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Dissociative chemisorption of methane over ruthenium, cobalt,
and ruthenium-cobalt bimetallic catalysts supported by alumina,
silica, and NaY was investigated under a wide range of tempera-
tures. The extent of hydrogen loss from methane was monitored
by deuterium uptake of the surface carbonaceous species (CHy)
formed from methane and/or by the amount of hydrogen evolved
during the course of methane chemisorption. The presence of a
high average number of deuteriums in the desorbing methane sug-
gested a wide spread dissociation of methane. The initial distribu-
tion of the deuterated products generally decreased in the sequence
CD4 > CHD3 > CH;,D,. The amount of chemisorbed methane and
the evolution of hydrogen during methane chemisorption increase
with temperature and follow the sequence of reducibility of the sup-
ported metals and the particle size which, in turn, depends on the
support and the alloy formed. CH species prevailed on alumina-
and silica-supported catalysts, while on NaY-supported metals,
CHj; species are dominant when small metal particles are stabilized
inside the supercage. (© 1997 Academic Press

1. INTRODUCTION

C-H bond activation in methane, the first step in
the “two-step reaction” applied for the low-temperature
nonoxidative methane coupling, is of current interest (1-4).
The thermodynamically dictated large gap between the
temperatures applied for chemisorption of methane and
that used in subsequent hydrogenation is one of the draw-
backs of this process. Furthermore, when C—H bond cleav-
age occurs at too high temperature, hydrogen-free carbon
atoms is transformed easily into nonreactive carbon species
which become spectator molecules on the surface. It is,
therefore, of primary interest to decrease the temperature
of methane dissociative chemisorption to avoid the un-
desirable side reactions in the methane low-temperature
coupling (5-7). In order to facilitate C—H bond rupture
during methane chemisorption, proper catalysts should be
selected.

The surface CHy species formed from methane, con-
tains some amount of hydrogen. When x is equal to zero,
or large (e.g.,, x=23) the respective surface CHy species
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are transformed into a spectator species, or is not reac-
tive enough to build up higher hydrocarbons. The x val-
ues could be estimated by the deuterium uptake by CHy
and can be measured by analyzing the deuterium content
in the CH,D4_x) molecule. Hence, on the basis of the av-
erage deuterium number (Mp) in the forming deuterated
methane the amount of hydrogen retained by the surface
carbon atoms can be estimated. Similar experiments have
been carried out by Tanaka et al. over cobalt catalysts (8).

Cobalt and ruthenium manifested themselves in the
nonoxidative coupling of methane to have higher activity
than other platinum group metals (1, 2, 9). In addition to
the nature of metals and the role of support (10-13), the
extent of reduction of the metal ions is one of the major
factors which affects the activity of a catalyst in C—H bond
clevage. Conversely, the extent of reduction depends on
the particle size (5) as was found to be valid for supported
cobalt samples (6). Reduction of the cobalt ions inserted in
a zeolite matrix is difficult (14, 15), but it is relatively easy
when deposited on alumina support (16). However, the re-
ducibility of the cobalt ions in zeolite can be significantly
facilitated when platinum is added to the system (17). In
addition to the enhanced reducibility, modification of the
metallic cobalt by platinum in bimetallic particles is also
expected. Methane chemisorption increased significantly
on the platinum—-cobalt bimetallic particles formed in the
Pt-Co/NaY system (5, 6). Similar effect was reported in the
rhodium-copper samples (18).

In the present work we wanted to find relationships
between the dissociative chemisorption of methane and
methane coupling on well-characterized alumina-, silica-,
and zeolite-supported ruthenium and cobalt samples re-
ported in the accompanying paper (19). The key issue is
the reducibility of the supported cobalt ions into metallic
cobalt particles which can be facilitated by the presence of
ruthenium. In addition to the effect of ruthenium-cobalt
bimetallic particles, of the pretreatment conditions on the
C-Hbond rupture in methane is also the subject of our stud-
ies. The chemisorption process is complemented by measur-
ing the amount of hydrogen evolved and an attempt is made
to make correlation with the result of deuterium uptake.
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2. EXPERIMENTAL

2.1. Catalyst Preparation

Catalysts supported on alumina and silica were pre-
pared by incipient wetness method using aqueous solu-
tions of Ru(NH3)sClz and Co(NOs3),. Bimetallic samples
were prepared by coprecipitation using the solution
of both precursors. The preparation of the Co/NaY,
Ru—-Co/NaY, and Ru/NaY was carried out by ion-exchange
method. Two types of bimetallic catalysts were prepared:
in the Ru—Co/NaY[I] sample first Co(NO3), and then
Ru(NH3)sCl3 were introduced and in the Ru—Co/NaYT[lI]
sample the sequence of exchange was reversed. All sam-
ples were first dried in air at room temperature and then at
100°C for 2 h. The samples were calcined in a stream of oxy-
gen at 300°C for 2 h, while decomposition of the ruthenium
complex in NaY was carried out in helium (40 cm®min).
Reduction of the samples was carried out in a stream of
H, (40 cm®/min) at 450°C. The entire procedure was de-
tailed previously (19). Metal loading was in the range of
2.5 to 5.0 wt% cobalt or ruthenium, determined by XRF
technique.

The purity of methane used was 99.999%. Deuterium
(with 99.5% purity) and hydrogen gases were further puri-
fied by diffusion through heated palladium-silver thimble.

2.2. Experimental Method

Chemisorption of methane was studied in an all glass cir-
culating system connected to a KRATOS MS 20 mass spec-
trometer viaacapillary leak to ensure aviscous flow into the
mass spectrometer. The circulating apparatus including the
capillary leak were heated to 60°C during chemisorption.

The in situ sample preparation, including calcination at
300°C in a stream of oxygen for 1 h (for the NaY-supported
ruthenium calcination was replaced by helium treatment)
followed by reduction in a stream of hydrogen at 400-450°C
for 10 h (2 h in case of ruthenium samples) was a stan-
dard procedure. Following the reduction, the samples were
evacuated at 400°C for 2 to 3 h until the pressure dropped
below 2 x 1072 Pa. The temperature was then adjusted to
that used for methane chemisorption. Generally 1.3 kPa
methane (102.5 xmol in the reaction volume of 187 cm®) was
admitted to the catalyst sample at different temperatures
and circulated usually for 3 min. Simultaneously, evolution
of hydrogen (m/e = 2) during chemisorption was recorded.
After finishing chemisorption the system was evacuated.

The amount of methane chemisorbed in the form of CHy
at different temperatures was determined by removing the
CHy surface species by oxidation in a stream of oxygen
at 300°C. The CO, trapped at liquid nitrogen temperature
was allowed to warm up; then the pressure was adjusted
to 13 kPa using helium, and the CO, was determined by
means of a mass spectrometer.
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In separate experiments deuterium was used instead of
hydrogen to remove the CHy surface species in the form of
CHyD—_x) by adding 13 kPa deuterium to the catalyst at
100°C. All analyses were performed at 13 kPa total pres-
sure due to the viscous flow into the mass spectrometer.
The intensity of the six peaks corresponding to the ions at
m/e = 15 to 20 were measured at given intervals throughout
the course of CHy removal in deuterium. The peak inten-
sities were corrected for the background in the spectrom-
eter, naturally occurring *C and natural deuterium abun-
dance in methane. The average number of deuterium atoms
in the resulting CHyD_x) molecules, Mp, was calculated
by Mp = Zid;, where d; is the percentage of the methane
molecules containing i number of deuterium atoms (20).

Although fragmentation of heavy and light methane is
not identical, earlier experiments showed that by using the
same pattern of fragmentation for CH, and CDy, the error
does not exceed 10%o. The heights of the various peaks, thus
corrected, represent the relative proportion of each of the
deuterated methane species.

3. RESULTS

3.1. Factors Disturbing the Determination of Deuterium
Content in Methane

In order to classify a catalyst in methane chemisorption, it
is crucial to determine the hydrogen content in the CHy sur-
face species formed in the first step chemisorption carried
out at various temperatures. This was estimated in the sub-
sequent hydrogenation (second step) carried out at 100°C
(if not stated otherwise) when deuterium is applied instead
of hydrogen to determine the x value in the deuterated
methane, CHyD—x) formed. However, this is valid only if
no side reaction takes place. There are two important fac-
tors which might interfere with this method and could cause
aside effect: (i) postexchange of the gaseous CHyD 4_xy with
deuterium under the conditions used for deuterium uptake,
and (ii) deuterium exchange between protons in the sup-
port hydroxyl groups and gaseous deuterium. The former
would increase, the latter could decrease in the deuterium
content of the CHyD_x) because of the dilution of the
gas phase deuterium. In order to demonstrate the absence
of these effects under the conditions applied, experiments
were carried out and the results are presented in Figs. 1
and 2.

First, the exchange between methane and deuterium at
various temperatures was carried out over Co/Al,O3. A
mixture of 102.5 umol methane and 1025 xmol deuterium
was introduced, and the exchange was followed at 100°C
by monitoring the change in the peak intensities in the
methane-d, to methane-d, products. The temperature was
then increased and, as shown in Fig. 1, the percentage
of methane-dy started decreasing above 200°C with a
simultaneous increase in the percentage of methane-d;
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FIG. 1. Methane deuterium exchange over Co/Al,O3; sample at vari-
ous temperatures.

to methane-ds. These results illustrate that additional
hydrogen/deuterium exchange in methane rarely occurs
below 200°C.

Dilution of the deuterium gas with hydrogen might result
from the OH groups of the support. This effect was investi-
gated over a Pt/SiO, sample, because on metallic platinum,
deuterium can easily be activated; hence it should be the
bottom line for exchange. In Fig. 2 the HD/D, ratio is plot-
ted vs temperature. The ratio is low and constant up to
about 400°C when it starts increasing. Consequently, the
deuterium uptake in CHy is not affected by dilution of deu-
terium gas.

3.2. Hydrogen Content in CHy over Cobalt
and Ruthenium Catalysts

First, dissociative chemisorption of methane on Co/
Al;O3, Co/SiO,, and Co/NaY samples was studied. Typical
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FIG.2. HD/D; ratio vs temperature over a Pt/SiO, catalyst.
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TABLE 1

Composition of Deuterated Methane Formed over Co/Al;O3
at 100°C and Mp Values for Co/Al,03, Co/SiO,, and Co/NaY
Samples

Deuterated methane (%) Mp
T (OC)a d1 dz d3 d4 A|203 SiOZ NaY
250 0 12 29 47 2.9 — 0.8
300 0 8 31 47 2.9 — 1.2
350 0 8 27 57 3.1 31 1.4
400 0 10 29 52 3.2 3.2 2

@ Chemisorption temperature of methane.

data measured over Co/Al,Os for the initial percentage dis-
tribution of methane-d; to methane-d, at different temper-
aturesare given in Table 1. The main product is methane-d,,
irrespective of the temperature, indicating the high degree
of hydrogen dissociation during methane chemisorption.
Similar results were obtained for Co/SiO,, whereas the dis-
sociation is considerably lower on the Co/NaY sample.

The average deuterium number (Mp) in the desorbing
methane molecules appeared to be more characteristic of
the hydrogen content in the surface CHy species. The val-
ues on various cobalt catalysts showed that the amount of
highly dissociated surface CHy species slightly increased
with temperature (Table 1).

Typical curves representing the total amount of methane
chemisorbed and the production of hydrogen at differ-
ent temperatures are plotted in Figs. 3 and 4, respectively.
Hydrogen evolution was observed at temperatures as low as
250°C on Co/Al,0O3. Methane chemisorption was strongly
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FIG. 3. Methane chemisorption over various catalysts as a function
of temperature (l) Co/NaY; (@) Co/SiOy; (A) Co/Al,Os3.
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FIG.4. Hydrogen evolution vs temperature during methane
chemisorption over various catalysts. (@) Co/NaY; (@) Co/SiOy;
(A) Co/AlOs.

influenced by the nature of the support. The most active
catalyst for both methane chemisorption and hydrogen evo-
lution was Co/Al,O3, followed by Co/SiO, and Co/NaY.
The amounts of both methane chemisorbed and hydro-
gen evolved increased with increasing temperature. On the
zeolite-supported sample only a small amount of methane
was chemisorbed (2 umol/gcat) at 250°C, and the hydrogen
evolved was almost zero which was due to the low degree
of reduction of Co?* ions in zeolite (19).

Distribution of the deuterium atoms in the methane
formed after deuterium uptake over alumina- and silica-
supported ruthenium catalysts is shown in Table 2. On
Ru/SiO, and Ru/Al,Os3, the amounts of highly deuter-
ated species indicated by Mp values are slightly lower

TABLE 2

Composition of Deuterated Methane Formed from CHjy
and Mp Values over Ruthenium Samples

Deuterated methane (%)

T (°C) d; da ds ds Mp
RU/A|203
250 0 14 28 40 2.7
300 0 14 29 43 3
350 0 14 29 45 29
400 0 10 27 48 3
450 0 14 29 50 29
Ru/SIO;

300 17 20 35 32 29
350 6 10 31 41 3
400 0 13 26 46 29
450 0 11 29 48 3
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than the corresponding amounts measured over the cobalt
samples.

In the case of the helium-treated Ru/NaY sample, the
deuterium distribution measured at 250°C was CH,D;
(13%), CHD3 (59%), and CD, (26%) (5), whereas for the
oxygen-treated samples at the same temperature the re-
spective values were 47, 44, and 8%.

3.3. Hydrogen Content in CHy over Supported
Ruthenium-Cobalt Samples

The composition of deuterated methane formed over
Ru—-Co/SiO; and Ru—Co/Al,O3; samples after deuterium
uptake of CHy is shown in Table 3. As described in the
previous sections, the percentage of methane-d, is the high-
est of the products formed. Low and/or zero percentages
of methane-d; in both alumina- and silica-supported sam-
plesindicated the high extent of hydrogen dissociation from
methane. As shown in Table 3, dissociative chemisorption
of methane took place on alumina-supported samples to a
greater extent than on silica-supported samples. This was
also reflected in the average deuterium number (Mp) pre-
sented in Table 3. Over alumina- and silica-supported sam-
ples the Mp value increased with increasing temperature.

The amount of chemisorbed methane on Ru-Co/SiO;
was higher than on Ru—Co/Al,O3 and increased with tem-
perature (Table 3). Furthermore, the amount of methane
chemisorbed on Ru—Co/SiO, system was higher than that
on Ru/SiO,. The same is valid for the corresponding
alumina-supported catalysts. The amount of the hydro-
gen evolved in the dissociative chemisorption of methane
also increased with temperature (Table 3). The hydrogen
evolved more or less corresponds to that calculated from
the methane chemisorbed and the value determined from
deuterium uptake. Deviation becomes significant only at
high temperature on Ru-Co/Al,O3 which can be explained
by the extra source of hydrogen (e.g., activated hydrogen
chemisorption or metal/proton interaction).

3.4. Hydrogen Content in CHy over Ru—Co/NaY
Zeolite Sample

As indicated in the accompanying paper (19), in the
Ru—Co/NaY[I] sample treated in helium and reduced in a
TABLE 3

Composition of Deuterated Methane Formed and Mp Values
over SiO;- and Al,O3-Supported Bimetallic Samples

Ru-Co/SiO; Ru-Co/Al;O3
T CH, H, CH4 H,
(°C) d; d3 ds Mp (umol/g) (umol/g) d, d3 ds Mp (wmol/g) (wmol/g)
300 213521 23 15 15 92342 25 6 15
350 15 38 30 2.6 23 26 10 30 46 2.9 16 25
400 25 43 17 25 30 49 20383429 17 98
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TABLE 4

Composition of Deuterated Methane Formed from CHy
over a Ru—Co/NaY][l] Catalyst (He-Treated Sample)

499

TABLE 6

Composition of Deuterated Methane Formed and Mp Values
over Ru—Co/NaY][Il ] Sample

Deuterated methane (%)

Deuterated methane (%)

T (C) dy d; ds ds Mb Mp? T (C)? d; d; ds ds Mb
150 5 21 25 17 19 NA  250/250 (He) 0 21 42 12 2.2
200 6 8 29 23 2.0 NA  250/250 (Oy) 0 15 59 26 3.1
250 9 25 31 31 2.3 3.07  250/250 (Oy)P 0 0 51 31 2.8
300 0 3 27 46 2.8 3.05

2Ru/NaY zeolite treated in helium. Mp 350°C is 3.03 and data for other
temperatures are not available.

stream of hydrogen, small metal particles formed which are
highly active in C—H bond breaking in methane chemisorp-
tion (5-7). The effect of particle size was studied in sepa-
rate experiments when, after He/H; treatment, the sam-
ple was calcined in oxygen. The amount of methane
chemisorbed was higher on helium-treated samples than
on oxygen-treated samples. It was reflected by the differ-
ence between the amounts of hydrogen detected in the
gas phase during methane chemisorption which changed
in a way parallel to methane chemisorption. The amounts
of methane chemisorbed on helium- and oxygen-treated
Ru—-Co/NaY[l] samples were somewhat higher than those
measured over the Ru/NaY sample.

The initial product distributions of deuterated methane
for helium- and oxygen-treated samples are given in
Tables 4 and 5, respectively. Although there is migration
of ruthenium to the external surface in the presence of oxy-
gen, the Ru—Co/NaY[I] sample shows a higher activity than
the corresponding Co/NaY and Ru/NaY samples.

The initial product distributions of the deuterated
methane and the Mp value at 250°C obtained on
Ru—-Co/NaYT[II] are given in Table 6. The chemisorption
of methane was carried out on (i) the sample treated in
helium followed by reduction in hydrogen, (ii) the sam-
ple calcined directly in oxygen followed by reduction, and
(iii) the sample treated in helium first then in oxygen fol-

TABLE 5

Composition of Deuterated Methane Formed over Ru—Co/NaY][l]
Catalyst (O,-Treated Sample)

Deuterated methane (%)

T(C) ds dz ds dq Mp Mp?
150 5 27 17 17 18
200 0 26 15 24 1.9
250 6 44 33 28 22 24
300 0 13 28 40 2.7 26

2 Ru/NaY zeolite treated in oxygen. Mp at 350°C is 2.56; data for other
temperatures are not available.

2 The second temperature is the deuteration temperature.
b Direct oxidation.

lowed by reduction in hydrogen. In case (i) the amount
of methane chemisorbed and the hydrogen evolved were
10 and 7 umol/gcat, respectively. In case (ii) the amount
of methane chemisorbed was very low, but the extent of
methane dissociation represented by Mp was 2.2 and 2.8 for
helium- and oxygen-treated samples, respectively. In case
(iii) there was the least probability of ruthenium migrating
to the external surface. In this case the methane chemisorp-
tion must increase which is what we found. The amount
of hydrogen evolved in this case (He/O,-treated sample)
was 25 pumol/get, Whereas in the first case it was only
10 umol/ger. Therefore, repeated helium-oxygen treat-
ments greatly increased the activity of the catalyst and such
asystem not only had an increased methane chemisorption,
but also an increased C—-H bond cleavage, which was re-
flected in the average deuterium number, Mp, being 2.2 and
3.1 for helium-treated and helium-oxygen-treated samples,
respectively.

The amount of methane chemisorbed on oxygen-treated
Ru/NaY was about5 umol/geat, whereas on Ru-Co/NaYT[ll]
the amount of methane chemisorbed was less than
1 umol/ge. The amount of hydrogen evolved on the
Ru/NaY sample, oxygen-treated, amounted to around
6 wmol/geat, Whereas on the bimetallic system it was less
than 5 pmol/gcat.

4. DISCUSSION

Although a small increase in the intensity at mass
m/e =30 was observed during methane chemisorption,
it cannot unambiguously be regarded as coupling prod-
ucts under the methane chemisorption. It could be as-
cribed to the presence of hydrogen in the circulating
methane during chemisorption. Second, as shown in the
methane/deuterium and hydrogen/deuterium exchange ex-
periments, no additional change in the deuterium distri-
bution of methane occurs during the deuteration of the
CHy surface species at about 100°C. Therefore, we are con-
fident that the deuterium distribution reflects the hydro-
gen content of the CHy species removed in the form of
CH\Du—x).
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The Mp values show a slow trend toward higher values
with increasing temperature. The curves plotted in Figs. 3
and 4, however, indicate a rather drastic increase both in
the amount of chemisorbed methane and in the hydrogen
evolved. The most likely explanation is that with increas-
ing temperature, a part of the CHy species dissociate further
into carbon species which cannot be removed by deuterium.
Indeed, the amount of carbonaceous species left on the sur-
face after deuteration and removed by a subsequent oxygen
treatment increases (5). Thus, the proportion of the highly
dissociated species decreases. However, the amount of hy-
drogen leaving the dissociatively chemisorbed methane is
high even at low temperature which is indicated by the high
value of Mp. Provided that the temperature of chemisorp-
tion does not exceed 250°C, the major part of the CHy can
be removed by a hydrogen/deuterium treatment. Conse-
quently, Mp represents the average hydrogen content of the
CHy species formed (x = 1), which are the active species in
the surface polymerization reaction to form higher hydro-
carbons (6, 7).

Nevertheless, the method by which we determined the
total amount of chemisorbed methane deserves further
discussion. Belgued et al. determined the quantity of
chemisorbed methane simply by hydrogenation (9). How-
ever, even after hydrogenation of the CHy species, a part of
it is retained by the surface of the metallic cobalt or ruthe-
nium (5). This part may be completely nonreactive in the
further surface transformation, but it is still a part of the
carbon balance. This is why the method using oxygen, col-
lecting the CO;, and measuring it as the amount equal to the
total chemisorbed methane, has been retained. This type of
determination is difficult for the ruthenium-containing ze-
olite, because the oxygen treatment causes a change in the
structure of the catalyst.

The further discussion will address two parameters: (i)
the amount of methane chemisorbed and measured by ox-
idation to CO; and (ii) the number of hydrogen atoms lost
after chemisorption and measured by deuterium uptake.
Due to the strong carbon-metal interaction, some of the
carbon is retained by the surface even after hydrogenation.
This is a function of the metal and the metal/support inter-
action. We showed earlier that the higher the temperature
for methane chemisorption, the greater amount of carbon
retained after deuteration at 100°C (5).

The data on cobalt catalysts show that the support ex-
erts a significant influence on the activation of methane.
The amount of methane chemisorbed (Fig. 3) as well as
the amount of hydrogen evolved (Fig. 4) decreases in the
sequence Co/Al,0O3 > Co/SiO, > Co/NaY. This sequence is
related to the sequence of reducibility of the samples mea-
sured by temperature-programmed reduction (TPR) aswas
reported in the accompanying publication (19). It is well
known that Co/NaY can hardly be reduced (15, 16) due to
the migration of Co?* ions into the hexagonal and sodalite
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cages in which their reducibility is hampered by strong in-
teractions with the surrounding framework ions. Although
cobalt on silica is reducible (Tmax is @about 400°C), it easily
forms a stable cobalt silicate phase due to strong oxide—
oxide interactions proposed by Lund and Dumesic for iron
oxidefsilica, i.e., incorporation of the Si** ions into the
tetrahedral sites with formation of hydrotalcite-like silicate
phases (21, 22).

Cobalt is reduced on alumina to the largest extent which
can be attributed to the formation of a cobalt surface
phase (CSP) which covers the alumina surface and pro-
motes formation of a Co3O4 which is reducible (23-25).
The metallic cobalt is often interfaced with oxide environ-
ments, and the amount of chemisorbed methane is less than
over ruthenium-based catalysts. Nevertheless, dissociation
of methane still takes place to a somewhat greater extent
on cobalt than on ruthenium. This is also reflected in the
hydrogen content of the deuterated species illustrated by
the Mp values.

Consequently, the difference in methane activation re-
sults from the difficulty in reducing cobalt ions on the var-
ious supports. The large amount of hydrogen produced
during the dissociative chemisorption of methane over
Co/Al,O3isalso anindication of the large fraction of metal-
lic cobalt particles on which hydrogen dissociation from
CHy proceeds into hydrogen-free carbon species.

Ruthenium appears to be less able to make highly de-
hydrogenated species than the cobalt samples, because the
amount of CD,4 over Ru-containing catalysts is somewhat
lower than that over cobalt. The sequence in activity to
chemisorb methane is Ru/SiO; > Ru/NaY > Ru/Al,Os3; this
is again in accordance with the reducibility sequence (19).
Previous studies indicated that ruthenium is active both
in the hydrogenolysis of butanes (26) and in the CO hy-
drogenation, in particular when supported on silica. The
catalysts discussed here were only oxygen treated which
resulted in the formation of large ruthenium oxide crys-
tallites and after hydrogenation, in large metal particles.
While ruthenium particles easily split C—H bonds at higher
temperature, the CHy species formed over ruthenium con-
tain more hydrogen atoms than those produced over cobalt.
This is in agreement with Goodman’s results who showed
that on arutheniumsingle crystal the most abundant species
after methane chemisorption is CH (27).

Consequently, from the Mp value in CHyD@_y) a com-
position of CHD3 is verified over silica- and alumina-
supported cobalt and ruthenium samples which supports
the high degree of dissociation with a slightly less Mp values
for ruthenium than for cobalt. The reverse is true on NaY-
supported samples which s likely a result of the extent of re-
duction. The difference between cobalt and ruthenium also
exists in methane/deuterium exchange (28, 29), on metal
films (20), and on silica-supported ruthenium (30). The Mp
values for the different supports over a wide temperature
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range also indicate that over ruthenium the formation of the
multiply deuterated species becomes of increasingly impor-
tant at higher temperatures.

In the accompanying paper (19) we illustrated by means
of XPS work that the binding energy values for ruthenium
in the Ru/NaY sample are slightly higher than for the
bulk ruthenium metal (31) indicating the presence of small
zero-valent ruthenium particles in the zeolite supercages,
in agreement with other studies (<1 nm diameter (32),
2.5-3.5 nm diameter (33), 1.1 nm diameter (34)). Thisis the
case when the [Ru(NH3)g]**/NaY precursor is decomposed
in helium before reduction. A similar treatment in oxygen
results in migration of ruthenium containing species to the
external surface where large oxide particles are formed
(32-36).

Small ruthenium particles located in NaY zeolite su-
percages appear to be the most active for chemisorption
of methane. Consequently, if (i) small metal (ruthenium)
particles can be stabilized in the supercage of NaY and
(ii) oxide/metal interfaces can be avoided, a zeolite is su-
perior to other supports. Although metallic cobalt looks
more active, its activity is dictated by its poor reducibility
in NaY.

It is noteworthy that the nature of the metal also affects
the C—H bond activation. Recently methane activation over
Pt/SiO,and on Pt/NaY clearly showed that the formation of
highly dissociated species are more favorable on ruthenium
than on platinum (6). This is in accordance with deuterium
exchange on platinum catalyst (37). In the case of ruthe-
nium the increase in the Mp values with temperature may
indicate further dissociation of the hydrogen atoms from
the multiply bonded radicals. The percentage of isotopic
products mainly CD,4 with CD3H and CD;H, suggests for-
mation of «,«-diadsorbed species similarly to the multiple
exchange (20).

The desorbing methane always has a certain distribution
and there is no sharp maximum at a particular deuterium
content. Thisisinterpreted as follows. The metal sites on the
surface also have a distribution controlled by surface mor-
phology. The most active sites are occupied with the highly
dissociated species and, sequentially, the less active sites
are also covered by CHy species. As the temperature in-
creases further, dissociation occurs on the most active sites
until they are blocked with hydrogen-free carbon species.
Thus, the degree of dissociation of hydrogen from methane
increases only slightly. This is why the average deuterium
number, which is proportional to the degree of hydrogen
dissociation, gives realistic information about the catalyst
surface. The Mp values for cobalt and ruthenium are around
3, while, for example, platinum is significantly less, about 2
(6). Moreover, if the metal particles are reduced to a small
extent, that is, if metal sites are surrounded by ionic species,
the methane dissociation drastically decreases as occurred
for Co/NaY.
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We now turn our attention to the bimetallic cata-
lysts. More recently we studied the effect of a second
metal, platinum, which has greatly enhanced the activity
of the Co/NaY catalyst in this low-temperature methane
chemisorption and C,, formation (6). Preliminary data
on ruthenium-cobalt indicated a synergism in methane
chemisorption compared to both Co/NaY and Ru/NaY (7).
Since small ruthenium particles are created and stabilized in
the Ru/NaY sample after helium treatment (23) the helium-
treated samples are more active in C—H bond dissociation
in methane than the oxygen-treated samples.

After helium treatment of the Ru—Co/NaY][Il] sample
(reduced in hydrogen and evacuated), the dissociative
chemisorption of methane was observed at temperatures
as low as 150°C, and the amount of methane chemisorbed
is higher than on the sample treated in oxygen. This is the
consequence of the morphology of metal particles discussed
above. The high activity of the helium-treated sample could
be explained by the extent of dehydrogenation of methane.

The gradual increase in the Mp value with temperature
is due to the increase in the dissociative chemisorption of
methane. The bimetallic system exhibits the highest activ-
ity, regardless of whether the sample is treated in helium
or oxygen. It is interesting that Mp is always smaller for
the He-treated sample than for the oxidized one, but the
amount of CHy is higher which means that small metal par-
ticles chemisorb methane in large amounts but in a less
extensively dissociated form.

In the Ru—Co/NaY/[I] system ruthenium is located in the
external layer of the zeolite crystallites and thus, the mi-
gration of ruthenium to the external surface during oxygen
treatment is very probable. This results in a small amount
of methane chemisorption because of the lower number of
sites for chemisorption. This problem was circumvented, at
least to some extent, when Ru—Co/NaY[I1] was applied. In
this case the migration of ruthenium to the external surface
might be controlled by the external cobalt layer during oxy-
gen treatment. Even so, in helium-treated sample (Table 6)
Mp is about 2, and this composition of the CHy is more ef-
ficient for surface coupling. On the helium-treated sample
the C,.. selectivity reached a maximum at very low conver-
sions (3%), whereas on the oxygen-treated sample the C,..
selectivity increased to 35% but almost 70% methane was
produced (7). This is likely due to the higher chain growing
probability during methane chemisorption.

When the chemisorption of methane on helium-treated
Ru/NaY, Co/NaY, and Ru—-Co/NaY][Il] samples is com-
pared, the latter sample has the highest activity. This is in
agreementwith coupling results, i.e., C, selectivity reached
a maximum of 92% with conversions up to 28%, while on
the helium-treated Ru/NaY sample the C,, selectivity was
85% with conversions up to only 8%. The difference be-
tween these two systems lies in the reducibility, the latter
being reduced to a lesser extent than pure ruthenium. The
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better coupling parameter of Ru/NaY is contrasted by the
high instability of the small metal particles which is not the
case for Ru—Co/NaY/[l1]. Although the amount of carbona-
ceous species built up on the ruthenium surface is higher
than that on ruthenium-—cobalt, it is less likely to be swept
off by hydrogen than those on bimetallic particles (7).

In contrast, Ru/NaY shows higher methane chemisorp-
tion than Ru—Co/NaY[I1] when calcined in oxygen. This is
also in agreement with the coupling results. The yields on
Ru/NaY (O, treated) reached 100% with almost 80% se-
lectivity to C,,, whereas on the bimetallic system the C,
selectivity was only 35% with 70% conversion (7). The dif-
ferences in these samples are due to the difficulty in stabi-
lizing the small metallic particles inside the zeolite matrix
and to the differences in reducibility.

5. CONCLUSIONS

The capability of supported metal catalysts to C—H bond
cleavage in methane can be estimated by using a method
of deuterium uptake by the surface CHy species formed
after CH4 chemisorption. The average deuterium number
(Mp) is characteristic of the average degree of dissociation
of methane.

The nature of the support affects the activation of
methane by influencing the extent of metal reduction.
Alumina-supported catalysts exhibit the highest activity
on the basis of the amount of hydrogen evolved, while
the highest amount of methane was chemisorbed on
silica-supported ruthenium and alumina-supported cobalt
samples.

The average deuterium number changes slightly with
increasing temperature, although the amount of methane
chemisorbed and the hydrogen evolved increases. This con-
tradiction can be interpreted by the increasing amount of
fully dissociated methane which occupies the most active
sites of the metal surface.

The average deuterium number depends on the nature of
the metal, while the total amount of chemisorbed methane
is a function of both the metal and the support.

Ru—Co/NaY catalysts have the highest activity in disso-
ciating methane provided that treatment of the precursor
occurs in helium instead of oxygen. In the latter case ruthe-
nium forms large metal particles on the external surface of
the zeolite.
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