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Abstract

Raney nickel has been used for the catalytic activation of methane using microwave radiation as a heating source. The effects of
time, power level, and pretreatment of the catalyst have been studied. Compared to previous studies, higher catalytic activity was o
Raney nickel than for regular nickel powder. The maximum conversion obtained was 24% at 400 W and 10 min of irradiation time. Fo
nickel powder that conversion can be achieved only after 700 W of power and more than 20 min of reaction. BET surface area,
electron microscopy, X-ray photoelectron spectroscopy, and temperature-programmed desorption and reduction analysis were p
characterize the catalyst before and after reaction. Oligomers such as ethylene, benzene, and ethane have been prepared sele
different conditions. Ethylene, with a selectivity of 70%, was the major product at 530 W and 5 min of irradiation time. Deactiva
Raney nickel by fouling and sintering was observed after 500 W and/or 15 min of reaction.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Natural gas is essentially methane (83–97 vol% depe
ing on the origin) and therefore difficult to liquefy and qu
chemically unreactive. Methane is thermodynamically sta
with respect to its elements. The reactions to make othe
drocarbons, all of which are less stable than methane ar
1000◦C, have unfavorable free energies of reaction and
strongly limited by equilibrium. Such reactions need a c
siderable energy input, and therefore temperatures a
1000◦C are required to transform CH4 into benzene, acety
lene, ethylene, and ethane. Methane is a very valuable
from the environmental point of view and the production
energy is so far its main use. However, a more rational us
methane is that it should also be used to make either p
chemical or gasoline components.

Many efforts have been focused on the activation
methane to more valuable products in the last two de
des [1–3]. Thermal [4,5], homogeneous [6,7], and hetero

* Corresponding author.
E-mail address: suib@uconnvm.uconn.edu (S.L. Suib).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00083-6
l

-

neous [8,9] catalytic conversion of methane to higher hyd
carbons has been studied by many authors. The idea of u
sensitizers that can absorb microwave energy and tra
heat efficiently in order to selectively activate C–H bon
from methane has been used extensively by Wan and
workers [1,2,10] and Chen et al. [3].

In a previous work, we had studied the oligomerizat
of methane to higher hydrocarbons using Ni powder,
powder, and activated carbon [11]. Oligomers ranging fr
C2 to C6 hydrocarbons had been produced in a relati
high selectivity depending on the nature of the catalyst,
crowave radiation frequency, power level, and the prese
of He as a diluent gas.

Nickel catalysts have been shown to be highly se
tive and effective catalysts to lower the activation e
ergy of breaking the carbon–hydrogen bond. Although
crowave heating has been studied very systematically fo
oligomerization of methane it is not clear yet what other f
tors might affect the activity and product distribution of th
reaction.

Meanwhile, Raney nickel catalysts have been used
several decades in numerous reduction and hydrogen

http://www.elsevier.com/locate/jcat
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reactions such as the saturation of C–C multiple bonds
aromatic rings and the reduction of aldehydes and keton
corresponding alcohols. They are also used in various r
tions in the absence of hydrogen in the gaseous phase a
an active phase of fuel cell electrodes. Raney nickel cata
are distinguished by high activity and often by high sel
tivity. The nature of these phenomena is influenced by
high dispersion and strong lattice distortion of Raney nic
and by the presence of a large amount of hydrogen in an
tive form. Traditionally they are produced by the remo
of aluminum from a Ni/Al alloy with a strong alkaline solu
tion. The residue after leaching of the Al component cons
mainly of Ni in a highly dispersed state (surface areas o
to 120 m2/g).

Despite the wide use of Raney nickel, there are no p
lications on the activity of this catalyst in the oligomeriz
tion of methane using microwave radiation. In this work,
studied the effects of power, irradiation time, and natur
Raney nickel on the oligomerization of methane using
crowave heating as energy source. Furthermore, chara
zation of the catalyst has been done before and after rea
in order to understand the product distribution that was
served.

2. Experimental

2.1. Microwave apparatus and gas system

The reaction was carried out in continuous flow op
ation in a straight38-in. quartz reactor, which was place
in the microwave apparatus single-mode resonant cavi
shown in Fig. 1. An ASTEX microwave power source Mod
GL139 with a magnetron type GL 130WC, a 3 stub tu
Model AX3041, and an ASTEX applicator Model AX702

Fig. 1. Microwave applicator and reactor.
-
s

-

-
n

were used for these experiments. This power supply ope
within a range of 0 to 1250 W at a frequency of 2.54 GH
emitting pulses with a periodicity of 8.3 ms.

High-purity (HP) grade methane obtained from Mat
son and ultrahigh purity (UHP) helium and hydrogen p
chased from Airgas were used. Gases were mixed on
in a gas-mixing panel as noted in our previous work [1
An electronic J&W Scientific Gas Flowmeter was utilized
measure the flow rate of the gases and a set of rotam
(Omega FL-3545-HRV and FL-3541-HRV Series) coup
with fine metering valves was used to control the flow ra

2.2. Catalyst

2.2.1. Preparation
The catalyst used for this study was activated Ra

nickel purchased from Acros Organics. Raney nickel w
supplied as 50% slurry in water, 10.5% aluminum-bala
content. Particle size ranged from 5 to 128 µm. The sl
was desiccated using silica gel under 2.67× 10−3 bar and
room temperature for 6 h. Handling of the catalyst was
ways carried out in a nitrogen atmosphere glove bag. A
drying, 100 mg Raney nickel powder was placed inside
reactor with high-purity quartz wool on either side of the c
alyst bed. Helium was flushed for 30 min through the rea
to purge the air still present in the system.

2.2.2. Pretreatment
Although, the catalyst was handled under a nitrogen

mosphere, some exposure to air may have occurred w
transferring the reactor from the glove bag to the microw
apparatus and while connecting fittings. For activity co
parison, additional experiments were done with a redu
catalyst. Raney nickel was reduced in situ with UHP hyd
gen at 300◦C for 2 h. Feed was 30% hydrogen in helium a
the total flow rate was 15 mL/min.

All experiments were run with a mixture of 3 mL/min
pure methane and 9 mL/min helium at atmospheric pre
sure. Samples for product analyses were taken at 5, 10
15 min of reaction time over a power range of 250 to 1125

2.3. Product analysis

Products were trapped with a gas-sampling valve and
alyzed by an HP5890 Series II gas chromatograph, w
was equipped with a mass detector. Three analytical colu
were used for the separation. A precolumn (HP Porap
Q 1/8 in × 6 ft) was used to separate the permanent g
from the rest of the sample. The permanent gases are
ther separated individually on a molecular sieve column
Molsieve 25 m× 0.53 mm× 50 mm), and then reenter th
precolumn. Subsequently, gases are sent through a 30:1
and finally to a Poraplot Q column (HP Poraplot Q 25 m×
0.32 mm). Afterward, individual gases pass through an
terface to a HP 5971A mass selective detector where
are identified and quantified. The detector used for the M
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is a continuous dynode electron multiplier connected t
quadrupole mass filter.

The total conversion of methane was estimated by ca
balance calculations. All the compounds multiplied by
number of carbons present in that molecule were summ
We report selectivities as the selectivities toward the sum
the compounds with specific “i” numbers of carbon atom
(Cis).

The compounds that can be detected using gas c
matography as noted above are methane, carbon dio
carbon monoxide; C2s, ethylene, acetylene, and ethane; C3s,
propene, propane, 1,2-propadiene, propyne; C4s, 2-methyl-
propane, 2-butene, 1-buten-3-yne, 1,2-butadiene, butad
1-butyne, 2-butyne; C5s, 3-pentene-1-yne; C6, benzene; C7s,
toluene, C8s, ethylbenzene, ethynylbenzene, and ethenylb
zene.

The conversion in percentage is calculated as follows

XCH4 (%) = (CT − CCH4 exit)/CT × 100,

where CT is the sum of the concentration of each co
pound (Ci ) multiplied by the number of carbons present
the moleculei (ni ); i.e.,

CT =
∑

niCi .

The selectivities in percentage toward compounds w
number of carbons “i” (Si ) were calculated by

Si (%) =
(∑

niCi

)/
(CT − CCH4 exit) × 100.

2.4. Characterization

2.4.1. BET surface area analysis
Surface areas of Raney nickel samples before and afte

actions were determined by Brunauer–Emmett–Teller m
surements (BET). The instrument used was a NOVA 1
Gas Sorption BET unit, purchased from Quantachro
A five-point BET method for nitrogen adsorption was use

2.4.2. Scanning electron microscopy
SEM photographs of Raney nickel samples before

after reactions were taken on an AMRAY 1810D scann
electronic microscope, using a tungsten filament and an
celeration potential of 16 and 17 kV.

2.4.3. X-ray photoelectron spectroscopy
The XPS data were acquired using a Leybold-Hera

LHS-10 instrument equipped with an Al KR X-ray sour
and a SPECS EA 10MCD energy analyzer. Data for
detailed spectra were obtained using a Mg X-ray an
(1253.6 eV) and a constant energy analyzer pass of 59.2
The ion gun was oriented 30◦ above the sample plane. Ran
nickel samples before and after reactions were analyzed

2.4.4. Temperature-programmed desorption and reduction
TPD and TPR experiments were used to study the

ture of the adsorbed species on the catalyst surface.
.

-
,

,

-

.

reactor used for TPD studies was homemade with a the
couple inserted as close to the catalyst as possible. E
milligrams of catalyst was used for each analysis. Ultrah
purity helium was used as the carrier gas at 30 mL/min. For
TPR analysis the feed was 1 mL/min of ultrahigh purity hy-
drogen and the carrier gas was 29 mL/min of helium. In
each run, the catalyst was purged with helium gas for m
than 2 h at room temperature until the baseline was fla
eliminate weakly physisorbed species and then heated
early from 25 to 825◦C at 10◦C/min. The species evolvin
from the catalysts during TPD were analyzed with a m
spectrometer with a quadrupole ionizing detector (MKS
strument Inc.).

3. Results

The effects of power and irradiation time on the oligom
rization of methane via microwave heating were stud
using Raney nickel as catalyst and helium as diluent. Ex
iments were done with two different sets of Raney nick
(1) nonreduced Raney nickel, i.e., after drying slurry; (2)
duced Raney nickel, i.e., after drying and treating with
drogen at 300◦C for 2 h. Conversion of methane decrea
from a maximum of 24% when using nonreduced catalys
a maximum of 14% when using reduced catalyst.

When nonreduced Raney nickel was used, it require
“activation” stage at low power (250 W) for 30 min whe
oxygen in the system was consumed. Fig. 2 shows con
sion of methane during this stage. At these conditions, o
CO was produced and no other hydrocarbon. After this
riod, higher hydrocarbons such as C3s, C6, and C8s were
detected with selectivities lower than 2%. When redu
Raney nickel was used, the activation stage was also req
at a higher power (600 W) for 80 min and there was no pr
uct detected during this period.

Fig. 2. Effect of irradiation time on conversion and selectivity at 250
using nonreduced Raney nickel.
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Fig. 3. Effect of applied power and irradiation time on conversion after
tivation stage using nonreduced Raney nickel.

Fig. 4. Effect of applied power on selectivity at 5 min of irradiation tim
using nonreduced Raney nickel.

3.1. Nonreduced catalyst

When using nonreduced Raney nickel catalyst, and 2
methane diluted in helium as reactant, as power incre
from 280 to 750 W at short irradiation time (5 min), co
version went through a maximum of 13% at around 400
(Fig. 3). At this irradiation time and at all powers, the m
jor products were C2s, C6, and C3s, respectively (Fig. 4)
Furthermore, at 400 W C6 reached its maximum selecti
ity of 12%, while C2s reached its minimum selectivity o
73%. Fig. 5 shows that when the inflection occurred,
major product among C2s was ethylene with a selectivity o
37%, then acetylene (34%), and finally ethane (2%). Du
the maximum conversion range, i.e., 340–470 W, and 5
irradiation time, the three most abundant products were
ylene, acetylene, and benzene, respectively. Meanwhile
the other powers at the same irradiation time, the most
nificant products were ethylene and ethane.
Fig. 5. Effect of applied power on C2s selectivities at 5 min of irradiation
time using nonreduced Raney nickel.

Fig. 6. Effect of applied power on selectivity at 10 min of irradiation ti
using nonreduced Raney nickel.

For a longer irradiation time of 10 min, the conversion
creased up to 24% at about 400 W, and the major prod
were C2s as observable in Fig. 6, with an average selecti
of 86% for all powers. The foremost products were eth
ene and acetylene. The later became important as p
increased as seen in Fig. 6. When power was increased a
400 W, the reactor melted after 8 min. Samples were
lected only up to 300 W for 15 min of irradiation tim
The most abundant products for these conditions were e
ene with a selectivity of 50%, acetylene (24%), and benz
(13%). Beyond 300 W the reactor melted after 10 min.

3.2. Reduced catalyst

Raney nickel was pretreated with hydrogen for 2 h
300◦C. After reduction, the catalyst was purged with heli
for 3 h to eliminate excess of hydrogen. For this reaction
feed was 25% of methane in helium. Conversion to prod
was higher than that of nonreduced catalyst at lower p
ers. However, the maximum power that could be applied
280 W. After 280 W, the reactor and catalyst melted. Fig
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Fig. 7. Effect of applied power and irradiation time on conversion us
reduced Raney nickel.

Fig. 8. Effect of applied power on selectivity at 5 min of irradiation tim
using reduced Raney nickel.

shows that the maximum conversion (14%) was reache
280 W after 5 min of irradiation time. As time increase
deactivation occurred and conversion decreased from 1
about 4%. Selectivities toward C2s decreased from 80 t
about 70% compared to nonreduced catalyst at short
medium irradiation times. The major change was the prod
distribution among C2s. Fig. 8 shows that the main produ
for the reduced catalyst was ethane (54%) followed by
ylene (13%). C3s (mostly propane) was comparatively mo
abundant than acetylene. Benzene was not detected.

4. Discussion

Oligomerization of methane via microwave heating w
obtained using Raney nickel catalysts. In a previous pu
cation [12] we reported that the reaction mechanism m
probably involves the formation of free radicals, specia
methylene and CH radicals. Some of the reactions prop
by Wan et al. [10] are

(1)CH4 → :CH2 + H2,

(2):CH2 → :CH+ :H,
(3)2CH4 → C2H4 + 2H2,

(4)2CH4 → C2H2 + 3H2,

(5)C2H4 + H2 → C2H6,

(6)3C2H2 → C6H6.

In general, the most noticeable products were ethyl
acetylene, and benzene for nonreduced Raney nickel. Fo
duced Raney nickel the most important products were eth
and ethylene. TPD studies indicate two forms of adsor
hydrogen, one of which is a weakly bound molecular fo
and the other is a strongly bound atomic form [13]. Red
tion of Raney nickel increases the amount of chemisor
hydrogen on the surface of the catalyst [14]. This hig
concentration of reactive hydrogen on the surface favors
formation of saturated hydrocarbons such as ethane, exp
ing the product distribution observed in the reduced Ra
nickel experiments.

Comparing the results of this study with the results
the same reaction using nickel power, it is unambiguous
the lifetime of Raney nickel is about one-third of the lif
time of nickel powder. The activity of Raney nickel is al
remarkably higher than that of nickel powder. Raney nic
gives higher conversions at the same moderate power (
vs less than 10% at about 400 W). Moreover, products
detected at a lower power (300 W) than that of the nic
powder experiments (400 W) [11].

Even though handling of Raney nickel was carried ou
a glove bag with an inert atmosphere, some oxidation m
have occurred on the surface of the catalyst while trans
ring the reactor to the microwave unit. TPD studies revea
the presence of a small amount of oxygen on the surfac
well as a larger amount of CO2 and an even larger amou
of H2O (Fig. 9a). Clearly some water remains in the Ra
nickel after the drying process. These absorbed specie
the surface supply the source of oxygen to form CO, wh
was detected in the activation stage of nonreduced c
lyst. Desorption of hydrogen from the catalyst confirmed
presence of two forms of hydrogen. Weakly adsorbed
drogen evolved at 110◦C is the reactive hydrogen (Fig. 9a
as already noted by Barbier and co-workers [15]. The s
ond hydrogen peak is a strongly bound dissociative fo
which desorbs at around 165◦C. On the other hand, the re
action temperatures for the 200–400 W range are in the
der or 800–1000◦C, according to previous work publishe
elsewhere [11]. Therefore, all hydrogen from the cata
is quickly consumed to produce ethane as a major prod
Once the highly reactive hydrogen is consumed, the m
products are acetylene and benzene, respectively, at a
400 W. Thereafter the catalyst deactivates as observe
Fig. 3.

Mikhailenko et al. [14] reported that redox treatment
Raney nickel causes a redistribution of the energy in
mogeneity of the surface, shifting the desorption peak
hydrogen to a lower temperature, and the total amoun
hydrogen desorbed decreases. As discussed later, the
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Fig. 9. (a) Temperature-programmed desorption analysis of fresh Raney nickel. (b) Temperature-programmed reduction analysis of fresh Ranel.
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surface area decreases, leading to a decrease in the a
of hydrogen adsorbed, mainly at the expense of stro
bound form. This more readily available reactive hydro
explains the formation of ethane at lower power for the c
of reduced Raney nickel. While hydrogen is being consu
Raney nickel is losing its activity most probably due to s
tering. Once hydrogen is finished the catalyst also has
tered, significantly plummeting conversion.

In general, nickel catalysts strongly absorb microw
energy, providing the necessary kinetic energy for the
face electrons to enhance surface chemical reactions
energy absorbed by the surface metallic sites is transfor
from a rapid oscillating electrical field into thermal e
ergy [12]. Taking into account that pretreatment on Ra
nickel causes redistribution of the energy inhomogeneit
the surface [14], different heating patterns for the two c
lysts at the same microwave power are expected. There
systematic effects of the microwave absorption on hea
rates can also be responsible for changes in product dis
ution and activities of the catalysts.

An attempt to quantify the temperature during the
action was performed in previous studies [11]. For th
experiments using nickel powder, temperature was not m
sured in situ since the thermocouple will interfere with
microwave field forming arcs during the reaction. Desp
limitations of our system to accurately measure reac
temperatures under microwave radiation, approximate m
surements using the following procedure were carried
after steady state was achieved under reaction condition
microwave power was shut off, followed by the insertion
the thermocouple in the catalyst bed to obtain informa
about temperatures at different applied powers. The me
is not completely accurate but gives an idea of the temp
ture levels in the system as seen in Fig. 10.

BET studies on the catalyst, performed before and a
reaction, showed a considerable loss of surface area. F
dried Raney nickel had a surface area of 60.42 m2/g. After
reaction the surface area of the catalyst decreased by
nt

e

,

-

-

-

e

h

Fig. 10. Effect of applied power on catalyst temperature using nickel p
der.

of the initial value, i.e., 21.15 m2/g. This surface area los
suggested deactivation of the catalyst by sintering, w
is confirmed by scanning electron microscopy. SEM p
tographs in Fig. 11 revealed the following: (a) Fresh Ra
nickel consisted of large particles (about 10 µm and ab
with a platelike morphology. Some of them have agglo
erated to form larger units (size up to 200 µm). (b) Af
the reaction Raney nickel sintered giving a bulk-like appe
ance. Samples for after reaction photographs were tak
intermediate power (around 400 W) and 5 min of irrad
tion time. Beyond this point, the catalyst was mostly melt
Mikhailenko et al. [14] found out that partial sintering
Raney nickel occurred during the reduction process exp
ing the decrease in activity with respect to nonreduced c
lyst.

General observations from XPS studies can be see
Table 1. The amount of zero-valent metal on Raney ni
surface was not enough to resolve the contribution to
spectra and differentiate the metal phase from the co
bution of nickel oxide. Despite the small amount of nic
metal, the catalyst was still very active compared to b
nickel [11]. In addition to the high surface area of Ran
nickel there are other species on the surface of the cat
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Fig. 11. (a) Scanning electron microscopy photograph of Raney nickel before reaction. (b) Scanning electron microscopy photograph of Raneyfter
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Table 1
X-ray photoelectron spectroscopy analysis for Raney nickel

Ni C O Al3+ Al0

Fresh 29.64∗ 7.85∗∗ 57.97 2.27 2.27
After reaction 0.14 88.15∗∗∗ 11.71

Atom ratios:∗Ni2+ and Ni0; ∗∗C–O and C–O2; ∗∗∗Aliph + Olef.

that might be responsible for high activity. Residual me
lic aluminum and its corresponding oxides are also pre
on the surface and can play an important role in the ac
ity of the catalyst as suggested by Birkenstock et al. [1
In addition, Diskin et al. [17] observed that nickel oxides
the surface of the catalyst can be active sites for the ac
tion of methane as well as nickel metal. XPS also dete
different forms of oxygen on the surface of the fresh ca
lyst. Sources of oxygen might be assigned to H2O, Ni(OH)2,
NiO, and Al2O3 which would be in agreement with Yoshin
et al. [18] and with the data obtained from TPR analy
(Fig. 9b). Reduction of NiO generally proceeds within t
280–300◦C range [19]. The first hydrogen peak of the TP
plot most probably corresponds to consumption of hyd
gen to reduce Ni(OH)2, which is present in large amoun
and requires lower reduction activation energy than tha
the more stable NiO [19]. After reaction catalyst analy
showed a very small amount of nickel on the surface
almost 90% of carbonaceous species. This finding confi
that deactivation of the catalyst also is due to blocking of
tive sites with carbon. Deactivation mechanisms respons
for loss of Raney nickel catalysts in methanation reacti
are sintering and fouling (series and parallel) [20]. Se
fouling occurs when the produced CO generates a sid
action to form carbon. The process can be illustrated by

(7)2CO+ s↔ s· C+ CO2,

where s is the catalytic active site.
CO is produced mainly during the initial stage of t
oligomerization of methane as seen in Fig. 2. Beside
has been seen that low temperatures at low power f
the decomposition of carbon monoxide [20]. When pow
increases during the reaction, high temperatures favor
decomposition of methane deactivating the catalyst by a
allel fouling mechanism. Eq. (8) describes this process,

(8)CH4 + s↔ s· C+ 2H2,

where s is the catalytic active site.
Finally, at the end of the reaction the temperature is h

enough to favor sintering of the catalyst as seen in Fig.
rapidly ceasing the catalytic activity of Raney nickel.

5. Conclusion

Raney nickel has been shown to be a selective cataly
the oligomerization of methane via microwave heating. T
maximum conversion achieved in this reaction was 24%
400 W and 10 min of microwave irradiation time. In our pr
vious work [11] with regular nickel powder comparable co
version and selectivities were obtained only at high po
(above 700 W) and long microwave irradiation time (abo
20 min). Ethylene, benzene, and ethane have been pre
selectively under different conditions. Selectivities as h
as 71, 13, and 54% have been obtained for ethylene,
zene, and ethane, respectively. Short microwave irradia
times and high power (above 530 W) enhance the forma
of ethylene, whereas intermediate power (400 W) favors
formation of benzene. Pretreatment of the catalyst with
drogen reduction increases the formation of ethane at
and intermediate power. Several mechanisms are resp
ble for deactivation of the catalyst. Parallel fouling mo
probably is present at the beginning of the reaction w
CO is formed. Later in the reaction, while temperature
creases, decomposition of methane might cause deactiv
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by series fouling. Finally, sintering of Raney nickel occ
at higher temperatures terminating the reaction.
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