) 5 —
TPSR in H2

C recovered as CH4 (µmol) 29 —
TPO

C recovered as CO2 (µmol) 15 65
Total C recovered (µmol) 49 65

Error (%)c −20 +3

a The complete cycle consisted of activation at 450◦C, isothermal hy-
drogenation at 100◦C, TPSR in H2, and TPO.

b The isothermal hydrogenation and TPSR in H were omitted from
2

this experiment.
c Difference between C recovered and CH4 reacted, expressed as a per-

centage of the CH4 reacted.
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TABLE 2

Effect of Catalyst Metal Loading on Hydrogenation of Carbon-
aceous Deposit over the Co–SiO2 A-Series Catalysta

Catalyst loading (wt%) 12 5 2
Extent of reduction (mol%) 85 76 42
Co dispersion (%) 5.6 5.1 5.3

CH4 activation
µmol CH4/µmol Co 1.3 2.0 2.3
x of CHx 0.9 1.3 1.6

Isothermal hydrogenation
C2+ selectivity (mol%) 8 5 2
C2+ yield/site (mol C2+/mol Co %) 0.5 0.4 0.1
C recovered in isothermal and

TPSR hydrogenation (%) 29 21 12

a Reaction conditions: CH4 activation at 450◦C for 2 min, isothermal
hydrogenation at 100◦C, and TPSR in H2 .

2. Effect of Catalyst Metal Loading

Table 2 summarizes the properties of the Co/SiO2 cata-
lysts with 2, 5, and 12 wt% Co loading, examined in the
present study (9). As Co loading decreased the extent of re-
duction decreased but the dispersion of the reduced Co was
approximately the same for all three catalysts. This trend
suggests an increased metal–support interaction with de-
creased metal loading that decreased the extent of reduc-
tion. The data in Table 2 also show that CH4 consumption
during 2 min activation at 450◦C increased as the metal
loading decreased. The kinetic model for CH4 decomposi-
tion developed previously (9) assumed that the increased
CH4 consumption was a consequence of increased migra-
tion of CHx surface species from Co to the catalyst support,
which in turn resulted from a stronger metal–support inter-
action.

Decreasing the metal loading from 12 to 2% Co also in-
creased the H content of the CHx species from 0.9 to 1.6,
whereas the C2+ selectivity obtained from the isothermal
hydrogenation decreased from 8 to 2%. Hence, although
the catalysts with lower loading had higher activity for CH4

activation, they had lower selectivity for C–C bond forma-
tion. Data presented in Table 2 also show that the percent-
age carbon recovered by the isothermal and TPSR hydro-
genation steps decreased with decreased metal loading.

3. Effect of CH4 Activation Time and Temperature

The results presented in Section 2 reported C2+ yield fol-
lowing activation of CH4 under the same reaction condi-
tions. However, the reactivity of the carbonaceous species
resulting from the CH4 activation step is very dependent on
the activation conditions. For example, increasing either

the duration or the temperature of activation leads to a
decrease in the amount of active carbon due to high-tem-
perature aging (1–4). To quantify this effect in the present
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work, 5% CH4/Ar was reacted on the A-series 12% Co–
SiO2 catalyst for periods of 1, 2, and 7 min.

The results, reported in Table 3, show that as the activa-
tion time increased more CH4 was reacted and the resulting
CHx species dehydrogenated such that their H content de-
creased from x= 1.1 after 1 min activation to x= 0 after
7 min activation. In the subsequent isothermal hydrogena-
tion, the amount of carbon recovered and the selectivity
to C2+ hydrocarbons also decreased with increased acti-
vation time and the total carbon recovered in the form
of CH4 (from TPSR) increased. These data clearly show
that high activation temperature and increased activation
time result in a loss in reactivity of the CHx species and
lower selectivity and carbon recovery in the isothermal hy-
drogenation step. These results are indicative of the gen-
eration of carbon species with low H content that are less
reactive not only for C–C bond formation, but also for hy-
drogenation to produce CH4. It is also worth noting that the
163µmol CH4 produced during TPSR after 7 min activation
and isothermal hydrogenation was more than the 48 µmol
surface Co available on the catalyst. This suggests that in
TPSR, a large amount of carbon with very low H content
residing on the support was also hydrogenated. The mech-
anism of this phenomenon is not clear but may be related
to hydrogen spillover or reverse spillover of CHx from the
support to the Co.

Decreasing the CH4 activation temperature from 450 to
360◦C decreased the moles of CH4 reacted per mole of Co,
but increased the hydrogen content of the carbon deposit
as shown by the data in Table 4. In the isothermal hydro-
genation step, C2+ production decreased from 0.22 µmol
for an activation temperature of 450◦C to 0.09 µmol for an
activation temperature of 360◦C. C2+ selectivity decreased
by a factor of 2 as the activation temperature decreased
from 450 to 360◦C. In addition, the TPSR data of Table 4

TABLE 3

Effect of Activation Time on the Hydrogenation of the Carbon-
aceous Deposit over the 12% Co–SiO2 A-Series Catalysta

Activation time (min)

1 2 7

CH4 activation
CH4 consumed (µmol) 45 61 177
H2 generated (µmol) 64 94 352
x of surface CHx 1.1 0.9 0.0

Isothermal hydrogenation
C2+ generated (µmol) 0.24 0.22 0.1
C2+ selectivity (%) 7 8 5
C produced (µmol) 7 5 4

TPSR in H2
C produced (µmol) 1 29 163

a Reaction conditions: CH4 activation at 450◦C, isothermal hydrogena-
tion at 100◦C and TPSR in H2.



N
236 ZADEH A

TABLE 4

Effect of Activation Temperature on the Hydrogenation of the
Carbonaceous Deposit over the 12% Co–SiO2 A-Series Catalysta

Activation temperature (◦C)

360 390 450

CH4 activation
CH4 consumed (µmol) 27 37 61
H2 generated (µmol) 26 47 94
x of surface CHx 2.1 1.4 0.9

Isothermal hydrogenation
C2+ generated (µmol) 0.09 0.21 0.22
C2+ selectivity (%) 4 7 8

TPSR in H2

C produced (µmol) 0.1 0.6 29

a Reaction conditions: CH4 activation for 2 min, isothermal hydrogena-
tion at 100◦C, and TPSR in H2.

show that the amount of CH4 recovered in the TPSR step
decreased as the activation temperature decreased from
450 to 360◦C. Hence, higher activation temperature favors
higher C2+ selectivity in the isothermal hydrogenation since
the CHx species have lower H content, but more inactive
carbon is deposited during the CH4 activation.

4. Carbon Aging

The above results showed the effect of increased activa-
tion time at high temperature. However, in those experi-
ments longer activation time also resulted in higher carbon
accumulation on the catalyst. Consequently in this series
of experiments, the CH4 activation time was kept constant
and the aging time at 100◦C was reduced below the normal
20 min in an attempt to separate the effects of time and
temperature on the aging process.

The 12% Co–SiO2 A-series catalyst used in these exper-
iments was exposed to a 5% CH4/Ar mixture at 450◦C for
2 min. As before the moles of CH4 converted was greater
than the moles of surface Co. The deposit was then aged
in a static Ar atmosphere for 5, 10, and 20 min at 100◦C
and subsequently hydrogenated isothermally at 100◦C for
10 min. TPSR and TPO followed the isothermal hydrogena-
tion step.

The data, summarized in Table 5, show that as the age
of the carbonaceous deposit increased, the production of
both CH4 and C2+ hydrocarbons in the isothermal hydro-
genation step decreased, as did the C2+ selectivity, indicat-
ing that aging decreased C–C bond formation. Interestingly,
there was some C2H4 production for the shorter aging times
which decreased to zero at longer times and a small amount
of C3+ hydrocarbon was generated in the 5-min aging ex-
periment. Hence as aging time increased the most active

carbon, which is capable of multiple C–C bond formation,
either underwent C–C bond breakage to generate C2+ and
eventually CH4 or further C–C bond formation to produce
D SMITH

inactive polycarbon species. Also of note is the fact that by
decreasing the aging time from 20 to 5 min the C2+ yield
per site was increased from 0.9 to 3.2%. The latter yield
is approximately three times greater than what has been
reported previously (2, 5, 7).

The total amount of carbon recovered in the isothermal
hydrogenation step is reported as Cα in Table 5. TPSR after
the isothermal hydrogenation showed that the amount of
Cβ decreased with aging time while the least active form of
carbon, Cγ , increased with aging time (for the first 10 min).
This suggests that aging results in transformation of Cα to
Cβ, which in turn can be converted to Cγ . The increasing
trend of CO2 production (from TPO) with aging indicates
that the least active Cγ also deactivated to a less active
carbon that could be recovered only by TPO.

5. Isothermal Reaction Medium

In the two-step CH4 homologation, C2+products are gen-
erated during the isothermal hydrogenation at low temper-
ature to overcome the thermodynamic barrier to C2+ for-
mation at 450◦C. However, once C–C bond formation has
occurred, the question of whether H2 is necessary to dis-
place the desired product from the surface has not been
addressed. Following the experimental procedures already
described, the B-series 8% Co–SiO2 catalyst was exposed
to 5% CH4/Ar gas at 450◦C for 2 min to activate CH4. After
briefly purging the reactor in Ar, the catalyst was exposed
to either H2, Ar, CO2, or O2 at 100◦C for 10 min. During

TABLE 5

Effect of Carbon Aging at 100◦C on the Hydrogenation of the
Carbonaceous Deposit over the 12% Co–SiO2 A-Series Catalysta

Carbon aging time (min)

5 10 20

CH4 activation
CH4 consumed (µmol) 52 51 55
H2 generated (µmol) 79 78 81
x of surface CHx 0.95 0.95 1.04

Isothermal hydrogenation
CH4 production (µmol) 4.8 3.9 2.8
C2+ production (µmol) 0.84 0.74 0.21
C2+ yield/site (%) 3.2 3.0 0.9
C2+ selectivity (%) 29 27 13
C2H4/C2H6 product 0.28 0.29 0
Cα production (µmol) 6.6 5.4 3.2

TPSR in H2

Cβ production (µmol) 6.2 4.3 0.1
Cγ production (µmol) 18.6 19.5 NDb

C produced (µmol) 24.8 23.8 ND

TPO
CO2 production in TPO (µmol) 11.0 15.3 26.9
a Reaction conditions: CH4 activation at 450◦C for 2 min, isothermal
hydrogenation at 100◦C, TPSR in H2 and TPO.

b Not determined.
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this period, nine product gas samples were taken in 1-min
intervals via the multiloop sampling valve and stored for
later analysis by GC.

The results of these experiments are summarized in
Table 6. CH4 consumption during activation was very sim-
ilar for all experiments and in the subsequent isothermal
hydrogenation, a small amount of C2+ and CH4, with a
C2+ carbon selectivity of 13%, was generated. When the
isothermal reaction was conducted in the presence of Ar,
some CH4 was generated, but more importantly almost the
same amount of C2+ was generated as for the isothermal
hydrogenation. The carbon selectivity of C2+ in the isother-
mal Ar experiment was about 39% and the carbon recovery
was about half that obtained by isothermal hydrogenation.
Isothermal reaction in CO2 also generated some CH4 and
a small amount of C2H6. Isothermal reaction with O2 gen-
erated the smallest amount of CH4 and almost the same
quantity of C2+ as obtained with CO2. There was a 5◦C
temperature rise during the isothermal O2 flow and prod-
uct analysis showed some H2O production. The amount of
CO, CH3OH, or C2H5OH was negligible.

6. Reaction Cycles

The present study has shown that at high temperature
(450◦C) a significant fraction of the reacted CH4 yields in-
active carbon species that can be removed from the catalyst
only by high-temperature oxidation. In this section, the ef-
fect of accumulation of this inactive carbon on the activity of
the catalyst in the CH4 activation step and the subsequent
hydrogenation steps (isothermal and TPSR) is reported.
Using the A-series 12% Co–SiO2 catalyst, three cycles of
CH4 activation, isothermal hydrogenation, and TPSR, ex-
cluding the TPO step, were completed.

The results, summarized in Table 7, show that as the num-
ber of cycles increased, the amount of CH4 consumed in the

TABLE 6

Effect of the Isothermal Medium on the Product Distribution
from the Carbonaceous Deposit over the 8% Co–SiO2 B-Series
Catalysta

Isothermal medium

H2 Ar CO2 O2

CH4 activation
CH4 consumed (µmol) 55 51 60 55
H2 generated (µmol) 81 76 86 78
x of surface CHx 1.0 1.0 1.1 1.1

Isothermal reaction
CH4 production (µmol) 2.76 0.87 0.90 0.63
C2+ production (µmol) 0.21 0.28 0.04 0.04

C2+ selectivity (%) 13 39 8 11

a Reaction conditions: CH4 activation at 450◦C for 2 min, isothermal
reaction at 100◦C, and TPSR in H2.
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TABLE 7

Effect of the Number of Reaction Cycles on the Hydrogena-
tion of the Carbonaceous Deposit over the 12% Co–SiO2 A-Series
Catalysta

Number of cycles

1 2 3

CH4 activation
CH4 consumed (µmol) 61 53 48
H2 generated (µmol) 94 51 42
x of surface CHx 0.9 2.1 2.2

Isothermal hydrogenation
CH4 production (µmol) 4.9 2.1 1.8
C2+ production (µmol) 0.22 0.04 0.01
C2+ selectivity (%) 8.2 3.7 1.0

TPSR
C recovered (µmol) 29 38 36

a Reaction conditions: CH4 activation at 450◦C for 2 min, isothermal
hydrogenation at 100◦C, and TPSR in H2.

activation step decreased, indicative of a gradual loss of ac-
tivity of the catalyst. Furthermore, increasing the number
of cycles from 1 to 3 increased the H content of the CHx

species and decreased the C2+ selectivity of the isothermal
hydrogenation from 8 to 1%. The buildup of inactive car-
bon on the catalyst reduced the catalyst activity for CH4 ac-
tivation and dehydrogenation of the surface carbon species.
Consequently, the H content of the CHx species increased,
resulting in decreased selectivity as the number of cycles
increased.

DISCUSSION

The present study has emphasized CH4 activation at
450◦C. At this temperature the number of moles of CHx

accumulated on the catalyst surface was greater than the
moles of surface Co. Under these conditions, the C2+
yield/site increased from<1% reported in previous studies
to approximately 3%, provided the age of the CHx species
was minimized and provided the CHx species had x≈ 1.

Previous reports have concluded that on SiO2-supported
Rh, Co, and Ru catalysts, C–C bond formation is favorable
for CHx species in which the average value of x is about
one (2). In addition, computational work, using semiempir-
ical quantum chemistry calculations of the reaction path for
C–C bond formation (16), has shown that the combination
of threefold-bonded carbon (CH) with CH2 to form a vinyli-
dene surface species has the lowest activation energy of all
possible combinations. This means that the most active CHx

species for C–C bond formation will have an average x value

of about one. Results from the present study showing the
effect of activation time, temperature, and Co loading are
all consistent with this conclusion. For the data presented
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in Tables 2–4, the C2+ selectivity is seen to be greatest when
x of the CHx surface species approaches one.

The value of x calculated for the CHx species in the
present work represents an average value for all the car-
bonaceous species present on the catalyst. Most previous
studies of CH4 homologation have classified the carbon de-
posited during CH4 activation as Cα, Cβ, or Cγ , according to
the carbon reactivity in H2, and in the present study a similar
classification was valid for most of the carbon. However, a
significant portion (about 30%) was unreactive toward H2,
even when the x value of the CHx species was one. This car-
bon may arise from the migration of CHx species from the
metal to the support. The migration has also been shown
to be important in describing the data in Table 2 and in
the kinetic model developed previously for CH4 activation
(9). Accordingly, we have suggested that in the activation
step, increased metal–support interactions that result from
decreased metal loading give rise to a higher rate of migra-
tion of carbon species from the initial activation metal site
to the support site (9). However, the possibility of the for-
mation of filamentous carbon during CH4 activation must
also be considered, even when x= 1 for the CHx species. If
filamentous carbon were formed, then the Co metal would
remain active and hence the moles of CHx accumulated
on the catalyst surface would also be greater than the sur-
face Co. The activation temperature of the present work
(450◦C) is the lower limit at which the formation of filamen-
tous carbon from CH4 has been observed previously (17).
Also, the formation of filamentous carbon on Co cataysts
following CH4 activation to temperatures of 430◦C has not
been reported previously (18, 19), even when TEM anal-
ysis was carried out on Co catalysts exposed to CH4 for
1 h (20). Recently, a very detailed model of the kinetics
of filament formation was given by Snoeck et al. (21, 22).
Their data have shown that on Ni catalysts, the rate of
carbon formation increases as filaments nucleate but nu-
cleation is a relatively slow process. Once nucleation is
complete the rate of CH4 decomposition reaches a steady
value. Furthermore, they have shown that in the absence
of H2 during CH4 decomposition, the metal surface deacti-
vates due to the formation of “encapsulated carbon” (22).
These observations are consistent with the present work
where catalyst deactivation was observed during CH4 ac-
tivation and in subsequent cycling experiments. Although
we cannot exclude the possibility of filament formation,
because the CH4 decomposition occurred over short re-
action periods (2 min usually) and since the CHx analysis
has shown that the average hydrogen content of the car-
bon deposit is not zero, we conclude that under the condi-
tions of the present study, formation of filamentous carbon
is less likely than migration of carbon species to the sup-

port.

Aging of carbon species is known to reduce C2+ selec-
tivity (1–4). The present study has shown that when the
D SMITH

amount of CHx accumulated is greater than the surface
Co, a similar aging phenomenon occurs at high tempera-
ture. The aging is related to loss of H from the CHx species
(Table 3) which reduces the activity of the carbon species
and the C2+ selectivity. Also, in previous work (2, 5, 6), it
was assumed that fast cooling of the carbon species to about
100◦C (the temperature of the isothermal hydrogenation
step) after activation prevented deactivation of the carbon
species. The results in Table 5 indicate that even at 100◦C,
there was considerable deactivation of the isothermal hy-
drogenation step due to aging of the carbonaceous species.
The TPO data in Table 5 also show that aging increased the
formation of unreactive carbon consistent with increased
H loss during aging.

Comparison of the results of the four different reaction
media under isothermal conditions showed that H2 gener-
ated the largest amount of CH4, while H2 and Ar gener-
ated almost the same amount of C2+. These observations
suggest that the isothermal medium does not contribute to
C–C bond formation and that the homologation products
can be released from the catalyst by an inert medium. In
the activation step of the above experiments, carbon species
with an overall H/C ratio of 1 to 1.1 were deposited on the
catalyst. The fact that C2+ products with an H/C ratio of
4 to 3 (CH4, C2H6) could be produced by Ar is indicative
of C–C bond formation and breakage and hydrogen ex-
change on the catalyst after activation. In isothermal hy-
drogenation, hydrogen acts partially as a physical desorb-
ing medium but it also furnishes H for the production of
CH4 and C2H6 from adsorbed species. H can also facili-
tate hydrogenolysis of some of the C–C bonds which are
already formed on the surface and this reduces C2+ selec-
tivity.

CONCLUSION

The present study has shown that CH4 activation con-
ducted at 450◦C on Co/SiO2 catalysts results in a maximum
C2+ yield/site of 3% in the subsequent isothermal (100◦C)
hydrogenation, provided the CHx species have x= 1. How-
ever, a significant fraction of the activated CH4 produces
inactive carbon at 450◦C. The trends in C2+ selectivity ob-
served under different operating conditions correlated to
the H content of the CHx species, with x= 1 giving the
highest C2+ selectivity. C2+ products could be produced in
higher selectivity in the second step by isothermal (100◦C)
reaction in Ar instead of H2.

ACKNOWLEDGMENT
Funding for the present study from the Natural Sciences and Engineer-
ing Research Council of Canada is gratefully acknowledged.



TWO-STEP HOMOLOGATIO

REFERENCES

1. Koerts, T., and van Santen, R. A., J. Chem. Soc. Chem. Commun.,
1281 (1991).

2. Koerts, T., Deelen, M. J. A. G., and van Santen, R. A., J. Catal. 138,
101 (1992).

3. Belgued, M., Amariglio, H., Pareja, P., Amariglio, A., and Sain-Just,
J., Catal. Today 13, 437 (1992).

4. Guczi, L., van Santen, R. A., and Sarma, K. V., Catal. Rev.-Sci. Eng.
38, 249 (1996).

5. Koranne, M. M., Goodman, D. W., and Zajac, G. W., Catal. Lett. 30,
219 (1995).

6. Carstens, J. N., and Bell, A. T., J. Catal. 161, 423 (1996).
7. Amariglio, A., Pajera, P., Belgued, M., and Amariglio, H., J. Chem.

Soc. Chem. Commun., 561 (1994).
8. Koerts, T., Leclercq, P. A., and van Santen, R. A., J. Am. Chem. Soc.
114, 7272 (1992).
9. Soltan Mohammad Zadeh, J., and Smith, K. J., J. Catal. 176, 115 (1998).

10. Belgued, M., Amariglio, A., Pareja, P., and Amariglio, H., J. Catal.
159, 441 (1996).
N OF CH4 ON Co CATALYSTS 239

11. Belgued, M., Amariglio, A., Pareja, P., and Amariglio, H., J. Catal.
159, 449 (1996).

12. Belgued, M., Amariglio, A., Lefort, L., Pareja, P., and Amariglio, H.,
J. Catal. 161, 282 (1996).

13. Pareja, P., Amariglio, A., Belgued, M., and Amariglio, H., Catal. Today
21, 423 (1994).

14. Guczi, L., Sarma, K. V., and Borko, L., J. Catal. 167, 495 (1997).
15. Shen, G., and Ichikawa, M., J. Chem. Soc. Faraday Trans. 93, 1185

(1997).
16. Koerts, T., and van Santen, R. A., J. Mol. Catal. 70, 119 (1991).
17. Alstrup, I., and Tavares, M. T., J. Catal. 139, 513 (1993).
18. Nakamura, J., Tanaka, K., and Toyoshima, I., J. Catal. 108, 55 (1987).
19. Tanaka, K., Yaegashi, I., and Aomura, K., J. Chem. Soc. Chem. Com-

mun., 938 (1982).
20. Ferreira-Aparicio, P., Rodriguez-Ramos, I., and Guerrero-Ruiz, A.,

Appl. Catal. A 148, 343 (1997).

21. Snoeck, J.-W., Froment, G. F., and Fowles, M., J. Catal. 169, 240

(1997).
22. Snoeck, J.-W., Froment, G. F., and Fowles, M., J. Catal. 169, 250

(1997).


	INTRODUCTION
	EXPERIMENTAL
	RESULTS
	FIG. 1.
	FIG. 2.
	FIG. 3.
	TABLE 1
	TABLE 2
	TABLE 3
	TABLE 4
	TABLE 5
	TABLE 6
	TABLE 7

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES

