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The homologation of propene with methane was studied using alumina- and silica-supported
nickel catalysts. The catalysts were activated under a methane flow previous to the reaction.
Experiments carried out in a propene/methane mixture at 350°C showed that the Ni/SiO, system
was more active for the homologation reaction (81.4% selectivity to butanes) than its alumina
analog (6.2% selectivity to C, compounds). From control experiments carried out under a nitrogen
atmosphere and in a hydrogen-activated catalyst, it was concluded that the methane molecule
incorporates into the hydrocarbon chain. The XPS studies showed the presence of carbonaceous
species (but not necessarily graphitic) on the catalytic surfaces. The concentration in the silica
catalyst was higher than that in its alumina analog, suggesting that, most probably, these species
were involved as intermediates in the propene homologation reaction. The silica-based catalyst
showed higher metal dispersion than that found in its alumina counterpart. This can be attributed
to the formation of NiAlO, on the catalyst surface, which can also explain the lower activity
observed for butane production. On the basis of the experimental evidence, a propene homologation
mechanism can be proposed which involves the reaction of methane with the metal to generate CH,
species (where x = 0, 1, 2, or 3), which in turn react with propene, producing the homologation

products (butanes). © 1991 Academic Press, Inc.

INTRODUCTION

In the past few years, the reactions of
transformation of methane into more valu-
able products have been the subject of study
not only in heterogeneous (I—4) but in ho-
mogeneous catalysis (3—5). In particular,
the reactions between natural gas (methane)
and hydrogen acceptor molecules, i.e., ole-
fins, are thermodynamically favored (Egs.
(1) and (2)) and represent an interesting
route for the industrialization of this natural
resource.

CH, + C,H, —
AG® (kcal/mol)
CH,CH,CH, -3.2 M)
CH, + C;H, — ¥CH,CH,CH,CH,
+ 3(CH,),CH —0.21 @)

Reactions (1) and (2) are commonly known
as homologation reactions mainly because
the final product has one more carbon atom

than the starting olefin. In particular,
Schleyer and co-workers (6) reported that
methane reacted with benzene, cyclopen-
tene, and propene to produce small amounts
of toluene, methylcyclopentane, and bu-
tanes, respectively, using silica-supported
nickel catalysts. The catalyst had to be re-
duced in methane in order to be active for
the homologation reaction, and a surface
methane—nickel species formed during the
reduction period is proposed as an interme-
diate in the reactions. However, there are
no characterization studies nor comparisons
with the hydrogen-activated catalysts.
Sodesawa and co-workers (7) reported
oxidative methylation of propene with
methane to butanes in the presence of oxy-
gen using a 3% Na,0/La,0; catalyst. A
maximum 10.1% yield of C, compounds was
obtained. No details regarding the reaction
mechanism were given. Scurrel reported (3,
8) that a mixture of methane and ethylene
reacted over sulfated-treated zirconia cata-
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lysts to produce higher hydrocarbons at
300°C. In the beginning of the experiment,
the ethylene and methane conversions were
high (80-90 and 17-58%, respectively) but
at the end, the selectivity changed to higher
hydrocarbons. The product distribution var-
ied considerably in the absence of methane,
suggesting that the presence of methane ex-
erted a decided effect on the catalytic behav-
ior. It is concluded that the catalysts inter-
acted very strongly with methane (probably
due to its superacidity behavior), and a di-
rect methane—ethylene coupling is proposed
(8) in order to explain the generation of ho-
mologation products.

Osada et al. (9) reported the oxidative
methylation of toluene with methane over
alkali-promoted Y,0,—CaO catalysts to give
ethylbenzene and styrene. The order of se-
lectivity to higher hydrocarbons is Li > Na
> K. By comparison with the results of the
oxidative coupling of methane to ethane/
ethylene a mechanism for the methylation
of toluene is proposed and involves the reac-
tion between the benzyl and the methyl radi-
cals, formed on the basic surface of the
catalyst, to generate the methylated com-
pounds.

In the literature (6—9), the lack of funda-
mental knowledge as well as catalyst char-
acterization studies is evident. For this rea-
son, we concentrate on understanding the
mechanism of methane activation during the
homologation of propylene to butanes using
nickel-supported catalysts. The metal is
supported over alumina and silica and the
resulting catalysts are characterized by
TPR, XPS, and magnetic susceptibility
techniques. Finally, the most probable
mechanism for the homologation reaction is
proposed.

EXPERIMENTAL

The methane, propylene, and helium
were supplied by Matheson. Nitrogen was
purchased from Gases Industriales de Vene-
zuela. The alumina was obtained from
AKZO with a surface area of 274 m?/g, pore
volume of 0.69 ml/g, and mesh granules of
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80-100. The silica was purchased from
Grace Davison with a surface area of 612
m?/g, pore volume of 0.33 ml/g, and mesh
granules of 80-100.

For the analysis of the reaction effluents,
a Varian 3700 gas chromatograph equipped
with a FID detector is used and a standard
mixture (prepared using a Matheson gas
blender unit) is used for calibration pur-
poses. A Hewlet—Packard Model 3390A in-
tegrator is employed, and the identification
and quantification of the products are per-
formed by the external standard method.

XPS measurements are made with the
surface analysis system from Leybold—Her-
acus (EA-11) at INTEVEP, which is oper-
ated with a magnesium anode (1253.6 eV).
Pass energy is 200 eV and the data acquisi-
tion and manipulation are performed using
an HP-1000 computer on-line with the
equipment. The sensitivity factor is calcu-
lated using the method reported by Leon
and Carrazza (10).

The magnetic susceptibility measure-
ments are made in a Cahn electrobalance
equipped with a magnet, a vacuum system,
and gas distribution lines. The calculations
are done using the procedure reported by
Sinfelt and Carter (11).

The temperature-programmed reduction
(TRP) experiments are carried out by plac-
ing a sample of fresh catalyst in a }-in. glass
tube, which is then placed inside an oven
and coupled to a thermal conductivity detec-
tor. The catalyst is contacted with a mixture
of 20% of methane in nitrogen and is heated
from room temperature to 1000°C at 10°C/
min.

Preparation of the Catalysts

The nickel-supported catalysts are pre-
pared using the incipient wetness technique.
Six milliliters of a 4 M solution of Ni
(NOs), - 6H,0 (Aldrich) is added and mixed
with 20 g of silica for 2 h. For preparation
of the alumina analog, 13.8 ml of a 2 M
solution is used for 20 g of Al,O,. The cata-
lysts are dried at 150°C for 2 h and calcined
at 600°C in air overnight. The nickel con-
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FiG. 1. Experimental apparatus used in the homolo-
gation reaction (M, gas mixer; P, preheater; ST, gas
standard for calibration purposes; R, reactor; B, gas
bubbler; CG, gas chromatograph; I, plotter—inte-
grator).

tents are determined to be 7.19 and 7.49%,
with surface areas of 318 and 211 m?/g for
the silica and the alumina catalysts, respec-
tively.

Catalytic Reactions

The catalytic system used in this work is
shown in Fig. 1. It consists basically of three
sections, a mass flow control unit, the reac-
tor, and the analysis system. A 0.62-g
amount of the catalyst (dispersed in 0.5 g of
carburundum) is placed in a §-in-internal-
diameter stainless-steel reactor with an in-
ternal volume of 1 cm?. The catalyst is acti-
vated by passing 10 cm*/min flow of meth-
ane at 600°C for 8 h. In order to purge the
system, a flow of nitrogen is used until the
reactor reaches room temperature. The re-
action mixture of 9% of propene in methane
is passed and the reactor is heated to the
desired temperature. Several samples are
taken and analyzed on-line until the system
reaches a stationary state (approx 1 h). All
the experiments are carried out under ambi-
ent pressure.

The study of the effects of the operating
conditions (space velocity and temperature)
on the nickel-supported catalysts and on the
maximum production of homologation
products (butanes) is reported elsewhere
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(12). For the alumina and silica catalysts
GHSYV values of 565 and 968 h~' are used,
respectively. The temperature for all experi-
ments is 350°C.

For the reactions carried out in the ab-
sence of methane, a 9% mixture of propene
in nitrogen is used. The activation protocol
as well as the reaction conditions is the same
as that for the methane reactions. The condi-
tions for the activation in hydrogen atmo-
sphere are 10 cm*/min flow of H,, 300°C for
8 h.

Characterization of the Catalysts

For the XPS measurements, on-off
valves are connected at the entrance and
exit of the reactor depicted in Fig. 1. After
the activation procedure or the 1-h reaction
period (propene and methane), the valves
are closed and the reactor is placed in a
nitrogen-filled dried box. The samples are
then transferred to the ultrahigh vacuum
chamber of the XPS equipment. The entire
procedure is performed under a nitrogen at-
mosphere.

For the magnetic susceptibility measure-
ments, a sample of 20 mg of the fresh cata-
lyst is heated at 600°C under vacuum until
it reaches constant weight. The sample is
then reduced with 12 cm?®/min of methane at
600°C for 8 h. The magnetic susceptibility is
measured at 298°K under vacuum and
heated at 350°C in the presence of a mixture
of 9% of propene in methane for 1 h. After
the mixture is cooled to room temperature,
the magnetic susceptibility is measured
again.

RESULTS AND DISCUSSION
Activation of the Catalyst

Temperature-programmed reduction ex-
periments are carried out in order to deter-
mine conditions suitable for the activation of
the catalysts under a methane atmosphere;
results are shown in Figs. 2 and 3. For the
Ni/AlLO; catalyst (Fig. 2), the first process
is observed at 676 and at 623°C for the silica
analog (Fig. 3). Generally, this process is
associated with the reduction of the cata-
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FiG. 2. Temperature-programmed reduction experiment for the Ni/AlO; catalyst using 20% meth-

ane-nitrogen mixture at 10°C/min.

lysts by methane and can be attributed to a
carburization process (/3). In order to avoid
sintering, a lower temperature (600°C) is
chosen for the catalyst activation, and to
ensure complete reduction of the metal
(confirmed by XPS), pure methane is used
for a time period of 8 h.

Catalytic Reactions

The results of the homologation of pro-
pene using the Ni/Al, O, catalyst are shown
in Table 1. For this catalyst, the selectivity
to butanes is 6.2% at 350°C and 565 h~!
employing a methane—propene mixture (Ex-
periment 1). When methane is replaced by
nitrogen (Experiment 2), the selectivity to
C, remains approximately constant (5.8%),

butane being the only homologation product
(ratios iC,/nC, and olefins/parafins equal to
zero) and propane the major product (60.2
and 85.4% for Experiments 1 and 2, respec-
tively). Therefore, the presence of methane
has no effect on the production of homologa-
tion compounds, suggesting that the CH,
molecule, most probably, does not incorpo-
rate into the hydrocarbon chain for the Ni/
AlLO; system. The formation of the small
amounts of C,Hg can be attributed to self-
homologation of propene similar to the re-
sults reported in the literature by several
authors (/4-20) in their metal-supported ho-
mologation studies.

For the Ni/SiO, catalyst a significant de-
crease in the butane production is observed
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FiG. 3. Temperature-programmed reduction experiment for the Ni/SiO, catalyst using 20% meth-

ane—nitrogen mixture at 10°C/min.

by replacing the methane with nitrogen. Ef-
fectively, the butane selectivity diminishes
from 81.4% in the methane—propene mix-
ture (Experiment 3) to 2.2% in the nitro-
gen—propene feed (Experiment 4) under the
same reaction conditions (350°C and 968
h~". According to Schleyer and co-workers
6), C, compounds obtained under a meth-
ane atmosphere are attributed to the forma-
tion of C, species present in the catalyst and
formed during the activation period. These
species react with propene to yield the ho-
mologation products. The methane present
in the feed regenerates the C, species, cov-
ering the surface in order to complete the
catalytic cycle. Circumstantial evidence of
the previous mechanism is that the iC,/nC,
ratio is the same for both experiments (Ex-
periments 3 and 4), suggesting similar path-

ways for the formation of the homologation
products.

On the other hand, the olefin fraction de-
creased in the reaction carried out under ni-
trogen (Experiment 4) in comparison with
that performed under methane (Experiment
3). This effect can be attributed to the partial
removal of the carbonaceous material (C,
species) in the former experiment which
opens coordination sites for the hydrogena-
tion of the unsaturated molecules. In the re-
action carried out under methane, the con-
centration of the C, species is approximately
constant and, therefore, fewer olefins are hy-
drogenated. This effect is also shown in the
selectivity of propane which increases from
16.4% in the CH,-containing experiment to
96.1% in the nitrogen-containing reaction.

For the nickel-silica catalyst reduced un-
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TABLE 1

Product Distribution of the Reaction of Propene with Methane, Nitrogen, and Hydrogen Using Alumina- and
Silica-Supported Nickel Catalysts

Expt  Catalyst Reaction % Con.* % SCyY % SCy % SC,/  iCy/nCy¢  Olef./Paraf.f
1 Ni/ALO#  CH, + CiH, 9.2 33.6 60.2 6.2 0.0 0.0
2 Ni/ALO¥ N, + CiH, 8.7 8.8 85.4 5.8 0.0 0.01
3 Ni/SiO  CH, + CH, 4.7 22 16.4 81.4 0.2 4.0
4 Ni/SIOy N, + CH, 43 1.7 9.1 2.2 0.2 0.02
5 Ni/SiOy  CH, + C;H, 7.0 0.0 472 52.7 j 0.06
6  Ni/SiO*  H, + CH, 7.2 19.3 48.4 2.3 0.1 2 x 107

“ Conversion with respect to propene in the gas feed (9% of C;Hg in CH,, N,, or H,).
¢ Percentage of selectivity with respect to ethylene—ethane, moles of C, X 100/total moles of products, ratio

C,H,/C,H, > 10.

¢ Percentage of selectivity with respect to propane, moles of C; x 100/total moles of products.
4 Percentage of selectivity with respect to butanes and butenes, moles of C, x 100/total moles of products.

¢ Molar ratio of isobutane/n-butane.
f Molar ratio olefins/parafins in the C, to C, range.

¢ Activated in a methane flow of 10 cm?/min at 600°C for 8 h. 1 h of reaction at 350°C, GHSV = 565 h~!.
h Activated in 2 methane flow of 10 cm?/min at 600°C for 8 h. 1 h of reaction at 350°C, GHSV = 968 h~'.
i Activated in a hydrogen flow of 10 cm*/min at 300°C for 8 h. 1 h of reaction at 350°C, GHSV = 968 h~!.

J No n-butane was detected.
¥ GHSV = 1548 h™!, no ethylene present.

der the hydrogen atmosphere (Experiment
5) the formation of butanes decreased from
81.4 to 51.7% in comparison with the meth-
ane-activated reaction (Experiment 3). The
difference in catalytic activity can be attrib-
uted to a concentration of the proposed ac-
tive phase (C, species) relatively lower in
the former than in the latter experiment.
Schleyer and co-workers (6) reported a simi-
lar effect but at 10 atm of pressure.

When the reaction of propene and hydro-
gen was carried out in the absence of meth-
ane (Experiment 6), 32.3% of butanes and
butenes was obtained using a CH,-activated
catalyst. This finding may suggest an alter-
native mechanism for the generation of the
C, products in which the CH, molecule acts
as a hydrogen source (Eq. (3)). The promot-
ing effects of hydrogen in the homologation
reaction are well documented in the litera-
ture (15, 16, 21, 22):

CH,— CH, + H,,

wherex = 0,1,2,3. (3)

As reported by Strehlow and Douglas
(22), there is a competition between the hy-

drogenation and the homologation reactions
as can be seenin Table 1;i.¢., the selectivity
to C, compounds increases as the selectivity
to propene decreases for all the experiments
shown. However, by comparing Experi-
ments 5 and 6 it can be observed that for the
same hydrogenation activity (approxi-
mately 48%), the selectivity to C, com-
pounds is greater for the methane-con-
taining reaction (52.7%) than for the
hydrogen-containing analog (32.3%). This
result clearly indicates that methane is in-
corporated into the hydrocarbon chain to
generate the homologation products, as also
reported by Schleyer and co-workers (6).

In order to determine the difference of
activity for the alumina- and silica-sup-
ported catalysts, a surface characterization
study was undertaken and the results are
discussed in the next section.

Characterization of the Catalysts

The results of the X-ray photoelectron
spectroscopy study for the alumina-sup-
ported nickel catalyst are shown in Tables
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TABLE 2

Nickel (Ni 2p3,;) XPS Bands for the Alumina-Supported Catalysts®

Treatment B.E. B.E. Area? % Af Assignment

Calcined in air at 600°C 860.7 855.44 5.88 x 10° 3.46 Ni**

866.72 861.35 3.09 x 10° (NiO and NiALOy)

Activated CH, at 600°C¥ 852.87 852.87 2.58 x 10* 0.18 Ni associated with
conductive phase

857.35 851.2 4.79 x 10? Ni*~ (NiALO,)
861.7 855.55 7.6 x 10!

Reaction CH, + C;H¢! 857.69 852.15 1.03 x 10° 1.16 Ni® associated with
the support with
charge effect

861.16 855.62 2.05 x 10° Ni** (Most probably
866.78 861.24 7.51 x 102 NiALO,)

¢ Catalyst prepared by incipient wetness technique.
b Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.
¢ Peak area (arbitrary units).

¢ Nickel atomic percentage including the support.

f Catalyst calcined in air for approximately 16 h.

£ Catalyst activated in a methane flow of 10 cm®/min for 8 h.
® After 1 h of reaction time with 9% of propene in the gas feed GHSV = 38 h~!.
reaction temperature of 350°C, catalyst activated as in footnote g.

2 to 5. In these tables the binding energies
for the Ni and the carbon obtained from the
XPS measurements are presented (uncor-
rected and corrected for the charge effect).
The relative areas, the surface atomic per-
centages, and the most probable assign-
ments are also shown.

For the air-calcined catalyst, a band at
855.44 eV attributed to Ni*" is observed
with its corresponding satellite at 861.35 eV
(Table 2). For the Ni 2p;,, main peak, Shal-
voy and co-workers reported (23) values of
854.6 and 856.1 eV corresponding to NiO/
Al O; and NiALO,, respectively. In addi-
tion, the value registered for pure NiO is
in the range 854-855 eV (24). Hence, the
presence of nickel oxide on the surface of
the Ni/Al,O, catalyst calcined in air at 600°C
can be proposed. However, the presence of
NiAlLO, cannot be ruled out on the basis of
the XPS data alone.

For the alumina catalyst activated under
the methane atmosphere, the percentage of

atomic nickel present on the surface de-
creased from 3.46 to 0.18% in comparison
with the calcined catalyst (Table 2). On the
other hand, the carbon percentage increased
from 9.4 (adventitious carbon) to almost
80% (Table 3). This result is not surprising
because, in general, the activation of a cata-
lyst under a methane atmosphere produces
carbon deposits which, in some cases, are
reported to be the catalytic active species
(25). Thus, the surface of the Ni/Al, O, cata-
lyst can be described as being approxi-
mately 80% covered by a carbonaceous
layer.

As reported in the literature (23, 24), the
determination of the correction factor due
to charge effect is generally performed using
the adventitious carbon (284.6 e¢V) as refer-
ence. For the Ni/Al,O; catalyst three bands
are observed in the carbon region (Table 3),
which made this calculation difficult. For
this reason, the aluminum band of the cal-
cined catalyst at 74.09 ¢V (Table 4) is chosen
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TABLE 3

Carbon (C 15) XPS bands for the Alumina-Supported Nickel Catalysts®

Treatment B.E’ B.E. Area? % Af Assignment

Calcined in air at 600°C/ 287.38 282.08 6.09 x 107 9.39
289.9 284.60 8.36 x 10? Adventitious carbon
292.2 286.90 2.59 x 10?

Activated CH, at 600°C# 284.58 284.58 4.86 x 10° 79.56 Adventitious carbon
285.47 285.47 3.15 x 10° and conducting phase
289.57 289.57 2.52 x 10°

Reaction CH, + C;H¢" 285.94 280.40 9.20 x 10? 15.38 Metallic carbide
285.94 284.60 2.64 x 10° Adventitious carbon

4 Catalyst prepared by incipient wetness technique.
* Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.
4 Peak area (arbitrary units).

¢ Carbon atomic percentage including the support.
f/ Catalyst calcined in air for approximately 16 h.

£ Catalyst activated in a methane flow of 10 cm®/min for 8 h.
® After 1 h of reaction time with 9% of propene in the gas feed GHSV = 38 h~', reaction temperature of 350°C,

catalyst activated as in footnote g.

and a correction factor for the methane-acti-
vated catalyst of 6.15 eV is calculated. By
subtracting this factor from the binding en-
ergies of the Ni 2p;,, at 852.87 eV (Table 2)
and the O ls at 532.49 eV (Table 5), it is
found that the corrected values are signifi-

cantly lower than those reported in the liter-
ature for similar alumina-supported nickel
catalysts (23-26). Therefore, those bands
are assigned to Ni° and O?~ species associ-
ated with a carbonaceous conducting phase
on the catalyst surface and are not shifted

TABLE 4

Aluminum (Al 2p) XPS Bands for the Alumina-Supported Nickel Catalysts®

Treatment B.E.? B.E.© Area’ % Af Assignment
Calcined in air at 600°C 79.39 74.09 3.59 x 10 38.45 AP of the alumina
Activated CH, at 600°C# 80.24 74.09 5.26 x 10? 7.72 APP* of the alumina
Reaction CH, + C;H¢" 79.07 74.09 4.73 x 10° 39.77 AP* of the alumina

4 Catalyst prepared by incipient wetness technique.
% Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.
4 Peak area (arbitrary units).

¢ Aluminum atomic percentage including the support.

/ Catalyst calcined in air for approximately 16 h.

¢ Catalyst activated in a methane flow of 10 ¢cm*/min for 8 h.
 After 1 h of reaction time with 9% of propene in the gas feed GHSV = 38 h™!, reaction temperature of 350°C,

catalyst activated as in footnote g.
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TABLE 5
Oxygen (O 1s) XPS Bands for the Alumina-Supported Nickel Catalysts®
Treatment B.E.? B.E. Area? % Af Assignment
Calcined in air at 600°C/ 536.12 530.82 2.68 x 10* 48.7 0" of the alumina
Activated CH, at 600°C? 532.49 532.49 1.28 x 10° 12.54 0% of the alumina
associated with the
conducting phase
536.69 530.54 3.76 x 10° 0" of the alumina
Reaction CH, + C;H¢" 536.31 530.77 3.06 x 10* 43.68 0" of the alumina

@ Catalyst prepared by incipient wetness technique.
b Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.

4 Peak area (arbitrary units).

¢ Oxygen atomic percentage including the support.

f Catalyst calcined in air for approximately 16 h.

# Catalyst activated in a methane flow of 10 cm?/min for 8 h.
® After 1 h of reaction time with 9% of propene in the gas feed GHSV = 38 h™', reaction temperature of 350°C,

catalyst activated as in footnote g.

by charge effect (Tables 2 and 5). On the
other hand, the other two bands in the nickel
XPS spectrum at 851.2 and 855.55 eV are
attributed (23, 24) to Ni° associated with the
support and are registered in Table 2 with
charge effect.

Because, as mentioned before, 80% of the
catalyst surface is covered by carbon, a car-
bonaceous conducting phase produced by
the methane treatment is not surprising;
thus, the bands in Table 3 attributed to C 1s
are also not shifted and are reported at the
same value found in the XPS spectrum.

When the reaction of methane with pro-
pene is carried out at 350°C for an hour, the
atomic carbon percentage decreases from
80 to 15%. The immediate result is the ab-
sence of the carbonaceous conducting phase
similar to the one discussed previously.
When the charge effect is substracted, all
the binding energies corresponding to
nickel, aluminum, and oxygen (Tables 2, 4,
and 5, respectively) are registered in the cor-
rect intervals, as reported in the literature
(23-26). Two species of nickel that corre-
spond to Ni® and Ni?* can be detected. The
presence of the latter species can be attrib-

uted to the removal of the carbonaceous
conducting phase which exposed unreduced
Ni’* metal ions.

For the latter catalyst, the carbonaceous
species with a binding energy of 280.40 eV
(Table 3) can be assigned to nickel carbide.
Values for the WC, TiC, and HfC binding
energies (corresponding to C 1s) of 282.6,
281.1, and 280.6 eV, respectively, are re-
ported in the literature (24). No previous
reference is found for the NiC, but, in gen-
eral, the metal carbide XPS spectrum has
(24) binding energies lower than that of the
adventitious carbon (284.6 eV).

The results of the X-ray photoelectron
spectroscopy study for the silica-supported
nickel catalyst are shown in Tables 6 to 9.
For the calcined catalyst two bands assigned
(main peak and satellite) for a Ni>* species
are found (Table 6). On the other hand, the
nickel atomic percentage is higher in the
silica catalyst than in the alumina-supported
analog (35% vs 3.5%, respectively). This dif-
ference can be attributed to a lower interac-
tion of the metal with the support in the
former catalyst than in the latter.

For the calcined catalyst, the band at
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TABLE 6
Nickel (Ni 2py,) XPS Bands for the Silica-Supported Catalysts®

Treatment B.E. B.E. Area? % Af Assignment
Calcined in air at 600°C/ 855.98 854.27 2.90 x 10 35.47 Ni?*
862.05 860.34 2.27 x 10*
Activated CH, at 600°C¥ 852.58 852.58 1.92 x 10? 0.14 Ni? associated with
conducting phase
855.39 852.26 1.38 x 10 Ni? associated with
859.61 856.48 5.8 x 10 the support with
charge effect
Reaction CH, + C;H¢" 854.94 854.94 1.76 x 10° 9.03 Ni? associated with
conducting phase
858.17 852.94 5.08 x 10° Ni¢ associated with

the support with
charge effect
861.16 855.93 8.98 x 10° Ni?*
866.33 861.10 3.09 x 10}

@ Catalyst prepared by incipient wetness technique.

b Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.

4 Peak area (arbitrary units).

¢ Nickel atomic percentage including the support.

f Catalyst calcined in air for approximately 16 h.

# Catalyst activated in a methane flow of 10 cm?/min for 8 h.

" After 1 h of reaction time with 9% of propene in the gas feed GHSV = 968 h~!, reaction temperature of
350°C, catalyst activated as in footnote g.

TABLE 7
Carbon (C 1s) XPS bands for the Silica-Supported Nickel Catalysts®

Treatment B.E. B.E.c Area? % Af Assignment
Calcined in air at 600°C/ 286.31 284.60 1.70 x 10° 18.0 Adventitious carbon
289.75 288.04 1.34 x 10?
Activated CH, at 600°C* 284.54 284.54 1.35 x 10 97.39 Adventitious carbon
286.37 286.37 1.69 x 10° and conducting
289.35 289.35 3.86 x 10° phase
Reaction CH, + C;H" 285.54 285.54 5.02 x 10° 59.04 Adventitious carbon
290.10 290.10 3.65 x 10° and conducting
phase

“ Catalyst prepared by incipient wetness technique.

b Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.

4 Peak area (arbitrary units).

¢ Carbon atomic percentage including the support.

f Catalyst calcined in air for approximately 16 h.

£ Catalyst activated in a methane flow of 10 cm’/min for 8 h.

k After 1 h of reaction time with 9% of propene in the gas feed GHSV = 968 h~!, reaction temperature of
350°C, catalyst activated as in footnote g.
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TABLE 8

Silicon (Si 2p) XPS Bands for the Silica-Supported Nickel Catalysts®

Treatment B.E.} B.E.° Area’ % Af Assignment
Calcined in air at 600°C/ 105.47 103.76 491 x 10 6.1 Si** of the silica
Activated CH, at 600°C# 106.89 103.76 8.0 x 10! 0.72 Si** of the silica

with charge effect
104.29 104.29 3.0 x 10! Si** of the silica
associated with the
conducting phase
Reaction CH, + C;H" 108.99 103.76 8.48 x 102 7.33 Si** of the silica

with charge effect

@ Catalyst prepared by incipient wetness technique.
b Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.
4 Peak area (arbitrary units).

¢ Silicon atomic percentage including the support.
f Catalyst calcined in air for approximately 16 h.

¢ Catalyst activated in a methane flow of 10 cm®/min for 8 h.
& After 1 h of reaction time with 9% of propene in the gas feed GHSV = 968 h~!, reaction temperature of

350°C, catalyst activated as in footnote g.

103.76 eV (Si 2p) attributed to the Si** of
the support is used as a reference (Table 8)
in order to calculate the charge effect for the
methane-activated silica catalyst. For the
latter catalyst and for the Ni 2p,, three
bands are observed and attributed to two
Ni? species on the surface (Table 6). Using
the same arguments as for the alumina ana-
log, the band at 852.58 eV is assigned to
metallic nickel associated with the carbona-
ceous conducting phase; thus, this value of
binding energy is not corrected for charge
effect as depicted in Table 6. The other Ni°
species does exert this effect and it is shown
at 852.26 and 856.48 eV for the main peak
and its satellite, respectively. These binding
energies are in the range reported in the
literature for nickel-supported catalysts
(23-26). It is important to note that the
atomic carbon percentage for this catalyst
is 97% (Table 7); thus, the presence of a
conducting phase due to the carburization
process can be safely proposed.

For the Ni/SiO, catalyst used in the meth-
ane-propene reaction the atomic carbon

percentage is 60% (Table 7). The charge ef-
fect calculated using the Si 2p (assuming a
conducting carbonaceous phase) allows the
identification of three nickel species over
the catalyst surface (Table 6). The first, at
854.94 ¢V, is assigned to Ni’ associated with
the conducting phase and is not detected on
the Ni/Al,O; catalyst treated under the same
conditions. The other two with charge effect
are Ni’ associated with the support (at
852.94 e¢V) and Ni’*, produced by the re-
moval of approximately 40% of the carbona-
ceous phase, at 855.93 eV with its corre-
sponding satellite at 861.1 eV.

For the activated and the used catalysts
two peaks are found for the O 1s (Table 9).
These bands are attributed to O~ species
associated either with the conducting car-
bonaceous phase or with the anion of the
silica carrier with its corresponding charge
effect.

As previously shown, the binding energ-
ies for the conducting carbonaceous phase
for the silica and alumina catalysts are in
the range 284-290 eV. For both cases the
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TABLE 9
Oxygen (O 1s) XPS Bands for the Silica-Supported Nickel Catalysts®
Treatment B.E.* B.E. Area? % Af Assignment

Calcined in air at 600°C/ 530.93 §29.22 8.65 x 10° 40.43 0%~ of the silica
533.88 532.17 3.89 x 10°

Activated CH, at 600°C* 533.88 530.25 7.49 x 107 1.75 0%~ of the silica
536.41 533.28 2.91 x 10

Reaction CH, + C;H{ 535.33 530.10 5.78 x 10 24.59 0?" of the silica
537.83 532.60 5.17 x 10

@ Catalyst prepared by incipient wetness technique.
® Binding energy taken from the spectrum in eV.

¢ Binding energy corrected by charge effect in eV.

4 Peak area (arbitrary units).

¢ Oxygen atomic percentage including the support.

/ Catalyst calcined in air for approximately 16 h.

# Catalyst activated in a methane flow of 10 cm’/min for 8 h.
h After 1 h of reaction time with 9% of propene in the gas feed GHSV = 968 h™', reaction temperature of

350°C, catalyst activated as in footnote g.

presence of CH,, where x = 0, 1, 2, or 3,
cannot be discounted because the C 1s band
is also reported in that range (24). The role
of these species in the activation of methane
as well as in the homologation of propene is
discussed later.

Metal Dispersions and Magnetic
Susceptibility Studies

In general, metal dispersions are calcu-
lated by dividing the atomic percentages of
the metal into those corresponding to the
support (Al or Si oxides). However, for the
methane-activated catalysts, the signals
corresponding to the elements on the sur-
face are attenuated by the carbonaceous
layer (Tables 3 and 7). In order to determine
the real values of the metal dispersions,
the correct intensities can be calculated
using

1% = L™, (4)

where
1§ is the corrected intensity of element A
I, is the intensity of element A
a is the width of the carbonaceous layer
A, is the mean free path of the electron
emitted from element A in the carbon layer.

The width of the carbonaceous layer (a)
can be calculated by determining (using
XPS) the carbon atomic percentage on the
surface, and the mean free path by the rela-
tive energies of the emitted electrons from
the element A and the carbon (27).

Using this procedure, the dispersions of
the nickel with respect to the support (Al or
Si) can be calculated and are shown in Table
10. As can be seen, there are significant dif-
ferences between the dispersion measured
from the intensities of the XPS spectra and
the corrected values using Eq. (4). For ex-
ample, when the carbon percentage is high
(between 60 and 97%) the greatest differ-
ences are observed. In particular, for the
methane-activated Ni/SiO, catalyst the cal-
culated and corrected dispersions are 0.194
and 1.45, respectively, showing an increase
in one order of magnitude.

For the alumina and silica catalysts, the
metal dispersions decrease after the activa-
tion procedure but remain approximately
constant after the reaction with propene and
methane. However, the dispersion of the
silica catalyst is considerably greater than
that found for the alumina analog (two or-
ders of magnitude). The effect of the disper-
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TABLE 10
Metal Dispersions and Average Particle Size Measured by Magnetic Susceptibility for the
Nickel-Supported Catalysts”
Dispersion Corrected % Atomic Particle
Catalyst Treatment by XPS? dispersion‘ carbon? size (A)

Ni/ AL O, Fresh 0.090 0.095 9.39 —
Ni/ALO," CH, 0.023 0.059 79.56 32.7
Ni/ALO; ¢ CH, + C;H, 0.029 0.032 15.38 31.8
Ni/SiO, Fresh 5.81 6.57 18.0 —
Ni/Si0,’ CH, 0.194 1.45 97.39 423
Ni/SiO, "¢ CH, + C,H, 1.23 2.06 59.04 3.4

4 Catalyst prepared by incipient wetness technique.

b Defined as the ratio of the atomic percentage of Ni/atomic percentage of Al or Si, measured by XPS.
¢ Defined as the ratio of the atomic percentage of Ni/atomic percentage of Al or Si, corrected from the top

carbon layer. For details see text.

4 Atomic percentage of carbon as in Tables 3 and 7.

¢ Average particle size measured by magnetic susceptibility as reported by Sinfelt and Carter (/1).
f Activated in a methane flow of 10 cm*/m at 600°C for 8 h.
¢ One-hour reaction time at 350°C, 9% of propene in methane.

sion of the metal on the catalytic activity is
discussed next.

As reported by Sinfelt and Carter (/1) and
Mulay and Yamamura (28), the approximate
size of metal particles in alumina- and silica-
supported nickel catalysts can be calculated
by plotting the square of the magnetization
per gram of sample versus the intensity of
the applied magnetic field and using the val-
ues of the slope at low field. The plots are
shown in Figs. 4 and 5 and in Table 10. As
can be seen, the nickel particle sizes for the

=
)
>

=
i
=

=
1

S
I

Magnetization in (emu) 2/gr
T i

T T L 1 T T T
500 1000 1500 2000 2500 3000 3500
Intensity of Applied Magnetic Field in Gauss

alumina and silica catalysts are approxi-
mately of the same radius with values of 30
and 40 A, respectively. As the percentage
of nickel in both catalysts is nominally the
same, and the metal dispersion of the Ni/
SiO, catalyst is 100 times greater than that
found for the alumina analog, it can be con-
cluded that most of the metal in the latter is
not available for the homologation reaction
and it is present, most probably, in the form
of nickel aluminate in the bulk of the solid.
In the case of the silica catalyst, the metal
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Fi1G. 4. Plots of the square of the magnetization per gram of catalyst versus the intensity of the applied
magnetic field for the Ni/ Al O, catalyst. (A) Methane-activated catalyst. (B) After the propene—methane

reaction.
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F1G. 5. Plots of the square of the magnetization per gram of catalyst versus the intensity of the applied
magnetic field for the Ni/SiO, catalyst. (A) Methane-activated catalyst. (B) After the propene—methane

reaction.

remains on the surface and the production
of butanes is enhanced. This may account
for the differences in catalytic activity as
discussed previously (Table 1).

Proposed Mechanism for
Propene Homologation

On the basis of all the evidence presented,
a mechanism for the homologation of pro-
pene with methane can be proposed and is
shown in Fig. 6. In the first step, the nickel
on the surface reacts with methane to gener-
ate species Ni-CH,, where x = 0, 1, 2,
or 3. This reaction was mentioned in the
Introduction and has been reported (29) for
metals with high d character. The effect on
the butane selectivity of substituting meth-
ane with nitrogen indicates that the former
is definitely involved in the olefin homologa-
tion reaction. The lower activity shown by
the Ni/Al, O, system demonstrated that the
presence of the metal, at relatively higher
concentration, on the catalyst surface is
necessary in order to achieve an effective
activation of methane and also to regenerate
the active carbonaceous layer. In turn, this
layer reacts with the olefin to give the ho-
mologation products. As mentioned, the Ni/
SiO, catalyst has higher metal dispersion
and is, therefore, active for the synthesis of
C, compounds.

The Ni—CH, species proposed in Fig. 6
can exist on the carbonaceous layer de-

tected on the catalyst surface after the acti-
vation period and after the reaction with
propene and methane. These results are in
accord with those published by Somorjai
and Zaera (30) in which an active carbona-
ceous (but not necessarily graphitic) layer
on the surface of a platinum-reforming cata-
lyst was proposed. On the other hand, the
lower selectivity for butanes found using hy-
drogen-activated catalyst (Experiment S,
Table 1) indicates that the formation of this
carbonaceous layer favors the incorporation
of methane. Other evidence for the exis-
tence of the active Ni-CH, species is that
methane is detected when a Ni/SiO, catalyst
(previously activated in CH, at 600°C for 6
h) is exposed to an atmosphere of hydrogen
at 200°C.

Finally, a mechanism that involves reac-

o Ni —
478 1z CHg

Catiyg

|

[ —

HItHE

F1G. 6. Proposed mechanism for the homologation of
propene with methane using nickel-supported catalysts
(where x = 0, 1, 2, or 3).
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tion of the CH,, species with propene to gen-
erate the homologation products was also
proposed by Basset and co-workers (37) in
their studies of formation of the C, com-
pounds by reaction of a C, species with 1-
pentene using silica-supported ruthenium
catalyst.

CONCLUSIONS

« Experiments carried out using a pro-
pene/methane mixture at 350°C showed that
the Ni/SiO, system was more active for the
homologation reaction (81.4% selectivity to
butanes) than its alumina analog (6.2% se-
lectivity to C, compounds). From control
experiments carried out under a nitrogen
atmosphere and in hydrogen-activated cata-
lyst, it was concluded that the methane mol-
ecule incorporates into the hydrocarbon
chain.

« The results of the XPS studies showed
that concentrations of carbonaceous (but
not necessarily graphitic) species present on
the surface of the silica catalyst were higher
than those found in its alumina analog, sug-
gesting that, most probably, these species
are involved as intermediates in the propene
homologation reaction.

+ The silica-based catalyst shows metal
dispersion higher than that found in its alu-
mina counterpart. This can be attributed to
the formation of NiAlO, on the catalyst sur-
face, which can also explain the lower activ-
ity observed for butane production.

» A propene homologation mechanism is
proposed involving the reaction of methane
with the metal to generate CH, species
(wherex = 0, 1, 2, or 3), which in turn reacts
with propene to produce the homologation
products (butanes).
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