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When submitted to CH4 at atmospheric pressure, EUROPT-1
(a 6.3 wt% Pt/SiO; catalyst) is able to chemisorb CH4 with paral-
lel evolution of H, at T > 150°C. C,Hg is also produced but at
a rate approximately 10 times lower, so that H-deficient hydrocar-
bonaceous fragments build up on the metal surface. Temperature-
programed desorption spectra obtained just after chemisorption
show that CH4 can be removed from the surface mainly in two
peaks, one at =~60°C and the second at a temperature varying
between 180 and 250°C. Formation of CH4, accompanied by small
amounts of C,Hg and traces of C3Hsg, is observed during subsequent
temperature-programed surface reaction with H, of the adspecies
remaining after each TPD interrupted at 300°C. The total amount
of CHy4 initially chemisorbed can be easily derived from those ex-
periments and the H/C ratio of the surface species formed during
chemisorption can also be estimated. It has been shown that the
amount of chemisorbed CHy increased and the H/C ratio strongly
decreased when the temperature or the duration of exposure was
increased. When EUROPT-1 was submitted to (Ar, CH4) mixtures
instead of pure CHy, the increase of the CH4 content had an effect
similar to that of the increase of either the temperature or the du-
ration of exposure. Moreover the TPD and TPSR spectra are very
sensitive to the conditions of the exposure, so that they constitute
some fingerprint of the adspecies at the end of the adsorption step.
© 1996 Academic Press, Inc.

INTRODUCTION

In recent years direct conversion of CH,4 into more valu-
able chemicals, especially higher hydrocarbons, has aroused
strong interest. By far the most promising and explored
route has been oxidative coupling in which the thermody-
namic barrier exhibited by the formation of C;Hg and C;Hy
from CHy is overcome thanks to the presence of oxygen
and the resulting formation of water. Unfortunately O, can
also cause oxidation of CHy4 to carbon oxides and good se-
lectivity to C,’s cannot be obtained at acceptable yields of
conversion.

! To whom correspondence should be addressed.
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The potential of metal surfaces as regards CH,4 chemistry
seems to have been largely overlooked despite the fact that
all the already known catalytic reactions involving CHy,
except for the oxidative coupling, occur on metals: CH4/D;
exchange reactions, total oxidation, steam reforming, HCN
preparation (Andrussow process), and steam reforming (1).
Due to the constraints of thermodynamics, catalytic homol-
ogization of CHy is not more expectable on metal surfaces
than on any other kind of catalyst. The ability of various
metals to chemisorb CHy4 at moderate temperatures (2-4)
as well as that to decompose CH4 to C and H; at higher tem-
peratures (5,6) has, however, been known for long. Hence, a
two-step process can be imagined where the species formed
upon the interaction of CHy4 with the metal surface in the
first step in involved in a subsequent suitable step.

Our first report of a possible two-step homologization of
CH, on Pt (7) illustrated this view, as did the different and
almost concomitant contribution by Koerts and van Santen
(8). In our preliminary work, as well as in the subsequent
one related to the cases of Ru and Co (9), chemisorption
of CH4 (with parallel evolution of Hy) is involved before
hydrogenation of the resulting chemisorbed species at a
unique and moderate temperature. In the experiments car-
ried out by Koerts and van Santen, methane interacts with
Ru or Co at much higher temperatures and formation of
bulk or surface carbides is postulated (with complete re-
moval of hydrogen). In order to obtain a mixture of alkanes
and not only methane, the following hydrogenation must be
effected at a temperature lower than that of the exposure
to methane.

Solymosi et al. confirmed both procedures by carrying
out isothermal as well as dual temperature experiments on
a number of supported transition metals (10).

The purpose of the present contribution is to describe the
different kinds of experiments which we have carried out
on platinum, in a more detailed way than we have done so
far, and to discuss the process in the light of these results. In
the first part, we will focus on the chemisorption of methane
(first step of the homologization process) while the second
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part is devoted to the hydrogenation of the chemisorbed
species (second step).

However, before reporting our results on platinum, it is
useful to recall the main experimental data concerning the
chemisorption of CH4 on metals as the reactivity of the
derived adspecies.

After the first studies mentioned above (2-6) there has
been many reports devoted to the study of CH4 chemisorp-
tion on supported metals, on metal films, or on surfaces of
single crystals. Most of the work prior to 1974 was reviewed
by Frennet (11). Later on, Pitchai and Klier reviewed most
of the contributions up to 1986 (12). We will only focus
our attention on the main results which are of interest con-
cerning the possibility of C-C bond formation between C;
adspecies resulting from chemisorption of CHy4 or related
molecules.

First of all, it has been known for a long time that the
methane sticking coefficient is very low, ranging from 1010
to 1070 (11). Sizeable coverages, favoring C—C bond forma-
tion, cannot therefore be expected under a low pressure of
adsorption. In addition, the sticking coefficient appears to
be more dependent on the energy of the molecule than on
the temperature of the substrate. Ceyer et al. explained that
the pressure dependence of catalytic reactions involving
CHy, such as the steam reforming, was due to the strong de-
pendence of the sticking coefficient upon the translational
and vibrational energy of the molecule (13, 14).

It is a fact that most of the surface science studies fo-
cus more on the intimate details of the CH4 chemisorp-
tion than on the fate of the resulting adspecies. A remark-
able exception concerns the contributions of Yang et al.
(15) and of Ceyer (16) who demonstrated the possibil-
ity of converting CH,4 into benzene on a Ni (111) surface.
CH, was first chemisorbed through “collision-induced dis-
sociative chemisorption” and subsequent controlled heat-
ings and readsorptions resulted in the successive forma-
tions of CH then C,H; species and finally of C¢Hg which
desorbed at 430 K. C-C bond formation has also recently
been reported by Wu and Goodman (17) on Ru(0001)
and Ru(1120) surfaces after exposure to CHy at 5 Torr for
2 min and at temperatures ranging from 130 to 430°C. The
only adspecies recognized by HREELS (high-resolution
electron energy loss spectroscopy) were methylidyne (CH)
and vinylidene C=CH, on Ru(0001) whereas ethylidyne
(C—-CHj3;) was also evidenced on Ru(1120). In twin exper-
iments, hydrogenation of the adspecies, at a temperature
lower than that of adsorption, released some ethane and
propane (18).

To our knowledge all other contributions on single
crystals only showed that dissociative chemisorption leads
to CH, species and different forms of elemental carbon
(19-25) which are favored at high temperatures since the
stability of CH, species is questioned beyond 400 K (14,
25, 26).
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On supported nickel, formation of CH, species, with x
ranging from 3 to 0, was already postulated by Kubokawa
(4), and the possible parallel evolution of H, was first re-
ported by Troesch (27). However, only CH4 was obtained
through hydrogenation of the species formed upon previ-
ous exposure of supported nickel to CHy (11, 28, 29). The
first report on C—C bond formation between adspecies aris-
ing from CHy4 concerns cobalt (30).

Another way of studying the reactivity of CH, species
on a metal surface consists in bringing them to the sur-
face through dissociative chemisorption of molecules much
more reactive than CHy. Striking results were so obtained
by Brady and Pettit on a number of transition metal cata-
lysts with diazomethane that was either pure or mixed with
hydrogen (31). Pure diazomethane gave rise to the release
of C,H4 and N, whereas a mixture of hydrocarbons rang-
ing from C; to C;g was produced on Fischer-Tropsch (F.T.)
catalysts in the presence of H,. This was good evidence that
CH; can be the building block in E.T. synthesis.

Diazomethane was also used in surface science studies.
Berlowitz et al. reported the formation of CH4, C;Hg4, and
H; during temperature-programed desorption (TPD) fol-
lowing the adsorption of CH,;N, at 110 K on Pt(111) (32).
Weinberg et al. showed, by using electron energy loss spec-
troscopy (EELS), that the spectra of Ru(001) were the same
after the adsorption of either CH,N, or C;Hy at 80 K (33).

Ketene (CH,CO) was used by Ibach et al. with Fe(110)
(34). After dissociative adsorption at 120 K, CH; could re-
main on the surface up to ca. 250°C. Unstable surface vinyli-
dene species appeared between 130 and 230°C. CH3 and
CH species were also found to coexist with CH; and the
authors mentioned the existence of “a wealth of phenom-
ena deserving further detailed study.”

Methyl halides have also been frequently used as
recently reviewed by Chiang et al. (35). Dissociation of
these molecules into chemisorbed CHj3 and halogen atoms
commonly occurs but C-C bond formation was rarely
reported (36).

From all these previous studies the possibility that C-C
bonds can be formed on metal surfaces sufficiently covered
with CH, species appears not to be questionable.

EXPERIMENTAL

1. Catalyst

Our catalyst was the standard EUROPT-1 catalyst made
of 6.3 wt% Pt on silica and has already been well described
(37-40). The particle sizes were found to range between
0.9 and 3.5 nm with 75% of the particles smaller than 2 nm
in diameter (38). Based upon 105 umol H, chemisorbed
dissociatively per gram of catalyst at room temperature
(r.t.) and assuming 1:1 stoichiometry, the dispersion of
Pt is 65% (39), which compares well with the value of
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60% detrmined by electron microscopy (38). It was found
that 185 to 230 umol CO g~! and 80 to 100 umol O, g~*
chemisorb at r.t. (40).

The catalyst was placed in a continuous flow fixed-bed
reactor made of a U-shaped quartz tube (4 mm i.d.) and
working at ordinary pressure.

2. Apparatus

The apparatus allowed us to feed the catalyst with Hp,
Ar (or He), CH4, or mixtures of these gases. Except for the
reactor made of quartz, the whole apparatus was made of
stainless steel tubing with Swagelock fittings, shut-off valves
and metallic 4- or 6-port valves. The flows of gases were
maintained constant by Brooks flow-controllers. The gases
(Hz, Ar, and He, grade U, and CHy4 grade N45, from Air
Liquide) were used after purification from O,, CO, and con-
densable impurities by standard procedures before feeding
the catalyst. We were able to check that no significant O; or
H,O traces were present in the gases after purification (<1
ppm) thanks to an O,-traces analyzer (Mark II Engelhard)
and an electrolytic hygrometer (Beckman). Moreover we
also checked that the methane contained less than 0.1 ppm
of any expectable higher hydrocarbon (in particular C;Hy
and C;H; were not detected).

After leaving the reactor the gas flow was sent to two
gas chromatographs in series. The first one was used for the
hydrocarbon analysis and was equipped with a Porapak QS
column (1.80 m; i.d., 1.6 mm; 100-180°C) and FID. The
second one was used for the H, analysis and was equipped
with a Carbosphere column (0.6 m; i.d., 2.1 mm; 60°C) and
thermal conductivity detection.

3. Procedures

3.1. Treatment of the Catalyst

The catalyst was initially reduced in an H, flow (50
cm’/min) during a slow ramp of temperature (1°C/min) up
to 450°C, at which temperature it was maintained in the
H, flow for 15 h. Between two successive experiments the
catalyst was submitted to a flow of H; at 400°C for 1 h to
remove any carbonaceous residue. It was then fed with a
flow of Ar (50 cm*/min) to remove H; and finally cooled in
Ar (or He) at the temperature desired for the experiment.

3.2. Determination of the Amount of Chemisorbed CH,4

After a given exposure of the catalyst to the flow of
CHy, one could expect that the amount of carbonaceous
species accumulated on the Pt surface could be determined
by reacting them with H; and by measuring the quanti-
ties of all the alkanes produced, including methane. How-
ever, methane originating from the carbonaceous species
escaped measurement because it could not be distinguished
from that already present in the reactor at the onset of
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hydrogenation. In order to circumvent this difficulty, the
reactor was closed just after the exposure to CH4 and cooled
tor.t. as quickly as possible (ca. 1 min) (we will see in Section
3 of the second article that the flow rate of CH4 exerts a great
influence on the amount of chemisorbed CH4 and on the H-
deficiency of the resulting adspecies, so that a short stay in
static CH4 has no disturbing effect). It could then be cleared
of CH4 by Ar without any desorption. Subsequent feed with
H, at r.t. caused immediate release of several alkanes, pos-
sibly up to Cs, so that the analysis could not be effected in
parallel, due to its duration. For this reason we most often
preferred to first thermodesorb a part of the chemisorbed
species by feeding the catalyst with a flow of Ar and submit-
ting it to a ramp of temperature up to 300°C. A TPD spec-
trum could so be recorded. The catalyst was then cooled
to r.t. once again and thereafter fed with a flow of Ha.
No higher alkane formation occurred under these circum-
stances but in the following TPSR with H; (temperature-
programed surface reaction) CHy was released, accompa-
nied by a much smaller amount of C;Hg and by traces of
CsHg. Apart from giving access to the total amount of CHq4
chemisorbed on the surface, the TPD and TPSR spectra
provided us with some kind of fingerprint of the state of the
chemisorbed film at the end of the exposure to CHy.

RESULTS

1. Evolution of H, and C,Hg during Exposure to CHy4

We have studied the chemisorption of CHy at ordinary
pressure and at temperatures high enough to make H; evo-
lution visible. That turned out to be the case from 7> 150°C.
In parallel, evolution of C,Hs was also evidenced but at a
rate which was roughly ten times lower than that of H,. The
variations of H, and C,Hg formations versus time on stream
are represented in Fig. 1 for different temperatures.

Similar experiments were carried out at 250°C but at
lower pressures of CHy by using CH4/Ar mixtures. Forma-
tion of C,Hg could be evidenced down to 10% CHy, while
H, was still evolved at the lowest content of CHy (2.5%).
At low CHjy4 contents, the rate of H, formation exhibited
a maximum versus time on stream. Table 1 gives the total
amounts of Hy and C;Hg released from the surface during 1-
min exposures of the sample to the flow of the different (Ar,
CH,) mixtures. It can be seen that the amount of C,Hj rises
more sharply with CH4 content than does the amount of H,.

No hydrocarbon other than ethane was formed during
the exposure of the sample to methane.

2. Amount of Adsorbed Methane and Its Variation
with Operating Factors

In order to determine the amount of adsorbed methane,
we proceeded to do a TPD up to 300°C followed by a Hj-
TPSR of the remaining adspecies.
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FIG.1. Molar flow rates of H, and of C;H¢ evolved during exposure
of EUROPT-1 to CHy, as a function of time on stream for different tem-
peratures. Conditions: 100 mg of catalyst exposed to 400 cm® min~! of
CH,.

2.1. TPD Spectra

After a 1 min exposure of the catalyst to the flow of pure
CH,, the reactor was closed and cooled to r.t. as quickly as
possible (1 min or so). Thereafter the reactor was purged
with Arand the TPD was carried out. Only CH4 was formed
during heating. Neither C;Hg nor H, were visible under any
circumstances.

Figure 2 displays the spectra obtained after exposures to
CH, atfour different temperatures. Except for the exposure

TABLE 1

Molar Amounts of H, and C,Hg Evolved during 1-min Expo-
sures to Various (Ar, CHy) Mixtures at 250°C and Atmospheric
Pressure (Flow Rate of (Ar, CH,), 400 cm® min—!)

CH, content (%) 25 10 50 100
H, (pmol) 2.41 4.25 9.04 9.95
C,Hg (1mol) 0.00 0.02(3) 0.42 0.86

BELGUED ET AL.

T I T M T
| A 200°C i
LB gs0ec
= = 270°C
= 0 320°C ]
g i ]
S 1L0f .
& - |
lT 4
=) |
) I ]
%ﬂ' 0‘5_- a ]
I o
- E_E-E-BE-BE'E"
= - |
0 100 200 300

Temperature (°C)

FIG. 2. TPD profiles following exposure of EUROPT-1 to CHy at

various temperatures. Conditions: Exposure, 100 mg of catalyst exposed

to 400 cm® min~! of CHy for 1 min; flow rate of He, 200 cm® min™"; ramp

of temperature, 8 K min~.

carried out at 320°C, one can see that CHy desorbed in
two peaks, well separated and situated at ~60°C and in the
neighborhood of 200°C. The second peak shifted toward
the high temperatures when the temperature of exposure
was increased.

2.2. TPSR Spectra

The TPDs were always interrupted at 300°C to avoid
the risk of forming too much unreactive carbon. After re-
cooling at r.t., the catalyst was then fed with H,. No CHy
was formed, so that the temperature could be immediately
ramped, which gave rise to the spectra of Figs. 3a-3c.

The main product of TPSR was CHy, which was accom-
panied to a lesser extent by C,Hg and by traces of C3Hg. For
exposures carried at 250°C, the amounts of CHa4, C,Hg, and
Cs;Hg formed during the TPSR were roughly in the ratios
100:10:0.3. CHy4 spectra (Fig. 3a) were simpler than their
TPD counterparts since each of them mainly consisted of
one CHy peak situated at ~340°C. The spectra of C;Hg and
C3Hg (Figs. 3b and 3c) were very similar in shape and exhib-
ited two peaks, the second of them being exactly located at
the same temperature as the unique peak of CHy (340°C).
The first one was obtained at a lower temperature which
increased slightly with the exposure temperature.

2.3. Variation of the Amount of CH; Adsorbed
versus Temperature

From the preceding spectra we can easily derive the quan-
tities of each hydrocarbon produced during the different
steps of each experiment. All these data are collected in
Table 2 and the variation of the molar amount of adsorbed
methane versus temperature is represented in Fig. 4.

Those data can be converted into coverages of the Pt
surface by CH, adspecies provided that two assumptions
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FIG. 3. Profiles of H,-TPSR of the adspecies remaining on the Pt surface after the TPD corresponding to Fig. 2. Conditions: Flow rate of H», 50

cm® min~!; ramp of temperature, 6 K min~!.

be accepted: (i) all the C atoms are bonded to Pt atoms and
(ii) each of them is bonded to 1 Pt atom only. Based upon
the H, chemisorption results (see part 1 of the Experimental
section), the quantity of surface Pt atoms contained in the
sample is 21.0 umol and the corresponding coverages are
represented in Fig. 4.

2.4. Influence of Other Factors

i. The duration of the exposure to CH4.  The influence of
the duration of the exposure has been examined at one set
of other operating conditions (250°C; pure CH,4 flowing at
400 cm®/min). The shortest exposure (5 s) is only given as
an indication of what follows a brief exposure, due to the
poor accuracy concerning the duration of exposure. Every
exposure was followed by the same experimental procedure
asin the previous cases and the TPD and TPSR profiles (not
reported here) allowed us to plot the amount of C; units
adsorbed on the Pt as well as the corresponding surface
coverage with CH, adspecies as a function of the duration
of the corresponding exposure (Fig. 5).

TABLE 2

Molar Amounts of Hydrocarbons Produced during the TPD and
the H,-TPSR after 1-min Exposures to CH,4 at Atmospheric Pres-
sure and Various Temperatures: Corresponding Molar Amounts
of Adsorbed Methane (Flow Rate of CHy4, 400 cm?®/min—")

TPSR
TPD

Temperature CHy4 CH,4 C,Hg CsHg QcHy ads
(0 (pmol)  (umol)  (umol)  (umol)  (umol)

150 0.84 0.95 0.00 0.00 1.79

200 1.75 1.83 0.02 0.00 3.62

250 2.20 4.80 0.37 0.01 7.78

270 2.37 5.66 0.56 0.06 9.33

320 0.85 8.50 1.37 0.19 12.64
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FIG. 4. Variation with temperature of the molar amount of CHy ad-
sorbed on 100 mg of EUROPT-1 and of the corresponding surface cover-
age with CH, adspecies. Data are deduced from Figs. 2 and 3.

ii. The partial pressure of CHy during the exposure. A
similar approach was used concerning the role of the partial
pressure of CHy in the CH4/Ar mixture to which the catalyst
was preliminary exposed. Figure 6 illustrates the increase
of the quantity of CH,4 adsorbed (and of the corresponding
surface coverage) versus the pressure of CHy.

DISCUSSION

1. Methane Chemisorption

No just chemisorption of CH4 was involved during the
first step of the reaction sequence since H, and C,Hg evolu-
tion paralleled the sticking of CHy. The release of Hj is the
result of the association of hydrogen atoms resulting from
the dissociative chemisorption of CHy,

CH4 + 2% — CHzagds + Hads. [1]
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where * stands for a Pt active center. The parallel release
of ethane may, in the same way, be seen as the associative
desorption of two adsorbed methyls,

2CHj3 445 — CoHg + 2+, [2]

so that the release of C,Hg does not necessarily mean that
the C—C bond was initially formed on the surface as it would
have been the case in the process

CH3ads + CHpags = CH3 — CHyags + * (3]
followed by
CH3 — CHzads + Hags — G Hg +3 (or2) . [4]

Besides, we must notice that association between CHj3; and
CH;, species chemisorbed on metal surfaces has been con-
sidered as not probable on theoretical bases (41, 42).

940
g 130 &
2 "

5 -~ O
=) 3
© 120 3
3 B
£ 2
123 S
< —410 >~
b 0

2 . L 2. 1
0 50 100

CHy content (%)

FIG. 6. Variation with the CH4 content of the amount of methane
adsorbed from (Ar-CH,4) mixtures on 100 mg of EUROPT-1 at 250°C
and of the corresponding surface coverage with CH, adspecies. Other
conditions are the same as for Figs. 2 and 3.

BELGUED ET AL.

However thermodynamically unfavored, the dehydro-
genative coupling of CHs might be assumed to be cat-
alyzed by Pt. However, as the rate of evolution of C;He was
roughly ten times lower than that of H, other processes
than those involved in the coupling of CH4 must have nec-
essarily taken place, resulting in the progressive accumula-
tion of H-deficient CH, species on the surface during the
exposure to CHy, which led the adsorption and desorption
processes to extinction.

Desorption of CH4 during TPDs was direct evidence that
the hydrogen contained in the methane having reacted with
the surface had not been completely removed. We may rea-
sonably assume that part of the remaining hydrogen was
present in CH, or C,H, adsorbed species, whereas the rest
of it was simply adsorbed on Pt atoms.

We can evaluate approximate averages of the H/C ratio
of the chemisorbed species, which we call x, in two ways.

First, we can remark that the total molar amount of CHy
having reacted with the Pt surface, Qcg, tot, 1S

QCH4 tot = QCH4 ads T 2QC2H(, dess

where Qcm, ads 1S the molar quantity of C; units adsorbed at
the end of the first step and Qc,H, des is the molar amount
of C,Hg released during the same period of time. The cor-
responding total amount of H; involved is

QHZ tot = 2QCH4 tot-

If Ops means the molar amount of superficial hydrogen,
whether bonded to Pt or to C, and if Qpg, ges is the to-
tal amount of H; desorbed during the first step, we can
write

Qus = 2QH, tot — 2QH, des — 6Qc,H des-

Qs is therefore accessible to measurement since Qcp, tot
can be derived from Qc,mH,des and from the results of
TPD and TPSR spectra. Now if we neglect the hydrogen
chemisorbed on the metallic atoms and therefore if we as-
sume that all the hydrogen left on the surface is bonded to
surface carbon, we obtain a first limiting value of the H/C
ratio, x1, such as

QHS —4 + 2 QCZH(, des — QHZ des

XX =
QcH, ads QcH, ads

In another way, we may roughly consider that if the rate of
methane desorption is so low at the end of the TPD (300°C)
it is because there only remains a negligible amount of hy-
drogen bonded to the metal. This assumption concerning
the situation prevailing on the surface at the end of the TPD
has more chance to hold than just at the end of exposure.
If so, the total H-content of the surface at the end of its
exposure to CHy is 4 Qcp, tpp If Qcu, TPD represents the
total amount of CH4 removed during the TPD. We can thus
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TABLE 3

Evaluation of x; and x; (See Text) at Different Temperatures

Qnydes  QcyHgdes  Qcmyted  QcHyads
T(¢C) (umol) (umol) (umol) (nmol) X1 X2
150 0.57 0.00 0.84 1.79 34 1.9
200 4.00 0.15 1.75 3.62 1.9 1.9
250 9.90 0.86 2.20 7.78 1.7 1.1
270 15.5 1.51 2.37 9.33 1.0 1.0

Note. Conditions: 1 min exposure to CHy; 400 cm® min~!; 1 atm.

reach another limiting value of the H/C ratio, x; such as

QcH, TPD

X<X=4 .
QcH, ads

The values of x; and x; related to two sets of experiments
are reported in Tables 3 and 4. One can notice that x; and x;
differ most when they relate to exposures which can be ex-
pected to produce little dehydrogenation of the adspecies
(low temperature or short duration) and can accordingly re-
sult in sizeable coverages of the surface with H nonbonded
to carbon. This remark is moreover supported by the fact
that x; then exceed 3. The x, values, more reliable than x;
ones, clearly show that the adspecies present on the Pt at
the end of most of our exposures to CHy4 exhibited strong
H-deficiency. Values of x lower than 2 make highly prob-
able the formation of adsorbed methylene and methyne,
between which C—C bonding can reasonably be expected.
No energy barrier was theoretically found for the reaction
of two methylenes and they were accordingly considered to
be able to couple spontaneously (36).

A question which may now naturally be raised concerns
the reason why no unsatured hydrocarbons, in addition to
ethane, were formed during exposure to methane. We sug-
gest that this is because their binding energy to the metal
is so high that heating over the temperature of experiment
should be necessary but cracking would then be expected to
interfere with desorption. Displacement by another species
is easier and we have reported the results of CO-induced

TABLE 4

Evaluation of x; and x; (See Text) for Exposures of
Different Duration

QHz des QCZHé des QCH4 TPD QCH4 ads
Duration  (umol) (pnmol) (umol) (umol) X1 X2
Ss 1.10 0.00 1.30 4.80 35 11
1 min 9.90 0.86 2.20 7.78 1.7 11
S min 229 3.30 1.50 10.3 02 06
15 min 31.5 4.50 0.50 13.2 00 02

Note. Conditions: exposures carried out at 250°C; 400 cm> min~'; 1 atm.
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desorption of at least part of the species present on Pt after
its exposure to methane (43). Numerous alkanes and olefins
ranging up to Cg or Cg could so be obtained.

2. TPD and TPSR

The main object of obtaining the TPD and TPSR profiles
was to determine the amount of CHy chemisorbed during
each exposure. The rather intricate shape of these profiles
and their definite sensitiveness to the exposure conditions
show that they can constitute some fingerprint of the global
chemical state of the adspecies at the end of the adsorp-
tion step. Some features of the TPD profiles are easily un-
derstood. For example the relatively small amount of CHy
thermodesorbed after adsorption at 320°C (Fig. 2), notwith-
standing the fact that, under our conditions, the surface
attained the largest coverage at that temperature, clearly
illustrates the corresponding great H-deficiency of the ad-
species.

Most of the methane involved in TPD appeared in two
main peaks occurring at greatly different temperatures.
One of them, at about 65°C, must reasonably be ascribed
to the associative desorption of little dehydrogenated C;
adspecies and hydrogen. The second one is exhibited at
temperatures higher by 100°C at least and may thus be un-
derstood as resulting primarily from breaking of C, ad-
species. As its position varies by as much as 60°C, depend-
ing upon the adsorption temperature, it is highly probable
that various C, ;. adspecies contribute to this second TPD
peak of CH,4 in proportions which greatly depend upon the
conditions of the preliminary adsorption.

Once the catalyst has been cooled to r.t. after the TPD,
feeding it with H, does not entail any CH4 production.
In fact, CH4 does not reappear before 200°C during the
progress of the subsequent TPSR.

The TPSR profiles look simpler than the TPD ones in that
they mainly consist of a unique peak of methane. Ethane
and propane are also produced but to a less extent and they
give rise to two peaks (see Fig. 3). Contrasting with the high-
temperature TPD peaks, the first peaks exhibited in the
TPSR profiles related to C;Hg and CsHg appear somewhat
sensitive to the exposure conditions whereas the second
ones are almost totally insensitive to them, insofar as only
the position of their maxima is considered. Furthermore,
there is a very good correspondence between the methane
peak and the second peaks of ethane and propane.

Those observations first demonstrate that no more re-
active C; adspecies remain on the surface after TPD. In
the second place, we suggest that, due to the dehydrogena-
tion (loss of CHy4) and to the molecular rearrangements
having taken place during the TPD, only some strongly H-
deficient carbonaceous fragments are still present on the
Pt surface. Their total amount, more than their nature,
must depend upon the conditions of the initial exposure to
CHy. From their reaction with Hy, mainly CHy is produced,
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accompanied by small quantities of C, and Cs at rather
well-defined temperatures.

3. Yield of the Reaction of CH4
with the Platinum Surface

In each of the experiments described in the present re-
port, the chemisorbed methane represented but a very small
fraction of the total methane sent to the catalyst. For ex-
ample, Table 2 shows that the quantity of chemisorbed
methane ranged from 1.79 to 12.6 umol whereas 400 cm?
of CH4 at ambient conditions was used, i.e., a CH4 quantity
close to 16 mmol. The yield of adsorption with respect to
CH,4 ranged therefore roughly from 0.16 to 0.79%.. How-
ever, we must note that the Pt is by far the limiting reactant
since the sample used was not able to chemisorb more than
21 pmol of CHy at full coverage (upon the assumption that
C/Pts be equal to 1), which would correspond to a limiting
adsorption equal to 1.3%o of the incoming CH4. The corre-
sponding fraction of the surface Pt atoms which was utilized
ranged from 8.5 to 60%.

What makes the conversion of CHy4 so small is the fact
that an elevated flow rate of CH,4 was used instead of con-
tacting the sample with static methane in a closed reactor
of limited volume. However, in the latter case no sufficient
dehydrogenation of the adspecies would have resulted and
consequently no C—C bonding would have taken place, as
is shown in the following article. The simplest way of re-
moving H, was to use flowing CHj itself for carrying the
desorbed H; out of the reactor. We did so but at the cost of
wasting a large quantity of CH4. Other means can be imag-
ined to obtain C—C bonding between the adspecies while
saving CHy as discussed in the next article.

CONCLUSION

Despite its low reactivity, methane can react with plat-
inum at moderate temperatures. The chemisorption of
methane is accompanied above 150°C by the release of
H; and of lower quantities of C;Hg, so that carbonaceous
adspecies can build up. H-deficiency of these adspecies in-
creases with the temperature and with the prolongation of
the exposure to CHs. Therefore C—C bond formation can
be expected between neighbor H-deficient CH, species. In
the subsequent paper we will report on the results of the
hydrogenation of these adspecies.
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