Catalysis Letters 54 (1998) 33-39

33

Effect of hydrogen on methane conversion to hydrocarbons in
“one-step” reaction under non-oxidative conditions at low
temperature over Pd—Co/SIO, catalysts prepared by the sol/gel
method
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Methane conversion to higher hydrocarbons in a “one-step” process under non-oxidative conditions at low temperature was here
first introduced and investigated over Co—Pd/SiO, catalysts at 250 °C as a function of hydrogen concentration in helium and of catalyst
composition. A maximum in the production of C, hydrocarbons including aromatics (benzene and toluene) was observed at 1.3 vol%
Hy/He mixture in which one pulse of methane was introduced. Additional hydrogenation with the same Hy/He mixture at 400°C
was efficient to remove the larger hydrocarbon fragments already existing on the surface. On pure Pd/SIO, the one-step process is
not so efficient as on cobalt-rich samples, but in the latter case the hydrocarbon removal is the most efficient during high-temperature
hydrogenation. It was found that methane conversion in the one-step process is at least 2.5 times greater than that measured in the
“two-step” process and, in some cases, 80% of the methane introduced is converted to larger hydrocarbons. The results are discussed
in terms of the hydrogen coverage ensuring the optimum hydrogen content in the surface CH,, species leading to chain growth.
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1. Introduction

There are three broad areasin which methane conversion
to form larger hydrocarbons under non-oxidative conditions
is considered: (i) two-step reaction [1-3], (ii) methane to
aromatics [4-8], and (iii) heterolytic C—H bond cleavage in
methane to form aromatics in the presence of carbenium
ions using Ga/MFI [9-11]. The last two reactions are quite
specific in aromatic formation, while in the first one a wide
range of hydrocarbons can be produced, but with a lower
conversion.

Since the discovery of the two-step reaction in the non-
oxidative, low-temperature methane conversion over metal
catalysts, such as Pt, Co and Ru, it has been fully accepted
that in the first step methane is chemisorbed to produce
CH,. surface species followed by hydrogenation of the CH,,
species to form hydrocarbons [12-15]. The yield, i.e., the
fraction of the surface CH, species converted into higher
hydrocarbons, depends on the metal itself [3], the structure
and morphology of the metal particles [16] and the support
[17,18]. The conversion, i.e., the fraction of methane intro-
duced and converted into larger hydrocarbons is normally
low, although in some cases the yield amounts to 100%.

In the previous studies carried out on Pt—Co/NaY [12]
and Co—Ru/NaY [14] catalysts it was established that the
nano-scale bimetallic particles encapsulated into the zeo-
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lite supercages, revealed high activity in C-H bond rupture
in methane and the platinum and ruthenium components of
the bimetallic particles facilitated dissociation of the hydro-
gen molecules active in removing the surface species. In
absence of hydrogen, some experiments carried out under
UHV conditions have aready indicated formation of the
C, units during methane chemisorption [18,19]. Those ex-
periments, however, were performed in a static system and
the local hydrogen concentration increased during the C-H
bond cleavage in methane. On the other hand, we have
not received information whether or not larger hydrocar-
bons are formed during methane chemisorption under flow
system [20]. Nevertheless, indirect evidences are available
about the surface conversion process during methane im-
pact, such as change in the hydrogen flow rate [20] and the
effect of helium treatment [21].

Here we wish to find more details about the scenario of
the surface processes, i.e., we wish to know whether CH,,
species start polymerizing during methane chemisorption
and the hydrogen helps only in removing the hydrogen-
deficient carbon species, or the CH,, species starts poly-
merizing only during hydrogenation. Methane chemisorp-
tion is principally an endotherm process [22] and the quasi-
equilibrium is shifted to more and more hydrogen-deficient
surface CH, species as, e.g., the hydrogen flow rate is
altered or the temperature increases. Beyond a threshold
value in the number of hydrogen atoms of the surface CH.,
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species, CH,, becomesinactivein the surface chain-growing
process. Since the hydrogen is continuously removed from
the surface during the methane flow, the system is starving
in hydrogen. Since the optimum value of x is about 2 in
the surface CH,, species (it depends on the metal [13], the
support [17] and, in some cases, on the pretreatment con-
ditions), when methane is chemisorbed in the presence of
hydrogen, the x value in the CH,, speciesis ensured to be
higher than without hydrogen, making it more capable for
polymerization. This is the idea of the one-step process,
and, under this condition, we assume that surface polymer-
ization of the C; units starts already during chemisorption.
In the present work, pulse experiments and temperature-
programmed reaction are used to study the one-step con-
version of methane. The catalysts are prepared by sol/gel
technique and have been characterized by XPS [23].

2. Experimental
2.1. Catalyst preparation

The palladium and cobalt samples, denoted as 1R and
5R, contain only cobalt and only palladium (1R and 5R,
respectively), and 2R to 4R cobalt and palladium in var-
ious atomic ratios (Pd/Co for 2R, 3R and 4R are 1 : 2,
1:1and2: 1, respectively). The total metal loading is
5 wt%. Sample 5R was prepared in the following way.
Dinitro-diamminepalladium, Pd(NO2)2(NH3)2 (0.002 mol),
was dissolved in 22 g of ethyleneglycol containing acety-
lacetone, CH3COCH,COCH3 (0.016 mal), at 80°C. Af-
ter stirring for 10 min, 14.8 g of tetraethylorthosilicate,
Si(OC;,Hs)4, was added to the solution and mixed at 80°C
for 2 h to give a homogeneous reddish transparent solu-
tion. To the reddish transparent solution, 5.12 g of water
was added and stirred at 80 °C for 8 h to give a transparent
gel. The gel was dried at 80°C under reduced pressure,
powdered and activated in a hydrogen stream of 6 I/h at
400°C for 4 h. For the preparation of the samples 2R—
4R, before the addition of Si(OC;Hs)4, the ethanol solution
of cobalt nitrate hexahydrate Co(NO3)3-6H,0O was added
to the ethyleneglycol solution containing PA(NO3)2(NHs)>
and CH3COCH,COCHj;. The procedures after this are the
same as described above. The sample 1R was prepared by
adding first the ethanol solution of Co(NO3)3-6H,0 to eth-
yleneglycol and mixing it with Si(OC;Hs)4. The residual
procedures are the same as in the case of 5R. Here, acety-
lacetone was not used, because sample 1R does not contain
Pd, that is, it is not necessary to stabilize Pd complex in
order to prevent the deposition of Pd black. The character-
ization of the samples was carried out by means of XRD.

2.2. Sample characterizations

The samples were characterized by temperature-pro-
grammed reduction (TPR) using 1 vol% hydrogen/argon
mixture with 20°Cmin—! ramp rate. An apparatus Sorb-
star equipped with quadrupole mass spectrometer type Hi-
den HAL 02/100 was employed for the TPR measurements.

As the samples were already reduced at 400 °C for 4 h, the
post-reduction TPR gives information only about the com-
position of the outer skin of the catalyst grains.

X-ray diffraction (XRD) data were collected by a Mac
Science model MPX 18 powder X-ray diffractometer. The
palladium particle size was calculated on the basis of
Pd(111) or Pd(200) faces.

X-ray photoelectron spectroscopy (XPS) of the samples
was performed on the reduced catalyst samples using an
XSAM-800 cpi photoelectron spectrometer manufactured
by Kratos. Al K, and Mg K, characteristic X-ray lines
were applied using a 80 eV pass energy for measuring
cobalt and palladium spectra, respectively. The use of two
different sources was necessary, because for cobalt, the oxy-
gen Auger peak is overlapping the Co 2p binding energy
region when the Mg K, source is employed. On the other
hand, when Al K,, is applied for measuring the palladium
peak, the cross talk is disturbing. An in situ cell was used
for the post-treatment of the catalyst samples [23]. Thus, it
was possible to measure the surface composition of palla-
dium and cobalt as well as the valence state of the compo-
nent in the samples in the as-received state, after reduction
at 400°C for 2 h, after oxidation at 300°C for 2 h and,
finally, after second reduction at 400°C for 2 h. In calcu-
lation, the Si 2p was used as a reference (103.3 eV binding
energy). The details have been published elsewhere [23]
and here only the results are used.

2.3. Catalytic reaction

The reaction for methane conversion was investigated
in aflow system detailed elsewhere [7] using 100 mg cata-
lyst in the temperature range between 150 and 250°C. Af-
ter post-reduction in a stream of hydrogen at 250°C, one
0.5 cm® (22.3 ul) methane pulse (in some cases 10 pulses)
was introduced into the system into a stream of helium
or in a mixture of Hy/He (1.3-75 vol% hydrogen) with
a total flow rate of 100 cm®*min~! at various tempera-
tures. The reaction products were collected in a trap at
liquid-nitrogen temperature and, after warming up, they
were analyzed by means of a gas chromatograph type
Chrompack CP 9002 using a 50 m long plot fused sil-
ica column (0.53 mm 1.D.) with a stationary phase of CP-
Al,O3/KCI with a temperature-programmed mode. After
having the samples analyzed, the catalyst was heated in a
stream of hydrogen/helium mixture to 400°C and then, at
this temperature, the sample was hydrogenated for 1 h and
the products were again collected in a cold trap and were
analyzed as previously. The unconverted methane was not
trapped at liquid-nitrogen temperature because no zeolite
filling was used. The reaction was characterized by the
amount of C, productsin pmal (in methane equivalents)
and related to the amount of catalyt, or the rate was calcu-
lated in umol s~ g by calculating the contact time from
the flow rate and the volume of the methane pulse. Selec-
tivity was calculated by (C;/C,.) x 100, i = 1-8.
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Table 1
CO and H; chemisorption data and Pd particle size measured over Co—Pd/SIO5.

Catalyst  Pd content H, (ads) CO (ads) Pd particle size (XRD) (hm) Dispersion (%)
(umol/gcat)  (umol/Qeat)  (mol/Qear) Pd(111) Pd(200) XRD? H, CO
Co100 - - 128 - - - - -
Co67 225 - 49 4.6 - 24.3 - 22
Co50 301 11 85 6.1 6.1 18.3/183 4.6 28
Co33 367 6.3 14 85 5.8 131/19.3 34 38
Co0 470 6.7 13 16 131 7185 28 28

2The two values represent the dispersion calculated from the average diameter from Pd(111) and Pd(200) reflec-

tions, respectively.
3. Results and discussion
3.1. Hydrogen and CO chemisorption

In a paper published earlier [23], we established that
the cobalt—palladium samples reduced after preparation at
400°C for 4 h, followed by passivation on exposing it to air
a room temperature, still must be reduced using a 1 vol%
Hx/Ar mixture. Hydrogen and carbon monoxide were used
in pulse mode to determine the metal surface exposed. In
table 1 the results are presented. The results based upon the
chemisorption data may give an estimation of the particle
size, because stoichiometry of the adsorption is not avail-
able. The dispersion of the palladium particles determined
from the hydrogen and carbon monoxide chemisorption are
presented in the last two columns in table 1 assuming a
H/Pd = 1 and CO/Pd = 1 stoichiometry, respectively.

3.2. X-ray diffraction measurements

The catalysts were investigated by XRD and the data
are shown in table 1. The palladium particle size of the
various palladium-containing samples are presented using
the Pd(111) and Pd(200) reflections. From the average par-
ticles size of palladium, dg,, presented in columns 5 and 6,
the dispersion, which is displayed in column 7, can be cal-
culated for the various Co—Pd/SIO, samples. The two dis-
persion values cal culated from XRD and chemisorption sig-
nificantly deviate from each other, which will be discussed
later.

3.3. Temperature-programmed reaction (TPRE) of CH,4
over Pds7Cos3/S0, sample

1vol% Hy/Ar as carrier gaswas applied, in which 15 and
100 ! methane was pulsed over 105 mg catalyst sample
previoudy reduced in a stream of hydrogen at 400°C for
1 h. The products were collected in a cold trap filled with
zeolite 5A (Supelco) and cooled to liquid-nitrogen temper-
ature. In the temperature-programmed mode, 25 pulses of
methane (100 ul each, total 100 pmol) were introduced to
the catalyst and, when the trap was warmed up, the products
collected were measured by QM S. Only ethane and propane
were observed, which were formed in about 1% quantity,
as shown in figure 1. As no such products are formed in
absence of hydrogen, consequently, the presence of 1 vol%
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Figure 1. The products formed over the Cog;Pds3/SIO, sample in

temperature-programmed reaction mode in the temperature range 25—

300°C dfter introduction of thirty 15 ul pulses of methane (0.6 pmol

each). The mixture is trapped in zeolite 5A, cooled at —196 °C and, after
warming up, analyzed with a mass spectrometer.

H>/Ar mixture was sufficient to promote the polymeriza-
tion of the surface CH, species formed from methane.
When TPRE was applied up to 500°C temperature (see
figure 2) using 100 ul CH4 pulses (4 pmol each) in 1 vol%
H>/Ar without liquid-nitrogen trap, up to 450°C neither
methane, nor products (ethane and propane) were observed
indicating that methane (intensity of the peak at m /e = 16)
was retained by the catalyst. A significant increase in the
QM S signals starts around 500 °C, at which temperature the
spikes characteristic of non-reacted methane are superim-
posed to the broad enveloping curves which are indicative
of the desorption of methane and the products (ethane at
m/e = 30 and propane at m/e = 29).

3.4. One-step methane conversion to larger hydrocarbons

In the first series of experiments using a plug flow reac-
tor, 100 mg Pds;Co33/SiO, sample was employed and the
effect of hydrogen partial pressure in the Hy/He mixture
with atotal flow rate of 100 cm®min—! was measured. At
250°C, 10 successive pulses of methane (22.3 pmol each)
wereintroduced and the hydrogen concentration was altered
from 0 to 80 vol%. The products formed (in mol/100 mg
catalyst) vs. hydrogen vol% are plotted in figure 3, and, at
1.3 vol%, Hy/He a maximum is observed. The selectivity
of C, fraction also shows a maximum at the same hydrogen
composition. The effect of hydrogen concentration on the
selectivity of the reaction products vs. hydrogen concen-
tration is shown in table 2. The scenario of the hydrogen
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effect is quite obvious: the higher the olefin fraction, the
higher the amount of aromatic compounds, and conversely,
the amount of olefins depends on the amount of hydrogen
in helium.

Our experiments on Pt—-Co/NaY [12] and Ru—Co/NaY
[14] systems pursued earlier indicated some deactivation
of the catalysts on introducing successive pulses. Experi-
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Figure 2. Temperature-programmed reaction (TPRE) of methane over the

Cog7Pd33/SIO, sample. The conditions are the same as in figure 1. The

amount of methane introduced is 100 ul (4 pmol each) without liquid-
nitrogen trap. The fina temperature is 500 °C.

ments were carried out in the present work to find out more
about the deactivation effect in the following way. Each
pulse introduced was trapped at liquid-nitrogen tempera-
ture, then the cooled trap was warmed up, and the products
were analyzed by gas chromatograph. During this proce-
dure, which lasted for about one hour, 1.3 vol% Hjy/He
mixture was flown through the catalyst sample at the reac-
tion temperature. Having finished the analysis, the second
pulse was added and the procedure in the first step was re-
peated. The result is presented in table 3. As appears from
columns 11 and 12, the amount of the products expressed in
1+mol/100 mg catalyst as well as the rate of C,,. formation
decrease with increasing number of pulses. Thisis indica-
tive of the deactivation of the Pdg;Cos3/SiO,sample; hence,
we changed our strategy and, from now on, always fresh
samples were applied and only one pulse of methane was
used at 250 °C to study the one-step conversion of methane.
The deactivation might decrease at higher temperature.

3.5. Comparison of the one- and two-step methane
conversion

In table 4 a comparison is shown between the classica
two-step methane conversion and the one-step process in-
troduced here, when only 1 pulse of methane was added into
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Figure 3. Effect of hydrogen concentration on the C, products formed

over 10 pulses of 0.5 ml (22.3 pmol) methane a 250°C over 100 mg
Cog7Pd33/SIO, sample.

Table 2
Effect of hydrogen on the selectivity of the products formed in one-step methane conversion.?
Hy (vol%) C, Cs Cy Cst Benzene Toluene
Co_ Co— Cs_ Cs— Cy_ Cy—
0 11.8 0.14 3.00 0.263 2.36 0.28 82.2 17.8 30.60
13 419 2.26 451 0.10 5.27 0.22 457 13.4 2.89
4.8 29.2 - 4.77 - 4.79 - 61.1 4.17 3.85
5 8.46 - 3.08 - 3.08 0.141 85.2 1.35 6.56

aT = 250°C; 10 CHy4 pulses (223 pmol); He total flow rate 100 cm® min—1; catalyst: 100 mg Pds3Cog7/SiO,.
Note: the amount of products is plotted in figure 4.
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Table 3
Change of the catalyst activity and selectivity as a function of number of methane pulses.2
No. pulses C, Cs Cy Csy Benzene Toluene Products Rate
Com C= G GC= Gy Gy (umol)  (umols~tg™)
1 325 004 065 0.017 074 013 9520 4.07 7.71 0.86 75.60
2 734 017 080 0055 076 0.06 90.82 315 1.74 0.48 42.10
3 1873 044 214 0122 192 007 7658 3.45 244 0.16 142
4 4084 113 570 0513 444 049 5311 7.56 3.59 0.05 0.46

aT = 250°C; 22.3 umol CHy pulse; 1.3 vol% Ho/He; total flow rate 100 cm3 min—1; catalyst: 100 mg Pds3Cog7/SiO,.

Table 4
Comparison of one- and two-step reaction in methane conversion over
100 mg Pdg7Co33/SiO, in 1.3 vol% Hy/He at 250°C.

Methods Products Sc, Sc, . Conditions
(pmol/100 mgea) (%) (%)
1-step 0.72 56 944 OneCHy pulse
in 1.3% Hy/He
2-step
1st step
CH4 (ads.) 0.18 234 86.6 OneCHy pulse
a 250°C in He
2nd step
1.3% Hy/He 0.13 31.0 69.0 a 250°C
1st + 2nd steps 0.31 - - -
3rd step
1.3% Hy/He 4.48 217 883 at 400°C

the gas stream. In the one-step process, 1.3 vol% H,/He
was used as carrier gas like in the 10-pulse experiments,
and in the two-step process, the methane was chemisorbed
first in pure helium at 250°C and the hydrogenation was
carried out in 1.3 vol% H,/He mixture as used in the one-
step process at the same temperature. Inrow 1, the products
formed in the one-step process are shown and amount to
7.2 pmol/geg, While in the two-step process presented in
rows 2 and 3, the amount of products is about 2.5-fold
lower. This result undoubtedly demonstrates the advantage
of the one-step over the two-step process.

3.6. Effect of catalyst composition on the one-step reaction

The most striking results originated from the amount
of products and the selectivity vs. catalyst composition, as
shown in figure 4. The amounts of products formed in the
one-step methane conversion are high on the pure Pd/SiO,
sample (5R), constant at the intermediate Pd—Co/SIO, cat-
aysts (2R, 3R and 4R), while the pure Co/SIO, sample
(1R) has the lowest activity. Conversely, after hydrogena-
tion with the 1.3 vol% H,/He mixture at 400 °C, the amount
of products increases in the reversed sequence. That is, by
decreasing the palladium content, the catalyst is starving in
hydrogen, consequently the surface (CH,.),, species already
present as hydrocarbon chains need hydrogen for removal.
This is fully supported when the selectivity of the hydro-
carbons formed is considered, as shown in table 5. At
250°C afraction of the already polymerized hydrocarbons
is still retained by the catalyst surface. By increasing the

Products (Lmole)
Products (Lmole)

0 20 40 60 80

Co, at %

Figure 4. The effect of cobalt concentration in the Co-Pd/SIO, samplesin
one-step methane conversion using one methane pulse (0.5 ml, 22.3 ymol).
Left ordinate: amount of Cp products formed at 250°C over 100 mg
catalyst; right ordinate: after subsequent hydrogenation at 400 °C for 1 h.

temperature after the methane in a single pulse has reacted,
the amount of products in hydrogen-assisted desorption in-
creases and nearly the total amount of methane can be re-
moved from the surface in the form of larger hydrocarbons
and as aromatics. This is exclusively possible because the
hydrogen in the helium prevents total dehydrogenation of
the methane to form fully hydrogen-deficient carbon species
as carbonaceous deposits.

In methane interaction with metal s the experimental con-
ditionslike quality of the carrier gas[20] and flow rate [21],
were aready found to affect the methane chemisorption. In
the latter case, for instance, Bell and coworkers found [20]
that the various carbon species on the surface formed from
methane can be inter-converted to carbon species with var-
ious reactivity. The mass flow rate of hydrogen, which
was studied by Amariglio and associates [21], also exerts
influence on the methane conversion.

The principle of the one-step reaction we first introduced
here is as follows. In previous experiments carried out in
our laboratory, cobalt proved to be one of the most efficient
metals for metal-based catalysts in methane conversion at
low temperature under non-oxidative conditions. However,
a metal like cobalt tends to entirely remove the hydrogen
atoms from methane and to form completely hydrogen-
deficient carbon atoms on the surface which, depending
on the temperature, support, particle size, etc., are trans-
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Table 5
Effect of catalyst composition on the catalyst activity and selectivity.?
Composition Cy Cs Cy Csy+ Benzene Toluene Products Rate
Pd (%) Co- Cp= C3. Ca= C4o Ca (umol)  (umols—tg~1)
100 146 004 025 001 022 001 980 0.52 0.61 1.92 168
77 405 374 137 007 122 011 894 4.36 9.21 0.67 59
50 564 012 092 010 073 020 923 1.46 2.06 0.72 63
33 325 004 065 002 074 013 952 4.07 7.71 0.86 76
0 1030 450 120 120 046 081 707 2.86 4.30 0.27 24
After hydrogenation with 1.3 vol% Hy/He at 400°C for 1 h

100 323 092 026 004 008 004 664 39.0 294 2.63 -

77 28.1 094 064 013 014 017 699 60.3 2.18 3.44 -

50 17.1 145 059 028 027 029 800 466 20.2 5.85 -

33 20.0 286 130 041 071 065 741 46.7 185 7.31 -

0 094 475 0342 722 0532 561 379 4.96 322 18.10 -

a7 = 250°C; 22.3 umol CH, pulse; 1.3 vol% Ho/He; total flow rate 100 cm3 min—1; catalyst: 100 mg.

formed into non-reactive carbonaceous deposits. These
species cannot be reduced and transformed back to higher
hydrocarbons. On the other hand, when the metal surface
is aready partially covered by these non-reactive species,
the next incoming methane cannot react so vigorously with
the surface, and these hydrogen-containing species become
less active in the surface chain-growing process.

Since in methane chemisorption the dissociation of hy-
drogen atoms from carbon atom increases with temperature,
one cannot prevent formation of the fully dehydrogenated
carbon, because hydrogen is constantly removed. This is
the explanation for the various effects observed and de-
scribed in the previous paragraph. In order to retard the
total dissociation of methane, hydrogen must be admixed to
helium to ensure and maintain certain hydrogen coverage on
the surface corresponding to the hydrogen partial pressure
and temperature. As we have mentioned [13], the optimum
performance of a catalyst in the production of larger hydro-
carbons, the surface CH,. species with 1 < 2 < 2, must be
stabilized. The = value depends on the hydrogen coverage,
i.e, if the amount of hydrogen is too high, methane will
not chemisorb, or, if so, only in the form of CH3 species,
which is not suitable to build up higher molecular weight
hydrocarbons. On the other hand, if hydrogen coverage is
zero or very small on the surface, the CH,, species become
hydrogen deficient and are unable to polymerize.

Thisis the explanation for the optimum in the hydrocar-
bon formation as a function of hydrogen partial pressurein
helium. There is, of course, a dedicated balance when the
temperature is altered. What is favorable for methane dis-
sociation (e.g., increase in temperature), that is unfavorable
for the hydrogen coverage, the latter being decreased with
increasing temperature. It looks to us that the conversion
of methane related to the amount of methane introduced is
higher in the present one-step experiment when we com-
pare it to the two-step runs. Previously, we could measure
the efficiency of the conversion of CH,. surface speciesinto
larger hydrocarbon molecules, but, even if this surface con-
version was 100%, it could not be related to the amount of
methane introduced. Although in the present technique a

high conversion of methane was measured, the tempera
ture we applied here (250°C) was not proved to be high
enough to remove all the hydrocarbons formed from the
surface. The increase of hydrogen concentration proved to
be not sufficient, but, raising the temperature to 400°C, as
high as 80% of the methane introduced can be recovered in
the form of C,, products. This is very promising for the
future methane conversion, because here we can ensure the
full recovery, and no oxidation to CO, like in the oxidative
coupling of methane occurs. The temperature-programmed
reaction entirely supports the results.

Now, we have to discuss the structure of the various cat-
alyst composition. The discrepancy between the dispersion
calculated from XRD and chemisorption data seems to be
ascribed to the cobalt enrichment on the palladium surface.
An dternative explanation might result from the prepara-
tion method, that is, part of the metal particles could be
encapsulated and part of the surface sites are not accessible
to hydrogen or CO molecules. The second problem would
be that the average size of the particles measured by XRD
is always larger (dispersion is smaller) than that measured
by chemisorption [24]; however, here the case is reversed.

In previous XPS experiments [23], the Co/Pd ratios on
the surface in the bimetallic samples were always over 2,
even when the Co/Pd ratio in the bulk was 0.5. The data
obtained by XRD indicate a gradual decrease in the aver-
age diameter of the palladium particles (see table 1), i.e,
an increase in palladium dispersion. Since cobalt cannot
be fully reduced (see [23]), the cobalt oxide layer, being
interfaced with the silica, may stabilize the smaller palla-
dium particles which are covered by metallic cobalt as the
reduction of cobalt interfaced with palladium is facilitated.
However, on metallic cobalt the hydrogen is chemisorbed
in an activated process [25-28]; thus, only the free palla
dium sites participate in the hydrogen activation. That is,
the dispersion calculated from the number of exposed pal-
ladium atoms is smaller than those calculated from XRD
data. This gives an explanation why the behaviors of the
2R, 3R and 4R samples are similar (see figure 4) showing
the same activities in the methane conversion.
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Explanation is required to interpret the large difference
between samples 1R and 5R. On Pd/SIO; (5R), the amount
of products formed in the one-step process is the largest
among those observed on the five catalyst samples, but
the amount of surface C,, species retained by palladium
is very small (after hydrogenation at 400°C, only minute
amount of excess hydrocarbons is formed). That is, the
surface chains are weakly bonded. On the other hand, on
the Co/SIO, sample, most of the C,, species remained
strongly bonded to the surface, while at 400°C, this large
portion can be desorbed. This illustrates the high activity
of cobalt compared to palladium; however, the recovery of
the higher hydrocarbonsis hampered on the former sample.
The intermediate position in the reactivity of the bimetallic
samples shown in figure 4 is due to the cobalt-enriched
palladium bimetallic catalysts.

The selectivity values summarized in table 5 indicate
a large amount of aromatic formation in the case when
large amounts of unsaturated hydrocarbons are produced.
This is probably the result of the trimerization of ethylene
or dimerization of propene and this mainly occurs on the
surface which does not contain enough hydrogen. This
clearly appears when the hydrogen concentration is altered
(see, eg., table 2).

4. Conclusions

In the present work, low-temperature, non-oxidative
methane conversion in a one-step reaction introduced first
here over Co—Pd/SIO, samples has been investigated. It
was established that:

(1) Theone-step process carried out at 250 °C is about 2.5-
fold more efficient than the two-step counterpart, when
1.3 vol% Hy/He mixture as carrier gas is applied and
methane added as pulses;

The same result is obtained when the methane conver-
sion occurs in temperature-programmed reaction and
1 vol% Hy/Ar mixture is employed;

@

(3) Additional hydrogenation with the same mixture at
400°C results in a further recovery of the surface Cyy

Species,

(4) The more cobalt is in the bimetallic catalyst, the more
Co+ species are formed. The catalyst samples are en-
riched in cobalt as indicated by the results of XRD and

chemisorption method;

(5) The results are explained by the optimum hydrogen
content of the CH,. species produced from methane. In
lower amount of hydrogen, the 1 < x < 2 value cannot
be s, i.e, in low hydrogen coverage the hydrogen-
deficient species are not reactive, whereas at high hy-
drogen concentration the dissociative chemisorption of

methane is hampered.
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